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A B S T R A C T   

Cystic fibrosis (CF) and Primary ciliary dyskinesia (PCD) are both rare chronic diseases, inherited disorders 
associated with multiple complications, namely respiratory complications, due to impaired mucociliary clear-
ance that affect severely patients’ lives. Although both are classified as rare diseases, PCD has a much lower 
prevalence than CF, particularly among Caucasians. As a result, CF is well studied, better recognized by clini-
cians, and with some therapeutic approaches already available. Whereas PCD is still largely unknown, and thus 
the approach is based on consensus guidelines, expert opinion, and extrapolation from the larger evidence base 
available for patients with CF. Both diseases have some clinical similarities but are very different, necessitating 
different treatment by specialists who are familiar with the complexities of each disease.This review aims to 
provide an overview of the knowledge about the two diseases with a focus on the similarities and differences 
between both in terms of disease mechanisms, common clinical manifestations, genetics and the most relevant 
therapeutic options. We hoped to raise clinical awareness about PCD, what it is, how it differs from CF, and how 
much information is still lacking. Furthermore, this review emphasises the fact that both diseases require ongoing 
research to find better treatments and, in particular for PCD, to fill the medical and scientific gaps.   

1. Introduction 

The human respiratory epithelium (or airway epithelium) is 
responsible for critical functions such as air transport, mucociliary 
clearance (MCC), and the regulation of pulmonary immune responses. 
MCC is the lung’s primary innate defence mechanism [1]. In a healthy 
system, MCC is responsible for trapping foreign bodies in mucus and 
transporting them out of the lungs via cilia-generated flow to the 
nasopharynx, where they are expectorated or swallowed [1]. 

The respiratory epithelium is classified as ciliated pseudostratified 
columnar epithelium and contains a wide range of cell types. Ciliated, 
mucus secretory (also known as club cells), and basal stem cells are the 
most abundant cell types. Other rare cell types found in the respiratory 
epithelium include brush cells (also known as tuft cells), pulmonary 
neuroendocrine cells, goblet cells, and ionocytes [2,3]. Ciliated epithe-
lial cells are the predominant cell type in the airways, with about 
100–300 cilia per cell [4]. The coordinated fast sweeping movement, 
with forward power stroke and a backward recovery stroke, generated 

by ciliated cells is critical for the MCC [5,6]. 
The airway epithelium (Fig. 1) is covered by an airway surface layer 

(ASL), which is divided into two distinctive gel-like layers: (1) a mucus 
layer that entraps inhaled particles and foreign pathogens; and (2) a 
periciliary layer (PCL) located beneath the mucus layer, which is a 
Newtonian fluid with a dynamic viscosity similar to water [7,8]. 

Mucus is primarily composed of water (~ 95%), but it also contains 
salts, lipids such as fatty acids, cholesterol and proteins, which serve a 
defensive purpose. Mucin glycoprotein is the main component respon-
sible for the viscous and elastic gel-like properties of mucus [9]. Ac-
cording to the gel-on-brush model [10], the PCL contains 
membrane-spanning mucins and large mucopolysaccharides that are 
tied to cilia, microvilli, and epithelial surface tethered macromolecules 
forming a brush-like structure. The mucus and PCL forms two separate 
layer as a result of its brush-like structure, which prevents mucin and 
inhaled particles from penetrating the PCL. PCL offers lubricant on the 
epithelial surfaces of the airways and permits ciliary beating for an 
effective MCC. Moreover, the densely tethered macromolecules in the 
PCL generate biophysical forces that regulate the hydration of both the 
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PCL and mucus layer by osmotic pressures [10,11]. PCL hydration is of 
upmost importance.When not sufficiently hydrated, the mucus layer 
compresses the PCL, and cilia will become trapped and stop moving 
mucus. 

Cystic fibrosis (CF) and Primary ciliary dyskinesia (PCD) are rare 
genetic diseases that affect multiple organs, with the lungs being the 
main cause of morbidity, and both are linked to impaired MCC [12,13]. 
Despite the rarity of both diseases, CF is more prevalent than PCD among 
Caucasians. In the Caucasian population, CF affects approximately 
1:3200 Caucasian live births, while PCD affects about 1:16,000 live 
births [14]. This discrepancy in prevalence may be due to PCD’s 
significantly lower rate of diagnosis than CF. PCD diagnosis is more 

challenging than CF and requires specialised centres, thus is probable 
that many patients with PCD have been misclassified with other respi-
ratory diseases. Moreover, in contrast to CF which is included in most 
national newborn screening programs, PCD is not, thus requiring that 
medical doctors have knowledge about this disease and how it mani-
fests. Consequently, knowledge regarding PCD is scarce when compared 
to CF. There is no specific therapy for PCD, and current PCD manage-
ment is largely based on CF evidence [15,16]. However, CF and PCD 
have distinct disease mechanisms, clinical manifestations and thus 
require different treatment strategies. In order to give a comprehensive 
picture of the current understanding of the two diseases, this review will 
highlight their parallels and differences in terms of clinical 

Abbrevations 

Adenosine triphosphate (ATP)-binding cassette (ABC) 
Airway surface layer (ASL) 
Antisense oligonucleotides (ASO) 
Central pair complex (CPC) 
CF transmembrane conductance regulator (CFTR) 
Chloride ions (Cl− ) 
Congenital absence of the vas deferens (CBAVD) 
Computed tomography (CT) 
Cyclic adenosine monophosphate (cAMP) 
Cystic fibrosis (CF) 
Dynein arms (DA) 
Dynein regulatory complex (DRC) 
Endothelin receptor type A (EDNRA) 
Epithelial sodium channel (ENaC) 
European medicines agency (EMA) 
Food and Drug Administration (FDA) 
Inner dynein arm (IDA) 
Kartagener syndrome (KS) 

Micro RNA (miRNA) 
Mucociliary clearance (MCC) 
Nitric Oxide (NO) 
Nonsense-mediated decay (NMD) 
Nucleotide-binding domain 1 (NBD1) 
Outer dynein arm (ODA) 
Pancreatic enzyme therapy (PERT) 
Pancreatic insufficiency (PI) 
Pancreatic sufficiency (PS) 
Periciliary layer (PCL) 
Primary ciliary dyskinesia (PCD) 
Protein kinase (PKA) 
Radial spokes (RS) 
Short interfering RNA (siRNA) 
Sodium ions (Na+) 
Bicarbonate (HCO3− ) 
Potassium (K+) 
Calcium (Ca2+) 
Whole-exome sequence (WES)  

Fig. 1. Schematic representation of the healthy 
airway epithelium, showing the most predominate 
cell types, namely the ciliated cells, secretory cells, 
which includes the goblet cells and club cells 
(formerly known as Clara cells), as well as, the basal 
cells (that can generate secretory and ciliated cell 
lineage) and rare cell types, specifically tuff cells, 
ionocytes and neuroendocrine cells. 
The mucociliary clearance (MCC) and the airway 
surface layer (ASL) are also represented. The ASL 
includes a periciliary layer (PCL, represented at light 
green), that lubricates airway surfaces and facilitates 
ciliary beating, and mucous layer (represented at dark 
green, above the PCL). 
In the zoom box (box at dotted line) is a representa-
tion of a normal ion exchange at the apical membrane 
of the airway epithelium. The normal CFTR channel 
allows movement of chloride ions (Cl− ) to the outside 
of the cell and the epithelial sodium channel (ENaC) 
allows that the reabsorption of the sodium ions (Na+). 
The reabsorption of Na+ is regulated by the CFTR, 
that controls the Na+ influx. The chloride bicarbonate 
exchanger channel maintains the electrochemical 
gradient among the bicarbonate (HCO3-) and Cl−

ions. Other ions such as potassium (K+), calcium 
(Ca2+), magnesium (Mg2+) and carbonate (CO32− ) 
are also important and balanced in a healthy situa-
tion, for simplicity were not represented. The 
balanced exchange of the ions allows the creation of 

an isotonic environment, thus the water influx and efflux is constant. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)   
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presentations, disease mechanisms, clinical features, genetics, and 
treatment choices. 

2. Disease mechanisms 

2.1. Cystic fibrosis mechanisms 

Cystic Fibrosis is caused by a defective CF transmembrane conduc-
tance regulator (CFTR), which is a member of the adenosine triphos-
phate (ATP)-binding cassette (ABC) transporter superfamily. All ABC 
transporters bind to ATP and use its energy to drive the transport of 
several molecules across cell membranes. A wide variety of epithelial 
tissues, such as the salivary and sweat glands, gastrointestinal and 
reproductive tracts, and airways, depend heavily on the CFTR anion 
channel for transepithelial fluid and electrolyte transfer [17,18]. 

The CFTR gene was discovered in 1989 by Dr Lap-Chee Tsui’s team 
[19]. Later, in 1991, Anderson and co-workers [20] proved CFTR as a 
cyclic adenosine monophosphate (cAMP)-regulated chloride (Cl− ) 
channel. Thereafter, several groups studied CFTR and it is now well 
established that CFTR drives Cl− across the cell membrane and is 
regulated by the cAMP-dependent protein kinase (PKA) [21]. 

Another particularity of the CFTR is its ability to switch from a 
conformation permeable to Cl− to a conformation permeable to bicar-
bonate (HCO3− ), depending on the presence of external Cl− [22]. Be-
sides, CFTR is also important in the regulation of other transport 
proteins, including the potassium (K+) channels [23], ATP-release 
mechanisms [24], sodium-bicarbonate (Na+/HCO3− ) transporters 
[25], and the aquaporin water channel [26]. Consequently, disruption in 
the CFTR causes an ion transport defect, which generates an imbalance 
in the normal homeostatic ion levels, particularly of Cl− and Na+ions. 

CFTR dysfunction affects primarily the airways and lungs, with lung 
disease being the major cause of death in CF patients. However, the 
effects of CFTR dysfunction are not limited to the lungs. CF Patients may 
have other organs affected such as the kidney, pancreas, intestine, heart, 
vas deferens and sweat duct [27]. 

