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1. ABSTRACT  
 

Cilia are specialized organelles that extend from the 
cell surface into the local environment. Cilia of the airway 
epithelia are motile to provide mucociliary clearance. On other 
cells, solitary cilia are specialized to detect chemical or 
mechanosensory signals. Sensory proteins in motile cilia have 
recently been identified that detect fluid flow, bitter taste and 
sex hormones. The relationship of these sensory functions in 
motile cilia to disease is now being revealed. An example are 
the polycystin-1 and polycystin-2 proteins that function as a 
flow sensor in kidney cilia and are mutated in autosomal 
dominant polycystic kidney disease (ADPKD). These 
polycystins are also expressed in motile cilia, potentially 
operating as sensors in the lung. Computed tomography 
studies from patients with ADPKD reveal evidence of 
bronchiectasis, suggesting polycystins are important in lung 
function. The motile cilia expression of this proteincomplex, as 
well as sensory channel TRPV4, bitter taste and sex hormones 
receptors, indicate that the cilia is wired to interpret 
environmental cues. Defective signaling of sensory proteins 
may result in a ciliopathy that includes lung disease. 

2. INTRODUCTION 
 
2.1. Classes of cilia 

Cilia are evolutionarily ancient structures, 
extending from the cell into the surrounding environment to 
provide motility or sensing. Thus cilia are often divided 
into two broad classes, known as motile or primary (also 
called sensory) cilia (1, 2). The structure of all cilia is 
remarkably conserved from single cell organisms to 
mammals. All cilia include an axoneme composed of 9 
outer microtubule doublets surrounded by a membrane. In 
the case of motile cilia, these doublets, plus an additional 
inner pair, are associated with dynein motor proteins to 
provide movement. Dynein activity is regulated by cAMP-
dependent signals and intracellular calcium levels that 
ultimately control cilia beat frequency (3). In the lung, 
beating cilia clear the airway as a first line of innate 
defense. Motile cilia are also present on the surface of 
epithelial cells of the oviduct, brain ventricles, nasal sinuses 
and Eustachian tubes of the upper respiratory tract. The 
flagellum that propels sperm is structurally identical to 
motile cilia. In addition, solitary motile cilia that spin are 
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present on cells of the embryonic node to propel growth 
factors in a directional fashion for establishment of left-
right body axis (4). Knowledge of how motile cilia sense 
the environment and respond with a change in cilia beat 
frequency and function is now being revealed based on the 
investigation of primary cilia. 
 
2.2. Sensory cilia 

Solitary, non-motile cilia are classified as 
“primary” or “sensory” (5-8). The best-known functions of 
the sensory cilia are to act as specialized receptors to detect 
light in the retina, sound waves in the ear and chemical 
signals in olfactory cilium in the nose (1). Primary cilia 
also act as mechanoreceptors in response to luminal flow in 
the renal tubules, biliary and pancreatic ducts and within 
the vasculature, via cilia on endothelial cells (9-11). 
Proteins on the membrane of some cilia are receptors for 
signaling pathways for development and differentiation 
including sonic hedgehog (SHH), epidermal growth factor 
receptor (EGFR) and platelet derived growth factor 
receptor (PDGFR)  (2, 12, 13). Thus, the cilium has been 
broadly conceptualized as an antenna protruding into the 
cell environment to provide the cell with feedback about 
the milieu, ultimately to regulate cellular responses.  
  

The strict classification of one type of cilium as a 
sensory organelle and another as motile has now become 
blurred as proteins with sensory functions have been 
identified in motile cilia. Here, we summarize experimental 
evidence for the “overlap” of cilia functions. Furthermore, 
we provide new evidence for lung disease caused by 
putative mechanosensory defects related to mutations of 
genes causing autosomal dominant polycystic kidney 
disease (ADPKD). Finally, we provide a model by which 
sensory components of motile cilia are required for 
continuous feedback in the normal function of cilia for host 
defense.  
  
3. CILIOPATHIES  
 
3.1. Motile ciliopathies 

The recognition that cilia have multiple functions 
was initially facilitated by the identification of cilia-specific 
expression of proteins found to be mutant in several 
diseases. Defects in cilia and related genes are now termed 
“ciliopathies” (1, 14, 15). Primary ciliary dyskinesia (PCD, 
also called immotile cilia syndrome) results from genetic 
mutations in the genes that code for proteins with motor 
function in motile cilia (16-18). PCD is an autosomal 
recessive disease in which motile cilia are immotile, beat 
slowly, or have abnormal beating patterns (18), resulting in 
left-right asymmetry defects, infertility, chronic ear 
infections and recurrent respiratory tract infections. 
Additionally, heterotaxy defects associated with congenital 
heart disease are not uncommon in PCD, while 
hydrocephalus is extremely rare (16, 17). Many of these 
symptoms are the result of failure of the cilia to 
appropriately interact with the protective layer of mucus 
and airway surface liquid that overlies the apical surface of 
the epithelial cell. Consequently, particulate matter and 
pathogens that enter the respiratory tract are trapped in 
layers of mucus and cannot be adequately cleared. Over 

time, chronic infection can lead to airway destruction and 
dilation, resulting in bronchiectasis (17, 19). 

