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Abstract 

 

Title of Dissertation: In vitro and in vivo Models of Biofilm-Mediated 

Infections 

  

 Kristen Brao, Doctor of Philosophy, 2020 

  

Dissertation Directed By: Robert K. Ernst, Professor and Vice Chair of the 

Department of Microbial Pathogenesis, 

University of Maryland School of Dentistry 

 

Biofilms are microbial communities encased in a matrix of polysaccharides, 

extracellular DNA, and proteins. When growing in biofilms, bacteria display increased 

resistance to immune clearance and antibiotic tolerance. For these reasons, biofilms are 

responsible for many chronic infections. Treatment of biofilm-mediated infections is 

challenging, and often requires surgical debridement and/or lengthy courses of 

antibiotics. In order to develop more effective treatment strategies and therapeutics, it is 

important to develop and utilize model systems that incorporate the biofilm phenotype.  

In this dissertation, we describe the use of a rabbit model of internal fixation to evaluate 

the use of prophylactic antibiotic powders in surgery, characterize Scnn1b-Tg mice as 

models of Pseudomonas aeruginosa and Staphylococcus aureus infections in cystic 

fibrosis lungs, and use a continuous flow biofilm reactor to study the interactions of S. 

aureus and P. aeruginosa in chronic biofilms.  We found that tobramycin powder is able 

to prevent surgical site infection with tobramycin-resistant Enterobacter cloacae, 

demonstrating the potential utility of antibiotic powders in preventing infections in 

orthopedic surgery. We also found that Scnn1b-Tg mice clear infections with P. 

aeruginosa and S. aureus more slowly than wildtype littermates. When Scnn1b-Tg mice 

were infected with a mucoid CF isolate, bacterial aggregates like those observed in cystic 



  

fibrosis patients’ sputum were found in the lungs, illustrating the potential of Scnn1b-Tg 

mice as models of cystic fibrosis lung infection. Finally, we found that P. aeruginosa 

modifies the structure of its lipid A by adding 4-amino-4-deoxy-L-arabinose (Ara4N) to 

the terminal phosphates when introduced to established S. aureus biofilms. The addition 

of Ara4N is associated with resistance to polymyxin antibiotics, such as colistin. This 

finding represents a potential mechanism by which interactions in polymicrobial biofilms 

can lead to changes in antibiotic resistance. These studies illustrate the importance of 

incorporating biofilm models when developing treatments for biofilm-mediated 

infections.
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Chapter 1 : Introduction 

Biofilms 

Between 1683 and 1708, the Dutch businessman and scientist Antonie van 

Leeuwenhoek created his own microscopes and observed “tiny animals” in scrapings 

from his own teeth and tongue.(1) Later, Louis Pasteur sketched bacterial aggregates in 

wine that had become acetic.(2) These records were the first observations of bacterial 

biofilms. Biofilms are sessile microbial communities encased in a matrix of extracellular 

polysaccharides, nucleic acids, and proteins.(3) Biofilm formation follows a life cycle in 

which microbes adhere to a surface through adhesins, divide and produce an extracellular 

matrix, continue to grow and develop a matrix scaffold, and then disperse as planktonic 

cells or aggregates under either shear stress or genetically encoded dispersal mechanisms 

(see Figure 1.1). Growth in a biofilm provides bacteria with numerous advantages, such 

as the ability to survive changes in environmental conditions, to evade a host immune 

response, and to tolerate antibiotic exposure.(4) In addition, the extracellular matrix can 

trap and concentrate nutrients such as carbon, nitrogen, and phosphate,(5) as well as 

impede the diffusion of antimicrobial agents into the biofilm.(6) 

Although much of what is known regarding prokaryotes originates from studies of 

planktonic (free-swimming) organisms, the majority of bacteria in fact live in biofilms. 

When growing in a biofilm, bacteria exhibit significantly altered phenotypes in regard to 

their growth, gene expression, and protein production.(3) Biofilms are heterogeneous and 

contain gradients of nutrients and oxygen. As a result of this heterogeneity, bacteria in 

different regions of the biofilm are exposed to different environmental conditions, and 

therefore vary in metabolic activity and gene/protein expression. Close association of  
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Figure 1.1: Biofilm Life Cycle 

Biofilm growth follows a general life cycle that begins with the attachment of bacteria to a 

surface. The bacteria proliferate and form the biofilm matrix. They can then disperse, either 

through genetically-encoded mechanisms or under shear stress, and colonize new areas.  
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bacteria in a biofilm also permits the sharing of metabolites and the development of 

intercellular communication, termed quorum sensing. Quorum sensing permits the 

coordination of gene regulation at the community level. Because biofilm formation 

results in significant changes to microbial phenotypes, taking into consideration the 

biofilm mode of growth has important implications for the development of therapeutics, 

medical devices, and vaccines. 

The National Institutes of Health has estimated that biofilms account for 80% of 

human infections.(7) Biofilms are known to play significant roles in a variety of 

infections, particularly in the setting of indwelling medical devices (see Figure 1.2). 

Catheters, shunts, cardiac valves, pacemakers, ventricular assist devices, endotracheal 

tubes, prosthetic joints, orthopedic implants, breast implants, and contact lenses are all 

vulnerable to bacterial colonization and biofilm formation, with potentially fatal results. 

Treatment generally requires the removal of the implanted medical device and surgical 

debridement, in addition to antibiotics. Foreign bodies increase the risk of biofilm-

mediated infection, but are by no means required. Chronic otitis media, sinusitis, 

tonsillitis, chronic osteomyelitis, chronic wounds, endocarditis, and lung infections in the 

setting of cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD) are all 

caused by bacterial or fungal biofilms.  

In vitro Biofilm Models 

A variety of models have been developed to study biofilms in vitro. In vitro 

biofilm models are generally inexpensive and easy to set up, and environmental 

parameters can be controlled and manipulated. There are three main types of in vitro 

biofilm models (reviewed in (8) and (9)): closed systems, open systems, and microcosms.  
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Figure 1.2: Biofilm-Mediated Infections 

Biofilms are responsible for a wide array of infections. Many involve the presence of a foreign 

body, but a foreign body is not required for biofilm formation. 

Reprinted with Permission  
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Closed systems contain limited nutrients, whereas open systems are characterized by 

continuous refreshing of media. Microcosms attempt to more closely mimic in vivo 

biofilms by incorporating cells or tissues. Because many biofilms of interest cause human 

disease, incorporating biotic factors, such as airway epithelial cells or saliva can increase 

the clinical relevance of in vitro modeling systems. 

Two of the most commonly used closed model systems are colony biofilms and 

microtiter plate assays. These assays are simple, reproducible, and can be adapted for 

high throughput screening. Colony biofilms require simply spotting liquid cultures on an 

agar plate, incubating, and monitoring colony morphology. The colony biofilm model has 

proven to be particularly useful for studying bacterial respiration and electron 

acceptors.(10, 11) In microtiter plate assays, biofilms grow on the sides and bottom of a 

microtiter plate. Microtiter plate assays can be used to measure biofilm mass via crystal 

violet staining or viable cells via plating; they have been used to identify biofilm-

defective mutants(12, 13) and to screen compounds for anti-biofilm effects.(14, 15) 

These systems contain limited nutrients available for bacterial growth; therefore, the 

environment changes over time as nutrients are depleted and metabolites accumulate. As 

a result, closed model systems are most useful for studies of early biofilm development 

rather than the chronic, late-stage biofilms most relevant in human disease.  

To generate late-stage biofilms, continuous culture systems in which waste is 

removed and fresh media is constantly supplied to the biofilm can be used. Open systems, 

such as drip flow bioreactors and flow cell bioreactors, permit the control of flow rates 

and shear stress while maintaining constant nutrient levels, but are more technically 

demanding and lower throughput than colony biofilms or microtiter plate assays. Drip 
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flow biofilm reactors grow biofilms on slanted coupons and provide nutrients by dripping 

media slowly over the coupons.(16) This style of open biofilm reactor is often used to 

model wound infections and dental biofilms. Flow cell bioreactors are comprised of a 

container of media, a waste container, a peristaltic pump, and a system of tubing through 

which the media is pumped (see Figure 1.3).(17) The flow cell itself is a glass chamber 

or a channel with a cover slip that can be mounted on a microscope for biofilm 

visualization. To initiate the flow cell biofilm reactor, the flow of media is paused, and 

bacteria are injected into each line via injection ports. After allowing time for bacteria to 

adhere, flow is re-started. The flow rate can be controlled with the peristaltic pump. 

Biofilms can be maintained for weeks in flow cell biofilm reactors, permitting the study 

of late-stage biofilms. In addition to biofilm visualization, biofilms can be harvested from 

lines for bacterial enumeration and transcriptomic or proteomic analysis.(18, 19)  

Biofilms in Orthopedic Infections 

Biofilms are a major cause of chronic orthopedic infections. Microbes can adhere 

to either devitalized bone/tissue or to implants, leading to chronic osteomyelitis, 

prosthetic joint infections, or other implant-associated infections. The presence of a 

foreign body dramatically increases susceptibility to infection, with some estimates 

suggesting that foreign bodies can increase the ability of microbes to cause chronic 

infection by 10,000 fold.(20) Even when indwelling medical devices are implanted 

without infection, they become coated with host proteins to which bacteria can adhere, 

such as fibrinogen and fibronectin,(21) and the implants can become infected during 

cases of transient bacteremia later in the patients’ lives. As the United States’ population 

ages, the number of joint replacements performed each year is increasing, and with it, the  
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Figure 1.3: Flow Cell Biofilm Reactors 

Flow cell biofilm reactors are comprised of a media vessel, a system of tubing through which the 

media is pumped via a peristaltic pump, a flow cell (a glass chamber that permits visualization of 

biofilms), and a waste vessel. Bacteria are injected into the system through injection ports. 

Additional components include a bubble trap, which prevents air bubbles from disrupting the 

biofilms, and flow breaks, which prevent bacteria from migrating upstream.  
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number of prosthetic joint infections is also rising. Over one million knee and hip 

replacements were performed in the US in 2010,(22) and that number is projected to 

reach 4 million by 2030.(23) Infection complicates approximately 2% of prosthetic joint  

replacement surgeries, and treatment of these infections costs the US healthcare system 

over a $500 million per year.(24)  

Many bacterial and fungal species are capable of causing orthopedic infections. 

Skin flora species such as Staphylococcus aureus and coagulase-negative staphylococcal 

species are the most common causative agents of orthopedic infections,(25) but gram-

negative bacteria such as Pseudomonas aeruginosa, Escherichia coli, and Enterobacter 

species are increasing in frequency.(26) ESKAPE pathogens (Enterococcus faecium, S. 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and 

Enterobacter species) are particularly concerning etiological agents of orthopedic 

infections due to their capacity for antibiotic resistance and ability to cause life-

threatening infections. Due to biofilm-associated antibiotic tolerance, antibiotic treatment 

alone is rarely effective at eliminating chronic infections. In addition, early diagnosis is 

often hampered by long asymptomatic periods. Once a chronic infection has been 

established, surgery is required to remove the infected implant, prosthetic joint, or dead 

tissue, in addition to treatment with lengthy courses of antibiotics.  

Due to the high morbidity of biofilm-mediated infections, the development of 

additional treatments and therapeutics is necessary to prevent and treat infections. Unique 

features of biofilms and the biofilm developmental process have been studied as potential 

therapeutic targets for orthopedic infections. Potential therapeutics that could disrupt 

biofilm formation include using materials that resist bacterial adherence, employing 
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coatings or substrates that elute antibiotics, mechanically disrupting biofilms with high-

velocity irrigators, targeting matrix components with enzymes and antibodies, and 

inhibiting quorum sensing (reviewed in (27)). Although many strategies have shown 

promise in vitro, further study is required in relevant animal models, and the standard of 

care for orthopedic biofilm-mediated infections remains surgical debridement and 

intensive antibiotic treatment. Therefore, preventing microbes from forming biofilms and 

establishing chronic infections is imperative.  

Rabbits are widely used as a reproducible model of orthopedic infections 

(reviewed in (28)) and have been used in approximately 35% of all published 

musculoskeletal research studies.(29) Rabbits are docile, easy to handle, and have lower 

husbandry costs than larger animals. Unlike rodents, their size also permits the use of 

some implants used in human orthopedic surgeries. In addition, the rabbit immune 

response to infection closely matches human responses, especially in the formation to 

osteolytic lesions and bone sequestra.(28)  

Rabbits reliably develop osteomyelitis when injected with a sclerosing agent, 

followed by a bacterial suspension into the tibial metaphysis. The sclerosing agent causes 

stiffening of the medullary blood vessels, tissue necrosis, and local impairment of the 

immune response, permitting the infection to take hold.(30) This osteomyelitis model 

leads to mild to severe bone disruption, depending on the bacterial species and infectious 

dose. S. aureus is the most commonly studied bacteria in this model, although E. coli(31) 

and Cutibacterium acnes(32) have also been used. Acute and chronic osteomyelitis 

models have been used to assess the efficacy of antibiotic delivery vehicles and 

vaccinations in preventing infection. For example, Brady et al used a rabbit model of 
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chronic S. aureus osteomyelitis to identify biofilm proteins expressed during chronic 

infection,(18) then selected proteins to develop a vaccine against S. aureus infections,(33, 

34) demonstrating the applications of the rabbit osteomyelitis model.  

Rabbit models of implant-associated infections are also frequently used to test 

strategies to prevent infection or clear an established infection. Antibiotic-loaded bone 

cement has been widely tested in rabbit models of implant-associated infections and is 

frequently used in the clinic, often during revision surgeries following the removal of 

infected implants or prosthetic joints.(35) In recent years, the use of powdered antibiotics, 

primarily vancomycin, during surgery has gained traction in the spinal surgery field for 

use in prevention of surgical site infections. Although not as well-studied in orthopedic 

surgery, powdered vancomycin and tobramycin have been tested in rabbit implant 

models(36) and are used clinically.(37) Given the difficulty of treating a chronic, biofilm-

mediated infection, strategies that can target planktonic organisms before they establish 

biofilms have the potential to decrease health care costs and minimize morbidity.  

Biofilms in Cystic Fibrosis Lung Infections 

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the 

cystic fibrosis transmembrane conductance regulator (CFTR) channel, which secretes 

chloride and bicarbonate across epithelium. The Cystic Fibrosis Registry reported over 

31,000 patients in the United States in 2019.(38) CF is most common in Caucasian 

populations (~1/3200 births),(39) but also affects other ethnicities at lower rates. Because 

of defective chloride transport, CF patients have thickened mucus and secretions, which 

affects the function of the lungs, pancreas and intestines (see Figure 1.4). The loss of 

CFTR in the pancreas causes blockages of pancreatic ducts and prevents the release of 
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the pancreatic enzymes important in digestion and can result in malnutrition. Similarly, 

blockages of bile ducts also prevent the release of bile. Supplementation with pancreatic 

enzymes has improved nutrition, but the blockages can also cause damage to the pancreas 

and liver due to the accumulation of bile and digestive enzymes. CF patients are also 

predisposed to intestinal obstruction, and meconium ileus occurs in approximately 20% 

of CF patients.(40) Most male CF patients are infertile due to congenital absence of the 

vas deferens, and some female CF patients experience decreased fertility due to 

malnutrition and thickened cervical mucus. Significant improvements have been made in 

the survival of CF patients; however, the primary cause of death remains recurrent and 

chronic lung infections. 

In healthy lungs, the airways contain a thin mucus layer overlying a periciliary 

liquid layer. The mucus layer is comprised of mucins, proteins, lipids, ions, and water, 

and its function is to trap bacteria, viruses, allergens, and irritants. Through coordinated 

beating of the cilia, the mucus layer and trapped inflammatory stimuli are removed from 

the airway. This mucociliary clearance relies on proper hydration of the mucus and depth 

of the periciliary fluid layer. Hydration is largely maintained by ion channels in the 

epithelium, which create an osmotic gradient that drives the movement of water into the 

airway. CF, primary ciliary dyskinesia, and COPD are all chronic lung conditions that 

predispose patients to lung infections. Despite differences in the causative pathology, 

each condition converges on mucus obstruction and failure of mucociliary clearance. 

Mucus obstruction contributes to inflammation and worsened disease through hypoxic 

necrosis of airway cells and retention of inhaled irritants, leading to the generation of 

inflammatory signals and a positive feedback loop of lung damage.  
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Figure 1.4: Symptoms of Cystic Fibrosis 

Cystic fibrosis is a multisystem disease. Unusually salty sweat is a hallmark of the disease. 

Patients with cystic fibrosis are also predisposed to chronic and recurrent lung infections, bile 

duct blockages, liver cirrhosis, pancreatic insufficiency, malnutrition, pancreatitis, and intestinal 

obstructions. Men are often infertile due to congenital absence of the vas deferens, and women 

also often experience subfertility.   
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CFTR and ENaC 

The airway surface liquid (ASL) layer plays an important role in maintaining the 

health of the lung and control of the ASL volume, acidity, and composition necessary for 

antimicrobial defense. Although many channels are involved in maintaining lung 

homeostasis, two of the most important are CFTR and the epithelial Na+ channel (ENaC). 

In CF, the disruption of CFTR function leads to impaired chloride and bicarbonate 

secretion, resulting in dehydration and potentially acidification of the ASL. More than 

1950 CFTR mutations have been reported,(41) with ΔF508 being the most common, 

accounting for approximately 70% of CFTR mutant alleles.(42) CFTR proteins with a 

ΔF508 mutation do not fold properly and are not transported to the membrane. Other 

mutations cause CFTR to be truncated, incapable of transporting ions, or degraded 

quickly. ENaC is primarily responsible for sodium absorption in the lung, and its activity 

is thought to be increased in CF, contributing to ASL dehydration.(43) ENaC is 

comprised of α, β, and γ subunits.(44) The subunits contain two transmembrane helices 

and an extracellular domain that regulates the activity of the channel.(45) Upon 

proteolytic cleavage of the extracellular domains of either the α or γ subunits, the channel 

open probability increases, leading to an increase in sodium transport.(46, 47)  

ENaC and CFTR function together to maintain ASL hydration and lung 

homeostasis (see Figure 1.5). In CF, defective chloride secretion results in an increase in 

the electrostatic force that drives sodium absorption, and sodium absorption has been 

found to be increased in CF respiratory epithelium.(43, 48) The loss of ions in the ASL 

disrupts the osmotic pressure that ordinarily maintains ASL hydration. In addition, the 

loss of bicarbonate transport, which serves as a buffer, is thought to leave the ASL  
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Figure 1.5: Ion Transport in Healthy Lungs and Cystic Fibrosis Lungs 

Many channels are responsible for maintaining hydration of the ASL and mucus layers. In 

healthy lungs, CFTR permits the secretion of chloride and bicarbonate. The sodium transporter 

ENaC is inhibited by the protein SPLUNC1, so relatively little sodium is absorbed. H+ secreted 

by the H+/K+ exchanger ATP12A is buffered by the bicarbonate secreted by CFTR. In the CF 

lung, the absence or dysfunction of CFTR impedes the secretion of chloride and bicarbonate, 

disrupting both ion transport and pH buffering. Under acidic conditions, SPLUNC1 is less active, 

leading to over-activity of ENaC and increased sodium absorption. The loss of ion transport 

prevents the development of the osmotic force that drives fluid movement, resulting in the 

dehydration of the mucus layer and the compression of the cilia.  
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vulnerable to drops in pH. Under neutral conditions, the secreted innate defense protein 

short-palate lung and nasal epithelial clone 1 (SPLUNC1) inhibits the function of ENaC  

by causing the α and γ subunits to internalize, preventing excessive sodium 

absorption.(49) Under acidic conditions, SPLUNC1 cannot regulate ENaC, resulting in 

increased sodium absorption and ASL dehydration.(50) Water moves out of the mucus 

layer, and then the dehydrated mucus compresses the cilia and prevents mucociliary 

clearance. 

Bacteria and viruses can target ENaC and CFTR 

Ion channels are common targets of bacterial virulence factors. One of the best 

known is cholera toxin, which targets CFTR in the small intestine by ADP ribosylating 

Gs, leading to the constitutive activation of adenylate cyclase and increasing intracellular 

cAMP. The increase in cAMP activates CFTR and causes chloride secretion, creating an 

osmotic drive for the movement of water into the intestinal lumen and resulting in severe, 

often life-threatening, diarrhea. In fact, it has been hypothesized that CFTR mutations are 

maintained in the population due to a heterozygote advantage that protects against severe 

cholera,(51) but evidence to support this hypothesis is mixed.(52-54) 

Pulmonary infections with viral and bacterial pathogens have been shown to 

affect ion transport. Mice infected with respiratory syncytial virus (RSV) develop 

reduced airway fluid clearance, leading to impaired gas exchange and hypoxemia. RSV 

commonly exacerbates asthma and can cause serious lung infections in children and the 

elderly. The effects of RSV on ion transport have been traced to several mechanisms. 

Expression of mRNA for α and β ENaC subunits declined in infected cells, and iNOS 
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induction and UTP production led to decreased ENaC activity.(55) Other viruses, such as 

influenza A and Sendai virus, have also been shown to inhibit ENaC.(56, 57)  

P. aeruginosa has also been shown to influence ENaC activity both directly and 

indirectly. High levels of P. aeruginosa alkaline protease, a zinc metalloprotease, in 

sputum are a poor prognostic indicator in CF. P. aeruginosa isolates that secrete high 

amounts of alkaline protease can proteolytically activate the γ subunit of ENaC. By 

increasing the activity of ENaC, it is thought that P. aeruginosa infection contributes to 

the decrease in ASL and mucociliary clearance observed in CF. On the other hand, P. 

aeruginosa flagellin expression has been found to decrease ENaC activity indirectly. 

Flagellin binds to the cell surface glycolipid asialoGM1, which leads to a cascade of 

alterations to intracellular second messengers and ENaC inactivation.(58) This 

mechanism could be a host response meant to improve mucociliary clearance of 

pathogens. It is important to note, however, that P. aeruginosa frequently loses flagella 

expression as it converts to a biofilm mode of growth and adapts to the CF lung. In fact, 

alkaline protease degrades flagellin, presumably to avoid immune detection via 

TLR5.(59) 

Pathogens can also target chloride secretion. P. aeruginosa produces Cif, a 

hydrolase that decreases the number of CFTR channels on apical membranes, causing 

decreases in mucociliary clearance. Mice infected with Cif-mutant P. aeruginosa cleared 

bacteria from the lungs more effectively.(60) Unlike many other P. aeruginosa virulence 

factors, expression of Cif does not seem to decrease over time in chronic infections.(61) 

Because CF patients already often have low numbers of CFTR or dysfunctional CFTR on 

the membrane, Cif might not have a significant impact on chloride secretion. On the other 



17 

 

hand, patient outcomes have been improved by partial rescue of CFTR(62, 63), 

illustrating that small decreases in CFTR function can have a clinically significant 

impact.(64) Taken together, these results suggest that pathogens have evolved multiple 

mechanisms of inducing mucociliary clearance defects in order to permit their survival in 

the host. 

The Microbiology of CF Lung Infections 

The rise of 16s rRNA sequencing has led to an increased appreciation for the 

diversity of microbes that colonize the CF lung. Even healthy lungs are not sterile, rather, 

they are constantly exposed through inhalation to the microorganisms of the outside 

environment and the oropharynx. Although the bacterial numbers in healthy lungs are 

relatively low, the diversity of species is typically high. Avoiding contamination from 

upper airway flora when sampling the lung microbiome is challenging, and many of the 

bacteria recovered from the lungs are also recovered from the upper respiratory tract, 

such as Streptococcus, Prevotella, and Veillonella genera.(65) Organisms that are more 

abundant in the lungs than the oral cavity have been reported to include Haemophilus, 

Enterobacteriaceae, Pseudomonas, Fusobacterium, and Porphyromonas.(65-67) In the 

setting of CF, patients lose microbial diversity as a few pathogenic species dominate the 

lungs, which correlates with loss of pulmonary function.(68) 

Cystic fibrosis patients are predisposed to bacterial, fungal, and viral lung 

infections. Viral infections are common causes of pulmonary exacerbations in CF, and 

RSV and influenza infections, in particular, have been linked to lung function decline in 

children.(69-71) Aspergillus and Candida species are among the most common fungal 

colonizers in CF.(72) S. aureus, P. aeruginosa, Haemophilus influenzae, 
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Strenotrophomona maltophilia, and Achromobacter species are the most common 

etiological agents of bacterial lung infections (see Figure 1.6A), although nontuberculous 

mycobacterium are increasing in frequency and Burkholderia cepacia complex organism 

infections are particularly dangerous. S. aureus is the most common bacteria in CF 

patients, particularly in children and young adults, and it has increased in frequency in 

recent years. Although P. aeruginosa frequency has gradually declined with 

improvements in CF treatment, it is the predominant pathogen in older patients (see 

Figure 1.6B). CF patients are frequently colonized by a mixture of viruses, bacteria, and 

fungi, creating a complex environment in which multiple species interact with each other 

and the immune system over prolonged periods of time. 

Staphylococcus aureus in CF 

S. aureus has long been recognized as a common bacteria in the CF lung. Dorothy 

Andersen, the pediatrician and pathologist who identified and described CF in 1938,(73) 

noted that S. aureus was often the infecting organism in bronchitis in infants with CF.(74) 

S. aureus is particularly common in younger patients, and gradually declines in 

prevalence as patients get older. S. aureus prevalence in CF patients varies significantly 

by country. In the United States, 70.3% of CF patients carried S. aureus (25% 

methicillin-resistant S. aureus (MRSA)),(75) whereas in the United Kingdom, 25.8% of 

pediatric patients carried S. aureus (2.3% MRSA).(76) 

Whether S. aureus should be considered a pathogen in CF or normal flora is 

controversial. In the US, S. aureus is detectable in up to 48% of healthy infants’ 

oropharyngeal swabs.(77) One study found that the prevalence of S. aureus in the  
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Figure 1.6: Prevalence of Bacterial Infections in Cystic Fibrosis Patients 

S. aureus is the most frequently isolated pathogen in patients with cystic fibrosis (A). The 

prevalence of S. aureus declines as patients age. In contrast, the prevalence of P. aeruginosa 

increases with age (B). 

Reprinted with Permission  
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oropharynx of healthy infants was 27%, compared to 28% in infants with CF,(78) 

suggesting that CF infants were not more likely to be colonized by S. aureus. In contrast,  

the Australian Respiratory Early Surveillance Team for CF (AREST CF) cohort study 

found that the isolation of S. aureus at three years of age predicted reduced lung function 

and increased bronchiectasis in the following years.(79) The Copenhagen CF Centre has 

reported that patients (median age 16.5 years) with S. aureus who were treated with 2-6 

weeks of antibiotics saw a 3.3% improvement in forced expiratory volume in one second 

(FEV1).(80)  

In addition, some studies have suggested that S. aureus is protective against future 

infection with P. aeruginosa, whereas others have found that S. aureus predisposes 

patients to P. aeruginosa infections. The controversy regarding whether S. aureus should 

be treated as a pathogen has led to differing guidelines for patient care between countries. 

In the UK, it is recommended that CF patients be given prophylactic antibiotics to 

prevent S. aureus infection until the age of three. In contrast, in the United States, it is not 

recommended that CF patients receive prophylactic antibiotics against S. aureus.(81) CF 

patients in the United States tend to become infected with S. aureus and P. aeruginosa at 

younger ages than patients in the UK; however, children in the UK who were prescribed 

the first-line antibiotic flucloxacillin to prevent S. aureus were actually more likely to 

become infected with P. aeruginosa than those who did not receive prophylaxis.(82) In a 

review of anti-staphylococcal prophylaxis trials, children who received prophylaxis were 

less likely to become infected with S. aureus, but the effects of anti-staphylococcal 

prophylaxis on the likelihood of contracting P. aeruginosa were less clear. There was a 



21 

 

trend towards decreased P. aeruginosa infections with prophylaxis at two to three years-

old, but an increased P. aeruginosa infection rate at four to six years-old.(83) 

Although the evidence that S. aureus is a pathogen in CF is mixed, MRSA is 

significantly more pathogenic than methicillin-susceptible S. aureus (MSSA). Both 

MSSA and MRSA increased in frequency in CF patients between 1995 and 2005(84) and 

continue to increase in prevalence, although the rise could be due to increased sensitivity 

of testing. Patients with MRSA infections had lower FEV1, more rapid lung function 

decline, and higher hospitalization rates than patients with MSSA.(85, 86) In a review of 

the medical charts of 19,833 CF patients between 1996 and 2006, patients with MRSA 

had a higher risk of death than those without MRSA infections.(87) A recent study 

examined the efficacy of MRSA treatment with rifampin and 

trimethoprim/sulfamethoxazole. The sample size was small, but there was a trend toward 

MRSA eradication leading to improvements in FEV1.(88) 

S. aureus is known to adapt to its environment by becoming small-colony variants 

(SCVs) (see Figure 1.7) in CF as well as chronic bone and wound infections. SCVs are 

often selected in response to P. aeruginosa exoproducts or antibiotic exposures acting 

upon the S. aureus metabolism. The S. aureus SCV is distinguished by reduced metabolic 

activity, slowed growth, and an increased ability to initiate intracellular infection.(89) In 

the setting of CF, SCVs have been shown to resist P. aeruginosa clearance.(90) SCVs 

often lack functional electron transport chains, relying instead on glycolysis and 

fermentation for energy,(91) which could be linked to an ability to resist oxidative 

bursts.(92) In bronchial epithelial cell lines, infection with a S. aureus SCV elicited a 

reduced innate immune response compared to a wildtype S. aureus strain, which may   
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Figure 1.7: S. aureus Small Colony Variants 

S. aureus small colony variants are characterized by loss of pigmentation and small size of the 

colonies. 

Reprinted with Permission 
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contribute to the ability of SCVs to evade the host immune response and establish chronic 

infection.(93) Because SCVs grow poorly on standard laboratory media, they often go 

undetected, limiting knowledge of their prevalence and their contributions to lung 

function deterioration in CF. In a recent multi-center two-year study of pediatric CF 

patients, 28% of patients were infected with SCVs. Infection with SCVs was 

independently associated with worse lung disease.(94) 

Pseudomonas aeruginosa in CF 

The opportunistic pathogen P. aeruginosa is a major cause of morbidity and 

mortality in CF. By age 20, up to 70% of CF patients are intermittently colonized by P. 

aeruginosa,(95, 96) although in recent years the percentage of patients infected with P. 

aeruginosa has slightly declined (see Figure 1.6). This improvement has been attributed 

to the aggressive use of antibiotics to prevent and eradicate infections. Although 

antibiotic therapy can successfully treat early P. aeruginosa infections,(97) eventually, 

most patients become chronically infected. Once a chronic P. aeruginosa infection is 

established, it cannot usually be eradicated. 

Patients most often acquire P. aeruginosa from their environment, although 

patient-to-patient transmission has been observed.(98, 99) P. aeruginosa is ubiquitous 

and capable of surviving in soil or in sinks and showerheads. In one study that attempted 

to isolate P. aeruginosa from the homes of CF patients, P. aeruginosa was recovered 

only in a minority of homes and tended to be found more frequently in drains than in 

sinks or showerheads.(100) Another study sampled households with CF patients and 

without CF patients and also found that drains were most likely to be colonized.(101) 

Neither study was able to conclude whether the drains were the source of patients’ 
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infections, possibly contaminated by the patient, or were unique P. aeruginosa isolates 

unrelated to the patient. The sources of P. aeruginosa infection in CF remain uncertain. 

