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a b s t r a c t

Background: Basal cell hyperplasia is commonly observed in nasal polyp epithelium of eosinophilic
chronic rhinosinusitis (eCRS). We examined the function and mechanisms of basal cell hyperplasia in the
pathophysiology of eCRS.
Methods: We found that normal human bronchial epithelial (NHBE) cells obtained basal cell charac-
teristics when cultured with PneumaCult™-Ex Plus Medium. Most of the cells passaged three times
expressed basal cell surface markers CD49f and CD271 by flow cytometry, and basal cell nuclear marker
p63 by immunohistochemical staining. We named these NHBE cells with basal cell characteristics
cultured Basal-like cells (cBC), and NHBE cells cultured with BEGM™ cultured Epithelial cells (cEC). The
characteristics of cBC and cEC were examined and compared by RNA sequencing, RT-PCR, ELISA, and cell
proliferation studies.
Results: RNA sequencing revealed that cBC showed higher gene expression of thymic stromal lympho-
poietin (TSLP), IL-8, TLR3, and TLR4, and lower expression of PAR-2 compared with cEC. The mRNA
expression of TSLP, IL-8, TLR3, and TLR4 was significantly increased in cBC, and that of PAR-2 was
significantly increased in cEC by RT-PCR. Poly(I:C)-induced TSLP production and LPS-induced IL-8 pro-
duction were significantly increased in cBC. IL-4 and IL-13 stimulated the proliferation of cBC. Finally, the
frequency of p63-positive basal cells was increased in nasal polyp epithelium of eCRS, and Ki67-positive
proliferating cells were increased in p63-positive basal cells.
Conclusions: Type 2 cytokines IL-4 and IL-13 induce basal cell hyperplasia, and basal cells exacerbate
type 2 inflammation by producing TSLP in nasal polyp of eCRS.
© 2024 Japanese Society of Allergology. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Chronic rhinosinusitis (CRS) is a heterogeneous disease and can
be classified into two major subtypes: CRS with nasal polyp
(CRSwNP) and CRS without nasal polyp (CRSsNP). In the United
States and European countries, the majority of CRSwNP cases
exhibit eosinophilic and type 2 inflammation, whereas CRSsNP is
characterized by type 1/type 3 inflammation.1e3 The endotypes of
inflammation in CRSwNP differ between European and Asian
countries.4 Half of CRSwNP cases in Japan exhibit type 1/type 3
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inflammation,5 and CRSwNP patients in other East Asian countries
present both type 2 and type 1/type 3 inflammation. For the
diagnosis of eosinophilic CRS (eCRS) with type 2 inflammation, a
novel scoring system and algorithm were established in Japan
based on the assessment of bilateral disease, nasal polyp formation,
ethmoid sinus-predominant CT shadows, and blood eosinophilia.6

eCRS is clinically characterized by marked eosinophilia in nasal
polyps, higher morbidity of bronchial asthma, and a higher risk of
recurrence after surgery.

Basal cell hyperplasia was commonly observed in nasal polyp
epithelium of eCRS. Basal cells are progenitor cells and have an
ability to differentiate into various cell types, such as secretory cells
and ciliated cells.7 They play important roles in epithelial barrier
function, and inflammatory tissue remodeling in airway mucosa.8

Recent studies using flow cytometry and histochemical examina-
tion have revealed that the frequency of basal cells was significantly
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increased in nasal polyps from patients with CRSwNP, whereas
those of secretory cells and ciliated cells were decreased.9,10 By
comparing the transcriptomes of non-polyp and polyp basal cells,
elevated expression of transcripts was recognized in polyp basal
cells involved in extracellular matrix remodeling and chemo-
attraction of effector cells.9 Some of these upregulated genes are
IL-4/IL-13 responsive, and IL-4/IL-13 induced the expansion and
differentiation of basal progenitor cells.10

Thymic stromal lymphopoietin (TSLP) is expressed in
epithelial cells of nasal mucosa, and contributes to both innate
and adaptive type 2 inflammation11,12 by stimulating the pro-
duction of type 2 cytokines IL-4 and IL-13 from Th2 cells and
group 2 innate lymphoid cells (ILC2).13 We previously revealed
the elevated expression of TSLP in epithelial cells of nasal
polyps from patients with eCRS compared with those from
patients with non-eCRS (NeCRS).14 A recent study using single-
cell RNA sequencing revealed that TSLP was expressed in basal
cells of ethmoid sinus mucosa, and basal cells may be a major
source of TSLP in nasal epithelium.9 These results suggest that
basal cell hyperplasia and basal cell-derived TSLP may play
important roles in the pathophysiology of type 2 inflammation
in eCRS.

