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ABSTRACT

Cigarette smoke (CS) exposure amplifies neutrophil accumulation. IL-35, a novel cytokine with anti-
inflammatory properties, is involved in protection against asthma. However, the biological roles of neutro-
phils and the precise molecular mechanisms of IL-35 in CS exposed-asthma remain unclear. We showed that the
exacerbation of CS exposed-asthma leads to dramatically increased neutrophil counts and an imbalance in DC-
Th17/Treg immune responses. RNA sequencing revealed that NETs, part of a key biological process in neutro-
phils, were significantly upregulated in the context of CS exposed-asthma exacerbation and that IL-35 treatment
downregulated NET-associated gene expression. Targeted degradation of NETS, rather than neutrophil depletion,
alleviated the CS exposed-asthma. Mechanistically, STAT3 phosphorylation promoted ferroptosis, exacerbating
NET release, which in turn enhanced dendritic cell (DC) antigen presentation, activated T cells, and specifically
promoted Th17 cell differentiation while inhibiting Treg cells. IL-35 acting on the gp130 receptor alleviated
STAT3-mediated ferroptosis-associated NET formation. In summary, our study revealed a novel mechanism by
which IL-35 inhibited NET formation, subsequently alleviating neutrophilic inflammation and restoring the DC-
Th17/Treg imbalance in CS exposed-asthma, highlighting the potential of IL-35 as a targeted therapeutic
strategy.

1. Introduction

1.89-fold increased risk of asthma with airflow limitation in adults [7].
Furthermore, passive smoking exacerbates asthma severity, particularly

Asthma is a heterogeneous chronic respiratory condition that affects
approximately 300 million individuals globally [1]. The Global Burden
of Disease (GBD) 2015 study estimated that asthma contributed to 1.1 %
of global disability-adjusted life years (DALYs), imposing significant
healthcare and economic burdens [2]. A subsequent GBD 2017 analysis
further emphasized the ongoing public health challenge, reporting that
chronic respiratory diseases, including asthma, affected 544.9 million
people worldwide [3]. Cigarette smoke (CS) is a significant environ-
mental risk factor for asthma exacerbation [4,5], contributing to an
increased frequency of acute episodes, reduced corticosteroid efficacy,
and impaired symptom control in affected individuals [6]. Regarding
smoking-related asthma cases, active smoking is associated with a
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in children, as demonstrated by a 18.2 % annual reduction in pediatric
asthma hospitalizations after smoke-free legislation in Scotland [8].
Globally, secondhand smoke exposure contributed to 36,900
asthma-related deaths annually, emphasizing its role in asthma
morbidity [9]. More importantly, smoking scars the immune system
(especially adaptive immunity) for years even after quitting [10]. CS
triggers an abnormal immune response, characterized by elevated levels
of circulating neutrophils, macrophages, T lymphocytes, and other im-
mune cells. Our previous studies demonstrated that Th2/Th17 polari-
zation is linked to inflammation in CS exposed-asthma models [11,12].
Th17/Treg imbalance also play a critical role in the pathogenesis of
asthma; however, the mechanisms driving Th17/Treg imbalance in the
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context of CS exposure remain unclear.

Neutrophils are the first innate immune cells infiltrating the airways
in response to CS exposure [13,14]. The use of neutrophil extracellular
traps (NETs) is a novel antimicrobial strategy employed by neutrophils.
These are three-dimensional, filamentous extracellular structures
decorated with granule-derived proteins [15]. Recent studies reveal that
NETosis-derived extracellular dsDNA correlates with airway symptoms
during viral-triggered asthma exacerbations, establishing a mechanistic
link between NET formation and asthma progression [16]. In several
chronic respiratory diseases, persistent neutrophil influx and continuous
NET release obstruct the airways, leading to impaired lung function
[17]. Chronic pulmonary infections have also been linked to the pres-
ence of large amounts of neutrophil proteins and DNA in sputum, which
are believed to originate from NETs [18]. Currently, multiple publica-
tions have reported that increased levels of NETs are linked to asthma
[19,20], although the exact nature of this relationship remains poorly
understood.

IL-35, a recently discovered inhibitory cytokine composed of an «
chain (p35 subunit) and a p chain (Epstein-Barr virus-induced gene 3,
EBi3), is a member of the IL-12 family [21]. Recent studies have
underscored the importance of IL-35 in various pathological conditions,
including cancer and autoimmune diseases. In the context of allergic
asthma, the overexpression of IL-35 has been shown to significantly
reduce the levels of neutrophils, eosinophils, Th17 cells, and inflam-
matory cytokines (IL-4, IL-5, IL-13, and IL-17A) in bronchoalveolar
lavage fluid (BALF), alleviate airway hyperresponsiveness (AHR), and
diminish airway inflammation [22,23]. Furthermore, IL-35 has been
reported to mitigate allergic inflammation by inhibiting the activation
and accumulation of inflammatory lymphocytes at sites of inflammation
[24]. Notably, a 2023 study demonstrated that recombinant IL-35-BCG
therapy inhibited neutrophil recruitment and restored immune imbal-
ance through JNK pathway modulation in neonatal asthma models,
suggesting its potential for early-life interventions in environmentally
exacerbated asthma [22]. Our previous study preliminarily suggested
that IL-35, in conjunction with DCs, inhibits Th2 and Th17 cell differ-
entiation and drives Th1/Treg cell responses [11]. However, the mo-
lecular mechanisms by which it regulates innate and adaptive immunity
require further investigation.

Critically, although emerging studies established the association
between NETs and asthma pathogenesis, the following critical gaps
remain unaddressed in the context of cigarette smoke exposure: (a)
whether CS acts synergistically with asthma to amplify NET formation,
thereby disrupting DC-mediated Th17/Treg homeostasis; (b) given IL-
35’s established role in restraining asthmatic airway inflammation, does
it functionally interact with key NET-associated modalities; (c) what are
the precise molecular circuits through which IL-35 governs NET dy-
namics; (d) can therapeutic IL-35 delivery counteract the CS-induced
"NET-immune vicious cycle" to reverse neutrophilic inflammation in
CS exposed-asthma.

In this study, we focused on the immunoregulatory effects of NETs on
DC-mediated T-cell differentiation and the role of IL-35 in targeting
NETs in CS exposed-asthma. We demonstrated that IL-35, which is
dependent on neutrophil gp130 receptors, interacts with STAT3 to in-
fluence ferroptosis-associated NETs, thereby alleviating the DC-Th17/
Treg imbalance and neutrophilic inflammation. These results highlight
the significant therapeutic potential of IL-35 for alleviating airway
inflammation in patients with CS exposed-asthma.

2. Methods

Detailed descriptions of the methods are provided in the supple-
mentary material.

2.1. Cigarette smoke exposed-asthma murine model

Female C57BL/6J mice aged 6 to 8 weeks were purchased from
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GemPharmatech Co. All animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of Jennio Biotech Co., Ltd (No.
JENNIO-IACUC-2023-A015). The animals were maintained in a
controlled, specific pathogen-free environment with a 12-h light-dark
cycle and access to standard rodent chow and water.

