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ABSTRACT

Purpose: Neutrophilic asthma is associated with asthma exacerbation, steroid insensitivity,
and severe asthma. Interleukin (IL)-24 is overexpressed in asthma and is involved in the
pathogenesis of several allergic inflammatory diseases. However, the role and specific
mechanism of IL-24 in neutrophilic asthma are unclear. We aimed to elucidate the roles of
IL-24 and IL-37 in neutrophilic asthma, the relationships with IL-17A and the mechanisms
regulating neutrophilic asthma progression.

Methods: Purified human neutrophils were isolated from healthy volunteers, and a cell
coculture system was used to evaluate the function of IL-24 in epithelium-derived IL-17A-
dependent neutrophil migration. IL-37 or a small interfering RNA (siRNA) targeting IL-24
was delivered intranasally to verify the effect in a murine model of house dust mite (HDM)/
lipopolysaccharide (LPS)-induced neutrophilic asthma.

Results: IL-24 enhanced IL-17A production in bronchial epithelial cells via the STAT3

and ERK1/2 signaling pathways; this effect was reversed by exogenous IL-37. Anti-IL-17A
monoclonal antibodies reduced neutrophil chemotaxis induced by IL-24-treated epithelial
cells in vitro. Increased IL-24 and IL-17A expression in the airway epithelium was observed in
HDM/LPS-induced neutrophilic asthma. IL-37 administration or IL-24 silencing attenuated
neutrophilic asthma, reducing IL-17A levels and decreasing neutrophil airway infiltration,
airway hyperresponsiveness, and goblet cell metaplasia. Silencing IL-24 inhibited T-helper
17 (Th17) immune responses, but not Th1 or Th2 immune responses, in the lungs of a
neutrophilic asthma model.

Conclusions: IL-24 aggravated neutrophilic airway inflammation by increasing epithelium-
derived IL-17A production, which could be suppressed by IL-37. Targeting the IL-24/IL-17A
signaling axis is a potential strategy, and IL-37 is a potential candidate agent for alleviating
neutrophilic airway inflammation in asthma.

Keywords: Asthma; interleukin-24; interleukin-17A; inflammation; neutrophils;
epithelial cells
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INTRODUCTION

Asthma is a heterogeneous pulmonary disease and can be classified into various phenotypes
and endotypes based on inflammatory cell infiltration.! Unlike other asthma phenotypes,

the T-helper 17 (Th17)-related neutrophilic asthma (NA) phenotype exhibits more severe
asthma or frequent asthma exacerbations.> Moreover, patients with a neutrophil-dominated
asthma phenotype are generally insensitive to glucocorticoid therapy, and this phenotype
currently lacks effective treatments.? In this context, it is particularly warranted to explore the
pathogenesis of NA. However, the upstream inflammatory factors that drive the activation of
neutrophils and their migration into the lungs remain largely unknown.

Interleukin (IL)-17A is a representative neutrophil-attracting cytokine produced by immune
cells and resident structural cells.* Furthermore, several researchers have pointed out that
IL-17A is associated with neutrophil accumulation, steroid resistance, and frequent acute
exacerbations, and that knocking out the IL-17A gene in mice fails to induce immune
inflammation.>® However, the underlying mechanism of IL-17A production and its
interaction with upstream mediators in asthma remain to be completely clarified. In recent
years, compelling evidence has indicated that IL-24 is a robust proinflammatory mediator
linked to neutrophilic inflammatory responses and is involved in the pathogenesis of various
immune and allergic inflammatory diseases.”!° IL-24 belongs to the IL-10 family of cytokines
and is produced by immune cells such as macrophages, peripheral blood mononuclear

cells and Th2 cells."*? It mediates intercellular communication via 2 heterodimeric receptor
complexes: IL-20R1/IL-20R2 and IL-22R1/IL-20R2.2 The 3 receptor subunits of IL-24 are all
detected on human lung tissues, suggesting that lung tissue may be one of the important
target sites of IL-24." IL-24 is overexpressed in induced sputum and moderately correlated
with nasal secretion levels in patients with seasonal asthma, which suggests that IL-24 may
be involved in the pathogenesis of asthma exacerbation.® A recent study reported that IL-17
induced autocrine production of IL-24 in Th17 cells, indicating that IL-24 and IL-17A can
regulate immune responses through a self-feedback loop. Given that chronic inflammatory
diseases have a similar pathogenesis, the relationship and mechanism between IL-24 and IL-
17A in NA are still unclear.

IL-37 is a potent natural inhibitor with anti-inflammatory and anti-infective properties.'
The IL-37 level in the serum of asthmatic patients was shown to be significantly lower

than that in healthy subjects.” Our previous research found that IL-37 suppressed airway
inflammation and remodeling by modulating thymic stromal lymphopoietin (TSLP) levels in
an house dust mite (HDM)-induced chronic eosinophil-dominated asthma model.*® To date,
the immunological regulation of IL-37 in NA has focused on airway inflammation, and the
associated specific mechanisms have not been thoroughly investigated.

Based on this, the purpose of this project was to explore the pathophysiological features of IL-
24 in an HDM/lipopolysaccharide (LPS)-induced NA model and the mechanisms underlying
the interaction with IL-17A signaling in airway epithelium. In addition, we further expanded
our earlier findings by determining the role of IL-37 in a HDM/LPS-induced NA model and
the mechanisms underlying the interaction with IL-24 signaling.
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MATERIALS AND METHODS

Cell culture and stimulation

Human bronchial epithelial cells (16-HBE) were purchased from the American Type Culture
Collection (Manassas, VA, USA) and maintained in RPMI-1640 medium (Gibco, Thermo
Fisher Scientific, Walthan, MA, USA) supplemented with 10% fetal bovine serum (Gibco),
100 IU/mL penicillin (Gibco), and 100 pg/mL streptomycin (Gibco) at 37°C in a 5% CO,
atmosphere. The cells were exposed to various concentrations of human recombinant IL-24
(rhIL-24, cat# 200-35-20; PeproTech, Rocky Hill, NJ, USA) for 24 hours (reverse transcription-
quantitative polymerase chain reaction [RT-qPCR]) or 48 hours (western blotting) in the
presence or absence of an 8 hours pretreatment with 100 ng/mL (cat# 200-39-25; PeproTech).

Neutrophil chemotaxis assays

Peripheral blood neutrophils were isolated from healthy control subjects using a

neutrophil isolation kit (Tianjin Haoyang Biotechnology, Tianjin, China) according to the
manufacturer’s instructions. The morphology of neutrophils was examined by Diff-Quik
staining. The viability of neutrophils was determined using flow cytometry. Anti-CD15 and
anti-CDO66b antibodies were used to analyze the purity of neutrophils by flow cytometry.

For neutrophil migration assays, neutrophils (1.0 x 10° cells per well in 1640 medium) were
seeded on the upper chambers of 24-well Transwell plates (8 um pore, Corning), and the
lower chambers were filled with 600 puL 16-HBE cell suspensions (1.0 x 10°/mL in 1640
medium) supplemented with rhIL-24 (100 ng/mL), anti-IL-17A neutralizing antibodies (20 pg/
mL, RD Biotech, Besancon, France) or immunoglobulin G isotype control antibody (20 pg/
mL, RD Biotech). After incubation for 2 hours at 37°C, the suspensions of the upper chamber
were removed, and the migrated membrane cells were stained with Diff-Quik solution and
counted under a light microscope.

Asthma animal models

Wild-type (WT) BALB/c mice (female, 7-8 weeks old) were purchased from Yancheng
Biotechnology Co., Ltd. (Guangzhou, China; license number: SCXK (Liao) 2020-0001)

and housed in a specific pathogen-free environment with a 12-hour light-dark cycle and

free access to food and water. Animal experiments were carried out in compliance with
institutional guidelines, and were approved by the Ethics Committee of Animal Experiments
of the Third Affiliated Hospital of Sun Yat-sen University (No. [2019]02-148-01).

Mice were randomly divided into 6 groups (n = 8 each group) as follows: 1) the Control
(phosphate-buffered saline [PBS]) group, 2) the HDM group; 3) the HDM plus LPS group,

4) the HDM plus LPS plus small interfering interleukin (si-IL)-24 group, 5) the HDM plus

LPS plus si-negative control (si-NC) group, and 6) the HDM plus LPS plus IL-37 group. The
present asthma model was developed according to previous methods."* Briefly, mice were
sensitized intranasally (i.n.) using HDM (25 pg/mouse, cat# XPB82D3A25; Greer, London,
USA) with or without LPS (10 pg/mouse, E. coli serotype O111: BS, cat# L2880, Sigma-Aldrich,
St. Louis, MO, USA) dissolved in 20 uL of PBS once daily on days 0, 1, and 2; then, challenged
with HDM (25 pg/mouse) alone i.n. once daily for 9 consecutive days (days 7-15). In some
groups, si-IL-24 (1 nmol/mouse; Ruibo Biotechnology, Guangzhou, China) or si-NC as an
isotype control in 10 uL of PBS was given i.n. 1 hour preceding allergen exposure once every
2 days from day 7. Some mice received rhIL-37 i.n. prior to allergen instillation at a dose

of 1 pg/mouse (dissolved in 10 uL PBS) 1 hour before allergen challenge. For budesonide
(BUD) inhalation suspension treatment, mice were i.n. administered 20 uL BUD (0.5 mg/
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kg) 1 hour before allergen exposure.* The mice were administered an equivalent volume

of vehicle (PBS) as a negative control. The animal experimental protocols are depicted in
Supplementary Fig. S1A and B. The small interfering RNA (siRNA) sequence of si-IL-24 was
F-CCGCAGAGCAUUCAAACAGUUtt, R-AACUGUUUGAAUGCUCUGCGGtt.

