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Cover figure. IL-29-TLR4 signalling drives eosinophil infiltration in eosinophilic chronic rhi-
nosinusitis with nasal polyps (ECRSWNP)..

Summary

Objective. Eosinophilic chronic rhinosinusitis with nasal polyps (ECRSwWNP) features extensive eo-
sinophil infiltration, yet the molecular mechanisms driving this process are not fully elucidated. IL-
29 and TLR4 are known inflammatory modulators, but their dose-dependent interplay in ECRSWNP
remains uncharted. This study aimed to explore how IL-29 activates TLR4 signalling to promote
eosinophil infiltration in ECRSWNP.

Methods. Thirty patients with ECRSWNP and 30 controls post-nasal septum correction were re-
cruited. Eosinophil infiltration was assessed via haematoxylin-eosin staining, while IL-29 and TLR4
expression and correlation were analysed using gPCR and immunohistochemistry. In vitro, eosin-
ophils were stimulated with IL-29 (10-100 ng/mL) + TLR4 inhibitor TAK-242, with migration mea-
sured by Transwell assay, cytokine secretion by ELISA, and NF-kB/MAPK signalling by western blot.
Results. Patients with ECRSWNP exhibited significantly elevated eosinophil infiltration and IL-29/
TLR4 expression (p < 0.05), with a robust correlation (r = 0.6018, p < 0.0001). IL-29 dose-de-
pendently enhanced eosinophil migration and cytokine production, and the effects were reversed
by TLR4 blockade, accompanied by decreased NF-xB and MAPK phosphorylation, indicating
TLR4-mediated regulation.

Conclusions. Dose-dependent IL-29 activation of TLR4 signalling drives eosinophil infiltration in
ECRSWNP, offering novel mechanistic insights and potential therapeutic targets for this condition.
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Introduction

Eosinophilic chronic rhinosinusitis with nasal polyps
(ECRSwNP) is a common otolaryngologic disorder charac-
terised by sinus inflammation and nasal polyps formation,
accompanied by significant eosinophilic infiltration '. This
condition affects respiratory function and leads to olfactory
dysfunction, headaches, and facial pressure, severely im-
pacting patients’ quality of life 2. Globally, the prevalence of
ECRSwNP has been increasing annually, making it a pub-
lic health concern 3. Abnormal activation and aggregation
of eosinophils are central features of the pathophysiology
of ECRSwNP, yet the precise inflammatory mechanisms
remain incompletely understood *. Identifying and under-
standing the molecular mechanisms underlying eosinophil
activation and recruitment 5 are crucial for developing more
effective therapeutic strategies ®”.

Previous studies identified various cytokines and inflamma-
tory mediators as key players in ECRSwNP, particularly eo-
sinophil-associated cytokines such as IL-5 and IL-13 #°, In
recent years, [L-29 (IFN-A1) has emerged as a novel immu-
nomodulator implicated in multiple inflammatory diseases.
IL-29 has been shown to regulate immune cell functions
and participate in inflammatory responses '°. Also, toll-like
receptor 4 (TLR4), a key component of the innate immune
system, has been extensively studied for its role in infec-
tious and non-infectious inflammation. TLR4 activation
triggers a cascade of signalling events '3, leading to the
production and release of inflammatory cytokines 4. How-
ever, the roles of IL-29 and TLR4 in ECRSwNP and their
potential interactions remain largely unexplored, limiting
a comprehensive understanding of the disease’s complex
pathophysiology.

