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Cystic fibrosis (CF) is a genetic disease caused by mutations in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene. In 2012, the first drug that can correct the physiologic defect was 

approved. These drugs, called “CFTR modulators”, offer great hope to people with CF, as many clinical 

measures of health improve, including lung function, nutritional status, and frequency of disease flares. 

Unfortunately, despite marked improvements in overall health, there are hints that modulators cannot 

restore patients to full health. Early studies indicate chronic bacterial infections persist in many patients, 

and these patients’ lungs remain inflamed. This is important because before modulators, chronic infection 

and inflammation were the main drivers of lung disease progression and death. The failure of modulators 

to resolve these pathologies suggests that lung disease may continue to progress in persistently infected 

patients taking CFTR modulators.  

 

The goal of my thesis work was to better understand persistent post-modulator lung infections. In 

chapter 2, I describe a method we developed to enumerate and quantify the bacterial strains present in a 

pool of thousands of cultured isolates or directly from the sputum of people with CF. This method enables 

new questions to be addressed regarding the frequency of multi-strain infections and the degree of strain 

turnover during infections before and after modulator therapy. In chapter 3, we test an eradication 

protocol that combined intensive antibiotic treatment with modulator therapy. While antibiotics have not 

previously been able to clear chronic infections, we hypothesized modulator-induced changes in the lung 



 

 

environment could make antibiotics more effective. Finding that infections generally persisted after 

combined treatment inspired me to develop a deeper understanding of the causes of persistent infection 

after modulators. In chapter 4, we used bronchoscopy to sample many lung regions within each subject to 

identify characteristics of regions which remain persistently infected compared to those that clear 

infection. Results from this study suggest that structural lung damage may allow bacterial pathogens to 

persist, and show persistent infection is strongly associated with levels of inflammation after modulators. 

The work presented in this thesis reveals difficulties in eradicating chronic infection after modulators, and 

sheds light on the underlying causes of this difficulty. 
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A brief history of cystic fibrosis 

Cystic fibrosis (CF) is the most common life-limiting genetic disease among Caucasians, affecting 

at least 100,000 people around the world (1). CF is caused by mutations in a cyclic AMP-regulated 

membrane anion channel, the cystic fibrosis transmembrane conductance regulator (CFTR), which 

normally transports chloride and bicarbonate across apical cell membranes. 

The hallmark clinical manifestation of CF is lung disease, characterized by lifelong bacterial 

infections, frequent disease flares, continual lung function decline, and eventual death from pulmonary 

complications. However, this predominance of lung disease is relatively new – for the first decades after 

the disease was described, it was thought of predominantly as a gastrointestinal disease. 

Cystic fibrosis was first described as being a separate disease from celiac disease by Dr. Dorothy 

Andersen in 1938 (2). Using autopsies, she identified mucus plugging in the glandular ducts of the 

pancreas, and termed the disease “cystic fibrosis of the pancreas”. She characterized the disease as 

having malabsorption of fat and protein, excess fat in the stool, growth failure, and lung infection.  

In 1946, Andersen and Hodges described CF as a genetic disease (3). Prior to their work, there 

were multiple hypotheses regarding the cause of CF: genetics; dietary deficiency during pregnancy or 

early infancy; intrauterine infection; or infection during early infancy. Measuring the frequency of diagnosis 

among families, they found the 25% inheritance from carrier parents expected of a Mendelian recessive 

trait and thus concluded it was a highly penetrant genetic disease. 

The first clue that CF involved a defect in epithelial ion transport came following a 1948 New York 

City heatwave, when babies with CF were suffering from heat exhaustion at higher rates than healthy 

babies (4). This led Paul Di Sant’Agnese in 1953 to hypothesize and demonstrate that babies with CF 

had abnormal salt levels in their sweat (5). His work offered a convenient diagnostic tool, and rapidly led 

to the first standardized sweat test in 1959 developed by Gibson and Cooke (6). The sweat test was 

revolutionary as it was very specific (only a few other clinically distinct conditions resulted in elevated 

sweat chloride) and allowed mild cases of CF to be identified. 

Chloride transport was identified as the primary defect by Paul Quinton in 1983 (7). 

Contemporaneously, sodium absorption was suggested as a cognate defect by Knowles et al (8) and 
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Boucher et al (9). However, the sodium absorption hypothesis has been disputed (10) and remains 

controversial. 

CF as a field changed drastically with the discovery of the CFTR gene in 1989 (11–13). Within 2.5 

years, over 300 mutations were identified with at least 230 associated with disease, thanks in large part to 

the efforts of the CF Genetic Analysis Consortium (14). Now, >2000 CFTR variants have been reported to 

the Cystic Fibrosis Mutation Database (http://www.genet.sickkids.on.ca/cftr/StatisticsPage.html, accessed 

March 7, 2023), with 400 known to be disease causing (https://cftr2.org/mutations_history, accessed 

March 10, 2023). About 1/3 of CFTR variants occur in 5 or fewer people and have not been well 

characterized (15). CFTR variants can be categorized into multiple distinct classes based on their 

functional abnormalities (15–17). The most recent classification system divides mutations into 7 classes, 

primarily based on therapeutic strategies/potential (17). I will discuss the classes in a later section about 

therapies that correct CFTR.  

Prior to the discovery of the CFTR gene, treatments focused on managing patients’ symptoms. 

Pancreatic enzyme replacement and nutritional supplementation treated the most severe of 

gastrointestinal symptoms (18). Hypertonic saline and recombinant DNase were developed to improve 

airway clearance and respiratory function (19, 20). Airway physiotherapy, characterized by rapid chest 

percussion, vibration and shaking, additionally improves airway clearance (21). Several antibiotics were 

adapted for use as chronic therapies to slow life-threatening lung infections (22, 23), and chronic 

prescription of macrolides like azithromycin reduced airway inflammation and disease flares (24). While 

these therapies improved patient symptoms and extended their lifespans, patients with CF still had 

shorter lifespans than people without CF (25). Critically, none of these maintenance therapies have 

treated the basic defect in CF. 

 Then, in 2009, the way in which we treat CF fundamentally changed. The era of only managing 

symptoms ended with the introduction of a new therapeutic strategy to directly correct the underlying 

CFTR defect. This strategy uses small molecule drugs to interact with the mutant CFTR protein and 

restore its function. The first of these small molecule drugs, termed “CFTR modulators”, was approved for 

use in the US in 2012, and has revolutionized CF treatment. The newest and most effective was 

approved in 2019. I will discuss these in much greater detail in a later section on CFTR modulators. 

http://www.genet.sickkids.on.ca/cftr/StatisticsPage.html
https://cftr2.org/mutations_history


 

 11 

 The progress achieved in CF can be seen starkly through improvements in the expected life span 

of people with CF. When Dorothy Andersen first described CF, it was a fatal diagnosis, with infants 

typically living to only 6 months of age, and many dying in the first week of life (26). At this time, the 

primary causes of death were meconium ileus (impaction of the gut), malnutrition, and lung infections. 

The median predicted lifespan of people with CF rose into their 40’s just before the introduction of CFTR 

modulators (27). With the introduction of the newest, most effective CFTR modulator therapy, the CF 

Foundation now estimates that babies born in the US from 2017-2021 will likely live into their 50’s (28). 

For many people, CF is no longer a fatal diagnosis or even a crippling disability. In the 2021 report on 

people in the US with CF, the Foundation found that 55% of adults held full time or part time jobs, and 

40% had earned college degrees.   

 From the first description of CF in 1938, to its discovery as a genetic disease in 1946, to the 

identification of the CFTR gene in 1989, to the approval of CFTR-targeting therapies in 2012, CF is a 

disease characterized by rapid progress in diagnosis, treatment, and extending patients’ lifespans. 

However, a median life expectancy of 53 years for people with CF is about 2 decades short of the 

national median life expectancy (76.1 years) (29), indicating we still have much to discover to help 

patients lead their fullest lives. 

 

Clinical manifestations of CF 

Epithelial cells are the cell types with the highest expression of CFTR and are found in many 

organs, including the sweat duct, airway, pancreatic duct, intestine, biliary tree, and the vas deferens. 

CFTR dysfunction in these cell types is responsible for many of the characteristic manifestations of CF – 

elevated sweat chloride, lung and sinus infection and obstruction, pancreatic insufficiency (severely 

reduced amounts of the digestive enzyme, pancreatic lipase), intestinal obstruction, biliary cirrhosis, and 

congenital bilateral absence of the vas deferens. Interestingly, the types of cells that express CFTR is still 

an area of active investigation. For example, in 2018, Plasschaert and colleagues (30) and Montoro and 

colleagues (31) simultaneously discovered a new sub-type of epithelial cell called the “ionocyte” for its 

very high level of CFTR expression. The significance of this discovery for CF disease is not yet known. 
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The current primary manifestation of CF is progressive lung failure brought on by chronic lung 

infection (32–34), inflammation, and lung damage in the form of bronchiectasis and small airway 

obstruction (35–37). CF lung disease changes over the course of a patient’s lifetime. Recent studies have 

demonstrated that by age 3, children with CF have evidence of lung damage on CT, mucus obstruction, 

neutrophilic inflammation, and infection (38–40). As people age, lung damage accumulates, levels of 

inflammation increase, and infection evolves. Infection is particularly dependent on age. As newborns/ 

young infants, CF patients’ lungs are likely not colonized by organisms, as bronchoscopy samples are 

typically indistinguishable from paired reagent controls (41–43). The first pathogens to colonize young CF 

patients are Staphylococcus aureus (Sa) and Haemophilus influenzae in early childhood. As many as 

80% of US children with CF have a Sa infection (28). As children with CF reach puberty, gram negative 

pathogens like Pseudomonas aeruginosa (Pa), Stenotrophomonas maltophilia, Achromobacter spp., and 

Burkholderia cepacia complex begin colonizing the lung, with Pa responsible for most of the infections. As 

adults, ~40-50% of CF patients will be colonized by Pa, and ~40-60 % will be colonized by Sa, the 2 most 

common pathogens (28). While it was initially presumed that Pa generally displaces Sa, recent work 

shows the two organisms more frequently coexist for long periods of time (44).  

Pa infections are responsible for much of the reduction in quality and length of life in people with 

CF (45–48). When Pa infection first begins, there is often a period where the infection is considered 

“intermittent”. This period is characterized by inconsistent culture positivity, and antimicrobial treatments 

are generally more effective for eradicating the infection (49–51). However, despite the use of antibiotics, 

Pa infections will eventually develop into “chronic” infections, where respiratory samples are consistently 

culture positive and typically a single strain of Pa persists (52). These chronic infections often require 

frequent use of antibiotics, with some administered as maintenance therapy of monthly on-off cycles of 

inhaled antibiotics (22) and others are administered as intravenous and oral antibiotics to treat disease 

flares, termed “exacerbations”, that are associated with overall lung function decline (45, 46). Despite this 

frequent antibiotic exposure, chronic infections are very rarely eradicated, and the same strain of Pa 

generally persists through a patient’s life. 

What enables Pa to successfully infect the lungs of people with CF? The lung in CF is altered in 

several ways that could contribute to susceptibility to Pa infection. Unfortunately, animal models that 
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recapitulate the characteristics of human lung disease have been difficult to develop. This challenge has 

recently been mostly overcome (53–55), but the early lack of animal models slowed mechanistic 

understanding of which abnormalities are directly dependent on loss of CFTR, and which abnormalities 

are secondary effects of those primary defects (56). However, studies in humans and the newly 

developed pig model (53), ferret model (54), and rat model (55) reveal differences between the airways of 

healthy and CF individuals. First, mucus secretion and mucus properties are altered, leading to the 

accumulation of mucus in the airway (43, 57, 58). Second, altered pH of the airway surface liquid 

decreases antimicrobial activity (59–64). Finally, immune responses within the lungs of CF patients 

appear altered. For example, children with CF exhibit excess inflammation for a given bacterial load when 

compared to non-CF children (65–67). Neutrophils recruited to the CF lung may persist longer than non-

CF neutrophils due to slower apoptosis in response to the elevated pro-inflammatory cytokines (68–72). 

The proteases secreted by excess neutrophils inhibit phagocytosis and bacterial killing (73–76). Finally, 

monocytes may also exhibit abnormal responses in the lung (77), including LPS tolerance (78) and 

deficient adhesion (79). 

Finally, individuals with CF exhibit marked intra-patient heterogeneity in lung disease. This is very 

well studied with regards to structural lung damage, catalyzed by the relative ease of acquiring non-

invasive measurements via computed tomography (CT) or magnetic resonance imaging (MRI) (80–86). 

These numerous studies reveal that some areas of a person’s lung may appear normal and other areas 

may be irreversibly damaged. Intra-patient heterogeneity in inflammatory and microbiologic parameters 

has also been observed, but is much less well understood (42, 85–91), owing to the comparative difficulty 

in obtaining regional samples within the lung. Regional heterogeneity has been observed in the bacterial 

species detected (42, 85, 91), bacterial density (42, 87, 90), bacterial phenotypes (89, 92), and 

concentration of inflammatory markers (42, 86, 90). However, their interrelatedness at the regional level is 

less certain, as many studies conflict with each other. Davis and colleagues identified and sampled the 

highest and lowest damage regions in children, and found that highest damage regions had higher 

inflammation and tended to have higher bacterial density. On the other hand, Hogan and colleagues 

found that in adults, regions with significantly different degrees of damage did not have different Pa 
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densities. Both studies are small, so the different findings may be due to small numbers of subjects; or it 

may be that regional heterogeneity changes over the lifetime of a patient. 

 

Development of CFTR modulators 

A recent advance in the treatment of CF is the development of a new class of small molecule 

drugs, called “CFTR modulators”, that restore function to the mutated CFTR protein. They generally 

function by binding to the mutated CFTR protein and altering function (as opposed to correcting the 

genetic mutation). CFTR modulators are transformational treatments as they mark the first time the 

underlying cause of CF can be treated, as opposed to treating symptoms.  

Mutations in the CFTR gene can be classified based on their functional abnormalities and the 

therapeutic strategies necessary to overcome their malfunction (16, 17). There have been mutations 

found that affect every major step of a protein’s lifecycle, from synthesis of the mRNA to the rate of 

degradation of the protein after it successfully reaches the membrane. Defects at each step require a 

unique therapeutic strategy (until genetic therapies are developed). While classification is limited as a 

single variant can have multiple class defects, the classification system has none-the-less proved 

incredibly useful for understanding the underlying defect within the cell and for understanding why 

different CFTR modulators are necessary for different mutations. Using the 7-class system (17), the 

classes are as follows: 

Class Functional abnormality Therapeutic strategy (any approved?) 

I No protein (early stop codon) Read through compounds (no) 

II No trafficking to the membrane Correctors (yes) 

III Impaired gating Potentiators (yes) 

IV Reduced conductance/flow of ions Potentiators (yes) 

V Less protein (usually splicing issues) Antisense oligonucleotides (no) 

VI Reduced stability/increased degradation Stabilizers (no) 

VII No mRNA Stimulate alternative channels (no) 
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Correctors support the trafficking of mutated CFTR to the cell surface and increase the number 

of CFTR proteins at the apical plasma membrane. Potentiators enhance ion transport through the 

channel of CFTR proteins that make it to the surface. 

The activity of the first CFTR modulator, ivacaftor, was described in 2009 (93). It was identified as 

part of a high-throughput screen of 228,000 diverse compounds performed in a cell-based fluorescence 

membrane potential assay. The membrane potential assay measures ion flow across a membrane, and 

thus identified potentiators that enhanced ion transport through a mutant CFTR. Potentiators can only 

treat Class III/IV mutations, which are found in ~6% of the US CF population (94). Ivacaftor (originally 

called “VX-770” in the literature) was selected because it could potentiate several mutant CFTRs, had in 

vitro selectivity, and had a favorable preclinical pharmacokinetic profile.  

The first proof of concept study using ivacaftor in humans was published shortly after by Frank 

Accurso, Bonnie Ramsey, and colleagues in 2010 (95). They treated 39 patients with a particular Class 

III/gating mutation (G551D) for 28 days and measured nasal potential difference, sweat chloride, and lung 

function before and during treatment. Nasal potential difference measures the voltage across the nasal 

epithelium, which reflects CFTR activity due to CFTR’s transepithelial ion transport activity (96). The 

response was greatest as measured by sweat chloride, the best clinical indicator of CFTR activity (97). 

Indeed, sweat chloride improved enough to no longer meet the diagnostic threshold for CF. However, 

both the nasal potential difference and lung function improvements were modest, foreshadowing the 

modest lung responses to CFTR modulators observed in many subsequent studies. 

Ivacaftor was approved by the FDA in January 2012 for adults and children as young as 12 years 

with the G551D mutation. This mutation has a prevalence of ~4% in the US population (28). Ivacaftor was 

then approved in Europe and Canada in late 2012, followed by Australia and New Zealand in 2013 (98). 

FDA approvals for younger age groups came steadily: ages 2-5 years in March 2015 

(https://www.cff.org/press-releases/2015-03/fda-approves-ivacaftor-children-ages-2-5-certain-rare-cf-

mutations), ages 1-2 years in August 2018 (https://www.cff.org/node/1086), ages 6 months to 1 year in 

2019, and 4-6 months in 2020 (https://www.cff.org/node/711). Ivacaftor has now been approved for 38 

https://www.cff.org/press-releases/2015-03/fda-approves-ivacaftor-children-ages-2-5-certain-rare-cf-mutations
https://www.cff.org/press-releases/2015-03/fda-approves-ivacaftor-children-ages-2-5-certain-rare-cf-mutations
https://www.cff.org/node/1086
https://www.cff.org/node/711
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different CFTR variants, in both class III and class IV (99), which has enabled ~10% of the US population 

to access this drug (28).  

 Following ivacaftor, the next CFTR modulator developed was lumacaftor, which was used in 

conjunction with ivacaftor (100). Lumacaftor is significant because it is the first corrector developed 

(helps traffic CFTR to the cell surface and increase the number of CFTR proteins in the cell membrane), 

which treats people with the most common CFTR mutation, ∆F508 (found in ~70% of US patients (28)). 

Lumacaftor was soon replaced by tezacaftor (101), and then this dual combination was quickly rendered 

obsolete by the introduction of elexacaftor (28). 

The next (and most recent) highly effective CFTR modulator developed was elexacaftor, which is 

a next generation corrector and treats people with the ∆F508 mutation. Following a head to head 

comparison of 2 different candidates in early 2019 (102, 103), elexacaftor was selected and the triple 

combination of elexacaftor/ tezacaftor/ ivacaftor (ETI) was approved by the FDA in November 2019. The 

initial clinical trial demonstrated increased efficacy; in patients already taking tezacaftor/ivacaftor, adding 

elexacaftor produced an additional 11% increase in lung function. In treatment naïve individuals, the 

benefit was +14%. For comparison, ivacaftor produced a +10% improvement in people with gating 

mutations (97) and tezacaftor/ivacaftor produced a +3.8% improvement in people with ∆F508 (101). 

These marked improvements in lung function were recapitulated in a large, real world observational study 

(104).  

However, worldwide access to these expensive drugs remains a challenge – a recent report 

estimated that only ~20,000 people worldwide are currently prescribed ETI, about 20% of the global 

diagnosed population (1). Many factors contribute to low uptake. First, the estimated cost per year of ETI 

is USD $311,741 (1). The lowest European market rate the authors found was $254,000, and by the end 

of 2020 only the USA, UK, Ireland, Denmark, Germany, and Slovenia had reimbursement agreements 

with Vertex (the sole producer of ETI) (1). In developing countries, access is delayed because Vertex is 

not selling ETI in these countries, while also seeking to block local companies from producing it 

(https://www.nytimes.com/2023/02/07/health/cystic-fibrosis-drug-trikafta.html). Finally, access to CFTR 

modulators will be generally harder for people of African and Asian descent, as the treatable CFTR 

https://www.nytimes.com/2023/02/07/health/cystic-fibrosis-drug-trikafta.html
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mutations are less common in these populations. For example, the ∆F508 mutation is estimated to be 

present in only 12-31% of Asian patients with CF (105) as compared to 70% of Caucasian patients. So, 

while CFTR modulators are transforming care for many patients of Caucasian descent in high-income 

nations, achieving worldwide coverage remains a key challenge. 

A host of additional CFTR-targeting therapies are in the clinical development pipeline 

(https://apps.cff.org/trials/pipeline/; accessed March 12, 2023). They range from improving dosing of 

current modulators, to delivering mRNA or gene therapy to correct CFTR no matter the underlying 

mutation. As such, CFTR-targeting therapies and their impacts on disease will remain an active area of 

research for years to come. 

 

Ivacaftor and lung infections 

Ivacaftor has been repeatedly demonstrated to improve patient outcomes such as sweat chloride, 

lung function, exacerbations, and nutritional status (97, 106, 107). Ivacaftor also modifies the lungs in 

ways that could affect the infecting bacterial populations. For example, ivacaftor improves mucociliary 

clearance in people (108) and mucus hydration in cell cultures (109). It also improves airway surface 

liquid pH in a CFTR activity-dependent manner (60), which could increase the activity of antimicrobial 

peptides. There are also early indications that ivacaftor can correct some immune response pathologies. 

For example, neutrophil (76, 110, 111) and monocyte (112–114) functions appear to improve with 

ivacaftor.  

A surprising finding from studies of ivacaftor is that treatment has only modest effects on a 

cardinal manifestation of CF, chronic lung infections caused by Pa, Sa, and other pathogens. For 

example, Hisert and colleagues used culture-based methods to show that ivacaftor produced rapid 

reductions in sputum Pa density in chronically infected subjects and reduced lung inflammation (115). 

However, Pa density rebounded after ~1 year, and Pa strains present pretreatment were found to persist 

for at least 6 years of follow-up (116). Epidemiological studies analyzing patient registry data (108, 117–

120) and studies using DNA-based methods (108, 121, 122) also indicate that chronic infections usually 

persist in modulator-treated patients. In one study with a decrease in Pa culture positivity (108), 

https://apps.cff.org/trials/pipeline/
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subsequent analysis demonstrated that this decrease was driven by patients who were intermittently 

infected with Pa and those with chronic Pa rarely became culture negative (117). These studies suggest 

that ivacaftor does not generally eradicate chronic CF infections. 

