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Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations of the
gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR).
In 1949, it’s been identified as a monogenic disease and was thought to primarily
affect individuals of Northern European descent. It was the most prevalent
autosomal recessive disease that shortens life. With the availability of multiple
testing methodologies nowadays, there is a chance to create novel and
enhanced treatment options. Even in the absence of a high sweat chloride
test (SCT) result, the discovery of two causal mutations is diagnostic for cystic
fibrosis (CF). For a CF diagnosis, however, at least two positive E sweat
chloride tests are still required. In order to achieve early and active
intervention to manage cystic fibrosis (CF) and its comorbidities, treatment
regimens for pediatric patients should be evaluated, improved, and closely
monitored. New developments in the treatment of cystic fibrosis (CF) have led
to the development of medications derived from molecules that target the
pathogenetic pathway of the illness. These options are very efficient and allow
pediatric patients to receive individualized care. However, in order to better
direct patient care and enhance patient outcomes, it is crucial to research
uncommon CF mutations, which can provide crucial information about the
prognosis of the disease and the relationships between genotype and
phenotype. To ensure the success of creating novel, safer, and more efficient
treatment approaches, a deeper understanding of the pathogeny of the illness
is required. In the age of customized medicine, genetic research will be
essential to improving patient care and quality of life for those with
uncommon mutations.
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1 Introduction

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

encoding the cystic fibrosis transmembrane conductance regulator (CFTR) (1). It was first

reported to the medical community in 1949, as a monogenic disease with autosomal

recessive penetrance, affecting people of Northern European descent (1).
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In the era of genetic testing, almost 1,000 cases per year of CF

are newly diagnosed globally, with over 75% of CF patients tested

under 2 years of age. Incidence rates vary widely around the world,

but rates as high as 1 in 2,000–3,000 live births are associated with

Caucasian populations with Northern European ancestry (2).

Clinical features include viscous secretions in the lungs,

pancreas, liver, intestine, and reproductive tract and increased

salt content in sweat gland products, the main cause of CF

complications and patient mortality being progressive lung

disease (2, 3). There are several hypotheses linking loss of

channel function to lung pathogenesis, including airway surface

dehydration, abnormal mucus properties and tethering to sub-

mucosal glands. These initial events are supposed to lead to

impaired mucus clearance and airway obstruction, making the

lungs more vulnerable to infection, inflammation, and eventual

structural damage (3). Therapeutic development focused on

reversing the progressive obstructive lung disease can be mostly

effective, as pulmonary manifestations are the major cause of

morbidity and mortality in CF. There is variation regarding the

course of the disease, beginning from a few months after birth to

decades until the diagnostic is established. Many patients are

exhibiting mild or atypical symptoms (4) therefore, clinicians

should be able to rule out CF as a possible diagnosis in patients

with few typical CF signs and symptoms.

Cystic fibrosis is caused by pathogenic mutations in a single

large gene located on human chromosome 7 which encodes the

cystic fibrosis transmembrane conductance regulator (CFTR)

protein. CFTR is a member of ATP-binding cassette- ABC family

of proteins, a large group of related proteins that share

transmembrane transport functions (5). It forms a cell

membrane-spanning chloride channel whose function is

regulated by phosphorylation, mediated by cAMP-dependent

phosphokinases (5). Thus, CFTR gene mutations result in

production of defective proteins that cannot be processed

normally by the endoplasmic reticulum, with defective transport

to the cell membrane (5). Mutated CFTR protein molecules that

can reach the cell membrane are dysfunctional and they cannot

carry chloride outside the cell, leading to in-cell storage of

chloride ions, water molecules in the epithelial cells and lack of

hydration of extracellular mucus and secretions.

Since the molecular diagnosis ushered in a new era of available

treatments over time six categories of CFTR mutations have been

identified (6). F508del (with deletion of phenylalanine at site 508

caused by chromosomal deletion of three nucleotides, denoted

c.1521_1523delCTT), a deletion causing protein misfolding, is

the most prevalent pathogenic mutation discovered in

Caucasians. The typical Class II mutation (mutations that cause

early degradation or incomplete development) is Phe508del.