Although the independent roles of IL-29 and TLR4 have
been well characterised in other inflammatory diseases,
studies investigating their expression patterns, interactions,
and specific effects on eosinophil function in ECRSwNP
are scarce '°. Notably, there is a lack of systematic research
assessing whether IL-29 and TLR4 expression levels cor-
relate with ECRSwNP severity and whether they regulate
eosinophil activity and inflammatory mediator secretion
through shared or distinct pathways. Furthermore, the pre-
cise role of the TLR4 signalling pathway in IL-29-induced
eosinophil activation remains unclear '°. Elucidating these
mechanisms is critical for uncovering the molecular basis
of the disease and developing novel therapeutic strategies.
This study aims to fill this knowledge gap by comprehen-
sively analysing the expression levels and correlation of
IL-29 and TLR4 in ECRSwWNP patients and investigating
their joint regulatory effects on eosinophil function. A com-
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parative study has been conducted between ECRSwNP and
non-ECRSwNP patients, utilising quantitative PCR (qPCR)
and immunohistochemistry (IHC) to quantify IL-29 and
TLR4 expression levels. Additionally, in vitro experiments
have been performed to evaluate the effects of IL-29 on
eosinophil migration and inflammatory cytokine secretion.
The role of the TLR4 signalling pathway in mediating IL-
29-induced effects was further examined using the TLR4
inhibitor TAK-242. The findings of this study are expect-
ed to enhance our understanding of the pathophysiologi-
cal mechanisms underlying ECRSwNP and provide novel
molecular targets for its diagnosis and treatment. These
insights may contribute to developing targeted therapeutic
strategies, ultimately improving patient outcomes and qual-
ity of life.

Materials and methods

Study patrticipants

This study enrolled a total of 60 patients who were hospital-
ised in the Department of Otorhinolaryngology-Head and
Neck Surgery at Hunan Provincial People’s Hospital and
underwent functional endoscopic sinus surgery (FESS) or
septoplasty between November 2021 and December 2022.
The inclusion criteria were as follows: age > 18 years, with
the experimental group consisting of 30 patients diagnosed
with ECRSwNP, defined by postoperative pathological re-
sults showing an eosinophil infiltration ratio of > 10%. The
control group included 30 healthy individuals undergoing
septoplasty due to congenital anatomical abnormalities of
the nasal septum, with no history of chronic rhinosinusitis.
Detailed information is provided in Figure S1. All patients
provided written informed consent before surgery.

The following exclusion criteria were applied: patients with
comorbid asthma, chronic obstructive pulmonary disease
(COPD), or allergic rhinitis; patients diagnosed with nasal ma-
lignancies, autoimmune diseases, or immunodeficiency disor-
ders; and those who had used glucocorticoids, steroid medica-
tions, or antihistamines within one month before surgery.

Sample collection

Tissue samples from both the experimental and control
groups were collected during surgery. Nasal polyp tissue
samples were obtained intraoperatively for patients in the
experimental group. The samples were continuously rinsed
with physiological saline to remove all surface blood and
mucus secretions, then blotted dry using sterile gauze. Each
sample was divided into 2 parts: one was fixed in formalin
for pathological examination, while the other was immedi-
ately preserved in liquid nitrogen and transferred to a -80°C
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freezer for storage. For the control group, tissue samples
were collected from the inferior turbinate mucosa. After
thorough washing, these samples were also stored at -80°C
for subsequent analysis.

Eosinophil isolation and culture

Peripheral blood from healthy volunteers was collected,
and eosinophils were isolated using Ficoll-Paque den-
sity gradient centrifugation (GE Healthcare, 17-1440-02).
The purified cells were cultured in RPMI-1640 medium
(Gibco, 31800-022) supplemented with 10% fetal bovine
serum (Gibco, 10270-106) and 1% penicillin-streptomycin
(Gibco, 15140-122) at 37°C in a 5% CO, incubator. The
cells were used for subsequent functional assays, and the
experimental period did not exceed 48 hours to ensure cell
viability.

IL-29 dose-dependent stimulation assay

To investigate the dose-dependent effects of IL-29 on eo-
sinophil function, cells were divided into a control group
(untreated) and IL-29 stimulation groups with different
concentrations (10, 25, 50, and 100 ng/mL, R&D Systems,
1598-1L-025/CF). IL-29 was added to the culture medium,
and after 24 hours of stimulation, cells and supernatants
were collected for functional assays and signalling pathway
analysis.