The model mice with CS exposed-asthma were divided into four
groups: control group, CS group, house dust mite (HDM) group and
HDM combined with cigarette smoke (HDM/CS) group (n = 6/group).
The models were generated as previously described [11] with minor
modifications. Briefly, the HDM group and HDM/CS group were sensi-
tized via intraperitoneal (i.p.) administration of 20 pg HDM
(XPB82D3A2.5, Greer Laboratories) in conjunction with 66.7 pL alum
adjuvant (77161, ThermoFisher Scientific) dissolved in 133.3 pL of PBS
on Days 0 and 14, after which the mice were subjected to intranasal (i.n.)
inhalation challenges with 10 pg HDM in 20 pL PBS thrice weekly for 5
weeks. For the CS exposure regimen, the CS group and HDM/CS group
were subjected to the inhalation of smoke from 10 unfiltered cigarettes
for approximately 30 min twice daily for 5 d per week during the HDM
challenge period. The mice in the control and HDM groups were exposed
to ambient room air.

2.2. Drug intervention in vivo

In some experiments, the mice were intraperitoneally injected with
deoxyribonuclease I (DNase I; 10 mg/kg/mouse; DN25, Sigma-Aldrich)
[25], IL-35 (400 ng/mouse, 200-37, PeproTech) [24], SC144 (gpl30
inhibitor; 10 mg/kg; HY-15614, MCE) [26], colivelin TFA (STAT3
activator, 1 mg/kg; C912884, Macklin) [27], or saline 0.5 h before HDM
challenge until the termination of the experiment, with dosages chosen
in accordance with previous studies.

2.3. Neutrophil depletion

Neutrophil depletion was conducted as previously described with
minor modifications [28,29]. Two hundred micrograms of anti-Ly6G
antibody (BE0075, Bio X Cell) or rat IgG2a isotype control antibody
(BE0089, BioXCell) were delivered by i.p. administration twice weekly
for 5 weeks during the challenge period until the termination of the
experiment.

2.4. Cell culture, differentiation and treatment

The differentiated HL-60 neutrophil-like (dHL-60) cells represent a
well-characterized and widely accepted model for studying NETs in vitro
[30]. The human acute promyelocytic leukemia cell line (HL-60; Mei-
senCTCC, China) was suspended in HL-60 specific culture medium
(CM-0110, Pricella) in 5 % CO; at 37°C. HL-60 cells were differentiated
into neutrophil-like cells by culture in medium supplemented with 1.25
% v/v DMSO (0219605580, MP) for 7 d. The level of dHL-60 cells was
assessed by flow cytometry analysis of CD11b (301305, BioLegend)
expression [31]. To establish a drug intervention-based CS
exposed-asthma model, human peripheral blood neutrophils (PBNs) or
dHL-60 cells (1x10%) were pretreated with or without rhIL-35 (0-100
ng/ml; CHI-HF-21035, AdipoGen) [32], Cl-amidine (100 pM;
HY-100574A, MCE) [33], or Fer-1 (1 pmol/L; A4371, APExBIO) [34] for
30 min, followed by stimulation with HDM (0.5 pg/mL Der pl,
XPB91D3A25, Greer Laboratories) [35] and 0.2 % CSE for 24 h.

2.5. Gene silencing or overexpression

The gp130 siRNA and the corresponding scrambled control were
purchased from TranSheep Bio (Shanghai, China). The sense sequence
for gp130 siRNA was "5'-CCAGUCCAGAUAUUUCACAUUATAT-3". The
scrambled sequence was "5'-UUCUCCGAACGUGUCACGUTT-3". STAT3
overexpression (OE-STAT3) was achieved by transfection of the pCDH-
MSCV-STAT3 vector (TranSheep Bio, China) with Lipofectamine 3000



P. Tao et al.

(TL301-01, Vazyme) according to the manufacturer’s protocol. The cells
were collected after 48 h of transfection for further study.

2.6. ELISA

The human serum concentrations of IL-35 (MM-1683H1, Meimian),
IL-17A (MM-2117H1, Meimian), MPO-DNA (MM-2467H1, Meimian),
HMGB-1 (MM-1623H1, Meimian), and NE (E-EL-H1946, Elabscience)
were measured using ELISA kits in accordance with the manufacturers’
instructions.

2.7. Western blot

Cells or murine lung tissues were lysed with RIPA lysis buffer
(HB504A, HUAYUN) supplemented with a proteinase inhibitor
(HYY187, HUAYUN). Protein samples were separated by the SDS-PAGE
(PG212, Epizyme) and then transferred onto a PVDF membrane
(ISEQ00010, Merck Millipore). After blocking with 5 % nonfat milk
(232100, BD) or 5 % BSA (180728, MP), the membranes were incubated
with primary antibodies, including anti-STAT3 (1:2000; 8204S, CST),
anti-p-STAT3 (1:2000; 8204S, CST), anti-gp130 (1:1000; 3732S, CST),
anti-citrullinated histone H3 (Cit-H3; 1:1000; ab5103, Abcam), anti-
GPX4 (1:2000; T56959, Abmart), anti-transferrin receptor 1 (TFR1;
1:500; T56618, Abmart), anti-p-actin (1:1000; R1102-1, HUABIO), and
anti-GAPDH (1:5000; ET1601-4, HUABIO), at 4 °C overnight followed
by incubation with an HRP-conjugated secondary antibody.

2.8. Ferroptosis quantification

Lipid peroxidation, a hallmark of ferroptosis [36], was assessed by
measuring malondialdehyde (MDA) levels using an MDA assay kit
(HYZ410, HUAYUN), according to the manufacturer’s instructions. The
oxidized glutathione (GSSG) and total glutathione (T-GSH) levels were
estimated using a Total GSH/GSSG Colorimetric Assay Kit
(E-BC-K097-S, Elabscience). The levels of 4-HNE (4-Hydroxynonenal)
were measured using 4-HNE ELISA Kit (E-EL-0128c, Elabscience).

2.9. Scanning electron microscopy (SEM)

Stimulated neutrophils were fixed at 4°C for 24 h in 2.5 % glutar-
aldehyde. Following routine dehydration and sputter coating proced-
ures, NET structures were examined using a scanning electron
microscope (Hitachi, SU8100) operated at an acceleration voltage of 3.0
kv.

2.10. Statistical analysis

The data are presented as the means + standard errors of the means
(SEMs). Statistical significance was determined using a two-tailed Stu-
dent’s t-test or one-way ANOVA followed by the Newman-Keuls post hoc
test for multiple comparisons, as appropriate. Pearson’s correlation or
Spearman’s rank correlation was used to assess the relationships be-
tween variables in the clinical sample, based on the distribution of the
data. P<0.05 was considered statistically significant. All statistical an-
alyses were performed using GraphPad Prism version 9.0 (GraphPad
Software, Inc., La Jolla, CA, USA).