Premature termination codons (PTCs) cause an incomplete

synthesis, which is the hallmark of class I mutations (6). The

Gly551Asp mutation (formerly known as G551D), which results

in disordered and inhibited regulation and gating and reduced

ATP binding and hydrolysis, is the class III mutation. Class IV

mutations are confirmed by a deficient chloride conductance,

which include the R117H mutation, also known as the

Arg117His mutation. Class VI mutations, those that display
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reduced cell surface half-life (a characteristic shared by many

Class II allele), as well as Class V mutations—those that exhibit

decreased protein synthesis—are also described in the CF

pathogenic pathway (5, 6).
2 Prenatal diagnostic of CF

Since CF is the most common autosomal recessive genetic

disorder among Caucasians, the majority of carrier couples do

not have a family history of the condition or any prior

knowledge regarding the possibility of transmission. In order to

identify early symptoms of the disease and receive an early

diagnosis, parents, patients, relatives, and caregivers need

extensive education (7). Prenatally, a hyperechoic bowel on an

ultrasound can be an important issue regarding the possibility of

CF. This hyperechoic bowel characteristic has been noted in

50%–78% of fetuses with known CF; in contrast, identifying

hyperechoic bowel in a fetus without known CF is linked to a

0.8%–13.3% chance of a positive diagnosis (8). The percentage

also depends on the parents’ ethnic backgrounds as well as other

genetic and environmental factors because some diagnoses call

for additional testing. Fetal hyperechoic bowel can be brought on

by changed meconium consistency in the small intestine, among

many other digestive-related etiologies. This is a side effect of

faulty pancreatic enzyme secretion when lipid uptake is

ineffective. The specialist performing the CF and parental carrier

screening should be informed as a result of this discovery (9).

According to current recommendations, CF carrier screening

should be provided to all women in the US who are pregnant or

considering becoming pregnant, especially those of Caucasian

ethnicity and/or those who have relatives with CF (10), taking

into account the potential for distress if an affected child is born

after carrier screening for negatives. As many infants as possible

may be found to have a mutation by NBS (parental screening

coming up negative), discrepancies may also arise between carrier

screening panels and those used in NBS (11).

When a carrier is found, partner testing alternatives such as a

variant panel or CFTR sequencing must be taken into account.

Early results come from testing both partners of a relationship

simultaneously with a panel (11, 12).

For carrier screening, hundreds of genes can be read

simultaneously using the next-generation sequencing (NGS)

technique. CF carrier screening, often referred to as expanded

carrier screening, presents difficulties in this situation since it

cannot disclose variations with unknown significance, and it still

arises discussion regarding residual risk (12).

After using in vitro fertilization to create the embryos, carrier

couples have the option of preimplantation genetic diagnosis

(PGD/PIGD), which comprises embryo biopsy and genetic

testing for known parental variations (12, 13). This gives the

parents the option to select only those embryos for transfer that

don’t have the disease-causing gene-type. Choosing the outcome

of a pregnancy coming from a damaged embryo is a true ethical

turning point. As a result, carrier couples could have to make

challenging decisions about whether to pursue PGD or, in the
frontiersin.org

https://doi.org/10.3389/fped.2024.1393193
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Azoicai et al. 10.3389/fped.2024.1393193
case of a current pregnancy, invasive prenatal diagnostic testing