Airway hyperresponsiveness (AHR)

Invasive lung function of mice was assessed using a Buxco® FinePointe™ RC system (DSI,
St. Paul, MN, USA). Briefly, mice were anesthetized with 1% pentobarbital sodium (90 mg/
kg, intraperitoneally) 24 hours after the last allergen exposure. The mice were annulated
intratracheally with a 24-gauge cannula and connected to a ventilator at a frequency of 120
breaths per minute. Then, airway resistance (R., cm H,O-s/mL) was recorded in response to
200 pL of nebulized PBS or incremental concentrations of aerosolized methacholine (Mch,
6.25,12.5, 25, and 50 mg/mL; Sigma-Aldrich) during a 3-minute period at each dose, at
S5-minute resting intervals.

Bronchoalveolar lavage fluid (BALF)

The BALF of mice was collected immediately after lung function measurement. Briefly,

the trachea was cannulated and flushed 3 times with 1 mL of PBS using a syringe while
withdrawing as much fluid as possible. After centrifugation at 3,000 rpm/min for 5 minutes,
the supernatants were frozen at -80°C for subsequent enzyme-linked immunosorbent

assay (ELISA) analysis. The cell pellets of BALF were resuspended in PBS and stained

with appropriate antibodies for flow cytometry analysis of the population of neutrophils,
eosinophils, and CD4" T lymphocytes after splitting red cells. Supplementary Table S1
contains a list of fluorescence-activated cell sorting antibodies.

ELISA
The concentrations of IL-24 and IL-17A in murine BALF and serum were measured using
ELISA kits (Multi Sciences, Hangzhou, China) according to the manufacturers’ instructions.

Flow cytometry analysis
The detailed steps of flow cytometry are depicted in the Supplementary Data S1. More details
of the antibodies used for flow cytometric analysis are listed in Supplementary Table S1.

Gene mRNA analysis
The detailed steps of RT-qPCR are depicted in the Supplementary Data S1. The sequences of
different primers for RT-qPCR are listed in Supplementary Table S2.

Western blotting
The detailed steps of western blotting are depicted in the Supplementary Data S1. The
antibodies used in the western blot assay are described in Supplementary Table S3.

Immunofluorescent (IF) staining
The detailed IF steps are depicted in the Supplementary Data S1. The antibodies used in IF

are described in Supplementary Table S3.

Supplementary methods
More details of the methods can be seen in the Supplementary Data S1.
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Statistical analysis

All data were processed and analyzed using GraphPad Prism Software (version 9.0,
GraphPad, San Diego, CA, USA) and are presented as the mean + standard deviation. The
significant differences among different groups were analyzed using Student’s t-test or
one-way analysis of variance (ANOVA) between 2 or more groups. Bonferroni’s multiple
comparison tests were used to adjust Pvalues following one-way ANOVA. In all cases, values
of P < 0.05 were considered significant.

RESULTS

HDM exposure increases IL-24 expression in 16-HBE cells via the nuclear
factor-kB (NF-kB) pathway

Given the complicated pathogenesis of asthma, exposure to various allergens in the airways
can cause the release of inflammatory mediators. We treated 16-HBE cells with HDM with

or without LPS to evaluate the expression of IL-24 and its receptors. The results showed that
HDM and LPS coexposure enhanced the protein levels of IL-24, IL-20R1, IL-20R2, and IL-
22R1 (Supplementary Fig. S2A). IL-25, IL-33 and TSLP are well-known key epithelial-derived
inflammatory factors linked to the pathogenesis of asthma. We also observed that HDM and
LPS treatment significantly increased the levels of IL-25 and IL-33, with a slight upregulation
of TSLP (Supplementary Fig. S2B). Next, our findings revealed that HDM and LPS treatment
caused a significant phosphorylation of NF-«B in a time-dependent manner (Supplementary
Fig. $2C) and that blocking the NF-«B pathway with the specific inhibitor BAY 11-7082 led to
an inhibition of IL-24 production (Supplementary Fig. $2D). Overall, these results suggested
that HDM and LPS coexposure upregulated the production of epithelial-derived IL-24 via the
NF-«B pathway.

IL-24 enhances IL-17A production in 16-HBE cells via the STAT3 and ERK1/2
signaling pathways

Previous studies have shown that IL-24 receptors can be detected in human bronchial epithelial
cells, so we attempted to define the biological function of IL-24 using 16-HBE cells.*** We
initially determined the expression pattern of IL-24 receptors on the 16-HBE cell surface. The
results of agarose gel electrophoresis revealed that all IL-24 receptor subunits (IL-20R1, IL-
20R2 and IL-22R1) could be detected in 16-HBE cells (Fig. 1A). To explore whether IL-24 can
modulate IL-17A secretion, 16-HBE cells were treated with different concentrations of rhIL-24,
and then IL-17A levels were evaluated by RT-qPCR, western blotting, and immunofluorescence.
As shown in Fig. 1B-E, IL-24 gradually promoted IL-17A mRNA and protein expression in a
dose-dependent manner in 16-HBE cells. After that, to ascertain which specific pathways are
responsible for IL-24-induced IL-17A secretion, we used western blotting analysis to confirm the
effects of IL-24 on the activation of the NF-«kB, STAT3, p38-MAPK, ERK1/2, and JNK signaling
pathways in 16-HBE cells. As shown in Fig. 1F, only the phosphorylation levels of STAT3

and ERK1/2 were increased in response to IL-24 stimulation, peaking at 30 and 20 minutes,
respectively. To further determine whether IL-24 upregulates IL-17A by activating the STAT3 or
ERK1/2 pathways, 16-HBE cells were pretreated with a JAK inhibitor (tofacitinib) or an ERK1/2
inhibitor (PD98059) prior to 1 hour of IL-24 stimulation. Tofacitinib and PD98059 pretreatment
reduced the mRNA (Fig. 1G and H) and protein (Fig. 11-L) levels of IL-17A induced by IL-24,
respectively. Overall, these results indicated that IL-24 elicited a dose-dependent increase in
epithelial-derived IL-17A expression, which was dependent on the activation of the STAT3 and
ERK1/2 signaling pathways.
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Fig. 1. IL-24 promotes IL-17A production in 16-HBE cells by promoting the phosphorylation of p-STAT3 and p-ERK1/2 in vitro. (A) IL-24 receptors (IL-20R1, IL-
20R2, and IL-22R1) were expressed in 16-HBE cells, as determined by agarose gel electrophoresis. (B) The mRNA level of IL-17A was determined in 16-HBE cells,
followed by rhiL-24 (0-200 ng/mL) stimulation for 24 hours by RT-qPCR. The protein level of IL-17A was determined in 16-HBE cells, followed by rhiL-24 (0-200
ng/mL) stimulation for 48 hours by western blotting (C, D) and immunofluorescence (E). The blue fluorescence of DAPI indicated nuclear localization (200x,
scale bar =100 pum). (F) 16-HBE cells were treated with 100 ng/mL IL-24 for gradient times (0-60 minutes), and the activation of various signaling pathways
was determined by western blotting. The mRNA level of IL-17A was quantified in 16-HBE cells after treatment with 1L-24 (100 ng/mL) for 24 hours with or without
tofacitinib (G) or PD98059 (H) pretreatment for 1 hour by RT-PCR. The activation of p-STAT3/STAT3 or p-ERK1/2/ERK1/2 and IL-17A was quantified in 16-HBE cells
after treatment with 1L-24 for 48 hours with or without tofacitinib (I, J) or PD98059 (K, L) pretreatment for 1 hour by western blotting. Data are presented as the
mean = standard deviation and represent 3 independent experiments.

