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Abstract
Purpose of Review  Advances in molecular genetics have improved our understanding of primary ciliary dyskinesia. The 
purpose of this review is to describe the integration of genetics into clinical practice.
Recent Findings  This review describes > 50 genes which have been identified to cause multiple motile ciliopathies. Known 
genotype–phenotype relationships are explored, including genes associated with worse prognosis (CCDC39, CCDC40, 
CCNO). Features which indicate referral for genetic testing such as a family history, situs defects and lifelong chronic upper 
and lower respiratory tract disease are described along with how genetics fits into current guidelines for diagnostic algorithms, 
and the potential challenges and advantages.
Summary  As we move forward, the growing genomic knowledge about primary ciliary dyskinesia will aid diagnosis, under-
standing of prognosis and the establishment of future therapeutic trials.

Keywords  Primary cilia dyskinesia · Motile ciliopathy · Genetics · Mucociliary clearance · Respiratory condition · 
Inherited disorder

Introduction

Primary ciliary dyskinesia is a lifelong chronic condition 
of mucociliary clearance dysfunction. It was first described 
by Swiss physician Manes Kartagener in 1933 as a triad of 
bronchiectasis, sinusitis and situs inversus [1]. In the past 
decade, next generation sequencing has resulted in rapid 
gene discovery in this condition. More than 2000 pathogenic 
variants in 50 genes have been described to cause PCD, and 
it is estimated currently that up to 90% PCD cases can be 
confirmed through genetic testing. The majority of patients 
have private mutations, meaning the variant has never been 
previously detected in another individual. This genetic 

heterogeneity expands our knowledge of the motile ciliopa-
thy phenotype and presents unique challenges for accurate 
integration of complex genetic information into diagnosis 
and management of this chronic respiratory condition. There 
is the opportunity for integration of genomic sequencing 
into diagnostic pathways, development of personalising 
treatment plans based on genotype–phenotype relationships 
and ultimately, development of PCD-specific gene–based 
therapies. In this review, we describe the current knowledge 
of PCD genetics and discuss whom to refer for genetic test-
ing and the advantages and challenges of the integration of 
genotyping into clinical practice.

Motile cilia play a key role in the respiratory tract in 
clearing mucus, pollutants and pathogens from the airway. 
When the cilia are ineffective in PCD, patients suffer from 
persistent productive cough, develop respiratory infections 
and exacerbations throughout childhood, and nearly all 
patients with PCD have developed bronchiectasis by adult-
hood [2]. A common first feature of PCD is neonatal respira-
tory distress, often requiring hospitalisation [3]. Length of 
hospital stay in neonates correlates with lung function later 
in life [4]. Most PCD infants have a daily wet cough and cilia 
dysfunction in the upper airways and Eustacean tubes which 
can result in loss of sense of smell and rhinosinusitis as well 
as conductive hearing loss from otitis media (glue ear) [5]. 
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Due to the involvement of cilia in the reproductive organs 
(the fallopian tubes in females and efferent duct in males), 
PCD patients can be infertile. Male patients with PCD may  
be infertile due to shared defects between respiratory cilia 
and sperm flagella, which share many axonemal proteins [6] 
Furthermore, as cilia are important in the left–right symme-
try during development, almost half of PCD patients have 
situs inversus, and 8–12% have complex congenital heart 
disease [7]. Recurrent respiratory infections and the devel-
opment of bronchiectasis lead to progressive lung function 
decline through childhood. A large international registry 
suggested that lung function impairment at ages 6–9 was 
similar between PCD and cystic fibrosis (CF), but that lung 
function was substantially more impaired in young adults 
with CF compared to PCD [8, 9]. A description of these 
different clinical characteristics that present in PCD patients 
at different life stages is shown in Table 1.

The most recent investigation into the international preva-
lence of PCD based on large genomic databases found it to 
affect an estimated 1 in 7554 people [10]. In the majority of 
PCD cases, inheritance is autosomal recessive, but there are 
exceptions which are dominant or X-linked [11]. Pathogenic 
variants in 1 of 50 genes (Table 2) affect the development, 
structure and/or the axonemal motors of the cilia [2].