TLR4 blockade assay

To evaluate the role of TLR4 in IL-29-mediated eosino-
phil regulation, a TLR4 blockade group (IL-29 50 ng/mL
+ TAK-242 10 uM, MedChemExpress, HY-11109) and a
TAK-242-only intervention group were established. TAK-
242 was pre-incubated with cells for one hour before the
stimulation of IL-29 (10, 25, 50, 100 ng/mL). Cells were
then co-stimulated for 24 hours, and eosinophil migration,
inflammatory cytokine secretion, and signalling pathway
activation were assessed.

Cell migration assay

Eosinophil migration ability was assessed using Transwell
chambers (Corning, 3422). A total of 1x10° eosinophils
were seeded in the upper chamber, while the lower cham-
ber was filled with RPMI-1640 medium containing 10 ng/
mL IL-5 (R&D Systems, 205-IL-010) as a chemoattractant.
After incubation for 4 hours, migrated cells on the lower
membrane surface were fixed with 4% paraformaldehyde
(Sigma, F8775) and stained with 0.1% brilliant green (So-
larbio, G1014). The number of transmigrated cells was
counted under a microscope to compare migration capacity
among different groups.
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Inflammatory cytokine secretion assay

The levels of IL-5 and IL-13 in the cell culture supernatants
were measured using commercial ELISA kits (Thermo
Fisher Scientific, BMS278 and BMS231-3). The assay was
performed according to the manufacturer’s instructions.
Optical density (OD) values were recorded using a micro-
plate reader (Thermo Fisher Scientific, Multiskan FC), and
cytokine concentrations were calculated accordingly.

Western blot analysis

Total eosinophil proteins were extracted using RIPA ly-
sis buffer (Beyotime, PO0O13B), and protein concentration
was determined using the BCA protein quantification kit
(Beyotime, PO012). The total protein was separated by
SDS-PAGE electrophoresis, transferred onto a membrane,
and incubated with primary antibodies against TLR4 (Ab-
cam, ab217274), phosphorylated NF-xB (p-NF-xB) (CST,
3033S), phosphorylated MAPK (p-MAPK) (CST, 4370S),
and B-actin (CST, 4970S) as an internal control. After in-
cubation with HRP-conjugated secondary antibodies (CST,
7074S), protein bands were detected using enhanced chemi-
luminescence (ECL) (Thermo Fisher Scientific, 32106).
Band intensity was quantified using ImagelJ software.

IHC method

Tissue samples were fixed in 4% paraformaldehyde (Sigma,
F8775), followed by routine dehydration, embedding, and
sectioning at a thickness of 4 um. After deparaffinisation and
rehydration through a graded ethanol series, antigen retrieval
was performed using 10 mM sodium citrate buffer (pH 6.0,
Beyotime, PO081), heated in a 95°C water bath for 10 min-
utes, and then cooled to room temperature. Endogenous per-
oxidase activity was blocked by incubating the sections with
3% H,0, (Beyotime, ST038) for 10 minutes, followed by
blocking with 5% bovine serum albumin (BSA, Beyotime,
A8020) at room temperature for 30 minutes.

The sections were incubated overnight at 4°C with primary
antibodies against 1L-29 (Abcam, ab244788, 1:200 dilution)
and TLR4 (CST, 143588, 1:300 dilution). The following day,
the sections were washed 3 times with PBS (5 minutes each)
and then incubated with HRP-conjugated secondary antibody
(Beyotime, A0208, 1:500 dilution) at room temperature for
one hour, followed by another 3 washes with PBS. DAB chro-
mogenic reagent (Solarbio, DA1010) was used for staining,
with the colour development time controlled under a micro-
scope (approximately 1-3 minutes). After staining, the sections
were counterstained with haematoxylin (Solarbio, G1140), de-
hydrated through a graded ethanol series, cleared with xylene,
and mounted using neutral resin (Beyotime, G8590).