IL, interleukin; HBE, human bronchial epithelial; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; rhiL, human recombinant interleukin;
DAPI, 4',6-diamidino-2-phenylindole; ns, no significance; tofacitinib, a specific JAK inhibitor; PD98059, a specific ERK1/2 inhibitor; DMSO, dimethyl sulfoxide.
vs. Control group, ‘P < 0.05, “P < 0.01, “"P < 0.001, "P < 0.0007; vs. IL-24 group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

(continued to the next page)

Epithelial-derived IL-17A is required for IL-24-induced neutrophil migration
Considering that IL-17A is a representative cytokine contributing to neutrophilic airway
inflammation, we postulated that epithelial-derived IL-17A induced by IL-24 might contribute
to neutrophil migration. To address this issue, we applied a coculture system of 16-HBE

cells and neutrophils using a Transwell assay with a neutralizing antibody against IL-17A or

an isotype control antibody. Initially, primary human neutrophils were isolated from the
peripheral blood of healthy volunteers. Diff-Quik staining confirmed the morphology of
neutrophils (Fig. 2A), and flow cytometry was used to assess neutrophil viability (up to 95.3%)
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Fig. 1. (Continued) IL-24 promotes IL-17A production in 16-HBE cells by promoting the phosphorylation of p-STAT3 and p-ERK1/2 in vitro. (A) IL-24 receptors (IL-
20R1, IL-20R2, and IL-22R1) were expressed in 16-HBE cells, as determined by agarose gel electrophoresis. (B) The mRNA level of IL-17A was determined in 16-HBE
cells, followed by rhiL-24 (0-200 ng/mL) stimulation for 24 hours by RT-qPCR. The protein level of IL-17A was determined in 16-HBE cells, followed by rhiL-24 (0-
200 ng/mL) stimulation for 48 hours by western blotting (C, D) and immunofluorescence (E). The blue fluorescence of DAPI indicated nuclear localization (200x,
scale bar =100 pum). (F) 16-HBE cells were treated with 100 ng/mL IL-24 for gradient times (0-60 minutes), and the activation of various signaling pathways

was determined by western blotting. The mRNA level of IL-17A was quantified in 16-HBE cells after treatment with 1L-24 (100 ng/mL) for 24 hours with or without
tofacitinib (G) or PD98059 (H) pretreatment for 1 hour by RT-PCR. The activation of p-STAT3/STAT3 or p-ERK1/2/ERK1/2 and IL-17A was quantified in 16-HBE cells
after treatment with IL-24 for 48 hours with or without tofacitinib (I, J) or PD98059 (K, L) pretreatment for 1 hour by western blotting. Data are presented as the
mean =+ standard deviation and represent 3 independent experiments.

IL, interleukin; HBE, human bronchial epithelial; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; rhiL, human recombinant interleukin;
DAPI, 4',6-diamidino-2-phenylindole; ns, no significance; tofacitinib, a specific JAK inhibitor; PD98059, a specific ERK1/2 inhibitor; DMSO, dimethyl sulfoxide.

vs. Control group, ‘P < 0.05, “P < 0.01, “"P < 0.001, “"P < 0.0001; vs. IL-24 group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

and purity (up to 96.1%, human neutrophils were identified as CD15*CDG66b") (Fig. 2B and C).
As shown in Fig. 2D and E, IL-24-treated 16-HBE cells dramatically enhanced the number of
migrated neutrophils in vitro, which could be partly suppressed by pretreatment with an anti-
IL-17A antibody rather than an isotype control antibody. Therefore, these findings indicated
that IL-24 may recruit neutrophils by releasing epithelial-derived IL-17A.

IL-37 prevents the upregulation of IL-17A induced by IL-24 by blocking the
STAT3 and ERK1/2 signaling pathways in 16-HBE cells

IL-37 is a negative immunosuppressant and involved in the pathogenesis of diverse
inflammatory disorders. Next, we demonstrated that pretreatment with IL-37 diminished
the IL-24-induced IL-17A mRNA and protein levels (Fig. 3A-E). To delineate which signaling
pathways were involved in IL-37 downregulation of IL-24 downstream signaling, we analyzed
several pathways in response to IL-24 in the presence or absence of IL-37 in 16-HBE cells. We
discovered that exogenous IL-37 selectively inhibited IL-24-mediated activation of the STAT3
and ERK1/2 signaling pathways (Fig. 3F). Taken together, these data provide evidence that
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Fig. 2. Epithelial-derived IL-17A is essential for I1L-24-induced neutrophil migration in vitro. (A) The morphology of human peripheral neutrophils was determined
by Diff-Quik staining (1,000x, scale bar = 20 um). The frequency of living cells (B) and purity (C) of isolated human neutrophils were analyzed by flow cytometry.
(D, E) The effect of anti-IL-17A mAbs or isotype control IgG antibody on the neutrophil migration ability of I1L-24-stimulated 16-HBE cells in a Transwell coculture
chamber (200x, scale bar = 50 um). Data are presented as the mean + standard deviation and represent 3 independent experiments.

IL, interleukin; HBE, human bronchial epithelial; 1gG, immunoglobulin G; ns, no significance; mAb, monoclonal antibody.

vs. 16-HBE+Vehicle group, “P < 0.0001; vs. 16-HBE+IL-24 group, ****P < 0.0001.

https://e-aair.org

IL-24-induced IL-17A production depends on STAT3 and EKR1/2 phosphorylation levels in
16-HBE cells and is suppressed by IL-37.

Effect of BUD on pulmonary inflammation and goblet cell metaplasia in HDM-
or HDM/LPS-induced mouse models of asthma

To evaluate the responses of HDM and HDM/LPS-induced asthma mouse models to BUD
treatment, we compared airway inflammation, goblet cell metaplasia, and other parameters
of mice. In terms of periodic acid-Schiff (PAS) staining, mice sensitized with HDM alone or
HDM plus LPS exhibited mucus accumulation, and the PAS-positive goblet cell count was
considerably lower in HDM-sensitized mice than in those sensitized with HDM and LPS
after BUD therapy (Supplementary Fig. S3A). Hematoxylin and eosin (H&E) staining results
indicated that HDM plus LPS exposure increased the degree of infiltrating inflammatory
cells around the bronchi and perivasculature compared to PBS or HDM exposure alone
(Supplementary Fig. $3B). HDM-induced lung inflammation was dominated by eosinophils,
and there was a substantial decrease in eosinophil counts in the HDM+BUD group compared
to the HDM group. However, mice exposed to HDM plus LPS had an increased number of
neutrophils in the lungs, whereas BUD treatment had no obvious effect on the increased
number of neutrophils in HDM/LPS-induced asthmatic mice (Supplementary Fig. S3C).
Immune cells in the spleen of mice sensitized by HDM plus LPS increased slightly compared
to those sensitized by HDM or PBS alone, and intranasal application of BUD had no effect
on inflammatory cell counts in the spleen of mice (Supplementary Fig. S3D). Moreover,
mice sensitized with HDM alone or HDM plus LPS developed a Th2- or Th17-dominant
immune response, respectively. BUD treatment elicited a decrease in Th1, Th2, and Th17
cells in the lungs of HDM/LPS-sensitized mice, but not HDM-sensitized mice; no similar
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Fig. 3. IL-37 restrains IL-24-induced IL-17A production by modulating the STAT3 and ERK1/2 signaling pathways in 16-HBE cells in vitro. (A) The mRNA level of IL-
17A was quantified in 16-HBE cells after treatment with I1L-24 (100 ng/mL) for 24 hours with or without IL-37 (100 ng/mL) pretreatment for 8 hours by RT-PCR. The
protein level of IL-17A was quantified in 16-HBE cells treated with 1L-24 (100 ng/mL) for 48 hours with or without IL-37 (100 ng/mL) pretreatment for 8 hours by
western blotting (B, C) and immunofluorescence (D, E). The blue fluorescence of DAPI indicated nuclear localization (200x, scale bar =100 um). (F) 16-HBE cells
were treated with 1L-24 (100 ng/mL) for 48 hours with or without IL-37 (100 ng/mL) pretreatment for 8 hours, and the activation of several signaling pathways
was determined by western blotting. Data are presented as the mean + standard deviation and represent 3 independent experiments.

IL, interleukin; HBE, human bronchial epithelial; RT-PCR, reverse transcription-polymerase chain reaction; DAPI, 4',6-diamidino-2-phenylindole.

vs. Control group, ‘P < 0.05, “P < 0.01, ""P < 0.001, “"P < 0.0001; vs. IL-24 group, **P < 0.01, ****P < 0.0001.

trend was observed in the spleens (Supplementary Fig. S4A and B). These results indicated
that HDM exposure induced eosinophilic airway inflammation, but that HDM/LPS exposure
exacerbated neutrophilic airway inflammation, which was insensitive to BUD administration.

IL-37 treatment or silencing IL-24 diminishes IL-17A expression in bronchial
epithelium in an HDM/LPS-induced asthma murine model

To explore the effect of IL-24 and IL-37 in vivo, we established eosinophil-predominant and
neutrophil-predominant asthma mouse models with HDM alone and HDM plus LPS by
intranasal delivery of siRNA targeting IL-24 or IL-37 protein, respectively. We first confirmed
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the knockdown efficiency of IL-24 in mice using ELISA and immunofluorescence. As shown
in Fig. 4A, B, E, and F, HDM/LPS-induced model mice showed overproduction of IL-24 and
IL-17A in the BALF and lungs, and intranasal administration of si-IL-24 and IL-37 minimized
IL-24 expression in BALF and bronchial epithelium, accompanied by a lower level of IL-

17A. However, these trends were not observed in serum (Fig. 4C and D). Interestingly,
increased IL-24 was observed not only in the epithelium but also in the other cells of the
submucosal layer (Fig. 4E). Furthermore, we noticed that si-IL-24 and IL-37 treatment
diminished p-STAT3 and p-ERK1/2 activation in HDM/LPS-sensitized mouse lung tissues
(Supplementary Fig. S5A and B). Epithelial cell-derived inflammatory mediators, such as
IL-25, IL-33, and TSLP, are involved in asthma pathogenesis, so we evaluated the expression
of these cytokines in the airway epithelium. As depicted in Supplementary Fig. S6A-D, mice
sensitized by HDM or HDM plus LPS both increased the levels of IL-25, IL-33, and TSLP,
whereas IL-37 administration reduced IL-33 and TSLP expression, but not IL-25. Collectively,
HDM]/LPS-exposed mice exhibited augmented IL-24, IL-17A, IL-33, and TSLP levels in the
airway epithelium, and IL-37 treatment resulted in the downregulation of these proteins

in the airway epithelium, indicating that IL-37 has the potential to regulate inflammatory

mediators in neutrophilic asthma.

