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Abstract

Background Mast cells are implicated in the pathogenesis and severity of asthma in children and adults. The release
of proinflammatory mediators and cytokines from activated mast cells (MC) is associated with Type 2 (T2) cell-skewed
inflammation.

Methods We obtained the airway tissues of Balb/c mice with or without intra-tracheal diesel exhaust particles (DEP)
instillation to measure the extent of tryptase* MCs infiltration and interleukin (IL)-33 expression. Cultured human
mast cells (HMC-1) were stimulated with DEP to determine the role of aryl hydrocarbon receptor (AhR) in mediating
the synthesis and release of IL.-33 and type-2 cytokines.

Results In the control animals, most of the MC accumulated in the submucosal vessels without expression of IL-33.
Intra-tracheal DEP installation increased the number of IL.-33" MC infiltrating in the epithelial and sub-epithelial areas
of mice. Human MC exposed to DEP upregulated mRNA and protein expression of IL-33. These effects were abolished
by knockdown of expression of the AhR or AhR nuclear translocator (ARNT) by small interfering (si)RNA transfec-

tion. DEP also activated nuclear factor-kappa B (NF-kB) to facilitate nuclear translocation of the AhR. DEP increased
MC migration and induced the synthesis and release of IL-4, IL-5, and IL-13 in MCs, and these effects were abolished
by anti-ST2 antibodies.

Conclusions Airborne pollutants may activate MCs to produce IL-33 via the AhR/NF-kB pathway, leading to type
2 cytokines production and enhancing MC airway epithelium-shifted migration through the autocrine or paracrine

IL-33/ST2 axis.
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Background

Asthma is a chronic airway inflammation disease. This
process involves the activation and differentiation of
Type 2 (T2)-related cells, which release IL-4, IL-5, and
IL-13, thus exacerbating asthma (Gauvreau et al. 2023).
Mast cells (MC) have been implicated in the pathogenesis
and severity of asthma in children and adults (Diamant
et al. 2007). MC can be found adjacent to blood vessels in
the lamina propria of the human airway mucosa. Inter-
estingly, in asthmatics, MC also migrates to other struc-
tures, such as the airway epithelium, mucous glands, and
airway smooth muscle (Reuter et al. 2010). The increased
MC number in asthma patients is associated with
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evidence of T2 cell-skewed inflammation (Bergqvist et al.
2015).

Studies have revealed that airway epithelium-derived
cytokines, such as IL-33, serve a central role in T2 inflam-
mation in asthma (Hallstrand et al. 2014; Iijima et al.
2014; Nagarkar et al. 2012). IL-33 induces eosinophilic
inflammation and goblet cell hyperplasia in OVA-induced
asthma mice model (Ishinaga et al. 2017; Stolarski et al.
2010), and IL-33/ST2 axis blockage reduced the total cell
and eosinophil count in BALF of allergic asthma (Lee
et al. 2014). Several studies have shown that abundantly
expressed IL-33 in asthma patients (Prefontaine et al.
2010, Raeiszadeh et al. 2014) and OVA challenge experi-
mental mice model (Louten et al. 2011) and confirmed
elevated IL-33 expression in the airway epithelium of
asthma patients (Prefontaine et al. 2010). IL-33 mediated
signaling pathway further activates MCs, inducing MC
migration, maturation, and cytokines production (Enoks-
son et al. 2011; Iikura et al. 2007; Saluja et al. 2015). This
suggests that IL-33 is an important mediator implicated
in mast cell-epithelium crosstalk in asthma.

Exposure to polycyclic aromatic hydrocarbons (PAHs)
in airborne pollutants is a major healthcare concern. The
aryl hydrocarbon receptor (AhR) has been identified as
a mediator of the induction of toxicity elicited by halo-
genated aromatic hydrocarbons, including environmen-
tal toxins and PAHs (Gasiewicz et al. 2008). The AhR is
a ligand-activated transcription factor and heterodimer-
izes with the aryl hydrocarbon receptor nuclear trans-
locator (ARNT), then translocates from the cytosol
to the nucleus and binds to dioxin response elements
(DRE) (Mimura et al. 2003). The AhR has modulated the
acute and late responses of MC in patients with chronic
obstructive pulmonary disease (Sibilano et al. 2012). AhR
activation induces the generation of reactive oxygen spe-
cies (Kopf et al. 2010), which leads to MC-dependent
inflammatory processes (Swindle et al. 2007). Our previ-
ous study demonstrated that activation of AhR leads to
epithelium-derived alarmins release in airway epithelial
cells of severe allergic asthma (Weng et al. 2018b). Air
pollutants, such as DEP, also directly induce mast cell
degranulation (Diaz-Sanchez et al. 2000). However, the
role of the IL-33/ST2 axis in DEP-induced mast cell acti-
vation remains unclear.

Here, we showed that DEP exposure increased MC
accumulation in the epithelium and lamina propria of
the airway mucosa in experimental animals. Human MCs
exposed to DEP synthesized and released IL-33 through
an AhR activation pathway. IL-33/ST2 axis mediated MC
migration and production of T2 cytokines in both parac-
rine or autocrine manners. Additionally, the molecular
mechanisms underlying DEP-induced IL-33 production
by MCs were explored.
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Methods

Ethical approval of the study protocol

The protocol involving experimental animals was
approved (Institutional Animal Care and Use Committee
number: LAC-2020-0397) by the Animal Care and Use
Committee of Taipei Medical University (Taipei, Taiwan).

DEP preparation

The DEP (Standard Reference Material 2975) used in the
present study was obtained from the National Institute
of Standards and Technology (NIST, Gaithersburg, MD,
USA), which is commonly used for air pollutant-related
studies. The DEP was suspended in phosphate-buffered
saline with 0.05% tween 80 and sonicated by ultrasonic
disrupter before being used in an animal model or mast
cell line. Well-suspended DEP consisting of the major-
ity of particles being mean diameter of 20 nm. DEP con-
tained 73.3% carbon (C), 15.9% nitrogen (N), 8.5% oxygen
(0), 0.3% sulfur (S), 1.2% copper (Cu), and 0.8% zinc (Zn),
and was spherical and aggregated (Bai et al. 2018).

