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Abstract

Antibiotic-resistant infections are a growing concern, if this issue is not addressed by the year
2050 these infections will cause ~10 million deaths per year. Traditional antibiotics targeting
essential life processes have demonstrated a rapid rate of resistance development. Modern
antibiotics should therefore focus on targeting non-essential processes to prevent or at least slow
the development of resistance. For this reason, many researchers have placed emphasis on
identifying drugs which target virulence processes of antibiotic-resistant bacteria. One process of
interest is innate immune resistance as it is the first line of defense against invading pathogens.
This study used human serum to simulate innate immune defense including antimicrobial
peptides and the complement system. Bacteria have evolved a variety of serum-resistance factors
which can be used as novel antibiotic targets. Burkholderia cenocecpacia is an extremely multi-
drug resistant (MDR) opportunistic pathogen causing severe and lethal infections in patients with
cystic fibrosis (CF). This bacterial species is also capable of producing highly fatal bloodstream
infections. Many virulence factors have been characterized for B. cenocepacia yet research on
complement-resistance is limited. The purpose of this thesis was to identify serum-resistance
factors of B. cenocepacia and potential antibacterials with mechanisms of action involving these
factors. Following a mutant library screen, a variety of serum-resistance factors were identified
but genes relating to lipopolysaccharide (LPS) biogenesis were recovered with the highest
frequency. The inner core portion of the LPS had previously been characterized as playing a role
in complement-resistance of B. cenocepacia. However, this study confirmed that the entirety of
the LPS is required for survival in the presence of serum in vitro and in vivo. It was also found
that complete LPS is necessary for B. cenocepacia to resist the antibiotic colistin.

Bacteriophages, or phages, are viruses of bacteria which have long been known to be capable of
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killing MDR bacteria. There has been a renewed interest in phages as a potential solution to the
antibiotic resistance crisis. LPS is a common receptor for phages and following screening of a
library of phages four were found to bind the LPS to initiate bacterial infection. Isolation and
characterization of phage-resistant mutants revealed that they had truncated LPS and were
sensitive to colistin. Combinations of colistin and LPS-binding phages were found to exhibit
synergistic killing effects against B. cenocepacia likely through a phage steering mechanism.
Altogether, this study associated several genes and their respective known/putative functions
with B. cenocepacia’s ability to resist bacterial killing agents in serum. Additionally, a novel
treatment combination targeting a serum-resistance factor was identified which has the potentia

to prevent B. cenocepacia from causing sepsis.
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Chapter 1 General Introduction
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The Antibiotic Resistance Crisis

Antibiotic resistance is one of the largest threats the human population will face soon. It
has also been labelled one of the biggest clinical, public health and scientific challenges that
must be overcome 2. Infectious disease is the second leading cause of death in the world with
around 17 million people dying each year *>*. In the United States alone the most recent report
from the Center for Disease Control and Prevention (CDC) indicated that per year three million
people are infected with antibiotic-resistant bacteria and of those 35,000 will die °. This is an
increase from the report preceding listing two million infections per year and that at least 23,000
individuals had died from antibiotic-resistant infections . Antibiotic resistance has been and

remains to be a growing concern for which no significant solutions have been implemented.

The antibiotic resistance era began over 20 years ago and few new drugs with novel
mechanisms of action have been developed and brought to market ’. This is the result of many
factors however the most notable is that pharmaceutical companies have halted or significantly
reduced research and development efforts to identify new antimicrobials 2. This is likely due to
the predicted failure rate of antimicrobial development being 95% 2. One reason for this is that
up until 1996 80% of clinically used drugs were either natural or natural-inspired compounds
making it extremely difficult to isolate not only novel natural products but, ones that also exhibit
microbial killing activity with little to no deleterious effects on human cells . Some companies
and academic research groups have screened robust synthetic chemical libraries returning
meager promising antibiotic compounds *®. Additionally, the increased cost and time to bring a
new drug to market has likely contributed to pharmaceutical companies decreased interest in
developing novel antimicrobials *. The estimated cost to bring a drug to market in 2017 was $1.2

billion USD taking anywhere between 14-22 years >. This is a huge monetary and time



investment companies must make into a drug that will be used short term for which resistance
will likely develop quickly after clinical application. Therefore, many companies have shifted
their focus to development or improvement of drugs used to treat chronic diseases and illnesses
with higher investment returns. This leaves the responsibility of identifying novel antibiotics

largely up to academic researchers with fewer available resources.

Unfortunately, bacteria have a leg up in the arms race to develop novel antibiotics as
resistance is ancient pre-dating human use of antibiotics to treat infections °. Resistance genes
have been identified in bacterial genomes isolated from permafrost and enclosed caves which
were untouched by humans '*!!, Interestingly, these genes also share high sequence homology
with modern-day bacterial resistance genes suggesting there has been little to no evolution of
these ancient genes °. However, with the development of novel synthetic antibiotics not found in
nature bacteria have proven they are capable of developing resistance shortly after the antibiotics
first use 2. Resistance is also capable of spreading to neighboring bacteria through horizontal
gene transfer (HGT), which is largely responsible for the widespread of antibiotic resistance seen
today 71371, As a result, many commensal and pathogenic bacteria now possess the molecular

machinery to resist multiple chemical structure classes of antibiotics "%,
Molecular Mechanisms of Antibiotic Resistance

In order to address the issue of antibiotic resistance, one must first understand the molecular
mechanisms behind this phenomenon. Although antibiotic-resistant bacterial infections may be
difficult to treat with current therapeutics, often requiring the long-term application of several
complementary frontline antibiotics, the real issue is developing antibiotics for which resistance

does not yet exist. There are multiple instances where pan-resistant Gram-negative bacteria have



been clinically isolated making them a growing concern . The United States CDC has declared
MDR Gram-negative pathogens as the most substantial threat to humanity during the antibiotic-
resistance era °. There has been a significant increase in Gram-negative bacterial infections
worldwide in the past several decades, and the majority of hospital-acquired or nosocomial

infections are now caused by Gram-negative bacteria 2%2!.

There are multiple mechanisms Gram-negative bacteria can use to resist different classes
of antibiotics which fall into two main categories: intrinsic and extrinsic. Extrinsic mechanisms
of antibiotic resistance were acquired by the bacterium at some point during its evolution either
through spontaneous mutation or HGT ??*24, Intrinsic resistance occurs when the bacteria can
resist the antibiotic without acquiring genetic modifications. Extrinsic mechanisms of resistance
include: antibiotic target modification, overproduction of the antibiotic target, modification,
inactivation, or degradation of the antibiotic via enzymes and lastly acquiring new metabolic
pathways that were previously inhibited by the antibiotic '*. Extrinsic resistance mechanisms are
generally more specific providing resistance to a handful of antibiotics. On the contrary intrinsic

resistance typically provides resistance to multiple chemical classes of antibiotics.

Intrinsic antibiotic resistance is more commonly associated with Gram-negative bacteria
due to their impermeable cell envelope %!%13, Experts hypothesize that the Gram-negative cell
envelope evolved in response to the selective pressure of antibiotics 2°. Together, the inner
phospholipid bilayer membrane, the thin layer of cross-linked peptidoglycan, and the
asymmetrical outer membrane significantly decreases membrane permeability '8, The tight
packing of lipid A molecules in the LPS layer of the outer membrane is largely responsible for
the impenetrability of these cells 712, Many Gram-negative bacteria also modify the chemical

structure of the LPS providing increased resistance to certain antibiotics, mainly antimicrobial



peptides?’. Additionally, Gram-negative bacteria utilize a variety of efflux pumps spanning either
the entire, or portions of the cell envelope to remove various substrates from the cytosol and
periplasm. Efflux pumps typically exhibit substrate promiscuity and can efflux a diverse
assortment of compounds including antibiotics 7-'¢-18:22282% Fyrthermore, efflux pumps are
highly redundant where some Gram-negative bacterial genomes encode as many as 16 different
systems which overlap in substrate specificity 3®!. Efflux pumps also play a role in transporting
quorum sensing autoinducers which can help coordinate the bacterial population to better
respond to antibiotic challenge 2%2°32, In combination the relatively impermeable cell envelope
structure, plus the variety of efflux pumps extruding a wide range of chemical compounds,

account for most of the intrinsic resistance in Gram-negative bacteria.

Multiple mutagenesis studies have been conducted on a variety of Gram-negative
bacterial species to identify their complete intrinsic resistome. These studies identified genes
canonically involved in antibiotic resistance however, they also revealed a variety of
hypothetical proteins with no predicted function or conserved domains previously known to be
involved in resistance **7. Additionally, some studies identified many intergenic regions
required for intrinsic resistance *>=. Lastly, these studies associated many of these genes with
resistance to multiple different chemical classes of antibiotics suggesting general mechanisms of
resistance 7. This indicates that there are many unknown and/or uncharacterized intrinsic
resistance factors which contributes to the complexity of designing effective novel antibiotics

against Gram-negative bacteria.

Another mechanism of both intrinsic and extrinsic antibiotic resistance is biofilm
formation. Biofilms are complex microbial communities surrounded by an exopolysaccharide-

based matrix which are irreversibly attached to either an abiotic or living surface ***°. Bacteria



in biofilms are more resistant, or tolerant, to antibiotics than cells growing in a planktonic state
43841 Bjofilms are composed of heterogenous subpopulations of bacteria with different
phenotypes and genotypes *’. Heterogeneity of the subpopulations stems from the numerous
distinct microenvironments that exist in a biofilm which have differing levels of nutrients,
oxygen and pH all influencing gene expression and metabolic activity **#°. These
microenvironments can affect gene expression by increasing expression of efflux pumps,
antibiotic degradation enzymes and stress-related genes contributing to increased resistance 3%
1 Also, subpopulations growing in a nutrient-limited microenvironment will exhibit different
metabolic activity which can decrease the effectiveness of certain antibiotics **°. Further,
antibiotics do not penetrate or diffuse through biofilms efficiently decreasing interaction with
their antibiotic target >, Lastly, biofilms also act as a reservoir from which resistance can be

acquired due to increased HGT and mutation of antibiotic targets >’ *°. Altogether the complex

bacterial structure and diversity of biofilms culminate resulting in increased antibiotic resistance.

Gram-negative bacteria inhabiting environmental niches demonstrate an extraordinary ability
to resist antibiotics. Some environmental bacteria are also opportunistic pathogens capable of
infecting immunocompromised individuals. Opportunistic pathogens are of great concern as they
typically possess many intrinsic and extrinsic antibiotic-resistance factors *****. These bacteria
are generally ubiquitous in the environment and can survive disparate conditions *. As a
consequence environmental Gram-negative bacteria, especially those which inhabit soil, possess
a large abundance of diverse antibiotic resistance mechanisms %!>4. Further pathogenic bacteria
have an increased likelihood of acquiring novel resistance factors due to the selective pressure
imposed by human use of antibiotics %!>#. Therefore, opportunistic pathogens which are adapted

to both environmental and clinical habitats have been heavily selected to resist many antibiotics.



Burkholderia cenocepacia

B. cenocepacia is part of the Burkholderia cepacia complex (Bee) which is a group of at
least 20 phenotypically similar species which are ubiquitous in the environment and can cause
lethal infections in immunocompromised individuals **®. Opportunistic pathogens of this group
typically infect the lungs of patients with CF or chronic granulomatous disease **>°. CF is a
systemic disease caused by various mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene ' >* However, abnormalities in the lung are the major cause of morbidity
and mortality due to excessive inflammation and highly viscous secretions from airway epithelial
cells °**°. Additionally, mutations in the CFTR gene negatively affect innate and adaptive
immune defenses rendering these patients immunocompromised °°. The combination of these
symptoms makes these patients highly susceptible to lung infections and B. cenocepacia is one

of the main causative agents of such infections **°7.

B. cenocepacia is also able to inhabit a diverse array of environments. These bacteria
have been isolated from water, soil and various plant species >* . This species is also known to
colonize medical devices and solutions, including disinfectants >°. These are common sources of
B. cenocepacia outbreaks however infections may also be acquired from environmental niches
38 Further, B. cenocepacia is highly contagious and can be transmitted from other colonized
individuals with or without CF causing implementation of various strict infection control
protocols for CF patients ¢!. The capacity of this species to survive and move between distinct

habitats is a testament to its versatility and ability to respond to various selective pressures.

B. cenocepacia encodes a relatively large, functionally diverse genome of ~7Mb

composed of two to three chromosomes and sometimes endogenous plasmids, depending on the



strain *°. There are multiple genomic islands and insertion sequences throughout all three
chromosomes thought to play a role in this species high genomic plasticity *°. Further,
investigation into these genomic islands revealed a pathogenicity island on chromosome two
with genes responsible for a variety of virulence phenotypes *%2. It was also discovered that the
entire third chromosome in B. cenocepacia of the ET-12 outbreak lineage was dispensable as a
virulence plasmid . Loss of this chromosome resulted in virulence attenuation in animal
infection models ranging from Galleria mellonella to rats ®. Of particular importance B.
cenocepacia dedicates ~7% of its large genome to the production of antibiotics therefore it must

also encode the necessary resistance factors .

B. cenocepacia infections are incredibly difficult, and sometimes even impossible, to
treat mainly due to MDR provided by a multitude of mechanisms (Figure 1.1). This bacterium
uses numerous antibiotic modifying enzymes to resist certain chemical classes of antibiotics.
First, B. cenocepacia has two distinct periplasmic B-lactamases which degrade these antibiotics
4 Additionally, there is evidence to suggest the presence of aminoglycoside modifying enzymes
encoded in the genome %>%. B. cenocepacia has also acquired mutations in DNA gyrase and
dihydrofolate reductase genes to resist fluroquinolones and trimethoprim, respectively *>. These

specific mechanisms provide resistance to at least four antibiotic classes.

The most prominent resistance factor used by B. cenocepacia is an impenetrable cell
envelope. This is largely derived from LPS which is modified with 4-amino-4-deoxyl-L-
arabinose (Ara4N) coating the bacterial surface in a positive charge decreasing electrostatic
attraction of positively charged antimicrobial peptides 7. Interestingly, the gene cluster
responsible for adding Ara4N to the LPS has been characterized as essential for LPS export to

the outer membrane and cell viability °7°. Additionally, the maintaining lipid asymmetry (Mla)



pathway has been identified as essential to intrinsic resistance to a variety of antibiotics for B.
cenocepacia ''. The Mla pathway is known to maintain outer membrane lipid asymmetry in
Gram-negative bacteria and some genes are dispensable for growth under lab conditions with no
antibiotic present ’72. Disruptions to this pathway render B. cenocepacia sensitive to many
antibiotics including those effective against Gram-positive bacteria ’!. Lastly, B. cenocepacia
encodes 16 different resistance nodulation division (RND) class efflux pump open reading
frames which many are known to play a significant role in resisting at least five different classes
of antibiotics %1444 Efflux pumps have also been characterized as being involved in

miscellaneous virulence phenotypes 282%3%73,

As previously alluded to B. cenocepacia encodes and utilizes a variety of virulence
factors to cause infection (Figure 1.1). Most importantly B. cenocepacia has two distinct and
functional quorum sensing systems which control expression of almost all virulence factors and
is necessary for the bacterium to form good biofilms and establish infections in the CF lung
environment "7’ Additionally, B. cenocepacia mounts an abnormally large inflammatory
response which is primarily associated with the lipid A and O-antigen portions of the LPS and
the many secreted zinc metalloproteases %78, B. cenocepacia is also able to inhabit host
epithelial cells using both cable pili and flagella to attach and invade cells, respectively ©’. B.
cenocepacia uses Type III, IV and VI secretion systems in addition to zinc metalloproteases to
survive within host cells ®”-7882. Metalloproteases are also used to degrade multiple host defense
proteins including host produced antimicrobial peptides 673385, Expression of these virulence

factors and MDR allows B. cenocepacia to cause life-threatening infections in patients with CF.



Cepacia Syndrome

In addition to its canonical infections B. cenocepacia can cause a unique and fatal
infection called Cepacia Syndrome >¢. The first report of cepacia syndrome was in 1984 where
clinicians reported symptoms of high fever, significant impairment of lung function and a high
fatality rate 87, It is now better characterized as the combination of necrotizing pneumonia and
sepsis leading to rapid decline of health and causing death in ~75% of cases *>%. Cepacia
syndrome is a growing concern where in 2015 it was reported that ~20% of Bcc infections in
patients with CF progress to cepacia syndrome *. Additionally, there have now been multiple
documented cases of cepacia syndrome in individuals without CF and one case has been reported
in an immunocompetent patient 330 Some case studies have reported successful treatment of
the infection using a combination of steroids and aggressive antibiotic treatment courses with

extremely negative side effects ?'~%°.