3. Results

3.1. A neutrophil-driven phenotype contributed to the exacerbation of CS
exposed-asthma in a murine model

To determine the pathophysiological mechanism underlying CS
exposed-asthma exacerbation, we established a murine model of CS
exposed-asthma in the presence of HDM-induced airway disease
(Fig. 1A). Initially, methacholine challenge tests were carried out to
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examine the AHR. As shown in Fig. 1B, compared with control mice,
mice with CS exposed-asthma showed a dramatic worsening of AHR.
Subsequently, pathological changes in the lung tissues were examined.
As shown in Fig. 1C, the HDM/CS group exhibited severe cell infiltra-
tion, mucus secretion, and collagen accumulation. Notably, we docu-
mented significantly increased numbers of neutrophils and mild
increases in eosinophil counts in both the lungs and BALF of mice in the
HDM/CS group (Fig. 1D-F). Further immunological analysis revealed
increased expression of the costimulatory molecules CD40 and CD86 on
DCs from both the lungs and spleen of mice in the HDM/CS group
(Fig. 1G and H). Similarly, compared to the control mice, the proportion
of Th17 cells was significantly greater in both the lungs and spleen,
whereas the Treg cell count was markedly lower in the spleen (Fig. 1I-L).
These results indicate that CS exposure exacerbates the neutrophilic
inflammation and DC-Th17/Treg imbalance in CS exposed-asthma
model mice, closely resembling neutrophilic asthma in humans.

3.2. Neutrophil depletion failed to have a protective effect

Given that neutrophils may play a critical role in CS exposed-asthma,
we wondered whether neutrophil depletion via anti-Ly6G antibody (or
IgG2a isotype control) could improve airway inflammation (Fig. 2A). As
anticipated, anti-Ly6G antibody treatment effectively reduced the
number of neutrophils in both the BALF and the lungs of mice. Inter-
estingly, however, the proportion of eosinophils unexpectedly increased
in the anti-Ly6G group compared with the IgG2a isotype control group
(Fig. 2B and C), suggesting that neutrophil depletion may lead to a
compensatory increase in eosinophils. Pathologically, although the in-
flammatory parameters such as the proportions of neutrophils and eo-
sinophils differed between the anti-Ly6G and IgG2a isotype control
groups, the overall degree of inflammation, mucus secretion, and airway
remodeling were similar (Fig. 2D). With respect to immune cell profiles,
neutrophil depletion did not significantly reduce CD40 and CD86
expression on DCs in the lung or spleen (Fig. 2E-G). Additionally, the
Th17/Treg imbalance was not substantially reversed in either organ
(Fig. 2H-K). In summary, these data imply that indiscriminate blockade
of overall neutrophil function might not always be beneficial in the
context of CS exposed-asthma exacerbation.

3.3. Increased NET release in the CS exposed-asthma model

These interesting results prompted us to perform whole-
transcriptome sequencing of mouse lung tissues to further explore the
function of neutrophils in the pathophysiology of CS exposed-asthma.
The principal component analysis (PCA) results are depicted in
Fig. S3, which illustrates the distribution and variance of the dataset. As
shown in Fig. 3A and Table S3, compared with the control, 2357 genes
were identified as differentially expressed genes (DEGs), including 1681
upregulated genes and 676 downregulated genes. The GO pathway
analysis of the DEGs revealed that "immune-related function" was
markedly enriched (Fig. 3B), and the KEGG pathway analysis further
revealed that the "neutrophil extracellular trap formation pathway", a
critical biological function related to activated neutrophils, was signif-
icantly enriched (Fig. 3C). Furthermore, genes associated with neutro-
phil extracellular trap formation (pathway id: mmu04613) presented
increased expression in the HDM/CS group, as indicated by the heatmap
(Fig. 3D) and GSEA results (Fig. 3E). Therefore, we decided to focus on
identifying crosstalk between NETs and disease exacerbation.

To assess NET formation in the context of CS exposed-asthma, we
quantified NETs in the lungs using Western blot and immunofluores-
cence staining. Compared with that in the control group, the number of
NETs (Fig. 4A and B) was significantly greater in the HDM/CS group.
Additionally, we utilized fresh neutrophils isolated from the peripheral
blood of healthy donors, along with dHL-60 cells, as in vitro study sub-
jects, which were cultured and stimulated with HDM/CS to mimic CS
exposed-asthma. The level of HL-60 cell differentiation and purity of the
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Fig. 1. Neutrophil-driven phenotype in the CS exposed-asthma murine model. (A) Experimental timeline for CS exposed-asthma murine model. (B) Lung resistance
(RL) measured in response to increasing concentrations of methacholine (0, 6.5, 12.5, 25, and 50 mg/mL) (* HDM/CS vs Control; # HDM vs Control). (C) Repre-
sentative images of histologic mice lung sections stained with H&E (scale bars, 1 mm for 2x magnification and 40 pm for 40x magnification, arrow: typical areas),
PAS (scale bars, 40 pm, arrow: typical areas), and Masson (scale bars, 40 pm, arrow: typical areas). (D) Diff-quick staining of BALF (scale bars, 20 pm). (E) Eosinophils
(CD457CD11°CD11b*SiglecF") and neutrophils (CD457CD11°CD11b " Ly6G™) in the lungs of mice were analyzed by flow cytometry. (F) Quantification of neutrophils
and eosinophils from panel (E). (G) Matured DCs (CD457CD11¢"CD40" and CD45'CD11¢"CD86" cells) in the lungs and spleens of mice were analyzed by flow
cytometry. (H) Quantification of CD40 and CD86 expression from panel (G). (I) Th17 (CD47IL-17A™) cells in the lungs and spleens of mice were analyzed by flow
cytometry. (J) Treg (CD4*CD25"Foxp3™) cells in the spleens of mice were analyzed by flow cytometry. (K and L) Quantification of Th17 cells and Treg cells from
panel (I) and (J). Data represent mean with SEM. *P < 0.05; **P< 0.01.
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Fig. 2. Neutrophil depletion showed no significant protective effect on CS exposed-asthma exacerbation. (A) Anti-Ly6G was injected intraperitoneally at 24 h before
HDM challenge to deplete neutrophils as the time shaft indicated. Rat IgG2a isotype was used as a control. (B) Eosinophils (CD45'CD11°CD1 1b+SiglecF+) and
neutrophils (CD457CD11°CD11b*Ly6G™) in the lungs and BALF of mice were analyzed by flow cytometry. (C) Quantification of neutrophils and eosinophils from
panel (B). (D) Representative images of histologic mice lung sections stained with H&E, PAS, and Masson (scale bars, 40 um, arrow: typical areas). (E and F) Matured
DCs (CD457CD11¢"CD40™ and CD457CD11¢"CD86™ cells) in the lungs and spleens of mice were analyzed by flow cytometry. (G) Quantification of CD40 and CD86
expression from panel (E) and (F). (H and I) Th17 (CD47IL-17A™) and Treg (CD4"CD25Foxp3™) cells in the lungs and spleens of mice were analyzed by flow
cytometry. (J and K) Quantification of Th17 cells and Treg cells from panel (H) and (I). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 3. RNA sequencing revealed that neutrophil-related function in HDM/CS group mice. (A) Volcano plot of DEGs in HDM/CS vs control mice. Upregulated genes
are shown in red, while downregulated genes are shown in yellow-brown, with a log, (fold-change)| >1 and P < 0.05. (B and C) The DEGs based on fold change in
HDMY/CS vs control mice were analyzed for GO pathway and KEGG pathway analysis. (D and E) The genes related to the NET formation pathway, which is a defined
pathway in KEGG pathways (id: mmu04613), were selected and displayed in heatmap (D) and GSEA analysis (E).
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Fig. 4. NETs were significantly increased both in vivo and in vitro. (A) Lung tissues were subjected to immunofluorescence staining with Cit-H3 (green), MPO (red),
and DAPI (blue) to detect NET formation (NETs: white arrows, scale bars, 10 pm). (B) Western blot analysis of Cit-H3 protein levels in mouse lung tissue, quantified
using Image J. (C and F) Immunofluorescence images of PI staining of dsDNA in neutrophils (C) and dHL-60 cells (F) (NETs: white arrows, scale bars, 50 pm). (D and
G) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to visualize NET formation in neutrophils (D) and dHL-60 cells (G)
detected by confocal laser scanning microscopy (Red circle: NETSs, scale bars, 50 pm). (E and H) Protein levels of Cit-H3 in neutrophils (E) and dHL-60 cells (H) were

measured by Western blot and analyzed by Image J. (I and J) DCFH-DA staining to detect redox stress levels both in neutrophils (I) and dHL-60 cells (J) (scale bars,
50 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.



