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Aggressive antibiotic treatment often fails to resolve chronic infections. Most antibiotics
target fast-growing bacteria, however, pathogens like Pseudomonas aeruginosa grow slowly in
chronic infection environments because of oxygen limitation (hypoxia). Thus, antibiotic
treatment failure occurs in oxygen limited (hypoxic) environments when slow bacterial growth
facilitates tolerance to antibiotics or because many bacteria are resistant to antibiotics. The goal
of this thesis is to identify new therapeutic strategies to kill pathogens under hypoxic conditions
like those in chronic infections. Chlorate is a drug that kills P. aeruginosa growing in conditions
with no oxygen by hijacking a metabolic process known as nitrate respiration. This pathway
converts nontoxic chlorate into toxic chlorite, which kills P. aeruginosa. Chlorate and antibiotic
treatment are most effective against P. aeruginosa growing in low oxygen and high oxygen
conditions, respectively, but neither is effective at killing P. aeruginosa cells under hypoxic
conditions. We found that chlorate interacts synergistically with different classes of antibiotics to
eliminate hypoxic P. aeruginosa populations, overcoming both antibiotic tolerance and
resistance. Chlorate has a unique ability to synergize with different classes of drugs because most
antibiotic-antibiotic combinations did not display synergy. Future work will focus on

understanding the mechanism of chlorate-antibiotic synergy and why antibiotic-antibiotic



combinations are not synergistic. Identifying synergistic drug combinations holds promise for
curing recalcitrant infections, where current antibiotic-only treatments often fail patients. This

thesis includes co-authored material and collaboratively produced work.



Acknowledgements

I want to thank the Spero Lab, my friends, and my family for all their support during my
time at UO. I have come a very long way from four years ago and it is largely because of my
incredible support system. The Spero Lab has provided the perfect environment for me to mature
as a scientist, have lots of fun, and laugh at my ridiculous animals. My mentor, Dr. Melanie
Spero, has been a patient, kind, supportive, and enthusiastic pillar both in the lab and out, and for
that I thank you. I am so grateful for many of my other professors at UO who have fielded so
many of my questions, whether on-topic or otherwise. Many of you have inspired me to pursue
science and attend graduate school and have helped me get there.

I also want to acknowledge the research fellowship from The Office of the Vice President
for Research and Innovation that funded my research during the Summer of 2023 and the Clark

Honors College Mentored Research Program that funded my research during the Winter of 2024.



Table of Contents

Preface
Collaboration
Background
The Problem: Chronic Infections Are Not Resolved by Current Antibiotic Treatments
Antibiotic Treatment Failure Results from Tolerance or Resistance
Oxygen-Limited P. aeruginosa Grows Slowly and Uses Anaerobic Respiration
Chlorate and Drug Synergy: A Potential Solution
Data Presentation
Introduction
Methods
Bacterial Strains and Growth Conditions
Antibiotic Treatment Assays
Viable Plate Counts for Quantifying Percent Survival
Results
P. aeruginosa Exhibits Antibiotic Recalcitrance Under Hypoxic Conditions

Chlorate Synergizes with Different Classes of Antibiotics to Eliminate Hypoxic P.
aeruginosa Populations

Chlorate-Antibiotic Synergy Is Effective Across a Range of Oxygen Availabilities
Most Antibiotics Do Not Synergize with Other Classes of Antibiotics

Discussion

Conclusion

Bibliography

10
10
11
12
15
17
18
22
22
22
23
24
24

26
30
32
34
38
41



List of Figures

Table 1. Antibiotics used in this project 11
Figure 1. P. aeruginosa grows in all oxygen concentrations and anaerobic respiration can be
hijacked by chlorate. 14
Figure 2. Chlorate treatment hijacks the hypoxically-induced Nar enzyme to kill anoxic,
antibiotic-tolerant P. aeruginosa. 25

Figure 3: P. aeruginosa exhibits antibiotic recalcitrance due to resistance or hypoxia-induced
antibiotic tolerance. 26

Figure 4. Chlorate synergizes with different classes of antibiotics to kill hypoxic P. aeruginosa

populations. 28
Figure 5. Chlorate-antibiotic synergy is Nar-dependent. 29
Figure 6: Chlorate substantially lowers the effective ceftazidime dose for killing hypoxic P.
aeruginosa. 30
Figure 7: Chlorate-antibiotic synergy is effective across a range of oxygen availabilities. 32
Figure 8: Most antibiotics do not exhibit synergistic interactions across different classes of
antibiotics. 33
List of Tables

Table 1. Antibiotics used in this project, their class, and their mechanism of action (12, 15). 11



Preface

This thesis contains co-authored material and collaborative work which I believe is key to
doing good science. The purpose of this preface is to orient the reader to the structure of the
thesis and acknowledge the invaluable contribution of both my collaborator and mentor. The
majority of this work is a co-written manuscript for a scientific audience, so I have also included
preface, background, and conclusion sections that cater to a lay audience and were written solely

by myself.

Collaboration

I completed this project in collaboration with Celine Lopez Padilla, who was involved
from my very first day in the lab. Celine is a fellow undergraduate student who has been integral
to completing this research project. Celine and I began working on this project in the summer of
2022 when we were accepted into the lab of Dr. Melanie Spero, our mentor and principal
investigator (PI). Dr. Spero laid out the motivation for our project based on work she had
conducted during her postdoc, and Celine and I were very excited to get started. During our first
summer, we spent a lot of time gathering preliminary data and deciding which methods would be
best for our project. At times, Celine and I performed the same experiment in hopes of getting
results that were consistent from two different hands. We had weekly meetings with Dr. Spero to
discuss our progress and make a plan for the next week. Through the next school year, Celine
and I continued to collect and analyze data and we both grew more confident in our research
skills. We kept our weekly meeting with Dr. Spero to discuss our project and we presented
during lab meetings to get feedback from others.

During Spring 2023, Celine and I created a poster for the Undergraduate Research

Symposium. We both learned a lot making that poster, particularly because it was one of the first
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times we shared our project with people outside of our lab. We both worked tirelessly to make
our poster accessible and beautiful with the oversight of Dr. Spero. We ended up winning an
award for our co-presented poster at the symposium, which was a great way to justify our hard
work.

Over the Summer of 2023, I received a research fellowship that enabled me to work full-
time on our project for 10 weeks. I continued to perform the same experiments Celine and I had
conducted during the school year, and I was able to collect a large amount of data. Celine also
started a new branch of our project that required a lot of preliminary work over the summer. We
both encountered setbacks in our respective experiments during the summer. When I repeated the
experiments I had run before, I got slightly different results which would impact our scientific
conclusions. With the help of Dr. Spero and our weekly meetings, we both continued
experimenting for the rest of the summer and into the Fall of 2023. I was able to modify
conditions to get consistent results from my experiments. Whether fortunately or unfortunately,
we both got to experience how difficult it can be to work in science.

I was able to collect all of the data for our project by the end of Fall term which meant it
was time to analyze and write our manuscript. During our weekly meetings in the Winter of
2024, Dr. Spero, Celine, and I would outline a section of the paper, then Celine and I would split
up our weekly writing goal. At the next meeting, we would review what we had written and start
another section. Between the three of us, we went through many versions of each section to keep
making improvements. I also prepared the figures for our paper and every week I made edits to
make them even better. Throughout the Winter, I was funded by the Clark Honors College
Mentored Research Program. Toward the end of the Winter term, we finally put all of our

sections into one document and read through it. Seeing the whole manuscript put together was



pretty incredible! It represents many hours of work and thought from all of us. We are continuing
to perfect our manuscript for publication, but what is included in this thesis represents a

thoughtful scientific paper co-written by Celine, Dr. Spero, and me.



Background

The Problem: Chronic Infections Are Not Resolved by Current Antibiotic Treatments
Bacteria can cause infections all over the human body that are either short-lived (acute)
or long-lasting (chronic) (1). Chronic infections can last for months to decades despite the
extensive use of antibiotics (2, 3). On the longer end of this spectrum are Cystic Fibrosis (CF)
lung infections. Patients with CF have less water in the mucus that coats their airways, which
causes it to be thicker than normal and build up in the lungs (4). Mucus buildup presents a nice
environment for bacteria to grow, which results in chronic lung infections in patients with CF.
Chronic wound infections are another common type of chronic infection (5). Chronic wounds
cause problems for patients because the normal wound healing process has stalled, keeping
wounds open for months to years (6). When chronic wounds get infected, they can become so
unmanageable that they must be resolved by limb amputation (5). Diabetic foot ulcers are a key
example of chronic wounds. Diabetic patients experience compromised blood circulation, foot
deformities, and decreased sensation in their feet all of which contribute to the formation of
diabetic foot ulcers (7). Each year, 19 million people around the world suffer from diabetic foot
ulcers (7). Half of all diabetic foot ulcers are infected and around 20% of infected ulcers require
limb amputation (7). Diabetic foot ulcers and amputation resulting from infections adversely
affect racial minorities and older patients (7). These chronic infections and many more are not
being successfully resolved with antibiotics, and, therefore necessitate finding new treatments.
Pseudomonas aeruginosa is a bacterium that is commonly isolated from both chronic
wound infections and CF lung infections (1). P. aeruginosa is prone to antibiotic treatment

failure leaving patients to suffer with long-lasting infections (8—11). Understanding the nature of
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antibiotic treatment failure will inform treatment solutions, so we must identify the cause of the

failure.

Antibiotic Treatment Failure Results from Tolerance or Resistance

Most antibiotics target bacterial growth processes and can be sorted into different classes
based on their cellular targets (12). For instance, fluoroquinolones are antibiotics that inhibit
DNA replication, polymyxins are antibiotics that disrupt cell membranes, aminoglycosides are
antibiotics that inhibit bacterial protein synthesis, and B-lactams are antibiotics that target the
bacterial cell wall (12). The antibiotics used in this project belong to four different antibiotic
classes and are commonly used to treat P. aeruginosa infections (13, 14). The antibiotics include

Ciprofloxacin, Colistin, Tobramycin, and Ceftazidime (Table 1).