Limited research has been conducted on what phenotypic differences exist between non-
cepacia syndrome vs cepacia syndrome causing isolates of B. cenocepacia. One transcriptomic
study compared isolates retrieved from the bloodstream and sputum of a patient experiencing
cepacia syndrome . The authors identified gene expression differences in canonical virulence
factors such as quorum sensing, exopolysaccharide production, Type III secretion and decreased
flagellar gene expression ®®. Another study compared the first B. cenocepacia isolate to a later
one causing cepacia syndrome identifying upregulation of efflux pumps, likely due to aggressive
antibiotic treatment, iron uptake and adhesion genes **. One thing however, which has been
largely overlooked in B. cenocepacia virulence research is investigation into how these bacteria
are able to evade innate immune defenses highly concentrated in the bloodstream, such as

complement, to cause cepacia syndrome infections. Of particular interest is how this species is

10



adept at escaping the complement system, which is said to be present in negligible amounts in

the CF lung *°.
The Complement System

The complement system, also termed the complement cascade, is a component of the
innate, humoral immune system that plays a variety of roles in maintaining homeostasis *°. The
complement system is the first line of bodily defense against pathogenic invaders, including
viruses, bacteria, fungi, and parasites including protozoa, helminths, and ectoparasites. The
complement system achieves this by bridging the gap between innate and adaptive immunity *’.
The complement system comprises 60 different effectors, mostly proteins, that are directed
towards tagging and destroying pathogens °®. However, the complement system by itself is only
capable of directly killing certain classes of pathogens, including Gram-negative bacteria. Due to
their outer membrane and thin layer of peptidoglycan, Gram-negative bacteria are the major class

of pathogens predominantly susceptible to lysis by the process of complement-mediated killing

99

Complement can recognize a pathogen using one of three pathways, the alternative,
classical and/or lectin pathways, that each lead to a common terminal cascade. Figure 1.2
outlines how these first three pathways identify and tag a pathogen for killing by the terminal
pathway, which in turn make up the complement cascade. The alternative, or surveillance,
pathway, is constitutively active and does not identify any specific bacterial surface structure, but
instead, active C3b will bind to —OH or —-NH2 groups on the amino acids of bacterial surface
proteins ¢, The classical pathway uses C1q to initiate the cascade by binding to either LPS,

bacterial outer membrane proteins or an antibody bound to a bacterium **!%, C1q will then

11



recruit serine proteases Cls and Clr to the bacterial surface which will in turn recruit C3 & a C3
convertase °. Lastly, the lectin pathway uses mannose binding lectin (MBL) to recognize
specific molecular patterns on the surfaces of pathogens leading to the formation of the MBL-
associated serine protease (MASP) complexes °7*°. The MASP complex will then recruit C3 & a

C3 convertase as in the classical pathway *°.

Once a pathogen has been recognized by one of the three pathways, the complement
cascade converges at the cleavage of C3 protein into its active constituents, C3a and C3b, using a
C3 convertase . The alternative pathway uses the C3Bb convertase generated from either the
Factor B or Factor D serine proteases °°. The classical and lectin pathways utilize the C4b2a C3
convertase generated from the cleavage products of C4 and C2, recruited by each of the
pathways respective serine proteases °>*°. Once the active C3b molecule is generated and

deposited onto the bacterial surface, the terminal pathway will be initiated.

Once a Gram-negative bacterium has been opsonized by multiple C3b molecules, the C3
convertases exhibit decreased specificity and begin to cleave C5 into C5a and C5b ***°. C5b then
serves as a molecular scaffold for the construction of the membrane attack complex (MAC) 1!,
C5b is an unstable molecule until bound by C6 creating the stable, soluble C5b-6 complex '°!.
Next, C7 is added rendering the complex lipophilic, which is required for its insertion into the
amphipathic outer membrane '°!. Then, C8 is added to form the C5b-8 complex, which is
inserted into the outer membrane '°!. Lastly, multiple copies of the C9 protein are added to form

a ~10 nm pore in the outer membrane resulting in cell lysis 19101,

Although insertion of the MAC results in cell death, the molecular mechanism by which
this occurs has yet to be experimentally confirmed. The most accepted theories suggest that

insertion of MAC into the outer membrane causes a decrease in membrane potential and a large
12



influx of water which results in lysis '%°. Many experts argue that insertion of the MAC into the
outer membrane alone would not be sufficient to cause cell lysis and suggest that the MAC
actually spans across the outer membrane, peptidoglycan layer and the inner membrane '%°.
Others argue that the initial insertion of the MAC into the outer membrane allows for further
MACs to assemble in the inner membrane '%°. Additionally, some suggest that insertion of the
MAC into the outer membrane is detected by the bacterial cell and causes initiation of an

apoptosis-like response leading to cell destruction 2,

Although the main objective of the complement system is to defend against pathogenic
invaders, the response may also indirectly result in host cell damage. This damage is caused by
the generation of anaphlyatoxins C3a and C5a from cleavage of C3 and CS5, respectively. When
present in high enough concentrations, these molecules initiate an inflammatory response that
leads to the generation of free radicals that damage cells non-specifically **!%. Bloodstream
infections are particularly dangerous, as the complement system mounts a large response towards
the bacterial invader thus generating large amounts of C3a & C5a '®. When present in the blood
these inflammatory molecules will disseminate rapidly throughout the body and can cause
systemic organ failure, as seen in cepacia syndrome %, However, production of C3a has also
been demonstrated to have additional antibacterial effects '°%!%, First, it was observed that C3a
was structurally homologous to other known antimicrobial peptides, and subsequent experiments
concluded that C3a was able to kill both Gram-positive and Gram-negative bacteria '*4. It is
likely that generation of C3a in small to moderate amounts would be beneficial in helping the

host protect itself from bacterial pathogens.

Because complement can cause life-threatening reactions, the system must be carefully

monitored and regulated to keep the cascade directed towards the proper cells. Since complement
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is a completely humoral system, it requires numerous regulatory proteins to differentiate healthy
host cells from invading pathogens *°. There are three general classes of complement-regulator
molecules: fluid phase, host surface attached, and integral membrane complement clearance
receptors which are mostly proteins '%. Surface attached and integral membrane regulators
protect against attack from all three complement pathways and are for the most part unable to be
recruited by bacteria to protect themselves against complement %, In contrast, individual fluid
phase regulators are specific and provide protection against one or two of the complement
pathways and are easily recruited to the outer membrane of Gram-negative bacterial pathogens to

disguise themselves as host cells '%.

Bacterial Complement-Resistance Mechanisms

Since most invading bacteria will meet the complement system, they have evolved
multiple mechanisms to avoid complement-mediated killing which are summarized in Figure
1.3. All bacteria must be able to evade the alternative or surveillance pathway due to its
constitutive activity. However, most bacteria will also be under attack from either or both the
classical and/or lectin pathways following two to three days of infection %, There are also
examples of pathogens who do not mount any defenses towards the lectin and/or classical
pathways as there may not be any response amounted to them in this fashion %1% There are
three commonly used ways with which Gram-negative bacteria resist the complement cascade
interfering at many different stages of the cascade between tagging of the bacterium and
insertion of the MAC. The most common mechanism to evade complement killing is binding a
host produced fluid-phase regulator. The most commonly acquired fluid-phase regulators are
Factor H or Factor H-Like proteins as they are the most abundant regulators of complement

107.109-114 "Next, many bacteria also express complement-degrading proteins typically in the form
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of metalloproteases or serine proteases which have been shown to cleave complement
components into inactive forms ''>"11% Another mechanism mostly used by Gram-negative
bacteria is physical hinderance imposed by the LPS which prevents the formation and/or
insertion of complement components, specifically MAC in the outer membrane !'*~'?2. The inner

core of the LPS so far is the only confirmed complement-resistance factor of B. cenocepacia

123,124

Phage Therapy & Current Strategies

Bacteriophages, or phages, are viruses of bacteria for which there is a renewed interest in
their therapeutic application against MDR bacteria. Phages undergoing the lytic life cycle will
bind to specific bacterial cell surface structures, inject their DNA to be transcribed and translated
into phage proteins which will then be assembled into complete phage particles 2>’ In
contrast, lysogenic phages can integrate their DNA into the bacterial host genome or circularize
it to be replicated alongside the bacterial DNA 27, Lysogenic phages will enter the Iytic life
cycle upon sensing bacterial stress, typically DNA damage '*. Phages are being heavily
investigated as potential novel therapeutics due to their ability to lyse bacteria through a different

mechanism than traditional antibiotics. However, there are multiple scientific and regulatory

facets which need to be considered before they can be applied for therapy.

There are several benefits to phage therapy which make it more appealing than traditional
antibiotic treatment. The first is that phages can kill MDR bacteria using a different mechanism
than traditional antibiotics. Most phages are highly specific and are only capable of infecting one
or two bacterial species '2>1?7. Therefore, phages delivered against pathogenic bacteria will have
little to no effect on beneficial or commensal bacteria in the microbiome which has been shown

to be important for overall health '2%13°. Although high specificity of phages is beneficial for
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maintaining a “healthy” microbiome it can also be disadvantageous as it requires isolation and
characterization of new phages for each bacterial species and even for specific strains. Further,
there have been multiple case studies where phage therapy was applied to treat pan-resistant
infections which were successful in clearing the bacteria '3!"13*. Whilst there are many
advantages to phage therapy there are also a myriad of diverse disadvantages and complications

to overcome prior to their widespread use.

Phages must be carefully characterized prior to their use in therapy as they are well-
known to act as reservoirs for virulence and antibiotic resistance genes '*°>~1*%, Bacteria which are
lysogenized by phages carrying such genes can become more virulent or resistant making these
phages incompatible for therapy. These genes, in addition to others in the host genome, can be
transferred via transduction through phages to new bacteria contributing to increased virulence
and antibiotic resistance '*>!%°, Specifically, there are two documented instances of a phage
carrying genes related to complement-resistance '4*!%!, For these reasons phage must be well

characterized prior to being used in a clinical setting.

Recently, there has been an explosion of research characterizing interactions between phages
and eukaryotic cells. It was previously thought that due to the high specificity of phages they

could not have a significant effect on eukaryotic cells and processes '+?

. Many beneficial and
deleterious interactions between eukaryotic cells and phages have recently been confirmed 4.
Phages are now known to induce an immune response and phage-specific antibodies have been
identified following administration of phage-based products '**. These antibodies are in part
responsible for clearance of phages from the body in addition to other immune system
components *»1%_ There is mixed evidence on the half-life of phages within the human body

where some cite it as being a few hours while other have shown stability for days '**14 It
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appears the dosage and route of administration play the most significant roles in phage stability
within the human body '**. Phages administered through inhalation into the lung demonstrate
relatively long term stability with activity up to 72h post-administration '*>. Multiple studies
have shown inhalation of phages is an effective treatment to clear B. cenocepacia in mouse
models indicating that phage stability is not an issue **!%’. These studies also demonstrated that
the phages used do not cause any detectable negative side effects on the animals short-term
health %147 Nevertheless, the potential of phages to interact with and potentially cause

deleterious effects on eukaryotic cells should be considered for phage therapy.

The cardinal disadvantage of single phage therapy is that resistance develops to phages just
as quickly as it develops toward traditional antibiotics '“®. Bacteria typically develop resistance
to phage through receptor alteration although other mechanisms exist as well '2°. This can be
mitigated by using multi-phage cocktails targeting different receptors 2>133:149-152 This requires
isolation and characterization of multiple phages active against a single species or strain. These
cocktails require the same level of investigation as the phages within them in addition to
optimization the dosage of each phage. Phage cocktails can also help mitigate the high
specificity of phage therapy by increasing the host range of a single product. However, phage
cocktails can have unpredictable pharmacokinetics derived from their ability to replicate at the
site infection '3, Although phage cocktails can increase efficacy of phage therapy it can be

inconsistent and difficult to fully characterize.

A newer strategy to circumvent phage resistance is phage steering. This approach can be
used when a phage utilizes a receptor involved in virulence and/or antibiotic resistance, this
strategy may also be called anti-virulence '**!5°. The pioneering paper for phage steering

described a phage which uses an efflux pump as a receptor which when phage-resistant mutants
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arose this efflux pump was either lost or no longer functional rendering the bacteria sensitive to
multiple antibiotics which it was previously resistant to !°6. Combining phages and antibiotics to
increase killing efficiency so that it’s greater than the additive killing effect of either treatment
alone can also be called phage-antibiotic synergy (PAS) 4150157 PAS can result from a wide
range of mechanisms which should be characterized prior to their use in therapy. Both treatment
approaches impose a decreased selection pressure on the bacteria as it is not targeting essential
functions like traditional antibiotics decreasing the likelihood of resistance developing and/or

prevent resistance from spreading 8160,

Thesis Objectives

Objective 1: Identify genes related to serum-resistance in B. cenocepacia by constructing and

screening a mutant library.

Objective 2: Investigate genes recovered from the library screen for potential exploitation as
therapeutic targets for novel antibacterials, focusing on phage therapy, against B. cenocepacia

using the anti-virulence strategy.
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Figure 1.1 Antibiotic resistance and virulence factors of B. cenocepacia.

Antibiotic resistance factors include efflux pumps, antibiotic modifying or degradation enzymes,
decreased permeability provided by Ara4N modified LPS and other outer membrane proteins
such as porins. Virulence factors which help B. cenocepacia cause disease comprise multiple
secretion systems (Types III, IV and VI), redundant quorum sensing systems, zinc
metalloproteases, motility, and adhesion structures such as flagella and cable pili, protective

capsule, iron acquiring siderophores, LPS and lastly uncharacterized immune evasion structures.
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Figure 1.2 Overview of complement cascade in relation to cell lysis of Gram-negative

bacteria.

Complement uses three different pathways to recognize bacterial pathogens: classical, alternative

and lectin. The classical pathway uses antibodies to recognize specific antigens on a bacterium.

The alternative pathway is constitutively active and deposits C3b molecules on bacterial surfaces

with -OH or NH> groups exposed. Lastly, the lectin pathway will recognize specific sugar

structures on the outer surface of the bacteria. Once the bacterium has been identified and tagged

by the initial components of the respective complement pathway, they all converge at the

deposition of C3b on the outer membrane. Once C3b has opsonized a pathogen the terminal

pathway will begin MAC assembly leading to the insertion of a pore in the outer membrane

which results in cell lysis.

20



U U
1R

(D) LPS

(E) Modified LPS

1 r _ \\
{ c3b

(B) Acquiring host integral-

(A) Surface-proteins that bind
host produced fluid-phase
complement-regulators

Pathway

.“\ —
(C) Secreting protease.
capable of cleaving
complement components

Figure 1.3 Bacterial mechanisms used to evade complement-mediated killing.

membrane complement-
regulator to outer membrane

UL U g i
st Ry

Outer membrane
asymmetry

Outer membra
symmetry

e

A. Production of surface-exposed proteins that can bind host-produced fluid-phase complement-

regulators which typically inactivate specific complement components. B. Acquiring host

integral-membrane complement-regulator to prevent MAC insertion into outer membrane. C.

Secretion of proteases that can cleave complement components into inactive forms. D. LPS

causes steric hinderance making it more difficult for complement components to bind or be

inserted to/into outer membrane, some insertion still occurs with traditional LPS, however. E.

LPS modified with additional sugars increases steric hinderance and prevents MAC insertion. F.

Mla pathway is responsible for maintaining lipid asymmetry in the outer membrane, i.e., LPS

can cause steric hinderance preventing MAC insertion, when Mla pathway is non-functional due

to mutation or blockage in the pathway the outer membrane is composed of phospholipids only

and MAC can be inserted.
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Chapter 2 LPS-binding phages exhibit synergy with the

antibiotic colistin via a phage steering mechanism
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Methods:

Strains and Growth Conditions

Bacterial strains for this study are listed in Table 2.1. B. cenocepacia K56-2 and variants
were routinely cultured in 'z strength Luria-Brittani (LB; 10g/L tryptone, 5g/L yeast extract,
5g/L NaCl) solid or liquid medium, at 37°C with aeration at 225 RPM for 18h unless otherwise
stated. Media was supplemented with 100-150 pg/mL of tetracycline (Tc) or trimethoprim (Tp)
for plasmid maintenance or selection. All statistical analyses for this paper were conducted

using GraphPad Prism 9 (Graph-Pad Software Inc., San Diego, CA, USA).
Mutant library construction and screening

A transposon (Tn) mutant library was constructed in B. cenocepacia K56-2 by
electroporation of the pTnMod-OTp’ plasposon vector 6!, Recovered transformants were plated
on LB+150 pg/mL Trimethoprim (Tp) and incubated at 37°C for 2 days. Single colonies were
handpicked and inoculated into 200 pL of LB +150 pg/mL Tp in 96-well microplates. Plates
were then incubated 16-18 hours at 37°C with shaking at 225 RPM. Next, a microplate replicator
was swirled in grown overnight cultures and used to inoculate 200 uL of LB, sterilized and
swirled in overnights again to inoculate 200 puL of LB + 30% pooled Normal Human Serum
(NHS) purchased from BioIlVT with 1x 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) dye (Biolog, CAT No. 74221). Plates were incubated at 37°C for 24h then
absorbance was read at 600 nm for LB plates and 575 nm for LB+30% NHS plates in a
PerkinElmer VICTOR X3 plate reader. Total growth was calculated by subtracting the pre-
incubation reads from the final growth reads and data was normalized using methods previously

described '®2. Mutants demonstrating growth lower than 2.5 standard deviations away from the
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mean in 30% NHS and above 2.5 standard deviations in LB were chosen for further analysis.
Screen hits were confirmed by repeating the same screening procedure experiment, but growth
was measured using colony forming unit (CFU) counts, identifying mutants which were unable

to survive in the presence of NHS.