In the present study, we found that normal human bronchial
epithelial (NHBE) cells obtained basal cell characteristics when
cultured with PneumaCult™-Ex Plus Medium. PneumaCult™-Ex
Plus Medium is a serum-free culture medium that supports
greater expansion of primary human airway epithelial cells
compared with bronchial epithelial growth medium (BEGM™).15

We named these NHBE cells with basal cell characteristics
cultured Basal-like cells (cBC) and NHBE cells cultured with
BEGM™ cultured Epithelial cells (cEC). To elucidate the function
and mechanism of basal cell hyperplasia in eCRS, (1) RNA
sequencing data of cBC and cEC were analyzed, (2) mRNA
expression in cBC and cEC was examined by RT-PCR, (3) airborne
antigen-induced production of TSLP from cBC and cEC was
compared, and (4) the frequency of p63-positive basal cells and
Ki67-positive proliferating activity were examined using immu-
nofluorescence staining of nasal polyps.

Methods

Study subjects

Thirty-seven patients with nasal or paranasal sinus diseases
were recruited from Shiga University of Medical Science hospital
according to a protocol approved by the Institutional Review Board
of Shiga University of Medical Science (approval number R2021-
Table 1
Patient characteristics..

UT, uncinate tissue; NP, nasal polyp; CRSsNP, chronic rhinosinusitis without nasal polyp
sinusitis; F, female; M, male. The clinical data are expressed as median and interquartile
132). Informed consent was obtained from all participants. All ex-
periments were conducted according to the Declaration of Helsinki
on biomedical research involving human subjects. Sinonasal tis-
sues, such as uncinate tissue (UT), and nasal polyp (NP), were ob-
tained during endoscopic sinus surgery (ESS). None of the patients
had been treated with systemic corticosteroids for at least four
weeks before the surgery. The diagnosis of CRS was made based on
clinical, endoscopic, and radiographic criteria as described in the
European Position Paper on Rhinosinusitis and Nasal Polyps (EPOS
2020).1 The CRSwNP cases were classified into eCRS and non-eCRS
(NeCRS) according to a published clinical scoring system (JESREC
score).6 Table 1 presents a detailed list of the patient characteristics.
Control subjects include patients with benign sinus tumors (6
cases), sinus cystic lesions (2 cases), and thyroid eye disease (1
case). The diagnosis of asthma was made based on the criteria of
the Global Initiative of Asthma.16 The JESREC score was calculated
with the following point breakdown: bilateral disease sites (3
points); nasal polyp (2 points); CT shadow, ethmoid � maxillary
sinus (2 points); and blood eosinophilia, 2e5% (4 points), 5e10% (8
points), or more than 10% (10 points). Patients with scores higher
than 11 points and mucosal eosinophilia higher than 70 per high-
power field (400� magnification) were defined as eCRS.6

Reagents

We purchased the following antigens and materials: house dust
mite (HDM) and Alternaria alternata (Alternaria) (Greer Labora-
tories, Lenoir, NC, USA), protease from Staphylococcus aureus
(S. aureus) (Abnova, Taipei, Taiwan), polyinosinic-polycytidylic acid
(Poly(I:C)) (InvivoGen, San Diego, CA, USA), lipopolysaccharide
(LPS) from Escherichia coli 0111:B4 (SigmaeAldrich, St. Louis, MO,
USA), and human recombinant IL-4 and IL-13 (FUJIFILMWako Pure
Chemical, Osaka, Japan).