Staining results were observed under a Nikon ECLIPSE Ci
microscope, with positive signals appearing as brownish-
yellow staining in the cytoplasm or on the cell membrane.
Five random high-power fields (400x magnification) were
selected per section for imaging. ImageJ software quanti-
fied the proportion of positive cells and staining intensity
scores (Immunoreactive Score, IRS).

Data analysis

All statistical analyses and figure generation were conduct-
ed using SPSS 27.0 and GraphPad Prism 8.0. Measurement
data were first assessed for normality and homogeneity of
variance. Results were expressed as mean + standard de-
viation (SD) for data that followed a normal distribution,
and ANOVA or t-tests were used for group comparisons.
If the data did not meet the normality assumption, results
were presented as median with interquartile range (IQR)
and analysed using non-parametric tests. Categorical data
were described using frequencies and percentages, with
group comparisons performed using the 2 (chi-square)
test; when the expected frequency was < 5, Fisher’s exact
test was used. Pearson correlation analysis was applied for
correlation assessments. Statistical significance was set at
o = 0.05, with p < 0.05 considered statistically significant.

Results

Expression and correlation analysis of IL-29 and TLR4
in ECRSwWNP

No significant differences were observed in the clinical
characteristics between the experimental group (nasal pol-
yps with > 10% eosinophil infiltration) and the control group
(patients undergoing septoplasty with a history of chronic
rhinosinusitis), ensuring the comparability of the 2 groups.
We further investigated the expression characteristics and
correlation of IL-29 and TLR4 in ECRSwNP through his-
tological and molecular biology analyses.
Haematoxylin-eosin staining revealed that eosinophils in
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the experimental group were round or oval, with mononu-
clear or lobulated nuclei, staining bright red or pink. In all
30 patients from the experimental group, significant eo-
sinophil infiltration was observed under the microscope,
accompanied by tissue oedema and glandular hyperplasia,
whereas no or minimal eosinophil infiltration was detected
in the control group (Fig. 1A).

gPCR analysis further demonstrated that the mRNA expres-
sion levels of IL-29 and TLR4 in the nasal polyp tissues of
the experimental group were significantly higher than those
in the control group (p < 0.0001) (Fig. 1B). Correlation
analysis indicated a positive correlation between IL-29 and
TLR4 in the experimental group (r = 0.6018, p < 0.0001)
(Fig. 1C).

IHC results showed that both IL-29 and TLR4 were ex-
pressed in the experimental and control groups; however,
the positive expression rate in the experimental group was
significantly higher than in the control group (p < 0.05).
Specifically, the positive rate of IL-29 in the experimental
group was 76.6%, while that of TLR4 was 80%. Addition-
ally, the IRS for both 1L-29 and TLR4 was significantly
higher in the experimental group compared to the control
group, with statistically significant differences (Figs. 1D,E)
(Tabs. I-III). Furthermore, cell-specific staining patterns
revealed that IL-29 was predominantly localised in the
cytoplasm of respiratory epithelial cells, including goblet
and basal cells. In contrast, TLR4 expression was observed
both in epithelial cells and in submucosal inflammatory in-
filtrates, especially in eosinophil-like granulocytes.

IL-29 enhances eosinophil migration

Eosinophil migration was significantly influenced by IL-29
stimulation, exhibiting an apparent dose-dependent effect
(Fig. 2). At a low concentration (10 ng/mL), the number of
migrated cells slightly increased compared to the control
group. However, in the moderate (25 ng/mL) and high con-
centration (50 ng/mL) groups, migration capacity was mark-
edly enhanced, with the 50 ng/mL group reaching its peak. In

Table I. Expression of IL-29 in eosinophilic chronic rhinosinusitis with nasal polyps.