P. Tao et al.

neutrophils were assessed, as shown in Fig. S4. Consistent with the in
vivo results, we observed a marked increase in dsDNA release and the
colocalization of Cit-H3 and MPO, alongside elevated Cit-H3 protein
levels in both human PBNs (Fig. 4C-E) and dHL-60 cells (Fig. 4F-H)
treated with HDM combined with cigarette smoke extract (HDM/CSE).

Given that NET formation is closely linked to oxidative stress, we
further assessed redox stress using DCFH-DA staining. As expected,
redox stress levels were significantly elevated in both PBNs and dHL-60
cells upon HDM/CSE stimulation (Fig. 41 and J). In conclusion, these
findings indicate that the extensive formation of NETs in individuals
with CS exposed-asthma may contribute to the exacerbation and pro-
gression of the disease.

3.4. Beneficial effects of NET removal on airway inflammation and T-cell
modulation

We next investigated whether removal of NETs could alleviate
airway inflammation exacerbated by CS exposure. DNase I, which has
been shown to degrade NETs by cleaving cell-free DNA, is proposed to
have therapeutic potential [37]. Therefore, we administered DNase I to
the mice prior to each challenge (Fig. 5A). Treatment with DNase I
resulted in a reduction in AHR (Fig. 5B). In line with this functional
improvement, histological analysis revealed a marked decrease in per-
ibronchial and perivascular inflammatory cell infiltration, goblet cell
hyperplasia, and collagen deposition (Fig. 5C). In parallel, flow cytom-
etry analysis revealed that DNase I treatment significantly suppressed
the expression of CD40 and CD86 on DCs (Fig. 5D-F). Moreover, DNase I
treatment decreased the proportion of Th17 cells and increased the
proportion of Treg cells (Fig. 5G-J), suggesting that NETs may serve as
initial triggers of immunopathology.

We hypothesized that NETs act as "linchpins" linking the innate and
adaptive immune responses in vitro. To test this hypothesis, we used
HDM/CSE-induced NETs to simulate DCs and then cocultured them with
naive CD4" T cells, using PMA-induced NETs as positive controls
(Fig. 6A). DCs (Fig. S5) and naive CD4" T cells (Fig. 6B) were prepared
from the peripheral blood mononuclear cells (PBMCs) of healthy donors.
As anticipated, DCs exposed to NETs presented elevated levels of CD40
and CD86 (Fig. 6C), indicating that NETs directly enhance the antigen
presentation capacity of DCs, which is crucial for DC-mediated T-cell
differentiation. In terms of antigen-specific T-cell responses, compared
with those cocultured with untreated DCs, naive CD4 ™ T cells cocultured
with NET-pretreated DCs generated fewer CD4CD25"CD127 Treg cells
(Fig. 6D) and a greater percentage of CD4 IL-17A" Th17 cells (Fig. 6E).
Taken together, these findings suggest that NETs play a key role in
activating DCs and T-cell differentiation, whereas neutrophils play a
paradoxical role in this process.

3.5. RNA sequencing revealed the underlying mechanisms by which IL-35
alleviates CS exposed-asthma exacerbation

Although the removal of NETs has beneficial effects on alleviating
airway inflammation and modulating T-cell responses, the lack of
pharmacologically safe and effective agents for NET degradation limits
its clinical application. Building on our initial findings of the therapeutic
potential of IL-35 in regulating immune functions in individuals with CS
exposed-asthma [11], we further investigated its molecular mechanisms
with an emphasis on key immune pathways and cellular interactions.
We performed RNA-seq analysis of lung tissue from mice with CS
exposed-asthma both with and without IL-35 treatment. The PCA results
are presented in Fig. S6. In total, 1533 DEGs were identified in the lung
tissue from both the HDM/CS/IL-35 and HDM/CS groups, comprising
407 upregulated genes and 1126 downregulated genes (Fig. 7A and
Table S4). IL-35 treatment predominantly modulated immune-related
pathways, including "immune system process", "regulation of immune
system process’, and "immune response-regulating signaling pathway"
(Fig. 7B). KEGG analysis (Fig. 7C) revealed IL-35-induced suppression of
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the NET formation pathway (KEGG Pathway ID: mmu04613), with
corresponding downregulation of neutrophil extracellular trap-related
genes confirmed by heatmap analysis (Fig. 7D).

We further performed WGCNA to identify potential gene modules
associated with HDM and CS exposure, as well as with IL-35 treatment,
and identified six distinct modules (Figs. S7A and B). We observed that a
unique gene module (MEblue) was activated in the HDM/CS group but
suppressed in the other groups. GO (Fig. S8A) and KEGG (Fig. S8B)
analyses of the 1535 genes (Table S5) identified in the MEblue module
revealed significant enrichment in pathways related to "immune
response, the IL-17 signaling pathway, and neutrophil extracellular trap
formation". These findings highlight the potential of IL-35 in regulating
immune responses, particularly NET formation, in CS exposed-asthma
exacerbation.

3.6. IL-35 protected against CS exposed-asthma exacerbation in mice
through inhibiting NET formation

To further elucidate the biological effect of IL-35, we administered
recombinant IL-35 during the challenge period (Fig. S9). We observed
markedly reduced expression of the IL-35 subunits EBi3 and P35 in
HDM/CS group mice (Fig. 8A). Compared with HDM/CS group, IL-35
treatment alleviated AHR (Fig. 8B) and pathological damage (Fig. 8C).
To explore the immune-modulatory role of IL-35 in greater depth, we
conducted a thorough analysis of immune cell dynamics. Flow cytom-
etry revealed a marked reduction in neutrophil infiltration within the
lungs following IL-35 treatment (Fig. 8D and E). In addition, IL-35
treatment led to a substantial downregulation of CD40 and CD86
expression on DCs (Fig. 8F and G). These changes were accompanied by
a significant decrease in Th17 cell populations and a concurrent increase
in Treg cells (Fig. 8H-L). These findings collectively suggest that IL-35
exerts a potent regulatory effect on immune responses, balancing
innate and adaptive immunity in the context of CS exposed-asthma.

With respect to NET formation, we observed reduced Cit-H3 protein
levels (Fig. 8M) and decreased lung colocalization of Cit-H3 and MPO
(Fig. 8N) under IL-35 treatment, providing strong evidence that IL-35
downregulates NET formation to alleviate neutrophil-driven inflam-
mation and restore the DC-Th17/Treg imbalance.