Cell culture

Normal human bronchial epithelial (NHBE) cells were pur-
chased from Lonza (Lonza, Basel, Switzerland), and were cultured
with PneumaCult™-Ex Plus Medium (STEMCELL Technologies,
Vancouver, Canada) to confluence in a 75 cm2

flask (Corning,
Corning, NY, USA). Then, the NHBE cells were passaged twice with
PneumaCult™-Ex Plus Medium or bronchial epithelial growth
medium (BEGM™) (Lonza, Basel, Switzerland) in a 75 cm2

flask.
Primary nasal epithelial (PNE) cells were collected from the NPs of
eCRS patients by curettage with a Rhino-Probe (Arlington Scientific,
Inc., Springville, UT, USA), and were passaged twice with Pneu-
maCult™-Ex Plus Medium or BEGM™, respectively.
; eCRS, eosinophilic chronic rhinosinusitis; NeCRS, non-eosinophilic chronic rhino-
range. *P<0.05.
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The cultured NHBE cells and cultured PNE cells were cultured
again with PneumaCult™-Ex Plus Medium or BEGM™ in a 24-well
tissue culture plate (Corning) to 80% confluence. After incubating in
eachmediumwithout supplements and steroids (starving) for 24 h,
the cells were stimulated for 24 hwith HDM (100 mg/mL), Alternaria
(400 mg/mL), protease from S. aureus (1 mg/mL), Poly(I:C) (10 mg/
mL), or LPS (1 mg/mL). Then, the supernatant was collected for
ELISA. The cells were used for RT-PCR or RNA sequencing after
starving for 30 h.

For the cell proliferation study, the cultured NHBE cells were
seeded (1 � 104 cells/well) and cultured in a 24-well tissue
culture plate for 4 days with PneumaCult™-Ex Plus Medium or
BEGM™ by adding cytokines (TNF-a, IFN-g, IL-1b, IL-4, IL-5, IL-
13, calprotectin, S100A8, S100A9, amphiregulin, or IL-17) every
2 days. The cells were dissociated using an Animal Component-
Free Cell Dissociation Kit (STEMCELL Technologies) and counted
with an improved Neubauer cell counting chamber (SLGC, Sai-
tama, Japan).

Flow cytometry

The cultured NHBE cells were preincubated with Fc-Block (BD
Bioscience, Franklin Lakes, NJ, USA) for 10 min at room temperature
after staining with a Zombie NIR™ Fixable Viability Kit (BioLegend,
San Diego, CA, USA) to assess cell viability. The cells were stained
with APC anti-human CD271 (clone ME20.4, BioLegend), and FITC
anti-human CD49f (clone GoH3, BioLegend) for 30 min at 4 �C. As a
control, cells were stained with individual isotype antibodies. After
washing, the cells were resuspended in cell stain buffer (BioLegend)
and analyzed with a BD LSR Fortessa X-20 (BD Bioscience) using
FlowJo v10 by TreeStar (BD Bioscience).

Immunofluorescence staining

Cultured NHBE cells were seeded and cultured on Lab-Tek™ II
Chamber Slides (ThermoFisher, Waltham, MA, USA). The slides
were fixed and permeabilized by Cytofix/Cytoperm reagents (BD
Bioscience) for 20 min at room temperature, and thenwashed with
BD Perm/Wash buffer for 30 min at room temperature. Fixed cells
were blocked with Normal Serum Block (Biolegend) for 1 h. For
immunofluorescence, the cells were incubated overnight at 4 �C
with 1:250 purified mouse anti-human TP63 antibody (clone
W15093A, Biolegend) or purified mouse IgG2b, k isotype ctrl (clone
MG2b-57, Biolegend). After three washes, the cells were incubated
for 45 min with 1:500 Alexa Fluor 647 goat anti-mouse IgG (min-
imal x-reactivity) antibody (clone Poly4053, Biolegend) and
mounted in Vectashield® mounting medium with DAPI (Vector
Laboratories, Newark, CA, USA). Fluorescent cell images were
visualized using a confocal laser scanning microscope TCS SP8 X
(Leica, Wetzlar, Germany).