and (perhaps) abortion. When a fetus possesses a non-CF-

causing mutation or a variant linked with a mild condition,

appropriate counseling may be a turning point in parental

decision regarding pregnancy ending (7, 13).
3 Newborn screening

Newborn CF screening is now a successful public health

technique for early identification of afflicted infants, particularly

in populations with high risk of CF prevalence (14). The

majority of screening initiatives assess immuno-reactive

trypsinogen (IRT) in dried blood spots, which must be taken

within the first week of life. The next step is a second round of

testing, which frequently entails molecular testing for CFTR

mutations (13, 14). It has been obvious in recent years that

adding DNA testing enhances specificity and speed, especially

when two variations are found. Typically, the original sample is

used for DNA testing, with several panels aimed at the

population under examination. Given that newborns who carry

the CF gene have higher IRT levels, this mindset may increase

the likelihood of early recognition of CF carriers (14). A normal

SCT (30 mmol/L) is utilized in the majority of screening

programs to indicate a low likelihood of CF diagnosis. In some

other protocols, the requirement for SCT is avoided by using a

second IRT assessment at day-of-life 10–21 (assuming the result

is normal) (15). Additionally, all European nations must actively

implement neonatal CF screening because the newly developed

molecularly targeted therapy regimens are most effective when

used to manage pediatric patients.
4 CFTR genetic testing

Given that pediatric patients’ current treatment options are

constantly being improved, a variety of diagnostic procedures are

widely accessible. Even in the absence of a high sweat chloride

test result, the presence of two causal variants is sufficient to

diagnose CF; nevertheless, a minimum of two positive sweat

chloride tests (SCT) is still required (16). Specialists have a

variety of choices for genetic testing, as discussed below (17),

depending on the family history, ethnicity, clinical characteristics,

and the diagnosis given by the results of the newborn screening.

CFTR variant panel—identifies certain variations on the panel,

frequently the most prevalent variants in the Caucasian population,

but as a drawback, the method’s detection rate varies greatly

depending on the panel’s ethnic composition. It is primarily

intended for use in newborn screening algorithms in developing

nations (16, 17). It is also frequently employed in regular carrier

screening in patients without a family history of CF (17).

Traditional sequencing (Sanger sequencing) can identify all

sequence variations in CFTR’s exons and intron-exon junctions,

but it cannot identify significant duplications or deletions. It can

also be performed as a carrier screen when one partner is

affected or a known carrier (17). It is best appropriate for people
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with a CF diagnosis who are not Ashkenazi Jewish or European

Caucasian, or who have fewer than two mutations discovered by

panel test.

Deletion/duplication analysis. This method finds substantial

deletions and duplications in CFTR that involve all or some of

the exons, but it does not find sequence modifications.

Individuals diagnosed with CF having less than two CF-causing

mutations discovered after CFTR sequencing can benefit the

most from this test (17).

Sequencing using the next generation. This test can identify

sequence variations in CFTR’s exons and intron-exon junctions,

but it is unable to identify significant deletions or duplications

without additional testing by specialized laboratories. This method

can help people with CF diagnoses who are not in the ethnic risk

group or who have fewer than two CF-causing mutations

identified by panel testing. When one partner is afflicted or a

known carrier, it may also be used as a carrier screen (17).

Targeted familial variant testing can be helpful for parent or

sibling follow-up testing because it only detects one or two

specific variants that have already been signalized in a family, as

well as the presence or absence of certain variants in a patient’s

or carrier’s family (17).
5 Pediatric screening

Genetic testing is now seen as a crucial step in collecting

comprehensive diagnostic data for a baby or child with suspected

CF. Since the molecular process of managing the etiology has

been extensively researched (17, 18), the positive diagnosis can

direct treatment at ever younger ages. Families are also impacted

by this in terms of how they manage diagnostic, follow-up

testing, and genetic counseling. According to the Cystic Fibrosis

Foundation of the United States (CFF) standards, “families of

infants diagnosed with CF should receive an appropriate

education at the first diagnostic visit, and genetic counseling

should be provided (18).”

First-degree siblings and half-siblings with particular CF

symptoms should undergo an SCT to start the investigation into

the patient’s family members (18, 19). Most clinicians suggest an

SCT, but some also support family variant testing in place of or

in addition to an SCT (19). It is necessary to rule out the

possibility that the sibling is a carrier if the SCT value is negative

because there is still a 2/3 (66%) chance that they are. Genetic

counseling is necessary both before and after carrier testing if it

is to be done. Special attention should be paid to the diagnostic

capabilities and constraints of both SCT and family variant tests

when the proband’s CF genotype is linked to variable SCT levels

60 mmol/L (as in the case of the R117H specific mutation) (19).
6 Treatment and management of
children with CF

In order to maintain growth and nutrition in CF patients, it is

necessary to administer mucus thinner, clean the airways, and
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antibiotic support when requested by the biological and

clinical context (20).