 
3.2. Primary cilia syndromes 

In contrast, mutations in genes expressed in 
primary cilia are responsible for diverse syndromes that 
include defects in neural tube formation, sensory organs 
(retina, inner ear, olfactory system) and bone structure. A 
common feature of primary cilia syndromes is the 
development of polycystic kidneys. Among the best-
described primary ciliopathies are ADPKD, 
nephronophthesis (NPHP) and Bardet-Beidl Syndrome 
(BBS) (14, 20). Thus the phenotype of the primary cilia-
related syndromes may be distinct from the motile cilia 
disorder of PCD. However, increased awareness of the 
spectrum of ciliopathies has led to the recognition that 
some individuals affected with primary cilia syndromes 
have features of motile cilia dysfunction (e.g., 
bronchiectasis and situs inversus). This “overlap” of 
phenotypes has been confirmed in knockout mouse models.  
For example, Bardet-Beidl Syndrome proteins function as a 
complex of 12 proteins required for the biogenesis of cilia 
(15). Mutations in BBS genes result in a syndrome that is 
clinically characterized by obesity, hypertension, 
retinopathy, polydactyly, hypogonadism, cystic kidneys, 
developmental delay and situs inversus. BBS genes 2 and 4 
are expressed in airway motile cilia and BBS2 and 4 
knockout mice have structural defects in the motile cilia as 
well as reduced ciliary beat frequency (21). Defects in 
primary cilia are also responsible for blindness in retinitis 
pigmentosa, retinal degeneration in Leber syndrome and 
deafness due to Usher’s syndrome. These genetically 
heterogeneous syndromes have similarly been associated 
with motile cilia structural and functional defects or the 
development of bronchiectasis (22-25). While the overlap 
of primary and motile ciliopathies are often due to shared 
essential structural components, the findings also suggest 
that there are specialized sensory components also assigned 
to motile cilia. 
 
4. EVIDENCE FOR SENSORY FUNCTION IN 
MOTILE CILIA 
 
4.1. Evolutionary considerations 

The structure of motile cilia is nearly identical to 
the flagellum, an evolutionary ancient structure, used for 
single cell motility (26). One of the best models for the 
study of motile cilia is the algae, Chlamydomonas 
reinhardtii, a biflagylate single cell organism whose cilia 
express a set of proteins that are highly conserved in the 
motile human cilia (27). Evolutionary events leading to 
overlap of cilia types likely resulted from expression of 
sensory receptors on the motile cilia to obtain information 
from the environment. It has been posited that enhanced 
specialization of cilia lead to the development of complex 
sensory organs such as the retina (26). How the switch in 
cilia types occurred evolutionarily is not known, however 
new findings suggest that an epigenetic mechanism could 
be at play. This appears to be the case for hair cells of the 
ear that require an otolith positioned on top of the cilia for 
hearing. Roy and colleagues investigated the development 
of hair cells in the otic vesicle of Danio rerio (zebrafish)
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  Table 1. Expression of putative sensory proteins in motile cilia 
Gene name Location of motile cilia (reported) Stimulus or Sensor Effect References 
TRPV4 Airway, oviduct Osmotic, viscosity, fluid flow Increase Ca(i), regulate CBF (34-36) 
PR Oviduct Ligand binding Increase Ca(i), regulate CBF (43-46, 71) 
VANGL2 Ependymal Fluid flow Orient basal bodies (50) 
T2R Airway Bitter substance Increase Ca(i), regulate CBF (39) 
PKD1 Airway, ependymal oviduct Putative mechanosensory Increase Ca(i) (57, 59) 
PKD2 Airway, oviduct Putative mechanosensory Increase Ca(i) (58) 