Except in cases where there has been patient-to-patient transmission, patients are 

initially infected with a unique P. aeruginosa isolate. In the early stages of infection, the 

infection is thought to be clonal, but as the infection progresses, P. aeruginosa adapts to 

the CF lung and diversifies. The CF lung environment is heterogeneous, changes over 

time, and presents bacteria with a variety of stressors, such as antibiotic exposures, 

osmotic(102) and oxidative stress,(103) and interactions with immune cells and other 

microbes. This stressful environment exerts a selective pressure, resulting in the 

diversification of the initial P. aeruginosa isolate into multiple lineages, each with their 

own phenotype, leading to significant P. aeruginosa diversity within a single 

patient.(104) P. aeruginosa isolates from chronically infected CF patients differ from 

environmental isolates and isolates from acute infections. Environmental P. aeruginosa 

isolates are typically motile, virulent, and non-mucoid, whereas isolates from chronically-

infected CF patients are frequently antibiotic-resistant, non-motile, mucoid, and less 

virulent. Many of these recurrent phenotypic traits were observed in P. aeruginosa 

passaged through media that matches the nutritional composition and viscosity of CF 

sputum, demonstrating that the nutritional complexity of the CF lung can drive P. 

aeruginosa diversification.(105) 

Hypermutation 

Surviving in the heterogeneous and changing CF lung favors bacteria with high 

mutation rates, termed hypermutators. High mutation rates are thought to confer a 

selective advantage by permitting the faster selection of bacteria with favorable 
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adaptations. The influx of neutrophils into the CF lung creates a highly inflammatory 

environment and releases reactive oxygen species, which damage both the lung tissue and 

bacterial DNA. Most hypermutators carry mutations in the mismatch repair genes mutS 

or mutL,(106) leading to failure of DNA repair and a 100-1000-fold increase in mutation 

rate. Most mutations are predicted to be deleterious, but favorable mutations that arise 

can be strongly selected, and the hypermutator phenotype is then selected by association. 

Although only ~1% of P. aeruginosa isolates from acute infections in the intensive care 

unit (ICU)(107) and 6-10% from the environment or early CF infections are 

hypermutators,(108) between 30-55% of patients with chronic CF infections carry 

hypermutable P. aeruginosa.(106, 109, 110) Hypermutable H. influenzae(111) and S. 

aureus(112) have also been isolated from CF patients. The appearance of hypermutable 

P. aeruginosa accelerates the adaptation to the CF airway and is linked to the 

development of antibiotic resistance and other mutations.  

Loss of Motility 

Initial P. aeruginosa colonization of the CF airway requires adhesion and 

motility, imparted by the expression of flagella and pili. Planktonic P. aeruginosa 

expresses a polar monotrichous flagellum and type IV pili that drive swimming and 

twitching motility, respectively. Without functional flagella(113) or pili,(114) P. 

aeruginosa displays a colonization defect. As infection progresses, flagella expression is 

often lost. In a study of over a thousand P. aeruginosa isolates from 20 CF patients, 

39.5% of the isolates were non-motile, most often due to lack of flagellin expression. In 

contrast, only 1.41% of environmental isolates and 3.66% of non-CF infection isolates 

were non-motile.(115) The loss of motility corresponds with more severe disease(116) 
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and the development of several phenotypes that aid in the establishment of a chronic 

infection. Flagella are recognized via the innate immune receptor Toll-like receptor 

(TLR) 5, so decreasing flagellar expression could help P. aeruginosa evade recognition 

by the immune system. Loss of swimming motility, independent of flagella expression, 

has also been shown to help P. aeruginosa evade phagocytosis(115, 117) and to decrease 

the production of superoxide from neutrophils.(118) The mechanism by which swimming 

motility is sensed by the host cell is unknown, but it is believed to activate the host 

PI3K/Akt signaling pathway, leading to decreased phagocytic activity.(119) Loss of 

motility also correlates with biofilm development, permitting P. aeruginosa to better 

evade clearance by the host immune system and antibiotics.  

Loss of Virulence Factors 

During airway adaptation, P. aeruginosa tends to lose expression of specific 

virulence factors. The secretion of virulence factors is thought to be important in the 

establishment of acute infections, but their role in maintaining chronic infections is not 

well understood. For example, environmental P. aeruginosa isolates normally have 

functional type III secretion systems, but type III protein secretion declines over the 

progression of chronic CF P. aeruginosa infection.(120) Mutations in key regulatory 

genes required for toxin production such as lasR, gacS, retS, and ampR have been shown 

to contain mutations in P. aeruginosa CF isolates.(121, 122) LasR is a key transcriptional 

regulator in the function of P. aeruginosa quorum sensing. Quorum sensing is a system 

of cell density dependent regulation, which permits microbial communities to 

communicate and coordinate their gene expression. In a study of 166 isolates from 58 

pediatric CF patients with P. aeruginosa infections, 31% of isolates were lasR 
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mutants.(123) Another study found that 19 of 30 CF patients carried P. aeruginosa 

isolates with lasR mutations,(124) suggesting that these mutant isolates are selected in the 

CF airway. The presence of lasR mutations correlated with a faster decline in FEV1,(123) 

and lasR mutants have been found to display increased β-lactamase activity and show a 

growth advantage using amino acids that are abundant in the CF lung.(125) Along with 

the Rhl quorum sensing system, LasR regulates the expression of a many virulence 

factors, such as elastase, pyocyanin, and rhamnolipids.  P. aeruginosa quorum sensing is 

complex and involves at least four sets of quorum sensing genes with connected 

regulation, and some CF lasR mutant isolates have been reported to have uncoupled a 

downstream quorum sensing system from lasR regulation.(126) Although the loss of 

virulence factors has been hypothesized to help P. aeruginosa evade the immune system 

and transition from an acute to a chronic infection, many virulence factors, such as 

pyocyanin (the redox-active toxin that gives P. aeruginosa its blue-green color), are still 

detected in the sputum of chronically infected CF patients.(127) 

Antibiotic Resistance 

CF patients are often treated with prolonged courses of antibiotics, creating a 

selective pressure for the evolution of antibiotic resistance. P. aeruginosa is intrinsically 

resistant to multiple antibiotics, such as β-lactams and older cephalosporins, due to the 

low permeability of its membrane, expression of several efflux pumps, and a 

chromosomally-encoded β-lactamase. In addition, biofilm formation provides P. 

aeruginosa with an additional mechanism of antibiotic tolerance. Biofilms are inherently 

antibiotic tolerant because they provide barriers to antibiotic penetration, and more 

importantly, many of the cells within the biofilm are metabolically quiescent and thus 
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less vulnerable to many antibiotics. P. aeruginosa isolates from CF patients have been 

found to contain mutations in mexT, a global regulator of drug-related efflux pumps, 

leading to increased efflux pump activity.(128)  

Mucoidy 

The transition to chronic P. aeruginosa infection in CF is often marked by the 

development of mucoid isolates. Mucoid P. aeruginosa overproduce the 

exopolysaccharide alginate, one of the primary polysaccharide components of P. 

aeruginosa biofilms, alongside the polysaccharides Psl and Pel. The overproduction of 

alginate gives P. aeruginosa colonies a shiny or mucoid appearance when grown on a 

plate (see Figure 1.8). The alternative sigma factor AlgU/T activates transcription of the 

algD operon (PA3540-PA3551), which encodes alginate biosynthesis. Ordinarily, the 

anti-sigma factor MucA regulates AlgU/T activity by sequestering AlgU/T to the inner 

membrane, preventing access to the chromosome (see Figure 1.9). Cell wall stress, 

particularly through the interruption of peptidoglycan synthesis, leads to release of 

AlgU/T and induction of alginate production.(129) Mutations in mucA, as well as other 

mutations, result in constitutive activity of the algD operon and alginate overproduction. 

Mucoid P. aeruginosa is very rarely observed in nature,(130) but is selected for and 

common in the CF lung. (131, 132) The development of mucoid P. aeruginosa is linked 

to pulmonary exacerbations,(133) co-infection with S. aureus,(134) increased antibiotic 

tolerance,(135) resistance to opsonization and phagocytosis,(136, 137) and worsened 

lung function deterioration.(138) 
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Figure 1.8: Appearance of Mucoid P. aeruginosa 

Mucoid P. aeruginosa overproduces the polysaccharide alginate, giving colonies a shiny 

appearance when grown on a plate. 

Reprinted with Permission 
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Figure 1.9: MucA Mutations Lead to the Development of Mucoidy 

The anti-sigma factor MucA regulates the alternative sigma factor AlgT/U by binding and 

sequestering it. Mutations in MucA that disrupt binding to AlgT/U result in the unregulated 

activation of the algD operon and the over-production of the polysaccharide alginate.  
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Lipid A Modifications 

In gram-negative bacteria, lipopolysaccharide (LPS) comprises the majority of the 

outer leaflet of the outer membrane and plays an important role in maintaining the barrier  

function of the membrane. The structure of LPS is composed of lipid A, a core 

oligosaccharide, and an O-antigen. Lipid A serves as the membrane anchor and is also the 

minimal component of LPS that is recognized by the host innate immune response via the 

TLR4/MD-2 receptor.  Lipid A is comprised of acyl chains coupled via N and O-linkages 

to a disaccharide backbone, usually with two terminal phosphate groups at the 1 and 4’ 

positions of the sugars. The structure of lipid A can vary in the number and length of acyl 

chains, the number of terminal phosphates, and through the addition of positively-

charged groups to the negatively-charged phosphates (see Figure 1.10). Because the 

structure of lipid A varies between bacterial species, it can be used to identify 

bacteria.(139) Within bacteria species, lipid A structure can be modified in response to 

environmental conditions and antimicrobial exposures.  

P. aeruginosa has been shown to modify its lipid A in the setting of the CF lung. 

In P. aeruginosa, the deacylase PagL removes a C10 acyl chain from the hexa-acylated 

lipid A on the outer membrane, leaving a penta-acylated structure. Although most 

laboratory and environmental P. aeruginosa strains produce the penta-acylated lipid A, a 

hexa-acylated lipid A is found in CF isolates.(140) This hexa-acylated structure contains 

an additional palmitate due to the actions of the acyltransferase PagP.(141) In addition, in 

patients with severe airway disease, P. aeruginosa has been reported to produce a hepta-

acylated lipid A, due to the loss of PagL activity.(142) The increase in acyl chains 

correlates with an increase in inflammatory potential, although the role of a more  
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Figure 1.10: P. aeruginosa Lipid A Modifications and Enzymes 

P. aeruginosa can modify its lipid A in response to environmental conditions by altering the 

number of acyl chains, adding additional phosphate groups, and adding positively-charged 

moieties to the terminal phosphates. Color of the modification corresponds to the enzyme 

responsible for the modification. 

Reprinted with Permission   



33 

 

inflammatory lipid A in CF pathogenesis is unclear. In addition to increases in acylation, 

the enzyme ArnT adds 4-amino-4-deoxy-L-arabinose to the terminal phosphate groups. 

The addition of 4-amino-4-deoxy-L-arabinose residues offsets the negative charges of the  

phosphate groups. By masking the negative charges, P. aeruginosa is thought to become 

more resistant to positively-charged antimicrobial peptides, such as polymyxin B or 

colistin (polymyxin E).  

Staphylococcus aureus and Pseudomonas aeruginosa Interactions 

In addition to CF, polymicrobial infections with S. aureus and P. aeruginosa are 

found in other human diseases, including other respiratory diseases, such as 

bronchiectasis, primary ciliary dyskinesia, ventilator-associated pneumonia, and chronic 

obstructive pulmonary disease. Co-infection with P. aeruginosa and S. aureus also 

commonly occurs in post-traumatic orthopedic infections and chronic wounds.(143-149) 

Because of the ability of both S. aureus and P. aeruginosa to form biofilms, as well as the 

chronic nature of these diseases, S. aureus, P. aeruginosa, and the host immune system 

can interact for prolonged periods. In both chronic wounds, as well as the CF lung, 

polymicrobial infections with S. aureus and P. aeruginosa are associated with worse 

clinical outcomes. Patients with CF-associated diabetes are especially likely to be co-

infected.(150) The interplay between S. aureus and P. aeruginosa is complex and relies 

on elements of both competition and cooperation. 

Generally, CF patients are colonized with S. aureus early in life, with P. 

aeruginosa infections occurring later. P. aeruginosa eventually predominates (see Figure 

1.11), leading to inflammation and lung destruction, suggesting that P. aeruginosa 

outcompetes S. aureus in the CF lung. Individual patients, however, can be co-infected  
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Figure 1.11: The Effects of Patient Age on Bacterial Infections 

Young patients are predominantly infected with S. aureus, but as they get older, P. aeruginosa is 

introduced and eventually becomes the dominant species in the lung. 

Reprinted with Permission   
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with both S. aureus and P. aeruginosa for years. The extent to which prior S. aureus 

infections predispose patients to later P. aeruginosa infections is uncertain. S. aureus has 

been identified as a risk factor for P. aeruginosa infections in studies of CF pediatric 

patients;(151, 152) however, S. aureus has also been shown to be protective against 

mucoid P. aeruginosa infection.(153) In a murine agar bead infection model, S. aureus 

was shown to help P. aeruginosa infect the airways,(154) and in an acute pneumonia 

model, P. aeruginosa helped S. aureus colonize the lungs.(155) 

The interactions of P. aeruginosa and S. aureus are well-studied (see Figure 

1.12), but difficulties in modeling the growth of these organisms in clinical scenarios 

remain. Much of what is known about the in vitro dynamics of P. aeruginosa and S. 

aureus co-cultures originates from studies of planktonic conditions. These planktonic 

studies are informative and practical; however, because CF is characterized by chronic 

biofilm infections, it is particularly important to take into account the biofilm mode of 

growth and the role of the host immune response in order to avoid missing unique 

properties in bacterial competition. Additional challenges include matching the nutrient 

availability in a host and replicating the extended time period of bacterial interactions 

observed in CF and chronic wounds. In vivo modeling systems have the advantages of 

incorporating an immune system and more closely matching human disease, but even 

these models have been hampered by the difficulty of reproducing CF-like phenotypes. 

The presence of S. aureus and other gram-positive bacteria has been shown to 

elicit the production of P. aeruginosa exoproducts that can alter virulence towards S. 

aureus or the host. P. aeruginosa senses autoinducer-2, a quorum-sensing molecule 

produced by S. aureus and other microbes, and N-acetyl glucosamine, a component of the  
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Figure 1.12: S. aureus and P. aeruginosa Interactions 

S. aureus and P. aeruginosa are known to interact in a multitude of ways. P. aeruginosa senses S. 

aureus by detecting N-acetyl glucosamine (a component of the gram-positive cell wall) and the 

quorum sensing signal autoinducer-2. These signals lead to increased P. aeruginosa virulence. P. 

aeruginosa can secrete the protease LasA and the elastase LasB, which can disrupt S. aureus 

biofilms and even lyse S. aureus. The lysis of S. aureus releases iron, which P. aeruginosa can 

utilize. P. aeruginosa also produces the alkylquinolone HQNO and the redox-active phenazine 

pyocyanin, which interfere with the S. aureus electron transport chain and force S. aureus to shift 

to fermentative metabolism and adopt a small colony variant phenotype. S. aureus small colony 

variants demonstrate increased antibiotic tolerance and intracellular survival. The production of 

lactate through fermentation can aid P. aeruginosa growth by serving as a carbon source. In 

addition to affecting S. aureus metabolism, pyocyanin can also interfere with lung physiology by 

inhibiting ciliary beat and phagocytosis by macrophages. The host immune system can also 

mediate interactions between S. aureus and P. aeruginosa. P. aeruginosa elicits the production of 

a host phospholipase A2, which S. aureus is more sensitive to than P. aeruginosa. S. aureus can 

aid P. aeruginosa in evading the immune system by secreting protein A, which protects P. 

aeruginosa from phagocytosis. Although P. aeruginosa can compete with S. aureus through 

many mechanisms, mucoid P. aeruginosa tends to be more likely to coexist with S. aureus. The 

polysaccharide alginate has been shown to protect S. aureus from P. aeruginosa by decreasing P. 

aeruginosa virulence.  
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gram-positive peptidoglycan cell wall. Exposure to autoinducer-2 leads to increased P. 

aeruginosa biofilm formation and upregulation of several virulence genes,(156) while the 

presence of N-acetyl glucosamine activates the Pseudomonas Quinolone Signal (PQS) 

quorum sensing system, which controls the production of virulence factors such as 

pyocyanin, rhamnolipids, elastase LasB, and the alkylquinolone 4-hydroxy-2-

helptylquinoline-N-oxide (HQNO). In a Drosophila model of polymicrobial infection, 

the two-component response regulator AgtR (PA0601) was found to be required for the 

sensing of N-acetyl glucosamine and the increase in P. aeruginosa virulence.(157) 

Among the P. aeruginosa genes known to be upregulated following exposure to gram-

positive organisms are genes involved in production of the virulence factors elastase 

LasB, rhamnolipids, exotoxins, and phenazines.(156) The P. aeruginosa elastase LasB 

has been shown to trigger the dispersal of S. aureus biofilms(158) and damage the lung 

tissue.(159)  Rhamnolipids function as surfactants and can intercalate into cell 

membranes, permeabilizing the membranes of both host cells and other microbes. 

Exotoxins secreted through type III secretion systems are cytotoxic and help P. 

aeruginosa resist clearance by the immune system. Interactions between S. aureus and P. 

aeruginosa in vivo are not as well-studied, but P. aeruginosa has been shown to elicit the 

production of a host phospholipase A2 that kills S. aureus at lower concentrations than P. 

aeruginosa.(160) This finding illustrates the importance of the host immune response in 

determining the outcomes of polymicrobial infections. 

Competition for iron also drives S. aureus and P. aeruginosa interactions in vitro 

and in vivo. Iron is essential for most microbial pathogens, but free iron is limited in the 

host due to the sequestration of iron by host proteins, such as lactoferrin and transferrin; 
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however, iron levels are higher in the CF lung than in healthy airways.(161-163) To 

obtain iron, microbes produce siderophores that chelate iron and permit its uptake 

through siderophore receptors. Both S. aureus and P. aeruginosa produce siderophores, 

although S. aureus has been shown to preferentially uptake heme over siderophores.(164) 

During co-culture in a rat peritoneal model, P. aeruginosa has been shown to lyse S. 

aureus, liberating iron for use by P. aeruginosa.(165) P. aeruginosa is thought to lyse S. 

aureus through the protease LasA, which can degrade pentaglycine in the S. aureus cell 

wall.(166) 

P. aeruginosa secretes several compounds known to affect S. aureus respiration, 

such as HQNO,(167) pyocyanin, hydrogen cyanide, and the siderophores pyochelin and 

pyoverdine.(90) The P. aeruginosa phenazine pyocyanin is a redox-active virulence 

factor that helps P. aeruginosa establish infections.(168) It has been detected in CF 

sputum at concentrations up to 100 uM.(127) Pyocyanin damages the airway, induces 

cilia dysfunction, and also inhibits S. aureus oxidative respiration. HQNO is produced by 

the PQS quorum-sensing system and has long been shown to suppress S. aureus 

growth.(169) By impairing the electron transport chain, these compounds force S. aureus 

towards fermentative metabolism and SCV phenotypes. In co-culture, S. aureus 

upregulates genes associated with fermentation and produces lactic acid. P. aeruginosa is 

capable of using lactic acid as an energy source, even preferentially over glucose.(90)  

HQNO exposure also alters S. aureus tolerance to multiple classes of antibiotics. 

Because a functional electron transport chain is required for the uptake of 

aminoglycosides,(170) S. aureus SCVs become tolerant to tobramycin and other 

aminoglycosides. HQNO has also been shown to decrease the susceptibility of S. aureus 
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towards cell wall-targeting antibiotics, such as vancomycin and oxacillin, presumably by 

decreasing the growth rate of S. aureus.(171) On the other hand, HQNO increases 

membrane fluidity and makes S. aureus more vulnerable to antibiotics and antiseptics 

that target the cell membrane.(172) Taken together, these studies demonstrate that P. 

aeruginosa can impair S. aureus growth and outcompete S. aureus metabolically, but S. 

aureus resists complete elimination by converting to SCV phenotypes, which also leads 

to an increase in antibiotic tolerance. These bacterial interactions can potentially affect 

clinical outcomes, as SCVs are associated with steeper declines in lung function and 

antibiotic resistance limits treatment options.(94) 

Although laboratory adapted strains and early CF isolates of P. aeruginosa tend to 

outcompete S. aureus in vitro, P. aeruginosa isolates from chronic CF infections has been 

reported to be less antagonistic towards S. aureus. In a co-culture study that used 

longitudinal samples of a P. aeruginosa CF isolate that had adapted to CF airways over 

decades, later isolates exhibited commensal interactions with S. aureus in vitro.(173) S. 

aureus supernatants were also observed to induce P. aeruginosa SCV, which permitted 

the P. aeruginosa isolates to grow on agar containing inhibitory concentrations of 

tobramycin, gentamicin, or ciprofloxacin.(173) Similarly, in vitro and in vivo competition 

studies of S. aureus with a collection of early and late CF P. aeruginosa isolates 

demonstrated that late P. aeruginosa clinical isolates are much less antagonistic towards 

S. aureus in both planktonic and biofilm cultures.(174) Interestingly, each of the late CF 

isolates was mucoid, and some were also hypermutable, whereas none of the early 

isolates showed these phenotypes. Mucoid isolates tend to promote coexistence with S. 

aureus,(134) and the addition of exogenous alginate to co-cultures can protect S. aureus 



40 

 

from killing by non-mucoid P. aeruginosa in planktonic and biofilm co-culture 

models.(175) The presence of alginate is linked to the downregulation of P. aeruginosa 

genes involved in siderophore production and the PQS quorum-sensing system, which are 

required for P. aeruginosa to outcompete S. aureus.(175) 

Although most research has focused on how P. aeruginosa impacts S. aureus, S. 

aureus secretes a large repertoire of virulence factors and exoproducts that can potentially 

influence P. aeruginosa. For example, S. aureus secretes protein A, which binds to 

human immunoglobulins and other molecules and protects S. aureus from phagocytosis. 

Protein A can also bind to P. aeruginosa type IV pili and the exopolysaccharide Psl, 

leading to the disruption of P. aeruginosa biofilm formation, as well as protection of P. 

aeruginosa from phagocytosis.(176) Even though P. aeruginosa generally inhibits S. 

aureus in vitro, S. aureus can also benefit from interactions with P. aeruginosa. In 

addition to the increase in antibiotic tolerance that accompanies conversion to a SCV 

phenotype, S. aureus SCVs are also better able to survive intracellularly.(89) In a study 

of transcriptional alterations triggered by co-culture with P. aeruginosa, the transporter 

genes norA and norC were upregulated when S. aureus and P. aeruginosa grew as 

commensals.(177) The Nor efflux pumps contribute to resistance to tetracycline and 

ciprofloxacin, demonstrating an additional mechanism by which P. aeruginosa can elicit 

antibiotic resistance in S. aureus.  

Animal Models of CF 

CF animal models are essential for studying the pathophysiology of CF and for 

the evaluation of novel therapeutics. Both CFTR knockout mice and CFTR mutant mice 

carrying mutations observed in human CF have been developed and characterized, but 
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the study of CFTR mutations has been hampered by the failure of CF model mice to 

develop CF-like lung disease. As a result, rat, ferret, rabbit, and pig CFTR knockout and 

mutant models have been engineered (reviewed in (178)). Rats have the advantages of a 

short gestation time, early maturity, and lower husbandry expenses than larger animals. 

In addition, the physiology of rats is well-characterized, and rat-specific molecular tools 

are available for use with this model. Ferrets and pigs are similar to humans in lung 

physiology and share 95% amino acid conservation with human CFTR. (Mice and human 

CFTR share 78% amino acid identity).  Although pigs and ferrets have historically been 

used to model human pulmonary infections, they carry higher animal husbandry costs 

and have fewer molecular tools available. Species-specific differences in physiology and 

the distribution of CFTR and other channels have resulted in variation in the phenotype 

of each animal model (see Figure 1.13). 

Rat CF Models 

CFTR knockout rats show reductions in periciliary liquid depth and develop 

acidic airways.(179) Although mucociliary clearance rates are normal in young CF rats, 

as the rats age, they develop submucosal gland hypertrophy, which leads to increased 

mucus viscosity and impaired mucociliary clearance. By six months of age, CF rats 

develop mucus plugging, but spontaneous infection and inflammation have not been 

reported. Although decreased clearance of P. aeruginosa in the CF rat has been 

reported,(178) further study of bacterial infections and the immune response to infection 

is necessary. 
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Figure 1.13: Animal Models of Cystic Fibrosis 

Pigs, ferrets, rabbits, rats, and mouse CFTR mutant or knockout models have all been developed 

for the study of cystic fibrosis. Although pigs and ferrets demonstrate many of the features of 

human cystic fibrosis, rats and mice are less likely to develop pulmonary phenotypes or chronic 

infections, impeding the study of this aspect of cystic fibrosis. 

? = not studied 
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Ferret CF Models 

Ferrets have been a promising CF model because of their lungs’ anatomical 

similarities to human lungs, such as the distribution of submucosal glands that express 

high levels of CFTR through the trachea and into the bronchi.(180) CFTR knockout  

ferrets present with many of the same pathologies as CF patients. They develop mucus 

obstruction, impaired mucociliary clearance, goblet cell hyperplasia, and inflammatory 

infiltrate in the airway lumen. Unlike many CF models, CF ferrets develop spontaneous 

lung infections, usually with Streptococcus or Staphylococcus species.(181) Lung 

infections in CF ferrets are severe and progress more rapidly than the chronic infections 

that characterize CF in humans. In addition to lung pathology, CF ferrets display 

pancreatic disease, liver disease, and malnutrition.(181) Maintaining CF ferrets requires a 

great deal of treatment and husbandry. Gut-corrected ferrets have been developed to 

avoid mortality from meconium ileus shortly after birth, but CF ferrets also require 

continuous treatment with a cocktail of antibiotics to prevent death from lung infection. 

Studies of antibiotic treatment of CF ferrets have demonstrated that bacterial infection is 

not required to initiate airway damage, mucus obstruction, and inflammation, but 

preventing infection with continuous antibiotic treatment still prolonged CF ferrets’ life 

span.(182) These ferret studies demonstrate that preventing infection is essential, even if 

infection is not the initiating factor in CF lung inflammation. 

Pig CF models 

Pigs are anatomically similar to humans and closer matches to humans in size and 

lifespan, compared to smaller animals. The pig lung has previously been used to model 

pulmonary diseases and infection. In addition, the long lifespan of pigs has the potential 
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to permit the study of chronic lung disease over time periods that cannot be achieved in 

ferret or rodent models. Both CFTR knockout and ΔF508 homozygous pigs have been 

developed for study of CF,(183-185) but the utility of CF pigs is limited by their high 

husbandry costs and intensive veterinary requirements. Like CF ferret and some CF 

mouse models, CF pigs exhibit intestinal obstruction, and newborn piglets require 

surgery shortly after birth due to meconium ileus. Later in life, they require enzyme 

replacement therapy, vitamins, and laxatives to treat the intestinal manifestations of CF. 

Gut-corrected CF pigs have now been developed to avoid the need for surgery after 

birth.(186) 

At birth, CF pigs have normal lungs, but develop airway inflammation, mucus 

obstruction, and infections within the first few months of life.(185) The trachea and 

bronchi are colonized by bacteria and infiltrated by neutrophils and macrophages. 

Surprisingly, neonatal CF pigs demonstrate impaired mucociliary clearance but normal 

periciliary liquid depth. Even prior to the development of mucus obstruction and 

inflammation, CF pigs show defects in antimicrobial defense. Newborn CF pigs 

challenged with S. aureus were less capable of clearing the bacteria compared to wildtype 

pigs. This defect in bacterial clearance has been attributed to the acidification of the 

airway interfering with antimicrobial defense.(187) 

Mouse CF Models 

Although many CFTR-/- mouse models develop intestinal obstruction, few 

develop the inflammation, mucus obstruction, neutrophil infiltration, or impaired 

mucociliary clearance that are the hallmarks of CF lung pathology. Despite the many 

similarities between mouse and human lungs, there are several differences between 
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human and mouse airways that account for the ability of CFTR-/- mice to avoid 

developing lung disease. Of course, there are major differences in size and lifespan. 

Because mice only live 1-2 years, they are limited as a model for the slow progression of 

CF lung disease and cannot model the decades of infection observed in CF patients. 

Human lungs have three lobes in the right lung and two lobes in the left lung, with 17-21 

branch generations, while mice have four lobes in the right lung and a single-lobed left 

lung with 13-17 branch generations.(188) In addition, there are differences in the cells 

and proteins expressed in the various levels of human and mouse lungs. 

Additionally, mice express CFTR primarily in the upper airways, rather than the 

lower airways,(189) and have high levels of Ca2+ - dependent chloride channels(190) in 

the lungs; mice are therefore less dependent on CFTR for chloride secretion in the lungs. 

In addition, mice express lower levels of ATP12A, a H+/K+ ATPase, in the apical 

membrane of airway epithelia, decreasing the importance of CFTR-mediated bicarbonate 

secretion in preventing ASL acidification.(191, 192) In CFTR-/- pigs, ASL acidification 

has been shown to result in impaired bacteria-killing and decreased efficacy of 

antimicrobial peptides.(193) The protein SPLUNC1 is pH-sensitive and binds to ENaC, 

blocking its activation and increasing its internalization. In the acidic CF airway, 

SPLUNC1 is less effective, and the absorption of sodium through ENaC is increased.(50)  

Finally, there are significant differences in mouse and human lung architecture. In 

mice, club cells, which are non-ciliated secretory cells, are also the primary cells in the 

trachea and bronchi. Submucosal glands are limited to the upper trachea in mice, whereas 

in humans the predominant cells are ciliated(194) and submucosal glands are present 

from the upper respiratory tract into the respiratory bronchioles (see Figure 1.14). This is  



46 

 

 

Figure 1.14: Differences between Human and Mouse Lungs 

In addition to differences in size, there are important differences in lung architecture. The 

predominant cells in the mouse lower airways are club cells, which are non-ciliated, secretory 

cells. In humans, ciliated cells predominate these levels. Humans also have submucosal glands 

from the upper respiratory tract to the respiratory bronchioles. Submucosal glands are limited to 

the upper trachea in mice. Mice predominantly express CFTR in the upper airways, relying more 

heavily on Ca2+-dependent chloride channels in the lower airway. 
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significant because submucosal glands are hypertrophied in CF,(195) and the serous cells 

of submucosal glands abundantly express CFTR.(196) Taken together, these differences 

in mouse and human lung composition help to explain why CFTR knockout mice do not 

develop sufficient disruption of ion transport to cause CF-like lung disease. 

The Scnn1b-Tg Mouse 

To test the hypothesis that overexpression of ENaC would generate increased 

sodium absorption and ASL dehydration, Mall et al developed mice that over-express the 

β subunit of ENaC under the control of the club cell secretory protein promoter.(197) 

These Scnn1b-transgenic (Tg) mice develop ASL dehydration, mucus obstruction (see 

Figure 1.15), reduced mucociliary clearance, neutrophil infiltration, and enlargement of 

the alveoli. These features are much like the pathology observed in CF, but also share 

characteristics with other chronic lung diseases, such as COPD and asthma. Scnn1b-Tg 

mice have served as useful models for the study of the pathophysiology and immunology 

of mucus obstruction, as well as for the testing of potential therapeutics.  

During the development of Scnn1b-Tg mice, C3H x C57BL/6 mice were 

generated that overexpressed each of the three subunits that comprise the ENaC channel. 

Although α-ENaC is required for channel activity, and the transcript levels of the α 

subunit are highest of the three, overexpression of α-ENaC did not increase sodium 

absorption. Overexpression of γ-ENaC similarly had no effect. Only overexpression of 

the β-ENaC subunit led to increased sodium absorption, suggesting that the β subunit is 

rate-limiting. Further, mice that overexpress α and γ are not phenotypically different from 

wildtype mice.(198) Chloride transport was unaffected by the overexpression of β-ENaC. 
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Figure 1.15: Scnn1b-Tg (β-ENaC) Lung Pathology 

Unlike wildtype and CFTR knockout mice, Scnn1b-Tg mice develop mucus plugging and 

inflammation of the bronchioles. 

Reprinted with Permission   
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Scnn1b-Tg mice are histologically normal at birth, but over the first few weeks of life, 

increased sodium absorption in the airways drives a decrease in periciliary liquid height 

and an increase in mucus concentration, causing impairment of mucus transport. 

Mortality due to mucus obstruction in the first four weeks of life was reported to reach 

50%, but can vary based upon mouse background(199) and husbandry (Wanda O’Neal,  

Marsico Lung Institute at the University of North Carolina School of Medicine, personal 

communication). Scnn1b-Tg mice are also characterized by the infiltration of neutrophils 

and macrophages into the lumens of airways and the increased production of the 

chemoattractants macrophage inflammatory protein 2 (MIP-2) and keratinocyte 

chemoattractant (KC), even in the absence of infection.(197) This sterile immune cell 

infiltration demonstrates that mucus obstruction is sufficient to cause inflammation and 

that bacterial infection is not required as an initiating factor. Because the overexpression 

of β-ENaC is specific to the airways, Scnn1b-Tg mice do not exhibit intestinal 

obstruction or other aspects of CF. 

