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Abstract

Background: Ciliary abnormalities are implicated in the pathogenesis of chronic rhinosinusitis with nasal polyps (CRSWNP), but
whether these changes are site-specific traits or confined to specific cell populations remains unknown. Here, we systematically
examined ciliated cells throughout the sinonasal tract to characterize disease-specific ciliary alterations and identify a distinct
population of elongated ciliated cells in nasal polyps (NPs).

Methods: Nasal biopsy specimens were obtained from patients with CRSWNP (n=32) and non-CRSWNP (n=22). hNECs were
differentiated at the air-liquid interface (ALI). Tissue sections, cytospin preparations, and ALI cultures were immunostained for
a-tubulin. Cilia length, length of horizontal axis, and length of vertical axis of ciliated cells were recorded.

Results: Cilia length was significantly greater in CRSWNP patients than in non-CRSWNP controls (8.17 + 3.35 um vs. 5.67 + 1.64
um). Within NPs tissues, we identified a distinct population of elongated ciliated cells (ECCs) exhibiting marked inner/outer cilia
length disparity, with outer cilia reaching up to 20.0 um. These ECCs accounted for 8.10% + 3.56% of total ciliated cells in NPs.
Notably, ECCs-like cells were also detected in polypoid-transformed mucosa adjacent to NPs and persisted after ALl culture. In
contrast, ciliated cell dimensions did not differ between groups or across the nasal anatomical sites examined.

Conclusion: A population of ciliated cells characterized by abnormally elongated cilia and concomitant impairment of ciliary
function can be found in NPs, which may represent a key pathogenic factor in the development and progression of CRSWNP.
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Elongated ciliated cells of nasal polyps

Introduction

The nasal mucosa is constantly exposed to harmful substan-

ces and relies on mucociliary clearance (MCC), the respiratory
system’s primary innate defense  involving cilia and mucus pro-
duction 23, In chronic rhinosinusitis with nasal polyps (CRSWNP),
cilia and ciliated cell damage impairs MCC “, leading to mucus
stasis, secondary infection, and persistent inflammation that
perpetuate the disease process . Consequently, patients expe-
rience prolonged symptoms such as congestion, rhinorrhea, fa-
cial pain, and reduced smell ©, significantly compromising their
quality of life and productivity © while imposing a substantial
economic burden .

The mechanism underlying this pathological MCC remains
unclear. Each ciliated cell bears 50-200 cilia (5.0-7.0 um long,
0.2-0.3 um wide) ®. Prior research noted ectopic ciliary elonga-
tion in nasal polyps (NPs) tissue compared to the inferior turbi-
nate, but did not examine other regions of the nasal cavity and
sinuses . The study raises a key unresolved question of whether
elongation is a site-specific trait (e.g., of the ostiomeatal com-
plex) or intrinsic to NPs tissue itself. A comprehensive analysis

of the nasal cavity and sinuses mucosa is needed to determine

if ciliary abnormalities are uniform or region-specific in CRSWNP.
This study systematically compared ciliary morphology across
multiple nasal subsites and NPs tissue, focusing on disease-
related structural changes. This comprehensive mapping of cilia
distribution across the nasal cavity and sinuses establishes a
spatial framework for understanding region-specific contributi-
ons to cilia-driven pathology in CRSWNP.

Materials and methods

Subjects and sample collection

Nasal mucosal biopsies were collected from CRSWNP and non-
CRSwWNP patients during endoscopic sinus surgery (ESS) at The
Third Affiliated Hospital of Sun Yat-sen University in 2024 (Table
1). The study was approved by the hospital's ethics committee
(Approval No. RG2023-124-01). The diagnosis of CRSWNP was es-
tablished according to the criteria outlined in the European Po-
sition Paper on Rhinosinusitis and Nasal Polyps (EPOS) 2020[5].
For more detailed experimental procedures, see Supplementary
Material.

Human nasal epithelial cell culture

Human nasal epithelial cells (hNECs) were isolated from fresh na-
sal specimens and cultured in a progenitor cell culture system,
as previously reported "%, Subsequently, they were transferred
to an air-liquid interface (ALI) system, where they matured into
cells with cilia within four weeks 9.

Cytospin preparation
Cytospin slides were prepared by centrifuging cells onto glass

slides to preserve cellular morphology forimaging . Based on
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our previous report 19, hNECs were dissociated by trypsinization
and fixed. Cytospin slides (2 x 10* cells/slide) were prepared by
spinning for five minutes at 500 rev/min on a Shandon Cytospin
4 Cytocentrifuge (Thermo Fisher Scientific, Waltham, MA, USA).

Immunofluorescent staining

Immunofluorescent (IF) staining was performed as previously
reported 9, Paraffin sections were baked at 64°C for two hours,
deparaffinized in xylene and gradient alcohol, and subjected
to antigen retrieval in Tris-EDTA buffer at 100°C for ten minutes.
After cooling, samples were blocked with 10% goat serum for
30 minutes and permeabilized with 0.1% Triton X-100. Primary
antibody against a-tubulin (1:400; Cat# ab24610; Abcam, Cam-
bridge, UK) was applied overnight at 4°C, followed by incubation
with Alexa Fluor 488-conjugated secondary antibody (Thermo
Fisher Scientific, Waltham, MA, USA) for one hour at room tem-
perature.