Mouse model of DEP challenge

Balb/c mice received intratracheal instillation of DEP or
vehicle and were sacrificed 24 h later. The tryptase level
was measured by immunohistochemical (IHC) staining,
and the level of IL-33 expression was measured by immu-
nofluorescence staining.

Immunohistochemical and immunofluorescence staining
Sections of paraffin-embedded airway tissues of mice
were immunostained with specific antibodies for
tryptase or IL-33. In brief, lung tissue sections from mice
were stained using specific antibodies against tryptase
(Abcam, Cambridge, UK) or non-immune IgG (Santa
Cruz, CA, USA) antibodies, respectively, followed by the
use of an IHC kit (HRP/DAB Secondary Detection Sys-
tem; Millipore, Bedford, MA, USA). The fluorescence
staining was performed using double staining for tryptase
and IL-33, and Hoechst33342 was used as a counter-
stain. Images were acquired with an optical microscope
(Olympus, Tokyo, Japan) or confocal microscope (Leica,
IL, USA). The images were analyzed by Image] software
(Bio-Rad Laboratories, Hercules, CA, USA).

Cell lines

A human MC line (HMC-1) was kindly provided by
Professor Shau-Ku Huang (Distinguished Investiga-
tor, National Institute of Environmental Health Sci-
ences, National Health Research Institutes, Taiwan).
Cells were maintained in Iscove’s modified Dulbecco’s
medium (Gibco, Grand Island, NY, USA) with 10%
heat-inactivated fetal bovine serum, glutamine (2 mM),
penicillin (100 U/mL), and streptomycin (0.1 mg/mL),
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all from Invitrogen (Carlsbad, CA, USA), in an incuba-
tor in an atmosphere of 5% CO, at 37 °C. Typically, cells
were seeded and maintained in culture plates of diam-
eter 6 cm or 10 cm (Costar, Corning, NY, USA) for 24 h
before stimulation with DEP (0-10 pg/mL). Before expo-
sure to different concentrations of DEP, cultured cells
were pretreated with small interfering (si)RNA or with
specific inhibitors, such as CH223191 (a ligand-selective
antagonist of the AhR, selleckchem, TX, USA) or PDTC
(Sigma-Aldrich, MO, USA), to examine if responses were
mediated through the AhR.

siRNA transfection

Human mast cells (HMC-1, 1x10° cells per well) were
transfected with siRNA against AhR (siA/R) or scramble
siRNA (negative control for AhR siRNA) (Dharmacon,
UK) using DharmaFect 1 transfection reagent for over-
night, and followed by stimulated with DEP for another
6 h. Then, cells were harvested for further study.

Assay to measure MC migration

MC migration was analyzed in vitro (Sivalenka et al.
2004). In brief, HMC-1 cells (5% 10°) were seeded in the
upper chamber of a Transwell " plate (pore size=8 pm;
Corning, NY, USA) with culture medium (100 pL) in the
presence or absence of CH223191 (Selleckchem, TX,
USA) or anti-ST2 (IL1RL1, receptor of IL-33, R&D Sys-
tems, Minneapolis, MN, USA) antibody. The medium
of the lower chamber was replaced with a chemotactic
medium containing a concentration of IL-33 (1 ng/mL,
R&D Systems, Minneapolis, MN, USA). DEP (10 pg/mL)
or IL-33 (10 pg/mL) was then added to the upper cham-
ber and incubated overnight. The migration of HMC-1
cells was determined by counting the number of migrated
cells in the lower chamber.

RNA extraction, complementary cDNA preparation,

and real-time reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

After treatment, the total RNA of MCs was isolated
using the RNeasy Mini Kit (Qiagen, Stanford, VA, USA)
and then quantified using the NanoDrop'" 1000 spectro-
photometer (Thermo Scientific, Waltham, MA, USA).
c¢DNA was synthesized from 0.5 pg of total RNA through
reverse transcription using the iScript’ cDNA Syn-
thesis Kit (Bio-Rad Laboratories, Hercules, CA, USA),
then quantified by RT-PCR using the Rotor-Gene
3000 system (Corbett Research, Sydney, Australia) using
Tools SuperFast SYBR qPCR Reagent (Biotools, Taipei,
Taiwan). Primer sequences are listed in Table 1. Data
were analyzed further through Rotor-Gene 6 software
(Corbett Research). The relative quantification of gene
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Table 1 The primers designed for gPCR and ChlIP

Primers Sequences

gPCR
IL.-33 mRNA Forward
IL-33 mRNA Reverse
GAPDH Forward
GAPDH Reverse

Chip
IL-33 promoter Forward

5" GGTGTTACTGAGTTACTATG 3’

5" GGAGCTCCACAGAGTCTTCCTTG 3"
5" AGGGCTGCTTTTAACTCTGGT 3’

5" CCCCACTTGATTTTGGAGGGA 3’

5" GCAAAGCTCTGCTAATGGAG 3’
5" CCAGAGCAATCATCTGCTAC 3"
5" AGGGCTGCTTTTAACTCTGGT 3’
5" CCCCACTTGATTTTGGAGGGA 3’

IL-33 promoter Reverse
Input GAPDH Forward
Input GAPDH Reverse

expression was normalized to the expression of glyceral-
dehyde-3-phosphate dehydrogenase.

Enzyme-linked immunosorbent assay (ELISA)
Concentrations of IL-33 or other T2 cytokines (IL-4, cat.
DY204; IL-5, cat. DY205; IL-13, cat. DY213) in condi-
tioned media were measured by a specific human ELISA
kit (R&D Systems, Minneapolis, MN, USA) according to
manufacturer instructions.

