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Abstract

Introduction: With over 100,000 people affected worldwide, Cystic Fibrosis (CF) is a genetic condition caused by the
dysfunction of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) protein. This defect impacts the cells,
tissues, and glands responsible for producing mucus and sweat. Normally, mucus acts as a protective barrier in the airways
and the body. In CF, dysfunctional CFTR leads to thick and sticky mucus, clogging airways and impairing organ function.
CF was an untreatable disease with high childhood fatality, but scientific advancements have now provided effective
treatment options. Persistent bacterial infections significantly impact CF morbidity and mortality, necessitating
comprehensive studies to understand these associations. This paper presents a clinician-targeted review investigating
bacterial adaptations in CF lungs, their role in treatment-resistant infections, and strategies to mitigate these challenges.
Methods: A review analyzed factors influencing bacterial persistence in CF patients, utilizing sources including PubMed,
ScienceDirect, Frontiers, and ATS Journals. Keywords used were CF pathophysiology, bacterial adaptations, treatment
resistant, CFTR, antibiotic delivery. Existing research data were compared across different patient groups, antibiotics, and
bacteria strains to identify patterns related to antimicrobial resistance, mucus properties, and population age.

Results: Impaired mucociliary clearance and increased mucus viscosity are expected to contribute to bacterial colonization
and treatment resistance. Dysfunctional immune responses facilitate persistent infections by impairing immune clearance
mechanisms due to chronic neutrophil-dominated inflammation. Bacterial adaptations, particularly antibiotic resistance
mechanisms, enable bacteria to evade treatment, perpetuating infections.

Discussion: Bacterial persistence in CF patients is exacerbated by thick mucus and advanced bacterial resistance mechanisms
such as biofilm formation and efflux pumps. Early initiation of therapies like Trikafta® significantly improves lung function
and reduces infection rates, highlighting the importance of addressing both bacterial adaptations and the CF lung
environment. Future research should focus on combination therapies and treatments personalized to genetic profiles.
Conclusion: The study emphasizes the critical interplay between CF lung conditions and bacterial resistance, underscoring
the need for innovative therapies. Early intervention with treatments like Trikafta® improves outcomes by enhancing mucus
clearance and reducing infection rates. Future research should prioritize combination therapies and personalized approaches
to manage chronic infections and improve CF patient quality of life.

Keywords: cystic fibrosis; CFTR; antibiotic resistance; biofilms; mucus clearance; Trikafta®; bacterial adaptations; high-
frequency chest wall oscillation

Introduction

Cystic Fibrosis (CF) is a genetic condition affecting
over 100,000 people worldwide, caused by mutations in the
Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) gene [1]. This gene encodes a protein that regulates
the movement of salt and water in and out of cells [1]. In
healthy patients, the mucus affected by CFTR acts as a
protective barrier in the airways and other tissues and helps
clear pathogens [1]. In CF patients, dysfunctional CFTR
protein leads to the production of thick and sticky mucus,
particularly in the lungs and digestive system, resulting in
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severe respiratory and gastrointestinal complications, such
as clogged airways and organ malfunctions, Figure 1 [1-4].
Historically, CF was predominantly a fatal childhood
disease [5]. In the early 20" century, children with CF
rarely survived past elementary school age [5]. However,
significant advancements in the understanding and
treatment of CF have dramatically improved patient
outcomes. Treatments can improve the quality of life for
CF patients by improving lung function, preventing further
complications, and improving nutrition status, daily
convenience, and overall livelihood [1, 5].
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Figure 1. Impact of the dysfunctional CFTR protein in the lungs. The malfunction of CFTR channels disrupts ion balance,
leading to thick, sticky mucus that clogs airways. Created with BioRender.com [4].