Measurement of cilia and cellular morphology

ImageJ (v1.8.0.345; NIH, Bethesda, MD, USA) was used to mea-
sure cell cilia length (performed as previously reported (%), the
length of the cell parallel to the direction of cilia growth (defined
as the horizontal axis, lengthHA), and the length of the cell
central perpendicular to the direction of cilia growth (defined as
the vertical axis, lengthVA). Ten ciliated cells were examined per
cytospin sample; therefore, the total number of cells analyzed
was ten times the sample size. For more detailed experimental
procedures, see Supplementary Material.

Statistics and reproducibility

All statistical analyses were performed using SPSS (version
29.0.2.0; IBM Corp., Armonk, NY, USA), and graphs were gene-
rated using GraphPad Prism (version 8.0; GraphPad Software,
San Diego, CA, USA). Based on preliminary data, a sample size
of 19-32 per group provided >80% power to detect a mean
difference of 2.5 um in cilia length with a = 0.05. Between-group
comparisons were performed using an unpaired Student's t-test
(for two groups) or one-way ANOVA (for three or more groups).
Results were reported as mean differences with 95% confidence
intervals. When significant differences were found in multiple
group comparisons, post-hoc pairwise tests with Bonferroni
correction were conducted. A two-tailed P value of < 0.05 was
considered statistically significant.

Results

Regional heterogeneity of nasal ciliary morphology

To investigate regional differences in ciliary morphology across
the nasal cavity and sinuses, we performed IF staining for
a-tubulin, a validated structural marker of the ciliary axoneme
1012 on samples from multiple anatomical sites. These included
the ostiomeatal complex (OMC; comprising the middle turbina-



Table 1. Baseline characteristics of study participants.

mucosa types cases

disease type

age (y)

sex (male)

Deng et al.

smoking EosCRSwNP

exposure

patients with L-Msinus CT
atopy score

nasal polyps CRSwWNP 19 42.42+16.78 13 (68.4%) 4(21.1%) 5(26.31%) 14.21+6.06 5(26.3%)
frontal sinus CRSwWNP 0 = = = = =
non-CRSWNP 2 29.50+2.12 2 (100%) 1(50%) 0 (0%) 16.50+4.95 -
ethmoid sinus CRSwWNP 5 47.20+20.07 2 (40%) 2 (40%) 1 (20%) 14.60+4.04 2 (40%)
non-CRSWNP 4 30.00+3.16 4(100%) 1(25%) 1(25%) 14.00+6.68 -
sphenoid sinus CRSWNP 4 46.75+22.69 3(75%) 1(25%) 2 (50%) 17.00+£5.94 4 (100%)
non-CRSWNP 1 39 1(100%) 1(100%) 0 (0%) 3 -
maxillary sinus CRSWNP 7 44.29+13.60 4 (57.1%) 2 (28.6%) 2 (28.57%) 10.43+4.93 3 (42.9%)
non-CRSWNP 1 28 1(100%) 0 (0%) 0 (0%) 13 -
unicate process CRSWNP 5 47.20+16.18 1 (20%) 0 (0%) 0 (0%) 8.60+5.46 1(20%)
non-CRSWNP 5 39.00£11.11 4 (80%) 1 (20%) 0(0%) 6.80+3.49 =
ethmoid bulla CRSwWNP 4 42.75+£12.42 3 (75%) 0 (0%) 1 (25%) 14.25+7.27 3 (75%)
non-CRSWNP 1 29 0 (0%) 0 (0%) 0 (0%) 11 =
superior turbinate  CRSWNP 2 39.50+24.75 0 (0%) 0 (0%) 0 (0%) 18.50+0.71 1 (50%)
non-CRSWNP 1 74 0 (0%) 0(0%) 0 (0%) 8 =
middle turbinate CRSWNP 3 40.33+17.56 1(33.3%) 0 (0%) 0 (0%) 14.33+7.23 1(33.3%)
non-CRSWNP 4 43.25+16.26 2 (50%) 0 (0%) 1 (25%) 7.25+5.74 -
inferior turbinate CRSWNP 2 49.50+10.61 1 (50%) 0 (0%) 0 (0%) 12.00+8.49 1(50%)
non-CRSWNP 3 42.33+8.74 3 (100%) 1(33.33%) 1(33.33%) 7.33+7.02 =
total CRSWNP 32 44.97+15.42 15 (46.9%) 5(15.6%) 6(18.75%) 13.06+5.86 16 (50%)
non-CRSWNP 22 38.36+12.95 15 (68.18%) 5(22.73%) 3 (13.64%) 9.50+5.83 -

Data are presented as mean + SD or number (percentage), as appropriate. Specifically, continuous variables (including age and Lund-Mackay scores)

are reported as mean + SD. Other categorical variables are shown as counts with percentages. Eosinophilic chronic rhinosinusitis with nasal polyps