Under normal physiological conditions, CFTR can inhibit the activity 
of the epithelial sodium channel (ENaC) in the airways, regulating so-
dium ions (Na+) [28]. Thus, in a normal airway epithelium, CFTR is 
responsible for balancing the rates of Na+ absorption and Cl− secretion 
(Fig. 1), allowing the maintenance of proper hydration of airway se-
cretions [17]. 

There is still no perfect agreement on how CFTR dysfunction leads to 
CF disease. But so far, two main hypotheses (Fig. 2) have been postu-
lated to explain how CFTR dysfunction affects the airways: the low- 
volume hypothesis and the high-salt hypothesis (reviewed in detail by 
Refs. [18,29,30]). 

The low-volume hypothesis, proposes that CFTR malfunction re-
sults in a loss of ENaC activity inhibition, which leads to an intracellular 
accumulation of Na+.This causes an intracellular flux of Cl− (probably 
through a non-CFTR pathway) and water reabsorption to maintain 
isotonicity, resulting in dehydration of the PCL. In a cascade effect, the 
reduction in PCL water volume causes the ASL to become dehydrated, 
which will entrap the ciliated cells and impair their ability to move, 
promoting the reduction of MCC and the growth of harmful microbes in 
the mucus (e.g. Pseudomonas aeruginosa (P. aeruginosa)). The accu-
mulation of microorganisms can be caused by one of two reasons: (1) the 
plaques create a favourable environment to harbour pathogenic micro-
organisms such as bacteria; and (2) it renders the major endogenous 
antimicrobial substances in mucus ineffective [31–33]. 

The high-salt hypothesis relies on the assumption that normal ASL 

Fig. 2. Schematic representation of the main hypotheses that attempts to explain CF lung disease. A) represents the low-volume hypothesis, postulates that 
because of CFTR dysfunction, the CFTR’s ability to regulate the activity of the ENaC is lost, as well as the control of Cl− efflux. This causes an excess of Na+ and Cl− in 
cell interior, leading to an increase in water reabsorption, resulting in dehydration of airway surface. The subsequent decrease in water volume of the airway surface 
layer (ASL) results in a reduction in the lubrication and may compromise the ciliary motility and mucociliary clearance, hence allowing bacteria accumulation. B) 
represents the high-salt hypothesis, that proposes that the disfunction of CFTR impairs the ability to reabsorb chloride ion from ASL. By other side, the ENaC 
absorption continues to be regulated, hence is there an excess of Na+ and Cl− at the ASL. This increased ion concentration disrupts the function of important innate 
antibiotic molecules allowing bacteria accumulation. 
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contains small molecules with broad-spectrum bactericidal activity that 
protect a healthy epithelium from pathogenic bacteria. This hypothesis 
states that the absence of a functional CFTR channel imposes an excess 
of Na+ and Cl− in the ASL. This increased ion concentration disrupts the 
function of innate antibiotic molecules, fostering colonization of airway 
mucus by bacteria [34,35]. 

These two hypotheses are widely accepted to explain the CF 
phenotype in lung disease. However, some groups have proposed other 
hypotheses. One of them suggested that the CF phenotype in lung dis-
ease is due to changes in the pH of ASL, resulting in a decrease in the 
bactericidal activity of the innate immune system [36]. Other hypoth-
eses are related to a dysregulation of the host’s inflammatory response 
[37,38] or a primary predisposition to infection [39]. Regardless of the 
hypotheses to explain the CF phenotype, what they all have in common 
is the fact that colonization of pathogenic microorganisms is promoted, 
leading to chronic infection. 

Recently a rare cell type from the airway epithelium, named ion-
ocyte, was found to be responsible for more than 50% of CFTR expres-
sion, despite comprising less than 1% of the respiratory epithelium [2,3, 
40]. Although there hasn’t been any research on this topic published to 
date, it’s plausible that abnormal ionocytes may also be linked to CFTR 
malfunction and contribute to the CF phenotype in the mucus of lung 
diseases. 

2.2. Primary ciliary dyskinesia mechanisms 

Primary Ciliary Dyskinesia is a ciliopathy caused by dysfunction of 
the motile cilia leading to respiratory, reproductive, and laterality issues 
[13,41] and, in rare cases, can also lead to hydrocephalus [42]. The 
main cellular structure responsible for ciliary motility is the axoneme 
[43]. The axoneme (Fig. 3) is the structural core of the cilium. It is 
formed by a hollow cylinder composed of 9 peripheral microtubule 
doublets and two central single microtubules (9d+2s pattern). Doublets 
are linked by a dynein regulatory complex (DRC) and contain a pair of 
projections, named dynein arms (DA), which are nominated for their 
position as inner (IDA) and outer (ODA) in the A-microtubule of each 
peripheral doublet [43]. The two central microtubules are linked by a 
central bridge and surrounded by a central fibrillar sheath, which con-
stitutes the central pair complex (CPC). Doublets bind to the CPC by 
radial projections, called radial spokes (RS). The coordinated action of 
DA, which are motor proteins, generate the main mechanical forces and 
the bending forces required for ciliary motility [44]. The DA activity is 
regulated by the mechano-chemical signals initiated at the CPC and 
transmitted to DAs by the RS [45–47]. 

When the axoneme structure is normal, motile cilia beat rhythmi-
cally and their movement is critical for cell locomotion and for driving 
fluid transport over epithelia. Multiple motile cilia are located in the 
epithelial cells from the Fallopian tubes, where they are important for 

Fig. 3. Schematic representation of the axoneme 
structure (A) representing the different motile cilia, 
with representation of the different types of ciliary 
motion and the main biological function associated to 
each movement (B-D). A. The axoneme is the central 
core common to all motile cilia and is composed by 9 
peripheral doublets of microtubules (Mt) linked by 
the dynein regulatory complex (DRC) and connected 
by radial spokes (RS) to a single pair of central Mt 
(central tubules that are surrounded by a fibrillar 
central sheath, constituting the central pair complex 
(CPC). Each pair of peripheral Mt has an inner (A) 
and an outer (B) Mt. From each A-Mt arises two 
dynein arms: the outer (ODA) and inner (IDA) dynein 
arms. B. Representation of the flagellar motion. It is 
characterized by a rhythmic and asymmetrical 
movement, which contains forward stroke (black 
dotted line) and recovery stroke (grey dotted line). C. 
Node and their clockwise rotation, which generates a 
leftward effective stroke and rightward recovery 
stroke vital to define mammalian left-right axis. D. 
Drawing of ciliary sweeping movement with a for-
ward power stroke (black dotted line) and a back-
ward recovery stroke (grey dotted line), which is 
critical for mucociliary clearance, gamete motility in 
the female reproductive system and for cerebrospinal 
flow.   
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ovulated oocytes and early embryos transport through the Fallopian 
tube [48,49]; brain ependymal cells, where they promote the flow of 
cerebrospinal fluid [50], and respiratory airways, where, as referred 
above, are critical for MCC [1]. Two other types of motilie cilia are the 
sperm flagellum and the nodal cilia. Sperm flagellum produces a sym-
metrical, lower-amplitude waveform (and then an elliptical waveform) 
that propels sperm through the female reproductive tract [43]. The 
nodal cilia, located in the embryonic node, are critical for determining 
the organ arrangement of the left-right asymmetric body axis [51]. 

The ciliar/axoneme dysfunction are caused by mutations in genes 
involved in the formation, assembly, and/or function of cilium/ 
axoneme components [43]. 

3. Genetics 

3.1. Cystic fibrosis genetics 

Cystic Fibrosis is an autosomal recessive disorder caused by muta-
tions in a single gene that encodes for the CFTR protein [52]. Because 
CFTR is the only gene with known mutations, the genetics of CF may 
sound simple. However, the correlation between the CFTR genotype and 
the phenotype is far from simple. 

Currently, according to the CF Mutation Database (available at htt 
p://www.genet.sickkids.on.ca/StatisticsPage.html, accessed on 
February 3, 2023), there are 2111 mutations listed. However, these 
variants are not evenly distributed among CF patients, with the 
Phe508del variant being the most common, accounting for 70% of the 
individuals studied. Furthermore, not all variants have the same clinical 
significance.The CFTR2 (from Clinical and Functional TRanslation of 
CFTR) project (accessible at https://cftr2.org/mutations_history, upda-
ted at 29 April 2022), have analysed 485 variants from the 88,000 pa-
tients to provide clinical information about specific CFTR variants and 
genotypes and verified that only 450 variants are considered CF-disease- 
causing variants. However, there is still much work to be done, as only 
about 22% of the CFTR variants were analysed. 

CFTR variations have been divided into seven functional groups to 
aid in the understanding of molecular and cellular processes involved in 
the pathogenecity [53] (Table 2). Accordingly, Class I mutations 
include mostly null mutations that lead to shortened and defective 
proteins. Class II mutations include the most common CF variant 
(Phe508del) as well as other mutations that cause protein misfolding 
and endoplasmatic reticulum (ER) quality control mechanism retention. 
Class III mutations include mutations that impair the channel regula-
tion (called gating) and thus block the flow of Cl− ions through the CFTR 
channel. Class IV mutations also cause a defective, although less se-
vere, gating leading to a substantial decrease in CFTR channel conduc-
tance of Cl− and HCO3− . Class V mutations include splice site 
mutations that only partially disturb correct splicing and result in a 
significant reduction in the levels of normal CFTR protein. Class VI 
mutations destabilize CFTR on the cell surface, activating other alter-
native molecular pathways, such as stimulation of CFTR endocytosis. 
The most severe cases, previously included in Class I, that result in the 
loss of the CFTR protein and are not treatable by the existing pharma-
cological therapies are included in the more recent Class VII mutations, 
which was introduced primarily for pharmaceutical reasons [53]. In 
general, patients with Class I, II, III or VII mutations, which impair 
protein production, tend to have a severe phenotype, whereas in-
dividuals with Class IV, V, or VI tend to have a milder disease phenotype 
[53]. While this mutation classification system is helpful, it has limita-
tions as some mutations, particularly the Phe508del can fall into 
different classes [54]. 