Modern therapies, including vibration airway clearance
techniques, have extended the median life expectancy for
CF patients to over 50 years old [2]. A vital component of
CF management is airway clearance to help loosen and
remove the thick mucus from the lungs [2]. One effective
method is the High-Frequency Chest Wall Oscillation
(HFCWO), commonly known as the vest therapy [6]. This
technique involves wearing an inflatable vest connected to
a machine that rapidly inflates and deflates, creating
vibrations that help dislodge mucus from airway walls [6].
The patient then performs huff coughing or other breathing
techniques to expel the loosened mucus [6]. Another
ground-breaking treatment for CF is Trikafta®, a three-
component combination therapy approved by the Food and
Drug Administration (FDA) in October 2019, marking a
substantial advancement in CF treatment [7]. Despite these
advances, persistent bacterial infections in the lungs remain
a major challenge, contributing to significant morbidity and
mortality [2, 8]. One of the critical issues in managing CF is
the persistent bacterial infections that CF patients
frequently suffer from [2]. These infections are difficult to
eradicate due to the thick mucus that traps bacteria and the
development of antibiotic resistance [8]. This creates a
cycle of chronic infection and inflammation, further
damaging tissue and reducing lung function [8].
Understanding how bacterial adaptations and resistance
mechanisms contribute to persistent lung infections in CF
patients is crucial. This paper presents a clinician-targeted
review that investigates the interplay between the
pathophysiological conditions in CF lungs and the
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mechanisms bacteria use to resist treatment, to identify
currently studied potential strategies to combat these
infections more effectively.

Methods

This review analyzes existing literature from PubMed,
ScienceDirect, Frontiers, and ATS Journals, focusing on CF
patients across various demographics. The study evaluates
interventions including different antibiotic regimens and
advanced therapies like Trikafta® and HFCWO. Data
extraction identifies key factors such as antimicrobial
resistance, mucus properties, and patient demographics,
with statistical analyses conducted to assess associations.
Both generic and proprietary drug names are included for
clarity. The aim is to understand the interplay between CF
pathophysiology, bacterial adaptations, and therapeutic
interventions.

Results

The CFTR gene codes for the CFTR protein which
controls the movement of ions from the inside to the
outside of the cell [9]. With CF, the CFTR has mutations,
causing improper functioning, resulting in a disbalance in
sodium and water across membranes [9]. There are over
2000 mutations of the CFTR, which affect the transport,
efficacy and produced amount of CFTR protein [9]. There
are six main classes of mutations, with the two most
common classes being class | and class Il. In class |
mutations, no CFTR protein is produced, causing major
disruptions of the CFTR gene, caused by gene insertions,
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deletions and premature stop codons, for example, G542X
[43]. In class Il mutations, CFTR protein is created but
misfolds, keeping it from moving to the cell surface
(trafficking defect) [10]. Class Il mutations are responsible
for around 90% of mutations in CF patients and is usually
caused by a deletion of the amino acid phenylalanine at
allele 508, called DF508. This destabilizes the original
conformation of one of the nucleotide binding domains,
which in turn, promotes an aggregation-prone structure,
leading to the dysfunctional protein [10, 11].

CFTR protein is most often expressed in epithelial
cells” apical membrane, found in airway epithelia, paranasal
sinuses, pancreas, gut epithelia, and others, with airway
epithelia being the location of the most CFTR expression
[10]. The protein functions as a cyclic adenosine
monophosphate- (cAMP) dependent chloride channel [12].
With the class Il mutations, the protein mainly misfolds and
does not reach the cell’s surface where it is needed, and
even if small amounts of protein do reach the intended
target, it is highly unstable, causing many defects [11].
Improper functioning of the CFTR protein prevents water
and chloride from crossing membranes, making regular
mucus thicker due to the lack of water [9]. With the mucus
becoming dehydrated, and therefore stickier, it cannot be
moved by cilia (small hairlike structures) that line many
tissues [13]. This causes the mucus to be difficult to clear
and become stuck, leading to CF symptoms, including
many lung function issues, and the prevalence of bacterial
infections from the uncleared mucus [13]. This can affect
the body drastically, not only affecting the lungs, but also
the gastrointestinal tract, pancreatic ducts, and others [13].

Bacterial Strains and Antibiotic Use

Chronic bacterial infections in CF patients are
particularly challenging due to the unique pathophysiology
of CF lungs and the sophisticated resistance mechanisms of
the pathogens involved.