IL-37 treatment or silencing IL-24 ameliorates lung function, goblet cell
hyperplasia, and pulmonary neutrophilia in an HDM/LPS-induced asthma model
We next investigated the effect of silencing IL-24 or IL-37 treatment on AHR using an invasive
measurement of murine lung function. The results showed that both the IL-24-silenced and
IL-37-treated groups resulted in a down-regulation of airway reactivity at a dose of Mch (50
mg/mL) when compared to the HDM/LPS-treated group (Fig. 5A). Since mucus hyperplasia
is a significant pathological hallmark of asthma, we wanted to further confirm whether IL-24
and IL-37 were involved in mucus hypersecretion using PAS staining. As shown in Fig. 5B

and C, allergen-challenged mice developed abundant mucus hyperplasia in the bronchial
epithelium, but the IL-24 silencing group exhibited fewer PAS-positive mucous cells in the
airways than the si-NC group. Likewise, IL-37 treatment had an obvious inhibitory effect on
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Fig. 4. The effect of si-1L-24 or IL-37 on IL-17A expression in an HDM/LPS-induced murine asthma model. (A, B) Quantification of IL-24 and IL-17A expression in
the BALF of mice. (C, D) Quantification of IL-24 and IL-17A expression in the serum of mice. (E, F) The expression and quantification of I1L-24, EpCAM and IL-17A
in the lungs of mice were evaluated by immunofluorescence. The blue fluorescence of DAPI indicated nuclear localization (630x, scale bar = 100 pm). Data are
presented as the mean + standard deviation and represent 3 independent experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; DAPI, 4',6-diamidino-2-phenylindole;
BALF, bronchoalveolar lavage fluid; ns, no significance; EpCAM, epithelial cell adhesion molecule, an epithelial marker; si-IL, small interfering interleukin.

vs. Control group, ‘P < 0.05, “P < 0.01, “'P < 0.001, “"P < 0.0001; vs. HDM+LPS group; **P < 0.01, ***P < 0.001. .
(continued to the next page)
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Fig. 4. (Continued) The effect of si-IL-24 or IL-37 on IL-17A expression in an HDM/LPS-induced murine asthma model. (A, B) Quantification of IL-24 and IL-17A
expression in the BALF of mice. (C, D) Quantification of IL-24 and IL-17A expression in the serum of mice. (E, F) The expression and quantification of IL-24, EpCAM
and IL-17A in the lungs of mice were evaluated by immunofluorescence. The blue fluorescence of DAPI indicated nuclear localization (630x, scale bar =100 pm).
Data are presented as the mean + standard deviation and represent 3 independent experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; DAPI, 4',6-diamidino-2-phenylindole;
BALF, bronchoalveolar lavage fluid; ns, no significance; EpCAM, epithelial cell adhesion molecule, an epithelial marker; si-IL, small interfering interleukin.

vs. Control group, ‘P < 0.05, “P < 0.01, “*P < 0.001, “"'P < 0.0001; vs. HDM+LPS group; **P < 0.01, ***P < 0.001.

mucus hyperplasia. Together, these results demonstrated that silencing IL-24 can ameliorate
the degree of goblet cell hyperplasia and AHR in mice in response to allergen sensitization.
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Fig. 5. The effect of si-1L-24 or IL-37 on airway hyperresponsiveness, mucus production and airway inflammation in an HDM/LPS-induced asthma murine model.
(A) Airway resistance was measured with increasing doses of nebulized methacholine by an invasive mouse lung function instrument. (B, C) Histologic analysis
of goblet cell hyperplasia was determined by PAS staining (400x, scale bar =100 pum). (D, E) Histologic analysis of pulmonary inflammation was determined

by H&E staining (scale bar =100 um for 200x; scale bar =100 um for 730x). Data are presented as the mean = standard deviation and represent 3 independent
experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; PAS, periodic acid-Schiff; H&E,
hematoxylin and eosin; ns, no significance.

vs. Control group, “*P < 0.0001; vs. HDM +LPS group, *P < 0.05, **P < 0.01, ***P < 0.001. .
(continued to the next page)

H&E staining of lung samples indicated that both HDM-treated mice and HDM/LPS-
treated mice developed robust inflammatory cell infiltration into the peribronchiolar

and perivascular regions compared to PBS-challenged mice (Fig. 5D and E). However, in
contrast to HDM/LPS-treated mice, this shift was significantly attenuated by IL-37 or si-
IL-24 treatment (Fig. 5D and E). To clarify whether IL-24 production after allergen challenge
is linked to neutrophilia, we analyzed the populations of neutrophils and eosinophils in
murine BALF, lungs and spleen by flow cytometry (Fig. 6A). We observed that HDM and
HDM combined with LPS sensitized mice exhibited robust airway inflammation dominated
by eosinophils and neutrophils, respectively. However, administration of either si-IL-24 or
IL-37 significantly decreased the number of neutrophils, but not eosinophils, in the BALF and
lungs in HDM/LPS-sensitized mice (Fig. 6B and C). There were no obvious differences in the
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Fig. 5. (Continued) The effect of si-IL-24 or IL-37 on airway hyperresponsiveness, mucus production and airway inflammation in an HDM/LPS-induced asthma
murine model. (A) Airway resistance was measured with increasing doses of nebulized methacholine by an invasive mouse lung function instrument. (B, C)
Histologic analysis of goblet cell hyperplasia was determined by PAS staining (400x, scale bar =100 pum). (D, E) Histologic analysis of pulmonary inflammation
was determined by H&E staining (scale bar =100 um for 200x; scale bar =100 um for 730x). Data are presented as the mean = standard deviation and represent
3independent experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; PAS, periodic acid-Schiff; H&E,
hematoxylin and eosin; ns, no significance.

vs. Control group, “P < 0.0007T; vs. HDM +LPS group, *P < 0.05, **P < 0.01, ***P < 0.001.

percentages of neutrophils and eosinophils in the spleen of each group of mice (Fig. 6D). As
mentioned above, silencing IL-24 in the epithelium or IL-37 administration resulted in less
neutrophil influx into the airways.

IL-37 treatment or silencing IL-24 diminishes the Th17 immune response in an
HDM/LPS-induced NA model

To further address whether IL-24 contributes to the modulation of T lymphocyte
differentiation, we detected the frequencies of different lineages of CD4" T lymphocytes
(Th1, Th2, and Th17) in mouse BALF, lungs and spleen (Fig. 6E). Treatment with si-IL-24
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Fig. 6. The effect of si-IL-24 or IL-37 on the population of neutrophils, eosinophils and lymphocytes in an HDM/LPS-induced murine asthma model. (A) Gating
strategies of neutrophils and eosinophils by flow cytometry. The quantification of eosinophils and neutrophils in the BALF (B), lungs (C) and spleens (D) of mice was
determined by flow cytometry. (E) Gating strategies of Th1 (CD4" IFN-y*), Th2 (CD4" IL-4"), and Th17 (CD4" IL-17A") cells by flow cytometry. The quantification of Thi,
Th2 and Th17 in the BALF (F), lungs (G) and spleens (H) of mice was determined by flow cytometry. (1) Expression of the mRNA levels of T-bet, GATA-3, and RORyt in
lung tissues of mice were detected by RT-qPCR. Data are presented as the mean + standard deviation and represent 3 independent experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid;
ns, no significance; Th, T-helper; IFN, interferon; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

vs. Control group, "P < 0.05, “P < 0.01, ""P < 0.001, ""P < 0.0001; vs. HDM+LPS group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

IL-1T7A————

(continued to the next page)

significantly diminished the proportions of Th17 cells in the BALF and lungs in the HDM/
LPS-induced model (Fig. 6F and G), but not Th1 and Th2 cells. In contrast, no significant
differences were detected in the proportions of Th1, Th2, and Th17 cells in the spleens
between any 2 groups (Fig. 6H). T-bet, GATA-3, and RORyt are critical transcription factors
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Fig. 6. (Continued) The effect of si-1L-24 or IL-37 on the population of neutrophils, eosinophils and lymphocytes in an HDM/LPS-induced murine asthma

model. (A) Gating strategies of neutrophils and eosinophils by flow cytometry. The quantification of eosinophils and neutrophils in the BALF (B), lungs (C) and
spleens (D) of mice was determined by flow cytometry. (E) Gating strategies of Th1 (CD4" IFN-y*), Th2 (CD4" IL-4*), and Th17 (CD4" IL-17A") cells by flow cytometry.
The quantification of Th1, Th2 and Th17 in the BALF (F), lungs (G) and spleens (H) of mice was determined by flow cytometry. (I) Expression of the mRNA levels of
T-bet, GATA-3, and RORyt in lung tissues of mice were detected by RT-qPCR. Data are presented as the mean = standard deviation and represent 3 independent
experiments, n = 8/group.