Antibiotic Class Cellular Target

Ciprofloxacin Fluoroquinolone Inhibits DNA replication of bacteria
Colistin Polymyxin Disrupts cell membrane
Tobramycin Aminoglycoside Inhibits bacterial protein synthesis
Ceftazidime Cephalosporin (B-lactam) Targets the bacterial cell wall

Table 1. Antibiotics used in this project, their class, and their mechanism of action (12, 15).

Because bacterial growth processes are the main targets of antibiotic action, most
antibiotics are highly effective at killing fast-growing bacteria (16). However, if bacteria are not
growing quickly, many antibiotics become less toxic. Antibiotic tolerance refers to a reversible
metabolic state that allows bacteria to survive short-term antibiotic exposure (16). Generally,
bacteria can achieve antibiotic tolerance through slow growth (16). Slower growth means slower
growth processes which limit the ability of antibiotics to target and kill bacterial cells. Slow
bacterial growth readily occurs in infection environments implicating antibiotic tolerance may be

responsible for a portion of antibiotic treatment failure (17-19).
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In addition to antibiotic tolerance, antibiotics also fail to kill bacteria when they are
resistant to these drugs. Bacteria display antibiotic resistance and survive antibiotic exposure
when they acquire a genetic change(s) that let cells survive or even grow in the presence of the
antibiotic (16). Rates of antibiotic resistance are rising, and in 2019, an estimated 5 million
antibiotic resistance-associated deaths occurred (8). The antibiotic resistance crisis is further
compounded by the limited development of new antibacterial compounds, particularly those with
novel biological targets (20-22). The increasing impact of antibiotic resistance has garnered
much attention and research, but treatment failure due to antibiotic tolerance has received

comparatively less attention.

Oxygen-Limited P. aeruginosa Grows Slowly and Uses Anaerobic Respiration

Oxygen availability is an important environmental factor for bacteria like P. aeruginosa
that can change their physiology. There is a range of oxygen availability within chronic infection
environments, but they are frequently limited for oxygen because of the activity of host cells,
host immune cells trying to fight off the infection, and bacterial cells (23—26). Environments
where oxygen concentrations are either high (e.g. atmospheric oxygen) or completely lacking are
termed oxic and anoxic, respectively, whereas hypoxic environments have intermediate oxygen
concentrations (Figure 1A). In oxic environments, P. aeruginosa grows using aerobic
respiration, similar to how humans conserve energy. In other words, the bacterial cells use
oxygen to capture energy from sugars (Figure 1B). Electrons harvested from metabolizing sugars
are put onto the electron acceptor oxygen, thereby forming water. In hypoxic or anoxic
environments like chronic infections, P. aeruginosa captures energy by using nitrate as an
electron acceptor in the place of oxygen (Figure 1C). Nitrate respiration is a form of anaerobic

metabolism. In P. aeruginosa, the Nar enzyme transfers electrons to nitrate, thereby generating
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nitrite. Generally, aerobic respiration supports faster growth than anaerobic respiration because it
harnesses more energy.

We hypothesize that antibiotics fail to resolve chronic infections because oxygen
limitation causes slow bacterial growth which facilitates antibiotic tolerance. P. aeruginosa uses
Nar to grow in hypoxic or anoxic environments where the bacterial cells display antibiotic
tolerance. Thus, the nar gene is expressed by P. aeruginosa in those conditions and represents a

potential drug target for killing bacterial cells that are tolerant to antibiotic treatment.
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Figure 1. P. aeruginosa grows in all oxygen concentrations and anaerobic respiration can be

hijacked by chlorate.

A. Oxic conditions have high oxygen availability, hypoxic conditions have an intermediate
amount of oxygen, and anoxic conditions lack oxygen. B. P. aeruginosa uses aerobic respiration
to grow when there is oxygen in the environment. The reduction of oxygen to water captures
energy from sugar metabolism that is used for cell growth. C. P. aeruginosa can use anaerobic
nitrate respiration to grow when there is limited or no oxygen in the environment. The Nar enzyme
facilitates using nitrate instead of oxygen to capture energy for cell growth, although it conserves
less energy than in aerobic respiration. D. The Nar enzyme can also reduce non-toxic chlorate to

chlorite which is a toxic agent that can kill P. aeruginosa by bleaching the cells.
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Chlorate and Drug Synergy: A Potential Solution

The Nar enzyme that enables nitrate respiration in P. aeruginosa can also reduce chlorate
because nitrate and chlorate are structurally similar. Chlorate is a small, non-toxic chemical but
when it accepts electrons it is converted into chlorite, which is a toxic oxidizing agent that is
similar to bleach (Figure 1D) (27). The ability of Nar to reduce nitrate and chlorate has been
known for decades (28, 29), but chlorate has only recently been investigated as a possible
treatment for infections (27, 30, 31). Because of the location of the Nar enzyme, chlorite is
generated inside P. aeruginosa cells, which kills P. aeruginosa without harming nearby host
cells (Figure 1D) (27, 32). Chlorate is most effective at killing P. aeruginosa under anoxic
conditions when Nar is most active (27). Thus, chlorate is toxic to P. aeruginosa under anoxic
conditions when the pathogen is tolerant to many antibiotics.

Chlorate is a particularly exciting therapeutic candidate because it bears many qualities
that would make it applicable to a range of bacterial infections. First, many bacterial pathogens
make the Nar enzyme and likely use nitrate respiration to grow in host environments including
Salmonella enterica, Corynebacterium diphtheriae, Mycobacterium tuberculosis,
Staphylococcus aureus, Escherichia coli, Burkholderia spp., and Brucella spp. (32—45). These
bacteria cause a wide range of infections and take a large toll on the medical system and patients.
Second, chlorate treatment does not cause toxicity to the host, but does to the Nar-containing
bacteria causing the infection. The toxic chlorite generated by Nar remains within the bacterium
until it is converted to harmless chloride (32, 46). Humans and animals do not have the Nar
enzyme, so chlorate will only be turned into chlorite inside Nar-containing bacterial cells.
Livestock animals have been treated with chlorate without showing signs of toxicity up to high

concentrations (30, 31, 47—49). Third, chlorate has been shown to effectively kill P. aeruginosa
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in the lab (27) and in chronic wounds infected with P. aeruginosa in diabetic mice (49). Finally,
P. aeruginosa requires Nar to establish a chronic wound infection in mice (49). Because Nar is
required for P. aeruginosa to grow in these environments, it is particularly exciting that the
primary mechanism for P. aeruginosa to develop chlorate resistance is by decreasing Nar
activity (50). Thus, whether P. aeruginosa is sensitive or resistant to chlorate treatment, its
growth in infection environments will be negatively impacted. These traits make chlorate a
promising drug candidate that is worth further exploration, which was the main motivation for
this project.

Antibiotics are the most effective at killing P. aeruginosa cells under oxic conditions
when the cells are growing quickly. Conversely, chlorate is the most effective at killing P.
aeruginosa cells under anoxic conditions. However, antibiotics and chlorate are each only
marginally effective at killing hypoxic P. aeruginosa populations. Occasionally, when drugs are
combined, they exhibit drug synergy. Drug synergy occurs when the toxic effect of two drugs in
combination is greater than the sum of the individual drug toxicities (51). Thus, we predicted that
combined antibiotic and chlorate treatment could interact synergistically to effectively kill
hypoxic P. aeruginosa populations.

We found that chlorate is indeed able to synergize with antibiotics to kill hypoxic P.
aeruginosa. Chlorate displays synergy when combined with antibiotics from various classes.
Treating hypoxic P. aeruginosa with antibiotics alone revealed that antibiotic treatment failure
occurs due to both antibiotic resistance and tolerance, suggesting that chlorate-antibiotic synergy
can overcome both antibiotic resistance and tolerance. Chlorate has a unique ability to synergize
with other drugs because antibiotic-antibiotic combinations displayed fewer instances of synergy

compared to antibiotic-chlorate combinations. Our findings support the promise of antibiotics
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combined with chlorate to treat chronic infections, where current antibiotic-only treatments

routinely fail patients.

Data Presentation

All of the data presented in this thesis was collected using the same technique, a drug
treatment assay followed by a plate count to quantify survival of the bacterial culture. These
procedures are described in more detail in the methods section. In brief, liquid bacterial cultures
are treated with or without drug(s) for 24 hours, after which the cultures are plated to determine
the number of bacteria that survived the drug treatment relative to the untreated control (i.e.
calculate percent survival). The percent survival data were log transformed, which is shown as
the y-axis in graphs presented here: logio(% survival). The y-axis can be interpreted as 100%
bacterial survival at y = 2, 10% survival at y = 1, ultimately reaching the detection limit for these
experiments of 0.0001% survival at y = -4. A drug that reduces bacterial survival to our detection

limit (y = -4) represents the most effective treatment identified in our studies.
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Introduction

Bacterial pathogens routinely encounter hypoxic microenvironments within the human
body. In healthy adults, oxygen concentrations range from 1-10% across different tissues and
concentrations can be even lower within the gastrointestinal or urinary tract (52—54). Oxygen
tensions will drop below physiologically normal levels when rates of oxygen delivery and/or
consumption are altered, which happens in a variety of circumstances (25, 26, 55). During
infection, oxygen concentrations are locally depleted by both host cells and microbes through
aerobic respiration, and immune cells rapidly consume oxygen through processes like the
respiratory burst (24, 56). Additionally, within the host environment, pathogens typically grow
adhered to one another as multicellular aggregate biofilms (57, 58); these high-cell density
aggregates generate steep oxygen gradients, where biofilm-interior populations experience
hypoxia/anoxia due to rapid oxygen consumption by biofilm-exterior populations (59).