In addition to the variety of CF disease-causing gene variants, the 
same variants can exhibit a variety of clinical severity, especially in light 
of genetic modifiers, environmental variables, and/or stochasticity 
[54–57]. For instance, a study by Havasi et al. showed evidence that the 
endothelin receptor type A (EDNRA) plays a role during the 

development of the vas deferens and that it may contribute to the 
congenital bilateral absence of the vas deferens (CBAVD) phenotype 
associated with CF [58]. 

Overall, this demonstrates the complexity of CF genetics and the fact 
that, despite remarkable advancements, much remains to be learned. 

3.2. Primary ciliary dyskinesia genetics 

Primary Ciliary Dyskinesia is predominantly a rare autosomal 
recessive disease, with some rare cases of X-linked [59,60] and one gene 
proposed to be autosomal dominant (the FOXJ1-PCD) [42,61]. Unlike 
CF, more than 40 genes have been associated with the PCD phenotype 
(Supplemental Table 1 and regularly updated in Ref. [62]). Recent 
proteomic studies have emphasized the cilium proteome’s high 
complexity as well as the intricate molecular processes involved in 
ciliary development and function [63–67] Thus, the genes already 
associated with PCD may be only a small portion of what might be 
involved in PCD genetics. 

The phenotype in most PCD cases is caused by an ultrastructural 
ciliary defect in the axoneme structure, with DA (particularly ODA) 
anomalies affecting about 40% of PCD patients and considered hallmark 
defects [68]. Ultrastructural defects in other structures such as CPC and 
RS defects are estimated to justify, no more than 10% of all PCD [62,69]. 
Therefore, pathogenic variants in genes that code for DA proteins, and 
more specifically for ODA proteins are a major genetic cause in PCD 
patients. 

The gene DNAH5 (dynein axonemal heavy chain 5) is the major 
disease-causing gene in PCD and has been linked to several PCD cases 
[13,70–74]. Another relevant gene for PCD is DNAH11 which encodes a 
ciliary ODA protein and is considered the second disease-causing gene in 
PCD [62]. Surprisingly, changes in this gene result in normal axonemal 
ultrastructure [75,76]. 

Besides, mutations in other genes that code for chaperones, proteins 
involved in the cytoplasmatic assemble of axonemal dynein, and 
axonemal dynein docking, namely DNAAF1 [77], HEATR2 [78], LRRC6 
[79], DNAAF4 [80], ZMYND10 [81]. CCDC103 [41], and TTC25 [82] 
have also been linked to PCD. 

Given the high genetic complexity, genetic testing is critical in PCD 
diagnosis, and high-throughput techniques, particularly whole-exome 
sequencing (WES), are required [83,84]. Current guidelines define 
that a biallelic pathogenic mutation or hemizygous X-linked mutation in 
a PCD gene can confirm a diagnosis [16,85]. Genetic testing in PCD is 
difficult due to the existence of several mutations described, each with a 
low prevalence, and even those patients who possess the same harmful 
variant may exhibit different manifestations. In addition, for about 30% 
of PCD patients, the genetic information remains elusive and thus also 
provide an inconclusive result. Consequently, PCD genetic screening can 
be a delicate and prolonged process [64]. Consequently, unlike in CF, a 
quicker genetic screening test is not available for PCD. The inability to 
gather a sufficient number of people with the same genetic variant(s) 
reduces the statistical power of genotype-phenotype association studies. 
Therefore, coordinated efforts are required to collect more data from 
PCD patients, which could enhance the genotype-phenotype association. 
This analysis would be crucial for helping with the diagnosis. 

4. Clinical manifestations 

As described in the previous section, in both, CF and PCD, the MCC 
system is compromised, resulting in recurrent and chronic respiratory 
inflammation and infection, which causes progressive lung disease. 
Although there are certain respiratory symptoms that are similar, the 
overall clinical characteristics and the major systems affected are 
different (Fig. 4). Having one or more of the clinical characteristics 
indicated in Table 1 a clinical suspicion of CF or PCD is raised, or if a 
family member was considered a positive case. Several laboratory tests 
are needed to confirm a diagnosis [16,86] and the main diagnostic 
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criteria for both diseases are summarized in Fig. 5. 

4.1. Gastrointestinal system 

In contrast to PCD, gastrointestinal and nutritional disorders are 
early symptoms of CF [16,85]. Approximately 15% of CF children have 
meconium ileus (obstruction of the terminal ileum) at birth and about 
90% of CF children will develop pancreatic insufficiency (PI) during the 
first year of age [87]. It is possible to distinguish two important groups of 
CF patients: those with PI (CF-PI) and those with pancreatic sufficiency 
(PS). CF with PS (CF-PS) patients have an exocrine pancreatic function 
capable of digesting and absorbing food without the need for supple-
mental pancreatic enzyme therapy (PERT). Nevertheless, they do not 
have a completely normal pancreatic function, it may worsen and 
become patients with PI later on [87]. CF-PS is likely caused by muta-
tions of class IV and V, whereas, CF-PI is caused by CFTR mutations of 
class I, II, and III [88]. 

In healthy individuals, the apical Cl− /HCO3− exchanger relies on the 
CFTR protein, which is in the apical membrane of the epithelial cells of 
the pancreatic ducts [89,90]. CFTR dysfunction impairs electrolyte 
transport and leads to reduced fluid secretion. As a result, pancreatic 
juice is significantly more concentrated, causing obstruction of the 
pancreatic ducts, inflammation, and injury, and ultimately leads to PI 
[91]. Fat malabsorption, steatorrhea (the presence of excess fat in 
faeces), decreased weight, changes in bone metabolism, decreased 
serum albumin, and blood urea nitrogen levels are all consequences of PI 
that can be observed in CF-PI patients [91]. Further, CF-PI patients are 
also prone to develop carbohydrate intolerance and insulin insuffi-
ciency, which can result in CF-related diabetes mellitus, with symptoms 
distinct from typical type I or type II diabetes mellitus [87]. Patients with 
CF-related diabetes mellitus frequently have more severe pulmonary 
disease, with recurring pulmonary exacerbations and/or worse nutri-
tional status [92]. Fortunately, the introduction of PERT made gastro-
intestinal and nutritional disorders manageable, allowing people to live 

longer lives. 
Gastrointestinal complications are not considered a suggestive clin-

ical feature of PCD. Nevertheless, in a survey of a heterotaxy population 
(i.e. individuals with laterality disorders) authors have identified a 
probable case of PCD, without chronic respiratory symptoms, and with 
duodenal atresia and imperforate anus [93]. Therefore, gastrointestinal 
issues should not be fully ruled out in PCD patients, especially those with 
laterality disorders, and physicians should be mindful of this possibility 
while diagnosing their patients. 

4.2. Respiratory system 

Although CF and PCD exhibit a wide variety of clinical symptoms, 
lung illness remains to be the leading cause of morbidity and mortality 
in both conditions. But by distinct mechanisms. 

In PCD, the mucus accumulation is consequence of the motile cilia 
dysfunction, which is primarily caused by ciliar or axoneme anomalies, 
that cause ciliary immotility. Whereas in CF, abnormal ciliary motility is 
consequence of PCL dehydratation and mucus accumulation. 

CFTR dysfunction creates a perfect environment for the colonization 
of the airways and lungs by opportunistic pathogens that lead to chronic 
infection [94,95]. Despite the high levels of infiltrating cells, especially 
neutrophils, lymphocytes and macrophages, and the elevated levels of 
inflammatory cytokines to fight pathogens, this defence is incapable of 
successfully deal with the infection [38]. This results in the progression 
of the chronic airway infection to bronchiectasis, and ultimately can 
lead to respiratory failure. 

In addition to recurrent bronchogenic infections, nasal polyps and 
sinusitis are recognized diagnostic criteria for CF [96]. 

In contrast to CF, where the airways and lungs are usually not 
compromised at birth, neonatal respiratory distress is a typical clinical 
presentation in PCD. Most children with PCD develop, from birth, 
recurrent respiratory infections, including rhinitis, sinusitis, otitis 
media, bronchitis and pneumonia which may progress to bronchiectasis. 

Fig. 4. Schematic representation of main organs/systems affected in CF (blue circle) and PCD (green circle). Systems affected in both diseases are noted by a light 
pink circle. See text for more details. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Another distinctive feature of PCD is the presence of a productive (wet) 
cough that begins in infancy and persists during adult life. Otitis media 
are more frequent in PCD patients, likely related to changes in middle 
ear clearance. 

Distinct clinical features between CF and PCD have been highlighted 

by few studies [97–105]. Cohen-Cymberknoh et al. compared PCD pa-
tients with the two distinct groups of CF patients (CF-PI and CF-PS). 
These researchers showed that the severity of lung disease in patients 
with PCD and CF-PS was comparable and less severe than in patients 
with CF-PI [98]. Furthermore, using high-resolution computed tomog-
raphy (CT), they observed that all patients develop severe injuries in 
distinct lung territories: in PCD the upper lung lobes were more spared; 
in CF-PI, the upper lung lobes were more attained; and in CF-PS the lung 
injuries appeared to be dispersed [98]. Other authors have also identi-
fied differences in CT scans between CF and PCD, which led the authors 
to suggest that PCD should have a specific CT scoring system to properly 
describe the changes seen in PCD [105]. 

Despite similar clinical severity and decreases in lung function, 
Ratjen and colleagues discovered differences in airway inflammation 
between CF and PCD patients during pulmonary exacerbations and in 
response to antibiotic treatment [104]. According to these authors, 
during the exacerbation stage, absolute neutrophil counts and 
interleukin-8 levels were higher in PCD patients, but bacterial density 
was higher in CF patients. Additionally, they observed that CF patients 
who received oral antibiotics for pulmonary exacerbations had better 
outcomes than PCD patients, with a substantial decrease in bacterial 
density [104]. In agreement, Mackerness et al. described that the levels 
of neutrophil chemoattractants were higher in PCD patients compared to 
CF [100]. 

However, the studies comparing the clinical features between CF and 
PCD are not always consensual. Maglione et al. [101], observed no 
discernible variations in lung shape or function between CF and PCD 
patients, contrary to prior reports [98,104,106], but highlighted that 
PCD patients are diagnosed much later than CF, rendering PCD in-
dividuals to suffer long periods of inadequate management. Further, two 
other studies on the exhaled molecular profiles produced contradictory 
results, with one demonstrating notable variations between patients 
with CF and PCD [102] and the other not noticing group differences 
[104]. These disparities clearly demonstrate the need for more studies 
comparing both diseases, as well as the need for collaborative efforts to 
increase the number of patients in order to obtain robust data. 