In order to identify the mutated genes in the serum-sensitive mutants of interest, we used
protocol similar to one which was previously described '!. Briefly, genomic DNA was isolated
from a single colony using a phenol-chloroform extraction, if DNA purity was low, an ethanol
precipitation was performed prior to downstream steps. Next, 1 ug of DNA was digested using
the Pstl Fast Digest enzyme (ThermoFisher Scientific, CAT No. FD0614) for 1h at 37°C. The
restriction enzyme was removed using the QIAgen polymerase chain reaction (PCR) Purification
kit. Digested DNA was ligated using T4 ligase (New England Biolabs (NEB), CAT No.
M0202S) for 8hrs at 16°C followed by heat inactivation of the enzyme at 65°C for 10 minutes.
Ligated DNA was transformed into chemically competent Escherichia coli DH5a cells.
Recovered transformants were plated on LB+100 pg/mL Tp and incubated at 37°C overnight.
Resulting colonies were inoculated into SmL of LB+100 pg/mL Tp and grown overnight as
described above. Cultures were then subject to QIAgen Miniprep plasmid extraction kit and the
resulting plasmid was sent for Sanger Sequencing at Molecular Biology Services Unit at the
University of Alberta using JD47 (5’-TTTATCCTGTGGCTGC-3’) and JD28 (5°-
GGGGAAACGCCTGGTATC3’) primers. Resulting sequence was inputted into NCBI BLASTn
searching in the B. cenocepacia K56-2 genome to identify the mutated gene. If a gene function
was not listed in the K56-2 genome, the homologous gene was found in B. cenocepacia J2315

genome to identify a putative function.
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Phage propagation

Phages used in this study are listed in Table 2.2. Phages were propagated at 37°C either
using double agar overlays or in liquid as previously described 6. For titering, phage stocks
were serially diluted in suspension media (SM; 50mM Tris-HCI [pH 7.5], 100mM NaCl, 10mM
MgSC4) and spotted onto soft agar overlays of K56-2. Alternately, 100 puL of diluted phage was
mixed with 100 pL of K56-2 overnight culture, incubated for 7 minutes on the bench, combined
with 3 mL of /2 LB soft agar and poured onto ' LB agar plates. For both titering methods, plates

were incubated at 37°C overnight and enumerated the next morning.
Bacterial growth curves

WT K56-2 and LPS mutant overnight cultures were standardized to an ODgoonm 0of 0.5
and then used to inoculated fresh /2 LB media (1:100) to a final volume of 200 pL in a 96-well
microplate. Surrounding wells were filled with mQH>O to prevent edge effects. The plate was
incubated in an EPOCH BioTek microplate reader at 37°C for 48hrs with shaking at 225 RPM.
ODe¢oonm measurements were taken every 30 minutes. Plates were observed for biofilm growth at
the end of the experiment which were taken into consideration if the data resulted in large error

bars.
Serum survival

Serum survival assays were conducted as previously described ', Briefly, overnight
cultures of WT K56-2 and LPS mutants were used to inoculate a subculture (1:100), which was
grown to mid-log phase and then standardized to an ODgoonm of 0.1. NHS was prepared in

various concentrations ranging from 0-100% diluted in 2 LB. In 96-well plates, 198 uL of /2 LB

+ NHS was inoculated with 2 uL of subculture. Plates were incubated for 2h at 37°C, then a 20
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puL aliquot was taken from plates, serially diluted, and spotted for CFU counts. CFU plates were

incubated overnight at 37°C and enumerated the next day.
Galleria mellonella LDso

G. mellonella trials were conducted as previously described with some modifications '+
166 'WT K56-2 and LPS mutants were cultured overnight and serially diluted in % LB to achieve
final CFU’s of 10'-10® CFU/mL. Larvae were raised in-house at 30°C in the dark with artificial
food (264g wheat germ, 132g brewer’s yeast, 210g beeswax, 132g glycerol, 132g honey, 66g
water). Larvae weighing ~280mg were injected using a 250 uL Hamilton syringe with a
repeating dispenser with 5 pL. of bacteria or 1x phosphate buffered saline as a control. Larvae
were incubated at 37°C for 24h and scored for growth. Worms which exhibited movement upon
touch were scored as alive and those that did not were scored as dead. The LDs for each strain
was recorded as the injected CFU resulting in survival of 50% of the worms in each trial. Each

LDso was determined in biological triplicate.
Minimum inhibitory concentration (MICso) of antibiotics

MIC50s were performed using methods previously described by Weber et al. (2020) with
some modifications. Overnight cultures of WT K56-2 and LPS mutants were used to inoculate
subcultures 1:100, which were standardized to an ODgoonm 0f 0.1. Antibiotics tested included:
colistin sulfate (MP Biomedicals, CAT no. 194157) in mQH:O, ciprofloxacin (Sigma-Aldrich,
CAT no. 17850-5G-F ) in 0.1M HCI, tetracycline (Sigma-Aldrich, CAT no. T7660-5G in 70%
ethanol, chloramphenicol (Sigma-Aldrich, CAT no. C0378-25G) in 100% ethanol, erythromycin
(MP Biomedicals, CAT no. 190197) in 100% ethanol, rifampicin (Sigma-Aldrich, CAT no. 236-

312-0) in methanol and sulfamethoxazole (Sigma-Aldrich, CAT no. S-7507) in dimethyl
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sulfoxide. Antibiotic stock solutions were prepared at 25.6 mg/mL, then further diluted in 2 LB.
Twenty microliters of the diluted antibiotic stock was added to a 96-well plate containing 180 pl
of standardized bacterial culture, producing final antibiotic concentrations of 0.125-256 pg/mL.
Plates were incubated overnight at 37°C with shaking at 225 RPM and then read using
PerkinElmer VICTORX3 plate reader at ODgoonm. Growth was normalized to the no antibiotic

controls.
Identification of LPS-binding phages

Phage receptors were characterized using a previously described protocol '%7. Phage
adsorption assays were performed using B. cenocepacia K56-2 cells treated with either periodate
or proteinase K. Periodate treatment was performed by centrifuging 1 mL of overnight culture at
6,000xg for 3 minutes, removing the supernatant and resuspending in 1 mL 100 mM periodate in
50 mM sodium acetate [pH 5.2] or 50 mM sodium acetate [pH 5.2] and incubated on the bench
away from light for 2h. A 20 mg/mL stock of proteinase K (Applied Biosystems) was prepared,
and 10 pL of this stock was added to 1 mL of overnight culture and incubated at 37°C for 3h.
Following treatment, cells were spun down at 6,000xg for 3 mins, washed 3x in /2 LB, and
standardized using ODsoo. 500 pL of washed cells were transferred to fresh Microcentrifuge
(MCF) tubes and 100 pL of 1x10° PFU/mL phage stocks were added and incubated on the bench
for 30 mins. Samples were centrifuged at 21,130xg for 3 minutes and titered to determine the
PFU/mL of unadsorbed phage. As a control, 500 uL of /2 LB was incubated with 100 uL of a
1x10° PFU/mL phage stock, spun down, and titered as described above. Data was normalized to

the /2 LB control, and the assay was completed in biological and technical triplicate.
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To determine the specific portion of the LPS bound by each identified LPS-binding
phage, phage stocks were spotted onto K56-2 LPS mutants with various LPS truncations (Table
1). Briefly, 107 — 108 PFU/mL phage stocks were spotted onto soft agar overlays of WT K56-2 or
LPS mutants harbouring empty vector or complementation plasmids. Plates were incubated at

37°C overnight and observed for clearing. Spotting was done in biological triplicate.
Phage resistant mutant/lysogen isolation and analysis

Phage-resistant K56-2 mutants were isolated using previously published protocols with
some modifications **1%°_ Overnight cultures of K56-2 were diluted 1:10 in % LB to a final
volume of 100 pL, mixed with 100 pL of 10’-10® PFU/mL phage stock, and incubated for 20
minutes on the bench. After incubation, 3mL of 2 LB soft agar was added and poured onto 2
LB agar plates. Plates were incubated at 37°C for 2 days and monitored for complete clearing of
the bacterial lawn after one day, and the emergence single colonies after two days. Plates were
then flooded with 3 mL of 2 LB, swirled, and pelleted in a MCF tube by centrifuging ImL
aliquots. Pellets were resuspended in %2 LB, serially diluted, and plated on ' LB for single
colonies. Overnight cultures of resulting colonies and WT K56-2 were overlayed with soft agar,
and 5 pL of 108 PFU/mL phage stock was spotted onto the overlays. Plates were incubated
overnight at 37°C and observed for clearing. Bacterial variants showing no clearing were
screened using PCR with phage specific primers listed in Table 2.3 to detect lysogens. Variants
lacking the presence of a phage-genome band were considered resistant mutants, while strains
showing phage-genome bands were considered lysogens. If a lysogen was detected, the colony
was passaged 3x on 2 LB to isolate stable lysogens. No stable lysogens for KS9 and KS5 were

identified.
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Phage-resistant mutants’ LPS was extracted using a hot-phenol extraction protocol
detailed in McKay et al. (2003). LPS extractions were diluted 1:1 with Laemmli loading buffer
(BioRad, CAT no. 161-0737) and run alongside a protein ladder on a polyacrylamide gel
comprised of a 5% stacking gel and a 16% separating gel in 1x sodium dodecyl sulfate buffer.
The gel was silver stained as per !”! and imaged on a white background using an iPhone 11

camera.
Phage, Antibiotic and Phage-antibiotic Kill Curves

WT K56-2 were cultured overnight followed by subculturing 1:100 in %2 LB media for 3h
and standardized to an ODgoonm 0of 0.1. Standardized cultures were diluted in 2 LB for a final
concentration of 1x10% CFU/mL. Phages were diluted in ¥» LB to titers of 1x107-1x10° PFU/mL.
100 puL of diluted bacteria was added to a microplate followed by a 100 pL of phage at various
concentrations resulting in multiplicities of infection (MOI) of approximately 10, 100 and 1,000.
If a dual phage treatment was used, 50 pL of the correct phage dilution was added for a total
MOI of both phages combined of 10, 100 and 1,000. If antibiotic was added to the solution, 99
pL of bacteria and phage were added with 2 pL of antibiotic, resulting in colistin concentrations
of 128-256 pg/mL. As a control, 100 uL of bacteria was mixed with 100 pL of sterile 2 LB. The
microplate was then incubated in an EPOCH BioTek plate reader for 48h at 37°C with shaking at
225 RPM with ODgoonm measurements taken every 30 minutes. Each treatment was done in

biological triplicate.

Growth curve data was analyzed to calculate growth reduction % of treated conditions in

172,173

a similar fashion to with some modifications. Endpoint ODgoonm (t=48h) values were used

(Untreated—Treated)
Untreated

x 100%. To

to calculate growth reduction % using the following formula:
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calculate if a dual treatment exhibits synergy, the growth reduction percentages were compared

to the expected additive effect of the treatments which was calculated as follows:

Growth reduction % A + Growth reduction % B

. Actual growth reduction percentages were then
Number of Treatments

compared to the expected additive effect using an unpaired parametric T-test. Any dual treatment
which demonstrated a significantly higher growth reduction than the expected additive effect was

deemed to be synergistic.
Results and Discussion:

Complete LPS is required for full virulence in vitro and in vivo

Screening of over 7,000 B. cenocepacia Tn mutants identified 171 strains of interest
which were sensitive to humoral immune factors in NHS, demonstrating ODgoonm >0.54 in LB
media and As5750m<0.26 in LB+30% NHS (Figure 2.1A). Most Tn mutants grew to a normalized
ODgoonm of ~1.0 in LB, while more variation existed between mutants when grown in LB+30%
NHS as demonstrated by the histograms in Figure 2.1A. Following verification that mutants of
interest were completely dying in LB+30% NHS, the mutated genes were recovered. Screen hits
are summarized in Table 2.4. Genes relating to LPS biogenesis were recovered at the highest
frequency (Figure 2.1B). LPS has already been indicated in protection of B. cenocepacia against
complement using a whil mutant lacking O-antigen !’*. To further investigate the role of other
portions of LPS in complement-resistance, a variety of strains with various levels of LPS
truncation were tested for their ability to survive in various concentrations of NHS (Table 2.1)
124175 Figure 2.2A confirmed previous work and screen results whereby any truncation to the
LPS resulted in complete sensitivity to serum even at low concentrations of 10%. This indicates

that LPS plays an essential role in survival of B. cenocepacia K56-2 in the presence of serum.
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To further confirm that LPS is necessary for full virulence, we calculated LDso of each
LPS mutant in the G. mellonella wax worm model. G. mellonella have a sophisticated immune
system, including pathogen detection and destruction using humoral and cell based immune
responses %77 Mutants with truncated LPS required a minimum of ~200x more cells than WT
to kill 50% of the injected population, suggesting that complete LPS is required for infection in
vivo (Figure 2.2B). It has been previously discovered that inner core LPS mutants are unable to
cause infection in a rat-agar bead model of infection, however, no previous evidence suggests
complete LPS is necessary for B. cenocepacia to cause infection in vivo '°. The decreased
virulence in vivo of LPS mutants is likely due to decreased steric hinderance, allowing
complement factors to bind to and insert themselves into the outer membrane, leading to
complement-mediated lysis. Additionally, LPS mutants lacking O-antigen may result in
increased phagocytosis of the bacterial cells as O-antigen is known to play a role in preventing

this process 7%,

Due to the role of LPS in membrane stability, overall cell wall biogenesis and the
consequences of toxic and/or mislocalized LPS intermediates, we wanted to investigate the
effects of these LPS-related mutations on overall growth 7% Aside from XOAS (p-
value=0.0689), mutants with truncated inner and outer core or lacking O-antigen resulted in a
statistically significant growth defect (Figure 2.2C), confirming that complete LPS is required for
WT growth. This growth defect is likely due to incomplete LPS biogenesis, which may cause
accumulation or increased time of intermediates in the inner membrane or periplasm, activating
stress responses and effecting membrane potential '*°. As previously stated, perturbations to the
LPS affect a variety of outer membrane structures and overall outer membrane integrity, which

can have an effect on overall growth 8. In contrast, RSF19 (wbxE:: pRF201), which has a
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truncated O-antigen that cannot be polymerized '**!7*, demonstrated growth equivalent to WT
(p-value 0.9084, Figure 2.2C). Due to the small effect of this truncation on overall LPS structure,
it is unlikely that this mutation effects LPS trafficking or overall outer membrane structure and
integrity enough to cause a growth defect. Altogether, complete O-antigen is not required for WT
growth, however, lack of O-antigen and any further truncation to the LPS results in growth

deficiencies.
LPS mutants are sensitive to the antibiotic colistin

Next, we wanted to see if B. cenocepacia with truncated LPS were more sensitive to
different chemical classes of antibiotics in comparison to WT. Screening of eight different classes
of antibiotics identified that all LPS mutants demonstrated increased sensitivity to colistin (Figure
2.2D, Figure 2.3). Colistin is a polymyxin class antibiotic which was canonically known to bind
the lipid A portion of the LPS, creating small pores in the outer membrane, increasing osmotic
pressure, and ultimately leading to cell lysis '¥2. A recent study by Fu et al. (2022) revealed that
polymyxin class antibiotics cause lipid scrambling in the outer membrane resulting in cell death
183 Binding of a polymyxin antibiotic to the LPS relieves tight packing of LPS, then negatively
charged phospholipids from the inner leaflet flip to the outer leaflet. This leads to phase separation
of the LPS and phospholipid molecules increasing permeability and allowing polymyxins to move
to the inner leaflet of the outer membrane. From there the polymyxin may be translocated to the
inner membrane having a similar effect. Polymyxin class antibiotics have been largely disfavored
in clinical settings due to their negative side effects, which are harsh but reversible '8%184,
However, due to a lack of development of novel antibiotics, colistin is now being used as a last
resort to treat MDR infections 321857187 Additionally, new polymyxin analogues are being created

which demonstrate lower toxicity while maintaining bacterial killing activity in vitro 8313,
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Polymyxin class antibiotics cannot be used against B. cenocepacia due to the extreme
resistance provided by modified LPS, metalloproteases and efflux pumps ®. More specifically, it
has been hypothesized that the Ara4N modification of lipid A bestows Gram-negatives with
polymyxin resistance because it is positively charged, therefore repelling cationic AMPs and
hindering colistin-lipid A interactions %82, However, due to the essentiality of this modification
in B. cenocepacia LPS export and biogenesis, it has been speculated that the modification is not
playing a role in polymyxin resistance *°. Previous studies have identified a role for the core
oligosaccharide in B. cenocepacia polymyxin resistance but, to our knowledge, no studies have
shown that any truncation to the LPS results in colistin sensitization **'”°, The increased sensitivity
to the antibiotic likely results from increased permeability of the outer membrane, allowing colistin
easier access to its lipid A target. Unexpectedly, the mutant with the most severely truncated LPS
(CCBI1) did not demonstrate the lowest MIC50 (Figure 2.2D). Instead strains XOA15 & XOA17
with longer LPS had the lowest colistin MICs at 4 ng/mL, while CCB1’s MIC50 was 128 pug/mL
(Figure 2D). This may be explained by the low maximum ODsoonm of the XOA17 mutant
(OD6oonm=0.42 for XOA17) in comparison to the average of 0.56 for other mutants with growth
defects (Figure 2.2C). Additionally, these XOA15 and XOA17 strains may have decreased cell
envelope integrity in comparison to other mutants which may affect outer membrane proteins
playing arole in resistance. Regardless of the mechanism, all the tested LPS mutants were sensitive

to colistin, whereas WT B. cenocepacia was not.