Tissue specimen

IL-29 Expression Levels

count
Negative Weakly Positive Strongly positive | Positive rate(%)
(-) positive (++)
(+)
Patients 30 16 7 6 1 46.6 0.017
Controls 30 7 13 4 6 76.6*

Comparison with normal nasal mucosal epithelial tissues, ***p < 0.0001; **p < 0.001; *p < 0.01; p < 0.05.
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Figure 1. Histological and molecular expression analysis of IL-29 and TLR4 in ECRSwNP. (A) Haematoxylin-eosin staining of the experimental and
control groups; magnification 100x; (B) qPCR analysis of IL-29 and TLR4 mRNA expression and their correlation; (C) Correlation analysis of IL-29 and
TLR4, showing a positive correlation in the experimental group (r = 0.6018, p < 0.0001); (D) Immunohistochemical expression of IL-29 in the experi-
mental and control groups (D1: control group, 100x; D2: experimental group, 100x; D3: control group, 400x; D4: experimental group, 400x); (E) Im-
munohistochemical expression of TLR4 in the experimental and control groups (E1: control group, 100x; E2: experimental group, 100x; E3: control
group, 400x; E4: experimental group, 400x). qPCR data are presented as mean = SD, correlation analysis was performed using Pearson correlation
coefficient, and p < 0.05 was considered statistically significant. Experimental group n = 30, control group n = 30.

contrast, the exceptionally high concentration (100 ng/mL) urated at higher concentrations (Figs. 2A,B). These findings
group did not further enhance migration ability, suggesting  indicate that IL-29 effectively promotes eosinophil migration
that the promotive effect of IL-29 on migration becomes sat-  in a dose-dependent and saturable manner.

Table Il. Expression of TLR4 in eosinophilic chronic rhinosinusitis with nasal polyps.

Tissue specimen TLR4 Expression Levels
count
Negative Weakly Positive Strongly Positive
(-) positive (++) positive rate(%)
) (+++)
Patients 30 15 13 2 0 50 0.015
Controls 30 6 19 3 2 80*

Comparison with normal nasal mucosal epithelial tissues, ***p < 0.0001; **p < 0.001; *p < 0.01.
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Table lll. Comparison of the correlation between IL-29 and TLR4 in the experimental group.

TLR4 IL-29 Total
Positive Negative
Positive 21 3 24 6.873 0.016
Negative 2 4 6
Total 23 7 30

Figure 2. Effect of IL-29 on eosinophil migration capacity. (A) Tran-
swell assay for eosinophil migration; (B) Statistical analysis of eosinophil
migration under different IL-29 concentrations (10, 25, 50, 100 ng/mL).
Data were obtained from 3 independent experiments and are presented
as mean = SD. One-way ANOVA was used for statistical analysis. * indi-
cates p < 0.05.

IL-29 promotes eosinophil secretion of inflammatory
cytokines

IL-29 stimulation also significantly affected inflammatory
cytokine secretion, demonstrating a dose-dependent pat-
tern (Fig. 3). Upon IL-29 stimulation, the secretion of IL-5

and IL-13 by eosinophils was markedly increased. The low-
concentration group (10 ng/mL) exhibited slightly higher
cytokine levels compared to the control group, whereas the
moderate (25 ng/mL) and high-concentration (50 ng/mL)
groups showed a substantial increase in cytokine secretion. In
the high concentration group, IL-5 and IL-13 secretion levels
reached approximately 3-fold and 2.5-fold those of the con-
trol group, respectively, indicating a strong promotive effect
of IL-29 on inflammatory cytokine secretion (Fig. 3A,B).
Similar to the migration results, the very high concentration
(100 ng/mL) group did not further enhance cytokine secre-
tion, reinforcing the saturation effect of IL-29.

IL-29 activates the TLR4 downstream signaling path-
way

To further explore the mechanism underlying IL-29 function,
we examined the activation of TLR4 and its downstream sig-
nalling molecules p-NF-kB and p-MAPK (Fig. 4). Western
blot analysis demonstrated that IL-29 stimulation signifi-
cantly increased TLR4 protein expression dose-dependently.

