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Background: Olfactory dysfunction (OD) is commonly associated with chronic rhinosinusitis (CRS), with T-helper 2 (Th2) cell
polarization implicated in its pathogenesis. This study aimed to elucidate the role and underlying mechanism of the Th2-derived
cytokine interleukin (IL)-4, acting via the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway, in mediating olfactory ep-
ithelial injury during CRS-related OD.
Methods: The mechanism of Th2 cell dominance in CRS-associated OD through the IL-4/PI3K signaling pathway was inves-
tigated. A CRS model was established in age-matched senescence accelerated mouse resistant 1 (SAMR1) mice, with sneezing
and scratching frequencies recorded. Flow cytometry quantified Th cell proportions and apoptosis, while quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and Western blotting (WB) assessed IL-4/interleukin-4 receptor (IL-4R),
IL-4/PI3K pathway components, inflammatory/apoptotic markers, and olfactory-associated proteins. Following transfection of
IL-4R short hairpin RNA (shRNA) into olfactory epithelial cells (efficiency confirmed by RT-qPCR andWB), a Th2 cell-olfactory
epithelial cell co-culture system was established.
Results: CRSmice exhibited decreased olfactory marker protein (OMP) expression, upregulated phosphorylated- nuclearfactor-
kappaB p65 (p-p65), enhanced IL-4/PI3K pathway activity, and elevated inflammatory/apoptotic markers. Th2 co-culture re-
duced olfactory epithelial cell viability, increased apoptosis, activated IL-4/PI3K signaling and inflammatory/apoptotic responses,
and suppressed OMP expression. Notably, IL-4R knockdown reversed these alterations.
Conclusions: CRS modeling and Th2 co-culture reduces OMP expression, activates the p-p65/IL-4/PI3K pathway, and exacer-
bates inflammation and apoptosis, whereas IL-4R knockdown effectively counteracts these alterations.
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Introduction

Olfactory dysfunction (OD) refers to a decreased or
absent sense of smell [1]. Based on the pathological site
and factors, OD is classified into paranasal sinus and non-
sinonasal types [2,3], with the latter primarily associated
with central nervous system conduction abnormalities [4].
This central OD is often associated with neurological disor-
ders such as Parkinson’s disease, Alzheimer’s disease, and
craniocerebral trauma [5,6]. In addition, OD arising primar-
ily from dysfunction of olfactory epithelial cells, especially
those influenced by chronic sinusitis and age-related degen-
erative diseases, has not received enough attention, and pa-
tients frequently delay medical consultation until olfactory
function is markedly impaired or lost [7].

Chronic rhinosinusitis (CRS), especially CRS with
nasal polyps (CRSwNP), frequently contributes to olfactory
bulb dysfunction, which subsequently impairs olfactory ep-

ithelial function [8,9]. Previous studies have shown that
CRSwNP represents a typical inflammatory disease medi-
ated by type 2 T-helper (Th2) cells, characterized by in-
creased eosinophilia and enhanced Th2 cytokine produc-
tion [10,11]. Th2 cells and their cytokines interact to initi-
ate a cascade response, promote eosinophil recruitment, and
drive the onset and progression of inflammation [12,13].
Moreover, Th2 cytokines, including IL-4, IL-5, and IL-13,
mediate epithelial fibrosis andmucusmetaplasia, accelerate
eosinophil infiltration, and participate in tissue remodeling
[14,15].

Activation of the PI3K/Akt signaling axis has been
shown to induce the differentiation of T-helper cells into
the Th2 phenotype, leading to the secretion of cytokines
such as IL-4, IL-5, and tumor necrosis factor alpha (TNF-
α), and other inflammatory factors [16,17]. Furthermore,
the PI3K/Akt axis stimulates B helper cells to produce im-
munoglobulin E (IgE), thereby mediating type I allergic re-
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actions through eosinophil differentiation, aggregation, ac-
tivation, and degranulation [18,19]. Conversely, the spe-
cific PI3K inhibitor LY294002markedly downregulates the
phosphorylation of Akt in murine lung tissue, inhibiting the
secretion of Th2 cytokines, the infiltration of eosinophils,
and the production of mucus [20,21].