si-IL, small interfering interleukin; si-NC, si-negative control; IL, interleukin; HDM, house dust mite; LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid;
ns, no significance; Th, T-helper; IFN, interferon; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

vs. Control group, "P < 0.05, “P < 0.01, “"P < 0.001, ""P < 0.0001; vs. HDM+LPS group, *P < 0.05, **P < 0.01, ***P < 0.001, **#*P < 0.0001.

for Thi, Th2, and Th17 differentiation, respectively, which determine the swing of airway
inflammation phenotypes. We next conducted RT-qPCR to assess their mRNA transcript levels
in the lungs to address the effect of si-IL-24 and IL-37 on regulating transcription factors. The
results indicated that HDM/LPS-sensitized mice displayed a significant increase in the gene
level of RORyt in the lungs. Silencing IL-24 in the bronchial epithelium caused an obvious
decrease in the RORyt mRNA levels compared to the asthma model group (Fig. 61). Consistent
with the decrease in cytokine production in IL-24-silenced mice, the levels of GATA3 and
RORyt in the lungs of the IL-37 treatment group were also down-regulated (Fig. 61). In general,
these findings indicated that intranasal administration of HDM/LPS elicited a significant
elevation of the Th17 immune response in mouse lung tissues in an IL-24 signaling-dependent
manner, which could be mitigated by IL-37 treatment.

DISCUSSION

In the current study, our data showed that airway epithelial cells increased IL-24 production
following HDM and LPS exposure via the NF-kB signaling pathway in vivo. Additionally, we
observed that 16-HBE cells constitutively expressed IL-24 and IL-24 receptors, and that IL-24
exerted its effects by regulating epithelium-derived IL-17A levels in a JAK/STAT3 and ERK1/2
signaling pathway-dependent manner. Next, in the coculture system containing 16-HBE cells
and human neutrophils, IL-24-stimulated epithelial cells promoted neutrophil migration,
but this effect was significantly inhibited by anti-IL-17A monoclonal antibodies. Herein, we
established HDM-sensitized and HDM plus LPS-sensitized asthma models and observed
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robust eosinophil or neutrophil accumulation in mouse lungs. Intranasal administration of
si-IL-24 reduced IL-17A production and pulmonary neutrophilia, with concomitant decreases
in AHR, goblet cell metaplasia and the Th17 immune response, in the murine model of HDM/
LPS-induced asthma. Importantly, we also demonstrated the therapeutic efficacy of IL-37 in
neutrophilic airway inflammation, as IL-37 effectively mitigated the upregulation of IL-24

and IL-17A in the bronchial epithelium and the inflammatory infiltration of neutrophils.
However, there was no obvious difference in IL-17A levels in the BALF and lungs between
these 2 model groups. The extent to which LPS reverses asthma phenotypes and significantly
increases IL-17A production has not been determined. Taken together, these results support
the conclusion that IL-24 is a central driver of neutrophilic airway inflammation, and imply
that targeting the IL-24/IL-17A signaling axis in epithelial cells may be a novel therapeutic
approach for NA.

Our data indicated that 16-HBE cell exposure to HDM and LPS resulted in the activation

of the NF-«kB pathway. Similarly, another study showed that HDM or LPS exposure alone
activated the NF-kB pathway in human bronchial Beas-2B cells.?® Other studies have
demonstrated that Derpl, Derp5, and Derp13 (one of the main components of HDMs) trigger
the NF-«B pathway in vitro and in vivo in asthma.?*?® These data indicated that NF-kB signaling
may be one of the main downstream signaling pathways of HDMs. Since bronchial epithelial
cells are one of the target cells of IL-24, we investigated different cytokines produced by
epithelial cells in response to IL-24 signaling. Our data showed a significant increase in
IL-17A expression in bronchial epithelial 16-HBE cells in response to IL-24 stimulation. We
further found that silencing IL-24 in mouse models of asthma reduced epithelium-derived
IL-17A expression and the influx of neutrophils and Th17 cells, suggesting that the IL-24-IL-
17A axis plays an important role in the pathogenic mechanism of NA. Consistent with our
results, previous studies have demonstrated that IL-24 plays an important role in regulating
IL-17A expression and Th17 responses. For instance, knockdown of mouse IL-20R (an IL-24
receptor subunit) has been shown to limit IL-17A-producing dermal y§ T-cell accumulation
and Th17 responses in psoriatic inflammation.” Higher rather than lower concentrations

of IL-24 were found to increase the Th1 frequency and T-bet mRNA levels, but not the Th17

or RORyt mRNA levels, in colorectal adenocarcinoma.?® In fact, T cells and other immune
cells do not express IL-24-related receptors, indicating that immune cells are unlikely to the
target cells of IL-24. However, silencing IL-24 in vivo regulated the frequency of Th17 cells in
this study. These results of the effect of IL-24 on Th17 cell polarization in vivo and in vitro seem
to be paradoxical and have not been not fully elucidated. Interestingly, Chong et al.* verified
that IL-17A binds to IL-17R on Th17 cells, thereby inducing IL-24 production by activating

the NF-«B pathway. IL-17A can also promote IL-24 expression in human skin fibroblasts.*
IL-17ra™ mice exhibited lower IL-24 expression in the healing oral mucosa than WT mice.*
These findings underscore that IL-24 and IL-17A may be regulated in a reciprocal manner. The
discovery of the relationship between IL-24 and IL-17A in bronchial epithelial cells enhances a
clear understanding of the complex mechanism of NA.

Many studies, including ours, have shown that IL-24 exhibits proinflammatory properties

in asthma and other allergic or autoimmune diseases.>3* However, recent literature has
confirmed the presence of an elevated IL-24 level in the affected mucosa of patients with
inflammatory bowel disease, and IL-24 has a protective role against mucosal inflammation,
which is paradoxical to our result.*3® Wang et al.¥” recently reported that IL-24 preferred to
use IL-20R2/IL-22R1 when mediating protective effects on hepatocytes, but exerted harmful
effects mainly through the IL-20R1/IL-20R2 receptor complex using WT and IL-20R1- and IL-
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20R2-deficient mice. Hence, we inferred that IL-24 might exert different functions depending

on the disease and receptor expression context; the controversial biological function of IL-24
deserves further studies.

It is worth mentioning that in this study, we confirmed that IL-24-treated epithelial cells
significantly enhanced neutrophil chemotaxis, and that this indirect effect could be partially
suppressed by neutralizing antibodies specific for IL-17A. In this observation, we do not exclude
the possibility that other epithelium-derived neutrophil chemokines also play a similar role. In
addition, Buzas et al.*® demonstrated that rhIL-24 promoted human monocyte and neutrophil
migration in vitro. Hsu et al.* also substantiated that a low concentration of IL-24 had a direct
chemotactic effect in human neutrophils and that IL-20 (another member of the IL-10 family)
had a direct effect in neutrophil chemotaxis. These findings suggest that IL-24 both directly and
indirectly promotes neutrophil migration. In fact, most of immune cells, including neutrophils,
do not express IL-24-related receptors on their surface.® Considering that IL-20 and IL-24 have
similar biological functions and share some receptors, we speculated that neutrophils may have
some unknown receptors for IL-10 superfamily cytokines on their surface.

In our NA model, the intensity of TSLP and IL-33 in the bronchial epithelial layer was

higher than that of IL-25. Although TSLP, IL-33, and IL-25 are considered key cytokines

that contribute to Th2-type immune responses, IL-25 seems to play a weaker role in the
pathogenesis of asthma. Evidence indicates that higher levels of IL-33 and TSLP, but not
IL-25, can be detected in exhaled breath condensate and BALF in asthmatic patients.**#
Moreover, chitin (a component in the outer shell of HDMs)-induced asthmatic mice showed
up-regulated expression of TSLP and IL-33, but not IL-25.* HDM and peanuts exposure
mainly promoted IL-33 elevation, but not TSLP and IL-25; a similar trend can be observed in
silica exacerbation of OVA-induced asthmatic mice.*** In addition, evidence has shown that
IL-25 is associated with eosinophilic asthma and that elevated IL-25 levels can be detected

in virus-exacerbated asthmatic models and clinical patients.”* These findings suggest that
the levels of TSLP, IL-33, and IL-25 in different asthma models, and that the importance of
their contribution to the pathogenesis of asthma may be different, possibly depending on
the type of allergens. The exact mechanisms need to be clarified. We also found that IL-37
inhibited the elevated levels of TSLP and IL-33 in the mouse bronchial epithelium, but had no
effect on IL-25. It may be that the expression of IL-25 in neutrophilic asthma is so low that it
is difficult to observe the inhibitory effect of IL-37 on epithelial-derived IL-25. Taken together,
we hypothesized that IL-25 contributes less to NA than IL-33 or TSLP, but is more important
in eosinophilic asthma and virus-worsening asthma.