It is important to review and refine CF treatment plans while

closely monitoring patients to ensure early and proactive

comorbidity management. Prospective CF patients should be

monitored in order to meet these objectives, even before the

diagnosis is made and more information is gathered (21). Once

the child has been diagnosed, the clinicians should immediately

begin the patient’s treatment and inform the patient’s family on

how to handle the illness. The most recent advancements in CF

care include molecularly generated medications that are highly

effective and provide an individualized strategy for patients of

all ages. These medications are based on the disease’s

pathogenetic pathway (22).
6.1 CF treatment regimens

Inhalation therapy involves hydrating mucus in CF patient

airways with hypertonic saline solution vapors, in order to

achieve a thin and efficient layer of mucus. This therapeutic

approach is employed from birth and has the advantage of

having few side effects. In order to recreate the water-containing

surface layer that is missing in CF patients, the high osmotic

pressure of the solution can drag water out of the airway

epithelial cells (23). Numerous products are already available on

the market with specific instructions for daily usage. Only having

the mechanical effect of cleaning the airway of thick mucus,

these solutions should be enhanced with other active substances.

Numerous studies have examined the therapeutic value of

bronchodilator medication in CF patients, but none have found a

significant improvement in the airway clearance (24).

Chest physiotherapy is the recommended treatment for clearing

secretions in patients who have continued retention of mucus and

purulent secretions that restrict airflow and harm airways. The

most efficient mechanical approach utilized for this is

physiotherapy, which relies on postural drainage and percussion,

sometimes in conjunction with bronchoscopy lavage (25).

Antibiotics are necessary for the treatment of chronic

infections and acute CF exacerbations in certain situations with a

high risk of infection and in individuals with bacterial

colonization. In general, long-term oral antibiotic regimens are

not advised for infection control since children could acquire

medication resistance. This is the rationale behind the long-term

use of aerosolized antibiotics, typically tobramycin and

aztreonam, which are advised due to their favorable effects on

lung function and are typically used to treat Pseudomonas

aeruginosa and the removal of germs. However, due to its anti-

inflammatory and antibacterial qualities, long-term azithromycin

treatment is still advised for young CF patients (26).

The formation of biofilms permits the proliferation and

adaptation of bacteria in anoxic and nutrient-poor settings, in

addition to offering protection from the host immune system

and/or antimicrobial medications (27). Biofilms contain an

unexpectedly large number of bacterial sub-communities, each

with a different degree of metabolic activity. In contrast, low or
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them more resistant to antimicrobial drugs, which causes

infection persistence and/or recurrence (28). High metabolic

activity in peripheral subpopulations causes them to consume a

lot of oxygen and nutrients. Higher dosages of antibiotics or

liposomal antibiotic formulations may be more effective, despite

the increased risk of toxicity and AMR (29).

The cornerstone of CF management is usually antibiotics;

patients get repeated doses of broad-spectrum with the intention

of increasing their lifespan and raising their standard of living.

Antibiotics are utilized in the management of recurring or

chronic infections, the treatment of pulmonary exacerbations,

and the early elimination of Pseudomonas aeruginosa (30).

Depending on the organism’s in vitro susceptibility, it’s critical to

begin an appropriate antibiotic therapy as soon as feasible in

order to treat Pseudomonas aeruginosa infections. By doing this,

major problems and morbidity may be avoided (31).

Nonetheless, aggressive antibiotic therapy lowers the bacterial

burden but often makes the eradication of a persistent lung

infection unsuccessful (32).

The presence of AMR is a major health concern for those with

CF. In this regard, controlling and keeping an eye on the use of

antibiotics is crucial, now more than ever. When it comes to

treating strains of Pseudomonas aeruginosa, Staphylococcus

aureus (especially MRSA), Burkholderia cepacia complex, and

Achromobacter that are frequently isolated in the respiratory

tract of these patients and typically develop AMR, the right

course of action is to target the underlying resistance

mechanisms. Consequently, there has been an exponential rise in

interest in emerging molecular-based diagnostic techniques.