Pseudomonas aeruginosa stands out as a major
pathogen in CF due to its challenging resistance and biofilm-
forming capabilities. Biofilms are structured communities of
bacteria encapsulated in a self-produced matrix, which
protect the bacteria from both antibiotics and the host
immune response [14]. This protection allows P. aeruginosa
to persist in the lungs, leading to chronic and hard-to-treat
infections. The use of p-lactams (e.g., ceftazidime),
aminoglycosides (e.g., tobramycin), and fluoroquinolones
(e.g., ciprofloxacin) are common in treatment. Inhaled
antibiotics, such as tobramycin and colistin, are normally
used as they deliver high concentrations of the drug directly
to the site of infection, enhancing efficacy while minimizing
systemic toxicity [14]. Adjunct therapies, such as DNase
enzymes, have shown potential in disrupting biofilms by
breaking down extracellular DNA, thereby aiding antibiotic
penetration and improving treatment outcome [14].

Another common pathogen in CF is Staphylococcus
aureus, including methicillin-resistant Staphylococcus
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aureus (MRSA). S. aureus can also form biofilms, although
its persistence in CF is less pronounced than P. aeruginosa
[15]. Treatment strategies for S. aureus include B-lactams
macrolides (e.g., azithromycin), and fluoroquinolones. In
the case of MRSA, more potent antibiotics like vancomycin
or linezolid are required [16].

Burkholderia cepacia complex represents another
challenging group of pathogens due to their resistance to
many antibiotics. B. cepacian is particularly problematic
because it can lead to a rapid decline in lung function and is
associated with poor clinical outcomes. Treatment typically
involves combinations of B-lactams, aminoglycosides and
fluoroquinolones  with  therapy being guided by
susceptibility testing to ensure effectiveness [17].

The persistent nature of these infections can be
attributed to a combination of antimicrobial resistance
(AMR) mechanisms and the thick, sticky mucus
characteristic of CF lungs. Resistance mechanisms, such as
biofilm formation and efflux pumps, prevent antibiotics
from reaching their target effectively, while the mucus
barrier further complicates drug delivery and bacterial
clearance [18]. This synergistic challenge highlights the
need for novel therapeutic strategies that can overcome
both the physical barriers and the bacterial defense
mechanisms in CF. For example, the use of efflux pump
inhibitors (EPIs) has been explored to block the expulsion
of antibiotics from bacterial cells, thereby enhancing drug
retention and efficacy, although further research is needed
to confirm their clinical benefits in CF [18].

Therapeutic Approaches
Trikafta®
Trikafta®, a ground-breaking CF therapy, was

approved by the FDA in October 2019 for patients aged 12
years and older with at least one F508del mutation in the
CFTR gene. This mutation affects approximately 90% of
the cystic fibrosis population, translating to rougly 27,000
individuals in the United States along, making Trikafta®
a potential treatment for the majority of CF patients
[7]. Trikafta® consists of three components: elexacaftor,
tezacaftor, and ivacaftor. Elexacaftor and tezacaftor
function as CFTR correctors, enhancing the amount of
CFTR protein at the cell surface, while ivacaftor acts
as a potentiator, increasing the protein’s functionality
by facilitating chloride transport across cell membranes
[7, 19]. This combination therapy significantly enhances
CFTR protein processing and trafficking to the cell surface
and increases chloride ion transport, thereby correcting the
osmotic balance and mucus clearance in airways. Clinical
trials have demonstrated that Trikafta® can improve lung
function, reduce pulmonary exacerbations, and enhance
quality of life in CF patients [7, 19]. Percent predicted
forced expiratory volume in one second (ppFEV1) is a
measurement used to assess lung function, representing the
percentage of a person’s lung capacity that can be fully
exhaled in one second, adjusted for age, sex, height, and
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ethnic background [20]. Clinical trials have demonstrated
that Trikafta® can increase ppFEV1 by an average of 14%
and reduce pulmonary exacerbations by 63%, significantly
improving the quality of life for CF patients [21]. The
efficacy and safety of Trikafta® were supported by two
vital trials. Trial 1 involved CF patients with one copy of
the F508del mutation, who were randomly assigned to
receive either Trikafta® or a placebo in a double blind
study for a 24-week period [7]. Trial 2 included CF patients
with two copies of the F508del mutation, comparing
Trikafta® to an active control (tezacaftor/ivacaftor) in a
double blind study over a 4-week period [7]. Following
these studies, a phase 3 extension trial was conducted
leading to findings sustained over a 192-week study,
reinforcing Trikafta®’s long-term efficacy and safety.
Moreover, data from patient registries have corroborated
these findings, showing significant improvements in lung
function, reduced hospitalizations, and lower rates of
infection with common CF pathogens [22].