Normal Cilia Structure and Role in Disease

The cilium structure is approximately 6–7 µm long and is 
made up of an axoneme consisting of a central pair of single 
microtubules which are surrounded by nine outer doublet 
microtubules. These outer microtubules are connected to 

each other by the nexin–dynein regulatory complex, and 
each outer pair is joined to the central pair by radial spokes. 
The cilium is attached to the cell at a point at the base of 
the cilium called the basal body [12]. To allow the cilia to 
beat, the dynein motor proteins hydrolyse ATP to then apply 
force onto the microtubules which stimulate the bending of 
the cilium. The cilia beat in a motion with a forward effec-
tive stroke which enables them to move the mucus and then 
return to their original position with a recovery stroke. In a 
healthy individual, the cilia beat at a frequency of between 
7 and 16 Hz [13]. Known PCD genes and how they corre-
spond to abnormalities in the cilia ultrastructure are shown 
in Fig. 1, a cross-section diagram of cilia ultrastructure.

Genotype–Phenotype Relationships

Gene discovery has improved the understanding of genotype 
–phenotype relationships. The burden of PCD can depend on 
the causative genotypes. Patients are at higher risk of severe 
disease, measured by lung function, when ciliogenesis is 
severely impaired (e.g. defects in CCNO or MCIDAS) or in 
defects of microtubular stabilisation (CCDC39 and CCDC40 
genes) [14]. These associations have been shown across mul-
tiple large international studies although the mechanism 
behind this worsened disease severity has not yet been fully 
elucidated. Conversely, some genes or specific mutations are 
associated with reduced risk of severe disease. Mutations in 
the outer dynein arm heavy chain gene DNAH11 are associ-
ated with the preservation of lung function when compared 
to other genotypes. A reduced incidence of neonatal dis-
tress is also reported in patients with DNAH11 genotypes 

Table 1   Clinical features of PCD described at different life stages

Clinical features Notes

Neonates Neonatal respiratory distress
Situs abnormalities
Cardiac defects
Persistent rhinorrhoea
Family history of PCD

Prolonged hospitalisation
Situs inversus, situs ambiguous
Present in around 10% of patients
Uncommon due to underdiagnosis and autosomal inheritance

Childhood Chronic wet cough
Bronchiectasis
Chronic rhinitis
Otitis media
Conductive hearing loss
History of neonatal distress
Situs abnormalities

Persistent, often from infancy
Glue ear, history of grommits

Adolescents and adults Bronchiectasis
Severe rhinosinusitis
Nasal polyposis
Sinusitis
Infertility
Features associated with childhood disease, 

along with history of neonatal distress

Almost universal by adulthood. Severe disease at early age
Males > females. Recurrent miscarriage in females
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Table 2   Known causative PCD genes and their structural and functional consequence

Gene Structure/process affected Ciliary ultrastructure by transmission electron microscopy