Western blotting

Expression of target proteins was measured by western
blotting as described previously (Weng et al. 2018b).
Briefly, HMC-1 cells were cultured in a dish with diame-
ters of 6 cm or 10 cm, then treated with vehicle or DEP in
the presence or absence of specific inhibitors. Whole-cell
lysates (50 pg) were separated by a sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis precast gel (Bio-
Rad Laboratories, Hercules, CA, USA) and transferred
onto polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Hercules, CA, USA). The immunoreactivity
of proteins was detected by specific primary antibodies
and followed by incubation with horseradish peroxidase-
conjugated secondary antibodies and enhanced Chemi-
luminescence (ECL) substrate (Tools Super ECLHRP
substrate, Biotools, TW) according to manufacturer
instructions. Quantitative data were measured using a
computing densitometer (Kodak, Tokyo, Japan).

Co-immunoprecipitation

HMC-1 cells were grown in dishes of diameter 10 cm.
Then, they were treated with vehicle or DEP (10 pg/
mL) for 10 min. Nuclear protein fractions were sepa-
rated according to the method described before (Yu et al.
2009). In brief, HMC-1 cells were washed with PBS and
pelleted, then resuspended in hypotonic buffer contain-
ing 0.1% Nonidet P-40 (Sigma-Aldrich, MO, USA) for
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15 min on ice. Nuclei were pelleted through centrifu-
gation at 4100x g for 1 min at room temperature, then
washed with hypertonic buffer for 10 min on ice. After
centrifugation at 6200x g for 10 min at room tempera-
ture, nuclear pellets were lysed in 500 uL of pull-down
buffer, then immunoprecipitated with a specific antibody
against p65 (Santa Cruz, CA, USA) or the AhR (Santa
Cruz, CA, USA) in the presence of protein A/G magnetic
beads (Abcam, Cambridge, UK) at 4 °C overnight. Immu-
noprecipitated beads were washed thrice with a pull-
down buffer. Samples were analyzed by western blotting
with antibodies specific for the AhR or p65.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using the ChIP-IT Express
Assay Kit (Active Motif, CA) according to the manufac-
turer’s instructions. In brief, after treated with 10 pg/ml
DEP for 1 h, the HMC-1 cells (2% 10° cells) were cross-
linked with formaldehyde at 37 °C for 10 min, followed
by quenching the formaldehyde with 125 mM glycine.
The cell lysates were then sonicated and centrifuged for
10 min at 15,000 % g at 4 °C to pellet the cell debris. The
soluble cross-linked chromatins were immunoprecipi-
tated overnight with anti-AhR, ARNT, or non-immune
IgG antibodies. The DNA was subsequently purified and
eluted with 50 pl elution buffer using the spinning fil-
ter and analyzed by quantitative PCR (qPCR). The sam-
ple DNA was normalized to input DNA. Primers were
designed to detect the promoter region containing two
NF-«B binding sites (620 bp), and sequences were listed
in Table 1.

Statistical analyses

The figures in the present study were conducted and sta-
tistically analyzed by GraphPad Prism 9. One-way anal-
ysis of variance (ANOVA), followed by Dunnett’s test,
was used to evaluate the significance of the difference
between mean values for the results of in vitro cell-line
studies. A p-value of<0.05 was considered statistically
significant.

Results

DEP increased MC accumulation in the airways

To determine whether DEP induces MC activation, mice
were challenged with DEP through intratracheal instilla-
tion. As shown in Fig. 1, there were very few MCs infil-
trated the airway epithelium or sub-epithelial areas in
the control mice (Fig. 1a). Most MCs were found accu-
mulated within blood vessels without expression of IL-33
(Fig. 1a). Intra-tracheal instillation of DEP increased the
expression of IL-33 within tryptaset MCs (Fig. 1b), and
increased number of IL-33%tryptase” MCs infiltrating
the airway epithelium and sub-epithelial areas (Fig. 1c).

Page 4 of 12

DEP induced IL-33 release in human MC

Our previous study demonstrated that DEP induces
alarmin expression in airway epithelial cells from patients
with severe asthma (Weng et al. 2018b). To investigate
whether airborne pollutants induce IL-33 release in MC,
HMC-1 cells were stimulated with DEP (0-10 pg/mL)
for 2 or 6 h to measure IL-33 mRNA and protein expres-
sion. DEP stimulation induced HMC-1 cells to express
the mRNA of IL-33 (N=4) (Fig. 2a). Furthermore, DEP
increased IL-33 protein expression in a concentration-
dependent manner (N=5) (Fig. 2b). To ascertain whether
DEP induced IL-33 release, ELISA was performed on the
culture media. Results revealed that IL-33 was produced
in response to DEP in a concentration-dependent man-
ner (N=5) (Fig. 2c). These findings suggest that DEP
induces the synthesis and release of IL-33 in HMC-1
cells.

AhR mediated IL-33 expression in human MC

To investigate whether AhR is involved in DEP-induced
IL-33 expression in HMC-1 cells, the cells were stimu-
lated with DEP (10 pg/mL) for variuos time intervals,
and nuclear and cytosolic fractions were isolated. AhR
protein expression was observed in the cytosolic fraction
10 min after DEP stimulation, and became most promi-
nent in the nucleus at 30 min, indicating nuclear trans-
location of AhR in response to DEP stimulation (N=4)
(Fig. 3a). Furthermore, HMC-1 cells were transfected
with siRNA targeting AhR (siA#R) or ARNT (siARNT),
which almost completely inhibited DEP-induced mRNA
expression of IL-33 (N=4) (Fig. 3b) and DEP-induced
expression of 1L-33 protein (N=4) (Fig. 3c). To deter-
mine whether AhR interacts with the endogenous IL-33
promoter region in response to DEP, a chromatin immu-
noprecipitation (ChIP) assay was performed. The results
of the ChIP assay demonstrated that DEP increased the
binding of the AhR and ARNT on the promoters of IL-33
(N=3) (Fig. 3d). These results suggest that DEP induces
AhR activation, which directly regulates the expression of
IL-33 genes in HMC-1 cells.