Because pathogens frequently inhabit hypoxic microenvironments in the host, there is a
need for antimicrobial therapies that are highly effective under hypoxia. However, pathogens can
exhibit tolerance to conventional antibiotics under hypoxic/anoxic conditions (60—62). Many
antibiotics are less effective at killing slow- or non-growing bacteria, and oxygen availability is a
key determinant of growth rate for many pathogens (16). The relationship between
environmental hypoxia and antibiotic treatment failure is thought to underpin different types of
recalcitrant infections. In chronic wounds, which affect ~2% of the U.S. population (63), tissue
hypoxia stems from insufficient blood supply and oxygen consumption by microbes and
overactive immune cells (26). Chronic wounds cannot heal so long as there is an active infection,
yet antibiotic treatments often fail to resolve wound infections, which can ultimately lead to

further complications like limb amputation (2, 64—67). The airways of people with cystic fibrosis
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(CF) are coated with a thick mucus that is largely hypoxic/anoxic due to immune cell activity
(19, 24). Pathogens grow slowly in the CF airway environment (18, 68, 69), which likely
contributes to the decades-long persistence of CF lung infections despite aggressive antibiotic
regimens (4). Finally, biofilms are a hallmark of recalcitrant infections, and pathogens are known
to form biofilms in both chronic wound tissue and CF sputum (17, 70, 71). Biofilms are
notoriously tolerant to high antibiotic concentrations because they harbor slow-growing, oxygen-
limited interior populations (59, 72).

To overcome hypoxia-associated antibiotic treatment failure, we propose identifying
drugs that target anaerobic bacterial metabolisms. Nitrate respiration is a widespread form of
anaerobic energy metabolism that supports the growth or survival of pathogens in hypoxic host
environments (33, 73). During nitrate respiration, nitrate reductase reduces nitrate to nitrite.
Although there are several types of nitrate reductases, only the Nar enzyme directly contributes
to energy conservation by coupling nitrate reduction to the formation of a proton motive force
(74). Low but appreciable nitrate concentrations (~400 uM) are available at infection sites (34,
75, 76) as a byproduct of inflammation: reactive oxygen and reactive nitrogen species generated
by immune cells react nonenzymatically to form nitrate (77). There is also strong, often direct
evidence that Nar-mediated nitrate respiration supports pathogen survival or growth in the host.
Enteric pathogens, including Salmonella enterica and Escherichia coli, respire host-derived
nitrate to boost their growth in the inflamed gut (34-38). In Mycobacterium spp., nitrate
respiration supports persistence in different host models, and there is evidence that this nitrate is
generated as a byproduct of immune cell activity (39—41). Brucella suis also appears to use
nitrate respiration to replicate in macrophages and hypoxic environments (42, 43), and

Burkholderia spp. were shown to upregulate nar within the host environment (44) and when
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grown as a biofilm (45). Finally, we recently showed that the opportunistic pathogen,
Pseudomonas aeruginosa, requires nitrate respiration to perpetuate chronic wound infections
(49). Taken together, nitrate respiration is a promising therapeutic target for killing pathogens in
hypoxic/anoxic host environments.

It has long been known that the small molecule, chlorate, is toxic to bacteria when they
use Nar-dependent nitrate respiration (28, 29). Chlorate (ClO3") is a nitrate (NO3") analog that
acts as a prodrug: chlorate itself is relatively nontoxic, but Nar can bind and reduce chlorate to
generate chlorite (C1077), which is a toxic oxidizing agent (28, 30, 78) (Figure 2A). Because
mammals lack Nar, it is unsurprising that chlorate shows low toxicity against mammals (30),
with an estimated lethal oral dose of 20-35 grams for humans (79, 80). We previously showed
that chlorate kills the oxygen-limited, antibiotic-tolerant populations of P. aeruginosa biofilms
via Nar activity (27). In addition to those in vitro studies, we recently found that topical chlorate
treatment supports the healing of P. aeruginosa-infected wounds using a diabetic chronic wound
mouse model (49). Our exciting in vitro and in vivo findings encourage our continued
exploration of chlorate’s therapeutic potential.

Here, we investigate chlorate’s remarkable ability to synergize with various classes of
antibiotics to eradicate hypoxic, antibiotic recalcitrant populations of P. aeruginosa. In some
cases, the addition of chlorate substantially reduced the effective dose of an antibiotic by >100-
fold. We also tested the toxicity of different antibiotic-antibiotic combinations against hypoxic P.
aeruginosa, finding that most antibiotics did not exhibit synergistic interactions across multiple
drug classes. Our results demonstrate that combined chlorate-antibiotic treatment holds promise
for combatting antibiotic treatment failure in hypoxic host environments. The identification of

synergistic drug combinations is considered an essential strategy in the fight against antibiotic
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treatment failure. In this context, our findings highlight how little we know about the
mechanisms that underpin drug synergy, which stymies our ability to identify new, powerful

drug combinations.
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Methods

Bacterial Strains and Growth Conditions

Strains used in this study include WT Pseudomonas aeruginosa UCBPP-PA14 and an
isogenic strain with a markerless deletion of the narGHJI genes (referred to as Anar) (27). All
strains were grown in Miller’s LB Broth (Luria Broth Miller’s LB Broth; Research Products
International) and supplemented with 40 mM potassium nitrate (KNOs3; Sigma Aldrich) where
specified to stimulate Nar activity. Oxic cultures were incubated at 37°C with shaking at 250
rpm. Hypoxic cultures were incubated at 37°C under static conditions. Anoxic cultures were

incubated statically at 37°C in an anaerobic glove box with a 95% N> and 5% H> atmosphere.

Antibiotic Treatment Assays

Overnight cultures of P. aeruginosa were grown hypoxically for 24 hours in LB with 40
mM potassium nitrate. Overnight cultures were pelleted and resuspended in LB without nitrate to
an ODsoo of 2. Next, 180 uL of resuspended culture was added to the well of a 96-well plate
(Genesee Scientific) along with 20 pL of treatment (total volume per well = 200 pL). The 20 uL
treatment volume consisted of 20 uL of sterile water for control conditions, 10 uL of sterile
water and 10 pL of drug solution for single drug conditions, and 10 uL each of two different
drug solutions for drug combination conditions. Cultures were incubated with or without drug(s)
for 24 hours at 37°C under oxic, hypoxic, or anoxic conditions before plating for viable plate
counts to determine percent survival. To limit evaporation, cultures exposed to drugs under
hypoxic or anoxic conditions were incubated in humidified chambers. Under oxic conditions,
evaporation was prevented by covering the edge of the 96-well plate with micropore tape and

filling empty wells with 200 pL of sterile water.
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The following drug stock solutions (made in water) were added to wells of a 96-well
plate in antibiotic treatment assays: 10 pL of 200 mM sodium chlorate (final = 10 mM), 10 uL of
625 ng/mL tobramycin (final = 31.25 pg/mL), 10 uL of 20 pg/mL ciprofloxacin (final = 1
pg/mL), 10 uL of 300 ug/mL colistin (final = 15 pg/mL), 10 pL of 200 pg/mL ceftazidime (final
=10 pg/mL). Additional experiments were conducted using a range of ceftazidime
concentrations that were achieved by adding 10 uL of a 20, 2000, or 20000 pg/mL stock solution

to wells of a 96-well plate.

Viable Plate Counts for Quantifying Percent Survival

Viable plate counts were determined for untreated or drug-treated samples by serially
diluting samples in phosphate-buffered saline (PBS). Six 1:10 serial dilutions were made in PBS,
and 10 pL of each dilution and of the undiluted culture were plated onto LB agar, allowing for
viability quantification across 7 orders of magnitude. LB plates were incubated for 24 hours at
37°C and then moved to the bench top to incubate for another 24 hours at room temperature to
allow for the growth of slow-growing colonies. Colonies were counted to calculate colony
forming units (CFU) per mL for each sample. Percent survival was determined by dividing the
CFU/mL value of each treated sample by the CFU/mL value of a control sample and multiplying
by 100; the control sample value was the average of triplicate CFU/mL values of the culture at t
= 0 (i.e. after washing and resuspending cultures to ODsoo = 2 and just prior to the 24-hour drug

incubation).
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Results

P. aeruginosa Exhibits Antibiotic Recalcitrance Under Hypoxic Conditions

Given the prevalence of hypoxia in host environments, we were interested in exploring
the relationship between oxygen availability and drug treatment outcomes in P. aeruginosa. Prior
work from ourselves and others has shown that some antibiotics are less effective at killing
pathogens under oxygen-limited, slow-growth conditions (16, 27, 72). We first investigated drug
efficacy against P. aeruginosa cultures under a range of oxygen tensions. Overnight P.
aeruginosa cultures were resuspended in fresh LB medium at a high cell density (ODsoo = 2).
Cultures were then treated with or without drug(s) and incubated with vigorous shaking (oxic
conditions), statically (hypoxic conditions), or in an anaerobic glove box (anoxic conditions) for
24 hours before plating cells for viability.

