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ABSTRACT

Background Primary ciliary dyskinesia (PCD) is a rare
genetic disorder resulting in abnormal ciliary motility/
structure, extremely heterogeneous at genetic and
ultrastructural levels. We aimed, in light of extensive
genotyping, to identify specific and quantitative ciliary
beating anomalies, according to the ultrastructural
phenotype.

Methods We prospectively included 75 patients with
PCD exhibiting the main five ultrastructural phenotypes
(n=15/group), screened all corresponding PCD genes
and measured quantitative beating parameters by high-
speed video-microscopy (HSV).

Results Sixty-eight (91%) patients carried biallelic
mutations. Combined outer/inner dynein arms (ODA/IDA)
defect induces total ciliary immotility, regardless of the
gene involved. ODA defect induces a residual beating
with dramatically low ciliary beat frequency (CBF)
related to increased recovery stroke and pause durations,
especially in case of DNA/T mutations. IDA defect with
microtubular disorganisation induces a low percentage
of beating cilia with decreased beating angle and, in
case of CCDC39 mutations, a relatively conserved mean
CBF with a high maximal CBF. Central complex defect
induces nearly normal beating parameters, regardless of
the gene involved, and a gyrating motion in a minority
of ciliated edges, especially in case of RSPHT mutations.
PCD with normal ultrastructure exhibits heterogeneous
HSV values, but mostly an increased CBF with an
extremely high maximal CBF.

Conclusion Quantitative HSV analysis in PCD
objectives beating anomalies associated with specific
ciliary ultrastructures and genotypes. It represents a
promising approach to guide the molecular analyses
towards the best candidate gene(s) to be analysed or
to assess the pathogenicity of the numerous sequence
variants identified by next-generation-sequencing.

INTRODUCTION

Primary ciliary dyskinesia (PCD) is a rare congen-
ital disorder (1:10000-40 000 births) related to
abnormal structure and/or motility of motile cilia.'™
The cilia dysfunction leads to recurrent upper/lower
airway infections secondary to impaired mucocil-
iary clearance, associated with laterality defect in
approximately half of the patients, defining the

Kartagener syndrome.”” The diagnosis, usually
suspected in case of suggestive clinical picture and
low nasal nitric oxide (nNO), is challenged by the
heterogeneity of the disease and the limitations of
the available diagnostic tools.®'°

A wide diversity of ciliary ultrastructural defects
characterise PCD, mainly affecting the dynein
arms or less frequently the central complex of the
axoneme. It reflects an important genetic hetero-
geneity with more than 40 genes involved,® each
related to a specific ultrastructural phenotype.*
Specific ciliary beating anomalies related to specific
ultrastructural defects were first described in
the 1980s,'"' '? later refined through high-speed
video-microscopy (HSV)." Additionally, one study
correlated beating anomalies and genotypes, but
with few patients for most of the genes.* Recently,
Chioccioli reported subtle beating differences
between patients with DNAH11 and HYDIN vari-
ants.’ Furthermore, studies focused on specific
genotypes described the related ultrastructure and/
or ciliary beating.'®™"” Therefore, despite interna-
tional recommendations underlying the importance
in genotype/ultrastructure/beating correlations in
PCD,®? no exhaustive description or correlation
study is available. Moreover, in all these studies but
one," the ciliary beating analysis was based on a
subjective description of the beating pattern and/or
on the ciliary beat frequency (CBF).

Applied to cilia since 1984, HSV dramati-
cally improved beating analysis, allowing multiple
slow-motion-replays and providing video collec-
tions suitable for expert advice or research.® ' %!
In 2017, the European Respiratory Society under-
lined the importance of HSV in PCD diagnosis,®
recently sustained by his excellent sensitivity/
specificity (100%/96%, respectively).”” However,
the lack of standardisation in beating analysis, the
variability in beat pattern and frequency even in
healthy control, and the risk of observer bias in a
subjective beating analysis, question the accuracy of
such analyses and stimulate the interest of objective
and standardised analyses.® > ** Consequently, the
American Thoracic Society recently recommended
to not use subjective beat pattern analysis for PCD
diagnosis.” In a pilot study, our team developed
quantitative HSV beating parameters to improve
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PCD diagnosis,” that would be valuable to reduce the observer
bias and to develop an objective standardised method with high
accuracy and high decisiveness.