LPS binding phages can be used to steer the bacterial population towards mutants with

truncated LPS

The Dennis lab possesses a library of previously characterized phages, many of which have

been hypothesized or partially determined to use LPS as a receptor *°1°2. To definitively identify

33



the receptor, two assays were used. First, adsorption assays were performed on proteinase K and
periodate treated B. cenocepacia K56-2, degrading cell surface proteins or sugars respectively.
Four phages, KS5, KS9, JG068 and KS4-M, were shown to use a carbohydrate-based structure as
a receptor (Figure 2.4A, B, C, D). Second, spotting these phages on the various LPS mutants
showed that KS9, JG068 and KS4-M utilize the outer portion of the O-antigen and that KS5 utilizes
the inner core of the LPS as a receptor (Figure 2.4E, Table 2.5). This finding is in contrast to
previous work that predicted JG068 used the inner core of LPS as a receptor, but did not have

sufficient evidence to confirm this prediction !

. Updated host range screening of 150
Burkholderia spp. indicated that KS5 infects 90 strains, KS9 infects 11 strains, KS4-M infects 16
strains and JG068 infects 50 strains (unpublished data). Therefore, KS5 and JG068 are the most

promising therapeutic candidates due to their broad host range.

Next, phage-resistant mutants were isolated to determine if they possess truncated LPS. As
hypothesized, results showed that phage-resistant mutants do not possess complete LPS (Figure
2.5A). Resistant mutants were not able to be isolated from KS4-M as all survivors following
infection were lysogens. For this reason, KS4-M was not pursued further in this study. Two of
three KS5-resistant mutants had truncated LPS core without O-antigen present, and the other had
truncated core and a lesser amount of O-antigen compared to WT when the gel was overstained as
it is in Figure 2.5A. All three JG068-resistant mutants exhibited truncated core and lacked O-
antigen (Figure 2.5A). Lastly, KS9-resistant mutants had a complete core but lacked O-antigen
(Figure 2.5A). These LPS truncations were expected, as receptor alteration is the most common
mechanism of phage-resistance used by bacteria '°>. Nonetheless, these resistant isolates were not
sequenced, so it is uncertain which LPS biogenesis genes are mutated and what other mutations

are present which could be contributing to this phenotype.
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Subsequently, phage-resistant mutants were challenged with colistin to determine if they
were sensitive to the antibiotic and to confirm that there were no other mutations conferring colistin
resistance. JG068-resistant mutants had colistin MIC50s of 64 pg/mL and KS5-resistant mutants
had MIC50s of 128 pg/mL (Figure 2.5B & C). These results are consistent with each strain’s LPS
profile (Figure 2.5A) and with the MIC50’s determined for the LPS mutants (Figure 2.2B),
indicating that the truncated LPS is likely the reason for the colistin sensitivity. In contrast, two
out of three KS9-resistant mutants lacking O-antigen exhibited decreased growth in the presence
of 256 pg/mL colistin but did not show a MIC50 (Figure 2.5D). This result conflicts with our
previous finding that the XOA7 LPS mutant lacking O-antigen had an MIC of 16 ng/mL (Figure
2.2B). Furthermore, none of the phage-resistant mutants with truncated LPS exhibited MIC50s
like constructed mutants with the same LPS modifications (Figure 2.2B & D). Other non-LPS
resistance mechanisms against polymyxin class antibiotics have been previously discovered for B.
cenocepacia and may be playing a role for these mutants. A previous study identified genes
involved in polymyxin B resistance when incomplete LPS was expressed and found that there are
likely a wide variety of other factors that may contribute to resistance '**. Specifically, they
identified degradation enzymes, isoprenoid biosynthesis and genes under the control of the rpoE
and BCAL2831 regulons as possible contributing factors '°*. Additionally, mutations in the suhB
gene, which plays a role in protein secretion, were found to increase sensitivity to polymyxin B
195 Further, capsular polysaccharide and efflux pumps have been shown to contribute to
polymyxin resistance in other species '°*'%°. Thus, there are many factors contributing to
polymyxin resistance, and it remains unclear why the phage resistant LPS mutants do not exhibit

MIC50s comparable to those of the constructed LPS mutants.
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As a follow-up to these analyses, we wanted to know if the KS9 and KS5 lysogens had
altered LPS profiles and to determine if they had increased resistance to colistin. However, after
many attempts to isolate stable lysogens, none were identified. Considering the transience of these

lysogens, it is likely not necessary to characterize them further.
LPS-binding phages can exhibit phage-phage synergy

Due to the ease with which bacteria can develop resistance to a single antibacterial
treatment (Figure 2.6), interest in combination treatments against MDR bacteria has grown. One
such combination is the application of phage cocktails, which utilize two or more distinct phages
to target bacteria. This approach increases the number of strains that the treatment can kill and
decreases likelihood of phage-resistance evolving ***°. These treatments are most effective when
acting on different molecular targets '°*!37-29! Two different treatments combining a phage using
the inner core (KS5) as a receptor and a phage using the O-antigen (KS9 or JG068) were tested.
Notably, KS9 and KS5 can undergo the lysogenic life cycle, while JG0O68 is a lytic phage and these
lifestyles affect growth reduction % "%°!. Synergy was defined as when the measured growth
reduction % was greater than the growth reduction % of the additive effect of both treatments
combined. Phages KS5 and KS9 did not synergize with one another, whereas KS5 & JG068
showed synergism (Figure 2.7). Because both combinations did not exhibit synergy, it was
predicted that the synergy seen between KS5 and JG068 is more likely a result of combining a
lysogenic and a lytic phage which use different portions of the LPS as a receptor rather than the

use of different portions of the LPS as a receptor alone 2%2,
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LPS-binding phages and colistin can exhibit synergy

Next, we tested whether LPS-binding phages could synergize with colistin provided at
either the MIC or half MIC of the antibiotic of their respective phage-resistant mutants. KS5+128
pg/mL colistin exhibited the highest growth reduction % of 92.6 at an MOI of 100 and
demonstrated the strongest synergistic effect (Figure 2.8A & E). With JG068, we used a colistin
concentration of 128 pg/mL as 64 pug/mL had little to no effect on overall killing effect of the
treatment. JG068+128 pug/mL colistin produced a growth reduction % of 47.98 and demonstrated
synergy (Figure 2.8B & E). The highly variable resistant outgrowth of this treatment suggests
JGO068 could be using a primary and secondary receptor to infect, creating a variety of different
resistant mutants. Additionally, because JG068 utilizes the O-antigen portion of the LPS this could
be generating a variety of mutants with varying LPS structures. JGO68+KS5+128 pg/mL colistin
produced a growth reduction % of 85.7 and showed synergy with the antibiotic (Figure 2.8C & E).
The growth reduction % of the two-phage + antibiotic treatment group was not significantly
different when compared to KS5+128 pg/mL (p-value=0.4038) but was significant when
compared to JG068+128 pg/mL (Figure 2.8E). Additionally, the growth curve for the two-phage
+ antibiotic treatment resembled that of KS5 + colistin and differed from that of JG068 + colistin.
These analyses suggest that KS5 largely drives the killing effect of the two phages + antibiotic
treatment. No treatments exhibited large differences between different MOls, suggesting that this
effect does not depend on phage dosage. Based on our previously discussed findings, we predict
that the mechanism driving this synergy is phage steering, whereby the phage controls the WT
population and creates colistin-sensitive mutants. Many previous works have demonstrated similar
effects using phage to generate more antibiotic-sensitive bacteria 34293205, To our knowledge, this

is the first instance of phage steering in B. cenocepacia.
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Conversely, KS9+256 ng/mL colistin had a much lower growth reduction % of 28.9 at an
MOI of 100 and did not exhibit a synergistic interaction (Figure 2.8D & E). We calculated growth
reduction %s for KS9 + 256 pg/mL colistin at MOIs of 10 and 1000 to determine whether the
treatment was phage dose-dependent, but no significance was found between additive and actual
growth reduction %. This result is consistent with the KS9-resistant mutants as none of them
demonstrated a MIC50 (Figure 2.4D). Since KS9 is unable to form stable lysogens, it is unlikely

that lysogeny is favored in the presence of colistin.

Alternatively, results seen for KS9 could be due to unknown mutations. We previously
discussed the role of the alternative sigma factor RpoE, which is essential for B. cenocepacia
growth stressful environments, in colistin resistance. '**?%. It is not known which specific LPS-
related gene is mutated in the phage-resistant strains or if any other mutations are present which
could be affecting colistin sensitivity and/or resistance. Furthermore, previous work has shown
that phage U136B requires both TolC and LPS for infection and generates mutations in both
structures 2%°, In the study, LPS mutants were outcompeted by the to/C mutants due to decreased

fitness associated with LPS perturbations 2%3.

In this study, a similar phenomenon could be
happening if KS9 uses a secondary receptor to inject its DNA. Future investigation into the long-

term evolution of these phage-resistant mutants is required to determine why the KS9+256 pg/mL

colistin treatment is less effective and lacks synergism.
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Figures & Tables:

Table 2.1 Bacterial strains used in this study

Strain name

Characteristics of Interest

Source/Reference

K56-2 WT

None

CF-e patient, Canada /
(Lewenza et al., 1999)

K56-2 XOA7 (waaL::pGPQTp)

Lacks O-antigen of LPS, Tp®

K56-2 XOA1S5
(wabR::pGPQTp)

Truncated outer core of LPS, Tp®?

K56-2 XOA17(wabS::pGPQTp)

Truncated outer core of LPS, Tp®

K56-2 XOAS8 (wabO::pGPQTp)

Lacks outer core, truncated inner core
of LPS, Tp®

K56-2 CCB1 (waaC::pGPQTp)

Lacks outer core & inner core of LPS,
TpR

174

K56-2 RSF19 (whxE:: pRF201)

Truncated O-antigen of LPS, Tp®

175

K56-2 WT + pSCRhaB2

TcR

K56-2 XOA7 + pSCRhaB2

Truncated outer core of LPS, TpR? &
TcR

K56-2 XOA15 + pSCRhaB2

Truncated outer core of LPS, TpR &
TcR

K56-2 XOA17+ pSCRhaB2

Truncated outer core of LPS, Tp® &
TcR

K56-2 XOAS8 + pSCRhaB2

Lacks outer core, truncated inner core
of LPS, TpR & Tc®

K56-2 CCB1 + pSCRhaB2

Lacks outer core & inner core of LPS,
TpR & TcR

K56-2 RSF19 + pSCRhaB2

Lacks O-antigen of LPS, Tp® & Tc®

K56-2 XOA7 + pSCRhaB2-
waal

TpR & TcR

whbxE

K56-2 XOA17 + pSCRhaB2- TpR & TcR
wabS
K56-2 XOA15 + pSCRhaB2- TpR & TcR
wabR
K56-2 XOA8 + pSCRhaB2- TpR & TcR
wabO
K56-2 CCB1 + pSCRhaB2- TpR & TcR
waaC
K56-2 RSF19+ pSCRhaB2- TpR & TcR

163
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Table 2.2 Bacteriophages used in this study

Name Morphology/Life cycle Reference
KS4-M Mpyoviridiae/Lysogenic 165

KS5 Myoviridiae/LLysogenic 192

KS9 Syphoviridiae/Lysogenic

JG068 Podoviridiae/Lytic 191

Table 2.3 Primers used in this study to detect presence of phage genomic DNA in surviving

KS56-2 following phage infection.

Name Sequence (5°-3°) Annealing location in genome (bp)
KS1/KS5 F GCCCGCATGCTGAAACTGTAC | 35695-35715

KS1/KS5 R GCCGTCCAATCAGCGTTACAAG | 36011-36032

KS4/KS4-M F | TGTTCAGAGATGCGTTCGAC 8335-8354

KS4/KS4-M R | ATGGCGCTTGACAGGTAATC 9194-9213

JGO68 F GCACAACTGGAGTAACGATCA | 1570-1590

JG068 R CTCGCTGAAGAAGTGATCCTC | 2521-2541

KS9F GTTTTACGACGGAGGGAATGCG | 26529-26550

KS9R TTGTCGAAGTACACCATGCCGG | 27474-27495
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Table 2.4 List of genes recovered from serum screen.

Mutant | K56-2 locus J2315 locus | Product description (gene name)
ID tag tag
1BO2 K562 13054 | BCAL3126a | glycosyltransferase family 4 protein (wbxE)
1E07 K562 13171 BCAL3243 | putative capsular polysaccharide biosynthesis (wcbC)
1E09 K562 40004 NA hypothetical protein on pBCK56
2A03 K562 12287 BCAL1492 | methyltransferase
2A08 K562 22804 | BCAM2739 | hopanoid biosynthesis associated radical SAM protein
HpnH (hpnH)
2E06 K562 11327 BCAL2403 | Putative LPS core biosynthesis protein
2E09 K562 12325 BCAL1455 | fusaric acid resistance protein
2F05 K562 12080 BCAL1670 | taurine catabolism dioxygenase (tauD)
2F10 K562 20237 | BCAMO0228 | two-component response regulator protein
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Figure 2.1 Tn mutant library screen in LB and LB+30% NHS media.

A Each dot represents one mutant’s growth in LB and LB+30% NHS, purple dots represent hits
which deviate 2.5 standard deviations away from the mean. Histograms represent counts with bin

sizes of 0.01. B Genes of interest isolated from mutants which were completely killed in NHS.
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Figure 2.2 B. cenocepacia K56-2 LPS mutants exhibit decreased virulence phenotype in

vitro and in vivo

A Confirmation of Tn mutant library screen using 2h serum survival test in various dilutions of
NHS, all LPS mutants are incapable of surviving even 10% NHS. B LDso of LPS mutants in G.
mellonella model is significantly higher than WT for all mutants tested. Data collected from 3
biological replicates injected into 10 worms alongside 10 worms injected with 1xPBS. C Growth
curve demonstrating 4/6 LPS mutants have a growth defect compared to WT, ordinary one-way
ANOVA with multiple comparisons to WT. (*=p-value<0.05; ****=p-value<0.0001) D All LPS
mutants tested have a colistin MIC between 8-128 pug/mL compared to WT MIC of >256 pg/mL.