Advanced culture-based and genomic sequencing techniques have 
allowed an increase in the knowledge regarding respiratory pathogens 
previously undetected, helping to disclose the differences between both 
diseases (Fig. 6). But this knowledge is still far from full, particularly in 
the case of PCD, where this kind of analysis is only getting started. 

In CF, the Gram-positive bacteria Staphylococcus aureus (S. aureus) 
was the first to be identified as an important respiratory pathogen. 
S. aureus and its subtypes have a high prevalence among CF children and 

Table 1 
Comparison of the main clinical features between Cystic Fibrosis and Primary 
Ciliary Dyskinesia, by system, affected.  

System affected Cystic Fibrosis Primary Ciliary Dyskinesia 

Respiratory Common features: 
Chronic pansinusitis/sinusitis 
Bronchiectasis 
Recurrent respiratory infection 
Respiratory failure 
Distinctive features: 
Nasal polyposis (+) Nasal polyposis (− ) 
Chronic otitis media (− ) Chronic otitis media (+) and 

hearing loss 
Allergic bronchopulmonary 
aspergillosis 

Neonatal respiratory 
distress 

Gastrointestinal 
Endocrinological 

Meconium ileus Gastrointestinal disorders 
are not a major issue in PCD, 
although some punctual 
cases were reported (see text 
for further details) 

Pancreatic insufficiency 
Rectal prolapse 
Malabsorption of fat-soluble 
vitamins 
CF-related diabetes (CFRD) 
Distal Intestinal Obstruction 
Syndrome 
Liver disease 

Reproductive Males 
Obstructive azoospermia 
due to congenital absence of 
the vas deferens 

Sperm immotility due to 
structural deficiencies in the 
axoneme 

Sperm capacitation due to 
the variations in the HCO3−

levels 

Azoospermia caused by 
immotility of cilia in the rete 
testis 

Females 
Cyclical changes in 
hydration or pH of cervical 
mucus 

Dysfunction of motile cilia 
in the Fallopian tube 

Anovulation 
Laterality defects Laterality disorders not 

reported in CF 
Situs inversus totalis 
Situs ambiguous 
Kartagener Syndrome 
Congenital heart defects 

Other 
complications 

Bone and Joint disease Retinitis pigmentosa 
Excessively salty-sweet skin Hydrocephalus (rare) 

(+)/(− ): means more or less frequently reported than in the other disease, 
respectively. Neonatal refers to the first 4 weeks of a child’s life. 

Table 2 
Classes of CF transmembrane conductance regulator (CFTR) mutations.  

Class Molecular defect Functional CFTR in 
apical membrane 

Main Mutation type Examples Current therapy and main 
active compounds used 

I Non CFTR protein production No Nonsense, frameshift Tyr304X, Gly542X, 621+1G > T, 
Trp361CysfsX8 

Not approved yet 

II CFTR abnormal processing and 
trafficking 

No Missense and amino 
acid deletions 

Phe508del, Asn1303Lys, Gly85Glu, 
Ile507del, Leu1065Pro, Asp1507 

Mostly correctors: 
Lumacaftor, Ivacaftor and 
Tezacaftor 

III Defective CFTR channel 
regulation (Gating defect) 

No Missense Gly551Asp, Ser492Phe, Val520Phe, 
Arg553Gly, Arg560Thr, Arg560Ser 

Potentiators: 
Ivacaftor 

IV Defective channel conductance Yes, but with reduced 
Cl− transport 

Missense Arg117Cys, Leu227Arg, Arg347Pro, 
Ala455Glu, Asp1152His 

V Reduced protein production Yes, but reduced Missense and splicing c.3717 + 12191C > T, c.1679 + 1643G > T, 
c.1766+5G > T, 789+5G > A 

Not approved yet 

VI Destabilization of CFTR at the 
cell surface 

Yes, but unstable Missense and Indels 4326delTC, Gln1412X, 4279insA, c. 
120del23 

VII Non CFTR protein production No Nonsense, frameshift dele2,3(21 kb), 
1717-1G→A 

CFTR: cystic fibrosis transmembrane conductance regulator; Indels- Insertion–deletion mutations, refer to insertion and/or deletion of nucleotides into genomic DNA 
with less than 1 kb in length; Large indels-indels with more than 1 kb in length, such an entire exon deletion. Arrow at right side of table indicating a decrease in disease 
severity. 
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have been associated with worse clinical outcomes [107,108]. The 
Gram-negative bacteria Pseudomonas aeruginosa (P. aeruginosa) is the 
leading cause of morbidity and mortality in CF patients, especially 
among the ones that are co-infected with S. aureus [109]. In CF patients, 
P. aeruginosa can form highly heterogeneous micro-populations within 
the lungs, making this bacterium highly resistant, dynamic and 
dangerous [110]. Other microorganisms, such as Burkholderia cepacia 
complex, Stenotrophomonas maltophilia (S. maltophilia), Haemophilus 
influenzae (H. influenzae), Achromobacter xylosoxidans (A. xylosoxidans), 
Nontuberculous Mycobacteria have also been detected in CF patients, with 
a lower prevalence than S. aureus and P. aeruginosa but also causing 
serious clinical consequences [111]. For instance, the Burkholderia 
cepacia complex (comprised of about 24 related opportunistic pathogenic 
species) has infected less than 4% of CF patients but is particularly 
dangerous, as they are naturally resistant to different classes of antibi-
otics used and are known to cause severe decline in lung function, which 
can progress to uncontrolled bronchopneumonia and cachexia with the 
development of a life-threatening systemic infection known as Cepacia 

syndrome (fatal combination of necrotizing pneumonia, worsening of 
respiratory failure, and bacteremia) [112]. 

In contrast, H. influenza is the most commonly isolated organism in 
PCD [113]. Besides H. influenza, PCD patients are also chronically 
infected with S. aureus, Streptococcus pneumoniae (S. pneumoniae), A. 
xylosoxidans, Aspergillus fumigatus and Moraxella catarrhalis (M. catar-
rhalis), with infection prevalence varying with age. Alanin and 
co-workers found that H. influenzae and M. catarrhalis predominate in 
children, whearas P. aeruginosa and other Gram-negative bacteria were 
the most common pathogens in teenagers and adults [114]. In PCD, as in 
CF, pulmonary P. aeruginosa infection is associated with severe disease 
[115,116]. The incidence of Achromobacter species in PCD patients has 
recently been discovered to be comparable to that in CF patients, and as 
has been seen in CF patients, Achromobacter infection can result in a 
significant persistent lung infection that requires long-term antibiotic 
treatment [117]. 

Another distinction between CF and PCD patients is that, to date, no 
species of the Burkholderia cepacia complex have been identified in the 

Fig. 5. Summary of diagnostic criteria for both CF 
and PCD. To confirm the diagnosis, in addition to 
suspicious clinical features and/or relatives with a 
positive diagnostic, laboratory tests are needed. For 
CF it includes the sweat test, which remains the gold 
standard for the diagnosis, a positive newborn 
screening, and pathogenic bi-allelic mutations in 
CFTR gene. In contrast, for PCD the diagnostic tests 
include nasal nitric oxide (NO) measurement, with 
low levels of NO being suspicious of PCD; evaluation 
of cilia motility by high-speed video microscopy 
analysis (HSVMA) or determination of the variation 
in ciliary beat axis and ciliary deviation; evaluation of 
the ultrastructure of the axoneme of cilia by trans-
mission electron microscopy (TEM); and genetic 
analysis. According to the European Respiratory So-
ciety guidelines, a definite diagnosis corresponds to 
the presence of an ultrastructural defect in the cilia 
axoneme or of bi-allelic mutations in PCD-related 
genes; and a highly likely diagnosis is made by the 
combined presence of low nasal NO levels and a 

dysfunction in ciliary motility [191]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)   

Fig. 6. Graphical representation of the overall prevalence of respiratory organisms commonly isolated in different age periods of patients with CF (A) and PCD (B). 
This graphical representation aims to highlight the main differences concerning the most prevalent respiratory organisms in each age period according with ref-
erences [107,114]. Therefore, the specific percentages of the pathogens are not indicated, as they are not the scope of the graphic. 
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airways of PCD patients [118]. This corroborates the fact that both 
diseases are distinct, despite their clinical similarities. Further studies 
are needed to investigate why Burkholderia cepacia complex species were 
not found in PCD patients, whether due to causality or if, for some 
reason, PCD patients are protected against these infections. Microbio-
logical data in PCD are still incomplete in contrast to CF, namely how 
these pathogens are associated with lung disease and if they are, as in 
CF, associated with a decline in lung function. The answer to those 
questions may open doors to newer therapeutic approaches. 

4.3. Reproductive system 

Infertility is a common feature of both diseases, with the majority of 
men suffering from CF and PCD being infertile. In CF, the major cause of 
male infertility is obstructive azoospermia (absence of sperm in the 
ejaculate) caused by CBAVD [119]. Besides, a recent study, using the CF 
mouse model Cftrtm1Unc (S489X), proposed that CFTR is important to the 
regulation of Dicer1 (the core microRNA (miRNA) processing protein) in 
germ cells. This authors show that CFTR mutations can also affect 
spermatogenesis due to the dysregulation of the miRNA, particularly the 
miR-15b [120]. 

In contrast, the majority of males with PCD show asthenozoospermia 
(that is, total or partial sperm immotility), which is mainly explained by 
structural or functional deficiencies of the sperm flagellum axoneme 
[41,121]. Aprea and colleagues proposed that PCD patients may also 
have azoospermia, albeit through a different mechanism than CF pa-
tients. In PCD, azoospermia is likely caused by the dysfunction of the 
cilia present in the rete testis (conducts testicular sperm to the efferent 
ducts and these to the epididymis). These cilia are responsible for fluid 
flow and sperm transport, as sperm is immotile in this stage. Therefore, 
if the function of these cilia is compromised, sperm are not transported 
to the epididymis, and the patient presents obstructive azoospermia 
[122]. 

