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Abstract

Background: As asthma progresses, the levels of IL-33 in serum are markedly

increased and contribute to asthmatic development and exacerbation. Mast cells,

one of the principal effector cells in the pathogenesis of asthma, express high levels

of the IL-33 receptor ST2 and have been shown to be activated by IL-33. Thus, IL-

33 stimulates mast cells to produce Th2-type cytokines such as IL-13, thus con-

tributing to asthmatic development. However, the signaling mechanism for IL-33-

induced synthesis of Th2 cytokines, particularly IL-13, has not been fully elucidated

in mast cells.

Methods: The role of 5- or 12-LO in the IL-33-induced synthesis of IL-13 was

investigated using knockdown or pharmacological inhibitors in bone marrow-derived

mast cells (BMMCs) and animal model.

Results: Blockade of 5- or 12-LO significantly suppressed IL-33-induced synthesis

of IL-13 in BMMCs. The subsequent action of 5- and 12-LO metabolites through

their specific receptor, BLT2, was also critical for IL-33-induced synthesis of

IL-13. We also demonstrated that the MyD88-p38 kinase cascade lies upstream

of 5-/12-LO and that NF-jB lies downstream of 5-/12-LO to mediate the IL-

33-induced synthesis of IL-13 in mast cells. Consistent with these findings, we

observed that in an IL-33-administered asthmatic airway inflammation model,

IL-13 levels were markedly increased in bronchoalveolar lavage fluid, but its

levels were markedly suppressed by treatment with inhibitors of 5-LO, 12-LO

or BLT2, further suggesting roles of 5-/12-LO in IL-33-induced IL-13

production.

Conclusion: Our results suggest that “MyD88-5-/12-LO-BLT2-NF-jB” cascade

significantly contributes to the IL-33-induced synthesis of IL-13 in mast cells,

thus potentially contributing to asthmatic development and exacerbation.
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1 | INTRODUCTION

IL-33, a member of the IL-1 family of cytokines, is mainly secreted

by damaged epithelial cells and acts as an alarmin that is immediately

released in response to cell damage.1 Recently, IL-33 was shown to

be closely associated with asthmatic development and exacerbation,

and its levels were increased with the severity of the disease.2,3 The

relationship between asthma and IL-33 was also demonstrated using

an IL-33-overexpressing transgenic mouse, which spontaneously

showed asthmatic airway inflammation with infiltration of inflamma-

tory cells and enhanced Th2-type cytokines.4 Consistent with the

suggested role of IL-33 in asthma, earlier studies demonstrated that

blockade of IL-33 clearly reduced disease severity, as evident from

the suppression of Th2 cytokine production, airway inflammation,

hyper-responsiveness (AHR), and mucus production.5,6

Although mast cells have been shown to respond to exogenous

danger signals,7 recent studies have suggested that mast cells also play

an important role in the recognition of endogenous danger signals

such as IL-33.8 Indeed, mast cells are one of the major ST2-expressing

cell types and have been demonstrated to be critically associated with

the IL-33-associated development of asthma.9,10 For instance, activa-

tion of mast cells by IL-33 was shown to enhance AHR and asthmatic

inflammation via the production of Th2 cytokines such as IL-13.9-11 In

addition, IL-13 secreted from IL-33-stimulated mast cells heightened

airway smooth muscle contraction and contributed to the develop-

ment of airway inflammation.9,10 However, the detailed signaling

mechanism for the production of Th2 cytokines, particularly IL-13, in

activated mast cells by IL-33 remains unclear.