All experiments were completed in biological triplicate (n=3); SEM error bars plotted.
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Figure 2.3 : Screening LPS mutants’ sensitivity to various classes of antibiotics

MICsos of LPS mutants and WT B. cenocepacia K56-2 for A Rifampicin, B Chloramphenicol, C
Tetracycline, D Ciprofloxacin, E Erythromycin & F Sulfamethoxazole. LPS mutants exhibit no
significant differences in MIC compared to WT for antibiotics tested. All experiments done in

biological triplicate.
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Figure 2.4 Phage-receptor characterization

Adsorption assays using proteinase K and periodate-treated cells determining that phages A
KS4-M, B JG068, C KS5 & D KS9 adsorb to the LPS. Experiment was done in biological
triplicate and titering was done in technical triplicate; SEM error bars plotted. E Representation
of specific portion of LPS being bound by each phage as determined via spotting assays on LPS
mutants (see Table S4). JG068, KS9 and KS4-M adsorb to the O-antigen (1) and KS5 adsorbs to

the inner core (3) portion of the LPS. Spotting was done in biological triplicate.
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Table 2.5 Spotting on B. cenocepacia K56-2 LPS mutants and complemented strains

Bacterial Strain + pSCRhaB2 KS4- KS KS JG068
M 5 9

WT K56-2 (complete LPS) + + + +

RSF19 (wbxE:: pRF201, truncated O-antigen) - + - -

XOA7 (waaL::pGPQTp, lacks O-antigen) - + - -

XOA1S5 (wabR::pGPQTp, truncated outer core) - + - -

XOA17 (wabS::pGPQTp, truncated outer core) - + - -

XOAS8 (wabO::pGPQTp, lacks outer core, truncated inner - - - -

core)

CCBI1 (waaC::pGPQTp, lacks outer core, truncated inner core) - - - -
+pSCRhaB2-complement

RSF19 + + + i

XOA7 + + + +

XOAI15 - + - -

XO0A17 + + + +

XOA8 + + + n

CCB1 + + + i
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Figure 2.5 B. cenocepacia K56-2 phage-resistant mutant analysis
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A LPS profiles of WT and phage® mutants isolated from high MOI infections. LPS was extracted

using a hot-phenol protocol, run on a PAGE gel (5% stacking; 16% resolving), and silver

stained. All phage® mutants demonstrate non-WT LPS profiles either lacking O-antigen and/or

having a truncated lipid A core. B, C & D Colistin MIC50s of JG068, KS5 and KS9 resistant

mutants respectively. JGO68® mutants MIC is 64 ug/mL, KS5® mutants MIC is 128 pg/mL and

KS9® mutants do not demonstrate a true MIC with <50% growth, but 2/3 mutants demonstrate

55% growth at 256 pg/mL. All MICs done in biological triplicate; SEM error bars plotted.
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Figure 2.6 Single phage/antibiotic treatment growth curves

Log phase WT B. cenocepacia K56-2 was diluted and mixed with phages A KS5, B KS9, C
JG068 or D Colistin at various MOIs or concentrations and growth was tracked over time using
ODsoonm. Lysogenic phages KS5 and KS9 exhibit initial growth at MOIs of 10 and 100. All
phage treatments exhibit resistance outgrowth starting between 14-16h except for KS9 at an MOI

10. Colistin does not demonstrate antibacterial effect on K56-2 at the concentrations tested.
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Figure 2.7 Phage-phage synergy between LPS-binding phages

A & B Growth curves of WT B. cenocepacia K56-2 treated with KS5 and KS9 or KS5 and
JG68, respectively. Log phase subcultures of K56-2 were standardized via ODgoonm and mixed
with phage combinations at various MOI. Note: MOl is total number of phages added to the
treatment, i.e., MOI 10 = 5 JG068 & 5 KS9. C Growth reduction percentages for single (see
Figure S2), actual dual phage and calculated additive dual phage treated K56-2 at an MOI of
100. KS5 & KS9 do not exhibit synergy, KS5 & JG068 do exhibit synergy. All experiments
done in biological triplicate, SEM error bars plotted, and unpaired t-tests used to determine

significance (*=p-value<0.05).
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Figure 2.8 LPS-binding phages and colistin synergy

A, B, C & D Growth curves of KS5+128 ng/mL, JG068+128 pug/mL, KS5+JG068+128 pg/mL
and KS9+256 ug/mL respectively. Growth curves were done using the same protocol as in
Figure 5. E Growth reduction %s at t48h at an MOI of 100. Unpaired t-tests were conducted
using actual treatment growth reduction % and estimated additive growth reduction %. KS5+128
pg/mL (p-value=0.009), KS5+JG068+128 pg/mL (p-value=0.0018) and JG068+128 pg/mL (p-
value=0.0254) exhibit synergy, KS9+256 pg/mL (p-value=0.7567) do not. KS5+JG068+128
pg/mL compared to KS5+128 pg/mL show no significant difference (p-value=0.4038) and
KS5+JG068+128 png/mL compared to JG068+128 pg/mL (p-value=0.0481). All experiments

were done in biological triplicate except JG068+128 ug/mL (n=4). SEM error bars plotted.
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Chapter 3 Conclusions & Future Directions
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Conclusions

This study identified a range of serum-resistance genes in B. cenocepacia, in addition to a
promising phage-antibiotic combination for use in therapy against MDR B. cenocepacia.
Mutants that were killed by the presence of serum had mutations in a variety of genes, but genes
related to LPS biogenesis were isolated with the highest frequency. Follow-up analyses using a
panel of LPS mutants with varying LPS truncations concluded that the entirety of the LPS is
required for B. cenocepacia to survive in serum. G. mellonella LDso assays demonstrated that
any truncation to the LPS results in significant attenuation of virulence. LPS mutants also
exhibited an increased susceptibility to colistin, a polymyxin class antibiotic. Altogether,

complete LPS is necessary for full virulence and antibiotic-resistance of B. cenocepacia.

To identify potential novel anti-virulence therapeutics, the Dennis lab’s previously
characterized phage library was screened identifying four phages which use the LPS as their
receptor. Further investigation confirmed that three phages can generate phage-resistant mutants
with truncated LPS. Phage KS4-M was unable to produce phage-resistant mutants and instead
favored lysogeny. Mutants isolated from KS5, KS9 and JG068 phage infections all demonstrated
LPS profiles with significant truncations when compared to WT. KS5 and JG068 phage-resistant
mutants were more sensitive to the antibiotic colistin demonstrating decreased MICso. However,
only one out of three KS9 phage-resistant mutants demonstrated growth reduction in the
presence of colistin. Regardless, at least two of the identified LPS-biding phages were able to

steer the bacterial population towards truncated LPS and increased sensitivity to colistin.

Phage-phage and phage-antibiotic synergy was demonstrated by some of the combinations
tested. Phages KS5 and JG068 exhibited a synergistic interaction, however this cannot be solely

attributed to binding different portions of the LPS. This relationship is likely due to combining
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an obligately lytic phage and a lysogenic phage. Although KS5 can only form pseudolysogens,
or non-stable lysogens, in the strain of interest it is probable that the presence of a lytic phage
contributes to initial increased killing activity to control the population. Lastly, phages KS5 and
JG068 demonstrate synergy with the antibiotic colistin, likely via a phage steering mechanism.
This work provides in vitro evidence for a novel treatment combination against the MDR
bacteria B. cenocepacia, which potentially has the capacity to prevent infections from spreading
to the bloodstream where the concentration of complement components is much higher. This
work provides hope for a treatment which prevents cepacia syndrome infections which are

extremely difficult to treat and typically results in death.
Future Directions
LPS-binding phages and colistin project

The current work demonstrated short-term efficacy of LPS-binding phages and colistin to
control the bacterial population and steer it towards decreased virulence and increased antibiotic
susceptibility. A recent study was previously discussed which showed that long-term application
of phages to bacteria will effect evolutionary outcomes 2». Long-term experiments should be
conducted challenging B. cenocepacia with either KS5 alone or KS5 and colistin tracking the
evolution of the bacterial population. This is necessary as in a clinical setting it is common for
patients to undergo long treatment courses to clear an infection 2. Also, pre-treating the bacteria
with various antibiotics prior to the application of KS5+colistin may alter evolutionary outcomes

of phage steering and should be investigated as this is more representative of a clinical setting.

The CF lung is typically colonized by a diverse community of commensal and pathogenic

bacteria. The evolution of various pathogenic bacterial species has been studied in numerous
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fashions, demonstrating that B. cenocepacia and other pathogens undergo significant evolution
during a chronic CF infection 2°2%°, CF pathogens are also known to exhibit extreme within
species diversification due to the various microenvironments that exist in the CF lung with
different levels of nutrients, oxygen, and host defense systems 2!°. Treatment trials should be
conducted in both CF sputum media and CF mice, which more closely represent the complex
lung environment as this will likely affect evolutionary outcomes of the targeted bacteria.
Experiments in mice will also confirm the ability of the treatment combination to prevent

infections from spreading to the bloodstream.

Intracellular pathogens remain one of the largest challenges of infection control to date
and are typically the means with which septic infections commence ?!'!. B. cenocepacia is a
facultative intracellular pathogen capable of surviving in both macrophages and lung epithelial
cells 778, More specifically, B. cenocepacia inhabits the vacuoles of macrophages preventing
their maturation into lysosomes 2. The ability of B. cenocepacia to invade and survive within
macrophages is critical for the bacterium’s ability to colonize the bloodstream and cause cepacia
syndrome "’ These infections are incredibly difficult to effectively treat due to the inability of
traditional antibiotics to cross the eukaryotic cell membrane with high enough efficiency to
achieve the necessary concentration of antibiotic for killing >!2. Additionally, drugs must be able
to withstand the harsh conditions inside eukaryotic cells and/or cellular compartments to remain
active 212, Recent work on phage interactions with eukaryotic cells has revealed that they are able
to cross the eukaryotic cell membrane via transcytosis at extremely low efficiencies of 0.1% 2!3.
Some phages have also been shown to maintain their bactericidal activity within eukaryotic cells;

however, this is highly dependent on where the bacteria are located within the eukaryotic cell

and individual phage properties 214213, Although phages can enter and remain active in
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eukaryotic cells the frequency with which this happens is too low, therefore it is necessary to

evaluate other means to deliver phages to their targeted bacteria.

Drug delivery systems are tools which can increase the efficiency with which drugs are
delivered intracellularly 2!!. Research has focused on macrophages as these are the most common
eukaryotic cells pathogens invade and for their natural ability to internalize extracellular
materials 2'!. These systems can be highly specific, targeting particular eukaryotic cell types and
cellular compartments, only releasing their contents upon sensing an inducing cue, ensuring the
drug is delivered to the correct location 2!, These cues are commonly low pH, eukaryotic or
bacterial enzymes or specific redox states of the surrounding area >'!. Various phage delivery
mechanisms have been proposed and/or investigated including using attenuated bacteria, phage
encapsulated in a liposome, phage loaded polymeric nanoparticles and lastly using engineered
phage conjugated to various compounds recognized by eukaryotic cells for uptake 2!1:*16-218, For
the purposes of the KS5+colistin treatment liposomes will likely be the best delivery method as
colistin loaded liposomes have already been shown to be effective against numerous intracellular
pathogens residing in macrophages 2!>*?°. Additionally, previous work on antibiotic loaded
micelles revealed that this decreases the toxicity of colistin while maintaining bacterial killing
activity allowing for larger doses to be used 2*!. Future work should focus on investigating how

phage-antibiotic treatments can be efficiently delivered to eukaryotic cells to treat dangerous

intracellular pathogens.
Other screen hits

Many other genes were isolated from the initial serum screen, including a putative hopanoid
biosynthesis gene. Hopanoids are similar in structure to sterols and exist in a variety of bacterial

species contributing, to outer membrane fluidity and permeability as well as other physiological
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roles 2?2, Experts in the field have debated on whether hopanoids form lipid rafts in prokaryotic
organisms like sterols do in eukaryotes 2?*. Lipid rafts are domains within a membrane with
relatively high stability where certain proteins localize to carry out specific functions ??2. One
study confirmed the presence of lipid rafts created by hopanoids in bacteria, and a follow-up
study connects these lipid rafts to specific physiological functions 2*4?%_ In the latter study, the
authors demonstrated that the presence of hopanoids in the bacterial outer membrane increases
stress tolerance and suggests that they might help modulate the functionality of membrane
associated protein complexes, specifically efflux pumps 22>*%, Hopanoids play an important role

in bacterial physiology and membrane integrity.

Hopanoids and hopanoid production have been previously evaluated in B. cenocepacia as
Burkholderia spp. have one of the most well-conserved hopanoid biosynthesis pathways 222, The
gene identified in the serum screen was ApnH, which has been characterized as catalyzing the
second step of the hopanoid biosynthetic pathway in B. cenocepacia **°. Mutants unable to
produce complete hopanoids are known to be sensitive to membrane stressors including low pH,
detergents and antimicrobial peptides 22%%?7, Interestingly, these mutants are also defective in
swimming and swarming motility, suggesting that hopanoids may form lipid rafts necessary for
the functionality of virulence factors 2*’. Lastly, a metabolomic study revealed that B.
cenocepacia demonstrated increased production of hopanoids when grown in synthetic CF
sputum medium than in LB ?2®. Altogether, hopanoids present a unique and novel serum-
resistance factor which could play a role in a variety of virulence and antibiotic resistance

phenotypes requiring future investigation.

An uncharacterized two-component system (2CS) was also identified in the serum-resistance

screen. The gene BCAM(228, annotated as a 2CS response regulator, was recovered from a
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mutant which was unable to survive in serum. Directly downstream of this gene is BCAM0227,
which is annotated as a hybrid histidine kinase (HHK) response regulator. Canonical 2CSs are
composed of a sensor histidine kinase, which typically exist as homodimers in the inner
membrane >%°. These proteins sense specific environmental stimuli leading to
autophosphorylation, this phosphoryl group is then transferred to the response regulator in the
cytosol which will then alter gene expression **. However, the identified 2CS is a variation on
the traditional 2CS and is a phosphorelay system. These systems are composed of HHKs, which
have a C-terminal histidine kinase receiver domain similar to a response regulator >*°. Once the
HHK has been autophosphorylated, the phosphoryl group will then be transferred to its receiver
domain, then to a histidine phosphotransferase protein, which will finally deliver the phosphoryl
to a response regulator 2>, Phosphorelay systems are more common in bacteria with larger
genomes and/or inhabit a variety of environments, as they provide additional opportunities for
regulation 22°2%°, Many 2CSs have been characterized as controlling a plethora of phenotypes,
including virulence and antibiotic resistance, sparking interest as potential antibiotic targets ***-
234 Of particular interest are 2CSs, which have been characterized as global virulence regulators
controlling the expression of many genes related to virulence processes or factors 220233234 For

this reason, the BCAM0227/8 encoded phosphorelay system should be further characterized for

its role in serum resistance and overall virulence and antibiotic resistance.

Lastly, a putative fusaric acid resistance efflux pump system was identified in the screen.
This gene is annotated as a putative fusaric acid resistance protein and is located between a
putative fusaric acid resistance outer membrane efflux protein (K562 12325) and a membrane
protein (K562 12328). K562 12327, otherwise annotated as aaeX has no conserved domains

and is a relatively short gene of only 204 base pairs which is equal to the Escherichia coli aaeX
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gene. In E. coli this gene is upstream of aaed and aaeB, which are known to play a role in efflux
of aromatic carboxylic acid compounds and biofilm formation %, From here K562 12325-
12328 will be referred to as fusA, fusB, fusC, fusD, respectively, despite the operons putative
function. NCBI protein domain databases were searched to gain more insight on the potential
function of these genes. fusA4 has a conserved domain from a NodT family outer membrane
factor lipoprotein, fusB has a FUSC family membrane transporter domain and fusD has a
conserved domain from the EmrA superfamily which is common for MDR pumps. All together
this strongly suggests that these genes encode some sort of tripartite efflux system, most likely an
RND family pump. Initially it was hypothesized that this operon plays a role in serum-resistance
by effluxing antimicrobial compounds found in human serum. This had been previously
demonstrated in Neisseria gonorrhoeae, where an efflux pump actively removes AMP LL-37 2%,
However, after noticing a growth defect in this strain in LB media (data not shown), it is more
likely that this efflux pump is functioning as a general metabolite waste efflux pump like the
aaeXAB system in E. coli **°. Further work should focus on identifying the substrate of this

efflux pump and its potential role in biofilm formation.
Final Remarks

Identification and characterization of bacterial virulence factors is becoming increasingly
more important in the antibiotic resistance era. Understanding the molecular machinery behind
how bacteria cause infection can present novel therapeutic targets. Specifically, discovering
factors necessary for bacteria to survive in the presence of complement, the body’s first line of
defense against pathogens, offers advantageous antibiotic targets '8!, Anti-virulence therapeutics
are a novel way to decrease the likelihood of resistance developing to a treatment >33, These

medications could possibly prevent infections from progressing and spreading throughout the
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body in the bloodstream. Although these therapies do not commonly kill the bacteria, when

paired with traditional antibiotics they can be extremely effective.