3.7. IL-35 directly inhibited NET formation through the STAT3/
ferroptosis axis in vitro

To further investigate the ability and molecular mechanisms of IL-35
in regulating NETs in vitro, we assessed NET formation in neutrophils
and dHL-60 cells stimulated with HDM/CSE and incubated with varying
concentrations of IL-35 (0, 50, and 100 ng/mL). We observed that
treatment with 100 ng/mL IL-35 led to a significant reduction in NET
formation, as evidenced by a marked decrease in dsDNA release detected
by PI (Fig. 9A and B) and quantified using a NanoDrop One (Fig. S10).
Further analysis revealed a substantial decrease in the colocalization of
Cit-H3 and MPO (Fig. 9C and D), accompanied by reduced levels of Cit-
H3 protein following IL-35 treatment (Fig. 9E and F). SEM provided
additional validation, showing that IL-35 similarly suppressed NET
structure in PBNs (Fig. 9G). In summary, these results confirmed the
significant ability of IL-35 to inhibit NET formation. Moreover, IL-35
treatment significantly reduced ROS production in response to HDM/
CSE stimulation (Fig. S11), highlighting its potential to mitigate
neutrophil-driven inflammation and prevent subsequent tissue damage.

Both NET formation and ferroptosis are linked to similar intracellular
signaling pathways in the progression of certain diseases [34,38]. In this
context, we found that ferroptosis was significantly elevated in the CS
exposed-asthma model, as evidenced by increased levels of TFR1, MDA,
and 4-HNE, along with a marked decrease in GPX4 expression. Addi-
tionally, GSH metabolism analysis revealed a significant increase in
Oxidized Glutathione (GSSG) levels and a decrease in Total Glutathione
(T-GSH), GSH and GSH/GSSG ratio further confirming ferroptosis
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Fig. 5. NET release was related to asthma exacerbation induced by CS exposure. (A) The Strategy for DNase I treatment in the CS exposed-asthma murine model. (B)
Lung resistance (R, was determined in response to increasing concentrations (0, 6.5, 12.5, 25, 50 mg/mL) of methacholine. (C) Representative images of histologic
mice lung sections stained with H&E, PAS, and Masson (scale bars, 40 pm, arrow: typical areas). (D and E) Matured DCs (CD457CD11c"CD40" and
CD457CD11¢"CD86™ cells) in the lungs and spleens of mice were analyzed by flow cytometry. (F) Quantification of CD40 and CD86 expression from panel (D) and
(E). (G and H) Th17 (CD4IL-17A™") and Treg (CD4"CD25Foxp3™) cells in the lungs and spleens of mice were analyzed by flow cytometry. (I and J) Quantification of
Th17 cells and Treg cells from panel (G) and (H). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 6. HDM/CSE-induced NETs promoted the activation of DCs and influenced Th17/Treg immune imbalance in vitro. (A) Schematic diagram of co-culture of DCs
and naive CD4" T cells. (B) The purity of naive CD4" T cells were detected by flow cytometry. (C) Surface expression of activation markers CD40 and CD86 on

CD11ct DCs was analyzed by flow cytometry. (D and E) The proportion of Treg (CD4"CD25"CD127) cells and Th17 (CD4'IL-17A™) cells in the co-culture condition.
Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 7. RNA sequencing revealed that the mechanism of IL-35 in alleviating CS exposed-asthma exacerbation. (A) Volcano plot showing DEGs in HDM/CS/IL-35 vs
HDM/CS mice. The up-regulated genes (red), and the down-regulated genes (yellow-brown) with a log, (fold-change)| >1, and with P< 0.05. (B and C) The DEGs
based on fold change were used for GO pathway and KEGG pathway analysis. (D) The genes related to the NET formation pathway, which is a defined pathway in

KEGG pathways (id: mmu04613), were selected and displayed in heatmap.

activation. Notably, the ferroptosis inhibitor Fer-1 effectively sup-
pressed HDM/CSE-induced NET formation. In contrast, Cl-amidine, a
specific NET inhibitor, had no effect on ferroptosis, suggesting that
ferroptosis acts upstream to regulate NET formation (Fig. 10A-I).
STAT3 overexpression has been implicated in increased NET for-
mation in colon cancer-derived neutrophils, underscoring the critical
role of the STAT3 signaling axis in regulating NET formation [39].
STATS3 is also a key regulator of ferroptosis [40,41]. In line with these
findings, we observed elevated levels of p-STAT3 in the HDM/CSE group
(Fig. 10J and K). To further explore the relationships among STAT3,
ferroptosis, and NET formation, we transfected dHL-60 cells with a
STAT3 overexpression plasmid (efficiency shown in Fig. S12). Consis-
tent with previous reports, STAT3 overexpression enhanced both fer-
roptosis and NET formation (Fig. 10L-T), suggesting that increased
STATS3 activation exacerbates these processes. Given the ability of IL-35
to directly inhibit NET formation, we hypothesized that IL-35 might
reduce NET formation by modulating STAT3 signaling to suppress
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ferroptosis. Indeed, we found that STAT3 activity is crucial for the
IL-35-mediated inhibition of ferroptosis-associated NET formation. As
shown in Fig. 11A-L, STAT3 overexpression abolished the inhibitory
effects of IL-35 on both ferroptosis and NET formation.

3.8. The gp130 receptor is a crucial subunit for the biological effects of IL-
35

The IL-35 receptor consists of the gp130 and IL-12RB2 subunits. For
IL-35 to exert its biological effects, binding to its receptor is essential,
with gp130 being one of the most significant inhibitory receptors
[42-44], however, the specific roles of these subunits in neutrophils
remain poorly defined. Previous research has shown that the activation
of gp130 can inhibit NET formation in systemic lupus erythematosus
[45]. In our study, we observed greater activation of the gp130 receptor
than of the IL-12RB2 receptor in both neutrophils and dHL-60 cells
(Fig. 12A). We hypothesized that the gp130 receptor is crucial for the
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Fig. 8. IL-35 protected against CS exposed-asthma exacerbation through inhibiting NET formation. (A) Representative images of EBi3 and P35 detected by
immunohistochemistry (IHC) or IF (scale bars, 50 pm). (B) Lung resistance (R;) was determined in response to increasing concentrations (0-50 mg/mL) of meth-
acholine. (C) Representative images of histologic mouse lung sections stained with H&E, PAS, and Masson (scale bars, 40 pm, arrow: typical areas). (D and E)
Eosinophils (CD45"CD11'CD11b"SiglecF") and neutrophils (CD457CD11'CD11b*Ly6G™) in the lungs of mice were analyzed by flow cytometry. (F and G) Matured
DCs (CD457CD11¢"CD40" and CD457CD11¢"CD86™ cells) in the lungs and spleens of mice were analyzed by flow cytometry. (H-L) Th17 (CD47IL-17A") and Treg
(CD4*CD25"Foxp3™) cells in the lungs and spleens of mice were analyzed by flow cytometry. (M) Protein levels of Cit-H3 were measured by Western blot and
analyzed by Image J. (N) Lung tissues were subjected to immunofluorescence staining with Cit-H3 (green), MPO (red), and DAPI (blue) to detect NET formation
(NETs: white arrows, scale bars, 10 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 9. IL-35 inhibited NET formation in vitro. (A and B) Representative immunofluorescence images of PI staining of dsDNA in neutrophils (A) and dHL-60 cells (B)
(NETs: white arrows, scale bars, 50 pm). (C and D) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to visualize NET
formation in neutrophils (C) and dHL-60 cells (D) detected by confocal laser scanning microscopy (Red circle: NETs, scale bars, 50 pm). (E and F) Protein levels of Cit-
H3 in neutrophils (E) and dHL-60 cells (F) were measured by Western blot and analyzed by Image J. (G) NETs were detected by scanning electron microscope in
neutrophils (Scale bars, 10 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.