What Can Scnn1b-Tg Mice Tell Us About the Roles of ENaC and CFTR in Lung 

Pathology? 

Scnn1b-Tg mice have played roles in the study of the contribution of sodium 

absorption to the development of CF lung disease. The extent to which CFTR can 

regulate ENaC is controversial. When co-expressed in oocytes, CFTR and ENaC have 

been shown to regulate each other.(200) When mice were generated that overexpressed 

both ENaC and human CFTR (hCFTR) under the control of the club cell secretory 

promoter, the presence of functional hCFTR did not rescue the mice from ENaC-

mediated mucus obstruction and inflammation.(201) Explanations for this result include 
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the possibility that hCFTR cannot regulate murine ENaC, that ENaC was expressed at 

much higher levels than hCFTR, and that the murine club cell does not usually express 

CFTR and thus cannot mediate possible interactions between CFTR and ENaC.(202) 

Despite the inability of hCFTR overexpression to rescue Scnn1b-Tg mice from mucus 

obstruction, mice with ΔF508 CFTR mutations in addition to β-ENaC over-expression 

exhibited increased mortality compared to Scnn1b-Tg mice.(203) These ΔF508/Scnn1b-

Tg mice also showed increased neutrophilic inflammation and club cell necrosis as 

neonates. Although ΔF508 mice do not develop lung disease, the evidence from 

ΔF508/Scnn1b-Tg mice suggests that CFTR does play a role alongside ENaC in the 

mouse lung. These studies have raised questions regarding the contributions of CFTR and 

ENaC to CF pathogenesis and the differences between CF in humans and animal models.  

Although Scnn1b-Tg mice develop lung disease very similar to CF, ENaC over-

activity alone is not sufficient to cause CF-like lung disease in humans. Liddle’s 

syndrome is caused by the deletion or mutation of binding sites for Nedd4-2, an E3 

ubiquitin ligase. Mice with deletions of Nedd4-2 also develop lung disease similar to that 

observed in Scnn1b-Tg mice, and most die by three weeks of age.(204) These gain-of-

function mutations prevent the endocytosis and degradation of ENaC, leading to 

increased activity and the inability to respond to increased intracellular sodium by 

removing ENaC from the membrane. Liddle’s syndrome patients present with 

hypertension at a young age due to the expression of ENaC in the distal convoluted 

tubules, connecting tubules, and cortical collecting ducts in the kidney, but they do not 

usually develop CF-like lung disease, despite the expression of ENaC in the lung. These 

differences between mouse and human responses to ENaC over-activity might be due to 
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differences in the expression of CFTR. Because CFTR has high expression in the lower 

airways of humans, it might be able to counteract or regulate the activity of ENaC in 

Liddle’s syndrome and prevent ASL dehydration. 

Scnn1b-Tg Mice as Models of the Pathophysiology and Immunology of Mucus 

Obstruction 

 Scnn1b-Tg mice have served as a useful tool for studying the immunology 

associated with mucus obstruction (reviewed in (205)). Initial studies of adult Scnn1b-Tg 

mice detected elevated neutrophil counts and the chemoattractants MIP-2 and KC in 

bronchoalveolar lavage fluid, even in the absence of infection.(197) Neutrophils play 

important roles in infection control through phagocytosis, degranulation, and production 

of neutrophil extracellular traps (NETs), but they have also been implicated in the 

pathology of CF. Neutrophils store and release serine proteases, such as elastase and 

cathepsin G in granules, which also aid in the digestion of microbes inside 

phagolysosomes. Although neutrophil elastase is capable of killing P. aeruginosa, 

released proteases can degrade tissue and worsen inflammation. Neutrophil elastase 

serves as a marker of lung disease progression in CF. In uninfected Scnn1b-Tg mice, 

mucus obstruction is thought to lead to hypoxia and cell death, which releases damage-

associated molecular patterns (DAMPs) and leads to the recruitment of neutrophils. 

When neutrophil elastase was knocked out, Scnn1b-Tg mice displayed decreased lung 

destruction,(206) demonstrating the pathological role of excess neutrophil activity in a 

CF-like lung. On the other hand, when the adaptor MyD88, which is involved in relaying 

danger signals through TLRs, was knocked out, Scnn1b-Tg mice showed increased 



52 

 

mortality and decreased recruitment of neutrophils, which led to poor clearance of 

spontaneous bacterial infections.(199) 

Alveolar macrophages, which play important roles clearing the lungs of 

pathogens and irritants and presenting antigens to adaptive immune cells, have been 

studied for their contributions to muco-obstructive lung disease in Scnn1b-Tg mice. 

Macrophages in the Scnn1b-Tg lung are activated by two weeks of age.(207) In the first 

few days of life, the macrophages are predominantly M1 macrophages, but pulmonary 

macrophages shift towards a M2 polarization as the mice age.(208) Macrophage-depleted 

Scnn1b-Tg mice had higher mortality rates and, interestingly, increased airway 

inflammation. Mucus plugging was worsened, alveolar space decreased, and production 

of cytokines such as KC, TNFα, and IL-17 was elevated. These results demonstrated that 

pulmonary macrophages can moderate muco-obstructive lung diseases.(209) 

Finally, Scnn1b-Tg mice have also been used in studies as models of allergic 

asthma. Mucus obstruction of the bronchioles can develop in asthma due to 

overproduction of mucins by goblet cells. Airway inflammation in asthma is 

characterized by type 2 airway inflammation, leading to recruitment of eosinophils and 

the production of IL-13, a potent stimulator of mucus production. Three week-old 

Scnn1b-Tg mice have elevated levels of the eosinophil chemoattractant Eotaxin 1, as well 

as high numbers of eosinophils in the lung, but the eosinophilia declines as the mice 

reach adulthood.(207) Fritzsching et al challenged juvenile Scnn1b-Tg mice with house 

dust mite allergen and Aspergillus fumigatus and found that the exposures triggered 

increases in eosinophil levels and elevation of the Th2 cytokines IL-4, IL-5, and IL-13. If 

Scnn1b-Tg mice were treated from birth with the diuretic amiloride to block ENaC, then 
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mucus obstruction could be prevented, leading to protection from eosinophilia and type 2 

airway inflammation.(210) 

Scnn1b-Tg Mice as a Model for Testing Therapeutics for CF 

 Scnn1b-Tg mice have been used to evaluate therapeutics for CF. Several drugs 

that target ENaC have been tested in Scnn1b-Tg mice. For example, SPLUNC1 mimetics 

or derivations have been shown to inhibit ENaC and improve mucus transport and 

survival.(211, 212) Although amiloride, which inhibits ENaC, has not been shown to be 

beneficial in clinical trials,(213, 214) if treatment of Scnn1b-Tg mice were initiated on 

the day of birth, mucus obstruction and inflammation were prevented, suggesting that 

amiloride might be most useful very early in CF lung disease development.(215) 

Cathepsin S, a protease involved in antigen processing and presentation, is elevated in CF 

patients and a potential therapeutic target.(216) Crossing Scnn1b-Tg mice to cathepsin S 

knockout mice or treating Scnn1b-Tg mice with a pharmacological inhibitor of  

cathepsin S resulted in decreased lung inflammation.(217) Finally, the thick mucus and 

decreased ASL in Scnn1b-Tg mice make them good models for studying whether inhaled 

drugs penetrate through the mucus in a CF airway. Eluforsen, an antisense 

oligonucleotide that restores CFTR function, was demonstrated to reach the liver and 

kidneys of both Scnn1b-Tg and wildtype mice.(218) These studies did not take into 

account infections in the CF lung. 

Lung Infections in Scnn1b-Tg Mice 

Initially, Scnn1b-Tg mice were not reported to be susceptible to spontaneous lung 

infections, a major hallmark of CF.(197) Later investigations, however, suggested that 

Scnn1b-Tg C57BL/6 mice carried significantly higher bacterial burdens (predominantly 
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oral commensal Streptococcus and Pasteurella species) than wildtype littermates.(199) 

Studies of CF infants have also suggested that patients’ airways are colonized early in life 

by oropharyngeal flora.(219) The bacterial burden was highest in Scnn1b-Tg neonates 

and declined in adulthood, suggesting that the maturation of the immune system or the 

lung’s development could play a role in the age-dependence of susceptibility to infection. 

The initial studies likely missed the bacterial infections because adult mice were sampled. 

Even when Scnn1b-Tg mice were generated in germ-free facilities, they still developed 

mucus plugging, alveolar enlargement, and airway inflammation, confirming that early 

bacterial infections do not initiate the lung pathology.(199) Rather, it was proposed that 

necrosis of cells in the airway due to hypoxia from mucus obstruction was likely to 

release DAMPs that initiate the inflammation of the airway.  

The development of mucus obstruction and decreased mucociliary clearance 

makes Sccn1b-Tg mice a potential model for lung infections in muco-obstructive lung 

disease. Neonatal Scnn1b-Tg C3H x C57BL/6 mice cleared P. aeruginosa and 

Haemophilus influenzae more slowly than wildtype littermates.(197) Scnn1b-Tg mice 

have also been infected with P. aeruginosa embedded with a fibrin plug and treated with 

nebulized α1-antitrypsin (A1AT) to determine how A1AT improves lung function in 

CF.(220) Repeated treatments with A1AT improved lung inflammation and P. 

aeruginosa bacterial load in Scnn1b-Tg C57Bl/6 mice. Both studies were limited to the 

first three days after infection, but they demonstrate potential applications for Scnn1b-Tg 

mice as models for infection in the mucus-obstructed lung. Further studies are necessary 

to characterize infections with other pathogens. 
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Limitations/Criticisms of Scnn1b-Tg Mice 

Because the overexpression of Scnn1b is under the control of the club cell 

secretory promoter, Scnn1b-Tg mice do not develop non-pulmonary aspects of CF, 

preventing their use as a holistic model of CF. Some studies have suggested that a 

defective CFTR in phagocytes plays a role in CF patients’ susceptibility to bacterial 

infection. CFTR is expressed on phagolysosomes in neutrophils and is involved in its 

chlorination and the production of reactive oxygen species and halides. Disruptions of 

sodium and chloride movement within the neutrophil can impair degranulation and 

reduce bacterial killing.(221) The conclusion that CF causes a defect in phagocyte 

function is controversial, however, and several studies have found that phagocytes from 

CF patients are not impaired.(222, 223) An alternative hypothesis is that neutrophil 

function is impaired by conditioning in the inflammatory milieu of the CF lung.(224) If 

neutrophils in CF are impaired due to defects in CFTR, the dysfunction is likely 

relatively mild. CF patients do not typically present with the hallmarks of diseases 

attributed to primary defects in neutrophil function, such as chronic granulomatous 

disease, which is caused by defects in the production of the reactive oxygen species 

required to kill phagocytosed pathogens. These patients are prone to recurrent lung 

infections as well as abscesses, osteomyelitis, and bacteremia, which are not typical in CF 

patients. Similarly, patients with hyperimmunoglobulin E syndrome (Job’s syndrome) 

have defective neutrophil recruitment and elevated levels of IgE. Patients are particularly 

prone to staphylococcal and candida skin infections – symptoms that are not usually 

associated with CF. 
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Is ENaC a Therapeutic Target? 

 Due to the interactions of CFTR and ENaC, ENaC represents a possible 

therapeutic target for CF treatment (reviewed in (225, 226)). Targeting ENaC has the 

potential advantage of providing a treatment that is effective regardless of a patient’s 

CFTR mutation. To date, no drugs targeting ENaC have been effective in clinical trials, 

although several have been successful in animal models. As previously discussed, 

treating patients with the diuretic amiloride did not improve lung function,(213, 214) but 

was effective in preventing pathology in neonatal Scnn1b-Tg mice, suggesting amiloride 

treatment might be most effective if initiated early.(215) The development of longer 

acting ENaC inhibitors, indirect ENaC inhibitors, antisense oligonucleotides, SPLUNC1-

analogs, and short interfering RNAs that silence ENaC has been an important area of 

research. Systemic absorption causing renal side effects (due to the high expression of 

ENaC in the kidney) remains a challenge and will require the development of drugs with 

less potential for systemic absorption.  

Conclusion 

Biofilms are responsible for a diverse array of diseases, leading to significant 

morbidity and mortality. In order to develop improved therapeutics and treatment 

strategies to combat biofilms, we must develop and characterize in vitro and in vivo 

models that accurately reproduce features of biofilm-mediated diseases. Chapter 2 of this 

dissertation describes the use of a rabbit model of internal fixation to test the efficacy of 

intraoperative tobramycin powder in preventing infection with the gram-negative 

pathogen Enterobacter cloacae. Chapters 3 and 4 describe the characterization of 

Scnn1b-Tg mice as models of cystic fibrosis lung infections with P. aeruginosa and S. 
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aureus, respectively. Chapter 5 discusses the roles bacterial aggregates play in the 

initiation of infection in the Scnn1b-Tg mouse model, and Chapter 6 illustrates the use of 

a continuous flow biofilm reactor to study the interactions of P. aeruginosa and S. 

aureus. Finally, Chapter 7 summarizes our findings and discusses future directions for 

these projects.  

  



58 

 

Specific Aims 

Objective: To develop, characterize, and utilize different biofilm models to evaluate 

therapeutic strategies and identify potential targets for future interventions for orthopedic 

and cystic fibrosis-associated biofilm infections. 

Aim 1: To evaluate whether applying intraoperative tobramycin powder can prevent 

infection with Enterobacter cloacae when the antibiotic is applied at the time of 

contamination using a rabbit model of internal fixation. 

Aim 2: To analyze the roles of biofilms in infectivity using Scnn1b-Tg mice as models of 

cystic fibrosis lung infections. 

Sub-aim A: To characterize Scnn1b-Tg mice as models of cystic fibrosis P. 

aeruginosa infections 

Sub-aim B: To characterize Scnn1b-Tg mice as models of cystic fibrosis S. 

aureus infections 

Sub-aim C: To assess the infectivity of P. aeruginosa and S. aureus following 

growth as a biofilm in Scnn1b-Tg mice. 

Aim 3: To determine whether Pseudomonas aeruginosa outcompetes S. aureus through 

alterations in gene expression using a continuous flow biofilm reactor. 

Sub-aim A: To determine whether P. aeruginosa eliminates S. aureus in a 

continuous flow biofilm reactor 

Sub-aim B: To identify P. aeruginosa and S. aureus genes differentially 

regulated during co-culture using a transcriptomic approach 

Sub-aim C: To verify the differential expression of genes involved in lipid A 

modification using MALDI-TOF MS 
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Chapter 2 : Intraoperative Tobramycin Powder Prevents Enterobacter cloacae Surgical 

Site Infections in a Rabbit Model of Internal Fixation1 

Abstract: 

 Objectives: To evaluate the efficacy of intraoperative tobramycin powder in 

preventing surgical site infection (SSI) and implant colonization with Enterobacter 

cloacae in a rabbit fixation model. Gram-negative rods, particularly Enterobacter 

species, comprise an increasing percentage of SSI at our institution.(26) 

 Methods: Eighteen New Zealand White rabbits underwent surgical fixation of the 

left tibia with implantation of a plate and screws. The surgical site and implant were 

inoculated with 1 x 107 CFUs E. cloacae. The selected E. cloacae isolate was resistant to 

tobramycin and capable of forming biofilms. Nine rabbits received 125 mg tobramycin 

powder directly into the surgical site, overlying the implant. The control group was 

untreated. Fourteen days post-infection, the tibiae and implants were explanted. 

Radiographs were taken with and without the implants in place. One tibia from each 

group was examined after hematoxylin and eosin staining. The remaining tibiae and 

implants were morselized or sonicated, respectively, and plated on agar to determine 

infection burden. Data was analyzed with Fisher exact tests and Mann-Whitney U-tests. 

 Results: No bone infection or implant colonization occurred in the tobramycin-

treated group. In the control group, seven of eight rabbits developed bone infections (p = 

                                                 
1 Reproduced from Brao, K., Greenwell, P., Hsu, K.L., Marinos, D., Stains, J.P., Hovis, J.P., 

Joshi, M., Shirtliff, M.E., O’Toole, R.V., & Harro, J.M. (2020). Intraoperative Tobramycin 

Powder Prevents Enterobacter Cloacae Surgical Site Infections in a Rabbit Model of Internal 

Fixation. Journal of Orthopaedic Trauma 
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0.001), and four of eight implants were colonized (p = 0.07). No gross disruption of 

normal bone architecture was observed in either group.  

 Conclusions: Intraoperative tobramycin powder applied at the time of 

contamination prevented bone infection with E. cloacae in this rabbit fixation model. The 

results are encouraging because the E. cloacae isolate was tobramycin-resistant, 

demonstrating the utility of intraoperative powdered antibiotics.  

Introduction: 

Surgical site infections (SSI) increase morbidity, mortality, length of hospital 

stays, and healthcare expenses. The Center for Disease Control estimated that SSI 

complicated 2% of all surgeries and 1.1% of orthopaedic surgeries between 2006 and 

2008.(227) The infection rate after internal fixation of closed fractures is very low, but in 

cases of open fractures, SSI rates can reach up to 50%, depending on the bone and the 

Gustilo-Anderson type.(228) Infecting bacteria can evade clearance by the immune 

system by adhering to fracture fixation implants and forming biofilms. Biofilms are 

microbe-derived, sessile communities comprised of bacteria encased in a matrix of 

extracellular polysaccharides, nucleic acids, and proteins.(3) Because of reduced 

penetrance of antibiotics into the biofilm and the presence of metabolically quiescent 

persister cells, biofilm infections are difficult to treat, often requiring surgical 

debridement and implant removal.(3, 229) Therefore, preventing infections and the 

subsequent formation of biofilms is of utmost importance.  

Traditionally, prophylactic intravenous administration of antibiotics, such as a 

first-generation cephalosporin, before orthopaedic surgery is recommended to prevent 

SSI; however, systemic antibiotics must reach sufficiently high concentrations at the 
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surgical site to be effective, which can be difficult given potential disruption to the blood 

supply at fracture sites and risk of systemic complications with higher doses. Therefore, 

interest in off-label use of intraoperative local antibiotics has increased. Adjunctive 

application of topical intraoperative antibiotics has the advantages of cost-effectiveness, 

ease of administration, and capability of reaching high local concentrations with 

potentially lower risk of systemic side effects than intravenously administered antibiotics. 

Sufficiently high local antibiotic concentrations can potentially eliminate even resistant 

bacteria.(230) In both retrospective spine surgery studies (231-235) and rabbit models 

(236), prophylactic vancomycin powder applied at the surgical site has been shown to 

prevent SSI. The use of intraoperative vancomycin powder in orthopaedic surgery is 

promising (36, 37), but not as well-studied. Although other antibiotics and/or delivery 

mechanisms have been tested clinically and pre-clinically, vancomycin has been the most 

commonly applied intraoperative powder in SSI prevention studies because of its 

availability and activity against gram-positive skin flora, including methicillin-resistant 

Staphylococcus aureus (MRSA), one of the most common causative agents of SSI and 

implant-associated infections.(25) 

A recent study of changes in the causative agents of deep SSI in orthopaedic 

trauma patients at our institution found that the proportion of SSI caused by S. aureus 

(MRSA and methicillin-sensitive S. aureus) declined between 2011 and 2015 (compared 

with 2006 to 2010), whereas the proportion of SSI caused by gram-negative rods 

increased. Of the infections caused by gram-negative rods, Enterobacter species were the 

most commonly identified.(26) One explanation for the change in the relative frequencies 

of bacteria in SSI at our center is that the increased use of intrawound vancomycin 
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powder application in the operating room, preoperative skin decolonization with 

chlorhexidine, and more aggressive surveillance and decolonization for MRSA might 

have selected for an increase in the proportion of infections caused by gram-negative 

rods. This change in causative agents might necessitate a re-evaluation of the antibiotics 

used in the operating room to prevent SSI.  

The aminoglycoside tobramycin acts primarily against gram-negative bacteria, 

but is also effective against gram-positive bacteria, especially when used in combination 

with another antibiotic.(237) Tobramycin has been used intraoperatively as a powder in 

combination with vancomycin in the surgical fixation of pelvic and acetabular 

fractures,(37) as a local injection during fixation of open fractures,(238) and mixed with 

bone cement.(239) Few studies,(240, 241) however, have investigated whether 

intraoperative tobramycin powder prevents infection in animal models of spine or 

orthopaedic surgery. Therefore, the purpose of this study was to determine whether 

intraoperative powdered tobramycin could prevent Enterobacter cloacae infection in a 

rabbit model of internal fixation in orthopaedic surgery. This model mimics some aspects 

internal fixation of closed fractures, in which bacterial contamination generally occurs 

with a single organism at the time of surgery. We hypothesized that administration of 

tobramycin powder would prevent colonization of the bone and implant. 

Methods: 

Animals 

Eighteen female 12-16 week-old New Zealand White rabbits were purchased 

from Charles River Laboratories and allowed to acclimate in the animal facility in 

individual cages for five days before surgery. Rabbits were selected over rodents and 



63 

 

larger mammals because of their size, which permits both ease of handling and the use of 

implant devices similar to those used in human surgeries. Rabbits ranged in weight from 

2.0 – 2.8 kg. No rabbits had obvious health issues or infections. The Institutional Animal 

Care and Use Committee approved all protocols. 

Bacterial Preparation 

E. cloacae 567, which was isolated from a patient at the University of Pittsburgh, 

was maintained on Luria-Bertani (LB) agar (Fisher Scientific; Hampton, NH) plates. E. 

cloacae 567 formed reproducible biofilms in polystyrene plates, assessed with a crystal 

violet assay(242) (see Appendix Figure A.1 which shows the OD550 of E. cloacae 

compared to other known biofilm-forming bacteria). One day before surgery, bacteria 

were cultured overnight in LB media (Fisher Scientific) at 37˚C, shaking at 200 rpm. The 

overnight culture was then diluted 1:100 in LB, cultured to mid-log phase, and 

centrifuged at 4,500 rpm for 10 minutes. The pellet was washed with 10 mL phosphate-

buffered saline (PBS) (Quality Biological, Inc; Gaithersburg, MD) and centrifuged again. 

The pellet was then re-suspended in PBS to an OD600 of 0.3, which had been 

experimentally determined to correspond to approximately 1 x 108 CFU/mL. In a 

preliminary study, we infected rabbits with varying concentrations of E. cloacae to 

determine an inoculum that would reliably produce a chronic SSI (see Appendix Table 

A.1, which shows each bacterial inoculum and its effect). We found that infection with 

100 L of a 1 x 108 CFU/mL or a 1 x 106 CFU/mL inoculum produced a chronic 

infection of the tibia and implant, and selected 1 x 108 CFU/mL to assess whether 

tobramycin powder could eradicate a high starting inoculum.  
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Minimum Inhibitory Concentration 

The minimum inhibitory concentration (MIC) of tobramycin for E. cloacae 567 

was determined according to Clinical Laboratory Standards Institute (CLSI) 

recommendations in triplicate. In brief, 5 x 105 CFUs were added to a range of 

tobramycin concentrations (0.125 – 128 g/mL) in Mueller Hinton media (Sigma Aldrich 

Corporation; St. Louis, MO) in a 96-well plate. The plate was incubated overnight at 

37˚C. The MIC was read as the lowest tobramycin concentration for which there was no 

visible turbidity.  

Surgical Procedure 

Rabbits were anesthetized intramuscularly with 35-40 mg/kg ketamine (Putney 

Inc; Portland, ME) and 3-5 mg/kg xylazine (VetOne; Boise, ID). Anesthesia depth was 

verified by the lack of a withdraw response to toe pinch and lack of palpebral reflex. The 

left hind leg was shaved between ankle and knee using an electric clipper and disinfected 

with three alternating scrubs of 70% ethanol and 10% povidone-iodine (Betadine) 

(Purdue Products LP; Stamford, CT). Surgery was performed as previously 

described.(36) In brief, a 3-cm incision was made over the medial side of the left tibial 

metaphysis and two 1-mm circular defects were made using a surgical drill burr. Two 

stainless steel 1.5-mm screws fastened a 4-hole, 1.5-mm stainless steel fixation plate to 

the tibial metaphysis. We did not create a tibial fracture. The wound was inoculated with 

100 l of 1 x 108 CFU/mL E. cloacae, dispersed evenly over the bone and implant. 

Rabbits were randomly assigned to the treatment or control group. In the treated group of 

nine rabbits, 125 mg of powdered tobramycin (Sigma-Aldrich) was distributed directly 

into the wound immediately after infection, covering the implant, and the wound was 
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stitched with Vicryl sutures (Ethicon Inc; Somerville, NJ). To avoid introducing a foreign 

body that could provide an additional surface for bacterial growth, no control powder was 

added to the surgical site of the nine untreated rabbits. In order to assess the efficacy of 

intraoperative tobramycin powder alone, rabbits were not administered intravenous 

perioperative antibiotic prophylaxis. Bacterial concentration was confirmed following 

surgery by serial dilution on LB agar plates. 

Heart rate, respiration, and temperature were monitored before, during, and after 

surgery. There were no significant changes in these measurements in either group after 

surgery (see Appendix Table A.2, which shows vital signs taken before and after 

surgery). Rabbits were administered 0.05 mg/kg buprenorphine (Buprenex) (Reckitt 

Brenckiser Group; Slough, United Kingdom) intramuscularly immediately before surgery 

and twice daily for three days after surgery. All rabbits were monitored for signs of pain, 

infection, or other complications twice daily for three days after surgery and daily for the 

remainder of the experiment. The rabbits did not undergo any interval treatments after the 

index procedure. 

Quantitative Microbiology 

Fourteen days post-surgery, the rabbits were sedated and euthanized with an 

overdose of sodium pentobarbital (Fatal-Plus) (Vortech Pharmaceuticals Ltd; Dearborn, 

MI) via cardiac puncture. The left hind leg was disinfected with 70% ethanol and the 

tibia, with the implant in place, was removed. The plate and screws were rinsed with PBS 

to remove tissue and non-adherent bacteria, placed one mL of PBS, and sonicated 

(Laboratory Supplies Co; Hicksville, NY) for 10 minutes to remove adherent bacteria. 

One tibia from each group was saved for histological analysis and excluded from 
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microbiological analysis. The remainder of the tibiae were morselized with a rongeur, 

weighed, and vortexed in PBS (three mL PBS/gram of bone) for one minute. The PBS 

containing the implant or the morselized bone was serially diluted, plated on LB agar in 

triplicate, and incubated overnight at 37˚C for CFU enumeration. Infection was defined 

as the recovery of 30 CFU/g of bone or 10 CFU/mL from the implant, which were the 

limits of detection. 

Radiographs 

Digital radiographs were taken before and after implant removal using size 2 

intra-oral charged-coupled device sensors (Planmeca Oy, Helsinki, Finland). Radiographs 

were obtained under the following settings: 63 kV, 8 mA and 0.160 s. MiPACS software 

(LEADTOOLS Medical Imaging SDKs, Charlotte NC) was used to manage and process 

digital images. Radiographs were assessed in a blinded fashion for lytic lesions and 

periosteal elevation. 

Hematoxylin & Eosin (H&E) Staining 

One tibia from the tobramycin-treated and control groups was placed into 10% 

(wt/vol) neutral buffered formalin (Sigma-Aldrich) for three days, then decalcified in 

10% ethylenediaminetetraacetate (EDTA) (Bio-Rad Laboratories; Hercules, CA). The 

tibiae were sectioned through the defect left by the screws, embedded in paraffin wax, cut 

into 5 m-thick sections, and H&E stained. Sectioning and staining were performed by 

the University of Maryland Pathology, EM, and Histology Laboratory. Slides were 

examined in a blinded fashion. Identification of cells was based on morphology. 
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Statistical Analysis 

Group sizes were determined based upon a power analysis (α = 0.05, β = 0.2, and 

proportions infected = 0% and 60%) and the results of Hovis et al.(36) CFU values are 

represented as geometric means with 95% confidence intervals. GraphPad Prism 5 

(GraphPad Software, Inc; San Diego, CA) was used to perform Fisher exact tests on 

binary data and Mann-Whitney U-tests on non-normally distributed data. Values were 

considered statistically significant at p < 0.05. 

Results: 

Using CLSI recommendations, the MIC of the selected isolate was determined to 

be 32 g/mL, classifying it as resistant to tobramycin. Despite this resistance, in the 

tobramycin-treated group, none of the seven rabbits (0%, 95% confidence interval 0–

35%) had bone infections or implant colonization 14 days after surgery. One rabbit in the 

tobramycin-treated group was lethargic after surgery and euthanized on Day 2. This 

rabbit was excluded from the final analysis. In the control group, seven of eight rabbits 

(87.5%, 95% CI 53–98%) developed bone infections (Figure 2.1A), but only four of 

eight implants (50%, 95% CI 22-78%) were colonized (Figure 2.1B). The difference in 

bone infection rate was statistically significant, but the implant colonization rate was not 

(p = 0.001 & p = 0.07, respectively, Fisher exact test). There was a significant reduction 

in CFU recovered from the tibiae, but not the implants (p = 0.004 & p = 0.11, 

respectively, Mann-Whitney U-test). In the untreated group, the CFU recovered from the 

bones and the implants were positively correlated, and the rabbits without colonized 

implants had the least bacteria recovered from the bone (see Appendix Figure A.2, 

which shows the relationship between bone infection and implant colonization). It was  
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Figure 2.1: Bacterial Burden of E. cloacae 

Bacterial enumeration of E. cloacae within the tibiae (A) and from the implants (B). Bars 

represent geometric means and confidence intervals.  
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also noted during the explant process that the screws were grossly loose from the bone 

interface in the non-treated group but remained well-fixed in the tobramycin-treated 

group. 

Neither treated nor control rabbits displayed disruption of normal bone 

architecture (no lytic lesions or disruption of periosteum) on radiographs (see Appendix 

Figure A.3, which shows representative radiographs). Interpretation of the H&E-stained 

tibiae is limited by the availability of only one tibia from each group. No major 

differences were observed between the tobramycin-treated and control tibiae, although 

the tobramycin-treated rabbit appeared to have slightly more osteoblast activity and less 

osteoclast activity and inflammation (Figure 2.2). 

Discussion: 

Enterobacter species are significant nosocomial pathogens capable of causing 

respiratory infections, urinary tract infections, and SSI.(243) Fractures of the pelvis, 

acetabulum, and proximal femur are particularly at risk for infection with E. cloacae, 

likely because of its role as an enteric organism.(244) E. cloacae presents a healthcare 

challenge because it produces ampC beta-lactamases and is therefore inherently resistant 

to older cephalosporins.(245) Additionally, strains with carbapenem-resistance and 

extended-spectrum beta-lactamases are rising in frequency.(246) Because Enterobacter 

species are not well-covered by traditional prophylactic intravenous antibiotics, in 

situations with a high risk of infection with gram-negative bacteria, intravenous 

gentamicin is recommended.(247) To combat the increasing antibiotic resistance of E. 

cloacae and other bacteria, it is imperative to develop additional strategies to prevent 

infection.  
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Figure 2.2: H&E-Stained Tibia Sections 

H&E-stained tibia sections. A) untreated rabbit; B) tobramycin-treated rabbit. Scale bars are 400 

µm (top) and 100 µm (bottom). (*) indicates inflammation; black arrows indicate osteoblasts; 

green arrow indicates osteoclast.  
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In this rabbit model of SSI associated with orthopedic implant placement, 

intraoperative powdered tobramycin eliminated E. cloacae infection in all seven treated 

rabbits, even though the E. cloacae isolate tobramycin-resistant. When tobramycin is 

administered parenterally, the recommended serum concentration should fall between 7-

10 g/mL (peak) and 2 g/mL (trough), far below the MIC of this isolate. This result 

highlights one of the major benefits of local antibiotics: the ability to obtain presumed 

supratherapeutic concentrations at a targeted site, and in some cases, have efficacy 

against resistant bacteria.  