(eosCRSWNP) was defined by an eosinophil count exceeding 10 per high-power field (HPF; 400x magnification). Eosinophil counts were performed

on 10 randomly selected HPFs per specimen, and the mean count was used for diagnosis.

te, uncinate process, ethmoid bulla, frontal sinus, ethmoid sinus
and maxillary sinus) as well as other nasal regions (superior tur-
binate, inferior turbinate and sphenoid sinus). Ciliary morpho-
logy was characterized by quantifying cilia length and cellular
dimensions (lengthHA and lengthVA; Figure 1A). Tissue sections
showed that the ciliated epithelium of the nasal mucosa was
continuous and structurally intact across all sampled sites, with
no significant regional differences in ciliary length or distributi-
on (Figure 1B). Cytospin slides were largely consistent with these
findings (Figure 1C), indicating that the processing method did
not introduce notable morphological alterations; additionally,
cytospin allowed clearer visualization of the complete outline of
individual ciliated cells. Observation of hNECs revealed that the
cells were oval-shaped, with cilia distributed at one end of the
cell, away from the nucleus, in a fan-like pattern with uniform
length and density. In contrast, cilia from inferior turbinate

cells appeared straighter, whereas those from other nasal sites
frequently exhibited curling or irregular bending at their distal
ends (Figure 1).

Ciliary elongation distinguishes nasal polyps epithelium
from adjacent nasal mucosa

Building on this regional heterogeneity, we next quantified
ciliary characteristics in three groups. Cilia length, length, ,,
length,,,, and their ratios were measured in three groups: NPs
tissues from CRSWNP patients, other-site nasal mucosa from
CRSWNP patients, and nasal mucosa from non-CRSWNP patients.
Relative to NPs tissues, cilia length was significantly shorter in
non-CRSWNP mucosal sites (5.67 = 1.64 um vs 8.17 + 3.35 um,
Table 2), particularly in the uncinate process, ethmoid sinus,
maxillary sinus, middle turbinate, and inferior turbinate. Simi-
larly, the cilia length of ciliated cells in other parts of CRSWNP
patients was also shorter than that from NPs, and the difference
was significant in uncinate process (6.54 + 1.94 um) and inferior
turbinate (5.87 £ 1.82 um). Similarly, the ratio of cilia length to
lengthVA of ciliated cells in non-CRSwNP patients (0.35 + 0.13,
including uncinate process and inferior turbinate) was smaller
than that of ciliated cells in NPs (0.42 + 0.18), and such differen-
ces were observed in ciliated epithelium of nasal mucosa from
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Figure 1. The homogeneity across nasal mucosa by IF staining. (A) Representative images for measurements of horizontal, vertical axis and cilia

length for ciliated cells in both light field and IF staining images. (B) IF sections of nasal mucosa tissues and (C) corresponding human nasal epithelial

progenitor cells (RNECs) cytospins immunostained with a-tubulin (green) and counterstained with DAPI (blue). Representative IF images from each

group are shown (400x magnification, n = 22).

other positions of CRSWNP patients, for example uncinate pro-
cess (0.30 + 0.10), maxillary sinus (0.22 + 0.06) and inferior tur-
binate (0.28 + 0.07). No significant differences were observed in
the length,,,
comparing the ciliated cells derived from NPs with those from

length,,, and the ratio of length,, to length,, when

any other mucosa both in non-CRSWNP and CRSwNP, indicating
that ciliated cells from different origins maintain similar overall
cell size and shape. These findings suggest that the marked
ciliary elongation is a distinctive feature of NPs epithelium rather
than a general property of all sinonasal mucosa in CRSWNP.

A distinct population of elongated ciliated cells in nasal
polyps epithelium exhibits marked ciliary heterogeneity
Within NPs tissues, we identified a distinct subset of ciliated cells
exhibiting extreme and spatially partitioned ciliary elongation.
These cells, termed elongated ciliated cells (ECCs), displayed
individual cilia reaching up to 20.0 um (Figure 2A). In addition to
this length dichotomy, ECCs exhibited marked ciliary heterogen-
eity, including uneven length distribution, irregular epithelial
surface, and disorganized or sparse ciliary alignment (Figure

2B). In contrast, ciliated cells elsewhere in the nasal cavity and
sinuses, including the mucosa of all non-polypoid tissues from
both CRSWNP and non-CRSwWNP groups, displayed uniform cilia
lengths of approximately 7.0 pm. IF staining of NPs-derived
ciliated cells revealed distinct ciliary stratification. The inner cilia
(proximal to the cell body) were short and dense (5.41 + 1.27
pum), whereas outer cilia exhibited abnormal elongation (15.83

+ 3.43 pm), resulting in a mean outer/inner cilia length ratio of
3.05 £ 0.91 (Figure 2C).

Compared to ciliated cells from non-CRSWNP mucosa and non-
polypoid CRSWNP mucosa, the outer cilia of ECCs were signi-
ficantly longer (Figure 2D). In contrast, the inner cilia of ECCs
were significantly shorter; however, no significant difference was
observed when compared to non-CRSWNP controls (Figure 2E).
Despite these length abnormalities, the cilia length/lengthVA
ratio was significantly altered only in outer cilia (0.93 + 0.25, Fi-
gure 2F), not in inner cilia (0.32 + 0.11, Figure 2G). No significant
differences were observed in length

length,,,, or the length,,,/

VA! HA!
length,, ratio across groups.