inhibitory effect of IL-35 on STAT3-mediated ferroptosis-associated NET
formation. To test this hypothesis, we employed specific siRNAs to
knock down gp130, and the efficiency of this knockdown was confirmed
(Fig. S13). Notably, we observed that gp130 knockdown resulted in
increased phosphorylation of STAT3 and a concomitant upregulation of
ferroptosis and NETs (Fig. 12B-N). These findings imply that activation
of the gp130 receptor is essential for IL-35 to exert its biological effect.

3.9. The gp130/STAT3 axis governs the IL-35-mediated control of
inflammation and NET formation

To dissect the mechanistic role of the gp130/STAT3 axis in IL-35-
mediated effects, we administered SC144, a selective gp130 inhibitor,
or Colivelin TFA, a STAT3 activator, alongside IL-35 to mice with CS
exposed-asthma (Fig. 13A). We observed that SC144 led to a significant
worsening of AHR, whereas Colivelin TFA had no effect (Fig. 13B).
Histological analysis revealed that disruption of the gp130/STAT3
pathway partially reversed the pathological improvements mediated by
IL-35 (Fig. 13C). We next assessed how modulation of the gp130/STAT3
axis influences immune responses, particularly DC maturation and T-cell
differentiation, during IL-35 treatment. SC144 led to an increase in
CD40 expression and CD86, while Colivelin TFA resulted in increased
CD86 levels (Fig. 13D). Both interventions shifted T-cell differentiation
toward Th17 cells and concurrently suppressed the expansion of Treg
cells (Fig. 13E-I). This shift in immune balance was coupled with
increased ferroptosis and NET formation (Fig. 13J-L). These data further
indicate that IL-35 inhibits ferroptosis-associated NETs and promotes
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disease remission in response to CS exposure, which is at least partly
dependent on the gp130/STAT3 axis.

3.10. Serum NET expression is increased in smokers with asthma and is
positively correlated with pulmonary function severity

The serum NET levels in asthmatic patients (see Table S1 for details
on general characteristics) were assessed and we observed significantly
higher MPO-DNA levels in smokers with asthma than in nonsmokers
with asthma and healthy controls, and the serum HMGB-1 and NE levels
were elevated in the smokers with asthma (Fig. 14A). Moreover, the
serum levels of IL-17A and IL-35 were measured (Fig. 14B), revealing
elevated IL-17A expression in smokers with asthma, whereas IL-35
levels were reduced. MPO-DNA, HMGB-1, and NE levels were nega-
tively correlated both with FEV;/pred and FEV,/FVC (Fig. 14C-H). IL-
17A levels were positively correlated with MPO-DNA and HMGB-1
levels (Fig. 141-K), and IL-35 levels showed a negative correlation
trend with NET markers (Fig. 14L-N). Importantly, serum IL-35 levels
showed a significant positive correlation with FEV1/FVC. (Fig. 140 and
P). In summary, our analysis of clinical serum samples indicated that
elevated NET levels may be associated with T-lymphocyte polarization
and worsening lung function.

4. Discussion

In this study, we demonstrated that during the CS exposed-asthma
exacerbation, airway neutrophils primarily exert their biological



P. Tao et al. Redox Biology 82 (2025) 103594

Fig. 10. The STAT3/ferroptosis axis promoted NET formation. (A) Protein levels of TFR1, GPX4, and Cit-H3 were measured by Western blot. (B-E) Levels of T-GSH,
GSSG, GSH, and GSH/GSSG were measured by T-GSH/GSSG colorimetric assay kit. (F) Levels of 4-HNE were measured by 4-HNE ELISA kit. (G) Levels of lipid
peroxidation was measured by MDA assay. (H) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to visualize NET for-
mation in neutrophils (scale bars, 50 um). (I) Representative immunofluorescence images of PI staining of dsDNA (NETs: white arrows, scale bars, 50 pm). (J and K)
Protein levels of p-STAT3/STAT3 were measured by Western blot and analyzed by Image J. (L) Protein levels of TFR1, GPX4, and Cit-H3 were measured by Western
blot. (M-P) Levels of T-GSH, GSSG, GSH, and GSH/GSSG were measured by T-GSH/GSSG colorimetric assay kit. (Q) Levels of 4-HNE were measured by 4-HNE ELISA
kit. (R) Levels of lipid peroxidation was measured by MDA assay. (S) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to
visualize NET formation (scale bars, 50 pm). (T) Representative immunofluorescence images of PI staining of dsDNA (NETs: white arrows, scale bars, 50 pm). Data
represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 11. IL-35 modulated STAT3 to inhibit ferroptosis-associated NET formation. (A-D) Protein levels of TFR1, GPX4, and Cit-H3 were measured by Western blot and
analyzed by Image J. (E-H) Levels of T-GSH, GSSG, GSH, and GSH/GSSG were measured by T-GSH/GSSG colorimetric assay kit. (I) Levels of 4-HNE were measured
by 4-HNE ELISA kit. (J) The concentration of dsDNA was quantified using a NanoDrop one. (K) Representative immunofluorescence images of PI staining of dSDNA
(NETs: white arrows, scale bars, 50 pm). (L) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to visualize NET formation in
neutrophils (Red circle: NETs, scale bars, 50 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 12. The gp130 receptor was a key component required for IL-35 to exert its biological effects. (A) Expression levels of gp130 and IL-12Rp2 receptors on the
surface of neutrophils and dHL-60 cells following IL-35 stimulation. (B-F) Representative Western blot and quantification analysis of protein expression of STAT3, p-
STAT3, GPX4, TFR1, and Cit-H3. (G-J) Levels of T-GSH, GSSG, GSH, and GSH/GSSG were measured by T-GSH/GSSG colorimetric assay kit. (K) Levels of 4-HNE were
measured by 4-HNE ELISA kit. (L) The concentration of dsDNA was quantified using a NanoDrop one. (M) Immunofluorescence images of PI staining of dsDNA were
shown (NETs: white arrows; scale bars, 50 pm ). (N) Representative immunofluorescence staining of Cit-H3 (green), MPO (red), and DAPI (blue) to visualize NET
formation detected by confocal laser scanning microscopy (Red circle: NETs, scale bars, 50 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 13. Blockade of the gp130/STAT3 axis counteracts the beneficial effects of IL-35 in vivo. (A) The Strategy for targeting gp130/STAT3 axis in the HDM/CS/IL-35
group mice. (B) Lung resistance (R;) was determined in response to increasing concentrations (0-50 mg/mL) of methacholine. (C). Representative images of his-
tologic mice lung sections stained with H&E, PAS, and Masson (scale bars, 40 pm, arrow: typical areas). (D) Matured DCs (CD457CD11c¢"CD40" and
CD457CD11¢"CD86™ cells) in the lungs and spleens of mice were analyzed by flow cytometry. (E-I) Th17 (CD47IL-17A™) and Treg (CD4"CD25Foxp3™) cells in the
lungs and spleens of mice were analyzed by flow cytometry. (J and K) Protein levels of Cit-H3, GPX4, TFR1, STAT3, and p-STAT3 were measured by Western blot and
analyzed by Image J. (L) Lung tissues were subjected to immunofluorescence staining with Cit-H3 (green), MPO (red), and DAPI (blue) to detect NET formation
(NETs: white arrows, scale bars, 10 pm). Data represent mean with SEM. *P < 0.05; **P < 0.01.
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Fig. 14. Positive correlation between NETs and pulmonary function severity. (A and B) The concentrations of MPO-DNA, NE, HMGB-1, IL-17A and IL-35 in human
serum were detected by ELISA. (C-H) The correlation between MPO-DNA, HMGB-1, NE and FEV, /pred or FEV;/FVC. (I-N) The correlations of IL-17A and IL-35 with
MPO-DNA, HMGB-1, and NE, respectively. (O-P) The correlations of IL-35 with FEV;/FVC and FEV;/pred.