In this study, the role of the key cytokine IL-4 within
the Th2 inflammatory microenvironment was investigated,
with a focus on its effects on olfactory epithelial cells in
CRS and underlying mechanisms. These findings pro-
vide new evidence to support CRS diagnosis and treatment
strategies targeting the Th2 immune response.

Materials and Methods

Establishment of the CRS Mouse Model
A total of 12 male specific-pathogen-free (SPF)

SAMR1 mice (n = 12, 3–6 months old, body weight = 30
± 0.9 g) were obtained from Huachuang Sino (Taizhou,
China). Mice were randomly divided into a control group
(Control group) and a chronic rhinosinusitis group (CRS
group), with six mice in each group. Model induction be-
gan after oneweek of adaptive feeding. On days 0, 7, and 14
of the experiment, mice received intraperitoneal injections
of 100 µL of ovalbumin (OVA, 1 mg/mL) for sensitization,
while controls received equal volumes of saline. Beginning
on day 21, 10 µL OVA nasal drops (100 mg/mL) were ad-
ministered into both nostrils once daily for seven consec-
utive days. Controls received saline in the same manner.
Starting from day 28, nasal drops were administered three
times per week. After instilling 10 µL of OVA solution into
each nostril for 15 min, 10 µL staphylococcal enterotoxin
B (SEB) bacterial solution was administered, while controls
received saline solution accordingly.

All animal experiments complied with the ARRIVE
guidelines and were conducted in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 8023, revised
1978). Experimental protocols were approved by the In-
stitutional Animal Care and Use Committee of the Second
Affiliated Hospital of Chongqing Medical University (ap-
proval number: IACUC-SAHCQMU-2023-0069). Mice
were euthanized by CO2 asphyxiation.

Olfactory Dysfunction (OD) Test
Before testing, animals were acclimated to the test

box for 30 min daily over three consecutive days. Food
was withheld for 12 hours before the experiment. During
testing, a 3-cm bedding layer was placed in the test con-
tainer, and a 0.5 g food pellet was randomly buried 0.5 cm
beneath the surface. Each mouse was placed in the box,
and timing started immediately. The search time ended
when the mouse uncovered and grasped the food pellet with
its forepaws or teeth, and the duration of the search was
recorded.

Flow Cytometric Analysis
Cells (3 × 105/well) were seeded and cultured in 6-

well plates. Apoptotic cells were stained using an Annexin
V/PI Apoptosis Detection Kit (C1062M, Beyotime, Shang-
hai, China) according to themanufacturer’s instructions and
analyzed with a FACSCalibur flow cytometer (BD, Becton
Dickinson, Franklin Lakes, NJ, USA).

Hematoxylin and Eosin (H&E) Staining
Olfactory epithelial tissues were fixed in 10%

formaldehyde (BL539A, Biosharp, Hefei, China) for 24 h,
washed in 10% EDTA (798641, Sigma, St. Louis, MO,
USA) decalcification solution, embedded in paraffin, and
sectioned into 4-µm thickness using a Leica RM2235 mi-
crotome (Leica Biosystems, Wetzlar, Germany). Sections
were stained with hematoxylin for 3 min and eosin for 1
min, dehydrated, and mounted with neutral resin (C0105S,
Beyotime, Shanghai, China). Images were captured using
an OLYMPUS IX71 microscope (IX71, Tokyo, Japan) at
200× magnification, with scale bars indicated.