The Nar enzyme is most active under hypoxic/anoxic conditions, where it reduces
chlorate to generate toxic chlorite (Figure 2A). As such, it was unsurprising that chlorate
treatment was nontoxic to oxic P. aeruginosa cultures, but resulted in ~2.5-log killing under
anoxic conditions (Figure 2B). Interestingly, chlorate showed almost no toxicity against hypoxic
P. aeruginosa cultures (0.2-log killing, Figure 2B), suggesting that either Nar was inactive under
these conditions or that the cell was able to defend itself from Nar-generated chlorite stress. We
also found that the antibiotic, tobramycin, was highly lethal to P. aeruginosa under oxic
conditions (> 6-log killing) but much less toxic to P. aeruginosa under hypoxic or anoxic
conditions (~1.5-log killing; Figure 2B). These results are consistent with prior work,
demonstrating that oxygen limitation causes P. aeruginosa to grow slowly and adopt an

antibiotic-tolerant state (27, 72).
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Figure 2. Chlorate treatment hijacks the hypoxically-induced Nar enzyme to kill anoxic, antibiotic-

tolerant P. aeruginosa.

A. Chlorate is a prodrug: while chlorate itself is relatively nontoxic, it is reduced to toxic chlorite
by the hypoxically-induced nitrate reductase, Nar. B. The logio(% survival) of high-density WT P.
aeruginosa cultures treated with tobramycin or chlorate for 24 hours incubated under oxic,
hypoxic, or anoxic conditions. All data points on the x-axis are below the limit of detection. Data
show the means of 3 replicates and error bars show standard error of the mean. Statistical
significance was determined by one-way ANOVA; ns = not significant, * = p < 0.05, ** =p <

0.01, *** =p < 0.001, **** = p <0.0001

We next tested whether other antibiotics exhibit oxygen-dependent toxicity, similar to
tobramycin. We focused our studies on different classes of anti-pseudomonal antibiotics, using
concentrations that approximate those measured in patient samples (81, 82): tobramycin
(aminoglycoside, 31.25 pg/mL), ciprofloxacin (fluoroquinolone, 1 pg/mL), colistin (polymyxin,
15 pg/mL), ceftazidime (cephalosporin, 10 pg/mL), in addition to chlorate (10 mM (1,064
ug/mL)). As before, P. aeruginosa cultures were incubated with or without antibiotic treatment
under oxic or hypoxic conditions for 24 hours before plating cells to determine viability. Both
tobramycin and ciprofloxacin were substantially less toxic to P. aeruginosa under hypoxic (~1.5-

log killing) compared to oxic (> 6-log killing) conditions. However, colistin was only marginally
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less effective at killing hypoxic cultures, and P. aeruginosa was completely resistant to
ceftazidime under both hypoxic and oxic conditions (Figure 3). Thus, P. aeruginosa exhibits
antibiotic recalcitrance under hypoxic conditions through two mechanisms: hypoxia-induced

tolerance (tobramycin, ciprofloxacin) or via inherent, oxygen-independent resistance (colistin,

ceftazidime).
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Figure 3: P. aeruginosa exhibits antibiotic recalcitrance due to resistance or hypoxia-induced

antibiotic tolerance.

The logio(% survival) of high-density WT P. aeruginosa cultures treated with chlorate (Chlor),
tobramycin (Tob), ciprofloxacin (Cip), colistin (Col), or ceftazidime (Ceft) for 24 hours incubated
under hypoxic or oxic conditions. All data points on the x-axis are below the limit of detection.
Data show the means of 3 replicates and error bars show standard error of the mean. Statistical
significance was determined by two-tailed t-tests; ns = not significant, * = p < 0.05, ** =p < 0.01,

4% = p < 0,001, ##%* =p < 0.0001

Chlorate Synergizes with Different Classes of Antibiotics to Eliminate Hypoxic P.
aeruginosa Populations
Although all tested drug treatments showed modest-to-no toxicity against hypoxic

cultures of P. aeruginosa (Figure 3), we reasoned that each drug might impose sufficient stress
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on the cell such that combined chlorate-antibiotic treatment would interact synergistically to
efficiently kill hypoxic P. aeruginosa cultures. Synergy occurs when the efficacy of two drugs in
combination is greater than the additive effect of each drug on its own. Indeed, we found that all
chlorate-antibiotic combinations were synergistic (Figure 4). Despite chlorate-only treatment
resulting in little-to-no killing of hypoxic P. aeruginosa cultures, chlorate’s addition to each
antibiotic treatment increased P. aeruginosa killing by more than 4 orders of magnitude for all
tested classes of antibiotic (Figure 4). To confirm that chlorate reduction (i.e. chlorite generation)
is required for chlorate-antibiotic synergy, we performed similar experiments using hypoxic
cultures of a P. aeruginosa Anar strain (Figure 5). As expected, synergy is abolished in the Anar
strain, with antibiotic-only and chlorate-antibiotic treatments resulting in the same amount of

killing (Figure 5).
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Figure 4. Chlorate synergizes with different classes of antibiotics to kill hypoxic P. aeruginosa

populations.

The logio(% survival) of high-density WT P. aeruginosa cultures treated with chlorate (Chlor),
tobramycin (Tob), ciprofloxacin (Cip), colistin (Col), ceftazidime (Ceft), or each chlorate-
antibiotic combination for 24 hours incubated under hypoxic conditions. All data points on the x-
axis are below the limit of detection. Data show the means of 3 replicates and error bars show
standard error of the mean. Statistical significance was determined by two-tailed t-tests; ns = not

significant, * = p < 0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001
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Figure 5. Chlorate-antibiotic synergy is Nar-dependent.

The logio(% survival) of high-density Anar P. aeruginosa cultures treated with chlorate (Chlor),
tobramycin (Tob), ciprofloxacin (Cip), colistin (Col), ceftazidime (Ceft), or each chlorate-
antibiotic combination for 24 hours incubated under hypoxic conditions. All data points on the x-
axis are below the limit of detection. Data show the means of 3 replicates and error bars show

standard error of the mean. Statistical significance was determined by two-tailed t-tests; ns = not

significant, * = p < 0.05, ** =p < 0.01, *** =p <0.001, **** =p <0.0001

We further examined the interaction between chlorate and ceftazidime, given that P.
aeruginosa was resistant to ceftazidime-only treatment (Figure 3) yet highly susceptible to
combined chlorate-ceftazidime treatment (Figure 4). Our initial experiments used ceftazidime at
a concentration of 10 ng/mL, but we found that P. aeruginosa is resistant to much higher
concentrations (Figure 6). By treating hypoxic cultures of P. aeruginosa for 24 hours with
increasing ceftazidime concentrations, we saw that P. aeruginosa is resistant to ceftazidime
concentrations as a high as 1,000 pg/mL, which is substantially higher than concentrations that
can be achieved in the body when this drug is administered to patients (81, 82). Treating P.
aeruginosa with the chlorate-ceftazidime combination reduced the effective ceftazidime dose by

> 100-fold, since chlorate-ceftazidime is highly toxic to P. aeruginosa at a ceftazidime
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concentration of just 10 pg/mL (3.5-log killing; Figure 6). Thus, chlorate can reduce the effective

dose of an antibiotic to which P. aeruginosa is highly resistant.
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Figure 6: Chlorate substantially lowers the effective ceftazidime dose for killing hypoxic P.

aeruginosa.

The logio(% survival) of high-density WT P. aeruginosa cultures treated with chlorate (Chlor), a
range of ceftazidime (Ceft) concentrations, or chlorate-ceftazidime combinations for 24 hours
incubated under hypoxic conditions. All data points on the x-axis are below the limit of detection.
Data show the means of 3 replicates and error bars show standard error of the mean. Statistical

significance was determined by two-tailed t-tests; ns = not significant, * = p <0.05, ** =p <0.01,
*k* =p <0.001, **** =p <0.0001

Chlorate-Antibiotic Synergy Is Effective Across a Range of Oxygen Availabilities

Given that chlorate-only and some antibiotic-only treatments exhibit oxygen-dependent
efficacy, we reasoned that chlorate-antibiotic synergy might also vary across different oxygen
tensions. To begin testing this idea, we treated P. aeruginosa for 24 hours with different drug

combinations under oxic, hypoxic, or anoxic conditions. We first tested chlorate-tobramycin
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synergy (Figure 7). These drugs exhibit opposing oxygen-dependent phenotypes (i.e. chlorate
and tobramycin are most effective under anoxic and oxic conditions, respectively). Given that
tobramycin treatment eliminates P. aeruginosa to below our detection limit under oxic
conditions, we cannot determine whether chlorate synergizes with tobramycin under these
conditions (Figure 7A). However, similar to hypoxic conditions (Figure 7B), we found that
chlorate-tobramycin treatment also kills anoxic cultures of P. aeruginosa to levels below our
detection limit (Figure 7C). Since chlorate-only and tobramycin-only treatments both show some
toxicity against anoxic cultures of P. aeruginosa, it was unsurprising yet promising to find that
these drugs maintain synergy under anoxic conditions.

Next, we examined chlorate-ceftazidime synergy under different oxygen tensions. Unlike
tobramycin, ceftazidime does not exhibit oxygen-dependent killing of P. aeruginosa (Figure 3).
Interestingly, chlorate-ceftazidime treatment showed similar levels of synergistic killing across
all oxygen tensions (~3.5- to 4.5-log killing; Figure 7). These results further demonstrate the
potential for chlorate-antibiotic synergy under anoxic conditions (Figure 7C). More excitingly,
these results suggest that chlorate treatment induces sufficient cellular stress to synergize with
antibiotics even under more oxygenated conditions, when Nar is predicted to be less active.
Importantly, we recognize that our use of the term “oxic” to describe our experimental
conditions is relative, since even a vigorously shaken high-density culture will experience
oxygen limitation. Overall, chlorate’s ability to synergize with antibiotics across different
oxygen tensions is promising, given that pathogens like P. aeruginosa encounter a range of

oxygen concentrations in host environments.
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Figure 7: Chlorate-antibiotic synergy is effective across a range of oxygen availabilities.

