Int. J. Biol. Sci. 2026, Vol. 22 6115

@y [VYSPRING , o ,
WS INTRNATIONAL PSR International Journal of Biological Sciences
2026; 22(11): 6115-6131. doi: 10.7150/ ijbs.128164

Research Paper

Unveiling Interleukin-40: A Novel Regulator of
Macrophage and B Cell Function in Allergic Asthma

Aixuan Li!, Katie Ching-Yau Wong?2, Danqi Huang?3, Fang Chen*?, Haoxuan Li¢, Xun Gao’#8, Ting-Fan
Leung?, Gary Wing-Kin Wong?, Wing-Hung Ko!, Chun-Kwok Wong?24510>

School of Biomedical Sciences, The Chinese University of Hong Kong, Hong Kong, China.

Department of Chemical Pathology, Prince of Wales Hospital, The Chinese University of Hong Kong, Hong Kong, China.

The Eighth Affiliated Hospital of Sun-Yat-sen University, Shenzhen, China.

Institute of Chinese Medicine, The Chinese University of Hong Kong, Hong Kong, China.

State Key Laboratory of Research on Bioactivities and Clinical Applications of Medicinal Plants, The Chinese University of Hong Kong, Hong Kong, China.
Department of Chemistry, Department of Biochemistry and Molecular Biology, and Institute for Biophysical Dynamics, The University of Chicago, Chicago,
IL, USA.

Center of Clinical Laboratory Medicine, Zhongda Hospital, Southeast University, Nanjing, Jiangsu, China.

Department of Laboratory Medicine, Medical School of Southeast University, Nanjing, Jiangsu, China.

Departmenmt of Paediatrics, Prince of Wales Hospital, The Chinese University of Hong Kong, Hong Kong, China.

0 Li Dak Sum Yip Yio Chin R & D Centre for Chinese Medicine, The Chinese University of Hong Kong SAR, Hong Kong, China

DO PN

P4 Corresponding author: Professor Chun-Kwok Wong, Department of Chemical Pathology, The Chinese University of Hong Kong, Prince of Wales Hospital,
Shatin, N.T., Hong Kong, China, Tel: (852) 3505 2964, Fax: (852) 2636 5090, E-Mail: ck-wong@cuhk.edu.hk.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See https:/ /ivyspring.com/terms for full terms and conditions.

Received: 2025.11.10; Accepted: 2026.05.25; Published: 2026.06.04

Abstract

Allergic asthma is characterized by chronic airway inflammation and heightened type 2 immune
responses. Although inhaled corticosteroids are the mainstay of therapy, a subset of patients exhibits
suboptimal responses, underscoring the need for new therapeutic targets. In this study, we investigated
the role of novel B cell-related interleukin-40 (IL-40) in allergic asthma using patient samples and a house
dust mite (HDM)-induced mouse model. Through transcriptomic and immunological profiling, our
findings revealed that IL-40 expression was significantly upregulated in both patients with allergic asthma
and murine model. Elevated IL-40 levels exacerbated airway hyperresponsiveness (AHR), promoted
inflammatory cell infiltration, and increased the production of type 2 cytokines, indicating a key role in
amplifying allergic airway inflammation. Importantly, treatment with a neutralizing antibody against IL-40
or genetic deletion of IL-40 significantly alleviated airway inflammation, suggesting its therapeutic
potential. Mechanistically, these pro-inflammatory effects of IL-40 were closely associated with
alterations in macrophage polarization and B cell development. Macrophages exhibited the highest
induction of IL-40 secretion following allergen exposure and responded most strongly to IL-40
stimulation. This response involved the activation of the JAK/STAT1 and p38-MAPK signaling pathways,
driving their polarization toward a pro-inflammatory phenotype while inhibiting the differentiation of a
specific Argl+ macrophage subset. Although T cells did not display a direct response to IL-40 stimulation,
IL-40 was found to be essential for normal B cell development. IL-40-- mice showed a marked reduction
in pre-B cells in the bone marrow and impaired B cell maturation in the spleen, characterized by
decreased follicular B cell populations. Genes involved in B cell receptor synthesis and complement
activation were notably downregulated in IL-40-- mice. These findings position IL-40 as a key regulator of
allergic asthma pathogenesis and suggest its potential as a novel biomarker and therapeutic target for
airway inflammation.
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Introduction

Asthma is a common chronic airway disease,  hyperresponsiveness, and symptoms such as
characterized by airway inflammation, = wheezing and breathlessness [1]. Recent estimates
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published in The Lancet Respiratory Medicine (2025)
reported that there were about 260 million asthma
sufferers worldwide in 2021. Furthermore, it is
projected that the global number of individuals with
asthma will reach 275 million by 2025 [2]. Allergic
asthma, the most prevalent phenotype of asthma, is
defined by aberrant immune responses to specific
environmental allergens such as house dust mite
(HDM), pollen, and pet dander [3, 4]. Th2-driven
production of immunoglobulin E (IgE) and activation
of mast cells and basophils lead to the release of
pro-inflammatory mediators, contributing to airway
edema, remodeling, and hyperreactivity [5, 6].
Therapeutic strategies targeting specific mediators of
this Th2-driven response [7, 8], such as dupilumab
(blocks IL-4Ra) [9], mepolizumab (neutralizes IL-5)
[10], omalizumab (blocks IgE) [11], have
demonstrated efficacy in patients with severe and
refractory allergic asthma.

In addition to Th2 lymphocytes and eosinophils,
B cells and macrophages are increasingly recognized
as key contributors to the immunopathogenesis of
allergic asthma [12]. Airway-resident memory B cells
can differentiate into IgE-secreting plasma cells, [13].
Disruption of B cell regulatory pathways, such as
FoxO1l-mediated inhibition of B10 cell differentiation,
is linked to enhanced inflammation [14].
Macrophages also display functional plasticity and
influence airway inflammation and remodeling [15].
For instance, factors like histone deacetylase 10 and
isthmin-1 modulate macrophage polarization and
efferocytosis, shaping inflammatory outcomes [16,
17]. Targeting macrophage activity, including through
colony-stimulating factor-1 receptor inhibition, offers
therapeutic potential. [18]. Moreover, our previous
work identified 1L-41/Metrnl, a macrophage-derived
anti-inflammatory  cytokine, as a promising
therapeutic candidate in allergic asthma [19].