 

Elexacaftor / tezacaftor / ivacaftor (ETI) and lung infections 

The effects of ivacaftor may be predictive of the response to ETI, as sweat chloride and lung 

function improvements appear similar (103). As discussed above, studies of ivacaftor-treated subjects 

show that chronic CF lung infections generally persist after treatment (108, 115, 117, 118, 120–122) and 

this trend appears to be holding true for ETI, although very little is known yet about infections after ETI. In 

two papers from Ben Kopp’s group, possibly examining the same patient cohort, they found that registry-

reported culture positivity decreased from about 50% before ETI to about 25% after 1 year of ETI (123, 

124). The PROMISE microbiology study (125) was the first to quantify bacterial abundance in 

prospectively collected sputum before and after ETI treatment, and examined ~200 patients during the 

first 6 months of ETI treatment. They found that within 30 days of treatment, the concentration of Pa and 

Sa decreased 100-fold. However, they also found low rates of infection clearance. Only 5/50 Pa-positive 

patients became repeatedly negative for Pa culture and Pa DNA in the 6 months after initiating ETI, and 

only 2/83 Sa-positive patients became repeatedly negative for Sa culture and Sa DNA (125). Taken 

together, these studies suggest that many patients will continue to harbor infections, even after initiating 

the most effective CFTR modulator to date. 

 

Summary and Objective: 

Despite the promise of CFTR modulators, persistent infection will remain a pressing problem for 

people with cystic fibrosis. The goal of my doctoral thesis work in the Singh lab has been to better 

understand persistent post-modulator lung infections. In chapter 2, we develop a method to characterize 

the number and relative abundance of bacterial strains present in a mixed population. This method 

enables new questions to be addressed regarding the frequency of multi-strain infections and the degree 

of strain turnover in chronic infections before and after modulator treatment. In chapter 3, we test an 
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eradication protocol that combines intensive antibiotics and initiation of a CFTR modulator to try to 

increase eradication of chronic infections. After finding that most infections persisted, despite this 

combined treatment, I was inspired to develop a deeper understanding of the causes of persistent 

infection after modulators. In chapter 4, I present the results from a clinical study in which we used 

bronchoscopy to sample many lung regions within each subject to identify characteristics of regions which 

remain persistently infected compared to those that clear infection. My thesis work provides insights into 

the challenges of treating chronic infections and sheds light on the causes of this difficulty. 
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Abstract 

A hallmark of chronic bacterial infections is the long-term persistence of one or more pathogen species at 

the compromised site. Repeated detection of the same bacterial species can suggest that a single strain 

or lineage is continually present. However, infection with multiple strains of a given species, strain 

acquisition and loss, and changes in strain relative abundance can occur. Detecting strain-level changes 

and their effects on disease is challenging as most methods require labor intensive isolate-by-isolate 

analyses, thus, only a few cells from large infecting populations can be examined. Here we present a 

population-level method for enumerating and measuring the relative abundance of strains called 

“PopMLST”. The method exploits PCR amplification of strain-identifying polymorphic loci, next-generation 

sequencing to measure allelic variants, and informatic methods to determine whether variants arise from 

sequencing errors or low abundance strains. These features enable PopMLST to simultaneously 

interrogate hundreds of bacterial cells that are either cultured en masse from patient samples, or are 

present in DNA directly extracted from clinical specimens without ex vivo culture. This method could be 

used to detect epidemic or super-infecting strains, facilitate understanding of strain dynamics during 

chronic infections, and enable studies that link strain changes to clinical outcomes. 
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Introduction 

Serial culturing of chronic infection sites often repeatedly yields the same pathogen species. For instance, 

chronic wounds can consistently grow Staphylococcus and Pseudomonas species (126), subjects with 

urinary tract anomalies can be persistently infected by Escherichia coli (127), and chronically-infected 

sinuses can recurrently yield the same anaerobes (126–128). The chronic infections that afflict people 

with cystic fibrosis (CF) are a prime example, as the same pathogen species are frequently cultured from 

patients’ lung secretions for long periods. Some species, like Pseudomonas aeruginosa (Pa) and 

Staphylococcus aureus (Sa), can be highly abundant in the lungs of individual patients for decades or 

even life-long (52, 129–133).  

 

Repeated detection of the same bacterial species over time can imply that a single strain or lineage is 

continually present. However, even though most strain-level genotyping studies examine very few 

isolates from each infection, studies on chronic wound, urinary tract, ear, gastrointestinal, and lung 

infections suggest more complexity. For example, strain-level genotyping methods have shown that close 

to a third of people with CF and Sa lung infections simultaneously harbor more than one Sa strain (129, 

130, 134, 135). Likewise, some studies have shown that up to 40% of people with CF are simultaneously 

infected by more two or more Pa strains (136–138), although other work has suggested a lower 

frequency of multi-strain infections (52, 92, 139–143).  In addition, strain relative abundance can change 

over time, and strains can be gained or lost in individual patients (137, 141, 142). Notorious examples are 

Pa epidemic strains that can infect and eventually become dominant in already-colonized patients, and 

markedly worsen disease (144–146).  

 

Identifying infecting strains is important for several reasons. First, strains of the same species can differ 

markedly in traits like the capacity for injury, transmissibility, and resistance to antibiotics (92, 145–150). 

Thus, the presence of multiple strains or changes in strain relative abundance could have clinical 

consequences. Second, strain abundance changes could provide information about the status of host 

defenses, treatment efficacy, or pathogen functioning. For example, strains may recede when host 

defenses or treatments to which they are susceptible intensify, or when deleterious mutations arise. 
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Likewise, new strain acquisition could indicate that host conditions have become more permissive, and 

analysis of succeeding strains could increase understanding of bacterial functions important in vivo. Third, 

sensitive methods for strain detection could reveal outbreaks and lapses in infection control procedures. 

Finally, early detection of new strains could spur eradication attempts, which may be more successful 

soon after strains are acquired (151–155).   

 

Established methods for strain-level identification such as pulse-field gel electrophoresis (PFGE), multi-

locus sequence typing (MLST), whole genome sequencing (WGS), and others must generally be 

performed on one cultured isolate at a time (140, 156–159). Because pathogen populations can be 

extremely large and colonies from different strains may look identical (160–164), analyzing a few colonies 

per sample could miss multi-strain infections and strain acquisition and loss events. Newer methods using 

amplification of species-specific variable regions (165, 166) are not easily adaptable to multiple 

pathogens, and shotgun sequencing of clinical samples (164, 167) can be limited if non-target DNA (e.g. 

host or other bacterial DNA) is abundant. To address these limitations, we developed PopMLST 

(“population MLST”), a method to enumerate and measure the relative abundance of strains present in 

pools of hundreds of cultured isolates, or in DNA directly extracted from clinical samples.  
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Results  

Overview. In conventional MLST, bacterial colonies are isolated in pure culture, Sanger sequencing is 

used to identify allelic variation in MLST loci within conserved housekeeping genes (7 loci in the case of 

Sa and Pa), and loci allele types are determined by comparison to a database (168–170). Because a 

single clone is analyzed, the loci are known to be linked, in that they originate from the same bacterial 

isolate. Thus, loci allele identities can be combined to define the MLST type of a pure culture isolate.  

 

In contrast, the goal of PopMLST is to enumerate the pathogen strains and measure strain relative 

abundance in samples that could contain multiple strains, even when the infection site contains a vast 

excess of non-target (e.g. human) DNA. To achieve this, PopMLST uses PCR to amplify MLST loci from 

complex samples, and next-generation sequencing to measure allele relative abundance. The PCR 

primers act as probes to find conserved sequences flanking MLST loci (even when the targeted species 

is rare), and as vectors to amplify the strain-discriminating MLST loci. Amplicons are Illumina sequenced, 

and bioinformatic tools are used to distinguish rare variants from errors, bin “like” sequences, and 

measure their relative abundance (Figure 1). A drawback to this approach is that PCR amplification and 

Illumina sequencing from complex mixtures is more error-prone than Sanger sequencing of individual 

clones. Errors could be confused for low-abundance variant strains, particularly since different MLST loci 

can differ only at a few positions  (168–170).  
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Figure 1. PopMLST methods. (A) PopMLST can be performed on clinical specimens (without culturing) 

or cultured isolates. MLST loci are PCR amplified in separate reactions, amplicons Illumina-sequenced, 

and the relative abundance of reads representing MLST loci are measured. (B) Bioinformatic analysis 

deconvolves reads using permissive alignment to assign them to MLST loci, iteratively tests reverse read 

trimming lengths to optimize merging of paired-end reads, removes adaptors, identifies amplicon 

sequence variants (ASVs) using DADA2, and uses BLAST to identify closest MLST locus type.  
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We addressed this problem in several ways. (1) We used high fidelity polymerases and as few PCR 

cycles as possible to reduce error and PCR chimeras. (2) We adapted the DADA2 analysis pipeline for 

uses on MLST loci amplicons.  DADA2 (171) is designed for 16S rRNA amplicon sequencing and uses 

statistical methods to distinguish sequencing errors from low abundance variants (Figure 1B)) (166, 171). 

(3) We developed bioinformatic methods to adaptively trim the lower-quality ends of the reverse read 

generated by Illumina sequencing to facilitate accurate read merging (see methods and Figure 1B). (4) 

We amplified each MLST locus in triplicate and pooled the data to reduce random, preferential 

amplification of templates (i.e. “jackpot” amplifications) (172). (5) We omitted a GC-repeat rich Pa MLST 

locus (aro) that was challenging to sequence with Illumina chemistries (Figure S1 A-C) (173, 174). Control 

analyses (Figure S1D and E) showed that omission of aro had only a minor effect on strain discrimination. 

Together these approaches mitigate, but do not fully eliminate the effects PCR and sequencing errors.  

 

Data interpretation. While the PCR and Illumina sequencing used in PopMLST enable analysis of 

complex mixtures containing multiple strains and excess non-target DNA, information from MLST loci are 

unlinked. Many (up to hundreds of) of isolates are analyzed en masse and sequence reads reporting 

alleles from each locus are derived from separate PCR reactions. This issue does not generally limit 

PopMLST’s ability to enumerate and measure strain relative abundance, which can be determined by 

examining the loci with the highest number of alleles represented.  

 

This approach is effective because even though strains sometimes share MLST alleles (and PopMLST 

will report the sum of the shared loci's relative abundances in these cases), the large number of alleles for 

each locus (e.g. Sa MLST loci have 484-892 distinct alleles, and Pa MLST loci have 137-278 distinct 

alleles) make it unlikely that strains would have identical alleles at enough MLST loci to prevent strain 

enumeration. However, in mixed populations containing many strains, the likelihood that multiple strains 

share alleles increases, which would cause PopMLST to underestimate the number of strains present in 

the population.  
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The MLST types of strains within mixtures can also often be determined from PopMLST data. When a 

limited number of strains co-exist, inference can determine which MLST alleles originate from the same 

strain, as linked alleles will be detected at a similar relative abundance. For example, if PopMLST finds 

that each locus contains 3 alleles at a relative abundances of ~70% : ~25%: ~5%, it is likely that the 

alleles identified at 70% relative abundance belong to one strain, alleles at 25% come from a second 

strain, and alleles at 5% come from a third strain.  When many strains are present, if strains co-exist at 

similar relative abundances, or if strains happen to share several alleles, inference can fail. If knowledge 

of the specific MLST types is important, conventional MLST can be performed on a few cultured colonies 

to determine which alleles are linked to one another to guide analysis of population-level data generated 

by PopMLST.   

 

Once it is determined which MLST locus types likely belong to the same isolates (by inference, or by 

conventional MLST on single isolates) the relative abundance of each MLST type in the sample is 

calculated by averaging the relative abundance of all loci that differentiate the two strains. Averaging 

MSLT loci abundances dampens the effect of error that could occur in individual loci measurements.   

 

PopMLST identifies single strains after in vivo diversification.  As an initial test of the method, we 

performed PopMLST on pure cultures containing single strains of Sa and Pa and found that >99% of 

reads correctly reported a single MLST type in each of 21 independent experiments (Table 1).  
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Table 1. PopMLST correctly identifies single Sa and Pa isolates as a single MLST type. 

 

Sample Percent of reads mapping to single  
loci type (SEM) 

S. aureus 

NCTC8325 100% (0) 
NCTC8325 (repeat) 100% (0) 

MN8 100% (0) 
MN8 (Repeat) 100% (0) 

Newman 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 

P. aeruginosa 

PA14 100% (0) 
PA14 (repeat) 99.96% (0.0272)* 

LES 100% (0) 
LES (repeat) 100% (0) 

PAO1 100% (0) 
PAO1 (repeat) 100% (0) 

CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 100% (0) 
CF isolate 99.6% (0.006)** 
CF isolate 100% (0) 

Wound isolate 100% (0) 
Wound isolate 100% (0) 

 
* Three of the six loci indicated the presence of a second locus type at less than 1% likely due to 

sequencing error. 

* Four of the six loci indicated the presence of a second locus type at less than 1% likely due to 

sequencing error. 
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In CF and other chronic infections, strains genetically diversify during infection (92, 134, 148–150, 175, 

176), and within-strain genetic diversity could be mistaken for strain differences. Thus, we tested 

PopMLST on pools of 90-96 clonally related Pa isolates collected from different lung regions, from three 

different CF patients undergoing lung transplantation. Whole genome sequencing showed that isolates 

from each subject were clonally related to each other, but had genetically diversified via in vivo evolution 

(19). Importantly, two of the three collections exhibited hypermutator phenotypes due to mutations in 

either mutL or mutS mismatch repair genes and whole genome sequencing showed that the mutator 

populations contained far higher levels of genetic variation that the non-mutator population (92). Core 

genomes of 96 isolates from the subject that was not infected with a hypermutator contained a total 328 

SNP differences, and the 96 isolates from subjects with hypermutator lineages contained 3169 and 1653 

SNP differences (92).  

 

Despite this extensive evolved diversity, PopMLST correctly identified each of the populations as 

containing a single MLST type (< 0.01% of reads erroneously reported a second MLST allele) (Figure 2, 

Table S1). These data suggest that the measures we used to mitigate PCR amplification and sequencing 

errors are effective for pure-culture isolates and diversified clonally related populations.   
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Figure 2. PopMLST correctly identifies genetically diversified, clonally related Pa as a single MLST 

type. PopMLST was performed on pools of 90-96 clonally related Pa isolates collected from different lung 

regions, from three CF patients undergoing lung transplantation. Plot shows the relative abundance of 

each MLST allele (from pool) that matches the known MLST sequence (determined by whole genome 

sequencing, see table S1). The six bars for each sample show the relative abundance of acs, gua, mut, 

nuo, pps, and trp loci (in order). Black bars indicate any additional MLST loci types detected and in all 

cases were less than 0.2%. *indicates hypermutable populations due to mutS (population 2) or mutL 

(population 3) mutations. 
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PopMLST accurately measures pathogen strains in experimental mixtures. A key assumption of the 

PopMLST approach is that the relative abundance of MLST loci present in samples is maintained through 

DNA extraction, amplification, sequencing, and enumeration steps (Figure 1). We therefore began testing 

PopMLST's ability to detect multiple strains using defined mixtures of purified DNA from different strains. 

PopMLST identified the expected ratios (within 2-fold) of mixtures containing two Sa or Pa strains over a 

wide relative abundance range (Figure 3). Replicate experiments using different sequencing runs and 

different MLST types produced similar results (Figure 3 and S2-S3). Linear regression of data from the 

experimental mixtures indicated close agreement between expected the results and average MLST allele 

loci measurements (R2 = 0.9916 for Sa and R2 = 0.9901 for Pa) with slopes approximating 1 (Sa: 1.017 

[95% CI: 0.9872-1.047]; Pa: 0.9806 [95% CI: 0.9454-1.016]).  
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Figure 3. PopMLST measures strain relative abundance. (A and C) DNA from two Sa (A) and Pa (C) 

strains with different MLST types were mixed at indicated ratios. Red bars indicate reads that PopMLST 

called as alleles from Sa NCTC8325 (A) and Pa PA14 (C); blue bars indicate reads called as alleles from 

Sa CHE482 (A) and Pa LES (C). (B and D) Mean loci relative abundance and SEM corresponding to the 

indicated MLST type from 21 independent two-strain Sa mixtures (B) including NCTC8325 (red) with 

CHE482 (blue) or MN8 (green); and 20 independent two-strain Pa mixtures (D) including PA14 (red) and 

LES (blue) or PAK (green), or PAO1 (purple) and LES (blue). Data for individual allele measurements can 

be found in Figure S2 and S3. Some error bars (SEM) were smaller than symbols; solid line indicates 

expected result, dashed lines indicate +/- 10%. Bars in (A) show relative abundance of arc, aro, glp, gmk, 
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pta, tpi, and yqi (in order). Bars in (C) show relative abundance of acs, gua, mut, nuo, pps, and trp (in 

order). MLST alleles identified but not present in the mixtures (likely sequencing error), are indicated in 

black and those detected at >1%, are indicated with *.  ‡ indicates PCR bias as evidenced by one allele 

being consistently under or overrepresented.  
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We also tested PopMLST’s ability to measure strain relative abundance in three and four strain mixtures 

(Figure 4).  PopMLST measurements of strain relative abundance in mixtures containing equal ratios of 

three Sa strains reported an average strain relative abundance of 33.7% (SEM 7.9%), and measurements 

of equal-ratio four-strain Sa mixtures reported average strain relative abundance of 24.9% (SEM 5.57%) 

(Figure 4A). In equal-ratio Pa three-strain mixtures, PopMLST reported average strain relative abundance 

of 33.2% (SEM 9.5%). In equal-ratio four-strain Pa mixtures PopMLST reported average strain relative 

abundance of 24.6% (SEM 6.0%) (Figure 4B). 
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Figure 4. PopMLST can identify at least 4 unique MLST types in a mixture. Equimolar mixtures of 

DNA from three or 4 strains were analyzed by PopMLST. Unique MLST loci alleles of the four strains 

present in the mixtures are shown as blue, red, yellow, and brown. Alleles shared between strains added 

to the mixture cannot be assigned to a particular strain, and are therefore colored as follows (alleles 

common to strains indicated with red & blue were indicated with purple; alleles common to strains 

indicated with yellow & red were indicated with orange; alleles common to strains indicated with blue & 

brown were indicated with green (A) and alleles common to strains indicated with blue & yellow & brown 

were indicated with green (B)). Bars in (A) show relative abundance of Sa MLST alleles arc, aro, glp, 

gmk, pta, tpi, and yqi (in order). Bars in (B) show relative abundance of Pa MLST alleles acs, gua, mut, 

nuo, pps, and trp (in order). MLST alleles identified but not present in the mixtures (likely sequencing 

error), are indicated in black and those detected at >1%, are indicated with *. 
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Despite use of triplicate PCR reactions, a single locus type was occasionally detected at higher-than-

expected abundance (Figures 3 and S2-S3). These finding are likely due to PCR bias (indicated by ‡ in 

Figures 3 and S2-S3) or jackpot amplifications (indicated by # in Figures S3). PCR bias and jackpots also 

occur in 16S rRNA gene measurements (177) which likewise uses amplicon sequencing. However, 

because PopMLST averages data from 6 or 7 independently amplified loci (unlike 16S sequencing which 

relies on a single locus), the effect of error in any given loci is dampened. Furthermore, loci that appear to 

be outliers can be interpreted in context of others to estimate strain relative abundance. Because of these 

advantages, PCR bias and jackpot amplifications had little effect on strain relative abundance 

measurements in the experimental mixtures we tested (Figure 3B and 3D, Figure S2-S3).  

 

PopMLST has a low frequency of false positive strain calls. Error inherent to PCR and Illumina 

sequencing could cause PopMLST to artificially report strains that are not present. We examined control 

experiments containing between 1-4 strains of known composition (n=38 for Pa and n=41 for Sa) to 

examine the effect of using different abundance thresholds to make strain presence and absence calls.  

 

As shown in Table 2, using the criterion that single variant locus be present at ≥1% relative abundance 

falsely registered the presence of a new strain in 9/49 (18%) of control experiments with Pa, and 7/41 

(17%) of control experiments with Sa. Using the criterion that two or more loci be present at ≥1%, or 

raising the relative abundance threshold for a single allele to ≥4% produced accurate calls in all 49 Pa, 

and all 41 Sa experiments. We conclude that using a threshold for defining detection of a single variant 

locus at greater that 4% relative abundance or two variant loci at >1% relative abundance results in a low 

likelihood of erroneously interpreting sequencing error as strain presence. Moreover, because the false 

positive calls we detected tended to be sequencing run-specific (Table S2), their impact on PopMLST’s 

accuracy could be decreased by repeated sequencing of samples.    
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Table 2. Frequency of false positive calls depending on criteria used to call MLST type presence. 

Accuracy is shown as function of the abundance and number of loci used to make calls.   

 
 

Abundance 
of loci used 
to call MLST 

type 
presence 

P. aeruginosa S. aureus 

1 locus used to call 
MLST type presence 

2 loci used to call 
MLST type presence 

1 locus used to call 
MLST type presence 

2 loci used to call 
MLST type presence 

# experiments with 
false positive (%) 

# experiments with 
false positive (%) 

# experiments with 
false positive (%)) 

# experiments with 
false positive (%) 

5% 0/38   (0%) 0/38   (0%) 0/41   (0%) 0/41   (0%) 
4% 0/38   (0%) 0/38   (0%) 0/41   (0%) 0/41   (0%) 
3% 0/38   (0%) 0/38  (0%) 2/41   (5%) 0/41   (0%) 
2% 3/38   (8%) 0/38   (0%) 5/41   (12%) 0/41   (0%) 
1% 4/38   (11%) 0/38   (0%) 7/41   (17%) 0/41   (0%) 

0.50% 5/38   (13%) 1/38   (3%) 7/41   (17%) 0/41   (0%) 
0.25% 6/38   (16%) 1/38   (3%) 8/41   (20%) 0/41   (0%) 
0.10% 9/38   (23%) 2/38   (5%) 10/41 (24%) 2/41   (5%) 
0.01% 14/38 (37%) 7/38   (18%) 10/41 (24%) 2/41   (5%) 

0% 14/38 (37%) 7/38   (18%) 10/41 (24%) 2/41   (5%) 
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PopMLST can detect specific MLST types with high sensitivity. In certain settings, clinicians and 

researchers need to detect specific strains with known MLST types. Examples include superinfections 

with virulent Pa epidemic strains in people with CF already colonized by Pa, or infection control 

surveillance during outbreaks. Theoretically, known MLST types should be detectable with higher 

sensitivity than unknown types, as it is extremely unlikely that the chance occurrence of errors would 

report the presence of the specific MLST loci of interest.  