We aimed to describe the ciliary beating in a large PCD cohort,
using quantitative/objective ciliary beating parameters, according
to the ultrastructural phenotype and the genotype.

METHODS
Patients
Patients suspected of PCD are routinely referred to the French
national centre of rare respiratory diseases (https://respifil.fr/)
for investigations, including nNO, beating analysis by HSV, ultra-
structural analysis by transmission electron microscopy (TEM),
genetic analysis and if necessary ciliary analyses after cell culture.

We selected patients with confirmed or highly likely PCD
diagnosis, available HSV and ultrastructural analysis evidencing
one of the following main five ultrastructural phenotypes,
encompassing >90% of PCD cases:® combined outer/inner
dynein arms defect (2 DA group), outer dynein arm defect (ODA
group), inner dynein arm defect with microtubular disorgani-
sation (IDA/MTD group), central complex defect (CC group)
and normal ultrastructure (nEM group) (see examples in online
supplementary figure S1). As recommended,® confirmed PCD
diagnosis required a hallmark ultrastructural defect (ie, 2 DA
defect, ODA defect, IDA defect with MTD) or biallelic causal
mutations in a known PCD gene. PCD diagnosis was considered
as highly likely in case of Kartagener syndrome or in case of
typical clinical picture associated with CC defect in >20% of
cilia confirmed on two independent samples, since situs inversus
has never been reported and the defect never affects all cilia in
patients with CC defect.® 26

In order to constitute five groups corresponding to the main
five ultrastructural phenotypes, we prospectively and consec-
utively included 15 patients for each phenotype (75 patients).
In the 2DA, ODA and IDA/MTD groups, we selected patients
evidencing dynein defect in 100% of cilia, in order to get a
more homogeneous group. In the CC group, PCD diagnosis was
confirmed by the identification of causal mutations (n=13/15)
or highly likely in affected siblings with the same typical clinical
picture (chronic bronchitis/rhinosinusitis with diffuse bronchi-
ectasis) and ultrastructural defect (n=2/15). The nEM group
included patients with >90% of cilia with normal ultrastruc-
ture and either biallelic DNAHI11 mutations (n=13) or Karta-
gener syndrome (n=2). Overall, we included 71 patients with
confirmed PCD and 4 with highly likely PCD (CC group (n=2),
nEM group (n=2)).

All patients/parents gave their written informed consent. The
Ile-de-France ethics committee approved the study (CPP07729).

Ciliary analyses

The ciliated epithelium samples were obtained from the infe-
rior turbinate or the bronchus, as previously described,?® in non-
smokers patients free from acute airway infection for at least
6 weeks.

The ciliary ultrastructure was analysed by TEM on biopsy
immediately immersed in glutaraldehyde. Results are expressed
as the percentage of abnormal cilia among the analysed cilia
(=50 per patient) and as the percentage of each ultrastruc-
tural abnormality among the abnormal cilia. Dynein arms were
considered to be absent when missing in =5 over nine peripheral
microtubules.

The ciliary beating was analysed by HSV on brushing imme-
diately immersed in B1-BSA medium (CCD, Paris, France).

We analysed samples blinded from clinical/ TEM/genetic
results, within 3 hours, during a maximum of 20 min, at stable
air-conditioned room temperature, close to the physiolog-
ical temperature of the nostril, considering no international
consensus standardised HSV methods notably the temperature.®

We excluded isolated ciliated cells. Using an oil immersion X100

objective, we captured the videos with a digital high-speed

camera (A741,PixeLink, Ottawa, Canada), at 358 frames per

second with a definition of 256x192 pixels (1800 frames, 5

per video). For each patient, we recorded 10 video captures of

10 independent ciliated edges viewed from the side and addi-

tionally from the top in case of circular gyrating motion. The

10 video allowed ciliary beating analyses from 10 independent

ciliated edges (1 analysis per video/edge), using an in-house soft-

ware, including:

» The percentage of beating cilia. Each of the 10 video/edges
were scored 0 (all immotile cilia), 0.1 (<50% of beating
cilia), 0.5 (~50% of beating cilia) or 1 (>50% of beating
cilia). For each patient, the percentage of beating cilia was
defined as the sum of the scores divided by 10.