Furthermore, because the development of new medicines is a

delayed process, it is critical to create effective treatment

strategies to eradicate recurrent infections in people with cystic

fibrosis, requiring a multidisciplinary effort (33).

Patients with CF, especially children, need to have their specific

growth and nutritional plans regularly evaluated and supported.

Pancreatic enzymes that are estimated based on daily lipid

intake, along with a high intake of calories, and support for fat-

soluble vitamins, should be included in the daily diet of CF

patients (34). To construct a daily diet plan, these particular

categories of patients require the involvement of a nutritionist,

keeping in mind the increased risk of acquiring diabetes mellitus.

This is necessary for kids, whose growth shouldn’t be limited or

hampered by food choices (34).

A number of novel medication classes are being developed,

some of which are well tolerated by pediatric patients. These

drug classes include those that work directly to affect mucociliary

clearance as well as those that fix damaged CFTR protein

function (34). The CFTR modulators, which comprise correctors,

potentiators, stabilizers, amplifiers, and read-through agents,

target the protein’s synthesis, processing, or expression (35). This

therapy strategy is called “targeted” or “mutation specific” since

the kind of molecules that patients receive depend on the CFTR

mutations they have (36).

With notable improvements in biological and clinical

endpoints of CF (such as sweat chloride concentration or FEV1),
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FIGURE 1

Mechanism of action for triKafta (47).
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numerous authors have explored the possible benefits of modulator

treatments during the past ten years (36, 37). Deciphering a new,

personalized, and enhanced therapeutic approach was made

possible by understanding the molecular foundation of the

pathogenetic pathway in CF. Initially, only adult patients could

benefit from those treatment plans, but at this point, medical

professionals are also using novel therapeutic approaches with

pediatric patients, completing the hunt for pharmaceutical cures

meant to solve the CFTR protein abnormality (37).

Ivacaftor—Kalydeco® (a molecular potentiator), the first CFTR

modulator, was authorized in 2012 for the treatment of CF patients

aged 6 years with at least one G551D mutation. This was over

25 years after the CFTR gene was discovered. Ivacaftor is a

small-molecule CFTR function potentiator that improves chloride

transport in both wild-type and several mutant CFTR forms in

vitro, including the G551D mutation (38) by boosting protein

channel gating. First, adults with CF have been shown to benefit

clinically from ivacaftor, which has also been shown to enhance

nutritional status and lung function in recent studies in children

over the age of six (31–33). As studies continue to demonstrate

Ivacaftor’s safety in newborns, it had also improved biomarkers

of exocrine pancreatic function in children aged 1–5 (39–41). For

instance, the ARRIVAL study evaluated the safety and tolerability

of ivacaftor in CF groups aged 12–24 months. Ivacaftor can be

safely dosed in infants under 4 months of age, according to the

author’s findings, which are consistent with observations in older

children (42). Ivacaftor’s safety profile matched the safety profile

that had previously been developed. Significant increases in sweat

chloride levels are indicative of better CFTR performance.

Additionally, improvements in pancreatic function markers point

to ivacaftor’s potential to prevent or slow the progression of

exocrine pancreatic dysfunction. As a result, the specialists

established that the underlying molecular etiology of CF in

infants less than 4 months can be effectively and safely treated

with ivacaftor (42).

Current findings in young children suggest that early

intervention with CFTR modulators may delay or slow the

progression of exocrine pancreatic insufficiency and impaired

growth, which are, basically, the main goal in managing this

category of patients (43).

The combination of a potentiator-ivacaftor and a corrector-

lumacaftor (lumacaftor/ivacaftor—Orkambi®) was approved for

pediatric patients aged 12 years who were homozygous for the

p.Phe508del gene in 2015 (43, 44). This combination was also

linked to a lower rate of pulmonary exacerbations, hospitalizations,

and usage of intravenous antibiotics, dramatically increasing

the percentage of predicted FEV1 (from 2.6 to 4.0 points).

Tezacaftor/ivacaftor—Symdeko®—a second dual combination

first introduced in 2018 (45, 46).