Although ECCs were occasionally present in other sinonasal
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Table 2. Measurements of ciliated cells in nasal polyps and other sinonasal mucosa.

mucosa types disease types cases length of cilia
(um)
nasal polyps CRSwWNP 19 8.17+3.35
frontal sinus CRSWNP 0 =
non-CRSwWNP 2 6.33+2.01
ethmoid sinus CRSWNP 5 7.44%2.96
non-CRSWNP 4 5.82+1.46%
sphenoid sinus CRSwWNP 4 7.48+3.12
non-CRSwWNP 1 6.51£1.26
maxillary sinus CRSWNP 7 7.02+2.98
non-CRSwWNP 1 4.08+0.97
unicate process CRSwWNP 5 6.54+1.94*%
non-CRSWNP 5 5.37£1.50%**
ethmoid bulla CRSWNP 4 7.09+3.93
non-CRSWNP 1 5.37+1.47
superior turbinate  CRSwNP 2 7.18+2.73
non-CRSWNP 1 4.75%1.28
middle turbinate CRSwWNP 3 6.89+2.59
non-CRSwWNP 4 6.71+1.60*
inferior turbinate CRSWNP 2 5.87+1.82
non-CRSwWNP 3 4.79+1.19**
total CRSWNP 32 7.00+2.89
non-CRSWNP 22 5.67+1.64%**

ratio of lengthVA (pm) lengthHA (pm) ratio of
cilia length to lengthHA to

lengthVA lengthVA
0.46+0.21 18.33+3.69 9.11+1.71 0.52+0.14
0.38+0.14 17.00+2.43 8.52+2.13 0.52+0.17
0.45+0.19 16.89+3.35 9.07+1.73 0.56+0.16
0.41+0.16 15.22+3.49 8.34+1.44 0.58+0.15
0.47+0.19 16.33+3.70 8.57+1.46 0.55+0.15
0.38+0.09 17.24+2.65 8.81+1.41 0.53+0.14
0.44+20 16.48+3.88 8.46+1.98 0.54+0.17
0.22+0.06* 18.83+1.76 8.15+1.27 0.43+0.06*
0.37+0.12* 18.75+4.95%* 8.76+1.94 0.49+0.13
0.30+0.10%** 18.66+4.24 9.02+1.85 0.52+0.18*
0.41£0.21 17.72+3.58 9.15£1.89 0.54+0.16
0.27+0.08 20.16x+4.51 7.73£1.06 0.40+0.12
0.39+0.16 18.46+2.91 8.71+£1.78 0.48+0.11
0.31+0.09 15.85+2.49 9.86+1.17 0.64+0.13
0.42+0.17 17.14+3.99 9.18+1.40 0.56+0.13
0.43+0.15 16.48+3.52 8.73+£2.08* 0.56+0.17
0.33+0.13 18.72+4.62 8.43+1.66 0.47+0.13
0.28+0.07** 17.33+3.00 9.32+£2.60** 0.55+0.15
0.42+0.18 17.36+4.01 8.78+1.79 0.53+0.16
0.35£0.13%** 17.19+3.68 8.77+£1.91 0.54+0.16

Data are presented as mean + SD. p values were calculated using Student's t-test with Bonferroni correction for multiple comparisons. *p < 0.05, **p <

0.01, ***p < 0.001 vs. the nasal polyps group.

regions, comparative analysis revealed significant intergroup
differences in the proportion of ECCs to total ciliated cells across
all examined regions. The mean percentage of ECCs among total
ciliated cells was 8.10% =+ 3.55% in NPs, 4.95% =+ 3.75% in non-
polypoid mucosa from CRSWNP patients, and substantially lower
at 1.08% + 1.37% in mucosa from non-CRSWNP patients (Figure
2H). These findings demonstrate that ECCs are highly enriched

in NPs epithelium and suggest that this structurally aberrant cili-
ary phenotype may contribute to ciliary dysfunction in CRSwNP.

Elongated ciliated cells derived from nasal polyps persist
after air-liquid interface culture

Given the susceptibility of mucociliary apparatus to exogenous
environmental exposures, including viral pathogens 2 and
infectious agents ¥, we aimed to investigate whether ECCs still
maintain their characteristic stratified elongated architecture
when isolated from extrinsic environmental stimuli. Therefore,
we cultured hNECs in an in vitro ALI model system to verify
whether they retained the intrinsic capacity to preserve their
structural integrity. ECCs were still present after a 28-day ALI

culture (Figure 2I). The lengths of outer and inner cilia for ECCs
of hNECs after ALI culture were 16.50 + 3.50 um and 5.66 + 1.20
pm, respectively. These values were not significantly different
from those observed in freshly fixed, tissue-derived ECCs from
NPs.