Role of nuclear factor-kappa B (NF-kB) activation

in DEP-induced IL-33 expression of human MC

AhR can interact with other transcription factors, such
as NF-«kB, to enhance gene expression (Kim et al. 2000).
To determine whether NF-«kB is involved in DEP-induced
IL-33 expression in HMC-1 cells, cytosol/nucleus frac-
tion isolation and co-immunoprecipitation assay were
performed. Treatment with DEP (10 pg/mL) increased
p65 translocation from the cytosol to the nucleus in a
time-dependent manner (N=4) (Fig. 4b), and induced
IxBa protein degradation (N =4) (Fig. 4c) in HMC-1 cells.
Pretreatment of HMC-1 cells with a NF-«xB inhibitor,
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Fig. 1 Increased number of mast cells in airway epithelium in DEP-challenge mice. Paraffin sections of airway tissues from animals

with intra-tracheal instillation of DEP or vehicle (Control) were immunostained with specific antibodies for tryptase and IL-33 a. The statistical
analysis showed DEP significantly increased the immunofluorescence intensity of IL-33 expression in tryptase™ MC b and the number

of IL-33"tryptase™ MC in airway epithelium or sub-epithelial areas (c). Data are presented as means+SEM. *p < 0.01; ****p < 0.001; **p < 0.005;

compared to the control

PDTC (Ammonium pyrrolidinedithiocarbamate), sig-
nificantly inhibited DEP-induced mRNA expression of
IL-33 (N=4) (Fig. 4d). Co-immunoprecipitation assay
demonstrated that DEP induced the interaction between
AhR and p65 (N =3) (Fig. 4e). Furthermore, inhibition of
NE-kB by PDTC resulted in a decrease in DEP-induced
AhR nuclear translocation (N =4) (Fig. 4f). These results
indicate that DEP induces the activation of NF-kB, which

interacts with AhR to facilitate nuclear translocation,
leading to DEP-induced IL-33 expression in HMC-1 cells.

IL-33 release from DEP-treated HMC-1 cells mediated

the release of type-2 cytokines and migration of HMC-1
cells

To investigate whether DEP induces MC migration, an
in vitro migration assay was performed. Treatment with
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Fig. 2 DEP induced IL-33 up-regulation in human mast cells. a
HMC-1 cells were harvested after treatment of DEP (0.1-10 pg/
ml) for 2 h, and IL-33 mRNA levels were assessed by quantitative
PCR (N=4). b HMC-1 cells were stimulated with DEP (0.1-10 ug/
ml) for 6 h, then protein levels were analyzed by immunobloting
for IL-33 using a specific antibody (N=5). ¢ HMC-1 cells were
stimulated with DEP (0.1-10 ug/ml) for 24 h, and the levels of IL-33
in the conditioned medium were measured by ELISA assay (N=5).
Data are presented as means + SEM from four (a) and five (b, c)
independent experiments. *p < 0.05; **p <0.01; ***p <0.005 compared
to the corresponding vehicle controls as the 100% reference

DEP (10 pg/mL) enhanced the transmembrane migra-
tory ability of HMC-1 cells (N=4) (Fig. 5a). This effect
was inhibited by treatment with the AhR inhibitor
CH223191 or anti-ST2 antibody (Fig. 5a). Therefore, the
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IL-33 expression induced by DEP in MCs is implicated in
cell migration via the IL-33/ST2 axis. DEP also induced
HMC-1 cells to release the type-2 cytokines, including
IL-4, IL-5, and IL-13, in a concentration-dependent man-
ner (N=4) (Fig. 5b). Treatment with anti-ST2 neutraliz-
ing antibodies abolished DEP-induced type-2 cytokines
release (N=3) (Fig. 5¢), suggesting that the IL-33/ST2
axis mediates DEP-induced type-2 cytokine release in
HMC-1 cells.

Discussion

MCs play a crucial role in the pathogenesis of asthma by
releasing a broad spectrum of proinflammatory cytokines
and chemokines that drive the immune responses,
including the T2 response (Galli et al. 2008). Studies have
shown that MCs can migrate to the airway epithelium,
resulting in epithelial instability (Altman et al. 2019).
In the present animal study, exposure to DEP increased
IL-33* MC infiltration into the airway epithelium and
sub-epithelial areas, suggesting that direct exposure to air
pollutants induces MCs to produce IL-33 and promotes
airway epithelium-shifted migration. This inference is
supported by our in vitro HMC-1 studies, which dem-
onstrated that DEP directly induces IL-33 mRNA and
protein expression in MCs through AhR and NF-«kB acti-
vation. The increased IL-33 production mediated DEP-
enhanced HMC-1 migratory ability and T2 cytokines
expression, both of which were inhibited by anti-ST2
antibody treatment. These findings suggest that DEP
exposure induces MC activation via the 1L.-33/ST2 axis
in an autocrine or paracrine manner, and IL-33 plays a
chemotactic role in MC migration.

MCs are abundant in the submucosa and generally
occupy a perivascular position surrounding blood ves-
sels in healthy controls (Lowman et al. 1988). In asthma,
these MCs can shift from the submucosal compartment
to the epithelium, a process strongly associated with type
2 inflammation (Altman et al. 2019). In our study, the vast
majority of MCs in the control group of mice were found
to accumulate within submucosal vessels, with very few
infiltrating into the airway epithelium. Exposure to DEP
not only enhanced IL-33 expression in MCs but also pre-
dominantly in airway epithelial cells. This finding aligns
with our previous report that DEP induces the release
of alarmins in airway epithelial cells of severe allergic
asthma (Weng et al. 2018b). Therefore, DEP exposure
may increase the migration of MCs into submucosal
areas via autologous IL-33 produced by MCs, while also
driving their chemotactic migration to the airway epithe-
lium in response to epithelium-derived IL-33.