Nasal tissues were fixed in 4% formaldehyde in 0.1 M of
phosphate-buffered saline (PBS) for 2 h at 4 �C and immersed in
0.1 M of PBS containing 15% sucrose for 24 h at 4 �C. Then nasal
tissues were embedded in paraffin and cut into 4 mm-thick sections.
After deparaffinization, slides were quenched for 10 min in 1 mg/
mL sodium borohydride in PBS. After heat-induced antigen
retrieval with antigen retrieval solution pH 9 (NICHIREI BIOSCI-
ENCE INC., Tokyo, Japan), slides were blocked with Normal Serum
Block (Biolegend) for 60 min. The slides were incubated overnight
at 4 �C with primary antibodies or isotype controls in a humidified
chamber. The primary antibodies used in this study were 1:500
purified mouse anti-human TP63 antibody (clone W15093A, Bio-
legend), 1:200 rat anti-human Ki67 monoclonal antibody (SoIA15,
ThermoFisher), and 1:100 rabbit anti-human TSLP antibody
(ab47943, Abcam, Cambridge, UK). The isotype controls were
purified mouse IgG2b, k isotype ctrl (clone MG2b-57, Biolegend)
and purified rat IgG2a, k isotype ctrl (clone RTK2758, Biolegend),
and purified (azide-free) rabbit polyclonal isotype ctrl (clone
Poly29108, Biolegend). After three washes with 0.05% Tween 20 in
PBS, the slides were incubated for 45 min with 1:500 secondary
antibodies and 1:200 Hoechst 33342 solution (FUJIFILMWako Pure
Chemical). The secondary antibodies were Alexa Fluor 647 goat
anti-mouse IgG (minimal x-reactivity) antibody (clone Poly4053,
Biolegend), Alexa Fluor 555 goat anti-rat IgG (minimal x-reactivity)
antibody (clone Poly4054, Biolegend), and Alexa Fluor 488 donkey
anti-rabbit IgG (minimal x-reactivity) antibody (clone Poly4064,
Biolegend). The slides were washed three times and mounted with
VECTASHIELD PLUS antifade mounting medium (Vector Labora-
tories). Fluorescent images were visualized using a confocal laser
scanning microscope TCS SP8 X (Leica). Five random views per
sample were used to measure the area of the epithelium and the
number of stained cells per area.

RNA sequencing

Total RNA of cultured NHBE cells was purified with a Nucleo-
Spin® RNA Plus XS (MachereyeNagel, Düren, Germany). RNA
sequence libraries were prepared using the TruSeq stranded
mRNA library prep kit (Illumina, San Diego, CA, USA) and
sequenced using the Illumina platform at Macrogen Japan Corp.
DEG analysis was performed on a comparison pair. Statistical
analysis was performed using fold change (fc), nbinomWaldTest
using DESeq2 per comparison pair. Significant results were
selected on conditions of |fc| �2 & nbinomWaldTest raw p-value
<0.05.

Real-time RT-PCR

cDNA was synthesized from a purified RNA sample using a
transcriptor high fidelity cDNA synthesis kit (Roche, Basel,
Switzerland). The light-cycler 480 real-time PCR system (Roche)
amplifies and detects specific products. The real-time RT-PCR
mixture contained 5 mL of cDNA, 10 mL of LightCycler 480 Probe
Master (Roche), 0.2 mL of probes, and 0.1 mL of two primer sets: TSLP
(forward primer: CCAGGCTATTCGGAAACTCA; reverse primer:
AATTGTGACACTTGTTCCAGACA), toll-like receptor 3 (TLR3) (for-
ward primer: ATCTTCCAATTGCGTGAAAAC; reverse primer: TGGA-
TATCTTTGCCAATTCATCT), protease-activated receptor (PAR)-2
(forward primer: GTGGCACCATCCAAGGAAC; reverse primer: CAG
ATGCAGAAAACTCATCCACAG), IL-8 (forward primer: GAGCACTC-
CATAAGGCACAAA; reverse primer: ATGGTTCCTTCCGGTGGT),
toll-like receptor 4 (TLR4) (forward primer: CTCTCCTGCGTGAG
ACCAG; reverse primer: TCCATGCATTGATAAGTAATATTAGGA),
IL-33 (forward primer: TGGAAGAACACAGCAAGCAA; reverse
primer: TCATTTGAGGGGTGTTGAGA) or glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (forward primer: AGCCA-
CATCGCTCAGACAC; reverse primer: GCCCAATACGACCAAATCC).
The reaction mixture was topped up to a final volume of 20 mL with
sterile water. The real-time RT-PCR protocol was as follows: dena-
turation by a hot start at 95 �C for 5 min, followed by 50 cycles of a
three-step program (denaturation at 95 �C for 10 s and annealing at
60 �C for 20 s and extension at 72 �C for 10 s). Transcription was
normalized to that of GAPDH in each sample and expressed as
relative expression compared with control.