Gene Names: TRPV4, transient receptor potential cation channel, subfamily V, member 4; PR, Progesterone receptor; VANGL2, 
Vang-like 2 (van gogh, Drosophila); T2R, Taste receptor, type 2, family members TAS2R4 (T2R4), TAS2R38 (T2R38), 
TAS2R43 (T2R43), TAS2R46 (T2R46); PC-1, PKD1, Polycystic kidney disease 1 homolog (also called polycystin-1); PKD2, 
Polycystic kidney disease 2, (also called polycystin 2; and TRPP2, transient receptor potential cation channel, subfamily P, 
member 2). Abbreviations: CBF, cilia beat frequency; Ca(i), intracellular calcium 

 
and showed that these cilia must initially be motile to provide 
flow to form the otolith (28). The program for motility occurs 
by the expression of the motile cilia master gene, Foxj1. 
Following the tethering of a mature otolith at the tips of the 
stereocilium, Foxj1 is turned off in the mature, non-motile 
stereocilia, possibly through epigenetic mechanisms. Thus 
both evolutionary and molecular evidence indicate a close 
relationship between motile and sensory cilia types. 
 
4.2. Shared motor and sensory functions in motile 
invertebrate cilia 

Mechano- and chemosensory function in motile 
cilia has been observed in invertebrates for over a century 
(29, 30). The dual function of a cilium is illustrated by the 
behavior of the Paramecium, a unicellular ciliated protozoa 
enveloped by a border of cilia for directional motility. 
When the Paramecium strikes an object, the direction of 
cilia stroke and thus movement reverses, to avoid further 
contact. The contact and reversed swimming is found to be 
associated with a change in intracellular calcium, though 
the mechanism governing this response has not been 
established (Reviewed in (30). However, in 
Chlamydomonas, a sensor within the flagella required for 
mating, has been identified (31). The sensor is the TRPP2 
cation channel, an orthologue of the human PKD2 gene 
(Polycystin-2), also expressed in the mechanosensing, non-
motile primary cilium of the renal tubule (32).  
 
5. EXPERIMENTAL EVIDENCE FOR SHARED 
MOTILE AND SENSORY FUNCTION IN 
VERTEBRATES 

 
Reports over the past two decades have described 

the expression of sensory-associated proteins in motile cilia 
of the respiratory tract, oviduct and brain (Table 1). 
Summarized below is current knowledge related to the 
small and diverse group of specialized receptors expressed 
on motile cilia that share the capacity to detect and respond 
to specific signals in the cell environment (Figure 1). It is 
expected that this list will expand significantly. As it 
currently stands, the effect of activation of sensory 
receptors has been identified as a regulation in the cilia 
beat, though it is likely that these functions will also 
multiply with future investigation.  
 
5.1. Transient receptor potential cation channel 
subfamily V member 4 (TRPV4) 

Seminal observations by Verdugo’s lab that cilia 
beat frequency was regulated by changes in viscosity of the 

apical fluid layer (33) was subsequently explained by the 
function of calcium channel, TRPV4 (34-36). TRPV4, 
expressed on the membrane of motile cilia in the oviduct 
and airway epithelium, is a vanilloid receptor subfamily 
member of the transient receptor potential family sensitive 
to osmotic force, mechanical stimuli and temperature. 
TRPV4 within motile cilia responds to mechanical loading, 
shear stress and osmotic pressure by a change in cilia beat 
frequency (34, 36). Thus conceptually, TRPV4 functions in 
response to changes in the viscosity of mucus in the airway 
surface liquid to regulate mucociliary clearance. Activation 
of TRPV4 in primary cilia of renal tubule cells and 
cholangiocytes has been found to also regulate potassium 
and bicarbonate secretion (9, 37), but similar responses 
contributing to the ionic composition of the airway surface 
liquid are not described. Interestingly, polymorphisms of 
the TRPV4 gene were identified in patients with COPD, 
suggesting a role in airway disease (38).  To date, TRPV4 
appears to be a key sensor for the regulation of cilia beat 
frequency and could regulate the composition of fluid 
within the motile cilia environment.  
 
5.2. Bitter taste receptors (T2R) 

Motile cilia of human respiratory epithelia were 
recently shown to express several members of the family of 
bitter taste receptors (T2R4, T2R43, T2R38, T2R46), 
identical to those in the tongue and nose (39). The report 
revealed that signaling molecules known to be components 
of the T2R cascade are also expressed within the cilia, 
including the GTP binding protein α-gustducin.  Of note, 
different T2R receptors and G proteins were located within 
discrete zones on the ciliary shaft, possibly providing an 
organization for sensing within different regions of the 
airway surface liquid. Exposure of cilia to different noxious 
compounds caused an increase in intracellular calcium ion 
concentration and stimulated increased ciliary beat 
frequency, confirming that the pathway was functional. 
This cell-autonomous system is hypothesized to help 
epithelial cells propel harmful inhaled material out of the 
lung.  
 