» The CBF, measured by kymography and fast Fourier trans-
form. For each patient, we subsequently inferred the mean
and maximal CBF.

» The qualitative evaluation, referring to the beat patterns
described by Chilvers (ie, normal beating, virtually immo-
tile, stiff beating with reduce amplitude and circular gyrating
motion).”® For each video/edges, including those captured
from the top, we considered the main beat pattern. For each
patient, we calculated the percentage of video/edges with
each beat pattern.

» The quantitative beating parameters as previously
described.” Tt required individualising 10 beating cilia
followed during a complete beating cycle (one cilium per
video/edges). It allowed measuring 12 objective parameters:
CBF, power stroke duration, recovery stroke duration, pause
duration after power stroke, pause duration after recovery
stroke, total pause duration (sum of the two previous
parameters), beating angle, cilia length, distance travelled by
the cilium tip per beat, area swept by the cilium per beat,
distance travelled by the cilium tip per second and area
swept by the cilium per second. Furthermore, the distance
travelled by the cilium tip per second was weighted by the
percentage of beating cilia.

» According to the thresholds proposed by Papon,* we calcu-
lated the proportion of beating cilia with ‘normal motion’,
that we defined as the association of CBF =7.1Hz, beating
angle =57° and distance travelled by the cilium tip per
second =43.2 pm.

Online supplementary table S2 displays ciliary beating values
in a disease control group previously published.”

Molecular analyses

All the coding regions and intronic boundaries of all known
PCD genes related to each ultrastructural phenotype were anal-
ysed from genomic DNA,* by Sanger sequencing (primers avail-
able on request) or, since 2014, by next-generation sequencing
(NGS) for the large ones (=30 exons) (ARMC4, CCDC103,
CCDC114, CCDC151, CCDC39, CCDC40, CCDC65/DRC2,
CCNO, CFAP300/C110rf70, CFAP298/C210rf59, DNAAF1/
LRRCS, DNAAF2/KTU, DNAAF3, DNAAFS/HEATR2, DNAHS,
DNAHY9, DNAH11, DNAI1, DNAI2, DNAJB13, DNAL1, DRC1/
CCDC164, DYX1C1/DNAAF4, GAS2L.2, GAS8/DRC4, HYDIN,
LRRCS56, LRRC6, MCIDAS, NMES/TXNDC3, PIH1D3, RPGR,
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Table 1 Patients’ characteristics
2DA ODA IDA/MTD CcC nEM Total
n=15 n=15 n=15 n=15 n=15 n=75
Male/Female 8/7 9/6 10/5 9/6 718 43/32
Age (years) 14 (0-44) 30 (4-62) 15 (0-50) 29 (7-53) 27 (1-55) 25 (0-62)
Clinical features
Laterality defect 7 (47%) 6 (40%) 4(27%) 0 (0%) 11 (73%) 28 (37%)
Neonatal respiratory distress 8 (53%) 3 (20%) 11 (73%) 5 (33%) 5(33%) 32 (43%)
Chronic bronchitis and rhinosinusitis 15 (100%) 15 (100%) 15 (100%) 15 (100%) 15 (100%) 75 (100%)
Bronchiectasis 12 (80%) 11 (73%) 9 (60%) 14 (93%) 11 (73%) 57 (76%)
Adult male infertility* 3/3 3/6 3/6 3/7 1/5 13127
Available nasal NO 9 (60%) 13 (87%) 10 (67%) 11 (73%) 10 (67%) 50 (67%)
Nasal NO (nL/min) 11 (1-93) 10 (0-60) 13 (0-60) 17 (6-194) 22 (7-121) 12 (0-194)
Abnormal cilia by TEM (%) 100 (as inclusion criteria) 35 (20-58) 4 (0-9) 100 (0-100)
Patients with identified causal mutationst 15/15 (100%) 14/14 (100%) 13/13 (100%) 13/15 (87%) 13/15 (87%) 68/72 (94%)
Genes (n) DNAAFT (3) DNAIT (8) CCDC39 (10) RSPH1 (6) DNAH11 (13)
ZMYND10 (3) DNAHS5 (6) CCDC40 (3) RSPH9 (4)
LRRC6 (2) DNAJB13 (2)
PIH1D3 (2) HYDIN (1)
CCDC114 (2)
DNAAF2 (1)
DNAAF3 (1)
DYX1C1 (1)

Data are expressed as n (%) or median (range).