 

To test this, we measured PopMLST’s sensitivity to detect targeted low abundance MLST alleles in 

complex mixtures. As shown in Table 3 and Table 4, targeted low abundance alleles were detected in all 

experiments when present at 5% relative abundance or greater, and in almost all experiments when 

present at 2%, 1% and 0.1% relative abundance. These findings suggest that PopMLST could be used 

for early detection of known strains with high transmissibility or virulence, or to investigate efficacy of 

infection control measures.    

  



Table 3. PopMLST’s sensitivity for detecting known Sa MLST types 
 

% low 
abundance 
MLST type 

MLST Loci: 
arc 

# times loci 
detected* (range) 

aro 

# times loci 
detected* (range) 

glp 

# times loci 
detected* (range) 

gmk 

# times loci 
detected* (range) 

pta 

# times loci 
detected* (range) 

tpi 

# times loci 
detected* (range) 

yqi 

# times loci 
detected* (range) 

10% 4/4 (19.5-2.8) 4/4 (6.0-1.8) 4/4 (10.6-1.9) 4/4 (14.0-2.8) 4/4 (14.1-2.3) 4/4 (14.9-2.4) 4/4 (16.0-2.3) 
5% 4/4 (5.3-3.8) 4/4 (3.2-1.6) 4/4 (6.1-1.8) 4/4 (5.2-2.7) 4/4 (4.6-3.0) 4/4 (5.5-3.4) 4/4 (4.7-3.9) 
2% 4/4 (2.4-1.7) 4/4 (1.2-0.6) 4/4 (3.4-0.7) 4/4 (11.1-2.0) 3/4 (1.7-0) 4/4 (2.3-1.4) 3/4 (1.9-0) 
1% 3/4 (2.2-0) 4/4 (1.1-0.1) 3/4 (1.5-0) 4/4 (1.5-0.2) 2/4 (1.4-0) 3/4 (1.5-0) 3/4 (2.0-0) 

0.1% 2/3 (0.4-0) 3/3 (0.3-0.1) 2/3 (0.3-0) 3/3 (1.5-0.2) 0/3 (0-0) 3/3 (0.3-0.2) 1/3 (0.2-0) 
 
* Each replicate experiment was performed three or four independent times.  The number of replicate experiments analyzed is indicated by the 

denominator. 



Table 4. PopMLST’s sensitivity for detecting known Pa MLST types 
 

% low 
abundance 
MLST type 

MLST loci: 
acs 

# times loci 
detected* (range) 

gua 

# times loci 
detected* (range) 

mut 

# times loci 
detected* (range) 

nuo 

# times loci 
detected* (range) 

pps 

# times loci 
detected* (range) 

trp 

# times loci 
detected* (range) 

10% 4/4 (13.5-6.2) 3/3 (24.8-4.1) 4/4 (14.9-6.9) 3/3 (13.3-8.2) 4/4 (14.8-3.9) 4/4 (15.2-6.0) 
5% 3/3 (7.0-4.6) 2/2 (6.6-4.8) 3/3 (7.7-2.4) 1/2 (6.6-1) 3/3 (7.6-4.6) 3/3 (7.7-2.8) 
2% 3/3 (3.18-1.7) 2/2 (2.3-2.1) 3/3 (3.2-1.4) 2/2 (2.8-1.9) 3/3 (4.2-1.7) 3/3 (3.5-2.0) 
1% 4/4 (1.6-0.7) 3/3 (4.0-0.4) 4/4 (2.1-0.7) 3/3 (1.6-1.1) 4/4 (2.7-0.5) 4/4 (1.8-0.7) 

0.1% 3/3 (0.3-0.1) 2/3 (0.5-0) 3/3 (0.1-0.06) 1/3 (0.4-0) 3/3 (0.3-0.08) 3/3 (0.2-0.08) 
 

* Each replicate experiment was performed three or four independent times. The number of replicate experiments analyzed is indicated by the 

denominator. Two of the strains used for in one replicate experiment (for the 10%, 5%, 2%, and 1% low abundance MLST type) shared alleles for 

the gua and nuo loci, because the two strains could not be differentiated at these loci, they were eliminated from analysis for these loci thereby 

decreasing the denominator only at the gua and nuo loci.    



PopMLST works in the presence of excess human or non-target bacterial DNA.  Clinical samples 

can contain vast amounts of human and non-target bacterial DNA. For example, despite high pathogen 

density (Pa can reach 108-109 CFU/ml in CF sputum), 95-99% of CF sputum DNA is human (178), and 

DNA from other pathogens or oral bacteria can also be highly abundant.  

 

We investigated the effects of contaminating DNA on PopMLST two ways. First, we performed PCR on 

human and non-target bacterial DNA (including closely related species) using Sa and Pa PopMLST 

primers. Amplicon yields and the number of reads mapped to Sa and Pa MLST loci in these experiments 

were similar to no-template controls (Figure 5 A-D). Second, we tested the ability of PopMLST to detect 

strains in the presence of 95% human DNA, and found that the vast excess of human DNA did not 

compromise detection, even when strains were present at as low as 1% relative abundance (Figure 5E 

and F). 
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Figure 5. Heterologous DNA does not interfere with PopMLST. (A and B) The average concentration 

of PCR product from the seven or six amplified loci after PCR using PopMLST primers for Sa (A) and Pa 

(B) on DNA from the indicated sources. ‘Human’ indicates DNA extracted from tissue culture cells; ‘H2O’ 

indicates ultrapure water; ‘Sa+ sputum’ and ‘Pa+ sputum’ indicates sputum from three CF subjects 
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culture-positive for Sa and Pa respectively; and ‘Sa- sputum’ and ‘Pa- sputum’ indicates sputum from a 

CF subject culture-negative for Sa and Pa respectively. (C and D) The sum of sequence reads produced 

by PopMLST that mapped to seven Sa (C) or six Pa (D) MLST loci are shown for samples containing 

target and non-target DNA from PCR reactions shown in A and B. Mixtures of Sa NCTC8325/CHE482 

were used as positive control in A and C, and mixtures of PA14/PAO1 were used in B and D. For 

samples with negligible PCR amplification, >2X volume of sample was used for Illumina sequencing than 

was used for other samples  The average and SEM of 3 separate samples are shown for Sa, Sa+ 

sputum, Pa, and Pa+ sputum in A and D. (E and F) 95% human DNA from tissue culture cells was added 

to the same mixtures of two control strains from Figure 2C. Bars in (E) show relative abundance of arc, 

aro, glp, gmk, pta, tpi, and yqi matching the MLST type of NCTC8325 (red) or CHE482 (blue). Bars in 

(F)show relative abundance of acs, gua, mut, nuo, pps, and trp (in order) matching the MLST type of 

PA14 (red) or LES (blue). * indicates the presence of an unexpected loci type (black), likely due to 

sequencing error. 
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PopMLST measures strain abundance in clinical samples. Encouraging results with experimental 

strain mixtures led us to perform proof-of-principle tests of PopMLST on clinical samples. In the first test, 

we cultured sputum from seven Sa-infected CF subjects, and performed PopMLST on DNA prepared 

from ~100 colonies that grew from each sample (scraped en masse from culture plates). PopMLST 

reported that three of seven samples contained two Sa MLST types (Figures 6A and S4, Table S3). We 

verified the presence of two strains in these samples by Sanger sequencing a distinguishing MLST locus 

in 20-30 individual colonies from each sample, and found MLST types at a similar relative abundance as 

that determined by PopMLST (R2 = 0.9247; slope = 0.9296 [95% CI: 0.5612-1.298]) (Figure 6A-B).  

 

Second, we tested PopMLST’s ability to resolve strains in CF sputum by mixing sputum samples that 

each contained a single strain as determined by PopMLST (>99% of reads from each loci reporting a 

single allele) at varying ratios. When samples were combined, MLST types were identified close to the 

expected ratios (Figure 6C, Table S1).  

 

Finally, we analyzed sputum samples from 5 subjects that were all known to harbor two Sa strains each. 

We performed PopMLST on DNA prepared directly from sputum and from several hundred Sa isolates 

from each sample scraped en masse from culture plates. As shown in Figure 6D, PopMLST detected the 

same MLST loci types in sputum DNA and culture scrapes from all 5 subjects. Conventional MLST typing 

of representative isolates confirmed the dominant and secondary sequence types detected by PopMLST 

(6D and Table S3). In subjects 11 and 12, strain relative abundance differed in sputum as compared to 

the culture scrapes (p < 0.001 by multiple t-test), and in subject 9 a third MLST locus type was detected in 

sputum that was not present in ex vivo culture. These findings could be due to differential growth capacity 

of strains in ex vivo culture conditions.  
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Figure 6. PopMLST on clinical samples. (A and B). PopMLST results from 3 of 7 CF subjects in whom 

PopMLST detected 2 Sa strains (see Fig S4 for the 4 of 7 subjects in whom one strain was detected). (A) 

PopMLST results from DNA pooled from 90-95 cultured Sa isolates. Blue and red bars indicate different 

MLST loci alleles for each subject (Table S3). Bars for each sample show relative abundance of arc, aro, 

glp, gmk, pta, tpi, and yqi. A third pta allele (black bar and indicated with *) differed at a single nucleotide 

from the allele indicated in red, likely representing sequencing error or mutation. (B). Relative abundance 

of arc locus as measured by PopMLST (Pop) and by individually Sanger sequencing (Sanger) 20-30 
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isolates from each sample from (A). (C) PopMLST performed directly on DNA isolated from 3 sputum 

samples (A, B, C) and from mixtures of these samples. Red, blue, and yellow bars indicate the 

abundance of MLST alleles corresponding to sample A, B, and C respectively, green bars indicate an 

allele shared between A and C and orange bars indicate an allele shared between B and C (see Table 

S1). Control experiments examining >100 Pa isolates cultured from sputum A, B, and C showed each 

contained a single Pa MLST type. (D) PopMLST of DNA pooled from >100 Sa cultured colonies (culture) 

and directly from sputum (sputum). Red and blue indicate different MLST types, which were confirmed by 

Sanger sequencing individual isolates (Table S1). Subject 9’s sputum contained three loci from an 

additional allele, likely indicating a third MLST type (green) that was not detected in culture. Indicated 

significant differences were determined by the multiple t-test of minor allele abundance. Black bar 

indicated with * indicates the presence of a third allele, likely due to mutation or sequencing error. 
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Discussion 

Infecting bacteria can exhibit heritable diversity at the species, strain, and intra-strain level. While recent 

findings and new methods have accelerated work on species diversity (179–187) and diversification 

within individual strains (92, 134, 148–150, 175, 176), studies of strain-level diversity have lagged. A 

major factor limiting progress is that established methods to detect strains must generally be performed 

on one cultured isolate at a time (140, 156–159). Thus, non-dominant strains are difficult to detect.  

 

PopMLST addresses this problem, as it can estimate the relative abundance of strains in pools of tens to 

hundreds of isolates that have been cultured en masse from infected sites, and can be used on DNA 

extracted directly from clinical specimens without prior culture. Other advantages include technical 

approaches to minimize PCR and sequencing error, its robustness when human or other bacterial DNA is 

in vast excess (Figure 5), its ability to detect targeted strains at low relative abundance (Table 3 and 4), 

and a capacity to detect strains with ex vivo growth defects when the method is used on DNA prepared 

directly from clinical specimens. Furthermore, the method is accurate even when intra-strain genetic 

diversity has evolved (Figure 2, Table S1), likely because MLST loci are within conserved “housekeeping” 

genes that may be less variable than elements involved in Spa typing (131), RAPD (random amplified 

polymorphic DNA), or PFGE (140, 156). Finally, MLST databases are in widespread use and exist for 

over 100 bacterial species (170), so PopMLST can be easily be adapted for use for many organisms and 

results are comparable between laboratories. 

 

PopMLST also has limitations. First, several circumstance can limit PopMLST’s ability to enumerate and 

identify strains. These include the presence of unrelated strains having the same MLST sequence type, 

Pa strain mixtures in which the aro locus is the only distinguishing locus (see Figure S1), strain mixtures 

in which most MLST alleles are shared between strains, or cases where evolved diversity substantially 

alters MLST loci. However, these circumstances will be relatively rare as many MLST types have been 

identified for most pathogens. For example, ~3,500 Pa and ~ 5,500 Sa MLST types have been described 

to date (170), so strain distinguishing power is generally robust. Moreover, MLST loci are generally 
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conserved, and our control experiments showed PopMLST remained accurately identified mutator strains 

that had genetically diversified (Figure 2) in vivo. 

 

Second, while PCR and Illumina sequencing enable the method to be used on complex mixtures 

containing multiple strains and abundant non-target DNA, these techniques are subject to errors and 

biases. We reduce, but cannot entirely eliminate, the effect of these problems using replicate PCR, 

adaptive trimming, and statistical methods.  

 

Third, PopMLST does not identify which MLST loci are linked in individual isolates. While this limitation 

does not compromise strain enumeration and relative abundance measurements under most 

circumstances, it can complicate identification of the strain types present in complex mixtures. Finally, we 

have not yet performed head-to-head test comparing PopMLST’s resolution with other available methods 

for strain enumeration.  

 

Despite these limitations, we think that PopMLST could provide useful strain-level information. One key 

area is in infection control, as PopMLST’s ability to detect strains of interest at low relative abundance 

improves on existing methods, particularly in settings where the strain being tracked belongs to a 

commonly encountered species. PopMLST performed serially on clinical samples could also detect 

episodes of strain gain or loss in individual patients. Strain changes could herald important variation in the 

host environment (e.g changes in host defenses or treatment that select for new strains), or mutational 

changes in existing strains that compromise strain persistence in vivo. An additional advantage is that 

PopMLST can detect strains with ex vivo growth defects.  

 

PopMLST could also be used for early detection of superinfections with highly virulent or antibiotic 

resistant strains. A notorious example is the Liverpool Epidemic Pa strain, which can displace existing Pa 

strains that infect the lungs of people with CF, and cause increased morbidity and treatment resistance 

(188). Since discovery of the Liverpool strain, other epidemic strains have been identified at disparate 

locations worldwide (147). Early detection of such strains is difficult in already-colonized subjects as 
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clinical microbiology analyses only report the species present, and detecting epidemic strains when they 

are at low relative abundance would require tests on tens or hundreds of cultured isolates using 

conventional colony-by-colony assays (like MLST).  

 

Finally, PopMLST could be used to investigate strain changes not associated with epidemic strains. 

Patients with chronic bacterial infections frequently experience highly variable disease manifestations, 

antibiotic responses, and rates of progression. The acquisition of different strains of a given species or 

changes in strain relative abundance could account for some of this variation (189). PopMLST will enable 

new hypotheses that explore the effects of strain-level diversity on human infection to be tested.  
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Methods  

Patient samples. Sa was isolated after sputolysin diluted sputum was cultured on Mannitol Salts Agar 

(Difco). Populations were scraped from plates containing >100 colonies by flooding the plate with 2 ml of 

LB and using a L-spreader to resuspend the bacteria. Pa was isolated after sputolysin diluted sputum was 

cultured on MacConkey (Difco). All cultures were stored at -80oC in 15% glycerol prior to analysis. 

Sputum samples analyzed directly were diluted with sputolysin as above and stored at -80oC until DNA 

isolation could be performed. 

 

DNA isolation. Pa DNA was isolated from 100 ul of resuspended culture using the DNeasy Blood and 

Tissue kit (Qiagen) using the protocol for gram-negative bacteria. Due to the difficulty of lysing gram-

positive bacteria, all Sa and sputum samples were extracted using methods with increased lysis efficacy. 

DNA extraction of Sa and sputum samples was performed using the DNeasy Power Soil Kit (Qiagen) with 

the following modifications: samples were incubated with 2.9 mg lysozyme and 0.14mg lysostaphin prior 

to lysis with 0.1 mm beads using bead beater (Mini-Beadbeater-16; Biospec), a method validated 

previously by our laboratory for efficient Pa and Sa lysis from sputum (164); or using the DNeasy 

Powersoil Pro kit for Qiacube automated extraction system (Qiacube) which results in comparable lysis of 

Sa and Pa from sputum in our laboratory. Lysis method used depended on availability of the extraction 

method at time of sample collection. All samples were eluted in EB buffer (Qiagen) regardless of 

extraction method. 

 

Control mixtures. Control strains (Table S4 and Table S5) were streaked from freezer stocks and grown 

overnight prior to DNA isolation. Sa and Pa strains were from the Singh lab as well as donated by 

Matthew Parsek (University of Washington, Seattle, WA) and Lucas Hoffman (University of Washington, 

Seattle, WA). Cultured HELA or HEK293 cells (donated by Joseph Mougous, University of Washington, 

Seattle, WA) were pelleted and DNA was isolated as above. Isolated DNA was quantified by Qubit and 

mixed at ratios described in the figures. MLST types of control strains were based on the MLST database 

and confirmed by MLST typing of single isolates if necessary (Table S4 and Table S5). PAO1-lacZ:PA14 
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mixtures were pre-mixed at designated ratios and plated on LB+xGal to confirm the ratio. Growth from the 

plate was scraped and subjected to DNA isolation as above.  

 

PopMLST amplification and sequencing methods. 5 ng/ul DNA from cultured bacteria, 20 ng/ul of 

sputum DNA, or 20 ng/ul of bacterial DNA mixed with human DNA was amplified by PCR using published 

MLST primers for Sa and Pa (168, 169) with Illumina adapters on the 5’ ends to enable next generation 

sequencing of MLST loci (Table S6). PCR amplification of each of the seven MLST loci was performed in 

triplicate to reduce chances of random PCR bias using reagents listed in Table S7. Triplicate reactions 

were pooled after PCR and amplified DNA was visualized by agarose gel electrophoresis and quantified 

by Pico green (Thermo Fisher). After cleaning with Ampure beads (Beckman Coulter), the seven MLST 

loci for each sample were pooled in equimolar amounts and barcoded with Illumina Nextera XT indexes. 

PCR amplification, indexing, and cleanup was performed as described in the 16S Metagenomic 

Sequencing Library Preparation guide (Illumina). Indexed MLST loci were cleaned with Ampure beads 

(Beckman Coulter) prior to pooling and sequenced on the Illumina MiSeq to produce 2 x 300 bp paired-

end reads.  

 

Bioinformatic analysis. Methods outlined below for PopMLST are available at 

https://github.com/marade/PopMLST (commit ID 0de7f83). Because DADA2 is designed for one amplicon 

locus (typically 16S) at a time, reads were deconvolved based on their locus-specific primer sequence 

using Python tre, with approximate matching to MLST loci allowing for up to a 25% mismatch 

(https://github.com/laurikari/tre/) prior to analysis. Due to a significant number of paired-end reads failing 

to merge for some loci, we developed a dynamic read-trimming method using a binary search algorithm 

which iteratively trims the 3’ end of the reverse read and re-tests merging until it maximizes the number of 

merged reads of the correct size. Trimmed reads for all MLST loci, except yqi, were merged using 

VSEARCH 2.13.4 fastq_mergepairs. Two basepairs of the sequence in the yqi locus beyond the 3’ ends 

of read 1 and 2 (due to the length of this amplicon) were artificially supplied (these bases are conserved 

according to the MLST database (170)). yqi reads were joined using VSEARCH 2.13.4 fastq_join. Merged 

https://github.com/marade/PopMLST
https://github.com/laurikari/tre/
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reads, with their adaptors trimmed using Cutadapt 2.3, were then processed using the remaining DADA2 

pipeline steps to generate amplicon sequence variants (ASVs) for each locus. 

 

To determine the identity and quantify the relative abundance of each MLST locus, the ASVs were 

queried against the PubMLST database (https://pubmlst.org/saureus/ and 

https://pubmlst.org/paeruginosa/) (170) for the appropriate species using BLAST+ BLASTN (190). The 

matching sequence with the highest identity and longest length (less than or equal to the maximum locus 

length present in the database) was used to label each ASV by locus type, with less than 100% identity 

matches being marked as potential novel alleles. The resulting output table includes each MLST loci type 

identified, the ASV, and the number of reads assigned to each type, much like a classic 16S operational 

taxonomic unit table.   

 

Statistics. The abundance of MLST types was reported as the average relative abundance of 7 

corresponding Sa MLST loci or 6 corresponding Pa MLST loci, and standard error of the mean was 

reported. When strain type(s) were known (Figures 2 and 3 and Table 1), the relative abundances of the 

alleles matching that strain type were used. When strain types were unknown, alleles with similar relative 

abundances were assumed to be from the same strain. Linear regression of the average relative 

abundance was used to determine the accuracy of measuring strain abundance (Figure 3, B and D). R2 

values were reported in text. Multiple t tests were used to compare relative abundance of individual loci 

from sputum with those from bacterial culture (Figure 6D). P values more than 0.05 were determined to 

be not significant and were not reported. All statistical analyses were performed in GraphPad Prism. 

 

Study approval. Sputum samples were collected in accordance with University of Washington 

Institutional Review Board (protocols numbers 06-4469 and STUDY00011983), and the Research Ethics 

Committee, St. Vincent’s Hospital, Dublin, Ireland (RS20-048). Patients provided written informed consent 

prior to collection of samples. 

  

https://pubmlst.org/saureus/
https://pubmlst.org/paeruginosa/
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Supplemental information 

 
 

Figure S1. Pa aro MLST loci are underrepresented by PopMLST. A. Schematic representation of high 

GC repeats in the aro MLST locus with each box showing the location of repeats identified by Geneious 

Prime 2020.1.1 (https://www.geneious.com). B. The number of reads recovered from aro are more than a 

log lower than other loci despite four-times higher levels of DNA used as input for Illumina sequencing. C. 