Immunohistochemistry (IHC)
Olfactory epithelial tissue sections were deparaf-

finized, rehydrated, and subjected to antigen retrieval with
repair solution (C1032, Solarbio, Beijing, China) at 98 °C
for 20 min, followed by incubation in 3% H2O2 (SI125-
01, SEVENBIO, Beijing, China) at room temperature (RT)
for 20 min. After PBS (P1020, Solarbio, Beijing, China)
washing, sections were treated with 0.1% Triton X-100 for
10 min and incubated overnight at 4 °C with diluted anti-
bodies: olfactorymarker protein (1:200, DF13678, INTER-
LAB, Beijing, China) and phospho-NF-κB p65 (Ser468
1:200, 82335-1-RR, Proteintech, Rosemont, IL, USA). Sec-
tions were subsequently incubated with goat anti-rabbit
IgG-HRP (1:200, PV9000, zsbio, Beijing, China) for 1 h
at 37 °C in the dark. DAB solution (KGP1045-20, key-
GEN, Nanjing, China) was applied for 15 min, and nuclei
were counterstained with hematoxylin for 10 min. Images
were captured with an Olympus IX71 microscope (OLYM-
PUSIX71, Tokyo, Japan).

Western Blotting
Total protein was extracted using a Total protein ex-

traction kit for animal tissues/cells (BC3790 Solarbio Sci-
ence & Technology Co., Ltd., Beijing, China), and con-
centrations were determined by a BCA assay (Biosharp,
Hefei, China). Forty micrograms of protein per sam-
ple were separated by SDS-PAGE and transferred onto
membranes, which were blocked with 5% BSA for 1.5
hours. Membranes were then incubated overnight at 4 °C
with the following primary antibodies: anti-IL-4 (1:1000,
66142-1-Ig, Proteintech, Rosemont, IL, USA), anti-IL-
13 (1:1000, DF6813, Affinity, San Diego, CA, USA),
anti-IL-4R (1:1000, 28331-1-AP, Proteintech, Rosemont,

https://www.discovmed.com/


2057

IL, USA), Anti-Insulin Receptor Substrate 1 (anti-IRS-1)
(1:1000, 17509-1-AP, Proteintech, Rosemont, IL, USA),
anti-PI3K (1:1000, bs-0128R, BIOSS, Beijing, China),
Anti-phosphatidylinositol 3-kinase (anti-p-PI3K) (1:1000,
bs-3332R, BIOSS, Beijing, China), anti-AKT (1:1000,
bs-0115R, BIOSS, Beijing, China), anti-p-AKT (1:1000,
bs-0876R, BIOSS, Beijing, China), anti-olfactory marker
protein (anti-OMP) (1:1000, DF13678, Affinity, San
Diego, CA, USA),anti-BCL2-associated X protein (anti-
Bax) (1:1000, 12789-1-AP, Affinity, San Diego, CA, USA),
anti-B-cell lymphoma-2 (anti-Bcl-2) (1:1000, 50599-2-
Ig, Affinity, San Diego, CA, USA), anti- pro-cysteine-
dependent aspartate-specific protease-3 (anti-pro-caspase-
3) (1:1000, ab32499, Abcam, UK), anti-cleaved-caspase-
3 (1:1000, ab214430, Abcam, UK), anti-p65 (1:1000,
10745-1-AP,Proteintech, Rosemont, IL, USA), anti-p-p65
(1:1000, 82335-1-RR, Proteintech, Rosemont, IL, USA),
anti-IL-1β (1:1000, A16288, Abclonal, Wuhan, China),
anti-TNF-α (1:1000, A24214, Abclonal, Wuhan, China),
anti-transforming growth factor-β (anti-TGF-β) (1:1000,
21898-1-AP, Proteintech, Rosemont, IL, USA), anti-β-
actin (1:3000, AC038, Abclonal, Wuhan, China).