A triple combination therapy (elexacaftor/tezacaftor/ivacaftor-

TrikaftaTM) was recently licensed initially for the treatment of

patients aged 12 years bearing at least one p.Phe508del mutation

(47) (Figure 1). This extremely promising associative therapy led

to considerable improvements in sweat chloride concentration,

pulmonary exacerbations, and patient and family quality of life

in addition to an increase of up to 14 points in the percentage of
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predicted FEV1. In individuals with CF and one or more

F508del alleles, it exhibits safety and sustained efficacy for

24 weeks or longer (48, 49).

It is currently too early to determine these compounds’

effects on patient survival because there is variation in response

and they have just been on the market since 2012. It is obvious

that targeted medicines are improving the lives of CF patients,

and in the years to come, it is anticipated that their

introduction will significantly increase patient survival. Early

treatment beginning and treatment persistence in the absence of

patient and family cooperation considerably increase the chance

of survival (48, 49).

To prevent long-term infection and inflammation that

eventually cause irreversible bronchiectasis and respiratory

failure, lung transplantation is feasible for end-stage patient

treatment depending on the health of the particular patient (50).
6.2 Developing novel therapies

As a result, over the past ten years, the focus of CF treatment

has changed from symptomatic management to CFTR protein

function restoration. The discipline of personalized or precision

medicine has grown thanks to these tailored medicines (51). New

drugs will penalize other categories of medication, especially

those with the rarest of variants, while allegedly benefiting

patients with specific mutations. With DNA or mRNA

replacement techniques, the current stage of “mutation- agnostic”

therapies suitable for all CF patients could be reached (51).

Recently, oligonucleotides to repair CFTR mRNA were in focus

to be studied regarding clinical response and safety in adult

patients. Eluforsen, is an agent containing a 33 base antisense

oligonucleotide (ASO) targeting the most frequent mutation,

p.Phe508del CFTR. Electrophysiological assays conducted both in

vitro and in animal studies showed restoration of CFTR function.
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In actual human trials, Eluforsen was well tolerated, with a

promising safety profile (51).

The focus is on tiny compounds that can speed up premature

truncation codon (PTC) read-through and/or prevent mRNA

decay for patients with class I (nonsense) mutations. With this

technique, the patient can have clinically significant amounts of

functioning CFTR. Because of nonsense-mediated decay (NMD)

mechanisms, PTCs cause short-lived mRNA (52). When creating

a personalized treatment plan, ribosomal read-through agents

were also taken into account. Ataluren was the most developed

and studied, and early trials and preclinical study outcomes

were encouraging (53).

Ultimately, Ataluren failed to demonstrate clinical benefit in

larger phase three trials. An alternative strategy to overcome PTC

mutations is engineered transfer RNAs (tRNAs). These drugs are

designed to introduce an amino acid to an elongating peptide in

place of the termination codon (53, 54).

Direct distribution of the medication to the respiratory

epithelium is the main difficulty faced by novel medicines

generated from genetics. Translate Bio (which is aerosolized for

inhalation) is an ongoing clinical experiment examining the

potential of mRNA delivery for CF patients. It makes use of a

unique lipid-based nanoparticle carrier for mRNA delivery

(MRT5005). The initial findings showed that patients’

ameliorating ppFEV1 had changed by at least 10%, with the

potential to expand findings within a therapy cohort (54).

Pharmaceutical developers are currently collaborating on a

first-in-man trial using a pseudo-typed lentiviral vector at the

preclinical stage (55). In phase I and pre-clinical stages,

respectively, 4D Molecular Therapeutics and Spirovant are

employing adeno-associated vectors to transfer CFTR DNA.

There have been various clinical trials using viral and non-viral

methods for gene (DNA) transfer up to this point, the bulk of

which were created as early phase proof of concept studies

without clinical efficacy read-outs (55, 56).
6.3 Drugs targeting CF inflammation status

Despite having a considerable impact on lung function, it is

unknown how CFTR modulators affect pulmonary inflammation.