High-Frequency Chest Wall Oscillation

HFCWO, commonly known as vest therapy, has been a
cornerstone in the management of CF since its introduction
in the late 1980s [23]. The therapy involves wearing an
inflatable vest connected to a machine that rapidly inflates
and deflates, creating high-frequency oscillations that
generate vibrations throughout the chest wall. These
vibrations help to dislodge and mobilize mucus from the
bronchial walls, facilitating its movement up the airways
where it can be more easily expelled through respiratory
maneuvers such as coughing [6]. Studies have shown that
regular use of HFCWO significantly enhances mucus
clearance, reduces pulmonary exacerbations, and improves
lung function. For instance, a randomized controlled trial
found that patients using HFCWO experienced a significant
improvement in ppFEV1 and a reduction in hospitalizations
compared to those using conventional chest physiotherapy.
Additionally, long-term studies have demonstrated that
consistent use of HFCWO can slow the decline in lung
function typically observed in CF patients, thereby
extending life expectancy and enhancing quality of life
[24].

Classes of Commonly Used Antibiotics and Their
Mechanisms
p-lactams

B-lactams, including penicillins (e.g., piperacillin-
tazobactam) and cephalosporins (e.g., ceftazidime), are
widely used in CF treatment. These antibiotics function by
binding to penicillin-binding proteins (PBPs) on the
bacterial cell wall, inhibiting the synthesis of
peptidoglycan, an essential component of the cell wall [25].
This inhibition leads to cell wall weakening, causing the
bacterial cell to lyse and die due to osmotic pressure
differences. They are effective against P. aeruginosa, a
common and persistent pathogen in CF patients [25].
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Macrolides

Macrolides, like azithromycin and clarithromycin,
inhibit bacterial protein synthesis by binding to the 50S
subunit of the bacterial ribosome, preventing the
translocation of the peptide chain. This inhibition halts
protein synthesis, leading to bacterial cell death [26].
Besides their direct antibacterial activity, macrolides have
anti-inflammatory properties that help reduce lung
inflammation in CF patients, thereby decreasing the
frequency of pulmonary exacerbations and improving lung
function [27]. This type of antibiotic can target bacteria
such as P. aeruginosa.

Aminoglycosides

Aminoglycosides, such as tobramycin work by binding
to the 30S subunit of the bacterial ribosome, causing a
misreading of messenger ribonucleic acid (MRNA). This
misreading results in the production of defective
proteins, ultimately leading to bacterial cell death [28].
Aminoglycosides are potent against Gram-negative bacteria,
particularly P. aeruginosa. The inhaled form of tobramycin is
beneficial for CF patients as it delivers high local drug
concentrations directly to the lungs while minimizing
systemic toxicity [29].

Fluoroquinolones

Fluoroquinolones, such as ciprofloxacin, target
bacterial deoxyribonucleic acid (DNA) gyrase and
topoisomerase IV. These enzymes are crucial for DNA
replication and transcription. By inhibiting these enzymes,
fluoroquinolones prevent bacterial DNA from uncoiling
and replicating, leading to cell death [30]. These antibiotics
are effective against a broad range of bacteria, including P.
aeruginosa and S. aureus [31].

Polymyxins

Polymyxins, particularly colistin, interact with the
phospholipids of the bacterial cell membrane, disrupting its
structure and increasing its permeability. This disruption
leads to leakage of cellular contents and subsequent
bacterial cell death [32]. Colistin is used as a last-resort
antibiotic for multi-drug resistant P. aeruginosa and
Acinetobacter baumannii infections. Its inhaled form allows
for high local concentrations in the lungs with fewer
systemic side effects [33].

Discussion
Bacterial Adaptations and AMR

Antimicrobial resistance is the phenomenon where
bacteria evolve to survive exposure to antibiotics that
would normally kill them or inhibit their growth. AMR
complicates the treatment of infections, particularly in
chronic conditions like CF. The resistance mechanisms
employed by bacteria are varied and sophisticated, allowing
them to evade the effects of antibiotics and persist in hostile
environments [34].
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One key mechanism of antibiotic resistance is the
production of enzymes that degrade or modify antibiotics,
rendering them ineffective. B-lactamases are enzymes
produced by bacteria that hydrolyze the pB-lactam ring found
in penicillins and cephalosporins, effectively neutralizing
these antibiotics [35].