After washing, membranes were incubated with goat
anti-rabbit IgG-HRP (1:5000, AS014, Abclonal, Wuhan,
China) or goat anti-mouse IgG-HRP (1:5000, AS003, Ab-
clonal, Wuhan, China) for 2 h at RT. Protein bands were
visualized using ECL reagent (#34580, Thermo Fisher,
Waltham, USA) and imaged using a Tanon Chemi Dog
5200T system (Tanon, China). Band intensities were quan-
tified using ImageJ software (NIH, Bethesda, MD, USA).

RT-qPCR
Total RNA was isolated using a Total RNA extrac-

tion kit (r1200, Solarbio Science & Technology Co., Ltd.,
Beijing, China) and reverse-transcribed into cDNA us-
ing a reverse transcription kit (KR116, Vazyme, Nanjing,
China). Quantitative PCR was performed on a 7900 PCR
system (Applied Biosystems) using SYBR Green Premix
(1725122, Bio-Rad, Hercules, CA, USA). Relative mRNA
levels were determined with the 2−∆∆Cq method, normal-
ized to β-actin. The primer sequences were:

IL-4R-F: 5′-ACGTGGTACAACCACTTCCA-3′;
IL-4R-R: 5′-TGCGGGTACTTGGTTGACTC-3′.
IRS-1-F: 5′-CAGCCTCTTCTTCTGCTTCTGTT-3′;
IRS-1-R: 5′-CCTTGAGTGTCTGCGCGAAT-3′.
PI3k-F: 5′-CGAGAGTGTCGTCACAGTGTC-3′;
PI3k-R: 5′-TGTTCGCTTCCACAAACACAG-3′.
Akt-F: 5′-ATGAACGACGTAGCCATTGTG-3′;
Akt-R: 5′-TTGTAGCCAATAAAGGTGCCAT-3′.
β-actin-F: 5′-GTCCCTCACCCTCCCAAAAG-3′;
β-actin-R: 5′-GCTGCCTCAACACCTCAACCC-3′.

Cell Culture and Treatment
Mouse olfactory epithelial (MOE) cells (CP-M149,

Pricella, Wuhan, China) were cultured under standard con-

ditions in DMEM medium supplemented with 10% FBS
and 1% penicillin-streptomycin. MOE cells displayed a
typical cobblestone-like appearance with tightly packed
polygonal morphology, distinct borders, and centrally lo-
cated nuclei, consistent with epithelial cell characteristics.
Th2 cells (YS2817, Yaji Biology, Shanghai, China) were
tested with a mycoplasma rapid detection kit (13100-01,
SouthernBiotech, Birmingham, AL, USA) and verified to
be mycoplasma-free. Both cell lines were authenticated by
short tandem repeat (STR) profiling.

Screening of IL-4R shRNA
Cells were seeded in 6-well plates for culture. Be-

fore transfection, OPTI-MEM medium (12492013, Gibco,
Carlsbad, CA, USA) was preheated in a water bath, and
both the transfection reagent and DNA plasmid were equi-
librated to room temperature. After adding 500 µL OPTI-
MEM, LIPO2000 or 15 µg DNA was added, and the mix-
ture was incubated at ambient temperature for 15 min. Fol-
lowing a 10-min standing period for DNA-liposome com-
plex formation, the target cells were removed from the 37
°C incubator, gently washed twice with OPTI-MEM, and
supplemented with 3 mL OPTI-MEM. After 15 min, 1 mL
of the DNA-liposome mixture was added dropwise to the
culture dish, mixed thoroughly, and incubated at 37 °C with
5% CO2. Gene silencing was assessed by qRT-PCR. The
target sequences of IL-4R shRNA and control (sh-NC)were
as follows:

sh-IL-4R-1: GCCAGGAGTCAACCAAGTA;
sh-IL-4R-2: GCCCTTCCAGAATCCTGTT;
sh-IL-4R-3: CCAAGACACCCTCAAACTT;
sh-NC: TTCTCCGAACGTGTCACGT.