Despite the low number of reads as shown in B, the aro reads detected were in ratios are similar to the 

expected ratios of the strains and the ratios of the other loci shown in Figure 3C. D. Analysis of the 3391 

MLST types in the Pa MLST database shows that omitting any one of the seven MSLT loci (indicated on 

the x-axis) still enables most MLST types to be identified. The number of unique combinations of MLST 

allele types when all seven alleles were utilized is indicated in black. The alleles for a given locus were 

removed and the analysis for unique combinations of allele types using the remaining six loci were 

determined (grey bars). E. Sets of two, five, ten, or 50 MLST types were randomly selected from the 
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MLST database (https://pubmlst.org/organisms/pseudomonas-aeruginosa/) and assessed to determine if 

the variation in the other six loci was sufficient to distinguish between the strains in the set.  This analysis 

was repeated 100 times.  Sets for which all MLST types could be distinguished without aro are shown in 

black.  Sets for which aro was required for differentiation between MLST types in the set are in grey.   

 

https://pubmlst.org/organisms/pseudomonas-aeruginosa/
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Figure S2. PopMLST on mixtures of Pa laboratory strains reproducibly identifies the relative 

abundance of each strain. We tested pairwise combinations of four Pa strains with different MLST types 

across a range of ratios. In all cases, the two strains were identified in ratios close to expected. Each 

strain is represented by a different color (PAO1=purple, PA14=blue, LES=red, and PAK=green). PA14 

and PAK have the same sequence for two loci indicated in yellow. PopMLST was performed on mixtures 

of cultured colonies for the PAO1:LES experiments, all others were performed on mixtures of DNA. Each 

set of bars represents an independent experiment. MLST alleles identified but not present in the mixtures, 

likely due to sequencing error, are indicated in black and those detected at >1%, are indicated with *. ‡ 

indicates PCR bias as evidenced by one allele being consistently under or overrepresented.  
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Figure S3. PopMLST on mixtures of Sa laboratory strains reproducibly identifies the relative 

abundance of each strain. We tested pairwise combinations of three Sa strains with ratios close to 

expected. Each strain is represented by a different color (NCTC8325=red, CHE=blue, MN8=green). Each 

set of bars represents an independent experiment. Black indicates the presence of a third allele. MLST 

alleles identified but not present in the mixtures, likely due to sequencing error, are indicated in black and 

those detected at >1%, are indicated with *. ‡ indicates PCR bias as evidenced by one allele being 

consistently under or overrepresented. # indicates non-systemic under/over representation of an allele, 

possibly due to jackpot amplifications.  

  



 

 59 

 
 
Figure S4. Detection of multiple MLST loci types from isolates from sputum.  ~95 Sa isolates 

cultured on MSA from sputum were selected from each subject. Growth from all ~95 isolates was pooled 

and PopMLST performed. Blue indicates the predominant MLST loci type by abundance, and red 

indicates any secondary alleles detected. Subjects 1-3 are shown in figure 6. Bars for each sample show 

relative abundance for arc, aro, glp, gmk, pta, tpi, and yqi (in order).  * indicates an additional MSLT type 

detected, with a single SNP, likely due to sequencing error.    
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Table S1. Pa clinical sample MLST types.  
 

subject a acs gua mut nuo pps trp 

1 36 28 3 4 13 7 

2 6 5 3 4* 15 7 

3 28 22 18* 3 15 7 

A 11 1 7 9 4 7 

B 17 5 3 4 15 26 

C 28 22 18 3 15 7 
 
a Subject number corresponds to subjects in Figures 2 and 6C 

* Number indicated is the closest allele type to loci alleles in the MLST database 
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Table S2. False positive detection of MLST loci is eliminated if PopMLST is repeated.  Sequencing 

errors leading to false-positive calls of a Sa or Pa MLST locus (i.e calling a locus not present in the 

experimental mixture) were not detected when PopMLST was repeated a second and third time.  

 
   Proportion of samples in which false positive locus was 

detected (at > 1%). 

Strain mixtures 
tested 

Expected 
loci type 

False loci type 
detected (at > 

1%) 

In run that false 
positive was 

detected 

In repeat 
sequencing run 

#1 

In repeat 
sequencing run 

#2 

Sa NCTC+  
Sa CHE 

glp_8 
glp_1 

glp_23 3/7 0/5 0/2 

Sa MN8 +  
Sa NCTC 

glp_1 
glp_2 

glp_6x 1/5 0/6 0/2 

 pta_4 
pta_6 

pta_495 3/5 0/6 0/2 

Pa PA14+ 
Pa LES 

nuo_1 
nuo_4 

nuo_23 2/5 0/4 0/3 

 
 
* Mixtures of the same two strains at any ratio were grouped for this analysis. 
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Table S3. Sa clinical sample MLST types.  
 

subject a arc aro glp gmk pta tpi yqi MLSTb 

1 3 35 19 2 20 26 39 398 

 1 1 1 1 1 1 1 1 

2 2 2 2 2 6 3 2 30 

 3 3 1 1 1 1 10 9 

3 2 2 2 2 2 2 2 39 

4 2 2 2 2 6 3 2 30 

 5 4 1 4 4 6 3 7 

5 13 13 1 1 12 11 13 15 

6 10 14 8 6 10 3 2 45 

7 4 1 4 1 5 5 4 25 

8 3 3 1 1 4 4 3 8 

 2 2 2 2 6 3 2 30 

9 1 4 1 4 12 1 10 5 

 2* 2 2 2 6 3 2 - 

10 1 4 1 4 12 1 10 5 

 10 14 8 6 10 37 2 256 

11 1 4 1 4 6 1 10 - 

 2 2 2 2 12 3 10 - 

12 10 14 8 6 10 3 2 45 

 1 4 1 4 12 1 28 105 

 
a Subject number corresponds to subjects in Figures 6A, 6D, and S4. 

b When two strains are present, MLST type determined by relative abundance of alleles and confirmed by 

sanger sequencing of individual isolates.  – indicates this MLST type is not in the database.   

* number indicated is the closest allele type to loci alleles in the MLST database  
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Table S4. Sa strains and MLST types 
 

Strain arc aro glp gmk pta tpi yqi MLST type 

NCTC8325 3 3 1 1 4 4 3 8 

CHE482 10 14 8 6 10 3 2 45 

MN8 2 2 2 2 6 3 2 30 

CF* 13 13 1 1 12 11 13 15 

 
* Clinical isolate from patient with Cystic Fibrosis 
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Table S5.  Pa strains and MLST types 
 

Strain acs aro gua mut nuo pps trp MLST type 

PA14 4 4 16 12 1 6 3 253 

LES 6 5 11 3 4 23 1 146 

PAO1 7 5 12 3 4 1 7 549 

PAK 11 5 11 11 4 4 14 693 

CF5* 28 5 30 3 3 4 14 1538 

CF6* 40 5 11 5 4 38 37 167 

CF2* 11 76 5 3 61 14 3 485 

 
* Clinical isolate from patient with Cystic Fibrosis 
 
 
 
  



Table S6. Primers used for PopMLST 
 
  MLST 

loci 
Published MLST primer PopMLST primer 

SaarcF TTGATTCACCAGCGCGTATTGTC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGTTGATTCACCAGCGCGTATTGTC 

SaarcR AGGTATCTGCTTCAATCAGCG GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTAGGTATCTGCTTCAATCAGCG 

SaaroF ATCGGAAATCCTATTTCACATTC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGATCGGAAATCCTATTTCACATTC 

SaaroR GGTGTTGTATTAATAACGATATC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGGTGTTGTATTAATAACGATATC 

SaglpF CTAGGAACTGCAATCTTAATCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGCTAGGAACTGCAATCTTAATCC 

SaglpR TGGTAAAATCGCATGTCCAATTC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTTGGTAAAATCGCATGTCCAATTC 

SagmkF ATCGTTTTATCGGGACCATC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGATCGTTTTATCGGGACCATC 

SagmkR TCATTAACTACAACGTAATCGTA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTTCATTAACTACAACGTAATCGTA 

SaptaF GTTAAAATCGTATTACCTGAAGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGGTTAAAATCGTATTACCTGAAGG 

SaptaR GACCCTTTTGTTGAAAAGCTTAA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGACCCTTTTGTTGAAAAGCTTAA 

SatpiF TCGTTCATTCTGAACGTCGTGAA TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGTCGTTCATTCTGAACGTCGTGAA 

SatpiR TTTGCACCTTCTAACAATTGTAC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTTTTGCACCTTCTAACAATTGTAC 

SayqiF CAGCATACAGGACACCTATTGGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGCAGCATACAGGACACCTATTGGC 

SayqiR CGTTGAGGAATCGATACTGGAAC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTCGTTGAGGAATCGATACTGGAAC 

PaacsF  GCCACACCTACATCGTCTAT TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGGCCACACCTACATCGTCTAT 

PaacsR  AGGTTGCCGAGGTTGTCCAC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGGTTGCCGAGGTTGTCCAC 

PaaroF  ATGTCACCGTGCCGTTCAAG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAATGTCACCGTGCCGTTCAAG 

PaaroR  GTTCCTTGGCTGACGGAAGT GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGTTGAAGGCAGTCGGTTCCTTG 

PaguaF  AGGTCGGTTCCTCCAAGGTC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGGTCGGTTCCTCCAAGGTC 

PaguaR  GACGTTGTGGTGCGACTTGA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGACGTTGTGGTGCGACTTGA 

PamutF  AGAAGACCGAGTTCGACCAT TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGAGAAGACCGAGTTCGACCAT 

PamutR  GGTGCCATAGAGGAAGTCAT GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCAGGGTGCCATAGAGGAAGTCAT 
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PanuoF  ACGGCGAGAACGAGGACTAC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCACGGCGAGAACGAGGACTAC 

PanuoR  TGGCGGTCGGTGAAGGTGAA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGCGGTCGGTGAAGGTGAA 

PappsF  GGTGACGACGGCAAGCTGTA TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTGACGACGGCAAGCTGTAC 

PappsR  GTATCGCCTTCGGCACAGGA GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGTATCGCCTTCGGCACAGGA 

PatrpF  TTCAACTTCGGCGACTTCCA TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTTTCAACTTCGGCGACTTCCATGT 

PatrpR  GGTGTCCATGTTGCCGTTCC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGGTGTCCATGTTGCCGTTCC 



Table S7. PCR conditions 
 

Loci PCR reagent Ta 

Sa 
arc Q5 (NEB) 61 
aro Q5 (NEB) 56 
glp Q5 (NEB) 56 

gmk Phusion (NEB) 56 
pta Q5 (NEB) 61 
tpi Q5 (NEB) 61 
yqi Q5 (NEB) 61 

Pa 
arc Kapa (Roche) 59 
gua Kapa (Roche) 59 
mut Q5 + GC buffer (NEB) 55 
nuo Kapa (Roche) 62 

pps Q5 + GC buffer (NEB) 67 

trp Q5 + GC buffer (NEB) 67 
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Abstract 

Drugs called CFTR modulators improve the physiologic defect underlying cystic fibrosis (CF) and alleviate 

many disease manifestations. However, studies to date indicate that chronic lung infections that are 

responsible for most disease-related mortality generally persist. Here we investigated whether combining 

the CFTR modulator ivacaftor with an intensive 3.5-month antibiotic course could clear chronic 

Pseudomonas aeruginosa or Staphylococcus aureus lung infections in subjects with R117H-CFTR, who 

are highly ivacaftor-responsive. Ivacaftor alone improved CFTR activity, and lung function and 

inflammation within 48 hours, and reduced P. aeruginosa and S. aureus pathogen density by ~10-fold 

within a week. Antibiotics produced an additional ~10-fold reduction in pathogen density, but this 

reduction was transient in subjects who remained infected. Only 1/5 P. aeruginosa-infected and 1/7 S. 

aureus-infected subjects became persistently culture-negative after the combined treatment. Subjects 

appearing to clear infection did not have particularly favorable baseline lung function or inflammation, 

pathogen density or antibiotic susceptibility, or bronchiectasis scores on CT scans, but they did have 

remarkably low sweat chloride values before and after ivacaftor. All persistently P. aeruginosa-positive 

subjects remained infected by their pretreatment strain, whereas subjects persistently S. aureus-positive 

frequently lost and gained strains. This work suggests chronic CF infections may resist eradication 

despite marked and rapid modulator-induced improvements in lung infection and inflammation 

parameters and aggressive antibiotic treatment.   

 

Importance: Recent work shows that people with cystic fibrosis (CF) and chronic lung infections 

generally remain persistently infected after treatment with drugs that target the CF physiological defect 

(called “CFTR modulators”). However, changes produced by modulators could increase antibiotic 

efficacy. We tested the approach of combining modulators and intensive antibiotics in rapid succession 

and found that while few subjects cleared their infections, combined treatment appeared most effective in 

subjects with the highest CFTR activity. These findings increase understanding of the challenges that 

remain to improve the health of people with cystic fibrosis.  
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Introduction 

The genetic disease cystic fibrosis (CF) has been transformed by drugs that act on the basic CF defect, 

impaired anion conductance of the cystic fibrosis transmembrane conductance regulator (CFTR) channel 

(191). Studies of ivacaftor, the first highly effective drug of this kind (called CFTR modulators), showed 

that treatment improved subjects’ lung function, nutritional status, and reduced pulmonary exacerbations 

(192).  

 

A remarkable finding from studies of ivacaftor was that treatment had only modest effects on a cardinal 

manifestation of CF, chronic lung infections caused by Pseudomonas aeruginosa (Pa), Staphylococcus 

aureus (Sa), and other pathogens. For example, work using culture-based methods showed that ivacaftor 

produced rapid reductions in sputum Pa density in chronically infected subjects and reduced lung 

inflammation (164). However, Pa density rebounded after ~1 year and Pa strains present pretreatment 

were found to persist for ~6 years of follow up (116). Epidemiological studies analyzing patient registry 

data (108, 118–120, 193), and studies using DNA-based methods (108, 121, 122) also indicate that 

chronic infections usually persist in modulator-treated patients. Persistent infection is likely to be 

detrimental, so strategies that eradicate infections in modulator-treated patients could markedly increase 

the health benefits from these drugs.   

 

Antibiotics generally have only modest and transient effects in chronic CF infections (22, 194–197). 

However, several findings raise the possibility that antibiotic efficacy could be increased following 

treatment with modulators. First, studies in CF pigs and humans indicate that improved CFTR function 

increases the activity of lung antimicrobials by raising airway pH (62, 198). Innate antimicrobials can be 

synergistic with antibiotics (199), so combining modulators and antibiotics could amplify the infection-

reducing effects of each. Second, modulator-mediated reductions in bacterial density (as seen in (164)) 

could increase antibiotic efficacy by the inoculum effect, a phenomenon wherein reduced bacterial density 

markedly increases antibiotic susceptibility (200, 201).   
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Third, modulators could reduce the stress-tolerant phenotype of infecting pathogens that causes 

resistance to killing. The tolerance phenotype is postulated to be due in part to nutrient and oxygen 

limitation in airway mucus (202–204), where pathogens mostly live (205, 206). Modulators reduce airway 

obstruction and increase mucociliary clearance (108), and these effects along with decreased pathogen 

density may diminish tolerance. Finally, reduced pathogen density could decrease intra-strain genetic 

diversity that is known to evolve during CF infections (92, 149, 207, 208). This effect could increase 

antibiotic efficacy, if the abundance of drug-resistant variants were reduced  as a consequence (209).  

 

Together these ideas led us to hypothesize that combining highly effective modulators with intensive 

antibiotic treatment might eradicate some Pa and Sa infections in chronically infected people with CF. 

Here we test this hypothesis, and we also present long-term follow up data on the effects of modulators 

on infection and inflammation in treated subjects.  
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Results 

Study design and subjects. The rationale for combined treatment was the finding that chronic CF 

infections generally persist after ivacaftor. When this fact became known (108, 164), most ivacaftor-

eligible subjects world-wide were already treated, and effective modulators for more common mutations 

did not exist. These points led us to seek out subjects with the rare ivacaftor-responsive R117H-CFTR 

mutation (210) who were not yet treated. Dublin, Ireland has among the highest worldwide prevalence of 

R117H-CFTR subjects (allele frequency 3% vs 1.04% in Europe and 0.7% world-wide) (211, 212), and 

the St. Vincent’s University Hospital in Dublin is a CF referral center with robust research capabilities. 

Thus, we were able to test combined treatment in a cohort of chronically infected subjects with at least 

one copy of R117H-CFTR at this center. 

 

Combined treatment could utilize antibiotics or modulators first, or both simultaneously. We decided to 

use modulators alone for one week and then start antibiotics (Figure 1) for three reasons. First, previous 

work showed that 1 week of ivacaftor reduced sputum Pa density in subjects with a CFTR gating mutation 

(G551D-CFTR) by ~10 fold (164). Reductions in this range are known to increase antibiotic activity via the 

inoculum effect (200, 201). Second, we thought there could be an advantage in starting ivacaftor and 

antibiotics in rapid succession to reduce time for bacterial adaptation. Third, the ivacaftor-alone period 

enabled us to repeat observations on modulators’ acute effects. 

 

After ethics approval and informed consent, we prospectively studied 10 adults (aged 25-64) with CF and 

≥1 R117H-CFTR allele. Average forced expiratory volume in 1 second percent predicted (FEV1pp) was 

65%. Three subjects were chronically infected with Pa, 5 were chronically infected with Sa, and 2 were 

infected with both.  See Table 1 for additional subject characteristics and Table S1 for inclusion and 

exclusion criteria. We used aggressive antibiotic regimens (Table 1). The 5 Pa-infected subjects were 

treated for 14 days with 2 antipseudomonal antibiotics administered concurrently by IV, followed 

immediately by 3 months of oral ciprofloxacin and inhaled colistin administered together (Figure 1). The 7 

Sa-infected subjects were treated with 3.5 months of oral flucloxacillin, the drug of choice locally for Sa 

(Figure 1).   
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Table 1. Subject characteristics and antibiotics prescribed. 
 

Subject 
ID* 

CFTR 
Genotype: 

R117H/ 

Baseline 
FEV1 [L (% 
Predicted)] 

Age 
at 

Entry 
Gender 

Pathogens 
cultured at 

entry^ 

IV 
anti-

biotic 

Oral 
anti-
biotic 

Inhaled 
anti-

biotic 

1 ΔF508 3.80 (108%) 45 Male Sa none Flu none 

2 ΔF508 3.75 (96%) 40 Male Sa none Flu none 

3 ΔF508 2.44 (87%) 41 Female Sa none Flu none 

7 ΔF508 2.39 (69%) 52 Male Pa, Sa Cef, tob Flu, cip Col 

8 M156R 1.37 (43%) 42 Female Pa Mer, col Cip Col 

9 M156R 1.49 (35%) 40 Male Pa, Sa Cef, col Flu, cip Col 

10 2622+1G→A 3.41 (75%) 25 Male Sa none Flu none 

11 ΔF508 1.90 (62%) 46 Female Pa Cef, tob Cip Col 

12 ΔF508 1.93 (57%) 53 Male Sa none Flu none 

13 3849+4A→G 0.99 (57%) 64 Female Pa Mer, col Cip Col 

 

*There is no subject 6. Subjects 4 and 5 were excluded as they were culture negative for all pathogens at 

trial entry, despite a history of culture positivity. 

^Fungal colonization is presented in Table S2.  

CFTR = cystic fibrosis transmembrane conductance regulator; FEV1 = forced expiratory volume in one 

second; Sa = Staphylococcus aureus; Pa = Pseudomonas aeruginosa; flu = flucloxacillin; cip = 

ciprofloxacin; col = colistin; cef = ceftazidime; mer = meropenem; tob = tobramycin. 

 

  



 

 74 

 

Figure 1. Study design. Subjects received ivacaftor for 1 week before initiating antibiotics. P. aeruginosa 

(Pa)-infected subjects received 2 weeks of 2 intravenous (IV) antibiotics simultaneously (including 

meropenem, tobramycin, colistin, or ceftazidime), followed by 3 months of oral ciprofloxacin and inhaled 

colistin simultaneously (see Table 1). S. aureus (Sa)-infected subjects received 3.5 months of oral 

flucloxacillin. We collected the first post-antibiotic samples after a 1-month antibiotic-free washout period, 

and subjects were followed for 31 months in total; the filled circles indicate sample collection times. 
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Ivacaftor improved sweat chloride, lung function, and inflammation within 48 hours. After 48 hours 

of ivacaftor-alone treatment, average sweat chloride decreased from 80.4 to 50.3 mM (95% CI: -41.7 to -

18.5; p=0.0002) (Table 2 reports means, multiple-comparison adjusted p-values, and 95% CIs for all 

measurements) and did not decrease further by day 7 (Figure 2A). Average FEV1pp improved from 

65.0% to 68.9% after 48 hours (95% CI: 0.35 to 7.4; p=0.03), with additional improvement to 72.0% at 

day 7 (95% CI: 1.7 to 12.3%; p=0.01) (Figure 2B and C). Sputum neutrophil elastase levels declined from 

1.8 to 1.5 log10 ug/mL after 48 hours (95% CI: -1.1 to 0.6; p=0.86), then declined further to 1.1 log10 ug/mL 

at day 7 (95% CI: -1.4 to -0.003; p=0.049) (Figure 2D).  IL-1𝛽, IL-8 and BMI did not change appreciably 

(Figure S1).  These responses are similar to G551D-CFTR subjects previously studied (164).  
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Table 2. Effects of ivacaftor on clinical parameters and inflammation. 