ELISA

The collected cell supernatants were analyzed for TSLP and IL-8
(R&D Systems, Minneapolis, MN, USA) by ELISA. The detection
limits of the TSLP and IL-8 assays were 31.2 pg/mL.
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Fig. 2. MA plot between cultured Basal-like cells (cBC) and cultured Epithelial cells
(cEC), X-axis: mean of normalized counts, Y-axis: log2 fold change. Genes with log2 fc
>1 indicate that the genes are significantly upregulated, and genes with log2 fc <1
indicate that the genes are significantly downregulated in cBC compared to cEC.
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Statistical analyses

All the data are show as mean ± standard error of the mean
(SEM) from the indicated number of replicates. Two-sided differ-
ences between the two samples were analyzed with the
ManneWhitney U test or Wilcoxon signed-rank test. Data from
more than three-group comparisons were evaluated by
KruskaleWallis one-way analysis. In our statistical analysis, we
applied the Bonferroni correction to adjust for multiple testing.
Values of P <0.05 were considered significant.

Results

NHBE cells cultured with PneumaCult™-Ex Plus Medium or BEGM™

Primary NHBE cells were cultured with PneumaCult™-Ex Plus
Medium and passaged twice with PneumaCult™-Ex Plus Medium
or BEGM™. We found that NHBE cells culturedwith PneumaCult™-
Ex Plus Medium expressed basal cell characteristics. Most of the
NHBE cells (94.9%) cultured with PneumaCult™-Ex Plus Medium
expressed basal cell surface markers, CD49f and CD271, by flow
cytometry, while the NHBE cells cultured with BEGM™ hardly
expressed them (1.2%) (Fig. 1A). Immunofluorescence staining
revealed that the NHBE cells cultured with PneumaCult™-Ex Plus
Medium expressed the basal cell nuclear marker p63 (Fig. 1B,
Supplementary Fig. 1A and B). Morphologically, the NHBE cells
cultured with PneumaCult™-Ex Plus Medium showed a sheet-like
microscopic appearance compared with those cultured with
BEGM™ (Fig. 1C). We named these NHBE cells with basal cell
characteristics cultured Basal-like cells (cBC), and NHBE cells
cultured with BEGM™ cultured Epithelial cells (cEC).

RNA sequencing analysis of cBC and cEC

To analyze the gene expression of cBC and cEC, five samples each
were used for RNA sequencing. We examined the expression of
epithelial-cell derived cytokines and receptors related to type 1
inflammation, IL-1817; type 2 inflammation, TSLP, IL-33, IL-25, TLR3,
F2RL1 (PAR-2), P2RY218e21; type 3 inflammation, IL-22RA1, IL-
10RB22; and neutrophilic inflammation, CXCL8 (IL-8), TLR4.23e25

Among these genes, IL-18, TSLP, IL-33, TLR3, F2RL1 (PAR-2),
P2RY2, IL-22RA1, IL-10RB, CXCL8 (IL-8), and TLR4 were detected,
and cBC showed significantly higher expression of TSLP, TLR3,
P2RY2, CXCL8 (IL-8), and TLR4, and significantly lower expression
of IL-33, F2RL1 (PAR-2), and IL-22RA1 compared to cEC. There was
no significant difference in the expression of IL-18 and IL-10RB
between cBC and cEC. The MA plot is shown in Figure 2, based on
the result of differentially expressed genes (DEG).

The mRNA expression of TSLP, IL-8, TLR3, TLR4, and PAR-2

The results of RNA sequencing were confirmed by RT-PCR. The
mRNA expression of TSLP, CXCL8 (IL-8), TLR3, and TLR4 was
significantly increased in cBC, and that of F2RL1(PAR-2) was
significantly increased in cEC (Fig. 3A).