Statistical Analysis
Data were analyzed using GraphPad Prism version 8.0

(GraphPad Software LLC, San Diego, CA, USA) and are
presented as the mean± standard error of the mean (SEM).
One-way analysis of variance (ANOVA) was performed to
assess statistical differences between groups. A p-value <
0.05 was considered statistically significant.

Results

Construction of the CRS Mouse Model and Detection
of OD

To confirm CRS model establishment, mice were
evaluated 10min after nasal drop administration at weeks 5,
7, and 11. Sneezing and scratching frequencies per minute
were recorded, and averages were calculated. Compared to
the controls, the CRS group exhibited markedly increased
sneezing/scratching behavior (Fig. 1A) (p< 0.05). Further-
more, olfactory dysfunction testing revealed that foraging
times were longer in model mice, averaging 60 s, compared
to 20 s in controls (Fig. 1B) (p < 0.05). Flow cytometry
analysis of single-cell suspensions demonstrated altered T-
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Fig. 1. Establishment of theCRSmousemodel and detection of olfactory dysfunction. (A) Frequency of sneezing and nose scratching
episodes per minute in mice. (B) Evaluation of the olfactory function using the olfactory foraging test. (C) Flow cytometry analysis of
Th cells in single-cell suspensions of fresh nasal tissue samples. Data are presented as mean± standard deviation. Statistical significance
relative to the control group: *p < 0.05, ***p < 0.001. CRS, chronic rhinosinusitis.

helper subsets. Relative to controls, the CRS group showed
a reduced proportion of Th1 cells (p < 0.05) and an in-
creased proportion of Th2 cells (Fig. 1C) (p < 0.05).

OMP Expression Is Reduced, and p-p65 Expression
Is Increased in CRS Mice

First, H&E staining histological evaluation of mouse
nasal tissue samples was performed to assess the patholog-
ical changes of CRS mice. The results demonstrated that
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Fig. 2. Expression of OMP and phosphorylated p65 in CRS mice. (A) Representative H&E staining of nasal mucosa. (B) Immuno-
histochemical analysis of OMP and phosphorylated p65 expression in nasal tissues. Data are presented as mean ± standard deviation.
Statistical significance relative to the control group: **p < 0.01, ***p < 0.001. OMP, olfactory marker protein.

in the control group, the cilia of the olfactory epithelium
were neatly aligned and upright, the basement membrane
thickness was uniform with a clear boundary to the matrix,
no significant inflammatory cell infiltration was observed,
and the glands exhibited neither hyperplasia nor dilation. In
contrast, the CRS group exhibited epithelial damage, ciliary
destruction and thickening, irregular basement membrane
thickness with blurred boundaries to the matrix, inflamma-
tory cell infiltration, and mild irregular glandular hyperpla-
sia (Fig. 2A).

Immunohistochemistry was performed to evaluate the
expression of the olfactory marker OMP and p-p65 in tis-
sue samples. In the control group, cytoplasmic staining
was brown with abundant OMP-positive signals (p< 0.05),
whereas in the CRS group, the p-p65-positive signal was
significantly enhanced (p< 0.05). These findings indicated
that, comparedwith the control group, OMP expressionwas
decreased while p-p65 expression was increased in the CRS
group (Fig. 2B).

Levels of IL-4/IL-4R, PI3K/Akt Axis Components,
Inflammatory Factors, Apoptotic Factors, and
Olfactory-Related Marker Proteins in CRS Mice