The logio(% survival) of high-density WT P. aeruginosa cultures treated with chlorate (Chlor),
tobramycin (Tob), ceftazidime (Ceft), or each chlorate-antibiotic combination for 24 hours
incubated under A. oxic, B. hypoxic, or C. anoxic conditions. All data points on the x-axis are
below the limit of detection. Data show the means of 3 replicates and error bars show standard
error of the mean. Statistical significance was determined by two-tailed t-tests; ns = not

significant, * = p < 0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001

Most Antibiotics Do Not Synergize with Other Classes of Antibiotics

Having observed chlorate’s ability to synergize with different classes of antibiotics to

overcome antibiotic resistance or tolerance, we next sought to determine whether antibiotics

display a similar capacity for synergy. After treating hypoxic P. aeruginosa cultures for 24 hours

with different antibiotic-antibiotic combinations, we found that most classes do not exhibit

widespread synergy (Figure 8). In particular, colistin synergized with each of the other tested

antibiotics (tobramycin, ciprofloxacin, ceftazidime) to reduce P. aeruginosa viability below our

detection limit. However, the remaining three antibiotics did not synergize with each other
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(Figure 8). Thus, of the five drugs included in our study, only two (chlorate and colistin)

displayed a capacity for wide-ranging synergistic interactions.
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Figure 8: Most antibiotics do not exhibit synergistic interactions across different classes of

antibiotics.

Under hypoxic conditions, the logio(% survival) of high-density WT P. aeruginosa cultures
treated with colistin (Col), tobramycin (Tob), ciprofloxacin (Cip), ceftazidime (Ceft), or each
antibiotic-antibiotic combination for 24 hours. Compared to single-antibiotic treatments, only
colistin displays synergistic interactions with other classes of antibiotics. All data points on the x-
axis are below the limit of detection. Data show the means of 3 replicates and error bars show
standard error of the mean. Statistical significance was determined by one-way ANOVA; ns = not
significant, * = p <0.05, ** =p <0.01, *** =p <0.001, **** = p < 0.0001 for each antibiotic-

antibiotic combination compared to the single-antibiotic treatments that comprise the combination.
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Discussion

Here, we have presented chlorate-antibiotic combinations as a method to kill hypoxic P.
aeruginosa populations (Figure 4) where antibiotics and chlorate alone are only marginally
effective (Figure 3). Chlorate synergizes with antibiotics from a range of classes (Figure 4)
which is a unique ability considering most antibiotic-antibiotic combinations do not display
synergy (Figure 8). Chlorate-antibiotic synergy is Nar-dependent (Figure 5) and reduces the
effective dose of ceftazidime by more than 100-fold for efficient killing of hypoxic P.
aeruginosa (Figure 6). Additionally, chlorate-antibiotic synergy is maintained across a range of
oxygen tensions (Figure 7) that are known to occur in chronic infection sites (83, 84). Of note,
our experiments used physiologically relevant antibiotic concentrations measured in patient
samples (85—-87), further supporting chlorate’s potential for success in the clinic. Together, our
findings underscore the possibility of using chlorate-antibiotic combinations to enhance the
efficacy of antibiotic treatments against antibiotic recalcitrant P. aeruginosa infections.

In addition to chlorate, colistin also exhibited synergistic interactions with other classes
of antibiotics (Figure 8). Colistin was reported to be more lethal to oxygen-limited P. aeruginosa
compared to oxygen-replete populations (14). Although both chlorate and colistin display broad
synergy, we do not expect that these drugs achieve synergy by inducing similar stresses;
chlorate-colistin treatment was also synergistic, suggesting that they impose different types of
stress on P. aeruginosa. Thus, broad-range synergy with different classes of antibiotics can likely
be achieved by targeting multiple cellular processes.

Our results also suggest that there may be more than one metabolic state within oxygen-
limited P. aeruginosa populations, including persister cells. Persister cells are a subset of a

clonal population that survives antibiotic exposure by entering into a metabolically inactive,
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dormant state (16). The presence of persister cells may account for the observation that increased
ceftazidime concentrations did not lead to increased killing during chlorate-ceftazidime treatment
(Figure 6). Rather, we observed that the same number of cells survived the treatment regardless
of drug concentration, suggesting that a small persister cell population could not be killed by this
particular drug combination. Because P. aeruginosa populations are known to enter persister cell
states during chronic infections (88), enhancing our understanding of the metabolic states that
enable bacteria to survive oxygen limitation is valuable for designing therapeutic approaches to
resolve recalcitrant infections.

The discovery rate of new antibiotics has slowed over the past several decades while rates
of antimicrobial resistance are rising (89, 90) which necessitates new approaches for identifying
next-generation antimicrobials. Identifying synergistic drug combinations is increasingly
recognized as an important method for combatting antibiotic treatment failure (91), but
synergistic drug combinations are rare and thus screens are resource-intensive. For instance,
testing two-drug combinations of a small molecule library of 1000 drugs will require one million
pairwise combinations (92). The most common method for confirming synergistic drug
interactions is the checkerboard assay (93), which measures growth inhibition (i.e. minimum
inhibitory concentration) of each drug alone or in combination across a range of concentrations
(91, 93-95). Using growth inhibition as an output metric is useful for identifying drug
combinations that overcome antibiotic resistance, however, it is less likely to identify drug
combinations that are effective against slow-growing, antibiotic tolerant bacterial populations.

Our results also demonstrate the necessity of empirical synergy screens, since we show
that the synergistic potential of a drug cannot be predicted based on its individual toxicity. For

instance, both ceftazidime and chlorate might be discarded as potential therapeutics for killing
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slow-growing cells because they are nontoxic to hypoxic cultures of P. aeruginosa. However,
combined chlorate-ceftazidime treatment achieves substantial killing of P. aeruginosa under a
range of oxygen tensions. Although each drug on its own is unable to kill P. aeruginosa, we
assume that each drug still exerts some stress on the cell that, in combination, overwhelms P.
aeruginosa to become highly lethal.

Ultimately, our ability to identify novel, synergistic drug interactions is limited by our
understanding of drug synergy mechanisms. We do not know why some drug combinations are
remarkably lethal to bacteria (i.e. synergistic) whereas other combinations exhibit additive or
even antagonist interactions (96). We have a mechanistic understanding of just one synergistic
antimicrobial drug pairing (trimethoprim-sulfamethoxazole), and this mechanism was only
recently elucidated, having been mischaracterized for years (97). A deeper understanding of the
biological underpinnings of drug synergy mechanisms will facilitate the rational design of novel
synergistic drug pairings. Chlorate’s ability to synergize with different drug classes presents an
opportunity to understand the mechanisms of drug synergy, which is sorely needed to combat
antibiotic failure due to resistance or tolerance.

In addition to its capacity for drug synergy, other attributes recommend continued study
of chlorate’s therapeutic potential. First, there may be selective pressure against evolving
chlorate resistance within chronic infection environments. Our prior work determined that the
primary mechanism for chlorate resistance in P. aeruginosa is acquiring mutations that reduce
nitrate respiration, particularly in nar genes (50). However, in other work we showed that P.
aeruginosa requires nar to cause a persistent, chronic infection; this suggests that evolving
chlorate resistance will hinder P. aeruginosa fitness in oxygen-limited host environments (49).

Second, chlorate holds promise for treating infections caused by opportunistic pathogens beyond
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P. aeruginosa, since many bacteria respire nitrate using Nar including E. coli, L. pneumophila, S.
enterica, C. diphtheriae, M. tuberculosis, Burkholderia spp., Brucella spp., and S. aureus (32—
45). The potential for chlorate treatment to target a range of especially problematic facultative
anaerobes motivates the continued study of chlorate and antibiotic-chlorate combinations. Future
studies will explore the chlorate-antibiotic synergy across other bacteria and bacterial

communities as well as investigate the mechanism(s) of chlorate-antibiotic synergy.
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Conclusion

P. aeruginosa is isolated from different types of chronic infections where antibiotic
treatments fail, leaving patients to struggle with these infections for months to decades. In this
thesis, I have shown data that supports the use of chlorate in combination with different classes
of antibiotics for killing hypoxic populations of P. aeruginosa. While neither chlorate nor
antibiotics on their own can effectively kill hypoxic P. aeruginosa, chlorate synergizes with
antibiotics that target different bacterial growth processes to effectively kill these bacteria. P.
aeruginosa displays antibiotic resistance or antibiotic tolerance to each of the antibiotics tested in
our studies, highlighting that chlorate addition overcomes both antibiotic resistance and
antibiotic tolerance. Chlorate displays synergy with all of the antibiotics we tested, even though
most antibiotic-antibiotic combinations did not show synergy, suggesting that chlorate has a
unique ability to enhance the toxicity of other drugs. We confirmed that chlorate-antibiotic
synergy requires the Nar enzyme, which is responsible for activating chlorate to its toxic form.
Surprisingly, we found that synergy between antibiotics and chlorate occurs under a range of
oxygen availabilities. These results recommend combined chlorate-antibiotic therapy as a
promising new treatment for resolving chronic infections that are difficult to treat with current
antibiotic therapies.

Drug synergy has become an important tool in combatting the rise of antibiotic resistance
in the face of declining rates of drug discovery (89-91). Currently, we cannot predict events of
drug synergy, which are rare, so we must empirically test all possible drug combinations (91, 94,
98). Our current methods for pairwise synergy testing are effective at identifying drug
combinations that inhibit bacterial growth (i.e. drugs that combat antibiotic resistance), but do

not necessarily identify combinations that kill bacteria, including slow-growing bacteria (i.e.
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drugs that combat antibiotic tolerance) (91, 94). Thus, it is critical to consider different methods
if the goal of the screen is to find drug combinations that target slow-growing bacteria.