Powdered vancomycin has been used clinically at doses up to 7 g (248) with rare 

reports of adverse events.(249) Powdered tobramycin, however, is not routinely used to 

prevent SSI and has far fewer data surrounding its application. There are currently no 

recommendations regarding off-label dosage of local tobramycin. In the retrospective 

cohort study described by Owen et al, 1.2 g of tobramycin was used in combination with 

1 g of vancomycin during internal fixation of pelvic and acetabular fractures. The authors 

reported a lower SSI rate among the patients treated with the powdered antibiotics (4.2% 

vs 14.5%) with no adverse events attributable to the antibiotics.(37) We selected 125 mg 

of tobramycin based on a study by Laratta et al that used 120 mg in an SSI rabbit model 

with simulated spinal surgery.(240) Although Laratta et al observed no tobramycin 

toxicity, we noticed urine color abnormalities in all tobramycin-treated rabbits. These 

abnormalities self-resolved. Administering 125 mg of tobramycin was equivalent to 3.57 

– 5 g for an 80 kg human. This dose is probably higher than would be administered in 

most clinical situations. Future studies will determine the lowest effective dose of 

tobramycin to prevent SSI in this model. 
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Although prophylactic use of vancomycin has generally been shown to reduce 

SSI, there is concern that widespread use could select for an increase in the prevalence of 

infections with organisms not covered by vancomycin. In addition to the study at our 

institute that found gram-negative rods were increasingly cultured from SSI, similar 

results were reported in a retrospective analysis of SSI in spine surgery.(248) A recent 

meta-analysis of SSI found that the risk of developing an infection with a gram-negative 

rod doubled with intraoperative vancomycin treatment, although the overall SSI rate 

decreased.(250) One solution could be to incorporate an antibiotic with gram-negative 

coverage, such as tobramycin, alongside vancomycin. 

This study tested only the efficacy of tobramycin applied at the time of surgery. 

Several other studies have examined the use of powdered antibiotics after an infection 

has been established. These studies suggest that the window for effective local antibiotic 

treatment might close rapidly. In rat models of S. aureus SSI, delaying the application of 

vancomycin powder 6-24 hours resulted in a decrease in efficacy.(251, 252) Powdered 

rifampin, in contrast, eliminated S. aureus in a majority of rats in another contaminated 

fracture model, even when treatment was delayed 24 hours.(253) Although we found that 

powdered tobramycin can eliminate planktonic E. cloacae before it can form a biofilm, 

additional studies are necessary to determine whether it could treat established biofilm 

infections. 

This study had several limitations. First, no fracture was created before plate and 

screw application. Therefore, we cannot assess whether tobramycin-treatment affects 

time to union or rate of non-union. In vitro studies suggest that tobramycin might inhibit 

osteoblasts in a dose-dependent fashion,(254-256) but a recent study of the effects of 
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vancomycin and tobramycin powder in a rat model found that tobramycin powder did not 

inhibit spinal fusion.(257) We did not assess tobramycin levels in the surgical site or 

systemically. In addition, we did not administer intravenous antibiotics before surgery, 

nor compare tobramycin powder to tobramycin-loaded bone cement or beads. 

Furthermore, we tested a single isolate of E. cloacae, and the results should not be 

extrapolated to other species of bacteria or to polymicrobial infections. Finally, we used 

an inoculum higher than the bacterial numbers that establish infections in clinical 

settings, which demonstrated that tobramycin powder could eliminate even large numbers 

of E. cloacae when given at the time of contamination.   

This study demonstrates that local intraoperative tobramycin powder can 

eliminate E. cloacae contamination from surgical wounds. Because of presumed 

supratherapeutic concentrations at the surgical site, tobramycin powder overcame the 

resistance of this E. cloacae isolate. Although this study illustrates the potential benefit of 

tobramycin powder, further study in animal models and clinical trials is necessary to 

determine the most appropriate clinical scenarios for its use. Additionally, the lowest 

effective dose of tobramycin in a rabbit model and the time-dependence of antibiotic 

application should be evaluated.  
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Chapter 3 : Scnn1b-Transgenic BALB/c Mice as a Model of Pseudomonas aeruginosa 

Infections of the Cystic Fibrosis Lung2 

Abstract: 

 The opportunistic pathogen Pseudomonas aeruginosa is responsible for much of 

the morbidity and mortality associated with cystic fibrosis (CF), a condition that 

predisposes patients to chronic lung infections. P. aeruginosa lung infections are difficult 

to treat because P. aeruginosa adapts to the CF lung, can develop multidrug resistance, 

and can form biofilms. Despite the clinical significance of P. aeruginosa, modeling P. 

aeruginosa infections in CF has been challenging. Here, we characterize Scnn1b-

transgenic (Tg) BALB/c mice as P. aeruginosa lung infection models. Scnn1b-Tg mice 

overexpress the epithelial Na+ channel (ENaC) in their lungs, driving increased sodium 

absorption that causes lung pathology similar to CF. We intranasally infected Scnn1b-Tg 

mice and wildtype littermates with the laboratory P. aeruginosa strain PAO1 and CF 

clinical isolates, then assessed differences in bacterial clearance, cytokine responses, and 

histological features up to 12 days post-infection. Scnn1b-Tg mice carried higher 

bacterial burdens when infected with biofilm-grown rather than planktonic PAO1; 

Scnn1b-Tg mice also cleared infections slower than their wildtype littermates. Infection 

with PAO1 elicited significant increases in pro-inflammatory and Th17-linked cytokines 

on Day 3. Scnn1b-Tg mice infected with non-mucoid early CF isolates maintained 

bacterial burdens and mounted immune responses similar to PAO1-infected Scnn1b-Tg 

mice. In contrast, Scnn1b-Tg mice infected with a mucoid CF isolate carried high 

                                                 
2 Reproduced from Brao, K.J., Wille, B.P., Lieberman, J., Ernst, R.K., Shirtliff, M.E., & Harro, 

J.M. (2020) Scnn1b-Transgenic BALB/c Mice as a Model of Pseudomonas aeruginosa Infections 

of the Cystic Fibrosis Lung. Infection and Immunity 
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bacterial burdens, produced significantly more IL-1β, IL-13, IL-17, IL-22 and KC, and 

showed severe immune cell infiltration into the bronchioles. Taken together, these results 

show the promise of Scnn1b-Tg mice as models of early P. aeruginosa colonization in 

the CF lung.  

Introduction: 

Pseudomonas aeruginosa is an opportunistic pathogen and important causative 

agent of serious lung infections in hospitalized and immune-compromised patients. These 

infections are difficult to treat because P. aeruginosa can develop multidrug resistance 

and is capable of forming biofilms. Biofilms are microbial communities encased in a 

matrix of extracellular proteins, nucleic acids, and polysaccharides.(3) Bacteria growing 

as a biofilm can tolerate antibiotic exposure and resist clearance by the host immune 

system,(4) resulting in the establishment of chronic infections. P. aeruginosa is also 

metabolically adaptable and capable of producing a variety of virulence factors, enabling 

it to survive in the environment as well as human hosts. 

Mice infected with planktonic P. aeruginosa develop acute pneumonia, resulting 

in sepsis or rapid clearance of the bacteria.(258, 259) Acute pneumonia models have been 

valuable for the identification of P. aeruginosa virulence factors, including flagella(113) 

and pili,(114) a type three secretion system and secreted exotoxins,(260) proteases,(159) 

and phenazines.(168, 261) To mimic a chronic lung infection, P. aeruginosa has been 

embedded in an alginate/agarose bead(262, 263) or a fibrin plug(220, 264) that serves as 

an artificial biofilm and a long-term nidus of infection. Chronic P. aeruginosa lung 

infection models, which can prolong infection for up to three months,(265) have been 

useful for testing anti-P. aeruginosa therapeutics(266, 267) and contributed to the 



76 

 

understanding of the immune responses to chronic infection. For example, agar bead 

models have suggested that Th2-skewed immune responses increase susceptibility to 

infection,(268) raising the possibility that immunomodulatory therapy could be 

beneficial. 

P. aeruginosa is responsible for much of the lung function deterioration 

associated with cystic fibrosis (CF),(269) and by age 20, 60-70% of CF patients are 

intermittently colonized by P. aeruginosa.(96) CF is an autosomal recessive genetic 

disease caused by defects in the production and function of the cAMP-regulated cystic 

fibrosis transmembrane conductance regulator (CFTR) channel, resulting in disruption of 

chloride and bicarbonate transport across epithelial cells. Without proper ion transport, 

CF patients develop thick, dehydrated mucus and impaired mucociliary clearance in their 

airways, predisposing patients to recurrent and chronic lung infections. Early in CF 

patients’ lives, P. aeruginosa infections are treatable with aggressive antibiotic 

regimens,(270) but over time, P. aeruginosa adapts to the CF lung environment, typically 

through losing specific virulence factors while becoming increasingly antibiotic 

resistant.(271, 272) Once a chronic infection is established, it is nearly impossible to 

eliminate.  

Mucoid strains of P. aeruginosa hyper-produce the polysaccharide alginate and 

form thick biofilms. Mucoid P. aeruginosa is rarely observed in nature,(130) but is 

selected through environmental adaptation within the CF lung.(131, 132) The emergence 

of mucoid P. aeruginosa is linked to pulmonary exacerbations,(273) co-infection with 

Staphylococcus aureus,(134) increased antibiotic tolerance,(135) resistance to 

opsonization and phagocytosis,(136, 137) and worsened lung function deterioration.(138) 
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Although much progress has been made in treating the multisystem complications of CF, 

preventing and treating lung colonization with P. aeruginosa remains a major challenge. 

A significant impediment to the study of CF lung infections is the lack of a CFTR 

mutant mouse that reliably develops the mucus plugging, neutrophil recruitment, and 

bronchiectasis observed in CF patients.(274, 275) CFTR regulates the function of the 

epithelial Na+ channel (ENaC), and these channels together largely control the flux of 

sodium and chloride across epithelium.(276) When CFTR is defective in CF airways, 

ENaC is overactive, resulting in increased sodium absorption.(277) To attempt to mimic 

airway mucus obstruction and test the hypothesis that increased sodium absorption would 

produce CF-like lung pathology in mice, Mall et al(197) developed transgenic mice that 

overexpress the beta subunit of ENaC (gene scnn1b) under the control of the club cell 

secretory protein promoter. These Scnn1b-transgenic (Tg) C57Bl/6 and BALB/c mice 

show increased sodium absorption in the airways, which drives airway surface liquid 

dehydration, mucus obstruction, and neutrophilic inflammation, much like pathologic 

observations in CF patients.(197, 278) To date, Scnn1b-Tg mice have primarily been 

used to study the pathophysiology and treatment of CF-like muco-obstructive lung 

disease,(209, 211, 212, 217) but they have also shown promise as models for acute 

infections in CF-like lungs. Neonatal Scnn1b-Tg C3HxC57Bl/6 mice have been shown to 

clear intratracheal infections with Haemophilus influenzae or P. aeruginosa slower than 

wildtype mice, but the infections have not been studied for longer than three days.(197) 

Scnn1b-Tg C57Bl/6 mice have also been infected with P. aeruginosa using a fibrin plug 

model to study mechanisms by which treatment with nebulized α1-antitrypsin improves 

lung function and decreases P. aeruginosa burden in CF patients.(220) The study was 
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limited to the first three days of infection, so the study did not address the chronic nature 

of CF lung infections, but it demonstrates the potential utility of Scnn1b-Tg mice for 

testing therapeutics against infections in a CF-like lung.  

Here, we developed a model of CF lung infection with P. aeruginosa using 

Scnn1b-Tg BALB/c mice. This model uses an intranasal route of infection and does not 

embed bacteria in foreign substances to prevent clearance, similar to natural infections. 

An advantage of this model is its ease of use, permitting the study of P. aeruginosa in a 

mouse with CF-like lung disease for up to 12 days post-infection. The utility of this 

model was confirmed by infecting mice with P. aeruginosa PAO1 as well as clinical 

isolates from young children with CF and evaluating clearance rates, bacterial burdens, 

and the immune response. 

Materials and Methods: 

Animals 

Wanda O’Neal and the Marsico Lung Institute Mouse Models Core at the 

University of North Carolina School of Medicine generously provided male Scnn1b-Tg 

(also known as β-ENaC)(197) BALB/c mice for the initiation of the colony. Scnn1b-Tg 

mice have been reviewed in (279) and (205). Female BALB/c mice were purchased from 

Taconic Biosciences (Rensselaer, New York) as breeders. Scnn1b-Tg mice were bred as 

hemizygotes and their wildtype BALB/c littermates served as controls. Pups were 

genotyped by PCR of genomic tail DNA as previously described.(197) DNA was 

extracted using a DNeasy Blood and Tissue Kit (Qiagen; Hilden, Germany) per the 

manufacturer’s instructions. All mice were housed in the animal facility at the University 
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of Maryland School of Dentistry. The Institutional Animal Care and Use Committee at 

the University of Maryland, Baltimore approved the experiments. 

Bacterial Strains and Cultures 

Bacteria were stored at -80˚C in 20% glycerol (v/v). Thomas Bjarnsholt 

(University of Copenhagen) provided the isolate of PAO1(280) used in this study. CF 

isolates were from young CF patients enrolled in a study at the Children’s Hospital and 

Regional Medical Center in Seattle, Washington.(281) The children were younger than 

15 months-old at enrollment and were followed until age three. P. aeruginosa isolates 

were obtained from bronchoalveolar lavage fluid or oropharyngeal cultures. Strain 

information for all P. aeruginosa isolates used for the study is listed in Table 3.1. 

Bacteria were maintained on tryptic soy agar (TSA; Sigma Aldrich Corporation; 

St. Louis, MO) plates and cultured overnight in tryptic soy broth (TSB; Sigma-Aldrich) 

at 37˚C (shaking at 200 rpm). To generate biofilm-grown cultures, the overnight cultures 

were diluted 1:100 and incubated for an additional 3 hours to reach mid-log phase, then 

10 l of the subculture was spiked into wells of a 6-well polystyrene tissue culture plate 

(Corning Inc; Corning, NY) with 3 mL TSB. The plate was cultured overnight at 37˚C 

without shaking. The resulting biofilm and planktonic populations were harvested 

together from each well of the plate, thus the biofilm inoculum was a mixed population 

containing both planktonic bacteria and biofilm aggregates. The bacteria were 

centrifuged (4200 g for 10 minutes), washed with 10 mL phosphate-buffered saline (PBS; 

Sigma-Aldrich), and then centrifuged again. The pellet was re-suspended in PBS to an 

OD600 of 0.065 +/- 0.003 (for PAO1, CF001, and CF002), which had been previously 

determined to correspond to a bacterial concentration of approximately 7 x 107 colony- 
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Table 3.1: Characteristics of Strains 
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forming units (CFU)/mL. CF1188 was capable of establishing an infection with a lower 

concentration inoculum, so the inoculum was diluted an additional 30-fold from an OD600 

of 0.065. The biofilm inoculum was vortexed vigorously for one minute to disrupt visible 

bacterial aggregates. Following infection, the remaining inoculum was homogenized for 

one minute with a Kinematica Polytron PT1200E tissue homogenizer (Kinematic Inc; 

Lucerne, Switzerland). The inoculum was serially diluted and plated in triplicate to 

confirm the bacterial concentration. The planktonic inoculum was prepared by growing 

an overnight culture in TSB (shaking at 200 rpm), then diluting the overnight 1:100 and 

incubating for an additional 3 hours. The subcultures were centrifuged and washed with 

PBS in the same manner that the biofilm inocula were, then diluted to the same OD600. 

The preparation of the biofilm and planktonic inocula is summarized in Appendix 

Figure B.1A. 

Lung Infection Model 

Seven-10 week-old male and female mice were anesthetized with inhaled 

isoflurane (VetOne; Boise, ID), intraperitoneal ketamine (Putney Inc; Portland, ME) and 

xylazine (VetOne) (100-150 mg/kg and 10-16 mg/kg, respectively) and then infected 

intranasally with P. aeruginosa suspended in 50 l PBS. Mice were euthanized by CO2 

narcosis and cervical dislocation on Days 3, 7, and 12 post-infection. Mock-infected mice 

were anesthetized in the same manner, intranasally inoculated with 50 l sterile PBS, and 

sacrificed on Day 3 post-mock infection. Mice were monitored daily for the duration of 

the infection, and moribund mice were euthanized. Only surviving mice were included in 

CFU calculations, calculations of percentage of mice infected, and cytokine analysis. 
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Quantitative bacteriology 

Right lungs were excised aseptically, weighed, and homogenized in PBS (3 mL 

PBS/g lung tissue) using a Kinematica Polytron PT1200E tissue homogenizer. Lung 

homogenate was serially diluted and plated in triplicate on TSA and on pseudomonas-

selective agar (CHROMagar; Paris, France) to determine bacterial load. Plates were 

incubated at 37˚C overnight. Colonies were counted and presented as CFU/g of lung to 

standardize across different size mice. The limit of detection was 100 CFU/g. 

Cytokine Production 

Right lungs were weighed and homogenized in PBS (3 mL/g lung tissue) 

containing a cOmpleteTM protease inhibitor cocktail (Roche; Basel, Switzerland) and 2% 

bovine serum albumin (BSA; AmericanBio Inc; Canton, MA). The lung homogenate was 

centrifuged at 4200 g for 10 minutes at 4˚C, and the supernatant was stored at -20˚C until 

analysis. The University of Maryland Cytokine Core Laboratory performed all cytokine 

assays using a Luminex Multianalyte System (http://www.cytokines.com/index.php). 

Histology 

Left lungs were removed aseptically and harvested directly into 10% (wt/vol) 

neutral buffered formalin (Sigma-Aldrich). After a minimum of 48 hours in formalin at 

room temperature, the lungs were embedded in paraffin wax and cut into 5 µm-thick 

sections, followed by hematoxylin and eosin (H&E) staining. Sectioning and H&E-

staining were performed by the Pathology, EM, and Histology Laboratory at the 

University of Maryland. Slides were analyzed blind to the mouse genotype and infection 

status. 

http://www.cytokines.com/index.php
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Immunohistochemistry was used to locate P. aeruginosa in the airways of 

infected mice. In brief, paraffin-embedded lung sections were deparaffinized and 

rehydrated to water before undergoing antigen retrieval (sodium citrate buffer, pH = 6.0) 

at 60˚C overnight. Non-specific staining was blocked with 2% BSA and 0.1% Triton X-

100, and slides were stained overnight with a rabbit anti-P. aeruginosa antibody (Abcam 

68538; Abcam; Cambridge, United Kingdom) at a 1:400 dilution. The slides were 

washed and stained with a goat anti-rabbit secondary antibody conjugated to Texas Red 

(Abcam 6719) at a 1:400 dilution, and then counter-stained with DAPI Prolong Diamond 

(Invitrogen; Carlsbad, CA). Mock-infected mice and slides from infected mice with the 

primary antibody replaced with an additional blocking step served as negative controls. 

Slides were visualized using a Zeiss Axio Imager fluorescent microscope equipped with 

an ApoTome module.  

Statistical Analysis 

GraphPad Prism 5.0 (GraphPad Software, Inc; San Diego, CA) was used for 

graph creation and statistical analysis. T-tests were used to analyze normally distributed 

data. Non-normally distributed data was log-transformed prior to performing t-tests. 

Kruskal-Wallis tests with Dunn’s multiple comparison post-hoc tests were used to assess 

differences between more than two groups when variances were not equal. Differences in 

mortality were assessed with log-rank tests. Fold changes in cytokine expression were 

calculated for each mouse compared to mock-infected wildtype mice. A p-value less than 

0.05 was considered statistically significant. 
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Results: 

PAO1 consistently colonizes Scnn1b-Tg mouse lungs when it is grown as a biofilm 

 To determine whether planktonic or biofilm-grown PAO1 was important in the 

colonization of the lung, Scnn1b-Tg mice and their wildtype littermates were intranasally 

infected with 2-4 x 106 CFU planktonic or 3-5 x 106 CFU biofilm-grown PAO1 on Day 

0. The biofilm inoculum was homogenized prior to plating, which was confirmed to 

break up bacterial aggregates using microscopy (Appendix Figure B.1B). On Day 7 

post-infection, more planktonically-grown bacteria were recovered from Scnn1b-Tg 

mice, as compared to wildtype mice (p = 0.055; Fig. 3.1); however, only 41% (11/27 

mice) of surviving Scnn1b-Tg mice maintained the infection (geometric mean bacterial 

burden below limit of detection). In contrast, when PAO1 was grown as a biofilm, 90% 

(9/10 mice) of surviving Scnn1b-Tg mice remained infected on Day 7, and they carried 

significantly more bacteria (geometric mean of 1008 CFU/g of lung; p = 0.006). For 

wildtype mice, only 25% (6/24 mice) and 27% (3/11 mice) remained infected on Day 7 

when infected with planktonic or biofilm-grown PAO1, respectively, demonstrating that 

the mucus-obstructed Scnn1b-Tg mice are more susceptible to infection with PAO1. 

Scnn1b-Tg mice clear PAO1 infections slower than wildtype littermates 

To assess clearance rates of biofilm-grown PAO1, Scnn1b-Tg mice and their 

wildtype littermates were intranasally infected with 3-5 x 106 CFU. Mice were sacrificed 

on Days 3, 7, and 12 post-infection. The bacterial load in the lungs declined over time for 

both wildtype and Scnn1b-Tg mice; however, Scnn1b-Tg mice cleared the infections 

more slowly than wildtype littermates (Fig. 3.2). On Day 3, 100% of surviving  
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Figure 3.1: Planktonic and Biofilm PAO1 Infectivity 

Planktonic PAO1 is less infectious than PAO1 grown as a biofilm. PAO1 consistently colonizes 

the Scnn1b-Tg mouse lung when it is grown as a biofilm prior to infection rather than grown 

planktonically. Scnn1b-Tg mice and wildtype littermates were intranasally infected with 2-4 x 106 

CFU planktonic PAO1 or 3-5 x 106 CFU biofilm-grown PAO1. Bars are geometric means with 

95% confidence intervals. CFU data was log-transformed, then analyzed using 2-tailed t-tests. 

The limit of detection is 100 CFU/g of lung. Results are from independent planktonic (data from 

4 infections; n = 24 wildtype and 27 Scnn1b-Tg total) and biofilm infections (data from 3 

infections; n = 11 wildtype and 10 Scnn1b-Tg mice total).  ** = p < 0.01, *** = p < 0.001 

  



86 

 

 

Figure 3.2: Scnn1b-Tg Mice Clear PAO1 Slowly 

Scnn1b-Tg mice clear PAO1 slower than wildtype littermates. Biofilm-grown PAO1 is cleared 

from Scnn1b-Tg lungs over 12 days of infection. Scnn1b-Tg and wildtype BALB/c mice were 

infected with 3-5 x 106 CFU PAO1 and sacrificed on Day 3, 7, and 12 post-infection. Graph 

depicts log-transformed CFU values with SEM. CFU data was log-transformed and compared 

using unpaired, two-tailed t-tests. The limit of detection is 100 CFU/g of lung. Results are from 

three independent infections (data from 3 infections; n = 34 wildtype mice and 38 Scnn1b-Tg 

mice total).  * = p < 0.05, *** = p < 0.001  
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Scnn1b-Tg and wildtype mice were infected: Scnn1b-Tg mice carried a geometric mean 

of 4235 CFU/g of lung, whereas wildtype mice carried only 705 CFU (p = 0.034). 

Between Days 3 and 7, wildtype mice cleared 99.5% of the bacteria in their lungs, 

compared to 76% in Scnn1b-Tg mice. By Day 12, only 18% (2/11) wildtype mice 

remained infected, compared to 50% (5/10) Scnn1b-Tg mice. The mortality rates for the 

Scnn1b-Tg and wildtype mice were 21% and 3%, respectively (p = 0.020) (Appendix 

Figure B.2A). Mortality was limited to the first three days post-infection, and 

preliminary experiments suggested that mortality was a result of sepsis (determined by 

dissemination to the kidneys, data not shown). Both Scnn1b-Tg and wildtype mice lost 

weight following infection, then rebounded (Appendix Figure B.2B). No significant 

differences were found between male and female mice. 

Cytokine Analysis 

Sputum samples from CF patients have been reported to contain high amounts of 

IL-17 during pulmonary exacerbations.(282) To determine if Scnn1b-Tg BALB/c mice 

generate Th1, Th2, or Th17-skewed responses to P. aeruginosa infection and compare 

the response to that observed in CF patients, cytokine production in the lungs of Scnn1b-

Tg and wildtype mice was compared on Days 3 and 7 post-infection. Compared to 

wildtype mice, Scnn1b-Tg BALB/c mice produced increased levels of the Th1 cytokine 

IFNγ and the neutrophil chemoattractant KC at baseline (p = 0.037 and 0.040), as well as  

on Day 3 post-infection (p = 0.013 and 0.049) (Fig. 3.3, Appendix Table B.1). On Day 3 

post-infection, both Scnn1b-Tg and wildtype mice showed significantly increased 

production of IFNγ over mock-infected controls (p = 0.003 and 0.005); however, 

production of IL-12 p70, another Th1-associated cytokine, was unaffected. The  
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Figure 3.3: Cytokine Responses to PAO1 Infection 

PAO1 infection elicits an early Th17-type response. The cytokine response to PAO1-infection 

was measured on Days 3 and 7 post-infection in lung homogenates using Luminex Multianalyte 

Assays. Data is expressed as fold change relative to wildtype mock-infected mice. Bars represent 

means with standard deviations. Differences between groups were analyzed with two-tailed 

unpaired t-tests (n = 4-11 mice per group). * = p < 0.05, ** = p < 0.01.  
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Th2-associated cytokines IL-4 or IL-13 were not significantly increased by P. aeruginosa 

infection. In contrast, the pro-inflammatory cytokines IL-1β and IL-6, as well as the 

Th17-associated cytokine IL-22, were significantly induced by P. aeruginosa infection 

on Day 3 in both Scnn1b-Tg and wildtype mice (IL-1β: p = 0.011 and p = 0.008; IL-6: p 

= 0.040 and p = 0.024; ; IL-22: p = 0.024 and 0.041). Scnn1b-Tg mice also produced 

 increased levels of IL-17 on Day 3 post-infection (p = 0.025). Production of TNFα and 

TGFβ was not significantly affected by P. aeruginosa infection and did not differ 

between Scnn1b-Tg and wildtype mice. By Day 7 post-infection, cytokine levels were 

similar to baseline, with the exception of wildtype mice continuing to produce slightly 

elevated levels of IL-1β (p = 0.018).  

Infection with P. aeruginosa CF Clinical Isolates 

As PAO1 is a laboratory-adapted strain of P. aeruginosa, Scnn1b-Tg and 

wildtype mice were infected using P. aeruginosa isolates from CF patients to determine 

whether Scnn1b-Tg mice were more susceptible than their wildtype littermates. To model 

the earliest stages of P. aeruginosa infections in the CF lung, Scnn1b-Tg and wildtype 

mice were infected with the non-mucoid CF isolates CF001 and CF002, both grown as 

biofilms. CF001 and CF002, collected as part of previous studies that characterized the 

early natural history of CF lung disease,(281, 283) were from individual 3-month-old and 

4-month-old CF patients, respectively. Both isolates were collected via bronchoalveolar 

lavage. Similar to PAO1, both CF001 and CF002 exhibited colonization of the airways of 

Scnn1b-Tg mice on Day 7, whereas they were cleared from the lungs of wildtype mice (p 

= 0.001 and 0.068). (Fig. 3.4). The bacterial burdens recovered from mice infected with 
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PAO1 were not significantly different from mice infected with CF001 or CF002 (p = 

0.107 and p = 0.142, respectively). 

To model CF lung infection with a P. aeruginosa isolate that displayed specific 

CF lung adaptations, including mucoidy, mice were infected with 1 x 105 CFU of the CF 

isolate CF1188, a mucoid isolate from an 18 month-old CF patient. In contrast to 

infections with PAO1 and the non-mucoid early CF isolates CF001 and CF002, mice 

infected with CF1188 displayed decreased signs of disease in the first three days after 

infection (less ruffled fur, no hunched posture); however, CF1188-infected Scnn1b-Tg 

mice gradually lost weight during the course of the infection. Wildtype BALB/c mice did 

not show significant weight loss (data not shown). On Day 7, a geometric mean of 1.5 x 

108 CFUs/g of lung were recovered from Scnn1b-Tg mice, whereas the geometric mean 

in BALB/c mice was below the limit of detection (p < 0.0001) (Fig. 3.4). In two of six 

Scnn1b-Tg mice, bacteria were recovered from the kidneys, indicating dissemination of 

CF1188 from the lungs of Scnn1b-Tg mice, which did not occur in wildtype mice. 

Repeated infections with CF1188 yielded similar results (data not shown). 

Cytokine production in the lungs of mice infected with all three CF clinical 

isolates was compared to mice infected with PAO1 on Day 7 post-infection. Generally, 

mice infected with the non-mucoid early CF isolates, CF001 and CF002, mounted similar 

cytokine responses to mice infected with PAO1, while mice infected with the mucoid CF 

isolate CF1188 generated increased cytokine responses. As observed in PAO1-infected 

Scnn1b-Tg mice on Day 7, no significant increases in TNFα, IL-1β, IFNγ, IL-13, IL-17, 

or IL-22 were observed in Scnn1b-Tg mice infected with CF001 or CF002. In contrast, 

Scnn1b-Tg mice infected with either CF001, CF002, or CF1188 produced significantly  
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Figure 3.4: CF Isolates in Scnn1b-Tg Mice 

Scnn1b-Tg mice carry higher bacterial burdens when infected with CF P. aeruginosa isolates. 

Scnn1b-Tg and wildtype mice were intranasally infected with the CF isolates CF001, CF002, or 

CF1188 and sacrificed on Day 7 post-infection. Bars represent geometric means with 95% 

confidence intervals. CFU values were log-transformed and analyzed using two-tailed unpaired t-

tests (CF001 data from two independent infections, n = 16 Scnn1b-Tg mice and 16 wildtype 

mice; CF002 data from one infection, n = 9 Scnn1b-Tg mice and 7 wildtype mice; CF1188 data 

from one infection, n = 6 Scnn1b-Tg mice and 8 wildtype mice). The limit of detection is 100 

CFU/g of lung. *** = p < 0.001 
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more KC, relative to mock-infected controls (p = 0.013, 0.035, and 0.006, respectively). 

Scnn1b-Tg mice infected with the mucoid isolate CF1188 produced significantly more 

IL-1β, IL-13, IL-17, IL-22 and KC than mice infected with PAO1, CF001, or CF002 (p = 

0.005, 0.023, 0.010, 0.010, and 0.001, respectively) (Fig. 3.5). In wildtype mice, infection 

with CF isolates resulted in a significant increase in IL-13, as compared to infection with 

PAO1 (p = 0.007) and decreases in the production of IL-1β, TNFα, IL-17, and KC (p = 

0.004, 0.006, 0.016, 0.021, respectively). 

Histology 

As has been previously reported,(197) Scnn1b-Tg mouse lungs were characterized 

by mucus accumulation in the bronchioles, neutrophilic infiltration, and enlarged alveoli, 

as compared to wildtype littermates, even in the absence of infection (Appendix Fig. 

B.3). On Day 7 post-infection, H&E-stained Scnn1b-Tg mouse lungs showed slightly 

increased immune infiltration into the bronchioles (Fig. 3.6). Both wildtype and Scnn1b-

Tg mice displayed alveolar septal thickening and cellular debris in the alveoli in response 

to PAO1 infection. Scnn1b-Tg mice infected with CF001 and CF002 showed similar 

signs of inflammation on Day 7 (Appendix Fig. B.4). Both neutrophils and alveolar 

macrophages were present in the mucus in Scnn1b-Tg mice, and individual bacteria and 

small bacterial aggregates were located in the bronchioles and alveoli using 

immunohistochemistry (Appendix Fig. B.5). In contrast, Scnn1b-Tg mice infected with 

CF1188 showed extensive immune cell infiltration into the bronchioles and some alveoli. 

Wildtype mice, on the other hand, showed minimal pathology (Fig. 3.7). In order to 

locate CF1188 in the airway, lung sections were stained with anti-P. aeruginosa 

antibodies. Aggregates of bacteria were identified both in bronchioles and in alveoli,  
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Figure 3.5: Cytokine Responses to CF Isolates 

Scnn1b-Tg mice generate elevated cytokine responses after infection with CF1188. Bars represent 

means with standard deviations. Differences between groups were analyzed with Kruskal-Wallis 

tests and Dunn’s Multiple Comparisons post-hoc tests. Horizontal bars and asterisks represent the 

results of Dunn’s Multiple Comparisons tests (n = 5-6 mice per group). * = p < 0.05, ** = p < 

0.01, *** = p < 0.001 
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Figure 3.6: PAO1 Infection Lung Sections 

PAO1 infection elicits increased immune infiltration in the bronchioles of Scnn1b-Tg mice 

(C&D) on Day 7 post-infection. Wildtype mice (A&B) display signs of inflammation but lack 

excessive neutrophil recruitment. Scale bars represent 400 µm (A&C) and 100 µm (B&D). 
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Figure 3.7: CF1188 Infection Lung Sections 

Scnn1b-Tg mice show pronounced immune cell infiltration into the bronchioles on Day 7 

following infection with CF1188 (C&D). Wildtype mice show minimal pathology (A&B). Scale 

bars represent 400 µm (A&C) and 100 µm (B&D). 
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extending all the way to the edge of the lung parenchyma (Fig. 3.8, Appendix Fig. B.5). 