IL-40, a small, secreted protein (~27kDa)
encoded by C170rf99 gene located on chromosome 17,
was initially identified as a B cell-associated cytokine
mainly expressed in bone marrow and fetal liver.
Although the exact function of IL-40 is still unclear,
emerging studies suggest that it may participate in
both innate and adaptive immune response [20]. IL-40
deficient mice display reduced IgA levels in serum,
feces, and mammary glands [21]. Increased IL-40
expression has been observed in the serum of patients
with rheumatoid arthritis (RA) and osteoarthritis,
correlating with disease activity and response to
therapy [22, 23], and inhibition of IL-40 alleviates
sepsis by reducing neutrophil-driven inflammation
and multi-organ failure [24]. These findings highlight
IL-40 as a potential biomarker and immunoregulatory
molecule, but its role in allergic asthma remains

unexplored.

In this study, we sought to elucidate the
regulatory role and underlying mechanisms of IL-40
in allergic asthma using an IL-40 knockout (IL-40-/-)
mouse model. We further aimed to identify the
immune cell populations responsible for IL-40
production and characterize the associated cell types
and molecular pathways through a combination of
molecular biology techniques and single-cell RNA
sequencing. Our findings reveal that IL-40 functions
as a pro-inflammatory cytokine in allergic asthma,
modulating inflammatory signaling and immune cell
dynamics, and may constitute a novel therapeutic
target for the management of allergic asthma.

Materials and Methods

Patients

We recruited 71 asthmatic children and 34 age-
and sex-matched non-allergic healthy controls
without any respiratory symptoms or history of
allergic asthma at the Department of Paediatrics,
Prince of Wales Hospital, Hong Kong (Table S1).
Serum specific IgE against 8 common allergens
(cockroach, tree mix, cat hair, grass mix, house dust
mite Dpl, Alternaria tenuis, mold mix, house dust
mite Dfl) was measured using the ImmunoCAP-
Phadia 100 analyzer (Thermo Fisher Scientific, MA,
USA). Children testing positive for specific IgE to any
allergen were classified as atopic. The study was
approved by the Joint Chinese University of Hong
Kong-New Territories East Cluster Clinical Research
Ethics Committee (CREC Ref. No.: 2020.641), and
conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained
from all participants.

Isolation and stimulation of human peripheral
blood mononuclear cell (PBMC)-derived
macrophages, B cells and T cells

PBMCs were isolated from fresh human blood
buffy coats from healthy volunteers at the Hong Kong
Red Cross Blood Transfusion Service by density
gradient centrifugation using Ficoll-Paque Plus
(Cytiva, MA, USA). PBMCs were seeded in RPMI
1640 medium with 10% FBS and incubated for 24
hours at 37 °C to allow monocyte adhesion.
Non-adherent cells were removed by washing with
PBS. Adherent monocytes were cultured in RPMI
1640 supplemented with 10% FBS and 50 ng/ml
M-CSF for 7 days to generate macrophages, with
medium changed every 2-3 days. Macrophages were
stimulated with 20 ng/ml IFN-y and 100 ng/ml LPS
for pro-inflammatory M1 phenotype polarization,
20ng/ml IL-4 and 20 ng/ml IL-13 for anti-
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inflammatory M2 phenotype polarization, and
200 ng/ml recombinant human IL-40 (rhIL-40) for 24
hours. Unstimulated cells cultured in medium alone
served as negative control.

For lymphocyte separation, CD4* T cells were
purified from PBMCs using the Human CD4* T cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Human B cells were isolated from PBMCs
using the EasySep™ Human B Cell Isolation Kit
(STEMCELL Technologies, Vancouver, BC, Canada).
The purity of isolated T and B cell populations was
routinely verified by flow cytometry. Purified T and B
cells were stimulated for 24 hours with HDM, CD40L,
IL-4 and rhIL-40. Cells and supernatants were
collected for further analysis.

Human bronchial epithelial cells (HBEPiC;
ScienCell Research Laboratories, Carlsbad, CA, USA)
were cultured in Epithelial Cell Medium (ScienCell)
supplemented with 10% FBS. After reaching 80%
confluence, cells were treated for 24 hours with the
indicated stimuli.

Murine model of experimental allergic asthma

Homozygous C57BL/6] IL-40 knockout mice
were generated by Cyagen Biosciences (Santa Clara,
CA, USA) and validated by PCR genotyping. Female
IL-40/- and wild-type mice (6-8 weeks old) were
maintained under specific pathogen-free conditions at
The Chinese University of Hong Kong. Allergic
airway inflammation was induced by intranasal
sensitization with 1 pg HDM in 30 pl PBS on day 0,
followed by daily intranasal challenges with 10 pg
HDM in 30 pl PBS from days 8 to 12, with or without 4
pg recombinant mouse IL-40 (MyBiosource, SD,
USA). For IL-40 blockade, anti-IL-40 antibody (4 pg)
was administered intraperitoneally one day before
sensitization and on days 8-12. The antibody was
custom-designed and produced by Thermo Fisher
Scientific. The antigen used was the IL-40 precursor
protein (Mus musculus, Accession #: NP_084240.1,
Expression protein project #: 6YJ2660E). The
production process included gene synthesis and
expression vector creation, small-scale expression
optimization, large-scale culture, and tag-based
purification. Airway hyperresponsiveness (AHR) was
measured on day 13 and mice were anesthetized on
day 14. Blood was collected for serum preparation.
Bronchoalveolar lavage fluid (BALF) was obtained by
flushing the lungs 3 times with PBS (1 ml) via tracheal
cannulation. Lung tissues were subsequently
harvested for further analysis. All samples were
processed or stored appropriately for downstream
assays. All animal experiments were conducted
following the guidelines outlined by the Animal
Experimentation Ethics Committee (AEEC) for the

Care and Use of Laboratory Animals and were
approved by the AEEC of The Chinese University of
Hong Kong.

AHR monitoring

AHR was assessed using a whole-body
plethysmograph (Buxco-Force Pulmonary
Maneuvers, Buxco Research Systems, Wilmington,
NC, USA). Briefly, unrestrained mice were placed
individually into the chambers and exposed to
increasing concentrations of aerosolized methacholine
(0, 6.25,12.5, 25, and 50 mg/ml; Sigma-Aldrich) for 3
minutes at each dose. Enhanced pause (Penh) values
were recorded for 3 minutes after each challenge to
evaluate airway reactivity.

Histopathology examination

Lung and spleen tissues collected from
euthanized mice were fixed in 4% paraformaldehyde,
and embedded in paraffin. Sections (5 pm) were
prepared for hematoxylin-eosin and PAS staining
using an H&E staining kit (Beyotime, Inc., Jiangsu,
China) or PAS staining kit (Sigma-Aldrich Corp.,
Saint Louis, MO, USA), respectively.