Production of TSLP and IL-8

TSLP production from cEC was induced by HDM, Alternaria, pro-
tease from S. aureus, and the TLR3 ligand Poly(I:C). Poly(I:C)-induced
Fig. 1. A: Gating strategy to identify basal cell surface markers (CD49f and CD271) in NHBE c
staining with basal cell nuclear marker p63 in NHBE cells cultured with PneumaCult™-Ex P
cells cultured with PneumaCult™-Ex Plus Medium or BEGM™. Scale bars indicate 200 mm
TSLP production from cBC was significantly increased compared
with that from cEC, whereas HDM, Alternaria, and protease from
S. aureus did not induce TSLP production from cBC (Fig. 3B).

IL-8 production was induced by Alternaria, protease from
S. aureus, and Poly(I:C) from both cBC and cEC. Poly(I:C)-induced IL-
8 production from cBC was significantly increased compared with
that from cEC. The TLR4 ligand LPS stimulated IL-8 production from
cBC, whereas LPS did not induce IL-8 production from cEC (Fig 3C).

Cell proliferation

IL-4 (0.5 ng/mL) and IL-13 (5 ng/mL) stimulated the cell prolif-
eration of cBC, but did not stimulate that of cEC (Fig. 3D and
Supplementary Fig. 1C and D). Other inflammatory cytokines, IL-5,
TNF-a, IFN-g, IL-1b, calprotectin, S100A8, S100A9, amphiregulin,
and IL-17, had no effects on cell proliferation of cBC (data not
shown).

Cultured PNE cells from NPs of eCRS patients

We named primary nasal epithelial (PNE) cells from NPs of eCRS
patients cultured with PneumaCult™-Ex Plus Medium cultured
nasal Basal-like cells (cNBC) and those cultured with BEGM™
cultured nasal Epithelial cells (cNEC). ThemRNA expression of TSLP,
CXCL8(IL-8), TLR3, and TLR4 was significantly increased in cNBC
compared with cNEC (Fig. 4A).

TSLP production from cNEC was induced by HDM, Alternaria,
protease from S. aureus, and Poly(I:C). Poly(I:C)-induced TSLP pro-
duction from cNBC was significantly increased compared with that
from cNEC, whereas HDM, Alternaria, and protease from S. aureus
did not induce TSLP production from cNBC (Fig. 3B).

IL-8 production was induced by HDM, Alternaria, Poly(I:C), and
LPS from both cNEC and cNBC. Poly(I:C)-induced IL-8 production
from cNBC was significantly increased compared with that from
cNEC (Fig. 4C).

Immunofluorescence staining of nasal tissues with basal cell nuclear
marker (p63), proliferating marker (Ki67), and TSLP

Immunofluorescence staining of UT from control subjects and
patients with CRSsNP, and NP from patients with NeCRS and eCRS
ells cultured with PneumaCult™-Ex Plus Medium or BEGM™. B: Immunofluorescence
lus Medium or BEGM™. Scale bars indicate 25 mm. C: Microscopic cell images of NHBE
.



Fig. 3. A: mRNA expression of TSLP, TLR3, PAR-2, IL-8, and TLR4 in cultured Basal-like cells (cBC) and cultured Epithelial cells (cEC). *P < 0.05, **P < 0.01; n ¼ 5. B, C: Effects of 24 h
incubation with HDM (100 mg/mL), Alternaria (400 mg/mL), protease from S. aureus (1 mg/mL), Poly (I:C) (10 mg/mL), and LPS (1 mg/mL) on the production of TSLP (B) and IL-8 (C) from
cBC and cEC. *P < 0.05, **P < 0.01; n ¼ 5. D: Effects of IL-4 (0.5 ng/mL) and IL-13 (5 ng/mL) on the cell proliferation of cBC and cEC. The cells were seeded (1 � 104 cells/well) and
cultured for four days. **P < 0.01; n ¼ 5.
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Fig. 4. A: mRNA expression of TSLP, TLR3, PAR-2, IL-8, and TLP4 in cultured nasal Basal-like cells (cNBC) and cultured nasal Epithelial cells (cNEC). Two samples per patient were
used in the experiment. **P < 0.01; n ¼ 5. B, C: Effects of 24 h incubation with HDM (100 mg/mL), Alternaria (400 mg/mL), protease from S. aureus (1 mg/mL), Poly (I:C) (10 mg/mL), and
LPS (1 mg/mL) on the production of TSLP (B) and IL-8 (C) for 24 h from cNBC and cNEC. Two samples per patient were used in the experiment. *P < 0.05, **P < 0.01; n ¼ 4.
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are shown in Figure 5A and Supplementary Fig. 1EeH. The p63-
positive basal cells were increased in NP from patients with eCRS.
The Ki67-positive proliferating cells were increased in basal cells of
NP from eCRS patients. TSLP was consistently expressed in the basal
cell layer of UT from CRSsNP patients and NP from eCRS and NeCRS
patients.