Earlier studies from our team and other groups have shown that IL-37 exerts anti-
inflammatory functions by suppressing the production of inflammatory mediators in
eosinophilic asthma and eosinophilic chronic rhinosinusitis.'®** We further observed that
IL-37 prevented IL-24-induced epithelium-derived IL-17A production in 16-HBE cells by
modulating the p-STAT3 and p-ERK1/2 pathways. Additionally, a growing body of studies
also reported that IL-37 can inhibit the STAT3 and ERK1/2 signaling pathways in allergic
inflammatory diseases.'®* Recently, Charrada et al.” demonstrated that IL-37 inhibited
IL-17A production in CD4* T cells in the sputum of asthmatic patients in vitro. In agreement
with these results, i.n. administered rhIL-37 reduced the IL-17A level and Th17 immune
response in the lungs of HDM/LPS-sensitized asthmatic mice. The results of this study may
further expand our understanding of the role and mechanism of IL-37, a powerful inhibitor
of inflammation, in relation to airway inflammation in different asthma phenotypes.
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Additionally, IL-37 is expected to be a potential therapeutic agent for improving asthma
airway inflammation. However, the safety and feasibility of IL-37 in clinical settings remain to
be confirmed by future clinical studies.

Indeed, there are some limitations to this study that need to be considered. First, to

better define the biological role of IL-24 in asthma, we plan to collect more sputum and

serum specimens from asthma patients in subsequent studies and to further analyze the
correlations of IL-24 expression with sputum cytology, lung function parameters, and even the
inflammatory phenotypes of asthma patients. On the other hand, we will attempt to further
explore the exact role of IL-24 in asthma mouse models using a mouse recombinant IL-24
protein and IL-24 knockout mice. Finally, in addition to airway epithelial cells, we noticed that
immune cells and other structural cells in the submucosa can also secrete IL-17A in mouse
lungs. Given that epithelial cells are not the main source of IL-17A, further research focusing
on the mechanism between IL-24 and the immune cells that produce IL-17A is essential.

Collectively, these findings provide convincing evidence for the neutrophil-dependent
connection between increased IL-24 expression and treatment-refractory asthma.
Mechanistically, IL-24 contributes to the production of IL-17A, which attracts abundant
neutrophils to inflamed sites during the process of asthma; this implies that modulating

the epithelium-derived IL-24-IL-17A axis may be a pivotal strategy for alleviating pulmonary
neutrophilic inflammatory responses, and that IL-37 may be a promising immunotherapeutic
agent in asthma. Importantly, IL-24 can be used as a biomarker for predicting asthma
exacerbation or severe refractory asthma in the future.
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Supplementary Table S3
Lists of antibodies used in the western blot, IHC and IF
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Supplementary Fig. S1
Schematic diagram of the allergen-exposed murine model of asthma and drug treatment.

Click here to view

Supplementary Fig. S2

HDM exposure increases the expression of IL-24 and its receptors (IL-20R1, IL-20R2, and IL-
22R1) in 16-HBE cells. (A) The protein levels of IL-24 and IL-24 receptors (IL-20R1, IL-20R2,
and IL-22R1) were determined in 16-HBE cells followed by HDM (1 pg/mL), LPS (10 pg/mL)
or HDM plus LPS stimulation for 48 hours. (B) The protein levels of IL-33, IL-25, and TSLP
were determined in 16-HBE cells followed by HDM (1 pg/mL), LPS (10 png/mL) or HDM plus
LPS stimulation for 48 hours. (C) 16-HBE cells were treated with 1 ug/mL HDM and 10 pg/mL
LPS for gradient times (0-120 minutes), and the activation of various signaling pathways was
determined. (D) The protein levels of p-NF-kB, NF-kB and IL-24 were quantified in 16-HBE
cells after treatment with HDM (1 pg/mL) and 10 pg/mL LPS for 48 hours with or without BAY
117082 (5 uM) or DMSO pretreatment for 1 hour. Data are presented as the mean + standard
deviation and represent 3 independent experiments.

Click here to view

Supplementary Fig. S3

The effect of BUD on airway inflammation and mucus production in a HDM or HDM/
LPS-induced murine model of asthma (A) Histologic analysis of goblet cell hyperplasia was
determined by PAS staining (10x, scale bar = 200 pm). (B) Histologic analysis of pulmonary
inflammation was determined by H&E staining (2x, scale bar =1 mm). The percentages and
quantification of eosinophils and neutrophils in the lungs (C) and spleens (D) of mice were
determined by flow cytometry. Data are presented in 3 independent experiments, n = 8/group.

Click here to view

Supplementary Fig. S4

The effect of BUD on Th1, Th2, and Th17 immune responses in a HDM or HDM/LPS-induced
murine model of asthma. The percentages and quantification of Th1 (CD4" IFN-y*), Th2 (CD4*
IL-4*), and Th17 (CD4* IL-17A*) cells in the lungs (A) and spleens (B) of mice were determined
by flow cytometry. Data are presented in 3 independent experiments, n = 8/group.

Click here to view

Supplementary Fig. S5

The effect of si-IL-24 or IL-37 on p-STAT3 and p-ERK1/2 activation in vivo. The expression
and quantification of p-STAT3, p-ERK1/2 and IL-24 in the lungs of mice were evaluated

by immunofluorescence. The blue fluorescence of DAPI indicated nuclear localization
(630x%, scale bar =100 um). Data were quantified randomly in 5 fields and are presented as
the mean + standard deviation, n = 8/group. IL, interleukin; HDM, house dust mite; LPS,
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lipopolysaccharide; DAPI, 4',6-diamidino-2-phenylindole; ns, no significance; si-IL, small
interfering interleukin; si-NC, si-negative control; IOD, integral OD.

Click here to view

Supplementary Fig. S6

The effect of si-IL-24 or IL-37 on IL-33, IL-25, and TSLP expression in a murine model of
asthma. The expression and quantification of IL-33, IL-25 and TSLP in the lungs of mice were
evaluated by immunohistochemistry (scale bar = 200 um for 200x%; scale bar = 100 pum for
730x). Data were quantified randomly in 5 fields and are presented as the mean + standard
deviation, n = 8/group.

Click here to view
Supplementary References

Click here to view

REFERENCES

1. Agache, Akdis CA. Precision medicine and phenotypes, endotypes, genotypes, regiotypes, and
theratypes of allergic diseases. J Clin Invest 2019;129:1493-503.
PUBMED | CROSSREF

2. Ray A, Kolls JK. Neutrophilic inflammation in asthma and association with disease severity. Trends
Immunol 2017;38:942-54.
PUBMED | CROSSREF

3. XieY, Abel PW, Casale TB, Tu Y. Ty17 cells and corticosteroid insensitivity in severe asthma. J Allergy Clin
Immunol 2022;149:467-79.
PUBMED | CROSSREF

4. LiuM, WuK, Lin]J, Xie Q, Liu Y, Huang Y, et al. Emerging biological functions of IL-17A: a new target in
chronic obstructive pulmonary disease? Front Pharmacol 2021;12:695957.
PUBMED | CROSSREF

S. ChesnéJ, Braza F, Mahay G, Brouard S, Aronica M, Magnan A. IL-17 in severe asthma. Where do we stand?
Am J Respir Crit Care Med 2014;190:1094-101.
PUBMED | CROSSREF

6. Hall SL, Baker T, Lajoie S, Richgels PK, Yang Y, McAlees JW, et al. IL-17A enhances IL-13 activity by
enhancing IL-13-induced signal transducer and activator of transcription 6 activation. J Allergy Clin
Immunol 2017;139:462-471.e14.
PUBMED | CROSSREF

7. Wada H, Nakamura M, Inoue SI, Kudo A, Hanawa T, Iwakura Y, et al. Dual interleukin-17A/F deficiency
protects against acute and chronic response to cigarette smoke exposure in mice. Sci Rep 2021;11:11508.
PUBMED | CROSSREF

8. Chenuet P, Fauconnier L, Madouri F, Marchiol T, Rouxel N, Ledru A, et al. Neutralization of either
IL17A or IL-17F is sufficient to inhibit house dust mite induced allergic asthma in mice. Clin Sci (Lond)
2017;131:2533-48.
PUBMED | CROSSREF

9. Van Belle AB, Cochez PM, de Heusch M, Pointner L, Opsomer R, Raynaud P, et al. IL-24 contributes to
skin inflammation in para-phenylenediamine-induced contact hypersensitivity. Sci Rep 2019;9:1852.
PUBMED | CROSSREF

10. Mitamura Y, Nunomura S, Furue M, Izuhara K. IL-24: a new player in the pathogenesis of pro-

inflammatory and allergic skin diseases. Allergol Int 2020;69:405-11.
PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2022.14.5.505 5924


https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2022.14.5.505&fn=aair-14-505-s009.ppt
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2022.14.5.505&fn=aair-14-505-s010.ppt
https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2022.14.5.505&fn=aair-14-505-s011.doc
http://www.ncbi.nlm.nih.gov/pubmed/30855278
https://doi.org/10.1172/JCI124611
http://www.ncbi.nlm.nih.gov/pubmed/28784414
https://doi.org/10.1016/j.it.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/34953791
https://doi.org/10.1016/j.jaci.2021.12.769
http://www.ncbi.nlm.nih.gov/pubmed/34305606
https://doi.org/10.3389/fphar.2021.695957
http://www.ncbi.nlm.nih.gov/pubmed/25162311
https://doi.org/10.1164/rccm.201405-0859PP
http://www.ncbi.nlm.nih.gov/pubmed/27417023
https://doi.org/10.1016/j.jaci.2016.04.037
http://www.ncbi.nlm.nih.gov/pubmed/34075087
https://doi.org/10.1038/s41598-021-90853-9
http://www.ncbi.nlm.nih.gov/pubmed/29026003
https://doi.org/10.1042/CS20171034
http://www.ncbi.nlm.nih.gov/pubmed/30755657
https://doi.org/10.1038/s41598-018-38156-4
http://www.ncbi.nlm.nih.gov/pubmed/31980374
https://doi.org/10.1016/j.alit.2019.12.003

Allergy, Asthma & AA] R
IL-37 Improves IL-24-Mediated Neutrophilic Asthma Immunology Research

11. Dabitao D, Hedrich CM, Wang F, Vacharathit V, Bream JH. Cell-specific requirements for STAT
proteins and type I IEN receptor signaling discretely regulate IL-24 and IL-10 expression in NK cells and
macrophages. ] Immunol 2018;200:2154-64.