To investigate the expression of IL-4/IL-4R, PI3K/Akt
signaling pathway components, inflammatory mediators,
apoptosis-related proteins, and olfactory-associated mark-
ers in CRS mice, RT-qPCR and Western blotting were con-
ducted. The RT-qPCR results demonstrated that IL-4R,
IRS-1, PI3K, and Akt axis transcripts were significantly
upregulated in the CRS group compared to the control
group (Fig. 3) (p < 0.05). Western blotting further demon-
strated elevated protein levels of IL-4, IL-13, IL-4R, IRS-
1, p-PI3K, p-Akt, the NF-κB activation marker p-p65, and
the inflammatory cytokines IL-1β, TNF-α, and TGF-β in
the CRS group compared to the controls. Additionally,
apoptosis-related proteins were altered, with increased Bax
and cleaved caspase-3, along with reduced Bcl-2. Further-
more, the levels of the olfactory marker protein OMP were
reduced. These alterations were consistent with enhanced
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Fig. 3. Expression of IL-4/IL-4R, PI3K/Akt components, inflammatory factors, apoptotic markers, and olfactory-related marker
proteins in CRS mice. (A) RT-qPCR analysis of IL-4/PI3K/Akt axis-related factors in olfactory epithelial tissues of control and CRS
mice. (B–D) Western blot analysis of IL-4/IL-4R and PI3K/Akt pathway components, inflammatory factors, apoptotic factors, and
olfactory-related markers in olfactory epithelial tissue. Data are presented as mean± standard deviation. Statistical significance relative
to the control group: **p < 0.01, ***p < 0.001. RT-qPCR, quantitative reverse transcription polymerase chain reaction.

phosphorylation of PI3K and Akt, indicating activation of
the PI3K/Akt signaling pathway in the CRS group com-
pared to the control group (p < 0.05).

Construction of a Co-Culture System of Th2 Cells
and Olfactory Epithelial Cells and Its Effects on Cell
Viability and Apoptosis

IL-4R shRNAwas transfected into olfactory epithelial
cells, and knockdown efficiency was verified by RT-qPCR.
The sequence vector with the highest silencing efficiency
was selected for subsequent experiments. Cell prolifera-
tion in olfactory epithelial cells was assessed by CCK-8 as-
says, and a co-culture system of T lymphocytes and olfac-
tory epithelial cells was established. Experimental groups
included: (1) olfactory epithelial cells alone; (2) co-culture
of Th2 cells with olfactory epithelial cells; (3) IL-4R knock-
down in olfactory epithelial cells; (4) IL-4R knockdown in
olfactory epithelial cells with Th2 co-culture; (5) Olfactory

epithelial cells transfected with KD-NC; and (6) KD-NC-
transfected olfactory epithelial cells with Th2 co-culture.

Comparisons revealed that groups 1 vs. 2 and 5 vs.
6 showed reduced cell viability when olfactory epithelial
cells were co-culturedwith Th2 cells relative to cell cultures
alone. Furthermore, group 4 vs. 6 demonstrated that IL-4R
knockdown in olfactory epithelial cells, combined with Th2
co-culture, significantly increased cell viability (Fig. 4A–C)
(p < 0.05).

Effects of Th2 Cells and Olfactory Epithelial Cells
Co-Culture System on the Expression of IL-4R/PI3K
Signaling, Apoptosis, and Olfactory-Related Markers

RT-qPCR and Western blotting were utilized to eval-
uate the expression of IL-4/PI3K signaling components,
apoptosis-associated factors, and olfactory-related marker
factors in olfactory epithelial cells. The results indicated
that the mRNA levels of IL-4R, and IRS-1 were signifi-
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Fig. 4. Establishment of a Th2 cell-olfactory epithelial cell co-culture system and its effects on cell viability and apoptosis. (A)
Construction of IL-4R shRNA vector for olfactory epithelial cell transfection, with transfection efficiency assessed by RT-qPCR. (B)
CCK-8 to evaluate cell proliferation activity. (C) Flow cytometry analysis of apoptosis. Data are presented as mean± standard deviation.
Statistical significance relative to the control group: *p < 0.05; **p < 0.01; ***p < 0.001.

