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Abstract

Major historical advances in cystic fibrosis (CF) respiratory clinical care, including mechanical
airway clearance and inhaled medications, have aimed to address the consequences of cystic
fibrosis transmembrane conductance regulator (CFTR) dysfunction. In contrast, CFTR modulator
therapies instead target the underlying protein defect that leads to CF lung disease. The extent to
which these therapies might reduce susceptibility to chronic lung infections remains to be seen.
However, by improving airway clearance, reducing the requirement for antibiotics, and in some
cases, through direct antimicrobial effects, CFTR modulators are likely to result in substantial
changes in CF airway microbiology. These changes could contribute substantially to the clinical
benefit associated with modulator therapies, as well as providing an important indicator of
treatment efficacy and residual pathophysiology. Indeed, the widespread introduction of modulator
therapies might require us to re-consider our models of CF airway microbiology.

CFTR dysfunction and CF disease

CF arises due to mutational dysfunction in the cystic fibrosis transmembrane conductance
regulator (CFTR) protein. CFTR transports anions, including chloride and bicarbonate,
across the epithelial cell membrane through a cAMP regulated channel, and reduction in this
function leads to ion imbalance and dehydration of the epithelial surface [1]. The main
clinical manifestations of CF include dehydrated, tenacious, and adherent airway and gut
mucus, obstructed pancreatic and biliary ducts, and excessive fluid loss from the skin. While
CFTR dysfunction results in multisystem disease, the greatest morbidity typically occurs in
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the respiratory tract, where mucus obstruction of the airways leads to inflammation and
chronic infection, and ultimately respiratory failure.

The evolving nature of CF clinical care

When first described in 1938 [2], CF commonly resulted in death during infancy due to
intestinal blockage (meconium ileus), malnutrition arising from malabsorption of fat and
protein, or respiratory infection. Early diagnosis through sweat testing, the development of a
structured approach to clinical management, and the establishment of specialist treatment
centres, greatly improved the duration and quality of life [3]. The subsequent introduction of
inhaled hypertonic saline and recombinant DNase therapies to improve respiratory function
and airway clearance [4, 5], oral and inhaled antibiotics for the treatment of chronic
infections [6, 7], and the long-term use of macrolides to reduce exacerbation rates [8], all
helped to slow the rate of respiratory decline. Indeed, in large part due to these
improvements in CF therapy, it is now common for patients to live into their fifth decade and
beyond [9]. Until recently, therapeutic advances such as these have always targeted the
consequences, rather than the cause, of CFTR dysfunction. Restoring CFTR function itself
has long represented a holy grail of CF clinical research. In the past decade, this goal has
been increasingly attained as a number of CFTR modulators have been developed and, in
some cases, introduced to patients. These small molecule drugs act through a range of
mechanisms (Box 1) and have varying levels of demonstrated efficacy, related in large part
to the genetic diversity of CFTR itself.

Over 2000 variants in the CFTR gene have been identified, of which more than 300 are
known to cause disease [10]. These variants can be grouped into six classes based on their
effects [11], differing in both the severity of the associated disease and potential for
pharmacological correction (Box 2). Most of the modulator therapies that have been
developed and tested to date target class 1l mutations (CFTR protein is not trafficked through
the endoplasmic reticulum) and class 111 mutations (CFTR protein reaches the cell surface
but fails to regulate chloride ion transport appropriately due to a gating abnormality).