DNAH5 Outer dynein arm Outer dynein arm defects
DNAH9 Proximal outer dynein arm defect
DNAH11 Near normal
DNAI1 Outer dynein arm defects
DNAI2 Outer dynein arm defects
ODAD1 (CCDC114) Outer dynein arm defects
ODAD2 (ARMC4) Outer dynein arm defects
ODAD3 (CCDC151) Outer dynein arm defects
ODAD4 (TTC25) Outer dynein arm defects
ODAD5 (CLXN) Outer dynein arm defects
CCDC103 Dynein arm assembly Outer and inner dynein arm defects
DNAAF1 (LRRC50) Outer and inner dynein arm defects
DNAAF2 (KTU) Outer and inner dynein arm defects
DNAAF3 Outer and inner dynein arm defects
DNAAF4 (DYX1C1) Outer and inner dynein arm defects
DNAAF5 (HEATR2) Outer and inner dynein arm defects
DNAAF6 (PIH1D3) Outer and inner dynein arm defects
DNAAF7 (ZMYND10) Outer and inner dynein arm defects
DNAAF11 (LRRC6) Outer and inner dynein arm defects
DNAAF13 (SPAG1) Outer and inner dynein arm defects
DNAAF16 (CFAP298 C21orf59) Outer and inner dynein arm defects
DNAAF17 (CFAP300 C11orf70) Outer and inner dynein arm defects
TTC12 Inner dynein arm defect
DAW1 Subtle cilia abnormalities
CCDC39 Microtubular stabilisation Inner dynein arm defect and microtubular disorganisation
CCDC40 Inner dynein arm defect and microtubular disorganisation
CCNO Motile ciliogenesis Sparse cilia
MCIDAS Sparse cilia
FOXJ1 Sparse cilia or near normal
DRC1 (CCDC164) Nexin dynein regulatory complex Microtubular disorganisation
DRC2 (CCDC65) Microtubular disorganisation
DRC4 (GAS8) Microtubular disorganisation
CFAP221 (PCDP1) Central complex Near normal
HYDIN Near normal
SPEF2 Near normal
STK36 Near normal
DNAJB13 Radial spoke Near normal
RSPH1 Central complex defect
RSPH3 Central complex defect
RSPH4A Central complex defect
RSPH9 Central complex defect
CFAP57 (WDR65) Inner dynein arm assembly process Near normal
GAS2L2 Basal body/basal foot/rootlet/actin filament Near normal
OFD1 Centrosome/basal body Long cilia with accumulations in the ciliary tip
RPGR Transition zone of respiratory cilia Near normal
DNAAF12 (LRRC56) Intraflagellar transport Near normal
NEK10 Protein kinase Near normal
TP73 Transcription regulatory factor Near normal
TUBB4B Microtubular assembly protein Short, sparse cilia with disorganised axonemes and protein 

accumulations in the tips
CEP164 Microtubular organisation protein Long cilia/microtubular disorganisation
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which could be linked to the subsequent preservation of 
lung function [15]. RSPH1, MNS1, DNAH9, and the His-
154Pro mutation in CCDC103 have also been described 
as associated with milder disease [16–19]. Of note, some 
patients with these genotypes will have severe disease, and 
several important factors beyond genotype are likely to play 
a part, for example, age at diagnosis, socio-economic fac-
tors, access and adherence to treatment, chronic infections 
and exacerbations.

Further genotype–phenotype relationships have been 
observed in PCD based on the subtle difference in the pro-
teins involved in ciliary structure and function in different 
cell types. For example, some genotypes are associated with 
preserved fertility (CCDC151) or situs solitus (HYDIN, 
RSPH4A, RSPH9, RSPH1, RSPH3, DRC1, DRC2, DRC3, 
CCNO, MCIDAS) due to the redundant function of these 
proteins in the fallopian tubes or embryonic development, 
respectively [20, 21]. Other PCD genes are associated with 
the presence of hydrocephalus due to dysfunction of motile 
cilia in the brain ventricles (FOXJ1, CCNO, MCIDAS) 
[22–24]. Understanding these genotype–phenotype relation-
ships may allow the counselling of patients with increased 
accuracy regarding prognosis and put in place personal-
ised management plans factoring in genotype. These may 

include, for example, the relevance of referral to colleagues 
in specialties such as ENT, fertility clinics and cardiology.

In recent years, genetic testing has reduced in cost and 
become more accessible which has aided PCD diagno-
sis. Testing can be conducted through PCD-specific gene 
panels, whole exome or whole genome sequencing. Each 
comes with advantages and disadvantages in terms of cost, 
sequence coverage, complexity of data analysis and potential 
for incidental findings and multiple variants of unknown sig-
nificance. Gene panels may present the option with lowest 
cost and least complexity but at the expense of worst cover-
age, while whole genome sequencing is costly but provides 
additional information [25, 26]. Whole genome sequenc-
ing in healthcare has recently been trialled alongside clini-
cal practice in large government funded projects in the UK 
and USA [27, 28]. Some commercially available ‘panels’ 
will conduct whole exome sequencing but only report on 
requested genes, giving the opportunity to revisit a diagnosis 
as gene discovery continues to progress. The UK National 
Health Service 100,000 Genome Project was funded by the 
UK government and included subpopulations with specific 
diseases of interest including early onset or aggressive bron-
chiectasis. This study revealed underdiagnosis of PCD in an 
adult bronchiectasis cohort. The project found 17 out of 142 