*Among males 18 years and older. Additionally, four women showed hypofertility in 2 DA (n=1), ODA (n=1) and nEM (n=2) groups.

tAmong patients with available molecular analysis.

CC, central complex defect; 2 DA, combined outer/innerdyne in arms defect; IDA/MTD, inner dynein arm defect with microtubular disorganisation; nEM, normal ultrastructure; NO,

nitric oxide; ODA, outer dynein arm defect; TEM, transmission electron microscopy.

RSPH1, RSPH3, RSPH4A, RSPHY, SPAG1, STK36, TTC2S,
ZMYND10). The NGS approach was based on DNA mechanical
fragmentation followed by targeted capture (SeqCap EZ Library
SR protocol, Roche) and library paired-end sequencing (MiSeq,
[llumina) with a resulting depth above 50X. Data were analysed
through an in-house double pipeline based on Bowtie and Bwa
aligners. These analyses were performed in all patients except
three without available DNA. Phenotype-genotype correlations
were only considered for the genes implicated in at least four
patients.

Statistical analysis

Data were analysed per patient (ie, one measure is available for
each patient) considering percentage of beating cilia, mean CBF,
maximal CBF, qualitative evaluation, mean of each quantitative
beating parameter and proportion of beating cilia with ‘normal
motion’. Additionally, CBF and quantitative beating parame-
ters were analysed per cilia after pooling all cilia from the same
ultrastructural phenotype. CBF and quantitative parameters
only concerned beating cilia. Comparisons were performed
with Statistica V.7.1 (Statsoft, France), using Kruskal-Wallis test.
P<0.05 were considered significant.

RESULTS

Table 1 summarises clinical, nNO, TEM and genetic findings.
According to the ACMG classification,’® among the 68 patients
carrying biallelic mutations, 43 had a genotype that probably
drives the absence of protein or a truncated non-functional
protein (ie, homozygous or compound heterozygous for
nonsense, frameshift or severe splice defect). Additionally, 25
patients had a genotype consistent with a possible production
of a full-length protein with or without an amino-acid change

(ie, missense or mild splice defect on one or both allele(s)).
Among those 25 patients carrying at least one mild mutation, the
involved genes were the following: in the 2 DA group: DNAAF3
n=1,ZMYND10 n=2; in the ODA group: DNAI1 n=5, DNAHS
n=1; in the IDA/MTD group: CCDC40 n=1; in the CC group:
RSPH1 n=6, RSPH9 n=1 and in the nEM group: DNAH11
n=8. Online supplementary table S3 details the genotype of all
the patients.
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Figure 1  Percentage of beating cilia. Black bars feature medians. +

represents patient with potential production of a full-length protein.
*P<0.05, **p<0.001. Values in disease controls are displayed in the online
supplementary table S2. CC group, central complex defect; IDA/MTD group,
inner dynein arm defect with microtubular disorganisation; nEM group,
normal ultrastructure; ODA group, outer dynein arm defect; 2 DA group,
combined outer/inner dynein arms defect.
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Figure 2 CBF of beating cilia. The 2 DA group is not represented since
all cilia are immotile. (A) Mean CBF, presented per cilia, as mean and SE,
obtained by kymography (white box) and fast Fourier transform (black box).
(B) Mean CBF, presented per patient. (C) Maximal CBF per patient. Black
bars feature medians. + represents patient with potential production of a
full-length protein. *P<0.05, **p<0.001. Values in disease controls are
displayed in the online supplementary table S2. CBF, ciliary beat frequency;
CC group, central complex defect; IDA/MTD group, inner dynein arm defect
with microtubular disorganisation; nEM group, normal ultrastructure; ODA
group, outer dynein arm defect; 2 DA group, combined outer/inner dynein
arms defect.