The proportion of ECCs among all ciliated cells after ALl culture
was 4.79% * 1.76%. Although this value was lower than that ob-
served in freshly fixed NPs tissues (8.10% + 3.55%), the differen-
ce did not reach statistical significance. Thus, although a trend
toward reduction was observed, the ECCs population remained
quantitatively and qualitatively preserved after 28 days of
culture. This reduction may reflect a lower proliferative capacity
of ECCs during in vitro expansion. These findings demonstrate
that the aberrant ciliary phenotype is maintained independently
of the native nasal microenvironment, suggesting that this phe-
notype is an intrinsic property of ECCs independent of the local
microenvironment.

Elongated ciliated cells are present in polypoid-transformed

nasal mucosa

Rhinology Vol 64, No 4, August 2026
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Figure 2. Distinct population of elongated ciliated cells in nasal polyps epithelium exhibits marked intracellular ciliary heterogeneity. (A, B)
Representative IF staining images of a-tubulin (green), showing stratified and elongated ciliated cells (ECCs) in cytospin preparations and tissue
sections. Nuclei are stained in blue (400x magnification; scale bars = 10 um). (C) The ratio of the outer cilia length to the inner cilia length within
individual ECCs (n = 38). (D, E) Outer (n = 38) and inner cilia of ECCs (n = 38) were each compared for length to unstratified ciliated cells in NPs (n =
190), ciliated cells from other nasal mucosa of CRSWNP patients (n = 320), and those from non-CRSWNP patients (n = 220). (F, G) Outer and inner cilia
of ECCs (n = 38) were each compared for the ratio of cilia length to length,, against, unstratified ciliated cells in NPs (n = 190), ciliated cells from other
nasal mucosa of CRSWNP patients (n = 320), and those from non-CRSWNP patients (n = 220). (H) Proportion of ECCs among total ciliated cells per
microscopic field (n = 19). (I) Representative IF images of a-tubulin (green), showing ECCs after air-liquid interface culture in cytospin preparations.

Nuclei are stained in blue (400x magnification; scale bars = 10 um).
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Figure 3. Elongated ciliated cells in polypoid-transformed lesions. (A, B) Representative IF images of a-tubulin (green), showing stratified and elon-
gated ciliated cells (ECCs) in cytospin preparations and tissue sections from polypoid-transformed lesion. Nuclei are stained in blue (400x magnifica-
tion; scale bars = 10 um) (C, D) Comparisons of outer and inner cilia length between ciliated cells from NPs tissue (n = 38) and those from polypoid-
transformed lesions (n = 9). Data are presented as mean + SD. Statistical significance was determined by Student’s t-test. All slides were evaluated at
400x magnification. (E) Comparison of the ratio of ECCs to total ciliated cells between the NPs and polypoid-transformed lesion groups. (F) Scanning
electron microscopy (SEM) image of an inferior turbinate-derived ciliated cell from a non-CRSwNP patient, displaying regularly arranged cilia with
uniform length and consistent diameter (SEM; 3,000x magnification). (G) SEM image of an NPs-derived ciliated cell, showing markedly elongated and
disorganized cilia. Thicker cilia are visible near the cell periphery, while the outer long cilia progressively taper in diameter (SEM; 3,000xmagnifica-

tion). (H) Comparison of ciliary beat frequency between ciliated cells from NPs (n = 7) and inferior turbinate (non-CRSwNP) (n = 8) sources.
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To determine the temporal emergence of elongated cilia in NPs
pathogenesis, we further observed polypoid-altered mucosal
tissues (n = 3), aiming to assess whether these unique cilia are
present at the initial stage of polypoid transformation. There
was also a distinct population of stratified, elongated cilia iden-
tified in these tissues (Figure 3A). IF imaging of fixed epithelium
further revealed non-uniform ciliary morphology (Figure 3B),
with a substantial subset of ciliated cells exhibited disordered
architecture, manifesting as disorganized or sparse ciliary arrays,
similar to NPs. The outer cilia demonstrated a distinct elonga-
ted and sparsely distributed morphology (15.91 £ 3.86 um). In
contrast, the inner cilia of ciliated cells exhibited morphological
characteristics comparable to those observed in NPs-derived
ciliated cells, displaying a short and thickened phenotype (6.28
+ 1.43 um). Notably, no significant difference was found in either
the outer cilia length of ECCs (comparing NPs and polypoid-
transformed mucosa; Figure 3C) or their inner cilia length (Figure
3D). The proportion of ECCs among ciliated cells in polypoid-
altered tissues (8.74% + 1.71%) showed no difference compared
to that in NPs (8.10% + 3.55%, Figure 3E).

To better examine the morphology of these ECCs, isolated and
uncultured hNECs were fixed with glutaraldehyde and prepared
as cytospin slides for subsequent scanning electron microscopy
(SEM). The SEM images revealed that, compared to typical
ciliated cells (Figure 3F), these ECCs possessed longer, thinner,
and more disorganized cilia that exhibited bending and twisting
(Figure 3G). Since SEM is considered the gold standard for mor-
phological assessment, these findings provide ultrastructural
confirmation of the ECCs phenotype previously identified by IF.