cantly upregulated in olfactory epithelial cells co-cultured
with Th2, as determined by RT-qPCR (Fig. 5A) (p< 0.05).
Western blot analysis further confirmed increased protein
levels of p-PI3K and p-Akt, suggesting activation of the
PI3K signaling pathway. Additionally, expression p-p65
was elevated. In terms of apoptosis, protein levels of Bax,
and cleaved caspase-3 were upregulated, while Bcl-2 was
downregulated. The olfactory marker protein OMP was
also downregulated, as evidenced by both RT-qPCR and
Western blot analysis (Fig. 5B) (p< 0.05). Mechanistically,
Th2 cells secrete IL-4 ligands that bind to IL-4Rα on the
olfactory epithelial cells, thereby recruiting the γc chain to
form a functional receptor complex. Notably, knockdown
of IL-4R expression in olfactory epithelial cells reversed
the co-culture-induced upregulation of IL-4/PI3K signaling
pathway components, inflammatory and apoptotic factors,
as well as the downregulation of OMP.

Discussion

The development of CRS is associated with both ex-
trinsic and intrinsic factors, such as microbial infection
or factors predisposing individuals to disproportionate in-
flammatory responses [22]. CRS is commonly classi-

fied into patients with CRSwNP and those without polyps
(CRSsNP), with CRSwNP representing a chronic type 2
(T2)-biased inflammation of the sinonasal mucosa [23].
Th2 inflammation remains a key factor in the pathogene-
sis of CRSwNP [24]. In this study, we established a CRS
mousemodel and assessed the expression of IL-4/IL-4R and
PI3K/Akt pathway components, along with inflammatory
factors, apoptosis-associated factors, and olfactory-related
markers. Subsequently, a co-culture system of Th2 cells
and olfactory epithelial cells was constructed to investigate
its effects on cell viability, apoptosis, and regulation of the
IL-4R/PI3K axis, apoptosis, and olfactory-related markers.

Our findings indicated that sneezing and scratching
frequencies were significantly higher in the CRS group
compared to the control group. Foraging experiments fur-
ther revealed that foraging duration was prolonged in CRS
mice relative to the controls [25]. Flow cytometry analy-
sis revealed that, compared with the control group, the pro-
portion of Th1 cells was reduced in the CRS group, while
the proportion of Th2 cells was increased. Histological
analysis reveals epithelial damage in the nasal mucosa of
CRSmice, characterized by ciliary destruction and thicken-
ing with poorly defined boundaries, infiltration of inflam-
matory cells, and irregular glandular hyperplasia, consis-
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Fig. 5. Impact of Th2-olfactory epithelial cell co-culture on IL-4R/PI3K signaling, apoptosis, and olfactory-related markers. (A)
RT-qPCR analysis of IL-4R/PI3K pathway components, apoptotic factors, and olfactory-related markers in olfactory epithelial cells. (B)
Western blot evaluation of IL-4R/PI3K pathway components, apoptotic factors, and olfactory-related markers in olfactory epithelial cells.
Data are presented as mean ± standard deviation. Statistical significance relative to the control group: *p < 0.05, **p < 0.01, ***p <

0.001.

tent with previous reports [26]. Moreover, immunohisto-
chemistry demonstrated reduced expression of the olfactory
marker OMP, accompanied by elevated levels of p-p65 in
CRS mice compared to controls.

CRS is frequently associatedwith eosinophilic inflam-
mation and elevated levels of Th2 cytokines, typically IL-4
and IL-13 [27]. Similarly, our study revealed upregulation
of IL-4/PI3K-associated components (IL-4, IL-13, IL-4R,
IRS-1, p-PI3K, and p-Akt), and increased levels of inflam-
matory factors (p-p65, IL-1β, TNF-α, and TGF-β) in CRS
mice. Moreover, the apoptotic regulators Bax, pro-caspase-
3, and cleaved caspase-3 were upregulated, while Bcl-2 ex-
pression was reduced. The expression of olfactory marker
proteins, including OMP, was also reduced.