Phage therapy alone has proven to be an effective alternative to traditional antibiotics,
however is significantly more potent when administered in combination with antibiotics 4.
Therapeutic compounds consisting of phage and antibiotics targeting a virulence and/or
antibiotic resistance factor demonstrate great killing capability '°°. The advent of phage steering
allows for more treatment alternatives, which can attenuate and increase antibiotic sensitivity of
previously pathogenic and MDR bacteria '°¢. However, phages require intense characterization
and for the purposes of anti-virulence/phage steering therapies their receptor must be a known
virulence and/or resistance factor. This is limiting as many phage receptors are unknown or are
not related to virulence/antibiotic resistance. Genetic engineering of phage is challenging,
however can be accomplished and could help alleviate this limitation of phages being used as
anti-virulence compounds. Also, traditionally, phages and most current antibiotics, are
ineffective against intracellular pathogens. Advances in drug delivery systems have provided
multiple options for delivering phages and antibiotics to the intracellular site of infection 21216~
218 While traditional antibiotics remain the gold standard for treating bacterial infections, novel
therapies with which resistance is unlikely to develop are necessary. Unconventional drugs such

as phages, with novel mechanisms of action are essential to overcome antibiotic resistance and

will become the future of infection control.

60



Bibliography

10.

Abadi, A., Rizvanov, A. A., Haertle, T. & Blatt, N. L. World Health Organization Report :

Current Crisis of Antibiotic Resistance. Bionanoscience 9, 778—788 (2019).

Ardal, C. et al. Antibiotic development — economic, regulatory and societal challenges.

Nat. Rev. Microbiol. 18, 267-274 (2020).

Martens, E. & Demain, A. L. The antibiotic resistance crisis, with a focus on the United

States. J. Antibiot. (Tokyo). 70, 520-526 (2017).

Church, N. A. & Mckillip, J. L. Antibiotic resistance crisis : challenges and imperatives.

2020, 1535-1550 (2021).

Centers for Disease Control and Prevention. Antibiotic resistance threats in the United

States. Centers Dis. Control Prev. 1-113 (2019).
Centers for Disease Control and Prevention. Antibiotic resistance threats. (2013).

Brown, E. D. & Wright, G. D. Antibacterial drug discovery in the resistance era. Nature

529, 336-343 (2016).

Weber, B. S. ef al. Genetic and Chemical Screening in Human Blood Serum Reveals
Unique Antibacterial Targets and Compounds against Klebsiella pneumoniae. Cell Rep.

32, (2020).

Waglechner, N. & Wright, G. D. Antibiotic resistance: It’s bad, but why isn’t it worse?

BMC Biol. 15, 1-8 (2017).

Dcosta, V. M. et al. Antibiotic resistance is ancient. Nature 477, 457-461 (2011).

61



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bhullar, K. et al. Antibiotic resistance is prevalent in an isolated cave microbiome. PLoS

One7, 1-11 (2012).

Hutchings, M. L., Truman, A. W. & Wilkinson, B. ScienceDirect Antibiotics : past ,

present and future. Curr. Opin. Microbiol. 51, 72-80 (2019).

Van Hoek, A. H. A. M. et al. Acquired antibiotic resistance genes: An overview. Front.

Microbiol. 2, 1-27 (2011).

Jiang, X. et al. Dissemination of antibiotic resistance genes from antibiotic producers to

pathogens. Nat. Commun. 8, (2017).

Larsson, D. G. J. & Flach, C. F. Antibiotic resistance in the environment. Nat. Rev.

Microbiol. 20, 257-269 (2022).

Cox, G. & Wright, G. D. Intrinsic antibiotic resistance: Mechanisms, origins, challenges

and solutions. Int. J. Med. Microbiol. 303, 287-292 (2013).

Masi, M., Réfregiers, M., Pos, K. M. & Pagg¢s, J. M. Mechanisms of envelope
permeability and antibiotic influx and efflux in Gram-negative bacteria. Nat. Microbiol. 2,

(2017).

Wright, G. D. The antibiotic resistome: The nexus of chemical and genetic diversity. Nat.

Rev. Microbiol. 5, 175-186 (2007).

Zgurskaya, H. 1. & Rybenkov, V. V. Permeability barriers of Gram-negative pathogens.

Ann. N. Y. Acad. Sci. 1459, 5-18 (2019).

Chopra, L. et al. Treatment of health-care-associated infections caused by Gram-negative

bacteria: a consensus statement. Lancet Infect. Dis. 8, 133—139 (2008).

62



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ho, J., Tambyah, P. A. & Paterson, D. L. Multiresistant Gram-negative infections: A

global perspective. Curr. Opin. Infect. Dis. 23, 546-553 (2010).

Garcia, 1. R. et al. Microbial resistance: The role of efflux pump superfamilies and their

respective substrates. Life Sci. 295, (2022).

Blair, J. M. A., Webber, M. A., Baylay, A. J., Ogbolu, D. O. & Piddock, L. J. V.

Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13, 42-51 (2015).

Darby, E. M. ef al. Molecular mechanisms of antibiotic resistance revisited. Nat. Rev.

Microbiol. 1-26 (2022) doi:10.1002/9781119593522.ch1.

Gupta, R. S. Origin of diderm (Gram-negative) bacteria: Antibiotic selection pressure
rather than endosymbiosis likely led to the evolution of bacterial cells with two

membranes. Antonie van Leeuwenhoek, Int. J. Gen. Mol. Microbiol. 100, 171-182 (2011).

Zhao, S. et al. Defining new chemical space for drug penetration into Gram-negative

bacteria. Nat. Chem. Biol. 16, 12931302 (2020).

Simpson, B. W. & Trent, M. S. Pushing the envelope: LPS modifications and their

consequences. Nat. Rev. Microbiol. 17,403-416 (2019).

Piddock, L. J. V. Multidrug-resistance efflux pumps - Not just for resistance. Nat. Rev.

Microbiol. 4, 629-636 (2006).

Alcalde-Rico, M., Hernando-Amado, S., Blanco, P. & Marti;'snez, J. L. Multidrug efflux
pumps at the crossroad between antibiotic resistance and bacterial virulence. Front.

Microbiol. 7, 1-14 (2016).

Buroni, S. et al. Assessment of three Resistance-Nodulation-Cell Division drug efflux

63



31.

32.

33.

34.

35.

36.

37.

38.

39.

transporters of Burkholderia cenocepacia in intrinsic antibiotic resistance. BMC

Microbiol. 9, 1-11 (2009).

Guglierame, P. et al. Efflux pump genes of the resistance-nodulation-division family in

Burkholderia cenocepacia genome. BMC Microbiol. 6, (2006).

Fernando, D. M. & Kumar, A. Resistance-Nodulation-Division multidrug efflux pumps in

Gram-negative bacteria: Role in virulence. Antibiotics 2, 163—181 (2013).

Pawlowski, A. C. et al. A diverse intrinsic antibiotic resistome from a cave bacterium.

Nat. Commun. 7, 1-10 (2016).

Ruiz, C., McCarley, A., Espejo, M. L., Cooper, K. K. & Harmon, D. E. Comparative
Genomics Reveals a Well-Conserved Intrinsic Resistome in the Emerging Multidrug-

Resistant Pathogen Cupriavidus gilardii. mSphere 4, (2019).

Bernardini, A. ef al. The intrinsic resistome of Klebsiella pneumoniae. Int. J. Antimicrob.

Agents 53, 29-33 (2019).

Alvarez-Ortega, C., Wiegand, 1., Olivares, J., Hancock, R. E. W. & Martinez, J. L. The

intrinsic resistome of Pseudomonas aeruginosa to B-lactams. Virulence 2, 144—146 (2011).

Fajardo, A. ef al. The neglected intrinsic resistome of bacterial pathogens. PLoS One 3, 1—

6 (2008).

Jolivet-Gougeon, A. & Bonnaure-Mallet, M. Biofilms as a mechanism of bacterial

resistance. Drug Discov. Today Technol. 11, 49-56 (2014).

Gebreyohannes, G., Nyerere, A., Bii, C. & Sbhatu, D. B. Challenges of intervention,

treatment, and antibiotic resistance of biofilm-forming microorganisms. Heliyon 5, €02192

64



40.

41.

42.

43.

44,

45.

46.

47.

48.

(2019).

Ciofu, O. & Tolker-Nielsen, T. Tolerance and resistance of pseudomonas
aeruginosabiofilms to antimicrobial agents-how P. aeruginosaCan escape antibiotics.

Front. Microbiol. 10, (2019).

Ito, A., Taniuchi, A., May, T., Kawata, K. & Okabe, S. Increased antibiotic resistance of

Escherichia coli in mature biofilms. Appl. Environ. Microbiol. 75, 4093-4100 (2009).

Rhodes, K. A. & Schweizer, H. P. Antibiotic resistance in Burkholderia species. Drug

Resist. Updat. 28, 82-90 (2016).

Brooke, J. S. Stenotrophomonas maltophilia: An emerging global opportunistic pathogen.

Clin. Microbiol. Rev. 25, 2—41 (2012).

Scoffone, V. C. et al. Burkholderia cenocepacia infections in cystic fibrosis patients: Drug

resistance and therapeutic approaches. Front. Microbiol. 8, 1-13 (2017).

Mahenthiralingam, E., Urban, T. A. & Goldberg, J. B. The multifarious, multireplicon

Burkholderia cepacia complex. Nat. Rev. Microbiol. 3, 144—156 (2005).

Peterson, E. & Kaur, P. Antibiotic resistance mechanisms in bacteria: Relationships
between resistance determinants of antibiotic producers, environmental bacteria, and

clinical pathogens. Front. Microbiol. 9, 1-21 (2018).

Vial, L., Chapalain, A., Groleau, M. C. & Déziel, E. The various lifestyles of the
Burkholderia cepacia complex species: A tribute to adaptation. Environ. Microbiol. 13, 1—

12 (2011).

Coenye, T., Vandamme, P., Govan, J. R. W. & Lipuma, J. J. Taxonomy and identification

65



49.

50.

51.

52.

53.

54.

55.

56.

57.

of the Burkholderia cepacia complex. J. Clin. Microbiol. 39, 3427-3436 (2001).

Lauman, P. & Dennis, J. J. Advances in phage therapy: Targeting the Burkholderia

cepacia complex. Viruses 13, (2021).

Mahenthiralingam, E., Baldwin, A. & Dowson, C. G. Burkholderia cepacia complex
bacteria: Opportunistic pathogens with important natural biology. J. Appl. Microbiol. 104,

1539-1551 (2008).

Kerem, B. S. Identification of the cystic fibrosis gene: genetic analysis. Trends Genet. 5,

363 (1989).

Riordan, J. R. et al. Identification of the cystic fibrosis gene: Cloning and characterization

of complementary DNA. Science (80-. ). 245, 1066—1073 (1989).

Rommens, J. M. ef al. Identification of the cystic fibrosis gene: Chromosome walking and

jumping. Obstet. Gynecol. Surv. 45, 174—175 (1990).

Davis, P. B. Cystic fibrosis since 1938. Am. J. Respir. Crit. Care Med. 173, 475-482

(2006).

De Boeck, K. Cystic fibrosis in the year 2020: A disease with a new face. Acta Paediatr.

Int. J. Paediatr. 109, 893—-899 (2020).

Castellani, C. & Assael, B. M. Cystic fibrosis: a clinical view. Cell. Mol. Life Sci. 74,

129-140 (2017).

Kenna, D. T. D. et al. Prevalence of burkholderia species, including members of
burkholderia cepacia complex, among UK cystic and non-cystic fibrosis patients. J. Med.

Microbiol. 66,490-501 (2017).
66



58.

59.

60.

61.

62.

63.

64.

65.

66.

Baldwin, A. et al. Environmental Burkholderia cepacia complex isolates in human

infections. Emerg. Infect. Dis. 13, 458461 (2007).

Tavares, M., Kozak, M., Balola, A. & S4-Correia, I. Burkholderia cepacia complex
bacteria: A feared contamination risk in water-based pharmaceutical products. Clin.

Microbiol. Rev. 33, (2020).

Sfeir, M. M. Burkholderia cepacia complex infections: More complex than the bacterium

name suggest. J. Infect. 77, 166—170 (2018).

Saiman, L. et al. Infection Prevention and Control Guideline for Cystic Fibrosis: 2013

Update. Infect. Control Hosp. Epidemiol. 35, s1-s67 (2014).

Baldwin, A., Sokol, P. A., Parkhill, J. & Mahenthiralingam, E. The Burkholderia cepacia
Epidemic Strain Marker Is Part of A Novel Genomic Island Encoding Both Virulence and
Metabolism-Associated Genes in Burkholderia cenocepacia. Infect. Immun. 72, 1537—

1547 (2004).

Agnoli, K. et al. Exposing the third chromosome of Burkholderia cepacia complex strains

as a virulence plasmid. Mol. Microbiol. 83, 362-378 (2012).

Depoorter, E. ef al. Burkholderia: an update on taxonomy and biotechnological potential

as antibiotic producers. Appl. Microbiol. Biotechnol. 100, 5215-5229 (2016).

Sass, A., Marchbank, A., Tullis, E., LiPuma, J. J. & Mahenthiralingam, E. Spontaneous
and evolutionary changes in the antibiotic resistance of Burkholderia cenocepacia
observed by global gene expression analysis. BMC Genomics 12, (2011).

Tseng, S. P. et al. The contribution of antibiotic resistance mechanisms in clinical

67



67.

68.

69.

70.

71.

72.

73.

74.

Burkholderia cepacia complex isolates: An emphasis on efflux pump activity. PLoS One

9,1-10 (2014).

Ganesan, S. & Sajjan, U. S. Host evasion by Burkholderia cenocepacia. Front. Cell.

Infect. Microbiol. 1,25 (2011).

Hamad, M. A., Di Lorenzo, F., Molinaro, A. & Valvano, M. A. Aminoarabinose is
essential for lipopolysaccharide export and intrinsic antimicrobial peptide resistance in

Burkholderia cenocepacia. Mol. Microbiol. 85, 962-974 (2012).

Loutet, S. A. & Valvano, M. A. Extreme antimicrobial peptide and polymyxin B

resistance in the genus Burkholderia. Front. Cell. Infect. Microbiol. 1, 6 (2011).

Ortega, X. P. et al. A putative gene cluster for aminoarabinose biosynthesis is essential for

Burkholderia cenocepacia viability. J. Bacteriol. 189, 3639-3644 (2007).

Bernier, S. P., Son, S. & Surette, M. G. The Mla pathway plays an essential role in the
intrinsic resistance of Burkholderia cepacia complex species to antimicrobials and host

innate components. J. Bacteriol. 200, 1-17 (2018).

Malinverni, J. C. & Silhavy, T. J. An ABC transport system that maintains lipid
asymmetry in the Gram-negative outer membrane. Proc. Natl. Acad. Sci. U. S. A. 106,

8009-8014 (2009).

Kvist, M., Hancock, V. & Klemm, P. Inactivation of efflux pumps abolishes bacterial

biofilm formation. Appl. Environ. Microbiol. 74, 73767382 (2008).

Uehlinger, S. et al. Identification of specific and universal virulence factors in

Burkholderia cenocepacia strains by using multiple infection hosts. Infect. Immun. 77,

68



75.

76.

77.

78.

79.

80.

81.

82.

&3.

4102-4110 (2009).

Sokol, P. A. et al. The CepIR quorum-sensing system contributes to the virulence of

Burkholderia cenocepacia respiratory infections. Microbiology 149, 3649-3658 (2003).

Suppiger, A., Schmid, N., Aguilar, C., Pessi, G. & Eberl, L. Two quorum sensing systems
control biofilm formation and virulence in members of the Burkholderia cepacia complex.

Virulence 4, 400—409 (2013).

Mesureur, J. ef al. Macrophages, but not neutrophils, are critical for proliferation of
Burkholderia cenocepacia and ensuing host-damaging inflammation. PLoS Pathog. 13, 1—

29 (2017).

Valvano, M. A. Intracellular survival of burkholderia cepacia complex in phagocytic cells.

Can. J. Microbiol. 61, 607-615 (2015).

Flannagan, R. S. et al. Burkholderia cenocepacia disrupts host cell actin cytoskeleton by

inactivating Rac and Cdc42. Cell. Microbiol. 14, 239-254 (2012).

Spiewak, H. L. ef al. Burkholderia cenocepacia utilizes a type VI secretion system for

bacterial competition. Microbiologyopen 8, 1-26 (2019).

Loeven, N. A. et al. The Burkholderia cenocepacia Type VI Secretion System Effector

TecA Is a Virulence Factor in Mouse Models of Lung Infection. MBio 12, (2021).

Rosales-Reyes, R., Sanchez-Gomez, C., Ortiz-Navarrete, V. & Santos-Preciado, J. 1.
Burkholderia cenocepacia induces macropinocytosis to enter macrophages. Biomed Res.

Int. 2018, (2018).

Kooi, C., Corbett, C. R. & Sokol, P. A. Functional analysis of the Burkholderia

69



&4.