Murine macrophage

Bone marrow cells were harvested by flushing
femurs and tibias of euthanized C57BL/6] wild-type
and IL-40/- mice with cold Dulbecco's Phosphate
Buffered Saline (DPBS). The cell suspension was
filtered through a 70 pm cell strainer and centrifuged
at 1,500 rpm for 5 minutes. After red blood cell lysis,
cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 1% penicillin-
streptomycin, and 20 ng/ml recombinant mouse
M-CSF (PeproTech, Cranbury, NJ, USA) at 37°C and
5% CO,. The medium was replaced every 2-3 days.
After 7 days of culture, adherent bone marrow
derived macrophages (BMDM) were gently washed
and stimulated for 24 hours with either 100 ng/ml
LPS and 20 ng/ml IFN-y to induce pro-inflammatory
M1 polarization, or 20 ng/ml IL-4 and 20 ng/ml IL-13
to induce anti-inflammatory M2 phenotype. An
additional group was treated with 200 ng/ml
recombinant mouse IL-40 (rmIL-40). Unstimulated
cells cultured in medium alone served as negative
control.

RAW 2647 murine macrophage (ATCC,
Manassas, VA, USA) cell line was cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin at
37 °C and 5% COs. After seeding and overnight
adhesion, cells were treated for 24 hours with the
same stimuli as BMDM. Cells and supernatants from
all experiments were collected for further analysis.
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Immunofluorescence staining

BMDMs were seeded onto coverslips and fixed
with 4% paraformaldehyde. Cells were blocked and
incubated with primary antibodies against F4/80 and
IL-40 overnight at 4 °C. After washing, samples were
incubated with secondary antibodies: Alexa Fluor
488-conjugated anti-F4/80 (green) and Alexa Fluor
647-conjugated  anti-IL-40 (red). Nuclei were
counterstained with DAPI (blue).

Isolation of mouse splenic B cells and thymic T
cells

Mouse spleens were mechanically dissociated
through a 70 pm cell strainer into cold DPBS to obtain
single-cell suspensions. After red blood cell lysis, B

cells were isolated using the EasySep™ Mouse B Cell

Isolation Kit (STEMCELL Technologies). For T cell
isolation, thymuses were gently minced and pressed
through a 70 pm cell strainer in cold DPBS to generate
single-cell suspensions. The purity of isolated B and T
cells was routinely confirmed by flow cytometry.
Purified T and B cells were stimulated for 24 hours
with HDM, CD40L, IL-4 and rmlIL-40. Cells and
supernatants were collected for further analysis.

Flow cytometric analysis

To prepare single-cell suspensions, spleens and
bone marrow were mechanically dissociated through
a 70 pm cell strainer (Corning, NY, USA), and thymus,
lymph nodes, and lung tissues were rinsed with PBS,
cut into small pieces, and digested in RPMI 1640
containing 5% FBS, 1 mg/ml Collagenase D, and
30 pg/ml DNase I (Roche, Mannheim, Germany) for
15-30 min at 37 °C, and filtrated through a 70 pm cell
strainer. Suspensions were subjected to red blood cell
lysis, washed, and centrifuged to obtain single cells.
Cell pellets were incubated with Fc receptor blocking
antibody and stained with fluorochrome-conjugated
monoclonal antibodies targeting surface markers
(Biolegend Inc. San Diego, CA). For intracellular
cytokine detection, cells were fixed, permeabilized,
and stained with relevant antibodies. Flow cytometric
analysis was performed after sequential gating on
singlets, live cells (7-AAD-), and CD45* leukocytes. B
cells were identified as CD19+B220+, with further
delineation using markers including CD21, CD23,
CD93, IgM, and IgD to define developmental subsets.
B cell activation was also assessed by quantifying
CD86* B cells in both mouse and human samples
(CD19%).  Neutrophils = were  Ly-6G*CD11b*,
eosinophils were SiglecF*CD1lc, monocytes/
macrophages and their polarization subsets were
characterized by CD11b, CD11c, F4/80, Argl, and
CD206 markers. Gating for eosinophils in BALF

followed singlets, live cells, CD45*, CD11b*, Ly-6G-
and SiglecF*. T helper (Th) cell subsets were identified
as CD45*CD3*CD4+ cells, with intracellular staining
for Th2 (IL-4*) and Thl7 (IL-17A*) populations.
Analysis was performed using a FACSVia (BD
Biosciences) or Cytek Northern Lights flow cytometer
(Cytek Biosciences, CA, USA).

Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was isolated from tissues or cultured
cells using QIAzol reagent (Qiagen Inc., Valencia, CA,
USA) and reverse-transcribed into complementary
DNA (cDNA) using PrimeScript™ RT Master Mix
(Takara Bio Inc., Shiga, Japan). Quantitative real-time
PCR was performed using SYBR® Premix Ex Taq™
(Takara Bio Inc.) with GAPDH/ACTIN as the internal
control. Relative gene expression levels were
calculated using the AACt method. Primer sequences
are provided in Table S2.

Western blotting

Proteins were extracted from tissues and cells
using RIPA lysis buffer (Beyotime, Shanghai, China)
containing protease and phosphatase inhibitors.
Protein concentrations were determined using a BCA
protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA). Equal amounts of protein were separated
by SDS-PAGE and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). Protein bands were
visualized using an ECL detection kit (Thermo Fisher
Scientific) and quantified using Image] software.
B-Tubulin was used as the loading control.

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of murine total IgE, anti-HDM
IgE, and cytokines including IL-4, IL-5, IL-13, and
IL-10 were measured by wusing ELISA Kits
(BioLegend). Human and murine IL-40 levels were
determined by using ELISA kits (Biorbyt, Cambridge,
UK and Shanghai Jianglai Biotechnology Co., Ltd.,
Shanghai, China). All assays were conducted
according to the manufacturers’ instructions and
quantified based on standard curves.