The quantitative study of p63-and Ki67-positive cells revealed
that the frequency of p63-positive basal cells was increased
(Fig. 5B), and the Ki67-positive proliferating cells were increased in
basal cells of NP from patients with eCRS (Fig. 5C). These results
indicate that the type 2 inflammation induces basal cell
hyperplasia, and basal cells exacerbate the type 2 inflammation by
producing TSLP in NP of eCRS.

Discussion

In the present study, cultured NHBE cells with basal cell charac-
teristics (cultured Basal-like cells: cBC) were used to examine the
function of basal cells in eCRS compared with cultured Epithelial
cells (cEC). We found that cBC showed increased gene expression of
TSLP, IL-8, TLR3, and TLR4, and decreased expression of PAR-2 by
RNA sequencing. The mRNA expression of TSLP, IL-8, TLR3, and TLR4



Fig. 5. A: Immunofluorescence staining with p63 (red), Ki67 (green), TSLP (magenta) in the uncinate tissue (UT) from healthy controls and patients with CRSsNP, and nasal polyp
(NP) from patients with NeCRS and eCRS. Nuclei were counterstained with Hoechst (blue). Scale bars indicate 25 mm. B, C: Quantitative analysis of p63-positive cells in 1000 mm2 (B)
and the ratio of Ki-67-positive cells in p63-positive cells (C) in uncinate tissue (UT) and nasal polyp (NP). **P < 0.01; n ¼ 9 control, n ¼ 10 CRSsNP, n ¼ 8 NeCRS, n ¼ 10 eCRS.
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were significantly increased, and that of PAR-2 was significantly
decreased. Poly(I:C)-induced TSLP production and LPS-induced IL-8
production from cBC were significantly increased, and IL-4 and IL-13
stimulated the proliferation of cBC. The frequency of p63-positive
basal cells was increased in NP epithelium of eCRS, and Ki67-
positive proliferating cells were increased in p63-positive basal
cells. This is the first report to examine the function and mechanism
of basal cell hyperplasia in the pathophysiology of eCRS. Basal cells
exacerbate type 2 inflammation by producing TSLP, and type 2 cy-
tokines IL-4 and IL-13 stimulate basal cell hyperplasia in NP of eCRS.

PneumaCult™-Ex Plus Medium is a serum-free medium origi-
nally used as an expansionmedium for airway epithelial cells in the
preparatory stage of air-liquid interface 3D cultures. It has been
reported that NHBE cells cultured with PneumaCult™-Ex Plus
Medium rapidly proliferated and form cobblestone-shaped clus-
tered colonies compared with NHBE cells cultured with BEGM™.15

We found that these NHBE cells cultured with PneumaCult™-Ex
Plus Medium obtained basal cell characteristics. Most of the
cultured cells (94.9%) expressed the basal cell surface markers
CD49f and CD271 by flow cytometry, and immunofluorescence
staining revealed the expression of a basal cell nuclear marker, p63.
Morphologically, these cells form a microscopic sheet-like
appearance. We named these cultured NHBE cells with basal cell
characteristics cultured Basal-like cells (cBC), and examined the
function of cBC cells in comparison to NHBE cells cultured with
BEGM™ (cultured Epithelial cells: cEC).