PUBMED | CROSSREF

12. de Montjoye L, Herman A, Hendrickx E, Chéou P, Blanchetot C, Hofman E, et al. Increased expression of
IL-24 in chronic spontaneous urticaria. Allergy 2019;74:1811-3.
PUBMED | CROSSREF

13. Emdad L, Bhoopathi P, Talukdar S, Pradhan AK, Sarkar D, Wang XY, et al. Recent insights into apoptosis
and toxic autophagy: the roles of MDA-7/IL-24, a multidimensional anti-cancer therapeutic. Semin Cancer
Biol 2020;66:140-54.
PUBMED | CROSSREF

14. Wang M, Liang P. Interleukin-24 and its receptors. Immunology 2005;114:166-70.
PUBMED | CROSSREF

15. Zissler UM, Ulrich M, Jakwerth CA, Rothkirch S, Guerth F, Weckmann M, et al. Biomatrix for upper and
lower airway biomarkers in patients with allergic asthma. J Allergy Clin Immunol 2018;142:1980-3.
PUBMED | CROSSREF

16. Cavalli G, Dinarello CA. Suppression of inflammation and acquired immunity by IL-37. Immunol Rev
2018;281:179-90.
PUBMED | CROSSREF

17. Charrad R, Berraies A, Hamdi B, Ammar J, Hamzaoui K, Hamzaoui A. Anti-inflammatory activity of
IL-37 in asthmatic children: correlation with inflammatory cytokines TNF-a, IL-f, IL-6 and IL-17A.
Immunobiology 2016;221:182-7.

PUBMED | CROSSREF

18. Meng P, Chen ZG, Zhang TT, Liang ZZ, Zou XL, Yang HL, et al. IL-37 alleviates house dust mite-induced
chronic allergic asthma by targeting TSLP through the NF-kB and ERK1/2 signaling pathways. Immunol
Cell Biol 2019;97:403-15.
PUBMED | CROSSREF

19. Krishnamoorthy N, Douda DN, Briiggemann TR, Ricklefs I, Duvall MG, Abdulnour RE, et al. Neutrophil
cytoplasts induce Ty17 differentiation and skew inflammation toward neutrophilia in severe asthma. Sci
Immunol 2018;3:eaa04747.

PUBMED | CROSSREF

20. MaQ, QianY,Jiang]J, WuJ, Song M, Li X, et al. IL-33/ST2 axis deficiency exacerbates neutrophil-dominant
allergic airway inflammation. Clin Transl Immunology 2021;10:€1300.
PUBMED | CROSSREF

21. DongL, Zhu YH, Liu DX, LiJ, Zhao PC, Zhong YP, et al. Intranasal application of budesonide attenuates
lipopolysaccharide-induced acute lung injury by suppressing nucleotide-binding oligomerization
domain-like receptor family, pyrin domain-containing 3 inflammasome activation in mice. ] Immunol
Res 2019;2019:7264383.
PUBMED | CROSSREF

22. Margue C, Kreis S. IL-24: physiological and supraphysiological effects on normal and malignant cells.
Curr Med Chem 2010;17:3318-26.
PUBMED | CROSSREF

23. de OliveiraJR, da Silva PR, Rogério AP. AT-RvD1 modulates the activation of bronchial epithelial cells
induced by lipopolysaccharide and Dermatophagoides pteronyssinus. Eur ] Pharmacol 2017;805:46-50.
PUBMED | CROSSREF

24. Wong CK, Li ML, Wang CB, Ip WK, Tian YP, Lam CW. House dust mite allergen Der p 1 elevates the
release of inflammatory cytokines and expression of adhesion molecules in co-culture of human
eosinophils and bronchial epithelial cells. Int Immunol 2006;18:1327-35.

PUBMED | CROSSREF

25. Pulsawat P, Soongrung T, Satitsuksanoa P, Le Mignon M, Khemili S, Gilis D, et al. The house dust mite
allergen Der p 5 binds lipid ligands and stimulates airway epithelial cells through a TLR2-dependent
pathway. Clin Exp Allergy 2019;49:378-90.

PUBMED | CROSSREF

26. Satitsuksanoa P, Kennedy M, Gilis D, Le Mignon M, Suratannon N, Soh WT, et al. The minor house dust
mite allergen Der p 13 is a fatty acid-binding protein and an activator of a TLR2-mediated innate immune
response. Allergy 2016;71:1425-34.

PUBMED | CROSSREF

27. HaHL, Wang H, Claudio E, Tang W, Siebenlist U. IL-20-receptor signaling delimits IL-17 production in
psoriatic inflammation. J Invest Dermatol 2020;140:143-151.€3.
PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2022.14.5.505 595


http://www.ncbi.nlm.nih.gov/pubmed/29436412
https://doi.org/10.4049/jimmunol.1701340
http://www.ncbi.nlm.nih.gov/pubmed/31006117
https://doi.org/10.1111/all.13832
http://www.ncbi.nlm.nih.gov/pubmed/31356866
https://doi.org/10.1016/j.semcancer.2019.07.013
http://www.ncbi.nlm.nih.gov/pubmed/15667561
https://doi.org/10.1111/j.1365-2567.2005.02094.x
http://www.ncbi.nlm.nih.gov/pubmed/30121290
https://doi.org/10.1016/j.jaci.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/29247987
https://doi.org/10.1111/imr.12605
http://www.ncbi.nlm.nih.gov/pubmed/26454413
https://doi.org/10.1016/j.imbio.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30537285
https://doi.org/10.1111/imcb.12223
http://www.ncbi.nlm.nih.gov/pubmed/30076281
https://doi.org/10.1126/sciimmunol.aao4747
http://www.ncbi.nlm.nih.gov/pubmed/34178329
https://doi.org/10.1002/cti2.1300
http://www.ncbi.nlm.nih.gov/pubmed/30937316
https://doi.org/10.1155/2019/7264383
http://www.ncbi.nlm.nih.gov/pubmed/20712572
https://doi.org/10.2174/092986710793176311
http://www.ncbi.nlm.nih.gov/pubmed/28322829
https://doi.org/10.1016/j.ejphar.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/16798840
https://doi.org/10.1093/intimm/dxl065
http://www.ncbi.nlm.nih.gov/pubmed/30230051
https://doi.org/10.1111/cea.13278
http://www.ncbi.nlm.nih.gov/pubmed/27018864
https://doi.org/10.1111/all.12899
http://www.ncbi.nlm.nih.gov/pubmed/31252033
https://doi.org/10.1016/j.jid.2019.06.127

Allergy, Asthma & AA] R
IL-37 Improves IL-24-Mediated Neutrophilic Asthma Immunology Research

28. Zhangy, Liu Y, Xu Y. Interleukin-24 regulates T cell activity in patients with colorectal adenocarcinoma.
Front Oncol 2019;9:1401.
PUBMED | CROSSREF

29. Chong WP, Mattapallil MJ, Raychaudhuri K, Bing SJ, Wu S, Zhong Y, et al. The cytokine IL-17A limits
Th17 pathogenicity via a negative feedback loop driven by autocrine induction of IL-24. Immunity
2020;53:384-397.€5.
PUBMED | CROSSREF

30. XuX, PrensE, Florencia E, Leenen P, Boon L, Asmawidjaja P, et al. Interleukin-17A drives IL-19 and IL-24
expression in skin stromal cells regulating keratinocyte proliferation. Front Immunol 2021;12:719562.
PUBMED | CROSSREF

31. Saul-McBeth], Dillon J, Lee A, Launder D, Kratch JM, Abutaha E, et al. Tissue damage in radiation-
induced oral mucositis is mitigated by IL-17 receptor signaling. Front Immunol 2021;12:687627.
PUBMED | CROSSREF

32. LengRX, Pan HF, Tao JH, Ye DQ. IL-19, IL-20 and IL-24: potential therapeutic targets for autoimmune
diseases. Expert Opin Ther Targets 2011;15:119-26.
PUBMED | CROSSREF

33. Chen]J, Caspi RR, Chong WP. IL-20 receptor cytokines in autoimmune diseases. ] Leukoc Biol
2018;104:953-9.
PUBMED | CROSSREF

34. VuYH, Hashimoto-Hachiya A, Takemura M, Yumine A, Mitamura Y, Nakahara T, et al. IL-24 negatively
regulates keratinocyte differentiation induced by tapinarof, an aryl hydrocarbon receptor modulator:
implication in the treatment of atopic dermatitis. Int ] Mol Sci 2020;21:9412.