Bulk RNA sequencing (RNA-seq) analysis

Total RNA was isolated from murine lung tissue
using QIAzol reagent (Qiagen, Inc., Valencia, CA,
USA). RNA samples were sent to LC-Biotechnologies
Ltd (Hangzhou, China) for library preparation and
transcriptomic sequencing. Sequencing libraries were
prepared with the NEBNext® Ultra™ RNA Library
Prep Kit for llumina® (Illumina Corp., San Diego, CA,
USA) and sequenced on an Illumina HiSeq 4000
platform.
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Single-cell RNA sequencing (scRNA-seq)
analysis

Fresh tissues were immediately processed into
single-cell suspensions. After rinsing with DPBS
(calcium- and magnesium-free), tissues were minced
and digested with collagenase D (1 mg/ml) and
DNase I (0.2 mg/ml) at 37 °C for 15-25 minutes. The
mixture was filtered through a 40 pm strainer,
centrifuged, and treated with RBC lysis buffer. Cell
viability and concentration were assessed using
acridine orange/propidium iodide staining on a
Cellometer Auto 2000 and confirmed by trypan blue
(> 85% viability). Single-cell libraries were prepared
using the Chromium Next GEM Single Cell 3’ Reagent
Kits v3.1 (10x Genomics), with cells loaded at 1000
cells/pl onto a 10x Genomics Chromium Controller.
Sequencing reads were aligned to the mouse genome
(mm10) with Cell Ranger (v7.1.0) for barcode
identification and quantification. From the lung and
bone marrow samples, 14,502 and 14,866 -cells,
respectively, were obtained before quality control.
Each sample generated 330-380 million reads,
achieving an average of 40,000-65,000 reads per cell
and a median of 828-1,328 genes detected per cell.
Over 84% of sequencing reads were assigned to cells,
and RNA Q30 base percentages exceeded 94%,
indicating high accuracy.

Cells with fewer than 200 or more than 6,000
detected genes were excluded. Only cells with
mitochondrial gene content less than 20% (lung) or 5%
(bone marrow) were retained, resulting in 13,041
(lung) and 12,816 (bone marrow) high-quality cells for
downstream analysis. Data were normalized and
scaled, with the top 2000 highly variable genes
selected. Principal component analysis (PCA) was
conducted on these genes, and batch effects were
corrected using the RunHarmony function. Clustering
used a k-nearest neighbor graph (k = 20) and the
Louvain algorithm (resolution = 0.4), conducted via
Seurat (v4). Clusters were visualized with UMAP
(first 20 principal components). Cell types were
annotated using canonical markers. For dataset
integration, Seurat's integration workflow was
employed, including further normalization, scaling,
and clustering. Comparisons of cell type proportions
between groups were visualized using bar plots.
Differential gene expression heatmaps, violin plots,
cluster heatmaps, and other figures were generated
using the https:/ /www.bioinformatics.com.cn online
platform. Pseudotime trajectory analysis was
performed for B lineage cells in bone marrow using
the Slingshot package (v2.12.0), and trajectories were
visualized on UMAP plots as smooth lineage curves.

Statistics

All experiments were conducted with at least
three independent biological replicates. Data are
presented as mean + SEM unless otherwise specified.
Statistical comparisons between two groups were
performed using either a two-tailed Student’s t-test or
the nonparametric Mann-Whitney U test, depending
on data distribution. For multiple group comparisons,
one-way ANOVA was used, followed by Tukey’s post
hoc test. Statistical analyses were carried out using
GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA). Statistical significance was defined as P <
0.05.

Results

IL-40 expression is up-regulated in allergic
asthma

Allergic asthma involves elevated type 2
inflammation and various immune mediators.
Previous studies have reported increased serum IL-40
in patients with autoimmune diseases such as RA [22,
25], but its relevance in asthma remained unknown.

To clarify IL-40 expression in allergic asthma, we
analyzed GEO data (GSE104472) and found
significantly increased C170rf99 (IL-40) mRNA in
bronchial epithelial cell samples from asthmatic
patients compared to healthy controls (Fig. 1A).
Plasma IL-40 was also notably elevated in children
with allergic asthma (n = 71) versus healthy donors (n
= 34) (Fig. 1B). Among human PBMC-derived
immune cells, both B cells and macrophages secreted
IL-40 after stimulation, with macrophages showing
the strongest response to HDM, while T and epithelial
cells contribute minimally (Supplementary Fig. 1A,
Fig. 1C), suggesting they could be the primary
responding cell type under this allergen exposure.

We further established a murine model of HDM-
induced allergic asthma (Fig. 1D, Supplementary Fig.
1B, Supplementary Fig. 1C), IL-40 levels were
markedly increased in both serum and BALF of
asthmatic mice (Fig. 1E). Given that IL-40 was initially
identified as a B cell-associated cytokine [21], we
selected the spleen for IHC staining analysis. IHC
detected enhanced IL-40 expression in the
HDM-treated mice (Fig. 1F). This finding was verified
by ELISA (Fig. 1G). Furthermore, the expression of the
murine C170rf99 ortholog 6030468B19Rik was also
elevated in bone marrow, spleen, lung, and lymph
node in asthmatic mice (Fig. 1H). IL-40 expression is
therefore upregulated broadly in both systemic and
local tissues during allergic airway inflammation.
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Figure 1. IL-40 is upregulated in allergic asthma. A Expression level of CI70rf99 mRNA in human bronchial epithelial cell samples from asthmatic patients (n=7) and
healthy controls (n=9), based on GEO dataset (GSE104472). B IL-40 concentration in human plasma (asthma patients n=71, healthy controls n=34) measured by ELISA. C
Expression level of C170rf99 mRNA in human PBMC-derived macrophages (n=5-7) measured by qRT-PCR. D Timeline diagram of the HDM-induced allergic asthma mouse
model. E IL-40 concentration in serum and BALF from HDM-treated and control mice (n=4-6) measured by ELISA. F Representative H&E-stained mouse spleen sections from
HDM-treated and control mice. G IL-40 concentration in spleen homogenates from mice (n=4-5) measured by ELISA. H Expression level of 6030468B19Rik mRNA in mouse
tissues (n=4-6) measured by qRT-PCR. Data are representative of at least three individual experiments. Values are expressed as the mean + SEM. *P < 0.05; **P < 0.01, and ***P

< 0.0001 by Mann-Whitney test.

The pro-inflammatory function of IL-40 in
allergic asthma

The elevated IL-40 expression in both allergic
asthma patients and HDM-induced mouse model
may reflect a compensatory mechanism aimed at
resolving inflammation, or play a pro-inflammatory
role in the pathogenesis of allergic asthma [26]. To
address the precise function of IL-40, we administered
rmlL-40 intravenously during HDM-induced asthma
modeling in mice (Fig. 2A). Mice treated with rmIL-40
showed aggravated AHR to methacholine, compared
to controls (Fig. 2B), and displayed more pronounced
airway inflammation and mucus production in lung
tissue (Fig. 2C). Serum and BALF levels of type 2
cytokines IL-4 and IL-5 were markedly increased
upon rmll-40 administration (Fig. 2D, E). Flow
cytometry further revealed a higher proportion of
eosinophils in BALF and increased Th2 cells in lung
tissue (Fig. 2F), consistent with enhanced allergic
inflammation. Serum anti-HDM IgE was also elevated
(Fig. 2G). These findings support the

pro-inflammatory role of IL-40 in the allergic asthma
model, particularly in driving type 2 immune
responses and eosinophilic inflammation.