Extensive research has been done on the fascinating notion that

lung tissue can heal itself when CFTR function has been

restored. It is generally known that healthy lung tissue may

regenerate after injury, and that this process depends on the

activity of basal cells in the airway, which operate as resident

lung stem cells and multiply and differentiate in response to

injury. The reduction of inflammation is a crucial first step in

the process of tissue repair, and it may be facilitated by the

interaction of immune cells, such as malfunctioning

macrophages, with local stem cells (57, 58).

There is unquestionably proof that inflammation continues

even when the respiratory epithelium’s CFTR activity is restored

(58). Numerous targets for the creation of new medications can

be found in the presence of increased neutrophilia, pro-

inflammatory macrophages, and a variety of pro-inflammatory
Frontiers in Pediatrics 06
mediators (59). Drugs that directly address CF inflammation

remain elusive in people over the age of 50, despite decades of

ongoing study. It is claimed that early and persistent neutrophil

influx and high levels of elastase, which are associated with

structural damage even in infancy, are features of the

inflammatory process in CF. Studies have shown that typical

processes for resolution are compromised (59), causing

inflammation to continue even after an infective assault has

been resolved.

Leukotriene B4 (LTB4), a neutrophil chemoattractant, was

thought to be a promising therapeutic target that might be used

to develop novel drugs by blocking neutrophil recruitment to the

lung. Amebulant, an LTB4 antagonist, showed promise in

preclinical testing but failed in human trials because it was linked

to more pulmonary exacerbations in a phase II study (60).

Acebilustat, an LTA4 hydroxylase inhibitor, can lower LTB4

levels as opposed to totally preventing LTB4’s effects. The agent

led to reduced lung neutrophil levels and exhibited a good safety

profile in early phase studies (60). The cannabinoid receptor

agonist, Lenabasum can reduce IL-6 transcription in

macrophages in vitro (61), suggesting direct effects on the

inflammatory potential of these cells. It had modest clinical

effects, but exhibited a significant reduction in sputum

interleukin-8 content (61).

Airway infection (bacterial, mycobacterial, and fungal) is a life-

limiting condition that affects CF patients of all ages throughout

their lifetimes (62). Because the arsenal of medications available

to treat juvenile patients is constrained in terms of dosage, scope,

and efficacy, more novel drugs must be created to treat these

widespread species. Pathogens that are rarer but more difficult

to treat, like the non-tuberculous mycobacterium (NTM).

M. abscessus (61, 62), can cause acute and chronic problems that

have a negative impact on the prognosis of infected individuals. A

wide range of medications, including antibiotic adjuvants, biofilm-

targeted strategies, and bacteriophages, are waiting to be approved

for use in pediatric pathology related to CF (63).
6.4 Future therapeutic approaches

Since they may not already have irreversible organ dysfunction,

infants and children with CF are thought to be the population

group most likely to benefit from novel treatments for CF

(63, 64). Their benefit in this aspect is also a drawback because it

is challenging to evaluate improvement in any outcome measure

from a typical baseline, especially in very young children.

Children beyond the age of three can perform LCI and several

imaging tests, providing a more accurate assessment of the

therapy benefit (63). Although efficacy was extrapolated from

older cohorts, FDA approval for ivacaftor in the youngest

cohorts was based on pharmacokinetics, pharmacodynamics

(sweat chloride), and safety. Future studies of systemic CFTR-

targeted therapies should incorporate this assay as long as

significant alterations in fecal elastase, a biomarker of pancreatic

exocrine function, have been shown in pediatric patients with a

high likelihood of receiving a positive CF diagnosis (64, 65).
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Giving the importance of an effective clearance of the lungs,

airway surface rehydration and reducing mucus viscosity are

additional targets of new therapeutic approaches. Sodium

channel (ENaC) blockers have been under development and

study for the last years, but until now no agent has yet

progressed through pivotal trials to licensing (63–65). An agonist

of an alternative chloride channel, TMEM16A, (EDT002) is in

early phase trials. Clinical trials are currently being conducted on

oligonucleotides such OligoG, a seaweed-derived substance that

acts on both bacterial biofilms and mucus (66). It is unclear

whether patients who are receiving significant health benefits

from CFTR modulators will still require these medications, but

there is undoubtedly a need in those cases. Additionally, these

medications may be helpful for conditions other than CF

such as other types of bronchiectasis and chronic obstructive

pulmonary disease (COPD), for which there are currently no

effective treatments (64–67).