PUBMED | CROSSREF

35. Andoh A, Shioya M, Nishida A, Bamba S, Tsujikawa T, Kim-Mitsuyama S, et al. Expression of IL-24, an
activator of the JAK1/STAT3/SOCS3 cascade, is enhanced in inflammatory bowel disease. ] Immunol
2009;183:687-95.

PUBMED | CROSSREF

36. Fonseca-Camarillo G, Furuzawa-Carballeda J, Granados J, Yamamoto-Furusho JK. Expression of
interleukin (IL)-19 and IL-24 in inflammatory bowel disease patients: a cross-sectional study. Clin Exp
Immunol 2014;177:64-75.

PUBMED | CROSSREF

37. Wang HH, Huang JH, Sue MH, Ho WC, Hsu YH, Chang KC, et al. Interleukin-24 protects against liver
injury in mouse models. EBioMedicine 2021;64:103213.

PUBMED | CROSSREF

38. Buzas K, Oppenheim JJ, Zack Howard OM. Myeloid cells migrate in response to IL-24. Cytokine
2011;55:429-34.
PUBMED | CROSSREF

39. HsuYH, Li HH, Hsieh MY, Liu MF, Huang KY, Chin LS, et al. Function of interleukin-20 as a
proinflammatory molecule in rheumatoid and experimental arthritis. Arthritis Rheum 2006;54:2722-33.
PUBMED | CROSSREF

40. GliickJ, Rymarczyk B, Kasprzak M, Rogala B. Increased levels of interleukin-33 and thymic stromal
lymphopoietin in exhaled breath condensate in chronic bronchial asthma. Int Arch Allergy Immunol
2016;169:51-6.

PUBMED | CROSSREF

41. LiY, WangW, LvZ, LiY, Chen Y, Huang K, et al. Elevated expression of IL-33 and TSLP in the airways of
human asthmatics in vive: a potential biomarker of severe refractory disease. ] Immunol 2018;200:2253-62.
PUBMED | CROSSREF

42. AraeK, Ikutani M, Horiguchi K, Yamaguchi S, Okada Y, Sugiyama H, et al. Interleukin-33 and thymic
stromal lymphopoietin, but not interleukin-25, are crucial for development of airway eosinophilia
induced by chitin. Sci Rep 2021;11:5913.

PUBMED | CROSSREF

43. Chu DK, Llop-Guevara A, Walker TD, Flader K, Goncharova S, Boudreau JE, et al. IL-33, but not thymic
stromal lymphopoietin or IL-25, is central to mite and peanut allergic sensitization. J Allergy Clin
Immunol 2013;131:187-200.e1.

PUBMED | CROSSREF

44, Unno H, Arae K, Matsuda A, Tkutani M, Tamari M, Motomura K, et al. Critical role of IL-33, but not IL-25
or TSLP, in silica crystal-mediated exacerbation of allergic airway eosinophilia. Biochem Biophys Res
Commun 2020;533:493-500.

PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2022.14.5.505 526


http://www.ncbi.nlm.nih.gov/pubmed/31921658
https://doi.org/10.3389/fonc.2019.01401
http://www.ncbi.nlm.nih.gov/pubmed/32673565
https://doi.org/10.1016/j.immuni.2020.06.022
http://www.ncbi.nlm.nih.gov/pubmed/34616394
https://doi.org/10.3389/fimmu.2021.719562
http://www.ncbi.nlm.nih.gov/pubmed/34220843
https://doi.org/10.3389/fimmu.2021.687627
http://www.ncbi.nlm.nih.gov/pubmed/21073280
https://doi.org/10.1517/14728222.2011.534461
http://www.ncbi.nlm.nih.gov/pubmed/30260500
https://doi.org/10.1002/JLB.MR1117-471R
http://www.ncbi.nlm.nih.gov/pubmed/33321923
https://doi.org/10.3390/ijms21249412
http://www.ncbi.nlm.nih.gov/pubmed/19535621
https://doi.org/10.4049/jimmunol.0804169
http://www.ncbi.nlm.nih.gov/pubmed/24527982
https://doi.org/10.1111/cei.12285
http://www.ncbi.nlm.nih.gov/pubmed/33508745
https://doi.org/10.1016/j.ebiom.2021.103213
http://www.ncbi.nlm.nih.gov/pubmed/21703864
https://doi.org/10.1016/j.cyto.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/16947773
https://doi.org/10.1002/art.22039
http://www.ncbi.nlm.nih.gov/pubmed/26953567
https://doi.org/10.1159/000444017
http://www.ncbi.nlm.nih.gov/pubmed/29453280
https://doi.org/10.4049/jimmunol.1701455
http://www.ncbi.nlm.nih.gov/pubmed/33723298
https://doi.org/10.1038/s41598-021-85277-4
http://www.ncbi.nlm.nih.gov/pubmed/23006545
https://doi.org/10.1016/j.jaci.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32977946
https://doi.org/10.1016/j.bbrc.2020.09.046

Allergy, Asthma & AA] R
IL-37 Improves IL-24-Mediated Neutrophilic Asthma Immunology Research

45. ChengD, Xue Z, YiL, Shi H, Zhang K, Huo X, et al. Epithelial interleukin-25 is a key mediator in Th2-
high, corticosteroid-responsive asthma. Am J Respir Crit Care Med 2014;190:639-48.
PUBMED | CROSSREF

46. Beale], Jayaraman A, Jackson DJ, Macintyre JD, Edwards MR, Walton RP, et al. Rhinovirus-induced IL-25
in asthma exacerbation drives type 2 immunity and allergic pulmonary inflammation. Sci Transl Med
2014;6:256ral34.
PUBMED | CROSSREF

47. Lv], Xiong Y, Li W, Cui X, Cheng X, Leng Q, et al. IL-37 inhibits IL-4/IL-13-induced CCL11 production and
lung eosinophilia in murine allergic asthma. Allergy 2018;73:1642-52.
PUBMED | CROSSREF

48. LiuJX, Liao B, Yu QH, Wang H, Liu YB, Guo CL, et al. The IL-37-Mex3B-Toll-like receptor 3 axis in
epithelial cells in patients with eosinophilic chronic rhinosinusitis with nasal polyps. J Allergy Clin
Immunol 2020;145:160-72.
PUBMED | CROSSREF

49. HuangN, Liu K, LiuJ, Gao X, Zeng Z, Zhang Y, et al. Interleukin-37 alleviates airway inflammation and
remodeling in asthma via inhibiting the activation of NF-«B and STAT3 signalings. Int Inmunopharmacol
2018;55:198-204.

PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2022.14.5.505 597


http://www.ncbi.nlm.nih.gov/pubmed/25133876
https://doi.org/10.1164/rccm.201403-0505OC
http://www.ncbi.nlm.nih.gov/pubmed/25273095
https://doi.org/10.1126/scitranslmed.3009124
http://www.ncbi.nlm.nih.gov/pubmed/29319845
https://doi.org/10.1111/all.13395
http://www.ncbi.nlm.nih.gov/pubmed/31330219
https://doi.org/10.1016/j.jaci.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/29268192
https://doi.org/10.1016/j.intimp.2017.12.010

	IL-24 Contributes to Neutrophilic Asthma in an IL-17A-Dependent Manner and Is Suppressed by IL-37
	INTRODUCTION
	MATERIALS AND METHODS
	Neutrophil chemotaxis assays
	Asthma animal models
	Airway hyperresponsiveness (AHR)
	Bronchoalveolar lavage fluid (BALF)
	ELISA
	Flow cytometry analysis
	Gene mRNA analysis
	Western blotting
	Immunofluorescent (IF) staining
	Supplementary methods
	Statistical analysis

	RESULTS
	IL-24 enhances IL-17A production in 16-HBE cells via the STAT3 and ERK1/2 signaling pathways
	Epithelial-derived IL-17A is required for IL-24-induced neutrophil migration
	IL-37 prevents the upregulation of IL-17A induced by IL-24 by blocking the STAT3 and ERK1/2 signaling pathways in 16-HBE cells
	Effect of BUD on pulmonary inflammation and goblet cell metaplasia in HDM- or HDM/LPS-induced mouse models of asthma
	IL-37 treatment or silencing IL-24 diminishes IL-17A expression in bronchial epithelium in an HDM/LPS-induced asthma murine model
	IL-37 treatment or silencing IL-24 ameliorates lung function, goblet cell hyperplasia, and pulmonary neutrophilia in an HDM/LPS-induced asthma model
	IL-37 treatment or silencing IL-24 diminishes the Th17 immune response in an HDM/LPS-induced NA model

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Data S1
	Supplementary Table S1
	Supplementary Table S2
	Supplementary Table S3
	Supplementary Fig. S1
	Supplementary Fig. S2
	Supplementary Fig. S3
	Supplementary Fig. S4
	Supplementary Fig. S5
	Supplementary Fig. S6
	Supplementary References

	REFERENCES