Although individual bacteria were observed, CF1188 was primarily found in aggregates 

that ranged in size from approximately 2 - 20 µm in diameter. 

Discussion 

Here, we showed the applicability of Scnn1b-Tg BALB/c mice as a model of P. 

aeruginosa colonization of the CF lung. In these studies, Scnn1b-Tg mice remained 

infected longer and showed increased neutrophilic infiltration into the bronchioles, as 

compared to wildtype mice. In addition, Scnn1b-Tg mice generated Th17-type cytokines 

in response to infection, which is consistent with observed responses in CF patients.  

We found that PAO1 consistently colonized the lungs of Scnn1b-Tg mice when it 

was grown as a biofilm prior to infection rather than planktonically. The formation of 

bacterial biofilms in the lungs of CF patients plays an important role in the persistence of 

lung infections, and bacteria have been observed in microcolonies and aggregates in 

sputum.(284, 285) Biofilm growth offers multiple advantages to a pathogen, such as the 

ability to better evade the host immune response and tolerate antibiotic exposure. 

Although aggressive antibiotic treatment can be beneficial to CF patients’ airway disease, 

chronic P. aeruginosa infections are not eradicated by antibiotic treatment. Biofilm-

related antibiotic tolerance has been attributed to reduced penetration into the biofilm and 

decreased metabolic activity of bacteria within the biofilm.(286) Although the role of 

biofilms in maintaining chronic disease is well-established, a potential role for bacterial 

aggregates in the initiation of disease is not as well understood. Vibrio cholerae, for 

example, is more infectious as a biofilm than it is as a planktonic organism,(287, 288) but  
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Figure 3.8: CF1188 Infection Lung Immunohistochemistry 

CF1188 (red) formed aggregates in the lungs of Scnn1b-Tg mice, visualized using 

immunohistochemistry (A). Bacteria were localized using an anti-P. aeruginosa antibody with a 

DAPI counterstain; negative control (B). Scale bar represents 10 µm. 

  



98 

 

the physical structure of the aggregate has been found to be dispensable.(289) Future 

studies will address the features of the PAO1 biofilm that enhance the colonization of 

Scnn1b-Tg mouse lungs. 

We extended these studies by using P. aeruginosa isolates (CF001, CF002, and 

CF1188) collected from young patients with CF. When P. aeruginosa colonizes the CF 

lung, it encounters a stressful environment and must evade the immune response and 

survive exposure to antibiotics(290) and osmotic/oxidative stresses.(102, 103) To survive 

and establish a chronic infection, P. aeruginosa must adapt to the CF lung environment. 

Several recurring adaptations have been identified from genotypic and phenotypic studies 

of CF isolates. For example, P. aeruginosa becomes non-motile(115) and hypermutable, 

loses quorum sensing,(123) and becomes increasingly antibiotic resistant.(110) The 

development of mucoidy is especially important in the transition to a chronic infection in 

CF.(291) 

All three clinical isolates used in this study were obtained from individual patients 

18-months old or younger; however, CF1188 is mucoid and CF001 and CF002 are non-

mucoid. Infections in Scnn1b-Tg mice with PAO1, CF001, and CF002 were similar in 

regards to the bacterial numbers recovered from the lungs and the cytokine response at 

Day 7 post-infection. Scnn1b-Tg mice carried higher bacterial burdens than wildtype 

mice when infected with P. aeruginosa CF isolates. Notably, infection with the mucoid 

isolate CF1188 resulted in the highest bacterial burdens (>108 CFU) in Scnn1b-Tg mice 

on Day 7. Correspondingly, Scnn1b-Tg mice infected with CF1188 mounted increased 

cytokine responses, as compared to mice infected with PAO1, CF001, or CF002. On 

histological examination of H&E-stained lungs, Scnn1b-Tg mice infected with PAO1, 
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CF001, or CF002 all displayed signs of inflammation, including neutrophil infiltration, 

lymphoid hyperplasia, the appearance of foamy alveolar macrophages, and thickening of 

the alveolar septae. Scnn1b-Tg mice infected with CF1188 additionally showed extensive 

immune cell infiltration into the bronchioles. Although CF1188 proliferated in the 

Scnn1b-Tg lung and caused dramatic cytokine responses, wildtype mice cleared CF1188 

infections and showed minimal pathology, a dichotomy that illustrates the significance of 

CF-like pathology in permitting mucoid P. aeruginosa to establish lung infections. 

In Scnn1b-Tg mice infected with PAO1, IL-17 was elevated in lung homogenate 

on Day 3 but had returned to baseline by Day 7, suggesting that innate-like cells could be 

responsible for much of the production of IL-17. Invariant natural killer cells, type three 

innate lymphoid cells, and γδ T-cells have all been shown to secrete IL-17 and are 

present at mucosal surfaces.(292, 293) During infection with CF1188, IL-17, IL-22, and 

KC remained elevated at Day 7, likely due to the high bacterial load in the lung. IL-17 

family cytokines have been found in the sputum of CF patients during 

exacerbations,(282) and neutrophils from P. aeruginosa-infected CF patients produce IL-

17 during infections.(294) As previously shown in other murine models, the IL-17/IL-22 

axis plays an important role in both the control of infections and the repair of epithelium 

following inflammation. Mice deficient in IL-17 or IL-23 production are more vulnerable 

to respiratory infection with bacterial(292, 293) and fungal(295) pathogens; however, in 

CFTR knockout mice, the administration of IL-17-blocking antibodies prior to infection 

with P. aeruginosa-laden agarose beads resulted in decreased lung pathology and less 

weight loss.(296) In the highly inflammatory CF lung, blocking the actions of IL-17 to 
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decrease neutrophil infiltration and control inflammation is a potential therapeutic 

strategy. 

In Scnn1b-Tg mice infected with PAO1, P. aeruginosa was primarily identified in 

the bronchioles as individual organisms. In contrast, in the lungs of Scnn1b-Tg mice 

infected with the mucoid isolate CF1188, aggregates of CF1188 were found in both 

bronchioles and alveoli. The observed CF1188 aggregates were approximately 20 µm 

across their longest axis. Infecting mice with a mucoid CF isolate appears to produce 

bacterial aggregates similar in size to those observed in both the alginate bead model and 

in CF patients. In the alginate bead model of P. aeruginosa lung infections, aggregates 

are approximately 23-342 µm2.(297) P. aeruginosa aggregates have been reported to 

range in size from 4-3227 µm2 in explanted CF patient lungs,(298) and in a review 

comparing characteristics of biofilms in human infections and in vitro models, aggregates 

in CF patients were reported to be in the range of 5-100 µm long.(299)  

This study had several limitations. Although Scnn1b-Tg mice maintained P. 

aeruginosa infections for 7-12 days, we did not assess whether an infection would 

continue for a longer duration. By Day 12 post-infection, half of the infected Scnn1b-Tg 

mice had cleared the infection, but it is possible that some of the remaining infected mice 

would have maintained the infection longer. Because Scnn1b-Tg mice do not carry CFTR 

mutations, this model is also limited in its utility for the study of CFTR-targeting 

therapies.  

Advantages of utilizing Scnn1b-Tg mice as models of CF lung infections include 

the ability to study microbial pathogenesis and the host immune response in a mucus-

obstructed lung that recapitulates many of the features of CF lung pathology. This model 
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can potentially be adapted to evaluate antibiotics or immunomodulatory treatments or to 

assess virulence of isolates in a CF-like lung. Future studies will expand this model to 

characterize other important CF-associated pathogens and study bacterial interactions in 

polymicrobial infections. 
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Chapter 4 : Staphylococcus aureus Infections in Scnn1b-Tg Mice 

Introduction: 

 Staphylococcus aureus is a gram-positive coccus that is part of the normal skin 

flora. S. aureus frequently colonizes the nares, and approximately 30% of health 

individuals are colonized by S. aureus at any given time. S. aureus is also the most 

commonly isolated pathogen from the airways of pediatric patients with CF. In 2018, 

70.3% of CF patients in the United States were infected with S. aureus, and 25% of 

patients were infected with methicillin-resistant S. aureus (MRSA), an increase from 

12% of patients in 2003.(75) Infection with MRSA has been associated with increased 

risk of death and accelerated lung function decline.(85-87) Beginning in 2000, USA300 

lineages became the dominant cause of community-acquired S. aureus infections in the 

United States.(300, 301) USA300 MRSA isolates also comprise a significant proportion 

of MRSA infections in CF patients.(302, 303) 

 As S. aureus adapts to the CF lung, it forms biofilms, alters the expression of 

virulence genes, becomes hypermutable, becomes antibiotic resistant, and converts to 

small colony variants (reviewed in (304)). Studies of sputum samples and lung biopsies 

from CF patients have demonstrated that S. aureus expresses the polysaccharide poly-N-

acetyl-1,6 glucosamine, a major component of the S. aureus biofilm.(305) The S. aureus 

quorum sensing system agr, which regulates virulence factor expression, is often inactive 

in CF.(306) The agr system inhibits the expression of proteins involved in aggregation, 

such as staphylococcal protein A(307) and fibronectin-binding protein,(308) while 

activating the production of hla and proteases involved in biofilm dispersal,(309) 

suggesting that inactivity of agr might aid in biofilm formation. Agr deficiency has also 
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been identified in small colony variants.(310) Small colony variants are an important S. 

aureus phenotype in the CF airway because they display slow growth rates, increased 

antibiotic resistance, and increased intracellular survival.  

 In order to determine whether Scnn1b-Tg BALB/c and C57Bl/6N mice clear S. 

aureus infections more slowly than their wildtype littermates, we intranasally infected 

mice with planktonic S. aureus and measured the CFUs in the lungs on Days 3 and 7 

post-infection. 

Methods: 

Animals 

 Male Scnn1b-Tg BALB/c and C57Bl6N mice were obtained from Wanda O’Neal 

and the Marsico Lung Institute Mouse Models Core and the University of North Carolina 

School of Medicine. Female BALB/c and C57BL/6N were purchased from Taconic 

Biosciences (Rensselaer, New York) as breeders. Both Scnn1b-Tg BALB/c and 

C57Bl/6N mice were bred as hemizygotes and genotyped as previously described. Mice 

were housed in the animal facility at the University of Maryland School of Dentistry. All 

experiments were approved by the Institutional Animal Care and Use Committee at the 

University of Maryland, Baltimore. 

Bacterial Strains and Cultures 

 Mice were infected with NRS482, a USA300 S. aureus isolate. NRS482 was 

maintained on tryptic soy agar (TSA; Sigma Aldrich Corporation; St. Louis, MO) plates. 

Overnight cultures were prepared in tryptic soy broth (TSB; Sigma Aldrich) and 

incubated at 37˚C, shaking at 200 rpm. Planktonic inocula were prepared by diluting 

overnight cultures 1:100 in TSB and incubating them for an additional three hours to 
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reach mid-log phase. The cultures were centrifuged (4200 g for 10 minutes), washed with 

10 mL of phosphate-buffered saline (PBS; Sigma Aldrich), and centrifuged again. The 

pellet was re-suspended in one mL PBS. The bacterial concentration was determined 

using a Petroff-Hausser counting chamber, and the inocula were diluted to a 

concentration of approximately 2 x 109 CFU/mL. The inocula were also serially diluted 

on TSA plates for confirmation. 

Lung Infection Model 

 Mice were anesthetized with inhaled isoflurane (VetOne; Boise, ID) and 

intraperitoneal ketamine (Putney Inc; Portland, ME) and xylazine (VetOne) (100-150 

mg/kg and 10-16 mg/kg, respectively). Mice were then infected with 1-5 x 108 CFU S. 

aureus suspended in 50 µl PBS. Both male and female mice were used in each infection. 

After three or seven days of infection, mice were euthanized by CO2 narcosis and 

cervical dislocation. Mice were monitored daily during the infection, and moribund mice 

were euthanized. Only surviving mice were included in CFU calculations. 

Quantitative bacteriology 

 Right lungs were excised aseptically, weighed, and homogenized in PBS (3 mL 

PBS/g lung tissue) with a Kinematica Polytron PT1200E tissue homogenizer. To 

determine bacterial load, lung homogenate was serially diluted and plated in triplicate on 

TSA and S. aureus-selective agar (CHROMagar; Paris, France). Plates were incubated at 

37˚C overnight. Colonies were counted and presented as CFU/g of lung to standardize 

across mice of different sizes. The limit of detection was 100 CFU/g of lung. 
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 Nasal tissue was processed as described in Archer et al,(311) except the nasal 

tissue was weighed and homogenized in 3 mL PBS/g of tissue. The homogenate was 

serially diluted and plated on TSA and S. aureus-selective CHROMagar. 

Histology 

 Left lungs were harvested directly into 10% (wt/vol) neutral buffered formalin 

(Sigma Aldrich). After at least 48 hours in formalin at room temperature, the lungs were 

embedded in paraffin wax and sliced into 5 um-thick sections. Sections were hematoxylin 

and eosin (H&E) stained and analyzed blind to the mouse genotype and infection status. 

Sectioning and H&E-staining were performed by the Pathology, EM, and Histology 

Laboratory at the University of Maryland. 

Immunohistochemistry was used to identify S. aureus in the lungs. In brief, 

paraffin-embedded lung sections were deparaffinized and rehydrated to water before 

undergoing antigen retrieval (sodium citrate buffer, pH = 6.0) at 60˚C overnight. Non-

specific staining was blocked with 2% BSA and 0.1% Triton X-100, and slides were 

stained overnight with a polyclonal rabbit anti-S. aureus antibody conjugated to FITC 

(GeneTex; Irvine, CA) at a 1:400 dilution. The slides were washed and counter-stained 

with DAPI Prolong Diamond (Invitrogen; Carlsbad, CA). Slides were visualized using a 

Zeiss Axio Imager fluorescent microscope equipped with an ApoTome module. 

Statistical Analysis 

 Graph creation and statistical analysis were performed using GraphPad Prism 5.0 

(GraphPad Software, Inc; San Diego, CA). CFU data were log-transformed and analyzed 

using t-tests. Differences in mortality were determined with log-rank tests. A p-value less 

than 0.05 was considered statistically significant. 
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Results: 

Scnn1b-Tg BALB/c and C57Bl/6N mice tend to clear S. aureus infections more slowly 

than wildtype littermates 

 When Scnn1b-Tg BALB/c and C57Bl/6N mice were infected with 1-5 x 108 CFU 

S. aureus, the Scnn1b-Tg mice tended to carry higher bacterial burdens in their lungs than 

wildtype littermates. In Scnn1b-Tg BALB/c mice, the geometric mean S. aureus CFU 

was 844 CFU/g of lung on Day 3 and 1133 CFU/g of lung on Day 7 (Figure 4.1A). 

Scnn1b-Tg C57Bl/6N mice carried high S. aureus burdens on Day 3 (geometric mean 9.2 

x 104 CFU/g of lung), which dropped to a geometric mean of 609 CFU/g of lung on Day 

7 (Figure 4.2A). Wildtype BALB/c and C57Bl/6N mice tended to carry lower bacterial 

burdens, but the differences did not reach statistical significance (p = 0.06 to 0.13). 

BALB/c mice were generally resistant to S. aureus infection, and 87% of wildtype and 

97% of Scnn1b-Tg mice survived the infection (p = 0.17) (Figure 4.1B). C57Bl/6N mice 

were more susceptible to S. aureus infection, and only 77% of wildtype and 62% of 

Scnn1b-Tg mice survived (p = 0.24) (Figure 4.2B).  

Histology 

On Day 7 post-infection with S. aureus, Scnn1b-Tg BALB/c and wildtype 

BALB/c mice both demonstrated significant lymphoid hyperplasia, thickening of the 

alveolar septae, and inflammation (Figure 4.3). As previously reported, Scnn1b-Tg 

BALB/c mice demonstrate increased immune cell infiltration into the bronchioles. 

Although atypical, S. aureus abscesses were observed in some Scnn1b-Tg BALB/c lungs. 

These abscesses were confirmed to contain S. aureus using immunohistochemistry 

(Figure 4.4).  
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Figure 4.1: S. aureus Infections in Scnn1b-Tg BALB/c Mice 

 (A) Scnn1b-Tg BALB/c mice tend to carry higher S. aureus burdens in their lungs than their 

wildtype littermates. Data combined from seven independent infections (n = 13 Scnn1b-Tg 

BALB/c mice on Day 3, 16 Scnn1b-Tg BALB/c mice on Day 7, 15 wildtype mice on Day 3, and 

18 wildtype mice on Day 7). Log-transformed CFU counts were analyzed using two-tailed 

unpaired t-tests. (B) Scnn1b-Tg BALB/c and wildtype mice have comparable mortality rates 

following S. aureus infection (13% vs 3% mortality, respectively, p = 0.15 by log-rank test). (n = 

30 Scnn1b-Tg BALB/c mice and 38 wildtype mice). Infectious dose was 1-5 x 108 CFU. 

 



108 

 

A 

 

B 

 

Figure 4.2: S. aureus Infections in Scnn1b-Tg C57Bl/6N Mice 

(A) Scnn1b-Tg C57Bl/6N mice tend to carry higher S. aureus burdens in their lungs than 

wildtype littermates. Data combined from four independent infections. (n = 6 Scnn1b-Tg 

C57Bl/6N on Day 3, 11 Scnn1b-Tg C57Bl/6N on Day 7, 13 wildtype on Day 3, and 14 wildtype 

on Day 7). CFU data was log-transformed and compared using two-tailed unpaired t-tests. (B) 

Scnn1b-Tg C57Bl/6N mice and wildtype mice are similarly susceptible to mortality from S. 

aureus infection (38% vs 23% mortality, respectively, p = 0.24 by log-rank test). (n = 26 Scnn1b-

Tg C57Bl/6N and 39 wildtype mice). Infectious dose was 1-5 x 108 CFU. 
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Figure 4.3: S. aureus Infection Lung Sections 

S. aureus infection elicits increased inflammation in both wildtype mice (A&B) and Scnn1b-Tg 

BALB/c mice (C&D) on Day 7 post-infection. Scale bars represent 400 µm (A&C) and 100 µm 

(B&D). 
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Nasal colonization 

 We assessed whether the nasal passages of Scnn1b-Tg BALB/c mice and their 

wildtype littermates were colonized by S. aureus three days after infection. We found that 

both Scnn1b-Tg BALB/c mice and wildtype BALB/c mice remained colonized (Figure 

4.5). In fact, the recovered CFUs from the nasal tissue (geometric mean of 1.6 x 105 

CFU/g for Scnn1b-Tg mice and 3.5 x 105 CFU/g for BALB/c mice) were generally 

higher than the CFUs recovered from the lungs.  

Discussion: 

 Both Scnn1b-Tg BALB/c and C57Bl/6N mice tended to carry higher burdens of 

S. aureus in the lungs on Days 3 and 7 post-infection, although the differences were not 

statistically significant. When comparing Scnn1b-Tg BALB/c and C57Bl/6N mice, 

Scnn1b-Tg C57Bl/6N mice carried higher CFU burdens on Day 3 (9.2 x 104 CFU/g of 

lung vs. 844 CFU/g of lung). This observation is consistent with a previous study from 

our lab that found that C57Bl/6 mice were more susceptible than BALB/c mice to chronic 

S. aureus infection in a prosthetic implant model due to the increased Th1 and Th17 

responses of C57Bl/6 mice.(312) Infection with S. aureus resulted in increased 

inflammation, lymphoid hyperplasia, and alveolar septal thickening in both Scnn1b-Tg 

BALB/c mice and their wildtype littermates.  

 We also found that both Scnn1b-Tg BALB/c mice and their wildtype littermates 

carried high burdens of S. aureus in their nares for at least three days after infection. 

Although nasal colonization with S. aureus has been suggested to be less significant than 

oropharyngeal colonization in young patients,(313) in patients with CF undergoing lung 

transplants, there is a significant association between carriage of MRSA in the sinuses  
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Figure 4.4: S. aureus Abscesses in Scnn1b-Tg Lungs 

S. aureus is capable of forming abscesses in the Scnn1b-Tg mouse lung. (A) H&E-stained 

Scnn1b-Tg BALB/c lung infected with S. aureus. Bar represents 100 um. (B) The same lung 

stained with an anti-S. aureus antibody conjugated to FITC. 
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Figure 4.5: S. aureus Nasal Colonization 

Both Scnn1b-Tg BALB/c and the wildtype littermates carried S. aureus in their nares three days 

post-infection. (n = 4 Scnn1b-Tg BALB/c and 4 wildtype mice) 
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pre-transplant and the identification of MRSA in bronchoalveolar lavage fluid post-

transplant, suggesting that the nasal sinuses could be a reservoir for S. aureus 

colonization of transplanted lungs.(314) P. aeruginosa can also invade transplanted 

lungs, presumably from the sinuses,(315) and P. aeruginosa colonization of the sinuses 

has also been shown to permit re-infection of the lungs in a mouse model of cystic 

fibrosis lung infections.(316) Future studies will address the roles nasal carriage of S. 

aureus and P. aeruginosa could play in lung infections. 

 These experiments were limited by the inclusion of only a single S. aureus strain, 

a MRSA USA300 isolate. Future studies will incorporate S. aureus CF isolates, 

particularly small colony variants. We have also collected lung homogenate samples to 

analyze the cytokine response to S. aureus infection in both Scnn1b-Tg BALB/c and 

C57Bl/6N mice in order to identify targets for immunomodulation. 
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Chapter 5 : Biofilm Infectivity Studies 

Introduction: 

 The biofilm matrix is comprised of extracellular polysaccharides, proteins, and 

extracellular DNA (eDNA). The S. aureus biofilm is reliant on adhesion through the 

expression of microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs), such as fibronectin-binding proteins and iron-regulated surface 

determinants, and other cell wall-associated proteins. As the S. aureus biofilm matures, it 

tends to shift from reliance on proteins to a mixture of eDNA and proteins. S. aureus 

biofilm dispersal is controlled by the production of proteases and phenol soluble modulin, 

which functions as a surfactant to disrupt the biofilm matrix. In P. aeruginosa biofilms, 

the primary polysaccharides are Psl, Pel, and alginate. Alginate is the primary 

polysaccharide produced by CF isolates from chronic infections, and its over-production 

gives colonies a shiny, mucoid appearance. P. aeruginosa PAO1 has been shown to 

release approximately 1 µg/mL eDNA, providing ample material for biofilm 

scaffolding.(317) In addition to the eDNA P. aeruginosa produces, it can also utilize 

eDNA released from lysed leukocytes or NETosis for biofilm formation.(318, 319) In 

patients with CF, treatment with inhaled recombinant human DNase improves FEV1 and 

decreases mucus viscosity.(320)  

 We found that P. aeruginosa PAO1 was more infectious in Scnn1b-Tg BALB/c 

mice when it was grown as a biofilm prior to infection rather than planktonically (Figure 

3.1). We hypothesized that the physical structure of bacterial aggregates provided 

enhanced protection from the immune system and increased infectivity. To test this 

hypothesis, we used homogenization and DNase treatment to break up the bacterial 
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aggregates and test their infectivity. We expanded our earlier studies by evaluating 

whether the infectivity of both S. aureus and the mucoid P. aeruginosa isolate CF1188 

was similarly affected by growth as a biofilm prior to infection. 

Materials & Methods: 

Animals 

 Performed as described in Chapters 3 and 4. 

Bacterial Strains and Cultures 

 P. aeruginosa PAO1 biofilm cultures were prepared as described in Chapter 3. 

For the homogenization infectivity experiments, the biofilm cultures were split, with half 

being homogenized for one minute using a Kinematica Polytron PT1200E tissue 

homogenizer to break up P. aeruginosa aggregates. For the DNase treatment 

experiments, a one mL aliquot of the biofilm inoculum was treated with 10 U DNase for 

1 hour at 37˚C. All inocula were serially diluted and plated on TSA to confirm the 

bacterial concentration. CF1188 was grown as a biofilm as described in Chapter 3, or 

grown overnight as a planktonic culture in TSB. An S. aureus biofilm inoculum was 

prepared by growing S. aureus NRS482 as an overnight culture in TSB, diluting 1:100 in 

fresh TSB, and sub-culturing until mid-log phase. Ten µl of S. aureus culture was then 

added to each well of a 6-well polystyrene plate with TSB and cultured without shaking 

for 24 hours at 37˚C.   

Lung Infection Model 

 The lung infection model was performed as described in Chapters 3 and 4. Mice 

were sacrificed on Day 7 post-infection. All experiments were approved by the 

Institutional Animal Care and Use Committee. 
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Quantitative Bacteriology 

 CFU burdens in the lungs were determined as described in Chapters 3 and 4. 

Fluorescent Microscopy 

Homogenized and control biofilm inocula were stained with 10 µM Syto60. 

DNase-treated and control biofilm inocula were stained with 1 µM Toto1 and 10 µM 

Syto60. Slides were visualized using a Zeiss Axio Imager fluorescent microscope 

equipped with an ApoTome module. 

Statistical Analysis 

 GraphPad Prism 5.0 (GraphPad Software, Inc; San Diego, CA) was used for 

graph creation and statistical analysis. CFU data was log-transformed and analyzed using 

two-tailed unpaired t-tests. 

Results: 

Biofilm-grown PAO1 is still infectious after homogenization and DNase treatment 

We previously demonstrated that biofilm-grown P. aeruginosa PAO1 was more 

infectious than planktonic PAO1 (Figure 3.1). In order to determine whether the basis for 

the increased infectivity of the biofilm-grown PAO1 was structural, we disrupted the 

structure of the biofilm aggregates and infected Scnn1b-Tg BALB/c mice with both 

disrupted aggregates and biofilm-grown PAO1. 

 We assessed whether homogenization and DNase treatment efficiently disrupted 

biofilm aggregates using fluorescent microscopy. We found that homogenization 

completely disrupted the biofilm aggregates (Appendix Figure B.1). The biofilm 

inoculum was stained with Syto60 and Toto1 to visualize eDNA. We observed 

aggregates of PAO1 held together with filaments of eDNA. After DNase treatment, the 
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biofilm aggregates were disrupted, and eDNA structures were eliminated (Figure 5.1). 

We confirmed that the eDNA had been digested by the disappearance of a large (>10 kb) 

band on an agarose gel (data not shown).  

 Disrupting the structure of the biofilm aggregates with either homogenization or 

DNase treatment did not make biofilm-grown PAO1 less infectious. Scnn1b-Tg BALB/c 

infected with biofilm-grown PAO1, homogenized biofilm PAO1, and DNase-treated 

PAO1 carried significantly more bacteria in their lungs on Day 7 than wildtype mice (p < 

0.0001, = 0.0005, 0.018, respectively). There was no significant difference in the CFUs 

recovered from the mice infected with biofilm PAO1, homogenized biofilm PAO1, or 

DNase-treated PAO1 (Figure 5.2).  

Growth as a Biofilm Is Not Required for P. aeruginosa CF1188 or S. aureus 

 To determine whether biofilm growth enhanced the infectivity of the mucoid CF 

isolate CF1188, CF1188 was grown both planktonically and as a biofilm prior to 

infection, and mice were infected with 2-4 x 106 CFU. In contrast to the results from 

PAO1 infections, biofilm growth did not increase the CFUs recovered from Scnn1b-Tg 

mice or the percentage of mice that were infected, although this experiment was limited 

by small group sizes (Figure 5.3). Similarly, a preliminary infection study using biofilm-

grown S. aureus did not detect a difference in bacterial burden in mice infected with 

planktonic or biofilm S. aureus (data not shown). 

Discussion: 

 We hypothesized that disrupting the physical structure of bacterial aggregates 

would make the bacteria more susceptible to phagocytosis by the host immune system  



118 

 

 

Figure 5.1: DNase Digestion of eDNA 

P. aeruginosa PAO1 was grown as a biofilm in polystyrene plates, harvested, and diluted to a 

density of approximately 7 x 107 CFU/mL. An aliquot of the biofilm inoculum was treated with 

DNase for 1 hour, resulting in the digestion of eDNA structures. 

  



119 

 

and improve the ability of Scnn1b-Tg mice to clear the infections. Contrary to our 

expectations, disrupting the physical structure of PAO1 aggregates did not result in a loss 

of infectivity. On the other hand, when Scnn1b-Tg mice were infected with the mucoid 

CF isolate CF1188, no difference in infectivity between biofilm-grown and planktonic 

inocula was observed. It is possible that the overproduction of alginate permits CF1188 to 

establish biofilms in Scnn1b-Tg lungs regardless of whether it is introduced as individual 

organisms or aggregates, but laboratory P. aeruginosa strains such as PAO1 benefit from 

prior growth as a biofilm.  

The role of the physical structure of biofilms in maintaining chronic infections has 

been well-established, but the roles of bacterial aggregates in initiating infections are not 

as well understood. Vibrio cholerae is an example of a bacterium that is more infectious 

as an aggregate than as a planktonic organism. Similar to the results of our experiments, 

the physical structure of the V. cholerae aggregates was not required to establish 

infection. In V. cholerae, biofilm cells might grow faster than planktonic bacteria when 

introduced into a host, resulting in an early colonization advantage. We have not assessed 

growth rate of the bacteria comprising the biofilm and planktonic inocula. In addition, the 

difference in infectivity observed between the biofilm and planktonic inocula could be 

due to a difference in gene expression aiding colonization. These possible explanations 

will be addressed with further experiments.  
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Figure 5.2: PAO1 Infectivity Is Not Dependent on Structure 

Homogenized biofilm-grown PAO1 and DNase-treated PAO1 maintain their infectivity. No 

difference in bacterial burden in the lungs of Scnn1b-Tg BALB/c mice infected with biofilm-

grown PAO1, homogenized PAO1, or DNase-treated PAO1 was observed on Day 7 post-

infection. Data combined from two infections for both homogenized and DNase-treated PAO1. 

(For biofilm infections, n = 21 Scnn1b-Tg and 25 wildtype mice; For homogenized biofilm 

infections, n = 9 Scnn1b-Tg and 15 wildtype mice; For DNase-treated biofilm infections, n = 12 

Scnn1b-Tg and 12 wildtype mice). * = p < 0.05, *** = p < 0.001 
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Figure 5.3: Planktonic and Biofilm CF1188 Infection 

CF1188 is capable of infecting Scnn1b-Tg BALB/c mice when grown either as a biofilm or 

planktonically prior to infection. Bars represent geometric means. 
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Chapter 6 : Co-culture of Pseudomonas aeruginosa and Staphylococcus aureus Triggers 

Lipid A Modifications 

Abstract: 

 Pseudomonas aeruginosa and Staphylococcus aureus are the most frequently 

observed organisms co-infecting the lungs of patients with cystic fibrosis (CF). Until 

young adulthood, S. aureus is the most prevalent bacterial pathogen isolated from CF 

patients; however, over time P. aeruginosa and S. aureus are both present in the airways 

of most patients, with P. aeruginosa becoming the dominant organism by the second 

decade of life. To model the interactions of P. aeruginosa and S. aureus over time, we 

used a continuous flow biofilm reactor in which P. aeruginosa was introduced to an 

established S. aureus biofilm. Similar to CF patients’ airways, P. aeruginosa quickly 

became the dominant species in the biofilm reactor, although S. aureus was not 

completely eliminated. To characterize the interactions between S. aureus and P. 

aeruginosa, we performed RNAseq on polymicrobial biofilm samples at 12, 24, and 72 

hours after the addition of P. aeruginosa. S. aureus-only and P. aeruginosa-only biofilms 

served as reference samples. Transcriptomic analysis identified multiple operons up-

regulated 12 and 24 hours after the introduction of P. aeruginosa to S. aureus biofilms, 

with the P. aeruginosa arn operon and transcriptional regulators increased 2-4 fold. The 

arn operon is involved in the addition of 4-amino-4-deoxy-L-arabinose (Ara4N) residues 

to the terminal phosphates of lipid A, the membrane anchor of lipopolysaccharide (LPS). 