Ciliary beating and ultrastructural phenotype
The percentage of beating cilia is displayed in figure 1. Apart
patients from the 2DA group, who showed 100% of immotile
cilia, all patients had a residual beating allowing further HSV
analyses. Noteworthy, patients from the CC group had at least
20% of beating cilia, including two with 100% of beating cilia.
Results of CBF were similar regardless the methods of measure-
ment (ie, fast Fourier transform or kymography) (figure 2A). All
CBF comparisons showed significant differences except between
the IDA/MTD and CC groups (figure 2A). Furthermore, the

patients of the nEM group evidenced a wide range of mean CBF,
from 3.3 to 21.3 Hz (figure 2B). Figure 2C features the maximal
CBF per patient, lower in the ODA group and higher in the nEM
group, as compared with other groups.

The qualitative evaluation of ciliary beating is summarised in
table 2, and the statistical analyses are detailed in online supple-
mentary table 4. The pattern ‘normal beating’ was more frequent
in the CC or nEM group; the pattern ‘virtually immotile’ was
more frequent in the 2 DA group; and the pattern ‘stiff beating
with reduced amplitude’ was more frequent in the CC, IDA/
MTD or nEM group. The “circular gyrating motion’ was mainly
seen in the CC group (n=11), although in a minority of ciliated
edges, but was also present in the nEM group (n=3).

The quantitative parameters are displayed in figure 3. Briefly,
the recovery stroke and pause durations were longer in the ODA
group. The beating angle, the distance travelled by the cilium
tip per beat and the area swept per beat were reduced in the
IDA/MTD group (figure 3A). The weighted distance travelled
by the cilium tip per second was statistically different between
all groups except between the ODA and IDA/MTD groups
(figure 3A). When expressed per patient (figure 3B), these results
were confirmed, except between the CC and nEM groups for
which the difference was not significant.

Exceptin the 2 DA group, cilia with ‘normal motion’ (according
to our definition given in the Methods) were present in all groups
(figure 4A). In the ODA and IDA/MTD groups, only two and
three patients, respectively, showed cilia with ‘normal motion’
(figure 4B). Conversely, in the CC and the nEM groups, 9 and
11 patients, respectively, showed cilia with ‘normal motion’,
despite highly heterogeneous values (figure 4B). Furthermore, in
the CC group, no correlation was found between the proportion
of cilia with normal ultrastructure and the proportion of cilia
with ‘normal motion’ (data not shown).

Online supplementary videos S5 to S9 show the typical ciliary
beating of each ultrastructural phenotypic group.

Ciliary beating and genotype

Phenotype-genotype correlations were considered for each gene
implicated in at least four patients: DNAI1 (n=8), DNAHS
(n=6), CCDC39 (n=10), RSPH1 (n=6), RSPH9 (n=4) and
DNAH11 (n=13).

In the ODA group, the patients with DNAIT mutations exhib-
ited the most abnormal values regarding the percentage of
beating cilia (figure 1), the pause durations, the distance trav-
elled and the area swept (data not shown). Interestingly, the only
carrier of a DNAHS missense mutation, potentially allowing the
production of a protein (p.Arg2771Cys), evidenced a remarkably
conserved beating: 40% of beating cilia, normal CBF, normal

Table 2 Qualitative evaluation of ciliary beating: proportion per patient of ciliated edges with each beat pattern (as described by Chilvers et al,'

according to the ultrastructural phenotype)

2DA ODA IDA/MTD CC nEM

n=15 n=15 n=15 n=15 n=15
Normal beating 0% (0-0) 0% (0-59) 0% (0-13) 30% (0-62) 35% (0-50)
Virtually immotile 100% (100-100) 88% (22-92) 64% (6-93) 13% (0-56) 40% (5-85)
Stiff beating with reduced amplitude 0% (0-0) 10% (0-56) 36% (7-81) 45% (15-63) 30% (0-56)
Circular gyrating motion 0% (0-0) 0% (0-0) 0% (0-0) 5% (0-44) 0% (0-15)

Data are expressed as median (range). Grey boxes point out the specific beat pattern for each ultrastructural phenotype as published by Chilvers et a/ (nEM group was not

evaluated by Chilvers)."?