Al

Figure 3. Effect of IL-29 on eosinophil inflammatory cytokine secretion.
(A) ELISA analysis of IL-5 secretion in eosinophil supernatants; (B) ELISA
analysis of IL-13 secretion in eosinophil supernatants. Eosinophils were
stimulated with different concentrations of IL-29 (10, 25, 50, 100 ng/mL)
for 24 hours. Data were obtained from 3 independent experiments and
are presented as mean =+ SD. * indicates p < 0.05.
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Figure 4. Effect of IL-29 on TLR4 and downstream signaling mol-
ecule activation. (A) Western blot analysis of TLR4 protein expression;
(B) Western blot analysis of p-NF-xB protein expression; (C) Western
blot analysis of p-MAPK protein expression. Eosinophils were stimulat-
ed with different concentrations of IL-29 (10, 25, 50, 100 ng/mL) for 24
hours. B-actin was used as the internal control. Data were obtained from
3 independent experiments. * indicates p < 0.05.

In the low-concentration group (10 ng/mL), the activation
levels of TLR4 and p-NF-kB were slightly higher than those
in the control group. However, in the moderate (25 ng/mL)
and high concentration (50 ng/mL) groups, TLR4 activation
(Fig. 4A), p-NF-xB phosphorylation (Fig. 4B), and p-MAPK
phosphorylation (Fig. 4C) were markedly upregulated. No-
tably, in the very high concentration group (100 ng/mL), the
activation of the signaling pathway did not further increase,
supporting the conclusion that IL-29 exhibits a dose-depend-
ent and saturable effect.

TAK-242 blocks TLR4 and inhibits IL-29 effects

To determine whether the effects of IL-29 depend on the
TLR4 signalling pathway, functional experiments were con-
ducted with the TLR4 inhibitor TAK-242 (Fig. 5). Blocking
TLR4 significantly suppressed IL-29-induced eosinophil
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migration and inflammatory cytokine secretion. Transwell
migration assays demonstrated that regardless of IL-29 con-
centration, the presence of TAK-242 significantly reduced
migration capacity (Fig. 5A). Furthermore, ELISA revealed
that TAK-242 significantly inhibited the secretion of IL-5 and
IL-13 (Fig. 5B,C). Western blot analysis further confirmed
that TAK-242 markedly decreased IL-29-induced expression
of TLR4, p-NF-xB, and p-MAPK (Fig. 5D).

These findings collectively indicate that IL-29’s effects on
eosinophil migration and inflammatory cytokine secretion
are dependent on activation of the TLR4 signalling pathway.

Discussion

This study investigated the expression and synergistic effects
of IL-29 and TLR4 in ECRSwWNP, revealing their potential
pro-inflammatory mechanisms. ECRSwNP are character-
ised by eosinophilic infiltration and a T2-type inflammato-
ry response, but the precise regulatory mechanisms remain
unclear. Previous studies have indicated that IL-29 plays a
significant role in viral infections, autoimmune diseases, and
chronic inflammation '"'8; however, its role in ECRSwNP
has not been well defined. This study found that IL-29 and
TLR4 were significantly upregulated and positively correlat-
ed in ECRSwNP tissues (r = 0.6018, p < 0.0001). Further in
vitro experiments demonstrated that IL.-29 promotes eosino-
phil migration and induces IL-5 and IL-13 secretion, with its
effects dependent on TLR4-mediated signalling pathways.
These findings provide novel insights into the inflammatory
mechanisms of ECRSwNP and suggest that the IL-29/TLR4
axis may serve as a potential therapeutic target.