 

CI = confidence interval; adj = adjusted for multiple comparisons; FEV1 = forced expiratory volume in 1 

second; IL = interleukin; Pa = Pseudomonas aeruginosa; MSA = mannitol salt agar; Sa = Staphylococcus 

aureus. 
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Figure 2. Ivacaftor rapidly improved CFTR and lung function, and lung inflammation. (A to D) Gray 

lines represent individuals, the red line represents the mean (A, B, C) or geometric mean (D), blue 

triangles represent subject 3, green triangles represent subject 9, ivacaftor treatment is indicated at the 

top, and the shaded region represents the on-antibiotic period. Subjects 3 and 9 are graphed differently 

because they became culture negative (see Results). Data with each line labeled by subject number are 

available in Fig. S2. (A) Sweat chloride. (B) Lung function as measured by forced expiratory volume in 1 

second percent predicted (FEV1pp). (C) Change in FEV1pp from day 0. (D) Neutrophil elastase per mL 

sputum. The dashed line represents the limit of detection.  
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Ivacaftor rapidly reduced sputum Pa and Sa density. We measured Pa and Sa density after the week 

of ivacaftor-alone treatment and found both decreased by ~10-fold (Pa mean change: -1.0 log10 CFU/mL 

(95% CI: -3.6 to 1.6, p=0.41); Sa mean change: -1.1 log10 CFU/mL (95% CI: -2.1 to -0.12; p=0.03) (Figure 

3). Changes were corroborated by PCR and sequencing analysis (Figure S4) and similar to G551D-CFTR 

subjects previously studied (164). Importantly, ~10-fold reduction in bacterial density (as achieved here) 

can markedly increase antibiotic efficacy by the inoculum effect (200, 201).  
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Figure 3. Ivacaftor rapidly improved sputum pathogen density. Gray lines represent individuals, the 

red line represents the geometric mean, blue triangles represent subject 3, green triangles represent 

subject 9, ivacaftor treatment is indicated at the top, the shaded region represents the on-antibiotic 

period, and the dotted line represents the limit of detection (LOD). Data with each line labeled by subject 

number are available in Fig. S3. (A) CFU per mL of sputum growing on MacConkey agar (presumptive 

Pseudomonas aeruginosa). (B) CFU per mL of sputum growing on mannitol salt agar (presumptive 

Staphylococcus aureus). See Fig. S4 for DNA-based measurements of pathogen density. 
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Antibiotics further reduced pathogen density, but the decrease was transient. Pa and Sa density 

were reduced by an additional ~10-fold after 3 weeks of antibiotics. Pa decreased by 1.7 log10 CFU/mL 

(95% CI: -5.0 to 1.7; p=0.23); Sa decreased by 1.3 log10 CFU/mL (95% CI: -4.0 to 1.5; p=0.32) (Figures 3 

and S4). 

 

We initially assayed for infection clearance 1 month after the 3.5-month antibiotic course had finished 

(and after 4.75 months of ivacaftor) to avoid residual antibiotic effects. Antibiotic-induced Pa and Sa 

reductions were transient in most subjects as pathogen density rebounded soon after antibiotics were 

stopped (Figure 3) (see subsequent sections). However, one Sa-infected subject and one Pa-infected 

subject became consistently culture-negative (discussed immediately below).  

 

One subject with chronic Sa infection became culture negative. Subject 3 was infected with Sa for at 

least 15 years prior to the study (Table S3). Sputum cultures were Sa-positive on days 2 and 7 while on 

ivacaftor alone (Figure 4A). However, the subject became non-productive for sputum after antibiotics (i.e. 

from day 7 to study end at month 31) (Figure 4A).  

 

We anticipated that subjects could stop producing sputum, so we collected swabs from the posterior 

pharynx after forced coughing at every study visit. Control experiments indicated that swabs reliably 

reported Sa but not Pa sputum culture positivity (Figure S5). Swabs collected from Subject 3 on days 0, 

2, and 7 (when sputum was Sa positive) were Sa culture positive, whereas all swabs after antibiotics 

were negative (Figure 4A). In addition, we made 3 attempts to collect induced sputum after inhalation of 

7% saline. Only one attempt (month 23) yielded sputum, and it was Sa culture negative (Figure 4A). 

These data suggest that the subject’s chronic Sa infection likely cleared.  
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Figure 4. Ivacaftor and antibiotics reduced pathogen density below detectable levels in two 

subjects. Black lines represent CFU per mL in spontaneous sputum samples; pluses and minuses 

indicate culture results from each spontaneous sputum, induced sputum, or cough swab sample; and 

circles indicate times when induced sputum was attempted but unsuccessful. Ivacaftor is indicated at the 

top, and the shaded region represents the on-antibiotic period. (A) Staphylococcus aureus (Sa) culture 

results from subject 3. (B) Pseudomonas aeruginosa (Pa) culture results from subject 9. The asterisk (*) 

indicates that the culture result was confirmed with species-specific qPCR. 
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One subject with Pa infection became culture negative. Subject 9 had a complicated infection history 

(Table S3). The subject became Pa positive ~1 year before treatment started and had Pa positive 

cultures on day 0 and day 2 during ivacaftor-alone treatment (Figure 4B).  

 

Sputum cultures at months 4 and 7 were also Pa-positive before the subject’s sputum became 

persistently Pa negative after month 7 (Figure 4B). The subject spontaneously produced sputum at month 

13 that was Pa culture and Pa qPCR negative (Figure 4B), and then became non-productive. We made 3 

attempts to collect induced sputum (after inhalation of 7% saline). Two attempts yielded sputum (months 

26 and 31) and were Pa negative (Figure 4B). Notably, Subject 9’s sputum was consistently Sa-positive 

(even after Pa was no longer detected), and the subject suffered an exacerbation at month 26. Sputum 

before, during, and after the exacerbation were Pa-negative (Figure 4B). Repeated negative cultures 

suggest that Pa infection cleared.  

 

Subjects clearing infection did not harbor particularly sensitive isolates. We investigated whether 

subjects becoming culture-negative were outliers in some way as this might suggest traits predisposing to 

infection clearance. We began by testing isolates’ baseline (i.e. before ivacaftor treatment) antibiotic 

sensitivities. Pa isolates were tested against all agents used for IV, oral, and inhaled treatment (Table 1); 

Sa isolates were tested against flucloxacillin. Because pathogens can genetically diversify during 

infections, we tested the inhibitory concentration (IC) of 35-96 isolates from each subject, and examined 

three parameters derived from the ICs of these populations of isolates. These included the median IC of 

the population from each subject, the IC defining the most resistant quartile of the population, and the IC 

of the most resistant isolate from the tested population, as we thought these could affect infection 

clearance.  

 

Sa isolates from Subject 3 (who became Sa-negative) were actually the most flucloxacillin resistant in the 

Sa cohort as measured by 2 of the 3 parameters (median and most resistant quartile) (Figure 5A).  Pa 

isolates from subject 9 (who became culture negative for Pa) were the most ciprofloxacin sensitive of the 

Pa cohort by all three criteria (all Pa-infected subjects received ciprofloxacin), but were not particularly 
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sensitive to the IV or inhaled antibiotics this subject received (Table 1 and Figure 5B-F). Moreover, 

persistently infected subjects also harbored unusually sensitive isolates (Subject 13’s isolates were most 

sensitive to colistin and Subjects 7 and 11’s isolates were most sensitive to ceftazidime) (Figure 5C and 

E). Thus, unusual antibiotic sensitivity (as measured ex vivo on cultured isolates) did not appear to 

account for infection clearance. However, we note that laboratory tests of antibiotic sensitivity may not 

reflect in vivo treatment efficacy. 
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Figure 5. Subjects 3 and 9 do not harbor particularly sensitive bacteria. Each circle indicates the 

inhibitory concentration (IC) for each tested isolate (n = 35 to 96 per subject), and the error bars represent 

the median and interquartile range (IQR) calculated from the population of isolates. Results from 

antibiotics used to treat the respective subjects are reported using black circles with red error bars; results 

from antibiotics not used to treat the respective subjects are reported using gray circles with black error 
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bars, and the shading indicates the subjects that cleared infection (3 and 9). (A) Staphylococcus aureus 

(Sa) flucloxacillin ICs. (B to F) Pseudomonas aeruginosa (Pa). (B) Ciprofloxacin ICs. (C) Colistin ICs. (D) 

Meropenem ICs. (E) Ceftazidime ICs. (F) Tobramycin ICs. 
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Subjects clearing infection had low baseline and ivacaftor-induced sweat chloride. We also 

examined other characteristics of subjects who did and did not clear infection. Subjects clearing infection 

were not in the upper quartile of lung function or BMI. Nor were they in the lower quartile of age; lung 

injury on chest CT scans; baseline Pa or Sa sputum densities; or sputum neutrophil elastase, IL-1𝛽 or IL-

8 (Figure 6A-J). Moreover, 16S rRNA sequencing indicated that subjects becoming culture-negative had 

similar baseline sputum taxa relative abundance profiles (Figure S6) and diversity (Figure 6K) as 

persistently infected subjects.    

 

However, Subjects 3 and 9 (who cleared Sa and Pa, respectively) had among the lowest baseline sweat 

chloride values (61 and 66, versus average of 80 mM for others), and achieved among the lowest values 

after ivacaftor (35 and 41 at 2 days, versus average of 50 mM for others) (Figure 7). These findings raise 

the possibility that infection clearance may depend in part on the amount of CFTR activity achieved (see 

discussion).   
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Figure 6. Subjects 3 and 9 clinical characteristics. Gray circles indicate individual subjects; the red line 

is the average (A to E, K, and L) or geometric mean (F to J), blue triangles indicate subject 3 (cleared S. 

aureus) and green triangles indicate subject 9 (cleared P. aeruginosa). All data are from baseline (day 0). 

(A) FEV1 percent predicted. (B) BMI. (C) Age. (D) Total Brody CT score. (E) Brody CT bronchiectasis 

subscore. (F) CFU per mL of sputum growing on MacConkey agar (presumptive Pseudomonas 

aeruginosa). (G) CFU per mL of sputum growing on mannitol salt agar (presumptive Staphylococcus 

aureus). (H) Neutrophil elastase per mL sputum. The dotted line indicates the limit of detection (LOD). (I) 

IL-1β per mL sputum. (J) IL-8 per ml sputum. (K) Shannon alpha diversity of sputum. 
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Figure 7. Subjects 3 and 9 had low baseline and ivacaftor-induced sweat chloride. Black lines 

represent individuals, the red line represents the mean, blue triangles represent subject 3 (cleared S. 

aureus), and green triangles represent subject 9 (cleared P. aeruginosa). 
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Sweat chloride, lung function, and inflammation improved little after first week. Little data exist 

about modulators’ long-term effects, so we tracked key clinical parameters over 2.5 years (Table 2; Figure 

2). Notably, the acute sweat chloride and lung function improvements were sustained but did not 

increase. Average sweat chloride decreased by 30.1 mM from baseline to 48 hours, and 38.3 mM from 

baseline to 2.5 years (95% CI: -62.6 to -14.0; p=0.005); average FEV1pp increased by 7.0% from 

baseline to 1 week, and 6.2% from baseline to 2.5 years (95% CI: -1.3 to 13.7; p=0.11). Sputum 

neutrophil elastase followed a similar pattern with the first weeks’ improvements persisting over 2.5 years 

of follow up; average neutrophil elastase decreased by 0.7 log10 ug/mL from baseline to one week, and 

0.7 log10 ug/mL from baseline to 2.5 years (95% CI: -2.2 to 0.7; p=0.38).  

 

We also examined long-term trends in pathogen density (Figure 3). Between the end of the antibiotic 

wash-out (month 4.75) and the study’s end (2.5 years), average Pa density decreased by 2.1 log10 

CFU/mL but variability was high, so interpretation is difficult (95% CI: -9.3 to 5.1; p=0.41). Average Sa 

density changed little during this time (95% CI: -7.9 to 6.7; p=0.96). 

 

Subjects with persistent Pa infection retained pre-treatment strains, but Sa strains frequently 

switched. While pathogen density rebounded ~1 month after antibiotics, during combined treatment it 

was ~100-fold lower than baseline (Figures 3 and S4) and much lower than typical in CF. These marked 

reductions raised the possibility that pre-treatment Pa or Sa lineages were partially or completely 

replaced by new strains. We examined this possibility using PopMLST (213), a method that detects gain 

or loss of strains with high resolution by testing tens to hundreds of isolates per sample.  

 

PopMLST performed on ~95 Pa isolates cultured from each timepoint showed that all cultured isolates 

from persistently infected subjects belonged to the single MLST type detected before treatment (Figure 

8A). These findings suggest that a single Pa strain was dominant prior to treatment in all study subjects 

and persisted through 2.5 years.  
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Figure 8. The relative abundance of MLST types recovered from subjects’ sputum. Each color 

represents a unique MLST type and is consistent across subjects; d, day; m, month; Abx, antibiotic 

period. MLST type abundances were determined using PopMLST (see Chapter 2) and represent the 

average relative abundance of alleles from 6 P. aeruginosa (Pa) or 7 S. aureus (Sa) MLST loci inferred to 

originate from a single strain. Where total relative abundance does not equal 100%, less than one-half the 

MLST loci exhibited a secondary allele, likely due to sequencing error. Symbols differentiate reasons for 

missing data (see key). (A) Relative abundance of P. aeruginosa MLST types. (B) Relative abundance of 

S. aureus MLST types. (C) Percentage of subjects who experienced at least one S. aureus strain gain or 

loss in 1 year for the control cohort (CF subjects not receiving combined ivacaftor + antibiotic treatment 

[n = 11]) and the combined treatment cohort (this clinical trial of ivacaftor + antibiotics [n = 7]) (**, 

P = 0.0022). 
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In contrast, Sa infections exhibited more strain diversity and switching. Baseline samples from 5/7 

subjects contained 1 strain type, and 2/7 subjects were infected with 2 strains (Figure 8B). Importantly, 6 

of 7 (86%) of subjects either lost an existing Sa strain or acquired a new Sa strain during the first year of 

ivacaftor with most strain switches becoming apparent at the first or second sputum sample obtained after 

antibiotics. For a comparison group, we examined banked samples from 11 additional Sa-infected CF 

subjects who were not treated with modulators and intensive antibiotics. Over a comparable time period 

(11.5-14 months), only 3 of 11 (27%) experienced Sa strain loss or gain (p=0.002 as compared to 

treatment group). These data and previous work showing that Sa strains generally persist for long time 

periods (130, 135, 214) suggest that modulators, antibiotics or the combination compromised the stability 

of infecting Sa strains.  
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Discussion 

Chronic lung infections are among the most consequential manifestations of CF, and studies to date 

indicate they generally persist after the basic CF defect is pharmacologically improved (108, 118, 119, 

121, 164, 193, 215). We tested an approach to improve outcomes by combining intensive antibiotics with 

modulators and studied the long-term effects of modulators in subjects with chronic infections.  

 

We made four main findings. First, despite using intensive antibiotics in highly responsive subjects 

receiving highly effective modulators, only 1/5 Pa-infected and 1/7 Sa-infected individuals cleared 

infection. Second, subjects clearing infection had particularly low baseline and post-ivacaftor sweat 

chloride levels, but we were not able to identify other distinguishing characteristics of these subjects. 

Third, subjects persistently infected with Pa retained their pre-treatment strains for 2.5 years of follow up, 

but frequent strain switching was observed in Sa-infected subjects. Fourth, sweat chloride, lung function, 

and sputum neutrophil elastase markedly improved after one week of ivacaftor, but showed minimal 

additional change over 2.5 years.  

 

Mechanisms that could explain infection persistence. One explanation for persistent infection is that 

treated subjects could have significant residual lung host defense defects. Such defects could arise from 

at least three mechanisms. First, modulators produce incomplete restoration of CFTR function. This is the 

case in well-vascularized and uninflamed sweat glands (192), thus lung cells in chronically infected 

subjects almost certainly have residual (and perhaps significant) CFTR dysfunction. Second, injury to 

lung epithelia and immune cells in regions with structural lung disease could restrict the beneficial effects 

of CFTR-targeting therapies to lung regions without such damage. Third, the continual presence of 

pathogens for years or decades could restrict improvements in innate antimicrobial activity due to immune 

tolerance mechanisms (216), even after CFTR function is restored.    

 

A second explanation is that established chronic infections become autonomous or independent of CF 

host defense defects and would persist even if host defenses completely normalized. Lung defenses 

typically encounter a low density of inhaled or aspirated bacteria from environmental sources and clear 
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these effectively. In contrast, modulator-corrected lung defenses must contend with high-density 

populations of pathogens that have genetically adapted and diversified over time (92, 133, 149, 207, 208, 

217). In addition, CF pathogens exhibit phenotypes that produce tolerance to killing including low 

metabolic activity (218), an aggregated growth mode (205), and constitutive activity of stress responses 

(219, 220). These factors could make infection eradication challenging even if CFTR-dependent host 

defenses were normalized.  

 

Pa strains persist, but Sa strains are transient. It was interesting that Pa lineages persisted, but Sa 

lineages were frequently gained and lost. The persistence of pre-treatment Pa strains could be due to 

specific pathogenic capabilities such as tolerance to antimicrobials (221, 222) or resistance to mechanical 

and phagocytic clearance (223, 224). Pathogen density may also contribute, as baseline average Pa 

density was ~10 fold higher that of Sa.  

 

Our finding that almost all Sa-infected subjects receiving combined treatment gained or lost Sa strains 

during the first year of treatment was unexpected. Subjects studied in the pre-modulator era (130, 135, 

214), and our control cohort not receiving combined treatment exhibited much lower rates of strain 

switching. This finding suggests that modulators, antibiotics, or the combination might destabilize existing 

Sa strains, but not improve host defenses enough to prevent reinfection with new Sa strains. The ability of 

new Sa strains to infect after modulator treatment could be related to Sa’s ability to act as both a 

pathogen and commensal, as commensals can colonize sites in the absence of severe host defense 

defects. It is also possible that acquired Sa strains are inherently more capable in CFTR-corrected lungs 

than those that disappeared. If so, comparative genomics or phenotyping could identify differences.   

 

Persistently infected subjects exhibit most improvement in the first treatment week. It was notable 

that sweat chloride, lung function, and neutrophil elastase improved in the first week with minimal 

additional improvements in the subsequent 2.5 years. Pa and Sa density also showed 10-fold declines in 

the first week, with additional changes difficult to discern. These findings are consistent with previous 

observations (164) and suggest that benefits produced by improving lung defenses, inflammation, and 
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physiology may not amplify each other over time to produce continual improvement. The mechanisms 

that limit improvement to the period immediately after drug initiation are unclear, but pathogen 

persistence and structural lung disease could be factors. Future work comparing lung function and 

inflammation responses in subjects with and without chronic infection would be informative.  

 

Study limitations. Our study had several important limitations. First was the small study size. Several 

factors severely reduced subject availability. For example, we thought that the best test of an infection 

clearance regimen would target chronically infected subjects with highly responsive CFTR mutations, and 

that starting modulators and antibiotics in rapid succession might reduce time for bacterial adaptation. 

These considerations limited us to subjects with the rare R117H-CFTR mutation as most subjects with 

G551D-CFTR were already receiving ivacaftor, and modulators for subjects with other CFTR mutation 

classes were not yet available. Furthermore, the study was burdensome and difficult to expand beyond a 

single center as it required 3.5 months of IV, oral and inhaled antibiotic treatment, immediate on-site 

sample processing, and close follow-up. Together these factors restricted subject availability and may 

limit generalizability of the findings. The small study size also limited our ability to identify parameters (like 

the extent of sweat chloride improvement) associated with infection clearance outcomes, and to 

determine how infection clearance affects lung function (or other health outcomes).  However, we do note 

that many study outcomes achieved statistical significance (p≤0.05 with multiple comparison testing) 

including changes in sweat chloride, FEV1pp, neutrophil elastase, and Sa density.  

 

Second, definitively proving that lung infections have been eradicated is challenging. Even the gold 

standard approach using bronchoscopy (which was not performed here) interrogates at most a few lung 

regions, and the sputum sampling used here may be less sensitive. However, repeated throat swabbing 

and spontaneous and induced sputum sampling in the two subjects that became culture-negative support 

the conclusion that infection was cleared. 

 

Third, the lack of a control group treated with ivacaftor but not antibiotics is a limitation. Prior studies 

indicate that chronic infections generally persist after modulator treatment and antibiotics when each are 
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used alone (108, 118–122, 164, 193, 225). While this suggests that combined treatment could have 

caused infection clearance in the two cases, the absence of a control group makes this postulate 

tentative. Importantly, the lack of a control group does not compromise our central conclusion that chronic 

CF infections are difficult to clear even after aggressive use of antibiotics and modulators.  

 

Finally, sampling issues somewhat limit the conclusions we can draw from the observation of Sa strain 

switching. For example, Sa’s ability to colonize upper airway tissues raises the possibility that the 

presence of some Sa strains in sputum arises from contamination from upper airway secretions, rather 

than originating from subjects’ lungs. In addition, no samples were banked from before treatment was 

initiated, so we were unable to determine how long pre-treatment Sa strains were present before strain 

switching occurred.   

 

This study highlights opportunities and challenges in treating chronic CF lung infections in the post-

modulator era. It was encouraging that modulators produced rapid reductions in sputum pathogen density 

and inflammation markers, and improved lung function. Our finding that infection clearance may be 

associated with low sweat chloride raises the possibility that infection clearance rates might be increased 

if CFTR function could be improved further. Studies of more effective modulators could test this idea. In 

addition, the high rate of strain Sa switching suggests that modulators may destabilize existing Sa strains, 

and this might be exploited therapeutically.  

 

On the other hand, our finding that most subjects remained infected by Pa and Sa despite highly effective 

modulators and intensive antibiotics points to challenges ahead. Future work will be needed to determine 

the extent to which persistent infection compromises health in modulator-treated subjects, and to devise 

new strategies to eradicate chronic CF infections so that the full health benefits of CFTR modulators can 

be realized. 

  



 

 97 

Methods  

Cohort characteristics. This clinical trial of CFTR modulators plus antibiotics (EudraCT: 2016-001785-

29) was performed at the National Referral Center for Adult Cystic Fibrosis at St. Vincent’s University 

Hospital in Dublin, Ireland. Subjects provided written informed consent prior to collection of samples. 

Subjects were people diagnosed with CF and heterozygous for the CFTR-R117H mutation. Individual 

subject characteristics are summarized in Table 1.  

 

Sweat chloride measurements. Sweat was collected with the Macroduct® collection system (Wescor, 

Logan UT), and sweat chloride was measured using standard laboratory techniques.  

 

Spirometry. Measurements were obtained using American Thoracic Society Standards (226). FEV1pp is 

based on GLI 2012 values for adults (227). 