Corrector therapy is a priority, and additional approaches to

slowing the spread of the illness are being investigated (68). As a

potential corrective method for people with F508del-CFTR, the

direct and indirect regulation of the nitric oxide (NO) pathway

has recently received attention (69). The most recent medication,

Riociguat, is an oral NO-independent soluble guanylate cyclase

(sGC) stimulator. Riociguat is now licensed for use in patients

with idiopathic pulmonary hypertension and chronic

thromboembolic pulmonary hypertension (CTEPH). It does this

by increasing the sensitivity of sGC to NO and increasing the

synthesis of cyclic guanosine monophosphate. This GC

stimulator’s safety, tolerability, and efficacy objectives in CF

patients are still being evaluated (70).
FIGURE 2

A synthesis of future CF treatment approaches (77).
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Similarly, a novel class of molecules that indirectly increases

epithelial and smooth muscle NO via inhibition of S-

nitrosoglutathione reductase (GSNOR), the enzyme which

degrades S-nitrosoglutathione (GSNO), are emerging for approval

(71). GSNOR inhibitor compounds have been shown to increase

cell surface localized Phe508del-CFTR and CFTR activity in

human bronchial epithelial cells and in a murine model of CF in

vivo, possibly via reduction of chaperone-protein direction

towards ERAD-mediated degradation of Phe508del CFTR protein

(71–73). Safety and tolerability in patients aged 18 years and

older were demonstrated recently, since a Phase 2a, placebo-

controlled study of adults CF patients homozygous for F508del-

CFTR has been currently extended for results (73–76). The

canvas of new treatment approaches in CF is synthetically

expressed in Figure 2 (77).

Many individuals cannot benefit from current modulator

therapy because their specific CFTR mutations do not lend

themselves to the “making the most of a mutant protein”

strategy that is the cornerstone of modern modulator therapy.

For these patients, other therapies such ribosomal readthrough

agents and RNA-specific tactics [transfer (t)RNAs, mRNA

stabilizers, and repair] are needed. While mRNA and DNA

replacement are currently undergoing clinical trials, gene editing

remains an active area of research (78). However, there are

problems in testing children for genetic therapy, which adds to

the delay in specific therapy in pediatric practice.

It may be possible to create “mutation agnostic” treatments

using DNA or mRNA replacement methods for every CF patient.

Its primary barrier is delivery to the respiratory epithelium.

There have been two interim results in the past 18 months from
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a clinical trial investigating the possibility of mRNA delivery for

cystic fibrosis. Translate Bio uses an aerosolized lipid-based

nanoparticle carrier (MRT5005) that is meant to be inhaled to

deliver mRNA. Many clinical trials using viral and non-viral

gene transfer techniques have been conducted thus far; however,

the vast majority of these investigations were designed as early

phase proof of concept studies without clinical efficacy read-outs

(78). 4D Molecular Therapeutics and Spirovant use adeno-

associated vectors to transfer CFTR DNA, and they are currently

in phase I and pre-clinical stages, respectively, but only in adult

patients, without being standardized in pediatric practice.
7 Conclusions

Since there have been more than 1,000 rare mutations found

worldwide, treating the rare disease CF has become extremely

difficult. Therefore, the diagnosis of CF in such situations

necessitates the adoption of novel approaches as conventional

clinical procedures are not appropriate for detecting these rare

mutations. However, in order to better direct patient therapy and

enhance patient outcomes, it is critical to study uncommon CF

mutations, which can offer crucial information about illness

prognosis and genotype-phenotype connections. To ensure the

success of developing newer, safer, and more successful treatment

options, a deeper understanding of the pathogeny of the disease is

required. Such studies will be crucial for enhancing patient care and

quality of life in this era of individualized medicine and treatment.
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