The astonishing piece of this synergy puzzle is that it is, currently, completely
unpredictable. Neither chlorate nor antibiotics efficiently kill hypoxic P. aeruginosa, yet together
they eradicate P. aeruginosa. We could not have predicted this outcome based on the limited
killing achieved by each drug on its own. For combined chlorate-antibiotic treatment to work so
well, each drug must exert some amount of stress that is insufficient to cause cell death on its
own, but completely overwhelms the cell when these drugs and stresses are imposed together. If
we looked to find synergistic drug pairings based on individual toxicities, we would have
completely missed antibiotic-chlorate combinations. In continued efforts to find drugs that
synergize with each other, we cannot discount drugs just because they seem ineffective on their
own. If we want to predict drug synergy with more accuracy or design better screens for
detecting synergistic pairings, we need to improve our understanding of the mechanisms of drug
synergy. Our current knowledge of the mechanisms of drug synergy is incredibly limited and is
largely speculative (96, 97, 99). Therefore, chlorate represents a useful model for further study to
understand how it synergizes well with many antibiotics.

The capacity for nitrate respiration using Nar is shared among many bacteria beyond P.
aeruginosa. Some of the bacteria that pose the largest global threats to human health because of
their antimicrobial resistance (9) have Nar and can use it to respire nitrate in host infection
environments, particularly Salmonella enterica and Staphylococcus aureus (32, 33, 35, 38).
These bacteria, and P. aeruginosa, are rapidly gaining resistance against additional classes of
antibiotics (9). Here, we have shown that chlorate-antibiotic combinations can overcome cases of

antibiotic resistance in P. aeruginosa and we are hopeful that the same could be true with other
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Nar-containing bacteria. While bacterial resistance against chlorate is possible, our previous
work supports that chlorate resistance would negatively impact P. aeruginosa growth in oxygen-
limited host environments (49, 50). We determined that the main mechanism for resistance to
chlorate in P. aeruginosa is to obtain genetic changes in the nar gene that reduce nitrate
respiration (50). We also found that P. aeruginosa cells need to have nar to cause a chronic
infection in mice (49). Thus, P. aeruginosa will struggle to grow in oxygen-limited environments
if the cells evolve chlorate resistance.

Chlorate-antibiotic combinations, as we have shown here, display a unique ability to kill
hypoxic P. aeruginosa cells that otherwise display antibiotic resistance or tolerance. We next
want to determine the mechanism of chlorate-antibiotic synergy. Similarly, we want to test the
effectiveness of these synergistic interactions against other bacterial pathogens or bacterial
communities. Chlorate-antibiotic combinations have the potential to save the world from many

difficult-to-treat chronic infections.

40



Bibliography

Bodey GP, Bolivar R, Fainstein V, Jadeja L. 1983. Infections caused by Pseudomonas
aeruginosa. Rev Infect Dis 5:279-313.

Schaper NC, Dryden M, Kujath P, Nathwani D, Arvis P, Reimnitz P, Alder J, Gyssens
IC. 2013. Efficacy and safety of IV/PO moxifloxacin and IV piperacillin/tazobactam
followed by PO amoxicillin/clavulanic acid in the treatment of diabetic foot infections:
results of the RELIEF study. Infection 41:175-186.

Lyczak JB, Cannon CL, Pier GB. 2002. Lung Infections Associated with Cystic Fibrosis.
Clinical Microbiology Reviews 15:194-222.

Chmiel JF, Davis PB. 2003. State of the Art: Why do the lungs of patients with cystic
fibrosis become infected and why can’t they clear the infection? Respir Res 4.

Siddiqui AR, Bernstein JM. 2010. Chronic wound infection: Facts and controversies.
Clinics in Dermatology 28:519-526.

Frykberg RG, Banks J. 2015. Challenges in the Treatment of Chronic Wounds. Adv
Wound Care (New Rochelle) 4:560-582.

Armstrong DG, Tan T-W, Boulton AJM, Bus SA. 2023. Diabetic Foot Ulcers: A Review.
JAMA 330:62-75.

Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A, Han C,
Bisignano C, Rao P, Wool E, Johnson SC, Browne AJ, Chipeta MG, Fell F, Hackett S,
Haines-Woodhouse G, Hamadani BHK, Kumaran EAP, McManigal B, Achalapong S,
Agarwal R, Akech S, Albertson S, Amuasi J, Andrews J, Aravkin A, Ashley E, Babin F-
X, Bailey F, Baker S, Basnyat B, Bekker A, Bender R, Berkley JA, Bethou A, Bielicki J,
Boonkasidecha S, Bukosia J, Carvalheiro C, Castafieda-Orjuela C, Chansamouth V,
Chaurasia S, Chiurchiu S, Chowdhury F, Donatien RC, Cook AJ, Cooper B, Cressey TR,
Criollo-Mora E, Cunningham M, Darboe S, Day NPJ, Luca MD, Dokova K, Dramowski
A, Dunachie SJ, Bich TD, Eckmanns T, Eibach D, Emami A, Feasey N, Fisher-Pearson
N, Forrest K, Garcia C, Garrett D, Gastmeier P, Giref AZ, Greer RC, Gupta V, Haller S,
Haselbeck A, Hay SI, Holm M, Hopkins S, Hsia Y, Iregbu KC, Jacobs J, Jarovsky D,
Javanmardi F, Jenney AWJ, Khorana M, Khusuwan S, Kissoon N, Kobeissi E,
Kostyanev T, Krapp F, Krumkamp R, Kumar A, Kyu HH, Lim C, Lim K,
Limmathurotsakul D, Loftus MJ, Lunn M, Ma J, Manoharan A, Marks F, May J, Mayxay
M, Mturi N, Munera-Huertas T, Musicha P, Musila LA, Mussi-Pinhata MM, Naidu RN,
Nakamura T, Nanavati R, Nangia S, Newton P, Ngoun C, Novotney A, Nwakanma D,
Obiero CW, Ochoa TJ, Olivas-Martinez A, Olliaro P, Ooko E, Ortiz-Brizuela E,
Ounchanum P, Pak GD, Paredes JL, Peleg AY, Perrone C, Phe T, Phommasone K,
Plakkal N, Ponce-de-Leon A, Raad M, Ramdin T, Rattanavong S, Riddell A, Roberts T,
Robotham JV, Roca A, Rosenthal VD, Rudd KE, Russell N, Sader HS, Saengchan W,
Schnall J, Scott JAG, Seekaew S, Sharland M, Shivamallappa M, Sifuentes-Osornio J,
Simpson AJ, Steenkeste N, Stewardson AJ, Stoeva T, Tasak N, Thaiprakong A, Thwaites

41



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

G, Tigoi C, Turner C, Turner P, Doorn HR van, Velaphi S, Vongpradith A, Vongsouvath
M, Vu H, Walsh T, Walson JL, Waner S, Wangrangsimakul T, Wannapinij P, Wozniak
T, Sharma TEMWY, Yu KC, Zheng P, Sartorius B, Lopez AD, Stergachis A, Moore C,
Dolecek C, Naghavi M. 2022. Global burden of bacterial antimicrobial resistance in
2019: a systematic analysis. The Lancet 399:629—-655.

De Oliveira DMP, Forde BM, Kidd TJ, Harris PNA, Schembri MA, Beatson SA,
Paterson DL, Walker MJ. 2020. Antimicrobial Resistance in ESKAPE Pathogens.
Clinical Microbiology Reviews 33:10.1128/cmr.00181-19.

Lambert PA. 2002. Mechanisms of antibiotic resistance in Pseudomonas aeruginosa. J R
Soc Med 95:22-26.

Ciofu O, Tolker-Nielsen T. 2019. Tolerance and Resistance of Pseudomonas aeruginosa
Biofilms to Antimicrobial Agents—How P. aeruginosa Can Escape Antibiotics. Frontiers
in Microbiology 10.

Kapoor G, Saigal S, Elongavan A. 2017. Action and resistance mechanisms of
antibiotics: A guide for clinicians. J Anaesthesiol Clin Pharmacol 33:300-305.

Giamarellou H, Antoniadou A. 2001. ANTIPSEUDOMONAL ANTIBIOTICS. Medical
Clinics of North America 85:19-42.

Kolpen M, Appeldorff CF, Brandt S, Mousavi N, Kragh KN, Aydogan S, Uppal HA,
Bjarnsholt T, Ciofu O, Heiby N, Jensen PQ. 2016. Increased bactericidal activity of
colistin on Pseudomonas aeruginosa biofilms in anaerobic conditions. Pathog Dis
74:£tv086.

Baquero F, Levin BR. 2021. Proximate and ultimate causes of the bactericidal action of
antibiotics. 2. Nat Rev Microbiol 19:123-132.

Brauner A, Fridman O, Gefen O, Balaban NQ. 2016. Distinguishing between resistance,
tolerance and persistence to antibiotic treatment. 5. Nat Rev Microbiol 14:320-330.

DePas WH, Starwalt-Lee R, Van Sambeek L, Ravindra Kumar S, Gradinaru V, Newman
DK. 2016. Exposing the three-dimensional biogeography and metabolic states of
pathogens in cystic fibrosis sputum via hydrogel embedding, clearing, and rRNA
labeling. mBio 7.

Kopf SH, Sessions AL, Cowley ES, Reyes C, Van Sambeek L, Hu Y, Orphan VJ, Kato
R, Newman DK. 2016. Trace incorporation of heavy water reveals slow and
heterogeneous pathogen growth rates in cystic fibrosis sputum. P Natl Acad Sci USA
113:E110-E116.

Cowley ES, Kopf SH, LaRiviere A, Ziebis W, Newman DK. 2015. Pediatric cystic
fibrosis sputum can be chemically dynamic, anoxic, and extremely reduced due to
hydrogen sulfide formation. mBio 6:¢00767.

42



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Frieri M, Kumar K, Boutin A. 2017. Antibiotic resistance. Journal of Infection and Public
Health 10:369-378.