5.3. Progesterone receptor (PR) 

Sensory receptors responsive to the hormonal 
milieu have been identified on human motile cilia of the 
fallopian tube. Here, both progesterone receptor and 
estrogen receptor beta are expressed in the proximal region 
of the cilia (40, 41). Several studies showed that 
progesterone treatment inhibits cilia beat frequency in 
human and mouse fallopian tube preparations (42-45). 
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Figure 1. Sensory functions of receptor molecules on motile cilia. Integration of experimental evidence for receptors identified 
on motile cilia, putative signaling pathways and function. Functions indicated by (?) are not specifically identified in motile cilia 
but are identified in primary cilia, or are not yet defined, as in the case of Vangl2. 

 
Treatment with estradiol alone had no impact on 

cilia beat frequency, while concomitant treatment of 
estradiol with progesterone prevents the progesterone effect 
on cilia (43). The physiologic impact of the effect is 
thought to be slowing movement of the oocyte through the 
fallopian tubes as uterine mucosa is optimized for 
implantation (43-45). The effect of progesterone is rapid in 
onset in the oviduct suggesting a non-genomic mechanism 
(42, 45). Interestingly, progesterone receptor is shown to 
regulate the expression and function of TRPV4, providing a 
potential mechanism for the hormone effect (46). The 
expression or role of progesterone or estrogen receptors in 
motile cilia of other organs has not been identified.  
 
5.4. Vang-like 2 (VANGL2, Van Gogh like 2) 

VANGL2 is a planar cell polarity (PCP) protein, 
a member of a family that functions to establish patterning 
in early development by signaling to align cells within an 
epithelial layer. Relative to cilia organization, VANGL2 
was first found to be required to properly orient the 
stereociliary bundles of the hair cells in the cochlea (47) 
and later, the orientation of the motile ciliated cells of the 
Xenopus larvae to provide directional beating (48, 49). 
Cilia orientation requires fluid flow across the motile cilia, 
provided by the beating of the cilia themselves, to generate 
a signal for the adjustment of basal body orientation and 
hence directionality for cilia force (48). How this occurs 
was uncovered when Vangl2 expression was detected 
asymmetrically along the cilia and the apical membrane of 
the cell. Analysis of cells rendered genetically incapable of 
cilia biogenesis showed that the expression of Vangl2 in 
the cilia (and not in the cell surface) was specifically 
required to orient the basal bodies (50). These findings 
suggest that Vangl2 within the cilia is acting as a sensor for 
normal cilia orientation by signaling to refine the 
positioning of the basal body relative to the position of 
Vangl2 on the ciliary shaft. Humans with disoriented basal 
bodies and bronchiectasis have been reported, though it is 
not yet known if specific Vangl2 mutations or another 
disruption of the Vangl2 pathway is responsible for this 
defect (51).  
 
5.6. Polycystin-1 (PKD1) and polycystin-2 (PKD2) 

Mutations in genes PKD1 and PKD2 coding for 
polycystin-1 (PC-1) and polycystin-2 (PC-2; TRPP2), 
respectively are responsible for ADPKD and polycystic 
kidneys in animal models (reviewed in (20). PC-1 is 

located within the membrane of the renal tubule cilia and 
binds PC-2, a member of the transient receptor potential 
family that functions as a calcium permeable channel. The 
complex of PC-1 and PC-2 are present in the membrane of 
primary cilia in the epithelial cells of the renal tubules to 
sense the flow of urine. A mutation in either of the genes 
results in cyst formation within the kidney and, over time, 
the development of renal failure (20, 52). 
 

Key studies by Praetorius and Spring have 
uncovered the mechanosensory capability of the solitary 
cilium to sense flow (53-55). Their studies showed that 
direct bending or fluid flow over a cilium generated an 
increase in intracellular calcium. This flow signal required 
intact function of the proteins PC-1 and PC-2 for signaling 
(10). Later work showed that the sensory function of PC-2 
is dependent on the function of TRPV4. TRPV4 and PC-2 
have been co-localized on the primary cilia and shown to 
have functional interactions for the generation of calcium-
dependent currents in Xenopus laevis oocytes (56). In the 
same report, flow dependent calcium signaling in 
mammalian cells was shown to require TRPV4.  While 
further studies are required in vivo, these findings further 
support a central role for TRPV4 in motile cilia sensing 
(56). 
 
5.7. PKD1 and PKD2 expression in motile cilia 

Our microarray profiling of primary culture 
mouse airway epithelial cells indicated the expression of 
PKD1 and PKD2. We then demonstrated that both PC-1 
and PC-2 are expressed in motile cilia of the airways (57, 
58). Both proteins have also been identified on motile cilia 
in the oviduct (35) and the ependymal cells of the brain 
(59).  Expression in motile cilia led us to consider that PC-1 
and PC-2 might have a mechanosensory function in the 
lung important for mucociliary clearance. We hypothesized 
that the mechanosensory function of PC-1 and PC-2 in the 
motile cilia are required for optimal cilia function for 
mucociliary clearance and if mutated, as in ADPKD, would 
result in airways disease that presents as bronchiectasis. 
 