CC group, central complex defect; 2 DA group, combined outer/inner dynein arms defect.; IDA/MTD group, inner dynein arm defect with microtubular disorganisation; nEM group,

normal ultrastructure; ODA group, outer dynein arm defect.
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Figure 3 Quantitative analysis of ciliary beating. The 2 DA group is not represented since all cilia are immotile. (A) Quantitative parameters presented per
cilia, as mean and SE. (B) Weighted distance travelled per second by the cilium tip presented per patient. Black bars feature medians. + represents patient
with potential production of a full-length protein. *P<0.05, **p<0.001. Values in disease controls are displayed in online supplementary table S2. CC group,
central complex defect; IDA/MTD group, inner dynein arm defect with microtubular disorganisation; nEM group, normal ultrastructure; ODA group, outer
dynein arm defect; 2 DA group, combined outer/inner dynein arms defect.

pause duration, nearly normal weighted distance travelled per (median (range): 6.7Hz (3.8-10.1) and 3.3Hz (3.2-5.2),
second and 50% of cilia with ‘normal motion’ (figure 1, 2B, 3B, respectively, p=0.028) (figure 2B). Furthermore, the maximal
4B). CBF ranges from 6.1 to 24.2Hz (median 13.9Hz) in patients

In the IDA/MTD group, the patients with CCDC39 mutations carrying CCDC39 mutations, while the highest CBF was 9.7 Hz
evidenced higher mean CBF than those with CCDC40 mutations in patients carrying CCDC40 mutations (p=0.049) (figure 2C).
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Figure 4  Proportion of beating cilia showing a ‘normal motion’, defined
as a normal beat frequency and a normal angle and a normal distance
travelled by the cilium tip per second (as published by Papon et a/*®). The
2DA group is not represented since all cilia are immotile. (A) Data are
presented per cilia. (B) Data are presented per patient. Black bars feature
medians. + represents patient with potential production of a full-length
protein. *P<0.05, **p<0.001. CC group, central complex defect; IDA/MTD
group, inner dynein arm defect with microtubular disorganisation; nEM
group, normal ultrastructure; ODA group, outer dynein arm defect; 2 DA
group, combined outer/inner dynein arms defect.

In the CC group, patients with RSPH1 mutations seem to
exhibit less abnormal beating parameters (figures 1, 2B, 3B,
4B), and a less frequent gyrating pattern (RSPH1: 2/6 patients
evidenced a gyrating pattern, in up to 10% of ciliated edges;
RSPHY9 and DNAJB13: all patients evidenced a gyrating pattern,
in up to 40% of ciliated edges). Interestingly, three patients
carrying a mild RSPH1 mutation evidenced at least 30% of cilia
with ‘normal motion’ (figure 4B) with a normal nNO for one
of them (194nL/min): (i) as for the ¢.366G>A (p.Argl22=)
silent mutation, located on the first base of exon 3, although it
weakens the intron 4 acceptor splice site, normal RSPH1 tran-
scripts have been detected in that situation (19); (ii) similarly,
the ¢.7274+5G>A splice mutation partially impairs the intron
7 donor splice site, probably allowing the production of some
normal transcripts; (iii) as for the ¢.308G>A (p.Gly103Asp)
missense mutation, it may be compatible with the production
of a protein.

In the nEM group, the patients with DNAH11 mutations
showed heterogeneous values, but mostly an increased mean
CBF with extremely high maximal CBF (figure 2B, 2C) and occa-
sionally a reduced beating angle or distance travelled per beat
(data not shown). The five patients with severe biallelic muta-
tions showed a minority of beating cilia (1%-32%) (figure 1)
and consequently a systematically impaired weighted distance
travelled per second (figure 3B).

DISCUSSION
This prospective study is the first one that looks for phenotype-
genotype correlations in a large cohort of patients with PCD,

based on a deep ciliary phenotyping and an extensive geno-
typing. Considering the numerous limitations of the subjective
beat pattern analysis and the CBF, recently highlighted by the
American Thoracic Society, we used a quantitative beating anal-
ysis by HSV we previously developed.” We found that specific
beating parameters differ between the different ultrastructural
phenotypes and genotypes. To summarise our main results: a
2 DA defect induces a total ciliary immotility, regardless of the
gene involved; an ODA defect induces a minimal residual beating
with dramatically low CBF related to increased recovery stroke
duration and prolonged pauses, especially in case of DNAI1
mutations; an IDA/MTD phenotype induces a low percentage
of beating cilia with a decreased beating angle and, in case of
CCDC39 mutations, a relatively conserved mean CBF with a
high maximal CBF; a CC defect induces nearly normal beating
parameters, independently of the involved gene, and a gyrating
motion in a minority of ciliated edges, especially in case of
RSPH1 mutations and a PCD with normal ultrastructure exhibits
heterogeneous values in beating parameters, but frequently an
increased CBF with an extremely high maximal CBF related to
the cilia high-speed motion.