IL-33 promotes the differentiation of Th2 cells (Oli-
phant et al. 2011; Tamachi et al. 2006) and activates MCs
and type 2 innate lymphoid cells (ILC2) (Oliphant et al.
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Fig. 3 AhR mediated DEP-induced IL-33 mRNA expression in human mast cells.a HMC-1 cells were treated with DEP (10 pug/ml) for indicated time
intervals, then harvested and separated into nuclear and cytosolic fractions. AhR protein levels were detected by immunoblot analysis. Lamin B1
and B-actin were used as an internal control for nuclear and cytosolic fractions, respectively (N=3). Data are presented as means + SEM from three
independent experiments. **p <0.01 and ##p <0.01 compared to the corresponding baseline as the 100% reference. b HMC-1 cells were transfected
with siAhR or siARNT for 6 h, then stimulated with DEP (10 ug/ml) for 2 h. The mRNA levels of IL-33 were assessed by quantitative PCR as described
above (N=3). ¢ Protein levels of IL-33 were detected by immunoblot analysis as described above (N=3). d ChIP assay demonstrates DEP (10 ug/ml)
increases the binding of AhR or ARNT to the IL-33 promoter sites (N=3). Nonimmune IgG (IgG) was used as a negative control. Data are presented
as means + SEM of three experiments. * p < 0.05; **p < 0.01; ****p < 0.001 compared to the corresponding controls as the 100% reference

2011), which subsequently trigger Th2-derived canoni-
cal cytokines. In the present study, DEP induced HMC-1
cells to release type-2 cytokines (IL-4, IL-5, and IL-13)
via the IL-33/ST2 axis, consistent with previous findings

(Altman et al. 2019). The increased levels of IL-5 in air-
way epithelium may induce trafficking and activation of
eosinophils toward the airway epithelium (Johansson
2017). The elevated levels of IL-4 and IL-13 in the airway
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epithelium may contribute to dysfunction of the airway
epithelial barrier (Saatian et al. 2013). These cytokines
increase cellular permeability, leading to the disrup-
tion of tight junctions in the airway epithelium (Saatian
et al. 2013), and play a role in the pathogenesis of airway
remodeling in asthma (Vatrella et al. 2014). Furthermore,
the epithelium-shifted IL-33" MCs, along with the pro-
duction of type 2 cytokines, may create a feed-forward
loop that amplifies the airway epithelium IL-33 expres-
sion (Christianson et al. 2015). Thus, we propose that
exposure to airborne pollutants may lead to an excessive
increase in IL-33 expression in airway epithelial cells and
airway epithelium-shifted MCs. This, in turn, creates a
vicious feedback loop involving type 2 cytokines produc-
tion, airway epithelium disruption, and augmentation of
airway inflammation in asthma.

As a recognized receptor for environmental pollutants,
activation of the AhR plays an important role in regu-
lating the expression of specific proinflammatory genes
and mediating the differentiation of Th2 cells in asthma
(Xia et al. 2015). Our previous study demonstrated that
DEP induces alarmins release in airway epithelial cells
of severe allergic asthma via AhR activation (Weng
et al. 2018b). In the present study, we found that DEP
also induces IL-33 expression in HMC-1 cells through
AhR activation. These results indicate that exposure to
airborne pollutants may induce excessive IL-33 expres-
sion, triggering an imbalance of the epithelium immune
microenvironment and leading to severe T2 inflamma-
tion in asthmatic patients. Furthermore, DEP exposure
also induced NF-«B activation in HMC-1 cells, and inhi-
bition of NF-kB activation significantly reduced AhR
nuclear translocation under DEP stimulation in HMC-
1. The core functional region of the IL-33 promoter is
located between —1864 and+77 bp upstream of the
IL-33 gene (Govatati et al. 2019; Li et al. 2019). Using
the gene sequence from the NCBI GEO database and
TRANSFAC software, we identified two kB binding sites

(See figure on next page.)
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in the IL-33 promoter region (—2000 to+ 10 bp), but no
DRE sites were detected (Fig. 5a). Our ChIP assay results
demonstrated the recruitment of the AhR/ARNT com-
plex to the IL-33 promoter region. Additionally, there are
five potential NF-kB binding sites within the 3 kb proxi-
mal region of the IL-33 promoter. The NF-kB pathway
has previously been shown to regulate IL-33 transcrip-
tion in human endothelial cells (Duez et al. 2020). In
this study, co-immunoprecipitation of nuclear fraction
revealed that NF-«B interacts with AhR, suggesting that
NEF-«B activation may act as a chaperone for AhR nuclear
translocation and that NF-kB is crucial in mediating
DEP/AhR-mediated IL-33 expression in HMC-1 cells.
Furthermore, the IL-33 promoter contains two dioxin
response elements (DREs), which serve as AhR binding
sites located in the distal region of the IL-33 promoter
(Ishihara et al. 2019). These findings suggest that AhR/
NF-«B activation may regulate IL-33 expression through
promoter folding. Our previous study demonstrated that
DEP induces NF-«B activation in airway epithelial cells
via the ROS pathway (Weng et al. 2018a). However, the
mechanism underlying DEP-induced NF-«B activation in
HMC-1 cells needs further investigation.