To eliminate potential confounding effects of
exogenous protein administration and further clarify
the role of IL-40, we used a neutralizing antibody
(abIL-40) in the HDM asthma model (Fig. 2H). IL-40
blockage resulted in reduced AHR (Fig. 2I) and
alleviated lung inflammation (Fig. 2J), accompanied
by a decrease in tissue eosinophils, Th2 cells, and
levels of IL-4, IL-5, and anti-HDM IgE (Fig. 2K-N).

Taken together, these results demonstrate that
IL-40 promotes allergic airway inflammation by
enhancing Th2 cytokine secretion, eosinophil
recruitment, and antigen specific IgE production,
confirming its pro-inflammatory role in allergic
asthma.

IL-40-- mice were less susceptible to develop
allergic asthma-associated inflammatory
phenotypes following HDM-induction

To elucidate the functional mechanisms of IL-40

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22 6121

in allergic asthma, we designed an IL-40~/- knockout = knockout was confirmed at the DNA and mRNA
mice model with CRISPR-Cas9 technology (Fig. 3A).  levels.
IL-40-/- mice exhibited normal development and gene
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Figure 2. IL-40 regulates the progression of allergic asthma in a mouse model. A Timeline diagram of the HDM-induced allergic asthma mouse model with rmIL-40.
B AHR to methacholine challenge in control, HDM, and rmlIL-40+HDM groups (n=4-6). C Representative H&E- and PAS-stained lung sections. D, E Concentrations of IL-4 and
IL-5 in serum and BALF (n=4-6) measured by ELISA, respectively. F (rmIL-40), K (abIL-40) Eosinophils defined as Ly-6G- SiglecF* cells within the CD11b* population in BALF, and
Th2 cells identified as IL-4* cells within the CD45+CD3+CD4* population in lung tissue; representative flow cytometry plots and quantification of cell proportions are shown
(n=3). G Concentration of anti-HDM IgE in mouse serum (n=3-5) measured by ELISA. H Timeline diagram of HDM-induced asthma mouse model with ablL-40. I AHR to
methacholine challenge in control, HDM, and ablL-40 + HDM groups (n=4-6). ] Representative H&E- and PAS-stained lung sections. L, M Concentrations of IL-4 and IL-5 in
serum and BALF (n=4-6) measured by ELISA, respectively. N Concentration of anti-HDM IgE in mouse serum (n=3-5) measured by ELISA. Data are representative of at least
three individual experiments. Values are expressed as the mean + SEM. *P < 0.05; **P < 0.01 by Mann-Whitney test.
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Figure 3. IL-40 knockout alleviates HDM-induced asthma symptoms in mice. A Generation of IL-40 knockout (IL-40--) mice by CRISPR-Cas9 technology. B AHR to
methacholine challenge in wild-type (WT) and IL-40-- mice with or without HDM treatment (n=5). C Representative H&E-stained lung tissue sections. D Th2 cells were defined
as [L-4+ cells within the CD45*CD3+CD4* population in lung tissue, and representative flow cytometry plots and quantification are shown (n=3). E, F Concentrations of IL-4 and
IL-5 in serum and BALF (n=4-6) measured by ELISA, respectively. G Concentration of IL-13 in lung tissue homogenates (n=4) measured by ELISA (n=4). H Concentration of
anti-HDM IgE (n=3-4) in mouse serum measured by ELISA. | Eosinophils were defined as Ly-6G-SiglecF* cells within the CD11b* population in BALF, and representative flow
cytometry plots and quantification are shown (n=3). Data are representative of at least three individual experiments. Values are expressed as the mean + SEM. *P < 0.05; **P <

0.01 by Mann-Whitney test.

Upon HDM challenge, IL-407/- mice were
markedly protected from developing asthma
phenotypes. Compared with wild-type controls,
IL-40-/- mice exhibited significantly attenuated AHR
(Fig. 3B) and reduced pulmonary inflammation (Fig.
3C). Flow cytometric analysis revealed fewer Th2 cells
in lung tissue of IL-40-/- mice after HDM exposure
(Fig. 3D). Consistently, the levels of IL-4 and IL-5 in
BALF (Fig. 3E, 3F) and IL-13 in lung homogenates
(Fig. 3G) were all significantly decreased in IL-40-/-
mice relative to WT asthmatic mice. The serum level
of anti-HDM IgE was also reduced (Fig. 3H). After
HDM challenge, total cell numbers in BALF were
significantly increased in WT mice, whereas the
increase was  attenuated in IL-40/-  mice
(Supplementary Fig. 1E). Moreover, flow cytometry

showed that the proportion of eosinophils in BALF
was markedly lower in IL-407/- mice (Fig. 3I). This
phenotype was consistent with the asthma-mitigating
effects observed with ablL-40. Supporting these
findings, RNA-seq data demonstrated that IL-40
deficiency alters basal immune gene expression in the
lungs without affecting normal physiological status
(Supplementary Fig. 1F). Notably, Th17 cell expansion
was also reduced in IL-40/- mice following HDM
challenge (Supplementary Fig. 1G). IL-40 is therefore
important for the development of immune response
in allergic asthma.

Deletion of IL-40 affected the abundance of B
cell populations

Multiple immune cell types contribute to the
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chronic inflammatory milieu in allergic asthma [27].
To comprehensively characterize how IL-40
deficiency alters the pulmonary immune landscape,
we performed scRNA-seq on lung tissues from both
wild-type (WT) and IL-40/- mice (Fig. 4A,
Supplementary Fig. 2A, Table S3).

Upon HDM stimulation, UMAP showed that the
proportion of total B cells was significantly reduced in
IL-40-/- mice (0.17) compared to wild-type controls
(0.22) (Fig. 4B). This reduction was also observed in
spleen by flow cytometric analysis of CD45*CD19* B
cells (Fig. 4C), demonstrating that IL-40 is required for
maintaining normal B cell abundance during allergic
inflammation.

Gene ontology (GO) analysis indicated that B
cells from IL-40~/- mice exhibited downregulation of
ribosome-associated pathways (Supplementary Fig.
2B), which could impair protein synthesis and hinder
B cell differentiation and antibody production [28, 29],
which may partially explain the reduced B cell
abundance observed in the absence of IL-40.