The first CFTR modulator therapy to be approved for prescription in 2012 was ivacaftor, a
drug potentiating the abnormal “gating” (opening) of the CFTR channel conferred by class
Il mutations such as the G551D mutation, which is carried on at least one allele by 4 to 5%
of CF patients [12, 13]. In phase 3 clinical studies, ivacaftor was shown to markedly improve
CFTR function (based on reduced sweat chloride), and consequently, clinical parameters
such as lung function [14]. Subsequently, ivacaftor has also proven useful in the treatment of
CFTR with less severe channel dysfunction (class IV mutations); currently, ivacaftor has
been approved for treating patients with 38 different class 11l and IV CFTR mutations [15].
The enthusiasm generated by these remarkable developments was tempered by the fact that
most people with CF carry class Il CFTR mutations—most commonly, Phe508del. This and
other class Il mutations result in insufficient protein trafficking to the cell surface due to
protein misfolding, cellular stress, and proteosomic activity. Moreover, any CFTR that does
arrive at the cell surface is typically unstable and unable to gate. This combination of
problems has been approached with a combination of modulators: A CFTR corrector, which
leads to improved protein delivery to the epithelial cell surface, and a potentiator to improve
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channel function. In 2015, the combination of the corrector lumacaftor and the potentiator
ivacaftor successfully completed phase 3 trials in patients homozygous for Phe508del [16].
However, compared to ivacaftor alone in patients with class 111 mutations, such as G551D,
the effects of lumacaftor/ivacaftor dual therapy on lung function and rates of exacerbation in
this population were relatively modest. Similarly modest clinical effects have been observed
with another corrector/potentiator combination, tezacaftor/ivacaftor, both in patients
homozygous for the Phe508del CFTR mutation [17] and in those with one Phe508del
mutation and a second “residual function” mutation (any class other than the most severe,
class I, which results in no functional protein) [18].

Currently, a number of other modulator drugs or combinations are in development or
undergoing clinical trials [Box 3]. These include “next generation” correctors in
combination with both first generation correctors, such as tezacaftor, and ivacaftor to further
improve efficacy [19]. Phase 2 studies of the triple combinations 445/tezacaftor/ivacaftor
[20] and 659/teacaftor/ivacaftor [21] have both shown substantial improvements in their
primary endpoint of ppFEV1 improvement, with both demonstrating a greater than 10%
improvement in ppFEV1 over that achieved with the dual combination alone. Early data
from phase 3 studies support this improvement suggesting that triple therapy is likely to be
available to patients within the next few years. Because of this the CF Foundation (CFF) is
planning a robust prospective study (PROMISE) which aims to examine the short- and long-
term clinical impact of triple therapy on people with CF Phe508del

CFTR dysfunction, airway microbiology, and lung disease

The extent to which CFTR dysfunction leads directly to inflammation and airway damage is
unclear [22-25]. However, a close link does exist between the establishment of chronic lung
infection, as defined by the detection of high abundances of known pathogens in respiratory
samples, such as Pseudomonas aeruginosa and Staphylococcus aureus, and respiratory
decline [26, 27]. Current evidence suggests that reduced airway clearance and the
accumulation of respiratory secretions increases susceptibility to such opportunistic
pathogens. In addition, members of the upper respiratory commensal microbiota are also
detected in the lower respiratory tract, particularly in the early stages of disease [28-31].

Ecological principles dictate that the characteristics of the CF lung microbiota are shaped
both by exposure from the environment and by the selective pressures of the lower airways,
including the physicochemical characteristics of airway secretions, host immune response,
and exposure to antimicrobials and other medications [32]. Accordingly, the composition of
the CF lung microbiota changes with increasing inflammation and disease progression [33—
35]. While lung disease in infants is commonly associated with high relative abundances of
S. aureus and Haemophilus influenzae, the contribution of these pathogens to microbiota
constituency tends to wane as they are supplanted by £ aeruginosa, Burkholderia spp., and
Achromobacter spp. in older patients with more severe disease [36, 37]. These changes in
culturable bacteria reflect the evolving composition of the wider airway microbiota with
disease progression, with a broad trend towards reduced diversity, with initially high
prevalence and relative abundance of common oropharyngeal commensal taxa giving way to
more adaptable opportunists [32].
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Our clinical experience with CFTR modulator therapies is still in its early stages. While
increasingly effective modulator therapies are being tested and made available to a larger
proportion of the CF population, we are just beginning to learn how they will impact the
trajectory of disease in these patients. Understanding the relationship between these
innovations and CF airway microbiology in particular is important for a number of reasons.
Firstly, in addressing the underlying pathophysiology, successful CFTR-targeting therapies
might see a reversion in lower airway microbiology to levels and composition seen in
healthy individuals. Changes in microbiota characteristics might therefore provide a valuable
indicator of the degree and nature of improvement in pathophysiology, and the extent of
residual, irreversible, airway damage. Secondly, microbiological changes might be
necessary, at least in part, to achieve clinical efficacy, with the extent of change correlating
to clinical benefit; in that case, if infection is not improved despite restoration of CFTR
therapy, antibiotics or other treatments may continue to be a cornerstone of respiratory
maintenance therapy. Thirdly, the introduction of other pivotal CF therapies has seen a shift
in the microbiological characteristics of CF lung disease at the level of the patient population
[38].