This modification has been shown to increase resistance of P. aeruginosa to cationic 

antimicrobial peptides, including colistin (polymyxin E), which is used to reduce airway 

bacterial burden in CF patients. Using matrix-assisted laser desorption/ionization – time 
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of flight (MALDI-TOF) mass spectrometry, we identified a novel tri-phosphorylated 

lipid A structure modified with Ara4N in samples taken 12 and 24 hours after addition of 

P. aeruginosa. As the burden of S. aureus decreased over time, these proposed lipid A 

species were lost, suggesting that P. aeruginosa was sensing and adapting to interactions 

with the S. aureus biofilm, which may represent a possible mechanism by which co-

infection can lead to changes in antibiotic resistance.  

Introduction:  

Patients with the autosomal recessive disease cystic fibrosis (CF) are predisposed 

to recurrent and chronic lung infections. Staphylococcus aureus is the most frequently 

isolated pathogen in young patients, but Pseudomonas aeruginosa becomes the 

predominant pathogen as patients age.(75) Approximately 30% of patients are co-

infected with both organisms,(321) and co-infection has been linked to worsened lung 

function decline and increased mortality.(150) Despite aggressive antibiotic therapy, once 

infections become chronic, they are not normally eradicated, largely due to the ability of 

S. aureus and P. aeruginosa to form biofilms.  

 Biofilms are microbial communities encased in a matrix of extracellular proteins, 

nucleic acids, and polysaccharides.(3) Biofilm formation carries several advantages for 

microbes, such as increased antibiotic tolerance,(6, 7) nutrient concentration,(5) evasion 

of the host immune response, and the ability to use quorum sensing to coordinate the 

expression of genes at the community level.(322) Because gene and protein expression 

patterns vary significantly between bacteria in biofilms and planktonic bacteria,(18, 323) 

taking into account the biofilm mode of growth has ramifications for the development of 

therapeutics and interventions. 
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 During chronic lung infections in CF, both P. aeruginosa and S. aureus adapt to 

the lung environment. Bacteria in the CF lung are exposed to osmotic and oxidative 

stresses,(102, 103) the immune system, repeated courses of antibiotics,(290) and other 

microbial species.(324) Over the course of establishing a chronic biofilm infection, both 

S. aureus and P. aeruginosa have been reported to become hypermutable, lose expression 

of specific virulence factors, and become antibiotic resistant. S. aureus often converts to a 

small colony variant phenotype (SCV) in CF. S. aureus SCV formation is linked to 

increased antibiotic resistance, increased intracellular survival, and worsened lung 

function.(94) During adaptation to the CF lung, P. aeruginosa often becomes mucoid 

(overproduces the polysaccharide alginate), auxotrophic,(325) and non-motile. P. 

aeruginosa has also been reported to modify the structure of its lipid A early in the 

adaptation to the CF lung environment. 

 Lipopolysaccharide (LPS) is a major component of the outer leaflet of the outer 

membrane of gram-negative bacteria and is comprised of lipid A, a core oligosaccharide, 

and an O-antigen polysaccharide. Lipid A is recognized by the immune system via the 

TLR4/MD-2 receptor complex, and its structure varies between bacteria species. The 

structure of lipid A can be modified in response to environmental stimuli. Using mass 

spectrometry, the dominant P. aeruginosa lipid A structure synthesized when P. 

aeruginosa is grown in rich medium in vitro has a mass/charge ratio (m/z) of 1447, which 

corresponds to a bis-phosphorylated penta-acylated lipid A structure. P. aeruginosa 

isolated from CF patients, however, produces lipid A with a variety of structural 

modifications. P. aeruginosa isolates from chronically infected CF patients have been 

found to add palmitate to lipid A, resulting in a hexa-acylated structure (m/z 1685).(140) 
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The production of hepta-acylated lipid A (m/z 1855) has also been identified in patients 

with severe disease.(142) P. aeruginosa can also add positively charged moieties, such as 

4-amino-4-deoxy-L-arabinose (Ara4N) residues, to the terminal phosphates. This 

modification masks the negative charges on the phosphates and is linked to resistance to 

cationic antimicrobial peptides, such as colistin (polymyxin E).(326) 

 Polymicrobial infections are difficult to characterize in vivo due to the 

complexities of the host immune system. To characterize the interactions between S. 

aureus and P. aeruginosa, we developed a continuous flow biofilm reactor in which P. 

aeruginosa was introduced to an established S. aureus biofilm. Continuous flow reactors 

permit the study of chronic biofilms by constantly removing wastes and adding fresh 

media. These systems permit the control of shear stress, flow rates, and nutrient 

availability. Continuous flow biofilm reactors can also be adapted by adding a glass 

chamber or channel for visualization of biofilm formation. Using these models, biofilms 

can be grown for weeks, permitting the study of late-stage biofilms. Few studies have 

examined the interactions of S. aureus and P. aeruginosa in chronic biofilms, like those 

formed in the lungs of CF patients. To study these interactions, we grew S. aureus and P. 

aeruginosa in a continuous flow biofilm reactor and collected samples to characterize the 

dynamics of these polymicrobial interactions and the changes in gene expression that 

accompany them. We identified a potential mechanism by which microbial interactions 

can alter antibiotic resistance in polymicrobial infections. 
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Materials & Methods: 

Bacterial Strains and Culture Conditions 

P. aeruginosa PAO1 and 6077 and S. aureus NRS482 were stored at -80˚C in 

20% glycerol (v/v). PAO1 is a laboratory adapted P. aeruginosa strain derived from a 

wound infection isolate in Melbourne, Australia in 1954. P. aeruginosa 6077 is a corneal 

infection isolate.(327) NRS482 is a USA300 methicillin-resistant S. aureus strain. All 

bacterial strains were maintained on tryptic soy agar (TSA; Sigma Aldrich Corporation; 

St. Louis, MO) plates and cultured overnight in tryptic soy broth (TSB; Sigma Aldrich 

Corporation; St. Louis, MO), shaking at 200 rpm at 37˚C.  

Biofilm cultures were grown at 37˚C in continuous flow biofilm reactors as 

previously described,(18) with modifications for the cultivation of multiple species 

(Figure 6.1). In order to model conditions in the CF lung, in which S. aureus is often 

present before P. aeruginosa, S. aureus was inoculated prior to the introduction of P. 

aeruginosa. S. aureus overnight cultures were diluted 1:100 in TSB and incubated for an 

additional 3 hours to reach mid-log phase. The continuous flow biofilm reactor was pre-

run for four hours to allow 1/10 TSB to prime the lines. To inoculate the bioreactor, the 

flow was halted, and the lines were clamped upstream of the injection ports. Five mL of 

planktonic S. aureus was injected through the injection port using a syringe with a 25 

gauge needle for each S. aureus-only and polymicrobial line. After allowing 30 minutes 

for the bacteria to adhere to the lines, the clamps were removed and flow was restored at 

a rate of ~0.5 mL/minute. After five days of S. aureus biofilm growth, flow was paused 

and five mL of planktonic, mid-log phase P. aeruginosa was injected very slowly into the 

P. aeruginosa-only and polymicrobial lines so as to minimize disruption to the S. aureus  
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A: 

 
B: 

 

 
Figure 6.1: Biofilm Reactor and Timeline 

(A) Schematic of the continuous flow cell biofilm reactor. Media (1/10 TSB) is pumped slowly 

through the tubing via a peristaltic pump at a rate of approximately 0.5 mL/minute. Bacteria are 

injected into the lines through injection ports. Biofilms form on the interior of the lines, which 

can be visualized using a flow cell by microscopy. Alternatively biofilms are harvested for 

bacterial enumeration, transcriptomic, or proteomic analysis. (B) Timeline of the continuous flow 

biofilm reactor. S. aureus is injected into the biofilm reactor. After five days of S. aureus growth, 

P. aeruginosa is slowly injected into polymicrobial or P. aeruginosa-only lines, and the S. 

aureus-only lines were harvested. The polymicrobial lines were harvested for CFU enumeration 

and transcriptomic analysis on Days 5.5, 6, and 8. The P. aeruginosa-only lines were harvested 

after 12 hours and 24 hours of growth.  
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biofilm. After 30 minutes, flow was restored. To prevent contamination between lines, 

lines containing P. aeruginosa, which is motile and capable of moving upstream against 

the flow, were separated from the S. aureus-only lines by an upstream flow break and 

emptied into separate waste containers. To control for the effects of physical disruption of 

the S. aureus biofilm caused by the injection of P. aeruginosa on CFU enumeration, five 

mL TSB was also injected into the S. aureus-only lines.  

Sample Collection and Preservation 

S. aureus-only lines from the continuous flow biofilm reactors were harvested on 

Days 5, 6, and 8, while S. aureus/P. aeruginosa PAO1 polymicrobial lines were 

harvested on Days 5.5 (12 hours after the addition of P. aeruginosa), 6 (24 hours after the 

addition of P. aeruginosa) and 8 (three days after the addition of P. aeruginosa). S. 

aureus/P. aeruginosa 6077 lines were harvested on Days 6, 7, and 8. P. aeruginosa 

PAO1-only lines were harvested after 12 hours and 24 hours of growth. Lines dedicated 

to bacterial enumeration were harvested directly into 50 mL conical tubes (Corning Inc; 

Corning, NY), homogenized for 1 minute to break up bacterial aggregates, serially 

diluted, and plated on to TSA, S. aureus-selective CHROMagar (CHROMagar; Paris, 

France), and P. aeruginosa-selective CHROMagar. Lines intended for transcriptomic 

analysis were harvested directly into five mL RNAlater (Invitrogen; Carlsbad, CA). RNA 

was isolated from the bacterial pellets using Qiagen RNAeasy Mini kits (Qiagen; Hilden, 

Germany) and a bead beater with 0.1 mm beads to lyse cells. Lines were also harvested 

into a protein preservation solution (2.8 mM phenylmethylsulfonyl fluoride [PMSF], 50 

mM Tris-Cl, 1 mM EDTA [pH = 8.0], and 0.01% sodium azide). The samples in protein 
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preservation solution were centrifuged for 1 minute at 10,000 g. The supernatant was 

discarded and the pellet was frozen at -20˚C until analysis.  

Fluorescent Microscopy 

 Continuous flow biofilm reactors were run with flow cells in order to visualize S. 

aureus/P. aeruginosa biofilms. S. aureus was inoculated into the biofilm reactors as 

described above, and two days later P. aeruginosa was inoculated. After an additional 

two days of biofilm growth, the flow cell was removed from the bioreactor and stained 

using a BacLight Live/Dead Bacterial Viability Kit (Invitrogen) per the manufacturer’s 

recommendations. Flow cells were visualized using a Zeiss Axio Imager fluorescent 

microscope equipped with an ApoTome module. 

RNA sequencing & transcriptome bioinformatics analysis 

 DNA was digested from the RNA samples using a TURBO DNA-free kit 

(Invitrogen) according to the manufacturer’s protocol. RNA was qualitatively analyzed 

on a 1% formaldehyde/agarose gel. RNAseq analysis was carried out by the Informatics 

Resource Center, Institute for Genome Sciences, University of Maryland School of 

Medicine. Paired-end Illumina libraries were mapped to the bacterial references from 

Ensembl for Staphylococcus aureus subsp. aureus USA300_FPR3757 and Pseudomonas 

aeruginosa PAO1, using bowtie (v0.12.7) with default mismatch parameters. Read 

counts for each annotated gene were calculated using HTSeq. The DESeq Bioconductor 

package (v1.5.24) was used to estimate dispersion, normalize read counts by library size 

to generate the counts per million for each gene, and determine differentially expressed 

genes between polymicrobial and control monoculture samples. Differentially expressed 

transcripts with a false discovery rate (FDR) ≤ 0.05 and log2 fold change ≥ 1.0 were used 
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for downstream analyses. Normalized read counts were used to compute the correlation 

between replicates for the same condition and compute the principal component analysis 

for all samples. Venn diagrams were created using Venny 2.0.(328) 

MALDI-TOF MS Analysis 

 Samples were prepared using a flat extraction protocol (manuscript under review 

– Ernst laboratory). In brief, frozen bacterial pellets were thawed on ice, and one µl of 

each pellet was spotted on a stainless steel MALDI plate with one µl of a citric 

acid/citrate extraction buffer (70% 0.3 M citric acid, 30% 0.3 M citrate trisodium [v/v]). 

The plate was incubated in a humidified chamber at 110˚C for 30 minutes, then washed 

with water. After drying, one µl norharmane matrix solution (20 mg/mL in 3:2:0.25 

CHCl3:MeOH:H2O [v/v/v]) was added over each spot. 

Each spot was analyzed using a Bruker Microflex MALDI-TOF mass 

spectrometer (Bruker Daltonics; Bremen, Germany), operated in negative-ion mode. The 

mass spectra were acquired in the mass range m/z 1200 - 2400 to cover both S. aureus 

cardiolipin and P. aeruginosa lipid A. The mass spectra were processed by smoothing 

and baseline subtraction using FlexAnalysis, version 3.4 (Bruker Daltonics; Bremen, 

Germany). 

Statistical Analysis 

GraphPad Prism 5.0 (GraphPad Software, Inc; San Diego, CA) was used for 

graph creation and statistical analysis. A p-value less than 0.05 was considered 

statistically significant. 
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Results: 

PAO1 outcompetes S. aureus in a continuous flow biofilm reactor 

 To determine whether P. aeruginosa would outcompete S. aureus when 

introduced to an established S. aureus biofilm, we used a continuous flow biofilm reactor 

to grow S. aureus biofilms, P. aeruginosa biofilms, and polymicrobial biofilms. 

Following inoculation of S. aureus into the continuous flow biofilm reactor, S. aureus 

quickly formed a biofilm and maintained a cell density between 109 and 1010 CFU/mL for 

at least eight days (Figure 6.2). Inoculation of approximately 108 CFU P. aeruginosa 

PAO1 on Day 5 resulted in the establishment of biofilms containing approximately 109 

CFU/mL on Day 6. Although S. aureus numbers did not decrease after 12 hours of co-

culture with P. aeruginosa PAO1, the S. aureus cell density declined significantly to 2.2 

x 107 CFU/mL by Day 6 (p = 0.013). On Day 7, the density of S. aureus had fallen to 3.6 

x 106 CFU/mL (p = 0.0011). S. aureus was not completely eradicated, and the density of 

S. aureus remained constant from Day 7 to Day 8 at 4.3 x 106 CFU/mL (p = 0.0006).   

 To visualize the polymicrobial biofilms, the flow cell biofilms were stained using 

BacLight Live/Dead bacterial viability kit (Invitrogen) and examined using fluorescent 

microscopy. We observed many rod-shaped bacteria growing in clumps and filaments 

(Appendix Figure C.1). We did not definitively identify cocci, consistent with the CFU 

counts, which suggest that P. aeruginosa outnumbers S. aureus by approximately a 

hundred-fold after two days of co-culture in the biofilm reactor. 

Transcriptomic analysis of polymicrobial biofilms 

 In order to identify P. aeruginosa genes responsible for the decrease in S. aureus 

CFUs and S. aureus genes that could prevent complete elimination from the biofilm  
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Figure 6.2: PAO1 Outcompetes S. aureus in a Biofilm Reactor 

P. aeruginosa PAO1 was inoculated into a continuous flow biofilm reactor after five days of S. 

aureus biofilm growth. The addition of P. aeruginosa resulted in a decline in S. aureus CFUs, 

although S. aureus was not completely eradicated. The dashed lines represent samples taken from 

the same lines, but plated on selective agar to separately enumerate S. aureus (black) and P. 

aeruginosa (grey). The decline in S. aureus CFUs was analyzed using two-tailed unpaired t-tests. 

* = p < 0.05, ** = p < 0.01, *** = p < 0.001 
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reactor, we used a transcriptomic approach to characterize changes in gene expression in 

both species at multiple time points. RNA was extracted and sequenced from S. aureus-

only biofilms on Day 5, P. aeruginosa-only biofilms after 24 hours, and polymicrobial 

biofilms on Days 5.5, 6, and 8. Gene expression in the polymicrobial biofilms was 

compared to gene expression in the S. aureus-only and the P. aeruginosa-only biofilm  

samples. A minimum of 50 million total reads were obtained from each sample 

(Appendix Table C.1). The percentage of reads mapped to P. aeruginosa was highest in 

the P. aeruginosa-only lines, followed by the polymicrobial Day 8 lines, Day 6, and Day 

5.5 lines. S. aureus reads were lowest in the Day 8 polymicrobial lines and higher in the 

Day 6 and Day 5.5 polymicrobial lines. The percentage of reads mapping to each species 

matched the trends observed in the CFU data. Principal-component analysis of the data 

obtained from RNA sequencing showed that replicates generally clustered together 

(Appendix Figure C.2). 

 Tables 6.1 and 6.2 show the number of up and down-regulated genes at each time 

point for P. aeruginosa and S. aureus, respectively, using a log2 fold change ≥ 1 or ≤ -1 

and a FDR of 0.05. The most differentially regulated genes were detected on Day 6 (24 

hours after P. aeruginosa was added to the continuous flow biofilm reactor) for both P. 

aeruginosa and S. aureus. On Day 5.5, S. aureus significantly altered the expression of 

only eight genes; however, at this early time point S. aureus outnumbers P. aeruginosa 

by approximately ten-fold. S. aureus increased the expression of seven genes on Day 5.5, 

100 genes on Day 6, and 44 genes on Day 8. A single S. aureus gene was significantly 

down-regulated on Day 5.5; whereas, 106 genes were down-regulated on Day 6 and 51 

on Day 8. P. aeruginosa up-regulated 108, 436, and 224 genes on Days 5.5, 6, and 8, 
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Table 6.1: Differentially Regulated P. aeruginosa Genes 

 Day 5.5 Day 6 Day 8 

Up-Regulated 108 436 224 

Down-Regulated 268 446 62 

 

Table 6.2: Differentially Regulated S. aureus Genes 

 Day 5.5 Day 6 Day 8 

Up-Regulated 7 100 44 

Down-Regulated 1 106 51 
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 respectively, while down-regulating 268, 446, and 62 genes. Twenty-two P. aeruginosa 

genes were up-regulated and 52 genes were down-regulated across all time points 

(Appendix Figure C.3). Three S. aureus genes were up-regulated and one S. aureus gene 

was down-regulated at all three time points (Appendix Figure C.4). 

The top 40 differentially expressed genes for P. aeruginosa and S. aureus at each 

time point are listed in Tables 6.3-13. Several trends in gene expression patterns are  

apparent. On Days 6 and 8, S. aureus strongly induced expression of genes required for 

obtaining iron, including transferrin receptors, transporters, and siderophore synthesis 

proteins. In contrast, P. aeruginosa down-regulated the genes for the iron transport 

proteins ExbB1 and ExbD1, the heme acquisition protein HasAp, and the iron acquisition 

protein TonB2. P. aeruginosa genes involved in ethanol oxidation and lactate metabolism 

were up-regulated on Days 5.5 and 6. These trends are consistent with previous reports 

that exposure to P. aeruginosa forces S. aureus into fermentative metabolism(90, 167) 

and that P. aeruginosa is capable of using S. aureus as an iron source.(165) In addition, 

P. aeruginosa decreased the transcription of many genes encoding transporters, and S. 

aureus decreased the expression of the pore-forming toxin Panton-Valentine leukocidin.  

We also noticed that P. aeruginosa genes involved in lipid A modification and its 

regulation were also up-regulated on Days 5.5 and 6 (Table 6.14). The P. aeruginosa arn 

operon is comprised of eight genes (PA3552-3559) and is responsible for the addition of 

Ara4N to the terminal phosphates of lipid A. Each gene in the arn operon was up-

regulated approximately 2-4 fold on Days 5.5 and 6, but not on Day 8. The arn operon is 

regulated directly by the two component system PmrAB and indirectly by the two  
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Table 6.3: Top 40 Up-Regulated P. aeruginosa Genes on Day 5.5 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA1983 exaB 5.63 Cytochrome c550 

PA1178 oprH 5.19 PhoP/Q and low Mg2+ inducible outer membrane 

protein 

PA1982 exaA 4.93 Quinoprotein ethanol dehydrogenase 

PA4773  4.84 Hypothetical protein 

PA4774  4.78 Hypothetical protein 

PA4825 mgtA 4.56 Mg2+ transport ATPase 

PA3559  4.22 Probably nucleotide sugar dehydrogenase 

PA3552 arnB 4.18 Lipid A modification 

PA3554 arnA 4.13 Lipid A modification 

PA3553 arnC 4.00 Lipid A modification 

PA4775  3.87 Hypothetical protein 

PA3555 arnD 3.73 Lipid A modification 

PA5082  3.73 Probable binding protein component of ABC 

transporter 

PA1179 phoP 3.56 Two-component response regulator PhoP 

PA3556 arnT 3.52 Inner membrane L-Ara4N transferase ArnT 

PA4782  3.48 Hypothetical protein 

PA1897  3.46 Hypothetical protein 

PA1559  3.40 Hypothetical protein 

PA3557 arnE 3.36 Lipid A modification 

PA4776 pmrA 3.25 Two-component response regulator PmrA 

PA0663  3.12 Hypothetical protein 

PA4770 lldP 3.06 L-lactate permease 

PA0622  3.01 Probable bacteriophage protein 

PA3558 arnF 2.93 Lipid A modification 

PA5083  2.92 Conserved hypothetical protein 

PA1984 exaC 2.90 NAD+ dependent aldehyde dehydrogenase ExaC 

PA1894  2.82 Hypothetical protein 

PA4777 pmrB 2.81 Two-component regulator system signal sensor 

PmrB 

PA0623  2.80 Probable bacteriophage protein 

PA1981  2.79 Hypothetical protein 

PA4824  2.75 Hypothetical protein 

PA0635  2.72 Hypothetical protein 

PA1896  2.71 Hypothetical protein 

PA0634  2.70 Hypothetical protein 

PA0624  2.66 Hypothetical protein 

PA0613  2.61 Hypothetical protein 

PA1180 phoQ 2.52 Two-component regulator system signal sensor 

PhoQ 

PA4771 lldD 2.50 L-lactate dehydrogenase 

PA4772  2.48 Probable ferredoxin 

PA5167  2.48 Probable C4-dicarboxylate-binding protein 
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Table 6.4: Top 40 Down-Regulated P. aeruginosa Genes on Day 5.5 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA5383  -4.39 Conserved hypothetical protein 

PA0465 creD -4.33 Inner membrane protein CreD 

PA2157  -4.04 Hypothetical protein 

PA0466  -4.00 Hypothetical protein 

PA3441  -3.98 Probable molybdopterin-binding protein 

PA4097  -3.92 Probable alcohol dehydrogenase (Zn-dependent) 

PA3447  -3.83 Probable ATP-binding component of ABC transporter 

PA2090  -3.80 Hypothetical protein 

PA2309  -3.71 Hypothetical protein 

PA2474  -3.71 Hypothetical protein 

PA2087  -3.58 Hypothetical protein 

PA4088  -3.58 Probable aminotransferase 

PA3937  -3.54 Probable ATP-binding component of ABC taurine 

transporter 

PA3442  -3.42 Probable ATP-binding component of ABC transporter 

PA3935 tauD -3.40 Taurine dioxygenase 

PA3774  -3.40 Probable acetylpolyamine aminohydrolase 

PA4099  -3.32 Hypothetical protein 

PA1238  -3.29 Probable outer membrane component of multidrug efflux 

pump 

PA2335  -3.29 Probable TonB-dependent receptor 

PA2472  -3.29 Probable major facilitator superfamily (MFS) transporter 

PA2308  -3.27 Probable ATP-binding component of ABC transporter 

PA1108  -3.22 Probable major facilitator superfamily (MFS) transporter 

PA3444  -3.21 Conserved hypothetical protein 

PA3443  -3.20 Probable permease of ABC transporter 

PA0199 exbD1 -3.16 Transport protein ExbD 

PA0198 exbB1 -3.10 Transport protein ExbB 

PA0197 tonB2 -3.09 TonB2 

PA2421  -3.08 Hypothetical protein 

PA2091  -3.08 Hypothetical protein 

PA2377  -3.07 Hypothetical protein 

PA3449  -3.07 Conserved hypothetical protein 

PA2086  -3.07 Probable epoxide hydrolase 

PA3936  -3.06 Probable permease of ABC taurine transporter 

PA3405 hasE -3.06 Metalloprotease secretion protein 

PA3407 hasAp -3.06 Heme acquisition protein HasAp 

PA2163  -3.05 Hypothetical protein 

PA1412  -3.05 Hypothetical protein 

PA4149  -3.03 Conserved hypothetical protein 

PA4096  -3.01 Probable major facilitator superfamily (MFS) transporter 

PA3543 algK -2.99 Alginate biosynthetic protein AlgK precursor 
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Table 6.5: Top 40 Up-Regulated P. aeruginosa Genes on Day 6 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA3559  4.12 Probable nucleotide sugar dehydrogenase 

PA4774  3.77 Hypothetical protein 

PA3554 arnA 3.56 Lipid A modification 

PA5083  3.13 Conserved hypothetical protein 

PA1982 exaA 3.10 Quinoprotein ethanol dehydrogenase 

PA5082  3.05 Probable binding protein component of ABC 

transporter 

PA1559  3.04 Hypothetical protein 

PA4571  3.02 Probable cytochrome c 

PA1983 exaB 2.92 Cytochrome c550 

PA4773  2.91 Hypothetical protein 

PA4587 ccpR 2.86 Cytochrome c551 peroxidase precursor 

PA3552 arnB 2.82 Lipid A modification 

PA3553 arnC 2.79 Lipid A modification 

PA3555 arnD 2.74 Lipid A modification 

PA1736  2.69 Probable acyl-CoA thiolase 

PA2663 ppyR 2.64 Psl and pyoveridine operon regulatory PpyR 

PA1920 nrdD 2.64 Class III (anaerobic) ribonucleoside-triphosphate 

reductase subunit NrdD 

PA1984 exaC 2.63 NAD+ dependent aldehyde dehydrogenase ExaC 

PA1337 ansB 2.60 Glutaminase-asparaginase 

PA2381  2.58 Hypothetical protein 

PA4775  2.58 Hypothetical protein 

PA0633  2.53 Hypothetical protein 

PA1789  2.51 Hypothetical protein 

PA4022  2.47 Probable aldehyde dehydrogenase 

PA0508  2.47 Probable acyl-CoA dehydrogenase 

PA3205  2.46 Hypothetical protein 

PA0852 cbpD 2.44 Chitin-binding protein CbpD precursor 

PA1737  2.41 Probable 3-hydroxyacyl-CoA dehydrogenase 

PA3572  2.39 Hypothetical protein 

PA1414  2.39 Hypothetical protein 

PA0622  2.38 Probable bacteriophage protein 

PA1555 ccoP2 2.33 Cytochrome c oxidase cbb3-type 

PA2753  2.33 Hypothetical protein 

PA4776 pmrA 2.31 Two-component regulator system response 

regulator PmrR 

PA2128 cupA1 2.31 Fimbrial subunit CupA1 

PA4770 lldP 2.30 L-lactate permease 

PA3366 amiE 2.30 Aliphatic amidase 

PA4236 kata 2.28 Catalase 

PA1557 ccoN2 2.28 Cytochrome c oxidase cbb3-type CcoN subunit 

PA4881  2.27 Hypothetical protein 
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Table 6.6: Top 40 Down-Regulated P. aeruginosa Genes on Day 6 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA2474  -5.54 Hypothetical protein 

PA1108  -5.53 Probable major facilitator family (MFS) transporter 

PA4097  -5.07 Probable alcohol dehydrogenase (Zn-dependent) 

PA5539  -5.04 Hypothetical protein 

PA2472  -4.76 Probable major facilitator family (MFS) transporter 

PA3773  -4.74 Hypothetical protein 

PA2154  -4.14 Conserved hypothetical protein 

PA4096  -4.11 Probable major facilitator family (MFS) transporter 

PA4089  -4.07 Probable short-chain dehydrogenase 

PA1257  -4.02 Amino acid ABC transporter membrane protein 

PA3449  -4.00 Conserved hypothetical protein 

PA0687  -3.99 Probable type II secretion system protein 

PA4088  -3.91 Probable aminotransferase 

PA5384  -3.87 Probable lipolytic enzyme 

PA0197 tonB2 -3.86 TonB2 

PA3447  -3.86 Probable ATP-binding component of ABC 

transporter 

PA5387 cdhC -3.81 Carnitine dehydrogenase-related protein C 

PA1237  -3.78 Probable multidrug efflux pump 

PA3448  -3.75 Probable permease of ABC transporter 

PA2335  -3.73 Probable TonB-dependent receptor 

PA0695  -3.73 Hypothetical protein 

PA1352  -3.71 Conserved hypothetical protein 

PA3991  -3.66 Hypothetical protein 

PA2286  -3.64 Hypothetical protein 

PA2214  -3.59 Probable major facilitator family (MFS) transporter 

PA2295  -3.58 Probable permease of ABC transporter 

PA0240  -3.57 Probable porin 

PA4814 fadH2 -3.56 C4-dienoyl-CoA reductase FadH2 

PA2283  -3.54 Hypothetical protein 

PA3497  -3.52 Hypothetical protein 

PA1236  -3.52 Probable major facilitator family (MFS) transporter 

PA2307  -3.50 Probable permease of ABC transporter 

PA2689  -3.49 Hypothetical protein 

PA0189  -3.47 Probable porin 

PA1259  -3.46 Hypothetical protein 

PA0192  -3.45 Probable TonB-dependent receptor 

PA1497  -3.44 Probable transporter 

PA0222  -3.43 Hypothetical protein 

PA1262  -3.42 Probable major facilitator family (MFS) transporter 

PA1412  -3.41 Hypothetical protein 
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Table 6.7: Top 40 Up-Regulated P. aeruginosa Genes on Day 8 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA0776  3.78 Hypothetical protein 

PA2663 ppyR 3.37 Psl and pyoveridine operon regulator PpyR 

PA0980  2.88 Hypothetical protein 

PA2753  2.88 Hypothetical protein 

PA1897  2.87 Hypothetical protein 

PA4881  2.84 Hypothetical protein 

PA3877 narK1 2.80 Nitrite extrusion protein 1 

PA4623  2.78 Hypothetical protein 

PA0388  2.78 Hypothetical protein 

PA4139  2.74 Hypothetical protein 

PA2381  2.64 Hypothetical protein 

PA0534  2.57 Conserved hypothetical protein 

PA0743  2.56 Probable 3-hydroxyisobutyrate dehydrogenase 

PA1118  2.55 Hypothetical protein 

PA5427 adhA 2.42 Alcohol dehydrogenase 

PA1789  2.41 Hypothetical protein 

PA3572  2.38 Hypothetical protein 

PA3309  2.36 Conserved hypothetical protein 

PA2664 fhp 2.35 Flavohemoprotein 

PA5027  2.34 Hypothetical protein 

PA4577  2.31 Hypothetical protein 

PA5424  2.27 Conserved hypothetical protein 

PA0610 prtN 2.26 Transcriptional regulator PrtN 

PA4352  2.25 Conserved hypothetical protein 

PA4605  2.24 Conserved hypothetical protein 

PA1736  2.23 Probable acyl-CoA thiolase 

PA0907  2.19 Hypothetical protein 

PA3418 ldh 2.19 Leucine dehydrogenase 

PA3990  2.19 Conserved hypothetical protein 

PA5171 arcA 2.18 Arginine deaminase 

PA3417  2.17 Probable pyruvate dehydrogenase E1 component  

PA0588  2.17 Conserved hypothetical 

PA5172 arcB 2.17 Ornithine carbamoyltransferase 

PA0633  2.17 Hypothetical protein 

PA2433  2.14 Hypothetical protein 

PA4587 ccpR 2.14 Cytochrome c551 peroxidase precursor 

PA2937  2.13 Hypothetical protein 

PA4236 katA 2.12 Catalase 

PA1168  2.12 Hypothetical protein 

PA0553  2.12 Hypothetical protein 
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Table 6.8: Top 40 Down-Regulated P. aeruginosa Genes on Day 8 