Women with CF and PCD can also have infertility or subfertility, 
although less than men. In contrast to men, who had an average sub-
fertility rate of 87%, only roughly 59% of the 119 women with docu-
mented fertility outcomes were subfertile, according to a recent 
systematic analysis that summarises the prevalence of subfertility in 
PCD [123]. It is yet unclear why women’s fertility is less affected, but 
some reasons have already been proposed. 

In women with PCD, dysfunction of the motile cilia in the Fallopian 
tube is the most consensual explanation. The dysfunction in cilia from 
the Fallopian tube was proposed to favour the occurrence of ectopic 
pregnancy and/or cause abnormal embryo transport towards the uterine 
cavity [48,49]. However, the consequences of motile cilia dysfunction in 
the Fallopian tube may be compensated by the muscle contractions and 
peristaltic movements of the Fallopian tubes reducing the incidence of 
female infertility [124] and by the fact that the ciliary motility is not 
mandatory for sperm and embryo transport [49]. A study by Vanaken 
and co-workers has evaluated the fertility status of adults with definite 
PCD diagnoses. Authors have shown that PCD implies an increased risk 
of fertility problems in both sexes, with more than 50% of patients being 
infertile, and propose a potential link between fertility status, the ul-
trastructural findings, and the patient’s genotype [125]. 

For women with CF, it has been postulated that CFTR dysfunction 
impairs the cyclical hydration changes of cervical mucus during the 
menstrual cycle, reducing the water content and making the cervical 
mucus thick, viscous, and tenacious, which blocks the passage of sperm 
through the cervical canal [126,127]. A further hypothesis is that in CF, 
the CFTR dysfunction may also affect sperm capacitation due to varia-
tions in HCO3− levels, which will affect the pH within the female 
reproductive tract [128,129]. Anovulation, small ovarian and uterine 
size, aberrant estrous cycles, and decreased oocyte ovulation rates have 
also been proposed as reasons for subfertility in CF women [130,131]. 

4.4. Laterality defects 

Nodal cilia cells are located in the embryonic node (Hensen’s node). 
The nodal cilium moves in a clockwise rotation and is critical to creating 
a leftward flow across the embryo ventral nodes (ventral surface of 
Hensen’s node). Leftward nodal flow, working together with cascades of 
signalling molecules and ions, establishes the left-right axis of the in-
ternal organs [132,133]. Laterality defects, including situs solitus, situs 
inversus totalis and situs ambiguous, are a feature of PCD, being situs 
inversus totalis the most frequent laterality defect observed, with an 
estimated prevalence of 1:10,000 and occurring in about 50% of PCD 
cases [134]. This phenomenon can result in other associated problems 
such as congenital heart defects. Kartagener syndrome (KS) is a partic-
ular type of PCD, characterized by the combination of situs inversus, 
chronic sinusitis and bronchiectasis, occurring in about 50% of PCD 
cases [13]. 

Laterality disorders, so far, were not reported in CF patients. 

5. Therapeutic options 

5.1. Cystic fibrosis therapeutic options 

Significant progress in CF therapeutics, particularly regarding 
gastrointestinal and nutritional disorders with advances in PERT [135], 
has significantly improved the survival of CF patients. However, respi-
ratory diseases continue to be the leading cause of morbidity and mor-
tality. As a result, intensive research has been focused on finding better 
therapies. 

CF therapies can be simplistically divided into symptomatic treat-
ments, which aim to reduce the signs and symptoms to increase the 
comfort and well-being of the patient, and the so-called new therapies, 
which aim to treat the disease by targeting the molecular defect in the 
CFTR gene/protein. However, those new therapies should be referred to 
as Target therapies because several new components are also being 
developed for symptomatic treatments. 

So far, none of the new therapies have proved successfully enough to 
be used as a stand-alone treatment. Even the most successful new 
treatment, Ivacaftor, a CFTR potentiator and used primarily in patients 
with gating mutations (class III mutation), must be accompanied by 
standard therapies [136]. An extensive description of the available 
therapeutic options is beyond the scope of the present review, as already 
presented in detail elsewhere [53,137–139]. In this section, we will do a 
brief overview. 

5.1.1. Symptomatic treatments 
In CF patients, airway dehydration is a significant problem affecting 

lung function. Hypertonic saline and mannitol are currently used as 
hydrators to improve airway clearance [136]. The administration of 
mannitol per se has been associated with an improvement in lung 
function [140]. 

Dornase alfa is a recombinant human DNase-1 that hydrolyses the 
DNA present in the sputum/mucus of patients, with a subsequent 
decrease in sputum viscosity and increased MCC. The therapy with 
Dornase alfa has also been shown to improve lung function and lead to a 
decrease in pulmonary exacerbations [141]. To further restore MCC, 
ENaC inhibitors are under investigation [142], but so far any have been 
successfully translated into clinical efficacy [136]. 

As discussed above, a hallmark of CF lung disease is infection by 
pathogens, a situation where a significant inflammation is associated 
with an ineffective clearness of pathogens. Unfortunately, the use of 
common anti-inflammatory drugs, such as corticosteroids, have no 
proven efficacy in CF patients [137]. Novel compounds are being 
studied in clinical trials, such as Acebilustat (CTX-4430) and Lenabasum 
(JBT-101). Briefly, both are small molecules whose ultimate goal is to 
reduce inflammation either by blocking excessive neutrophil influx and 
activation or by triggering the production of pro-inflammatory 
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mediators [143,144]. 
To deal with a chronic lung infection, antibiotic treatments are the 

first line of intervention. S. aureus and P. aeruginosa are the most com-
mon agents and P. aeruginosa, in particular, is connected to worse clin-
ical conditions [110]. Consequently, antibiotics against S. aureus and 
P. aeruginosa have been a cornerstone of CF clinical care for many years 
[145]. However, the risk of widespread antibiotic resistance is increas-
ingly evident. Thus, efforts have been made to find alternatives to the 
use of antibiotics, using a diverse range of approaches [146–158]. So far, 
all are still in pre-clinical or in the initial stages of clinical trials. For 
instance, to prevent biofilm formation by P. aeruginosa, two saccha-
rides, the liposomal β glycan [146] and OligoG [147,148], and de novo 
engineered antimicrobial peptides were proposed [149–151]. 
Although studies with de novo-engineered antimicrobial peptides 
showed promising results in vitro, some years of research are still needed 
before discussing their clinical applicability. 

Nitric oxide (NO) concentrations are decreased in the exhaled air 
from patients with CF or PCD. Increasing NO levels by inhalation of 
exogenous NO has been shown to have potent antimicrobial activity in 
preclinical models against a broad range of bacteria [159,160]. Thus, 
studies were developed to further study this hypothesis [152]. Another 
line of research in the search for safer alternatives to antibiotics is 
bacteriophage (phage) therapy [161]. Bacteriophages (viruses) are 
natural bacteria predators that infect and replicate within bacteria and 
kill a specific bacterial strain. Although promising results have been 
reported for other diseases, robust clinical data are still missing for CF 
[162,163]. In CF, the clinical evidence is limited to a few case studies in 
unrelated CF patients, with satisfactory efficacy and no adverse effects 
[153–158]. 

5.1.2. CFTR molecular defects correction treatments 
The ultimate goal in CF research is to develop therapies that could 

correct CFTR and not just alleviate the symptoms. To date, only a few 
CFTR modulators have demonstrated clinical efficacy and have been 
approved for use [164,165]. The Ivacaftor (VX-770), known as a 
potentiator, i.e. it increases the likelihood of the defective channel 
opening, was designed specially for patients with the Gly551Asp mu-
tation (class III) and was the first to be approved by the FDA in 2015 
[166,167]. It has also been shown to be beneficial in patients with the 
Arg117His mutation (class IV) [168]. 

Currently, the most satisfactory pharmacological treatment results in 
patients with the Phe508del mutation have been obtained using com-
pounds referred to as "correctors", with some compounds already 
approved by the FDA for use in clinical practise [169,170]. CFTR cor-
rectors try to fix the current deficiency so that the protein can still be 
delivered to cell membranes without being degraded, even while the 
gene mutation is still there. In the specific case of the Phe508del mu-
tation, CFTR correctors can either bind directly to the Phe508del-CFTR 
protein (chaperones) or work by creating conditions in the cell so that 
higher concentrations of CFTR can be made without being degraded 
(proteostasis regulators). The Lumacaftor is a corrector that acts as a 
chaperone during protein folding and increases the number of CFTR 
proteins that are trafficked to the cell surface. Lumacaftor, alone, is 
ineffective in restoring Cl− transport. However, when combined with 
Ivacaftor, the therapy had a greater effectiveness in the management of 
CF in patients with the Phe508del homozygous mutation. Thus was 
approved by the FDA [171]. Gradually, newer correctors were identified 
and approved by the FDA for the treatment of patients with Phe508del 
mutations, such as Tezacaftor [172]. Elexacaftor is considered a 
next-generation corrector of the CFTR protein. A triple combination 
composed of two correctors and one potentiator, Elex-
acaftor–Tezacaftor–Ivacaftor, has proven to be effective in patients 
with Phe508del mutation [166,173], and already approved by FDA and 
EMA [165]. 

Despite the proven value of these new therapies, they act exclusively 
on the defective protein, not in CFTR mutations. Therefore, 

investigations into genetic approaches to correct CFTR are being 
developed. These include alternative ion channel approaches by RNA 
silencing of the ENaC regulators, antisense oligonucleotides (ASO) for 
correcting CFTR mutations, a nanoparticle/short interfering RNA 
(siRNA) approach to regulate CFTR, and genetic therapies either by non- 
viral or viral vectors to correct CFTR mutations [174–176]. Most of these 
novel therapies are still in the pre-clinical stage, being evaluated in vitro, 
but a few are already in clinical trials after collaboration between 
pharmaceutical companies and academic laboratories. We will briefly 
describe the main therapies that are being developed. 