85.

86.

87.

88.

9.

90.

91.

92.

cenocepacia ZmpA metalloprotease. J. Bacteriol. 187, 44214429 (2005).

Kooi, C., Subsin, B., Chen, R., Pohorelic, B. & Sokol, P. A. Burkholderia cenocepacia
ZmpB is a broad-specificity zinc metalloprotease involved in virulence. Infect. Immun. 74,

4083—4093 (2006).

Kooi, C. & Sokol, P. A. Burkholderia cenocepacia zinc metalloproteases influence

resistance to antimicrobial peptides. Microbiology 155, 2818-2825 (2009).

Branstetter, J. W., Yarbrough, A. & Poole, C. Management of cepacia syndrome with a
combination of intravenous and inhaled antimicrobials in a non-cystic fibrosis pediatric

patient. J. Pediatr. Pharmacol. Ther. 25, 730-734 (2020).

Isles, A. et al. Pseudomonas cepacia infection in cystic fibrosis. J. Pediatr. 104, 206-210

(1984).

Kalferstova, L., Kolar, M., Fila, L., Vavrova, J. & Drevinek, P. Gene expression profiling
of burkholderia cenocepacia at the time of cepacia syndrome: Loss of motility as a marker

of poor prognosis? J. Clin. Microbiol. 53, 1515-1522 (2015).

Hauser, N. & Orsini, J. Cepacia Syndrome in a Non-Cystic Fibrosis Patient. Case Rep.

Infect. Dis. 2015, 14 (2015).

Ottu Para, N. K. et al. Management of Cepacia syndrome in an immunocompetent non-

cystic fibrosis adult patient. Int. J. Infect. Dis. 122, 550-552 (2022).

Grimwood, K., Kidd, T. J. & Tweed, M. Successful treatment of cepacia syndrome. J.

Cyst. Fibros. 8,291-293 (2009).

Weidmann, A., Webb, A. K., Dodd, M. E. & Jones, A. M. Successful treatment of cepacia

70



93.

94.

95.

96.

97.

98.

99.

syndrome with combination nebulised and intravenous antibiotic therapy. J. Cyst. Fibros.

7,409-411 (2008).

Gilchrist, F. J., Webb, A. K., Bright-Thomas, R. J. & Jones, A. M. Successful treatment of
cepacia syndrome with a combination of intravenous cyclosporin, antibiotics and oral

corticosteroids. J. Cyst. Fibros. 11, 458-460 (2012).

Mira, N. P., Madeira, A., Moreira, A. S., Coutinho, C. P. & Sa-Correia, I. Genomic
expression analysis reveals strategies of Burkholderia cenocepacia to adapt to cystic

fibrosis patients’ airways and antimicrobial therapy. PLoS One 6, (2011).

Pier, G. B. Pseudomonas aeruginosa lipopolysaccharide: A major virulence factor,
initiator of inflammation and target for effective immunity. /nt. J. Med. Microbiol. 297,

277-295 (2007).

Merle, N. S., Church, S. E., Fremeaux-Bacchi, V. & Roumenina, L. T. Complement
system part [ - molecular mechanisms of activation and regulation. Frontiers in

Immunology libk. 6 (2015).

Dunkelberger, J. R. & Song, W. C. Complement and its role in innate and adaptive

immune responses. Cell Res. 20, 34-50 (2010).

Amara, U. et al. Interaction Between the Coagulation and Complement System. in
Current Topics in Complement II (arg. Lambris, J. D.) 68—76 (Springer US, 2008).

doi:10.1007/978-0-387-78952-1_6.

Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V. & Roumenina, L.

T. Complement system part II: Role in immunity. Frontiers in Immunology libk. 6 (2015).

71



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Berends, E. T. M., Kuipers, A., Ravesloot, M. M., Urbanus, R. T. & Rooijakkers, S. H. M.
Bacteria under stress by complement and coagulation. FEMS Microbiology Reviews libk.

38 1146-1171 (2014).

Bubeck, D. The making of a macromolecular machine: Assembly of the membrane attack

complex. Biochemistry 53, 1908—-1915 (2014).

Kashyap, D. R. et al. Peptidoglycan recognition proteins kill bacteria by activating

protein-sensing two-component systems. Nat. Med. 17, 676—683 (2011).

Hotchkiss, R. S. ef al. Sepsis and septic shock. Nature Reviews Disease Primers libk. 2

(2016).

Nordahl, E. A. et al. Activation of the complement system generates antibacterial

peptides. www.expasy.org (2004(e)ko ).

Zipfel, P. F. & Skerka, C. Complement regulators and inhibitory proteins. Nature Reviews

Immunology libk. 9 729-740 (2009).

Atkinson, J. P. ef al. The Human Complement System. Clin. Immunol. Princ. Pract. 299-

317.el (2019) doi:10.1016/B978-0-7020-6896-6.00021-1.

Kim, S. W. et al. Serum resistance of Acinetobacter baumannii through the binding of

factor H to outer membrane proteins. FEMS Microbiol. Lett. 301, 224-231 (2009).

Kenawy, H. L. ef al. Absence of the lectin activation pathway of complement does not
increase susceptibility to Pseudomonas aeruginosa infections. Immunobiology 217, 272—

280 (2012).

Estabrook, M. M., McLeod Griffiss, J. & Jarvis, G. A. Sialylation of Neisseria

72



110.

111.

112.

113.

114.

115.

116.

meningitidis lipooligosaccharide inhibits serum bactericidal activity by masking lacto-N-

neotetraose. Infect. Immun. 65, 4436—4444 (1997).

Lewis, L. A. et al. The meningococcal vaccine candidate neisserial surface protein a
(NspA) binds to factor H and enhances meningococcal resistance to complement. PLoS

Pathog. 6, 1-20 (2010).

Clark, S. J. et al. Identification of Factor H-like Protein 1 as the Predominant
Complement Regulator in Bruch’s Membrane: Implications for Age-Related Macular

Degeneration. J. Immunol. 193, 4962-4970 (2014).

Hallstrom, T. et al. Dihydrolipoamide Dehydrogenase of Pseudomonas aeruginosa Is a
Surface-Exposed Immune Evasion Protein That Binds Three Members of the Factor H

Family and Plasminogen . J. Immunol. 189, 4939-4950 (2012).

Koenigs, A., Zipfel, P. F. & Kraiczy, P. Translation elongation factor Tuf of

Acinetobacter baumannii is a plasminogen-binding protein. PLoS One 10, (2015).

Kunert, A. et al. Immune Evasion of the Human Pathogen Pseudomonas aeruginosa :
Elongation Factor Tuf Is a Factor H and Plasminogen Binding Protein . J. Immunol. 179,

2979-2988 (2007).

Lathem, W. W., Bergsbaken, T. & Welch, R. A. Potentiation of C1 Esterase Inhibitor by
StcE, a Metalloprotease Secreted by Escherichia coli O157:H7. J. Exp. Med. 199, 1077—

1087 (2004).

Laarman, A. J. et al. Pseudomonas aeruginosa Alkaline Protease Blocks Complement

Activation via the Classical and Lectin Pathways . J. Immunol. 188, 386-393 (2012).

73



117.

118.

119.

120.

121.

122.

123.

124.

King, L. B., Pangburn, M. K. & McDaniel, L. S. Serine protease PKF of Acinetobacter
baumannii results in serum resistance and suppression of biofilm formation. J. Infect. Dis.

207, 1128-1134 (2013).

Hong, K. S. et al. factor, in serum resistance. protein produced in Escherichia coli by
R100 Role of TraT protein, an anticomplementary.

http://www.jimmunol.org/content/148/3/827 (1992(e)ko ).

Munguia, J. et al. The Mla pathway is critical for Pseudomonas aeruginosa resistance to
outer membrane permeabilization and host innate immune clearance. J. Mol. Med. 95,

1127-1136 (2017).

Sanchez-Larrayoz, A. F. et al. Complexity of Complement Resistance Factors Expressed
by Acinetobacter baumannii Needed for Survival in Human Serum . J. Immunol. 199,

2803-2814 (2017).

Nakamura, S. et al. Molecular basis of increased serum resistance among pulmonary

isolates of non-typeable Haemophilus influenzae. PLoS Pathog. 7, (2011).

Rautemaa, R. & Meri, S. Complement-resistance mechanisms of bacteria. Microbes

Infect. 1, 785-794 (1999).

Mil-Homens, D. & Fialho, A. M. A BCAMO0223 mutant of Burkholderia cenocepacia is
deficient in hemagglutination, serum resistance, adhesion to epithelial cells and virulence.

PLoS One 7, (2012).

Ortega, X. et al. Reconstitution of O-specific lipopolysaccharide expression in

Burkholderia cenocepacia strain J2315, which is associated with transmissible infections

74



125.

126.

127.

128.

129.

130.

131.

132.

in patients with cystic fibrosis. J. Bacteriol. 187, 1324—1333 (2005).

Altamirano, F. L. G. & Barr, J. J. Unlocking the next generation of phage therapy: the key

is in the receptors. Curr. Opin. Biotechnol. 68, 115-123 (2021).

Altamirano, F. L. G. & Barr, J. J. Phage Therapy in the Postantibiotic Era. Clin.

Microbiol. Rev. 32, e00066-18 (2019).

Howard-Varona, C., Hargreaves, K. R., Abedon, S. T. & Sullivan, M. B. Lysogeny in
nature: Mechanisms, impact and ecology of temperate phages. ISME J. 11, 1511-1520

(2017).

Broudy, T. B., Pancholi, V. & Fischetti, V. A. Induction of lysogenic bacteriophage and
phage-associated toxin from group A streptococci during coculture with human

pharyngeal cells. Infect. Immun. 69, 1440—-1443 (2001).

Kumpitsch, C., Koskinen, K., Schopf, V. & Moissl-Eichinger, C. The microbiome of the

upper respiratory tract in health and disease. BMC Biol. 17, 1-20 (2019).

Invernizzi, R., Lloyd, C. M. & Molyneaux, P. L. Respiratory microbiome and epithelial

interactions shape immunity in the lungs. Immunology 160, 171-182 (2020).

Schooley, R. T. et al. Development and use of personalized bacteriophage-based
therapeutic cocktails to treat a patient with a disseminated resistant Acinetobacter

baumannii infection. Antimicrob. Agents Chemother. 61, (2017).

Jennes, S. ef al. Use of bacteriophages in the treatment of colistin-only-sensitive
Pseudomonas aeruginosa septicaemia in a patient with acute kidney injury-a case report.

Crit. Care 21,2016-2018 (2017).

75



133.

134.

135.

136.

137.

138.

139.

140.

141.

Dedrick, R. M. et al. Engineered bacteriophages for treatment of a patient with a

disseminated drug-resistant Mycobacterium abscessus. Nat. Med. 25, 730-733 (2019).

Onsea, J. et al. Bacteriophage application for difficult-to-treat musculoskeletal infections:

Development of a standardized multidisciplinary treatment protocol. Viruses 11, (2019).

Calero-Caceres, W., Ye, M. & Balcazar, J. L. Bacteriophages as Environmental

Reservoirs of Antibiotic Resistance. Trends Microbiol. 27, 570-577 (2019).

Gomez-Gomez, C. et al. Infectious phage particles packaging antibiotic resistance genes

found in meat products and chicken feces. Sci. Rep. 9, 1-11 (2019).

Larrafaga, O. et al. Phage particles harboring antibiotic resistance genes in fresh-cut

vegetables and agricultural soil. Environ. Int. 115, 133—-141 (2018).

Debroas, D. & Siguret, C. Viruses as key reservoirs of antibiotic resistance genes in the

environment. ISME J. 13, 28562867 (2019).

Penadés, J. R., Chen, J., Quiles-Puchalt, N., Carpena, N. & Novick, R. P. Bacteriophage-

mediated spread of bacterial virulence genes. Curr. Opin. Microbiol. 23, 171-178 (2015).

Barondess, J. J. & Beckwith, J. bor Gene of phage A, involved in serum resistance,
encodes a widely conserved outer membrane lipoprotein. J. Bacteriol. 177, 1247-1253

(1995).

Van Wamel, W. J. B., Rooijakkers, S. H. M., Ruyken, M., Van Kessel, K. P. M. & Van
Strijp, J. A. G. The innate immune modulators staphylococcal complement inhibitor and

chemotaxis inhibitory protein of Staphylococcus aureus are located on 3-hemolysin-

converting bacteriophages. J. Bacteriol. 188, 1310-1315 (2006).

76



142.

143.

144,

145.

146.

147.

148.

149.

150.

Loc-Carrillo, C. & Abedon, S. T. Pros and cons of phage therapy. Bacteriophage 1, 111—

114 (2011).

Podlacha, M. et al. Interactions of bacteriophages with animal and human organisms—

safety issues in the light of phage therapy. Int. J. Mol. Sci. 22, (2021).

Gembara, K. & Dabrowska, K. Phage-specific antibodies. Curr. Opin. Biotechnol. 68,

186—192 (2021).

Debarbieux, L. et al. Bacteriophages can treat and prevent pseudomonas aeruginosa lung

infections. J. Infect. Dis. 201, 1096—-1104 (2010).

Carmody, L. A. et al. Efficacy of bacteriophage therapy in a model of burkholderia

cenocepacia pulmonary infection. J. Infect. Dis. 201, 264-271 (2010).

Semler, D. D., Goudie, A. D., Finlay, W. H. & Dennis, J. J. Aerosol phage therapy
efficacy in Burkholderia cepacia complex respiratory infections. Antimicrob. Agents

Chemother. 58, 4005-4013 (2014).

Torres-Barcelo, C., Turner, P. E. & Buckling, A. Mitigation of evolved bacterial

resistance to phage therapy. Curr. Opin. Virol. 53, (2022).

Segall, A. M., Roach, D. R. & Strathdee, S. A. Stronger together? Perspectives on phage-
antibiotic synergy in clinical applications of phage therapy. Curr. Opin. Microbiol. 51,

46-50 (2019).

Diallo, K. & Dublanchet, A. Benefits of Combined Phage—Antibiotic Therapy for the
Control of Antibiotic-Resistant Bacteria: A Literature Review. Antibiotics 11, 1-11

(2022).

77



I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Luong, T., Salabarria, A. C. & Roach, D. R. Phage Therapy in the Resistance Era: Where

Do We Stand and Where Are We Going? Clin. Ther. 42, 1659—1680 (2020).

Hatfull, G. F., Dedrick, R. M. & Schooley, R. T. Phage Therapy for Antibiotic-Resistant

Bacterial Infections. Annu. Rev. Med. 73, 197-211 (2022).

Chan, B. K., Abedon, S. T. & Loc-Carrillo, C. Phage cocktails and the future of phage

therapy. Future Microbiol. 8, 769—783 (2013).

Hotinger, J. A., Morris, S. T. & May, A. E. The case against antibiotics and for anti-

virulence therapeutics. Microorganisms 9, (2021).

Maura, D., Ballok, A. E. & Rahme, L. G. Considerations and caveats in anti-virulence

drug development. Curr. Opin. Microbiol. 33, 41-46 (2016).

Gurney, J. et al. Phage steering of antibiotic-resistance evolution in the bacterial pathogen,

Pseudomonas aeruginosa. Evol. Med. Public Heal. 2020, 148—157 (2020).

Liu, C., Hong, Q., Chang, R. Y. K., Kwok, P. C. L. & Chan, H. K. Phage—Antibiotic
Therapy as a Promising Strategy to Combat Multidrug-Resistant Infections and to

Enhance Antimicrobial Efficiency. Antibiotics 11, (2022).

Rezzoagli, C., Archetti, M., Mignot, 1., Baumgartner, M. & Kiimmerli, R. Combining
antibiotics with antivirulence compounds can have synergistic effects and reverse

selection for antibiotic resistance in Pseudomonas aeruginosa. PLoS Biol. 18, 1-27 (2020).

Allen, R. C., Popat, R., Diggle, S. P. & Brown, S. P. Targeting virulence: Can we make

evolution-proof drugs? Nature Reviews Microbiology libk. 12 300-308 (2014).

Ogawara, H. Possible drugs for the treatment of bacterial infections in the future: anti-

78



161.

162.

163.

164.

165.

166.

167.

virulence drugs. J. Antibiot. (Tokyo). 74, 24—41 (2021).

Dennis, J. J. & Zylstra, G. J. Plasposons: Modular self-cloning minitransposon derivatives
for rapid genetic analysis of gram-negative bacterial genomes. Appl. Environ. Microbiol.

64, 2710-2715 (1998).

Mangat, C. S., Bharat, A., Gehrke, S. S. & Brown, E. D. Rank ordering plate data
facilitates data visualization and normalization in high-throughput screening. J. Biomol.