Fig. 1   Genotype–phenotype associations in PCD. PCD genes (black 
italics) and their structural and functional consequence. Blue text 
indicates known genotype and clinical phenotype associations. Less 

than (^) sign indicates normal ultrastructure and asterisk (*) cases 
with normal nasal nitric oxide have been described
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(12%) bronchiectasis patients had disease-causing mutations 
in known PCD genes [27]. This highlights a high frequency 
of undiagnosed PCD in early onset or aggressive bronchiec-
tasis and indicates the need for more genetic testing for PCD 
in adults with severe unexplained bronchiectasis.

There are few studies describing the specificity of PCD 
genetic testing as it is predominantly conducted on individu-
als with a clinical or pathology-based diagnosis. Screening 
larger, broader populations will present some challenges 
due to the size of the genes and number of genes involved. 
Approximately 1 in 20 people are carriers of a PCD muta-
tion, and variants of unknown significance in one or more of 
the PCD genes are identified in most of the population with-
out disease. The Hannah et al. study, which describes PCD 
prevalence of 1:7500, used pathogenic or likely pathogenic 
mutations in 26 of the known 50 genes for their prediction 
model, and therefore, this is likely to be an underestimate. A 
second analysis including variants of unknown significance 
in the prediction models resulted in a prevalence estimation 
of 1 in 200. This suggests at least 1 in 200 people have 2 
variants of unknown significance in a PCD gene. Therefore, 
results of PCD genetic screening in general populations with 
just one clinical feature would be unreliable [10]. However, 
over the next few years, understanding of disease-causing 
mutations may improve with prediction modelling and 
databases of known variants. Therefore, genetic screening 
will become increasingly possible in populations where the 
prevalence of PCD is predicted to be high. For example, 
genetic testing may be achievable in any child born with 
situs inversus, one in four of which are predicted to have 
PCD, or term infants with unexplained neonatal respiratory 
distress [29]. Currently, careful referral for genetic testing 
and confirmation of findings using pathology-based tests 
remains crucial.

Whom to Refer for Genetic Testing

Whom to refer for PCD testing may depend on the age of the 
patient and the availability of local testing facilities. In the 
UK, the genomics medicine testing directory recommends 
(1) neonatal presentation with at least one of the follow-
ing: (a) situs inversus plus lower airway or nasal symptoms 
OR (b) persistent respiratory distress where other causes 
have been excluded OR (c) persistent rhinorrhoea and cough 
where other causes have been excluded OR (2) testing in 
childhood with at least one of the following: (a) Persistent 
life-long wet cough (where CF has been excluded), (b) unex-
plained bronchiectasis (CF excluded) and (c) serous otitis 
media in association with lower and upper airway symptoms 
and (3) testing in adults who have had symptoms as above 
since early childhood, often associated with infertility or 
subfertility [30].

There have been tools developed for the identification of 
people suitable for PCD testing; these include the PICADAR 
tool which is a predictive score with seven simple questions 
to predict the likelihood of having PCD. It can be used in any 
patient with chronic respiratory symptoms starting in early 
childhood [31]. The seven questions and associated points 
are the following: was the patient born preterm or full term 
(2 points), did the patient experience chest symptoms in the 
neonatal period (2 points), was the patient admitted to a 
neonatal unit (2 points), does the patient have a situs abnor-
mality (4 points), does the patient have a congenital heart 
defect (2 points), does the patient have persistent perennial 
rhinitis (1 point), does the patient experience chronic ear or 
hearing symptoms (1 point)? It is recommended to test any-
one with a score of 4 or above. The emphasis on the neonatal 
period means this is difficult to translate to adults and older 
children and the referral may need to be more pragmatic. 
Most PCD patients will have a life-long history of upper and 
lower respiratory disease. In patients with bronchiectasis, 
some findings on HRCT can give a suggestion that PCD 
might be the causative factor. Patients tend to have bilateral 
disease concentrated in the lower and middle lobes, as these 
are least effective at clearing with cough alone. There may 
also be widespread mucus plugging, but neither feature is 
uncommon in other causes of adult bronchiectasis [32, 33]. 
In general, adults with PCD will have more severe disease 
with lower lung function, are younger than their counter-
parts with idiopathic disease and be more likely to isolate 
a pathogen growth from sputum and often Pseudomonas 
aeruginosa [32, 33].