PAO1 

Gene # 

Gene 

Name 

Log Fold 

Change 

Description 

PA5384  -4.16 Probable lipolytic enzyme 

PA2472  -3.42 Probable major facilitator superfamily (MFS) transporter 

PA4860  -3.29 Probable permease of ABC transporter 

PA0197 tonB2 -3.22 TonB2 

PA2336  -3.22 Hypothetical protein 

PA0166  -3.20 Probable transporter 

PA1238  -3.11 Probable outer membrane component of multidrug efflux 

pump 

PA1922  -3.08 Probable TonB-dependent receptor 

PA1352  -3.01 Conserved hypothetical protein 

PA4096  -3.00 Probable major facilitator superfamily (MFS) transporter 

PA1923  -2.96 Hypothetical protein 

PA2091  -2.95 Hypothetical protein 

PA2335  -2.92 Probable TonB-dependent receptor 

PA4814  -2.89 C4-dienoyl-CoA reductase FadH2 

PA2077  -2.83 Hypothetical protein 

PA0192  -2.82 Probable TonB-dependent receptor 

PA2078  -2.82 Hypothetical protein 

PA1108  -2.70 Probable major facilitator superfamily (MFS) transporter 

PA1262  -2.70 Probable major facilitator superfamily (MFS) transporter 

PA1259  -2.63 Hypothetical protein 

PA3449  -2.63 Conserved hypothetical protein 

PA2324  -2.62 Hypothetical protein 

PA2309  -2.60 Hypothetical protein 

PA2835  -2.52 Probable major facilitator superfamily (MFS) transporter 

PA2055  -2.49 Probable major facilitator superfamily (MFS) transporter 

PA0029  -2.49 Probable sulfate transporter 

PA3467  -2.42 Probable major facilitator superfamily (MFS) transporter 

PA0781  -2.41 Hypothetical protein 

PA4903  -2.34 Probable major facilitator superfamily (MFS) transporter 

PA3445  -2.32 Conserved hypothetical protein 

PA2163  -2.32 Hypothetical protein 

PA0685  -2.31 Probable type II secretion system protein 

PA3443  -2.27 Probable permease of ABC transporter 

PA1253  -2.27 Probable ATP-binding component of ABC transporter 

PA0183  -2.25 Probable semialdehyde dehydrogenase 

PA0185 atsA -2.19 arylsulfatase 

PA4652  -2.17 Probable permease of ABC transporter 

PA3937  -2.15 Hypothetical protein 

PA0198  -2.14 Probable ATP-binding component of ABC taurine 

transporter 

PA3935 exbB1 -2.13 Transport protein ExbB 
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Table 6.9: Differentially Regulated S. aureus Genes on Day 5.5 

S. aureus Gene # Gene 

Name 

Log 

Fold 

Change 

Description 

SAUSA300_0261  2.48 conserved hypothetical protein 

SAUSA300_0151 adhE 2.47 alcohol dehydrogenase iron-containing 

SAUSA300_0172  2.04 conserved hypothetical protein 

SAUSA300_1065  1.90 exfoliative toxin A 

SAUSA300_2525  1.82 conserved hypothetical protein 

SAUSA300_1767 epiA 1.78 lantibiotic epidermin biosynthesis protein EpiA 

SAUSA300_1062 argF 1.63 ornithine carbamoyltransferase 

    

SAUSA300_1564 accB -2.38 

acetyl-CoA carboxylase biotin carboxyl carrier 

protein 
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Table 6.10: Top 40 Up-Regulated S. aureus Genes on Day 6 

S. aureus Gene # Gene 

Name 

Log 

Fold 

Change 

Description 

SAUSA300_0721  4.31 transferrin receptor 

SAUSA300_0718  3.98 iron compound ABC transporter permease 

SAUSA300_0261  3.97 conserved hypothetical protein 

SAUSA300_1028  3.95 iron transport associated domain protein 

SAUSA300_0719  3.94 iron compound ABC transporter permease protein 

SAUSA300_0720  3.75 

putative iron compound ABC transporter ATP-

binding protein 

SAUSA300_0121  3.56 putative drug transporter 

SAUSA300_0120 sbnC 3.38 siderophore biosynthesis protein IucC family 

SAUSA300_0118  3.36 pyridoxal-phosphate dependent enzyme superfamily 

SAUSA300_0122  3.34 siderophore biosynthesis protein IucA/IucC family 

SAUSA300_0123  3.13 siderophore biosynthesis protein IucC family 

SAUSA300_0119  3.13 ornithine cyclodeaminase 

SAUSA300_1767 epiA 3.13 lantibiotic epidermin biosynthesis protein EpiA 

SAUSA300_2139  3.04 putative transporter 

SAUSA300_2487 feoB 3.01 ferrous iron transport protein B 

SAUSA300_0125  2.96 pyridoxal-dependent decarboxylase 

SAUSA300_0124  2.87 HPCH/HPAI aldolase family protein 

SAUSA300_0236  2.82 PTS system IIBC components 

SAUSA300_0126  2.73 conserved hypothetical protein 

SAUSA300_2488 feoA 2.67 ferrous iron transport protein A 

SAUSA300_2375  2.56 ABC transporter ATP-binding/permease protein 

SAUSA300_0929  2.56 conserved hypothetical protein 

SAUSA300_0183  2.43 conserved hypothetical protein 

SAUSA300_0108  2.41 antigen 67 kDa 

SAUSA300_2489  2.37 antibiotic transport-associated protein-like protein 

SAUSA300_2540  2.35 fructose-bisphosphate aldolase class-I 

SAUSA300_0232  2.34 conserved hypothetical protein 

SAUSA300_2411 

opp-

1A 2.31 oligopeptide permease peptide-binding protein 

SAUSA300_2410  2.28 oligopeptide ABC transporter permease protein 

SAUSA300_0774 empbp 2.24 

secretory extracellular matrix and plasma binding 

protein 

SAUSA300_0233  2.22 conserved hypothetical protein 

SAUSA300_2137  2.20 conserved hypothetical protein 

SAUSA300_2537  2.15 L-lactate dehydrogenase 

SAUSA300_0151 adhE 2.10 alcohol dehydrogenase iron-containing 

SAUSA300_0269  2.07 choloylglycine hydrolase family protein 

SAUSA300_0234  2.04 putative flavohemoprotein 

SAUSA300_2550 nrdG 1.99 anaerobic ribonucleotide reductase small subunit 

SAUSA300_0757 pgk 1.97 phosphoglycerate kinase 

SAUSA300_0758 tpiA 1.96 triosephosphate isomerase 

SAUSA300_1029  1.96 iron transport associated domain protein 
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Table 6.11: Top 40 Down-Regulated S. aureus Genes on Day 6 

S. aureus Gene # Gene 

Name 

Log Fold 

Change 

Description 

SAUSA300_2033 kdpB -3.75 K+-transporting ATPase B subunit 

SAUSA300_2034 kdpA -3.62 K+-transporting ATPase A subunit 

SAUSA300_2032 kdpC -3.55 K+-transporting ATPase C subunit 

SAUSA300_1874  -3.13 Ferritins family protein 

SAUSA300_0157 cap5F -3.00 capsular polysaccharide biosynthesis protein Cap5F 

SAUSA300_1633 gap -2.92 Glyceraldehyde-3-phosphate dehydrogenase type I 

SAUSA300_0156 cap5E -2.92 capsular polysaccharide biosynthesis protein Cap5E 

SAUSA300_0153 cap5B -2.77 capsular polysaccharide biosynthesis protein Cap5B 

SAUSA300_0154 cap5C -2.76 capsular polysaccharide biosynthesis protein Cap5C 

SAUSA300_2603 lip -2.70 Triacylglycerol lipase precursor 

SAUSA300_2572 aur -2.69 Zinc metalloproteinase aureolysin 

SAUSA300_0158 cap5G -2.62 capsular polysaccharide biosynthesis protein Cap5F 

SAUSA300_0159 cap5H -2.61 capsular polysaccharide biosynthesis protein Cap5F 

SAUSA300_0776 nuc -2.61 Thermonuclease precursor 

SAUSA300_0968 purC -2.59 

phosphoribosylaminoimidazole-

succinocarboxamide synthase 

SAUSA300_0160 cap5I -2.55 capsular polysaccharide biosynthesis protein Cap5I 

SAUSA300_0969 purS -2.53 phosphoribosylformylglycinamidine synthase 

SAUSA300_0928 comK -2.48 competence transcription factor 

SAUSA300_1566  -2.44 conserved hypothetical protein 

SAUSA300_1890  -2.42 staphopain A 

SAUSA300_0967 purK -2.41 

phosphoribosylaminoimidazole carboxylase 

ATPase subunit 

SAUSA300_1564 accB -2.39 

acetyl-CoA carboxylase biotin carboxyl carrier 

protein 

SAUSA300_0152 cap5A -2.38 capsular polysaccharide biosynthesis protein Cap5A 

SAUSA300_1381 lukF-PV -2.33 Panton-Valentine leukocidin LukF-PV 

SAUSA300_1912  -2.30 putative membrane protein 

SAUSA300_0320  -2.30 triacylglycerol lipase precursor 

SAUSA300_0161 cap5J -2.28 capsular polysaccharide biosynthesis protein Cap5J 

SAUSA300_1382 lukS-PV -2.22 Panton-Valentine leukocidin LukS-PV 

SAUSA300_0970 purQ -2.20 phosphoribosylformylglycinamidine synthase I 

SAUSA300_1563 accC -2.20 acetyl-CoA carboxylase biotin carboxylase 

SAUSA300_0966 purE -2.19 

phosphoribosylaminoimidazole carboxylase 

catalytic subunit 

SAUSA300_1561  -2.17 putative membrane protein 

SAUSA300_0085  -2.12 conserved hypothetical protein 

SAUSA300_1911  -2.11 ABC transporter ATP-binding protein 

SAUSA300_1565  -2.09 putative urea amidolyase 

SAUSA300_1910  -2.04 putative membrane protein 

SAUSA300_0163 cap5L -1.99 capsular polysaccharide biosynthesis protein Cap5L 

SAUSA300_0166 cap5O -1.96 capsular polysaccharide biosynthesis protein Cap5O 

SAUSA300_0888 oppC -1.96 oligopeptide ABC transporter permease protein 

SAUSA300_1914  -1.93 GntR family regulatory protein 
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Table 6.12: Top 40 Up-Regulated S. aureus Genes on Day 8 

S. aureus Gene # Gene 

Name 

Log 

Fold 

Change 

Description 

SAUSA300_2633  4.28 ABC transporter ATP-binding protein 

SAUSA300_0929  4.22 conserved hypothetical protein 

SAUSA300_2635  4.11 conserved hypothetical protein 

SAUSA300_2634  3.88 ABC transporter permease protein 

SAUSA300_0118  3.83 pyridoxal-phosphate dependent enzyme superfamily 

SAUSA300_0721  3.75 transferrin receptor 

SAUSA300_0121  3.75 putative drug transporter 

SAUSA300_0119  3.73 ornithine cyclodeaminase 

SAUSA300_0718  3.69 iron compound ABC transporter permease 

SAUSA300_0120 sbnC 3.67 siderophore biosynthesis protein IucC family 

SAUSA300_0122  3.61 siderophore biosynthesis protein IucA/IucC family 

SAUSA300_0720  3.46 

putative iron compound ABC transporter ATP-

binding protein 

SAUSA300_0719  3.44 iron compound ABC transporter permease protein 

SAUSA300_0261  3.43 conserved hypothetical protein 

SAUSA300_0123  3.35 siderophore biosynthesis protein IucC family 

SAUSA300_1767 epiA 3.32 lantibiotic epidermin biosynthesis protein EpiA 

SAUSA300_2489  3.28 antibiotic transport-associated protein-like protein 

SAUSA300_1028  3.15 iron transport associated domain protein 

SAUSA300_2139  3.13 putative transporter 

SAUSA300_0125  3.06 pyridoxal-dependent decarboxylase 

SAUSA300_2540  2.91 fructose-bisphosphate aldolase class-I 

SAUSA300_0232  2.91 conserved hypothetical protein 

SAUSA300_0126  2.72 conserved hypothetical protein 

SAUSA300_2487 feoB 2.69 ferrous iron transport protein B 

SAUSA300_0151 adhE 2.65 alcohol dehydrogenase iron-containing 

SAUSA300_0234  2.60 putative flavohemoprotein 

SAUSA300_0124  2.55 HPCH/HPAI aldolase family protein 

SAUSA300_1764 epiD 2.39 lantibiotic epidermin biosynthesis protein EpiD 

SAUSA300_1766 epiB 2.38 lantibiotic epidermin biosynthesis protein EpiB 

SAUSA300_1765 epiC 2.25 lantibiotic epidermin biosynthesis protein EpiC 

SAUSA300_0685 fruA 2.19 fructose specific permease 

SAUSA300_2546 betB 2.17 glycine betaine aldehyde dehydrogenase 

SAUSA300_0756 gap 2.15 glyceraldehyde-3-phosphate dehydrogenase type I 

SAUSA300_0183  2.06 conserved hypothetical protein 

SAUSA300_2375  2.06 ABC transporter ATP-binding/permease protein 

SAUSA300_0757 pgk 2.05 phosphoglycerate kinase 

SAUSA300_2411 opp-1A 2.00 oligopeptide permease peptide-binding protein 

SAUSA300_0759 gpmI 1.99 

C3-bisphosphoglycerate-independent 

phosphoglycerate mutase 

SAUSA300_0758 tpiA 1.98 triosephosphate isomerase 

SAUSA300_2636  1.96 integrase/recombinase 
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Table 6.13: Top 40 Down-Regulated S. aureus Genes on Day 8 

S. aureus Gene # Gene 

Name 

Log Fold 

Change 

Description 

SAUSA300_0173  -3.58 conserved hypothetical protein 

SAUSA300_2603 lip -3.49 triacylglycerol lipase precursor 

SAUSA300_1067  -3.21 antibacterial protein 

SAUSA300_0157 cap5F -3.19 capsular polysaccharide biosynthesis protein Cap5F 

SAUSA300_0968 purC -3.19 

phosphoribosylaminoimidazole-succinocarboxamide 

synthase 

SAUSA300_1633 gap -3.06 glyceraldehyde-3-phosphate dehydrogenase type I 

SAUSA300_0969 purS -2.92 phosphoribosylformylglycinamidine synthase 

SAUSA300_2032 kdpC -2.91 K+-transporting ATPase C subunit 

SAUSA300_1874  -2.90 ferritins family protein 

SAUSA300_1912  -2.81 putative membrane protein 

SAUSA300_0160 cap5I -2.81 capsular polysaccharide biosynthesis protein Cap5I 

SAUSA300_1914  -2.75 GntR family regulatory protein 

SAUSA300_0174  -2.74 conserved hypothetical protein 

SAUSA300_2033 kdpB -2.72 K+-transporting ATPase B subunit 

SAUSA300_1358 ndk -2.65 nucleoside diphosphate kinase superfamily 

SAUSA300_0176  -2.59 ABC transporter permease protein 

SAUSA300_0175  -2.57 putative lipoprotein 

SAUSA300_0156 cap5E -2.56 capsular polysaccharide biosynthesis protein Cap5E 

SAUSA300_1913  -2.51 ABC transporter ATP-binding protein 

SAUSA300_0177  -2.46 conserved hypothetical protein 

SAUSA300_0337 glpT -2.46 glycerol-3-phosphate transporter 

SAUSA300_0967 purK -2.45 

phosphoribosylaminoimidazole carboxylase ATPase 

subunit 

SAUSA300_0193  -2.44 conserved hypothetical protein 

SAUSA300_0966 purE -2.40 

phosphoribosylaminoimidazole carboxylase catalytic 

subunit 

SAUSA300_1068  -2.39 antibacterial protein 

SAUSA300_2132  -2.36 conserved hypothetical protein 

SAUSA300_1911  -2.36 ABC transporter ATP-binding protein 

SAUSA300_0190 ipdC -2.34 indole-3-pyruvate decarboxylase 

SAUSA300_1564 accB -2.33 

acetyl-CoA carboxylase biotin carboxyl carrier 

protein 

SAUSA300_1759  -2.33 conserved hypothetical protein 

SAUSA300_2034 kdpA -2.32 K+-transporting ATPase A subunit 

SAUSA300_1046 sdhC -2.31 succinate dehydrogenase cytochrome b-558 subunit 

SAUSA300_1910  -2.24 putative membrane protein 

SAUSA300_2449  -2.23 putative transporter 

SAUSA300_0170  -2.21 aldehyde dehydrogenase 

SAUSA300_1565  -2.19 putative urea amidolyase 

SAUSA300_0320  -2.13 triacylglycerol lipase precursor 

SAUSA300_2383  -2.09 amino acid permease 

SAUSA300_0970 purQ -2.08 phosphoribosylformylglycinamidine synthase I 

SAUSA300_1048 sdhB -2.08 succinate dehydrogenase iron-sulfur protein 
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Table 6.14: Changes in Lipid A Gene Expression 

Gene LFC 

(D5.5/24H) 

LFC (D6/24H) LFC 

(D8/24H) 

PA3552 arnB 4.18 2.82 NS 

PA3553 arnC 4 2.79 NS 

PA3554 arnA 4.13 3.56 NS 

PA3555 arnD 3.73 2.74 NS 

PA3556 arnT 3.52 2.21 NS 

PA3557 arnE 3.36 1.81 NS 

PA3558 arnF 2.93 NS NS 

PA3559 4.22 4.12 NS 

PA4776 pmrA 3.26 2.31 NS 

PA4777 pmrB 2.81 1.69 NS 

PA1179 phoP 3.56 NS NS 

PA1180 phoQ 2.52 NS NS 

PA4661 pagL NS 

1.62 (FDR .056) 

NS 

1.03 (FDR 

.051) 

NS 

PA1343 pagP 2.42 NS NS 

PA5194 LpxT 

homolog 

NS NS NS 

PA3644 lpxA NS NS NS 

PA3643 lpxB NS NS NS 

PA4406 lpxC NS NS NS 

PA3646 lpxD NS NS NS 

PA2981 lpxK NS NS NS 

PA4512 lpxO1 NS NS NS 

PA0936 lpxO2 NS NS NS 

NS = not significant 
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component system PhoPQ. PhoPQ is up-regulated approximately 3 fold on Day 5.5, and 

PmrAB is up-regulated approximately 2-3 fold on Days 5.5 and 6.   

Lipid A modifications in polymicrobial biofilms 

 Because we found that the genes required for the addition of Ara4N are up-

regulated 12 and 24 hours after the addition of P. aeruginosa to an S. aureus biofilm, we  

analyzed the structure of the bacterial membrane lipids for P. aeruginosa and S. aureus, 

without ex vivo culturing of the biofilm samples. Using a flat extraction method, we 

simultaneously analyzed P. aeruginosa lipid A and S. aureus cardiolipin using MALDI-

TOF in the negative ion mode with the matrix norharmane. As can be seen in Figure 6.3, 

the cluster of ions between m/z 1300 and m/z 1450 represent membrane lipids from S. 

aureus. S. aureus cardiolipin was most clearly observed on Days 5.5 and 6 and 

diminishing on Day 8 (Figure 6.3), correlating with the decrease in S. aureus CFUs 

recovered from the biofilm reactor. P. aeruginosa lipid A was most clearly observed on 

Day 8, but was also present on Days 5.5 and 6. P. aeruginosa lipid A spectra was 

observed as peaks at m/z 1446, 1526, 1616, 1696, 1773, and 1791 (proposed structures in 

Figure 6.4). The ion at m/z 1616 represents a hexa-acylated, bisphosphorylated lipid A 

structure, and the ion at m/z 1446 represents the penta-acylated, bisphosphorylated 

structure formed after an acyl chain is removed by PagL, a 2-position deacylase. The ions 

at m/z 1526 and 1696 represent triphosphorylated versions of the ions at m/z 1446 and 

1616 following the addition of a phosphate by LpxT. The peaks at m/z 1773 and 1791 are 

proposed to represent the addition of two Ara4N residues (Δm/z 131) to the phosphate 

groups of the triphosphorylated lipid A with m/z 1526. 
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Figure 6.3: MS Spectra from Polymicrobial Biofilms 

MS spectra from polymicrobial samples collected on Days 5.5, 6, and 8. S. aureus cardiolipin is 

most apparent on Days 5.5 and 6, correlating with the presence of peaks at m/z 1773 and 1791. 
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Figure 6.4: Proposed Lipid A Structure 

The proposed lipid A structure is modified with an additional phosphate and Ara4N. 
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 To verify that these results are not unique to the laboratory P. aeruginosa strain 

PAO1, we also inoculated S. aureus and a P. aeruginosa corneal infection isolate 6077 

into a continuous flow biofilm reactor. As was observed when PAO1 and S. aureus were 

co-cultured, the introduction of P. aeruginosa 6077 led to a decline in S. aureus cell 

density, although S. aureus was not eradicated by Day 8 (Appendix Figure C.5). We 

again observed a similar peak at m/z 1790 on Day 6, which was not present at later time 

points (Appendix Figure C.5B). 

Discussion: 

We grew P. aeruginosa and S. aureus in co-culture as biofilms in a continuous 

flow biofilm reactor, which permitted us to study how P. aeruginosa and S. aureus 

interacted when S. aureus had already formed a chronic biofilm, modeling a common 

situation in the CF lung. In the continuous flow model system, S. aureus CFUs declined 

by approximately two logs between 12 and 24 hours after the addition of P. aeruginosa 

PAO1, but S. aureus was not completely eradicated. P. aeruginosa and S. aureus 

appeared to reach a steady-state by Day 8, although further study examining later time 

points would be required to confirm that both species would continue to coexist. Using 

transcriptomic data, we identified P. aeruginosa genes involved in lipid A modifications 

that were up-regulated 12 hours and 24 hours after P. aeruginosa was introduced to the S. 

aureus biofilm. We validated these findings by using MALDI-TOF MS to characterize 

the lipid A structures produced when P. aeruginosa was introduced to a S. aureus biofilm 

in the continuous flow biofilm reactor. We identified lipid A structures that formed ions 

at m/z 1773 and 1791, which are proposed to correspond to a penta-acylated, tri-

phosphorylated lipid A modified with two Ara4N residues. 
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 S. aureus and P. aeruginosa interactions are an area of intense interest. P. 

aeruginosa isolates from early CF lung infections tend to outcompete S. aureus in 

vitro,(173, 174) whereas P. aeruginosa isolates from chronic CF lung infections are more 

likely to coexist with S. aureus.(150) P. aeruginosa has been shown to outcompete S. 

aureus in vitro through the secretion of virulence factors such as the protease LasA and 

the elastase LasB, which can disrupt S. aureus biofilms and lyse S. aureus cells.(158, 

166) The lysis of S. aureus can release iron, permitting P. aeruginosa to use S. aureus as 

an iron source.(165) P. aeruginosa also secretes the alkylquinolone 4-hydroxy-2-

helptylquinoline-N-oxide (HQNO) and siderophores, which can inhibit the electron 

transport chain of S. aureus, shifting S. aureus towards fermentative metabolism and a 

SCV phenotype.(90, 167) In addition to these direct interbacterial interactions, P. 

aeruginosa and S. aureus can compete indirectly through the host immune system. P. 

aeruginosa has been shown to elicit the production of a host phospholipase A2 that kills 

S. aureus at lower concentrations than P. aeruginosa.(160)  

Our transcriptomic data showed that S. aureus up-regulates alcohol 

dehydrogenase and lactate dehydrogenase genes, suggesting that S. aureus uses 

fermentation to convert glucose to lactate and ethanol in the presence of P. aeruginosa. 

Correspondingly, P. aeruginosa increased expression of the ethanol oxidation exa 

operon, lactate permease, and lactate dehydrogenase. This pattern of gene expression in 

co-culture has also been observed when P. aeruginosa and S. aureus were grown together 

in planktonic culture for three hours(329) and when co-cultured on CF respiratory 

epithelium for 16 hours.(90) The production of P. aeruginosa HQNO and siderophores 

has been shown to interfere with the S. aureus electron transport chain, forcing S. aureus 
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to use fermentation for energy and convert to a SCV phenotype.(167) We did not observe 

the emergence of SCV S. aureus in our system, although longer co-culture periods might 

be necessary for a SCV phenotype to emerge. 

 Co-culture of S. aureus and P. aeruginosa in our continuous flow biofilm reactor 

also resulted in changes in genes involved in iron uptake and acquisition. Beginning on 

Day 6, S. aureus strongly induced genes involved in iron acquisition, such as transferrin 

receptors, transporters, and siderophore biosynthesis genes. In contrast, P. aeruginosa 

downregulated its expression of several genes involved in iron uptake, such as TonB2, 

the transport proteins ExbB1 and ExbD1, and the heme acquisition protein HasAp. In 

addition, P. aeruginosa decreased expression of biosynthesis genes required for the 

production of the siderophore pyochelin on Day 5.5. These differences in expression of 

iron uptake genes in co-culture are consistent with the observation that P. aeruginosa 

down-regulates siderophore genes when grown with S. aureus in a rat dialysis membrane 

peritoneal model, suggesting that S. aureus can serve as an iron source for P. 

aeruginosa.(165) S. aureus has also been reported to increase expression of iron 

sequestration genes and siderophores in co-culture with P. aeruginosa in a drip-flow 

biofilm model.(330) 

 There were also several differences in gene expression observed in our co-culture 

model system, as compared to reports from other systems. Miller et al found that S. 

aureus increased expression of the toxin Panton-Valentine leukocidin and capsule 

biosynthesis genes when in co-culture with P. aeruginosa in a drip-flow biofilm model 

with brain heart infusion (BHI) media.(330) In contrast, we observed that S. aureus 

decreased expression of these genes, suggesting a possible decrease in virulence, which 
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may be due to different assay and growth conditions. S. aureus capsule production has 

also been observed to decrease in chronically infected CF patients.(331) We also found 

that P. aeruginosa increased expression of several genes involved in lipid A modification 

during co-culture with S. aureus, which has not been previously reported.  

 Bacteria modify lipid A in response to environmental alterations or signals. In P. 

aeruginosa, the inner membrane undecaprenyl phosphotransferase LpxT can add an 

additional phosphate group to either the 1-phosphate or the 4’-phosphate, which are 

detected by MS as peaks at m/z 1526 and 1696 when the phosphate is added to the penta-

acylated or the hexa-acylated structures, respectively. Both tri-phosphorylated structures 

were observed in bioreactor samples, particularly in the P. aeruginosa-only and Day 8 

polymicrobial samples. Lipid A can also be modified by the arn operon, which adds 

Ara4N to one or both terminal phosphate groups, or by EptA, which adds 

phosphoethanolamine (pEtN). Adding an additional negatively-charged phosphate moiety 

may increase the negative charge of lipid A, while adding the positively-charged Ara4N 

or pEtN masks the negative charge of the terminal phosphate groups. Because the 

negatively-charged terminal phosphates of lipid A repel each other, Mg2+ is important for 

bridging the phosphate groups and increasing membrane stability. In Mg2+-limiting 

conditions, adding Ara4N or pEtN is thought to stabilize the membrane and decrease 

permeability. Extracellular DNA, an important component of biofilms, can chelate 

cations such as Mg2+, resulting in low local Mg2+ availability and membrane stress.(332) 

Cyclic cationic antimicrobial peptides, such as polymyxins, are known to be produced by 

gram-positive bacteria, and function by inserting into membranes and forming pores, 

resulting in cell lysis. Masking the phosphates with positively-charged moieties provides 
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resistance to cationic antimicrobial peptides. Studies to investigate the effects of Mg2+ on 

the outcome of P. aeruginosa and S. aureus interactions are ongoing. 

 Lipid A modifications are regulated by multiple two-component systems. These 

systems are comprised of a membrane-bound sensor kinase that detects environmental 

signals and a response regulator that alters gene expression. PhoPQ is one such two-

component system, and the inner membrane histidine kinase PhoQ has been reported to 

respond to subinhibitory levels of cationic antimicrobial peptides, low Mg2+, and acidic 

pH. The phosphorylation of PhoP by PhoQ leads to the transcription of many genes, 

including the lipid A modification genes PagL and PagP, as well as PmrD. PmrD acts on 

PmrAB, a second two-component system, by binding to the phosphorylated response 

regulator PmrA and preventing its deactivation by the sensor PmrB. PmrB has been 

reported to sense Fe3+, Al3+, and acidic pH, resulting in the transcription of the arn 

operon, eptA, and pmrR. PmrR binds to and inhibits LpxT, preventing the addition of 

phosphate groups. As a result of this control system, lipid A structures modified with 

both an additional phosphate group and Ara4N or pEtN have not been previously 

reported. Our results are unusual because they suggest the formation of a lipid A structure 

modified with both an additional phosphate group and Ara4N. 

 CF patients with chronic P. aeruginosa infections can be treated with inhaled or 

intravenous colistin; however, resistance to colistin has been reported to arise after 

treatment.(333) Colistin resistance has previously been tracked to mutations in 

PhoQ(334) and PmrB,(326) leading to activation of the arn operon. To our knowledge, 

this study demonstrates the first report of P. aeruginosa modifying its lipid A by adding 

Ara4N in response to the presence of S. aureus, potentially resulting in colistin resistance 
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without prior antibiotic exposure. The trigger for the modification could be the 

production of a S. aureus cationic antimicrobial peptide, locally high levels of Fe3+ in co-

culture, or a competition for Mg2+. Future studies will investigate the trigger for the 

observed lipid A modifications. This study represents a possible example of a mechanism 

by which co-culture of P. aeruginosa and S. aureus could impact antibiotic resistance.  
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Chapter 7 : Conclusions and Future Directions 

Introduction 

 The formation of bacterial biofilms is responsible for many chronic infections, 

such as surgical site infections and cystic fibrosis lung infections. Due to the high 

antibiotic tolerance associated with the biofilm mode of growth, biofilm-mediated 

infections are difficult to treat; therefore, preventing infection and developing novel 

biofilm-targeted treatment strategies are of the utmost importance. Because planktonic 

and biofilm cells differ substantially in metabolism, growth rate, adhesin expression, and 

virulence factor expression, using models that take into account the biofilm mode of 

growth is essential for the development of effective therapeutics. 

 

Intraoperative tobramycin powder can prevent E. cloacae infection in a rabbit model 

 We used a rabbit model of internal fixation to evaluate whether intraoperative 

tobramycin could prevent infection with E. cloacae when the antibiotic powder was 

applied to the surgical site immediately after contamination. The E. cloacae isolate used 

in this study was resistant to tobramycin, yet none of the treated rabbits developed bone 

infection or implant colonization on Day 14 after surgery. This result illustrates one of 

the advantages of intraoperative antibiotic application – the ability to provide a high local 

concentration of antibiotic, potentially overcoming the defenses of even antibiotic 

resistant organisms. 

 Several studies have suggested that the growing use of off-label intraoperative 

vancomycin powder in spine and orthopedic surgeries could select for an increase in 

infections caused by organisms that are not covered by vancomycin, even though the 
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absolute number of infections decreases with vancomycin use.(26, 248) This effect has 

been compared to pushing on a balloon – an indentation in one side leads to a bulge 

elsewhere. One possible solution is to add an additional antibiotic to cover microbes that 

are not susceptible to vancomycin. Tobramycin powder is one such possible antibiotic, 

and tobramycin elution into serum following its use in total knee arthroplasty is currently 

being investigated in at least one clinical trial (ClinicalTrials.gov Identifier 

NCT04297631). Rabbit models of orthopedic surgical site infections could provide a 

valuable tool to test vancomycin and tobramycin, in combination and separately, against 

both S. aureus and E. cloacae. In preliminary studies in vitro and ex vivo, we have found 

that treating polymicrobial S. aureus and E. cloacae contamination with vancomycin and 

tobramycin powders resulted in successful eradication of both species, but omission of 

tobramycin permitted E. cloacae to survive. Tobramycin alone was capable of 

eradicating some S. aureus isolates, but this effect was strain specific. Future studies in 

rabbit models will determine the efficacy of vancomycin and tobramycin in preventing 

polymicrobial infections in vivo. Vancomycin and tobramycin powders have been the 

primary prophylactic antibiotics used in orthopedic and spinal surgeries because they are 

heat-stable and can be mixed into bone cement. Other antibiotics could potentially be 

studied as well.   

 One possible concern with the growing use of intraoperative antibiotic powders is 

potential side effects. To date, intraoperative vancomycin powder has been used in spinal 

and orthopedic surgeries with few reports of adverse events,(249) but there is very little 

data regarding the safety of intraoperative tobramycin powder. There is concern that high 

local antibiotic levels could interfere with fracture and wound healing. In vitro, 
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tobramycin has been shown to inhibit osteoblasts in a dose-dependent manner,(255, 256) 

although a recent study of antibiotic use in a rat model of spinal fusion found that 

tobramycin powder did not inhibit spinal fusion.(257) Future studies in a rabbit model 

will incorporate an osteotomy, which will permit the study of the effects of infection and 

local antibiotics on fracture healing. An additional concern with the use of intraoperative 

antibiotics is the risk of nephrotoxicity and ototoxicity. Clinical studies thus far have 

found vancomycin powder to be safe in this regard.(235) In our study of intraoperative 

tobramycin powder, we observed changes in urine color in each of the treated rabbits. 