6. RADIOGRAPHIC BRONCHIECTASIS IN ADPKD 
 
6.1. Multisystem features of ADPKD 

ADPKD is a systemic disease with a range of 
intra-abdominal cystic (e.g., renal, hepatic, pancreatic 
cysts) and non-cystic features (e.g., abdominal wall
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Table 2. Characteristics of ADPKD subjects  
 No Bronchiectasis n = 83 Bronchiectasis n = 38 p 

Gender, n (%) 
    Female 
    Male 

 
46 (55.4) 
37 (44.6) 

 
15 (39.5) 
23 (60.5) 

0.101 

 Age, mean years ± SD  52.46 ± 12.45 60.79 ± 13.21 <0.0013 

 Race or ethnicity, n (%)  
    Caucasian 
    African-American 
    Other 

 
64 (77.1) 
14 (16.9) 
5 (6.0) 

 
26 (68.4) 
12 (31.6) 
0 (0.0) 

0.092 

 Smoking, n (%), n = 63 and 354 
    Yes 
    No 

 
36 (57.1) 
27 (42.9) 

 
14 (40.0) 
21 (60.0) 

0.101 

 Smoking, pack years, mean ± SD,  n = 56 and 324 10.02 ± 13.0 10.6 ± 20.8 0.873 

 BUN, mean ± SD, n = 78 and 364 34.1 ± 21.8 36.9 ± 21.5 0.523 

 CR, mean ± SD, n = 79 and 374 3.78 ± 3.46 4.08 ± 4.23 0.693 
 GFR, mean ± SD, n = 78 and 364 40.07 ± 34.83 37.16 ± 29.46 0.663 

 ALB, mean ± SD, n = 78 and 364 3.84 ± 0.71 3.92 ± 0.55 0.533 

 Dialysis, n (%), n = 80 and 384 
    Yes 
    No 

 
24 (30.0) 
56 (70.0) 

 
10 (26.3) 
28 (73.7) 

0.681 

 Family history of PKD, n (%),  n = 62 and 284 
   Yes 
    No 

 
47 (75.8) 
15 (24.2) 

 
21 (75.0) 
7 (25.0) 

0.931 

 Hypertension, n (%), n = 79 and 384 
    Yes 
    No 

 
60 (75.9) 
19 (24.1) 

 
31 (78.9) 
7 (18.4) 

0.491 

1Chi-squared test for categorical variables. 2Fisher’s exact test for categorical variables. 3Independent groups t-test for continuous 
variables. 4Number of individuals with information available for No bronchiectasis and Bronchiectasis groups, respectively. 
Abbreviations: BUN, blood urea nitrogen; CR, creatinine; GFR, glomerular filtration rate; ALB, albumin; PKD, polycystic 
kidney disease 
 
hernias) (Reviewed in (60). Previously reported thoracic 
manifestations of ADPKD are cardiac valve defects (e.g., 
mitral valve prolapse) and aortic root dilation (60). Since 
the pathogenesis is due to mutations in either PKD1 or 
PKD2, and the proteins are expressed in multiple tissues, 
extra-renal abnormalities are likely related to the genes 
mutated in ADPKD. Our recognition that the polycystins 
are expressed in airway cilia led us to recently uncover the 
first pulmonary manifestation of ADPKD, radiographic 
bronchiectasis (57). Computed tomography (CT) is the 
major imaging modality used for diagnosing bronchiectasis 
(61). Owing to the large number of abdominal CT scans 
obtained for the assessment of complications related to 
cystic structures in kidney and liver (62), we were able to 
take advantage of thoracic information from these CT 
scans. In a study of 95 patients with ADPKD, we 
demonstrated a 3-fold increase in prevalence of 
radiographic bronchiectasis in ADPKD (35%) compared to 
a cohort of individuals with non-ADPKD renal disease 
(13%) (57). However, this report had several limitations 
and led to questions of severity, risk factors and clinical 
features. We therefore expanded our original cohort of 
patients and extended the analysis to provide further 
evidence for a relationship between motile cilia sensory 
function and the development of lung disease. 