 

Computed tomography scans and scoring. Images were obtained using 64-slice CT (Sensation 64, 

Siemens, Erlangen, Germany) with patients in the supine position. Inspiratory images were obtained in 

suspended deep inspiration with 1mm slice thickness every 10 mm from the apices to the costophrenic 

angles. Expiratory images were obtained in full expiration at five levels: the top of the aortic arch, the 

carina, pulmonary veins, between level 3 and 5 and 2 cm above the diaphragm. Scanning parameters 

were 80–120 kVp and 50–120 mA with images reconstructed using a high spatial frequency bone 

algorithm and a 512×512 matrix. Lung windows with a width of 1,500 and level of −700 houndsfield units 

were applied. Scans were reconstructed with filtered back projection and standard kernel, and they were 

de-identified prior to transfer to the University of Washington for analysis. For scoring, the 5 parameters of 

the Brody score (bronchiectasis, peri-bronchial wall thickening, mucous plugging, parenchymal damage, 

and air trapping) were measured in each of the 6 lobes of the lung (RUL, RML, RLL, LUL, Lingula, and 

LLL), and the sum of all scores was registered as the total Brody score (228, 229).  

  

Sputum processing for quantitation of bacterial concentration and inflammatory biomarkers, and 

culturing of Pa and Sa. Sputum specimens were homogenized with cold 0.1% dithiothreitol (DTT). One 
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aliquot of homogenized sputum was serially diluted and plated on MacConkey agar (Difco) and mannitol 

salt agar (MSA; Difco) to quantify Pa and Sa concentration, respectively. Up to 96 Pa and Sa isolates 

were picked and made into freezer stocks. 

 

Quantification of sputum inflammatory biomarkers. Homogenized sputum was processed according 

to the CF Therapeutics Development Network Coordinating Center standard operating procedure (164). 

IL-8 and IL-1𝛽 [Luminex Multiplex Bead, R&D Systems; Abingdon, Oxon, UK] and free neutrophil 

elastase activity [Spectrophotometric assay, Sigma Diagnostics; St. Louis, MO] were analyzed.  

 

Bacterial DNA extraction. DNA was extracted from DTT-treated sputum using Qiagen’s DNeasy 

PowerSoil Kit with modifications (164).  

 

Bacterial quantification. Bacteria were quantified in duplicate with 16S rRNA qPCR primers and probe 

(“All bacteria” in (164)) with Luna Universal Probe qPCR master mix (NEB) with a CFX96 Touch Real-

Time PCR Detection System (Biorad). Genomic DNA from P. aeruginosa PAO1 was used to generate a 

standard curve, which included a negative control (no template) and was run with every experiment.  

 

Bacterial 16S rRNA gene sequencing and analyses. The V3-V5 variable region of the 16S rRNA gene 

was amplified with primers containing Illumina adapter sequences (Illumina 16S Metagenomic 

Sequencing Library Preparation). De-multiplexed sequencing reads were assigned to amplicon sequence 

variants (ASVs) using DADA2 pipeline (171) (version 1.18). Shannon diversity was calculated in R 

(version 4.0.3) using the Vegan package (https://github.com/vegandevs/vegan) and scripts adapted from 

Foster and Grunwald (230). ASVs were quantified by multiplying the total bacterial abundance 

determined by 16S rRNA gene qPCR by the relative abundances of each ASV determined by bacterial 

16S rRNA gene sequencing, as in (42).  

 

Population-based multi-locus sequence typing (PopMLST). Detailed methods reported in (213). The 

frozen Pa or Sa isolates were inoculated into LB (for Pa) or BHI (for Sa) broth and grown overnight, then 

https://github.com/vegandevs/vegan
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stamped onto LB or BHI plates using a 96-pin microplate replicator and grown overnight at 37°C. All 

isolates were scraped together using 1x PBS, pelleted, and frozen for future DNA extraction with the 

Qiagen DNeasy PowerSoil kit, with modifications (164). See Table S4 for number of isolates analyzed. 

 

We amplified the seven species-specific MLST loci using primers modified with the Illumina adapter 

sequence (213). We sequenced the amplicons on a 2x300 cycle cartridge (Illumina). Sequencing reads 

were processed using PopMLST software (https://github.com/marade/PopMLST). Briefly, reads were 

deconvolved based on their loci-specific primers and then amplicon sequence variants (ASVs) were 

inferred using DADA2. To identify each allele, ASVs were queried against the PubMLST database 

(https://pubmlst.org/saureus/ and https://pubmlst.org/paeruginosa/) (170). 

 

Cough swab culture. Due to limitations inherent in performing the study overseas, we froze the cough 

swabs in a glycerol-based transport medium (231). Thawed media was serially diluted and plated onto 

MSA, Baird-Parker (Difco), MacConkey, and Pseudomonas isolation agar (PIA; Difco). Pa positivity was 

defined as growth of at least one colony on MacConkey or PIA. Sa positivity was defined by phenotypes 

of growth on Baird-Parker and MSA, because both media also permit growth of Staphylococcus 

epidermidis.  

 

Antibiotic inhibitory concentration. Briefly, the frozen isolates (day 0) were grown overnight in LB (Pa), 

or BHI (Sa), stamped onto each plate with a 96-pin replicator, and grown at 37°C for 20-24 hours. Each 

plate contained a different antibiotic concentration on a 2-log scale in LB. The inhibitory concentration (IC) 

of each isolate was recorded as the lowest concentration of antibiotic where the isolate did not grow, i.e. if 

an isolate grew at 2 ug/mL but not at 4 ug/mL, the IC was recorded as 4 ug/mL. Pa isolates were tested 

on meropenem (obtained from clinic), tobramycin (RPI), ceftazidime (clinic), colistin (clinic), and 

ciprofloxacin (RPI). Sa isolates were tested on flucloxacillin (Sigma-Aldrich). All tests were done in 

duplicate, unless there was a >2-fold discrepancy. 

 

https://github.com/marade/PopMLST
https://pubmlst.org/saureus/
https://pubmlst.org/paeruginosa/
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Control cohort for Sa strain switching. Sputum samples were collected in accordance with University 

of Washington Institutional Review Board (protocol number 06-4469) from the adult CF clinic at University 

of Washington. Patients provided written informed consent prior to collection of samples. Samples were 

selected based on 2 criteria: 1) no history of CFTR modulator use and 2) ≥2 banked Sa samples 

collected ≥1 year apart. Sputolysin treated sputum was cultured on MSA. Populations were scraped from 

plates containing >100 colonies with LB. All cultures were stored at -80oC in 15% glycerol prior to 

analysis. About 100uL of the glycerol-preserved sample was DNA extracted using the DNeasy 

PowersoilPro kit (Qiagen) for Qiacube (Qiagen). DNA was subjected to PopMLST as described above. 

 

Statistical analyses. Repeated measures analysis of variance (assuming gaussian distribution with a 

mixed model adjustment for missing data) was used to test FEV1pp, sweat chloride, culture, and 

inflammatory marker data. Where data were nonnormally distributed, they were first log-transformed. All 

p-values are corrected for multiple comparisons, using Dunnett for comparisons to baseline and Šídák for 

comparisons between followup visits. A two-tailed p-value of ≤ 0.05 was considered significant. To 

compare Sa strains switching, the control group was used as the expected and the combined treatment 

group was compared to this expected using a binomial test. Prism version 9.1 was used to perform all 

statistics and produce graphs. 
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Supplemental information  
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Figure S1. Ivacaftor’s effects on lung inflammation and body mass index (BMI). Gray lines 

represent individuals, red line represents geometric mean (A, B) or mean (C), ( ) represents 

Subject 3, ( ) represents Subject 9, ivacaftor treatment is indicated at top, and shaded region 

represents on-antibiotic period. (A) IL-1𝛽 per mL of sputum. (B) IL-8 per mL of sputum. (C) BMI. 
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Figure S2. Individual subjects’ data for sweat chloride, lung function, and neutrophil elastase. 

Each line represents an individual and each individual is identified with a unique shape and color 

combination, ivacaftor treatment is indicated at top, and shaded region represents on-antibiotic period. 

(A) Sweat chloride. (B) Lung function as measured by forced expiratory volume in one second percent 

predicted (FEV1pp). (C) Change in FEV1pp from day 0. (D) Neutrophil elastase per mL sputum. 

Dashed line represents limit of detection. 
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Figure S3. Individual subjects’ data for Pa and Sa density. Each line represents an individual and each 

individual is identified with a unique shape and color combination, ivacaftor treatment is indicated at top, 

shaded region represents on-antibiotic period, and dotted line represents limit of detection (LOD). (A) CFU per 

mL of sputum growing on MacConkey agar (presumptive Pseudomonas aeruginosa (Pa)). (B) CFU per mL of 

sputum growing on mannitol salt agar (presumptive Staphylococcus aureus (Sa)). See Fig S4 for DNA-based 

measurements of pathogen density. 
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Figure S4. Calculated absolute abundance of pathogens corroborates CFU counts (see Figure 3). Gray 

lines represent individuals, red line represents geometric mean, ( ) represents Subject 3, ( ) represents 

Subject 9, ivacaftor treatment is indicated at top, and the shaded region indicates on-antibiotic period. Absolute 

abundance was calculated by multiplying the total bacterial abundance determined by 16S rRNA gene qPCR 

by the relative abundances of each amplicon sequence variant (ASV) determined by bacterial 16S rRNA gene 

sequencing. (A) Staphylococcus 16S copies per mL sputum. (B) Pseudomonas 16S copies per mL sputum. 



 

 106 

 

 
 
  

Figure S5. Cough swab concordance with concurrently collected sputum samples. We tested the 

accuracy of cough swabs by culturing swabs that were collected concurrently with sputum. When the sputum 

sample was Sa culture positive (n=7), 85% of cough swabs were Sa culture positive. However, when sputum 

samples were Pa culture positive (n=4), only 50% of swabs were Pa culture positive. 
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Figure S6. Relative abundance of genera detected by 16S sequencing of sputum collected at 

baseline (day 0). Only the top 6 genera are shown. Subjects are divided into groups by culture result. 
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Table S1. Inclusion and exclusion criteria. 
 

Inclusion Criteria: 

• Adult, greater or equal to 18 years of age. 

• Documentation of a CF diagnosis with the R117H-CFTR mutation on at least 1 allele and any known 

or unknown second mutation other than G551D-CFTR. CF diagnosis is defined as evidenced by one 

or more clinical features consistent with the CF phenotype and one or more of the following criteria:  

a. Sweat chloride ≥60 mEq/liter by quantitative pilocarpine iontophoresis test (QPIT) 

b. Two well-characterized mutations in the cystic fibrosis transmembrane conductance regulator 

(CFTR) gene 

c. Abnormal nasal potential difference (change in NPD in response to a low chloride solution 

and isoproteronol of less than -5 mV)  

• Prior chronic Pa or Sa in the sputum as defined by >50% of prior sputum cultures with each 

organism in the year prior to enrollment. Patients need a minimum of 2 prior cultures in the year.  

• Able to expectorate sputum. 

• Be clinically stable at the time of initiation of ivacaftor (day 0). 

• Be off chronic inhaled or oral antibiotics (other than azithromycin) for 2 weeks prior to free enrollment  

• Patients must be able to tolerate planned antibiotic regimen (anti-staphylococcal and anti-

Pseudomonas aeruginosa regimens). 

• Written informed consent and assent if indicated obtained from subject or subject’s legal 

representative, able to communicate with the investigator and comply with the requirements of the 

protocol  

• If female and of childbearing potential, must have a negative pregnancy test on Day 1(Start of 

Treatment) prior to receiving study drug. 

• If female and of childbearing potential, is willing to use adequate contraception for the duration of the 

study and for 1 month following the study, as determined by the investigator. 

• If male and able to father a child, is willing to use adequate contraception for the duration of the 

study and for 1 month following the study, as determined by the investigator. 
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Exclusion Criteria: 

• Participation in the VX-770-105, VX-770-106, VX-770-108, VX-770-109, VX-770- 110, VX-770-111, 

VX-770-112, or VX-770-113 study, VX-770 Extended Access Program, VX-661-108, or use of 

ivacaftor within 6 months prior to day 0.  

• Any upper or lower respiratory symptoms requiring treatment with oral, inhaled or IV antibiotics 

within the 2 weeks prior to day 0.  

• History of solid organ transplantation.  

• Presence of a condition or abnormality that in the opinion of the investigator would compromise the 

safety of the patient or the quality of the data.  

• History of massive hemoptysis (>240 mL) within 72 hours of day 7.  

• Inability to produce sputum. 

• Females who have a positive pregnancy test at day 2, are lactating, or are not practicing (or willing to 

practice) a medically acceptable form of contraception (acceptable forms of contraception: hormonal 

birth control, intrauterine device, barrier method plus a spermicidal agent or abstinence) from day 2 

through month 10 unless surgically sterilized or postmenopausal.  
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Table S2. Fungi colonization at trial entry. 
 

Subject Cultured fungi at entry 

1 Candida 

2 Candida 

3 none 

7 none 

8 none 

9 none 

10 Candida 

11 Candida 

12 none 

13 Candida 

 
Culture was performed by the clinical diagnostic lab.  

Samples collected ~2 weeks before day 0. 
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Table S3. Infection histories of Subjects 3 and 9. 
 

Date S. aureus P. aeruginosa 
Subject 3 

06/2001 +++ Not tested 
10/2008 + - 
03/2011 + - 
10/2011 +++ - 
12/2013 ++ - 
12/2014 +++ - 
02/2015 +++ - 
12/2015 ++ - 
10/2016 +++ - 

Subject 9 
12/2000 + ++ (mucoid) 
05/2001  + (mucoid) 
12/2001  + (mucoid) 
05/2002 + + 
06/2002 - ++ (mucoid) 
11/2003 ++ ++ (mucoid) 
02/2005 +  
03/2006 +  
09/2007 - - 
10/2007 - - 
11/2007 - - 
11/2008 + - 
08/2009  - 
01/2012 + - 
09/2012 +++ - 
02/2013 +++ - 
03/2013 - - 
04/2015 +++ - 
12/2015 - + 
02/2016 - + 
03/2016 - +++ 
02/2017 + +++ 

 
Culture was performed by the clinical diagnostic lab.  
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Table S4. Number of isolates tested for Sa and Pa by PopMLST. 

 

Total isolates for Pseudomonas 

aeruginosa popMLST

Total isolates for Staphylococcus 

auerus popMLST
TimepointSubject

96d01

95d2

95d7

96m4

95m7

70m10

94m13

96m31

95d02

95d2

66d7

96m4

95m7

8m10

92m13

69m25

94d03

96d2

95d7

9594d07

9395d2

9595d7

9196m4

9495m7

9581m10

9626m13

1294m25

3240m31

9695d09

953d2

1496m4

9595m7

95m13

95m31

87d010

88d2

2d7

54m4

32m7

96m13

35m25

0m31

92d011

95d2

94d7

94m4

95m7

10m10

33m13

m31

96d012

95d2

36d7

80m7

19m13

90m25

95m31

60d013

95d2

95d7

94m7

94m10

95m13

78m25



 

 113 

 

 

 

 

 

 

 

 

CHAPTER 4: Post-Modulator Cystic Fibrosis Infections Affect Mild and Severely Diseased Lung 

Regions and Pro-inflammatory Effects of Pathogens are Undiminished by Treatment 

 

Anticipated to be published as: SL Durfey, SG Kapnadak, M Teresi, T Gambol, MM Willmering, R 

Villacreses, JD Godwin, L Boyken, M Stroik, AT Vo, SB Singh, C Steele, JC Woods, D Stoltz, T Pena, JP 

Clancy, ML Aitken, PK Singh 

 

Author contributions: Concept and design: S.L.D., D.A.S., T.P., J.P.C., M.L.A., and P.K.S. Acquisition of 

data, analysis, and interpretation: S.L.D., S.G.K, M.T., T.G., M.M.W., R.V., J.D.G., L.B., M.S., A.T.V., 

S.B.S., C.S., J.C.W., D.A.S., T.P., M.L.A., and P.K.S. Drafting the manuscript: S.L.D. and P.K.S.  



 

 114 

Introduction 

The genetic disease cystic fibrosis (CF) has been transformed by drugs called modulators that act on the 

basic CF defect, impaired anion conductance of the cystic fibrosis transmembrane conductance regulator 

(CFTR) channel (191). Elexacaftor/tezacaftor/ivacaftor (ETI) is the most effective modulator to reach 

clinical use, and it improves lung function and nutritional status, and reduces disease flares (104, 232). 

However, modulators’ effects on CF lung infections, a cardinal manifestation of the disease, are relatively 

modest. Two large epidemiological studies of an early-generation modulator (ivacaftor) showed that only 

a fraction of subjects become culture-negative for conventional pathogens after treatment (108, 118). 

Recent prospective studies of ETI found similar results (125). Only about ~1/3 of infected subjects 

become culture negative for Pseudomonas aeruginosa (Pa), and <1/4 of infected subjects become 

culture negative for Staphylococcus aureus (Sa) after ETI.  

 

Persistent infection will likely degrade lung function over time due to pathogen-induced inflammation, and 

the direct effects of bacterially-produced toxins. In addition, bacterial variants able to evade host defenses 

or disrupt cells to acquire nutrients have been shown to emerge from populations replicating under host-

applied selective pressure and accelerate future disease (233). Lung infections also cause systemic 

inflammation (234–239), which could disrupt metabolism (240, 241), aggravate CF-related diabetes (242), 

and worsen cardiovascular function (243). Thus, post-modulator lung infections will likely compromise 

patients’ long-term health. Understanding the factors that affect infection outcomes after treatment is 

critical to designing effective approaches to eradicate CF infections and maximize the health of people 

with CF.  

 

Infection outcomes after modulator treatment are likely determined by multiple factors acting at different 

scales, from patient-level determinants to individual lung region characteristics. These factors could 

include the magnitude of improvement in an individual’s CFTR function, the conditions in lungs before 

treatment begins, and the capabilities of infecting bacteria to resist modulator-improved defenses. Some 

patient-level characteristics like systemic improvement in CFTR functioning are readily measured using 

sweat chloride values and other tests. In contrast, the lung conditions and pathogen characteristics 
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potentially most important for infection clearance are far more challenging to assess. This is in large part 

because of extensive region to region heterogeneity in these factors within CF lungs.  

 

For example, some regions of an individual’s lung can appear nearly normal by imaging and histology, 

while others can be denuded of epithelia, structurally destroyed, and highly inflamed (80–86). Modulator 

treatments may sufficiently enhance host defenses in regions with favorable host conditions leading to 

infection eradication, but insufficiently improve regions with more severe disease. Lung segments within 

individual patients can also differ in identity, density, and phenotypes of pathogens (42, 85–89, 91). 

Variation in microbial characteristics could also have profound effects on modulator outcomes.  

 

Here we used bronchoscopy sampling of multiple lung regions in people with CF before and after starting 

ETI to investigate within-lung heterogeneity of structural damage, inflammation, and microbiology and 

regional disease outcomes after modulator treatment. We focused on four main research questions. First, 

we investigated the extent of heterogeneity in conditions before ETI was started. Second, we examined 

whether post-ETI lung infections were restricted to particular lung segments (e.g. those with severe 

damage) or were widespread throughout the lung. Third, we investigated the potential drivers of post-ETI 

inflammation. Finally, we begin exploring how pre-existing disease conditions affected regional responses 

to ETI. 
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Results 

Study subject characteristics 

All 9 subjects had been infected with Pa for a minimum of 1.25 years and 6 subjects were coinfected with 

Sa (based on positive clinical sputum cultures). At baseline, subjects’ average age was 33.6 (range 26-

39) years, mean lung function as measured by percent of predicted forced expiratory volume in one 

second (FEV1pp) was 68.3% (range 58.2 – 80.6%), and average pre-ETI sweat chloride (based on 

medical records) was 95.6mM (range 68.0 – 131.0 mM) (Table 1). Seven of 9 subjects were homozygous 

for F508del CFTR. These 7 subjects were taking tezacaftor/ivacaftor prior to initiating ETI and the other 

two subjects had not taken modulators previously. All subjects were pancreatic insufficient, and additional 

comorbidities are summarized in Table 2. Subjects entered the study with different histories of 

suppressive antibiotic use; 3/9 were prescribed no maintenance antibiotics; 3/9 were prescribed 

alternating tobramycin and aztreonam; and the remaining 3 took only tobramycin or aztreonam. 
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Table 1. Subject characteristics at study baseline.  
 

 
  
*Pathogens are defined as any pathogen (bacterial or fungal) detected via clinical culture in the year prior 

to subjects starting ETI. 

FEV1 = forced expiratory volume in one second; Pa = Pseudomonas aeruginosa; Sa = Staphylococcus 

aureus 

  

Prior 

modulator 

use

Sweat 

chloride 

(mM)Pathogens*Gender

Age 

(years)

Baseline FEV1 

[L (% 

Predicted)]

CFTR 

Genotype: 

F508del/Subject
Tez/iva131Pa, SaMale293.23 (72%)F508del1

NoneNot availablePa, SaFemale352.17 (60%)E60X2

None126Pa, SaFemale392.44 (81%)E542X3

Tez/iva84PaMale373.26 (62%)F508del4
Tez/iva90PaFemale321.96 (73%)F508del5
Tez/iva71Pa, SaFemale301.92 (58%)F508del6

Tez/iva68Pa, SaFemale262.54 (78%)F508del7
Tez/iva109Pa, SaFemale392.2 (62%)F508del8

Tez/iva86PaFemale352.02 (69%)F508del9
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Table 2. Comorbidities.  
 
 

 
 
All comorbidities should be read as “History of ___”.  

PI = pancreatic insufficiency; GERD = gastroesophageal reflux disease; CFRD = cystic fibrosis related 

diabetes; ABPA = allergic bronchopulmonary aspergillosis. 

  

CF related 

bone disease

Sinus 

surgery

Sinus 

disease

CF liver 

diseaseVapingSmokingABPACFRDGERDPISubject

NoYesYesNoNoNoNoNoNoYes1

No-NoYesNoNoNoYesNoYes2

No-NoNoNoNoNoYesYesYes3

NoNoYesNoNoNoNoNoNoYes4

Unknown-NoNoNoNoNoNoYesYes5

NoYesYesNoNoNoYesYesYesYes6

NoNoYesYesNoYesNoNoYesYes7

NoNoYesNoNoNoNoNoNoYes8

YesNoYesNoNoNoNoYesYesYes9
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Study design 

To study regional lung responses to ETI, we performed bronchoscopy to sample 5 lung regions within 

each subject before and ~1.5 years after initiating ETI (Fig. 1). We used an extremes of phenotype design 

that targeted each subject’s most and least structurally damaged lung regions for sampling. We stratified 

regions by this criterion, as CFTR modulators have been postulated to have less benefit in lung regions 

with structural lung damage. Thus, we reasoned that infection in the lowest and highest damaged lung 

regions may respond differently to ETI. 
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Figure 1. Study design. Chest CTs were collected <2 weeks before each multi-region bronchoscopy. 