These abnormalities self-resolved; however, future studies will require determining the 

lowest effective dose of tobramycin. 

 

Scnn1b-Tg mice as a model for cystic fibrosis lung infections 

 We infected Scnn1b-Tg BALB/c mice with P. aeruginosa isolates (both 

laboratory-adapted PAO1 and three CF isolates) and found that Scnn1b-Tg mice clear the 

infections more slowly than wildtype littermates. Infecting Scnn1b-Tg mice with the 

mucoid isolate CF1188 resulted in high CFU burdens in the lungs, extensive immune cell 

infiltration into the bronchioles, and the formation of bacterial aggregates much like 

aggregates observed in CF sputum. Similarly, when we infected Scnn1b-Tg BALB/c and 

C57Bl/6N mice with S. aureus, Scnn1b-Tg mice tended to carry higher S. aureus burdens 

in the lungs on Days 3 and 7 post-infection, although these trends did not reach statistical 

significance. Taken together, these results suggest that Scnn1b-Tg mice will be very 

useful as a model of CF lung infection that shares many key features with cystic fibrosis 
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lung pathology, such as mucus accumulation, reduced mucociliary clearance, and 

neutrophilic infiltration. 

 The CF lung is a complex microbial environment, and patients can be colonized 

with multiple species of bacteria, fungi, and viruses. Many microbial interactions have 

been studied in vitro, but modeling the complexities of polymicrobial infections in a CF 

mouse model has been challenging. We have found that Scnn1b-Tg mice display defects 

in mucociliary clearance and delays in the clearance of both P. aeruginosa and S. aureus, 

but we have not yet extensively studied polymicrobial infections in these mice. Scnn1b-

Tg mice could be a useful model for the study of microbial interactions in polymicrobial 

infections. One potentially interesting experiment would be to study whether repeated 

exposures to S. aureus alter the susceptibility of Scnn1b-Tg mice and their wildtype 

littermates to infection with P. aeruginosa. 

 We found that Scnn1b-Tg BALB/c mice carried significantly higher P. 

aeruginosa burdens when they were infected with the mucoid CF isolate CF1188 than 

when they were infected with early CF isolates or PAO1. The development of mucoidy is 

known to be an important step in the adaptation of P. aeruginosa to the CF lung. In order 

to better understand the role of mucoidy in establishing infections in the CF lung 

environment, we intend to infect Scnn1b-Tg mice with a non-mucoid CF1188. We 

attempted to passage CF1188 to select for a non-mucoid revertant, however, no revertant 

appeared, suggesting we will need to take a targeted genetic approach to convert CF1188 

to non-mucoidy. We are also planning on performing a reciprocal experiment and 

infecting Scnn1b-Tg mice with a mucoid PAO1. These experiments would permit the 

study of the importance of the development of mucoidy, but other P. aeruginosa 
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adaptations likely play important roles in the establishment of a chronic lung infection. 

Scnn1b-Tg mice could be used to perform a serial infection experiment with an early CF 

isolate to study the changes that occur as P. aeruginosa adapts to a CF lung. 

 Scnn1b-Tg mice have potential as models for testing therapeutics for treatment of 

cystic fibrosis lung infection. To date, they have been used to study whether 

administering amiloride to block ENaC can improve lung pathology. In clinical trials, 

amiloride treatment has not improved CF lung disease, possibly because amiloride would 

be beneficial only very early in disease progression.(213, 214) In Scnn1b-Tg mice, 

amiloride treatment failed to improve mucus obstruction or mortality when initiated in 

either four week-old or five day-old mice, but amiloride was able to prevent 

inflammation and epithelial cell necrosis if treatment was initiated on the day of 

birth.(215) Scnn1b-Tg mice have also been used to show that repeated treatments with 

α1-antitrypsin can improve P. aeruginosa clearance using a fibrin plug model.(220) In 

addition to the evaluation of therapeutic drugs, Scnn1b-Tg mice could be a valuable tool 

to study whether immunomodulatory treatments could be beneficial in treating CF lung 

disease. We found that P. aeruginosa infections induced early IL-17 and IL-22 

production in Scnn1b-Tg BALB/c mice. These cytokines have been found to play 

important roles in pathogen clearance,(292, 293) and IL-17 is an important cytokine for 

neutrophil recruitment; however, these cytokines could be a potential target to decrease 

the neutrophil-mediated inflammation that damages the CF lung. Although Scnn1b-Tg 

mice have many possible applications for testing therapeutics for CF lung disease, they 

do not carry CFTR mutations; therefore, they are not suitable for testing CFTR-

modulating drugs. 
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 Our experiments with Scnn1b-Tg BALB/c and C57Bl/6N mice illustrate the 

significance of mouse genetic background in infection studies. Previous studies 

comparing the response of wildtype BALB/c and C57Bl/6 mice infected with P. 

aeruginosa embedded in agar beads found that BALB/c mice were resistant to mortality 

and more likely to clear the infection.(335) We also found that both Scnn1b-Tg 

C57Bl/6N and wildtype mice were more susceptible to P. aeruginosa infection than 

BALB/c mice. Scnn1b-Tg BALB/c mice might more closely mimic aspects of CF lung 

infections in humans in the respect that wildtype BALB/c mice are resistant to P. 

aeruginosa infection, but when mucociliary clearance is impaired, they become 

significantly more susceptible. C57Bl/6N mice also developed otitis media when infected 

intranasally with P. aeruginosa (data not shown). A similar presentation of P. aeruginosa 

otitis media was noted in C3H mice in 1980,(336) and outbreaks of P. aeruginosa-

mediated otitis media have been reported in C57Bl/6J mice in animal facilities.(337) 

Future studies with P. aeruginosa in a C57Bl/6N background will likely require an 

intratracheal approach to evaluate infection. We also found that Scnn1b-Tg C57Bl/6N 

mice were more susceptible to S. aureus infection than Scnn1b-Tg BALB/c mice. This 

difference could be due to the Th1-skewed immune response in C57Bl/6 mice. Our lab 

has previously found that C57Bl/6 mice are more susceptible than BALB/c mice to 

chronic S. aureus infection in a prosthetic implant infection model due to their increased 

Th1 and Th17 responses.(312)  
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Staphylococcus aureus and Pseudomonas aeruginosa interactions in a continuous flow 

biofilm reactor 

 Because S. aureus is often present in the lungs of patients with CF before P. 

aeruginosa becomes the predominant species, we utilized an in vitro continuous flow 

biofilm reactor to study the interactions of P. aeruginosa and S. aureus after P. 

aeruginosa is introduced to an established S. aureus biofilm. We found that the density of 

S. aureus declined 24 hours after the introduction of P. aeruginosa, although S. aureus 

was not completely eradicated. We extracted RNA from the biofilm reactor 12, 24, and 

72 hours after P. aeruginosa was inoculated into S. aureus biofilms and compared the 

gene expression to S. aureus-only and P. aeruginosa-only biofilms. As has been 

previously reported, we observed that co-culture of S. aureus and P. aeruginosa resulted 

in an up-regulation of S. aureus genes associated with fermentative metabolism and a 

corresponding increase in P. aeruginosa genes involved in lactate transport and ethanol 

oxidation. We also saw that many S. aureus genes involved in iron transport and uptake 

were significantly increased. Finally, we noted that P. aeruginosa up-regulated genes 

required for the addition of 4-amino-4-deoxy-L-arabinose (Ara4N) to lipid A. We used 

MALDI-TOF mass spectrometry to assess whether these changes in gene regulation 

resulted in an alteration of lipid A structures. We identified a novel tri-phosphorylated 

lipid A structure modified with Ara4N, which could represent a possible mechanism by 

which co-infection in the CF lung could lead to changes in antibiotic resistance. Further 

mass spectrometry studies are necessary to confirm the identity of the proposed lipid A 

structure.  
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 Future studies will focus on identifying the stimuli for this lipid A modification 

and its functional significance. The modification of lipid A could play a part in a bacterial 

arms race, as some gram-positive bacteria produce cationic antimicrobial peptides, which 

could trigger the addition of Ara4N to mask the negative charges of the terminal 

phosphates. The two component systems that regulate the arn operon, PhoPQ and 

PmrAB, play a role in sensing environmental stimuli resulting in lipid A modification. 

PhoPQ is activated by low Mg2+ concentrations, and PmrAB is activated by high Fe3+. S. 

aureus and P. aeruginosa could compete for Mg2+, resulting in low Mg2+ concentrations. 

Alternatively, the lysis of S. aureus could release Fe3+,(165) creating a high concentration 

of Fe3+ locally. Prior studies have linked Ara4N addition to colistin resistance.(140, 338) 

We will treat bacteria harvested from the biofilm reactor with colistin to determine 

whether the appearance of this lipid A structure is associated with increased antibiotic 

resistance. 

 Whether these lipid A modifications also occur in vivo is another area for future 

study. P. aeruginosa is known to modify its lipid A during adaptation to the CF lung. In 

CF patients, colistin-treatment has been associated with loss of function mutations in 

PhoQ(334) and gain of function mutations in PmrB.(326) Our results suggest that the 

presence of S. aureus could elicit P. aeruginosa lipid A modifications associated with 

colistin resistance. Our characterization of Scnn1b-tg mice provides a potential model to 

assess whether lipid A modification occurs during polymicrobial infections in vivo. 
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Final Statements 

 Biofilm-mediated infections represent a substantial health care challenge. 

Preventing biofilm formation is of utmost importance, as these infections are extremely 

difficult to treat. Our characterization of Scnn1b-Tg mice as models of CF lung infection 

will provide other researchers a system in which to test therapeutics to treat CF lung 

infections, and our study of P. aeruginosa and S. aureus interactions in a continuous flow 

biofilm reactor demonstrates the advantages of using these model systems to study 

diseases mediated by chronic biofilm infections. 
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: Supplemental Material for Chapter 23 

 

Appendix Figure A.1: Crystal Violet Assay 

E. cloacae forms biofilms in polystyrene plates. 

  

                                                 
3 Reproduced from Brao, K., Greenwell, P., Hsu, K.L., Marinos, D., Stains, J.P., Hovis, J.P., 

Joshi, M., Shirtliff, M.E., O’Toole, R.V., & Harro, J.M. (2020). Intraoperative Tobramycin 

Powder Prevents Enterobacter Cloacae Surgical Site Infections in a Rabbit Model of Internal 

Fixation. Journal of Orthopaedic Trauma 
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Inoculum Result 

1 x 105 CFU Tibia infected; implant colonized on Day 14 

1 x 107 CFU Tibia infected; implant colonized on Day 14 

1 x 109 CFU Rabbit euthanized on Day 6 after developing diarrhea 

 

Appendix Table A.1: Results of Preliminary Infection Experiment 
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 Treated Untreated 

Pre-Surgery Post-Surgery Pre-Surgery Post-Surgery 

Heart Rate 

Mean (range) 

165 bpm  

(125 - 205 

bpm) 

154 bpm  

(130 - 170 

bpm) 

162 bpm  

(150 - 200 

bpm) 

158 bpm  

(145 - 180 

bpm) 

Respiratory 

Rate 

Mean (range) 

47  

(40 – 55) 

47  

(40 – 54) 

45  

(33 – 53) 

46  

(35 – 54)  

Temperature 

Mean (range) 

38.5˚C  

(37.2 – 39.4˚C) 

38.2˚C  

(37.4 - 39.4˚C) 

38.3˚C  

(37.3 – 39.4˚C) 

38.1˚C  

(37.2 - 102˚C) 

 

Appendix Table A.2: Rabbit Vital Signs Before and After Surgery 
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Appendix Figure A.2: Correlation between Bone and Implant Bacterial Burden 

Bacterial burden in the tibia (CFU/g) and on the implant (CFU/mL) was positively correlated.  
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Appendix Figure A.3: Radiographs from Treated and Untreated Rabbits 

Infection with E. cloacae did not cause lytic lesions or periosteal lifting. Representative 

radiographs 14 days after infection. A & B) Representative x-rays from an untreated rabbit; C & 

D) Representative x-rays from a tobramycin-treated rabbit 

  



171 

 

: Supplemental Material for Chapter 34 

 

 

 

Appendix Figure B.1: Preparation of Inocula 

Preparation of biofilm and planktonic inocula. A) Schematic depicting preparation of biofilm and 

planktonic P. aeruginosa inocula. B) P. aeruginosa aggregates in a biofilm-grown inoculum 

(left). After homogenization, no aggregates are observed (right). Bacteria were visualized using 

10 µM syto60 (Invitrogen). Bars represent 10 µm. 

 

                                                 
4 Reproduced from Brao, K.J., Wille, B.P., Lieberman, J., Ernst, R.K., Shirtliff, M.E., & Harro, 

J.M. (2020) Scnn1b-Transgenic BALB/c Mice as a Model of Pseudomonas aeruginosa Infections 

of the Cystic Fibrosis Lung. Infection and Immunity 
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A: 

 

B: 

 

Appendix Figure B.2: Mortality and Weight Changes 

Mortality and weight changes associated with infection. A) PAO1-infected Scnn1b-Tg mice have 

higher mortality rates than wildtype mice. Mortality was limited to the first three days of 

infection. Results are from three independent infections, n = 33 wildtype and 38 Scnn1b-Tg mice. 

Mortality was compared using log-rank tests. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 B) 

Both Scnn1b-Tg and wildtype BALB/c mice lose weight following PAO1 infection but rebound 

by Day 7. 
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 Tg 

Mock vs 

 WT 

Mock 

Tg D3  

vs  

WT D3 

Tg D7  

Vs 

 WT D7 

Tg 

Mock vs  

Tg D3 

WT 

Mock vs  

WT D3 

Tg 

Mock vs  

Tg D7 

WT 

Mock vs  

WT D7 

IFN 0.037 0.013 0.048 0.003 0.005 0.765 0.262 

IL-1β 0.090 0.117 0.021 0.011 0.008 0.079 0.018 

IL-4 0.602 0.903 0.668 0.124 0.123 0.715 0.958 

IL-13 0.225 0.592 0.064 0.250 0.377 0.671 0.351 

TNF 0.885 0.495 0.269 0.974 0.647 0.511 0.888 

IL-12 

p70 

0.587 0.952 0.248 0.478 0.153 0.133 0.768 

TGF-β 0.907 0.123 0.446 0.883 0.439 0.636 0.382 

IL-6 0.825 0.067 0.419 0.040 0.024 0.199 0.426 

IL-17 0.110 0.081 0.898 0.025 0.117 0.745 0.209 

IL-22 0.547 0.062 0.198 0.024 0.041 0.222 0.507 

KC 0.040 0.049 0.301 0.593 0.051 0.420 0.144 

 

Appendix Table B.1: P-values for Cytokine Results 

Calculated p-values for differences in cytokine levels in PAO1-infected mice. Differences 

between groups were analyzed with two-tailed unpaired t-tests (n = 4-11 mice per group). 

Statistically significant values are italicized. 
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Appendix Figure B.3: H&E-Stained Scnn1b-Tg Lung Sections 

Scnn1b-Tg mice are characterized by mucus accumulation (red arrow), neutrophil infiltration, 

enlarged alveoli, and lymphoid hyperplasia (*). Wildtype (A&B) and Scnn1b-Tg (C&D) mice 

were mock infected with sterile PBS. Scale bars represent 400 µm (A&C) and 100 µm (B&D).  
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Appendix Figure B.4: CF001 and CF002 Lung Sections 

Infection with CF001 (A-D) and CF002 (E-H) caused minor increases in inflammation, such as 

alveolar septal thickening and reactive cellular changes, in wildtype (A&B, E&F) and Scnn1b-Tg 

mice (C&D, G&H) on Day 7 post-infection. Scale bars represent 400 µm (A&C, E&F) and 100 

µm (B&D, F&H).  
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Appendix Figure B.5: CF1188 and PAO1 Immunohistochemistry 

CF1188 formed aggregates (red) in the lungs of Scnn1b-Tg mice (A-C), whereas PAO1 is found 

in the bronchioles of Scnn1b-Tg mice as smaller aggregates and single bacteria (D). PAO1 and 

CF1188 were identified in Scnn1b-Tg mouse lungs using immunohistochemistry. Three bacteria 

(red) are visible in the mucus-obstructed bronchiole of a Scnn1b-Tg mouse. Scale bar represents 

10 µm. 
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: Supplemental Material for Chapter 6 

 

 

Appendix Figure C.1: Live/Dead Staining of Polymicrobial Biofilm 

In order to visualize the structure of a polymicrobial biofilm, we used a flow cell biofilm reactor. 

After two days of S. aureus growth, P. aeruginosa was inoculated into the biofilm reactor, and 

the polymicrobial biofilm grew for an additional two days. The biofilm was stained using a 

BacLight Live/Dead bacterial viability kit. Rod-shaped bacteria are visible, growing in clumps 

and filamentous structures. 
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Appendix Table C.1: Summary of Sequencing Reads 

 P. aeruginosa S. aureus 

Sample Total 

Reads 

(million) 

Total 

Mapped 

Reads 

(million) 

% Mapped Total 

Mapped 

Reads 

(million) 

% Mapped 

PA 24 Hour A 72.3 45.4 62.76   

PA 24 Hour B 103.6 53.9 52.07   

PA 24 Hour C 60.8 48.0 78.99   

SA Day 5 A 63.8   43.6 68.36 

SA Day 5 B 82.1   61.9 75.32 

SA Day 5 C 68.9   45.6 66.22 

Polymicrobial 

Day 5.5 A 

59.1 16.6 28.03 22.8 38.63 

Polymicrobial 

Day 5.5 B 

68.8 14.9 21.69 33.8 49.20 

Polymicrobial 

Day 5.5 C 

85.5 29.9 35.03 17.9 20.93 

Polymicrobial 

Day 6 A 

56.9 21.5 37.83 11.9 20.86 

Polymicrobial 

Day 6 B 

58.9 20.7 35.20 11.5 19.56 

Polymicrobial 

Day 6 C 

53.0 23.1 43.70 8.0 15.02 

Polymicrobial 

Day 8 A 

54.3 27.2 50.19 5.4 10.01 

Polymicrobial 

Day 8 B 

61.1 31.1 50.89 1.2 1.99 
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A: 

 
B: 

 
Appendix Figure C.2: Principle Component Analyses 

A) Clustering of P. aeruginosa-only (red) and P. aeruginosa genes from polymicrobial Days 5.5 

(green), 6 (blue), and 8 (purple) samples based on transcriptomic data. B) Clustering of S. aureus-

only (purple) and S. aureus genes from polymicrobial Days 5.5 (red), 6 (green), and 8 (blue) 

samples. 
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A: 

 
B: 

 
 

Appendix Figure C.3: P. aeruginosa Gene Regulation Venn Diagram 

A) Up-regulated P. aeruginosa genes on Days 5.5, 6, and 8. B) Down-regulated P. aeruginosa 

genes on Days 5.5, 6, and 8. 
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A: 

 
B: 

 
 

Appendix Figure C.4: S. aureus Gene Regulation Venn Diagrams 

A) Up-regulated S. aureus genes on Days 5.5, 6, and 8. B) Down-regulated S. aureus genes on 

Days 5.5, 6, and 8 
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A: 

 

B:  

 

Appendix Figure C.5: P. aeruginosa Biofilm Reactor and Spectra 

P. aeruginosa 6077 outcompetes S. aureus in a continuous flow biofilm reactor (A). Co-culture 

of P. aeruginosa 6077 and S. aureus on Day 6 results in the appearance of an ion with a m/z of 

~1790 
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: Role of PhzS in Pseudomonas aeruginosa Virulence 

 

Introduction 

 Among the P. aeruginosa genes up-regulated in the continuous flow biofilm 

reactor on Day 6 was phzS, the enzyme responsible for the final step in the production of 

the virulence factor pyocyanin. Pyocyanin is a redox-active, blue phenazine that is 

regulated by quorum-sensing and toxic to other bacteria and eukaryotic cells. Pyocyanin 

inhibits S. aureus respiration, selecting for S. aureus small colony variants, and causes 

the generation of reactive oxygen species.(339-341) Pyocyanin is also an important 

virulence factor during infections. It can cause pathology in the host by inhibiting ciliary 

function, causing neutrophil apoptosis,(342) and inhibiting cellular respiration (reviewed 

in (343)). P. aeruginosa has previously been reported to be less virulent in an acute 

pneumonia model in CD1 mice when deficient in pyocyanin production.(168)  

P. aeruginosa synthesizes pyocyanin and other phenazines using enzymes from 

two highly similar phzABCDEFG operons, as well as PhzM, PhzH, and PhzS. The 

phenazine production pathway is shown in Appendix Figure D.1. Chorismate is 

converted to phenazine-1-carboxylate by PhzABCDEFG, which is then converted to the 

red-pigmented 5-methylphenazine-1-carboxylic acid betaine (5MPCA) by PhzM. PhzS 

converts phenazine-1-carboxylate to 1-hydroxyphenazine and also converts 5MPCA to 

pyocyanin. Pyocyanin has been detected in CF sputum at concentrations near 100 

µM,(127) but its precursor 5MPCA is not detected in culture supernatants and is thought 

to be a reactive intermediate. Due to difficulties detecting and isolating 5MPCA, little is 

known about this pyocyanin precursor. 5MPCA is transported by the efflux pump 

MexGHI-OpmD and aids in biofilm formation.(344) When P. aeruginosa is co-cultured  
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Appendix Figure D.1: Phenazine Production in P. aeruginosa 

The production of phenazines in P. aeruginosa. 

Reprinted with Permission 
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with Candida albicans on an agar plate, 5MPCA has been reported to accumulate in C. 

albicans and kill fungal cells.(345) In addition, when phzS is non-functional, 5MPCA is 

thought to be converted to aeruginosins A and B (5-methyl-7-amino-1-

carboxymethylphenazinium betain and 5-methyl-7-amino-1-carboxy-3-sulfo-

methylphenainium, respectively), which are also red. Aeruginosin A is not antimicrobial 

towards S. aureus or E. coli, and it does not affect the viability of keratinocytes.(346)  

 Because pyocyanin inhibits S. aureus through multiple mechanisms in vitro, we 

hypothesized that a phzS transposon mutant would be less competitive towards S. aureus 

in an acute pneumonia model in BALB/c mice. We predicted the phzS transposon mutant 

would be less virulent than the parental strain in vivo, and the burden of S. aureus would 

be higher when inoculated with the phzS transposon mutant. 

Materials & Methods 

Animals 

 Forty female BALB/c mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and allowed to acclimate to the animal facility for one week prior to 

infection. Mice were housed in the animal facility at the University of Maryland School 

of Dentistry. The experiments were approved by the Institutional Animal Care and Use 

Committee at the University of Maryland, Baltimore. 

Bacterial Strains and Cultures 

 PW8154 (phzS-A05::ISphoA/hah) and the parental strain MPAO1 were ordered 

from the P. aeruginosa transposon mutant library at the University of Washington (NIH 

P30 DK089507). The strains were maintained on tryptic soy agar (TSA) plates. Biofilm 

cultures for both P. aeruginosa strains were prepared as described in Chapter 3, except 
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they were diluted to an OD600 of 0.13. S. aureus NRS482 was prepared as a planktonic 

inoculum, as described in Chapter 4, except it was diluted to a bacterial concentration of 

4 x 109 CFU/mL. For the polymicrobial infections, an equal volume of each P. 

aeruginosa strain was mixed with an equal volume of S. aureus, resulting in final 

bacterial concentrations of approximately 7 x 107 CFU/mL P. aeruginosa and 2 x 109 

CFU/mL S. aureus. For the S. aureus-only and P. aeruginosa-only infections, the inocula 

was diluted with PBS to a final concentration of 7x107 CFU/mL P. aeruginosa or 2 x 109 

CFU/mL S. aureus. 

Lung Infection Model 

The infection was performed as described in Chapter 3. Mice were divided into 

five groups: S. aureus-only, MPAO1-only, PW8154-only, S. aureus and MPAO1, and S. 

aureus and PW8154. All mice were sacrificed on Day 2 post-infection.  

Quantitative bacteriology 

 CFU determination in the lungs was performed as described in Chapter 3. Lung 

homogenate was plated on TSA, pseudomonas-selective CHROMagar, and S. aureus-

selective CHROMagar.  

Bacterial Competition Assays 

 To determine if PW8154 and MPAO1 were able to impede the growth of S. 

aureus, we grew both strains of P. aeruginosa and S. aureus on TSA plates in close 

proximity to each other. We performed a cross-streak assay in which overnight cultures 

of MPAO1 and PW8154 were streaked across a TSA plate and incubated overnight at 

37˚C. We then diluted an S. aureus culture 1:100 and streaked it across the plate, 

perpendicular to the lines of MPAO1 and PW8154. The size of the zone in which S. 
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aureus growth was impaired was then compared. In a similar assay, we spotted 100 µl of 

MPAO1 and PW8154 cultures on TSA plates and incubated them overnight. The next 

day, we diluted a S. aureus culture 1:1,000 and spotted 1 µl radially at varying distances 

away from MPAO1 and PW8154. We compared the size of the inhibition zone for 

MPAO1 and PW8154 to determine whether PW8154 was less competitive towards S. 

aureus.  

Pyocyanin and Phenazine Methosulfate Assays 

 To directly test the capacity of pyocyanin and phenazine methosulfate (as a proxy 

for 5-methylphenazine-1-carboxylic acid betaine, as described in(345)) to impede the 

growth of S. aureus, we cultured S. aureus in 24-well polystyrene plates with 1 mL TSB 

and increasing concentrations of each compound. After an overnight incubation at 37˚C, 

the entire contents of each well (planktonic and biofilm populations) were harvested, 

sonicated, serially diluted, and plated in triplicate on TSA plates.  

Statistical Analysis 

 Graph creation and statistical analysis were performed using GraphPad Prism 5.0 

(GraphPad Software, Inc; San Diego, CA). CFU data were log-transformed and analyzed 

using t-tests. A p-value less than 0.05 was considered statistically significant. 

Results 

PW8154 produces a pink pigment when grown on a TSA plate 

 We noticed that PW8154 secreted a pink pigment when grown on a plate, in 

contrast to MPAO1, which appears green due to the production of pyocyanin (Appendix 

Figure D.2). The accumulation of a pink pigment in the agar suggests that pyocyanin  
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Appendix Figure D.2: MPAO1 and PW8154 on Agar 

Parental strain MPAO1 (left) and PW8154 on TSA plates after overnight incubation at 37˚C. 
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production in PW8154 is disrupted, leading to the secretion of the precursor 5MPCA or 

5MPCA-derivatives. 

PW8154 is virulent in vivo 

 To determine whether the loss of pyocyanin impacts competition with S. aureus 

in vivo, we infected mice with either PW8154 alone, MPAO1 alone, S. aureus alone, 

PW8154 with S. aureus, or MPAO1 with S. aureus. Unexpectedly, PW8154 was more 

virulent than the parental strain MPAO1, and mice infected with PW8154 carried 

significantly higher P. aeruginosa burdens in the lungs on Day 2 post-infection 

(geometric mean 1.5 x 104 CFU/g vs 1.3 x 106 CFU/g, p = 0.016) (Appendix Figure 

D.3A). Mice infected with S. aureus alone carried 4 x 104 CFU/g of lung (Appendix 

Figure A5.3B). Co-infection with either PW8154 or MPAO1 and S. aureus resulted in 

increased mortality and bacterial burdens in the lungs. When mice were co-infected with 

PW8154 and S. aureus, 4/8 mice died, and the four surviving mice carried a geometric 

mean of 1.2 x 106 CFU/g S. aureus and 1.3 x 107 CFU/g P. aeruginosa (p < 0.0001 for S. 

aureus and p = 0.19 for P. aeruginosa). One of eight mice co-infected with MPAO1 and 

S. aureus died, and the surviving mice carried a geometric mean of 5.8 x 105 CFU/g S. 

aureus and 5.9 x 105 CFU/g P. aeruginosa (p = 0.002 for S. aureus and p = 0.041 for P. 

aeruginosa). These results suggest that P. aeruginosa does not inhibit S. aureus in vivo 

when both species are introduced to the lungs at the same time. 

Both pyocyanin and phenazine methosulfate inhibit the growth of S. aureus 

 Because we found that PW8154 was unexpectedly virulent in vivo, we next 

evaluated whether the pyocyanin precursor 5MPCA was similarly toxic. Phenazine 

methosulfate (PMS) was used in assays because 5MPCA is unstable, as described in  



190 

 

A: 

 
B: 

 
Appendix Figure D.3: S. aureus and PW8154 Co-Infection 

P. aeruginosa (A) and S. aureus (B) CFUs/g of lung recovered on Day 2 post-infection. PW8154 

was more virulent than the parental MPAO1. Co-infection resulted in higher CFU burdens and 

mortality. The limit of detection was 100 CFU/g of lung. * = p < 0.05, ** = p < 0.01, *** = p < 

0.001 
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(345). We treated S. aureus static cultures with increasing concentrations of pyocyanin 

and PMS. We found that even 10 µM pyocyanin and PMS caused statistically significant 

reductions in S. aureus CFUs, but 100 µM pyocyanin resulted in an approximately three 

log reduction in S. aureus (Appendix Figure D.4). PMS exposure also inhibited S. 

aureus, but not to the same extent as pyocyanin. PhzS is also responsible for the 

production of 1-hydroxyphenazine. In a preliminary study, treatment of S. aureus with 

100 µM 1-hydroxyphenazine did not significantly reduce the density of S. aureus (data 

not shown). 

 We also tested whether MPAO1 and PW8154 could inhibit the growth of S. 

aureus on TSA plates. In a cross-streak assay, we found that S. aureus was able to grow 

closer to PW8154 than to MPAO1 (Appendix Figure D.5A). Similarly, when a dilute S. 

aureus culture was spotted radially at varying distances from MPAO1 and PW8154, we 

saw that S. aureus grew 1.5 cm away from MPAO1, but small colonies of S. aureus were 

able to grow within 0.5 cm of PW8154 (Appendix Figure D.5B). These assays suggest 

that although PW8154 is capable of inhibiting S. aureus growth, pyocyanin is required 

for full inhibition of S. aureus. 

Discussion 

 When we infected mice with PW8154, we found that it was more virulent in vivo 

than the parental strain. This result was unexpected, as pyocyanin-deficient P. aeruginosa 

strains have been found to be less virulent in murine acute pneumonia models. One 

possible explanation for this result is the difference in mouse background. Lau et al used 

CD1 mice for their studies, while we used BALB/c mice. Another possibility is the P. 
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Appendix Figure D.4: Treatment of S. aureus with Pyocyanin and PMS 

Treatment of static S. aureus cultures with pyocyanin or PMS led to decreases in S. aureus 

density in a dose-dependent fashion. *** = p < 0.001 

 

  



193 

 

A: 

 
B: 

 
 

Appendix Figure D.5: S. aureus Inhibition Assays 

S. aureus was able to grow closer to PW8154 (right, A&B) than the parental strain MPAO1 (left, 

A&B).  
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aeruginosa strain used. The transposon mutant PW8154 lost green pigmentation and 

secreted a pink compound when grown on a plate, which suggested that pyocyanin  

production was disrupted, but follow-up studies should include the deletion of phzS in 

PAO1.  

 To investigate the possibility that 5MPCA was responsible for the increased 

virulence observed in BALB/c mice, we first assessed whether this pyocyanin precursor 

was capable of inhibiting S. aureus. We performed assays using PW8154 and direct 

treatment of S. aureus with pyocyanin and PMS. We found that PW8154 inhibited the 

growth of S. aureus on a TSA plate, but not to the same extent as the MPAO1 parental 

strain. Similarly, we found the PMS inhibited the growth of S. aureus in static culture, 

but not as much as pyocyanin did. PMS has previously been shown to inhibit C. 

albicans,(345) but virulence towards other bacteria and mammalian cells has not been 

studied. Future studies will expand our studies to include aeruginosins and assess the 

effects of PMS and aeruginosins on bronchial cells in cell culture. Furthermore, we will 

investigate whether PW8154 results in increased inflammation in the lung by examining 

H&E-stained tissue sections. 
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