Potential CFTR-mediated impacts of modulator therapies on airway

microbiology

Our understanding of how CFTR regulates airway physiology and defences remains
incomplete. Predicting how CFTR modulators will impact airway microbiology is therefore
difficult. Effects on mucus hydration and mucociliary clearance [13, 39, 40] that might be
predicted to affect pathogen abundance could conceivably be rapid and persistent. Other
effects, such as the pH or chemical content of airway secretions, that might be predicted to
directly modulate pathogen behaviour, could be comparatively transient, diminishing with
the emergence of different microbial subpopulations or with other adaptations. More severe
structural airway damage, such as advanced bronchiectasis, might persist despite modulator
therapy. As bronchiectasis alone is a risk factor for chronic airways infection [41], the
microbiota would be unlikely to “normalise” in the setting of such irreversible airway
damage. Furthermore, it is anticipated that effective modulator therapy will lead to a
diminished requirement for antibiotics, reducing one of the more potent selective pressures
on the lung microbiota [34]. Changes in airway microbiology are therefore likely to be
variable, reflecting factors such as patient age, severity of disease, associated changes in
treatment, and the extent and reversibility of airway damage.

Potential CFTR-independent impacts of modulator therapies on airway

microbiology: Antimicrobial effects

In addition to indirectly changing airway microbiology by addressing CFTR dysfunction,
there is growing evidence that some CFTR modulators have direct antimicrobial properties.
For example, the structure of ivacaftor includes a quinoline ring; quinoline derivatives and
analogues frequently have antibacterial properties through interference with DNA
replication [42]. Indeed, ivacaftor has been shown to be a weak inhibitor of bacterial DNA
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gyrase and topoisomerase 1V, while lumacaftor increases the cellular production of
damaging reactive oxygen species [43].

In vitro, ivacaftor has been shown to reduce S. aureus viability in a dose-dependent fashion,
with a similar but less robust effect on £ aeruginosa, as well as inhibiting the growth of S.
aureus and Streptococcus pneumoniae respiratory isolates [44]. Ivacaftor also exhibits
positive interactions with vancomycin, trimethoprim sulfamethoxazole, moxifloxacin, and
linezolid in their effects on S. aureusand S. pneumoniae [44]. Schneider et a/ showed
ivacaftor, lumacaftor, and polymyxin B to each be ineffective in killing CF isolates of 2
aeruginosain isolation [43]. However, the combination of these medications exhibited a
synergistic antimicrobial effect, with a 100-fold decrease in bacterial count after 24 hours.
Investigation of the mechanistic basis of this effect indicated damage to both the outer and
inner cell membranes of A2 aeruginosa, which did not occur with any of the individual drugs
in isolation [43]. In separate studies, ivacaftor has also been shown to act in synergy with
tobramycin in killing S. aureus and Streptococcus species [45], and with ciprofloxacin in
inhibiting the growth of 2 aeruginosa [46].

The antimicrobial mechanisms exhibited by these CFTR modulating drugs exploit highly
conserved aspects of bacterial physiology, and their effects are therefore unlikely to be
limited to pathogens such as P, aeruginosaand S. aureus.

Treatment-associated changes in airway microbiology: Examining the

evidence

To date, CFTR modulator studies have focused largely on clinical outcomes, with
assessments of changes in microbiology limited to a number of relatively small cohorts,
measuring different outcomes. Bernarde et a/ assessed airway microbiology in three children
with CF and G551D mutations (average age 12 years) without chronic £ aeruginosa
infections, following them for an average of 13 months after the initiation of ivacaftor
treatment [47]. Analysis was performed on a least six sequential sputum samples, including
determination of bacterial load by quantitative PCR (qPCR) and bacterial community
composition by 16S rRNA gene amplicon sequencing (16S sequencing). No significant
changes were identified with treatment, either in relation to bacterial load or overall bacterial
community composition.