PCD diagnosis is usually a process which involves more 
than one testing modality, and in Europe, genetics remains 
at the end of this pathway once a number of pathology-based 
tests have been conducted. There are European Respiratory 
Society (ERS) and American Thoracic Society (ATS) guide-
lines for PCD diagnosis as shown in Fig. 2. The ERS guide-
lines recommend initial testing with nasal nitric oxide (nasal 
NO). Nasal NO measures the concentration of nitric oxide 
gas in the sinuses using a gas analyser. Most PCD patients 
have significantly reduced nasal NO compared to healthy 
controls [34]. A cut-off of less than 77 nl/min is commonly 
used to identify patients with possible PCD [35]. However, 
the test is not 100% sensitive or 100% specific. A systematic 
review and meta-analysis using EM or genetic-based diagno-
sis as the gold standard suggested a sensitivity of 97.6% and 
specificity of 96% in patients with a high clinical suspicion 
of disease [36]. Cilia function can be directly analysed from 
nasal epithelial tissue using high-speed video microscopy 
(HSVM). Analysis of cilia beat frequency and more impor-
tantly beat pattern can be analysed by light microscopy [37]. 
To confirm a diagnosis, transmission electron microscopy 
(TEM) can be used to visualise the ultrastructure of the cilia. 
Genetic testing may finally be used to confirm the diagnosis. 
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ERS guidelines state that a hallmark defect detected TEM, 
and/or biallelic pathogenic mutations in a known PCD gene 
can confirm PCD, while repeatedly abnormal HSVM make 
a diagnosis highly likely. [38].

The ATS guidelines place greater emphasis of clini-
cal parameters, nasal NO testing and genetics rather than 
functional tests. The ATS recommendations require at least 
two of the four clinical features of PCD before undertak-
ing nasal NO testing. If nasal NO testing is available and 
levels of NO are low (< 77 nl/min) (and if cystic fibrosis 
(CF) is excluded), then PCD diagnosis is considered to be 
confirmed. If nasal NO testing is not available, then genetic 
testing is carried out to confirm a PCD diagnosis. If a bial-
lelic pathogenic variant associated with PCD is not present, 
then ATS guidelines recommend that TEM analysis is also 
carried out [39].

It is important to note that none of the diagnostic tests is 
fully sensitive or specific. PCD mutations can have unique 
diagnostic phenotypes, so a patient could present with a 
normal nasal NO but have abnormalities in the cilia ultras-
tructure by TEM (e.g. RSPH1 mutations) or a patient could 
have abnormal nasal NO but normal TEM (e.g. DNAH11 
mutations). Up to 30% of people with PCD have normal 
cilia ultrastructure when examined with TEM [40] The poor 
sensitivity or specificity of all the tests is the reason that 
both guidelines recommend an approach combining mul-
tiple tests.