For patients with nonsense mutations (class I), the use of an ASO 
(single-stranded RNA complementary to the target mRNA) are being 
studied. The downregulation of a molecular target is the main objective 
of the ASO strategy. Nevertheless, it can also play additional roles, 
including as correcting splicing events or controlling RNA translation 
(further reviewed by Ref. [177]). For instance, using human bronchial 
epithelial cell lines homozygous for the Trp1282X mutation (also com-
mon in CF), it was been shown that the inhibition of the 
nonsense-mediated decay (NMD) pathway with ASO can upregulate the 
expression of CFTR-nonsense alleles (Trp1282X) [178]. However, since 
the NMD pathways might not be unique to a particular gene and is a 
component of universal regulatory networks, more research is required 
to prevent catastrophic repercussions. 

Classes III and IV mutations affect CFTR channel gating and 
conductance, respectively. For patients with these types of mutations, 
and despite the success of the potentiator Ivacaftor [176], novel po-
tentiators are currently in clinical trials. For instance, the potentiator 
VX-561 (formerly CTP-656), a deuterated form of Ivacaftor (i.e. some of 
the hydrogen atoms of Ivacaftor have been replaced by its heavier stable 
isotope, named deuterium), and two other CFTR potentiators 
GLPG1837 and GLPG2451 have demonstrated improved stability in 
vitro compared to Ivacaftor [179,180]. Another potentiator is QBW251, 
which has been shown to be safe and well-tolerated in both healthy 
volunteers and CF patients, as well as to improve lung function and 
sweat Cl-levels in CF patients with Class III and IV CFTR mutations 
[181]. 

For patients with mutations that affect CFTR protein abundance 
(such as class V mutations), a novel class of small molecules has been 
identified and named amplifiers. Amplifiers can increase the expression 
of the immature CFTR protein. They are being tested for clinical use in 
combination with other CFTR modulators such as potentiators (ivacaftor 
and PTI-808), and correctors (lumacaftor, tezacaftor, and PTI-801) 
[182]. Currently, a clinical trial (NCT03500263) is ongoing to assess 
the safety, tolerability and pharmacokinetics of a pharmacological 
combination with PTI-428 (amplifier), PTI-808 (potentiator) and 
PTI-801 (corrector). Hopefully, it could be helpful for a broader type of 
mutations (from class II to V) and thus be beneficial for a higher per-
centage of individuals. 

Some CFTR mutated proteins are functional but unstable in the 
plasma membrane (as in Class VI mutations, but not exclusively). CFTR 
stabilizers are designed to anchor the functional channel in the mem-
brane and reduce CFTR degradation [183]. So far, only one CFTR sta-
biliser, cavosonstat (N91115), has entered in clinical trials, and it has 
failed to show any additional benefit in lung function [184]. Bio-
engineered nanobodies that target the nucleotide-binding domain 1 
(NBD1) of human CFTR have recently been shown able to stabilize both 
isolated NBD1 and the full-length CFTR protein, thus, are a new promise 
for CF [185]. 

Despite recent advances in the development of CFTR molecular 
therapies, a significant number of patients are still ineligible for 
modulator therapy. Personalized therapies and gene editing therapies 
(such as CRISPR-CAS9) have been proposed as the most effective 
treatment options for these patients. But, unfortunately, challenges 
emerged regarding genotoxicity, safety, carrying capacity, gene transfer 
and editing efficacy and, despite some therapies having shown great pre- 
clinical results, their clinical efficacy was still not proven [186,187]. 
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Furthermore, the lung is not an easy organ to apply gene therapy, given 
the many extracellular barriers, such as the airways mucus, MCC and 
mucopurulent sputum, and also cellular immune responses have great 
importance in gene therapy success [188]. Nevertheless, several studies 
are ongoing to improve the safety and gene transfer efficiency of gene 
therapy, increasing the hope to find an efficient gene therapy for CF 
[189]. For instance, MRT5005 is the first clinical-stage mRNA product 
candidate designed to treat all patients with CF, regardless of the un-
derlying genetic mutation, as it delivers the fully functional mRNA of 
CFTR to the lung epithelial cells via nebulization. 

5.2. Primary ciliary dyskinesia therapeutic options 

Currently, such as for CF patients, for PCD patients there is no 
available cure, and management focuses on careful monitoring, phys-
iotherapy and symptomatic treatments regarding respiratory symptoms 
and infections. However, for PCD, unfortunately, less investment to-
wards the development of disease-specific new therapies has been made 
and PCD treatments remain based on extrapolations from CF. However, 
as we have discussed throughout this paper, CF and PCD are clinically 
distinct, making this difficult. For instance, in patients with CF, the use 
of Dornase Alfa is associated with an improvement in lung function and 
with a reduction in pulmonary exacerbations [190], but, for PCD pa-
tients, this treatment is not recommended [191]. 

Management of PCD is hindered by the existence of large variability 
of clinical presentations that require a multidisciplinary study, and by 
the fact that the diagnosis is not straightforward as is for CF. It is com-
plex, expensive and the report of the clinical symptoms and manage-
ment approaches is not standardized. Despite the existence of several 
guidelines for diagnosis and treatment [15,16,85,191,192], these are 
not considered definitive and thus therapeutic options may vary from 
center to center. The FOLLOW-PCD project, resulting from a network 
between 12 countries, developed by a multidisciplinary and interna-
tional working group of the BEAT-PCD (Better Experimental Approaches 
to Treat PCD), aims to standardize data collection during routine clinical 
follow-up of PCD patients, and promote a uniformization in the report of 
the clinical symptoms and management approaches [193]. 

Despite the lack of standardized management approaches, it is 
consensual that monitoring lung function, pulmonary physiotherapy 
coupled with physical exercise, and active follow-up and treatment of 
infections with antibiotics are important in PCD patients [191,192]. In 
this sense, Chest physiotherapy was proposed as a valuable approach 
to promoting better drainage of secretions, delaying the accumulation of 
mucus and pathogens and has been one of the bases of PCD therapy. 
However, the influence of chest physiotherapy on lung function is not 
clear [194]. A recent study, have found no significant short-term effect 
of chest physiotherapy on lung function parameters in stable children 
with CF and PCD [195] The study’s weaknesses, according to the au-
thors, include the small sample size, the absence of adult patients and/or 
patients with severe lung illness, and the study’s unusually long in-
tervals between visits for a cross-over design. Therefore, more study is 
required. 

Additionally, Physical exercise in PCD treatments has been pro-
posed to be beneficial to pulmonary clearance, lung function, and 
overall quality of life [196]. 

Recurrent or persistent otitis media with effusion may lead to chronic 
otitis media and hearing loss, which has a higher incidence in PCD in 
comparison with CF patients. Its management includes antibiotic ther-
apy, as well as hearing aids and myringotomy with or without the 
insertion of ventilation tubes [197]. 

As with CF, lung transplantation can be the last resort for PCD 
cases, but it requires experienced professionals and facilities. The pres-
ence of situs inversus in PCD patients can be a barrier in donor lung se-
lection, and extra careful lung transplant evaluation and advanced 
surgical planning is needed for these cases. 

Current evidence on PCD therapy is limited, inconclusive and 

conflicting. Compared with CF, PCD has only 10 interventional studies 
(clinical trials) listed at the moment (in CF there are 159 interventional 
studies active studies ongoing, updated on 6 February 2023). PCD 
studies are typically observational studies with small sample sizes and 
limited follow-up periods, which impose challenges in designing studies 
that yield statistically powerful results [191]. This could be related to 
the difficulties with the recruitment of patients or due to the potentially 
higher cases of misdiagnosed patients. 

Currently, there is no specific therapy was developed for PCD. 
Promising and attractive approaches are expected for gene therapy in 
PCD. However, research in this field is scarce. In addition to the limi-
tations already described for gene therapy, PCD presents another limi-
tation that CF does not have, that is the larger number of genes and 
mutations involved, each with lower prevalence, with still about 30% of 
PCD patients remaining without an identified genetic etiology [64]. This 
means that, for PCD, much research is still needed on molecular mech-
anisms and pathways. Thus, an approach such as the MRT5005 which is 
being evaluated for CF is not as straightforward nor cost-effective for 
PCD patients. Therefore, any genetic therapy that comes to be applied to 
PCD must be personalized for a particular small group of patients with 
the same mutations or mutations in the same gene. Another limitation is 
related to the mRNA full size, which influences the efficacy of gene 
delivery. Most of the PCD-associated genes are larger than the CFTR, for 
instance, the DNAH5 full mRNA (15781bp) has more than the double 
size of the CFTR full mRNA (6070 bp). Nevertheless, advances towards 
PCD gene therapy have also been described recently [198–201]. For 
instance, studies are being made to develop lipid nanoparticles that 
carry the mRNA of the mutated gene, which is then nebulized, and 
delivered as an aerosol directly into the airway. So far, ReCode Thera-
peutics is testing this system with the DNAI1 mRNA with positive results 
in animal models (oral communication in Cilia 2022 conference). 

Hopefully and with the benefit from the knowledge learned from 
extensive work done over the past decades to develop efficient gene and 
cell therapies for CF, some of those studies might lead to efficient gene 
therapies for PCD that pass to clinical trials testing in the next years. 

6. Conclusions 

Through this reviwe, we highlighted the clinical disparities between 
the two diseases as well as their distinct disease mechanisms and genetic 
features. 

PCD is caused by defects in motile cilia, imparing MCC flow, whea-
ras, CF is caused by mutations in the CFTR gene, which leads to an 
imbalance in H20 and Cl− flow across cell membranes, making the 
mucus become sticky. This review intended to highlight the main dif-
ferences and similarities between CF and PCD whose differences are 
frequently not considered. A distinctive example is a fact that both CF 
and PCD patients have sinus-related diseases, but chronic rhinitis and 
recurrent otitis media are clinical hallmark features of PCD patients. 
Furthermore, while infertility is a problem in both CF and PCD, the 
underlying causes of infertility are very different. Men with CF 
frequently suffer from CBAVD, meaning that they produce viable sperm 
cells which is not properly transported and thus sperm cells are absent in 
semen from CF patients. In contrast, semen from PCD men often have 
sperm cells, but these cells are immotile, due to ultrastructural anoma-
lies in the development of the axoneme. Another distinctive character-
istic of PCD is that about half of the patients have situs inversus due to 
defects in the motility of the embryonic node cilia. Dyskinetic nodal cilia 
lead to laterality defects, which can be also associated with complex 
congenital heart disease and polysplenia. In a similar vein, CF also ex-
hibits traits that PCD patients lack, notably, gastro-intestinal disorders. 
These issues used to be the primary cause of CF morbidity and mortality, 
but thanks to PERT’s success, they are no longer the main contributing 
factor. Gastrointestinal complications are not considered a suggestive 
clinical feature of PCD. 