IL-29, also known as interferon-Al, is a type III interferon
strongly induced by viral infections, especially in epithe-
lial tissues '*2°. While originally characterised by its antivi-
ral effects, IL-29 has also been shown to regulate immune
polarisation and epithelial-immune interactions, potentially
contributing to T2-type inflammation in certain contexts 2'.
In ECRSWNP, recurrent viral exposure may lead to sustained
IL-29 expression, which in turn can activate TLR4-dependent
eosinophilic responses, as demonstrated in this study. These
findings provide a plausible mechanistic link between viral
triggers and chronic T2-skewed inflammation via the 1L-29/
TLR4 axis. Further studies using viral infection models of
nasal polyps are warranted to validate this potential pathway.
The role of IL-29 in chronic inflammatory diseases re-
mains controversial. Studies have shown that IL-29 primar-
ily regulates immune cell function through the JAK-STAT
signalling pathway, exhibiting either pro-inflammatory or
anti-inflammatory effects in autoimmune diseases such as
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Figure 5. The interventional effect of TAK-242 Blocking TLR4 on IL-29 action. (A) Transwell assay showing changes in eosinophil migration after
TLR4 blockade with TAK-242; (B) ELISA of IL-5 secretion after TAK-242 intervention; (C) ELISA of IL-13 secretion after TAK-242 intervention; (D) West-
ern blot analysis of TLR4, p-NF-xB, and p-MAPK protein expression after TAK-242 treatment. Data are presented as mean = SD. * indicates p < 0.05.

systemic lupus erythematosus and rheumatoid arthritis 2.
Our study found that IL-29 is significantly upregulated in
ECRSwNP tissues and correlates with eosinophilic infiltra-
tion, suggesting its role in promoting T2-type inflammation.
Additionally, in vitro experiments demonstrated that IL-29
enhances eosinophil migration and IL-5/IL-13 secretion in
a dose-dependent manner. Previous studies have also re-
ported that IL-29 induces IL-25 and IL-33 release in airway
epithelial cells, exacerbating allergic inflammation 232!,
Therefore, the role of IL-29 in eosinophilic inflammation
associated with ECRSwNP warrants further investigation
to determine whether it could serve as a biomarker or thera-
peutic target for the disease.

TLR4 has been widely recognised as a key regulator in
multiple chronic inflammatory diseases . Previous studies
have demonstrated that TLR4 activation can trigger NF-xB
and MAPK signalling pathways, leading to the secretion
of inflammatory cytokines. Our study revealed that TLR4
expression was significantly higher in ECRSwNP tissues
than in the control group, and it was positively correlated
with IL-29 expression, suggesting that [L.-29 may promote
ECRSwNP-related inflammation through the TLR4-medi-
ated signalling pathway. Further in vitro experiments con-
firmed that IL-29 activates p-NF-kB and p-MAPK signal-
ling in eosinophils, enhancing cell migration and cytokine
secretion. Moreover, blocking TLR4 significantly attenu-
ated IL-29-induced pro-inflammatory effects, indicating
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that TLR4 plays a crucial role in IL-29-mediated eosino-
phil activation. These findings deepen our understanding
of the immunological mechanisms underlying ECRSwNP
and provide experimental evidence supporting TLR4 as a
potential therapeutic target.

Beyond their classical role in promoting T2-type inflamma-
tion through cytokine secretion, eosinophils also actively
participate in local tissue remodelling and epithelial bar-
rier disruption in ECRSwNP. Upon activation, eosinophils
release cytotoxic granule proteins, such as major basic pro-
tein and eosinophil cationic protein, which directly dam-
age the epithelium and contribute to mucosal remodelling
and glandular hyperplasia »26. Furthermore, eosinophils
interact with epithelial and stromal cells, amplifying local
inflammatory loops and altering the tissue microenviron-
ment 27, The sustained presence of activated eosinophils
perpetuates chronic inflammation and drives polyp for-
mation 8, These local effects contextualise the functional
findings observed in this study and highlight eosinophils
as critical effector cells. Understanding how IL-29/TLR4
signalling modulates these local actions may reveal novel
therapeutic avenues.

To further verify the critical role of TLR4 in IL.-29-mediated
pro-inflammatory effects, this study employed the TLR4 in-
hibitor TAK-242 for intervention. The results demonstrated
that TAK-242 significantly inhibited IL-29-induced eosino-
phil migration and the secretion of IL-5 and IL-13, reducing
the phosphorylation levels of p-NF-«kB and p-MAPK. These
findings indicate that IL-29 exerts its pro-inflammatory ef-
fects through the TLR4-mediated signalling pathway and
that TAK-242 may serve as a potential therapeutic agent for
modulating inflammation in ECRSwNP. Previous studies
have demonstrated that TAK-242 exhibits potent anti-in-
flammatory effects in diseases such as rheumatoid arthritis,
inflammatory bowel disease, and asthma ?, providing a ref-
erence for its further exploration in the field of ECRSwNP.
Future research should further evaluate the clinical thera-
peutic potential of TAK-242 in treatment of ECRSwNP and
investigate whether it can alleviate symptoms and reduce
eosinophilic inflammation in patients.