Significant expansion of Arg* alveolar
macrophages in the inflammatory
environment following IL-40 knockout

Consistent with findings from synovial samples
from RA patients, our immunofluorescence results of
mouse lung tissue revealed significant colocalization

15 IL-40" WT

Umap-2

C i : Umap-1 i

WT-Control

WT-HDM

IL-40" Control

of IL-40 with macrophages (Fig. 5A). ELISA further
confirmed that, compared with T and B cells,
macrophages display the highest induction of IL-40
production following HDM stimulation (Fig. 5B).

ScRNA sequencing analysis further identified
three distinct macrophage subpopulations in the lung;:
Alveolar Macrophage_Earl high (AM_Earl high),
Interstitial Macrophage_Mnl2 high (IM_Mni2 high),
and Alveolar Macrophage_Arg1 high (AM_Arg1 high)
(Fig. 4A, Fig. 5C). Notably, the AM_Arg1 high subset
was dramatically expanded in IL-40/- mice after
HDM exposure, accounting for 15% of total lung cells
versus only 3% in WT controls (Fig. 4B). This increase
in Argl* macrophages upon IL-40 deletion was
further validated by flow cytometry (Fig. 5D). In vitro,
rmlIL-40 stimulation of BMDMs suppressed Argl
expression, demonstrating a direct inhibitory effect
(Fig. 5E).

Argl plays a key role in immune regulation by
suppressing T cell proliferation and nitric oxide
production, and exerting anti-inflammatory effects
[30]. Interestingly, despite the classical association of
M2 polarization with enhanced Th2 inflammation
[31], loss of IL-40 leads to both a reduction in overall
airway inflammation and a marked increase in Argl*
macrophages. Further analysis showed these cells
lacked expression of other typical M2 markers such as
Cd206, Pparg, and Retnla, but instead expressed genes
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such as Gpnmb and Mertk (Fig. 5F-H). GPNMB has
showed efficacy in suppressing T cell activity [32, 33],
and macrophage-MerTK maintains lung immune
homeostasis by facilitating the clearance of apoptotic
cells in the airways [34]. This suggests that these Arg1*
macrophages may have immunoregulatory or tissue
repair functions rather than promoting Th2-driven
inflammation. Moreover, this notion is supported by
previous reports that Argl* macrophages do not
always exacerbate allergic asthma, especially in
female mice, and that the deletion of IL-4Ra or Argl,
does not necessarily determine asthma severity or
AHR [35-37]. Taken together, these results indicate
that IL-40 critically shapes the composition and
function of pulmonary macrophage subsets during
allergic inflammation.

IL-40 modulates macrophage polarization by
promoting pro-inflammatory phenotypes and
selectively inhibiting Arg1* M2-like subsets in
vitro

To further elucidate the molecular mechanisms
by which IL-40 regulates macrophage polarization,
we utilized an in vitro system with murine BMDMs
(Fig. 6A). In wild-type mice, macrophages were
induced into a pro-inflammatory M1-like state with
high NOS2 expression upon either lipopolysaccharide
(LPS) or rmIL-40 treatment, however, in IL-40-/- mice,
while LPS could still induce M1 polarization, the
exogenous supplementation of rmlIL-40 failed to
promote this similar change (Supplementary Fig. 3A),
thereby suggesting possible adaptive rewiring of
intracellular signaling after developmental loss of
IL-40.

In addition, we found that supplementation
with rmIL-40 selectively suppressed the expression of
certain M2-associated genes, such as Argl (Fig. 5E),
while having little effect on other classical M2 markers
such as Cd206 (Supplementary Fig. 3B). These
findings support that IL-40 selectively inhibits the
polarization of a ArgI high macrophage subset, rather
than broadly suppressing all M2-associated genes.

When BMDMs had already reached a fully
polarized state, subsequent IL-40 addition did not
further enhance M1 gene expression (Supplementary
Fig. 3C) and only partially suppressed Argl in
M2-polarized cells (Fig. 6B), indicating that IL-40’s
regulatory capacity is mostly manifest during the
early polarization process.

IL-40 stimulates the activation of the
JAK-STATI and p38 pathways to influence
macrophage polarization

To further dissect the cellular targets and

downstream signaling of IL-40 in allergic
inflammation, we isolated and stimulated mouse
primary T cells, macrophages, with rmIL-40 across
multiple time points. Among these, macrophages
exhibited the most robust response to IL-40
stimulation, as demonstrated by early activation of
significant phenotypic changes even at low IL-40
concentrations (Supplementary Fig. 4A), whereas T
cells were almost unresponsive after 12 hours
(Supplementary Fig. 4B). Similarly, primary human
macrophages also responded to IL-40 stimulation
(Supplementary Fig. 4C), and neither T cells nor
bronchial epithelial cells showed direct response at
12h point (Supplementary Fig. 4D, E). However,
co-culture assays revealed that IL-40-primed
macrophages could augment Th2 cytokine like IL-13
and IL-4 production in T cells, indicating that IL-40
indirectly influences T cell function through
macrophage-mediated mechanisms (Supplementary
Fig. 4F).

At the mechanistic level, bulk RNA-seq analysis
of mouse lung tissue showed that HDM stimulation
upregulated JAK-STAT1 pathway genes such as Stat1
and Stat2 in wild-type mice, but this response was
attenuated in IL-40-/- mice (Supplementary Fig. 4G).
Consistently, stimulation of BMDMs with rmIL-40 led
to pronounced activation of STAT1 (Fig. 6C),
supporting a direct role for IL-40 in activating the
JAK/STAT1 cascade [38]. GO analysis further
indicated that downregulated genes of lung tissues in
IL-40-/- mice were significantly enriched in the MAPK
pathway [39] (Fig. 6D). Furthermore, levels of p38 and
Erkl/2 were markedly decreased in the lungs of
IL-40-/- mice and could not be activated by HDM
induction (Fig. 6E). Similarly, exogenous IL-40 could
not restore p38-MAPK activation in IL-40~/- BMDMs
(Supplementary Fig. 4H).