Reduced ciliary beat frequency in nasal polyps-derived
ciliated cells

To assess whether the function of ECCs was also altered, we
measured the ciliary beat frequency (CBF) in hNECs derived
from NPs and inferior turbinate (non-CRSwNP) tissues after ALI
culture. CBF in NPs-derived ciliated cells (6.76 + 2.01 Hz) was
significantly lower than that in inferior turbinate-derived cells
(11.84 + 1.52 Hz, Figure 3H).

Notably, NPs epithelium contains a high proportion of ECCs.
While technical limitations currently preclude direct, single-
cell measurement of CBF specifically in ECCs, the concurrent
findings of ECCs enrichment and global CBF reduction in NPs
tissue raise the possibility that these structurally aberrant cilia
may exhibit impaired motility. Direct functional assessment
of ECCs at single-cell resolution remains an important goal for
future studies.

Discussion

The nose is the primary airway entrance, equipped with protec-
tive filtration and mucociliary systems . Embryologically, facial
and nasal structures arise from the ectoderm, neural crest, and

Rhinology Vol 64, No 4, August 2026

mesoderm %), Sinuses such as the frontal and sphenoidal deve-
lop mainly after birth, often maturing by the end of puberty 9.
Variations in anatomical location lead to differing exposure to
external stimuli across nasal and sinus mucosa, which may result
in regional differences in epithelial cell morphology.

The OMCis a critical drainage pathway for sinus mucus, and
chronic obstruction or recurrent infection can lead to the
development of CRSWNP '), Effective clearance within the nasal
cavity and sinuses depends on the MCC system, which relies on
functional cilia and mucus to maintain homeostasis and prevent
such pathology ¥, highlighting the importance of studying
mucosal physiology, particularly within the OMC. Despite the
recognized importance of MCC, regional heterogeneity in ciliary
morphology, particularly the presence of structurally distinct
ciliated cell populations, remains poorly characterized. In this
study, we identified a distinct population of ECCs enriched in
NPs epithelium, providing new insights into region- and disease-
specific ciliary alterations in CRSWNP.

This study is the first to systematically examine ciliated cells
across multiple sinonasal sites, including frontal sinus, ethmoid
sinus, and maxillary sinus, sphenoid sinus, uncinate process and
inferior turbinate in both CRSWNP patients and non-CRSwNP
patients. Our IF analysis demonstrated that largely similar ciliary
morphology and uniform cilia distribution in all mucosal regions
except NPs. Cilia on pseudostratified columnar epithelium
showed consistent length and structural continuity (Figure 1C).
Analysis of hNECs revealed oval-shaped cells with cilia that were
uniformly long and densely packed, arranged in a fan-like pat-
tern away from the nucleus (Figure 1B). We further evaluated the
structural differences in ciliated cells from different nasal mu-
cosa through the length

length,,,, ratio of length,,/length,,

VA! HA?
cilia length, and cilia length/lengthVA ratio of the ciliated cells.
Notably, cilia in NPs-derived cells were significantly elongated
(8.17 + 3.35 um), exceeding the normal range of 5.0-7.0 um ©.
In contrast, almost all the mucosa-derived cilia fell within the
normal range. Therefore, we established a basis for subsequent
research: the ECCs observed in NPs are likely driven by the
disease itself rather than by anatomical location.

CRS involves abnormalities in nasal mucosal cilia, including cilia
loss 9, irregularity, crowding, elongation © and functional im-
pairment %, Previous studies typically compared NPs cilia only
with those from the uncinate process “% or inferior turbinate @".
In contrast, we systematically mapped ciliary morphology across
sinonasal sites, focusing on NPs-derived ciliated cells to define
their specific pathology. Direct comparison between CRSWNP
and non-CRSWNP sinus mucosa revealed distinctive hyperelon-
gated cilia—a phenotype that has been previously described

©). While previous studies have largely relied on ex vivo models,
which may not fully recapitulate in vivo conditions, we directly
obtained nasal mucosa tissues and employed optimized fixation
methods to preserve native ciliary architecture. Beyond traditio-



nal length measurements, we assessed length , and length,, of
ciliated cells and found that the ratio of ciliary length to length,,
also helps distinguish ECCs from other ciliated cells. Beyond
their distinct morphology, ECCs also exhibited a disease-specific
distribution pattern: their proportion was significantly higher

in CRSWNP. Notably, the proportion of ECCs was significantly
higher in CRSWNP (8.10% = 3.55%) than in non-CRSwNP (1.08%
+ 1.37%), suggesting ciliary hyperelongation may be a pathop-
hysiological hallmark of NPs-related epithelial dysfunction. In
summary, we hypothesize that cilia elongation may be driven by
intrinsic and/or extrinsic stimuli, promoting abnormal prolifera-
tion and differentiation pathways.

Previous studies indicate that cilia damage in CRSWNP may
result from viruses "2, bacteria ", or inflammatory factors

such as interleukin-4 @2, interleukin-6 ??, interleukin-17A (9, A
whole-transcriptome RNA sequencing study by Peng et al. @
suggests that cilia function may be a key distinguishing feature
of CRSWNP. Consistent with this, elongated ciliary structures

are observed in polypoid-altered lesions, indicating that ciliary
abnormalities may serve as an early biomarker in NPs pathoge-
nesis. This supports the hypothesis that such lesions represent

a transitional stage toward NPs formation, marked by persistent
ciliary dysfunction, structural disorganization, and hyperelonga-
tion.