PCD is caused by mutations in many genes as opposed to CF, which is 
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caused by mutations in a single gene. 
Some studies have been performed to compare both diseases but they 

are still limited, and the results are not always consensual. The dis-
crepancies shown by the studies that compared both diseases empha-
sized the need for more studies comparing both diseases and the 
importance of collaborative efforts among health professionals and re-
searchers to better understand these diseases. However, is accepted that 
PCD is much more complex to diagnose and consequently patients are 
highly misdiagnosed or diagnosed much later than CF, rendering PCD 
individuals to suffer long periods of inadequate management. 

Altogether, we evidenced that both diseases require different man-
agement by specialists with experience in the peculiarities of each dis-
ease, especially for PCD which, in comparison to CF, knowledge is still 
scarce and requires more attention for both clinicians and scientists. It is 
urgent to increase clinical awareness about what is PCD, to uniformize 
diagnostic approaches and to create guidelines to orient and assist cli-
nicians in the treatments. 
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CFTR/ENaC-dependent regulation of membrane potential during human sperm 
capacitation is initiated by bicarbonate uptake through NBC, J. Biol. Chem. 293 
(25) (2018) 9924–9936, https://doi.org/10.1074/jbc.RA118.003166. 

[130] C.A. Hodges, M.R. Palmert, M.L. Drumm, Infertility in females with cystic fibrosis 
is multifactorial: evidence from mouse models, Endocrinology 149 (6) (2008) 
2790–2797, https://doi.org/10.1210/en.2007-1581. 

[131] M. Johannesson, B.M. Landgren, G. Csemiczky, L. Hjelte, C. Gottlieb, Female 
patients with cystic fibrosis suffer from reproductive endocrinological disorders 
despite good clinical status, Hum. Reprod. 13 (8) (1998) 2092–2097, https://doi. 
org/10.1093/humrep/13.8.2092. 

[132] N. Hirokawa, Y. Tanaka, Y. Okada, S. Takeda, Nodal flow and the generation of 
left-right asymmetry, Cell 125 (1) (2006) 33–45, https://doi.org/10.1016/j. 
cell.2006.03.002. 

[133] Y. Okada, S. Takeda, Y. Tanaka, J.I. Belmonte, N. Hirokawa, Mechanism of nodal 
flow: a conserved symmetry breaking event in left-right axis determination, Cell 
121 (4) (2005) 633–644, https://doi.org/10.1016/j.cell.2005.04.008. 

[134] A.J. Shapiro, S.D. Davis, T. Ferkol, S.D. Dell, M. Rosenfeld, et al., Laterality 
defects other than situs inversus totalis in primary ciliary dyskinesia: insights into 
situs ambiguus and heterotaxy, Chest 146 (5) (2014) 1176–1186, https://doi.org/ 
10.1378/chest.13-1704. 

[135] D. Gelfond, D. Borowitz, Gastrointestinal complications of cystic fibrosis, Clin. 
Gastroenterol. Hepatol. 11 (4) (2013) 333–342, https://doi.org/10.1016/j. 
cgh.2012.11.006, quiz e30-1. 

[136] C. Castellani, A.J.A. Duff, S.C. Bell, H.G.M. Heijerman, A. Munck, et al., ECFS best 
practice guidelines: the 2018 revision, J. Cyst. Fibros. 17 (2) (2018) 153–178, 
https://doi.org/10.1016/j.jcf.2018.02.006. 

[137] O.J. McElvaney, P. Wade, M. Murphy, E.P. Reeves, N.G. McElvaney, Targeting 
airway inflammation in cystic fibrosis, Expet Rev. Respir. Med. 13 (11) (2019) 
1041–1055, https://doi.org/10.1080/17476348.2019.1666715. 

[138] K.M. Allan, N. Farrow, M. Donnelley, A. Jaffe, S.A. Waters, Treatment of cystic 
fibrosis: from gene- to cell-based therapies, Front. Pharmacol. 12 (2021), https:// 
doi.org/10.3389/fphar.2021.639475. 

[139] F.A. Almughem, A.M. Aldossary, E.A. Tawfik, M.N. Alomary, W.S. Alharbi, et al., 
Cystic fibrosis: overview of the current development trends and innovative 
therapeutic strategies, Pharmaceutics 12 (7) (2020) 1–29, https://doi.org/ 
10.3390/pharmaceutics12070616. 

[140] S.J. Nevitt, J. Thornton, C.S. Murray, T. Dwyer, Inhaled mannitol for cystic 
fibrosis, Cochrane Database Syst. Rev. 2 (2) (2018) CD008649, https://doi.org/ 
10.1002/14651858.CD008649. 

[141] C. Yang, M. Montgomery, Dornase alfa for cystic fibrosis, Cochrane Database Syst. 
Rev. (3) (2021), https://doi.org/10.1002/14651858.CD001127. 

[142] P. Couroux, P. Farias, L. Rizvi, K. Griffin, C. Hudson, et al., First clinical trials of 
novel ENaC targeting therapy, SPX-101, in healthy volunteers and adults with 
cystic fibrosis, Pulm. Pharmacol. Therapeut. 58 (2019), 101819, https://doi.org/ 
10.1016/j.pupt.2019.101819. 

[143] S.H. Burstein, Ajulemic acid: potential treatment for chronic inflammation, 
Pharm. Res. Perspect. 6 (2) (2018), e00394, https://doi.org/10.1002/prp2.394. 

[144] J.S. Elborn, S. Ahuja, E. Springman, J. Mershon, R. Grosswald, et al., EMPIRE-CF: 
a phase II randomized placebo-controlled trial of once-daily, oral acebilustat in 
adult patients with cystic fibrosis - study design and patient demographics, 
Contemp. Clin. Trials 72 (2018) 86–94, https://doi.org/10.1016/j. 
cct.2018.07.014. 

[145] J.F. Chmiel, T.R. Aksamit, S.H. Chotirmall, E.C. Dasenbrook, J.S. Elborn, et al., 
Antibiotic management of lung infections in cystic fibrosis. I. The microbiome, 
methicillin-resistant Staphylococcus aureus, gram-negative bacteria, and multiple 
infections, Annal Am. Thoracic Soc. 11 (7) (2014) 1120–1129, https://doi.org/ 
10.1513/AnnalsATS.201402-050AS. 

[146] M. Halwani, H.H. Balkhy, M.A. Khiyami, A. Omri, Antimicrobial activity of 
liposomal β-glycan against Pseudomonas aeruginosa isolated from cystic fibrosis 
patients, J. Cyst. Fibros. (2015) S1–S156. Brussels, Belgium. 

[147] A. Ermund, C.V. Recktenwald, G. Skjak-Braek, L.N. Meiss, E. Onsoyen, et al., 
OligoG CF-5/20 normalizes cystic fibrosis mucus by chelating calcium, Clin. Exp. 
Pharmacol. Physiol. 44 (6) (2017) 639–647, https://doi.org/10.1111/1440- 
1681.12744. 

[148] R. Weiser, P.D. Rye, E. Mahenthiralingam, Implementation of microbiota analysis 
in clinical trials for cystic fibrosis lung infection: experience from the OligoG 
phase 2b clinical trials, J. Microbiol. Methods (2021) 181, https://doi.org/ 
10.1016/j.mimet.2021.106133. 

[149] L.P. Lashua, J.A. Melvin, B. Deslouches, J.M. Pilewski, R.C. Montelaro, et al., 
Engineered cationic antimicrobial peptide (eCAP) prevents Pseudomonas 
aeruginosa biofilm growth on airway epithelial cells, J. Antimicrob. Chemother. 
71 (8) (2016) 2200–2207, https://doi.org/10.1093/jac/dkw143. 

[150] T. Beaudoin, T.A. Stone, M. Glibowicka, C. Adams, Y. Yau, et al., Activity of a 
novel antimicrobial peptide against Pseudomonas aeruginosa biofilms, Sci. Rep. 8 
(1) (2018), 14728, https://doi.org/10.1038/s41598-018-33016-7. 

[151] O. Laselva, T.A. Stone, C.E. Bear, C.M. Deber, Anti-infectives restore ORKAMBI® 
rescue of F508del-CFTR function in human bronchial epithelial cells infected with 
clinical strains of P. Aeruginosa, Biomolecules 10 (2) (2020), https://doi.org/ 
10.3390/biom10020334. 

[152] L. Bentur, M. Gur, M. Ashkenazi, G. Livnat-Levanon, M. Mizrahi, et al., Pilot study 
to test inhaled nitric oxide in cystic fibrosis patients with refractory 
Mycobacterium abscessus lung infection, J. Cyst. Fibros. 19 (2) (2020) 225–231, 
https://doi.org/10.1016/j.jcf.2019.05.002. 

[153] L. Kvachadze, N. Balarjishvili, T. Meskhi, E. Tevdoradze, N. Skhirtladze, et al., 
Evaluation of lytic activity of staphylococcal bacteriophage Sb-1 against freshly 
isolated clinical pathogens, Microb. Biotechnol. 4 (5) (2011) 643–650, https:// 
doi.org/10.1111/j.1751-7915.2011.00259.x. 

[154] N. Law, C. Logan, G. Yung, C.-L.L. Furr, S.M. Lehman, et al., Successful adjunctive 
use of bacteriophage therapy for treatment of multidrug-resistant Pseudomonas 
aeruginosa infection in a cystic fibrosis patient, Infection 47 (4) (2019) 665–668, 
https://doi.org/10.1007/s15010-019-01319-0. 