 
6.2. ADPKD cohort for study of bronchiectasis 

We furthered our findings of bronchiectasis in 
ADPKD by assessing the radiographic severity, risk factors 
and clinical features of bronchiectasis as well as the 
prevalence of other thoracic manifestations of ADPKD. 
Furthermore, we assessed a group of renal transplant 
recipients with ADPKD, uncovering a high prevalence of 

bronchiectasis that was previously not reported. We 
identified 163 patients with adequate evidence of ADPKD 
by CT scan and a chart diagnosis of ADPKD. The group 
included 121 non-transplanted and 42 post-renal transplant 
subjects. For the 121 non-transplanted ADPKD subjects, 38 
were found to have radiographic bronchiectasis 
(“Bronchiectasis” cohort) and the remaining 83 did not 
(“No Bronchiectasis” cohort) (Table 2). Demographics 
including gender, age, race, smoking status and severity of 
renal disease at the time of CT scan were compared. Most 
parameters did not significantly differ between groups, 
however, as indicated, data were not available for all 
patients in each category. The mean age in the 
Bronchiectasis group was older (52 versus 61 years old, p < 
0.001).  
 
6.3. Scoring radiographic bronchiectasis in ADPKD 

An important consideration was to determine the 
severity of bronchiectasis associated with ADPKD. The 
criteria used for diagnosis of bronchiectasis were those 
established in the field (61). Bronchiectasis severity was 
scored using a simplified Brody Scoring System with three 
main categories (63): ratio of the diameter of bronchus to 
the adjacent vessel diameter, bronchial wall thickness 
compared to adjacent vessel, and the presence of 
atelectasis. The sum of these three components was used as 
the severity score (Table 3). No subjects received a grade 
higher than 3, indicating that the phenotype is generally 
mild. Evidence of bronchiectasis was observed in all lung 
lobes, but due to the preponderance of abdominal CT scans 
included, most observed cases were in the lower lobes. 
Many included wall thickening suggestive of inflammation 
(Figure 2) but dilated airways alone were more commonly
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Table 3. Radiologic and Clinical Severity of Bronchiectasis in ADPKD 
 No Bronchiectasis, n = 83 Bronchiectasis, n = 38 p 
Radiographic bronchiectasis severity, n (%) 
         0 
         1 
         2 
         3 
         4 
         5 

 
83 (100) 
0 
0 
0 
0 
0 

 
0 
13 (34.2) 
16 (42.1) 
9 (23.7) 
0 
0 

 

 Bronchiectasis features, n (%) 
   Ratio of bronchus to vessel 
         0 (<1X) 
         1 (1-2X) 
         2 (2-3X) 
         3 (> 3X) 

 
 
 
 
 
 

 
 
3 (7.9) 
35 (92.1) 
0 
0 

 

    Thickness of bronchial wall to vessel diameter 
         0 (no thickening) 
         1 (thickened but less than vessel diameter) 
         2 (1-2X vessel) 

   
23 (60.5) 
15 (39.5) 
0 

 

  Atelectasis 
         Yes 
         No 

  
15 (39.5) 
23 (60.5) 

 

Clinical features    
   Bronchiectasis symptoms (n = 58, 33) 2                 
         Yes 
         No 

 
 
15 (25.9) 
43 (74.1) 

 
 
11 (33.3) 
22 (67.7) 

 
0.451 

1Chi-squared test for categorical variables. 2Number of individuals with information available for No bronchiectasis and 
Bronchiectasis groups, respectively.  

 
noted (Table 3). Only cylindrical bronchiectasis was 
observed rather than cystic bronchiectasis commonly found 
in cystic fibrosis lung disease.  
 
6.4. Clinical features and risk factors for bronchiectasis 
in ADPKD 

The radiographic bronchiectasis score was 
compared to the prevalence of symptoms typically related 
to bronchiectasis obtained from retrospective review of 
clinical charts. Similar numbers of subjects had 
radiographic severity scores of 1, 2, and 3 in the 
symptomatic and asymptomatic groups, suggesting that 
bronchiectasis symptoms did not increase with radiographic 
severity (p = 0.45). No association was detected between 
radiographic bronchiectasis score and measures of renal 
function or number of dialysis-dependent years using 
Pearson correlation. Logistic regression analysis was used 
to determine if any of the demographic, clinical, or 
radiographic characteristics were associated with an 
increased risk of bronchiectasis, however clinical 
information was not available for all patients. Univariate 
analysis revealed that age was the only significant clinical 
characteristic associated with presence of radiographic 
bronchiectasis (OR 1.05, 95% CI 1.02-1.09, p = 0.002). 
Multivariable analysis that included age, gender and 
smoking history revealed age as a significant risk factor for 
development of bronchiectasis (p = 0.002).  
 