Compared with previous studies, this study is the first to
reveal the synergistic role of IL-29 and TLR4 in ECRSwNP
tissues and to validate their critical function in eosinophil
activation through in vitro experiments. Prior research has
primarily focused on the role of TLR4 in nasal mucosal epi-
thelial cells or macrophages, whereas this study expands its
known function to eosinophils, thereby enriching the im-
muno-inflammatory research on ECRSwNP. Furthermore,
this study identifies TLR4 as a mediator of IL-29-induced
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pro-inflammatory effects, a mechanism that has not been
previously reported in ECRSwNP research. These findings
provide new theoretical insights into the immunoregulatory
mechanisms of this disease but also offer experimental evi-
dence supporting the IL-29/TLR4 axis as a potential thera-
peutic target.

This study, at both the molecular and cellular levels, eluci-
dates the key roles of IL-29 and TLR4 in ECRSwWNP and
clarifies their synergistic regulation of eosinophil function.
These findings provide new scientific evidence for under-
standing the inflammatory mechanisms of ECRSwNP. Clin-
ically, IL-29 and TLR4 may serve as potential biomarkers
for ECRSwWNP, aiding in early diagnosis and disease assess-
ment. Furthermore, targeting the IL-29/TLR4 signalling
pathway, particularly with TLR4 inhibitors (such as TAK-
242), may offer novel therapeutic strategies for ECRSwWNP
with significant translational potential.

Although this study reveals the inflammatory regulatory
roles of IL-29 and TLR4 through histological analysis and
in vitro experiments, certain limitations remain. First, this
study primarily focuses on gene and protein expression lev-
els and in vitro functional assays, without in vivo validation
using animal models. Additionally, the direct interaction
between IL-29 and TLR4 has not been comprehensively
explored through advanced molecular techniques, such as
co-immunoprecipitation or single-cell multi-omics analy-
sis. Lastly, the sample size is limited, and different patho-
logical subtypes of ECRSwWNP were not included, which
may impact the generalisability of the findings.

Future research should further explore the roles of IL-29
and TLR4 in different pathological subtypes of ECRSwNP
and expand the sample size to enhance the reliability and
generalisability of the findings. Additionally, in vivo studies
using animal models should be conducted to systematically
evaluate the functions of IL-29 and TLR4 and their dynam-
ic changes in disease progression. Furthermore, single-cell
multi-omics technologies should be utilised to elucidate
the cell-specific mechanisms of IL-29 and TLR4, and more
efforts should be devoted to exploring precision-targeted
intervention strategies against TLR4 or IL-29. These in-
vestigations will provide a more comprehensive theoretical
foundation and technical support for diagnosing and treat-
ing ECRSwNP.

Conclusions

This study presents the comprehensive demonstration that
IL-29 promotes eosinophil migration and inflammatory cy-
tokine secretion in ECRSwNP via TLR4-dependent signal-



ing. The upregulated and positively correlated expression
of IL-29 and TLR4 in patient tissues, together with in vitro
mechanistic evidence, underscores the IL-29/TLR4 axis as
a novel pro-inflammatory pathway. These findings not only
enrich our understanding of the immunopathogenesis of
ECRSwNP but also suggest IL-29 and TLR4 as promising
biomarkers and therapeutic targets. Targeted modulation of
this signaling cascade — such as through TLR4 inhibition
with TAK-242 — may provide a new avenue for person-
alised treatment. Future studies are warranted to validate
these mechanisms in vivo, explore their role in different
disease subtypes, and investigate the translational potential
of TLR4-targeted therapies.
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