The limitation of our study is that human primary
mature MCs are notoriously difficult to obtain for
research purposes. Consequently, many studies on
human MCs use cells derived from differentiated MC
progenitors in peripheral blood stimulated with IL-3.
Although the differentiation protocol for mast cells
is well-established, varying extents of cell differentia-
tion may lead to differing outcomes in response to DEP
stimulation. Although the HMC-1 cell line, derived
from a patient with mast cell leukemia, is widely utilized
in studies of human MC functions due to its expres-
sion of cytokines or cell surface antigen profile (Fu et al.
2021; Sundstrom et al. 2003), as well as for exploring the
underlying regulatory molecular mechanism in allergic
responses (Fang et al. 2022; Hu et al. 2024), the responses

Fig. 4 NF-kB activation facilitated AhR nuclear translocation in DEP-induced IL-33 expression of HMC-1 cells. a Schematic diagram of the human
IL-33 promoter, with data collected from NCBI. b HMC-1 cells were stimulated with DEP (10 pg/ml) for the indicated time intervals, and the nuclear
and cytosolic fractions were separated as described above. p65 protein levels were detected by immunoblot analysis. Lamin BT and B-actin were
used as internal controls for nuclear and cytosolic fractions, respectively (N=4). ¢ HMC-1 cells were stimulated with DEP (10 pg/ml) for the indicated
time intervals, and cells were lysed and immunoblotted with antibodies specific for IkB or 3-actin (N=4). d HMC-1 cells were pretreated

for 30 min with either equivalent vehicle control (DMSO) or PDTC (3-30 mM) and then stimulated with DEP (10 pg/ml) for 2 h. IL-33 mRNA

levels were determined as described above (N=4). Data are presented as means + SEM from four independent experiments. *p <0.05; **p < 0.01

as compared to DEP stimulation alone group. @ HMC-1 cells were stimulated with DEP (10 pug/ml) for 30 min. The nuclear fraction was separated
and immunoprecipitated with antibodies specific for AhR or p65 (N =3). The immunoprecipitated complexes were immunoblotted for p65 or AhR.
Lamin A/C served as the input control. Traces represent results from three independent experiments. f HMC-1 cells were stimulated with DEP

(10 pg/ml) for 120 min in the presence or absence of PDTC (30 mM) (N=5), and nuclear and cytosolic fractions were separated as described above.
AhR protein levels were detected by immunoblot analysis. Lamin B1 and (-actin were used as internal controls for nuclear and cytosolic fractions,
respectively (N=5). Data are presented as means+ SEM from five independent experiments. *p < 0.05; **p <0.01; #p < 0.05; ###p < 0.001 as compared

to corresponding control group
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Fig. 5 [L-33/5ST2 axis involved in DEP-induced mast cell migration and type 2 cytokine release. a HMC-1 cells were cultured in the upper
chamber of a Transwell system and incubated with CH223191 (CH, 10 pM) or an anti-ST2 blocking antibody (1 pg/ml), followed by stimulation
with DEP (10 pg/ml) or IL-33 (10 pg/ml) for 24 h (N=4). The migrated cells in the lower chamber were harvested and counted. Data are presented
as means + SEM from four independent experiments. *p <0.05, **p < 0.01 compared to the corresponding vehicle controls; #p <0.05 compared

to the control group. b HMC-1 cells were harvested after stimulation with DEP (0.1-10 ug/ml) for 24 h, and the levels of IL-4, IL-5, and IL-13 were
determined by ELISA (N=4). c HMC-1 cells were stimulated with DEP (10 ug/ml) for 24 h in the presence or absence of an anti-ST2 blocking
antibody (1 pg/ml). The levels of IL-4, IL-5, and IL-13 were subsequently determined by ELISA (N=3). Data are presented as means + SEM from four
(b) and three (c) independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005; ****p <0.001 compared to DEP treatment alone
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to DEP and the underlying regulatory mechanisms
observed in HMC-1 cells need to be further validated
using human primary MCs in the future studies.

Conclusions

Airborne pollutants can enhance the expression of IL-33
in airway epithelium-shifted MCs via AhR/NF-«B acti-
vation. The concomitant increase in expression of 1L-33
induces T2 cytokines production in MCs, potentially
amplifying T2-mediated airway inflammation and con-
tributing to the persistent exacerbation of severe asthma.

Acknowledgements

We thank Professor Shau-Ku Huang for providing a human mast cell line
(HMC-1) and Professor Chih-Hao Yang from Taipei Medical University for tech-
nical support with the confocal microscope.

Author contributions

Conception and design: W-H. C, T-L. Z. and C-M.W. Supervising the research:
H-PK. Carrying out the experiments (including quality control): W-H. C, and
T-L. Z. Analyses and interpretation of data: all authors. Drafting the manuscript:
W-H. C, T-L. Z. and C-M.W. All the authors approved the final version of the
manuscript.

Funding
This study was supported by the Taiwan Ministry of Science and Technology
(112-2314-B-038-132-MY3 and 112-2314-B-038-133-MY3).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Experimental protocols involving animals were approved by the Animal Care
and Use Committee of Taipei Medical University (LAC-2020-0397).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 14 August 2024 Accepted: 6 December 2024
Published online: 20 December 2024

References

Altman MC, Lai Y, Nolin JD, Long S, Chen CC, Piliponsky AM, Altemeier WA, Lar-
more M, Frevert CW, Mulligan MS, Ziegler SF, Debley JS, Peters MC, Hall-
strand TS. Airway epithelium-shifted mast cell infiltration regulates asth-
matic inflammation via IL-33 signaling. J Clin Invest. 2019;129:4979-91.

Bai KJ, Chuang KJ, Wu SM, Chang LT, Chang TY, Ho KF, Chuang HC. Effects of
diesel exhaust particles on the expression of tau and autophagy proteins
in human neuroblastoma cells. Environ Toxicol Pharmacol. 2018;62:54-9.

Bergqvist A, Andersson CK, Mori M, Walls AF, Bjermer L, Erjefalt JS. Alveolar
T-helper type-2 immunity in atopic asthma is associated with poor clini-
cal control. Clin Sci (Lond). 2015;128:47-56.

Christianson CA, Goplen NP, Zafar |, Irvin C, Good JT Jr, Rollins DR, Gorentla
B, Liu W, Gorska MM, Chu H, Martin RJ, Alam R. Persistence of asthma
requires multiple feedback circuits involving type 2 innate lymphoid cells
and IL-33.J Allergy Clin Immunol. 2015;136:59-68 e14.