The fact that none of the patients assessed by Bernarde et a/had chronic P, aeruginosa
infections is significant. Of all microbial species associated with the CF airways, £
aeruginosa has been most strongly correlated with respiratory deterioration [48-50] (other
pathogens have also been associated with decline, but their dynamics and clinical
associations are less well-defined). Despite its clinical importance, the basis of this
association of 2. aeruginosa with the CF airways is still not fully understood. Determining
the relationship between CFTR dysfunction and P aeruginosa infection in patients with CF
more precisely, and understanding the effect of restoring CFTR function on the presence or
abundance of £ aeruginosa, is therefore critical.
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Rowe et alassessed the effects of ivacaftor therapy on P, aeruginosa sputum levels and other
outcomes in 133 patients aged 6 years and above [13]. Significant improvements were seen
in sweat chloride, lung function (FEV % predicted), body mass, and mucociliary clearance.
In addition, the investigators observed a significant reduction in the rate of culture detection
of P aeruginosa 6 months after initiating therapy.

A culture-independent assessment of the effects of ivacaftor on P aeruginosaburden in the
study population provided a more nuanced view. £ aeruginosa-specific qPCR did not
indicate a significant decrease in sputum abundance; similarly, sputum total bacterial
abundance was not observed to change with a broad-range (bacterial 16S rRNA gene) gPCR
assay. To more comprehensively analyse these dynamics, the investigators performed
sputum inflammatory marker and microbiota analysis on a subset of 14 subjects. After
microbiota characterisation by 16S sequencing, the reads that aligned to bacterial genera
known to contain traditional CF pathogens (Pseudomonas, Staphylococcus, Haemophilus,
Stenotrophomonas, Achromobacter, and Burkholderia) were assessed. No significant
changes in any inflammatory markers or in bacterial diversity were observed with ivacaftor
treatment. However, a non-significant downward trend was observed in the combined
relative abundance of traditional CF bacterial pathogens, with a significant increase in the
relative abundance of Prevotella. Consistent with these findings, a subsequent analysis of the
study data showed that the observed decrease in culture detection of P aeruginosa occurred
primarily among subjects with baseline intermittent, rather than chronic, P aeruginosa
infection, perhaps reflecting lower initial sputum relative abundances in those with sputum
conversion and little change in those with higher initial abundances [51].

However, the results of a subsequent study indicated that ivacaftor may decrease sputum £
aeruginosa abundances even in chronic infection. Hisert ef a/ assessed the impact of
ivacaftor in 12 adult patients with G551D mutations chronically infected with 2. aeruginosa
[40]. Lung function, markers of inflammation, chest computed tomography scans, and
sputum bacterial content (by 16S sequencing, species-specific and broad-range qPCR, and
culture) were assessed before initiation of ivacaftor therapy, and longitudinally after days,
weeks, and years of treatment. Significant improvements in sweat chloride concentrations
were evident after two days, indicative of improved CFTR function. Lung function also
improved after two days, with continued improvements on Day 7, and Day 400, while levels
of neutrophil elastase, IL-8, IL-1b, arginase-1, myeloperoxidase, and calprotectin in sputum
supernatants fell during the first week.

Eight of the subjects had chronic £ aeruginosa lung infections. In these, sputum
pseudomonal load began to decrease at Day 2, and average sputum P, aeruginosa colony
forming units (CFUs) by culture declined by 10-fold by Day 7. Similar decreases were
identified by gPCR in both £ aeruginosa and total bacterial load. Microbiota composition
analysis showed that decreases in the relative abundance of £ aeruginosa were generally
accompanied by reciprocal increases in the relative abundance of nonconventional organisms
(including Streptococcus, Prevotella, Veillonella, and other taxa) and in the overall diversity
of microbiota present. However, no subject became consistently culture-negative for 2
aeruginosa, and after the first year £ aeruginosa density rebounded as diversity declined.
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While concerning, the significant increase in sputum £ aeruginosa levels during the second
treatment year in the Hisert study suggests a number of potential explanations, each with
different implications. For example, it is possible that decreased symptoms led to reduced
adherence to maintenance therapies, such as suppressive antibiotics, airway clearance, or
even ivacaftor itself [52]. Alternatively, these dynamics could represent microbiological
adaptation to the ivacaftor-treated CF airway, such as the emergence of £ aeruginosa genetic
variants that are capable of surviving or even thriving after CFTR is restored. The
therapeutic approaches to these two possibilities are different, and both warrant further
investigation.