Silver LL. 2011. Challenges of Antibacterial Discovery. Clinical Microbiology Reviews
24:71-109.

Brown ED, Wright GD. 2016. Antibacterial drug discovery in the resistance era. 7586.
Nature 529:336-343.

James GA, Zhao AG, Usui M, Underwood RA, Nguyen H, Beyenal H, deLancey Pulcini
E, Hunt AA, Bernstein HC, Fleckman P, Olerud J, Williamson KS, Franklin MJ, Stewart
PS. 2016. Microsensor and transcriptomic signatures of oxygen depletion in biofilms
associated with chronic wounds. Wound Repair Regen 24:373-383.

Kolpen M, Hansen CR, Bjarnsholt T, Moser C, Christensen LD, Van Gennip M, Ciofu O,
Mandsberg L, Kharazmi A, Doring G, Givskov M, Hoiby N, Jensen PO. 2010.
Polymorphonuclear leucocytes consume oxygen in sputum from chronic Pseudomonas
aeruginosa pneumonia in cystic fibrosis. Thorax 65:57-62.

Schaffer K, Taylor CT. 2015. The impact of hypoxia on bacterial infection. The FEBS
Journal 282:2260-2266.

Schreml S, Szeimies RM, Prantl L, Karrer S, Landthaler M, Babilas P. 2010. Oxygen in
acute and chronic wound healing: Oxygen in wound healing. British Journal of
Dermatology 163:257-268.

Spero MA, Newman DK. 2018. Chlorate Specifically Targets Oxidant-Starved,
Antibiotic-Tolerant Populations of Pseudomonas aeruginosa Biofilms. mBio 9:¢01400-
18.

Hochstein LI, Tomlinson GA. 1988. The Enzymes Associated with Denitrification.
Annual Review of Microbiology 42:231-261.

Puig J, Azoulay E, Pichinoty F, Gendre J. 1969. Genetic mapping of the chl C gene of the
nitrate reductase a system in Escherichia coli K12. Biochemical and Biophysical
Research Communications 35:659—662.

Smith DJ, Oliver CE, Taylor JB, Anderson RC. 2012. Invited review: Efficacy,
metabolism, and toxic responses to chlorate salts in food and laboratory animals. Journal
of animal science 90:4098-117.

van Wijk DJ, Kroon SG, Garttener-Arends IC. 1998. Toxicity of chlorate and chlorite to
selected species of algae, bacteria, and fungi. Ecotoxicol Environ Saf 40:206-211.

Richardson* DJ, Berks BC, Russell DA, Spiro S, Taylor CJ. 2001. Functional,
biochemical and genetic diversity of prokaryotic nitrate reductases. CMLS, Cell Mol Life
Sci 58:165-178.

43



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Vézquez-Torres A, Baumler AJ. 2016. Nitrate, nitrite and nitric oxide reductases: from
the last universal common ancestor to modern bacterial pathogens. Curr Opin Microbiol
29:1-8.

Winter SE, Winter MG, Xavier MN, Thiennimitr P, Poon V, Keestra AM, Laughlin RC,
Gomez G, Wu J, Lawhon SD, Popova IE, Parikh SJ, Adams LG, Tsolis RM, Stewart V],
Baumler AJ. 2013. Host-derived nitrate boosts growth of E. coli in the inflamed gut.
Science 339:708-711.

Lopez CA, Winter SE, Rivera-Chavez F, Xavier MN, Poon V, Nuccio SP, Tsolis RM,
Baumler AJ. 2012. Phage-mediated acquisition of a type III secreted effector protein
boosts growth of Sa/monella by nitrate respiration. mBio 3.

Spees AM, Wangdi T, Lopez CA, Kingsbury DD, Xavier MN, Winter SE, Tsolis RM,
Béaumler AJ. 2013. Streptomycin-Induced Inflammation Enhances Escherichia coli Gut
Colonization Through Nitrate Respiration. mBio 4:10.1128/mbio.00430-13.

Jones SA, Gibson T, Maltby RC, Chowdhury FZ, Stewart V, Cohen PS, Conway T.
2011. Anaerobic respiration of Escherichia coli in the mouse intestine. Infect Immun
79:4218-4226.

Rivera-Chavez F, Lopez CA, Zhang LF, Garcia-Pastor L, Chavez-Arroyo A, Lokken KL,
Tsolis RM, Winter SE, Baumler AJ. 2016. Energy Taxis toward Host-Derived Nitrate

Supports a Salmonella Pathogenicity Island 1-Independent Mechanism of Invasion. mBio
7:10.1128/mbio.00960-16.

Williams MJ, Shanley CA, Zilavy A, Peixoto B, Manca C, Kaplan G, Orme IM, Mizrahi
V, Kana BD. 2015. bis-Molybdopterin guanine dinucleotide is required for persistence of
Mycobacterium tuberculosis in guinea pigs. Infect Immun 83:544-550.

Jung JY, Madan-Lala R, Georgieva M, Rengarajan J, Sohaskey CD, Bange FC, Robinson
CM. 2013. The intracellular environment of human macrophages that produce nitric
oxide promotes growth of mycobacteria. Infect Immun 81:3198-3209.

Fritz C, Maass S, Kreft A, Bange FC. 2002. Dependence of Mycobacterium bovis BCG
on anaerobic nitrate reductase for persistence is tissue specific. Infect Immun 70:286—
291.

Abdou E, Deredjian A, de Bagilies MPJ, Kdhler S, Jubier-Maurin V. 2013. RegA, the
regulator of the two-component system RegB/RegA of Brucella suis, is a controller of

both oxidative respiration and denitrification required for chronic infection in mice. Infect
Immun 81:2053-2061.

Kohler S, Foulongne V, Ouahrani-Bettache S, Bourg G, Teyssier J, Ramuz M, Liautard
JP. 2002. The analysis of the intramacrophagic virulome of Brucella suis deciphers the

environment encountered by the pathogen inside the macrophage host cell. P Natl Acad
Sci USA 99:15711-15716.

44



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kim HS, Schell MA, Yu Y, Ulrich RL, Sarria SH, Nierman WC, DeShazer D. 2005.
Bacterial genome adaptation to niches: divergence of the potential virulence genes in
three Burkholderia species of different survival strategies. Bmc Genomics 6:174.

Chin CY, Hara Y, Ghazali AK, Yap SJ, Kong C, Wong YC, Rozali N, Koh SF, Hoh CC,
Puthucheary SD, Nathan S. 2015. Global transcriptional analysis of Burkholderia
pseudomallei high and low biofilm producers reveals insights into biofilm production and
virulence. Bmc Genomics 16.

Kraft B, Strous M, Tegetmeyer HE. 2011. Microbial nitrate respiration — Genes, enzymes
and environmental distribution. Journal of Biotechnology 155:104—117.

Cha C-N, Jung W-C, Choi H, Lee YE, Yoo C-Y, Kim S, Lee H-J. 2012. Effects of short-
term sodium chlorate exposure on pigs. Acta Vet Hung 60:93—101.

Taylor JB, Smith DJ. 2015. Continuous, low-dose oral exposure to sodium chlorate
reduces fecal generic Escherichia coli in sheep feces without inducing clinical chlorate
toxicosis. J Anim Sci 93:1942-1951.

Kim JH, Spero M, Lebig EG, Lonergan ZR, Trindade IB, Newman DK, Martins-Green
M. 2024. Targeting Anaerobic Respiration in Pseudomonas aeruginosa with Chlorate
Improves Healing of Chronic Wounds. Advances in Wound Care 13:53—-69.

Spero MA, Jones J, Lomenick B, Chou T-F, Newman DK. 2022. Mechanisms of chlorate
toxicity and resistance in Pseudomonas aeruginosa. Molecular Microbiology 118:321—
335.

Roell KR, Reif DM, Motsinger-Reif AA. 2017. An Introduction to Terminology and
Methodology of Chemical Synergy-Perspectives from Across Disciplines. Front
Pharmacol 8:158.

Shannon MB, Limeira R, Johansen D, Gao X, Lin H, Dong Q, Wolfe AJ, Mueller ER.
2019. Bladder urinary oxygen tension is correlated with urinary microbiota composition.
Int Urogynecol J 30:1261-1267.

Ortiz-Prado E, Dunn JF, Vasconez J, Castillo D, Viscor G. 2019. Partial pressure of
oxygen in the human body: a general review. Am J Blood Res 9:1-14.

Carreau A, Hafny-Rahbi BE, Matejuk A, Grillon C, Kieda C. 2011. Why is the partial
oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia.
Journal of Cellular and Molecular Medicine 15:1239-1253.

Aanaes K, Rickelt LF, Johansen HK, Von Buchwald C, Pressler T, Hoiby N, Jensen PQ.
2011. Decreased mucosal oxygen tension in the maxillary sinuses in patients with cystic
fibrosis. Journal of Cystic Fibrosis 10:114-120.

45



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Light DR, Walsh C, O’Callaghan AM, Goetzl EJ, Tauber Al. 1981. Characteristics of the
cofactor requirements for the superoxide-generating NADPH oxidase of human
polymorphonuclear leukocytes. Biochemistry 20:1468—1476.

Wu H, Moser C, Wang H-Z, Heiby N, Song Z-J. 2015. Strategies for combating bacterial
biofilm infections. 1. Int J Oral Sci 7:1-7.

Wolcott RD, Ehrlich GD. 2008. Biofilms and chronic infections. Jama 299:2682—4.

Stewart PS, Franklin MJ. 2008. Physiological heterogeneity in biofilms. Nature reviews
Microbiology 6:199-210.

Hamad MA, Austin CR, Stewart AL, Higgins M, Vazquez-Torres A, Voskuil MI. 2011.
Adaptation and antibiotic tolerance of anaerobic Burkholderia pseudomallei.
Antimicrobial agents and chemotherapy 55:3313-23.