effects through NET formation. Specifically, NETs exacerbate the in-
flammatory response by influencing the DC-Th17/Treg immune imbal-
ance, highlighting NETs as "linchpin" linking innate and adaptive
immunity. In addition, our findings reveal a novel function of IL-35 in
protecting against neutrophilic inflammation via inhibition of NETs via
the gp130/STAT3/ferroptosis axis.

Research has indicated that 44 % of patients with severe asthma on
biologics are former smokers and 1 % are current smokers [46]. Despite
a gradual decline in smoking rates over time, exposure to secondhand
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smoke continues to cause harm to nonsmokers [47]. CS exacerbates
asthma severity and confers multifaceted adverse clinical outcomes
[48]. Multiple publications have reported that heavy smokers exhibit
more severe obstructive impairments, demonstrating steroid insensi-
tivity, thus representing a distinct non-T2 phenotype [49]. In addition,
glucocorticoid steroid treatment failed to reduce neutrophilic inflam-
mation in sensitized mice exposed to CS [50]. An observation in our
experimental framework was the absence of significant pathological
differences between the CS and control group, suggesting that CS
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exposure alone may not suffice to initiate full asthma-like pathogenesis
under the current exposure regimen. Importantly, when compared with
CS exposure alone, the combined HDM/CS challenge exhibited mark-
edly elevated AHR, airway and peripheral vascular inflammatory cell
infiltration, mucus secretion, and collagen fiber deposition, with
increased antigen presentation by DCs, increased Thl7 cells, and
decreased Treg cells, which indicated that a disrupted immune balance
contributed to the exacerbation of asthma. Furthermore, neutrophils,
key players in innate immunity and type 17 responses, were markedly
elevated in the HDM/CS group, contributing significantly to the poor
prognosis of individuals with CS exposed-asthma exacerbation.

An exaggerated or persistent neutrophilic response is implicated in
the pathology of severe asthma, and neutrophils are therefore attractive
therapeutic targets. Research has reported that neutrophil depletion
alleviates PM2.5-induced mucus hypersecretion in individuals with
asthma [51]. However, therapeutic strategies aimed at reducing
neutrophilic inflammation may not fully account for the regulatory roles
that neutrophils play. In our study, neutrophil depletion with anti-Ly6G
antibodies had no effect on the key pathological features of asthma. In
addition, anti-Ly6G treatment did not result in significant changes in DC
maturation or the differentiation of Th17 and Treg cells compared with
IgG2a isotype controls. Interestingly, we observed a notable increase in
eosinophil numbers in the anti-Ly6G group, which is consistent with
findings from Patel et al. [51] and Whitehead GS et al. [52], who both
reported that neutrophil depletion exacerbates allergic inflammation in
asthma models. The inability of neutrophil depletion to mitigate
inflammation may stem from a compensatory remodeling of the pul-
monary inflammatory network under cigarette exposure. Neutrophils
may play dual roles in CS exposed-asthma: on one hand, they drive
tissue damage by releasing MPO and NETs [53]; on the other hand, they
secrete lipoxin A4 (LXA4), which inhibits the production of eosinophil
chemoattractant eotaxin [54]. This paradoxical function suggests that
indiscriminate depletion of neutrophils may disrupt the innate immune
balance. Indeed, our experiments observed a rebound increase in eo-
sinophils, possibly due to the loss of neutrophil-derived inhibitory fac-
tors such as LXA4, leading to excessive activation of the IL-5/IL-13
pathway [55]. Notably, recent studies have identified unique neutrophil
subpopulations, some of which highly express PD-L1 and suppress CD4 "
T cell activation [56]. The traditional anti-Ly6G antibody may selec-
tively deplete pro-inflammatory subsets while sparing regulatory pop-
ulations, limiting its overall depletion efficiency. These mechanisms
collectively suggest that under cigarette exposure, neutrophils are not
merely effector cells but key nodes in a complex immune regulatory
network. Future therapeutic strategies may need to target specific
neutrophil subpopulations while concurrently intervening in compen-
satory pathways, rather than broadly depleting all neutrophils.

The ineffectiveness of neutrophil depletion therapy led us to further
explore the role of neutrophils. In our study, RNA sequencing revealed
significant enrichment of the NET pathway and marked upregulation of
NET-related genes in the HDM/CS group. The increase in NETs then was
confirmed both in vivo and in vitro. These results indicate that neutro-
phils primarily exert their effects through the release of NETs. We
further demonstrated that NET-related biomarkers (MPO-DNA, HMGB1,
and NE) in the serum were increased in smokers with asthma compared
with healthy control subjects, related to deteriorated lung function. In
fact, the presence of uncontrolled NETs has a detrimental effect on
neutrophilic asthma [20]. NETs and their histones promote Th17 cell
differentiation directly via TLR2/MyD88 [57], or by activating DCs to
indirectly influence the differentiation of naive CD4" T cells into Th17
cells [58]. However, due to their considerable destructive capacity and
potential to cause damage to healthy tissue, it is critical that NETs ho-
meostasis be tightly regulated. In our study, CS exposed-asthma was
alleviated after NETs were disrupted by DNase I treatment. In this
context, the targeted degradation of NETs, rather than neutrophil
depletion, might be a potential therapeutic strategy that blocks the
negative effects of neutrophils without altering their beneficial
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functions. However, the clinical translation of NET-targeted therapies
remains limited by significant challenges, particularly with respect to
safety and efficacy, underscoring the need for safer and more precise
biomolecular interventions.