The mRNA expression of TSLP was significantly upregulated in
cBC, and immunofluorescence staining showed that TSLP was
consistently expressed in the basal layer of UT and NP from patients
with CRS. These results are consistent with the previous study
using single-cell RNA sequencing showing that TSLP expression
was restricted to basal cells in sinonasal mucosa of CRS patients.9

TSLP is an important cytokine for type 2 inflammation, and TSLP
production was induced by viruses, protease-containing allergens,
and type 2 cytokines IL-4 and IL-13 in airway epithelial cells.20 We
previously reported that TSLP expression was upregulated in nasal
polyp epithelium of eCRS,14 and Poly(I:C) or Alternaria stimulated
the TSLP production from airway epithelial cells.18

IL-33, an epithelial-derived cytokine for type 2 inflammation,
may play important roles in the pathophysiology of eCRS,14 and
basal cells were reported to be a major source of IL-33 in nasal
epithelium of CRSwNP.9 However, RNA sequencing showed that the
expression of IL-33 was downregulated in cBC compared with cEC.
A recent study revealed that the stability of IL-33 reduced over
increasing passage number of cultured epithelial cells.26 In the
present study, cBC and cEC were examined at passage 4, and cNBC
and cNEC were examined at passage 2. The mRNA expression of IL-
33 was not different between cNBC and cNEC, whereas it was
decreased in cBC comparedwith cEC (date not shown). It is possible
that the increased passaging may affect the decreased mRNA
expression of IL-33 in cBC.

In the present study, the expression of IL-8, TLR3, and TLR4 was
upregulated, and that of PAR-2was downregulated in cBC. The TLR3
ligand Poly(I:C) significantly stimulated TSLP production, and the
TLR4 ligand LPS stimulated IL-8 production from cBC. eCRS is a
heterogenous disease mainly characterized by eosinophilic and
type 2 inflammation, but neutrophilic and type 1/type 3 inflam-
mation are also involved in the pathophysiology. IL-8, a neutrophil
chemotactic factor, is a key mediator for neutrophil recruitment for
neutrophilic and type 1 inflammation, and a recent study showed
that neutrophilic inflammation was associated with severe type 2
inflammatory CRSwNP.27 TLR3 and TLR4 play important roles in
virus- and bacteria-induced airway inflammation, and eCRS is
known to be exacerbated by viral and bacterial infection. These
results indicate that the elevated expression of TLR3 and TLR4 in
basal cells may contribute to the type 2 and type 1/type 3 inflam-
mation in eCRS, by stimulating the production of TSLP and IL-8.

The type 2 cytokines IL-4 and IL-13 are produced by Th2 cells,
mast cells, and ILC2, and are important in the pathophysiology of
eCRS, including epithelial barrier dysfunction, tissue remodeling,
mucus production, and IgE responses.28 ThemRNAexpression of IL-4
and IL-13 was elevated in NP of CRS patients,29,30 and they impaired
epithelial barrier function with decreased expression of tight junc-
tion proteins.31e33 A recent study demonstrated that IL-4 and IL-13
prevented basal cell differentiation through an insulin receptor
substrate (IRS)-dependent signaling pathway that is overexpressed
in CRSwNP. IL-4 and IL-13 induced the basal cell remodeling that
drives the accumulation of stem cells with proinflammatory capac-
ity.10 In the present study, IL-4 and IL-13 stimulated the cell prolif-
eration of cBC, but did not affect that of cEC. Immunohistochemical
study demonstrated that the frequency of basal cells and Ki67-
positive proliferating basal cells was increased in NP of eCRS. It has
been reported that Ki67-positive proliferating cells were increased in
the epithelium from patients with CRSwNP or severe asthma34e36;
however, this is the first study to examine the proliferating activity of
basal cells. These results are coincident with previous studies
showing that Ki67-positive proliferating cells were increased in the
basal layer of the skin of atopic dermatitis.37e39

Our study indicates that type 2 cytokines IL-4 and IL-13 induce
basal cell hyperplasia in NP of eCRS, and proliferated basal cells are
a major source of TSLP, which exacerbates type 2 inflammation by
inducing the production of IL-4 and IL-13, forming a vicious cycle
that further induces basal cell hyperplasia. Recently, novel bi-
ologicals targeting biomarkers for type 2 inflammation, i.e., IL-4/IL-
13, IL-5, IgE, and TSLP, have been developed and were clinically
effective for patients suffering from refractory CRSwNP or uncon-
trolled asthma.40e43 Treatment with an anti-IL-4Ra antibody
(dupilumab) that inhibits both IL-4 and IL-13 signaling, or anti-TSLP
(tezepelumab) may be effective for eCRS by inhibiting the vicious
cycle caused by basal cell hyperplasia.
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