We also considered that other thoracic or 
abdominal (non-renal) manifestations of ADPKD may be 
related to the development of bronchiectasis. We found that 
45.7% subjects (54 of 118) had pericardial effusions 
comparable to the 35% prevalence previously reported 
(64). There was no significant association between renal 
function, cardiac abnormalities or pericardial effusion and 
bronchiectasis. There was also no relationship between 
intra-abdominal extra-renal cysts (hepatic, pancreatic) and 
bronchiectasis. 

6.5. Bronchiectasis in ADPKD patients following renal 
transplantation 

Additionally, we evaluated bronchiectasis in a 
transplanted cohort of ADPKD patients, who may be at 
increased risk due to immunosuppressant agents. Their 
baseline demographics were not significantly different from 
those of non-transplanted individuals except that these 
patients were generally older than the non-transplanted 
cohort (mean age 62.6 versus 55.1 yrs, p = 0.001). The 
prevalence of bronchiectasis was significantly increased in 
the transplanted ADPKD population (52.4% versus 31.4%, 
p = 0.02). Furthermore, compared to the non-transplanted 
group, this population exhibited more severe radiographic 
changes, where 9.5% of patients scored as 1, 23.8% as 2, 
16.7% as 3 and 2.4% as 5 (p = 0.03). The transplanted 
group specifically displayed relatively increased airway 
size (45% versus 29% with airway score ≥ 1, p = 0.003) 
and a higher frequency of atelectasis (38% versus 19%, p = 
0.01) compared to the non-transplanted group (Table 4). 
Overall, the mean bronchiectasis score in the non-
transplanted group was 0.60 ± 0.981 and 1.19 ± 1.33 in the 
transplanted group (p = 0.01), indicated the increased 
severity found in the transplanted population of ADPKD 
subjects. 
  
7. SUMMARY AND PERSPECTIVE: LUNG 
DISEASE AND SENSORY FUNCTION IN MOTILE 
CILIA 
 
7.1. The etiology of bronchiectasis in ADPKD 

Our study of bronchiectasis in an expanded 
cohort of patients with ADPKD indicates a prevalence of 
radiographic bronchiectasis of approximately 31% in those 
undergoing CT scan, confirming our prior report (57). In 
that study, we found bronchiectasis in 35% of patients with 
ADPKD compared to 13% of a control group with chronic 
kidney disease attributed to hypertension and diabetes. This 
is consistent with the prevalence of bronchiectasis in the
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Table 4. Radiologic characteristics of the kidney transplant cohort  

 No Kidney Transplant, n =121 Kidney Transplant n=42 p  
Bronchiectasis 
    Yes 
    No 

 
38 (31.4) 
83 (68.6) 

 
22 (52.4) 
20 (47.6) 

0.021 

Radiographic bronchiectasis severity, n (%) 
     0 
     1 
     2 
     3 
     4 
     5 
     6 

 
83 (68.6) 
13 (10.7) 
16 (13.2) 
9 (7.4) 
0 
0 
0 

 
20 (47.6) 
4 (9.5) 
10 (23.8) 
7 (16.7) 
0 
1 (2.4) 
0 

0.0342  

Bronchiectasis features, n (%) 
  Ratio of bronchus to vessel 
     0 
     1 
     2 
     3 

 
 
86 (71.1) 
35 (28.9) 
0  
0 

 
 
20 (47.6) 
19 (45.2) 
2 (4.8) 
1 (2.4) 

0.0031 

Thickness of bronchial wall to vessel diameter 
     0 
     1 
     2 

 
106 (87.6) 
15 (12.4) 
0 

 
33 (78.6) 
9 (21.4) 
0 

0.161 

Atelectasis 
     Yes 
     No 

 
23 (19.0) 
98 (81.0) 

 
16 (38.1) 
26 (61.9) 

0.011 

1Chi-squared test for categorical variables. 2Fisher’s exact test for categorical variables
 
 

 
 
Figure 2. Representative examples of radiographic bronchiectasis in patients with ADPKD. Computed tomography sections 
obtained approximately at the level of the mid lung fields. A. Lack of airway tapering (arrow) and dilated airways, grades 1 and 
2, in the right and left lungs (arrowheads); B. Grade 1 wall thickening (arrow); C. Grade 1 airway dilation (arrows). 
 
general population as determined by changes on CT scan, 
which has been reported to be about 12.5% (65). The extent 
of dilation (bronchoarterial ratio of 2 or greater) was also 
higher than expected based on changes occurring with age 
alone (66). Importantly, renal transplanted ADPKD patients 
had an even higher incidence of bronchiectasis (52.4%). 
Our findings strongly suggest that a defect in the function 
of the PC-1, PC-2 complex results in airway remodeling 
characteristic of bronchiectasis. Evidence for bronchiectasis 
was also suggested by airway inflammation observed in 
autopsy samples (57) and thick bronchial walls on CT scan 
(e.g., Figure 2). We speculate that bronchiectasis is due to 
impaired mucociliary clearance as a result of interrupted 
flow sensing.  