While the effects reported by Rowe et a/and Hisert et a/ focused on £ aeruginosa, the two
studies’ aggregate results point to an improved ability to clear lower airway bacteria. In
Hisert et al., the decrease in A aeruginosa relative abundance led to a relative increase in the
apparent contribution of upper respiratory microbiota to sputum composition profiles.
Indeed, in Hisert et al., qPCR-based determination of absolute levels of members of the
genera Streptococcus and Prevotellaidentified no significant increases with therapy.
However, among the four patients who did not have P aeruginosa infections, a decline in
total sputum bacterial load was observed in the first week of therapy, suggesting a more
general effect on sputum microbial clearance that is most marked in specific taxa. This point
is further supported by the observation that the relative sputum abundance of Burkholderia
species fell in the two subjects with chronic Burkholderia infections, while a comparable
change was not observed in patients with Staphylococcus-dominated infections. However,
due to the small study size, the non-pseudomonas infected subgroup was insufficient to
rigorously define the effects on dominant, non-£. aeruginosa bacteria, or to determine the
independent relationship between clinical improvement and increased clearance of £~
aeruginosa alone.

A subsequent study by Peleg et a/ investigated the impact of ivacaftor on CF respiratory
microbiology during the early treatment period [53]. Subjects were assessed through a 4-
month double-blind, placebo-controlled, crossover study, with 28 days of active treatment. A
combination of gPCR and 16S sequencing defined sputum microbiota composition, total
bacterial load, and P, aeruginosaload at five key time points in 20 adult patients with at least
one G551D mutation (including two homozygotes). Nineteen of the subjects were culture-
positive for P. aeruginosa, ten for S. aureus (methicillin-sensitive or resistant), and one for
Mycobacterium abscessus complex.

No significant difference in fold change was observed either for total sputum bacterial load
or R aeruginosa load during ivacaftor therapy or placebo, as compared to respective pre-
treatment levels. Nor were any significant changes in sputum microbiota composition
identified following ivacaftor treatment or placebo. However, it was noted that sputum
microbiota composition variation was significantly greater between subjects than within
subjects over time. A significant change in microbiota composition was however associated
with any change in antibiotic exposure, regardless of whether ivacaftor or placebo was
administered. In a small, subgroup analysis of subjects without changes in magnitude of
antibiotic exposure during the study, a significant reduction in total bacterial load was
observed during treatment with ivacaftor.

J Cyst Fibros. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rogers et al.

Page 8

These findings highlight the potential for the short-term impact of ivacaftor therapy on
sputum microbiota composition in patients with G551D mutations to be modest compared to
the effects of antibiotics, which may mask microbiological effects of restored CFTR
function.

Impact of modulator therapies on pathogen virulence

The studies described above focused on the microbiological impact of modulator therapies
on the levels and types of microbes in lower airway secretions. However, these therapies also
have the potential to influence clinically-relevant behaviours of microbes within the airways
beyond mere viability or growth.

P, aeruginosa undergoes substantial genetic and gene expression changes during the
establishment of chronic infection of the CF lower airways. These changes are accelerated in
part by hypermutation [54, 55], and diversification driven by niche heterogeneity [56].
Among these adaptations is a coordinated down-regulation in expression of genes related to
central metabolism, motility and virulence, and concurrently upregulated expression of
genes affecting membrane permeability and efflux [57-62]. Despite the substantial
inflammation associated with chronic CF airway infection, characterized by an abundant
neutrophilic response [63], chronic 2. aeruginosa isolates exhibit paradoxically reduced
expression of pathogenicity traits and pro-inflammatory characteristics [64—66].