IL-35 is produced mainly by Treg cells [59] and reversibly suppresses
allergic inflammation and IL-17-dependent AHR [23]. Transfected MSCs
overexpressing IL-35 significantly improved the control of symptoms in
an allergic asthma model [60]. We also showed that Ad-IL-35 attenuated
Th17-associated inflammation by downregulating the TSLP-DC axis in
mice with CS exposed-asthma [11]. However, whether IL-35 regulates
NET formation has not been reported. In this study, through tran-
scriptomic sequencing as well as comprehensive in vivo and in vitro ex-
periments, we provide robust evidence that IL-35 inhibits NET
formation and thereby alleviates DC-Th17/Treg immune imbalance as
well as neutrophilic inflammation, which not only increases our un-
derstanding of the immunomodulatory role of IL-35 but also highlights
the significant potential of IL-35 as a therapeutic target for the clinical
management of CS exposed-asthma. In future research, it is required to
systematically evaluate the biosafety and pharmacokinetic properties of
recombinant IL-35 protein. To enhance therapeutic precision, using
biodegradable nanocarriers for pulmonary-targeted has the potential to
optimize drug stability, bioavailability, while simultaneously mini-
mizing systemic off-target effects. Furthermore, combining IL-35 with
existing targeted therapies (e.g., anti-IL-5, anti-IL-5R or anti-IL-4R) may
synergistically attenuate inflammation and restore Th17/Treg homeo-
stasis, offering a multi-target therapeutic strategy for CS
exposed-asthma.

In some diseases, the processes of NET formation and ferroptosis are
activated through common mechanisms and shared signaling pathways,
such as oxidative stress and activation of the STAT family of transcrip-
tion factors [34,38]. Investigating the interaction between ferroptosis
and NETs is crucial for understanding immune responses, inflammatory
processes, and the underlying mechanisms of related diseases. Previous
studies have focused predominantly on the impact of NET release on
ferroptosis in target cells or tissues [38,61,62]. In contrast, our study
provides an expanded perspective by revealing the interconnected
relationship between ferroptosis and NET formation within the neutro-
phils in a murine of CS exposed-asthma.

The STAT family mediates IL-35 signaling, and IL-35 utilizes the
STAT network to transduce signals to the nucleus, thereby enhancing the
plasticity of cellular and tissue responses [44]. Recent research has
shown that IL-35 enhances the phosphorylation of STAT1 and STAT4,
which competitively bind to the recognition region of STAT3, thereby
inhibiting STAT3-mediated fibrosis [63]. STAT3 exhibits a dual role in
ferroptosis regulation. On one hand, it promotes lipid peroxidation and
induces ferroptosis [64]; on the other hand, it inhibits ferroptosis by
stabilizing GPX4 [65,66]. This dual role of STAT3 in ferroptosis regu-
lation highlights its context-dependent functionality across different
diseases and cell subtypes. However, it remains unclear whether
p-STAT3 mediates ferroptosis in neutrophils from CS exposed-asthma
and if IL-35 plays a role in modulating the STAT3-ferroptosis axis. In
this study, we observed that in mice with CS exposed-asthma, increased
STAT3 phosphorylation was associated with elevated levels of ferrop-
tosis and NETs and that IL-35 restricted ferroptosis. More importantly,
IL-35-mediated protection from ferroptosis and NETs was abolished by a
STATS3 activator and by OE-STATS3. This finding is consistent with the
report by Li Yuanyuan et al., which demonstrated that inhibiting STAT3
phosphorylation in neutrophils alleviates NET formation and mitigates
lung inflammation in a mouse model of acute lung injury [67]. Together,
our results suggest that STAT3 is a key transcription factor mediating the
beneficial effects of IL-35.

Thus, it is essential to identify the receptors that inhibit STAT3
phosphorylation in neutrophils in response to IL-35. IL-35 consists of
two subunits, p35 and EBI3, which interact with the receptor subunits
IL-12RB2 and gp130 to form various receptor complexes. Diverse re-
ceptor combinations (e.g., IL-12Rp2/IL-12Rf2, IL-12RB2/gp130, and
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gp130/gp130) may exist in different diseases, providing a structural
basis for the functional diversity of IL-35 and making the receptor sub-
unit preference of IL-35 a highly valuable research direction [42]. In
cardiac transplantation, research indicates that IL-35 activation of the
gp130 receptor stabilizes the Treg phenotype, thereby improving CD8™"
T cell infiltration in allografts [43]. However, in experimental autoim-
mune uveitis, [L-35 activates the IL-12Rf2 receptor, promotes B cell
proliferation and enhances the regulation of the immune response [68].
In our study, the mRNA expression of the gp130 receptor is significantly
higher than that of IL-12Rp2 after IL-35 treatment, suggesting that
gp130 play a dominant role in IL-35 signal transduction. Blockade of
gp130 signaling with SC144 or si-gp130 prevented the IL-35-mediated
reduction in p-STAT3 levels and ferroptosis-associated NET formation.
Thus, it is reasonable to speculate that it is through the
gp130/STAT3/ferroptosis/NET axis that IL-35 confers its protective ef-
fects. In fact, IL-35 also exhibits diverse regulatory roles across multiple
diseases. In rheumatoid arthritis, exogenous IL-35 alleviates inflamma-
tion by suppressing IFN-y and IL-17 while boosting IL-10 secretion from
Treg cells [69]. In Con A-induced hepatitis, IL-35-modified mesen-
chymal stem cells enhance therapeutic outcomes via the
JAK1-STAT1/STAT4 pathway [70]. Similarly, IL-35 maintains
Th17/Treg balance and dampens pathogen-driven immune responses in
multiple sclerosis, systemic lupus erythematosus, and inflammatory
bowel disease [71], consistent with its T-cell modulatory effects
observed in our study. However, none of these studies implicated
STAT3/ferroptosis as a mediator, underscoring the novelty of our work.
Additionally, IL-35 mitigates neuropathic pain by modulating microglial
phenotypes, increasing IL-10, and suppressing IL-9 and MCP-1 [72].
These findings complement our results, emphasizing IL-35’s functional
versatility across cell types. In addition, the mechanism identified in our
study differs significantly from those in other diseases due to the distinct
phenotype of this disease. This highlights the urgent need to tailor
therapeutic strategies based on disease-specific pathological landscapes
and signaling pathways.

Naturally, certain limitations must be acknowledged. To minimize
heterogeneity, we exclusively used female mice, which may limit the
generalizability of our findings to males. Future studies incorporating
both sexes would be valuable to confirm the universality of the observed
mechanisms. In addition, this study has several other limitations. One
major limitation is that, although we have extensively validated the key
role of the gpl130/STAT3 axis in the IL-35-mediated regulation of
ferroptosis-related NETs through pharmacological interventions in vitro,
which strongly supports the reliability of our findings, future validation
using neutrophil-specific knockin or knockout mouse models would
further strengthen our conclusions. Another limitation is the small
sample size of clinical samples, which prevented us from establishing a
statistically significant correlation between serum IL-35 levels and lung
function deterioration, although a negative correlation trend was
observed.

5. Conclusion

In conclusion, we propose a novel mechanism whereby IL-35,
through its dependence on neutrophil gp130 receptors, interacts with
STATS3 to regulate ferroptosis-associated NETs. This interaction plays a
key role in alleviating the DC-Th17/Treg imbalance and neutrophilic
inflammation. These findings establish a biological basis for the poten-
tial application of IL-35 in the treatment of exacerbated of CS exposed-
asthma and open new avenues for exploring its potential targets in
clinical applications.
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