Chest CT and bronchoscopy were repeated 1.5 years after subjects started ETI. 
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Regions were ranked by the extent of structural lung disease using high-resolution computed tomography 

(HRCT) scans performed within 2 weeks of the first bronchoscopy. An expert thoracic radiologist 

identified the 2 lung segments with the “highest” degree of disease and the 3 lung segments with the 

“lowest” amount of disease in each subject (collectively called “targeted segments” below), excluding the 

lower lobes due to concerns for low fluid return given that only 20mL of lavage fluid was used per sample 

(~100 mL total per subject) so as to avoid lung edema. Because of subject-to-subject variation in the 

location of mild and severe disease, subjects had different lung segments sampled (Fig. 2). However, the 

same 5 regions in each subject were sampled before and after ETI.  We used a new disposable 

bronchoscope for each segment (i.e. 5 scopes per procedure) introduced via cuffed endotracheal tubes to 

reduce cross contamination between regions.  
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Figure 2. Lung regions sampled in each subject. Each lung drawing represents one subject. The lung 

segments that were selected as high damage are highlighted with orange. The lung segments that were 

selected as low damage are highlighted with blue. Each subject had unique segments sampled. 
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Quantitative culture was used to measure Pa density, and PCR was used to measure Sa, summed 

pathogen density (Pa + Sa genome copies/mL), and total bacterial load. We measured neutrophil 

elastase using an activity assay (Spectrophotometric assay; Sigma Diagnostics, St. Louis, MO) and CF 

Therapeutics Development Network Coordinating Center standard operating procedures (164). Structural 

lung disease of the targeted lung segments was assessed quantitatively using chest CT scans scored 

with the Brody system (see methods). The Brody score consists of 5 measures of CF-related lung 

pathologies visible on CT scans: bronchiectasis, peri-bronchial wall thickening, mucus plugging, 

parenchymal damage, and air trapping (229). 

 

Bacterial density, inflammation, and damage differ markedly within lungs before ETI. 

Lung imaging studies have consistently found heterogeneous disease, but little is known about region-to-

region variation in microbiology and inflammation, and these factors could have a profound effect on 

infection outcomes after ETI. Thus, we measured segmental Pa density, Sa density, total bacterial load, 

neutrophil elastase, and Brody score in the targeted lung segments in each subject before ETI was 

initiated.  

 

We began by measuring the extent of structural lung damage by the clinically validated Brody score that 

measures lung pathology characteristic of CF (229), and found that the five targeted segments in most 

subjects exhibited marked quantitative differences (Fig. 3A). The median difference between the highest 

and lowest scores of the targeted segments within individuals was 15.5 points (range: 4.3 – 26.5 out of 40 

points). In all but 2 subjects (Subjects 5 and 7) Brody score measurements and the initial radiologist 

determination of “high” and “low” damage were concordant. These 2 subjects had the smallest 

differences in Brody score between their highest and lowest score segments (5.5 and 4.3 points, 

respectively). 

 

We investigated the intra-patient heterogeneity in bacterial density using culture and PCR assays. We 

focused on Pa and Sa density as these pathogens have been linked to CF lung disease, and we also 

measured total bacterial load. The median observed difference between minimum and maximum density 
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among targeted segments from individual subjects was 2.9 log10 CFU/mL (range 0.5 – 6.0 log10 CFU/mL) 

for Pa (Fig. 3B), 2.1 log10 genomes/mL (range 1.3 – 2.7 log10 genomes/mL) for Sa (Fig. 3C); 2.3 log10 

genomes/mL (range 0.2 – 5.1 log10 genomes/mL) for summed pathogen density (Pa + Sa genomes) (Fig. 

3D); and 2.2 log10 genomes/mL (range 0.2 – 3.8 log10 genomes/mL) for total bacterial load (16S copies) 

(Fig. 3E). We assessed lung inflammation by measuring neutrophil elastase (NE), as NE is associated 

with clinical outcomes in CF and non-CF bronchiectasis (39, 244). The median observed difference in 

segmental NE level was 29.6-fold (range 2.8-150.1- fold; Fig. 3F).   
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Figure 3. Pre-ETI intra-subject heterogeneity in structural lung damage, bacterial density, and 

inflammation. Each circle represents one lung segment within a subject. Orange circles indicate the 2 high 

damage segments. Blue circles indicate the 3 low damage segments. Each subject is shown individually along 

the x-axis. (A) Segmental Brody score. (B to F) Dashed lines indicate the limit of detection. Concentrations 

expressed per mL BAL fluid. (B) Pa per mL. (C)  Sa per mL. (D) Summed pathogens (Pa + Sa) per mL. (E) 

Total bacterial load (16S copies) per mL. (F) Free neutrophil elastase per mL.  
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Figure 3. Pre-ETI intra-subject heterogeneity in structural lung damage, bacterial density , and 

inflammation. Each circle represents one lung segment within a subject. Orange circles indicate the 2 high 

damage segments. Blue circles indicate the 3 low damage segments. Each subject is shown individually along 

the x-axis. (A) Segmental Brody score. (B to F) Dashed lines indicate the limit of detection. Concentrations 

expressed per mL BAL fluid. (B) Pa per mL. (C)  Sa per mL. (D) Summed pathogens (Pa + Sa) per mL. (E) Total 

bacterial load (16S copies) per mL. (F) Free neutrophil elastase per mL.
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These data show that even in subjects without advanced lung disease (FEV1 in the cohort ranged from 

58.2 – 80.6% predicted), lung regions differ markedly in structural damage, pathogen density, and lung 

inflammation. For example, observed median Pa density differences of 2-3 log10 between segments are 

comparable to or exceed the ~1 log10 CFU/mL change currently achieved by inhaled antibiotics (195), and 

the ~2 log10 CFU/mL change in sputum density after ETI (125). The ~30-fold within-lung differences in NE 

far exceed the 2-fold differences achievable by the most commonly used anti-inflammatory medicine used 

in CF (azithromycin) (245). Differences in lung conditions of this magnitude could affect ETI responses. 

 

Bacterial density and inflammation are higher in more damaged segments before ETI. 

We explored associations between structural lung disease, bacterial density, and inflammation in targeted 

segments. Segmental Brody scores were associated with Pa culture density (r2 = 0.27; p = 0.0003), 

summed pathogen density (r2 = 0.33; p < 0.0001), total bacterial load (r2 = 0.35; p < 0.0001), and with NE 

(r2 = 0.42; p < 0.0001) (Fig. 4A-D). Segmental Brody scores did not correlate with Sa density, even when 

the 3 Sa-negative subjects were excluded (r2 = 0.06; p = 0.19) (Fig. 4E); however, this association may 

be complicated by co-infection with Sa and Pa in these subjects.  
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Figure 4. Associations between pre-ETI segmental damage and measures of bacterial density and 

inflammation. Black circles represent all lung segments across subjects. Red lines represent the line of best 

fit and 95% confidence intervals calculated with simple linear regression. Data with a lognormal distribution (all 

but segmental Brody score) were log transformed before the simple linear regression was calculated. 

Concentrations expressed per mL BAL fluid. Dashed lines represent the limit of detection. Associations 

between segmental Brody score and: (A) Pa culture density; (B) summed pathogen density; (C) total bacterial 
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Figure 4. Associations between pre-ETI segmental damage and measures of bacterial density 

and inflammation. Black circles represent all lung segments across subjects. Red lines represent the 

line of best fit and 95% confidence intervals calculated with simple linear regression. Data with a 

lognormal distribution (all but segmental Brody score) were log transformed before the simple linear 

regression was calculated. Concentrations expressed per mL BAL fluid. Dashed lines represent the limit 

of detection. Correlations between segmental Brody score and: (A) Pa culture density; (B) summed 

pathogen density; (C) total bacterial load; (D) neutrophil elastase; and (E) Sa density. (E) Data from the 3 

subjects who were Sa-negative pre-ETI are excluded.
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load; (D) neutrophil elastase; and (E) Sa density. (E) Data from the 3 subjects who were Sa-negative pre-ETI 

are excluded.   
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Segmental neutrophil elastase was associated with 3 measures of bacterial density (Fig. 5A-C): Pa 

culture density (r2 = 0.28; p = 0.0002), summed pathogen density (Pa + Sa genome copies) (r2 = 0.58; p 

<0.0001), and total bacterial load (r2 = 0.64; p < 0.0001). Neutrophil elastase correlated weakly with Sa 

density when Sa-negative subjects were excluded (r2 = 0.16; p = 0.03) (Fig. 5D), however this association 

may be complicated by co-infection with Sa and Pa in these subjects. These results show that Pa 

infection, inflammation, and damage are highly associated before ETI treatment, with lung regions with 

higher bacterial density and neutrophil elastase also showing more extensive structural lung disease. 
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Figure 5. Associations between pre-ETI inflammation and measures of bacterial density. Black circles 

represent all lung segments across subjects. Red lines represent the line of best fit and 95% confidence 

intervals calculated with simple linear regression. All data were log transformed before the simple linear 

regression was calculated. Concentrations expressed per mL BAL fluid. Dashed lines represent the limit of 

detection. Associations between neutrophil elastase and: (A) Pa culture density; (B) summed pathogen 

density; (C) total bacterial load; and (D) Sa density. In (D), data from the 3 subjects who were Sa-negative pre-

ETI are excluded. 
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Figure 5. Associations between pre-ETI inflammation and measures of bacterial density . Black 
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confidence intervals calculated with simple linear regression. All data were log transformed before the 

simple linear regression was calculated. Concentrations expressed per mL BAL fluid. Dashed lines 
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summed pathogen density; (C) total bacterial load; and (D) Sa density. (D) Data from the 3 subjects who 

were Sa-negative pre-ETI are excluded.
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Lung function and sweat chloride improve after subjects started ETI. 

We measured lung function and sweat chloride responses to gauge clinical responses to ETI in the 

cohort. Average FEV1pp improved from 68.2% (58.2 – 80.6%) to 84.4% (68.3 – 121.4%) (mean change 

+16.2%), and average sweat chloride decreased from 95.6 mM (68.0 – 131.0 mM) to 35.9 mM (16.5 – 

72.0 mM) (mean change -59.7 mM). After ETI, all but 1 subject had sweat chloride values less than the 

diagnostic cutoff for CF (60 mM). These responses are comparable the those seen in large clinical 

studies of ETI’s effects (104, 232). 

 

Pathogen density and inflammation in lung segments decrease after ETI. 

Previous work showed that modulators reduce sputum pathogen density, but responses have not been 

examined at the level of individual lung segments, so the effects of local conditions on infection 

responses could not be determined. In addition, less is known about modulators’ effects on lung 

inflammation than on infection.  

 

We began by examining all individual lung segments and found Pa, Sa, summed pathogens, total 

bacterial load, NE, and Brody scores all significantly declined after ETI (Fig 6). Average decrease in Pa 

was -2.3 log10 CFU/mL, in Sa was -3.0 log10 genomes/mL, in summed pathogens was -2.4 log10 

genomes/mL, in total bacterial load was -1.9 log10 16S copies/mL, in NE was -0.9 log10 ug/mL, and in 

Brody was -3.3 points. However, there was substantial heterogeneity in changes among the lung 

segments. For example, Pa CFU/mL changes in individual lung regions ranged from a 6.8 log10 reduction 

to a 2.6 log10 increase (Fig. 7A); neutrophil elastase log10 ug/mL changes ranged from a 2.7 log10 

reduction to a 1.1 log10 increase (Fig. 7E); and segmental Brody score changes ranged from a 11- point 

reduction to 7- point increase (Fig. 7F).  
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Figure 6. Bacterial density, inflammation, and structural lung damage decline after 1.5 years of ETI. 

Red lines and squares indicate the geometric mean (A to E) or mean (F). Gray circles represent lung 

segments. Dotted lines represent the limit of detection. Concentrations expressed per mL of BAL fluid. (A) Pa 

culture density. (B) Sa density. Data from the 3 subjects who were Sa-negative pre-ETI are excluded. (C) 

Summed pathogen density. (D) Total bacterial load. (E) Neutrophil elastase. (F) Segmental Brody score.  
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Figure 6. Bacterial density, inflammation, and structural lung damage decline after 1.5 years of ETI. Red 

lines and squares indicate the geometric mean (A to E) or mean (F). Gray circles represent lung segments. 

Dotted lines represent the limit of detection. Concentrations expressed per mL  of BAL fluid. (A) Pa culture 

density. (B) Sa density. Data from the 3 subjects who were Sa-negative pre-ETI are excluded. (C) Summed 

pathogen density. (D) Total bacterial load. (E) Neutrophil elastase. (F) Segmental Brody score.
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Figure 7. Lung segments exhibit marked heterogeneity in change in bacterial density, inflammation, 

and structural lung damage after ETI. Gray circles represent lung segments. Black lines and bars represent 

mean and 95% confidence intervals, respectively. Concentrations expressed per mL BAL fluid. Dashed lines 

represent no change. All changes were significant at p < 0.0001. Change in: (A) Pa culture density; (B) Sa 

density; (C) summed pathogen density; (D) total bacterial load; (E) neutrophil elastase; (F) segmental Brody 

score. (B) Data from the 3 subjects who were Sa-negative pre-ETI are excluded.   
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Figure 7. Lung segments exhibit marked heterogeneity in change in bacterial density , inflammation, 

and structural lung damage after ETI. Gray circles represent lung segments. Black lines and bars 

represent mean and 95% confidence intervals, respectively. Concentrations expressed per mL BAL fluid. 

Dashed lines represent no change. All changes were significant at p < 0.0001. Change in: (A) Pa culture 

density; (B) Sa density; (C) summed pathogen density; (D) total bacterial load; (E) neutrophil elastase; (F) 

segmental Brody score. (B) Data from the 3 subjects who were Sa-negative pre-ETI are excluded.
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Subjects generally clear infection from all or none of their lung regions 

We hypothesized that differential responses could be driven by characteristics inherent to individual 

subjects. For example, subjects could differ in improvement in CFTR activity, or innate or adaptive 

immune functioning. In addition, CF Pa strains can vary in pathogenesis phenotypes such as growth rate, 

resistance to host defenses, capacity for nutrient acquisition and other factors. Since the individuals in our 

study were infected by different Pa strains, “by subject” response variation includes “by strain” 

differences. 

 

To examine the effect of subject-level factors on infection clearance, we plotted the changes in Pa and Sa 

densities by subject. Despite targeting regions representing the extremes of disease in each subject, we 

found a strong “by subject” pattern. In three of 9 subjects, Pa became undetectable after ETI in all 

targeted segments, including each of those subjects’ segments with the most severe disease (Fig. 8A). In 

the remaining 6 subjects, only 2 additional regions cleared. Sa followed a similar pattern (Fig. 8B). In 3 

subjects, nearly all regions became negative by species-specific PCR. In the remaining 3 subjects who 

were Sa-positive pre-ETI, most regions remained Sa-positive. Notably, 2 of the 3 subjects who cleared Sa 

also cleared Pa (Subjects 1 and 7) while the remaining subject remained Pa positive in all 5 regions 

(Subject 5). Thus, subjects generally cleared both Sa and Pa infections from all or none of the targeted 

regions, and persistent infection in these ETI-treated subjects was not localized to particular lung regions. 

 

  



 

 135 

 

  
Figure 8. Subjects generally cleared Pa and Sa from all or none of their regions. Data is shown by 

subject. Each circle represents a lung segment. Dashed lines represent limit of detection. (A) Pa culture 
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density by subject. Top half of panel shows subjects who cleared Pa and bottom half panel shows subjects 

who remain infected. (B) Sa density by subject. Top half of panel shows subjects who cleared Sa and bottom 

half panel shows subjects who remain infected.   



 

 137 

Subjects becoming Pa negative have lower pre-ETI total lung damage 

We investigated whether subjects who became Pa culture negative in all targeted regions were outliers in 

any other characteristics, which could suggest traits predisposing to infection clearance. We compared 

subjects’ sweat chlorides pre-ETI, post-ETI, and their ETI-mediated changes in sweat chloride (Fig. 9A-

C). We also compared pre-ETI lung function, age, and BMI (Fig. 9D-F). The 3 subjects becoming Pa-

negative were not outliers in any of these parameters.  
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Figure 9. Clinical characteristics of subjects who cleared Pa. Circles indicate individual subjects; black 

lines and bars represent mean and standard error of the mean (SEM), respectively. (A) Pre-ETI sweat 

chloride. (B) Post-ETI sweat chloride. (C) Change in sweat chloride. (D) Pre-ETI FEV1 percent predicted. (E) 

Age at study start. (F) Pre-ETI BMI.   
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Figure 9. Clinical characteristics of subjects who cleared Pa. Circles indicate individual 

subjects; black lines and bars represent mean and standard error of the mean (SEM), respectively . 

(A) Pre-ETI sweat chloride. (B) Post-ETI sweat chloride. (C) Change in sweat chloride. (D) Pre-ETI 

FEV1 percent predicted. (E) Age at study start. (F) Pre-ETI BMI.
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However, subjects becoming Pa-negative had among the lowest pre-ETI total Brody scores, when the 

whole lung (as opposed to targeted segments) was analyzed. They also had lower pre-ETI Brody 

bronchiectasis sub-scores (Fig. 10A and B). Notably, these subjects did not experience a greater change 

in whole lung Brody score after ETI (Fig. 10C). These data suggest that subjects who cleared Pa had 

lower overall pre-existing lung damage. 
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Figure 10. Subjects who cleared Pa had lower starting whole lung Brody scores. Circles indicate 

individual subjects; black lines and bars represent mean and standard error of the mean (SEM), respectively. 

(A) Pre-ETI whole lung Brody score. (B) Pre-ETI whole lung Brody bronchiectasis subscore. (C) Change in 

whole lung Brody score.   
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Figure 10. Subjects who cleared Pa had lower starting whole lung Brody scores. Circles indicate 

individual subjects; black lines and bars represent mean and standard error of the mean (SEM), 

respectively. (A) Pre-ETI whole lung Brody score. (B) Pre-ETI whole lung Brody bronchiectasis 

subscore. (C) Change in whole lung Brody score.
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After ETI, inflammation is strongly associated with persistent infection 

Lung inflammation that persists after ETI treatment will likely compromise subject’s future health by 

causing local tissue damage and because of inflammation’s systemic effects. NE is predictive of long-

term outcomes in CF and in non-CF bronchiectasis (39, 244). We thus examined associations between 

segmental NE, bacterial density, and Brody score. 

 

We first plotted changes in NE by subject, and found a strong “by subject” pattern that mirrored the 

infection clearance pattern. In subjects in whom Pa became undetectable throughout lungs (Subjects 1, 

4, and 7), NE generally became undetectable as well. In contrast, NE remained elevated in subjects in 

whom Pa persisted. The one subject in whom Sa became undetectable but Pa persisted (Subject 5) 

exhibited NE changes that were comparable to the subjects who remained Pa positive.  
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Figure 11. Subjects resolve inflammation in nearly all or few of their regions. Data is shown by subject. 

Each circle represents a lung segment. Dashed lines represent limit of detection. Top half of panel shows 

subjects who resolved NE in most regions and bottom half panel shows subjects with most regions remaining 

inflamed.   
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We then asked whether the bacterial density could explain inflammatory marker concentration. We found 

that Pa culture density (r2 = 0.76; p < 0.0001), summed pathogen density (r2 = 0.85; p < 0.0001), and total 

bacterial density (r2 = 0.72; p < 0.0001) (Fig. 12A-C) were all strongly associated with segmental NE 

levels. NE also correlated with segmental Brody score, though less strongly (r2 = 0.30; p = 0.0001; Fig. 

12D). Notably, the slope of the linear regression between Pa culture density and NE was nearly identical 

before and after ETI (pre-ETI slope: 0.22; post-ETI slope: 0.28) indicating that the increase in NE per unit 

increase in Pa density is unchanged with ETI treatment. This suggests that ETI does not alter neutrophilic 

responses to Pa. These data suggest that pathogen density may be a key driver of inflammation in the 

post-ETI lung. 
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Figure 12. After ETI, neutrophil elastase is strongly associated with bacterial density. Black circles 

represent lung segments across all subjects. Red lines represent the line of best fit and 95% confidence 

intervals calculated with simple linear regression. Data with a lognormal distribution (all but segmental Brody 

score) were log transformed before linear regression was calculated. Concentrations expressed per mL BAL 

fluid. Dashed lines represent the limit of detection. Associations between neutrophil elastase and (A) Pa culture 

density; (B) summed pathogen density; (C) total bacterial load; and (D) segmental Brody score.  
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Figure 12. After ETI, neutrophil elastase is strongly associated with bacterial density . 

Black circles represent lung segments across all subjects. Red lines represent the line of best 

fit and 95% confidence intervals calculated with simple linear regression. Data with a 

lognormal distribution (all but segmental Brody score) were log transformed before linear 
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High and low damage regions within subjects respond similarly to ETI. 

Finally, while infection clearance (as defined by Pa and Sa becoming undetectable), and complete 

resolution of NE was generally a “by subject” phenomenon (i.e. subjects generally cleared all or none of 

their targeted regions), the extent of decline in these parameters could also depend on the extent of pre-

existing lung damage. We tested this idea in two ways. First, we examined changes in Pa and Sa density, 

summed pathogen density, total bacterial load, and NE levels in the high and low damage lung regions 

from all subjects as separate groups, identifying no differences (Fig. 13A-F).  