 
Specific factors related to the etiology of 

radiographic bronchiectasis in ADPKD are not yet 

understood and clinical features are unclear. Bronchiectasis 
may be due to a combination of underlying genetic 
predisposition and environmental insults (16, 19, 67, 68). 
Although expression of PC-1 and PC-2 in cilia of airway 
epithelium may be critical, these proteins are also 
expressed in airway smooth muscle (69). A defect in these 
proteins at either site could result in lung remodeling. 
ADPKD has been described as a “multi-hit” process due to 
genetic predisposition plus injury, thus age may increase 
prevalence simply due to increased time for respiratory 
tract infection and injury (70). Additionally, bronchiectasis 
is a progressive disease that may be present long before 
debilitating symptoms are recognized. The patient 
population under investigation in this study was relatively 
young, with an average age of 55 years. The limited clinical 
manifestations observed may, in fact, reflect the age-
dependence of this disease and suggest that patients within 
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Figure 3. Model of sensory function in motile cilia in the airway. Cilia sensors act to provide continuous feedback to regulate 
cilia beat function, cilia orientation following cilia biogenesis during post-injury repair and potentially, ion and mucin 
components of airway surface liquid (ASL) (left). In response to environmental factors (center), there is enhanced activation of 
specialized sensors to trigger host response pathways. Impaired or mutated sensory protein or pathway results in features of 
disease (right). 

 
this cohort were studied too early in the disease 

process to detect symptoms, despite radiographic changes. 
Future studies must include comprehensive evaluation of 
clinical respiratory symptoms and pulmonary function 
testing. Given that the progression of bronchiectasis may be 
prevented by early intervention with airway clearance 
therapies, more rigorous screening and early detection of 
such a finding in this patient population may help prevent 
future respiratory complications (68). 
 
7.2. A shared role for cilia sensory signaling to regulate 
beat frequency 

The experimental evidence presented for PC-1, 
PC-2 and other proteins noted in Table 1, strongly suggests 
that the role for sensory function in motile cilia is the 
regulation of cilia beat frequency and direction (Figure 1).  
A common pathway for TRPV4, bitter taste receptor, PC1 
and -2, and progesterone receptor signaling is modulation 
of intracellular calcium concentration. Functional 
interactions of PC-2 and PR with TRPV4 place TRPV4 in a 
central position for regulating signaling. It has not yet been 
shown that polycystin signaling regulates intracellular 
calcium concentration or cilia beat control, but these are 
potential responses. The pathway for progesterone-
mediated slowing of cilia beat frequency has likewise not 
been determined, however, the progesterone receptor has 
been shown to modulate TRPV4 and ATP calcium 
dependent signaling, providing candidates for future 
investigation (46, 71). One could further speculate that 
activation of progesterone receptors, slowing of cilia beat 
frequency in the airway and subsequent decreased 
mucociliary clearance could play a role in gender disparity 
in lung disease, causing a female disadvantage in 
bronchiectasis and in asthma (67, 72).  
 
7.3. Modeling cilia sensory feedback in lung health and 
disease 

Factors that regulate the volume of airway 
surface liquid and changes in surface shear stress are 
known to  affect rates of mucociliary clearance (73).  Based 

on the current knowledge of sensory receptors in motile 
cilia, we propose that continuous cell-autonomous or 
regional responses also contribute to mucociliary clearance 
required for normal lung homeostasis (Figure 3). In this 
model, at least four critical functions for lung health are 
regulated by motile cilia sensors: (1) establishment of 
unidirectional cilia beating through orientation of basal 
bodies by Vangl2; (2) adjustment of cilia beat frequency in 
response to shear stress or flow of airway surface liquid, 
mucus and possibly air by TRPV4 and PC-1, PC-2; (3) host 
defense against noxious inhaled particles via bitter taste 
receptors; and (4) possibly regulation of the ionic or mucus 
composition of the airway surface fluid, based on known 
roles of PC-2 in other tissues (9, 37). Following infection or 
a change in the environment resulting in an increase in 
mucous cell metaplasia, there must be enhanced signaling 
to maintain airway clearance. Interruption of these 
pathways due to a failure of ciliated repair or a genetic or 
epigenetic event would impair these pathways, leading to 
failure of mucociliary clearance, increased inflammation, 
lung injury and eventually airway remodeling and 
bronchiectasis. Future studies directed toward 
understanding these mechanisms are predicted to be 
fruitful.   
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