Functional interrogation using specific inhibitors
JAK1li (JAKi) and p38i (SB203580) in BMDMs
(Supplementary Fig. 4I, ]) revealed that either
inhibition could partially reduce the ability of IL-40 to
promote macrophage polarization, and combined
inhibition markedly reduced this effect, as shown by
decreased M1 marker NOS2 and II1b expression and
increased Argl (Fig. 6F, G). For Cxcl10, a gene
primarily regulated by the JAK/STAT1 pathway, JAK
inhibition significantly diminished the IL-40 effect,
whereas p38 inhibition had minimal influence (Fig.
6H). Additionally, siRNA-mediated knockdown of
IL-40 in RAW264.7 macrophages led to a profound
loss of p38 signaling (Supplementary Fig. 4K). These
results demonstrate that IL-40 acts upstream to
co-activate both the p38/MAPK and JAK/STAT1
pathways, modulating macrophage polarization.
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Figure 5. IL-40 regulates the alterations in pulmonary macrophage subsets. A Co-immunofluorescence staining of lung sections from WT asthmatic mice showing
DAPI (blue), anti-F4/80 (green), and anti-IL-40 (red). Colocalization of IL-40 with F4/80* macrophages is indicated by arrows. B Concentrations of IL-40 in cell lysates from mouse
T cells (thymus), B cells (spleen), and macrophages (bone marrow) measured by ELISA (n=3-4). C ScRNA-seq analysis of Itgax and Arg] mRNA expression in different pulmonary
cell types. D Macrophages were gated as F4/80+ cells within the CDI1b* population in lung tissue, and Argl* macrophages were identified; representative dot plots and
quantification of Argl* macrophages as a percentage of total macrophages are shown (n=4-6). E Expression level of Argl mRNA in mouse BMDM (n=8) measured by qRT-PCR.
F Top 10 marker genes of the AM_Argl high macrophage cluster. G SCRNA-seq analysis of Pparg and Retnla mMRNA expression in different cell types. H ScCRNA-seq analysis of
Gpnmb and Mertk mRNA expression in different cell types. Data are representative of at least three individual experiments. Values are expressed as the mean + SEM. *P < 0.01,
*#P < 0.001, and ns for not significant by Mann-Whitney test.
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Figure 6. IL-40 activates JAK-STAT1 and p38 pathways to regulate macrophage polarization. A Schematic diagram of the experimental design for the isolation,
culture, and stimulation of BMDMs. M1 macrophages were generated by stimulation with LPS, M2 macrophages were generated by stimulation with IL-4 and IL-13, and
IL-40-stimulated BMDMs are shown in parallel for comparison. B Expression level of Argl mRNA in treated BMDMs (n = 4) measured by qRT-PCR. C Western blot analysis of
JAK-STAT1 pathway components (pSTAT1, STATI) in treated wild-type BMDMs, quantification of pSTATI/STAT1 ratio is shown (n = 3). D Gene Ontology (GO) and KEGG
pathway analysis of differentially expressed genes (DEGs) from bulk RNA-seq of wild-type and IL-40-- mouse lung tissues. E Western blot analysis of p38-MAPK pathway
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are expressed as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ns for not significant by Mann-Whitney test.

IL-40 regulates early differentiation and
maturation of B cells in bone marrow and
spleen

Given the high expression of IL-40 in fetal liver
and its tight association with B cells, IL-40 may also
play a role in the early B cell development, we
performed scRNA sequencing of bone marrow from
wild-type and IL-40-/- mice (Fig. 7A, Table S4). UMAP
and clustering analysis revealed a marked reduction
in all four B cell subpopulations upon IL-40
deficiency, with the total B cell pool decreased by
more than 50% (Fig. 7B, C). Cluster 3 (pre-pro B cell)
showed the most pronounced decrease. Cd93, a key
regulator of BCR synthesis, pre-pro-B cell survival

and plasma cell differentiation and an activator of the
p38 MAPK pathway [40-42], was markedly
downregulated in IL-40-/- mice, especially in cluster 3,
12 and 13 (Fig. 7D). Similarly, Cd79a, essential for
early B cell development and pre-BCR signaling [43],
was also significantly reduced in the absence of IL-40
(Fig. 7E). Pseudotime analysis revealed a trajectory
from cluster 3 through cluster 12 to cluster 13 (Fig. 7F),
and the positioning of cluster 3 at the root of this
trajectory, together with its early B cell marker profile,
further confirms its identity as an early B cell subset.
Enrichment analysis of differentially expressed genes
further confirmed a reduction in gene sets related to B
cell differentiation in IL-40-/- bone marrow (Fig. 7G).
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Figure 7. IL-40 deficiency inhi

its the development and differentiation of B cells in bone marrow. A UMAP visualization of annotated cell type clusters in bone

marrow from IL-40--and wild-type (WT) mice by single-cell RNA sequencing. B UMAP plot showing distribution of clusters from IL-40-- and WT mice. C Quantification of the

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

6128

percentage of each cell cluster in bone marrow from IL-40--and WT mice. D, E SCRNA-seq analysis of Cd93 and Cd79a mRNA expression in mouse bone marrow. F Pseudotime
trajectory analysis of B cell differentiation in bone marrow using Slingshot. G Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) in all B cell
populations between IL-40-- and WT mice. H, | CD86+ B cells were gated within the CD19+*B220* population in B cells isolated from mouse spleen, representative dot plots and
quantification of CD86* B cells as a percentage of total B cells are shown (n=4-6). ] Concentrations of IL-6 in cell lysates from mouse B cells measured by ELISA (n=3-4). K Flow
cytometry analysis of splenic B cell transitional subsets, B cells were identified as CD19* and further transitional B cells were classified as TB1 (CD23-CD93+CD2 1 +/le|gMhilgD-/lo),
TB2 (CD23+*CD93+*CD21'"elgMhilgDhi), and TB3 (CD23+*CD93+CD21'"|gMPlgDhi), and the proportion of each subset is shown in the accompanying bar graph. Data are
representative of at least three individual experiments. Values are expressed as the mean * SEM.

To directly assess the role of IL-40 in B cell
function, we isolated B cells from mouse spleen and
human PBMCs for in witro stimulation. Notably,
mouse B cells lacking IL-40 displayed significantly
reduced CD86 expression compared to wild-type
controls (Fig. 7H) at 24h point, suggesting that
sustained IL-40 deficiency may lead to adaptive
changes in B cell activation potential. When B cells
were treated with IL-40, we observed a modest
increase in CD86 expression in both species (Fig. 71,
Supplementary Fig. 5A, B) after 24 hours. The
addition of IL-40 to CD40L and IL-4 co-stimulation
resulted in only a mild enhancement of CD86 and IL-6
production, although mnot always statistically
significant (Fig. 7], Supplementary Fig. 5C). Together,
these findings indicate that IL-40 can directly
contribute to B cell activation and cytokine induction.