 

  



 

 146 

 
Figure 13. High and low damage regions within subjects respond similarly to ETI. High and low based 

on initial selection (see Fig. 2). Each circle represents a lung segment. Black lines and bars indicate mean and 

95% confidence interval, respectively. P values were calculated with unpaired t-test. Concentrations expressed 

per mL BAL fluid. Dashed lines represent no change. Change in: (A) Pa culture density; (B) Sa density; (C) 

High Low

-6

-4

-2

0

2

C
h
a
n
g
e
 in

 S
a
 d

e
n
s
ity

 
(l
o
g

1
0
 g

e
n
o
m

e
s
/m

L
)

0.9549

High Low

-8

-6

-4

-2

0

2

4
C

h
a
n
g
e
 in

 P
a
 c

u
ltu

re
 d

e
n
s
ity

 
(l
o
g

1
0
 C

F
U

/m
L
)

0.2745

High Low

-6

-4

-2

0

2

C
h
a
n
g
e
 in

 t
o
ta

l b
a
c
te

ri
a
l l

o
a
d

(l
o
g

1
0
 1

6
S

 c
o
p
ie

s
/m

L
)

0.8154

High Low

-6

-4

-2

0

2

C
h
a
n
g
e
 in

 s
u
m

m
e
d
 p

a
th

o
g
e
n
 d

e
n
s
ity

 
(l
o
g

1
0
 P

a
 +

 S
a
 g

e
n
o
m

e
s
/m

L
)

0.4819

High Low

-3

-2

-1

0

1

2

C
h
a
n
g
e
 in

 n
e
u
tr

o
p
h
il 

e
la

s
ta

s
e
 

(l
o
g

1
0
 u

g
/m

L
)

0.0032

High Low

-15

-10

-5

0

5

10

C
h
a
n
g
e
 in

 s
e
g
m

e
n
ta

l B
ro

d
y
 s

c
o
re

0.0035

Figure 13. High and low damage regions within subjects respond similarly to ETI. High 

and low based on initial selection (see Fig. 2). Each circle represents a lung segment.  Black 

lines and bars indicate mean and 95% confidence interval, respectively. P values were 

calculated with unpaired t-test. Concentrations expressed per mL BAL fluid. Dashed lines 

represent no change. Change in: (A) Pa culture density; (B) Sa density; (C) Summed 

pathogen density; (D) Total bacterial load; (E) Neutrophil elastase; (F) Segmental Brody score. 

(B) Data from the 3 subjects who were Sa-negative pre-ETI are excluded.

A

E

C D

B

F



 

 147 

Summed pathogen density; (D) Total bacterial load; (E) Neutrophil elastase; (F) Segmental Brody score. (B) 

Data from the 3 subjects who were Sa-negative pre-ETI are excluded.  
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Second, we investigated whether the lowest damage targeted regions experienced a larger decline in Pa 

and Sa density than the highest damage regions within each subject. However, neither the high or low 

damage regions within subjects consistently experienced greater reductions in Pa or Sa density after ETI 

(Fig. 14). Neither infection clearance (as defined by conversion to culture negative status) nor quantitative 

reductions in pathogen density appeared to be related to extent of pre-existing lung damage. Future work 

will investigate other factors that might affect infection outcomes after ETI (see discussion). 
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Figure 14. Change in bacterial density in high and low damage regions, displayed by subject. High and 

low damage based on initial selection (see Fig. 2). Each circle represents a lung segment. Black lines indicate 

mean. Concentrations expressed per mL BAL fluid. Dashed lines represent no change. Change in: (A) Pa 

culture density and (B) Sa density. (B) Data from the 3 subjects who were Sa-negative pre-ETI are excluded.   
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Figure 14. Change in bacterial density in high and low damage regions, displayed by 

subject. High and low damage based on initial selection (see Fig. 2). Each circle represents a 

lung segment. Black lines indicate mean. Concentrations expressed per mL BAL fluid. Dashed 

lines represent no change. Change in: (A) Pa culture density and (B) Sa density. (B) Data from 
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Discussion 

Here, we performed a bronchoscopy study to sample the most and least structurally damaged lung 

regions within subjects before and 1.5 years after they started ETI. This work produced several findings. 

First, we found marked intra-lung heterogeneity in bacterial density, inflammation, and structural lung 

damage before ETI treatment and found strong positive associations between lung damage, bacterial 

density, and inflammation. Second, we found that when infection persists after ETI, it generally persists in 

all lung regions rather than persisting in only certain (e.g. the high damage) regions. Third, we found that 

persistent inflammation was strongly associated with persistent infection after ETI. Neutrophil elastase 

was almost never detected in Pa-free regions, while it was detected in most regions with persistent 

pathogens. Fourth, we found that the slope of the linear regression between Pa and neutrophil elastase 

was nearly identical before and after ETI. This indicates that the increase in neutrophilic inflammation per 

unit bacterial density was unchanged by ETI, which suggests that ETI did not alter the magnitude of the 

neutrophilic response to Pa. Finally, we found that within subjects the highest and lowest damage regions 

responded similarly to ETI, as measured by infection clearance, decrease in bacterial density and 

neutrophilic inflammation, and improvement in lung damage score.  

 

Results presented in this thesis chapter are part of ongoing analyses. One important future direction will 

be to broaden our studies related to inflammation. In particular, I think it is important to investigate 

whether other markers of inflammation (e.g. indicators of Th1, Th2, and Th17 inflammation) show similar 

responses as NE both in terms of general decline after ETI, and elevation in segments that remain Pa-

positive. A related question is whether a more comprehensive analysis of inflammatory markers will 

identify any type of persistent inflammation in lung segments that become Pa-negative after ETI.  

 

In other ongoing analyses, we are further exploring the potential effects of pre-ETI regional heterogeneity 

on infection outcomes. While we found that conversion to Pa-culture-negative was largely a “by-subject” 

phenomenon, there was still a great degree of heterogeneity in the change in regional bacterial density 

within subjects. Our preliminary analysis found that radiologist scoring of regions as high vs low damage 

could not explain the heterogeneity in changes in bacterial density. However, several additional 
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parameters could influence the change in regional bacterial density after ETI, including pre-ETI bacterial 

load, inflammation (measured with NE and a panel of additional cytokines), nutritional environment, and 

different types of lung damage, such as small airways disease. Current work is investigating this 

possibility. 

 

Our study had several limitations. First, the overall intensity of the study limited the number of subjects we 

could enroll. However, by sampling 5 lung regions per subject we increased our total number of 

observations and having multiple samples from a single subject allowed us to partially control for patient-

to-patient variability in pre-ETI disease course. Second, we specifically selected patients with a known 

history of chronic Pa infection, so our findings may not apply to other organisms. However, Pa infections 

are common and are the CF infections most strongly linked to lung disease progression. We also 

included measurements of Sa, the most common CF pathogen, when possible. Third, we only sampled at 

two timepoints, separated by 1.5 years. This prevented us from distinguishing between short-term, likely 

direct effects of ETI and long-term effects that may be influenced by those short-term changes. However, 

long-term outcomes are important to understand as they are likely to influence patients’ overall health and 

lifespan. Finally, we lacked a control group that was not prescribed ETI. However, other studies of CF 

have not observed changes in sputum bacterial density in the control group (22), suggesting it is unlikely 

that the changes observed here are due to study participation. 

 

Our study also has several key strengths. First, the granularity of the study design allowed us to 

specifically co-locate infection, inflammation, and structural lung damage, without the concern of mixing 

segmental secretions, as likely occurs with sputum, which could obscure differential outcomes. Given the 

heterogeneity in regional lung disease we found before ETI, sputum may not fully reflect regional 

responses to ETI. Second, the use of bronchoscopy with a cuffed endotracheal tube also reduced 

contamination with upper airway secretions, again overcoming a disadvantage of sputum-based 

analyses. Third, we were able to capture the pre-ETI timepoint, which may be difficult in the future as 

~90% of patients in the US are eligible for highly effective CFTR modulators now, including children as 

young as six years old. Capturing the pre-ETI timepoint also means that each lung region was able to 
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serve as its own control, which is significant as most bronchoscopy studies in adults are cross-sectional. 

Fourth, we often used multiple assays to measure our parameters of interest, increasing confidence in the 

results. For example, we used a combination of quantitative bacterial culture and multiple quantitative 

DNA-based assays, and analysis of multiplex cytokine panels are in progress to complement NE assays. 

Finally, our subjects were relatively homogeneous in terms of age and lung function, which limited the 

effects of these potential confounding factors on our measurements. 

 

Our results demonstrate that structural lung damage, infection, and inflammation persist in most lung 

regions of subjects after correcting CFTR, suggesting that these pathologies do not become restricted to 

areas of pre-existing high damage, as has been postulated. Additionally, we found that inflammation was 

strongly associated with infection after ETI. This finding suggests that infection will remain a key driver of 

inflammation and structural lung disease progression in the post-modulator era. Future research will be 

needed to further address how infections are able to persist in the face of CFTR-corrected host defenses, 

and how to therapeutically target those functions. It will likely be of great importance to develop 

eradication protocols for those people who are already infected when they begin modulator therapy. 
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Methods 

Study approval. Institutional review board approval at participating sites and written informed consent 

from participants were obtained prior to study participation. Study subject inclusion and exclusion criteria 

are listed in Table 3. 
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Table 3. Study subject inclusion and exclusion criteria.  
 
 

  

Inclusion criteria

• Male or female 12-60 years of age at time of consent.

• Documentation of a CF diagnosis as evidenced by one or more clinical features consistent with CF and one 

or more of the following criteria:

• Sweat chloride ≥ 60 mEq/L by quantitative pilocarpine iontophoresis test (QPIT).

• Two well-characterized mutations in the cystic fibrosis transmembrane conductive regulator (CFTR) 

gene.

• Abnormal nasal potential difference (change in NPD in response to a low chloride solution and 

isoproterenol of less than -6.6 mV).

• Confirmed genotype of recruitment focus (F508del/F508del or F508del/minimal function CFTR mutation). 

• Subject is a candidate to begin ETI therapy as determined by their primary treating CF physician.

• FEV1 percent predicted of >50%.

• Confirmed bronchiectasis by historical CT or chest X ray.

• Chronic Pa infection and generally sputum producing. Chronic Pa infection is defined as >50% of cultures 

positive for Pa for a minimum of one preceding year.

• Stable healthcare regimen for 28 days (patients may be cycling inhaled antibiotics as part of their chronic 

Pa management regimen).

• Written informed consent (and assent when applicable) obtained from subject or subject’s legal 

representative and ability to comply with the requirements of the study.

• Willingness to consider travel if needed to reach the participating CF center for study participation. 

• Willing to hold oral, inhaled, and IV antibiotics (except oral azithromycin) for 2 weeks prior to bronchoscopy 

and BAL. 
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Table 3 cont. Study subject inclusion and exclusion criteria. 
 
 

  

Exclusion criteria

• Presence of a medical condition, abnormality, or laboratory value(s) in the opinion of the onsite principal 

investigator and/or collaborating bronchoscopist may compromise the quality of the data or place the 

subject at significant risk by undergoing the research related bronchoscopy, including:

• History of life-threatening hemoptysis (ICU admission for hemoptysis, > 240 ml over 24 hours, 

reduction in hemoglobin >4 gm/dL, hemoptysis-related chest X-ray changes) over the prior six 

months

• Any of the following abnormal lab values at screening:

• Platelets < 50 x 103/µL

• Hemoglobin < 10 gm/dL

• Hematocrit < 30%

• WBC > 20 x 103/µL

• Neutropenia (ANC < 1.5 x 103/µL)

• Lymphopenia (absolute lymphocyte count < 1.5 x 103/µL)

• PT/INR > 1.5

• Other known bleeding diathesis

• Positive pregnancy blood test (for female of childbearing potential) at the study visit.

• Breastfeeding.

• Current use of drugs with significant risks of compromising immunity (e.g. oral steroid use) for >14 days 

prior to bronchoscopy

• History of organ transplant.

• Use of oral anticoagulant medications (e.g.: warfarin, aspirin, other platelet inactivators) within seven days 

prior to bronchoscopy.

• History of lung mycobacterium infection requiring antibiotic treatment in prior year.

• Unable or unwilling to withhold use of oral anticoagulant medications within seven days after bronchoscopy.

• Unable or unwilling to withhold use of oral, inhaled and IV antibiotics (except oral azithromycin) 2 weeks 

prior to the sputum collections and bronchoscopies. 
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Computed tomography scans and scoring. Low dose CT scanning protocol was adapted from the 

protocol used for the multi-center SPIROMICS trial and consisted of obtaining multi-detector CT (MDCT) 

images of the entire lung at full inspiration (total lung capacity or TLC) and at Functional Residual Volume 

(RV). Scans were collected at 120 kV and current of 110 mA for inspiratory scans and 65 mA for 

expiratory scans. The slice thickness was 0.625 mm with an interval of 0.5 mm and a pitch of 0.984:1. 

Spatial resolution was matched at baseline and follow-up using a similar diameter field of view for both 

scanning sessions. Scans were reconstructed with filtered back projection and standard kernel. Subjects 

were instructed in specialized breathing techniques to acquire the scans. Briefly, the subject was 

instructed to inhale deeply and exhale 2 times and then hold their breath one of two different ways: with 

the lungs full of air (TLC) and at the end of a full expiratory effort (RV). Finally, scans were de-identified 

prior to transfer between the University of Washington, University of Iowa, and University of Cincinnati for 

subsequent analyses.  

 The scans were initially examined by an expert radiologist and CF clinician who selected the 2 

“highest damage” and 3 “lowest damage” lung segments for sampling (excluding the lower lobes). This 

first selection was purely subjective, and only completed on the pre-ETI scans for the sole purpose of 

identifying lung segments to sample via bronchoscopy. 

Scoring of the CT scans for quantitative measures of lung damage was subsequently completed 

in two ways by a second expert radiologist, who was blinded to the first radiologist’s assessment of 

degrees of damage across the regions. First, total structural lung disease was assessed via standard 

Brody score applied to the entire lung CT. The Brody score consists of 5 measures of CF-related lung 

pathologies visible on CT scans: bronchiectasis, peri-bronchial wall thickening, mucus plugging, 

parenchymal damage, and air trapping (229). Second, segmental lung disease was assessed via Brody 

score applied to segmental scans. Segmental delineation of CT’s was done with Apollo software (VIDA 

Diagnostics), and then the segmental scans were sent to the second expert radiologist for Brody scoring 

applied to each of the 5 sampled lung segments.  

 

Bronchoscopy. Subjects underwent bronchoscopy under anesthesia with a cuffed endotracheal tube 

(ETT) in place utilizing established procedures standard at each study institution. BAL fluid samples were 
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obtained via sterile single use/disposable bronchoscopes (Ambu, Ballerup Denmark). Lavage volumes 

were 20mL of normal saline per region, and did not exceed 100mL/ subject to reduce risk of lung edema. 

The 2 “most diseased” and 3 “least diseased” lung segments were sampled. Most and least diseased 

were based on subjective review of pre-ETI CT scans, as described above. 

 

BAL fluid processing for quantitation of bacterial density and inflammatory biomarkers, and 

culturing of Pa. BAL fluid was homogenized with needle and syringe. One aliquot of homogenized BAL 

fluid was serially diluted and plated on MacConkey agar (Difco) to quantify Pa. Homogenized BAL 

aliquots were also processed for quantification of sputum inflammatory markers and DNA extraction (see 

below). 

 

Quantification of BAL fluid inflammatory biomarkers. BAL fluid was processed according to the CF 

Therapeutics Development Network Coordinating Center standard operating procedure. Briefly, aliquots 

of BAL fluid were centrifuged at 250xg for 10 min at 4°C, and supernatants were then centrifuged at 

4000xg for 20 min at 4°C. Supernatants from the second spin were frozen directly at -80°C until analysis. 

Specimens were analyzed for free neutrophil elastase (NE) activity [Spectrophotometric assay, Sigma 

Diagnostics; St. Louis, MO]. The lower limit of detection for this assay was 0.5 ug/mL free neutrophil 

elastase.  

 

Bacterial DNA extraction. DNA was extracted from 200uL whole BAL fluid using the Qiagen DNeasy 

PowerSoil Pro Qiacube Kit and eluted in 100uL Solution C6 (10 mM Tris). The purified DNA sample was 

stored at -20°C.  

 

Bacterial quantification. In addition to the culture-based quantification of Pa described above, we also 

measured bacterial density using 4 additional DNA-based droplet digital PCR (ddPCR) assays: total 

bacterial load, Sa density, Pa density, and a “summed pathogen” density, where the Pa and Sa DNA-

based densities were added together. Total bacteria, Pa, and Sa were quantified using previously 

validated primers and probes (Table 3) (125, 164). For most samples, ddPCR was performed using 1 uL 
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of undiluted DNA (BioRad QX200 ddPCR system) using the ddPCR Multiplex Supermix (BioRad). The 

PCR was performed following manufacturer’s recommendations for cycling conditions, with an annealing 

temperature of 56C and extension time of 1 minute. Results were analyzed with QX software to 

determine target DNA concentrations. Positive controls (DNA isolated from bacterial cultures) and 

negative controls (no sample added) were run with each assay.   
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Table 4. Primers used in this study.  
 

Primer set Sequence 

16S PCR for 
sequencing  

Forward: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 
Reverse: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC  

P. aeruginosa 
ddPCR 

Forward: CCGTGGTGGTAGACCTGTTCCCAGACC 
Reverse: CGCAGCAGGATGCCGACGCC 
Probe: CCGTGGTGGTAGACCTGTTCCCAGACC 
  

S. aureus 
ddPCR 

Forward: GCGATTGATGGTGATACGGTT 
Reverse: AGCCAAGCCTTGACGAACTAAAGC 
Probe: GGTGTAGAGAAATATGGTCCTGAAGCAAGT 
  

16S ddPCR Forward: TCCTACGGGAGGCAGCAG 
Reverse: GGACTACCAGGGTATCTAATCCTGTT 
Probe: CGTATTACCGCGGCTGCTGGCA 
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Spirometry. Spirometric measurements were obtained in accordance with the American Thoracic Society 

Standards (226). The forced expiratory volume in one second percent predicted (FEV1pp) values are 

based on the GLI 2012 values for adults (227). 

 

Sweat chloride measurements. Pre-ETI sweat chloride values were obtained from subjects’ medical 

records. Post-ETI sweat was collected with the Macroduct® collection system (Wescor, Logan UT), and 

sweat chloride levels were measured using routine standard laboratory techniques.  

 

Statistics. All data with a lognormal distribution were log-transformed before statistical analyses were 

performed. Simple linear regressions were used to test for associations between quantitative parameters. 

Pre vs post p-values were calculated with paired t-test, and 2-tailed p-values are reported. High vs low p-

values were calculated with unpaired t-test, and 2-tailed p-values are reported. All statistical analyses 

were performed in Prism (Graphpad). 
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CHAPTER 5: Conclusions & Future Directions 
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Overview 

This is an exciting era for cystic fibrosis research and treatment. The development of CFTR modulators, 

the first successful drugs to correct the physiologic defect in CF, offers great hope to people with CF. 

Many clinical measures of health improve, including lung function, nutritional status, and frequency of 

disease flares (“exacerbations”) (104, 108, 192, 232, 246). Unfortunately, despite marked improvements 

in overall health, there are hints that full health may yet be out of reach. In people taking ivacaftor, lung 

function continues to decline (247). Many patients remain infected with their chronic bacterial pathogens, 

and these patients’ lungs generally remain inflamed (108, 125, 164). In the pre-modulator era, infection 

and inflammation were the main drivers of lung disease progression and ultimately death (32–34). The 

failure of modulators to resolve these pathologies suggests that lung disease may continue to progress 

even in those patients who are able to access CFTR modulators. 

 

The work in this thesis has contributed to our understanding of persistent infection and inflammation after 

treatment with CFTR modulators, and highlights some of the challenges and opportunities that lay ahead. 

In chapter 2, we developed a method to enumerate and quantify the bacterial strains present in a pool of 

thousands of cultured isolates or directly from sputum of people with CF. In chapter 3, we tested an 

eradication protocol that combined intensive antibiotic treatment with initial modulator therapy. In chapter 

4, we sampled many lung regions within each subject to identify characteristics of regions which remain 

persistently infected compared to those that clear infection. This work sets the stage for several exciting 

future directions.  

 

Future directions 

The most exciting future direction to me is to understand why CF infections persist after modulator 

treatment. Using bronchoscopy sampling, we found that when infections persisted after ETI, they 

persisted in nearly all sampled lung regions, including those with the mildest damage. This was surprising 

because high damage regions often contain permanently damaged local epithelia, airway structure, and 

vascular supply, so we expected that high damage regions may not respond well to ETI.  
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While a straightforward explanation for these results is that the Pa subpopulations inhabiting individual 

lung regions persist after treatment, a possible alternative hypothesis is that Pa from particular regions 

preferentially survive post-ETI, and subsequently re-colonize other lung regions. This is of interest 

because it raises the possibility that regionally localized host conditions or bacterial functions could be 

targeted to reduce post-ETI infection. These two possibilities could be distinguished using genetic 

relatedness of the pre- and post-ETI Pa populations.  

 

I have begun to investigate this by collecting ~100 Pa isolates/ region/ timepoint, and generating whole 

genome sequences from these isolates. Analyzing phylogenetic trees inferred from those sequences 

could distinguish which pre-ETI regional populations the post-ETI populations are descended from. If we 

found that most regional subpopulations persisted, it would suggest that either modulators cannot 

generally correct host defense defects, or that many bacterial subpopulations are capable of resisting 

modulator-corrected host defenses. However, if only certain regional subpopulations persist and colonize 

other regions via migration, it would suggest that either certain regional characteristics predispose to 

persistence or certain Pa subpopulations can resist corrected host defenses. These possibilities could be 

further distinguished by identifying commonalities among regions and/or subpopulations that give rise to 

migrants.  

 

Final remarks: 

In this work we have demonstrated the recalcitrance of chronic infections to eradication, even in the face 

of a corrected host defect. We developed a method to improve our understanding of strain dynamics in 

post-CFTR modulator infections. We also tested an eradication protocol that combined intensive 

antibiotics with CFTR modulators. Finally, we identified the characteristics of lung regions with persistent 

infection and inflammation after correcting CFTR, suggesting mechanisms of their persistence. While not 

definitive, this study identified interesting associations to be followed up on further. Ultimately, our work 

suggests that modulators will not resolve all pathologies affecting people with CF and the continued 

development of anti-infection treatments will be required for patients to achieve full health. 
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