Page 11 of 12

Diamant Z, Boot JD, Virchow JC. Summing up 100 years of asthma. Respir Med.
2007;101:378-88.

Diaz-Sanchez D, Penichet-Garcia M, Saxon A. Diesel exhaust particles directly
induce activated mast cells to degranulate and increase histamine levels
and symptom severity. J Allergy Clin Immunol. 2000;106:1140-6.

Duez C, Gross B, Marquillies P, Ledroit V, Ryffel B, Glineur C. Regulation of IL
(Interleukin)-33 production in endothelial cells via kinase activation and
Fas/CD95 upregulation. Arterioscler Thromb Vasc Biol. 2020;40:2619-31.

Enoksson M, Lyberg K, Moller-Westerberg C, Fallon PG, Nilsson G, Lunderius-
Andersson C. Mast cells as sensors of cell injury through IL-33 recognition.
JImmunol. 2011;186:2523-8.

Fang X, Li M, Zhang W, Li J, Zhu T. Thrombin induces pro-inflammatory and
anti-inflammatory cytokines secretion from human mast cell line (HMC-1)
via protease-activated receptors. Mol Immunol. 2022;141:60-9.

Fu LX, Chen'T, Sun QM, Zhou PM, Guo ZP. Interleukin-35 inhibited the produc-
tion of histamine and pro-inflammatory cytokines through suppression
MAPKs pathway in HMC-1 cells. Allergy Asthma Clin Immunol. 2021;17:38.

Galli SJ, Grimbaldeston M, Tsai M. Immunomodulatory mast cells: negative, as
well as positive, regulators of immunity. Nat Rev Immunol. 2008;8:478-86.

Gasiewicz TA, Henry EC, Collins LL. Expression and activity of aryl hydrocarbon
receptors in development and cancer. Crit Rev Eukaryot Gene Expr.
2008;18:279-321.

Gauvreau GM, Bergeron C, Boulet LP, Cockcroft DW, Cote A, Davis BE, Leigh R,
Myers |, O'Byrne PM, Sehmi R. Sounding the alarmins-The role of alarmin
cytokines in asthma. Allergy. 2023;78:402-17.

Govatati S, Pichavaram P, Janjanam J, Zhang B, Singh NK, Mani AM, Traylor JG
Jr, Orr AW, Rao GN. NFATc1-E2F1-LMCD1-Mediated IL-33 expression by
thrombin is required for injury-induced neointima formation. Arterioscler
Thromb Vasc Biol. 2019;39:1212-26.

Hallstrand TS, Hackett TL, Altemeier WA, Matute-Bello G, Hansbro PM, Knight
DA. Airway epithelial regulation of pulmonary immune homeostasis and
inflammation. Clin Immunol. 2014;151:1-15.

Hu P, Zhang Z, Yu X, Wang Y. 5-Hydroxymethylfurfural Ameliorates Allergic
Inflammation in HMC-1 Cells by Inactivating NF-kappaB and MAPK Sign-
aling Pathways. Biochem Genet. 2024;62:1521-38.

lijima K, Kobayashi T, Hara K, Kephart GM, Ziegler SF, McKenzie AN, Kita H.

IL-33 and thymic stromal lymphopoietin mediate immune pathol-
ogy in response to chronic airborne allergen exposure. J Immunol.
2014;193:1549-59.

likura M, Suto H, Kajiwara N, Oboki K, Ohno T, Okayama Y, Saito H, Galli SJ,
Nakae S. IL-33 can promote survival, adhesion and cytokine production in
human mast cells. Lab Invest. 2007;87:971-8.

Ishihara Y, Haarmann-Stemmann T, Kado NY, Vogel CFA. Interleukin 33 expres-
sion induced by aryl hydrocarbon receptor in macrophages. Toxicol Sci.
2019;170:404-14.

Ishinaga H, Kitano M, Toda M, D'Alessandro-Gabazza CN, Gabazza EC, Shah SA,
Takeuchi K. Interleukin-33 induces mucin gene expression and goblet
cell hyperplasia in human nasal epithelial cells. Cytokine. 2017,90:60-5.

Johansson MW. Eosinophil activation status in separate compartments and
association with asthma. Front Med (Lausanne). 2017;4:75.

Kim DW, Gazourian L, Quadri SA, Romieu-Mourez R, Sherr DH, Sonenshein GE.
The RelA NF-kappaB subunit and the aryl hydrocarbon receptor (AhR)
cooperate to transactivate the c-myc promoter in mammary cells. Onco-
gene. 2000;19:5498-506.

Kopf PG, Walker MK. 2,3,7,8-tetrachlorodibenzo-p-dioxin increases reactive
oxygen species production in human endothelial cells via induction of
cytochrome P4501A1. Toxicol Appl Pharmacol. 2010;245:91-9.

Lee HY, Rhee CK, Kang JY, Byun JH, Choi JY, Kim SJ, Kim YK, Kwon SS, Lee SY.
Blockade of IL-33/ST2 ameliorates airway inflammation in a murine
model of allergic asthma. Exp Lung Res. 2014;40:66-76.

Li ZH, Han BW, Zhang XF. A functional polymorphism in the promoter region
of IL-33 is associated with the reduced risk of colorectal cancer. Biomark
Med. 2019;13:567-75.

Louten J, Rankin AL, Li Y, Murphy EE, Beaumont M, Moon C, Bourne P, McCla-
nahan TK, Pflanz S, de Waal MR. Endogenous IL-33 enhances Th2 cytokine
production and T-cell responses during allergic airway inflammation. Int
Immunol. 2011;23:307-15.

Lowman MA, Rees PH, Benyon RC, Church MK. Human mast cell heterogene-
ity: histamine release from mast cells dispersed from skin, lung, adenoids,
tonsils, and colon in response to IgE-dependent and nonimmunologic
stimuli. J Allergy Clin Immunol. 1988;81:590-7.