As these genetic changes are associated with worsening respiratory disease, one might
expect that, by improving respiratory physiology, modulator therapies might result in the
reestablishment of airway conditions that select more virulent pathogen characteristics. In
short, beneficial changes in pathogen behaviour observed during chronic infection could
conceivably be reversed. However, no investigations of the impact of CFTR modulator
therapy on /n vivo gene expression of CF pathogens have been undertaken to date.

Consequences of modulator therapies for CF population microbiology

The introduction of new therapeutic strategies has occurred in the context of ongoing
changes in CF respiratory microbiology on the level of the patient population. For example,
shifts in the culture prevalence of CF pathogens, including £ aeruginosa, S. aureus, H.
influenzae, and Burkholderia cepacia complex (BCC), Stenotrophomonas maltophilia,
Achromobacter xylosoxidans, and nontuberculous mycobacteria, are evident in registry [67,
68] and cohort [69, 70] studies spanning these successive advances. Such changes are likely
to reflect, in part, improved identification, increasing prevalence of individuals with milder
disease, and survivor effects [38, 68]. However, they are also likely to relate to the direct
impact of disease-modifying therapies, such as inhaled DNase, hypertonic saline, and
antibiotics such as tobramycin and long-term macrolide therapy, on the airway environment.

Comparable changes are likely to occur with the increasing introduction of CFTR modulator
therapies. It is therefore possible that CF airway microbiology will undergo substantial
change in the course of the next decade.

J Cyst Fibros. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rogers et al.

Page 9

Conclusions

This a hugely exciting time for those involved in cystic fibrosis care. The development of
CFTR modulator therapies that can provide benefit to an increasing proportion of those with
CF has the potential to change the fundamental clinical characteristics of CF disease.
Understanding the impact of these therapies on CF airway microbiology is critical. It will
not only inform our basic understanding of CFTR function and mechanisms of airway
infection, but will help to inform the strategies used to manage chronic CF airway infections

in
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Box 1:

Types of CFTR modulator

CFTR modulators are small molecules that aim to improve the function of mutant CFTR
proteins. These can act through a number of different mechanisms, with efficacy for
different classes of mutation.

Potentiators: Improve the channel gating of CFTR variants (increase open
channel probability)

Correctors: Augment trafficking of CFTR processing variants to the plasma
membrane

Stabilisers: Increase the residence time of variant CFTR at the plasma
membrane

Amplifiers: Increase the amount of variant CFTR available for subsequent
modulation by protein-active small molecules

Read-through agents of in-frame premature termination codons (PTCs) -
suppress PTCs, produce translational readthrough by the ribosome and
subsequent full-length protein.

See descriptions by Clancy et al, 2019 [19].
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Box 2:
Classes of CFTR mutation

Class | mutations: Result in a failure to CFTR protein and are not considered to be

readily rescuable.

Class 1l mutations: Include the F508del mutation (present in approximately 90% of the
CF population), result in a protein that is not trafficked through the endoplasmic
reticulum to the cell surface.

Class 111 mutations: Include the G551Asp mutation (present in approximately 5% of
patients with CF) produce a protein that is trafficked to the cell surface, but which fails to
regulate chloride ion transport appropriately due to a gating abnormality.

Class 1V mutations: Allow for trafficking to the surface, but chloride ions cannot pass due
to a conductance defect.

Class V and VI mutations: Lead to normal CFTR protein to reach the surface and open,
but there is either less protein (Class V) or less stability at the surface (Class VI).
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Box 3.
Existing and emerging modulator therapies

Approximately 90% of patients have a Class Il mutation, which includes the F508
mutated gene. Therapies currently available for patients who are homozygous for
Phe508del include:

. lumacaftor/ivacaftor [16]
. tezacaftor/ivacaftor [17]

Promising results have also been seen in phase 2 studies of the triple combinations 445/
tezacaftor/ivacaftor [20] or 659/tezacaftor/ivacaftor [21].

Triple combinations also seem effective in heterozygote patients expressing at least one
Phe508del gene.

Class Il and IV CFTR mutated protein respond to the corrector ivacaftor alone [14].

. Combination dual therapy in this group did not demonstrate an additional
clinical benefit.
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