A technique that may be used to aid genetic diagnosis, 
especially in the confirmation of a variant of unknown 
significance, and that is quicker and perhaps more readily 
available than other methods is immunofluorescence stain-
ing. This is achieved by staining cells that have been dried 
onto slides with primary and secondary antibodies and then 
visualising them with a confocal microscope. This was 
shown by a study in the UK to be highly specific and in a 
diagnostic cohort identified nearly 90% of the patients with 
already confirmed PCD and confirmed normal staining for 
the rest of the cohort who were considered ‘highly unlikely’ 
to have PCD [41]. Subsequently, additional antibodies have 
been added as a potential for immunofluorescence which 
may uplift its usefulness above that of TEM. Specifically, 
a group used immunofluorescence staining to identify indi-
viduals with the HYDIN mutation using a SPEF2 antibody as 
SPEF2 is associated with the central pair projections which 
are absent in people with pathogenic mutations in this gene 

[42]. DNAH11 antibodies can also be used with immuno-
fluorescent staining to successfully recognise defects in this 
large gene where TEM results are usually normal. Immu-
nofluorescence can confirm this defect in the majority of 
patients, although some with intronic variants continue to 
display normal staining patterns, suggesting DNAH11 still 
reaches the axoneme but does not function properly [43].

Use of Genetics in Isolation and Pitfalls

Despite its many advantages, it is also important to con-
sider the limitations of diagnosing PCD by genetics. Firstly, 
genetic screening cannot be used in isolation, and frequently, 
results require confirmation with another technique such as 
TEM or HSVM or IF. Importantly genetic testing misses 
approximately 30% of PCD patients, so a negative result on 
a gene panel does not mean that the clinician can exclude 
PCD as a diagnosis [2].

There are over 200 proteins which make up a cilium and 
700 involved in its biogenesis. Mutations in only 50 genes 
have so far been implicated in PCD. There is a steady gene 
discovery with 2 or 3 new genes identified each year. In 
addition, genes that are known about are not always tested. 
HYDIN, for example, has a pseudogene HYDIN2 which 
makes it very difficult to reliably align sequences and detect 
mutations in these. HYDIN is therefore not included in many 
commercially available PCD genetic panel. HYDIN muta-
tions in PCD patients can present with abnormal HSVM as 
they have a reduced beating amplitude as well as showing 
subtle central complex defects when analysed with electron 
microscope tomography [44]. Recently, advances in genom-
ics techniques have facilitated improved the diagnosis of 
HYDIN using digital masking, long read sequencing and 
detection of SPEF immunofluorescent techniques. Where 
these techniques have been used HYDIN has been shown to 
be the 4th/5th largest causative gene accounting for ~ 8% of 
cohorts [45]. The majority of mutations in PCD genes are 
nonsense mutations or deletions which therefore truncate 
the protein. However, about 30% are missense mutations 
in which only a single amino acid is changed, and thus, it 
is harder to define whether they are contributing towards 
the disease. Many of the mutations associated with PCD 
are private mutations, meaning they have not been previ-
ously seen in another patient or family [46]. The majority 
of these private missense mutations are assessed by clinical 
geneticists as variants of unknown significance. Meaning, it 
is not known whether they are disease-causing or not [10]. 
This emphasises the need for complementary functional 
tests to confirm PCD diagnosis and complement informa-
tion from genetic testing, particularly where clinical features 
are non-classical.

Fig. 2   Summary of a European Respiratory Society and b American 
Thoracic Society guidelines on the techniques and steps to confirm a 
PCD diagnosis. For further details including meaning of superscript 
symbols please refer to the source publication. Reproduced with per-
mission of the  © ERS 2023: European Respiratory Journal 54 (3) 
1901066; https://​doi.​org/​10.​1183/​13993​003.​01066-​2019 Published 5 
September 2019

◂

https://doi.org/10.1183/13993003.01066-2019
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Why a Diagnosis Is Important 
and Advantages of Genetic Testing

Many patients receive a diagnosis of PCD on clinical 
grounds without diagnostic testing, some patients receive 
a confirmed diagnosis based on diagnostic testing without 
genetics and worldwide, it is likely only a small minority of 
patients receive a genetic diagnosis of PCD.