Screen. 19, 13141320 (2014).

Davis, C. M., Ruest, M. K., Cole, J. H. & Dennis, J. J. The Isolation and Characterization

of a Broad Host Range Bcep22-like Podovirus JC1. Viruses 14, 1-34 (2022).

Kamal, F., Peters, D. L., McCutcheon, J. G., Dunphy, G. B. & Dennis, J. J. Use of greater
wax moth larvae (Galleria mellonella) as an alternative animal infection model for

analysis of bacterial pathogenesis. Methods Mol. Biol. 1898, 163—171 (2019).

Seed, K. D. & Dennis, J. J. Experimental bacteriophage therapy increases survival of
Galleria mellonella larvae infected with clinically relevant strains of the Burkholderia

cepacia complex. Antimicrob. Agents Chemother. 53, 2205-2208 (2009).

Peters, D. L., McCutcheon, J. G. & Dennis, J. J. Characterization of Novel Broad-Host-
Range Bacteriophage DLP3 Specific to Stenotrophomonas maltophilia as a Potential

Therapeutic Agent. Front. Microbiol. 11, (2020).

Kiljunen, S. et al. Identification of the lipopolysaccharide core of Yersinia pestis and
Yersinia pseudotuberculosis as the receptor for bacteriophage ¢A1122. J. Bacteriol. 193,

4963-4972 (2011).

79



168.

169.

170.

171.

172.

173.

174.

175.

Pick, K., Ju, T., Willing, B. P. & Raivio, T. L. Isolation and Characterization of a Novel
Temperate Escherichia coli Bacteriophage, Kapil, Which Modifies the O-Antigen and
Contributes to the Competitiveness of Its Host during Colonization of the Murine

Gastrointestinal Tract. MBio 13, (2022).

Lab, H. Phage Resistant Mutant Isolation. http://cmdr.ubc.ca/bobh/method/phage-

resistant-mutant-isolation/ (2022(e)ko ).

McKay, G. A., Woods, D. E., MacDonald, K. L. & Poole, K. Role of
phosphoglucomutase of Stenotrophomonas maltophilia in lipopolysaccharide

biosynthesis, virulence, and antibiotic resistance. Infect. Immun. 71, 3068-3075 (2003).

Tsai, C. M. & Frasch, C. E. A sensitive silver stain for detecting lipopolysaccharides in

polyacrylamide gels. Anal. Biochem. 119, 115-119 (1982).

Al-Anany, A. M., Fatima, R. & Hynes, A. P. Temperate phage-antibiotic synergy

eradicates bacteria through depletion of lysogens. Cell Rep. 35, 109172 (2021).

Liu, C. G. et al. Phage-antibiotic synergy is driven by a unique combination of

antibacterial mechanism of action and stoichiometry. MBio 11, 1-19 (2020).

Ortega, X. et al. Biosynthesis and structure of the Burkholderia cenocepacia K56-2
lipopolysaccharide core oligosaccharide: Truncation of the core oligosaccharide leads to
increased binding and sensitvity to polymyxin B. J. Biol. Chem. 284, 21738-21751

(2009).

Loutet, S. A., Flannagan, R. S., Kooi, C., Sokol, P. A. & Valvano, M. A. A complete

lipopolysaccharide inner core oligosaccharide is required for resistance of Burkholderia

80



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

cenocepacia to antimicrobial peptides and bacterial survival in vivo. J. Bacteriol. 188,

2073-2080 (2006).

Wojda, 1., Staniec, B., Sutek, M. & Kordaczuk, J. The greater wax moth Galleria

mellonella: Biology and use in immune studies. Pathog. Dis. 78, 1-15 (2020).

Smith, D. F. Q. & Casadevall, A. Fungal immunity and pathogenesis in mammals versus

the invertebrate model organism Galleria mellonella. Pathog. Dis. 79, 1-25 (2021).

Huszczynski, S. M., Lam, J. S. & Khursigara, C. M. The role of Pseudomonas aeruginosa

lipopolysaccharide in bacterial pathogenesis and physiology. Pathogens 9, (2020).

Loutet, S. A. & Valvano, M. A. A decade of Burkholderia cenocepacia virulence

determinant research. Infect. Immun. 78, 4088—4100 (2010).

Zhang, G., Meredith, T. C. & Kahne, D. On the essentiality of lipopolysaccharide to

Gram-negative bacteria. Curr. Opin. Microbiol. 16, 779—785 (2013).

Ricklin, D. & Lambris, J. D. Complement-targeted therapeutics. Nature Biotechnology

libk. 25 1265-1275 (2007).

Dijkmans, A. C. et al. Colistin: Revival of an Old Polymyxin Antibiotic. Ther. Drug

Monit. 37, 419-427 (2015).

Fu, L. et al. Polymyxins induce lipid scrambling and disrupt the homeostasis of Gram-

negative bacteria membrane. Biophys. J. 121, 3486-3498 (2022).

Nation, R. L., Velkov, T. & Li, J. Colistin and polymyxin B: Peas in a pod, or chalk and

cheese? Clin. Infect. Dis. 59, 88-94 (2014).

Rabhal, J. J. Novel antibiotic combinations against infections with almost completely
81



186.

187.

188.

189.

190.

191.

192.

resistant Pseudomonas aeruginosa and Acinetobacter species. Clin. Infect. Dis. 43, 95-99

(2006).

Kalil, A. C. et al. Management of Adults With Hospital-acquired and Ventilator-
associated Pneumonia: 2016 Clinical Practice Guidelines by the Infectious Diseases
Society of America and the American Thoracic Society. Clin. Infect. Dis. 63, e61—111

(2016).

El-Sayed Ahmed, M. A. E. G. ef al. Colistin and its role in the Era of antibiotic resistance:

an extended review (2000-2019). Emerg. Microbes Infect. 9, 868—885 (2020).

Zhang, Q., L1, Y. & Tang, C. M. The role of the exopolyphosphatase PPX in avoidance by
Neisseria meningitidis of complement-mediated killing. J. Biol. Chem. 285, 34259-34268

(2010).

Brown, P. et al. Design of Next Generation Polymyxins with Lower Toxicity: The

Discovery of SPR206. ACS Infect. Dis. 5, 1645-1656 (2019).

Lynch, K. H., Seed, K. D., Stothard, P. & Dennis, J. J. Inactivation of Burkholderia
cepacia Complex Phage KS9 gp41 Identifies the Phage Repressor and Generates Lytic

Virions . J. Virol. 84, 1276-1288 (2010).

Lynch, K. H., Abdu, A. H., Schobert, M. & Dennis, J. J. Genomic characterization of
JG068, a novel virulent podovirus active against Burkholderia cenocepacia. BMC

Genomics 14, (2013).

Seed, K. D. & Dennis, J. J. Isolation and characterization of bacteriophages of the

Burkholderia cepacia complex. FEMS Microbiol. Lett. 251, 273-280 (2005).

82



193.

194.

195.

196.

197.

198.

199.

200.

Rostel, J. T. & Marraffini, L. (Ph)ighting Phages: How Bacteria Resist Their Parasites.

Cell Host Microbe 25, 184—194 (2019).

Loutet, S. A., Mussen, L. E., Flannagan, R. S. & Valvano, M. A. A two-tier model of
polymyxin B resistance in Burkholderia cenocepacia. Environ. Microbiol. Rep. 3, 278—

285 (2011).

Rosales-Reyes, R., Saldias, M. S., Aubert, D. F., El-Halfawy, O. M. & Valvano, M. A.
The suhB gene of Burkholderia cenocepacia is required for protein secretion, biofilm

formation, motility and polymyxin B resistance. Microbiol. (United Kingdom) 158, 2315—

2324 (2012).

Tzeng, Y. L. & Stephens, D. S. Antimicrobial peptide resistance in Neisseria meningitidis.

Biochim. Biophys. Acta - Biomembr. 1848, 3026-3031 (2015).

Campos, M. A. et al. Capsule polysaccharide mediates bacterial resistance to

antimicrobial peptides. Infect. Immun. 72, 71077114 (2004).

Llobet, E., Tomas, J. M. & Bengoechea, J. A. Capsule polysaccharide is a bacterial decoy

for antimicrobial peptides. Microbiology 154, 3877-3886 (2008).

Srinivasan, V. B., Singh, B. B., Priyadarshi, N., Chauhan, N. K. & Rajamohan, G. Role of
novel multidrug efflux pump involved in drug resistance in Klebsiella pneumoniae. PLoS

One 9, (2014).

Molina, F., Menor-Flores, M., Fernandez, L., Vega-Rodriguez, M. A. & Garcia, P.
Systematic analysis of putative phage-phage interactions on minimum-sized phage

cocktails. Sci. Rep. 12, 1-12 (2022).

83



201. North, O. I. & Brown, E. D. Phage—antibiotic combinations: a promising approach to

constrain resistance evolution in bacteria. Ann. N. Y. Acad. Sci. 1496, 23-34 (2021).

202. Monteiro, R., Pires, D. P., Costa, A. R. & Azeredo, J. Phage Therapy: Going Temperate?

Trends Microbiol. 27, 368-378 (2019).

203. Burmeister, A. R. et al. Pleiotropy complicates a trade-off between phage resistance and

antibiotic resistance. Proc. Natl. Acad. Sci. U. S. A. 117, (2020).

204. Xuan, G., Lin, H., Kong, J. & Wang, J. Phage Resistance Evolution Induces the
Sensitivity of Specific Antibiotics in Pseudomonas aeruginosa PAO1. ASM Microbiol.

Spectr. (2022).

205. Engeman, E. ef al. Synergistic killing and re-sensitization of pseudomonas aeruginosa to

antibiotics by phage-antibiotic combination treatment. Pharmaceuticals 14, 1-17 (2021).

206. Flannagan, R. S. & Valvano, M. A. Burkholderia cenocepacia requires RpoE for growth
under stress conditions and delay of phagolysosomal fusion in macrophages.

Microbiology 154, 643—-653 (2008).

207. Abbott, L., Plummer, A., Hoo, Z. H. & Wildman, M. Duration of intravenous antibiotic

therapy in people with cystic fibrosis. Cochrane Database Syst. Rev. 2019, (2019).

208. Hassan, A. A., dos Santos, S. C., Cooper, V. S. & Sa-Correia, [. Comparative
Evolutionary Patterns of Burkholderia cenocepacia and B. multivorans During Chronic

Co-infection of a Cystic Fibrosis Patient Lung. Front. Microbiol. 11, (2020).

209. Hassan, A. A., Vitorino, M. V., Robalo, T., Rodrigues, M. S. & S&-Correia, I. Variation of

Burkholderia cenocepacia cell wall morphology and mechanical properties during cystic

84



210.

211.

212.

213.

214.

215.

216.

217.

fibrosis lung infection, assessed by atomic force microscopy. Sci. Rep. 9, 1-12 (2019).

Schick, A. & Kassen, R. Rapid diversification of Pseudomonas aeruginosa in cystic

fibrosis lung-like conditions. Proc. Natl. Acad. Sci. U. S. A. 115, 10714-10719 (2018).

Feng, W., Chitto, M., Moriarty, T. F., Li, G. & Wang, X. Targeted Drug Delivery Systems

for Eliminating Intracellular Bacteria. Macromol. Biosci. 2200311, 1-19 (2022).

Oliveira, H., Sillankorva, S., Merabishvili, M., Kluskens, L. D. & Azeredo, J. Unexploited

opportunities for phage therapy. Front. Pharmacol. 6, 1-4 (2015).

Nguyen S, Baker K, Padman BS, P., R, Dunstan RA, Weston TA, Schlosser K, B. B.,
Lithgow T, Lazarou M, Luque A, R. F. & RS, B. Bacteriophage Transcytosis Provides a

mechanism to cross epithelial cell layers. Am. socity Microbiol. 8, 1-14 (2017).

Zhang, L. et al. Intracellular Staphylococcus aureus control by virulent bacteriophages
within MAC-T bovine mammary epithelial cells. Antimicrob. Agents Chemother. 61, 1-4

(2017).

Moller-Olsen, C., Ho, S. F. S., Shukla, R. D., Feher, T. & Sagona, A. P. Engineered K1F
bacteriophages kill intracellular Escherichia coli K1 in human epithelial cells. Sci. Rep. 8,

1-18 (2018).

Yan, W. et al. Formulation strategies for bacteriophages to target intracellular bacterial

pathogens. Adv. Drug Deliv. Rev. 176, 113864 (2021).

Broxmeyer, L. ef al. Killing of Mycobacterium avium and Mycobacterium tuberculosis by
a mycobacteriophage delivered by a nonvirulent Mycobacterium: A model for phage

therapy of intracellular bacterial pathogens. J. Infect. Dis. 186, 1155-1160 (2002).

85



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Goswami, A., Sharma, P. R. & Agarwal, R. Combatting intracellular pathogens using

bacteriophage delivery. Crit. Rev. Microbiol. 47, 461-478 (2021).

Yang, X. et al. Traceless antibiotic-crosslinked micelles for rapid clearance of intracellular

bacteria. J. Control. Release 341, 329-340 (2022).

Menina, S. et al. Bioinspired Liposomes for Oral Delivery of Colistin to Combat

Intracellular Infections by Salmonella enterica. Adv. Healthc. Mater. 8, (2019).

Yang, X. et al. Antibiotic Cross-linked Micelles with Reduced Toxicity for Multidrug-

Resistant Bacterial Sepsis Treatment. ACS Appl. Mater. Interfaces 13, 9630-9642 (2021).

Belin, B. J. et al. Hopanoid lipids: From membranes to plant-bacteria interactions. Nat.

Rev. Microbiol. 16, 304-315 (2018).

Lopez, D. & Koch, G. Exploring functional membrane microdomains in bacteria: an

overview. Curr. Opin. Microbiol. 36, 76—84 (2017).

Saenz, J. P., Sezgin, E., Schwille, P. & Simons, K. Functional convergence of hopanoids
and sterols in membrane ordering. Proc. Natl. Acad. Sci. U. S. A. 109, 14236-14240

(2012).

Saenz, J. P. et al. Hopanoids as functional analogues of cholesterol in bacterial

membranes. Proc. Natl. Acad. Sci. U. S. A. 112, 11971-11976 (2015).

Schmerk, C. L. ef al. Elucidation of the Burkholderia cenocepacia hopanoid biosynthesis
pathway uncovers functions for conserved proteins in hopanoid-producing bacteria.

Environ. Microbiol. 17, 735-750 (2015).

Schmerk, C. L., Bernards, M. A. & Valvano, M. A. Hopanoid production is required for
86



228.

229.

230.

231.

232.

233.

234.

235.

low-pH tolerance, antimicrobial resistance, and motility in Burkholderia cenocepacia. J.

Bacteriol. 193, 6712—6723 (2011).

Jaiyesimi, O. A., McAvoy, A. C., Fogg, D. N. & Garg, N. Metabolomic profiling of
Burkholderia cenocepacia in synthetic cystic fibrosis sputum medium reveals nutrient

environment-specific production of virulence factors. Sci. Rep. 11, 1-17 (2021).

Capra, E. J. & Laub, M. T. Evolution of two-component signal transduction systems.

Annu. Rev. Microbiol. 66, 325-347 (2012).

Bhagirath, A. Y. et al. Two component regulatory systems and antibiotic resistance in

gram-negative pathogens. Int. J. Mol. Sci. 20, 1-30 (2019).

Cui, C. et al. A novel two-component system modulates quorum sensing and

pathogenicity in Burkholderia cenocepacia. Mol. Microbiol. 108, 32—44 (2018).

Gotoh, Y. ef al. Two-component signal transduction as potential drug targets in

pathogenic bacteria. Curr. Opin. Microbiol. 13, 232-239 (2010).

Weigel, W. A. & Demuth, D. R. QseBC, a two-component bacterial adrenergic receptor
and global regulator of virulence in Enterobacteriaceae and Pasteurellaceae. Mol. Oral

Microbiol. 31, 379-397 (2016).

Cerqueira, G. M. et al. A global virulence regulator in acinetobacter baumannii and its

control of the phenylacetic acid catabolic pathway. J. Infect. Dis. 210, 4655 (2014).

Van Dyk, T. K., Templeton, L. J., Cantera, K. A., Sharpe, P. L. & Sariaslani, F. S.
Characterization of the Escherichia coli AaeAB efflux pump: A Metabolic relief valve? J.

Bacteriol. 186, 71967204 (2004).

87



236.

Shafer, W. M., Qu, X. D., Waring, A. J. & Lehrer, R. I. Modulation of Neisseria
gonorrhoeae susceptibility to vertebrate antibacterial peptides due to a member of the

resistance/nodulation/division efflux pump family. Proc. Natl. Acad. Sci. U. S. A. 95,

18291833 (1998).

88