Efflux pumps are another critical resistance
mechanism, where bacteria utilize protein pumps embedded
in their cell membranes to actively expel antibiotics from
their cells. This reduction in intracellular antibiotic
concentration helps the bacteria survive even in the
presence of antibiotics. Certain experimental therapies,
such as EPIs have been developed to block these pumps,
allowing antibiotics to accumulate inside the bacterial cell
at effective concentrations [18]. Efflux pumps are
particularly prevalent in Gram-negative bacteria such as P.
aeruginosa and B. cepacia complex.

Modification of antibiotic targets is another common
resistance strategy. Bacteria can alter the structure of key
molecules that antibiotics target, such as PBPs in the case
of B-lactams, or ribosomal subunits for macrolides and
aminoglycosides [36]. These modifications decrease the
binding affinity of antibiotics, thereby reducing their
efficacy.

Biofilm formation is a significant mechanism of
resistance, especially relevant in CF. Biofilms are
communities of bacteria that adhere to surfaces and are
embedded within a self-produced extracellular matrix [37].
This matrix acts as a barrier to antibiotics and immune
cells, making biofilm-associated bacteria much more
resistant to treatment. In CF, P. aeruginosa is notorious for
its ability to form biofilms, contributing to chronic lung
infections [37]. Biofilms also facilitate the horizontal
transfer of resistance genes among bacterial populations,
further enhancing their survival capabilities in subsequent
generations of the strain [38]. Additive therapies, such as
DNase enzymes, have been explored to degrade
extracellular DNA within biofilms, weakening their
structure and improving antibiotic penetration [14].

In the context of CF, the thick and sticky mucus in the
lungs creates an environment that not only favours bacterial
colonization but also promotes the development of
antibiotic resistance. The mucus acts as a physical barrier,
impeding the penetration of antibiotics to the site of
infection [39]. Additionally, the anaerobic conditions
within the mucus can reduce the efficacy of certain
antibiotics that require oxygen to attain their full
capabilities [40]. The dense mucus also provides a
conducive environment for biofilm formation, where
bacteria can thrive and resist treatment. The persistent
nature of these infections can be attributed to a combination
of AMR mechanisms and the mucus characteristics of CF.
AMR mechanisms, such as biofilm formation and efflux
pumps, prevent antibiotics from reaching effective
concentrations at the site of infection, while the mucus
barrier further complicates drug delivery and bacterial
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clearance. This synergistic challenge underscores the
important of therapies targeting both biofilm integrity and
efflux activity, which could enhance antibiotic effectiveness
in overcoming these robust bacterial defenses.

Mechanisms of Bacterial Trapping in CF Mucus

CF mucus is primarily composed of dehydrated and
highly viscous glycoproteins, which significantly differ
from the thinner mucus found in healthy individuals.

Hydration and Mucus Composition

The CFTR protein, which is defective in CF patients,
regulated the transport of chloride ions across epithelial
cells. When CFTR is non-functional, chloride ions, along
with sodium and water, are not transported effectively,
leading to dehydration of the mucus layer. This dehydration
results in thickened mucus that is difficult to clear from the
airways [40, 41]

Bacterial Colonization

Bacteria such as P. aeruginosa, S. aureus, and B.
cepacia complex readily colonize the CF mucus. These
bacteria have evolved mechanisms to adhere to the mucus
and evade host defenses. For instance, P. aeruginosa,
produces alginate, an exopolysaccharide that enhances its
adhesion, and biofilm formation in the mucus [41].