Making the diagnosis of PCD is essential, and the most 
accurate diagnosis possible should be made using the com-
bination of diagnostic tests recommended by international 
guidelines to avoid under- and over-diagnosis. A confirmed 
diagnosis of PCD in a child without bronchiectasis enables 
protocolised care aimed at preserving lung function and 
delaying or preventing the development of irreversible pul-
monary and non-pulmonary pathology. In those with estab-
lished bronchiectasis, a diagnosis of PCD is still important 
as it alters management. Additional measures following a 
diagnosis of PCD may include genetic counselling, counsel-
ling regarding fertility, intensified treatment of upper airway 
disease, cardiac investigations and intensified airway clear-
ance and additional measures to treat pulmonary disease.

There are a range of different management strategies for 
PCD patients, most addressing symptoms of disease, and 
there are currently no licensed PCD-specific therapies. For 
the pulmonary symptoms, it is strongly advised that PCD 
patients practice airway clearance techniques to improve 
mucociliary clearance [47]. In the case of pulmonary exac-
erbations then bronchiectasis or cystic fibrosis management 
guidelines are usually followed. Patients with PCD are at 
high risk of exacerbations and are frequently chronically 
infected with pathogens, most commonly P. aeruginosa 
and H. influenzae. In adulthood, Pseudomonas aeruginosa 
becomes the most common infecting pathogen. Other treat-
ments for improving pulmonary function such as hyper-
tonic saline and recombinant human deoxyribonuclease I 
(rhDNase) have been investigated for PCD treatment but 
have not been confirmed to be beneficial [48, 49]. Neverthe-
less, hypertonic saline is widely used to aid mucus clearance. 
rDNAse is more controversial as, although effective in CF, it 
was found to be ineffective in non-CF bronchiectasis.

A multicentre randomised trial of prophylactic azithromy-
cin found that the treatment reduced exacerbations compared 
to placebo by approximately 50% in patients with PCD, mir-
roring results observed in a broader bronchiectasis popu-
lation. Inhaled antibiotics are also frequently used in the 
PCD population, particularly when P. aeruginosa infection 
is present [50]. An otolaryngologist can help assist with 
symptoms associated with the upper airways and ears using 
techniques such as sinonasal rinsing and nasal steroids [51]. 
A multidisciplinary team is required for each patient, and 

thus, for other aspects of the condition, genetic counselling 
and psychological support may also be beneficial.

Beyond making an accurate diagnosis of PCD, which 
is crucial, there are added benefits of a genetic diagnosis. 
Knowledge regarding genotype/phenotype relationships can 
assist in prognostication and screening for complications. 
PCD is an area of intense research, and future therapies tar-
geted at specific genetic mutations are emerging. Genetic 
testing can therefore enable patients to participate in clinical 
trials.

Novel treatment options for PCD patients are being 
developed using gene or transcript therapies. A study used 
a lentivirus vector to correct a DNAI1 mutation in cells, 
and they were able to demonstrate the transduced DNAI1-
rectified outer arm defect seen in this mutation. This par-
tially improved the mucociliary clearance, but not all of the 
cells were transduced [52]. Another study used the same 
technique in a mouse model and found that they success-
fully transduced cells in the airway epithelium but did not 
significantly change the cilia beat frequency [53]. Gene edit-
ing using clustered regularly interspaced short palindromic 
repeats (CRISPR) has the potential to be used in PCD, but 
there are yet to be any studies published. Another study has 
been published using transcription-activator-like effector 
nucleases (TALEN) in which the authors were able to par-
tially reinstate cilia function in ex vivo epithelial cells which 
had the DNAI1 mutation [54]. The concept of using RNA 
to develop treatments is also being explored by research 
scientists and also has the potential to be beneficial as it is 
considered less likely to have harmful side effects than direct 
DNA therapies [49].

Conclusion

Research genetics have improved our understanding of mul-
tiple motile ciliopathies. Now, the challenge is to integrate 
genetics into clinical practice for diagnosis of these con-
ditions. We have highlighted whom to refer, how genetics 
fits into current guidelines for diagnostic algorithms and the 
potential challenges and advantages, as well as techniques, 
which could be incorporated into future guidelines for diag-
nosis and therapies that are currently being developed. As 
we move forward, the growing genomic knowledge about 
this condition will aid the establishment of future clinical 
trials.
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