Although all cilia were found to be immotile when both dynein
arms are missing, other studies reported a residual beating in
patients with an absence of both dynein arms."® 3! In the latter
cases, it would, however, be interesting to know the proportion
of abnormal cilia and the expected consequences of the genotype
at the protein level.

Regarding the ODA and IDA/MTD groups, the striking feature
is the significant decreased weighted distance travelled by the
cilium tip. As for the ODA defect, the slow recovery strokes and
the very long pauses, which are responsible for the dramatically
decreased CBF, are in line with the role of ODA in the initialisa-
tion and the force of beating strokes.’?** In cilia with the IDA/
MTD phenotype, the reduced beating angle and distance trav-
elled per beat readily explain the reduced amplitude reported
in case of IDA defect,’® a result supporting the hypothesis that
IDA are ‘ODA helpers’ increasing the amplitude of the ciliary
beating.** ** Therefore, the slow beating in case of ODA defect
and the reduced beating angle in case of IDA/MTD phenotype
explain the short distance travelled and the small area swept
per second evidenced in these two ultrastructural phenotypes.
Given the dramatically low percentage of beating cilia in these
two groups, the weighted distance travelled by the cilium tip per
second is even more reduced. This is of key importance, as the
area swept by the cilium per second is determinant for the quan-
tity of fluid displaced by the beating cilia.

The main characteristic of the CC group is the high even hetero-
geneous percentage of beating cilia with nearly normal CBF and
quantitative beating parameters. However, we evidenced only
2/15 patients with 100% of beating cilia, when previous studies
reported no immotile cilia in case of CC defect."’ Reported as a
hallmark of CC defect,"’ we observed a ciliary gyrating motion
in only a minority of ciliated edges in the CC group, as previ-
ously reported,’* and occasionally in case of PCD with normal
ultrastructure. Considering the beating pattern was evaluated
on ciliated edges mainly viewed from the side, we may have
underestimated the proportion of circular gyrating motion but
only in case of minimal gyration, as the short focal length of the
lens allowed to identify the large majority of beating with a 3D
component. Finally, 8/15 patients with a CC defect displayed
a weighted distance travelled by the cilium tip per second
above the threshold proposed by Papon to confirm PCD diag-
nosis.” This highlights the difficulty in diagnosing PCD related
to CC defects, given there is no laterality defect, the clinical
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phenotype could be milder, the nNO values seem less abnormal
and the ultrastructural defect is observed in only a minority of
cilia 19262735

In PCD with normal ultrastructure, we showed that the qual-
itative evaluation is not discriminant as all beating patterns are
observed, including the gyrating motion, and that the CBF values
are highly variable even within a patient, as already reported.'* 1’
Finally, a high maximal CBF appears to be more characteristic
of this phenotype than a high mean CBF. Our quantitative anal-
ysis now demonstrates that the increased CBF is related to the
cilia high-speed motion and not to modifications of pause dura-
tions or beating angle. It corresponds to the hyperkinetic ciliary
beating first reported by Pedersen,'? later confirmed in most
patients with DNAH11 mutations.'* '¢~'8

Our phenotype-genotype correlation study reveals that
DNAI1 mutations result in the most abnormal ciliary beating
pattern—if we do not consider the total ciliary immotility of
patients with 2DA defect. Interestingly, mutations in DNAI1,
encoding an intermediate chain localised at the base of the ODA,
result in a defect of the whole dynein arm including the heavy
chain DNAHS localised at the distal part, while mutations in
DNAHS could allow the preservation of the basal part of the
ODA.*® Regarding the patients with DNAHS mutations, our
results are in line with a previous study showing a minimal and
uncoordinated ciliary beating with dramatically low CBE."