Spleen is a crucial secondary lymphoid organ
that supports the maturation, activation, and
differentiation of B cells [44]. To address the effects of
IL-40 on peripheral B cell maturation, we further
analyzed splenic B cell subsets by flow cytometry.
Consistent with bone marrow findings, IL-40~/- mice
exhibited a decrease in mature follicular B cells, with
significant reductions in transitional B cell 3 (TB3;
CD21IgMleIgDhi) and a relative accumulation of TB2
(CD21°IgMPhilgDhi)  [44]. Upon HDM challenge,
wild-type mice showed a normal shift toward TB3 as
part of the adaptive immune response, whereas
IL-40-/- mice exhibited impaired maturation from TB2
to TB3, suggesting a developmental blockade (Fig.
7K). Collectively, these results demonstrate that IL-40
critically ~ regulates early differentiation and
maturation of B cells in both bone marrow and spleen.
Loss of IL-40 leads to defective B cell development,
diminished B cell activation and antigen presentation.

IL-40 regulates the complement system to
promote B cell differentiation

Given the established relationship between IL-40
and both B cell differentiation and macrophage
polarization, we further investigated transcriptomic
changes in the lung following HDM induction. In
IL-40/- mice, many of the downregulated DEGs in
lung tissue were significantly enriched in
complement-related pathways, including classical
antibody-mediated complement activation
(Supplementary Fig. 6A). The complement system
plays a key role in enhancing BCR signaling by

binding complement fragments such as C3d to
complement receptor 2 (CR2/CD21) on B cells, thus
forming a co-receptor complex that lowers the
activation threshold of B cells and promotes their
activation, proliferation, and antibody production [45,
46].  Consistently, qRT-PCR confirmed that
complement-related genes were downregulated in
lung tissue after IL-40 deletion, while in vitro
stimulation with rmlIL-40 significantly activated
complement system gene expression (Supplementary
Fig. 6B). These findings suggest that IL-40 may
regulate B cell differentiation and development by
modulating the complement pathway and facilitating
BCR synthesis.

Discussion

Cytokines secreted by B cells are limited in
amount but play pivotal roles in immune regulation.
Regulatory B cells secrete IL-10, which suppresses Th2
activation and alleviates airway inflammation in
allergic asthma [47]. IL-40, a recently identified
cytokine secreted by B cells, has been implicated in
several immune-mediated conditions [20], including
RA [22], sepsis [24] and primary Sjogren's syndrome
[48]. Recent evidence indicates that IL-40 regulates
inflammatory responses by interacting with
neutrophils and other immune cell subsets [24, 49].
However, the specific pathways and cellular targets of
IL-40 remain largely undefined. Our study provides
new insights into these mechanisms, thereby
advancing the understanding of IL-40 in immune
regulation and disease pathology (Fig. 8).

Our findings identify IL-40 as a key
immunoregulatory cytokine in allergic asthma,
produced predominantly by B cells together with
macrophages, especially following HDM exposure.
IL-40 promotes Th2-type immune responses and
eosinophilic  infiltration, thereby exacerbating
hallmark features of asthma. Both genetic deletion
and neutralization of IL-40 alleviate these
pathological features, supporting its role as an active
participant in allergic inflammation rather than a
mere biomarker.

Allergic asthma is increasingly recognized as a
heterogeneous disease, with a subset of patients
exhibiting mixed granulocytic inflammation often
linked to increased severity and steroid resistance
[50-52]. Beyond its effects on Th2 responses, our data
show that IL-40 drives Ml-like macrophage
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polarization. Notably, M1-polarized macrophages are
known to secrete pro-inflammatory mediators that
can enhance neutrophil recruitment and activation,
thereby contributing to neutrophil extracellular
traps-mediated cell death (NETosis) [53-55]. This
connection is particularly relevant as recent work in
sepsis and RA has shown that IL-40 deficiency
suppresses NETosis, which leads to attenuated
neutrophil-driven  inflammation and improved
disease outcomes [24]. Therefore, IL-40’s ability to
modulate both macrophage polarization and
neutrophil function positions it as a promising
upstream target for mixed-type asthma, where
granulocytic inflammation drives disease progression
and complicates treatment response.

Importantly, our results reveal that the
expansion of Argl* macrophages in IL-40-deficient
mice is paradoxically associated with reduced airway
inflammation. This observation suggests that IL-40
can regulate the balance between distinct macrophage
populations [56]. Because these Argl* macrophages
lack other classical M2 markers, they may instead
possess immunoregulatory or tissue repair functions
[37]. The ability of IL-40 to skew macrophage
polarization underscores its central role in shaping the
inflammatory landscape of the asthmatic lung.

IL-40 is critical for the maintenance and
maturation of B cells. Loss of IL-40 disrupts B cell
homeostasis, impairs humoral immune responses,

and alters the pulmonary immune microenvironment.
Downregulation of key genes such as Cd93 and Cd79a
further implicates IL-40 in the regulation of early B
cell development and maturation, our data also
indicate that IL-40 modulates the complement
pathway [57-59]. These findings suggest that IL-40 is a
vital link between innate and adaptive immunity in
the context of allergic airway inflammation.

Despite these promising findings, several
questions remain to be addressed. For example, the
precise mechanisms by which IL-40 regulates the
balance among macrophage subsets warrant further
investigation. While our data support a key role for
IL-40 in B cell development and function, the
downstream pathways linking IL-40 to B cell receptor
signaling and complement activation merit deeper
exploration. Furthermore, future studies should
assess the safety and efficacy of IL-40-targeted
therapies both in preclinical models and in clinical
trials. Given the complex interplay between innate
and adaptive immunity in asthma, combination
therapies that incorporate IL-40 inhibition with
established biologics may provide superior control for
patients with severe or treatment-resistant disease
[60].

To conclude, these insights position 1L-40 as a
promising target for clinical intervention and
biomarker development in asthma. The identification
of IL-40 as a central mediator of both humoral and
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Figure 8. Summary diagram of IL-40 function in allergic asthma. IL-40 is upregulated in allergic asthmatic patients and HDM-induced asthmatic mice. It promotes
airway inflammation by driving pro-inflammatory macrophage polarization via JAK/STAT1 and p38-MAPK signaling, and facilitating B cell development. Neutralizing IL-40 or
knocking it out reduces airway inflammation and alleviates asthma symptoms, highlighting its key immunological role.
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innate immunity offers opportunities for improved
patient stratification and the development of targeted
biologics  [61-63]. IL-40 inhibitors, either as
monotherapy or in combination with existing
treatments, hold the potential to address the unmet
needs of patients with refractory or complex asthma
endotypes. Ultimately, advancing our understanding
of IL-40-mediated pathways may pave the way for
novel therapeutic strategies tailored to address the
immunological heterogeneity observed in asthma,
thereby improving patient outcomes in clinical
practice.
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