Avoiding Colonization

Avoiding bacterial colonization in CF patients is
challenging due to the inherent nature of the mucus and the
persistent exposure to pathogens. Strategies to mitigate
colonization include maintaining optimal hydration levels
to reduce mucus viscosity and enhance clearance.
Nebulized hypertonic saline and DNAse are used to hydrate
the mucus and break down DNA in the mucus, respectively,
making it less sticky and easier to clear [42]. However,
these measures often only temporarily reduce bacterial
load, and complete eradication is difficult [29]. Therefore,
ongoing research is focused on developing novel therapies
that target both the mucus properties and bacterial biofilms
to more effectively manage infections in CF patients [43].
Early initiation of Trikafta® therapy has been shown to
significantly reduce the time and likelihood of bacterial
colonization in CF patients. By improving the function of
the CFTR protein and enhancing mucus clearance from an
early age, Trikafta® helps maintain a healthier lung
environment, thereby decreasing the risk of chronic
bacterial infections and improving long-term health
outcomes [44].

Future Possible Combination of Therapies

The future progression of medicine may look to
combine successful known methods to produce a superior,
or at least alternative option. For example, with the success
seen in CF patients with the usage of Trikafta®, scientists
might investigate where antibiotics may or may not fit into
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the treatment plan. Some studies have found that the use of
Trikafta® in CF patients has decreased the usage of
antibiotics, and infections overall [45]. This may be because
of the increased function of the antibiotics due to Trikafta®,
but more research is needed in order to confirm this theory.
Trikafta® simulations suggest that the usage of an antibiotic
such as erythromycin, may increase the exposure of
Trikafta®, when looking at drug-drug interactions,
suggesting a potential increase in function of Trikafta® [46].
However, with Trikafta® being a recently introduced drug,
there is a lack of information and studies with these therapy
combinations long-term. Therefore, more research is needed
in this area to improve knowledge surrounding this topic,
and its potential effects. There are also additional factors to
consider when working with the combination of drugs. One
major factor is which CF mutation each patient has, which
would largely change the treatment plan. Trikafta® is
currently eligible for patients with at least one copy of
AF508, the most common CF mutation [47]. However, rare
mutations are left out from eligibility of access to this drug,
prompting for new research.

The Emergency of Antibiotic Resistance and the Promise of
Phage Therapy

The alarming rise in antibiotic resistance is a
significant challenge, particularly for treating chronic
infections such as those seen in CF. Overuse and misuse of
antibiotics have accelerate the evolution of resistant
bacteria, rendering many conventional treatments infective
[31]. This situation is exacerbated in CF due to the
persistent and resistant nature of pathogens previously
mentioned. According to the World Health Organization
(WHO), antibiotic resistance is one of the most pressing
global health threats today [48]. In response to this crisis,
phage therapy has emerged as a promising alternative to
traditional antibiotics. Bacteriophages (phages) are viruses
that specifically target and kill bacteria [49]. They work by
attaching to bacterial cells, injecting their genetic material,
and using the bacterial machinery to replicate, eventually
causing bacterial cell lysis. Phages are highly specific,
reducing the impact on beneficial microbiota, and can
evolve alongside bacteria, potentially overcoming
resistance mechanisms that render antibiotics ineffective
[49]. Moreover, some phages can penetrate biofilms,
making them particularly useful in treating biofilm-related
CF infections, by disrupting the biofilm matrix and directly
attacking the embedded bacteria [50]. Despite these
advantages, phage therapy faces challenges, including
regulatory hurdles and the potential for bacteria to develop
resistance to phages. Nonetheless, its potential for treating
multi-drug resistant infections offers a hopeful outlook for
future CF therapies [50].

Conclusions
In conclusion, cystic fibrosis is a serious disease that
effects the lives of tens of thousands of people worldwide

Massaad et al. | URNCST Journal (2025): Volume 9, Issue 1

DOI Link: https://doi.org/10.26685/urncst.711

[51]. The severe symptoms of the disease, coupled with the
added effects from the frequent additional infections from
uncleared and lingering bacteria make this disease very
devastating, and in need of treating. There are therapies that
contribute to the treatment plans used today, including
antibiotics, CFTR modulator drugs, vibration therapy,
among others. However, despite these advancements,
further research is needed to combat issues including, but
not limited to, antimicrobial resistance, rare mutations,
access equality and distribution, in order to improve the
lives of those with this disease. To further improve the
treatment of CF, more research is quintessential.
Researchers and physicians may inquire to combine current
therapies together to improve the current treatment. Any
option would require significant research and time but may
just bring life-changing advancements to treating cystic
fibrosis.
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