In patients with CCDC39 mutations, our quantitative analysis
shows similar power and recovery strokes durations that could
explain the difficulty to distinguish the power and recovery
strokes as already reported in patients with CCDC40 muta-
tions.'* Noteworthy, our study unveils that the maximal CBF
allows discriminating patients with CCDC39 mutations from
those with CCDC40 mutations, as CCDC39 mutations result
in higher maximal CBF. Despite a similar and interlinked loca-
tion within the axoneme, the CCDC39 and CCDC40 proteins,
which interact with distinct axonemal structures, could differen-
tially drive the ciliary beating.’”

The patients with RSPH1 or RSPH9 mutations displayed a rela-
tively conserved beating, even if RSPH9 mutations may impair
more severely the ciliary beating and may induce more frequently
a gyration motion, in line with a previous study reporting a slightly
reduced beating in patients with RSPH1 mutations.'”

Regarding the patients with DNAH11 mutations, besides
the well-reported increased CBF,'* 1'% a decreased amplitude
was previously suggested.'* '® Our results now clearly show a
reduced beating angle and distance travelled per beat.

Noteworthy, in the CC and nEM groups, the majority of the
patients who have parameters above the median (proportion of
beating cilia, mean CBF and weighted distance) carries a mild
mutation consistent with the production of some protein (online
supplementary table S3) (figures 1, 2B and 3B). This highlights
that the gene and the nature of the mutation may have an effect
on the ciliary beating. Finally, HSV seems to be a useful tool
for deep phenotyping within a given ultrastructural defect: four
patients with at least one mild mutation in either DNAHS or
RSPH1 showed relatively conserved beating parameters while
patients with severe DNAH11 mutations showed more an
impaired ciliary beating.

CONCLUSION

Our study proposes a deep ciliary phenotyping, including a quan-
titative beating analysis by HSV, and an extensive genotyping of a
large cohort of patients with PCD. We show that specific beating
anomalies are related to a specific ultrastructural phenotype, and
consequently to the group of genes implicated in this phenotype.

Furthermore, our data suggest a relationship between some ciliary
beating anomalies and specific genes. We also highlight that, for a
given causal gene, milder mutations, such as missense variations,
could result in milder alterations of the beating parameters. This
relation between the implicated gene and/or the severity of the
mutation and the ciliary beat impairment suggests subtle genotype-
phenotype correlations, that need to be investigated with a higher
number of patients per genotype.

With the large diffusion of the NGS-based technologies, it is
tempting to anticipate that molecular analyses will progressively
provide a PCD diagnosis. Thereby, the American Thoracic Society
recently recommended using an extended genetic panel as a diag-
nostic test over TEM, in patients with a high probability of having
PCD.” However, considering the high number of PCD genes so
far identified (>40 genes) and the size of some of them (>80
exons), it is frequent to identify several sequence variants in several
PCD genes or to identified variants of unknown significance. In
those situations, it is essential to demonstrate a strict concordance
between the suspected causal gene and the ciliary phenotype. Our
results suggest that HSV including quantitative beating analysis
could represent a valuable alternative to TEM in order to guide the
molecular analyses towards the best candidate gene(s) to be anal-
ysed and/or to assess the implication of identified sequence vari-
ants, as recently proposed by Chioccioli to discriminate between
DNAH11 or HYDIN variants.” This is of major interest since
HSV is easier, cheaper and faster to perform than TEM (~€150vs
~€1500 and ~45 min vs ~1 month in our centre).®*’ In summary,
genes implicated in 2 DA defect would be the best candidates when
all cilia are immotile. In case of residual beating with a decreased
weighted distance travelled by the cilium tip per second, genes
related to ODA defect would be the best candidates if the pause
durations are increased and those related to IDA/MTD pheno-
type if the beating angle is decreased. In case of residual beating
with borderline weighted distance travelled by the cilium tip per
second, genes related to CC defect would be good candidates if a
high percentage of cilia are still beating or if a gyrating motion is
identified, while those related to PCD with normal ultrastructure
would be selected when cilia are hyperkinetic.

In order to investigate predictive capabilities of HSV and to
apply such an algorithm, our data need to be confirmed in a
higher number of patients in each phenotype/genotype and if
necessary after ciliated cell culture. Such studies on a rare disease
must be done through international networks of specialists
working on HSV analyses with standardised practice.®® Further-
more, these data might be completed in less typical PCD cases,
such as partial axonemal defects and for less frequently impli-
cated genes (eg, N-DRC related genes).
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