Cheng et al. Molecular Medicine (2024) 30:262

Mimura J, Fujii-Kuriyama Y. Functional role of AhR in the expression of toxic
effects by TCDD. Biochim Biophys Acta. 2003;1619:263-8.

Nagarkar DR, Poposki JA, Comeau MR, Biyasheva A, Avila PC, Schleimer RP,
Kato A. Airway epithelial cells activate TH2 cytokine production in mast
cells through IL-1 and thymic stromal lymphopoietin. J Allergy Clin
Immunol. 2012;130:225-32¢e4.

Oliphant CJ, Barlow JL, McKenzie AN. Insights into the initiation of type 2
immune responses. Immunology. 2011;134:378-85.

Prefontaine D, Nadigel J, Chouiali F, Audusseau S, Semlali A, Chakir J, Martin
JG, Hamid Q. Increased IL-33 expression by epithelial cells in bronchial
asthma. J Allergy Clin Immunol. 2010;125:752-4.

Raeiszadeh Jahromi S, Mahesh PA, Jayaraj BS, Madhunapantula SR, Holla
AD, Vishweswaraiah S, Ramachandra NB. Serum levels of IL-10, IL-17F
and IL-33 in patients with asthma: a case-control study. J Asthma.
2014;51:1004-13.

Reuter S, Stassen M, Taube C. Mast cells in allergic asthma and beyond. Yonsei
Med J. 2010;51:797-807.

Saatian B, Rezaee F, Desando S, Emo J, Chapman T, Knowlden S, Georas SN.
Interleukin-4 and interleukin-13 cause barrier dysfunction in human
airway epithelial cells. Tissue Barriers. 2013;1: €24333.

Saluja R, Ketelaar ME, Hawro T, Church MK, Maurer M, Nawijn MC. The role
of the IL-33/IL-1RL1 axis in mast cell and basophil activation in allergic
disorders. Mol Immunol. 2015;63:80-5.

Sibilano R, Frossi B, Calvaruso M, Danelli L, Betto E, Dall’Agnese A, Tripodo C,
Colombo MP, Pucillo CE, Gri G. The aryl hydrocarbon receptor modulates
acute and late mast cell responses. J Immunol. 2012;189:120-7.

Sivalenka RR, Jessberger R. SWAP-70 regulates c-kit-induced mast cell activa-
tion, cell-cell adhesion, and migration. Mol Cell Biol. 2004;24:10277-88.

Stolarski B, Kurowska-Stolarska M, Kewin P, Xu D, Liew FY. IL-33 exacerbates
eosinophil-mediated airway inflammation. J Immunol. 2010;185:3472-80.

Sundstrom M, Vliagoftis H, Karlberg P, Butterfield JH, Nilsson K, Metcalfe DD,
Nilsson G. Functional and phenotypic studies of two variants of a human
mast cell line with a distinct set of mutations in the c-kit proto-oncogene.
Immunology. 2003;108:89-97.

Swindle EJ, Metcalfe DD. The role of reactive oxygen species and nitric
oxide in mast cell-dependent inflammatory processes. Immunol Rev.
2007,217:186-205.

Tamachi T, Maezawa Y, lkeda K, Kagami S, Hatano M, Seto Y, Suto A, Suzuki K,
Watanabe N, Saito Y, Tokuhisa T, Iwamoto |, Nakajima H. IL-25 enhances
allergic airway inflammation by amplifying a TH2 cell-dependent path-
way in mice. J Allergy Clin Immunol. 2006;118:606-14.

Vatrella A, Fabozzi |, Calabrese C, Maselli R, Pelaia G. Dupilumab: a novel treat-
ment for asthma. J Asthma Allergy. 2014;7:123-30.

Weng CM, Lee MJ, He JR, Chao MW, Wang CH, Kuo HP. Diesel exhaust particles
up-regulate interleukin-17A expression via ROS/NF-kappaB in airway
epithelium. Biochem Pharmacol. 20183;151:1-8.

Weng CM, Wang CH, Lee MJ, He JR, Huang HY, Chao MW, Chung KF, Kuo HP.
Aryl hydrocarbon receptor activation by diesel exhaust particles medi-
ates epithelium-derived cytokines expression in severe allergic asthma.
Allergy. 2018b;73:2192-204.

Xia M, Viera-Hutchins L, Garcia-Lloret M, Noval Rivas M, Wise P, McGhee SA,
Chatila ZK, Daher N, Sioutas C, Chatila TA. Vehicular exhaust particles pro-
mote allergic airway inflammation through an aryl hydrocarbon receptor-
notch signaling cascade. J Allergy Clin Immunol. 2015;136:441-53.

Yu CC, Hsu MJ, Kuo ML, Chen RF, Chen MC, Bai KJ, Yu MC, Chen BC, Lin CH.
Thrombin-induced connective tissue growth factor expression in human
lung fibroblasts requires the ASK1/JNK/AP-1 pathway. J Immunol.
2009;182:7916-27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12



	IL-33ST2 axis mediates diesel exhaust particles-induced mast cell activation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Ethical approval of the study protocol
	DEP preparation
	Mouse model of DEP challenge
	Immunohistochemical and immunofluorescence staining
	Cell lines
	siRNA transfection
	Assay to measure MC migration
	RNA extraction, complementary cDNA preparation, and real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	Enzyme-linked immunosorbent assay (ELISA)
	Western blotting
	Co-immunoprecipitation
	Chromatin immunoprecipitation (ChIP)
	Statistical analyses

	Results
	DEP increased MC accumulation in the airways
	DEP induced IL-33 release in human MC
	AhR mediated IL-33 expression in human MC
	Role of nuclear factor-kappa B (NF-κB) activation in DEP-induced IL-33 expression of human MC
	IL-33 release from DEP-treated HMC-1 cells mediated the release of type-2 cytokines and migration of HMC-1 cells

	Discussion
	Conclusions
	Acknowledgements
	References