Furthermore, the identification of stratified ECCs in NPs holds
significant clinical implications. These abnormal cilia may
disrupt MCC, leading to mucus stasis, recurrent infection, and
persistent inflammation - core features of CRSWNP. Targeting
the pathways driving ciliary elongation could thus offer a novel
therapeutic approach. Current biologics for CRSWNP (e.g., du-
pilumab, mepolizumab), which modulate type 2 inflammation,
may indirectly affect ciliary structure and merit investigation

for their morphological impact. Furthermore, the persistence of
ECCs in polypoid-transformed mucosa and even after in vitro
culture indicates that these cells may carry irreversible genetic
or epigenetic alterations. If not eliminated during surgery, these
abnormal progenitor cells could drive NPs recurrence. However,
due to the lack of reliable observational methods, this finding
was not reported in detail and requires further verification.

This study offers novel cilia observation and mucosal insights

Deng et al.

but is limited by small sample size, lack of NPs subtyping, and
uninvestigated ECCs-associated pathways. Critically, the ab-
sence of CBF data from non-polyp mucosa in CRSWNP patients
prevents us from distinguishing a localized polyp effect from a
global mucosal impairment. Future studies with larger, subty-
ped cohorts and paired polyp/non-polyp samples are needed
to validate our findings and to assess the potential of targeting
elongated cilia as a treatment for NPs.

Conclusion

Through comprehensive mapping of ciliated cell morphology
across sinonasal mucosa, we identified a distinct population of
stratified ECCs in NPs. Notably, these aberrant ciliary features
emerged as early as the polypoid lesion stage and persisted
post-ALI culture, suggesting intrinsic, irreversible mutations of
NPs-derived ciliated progenitor cells. Elucidating these mecha-
nisms could unveil novel pathways driving NPs pathogenesis,
highlighting their potential as early biomarkers or therapeutic
targets.
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SUPPLEMENTARY MATERIAL

Materials and methods

Subjects and samples collection

This study was conducted in accordance with the Declaration of
Helsinki. The study was approved by the hospital's ethics com-
mittee (Approval No. RG2023-124-01). All patients were infor-
med of the purposes and procedures of the study and provided
written informed consent. CRSWNP and non-CRSwNP patients
(allergic rhinitis, fungal sinusitis, deviation of the nasal septum,
optic nerve injury and pituitary tumor) were recruited from the
Department of Otolaryngology from the Third Affiliated Hospital
of Sun Yat-sen University in China. All patients were free of
non-steroidal anti-inflammatory drugs-exacerbated respiratory
disease (N-ERD) and did not have any other allergic diseases
except for asthma and allergic rhinitis. All the CRSWNP patients
included had no allergic rhinitis. All the non-CRSwWNP patients
included had no asthma. Patients with atopy were diagnosed
positive with symptoms and allergen-specific IgE (sIgE) higher
than 0.35 kUA/L tested by ImmunoCAP. Before the operation, all
patients did not take any additional medication. The demograp-
hic information of the participated patients is shown in Table

1. The diagnosis of CRSWNP was established according to the cri-
teria outlined in the European Position Paper on Rhinosinusitis
and Nasal Polyps (EPOS) 2020 ™. Biopsies of sinus mucosa were
obtained during endoscopic sinus surgery (ESS), while inferior
turbinate mucosa (IT) were obtained from healthy control
subjects undergoing septoplasty. All the patients didn’t have
concurrent upper respiratory infections in four weeks, systemic
diseases, or a history of nasal surgery. Additionally, none of the
patients had used macrolides, glucocorticosteroids, antibiotics,
or T2 biologics therapy within three months prior to the study
that may affect cilia. CRSWNP was classified as eosinophilic when
the average histologic count of eosinophils exceeded ten in
high power fields (400x magnification) after hematoxylin-eosin
(HE) staining.

Tissue fixation

Fresh nasal tissues from patients were soaked in 4% paraformal-
dehyde (PFA, Sigma-Aldrich, St. Louis, MO, USA), then washed by
ethyl alcohol and xylene (Solarbio, Beijing, China), finally were
embedded in paraffin and were made into sections.

Cytospin preparation

Cytospin slides were prepared by centrifuging cells onto glass
slides to preserve cellular morphology forimaging @. Human
nasal epithelial cells (NNECs) were dissociated by trypsinization
(Gibco, Carlsbad, CA, USA) and fixed in 4% PFA at room tem-
perature for 15 minutes, then washed three times with PBS for
five minutes each time. Cytospin preparation (2x10* cells/slide)

was created by spinning for five minutes at 500 rev/min on a
Shandon Cytospin four Cytocentrifuge (Thermo Fisher Scientific,
Waltham, MA, USA).