In this study, after co-culture of Th2 cells and olfac-
tory epithelial cells, the expression of IL-4/PI3K compo-
nents (IL-4, IL-13, IL-4R, IRS-1, p-PI3K, p-Akt) and in-
flammatory mediators (p-p65, IL-1β, TNF-α, and TGF-β)
was significantly upregulated. Moreover, the levels of the
apoptotic factors Bax, pro-caspase-3, and cleaved caspase-
3 were increased, while those of Bcl-2, olfactory marker
protein, and receptor OMP were reduced. Notably, knock-
down of IL-4R expression in olfactory epithelial cells re-
versed the expression of these molecules. Deletion of IL-4R
not only blocks the IL-4 signaling but also induces sustained
inhibition of downstream JAK1/STAT6, resulting in mi-

tochondrial Reactive oxygen species(ROS) accumulation
[28]. Elevated ROS promotes irreversible cell cycle arrest
by activating p38-MAPK, and this effect remains difficult
to reverse even with exogenous IL-4 [29]. Although co-
culture with Th2 cells supplements IL-4, the deletion of IL-
4R renders olfactory epithelial cells unresponsive to other
Th2-derived pro-survival factors (such as IL-13, AREG),
leading to no recovery in overall viability [30]. Therefore,
knockdown of IL-4R expression in olfactory epithelial cells
reversed the upregulation of IL-4/PI3K signaling, inflam-
matory and apoptotic mediators, and the downregulation
of olfactory marker protein OMP observed after Th2 co-
culture.

Collectively, OMP expression was reduced in CRS
mice, while p-p65 expression, and IL-4/PI3K signaling
pathway, inflammation- and apoptosis-related factors were
upregulated. In the Th2-olfactory epithelial cell co-culture
system, cell viability decreased, apoptosis increased, the
IL-4/PI3K signaling and inflammatory/apoptotic factors
were upregulated, whereas olfactory marker proteins and
receptor OMP were downregulated. Knockdown of IL-
4R expression in olfactory epithelial cells reversed these
molecular alterations.

However, this study has several limitations. First, the
research was primarily based on animal models, and the
findings may not fully represent the pathological and physi-
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ological processes of human CRS [31]. Second, the in vitro
cell culture conditions used in the study may differ from the
in vivo microenvironment, which could limit the generaliz-
ability of the experimental results. Moreover, although we
demonstrated that IL-4R knockdown affects olfactory ep-
ithelial cells, the precise molecular mechanisms were not
comprehensively explored and require further clarification
in future studies. Finally, the study mainly focused on Th2-
olfactory epithelial cell interactions. Other subtypes of im-
mune cells that may be involved in the pathogenesis of
CRS, such as Th1 and Th17 cells, have been associated with
asthma, intestinal disease and bone immune disease in pre-
vious studies were not extensively examined, highlighting
the need for a more comprehensive investigation in future
research [32–34].

Conclusions

In conclusion, Th2 cell polarization contributes to ol-
factory dysfunction in chronic rhinosinusitis (CRS) through
activation of the IL-4/PI3K signaling pathway. In CRS
mice, reduced olfactory marker protein (OMP) expres-
sion, elevated p-p65 levels, upregulated IL-4/PI3K signal-
ing, and increased inflammatory/apoptotic factors are as-
sociated with behavioral symptoms such as sneezing and
scratching. Notably, the co-culture of Th2 cells with ol-
factory epithelial cells reproduces these pathological ef-
fects. Specifically, it suppresses cell viability, promotes
apoptosis, activates the IL-4/PI3K pathway, and downreg-
ulates OMP expression. The reversal of these pathological
changes following IL-4R knockdown in olfactory epithe-
lial cells underscores IL-4R as a central mediator of Th2-
induced damage. Collectively, these findings identify the
IL-4R/IL-4/PI3K axis as a key mechanism in CRS-related
olfactory impairment and highlight IL-4R blockade as a po-
tential therapeutic strategy.
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