[155] N. Hoyle, P. Zhvaniya, N. Balarjishvili, D. Bolkvadze, L. Nadareishvili, et al., 
Phage therapy against Achromobacter xylosoxidans lung infection in a patient 
with cystic fibrosis: a case report, Res. Microbiol. 169 (9) (2018) 540–542, 
https://doi.org/10.1016/j.resmic.2018.05.001. 

[156] R.M. Dedrick, C.A. Guerrero-Bustamante, R.A. Garlena, D.A. Russell, K. Ford, et 
al., Engineered bacteriophages for treatment of a patient with a disseminated 
drug-resistant Mycobacterium abscessus, Nat. Med. 25 (5) (2019) 730–733, 
https://doi.org/10.1038/s41591-019-0437-z. 

[157] D. Lebeaux, M. Merabishvili, E. Caudron, D. Lannoy, L. Van Simaey, et al., A case 
of phage therapy against pandrug-resistant achromobacter xylosoxidans in a 12- 
year-old lung-transplanted cystic fibrosis patient, Viruses 13 (1) (2021), https:// 
doi.org/10.3390/v13010060. 

[158] I. Martin, D.T.D. Kenna, S. Morales, E.W.F.W. Alton, J.C. Davies, Variability in 
bacteriophage and antibiotic sensitivity in serial Pseudomonas aeruginosa isolates 
from cystic fibrosis airway cultures over 12 months, Microorganisms 9 (3) (2021) 
1–12, https://doi.org/10.3390/microorganisms9030660. 

[159] K.R. Rouillard, O.P. Novak, A.M. Pistiolis, L. Yang, M.J.R. Ahonen, et al., 
Exogenous nitric oxide improves antibiotic susceptibility in resistant bacteria, 
ACS Infect. Dis. 7 (1) (2021) 23–33, https://doi.org/10.1021/ 
acsinfecdis.0c00337. 

[160] D.O. Schairer, J.S. Chouake, J.D. Nosanchuk, A.J. Friedman, The potential of 
nitric oxide releasing therapies as antimicrobial agents, Virulence 3 (3) (2012) 
271–279, https://doi.org/10.4161/viru.20328. 

[161] S. Trend, A.M. Fonceca, W.G. Ditcham, A. Kicic, A. Cf, The potential of phage 
therapy in cystic fibrosis: essential human-bacterial-phage interactions and 
delivery considerations for use in Pseudomonas aeruginosa-infected airways, 
J. Cyst. Fibros. 16 (6) (2017) 663–670, https://doi.org/10.1016/j. 
jcf.2017.06.012. 

[162] B.K. Chan, G. Stanley, M. Modak, J.L. Koff, P.E. Turner, Bacteriophage therapy for 
infections in CF, Pediatr. Pulmonol. 56 (S1) (2021) S4–S9, https://doi.org/ 
10.1002/ppul.25190. 

[163] L.L. Furfaro, M.S. Payne, B.J. Chang, Bacteriophage therapy: clinical trials and 
regulatory hurdles, Front. Cell. Infect. Microbiol. 8 (376) (2018), https://doi.org/ 
10.3389/fcimb.2018.00376. 

[164] A.R. Habib, M. Kajbafzadeh, S. Desai, C.L. Yang, K. Skolnik, et al., A systematic 
review of the clinical efficacy and safety of CFTR modulators in cystic fibrosis, Sci. 
Rep. 9 (1) (2019) 7234, https://doi.org/10.1038/s41598-019-43652-2. 

[165] K. Dave, R. Dobra, S. Scott, C. Saunders, J. Matthews, et al., Entering the era of 
highly effective modulator therapies, Pediatr. Pulmonol. 56 (S1) (2021) S79–S89, 
https://doi.org/10.1002/ppul.24968. 

[166] A. Gramegna, M. Contarini, S. Aliberti, R. Casciaro, F. Blasi, et al., From ivacaftor 
to triple combination: a systematic review of efficacy and safety of CFTR 
modulators in people with cystic fibrosis, Int. J. Mol. Sci. 21 (16) (2020), https:// 
doi.org/10.3390/ijms21165882. 

[167] I. Sermet-Gaudelus, Ivacaftor treatment in patients with cystic fibrosis and the 
G551D-CFTR mutation, Eur. Respir. Rev. 22 (127) (2013) 66–71, https://doi.org/ 
10.1183/09059180.00008512. 

[168] R.B. Moss, P.A. Flume, J.S. Elborn, J. Cooke, S.M. Rowe, et al., Efficacy and safety 
of ivacaftor in patients with cystic fibrosis who have an Arg117His-CFTR 
mutation: a double-blind, randomised controlled trial, Lancet Respir. Med. 3 (7) 
(2015) 524–533, https://doi.org/10.1016/s2213-2600(15)00201-5. 

R. Pereira et al.                                                                                                                                                                                                                                 

https://doi.org/10.1093/molehr/gaab009
https://doi.org/10.1093/molehr/gaab009
https://doi.org/10.1093/humupd/dmad003
https://doi.org/10.1016/j.rbmo.2017.03.019
https://doi.org/10.1016/j.rbmo.2017.03.019
https://doi.org/10.1183/13993003.00314-2017
https://doi.org/10.1183/13993003.00314-2017
https://doi.org/10.1007/s00232-001-0117-y
https://doi.org/10.1007/s00232-001-0117-y
https://doi.org/10.1016/j.fertnstert.2007.08.063
https://doi.org/10.1016/j.fertnstert.2007.08.063
https://doi.org/10.1093/humupd/dmx028
https://doi.org/10.1074/jbc.RA118.003166
https://doi.org/10.1210/en.2007-1581
https://doi.org/10.1093/humrep/13.8.2092
https://doi.org/10.1093/humrep/13.8.2092
https://doi.org/10.1016/j.cell.2006.03.002
https://doi.org/10.1016/j.cell.2006.03.002
https://doi.org/10.1016/j.cell.2005.04.008
https://doi.org/10.1378/chest.13-1704
https://doi.org/10.1378/chest.13-1704
https://doi.org/10.1016/j.cgh.2012.11.006
https://doi.org/10.1016/j.cgh.2012.11.006
https://doi.org/10.1016/j.jcf.2018.02.006
https://doi.org/10.1080/17476348.2019.1666715
https://doi.org/10.3389/fphar.2021.639475
https://doi.org/10.3389/fphar.2021.639475
https://doi.org/10.3390/pharmaceutics12070616
https://doi.org/10.3390/pharmaceutics12070616
https://doi.org/10.1002/14651858.CD008649
https://doi.org/10.1002/14651858.CD008649
https://doi.org/10.1002/14651858.CD001127
https://doi.org/10.1016/j.pupt.2019.101819
https://doi.org/10.1016/j.pupt.2019.101819
https://doi.org/10.1002/prp2.394
https://doi.org/10.1016/j.cct.2018.07.014
https://doi.org/10.1016/j.cct.2018.07.014
https://doi.org/10.1513/AnnalsATS.201402-050AS
https://doi.org/10.1513/AnnalsATS.201402-050AS
http://refhub.elsevier.com/S0954-6111(23)00057-4/sref146
http://refhub.elsevier.com/S0954-6111(23)00057-4/sref146
http://refhub.elsevier.com/S0954-6111(23)00057-4/sref146
https://doi.org/10.1111/1440-1681.12744
https://doi.org/10.1111/1440-1681.12744
https://doi.org/10.1016/j.mimet.2021.106133
https://doi.org/10.1016/j.mimet.2021.106133
https://doi.org/10.1093/jac/dkw143
https://doi.org/10.1038/s41598-018-33016-7
https://doi.org/10.3390/biom10020334
https://doi.org/10.3390/biom10020334
https://doi.org/10.1016/j.jcf.2019.05.002
https://doi.org/10.1111/j.1751-7915.2011.00259.x
https://doi.org/10.1111/j.1751-7915.2011.00259.x
https://doi.org/10.1007/s15010-019-01319-0
https://doi.org/10.1016/j.resmic.2018.05.001
https://doi.org/10.1038/s41591-019-0437-z
https://doi.org/10.3390/v13010060
https://doi.org/10.3390/v13010060
https://doi.org/10.3390/microorganisms9030660
https://doi.org/10.1021/acsinfecdis.0c00337
https://doi.org/10.1021/acsinfecdis.0c00337
https://doi.org/10.4161/viru.20328
https://doi.org/10.1016/j.jcf.2017.06.012
https://doi.org/10.1016/j.jcf.2017.06.012
https://doi.org/10.1002/ppul.25190
https://doi.org/10.1002/ppul.25190
https://doi.org/10.3389/fcimb.2018.00376
https://doi.org/10.3389/fcimb.2018.00376
https://doi.org/10.1038/s41598-019-43652-2
https://doi.org/10.1002/ppul.24968
https://doi.org/10.3390/ijms21165882
https://doi.org/10.3390/ijms21165882
https://doi.org/10.1183/09059180.00008512
https://doi.org/10.1183/09059180.00008512
https://doi.org/10.1016/s2213-2600(15)00201-5


Respiratory Medicine 209 (2023) 107169

16

[169] K.W. Southern, J. Murphy, I.P. Sinha, S.J. Nevitt, Corrector therapies (with or 
without potentiators) for people with cystic fibrosis with class II CFTR gene 
variants (most commonly F508del), Cochrane Database Syst. Rev. 12 (12) (2020) 
Cd010966, https://doi.org/10.1002/14651858.CD010966.pub3. 

[170] V. Spano, A. Montalbano, A. Carbone, P. Scudieri, L.J.V. Galietta, et al., An 
overview on chemical structures as DeltaF508-CFTR correctors, Eur. J. Med. 
Chem. 180 (2019) 430–448, https://doi.org/10.1016/j.ejmech.2019.07.037. 

[171] M. Talamo Guevara, S.A. McColley, The safety of lumacaftor and ivacaftor for the 
treatment of cystic fibrosis, Expet Opin. Drug Saf. 16 (11) (2017) 1305–1311, 
https://doi.org/10.1080/14740338.2017.1372419. 

[172] T. Kirby, Tezacaftor-ivacaftor is safe and efficacious in patients with cystic fibrosis 
with Phe508del mutations, Lancet Respir. Med. 6 (1) (2018) 13–14, https://doi. 
org/10.1016/S2213-2600(17)30439-3. 
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