Immunofluorescent staining

The paraffin sections to be processed were placed on a roasting
machine at 64°C for two hours, then were immersed in xylene
and gradient alcohol (100% twice, 95% twice, 70% twice) for
deparaffinization. Deparaffinized tissue slides and cytospins
were repaired with 1xTris-EDTA antigen recovery solution (pH
9.0, Servicebio, Wuhan, China) at 100°C for ten minutes, then
removed the sections and allowed them to cool naturally to
room temperature. The samples were closed off by 10% goat se-
rum (Gibco, Carlsbad, CA, USA) for 30 min. The paraffin sections
and hNEC slides were permeabilized with 0.1% Triton x-100 for
ten min. The primary antibody to characterize cilium is mouse
anti-human alpha-tubulin monoclonal antibody (a-tubulin),
purchased from Abcam (ab24610, Abcam, Cambridge, UK). The
samples were incubated by primary antibodies at 4°C overnight
(the dilution of antibody targeted to alpha-tubulin was 1:400),
and then stained with goat anti-mouse Alexa Fluor 488 conju-
gated secondary antibodies (A3273, Thermo Fisher Scientific,
Waltham, MA, USA) in the dark at room temperature for one
hour; the samples were then stained with 4,6'- diamidino-2-
phenylindole (DAPI) for visualization of the nuclei. Use Fluores-
cence microscope (Olympus, Tokyo, Japan) to take pictures and
use NIS-Elements Viewer (5.21 64-bit, Nikon, Tokyo, Japan) to
edit.

Human nasal epithelial cell culture

Primary epithelial cells were isolated from fresh nasal speci-
mens. Fresh specimens were cut into pieces and processed by
enzymatic digestion with Dispase Il (Sigma-Aldrich, St. Louis,
MO, USA) at 4°C overnight. The digested tissue suspension was
again digested by trypsin (Sigma-Aldrich, St. Louis, MO, USA)
and filtered by using 70 um cell strainers (Corning, Corning, NY,
USA) to obtain single-cell suspension. Human nasal epithelial
cells (hNECs) were cultured in our previous progenitor cell cul-
ture system as reported ©. The hNECs were then transferred to
an ALl system to become fully differentiated ciliated cells within
four weeks according to PneumaCult™-ALlI Medium (Stemcell
Technologies, Vancouver, BC, Canada) specification.

Measurement of cilia and cellular morphology

Image J (v1.8.0.345; NIH, Bethesda, MD, USA) was used to mea-
sure cell cilia length, the length of the cell parallel to the direc-
tion of cilia growth (defined as the horizontal axis, length,,), and
the length of the cell central perpendicular to the direction of
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cilia growth (defined as the vertical axis, length,,). Ten random
fields were taken from each cell slide, and the measurements
were repeated three times by three researchers to obtain the
data. The researchers independently assessed all cases in a blind
fashion to have a standardized histologic evaluation of the
staining.

Measurement of ciliary beat frequency

Add 200 pL of pre-warmed (37°C) 1x dPBS to the ALI transwell,
incubate for ten minutes, and then remove it. The transwell was
then placed under a microscope (200x magnification) at room
temperature. Ciliary Beat Frequency (CBF) was automatically
analyzed using the Sisson-Ammons video analysis (SAVA) system
(Ammons Engineering, Omaha, NE, USA). The system recorded
one frequency value per field of view every 30 seconds over a
continuous period of three min. For each experimental group,
at least three independent random fields were recorded. The
average CBF value was calculated for statistical analysis.

Scanning electron microscope

hNECs were fixed by Glutaraldehyde fixative and made into
cytospin slides. The Cytospin-fixed cell slides were air-dried at
room temperature and secured centrally on the sample stage
of an ion sputter coater (Hitachi MC1000, Tokyo, Japan). After
evacuating the chamber to high vacuum (approximately 5 x
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10" Pa), argon was introduced to maintain a stable pressure of
20 Pa. A conductive gold layer approximately 5 nm thick was
deposited on the sample surface by applying a set current
between the cathode (gold target) and anode. The coated slides
were then transferred to a scanning electron microscope (SEM,
Hitachi SU8020, Tokyo, Japan). Under an accelerating voltage

of 10 kV, regions of interest were located at low magnification.
The magnification was gradually increased and focus along with
astigmatism correction were alternately adjusted to acquire
clear secondary electron images for analysis.

Statistics and reproducibility

All statistical analyses were performed using SPSS (version
29.0.2.0; IBM Corp., Armonk, NY, USA), and graphs were gene-
rated using GraphPad Prism (version 8.0; GraphPad Software,
San Diego, CA, USA). Based on preliminary data, a sample size
of 19-32 per group provided >80% power to detect a mean
difference of 2.5 um in cilia length with a = 0.05. Between-group
comparisons were performed using an unpaired Student's t-test
(for two groups) or one-way ANOVA (for three or more groups).
Results were reported as mean differences with 95% confidence
intervals. When significant differences were found in multiple
group comparisons, post-hoc pairwise tests with Bonferroni
correction were conducted. A two-tailed p value of < 0.05 was
considered statistically significant.

of the impact of IL-17A and IL-22 on cili-
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