Gupta S, Laskar N, Kadouri DE. 2016. Evaluating the Effect of Oxygen Concentrations
on Antibiotic Sensitivity, Growth, and Biofilm Formation of Human Pathogens.
Microbiol€Insights 9:MBI.S40767.

Hess DJ, Henry-Stanley MJ, Lusczek ER, Beilman GJ, Wells CL. 2013. Anoxia inhibits
biofilm development and modulates antibiotic activity. Journal of Surgical Research
184:488-494.

Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, Gottrup F, Gurtner GC,
Longaker MT. 2009. Human skin wounds: a major and snowballing threat to public
health and the economy. Wound repair and regeneration : official publication of the
Wound Healing Society [and] the European Tissue Repair Society 17:763-71.

Lipsky BA, Stoutenburgh U. 2005. Daptomycin for treating infected diabetic foot ulcers:
evidence from a randomized, controlled trial comparing daptomycin with vancomycin or
semi-synthetic penicillins for complicated skin and skin-structure infections. The Journal
of antimicrobial chemotherapy 55:240-5.

Han G, Ceilley R. 2017. Chronic wound healing: A review of current management and
treatments. Advances in therapy 34:599—-610.

Siami G, Christou N, Eiseman I, Tack KJ, Severe S, Soft Tissue Infections Study G.
2001. Clinafloxacin versus piperacillin-tazobactam in treatment of patients with severe
skin and soft tissue infections. Antimicrobial agents and chemotherapy 45:525-31.

Lipsky BA, Itani K, Norden C, Linezolid Diabetic Foot Infections Study G. 2004.
Treating foot infections in diabetic patients: a randomized, multicenter, open-label trial of
linezolid versus ampicillin-sulbactam/amoxicillin-clavulanate. Clin Infect Dis 38:17-24.

Kragh KN, Alhede M, Jensen PO, Moser C, Scheike T, Jacobsen CS, Seier Poulsen S,
Eickhardt-Sorensen SR, Trostrup H, Christoffersen L, Hougen HP, Rickelt LF, Kuhl M,
Hoiby N, Bjarnsholt T. 2014. Polymorphonuclear leukocytes restrict growth of

46



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Pseudomonas aeruginosa in the lungs of cystic fibrosis patients. Infect Immun 82:4477—
86.

Valentini TD, Lucas SK, Binder KA, Cameron LC, Motl JA, Dunitz JM, Hunter RC.
2020. Bioorthogonal non-canonical amino acid tagging reveals translationally active
subpopulations of the cystic fibrosis lung microbiota. 1. Nat Commun 11:2287.

James GA, Swogger E, Wolcott R, Pulcini E, Secor P, Sestrich J, Costerton JW, Stewart
PS. 2008. Biofilms in chronic wounds. Wound repair and regeneration : official
publication of the Wound Healing Society [and] the European Tissue Repair Society
16:37-44.

Bjarnsholt T, Alhede M, Alhede M, Eickhardt-Serensen SR, Moser C, Kiihl M, Jensen
P@, Heiby N. 2013. The in vivo biofilm. Trends Microbiol 21:466—74.

Borriello G, Werner E, Roe F, Kim AM, Ehrlich GD, Stewart PS. 2004. Oxygen
limitation contributes to antibiotic tolerance of Pseudomonas aeruginosa in biofilms.
Antimicrobial agents and chemotherapy 48:2659—-64.

Cook GM, Greening C, Hards K, Berney M. 2014. Energetics of pathogenic bacteria and
opportunities for drug development. Adv Microb Physiol 65:1-62.

Gonzalez PJ, Correia C, Moura I, Brondino CD, Moura JIG. 2006. Bacterial nitrate
reductases: Molecular and biological aspects of nitrate reduction. Journal of Inorganic
Biochemistry 100:1015-1023.

Bernatchez SF, Menon V, Stoffel J, Walters SA, Lindroos WE, Crossland MC, Shawler
LG, Crossland SP, Boykin JV. 2013. Nitric oxide levels in wound fluid may reflect the
healing trajectory. Wound repair and regeneration : official publication of the Wound
Healing Society [and] the European Tissue Repair Society 21:410-7.

Palmer KL, Aye LA, Whiteley M. 2007. Nutritional cues control Pseudomonas
aeruginosa multicellular behavior in cystic fibrosis sputum. J Bacteriol 189:8079—8087.

Radi R. 2018. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in
molecular medicine. Proceedings of the National Academy of Sciences 115:5839-5848.

Health Canada. 2008. Guidelines for Canadian drinking water quality: Guideline
technical document — Chlorite and chlorate. Ottawa, Ontario.

Jackson RC, Elder WJ, McDonnell H. 1961. Sodium-chlorate poisoning complicated by
acute renal failure. Lancet 2:1381-3.

Helliwell M, Nunn J. 1979. Mortality in sodium chlorate poisoning. British medical
journal 1:1119.

47



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Moriarty TF, McElnay JC, Elborn JS, Tunney MM. 2007. Sputum antibiotic
concentrations: implications for treatment of cystic fibrosis lung infection. Pediatr
Pulmonol 42:1008-1017.

Gallagher T, Riedel S, Kapcia J, Caverly LJ, Carmody L, Kalikin LM, Lu J, Phan J,
Gargus M, Kagawa M, Leemans SW, Rothman JA, Grun F, LiPuma JJ, Whiteson KL.
2021. Liquid Chromatography Mass Spectrometry Detection of Antibiotic Agents in
Sputum from Persons with Cystic Fibrosis. Antimicrobial Agents and Chemotherapy
65:10.1128/aac.00927-20.

Rodriguez PG, Felix FN, Woodley DT, Shim EK. 2008. The Role of Oxygen in Wound
Healing: A Review of the Literature. Dermatologic Surgery 34:1159.

Worlitzsch D, Tarran R, Ulrich M, Schwab U, Cekici A, Meyer KC, Birrer P, Bellon G,
Berger J, Weiss T, Botzenhart K, Yankaskas JR, Randell S, Boucher RC, Déring G.
2002. Effects of reduced mucus oxygen concentration in airway Pseudomonas infections
of cystic fibrosis patients. J Clin Invest 109:317-325.

Lubasch A, Liick S, Lode H, Mauch H, Lorenz J, Bolcskei P, Welte T, the COPD study
group. 2003. Optimizing ceftazidime pharmacodynamics in patients with acute

exacerbation of severe chronic bronchitis. Journal of Antimicrobial Chemotherapy
51:659-664.

Vinks AA, Brimicombe RW, Heijerman HG, Bakker W. 1997. Continuous infusion of
ceftazidime in cystic fibrosis patients during home treatment: clinical outcome,

microbiology and pharmacokinetics. Journal of Antimicrobial Chemotherapy 40:125—
133.

VandenBussche HL, Homnick DN. 2012. Evaluation of Serum Concentrations Achieved
With an Empiric Once-Daily Tobramycin Dosage Regimen in Children and Adults With
Cystic Fibrosis. The Journal of Pediatric Pharmacology and Therapeutics 17:67-77.

Mulcahy LR, Burns JL, Lory S, Lewis K. 2010. Emergence of Pseudomonas aeruginosa
strains producing high levels of persister cells in patients with cystic fibrosis. J Bacteriol
192:6191-6199.

Hutchings MI, Truman AW, Wilkinson B. 2019. Antibiotics: past, present and future.
Current Opinion in Microbiology 51:72-80.

Aminov RI. 2010. A Brief History of the Antibiotic Era: Lessons Learned and Challenges
for the Future. Front Microbiol 1:134.

Coates ARM, Hu Y, Holt J, Yeh P. 2020. Antibiotic combination therapy against
resistant bacterial infections: synergy, rejuvenation and resistance reduction. Expert Rev
Anti Infect Ther 18:5-15.

48



92.

93.

94.

95.

96.

97.

98.

99.

Wambaugh MA, Shakya VPS, Lewis AJ, Mulvey MA, Brown JCS. 2017. High-
throughput identification and rational design of synergistic small-molecule pairs for
combating and bypassing antibiotic resistance. PLOS Biology 15:€2001644.

Odds FC. 2003. Synergy, antagonism, and what the chequerboard puts between them. J
Antimicrob Chemother 52:1.

White RL, Burgess DS, Manduru M, Bosso JA. 1996. Comparison of three different in
vitro methods of detecting synergy: time-kill, checkerboard, and E test. Antimicrob
Agents Chemother 40:1914-1918.

Soren O, Brinch KS, Patel D, Liu Y, Liu A, Coates A, Hu Y. 2015. Antimicrobial Peptide
Novicidin Synergizes with Rifampin, Ceftriaxone, and Ceftazidime against Antibiotic-
Resistant Enterobacteriaceae In Vitro. Antimicrobial Agents and Chemotherapy
59:6233-6240.

Meyer CT, Wooten DJ, Lopez CF, Quaranta V. 2020. Charting the Fragmented
Landscape of Drug Synergy. Trends Pharmacol Sci 41:266-280.

Minato Y, Dawadi S, Kordus SL, Sivanandam A, Aldrich CC, Baughn AD. 2018. Mutual
potentiation drives synergy between trimethoprim and sulfamethoxazole. Nat Commun
9:1003.

Lorenzo MP, Kidd JM, Jenkins SG, Nicolau DP, Housman ST. 2019. In vitro activity of
ampicillin and ceftriaxone against ampicillin-susceptible Enterococcus faecium. Journal
of Antimicrobial Chemotherapy 74:2269-2273.

Sullivan GJ, Delgado NN, Maharjan R, Cain AK. 2020. How antibiotics work together:
molecular mechanisms behind combination therapy. Curr Opin Microbiol 57:31-40.

49