Many previous studies have shown that 5-LO or 12-LO is closely

associated with allergic asthmatic development.12-16 For instance,

leukotriene B4 (LTB4), a 5-LO product, has been demonstrated to

perform important functions during the development of asthma.13,14

Similarly, 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE), a product

of 12-LO, was detected at higher levels in the sputum and bron-

choalveolar lavage fluid (BALF) in asthmatics than in healthy sub-

jects.15 Furthermore, 12-LO-overexpressing mice showed

spontaneous asthmatic symptoms such as elevated AHR and airway

inflammation, and inhibition of 12-LO markedly reduced airway

resistance and inflammation as well as goblet cell metaplasia in an

OVA-induced asthma model.16 Recently, mast cells were suggested

to be one of the principal cell types for the action of 5-/12-LO dur-

ing the progression of asthmatic inflammation.17-19 In particular, 5-/

12-LO was suggested to contribute to mast cell-derived IL-13 pro-

duction.14,19 LTB4 and 12(S)-HETE, products of 5-/12-LO, were

shown to act through their specific cell surface G-protein-coupled

receptor BLT2.20 In addition, many previous reports have suggested

that BLT2 in mast cells plays a key mediatory role in the production

of Th2 cytokines, such as IL-13.14,19 Despite these suggested roles

of 5-/12-LO in IL-13 production, the relationship between IL-33 and

5-/12-LO has not yet been elucidated.

In this study, we found that 5-/12-LO plays critical roles in IL-

33 signaling to induce IL-13 production in mast cells, and we further

characterized the involved pathway. IL-33 stimulates the production

of IL-13 via the upregulation of 5-LO and 12-LO in mast cells. We

found that the “MyD88-p38 kinase-cPLA2” cascade lies upstream of

5-/12-LO, and the “BLT2-NF-jB” cascade lies downstream of 5-/

12-LO in IL-33 signaling to induce IL-13 production in mast cells.

Taken together, our findings demonstrated that “MyD88-p38

kinase-cPLA2-5-/12-LO-BLT2-NF-jB” signaling contributes to IL-33-

induced IL-13 synthesis in mast cells, thereby potentially exacerbat-

ing airway inflammation. This finding may provide a new perspective

for the development of new therapies for asthma, including severe

asthma.

2 | MATERIALS AND METHODS

2.1 | Reagents

Recombinant mouse IL-33 was purchased from R&D systems (Min-

neapolis, MN, USA). RPMI 1640, antibiotics, antimycotic compounds,

and nonessential amino acids were purchased from Invitrogen (Grand

Island, NY, USA). Dimethyl sulfoxide (DMSO) was obtained from

Sigma-Aldrich (St. Louis, MO, USA). MK886, Bay11-7082, PD98059,

and SB203580 were purchased from Calbiochem (La Jolla, CA, USA).

Baicalein was purchased from Enzo Life Sciences (Farmingdale, NY,

USA). U75302 and LY255283 were obtained from Cayman Chemical

(Ann Arbor, MI, USA).

2.2 | BMMC culture and stimulation

Bone marrow-derived mast cells (BMMCs) were obtained by in vitro

differentiation of bone marrow cells obtained from mouse (8-

12 weeks old) femurs and cultured as described previously.19,21 The

purity of the BMMCs was typically over 97%, as determined by flow

cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA)

using an FITC-conjugated rat anti-mouse c-Kit mAb (eBioscience, San

Diego, CA, USA). BMMCs were stimulated with IL-33 (10 ng/mL) in

cytokine-free complete medium for the indicated time periods.

2.3 | Semi-quantitative and quantitative reverse
transcriptase PCR analysis

Total cellular RNA was extracted using easy-BLUE (iNtRON Biotech-

nology, Seongnam, Korea). Then, 2 lg of the extracted RNA was

reverse-transcribed using Moloney murine leukemia virus reverse

transcriptase (iNtRON Biotechnology), and BLT1, BLT2, IL-13, ST2,

MyD88, and GAPDH were amplified using an RT-PCR PreMix kit

(iNtRON Biotechnology). For semi-quantitative analysis of the tran-

scripts, we first determined the optimal PCR conditions for linear

amplification of GAPDH. The primers for ST2,22 MyD88,20 IL-13,21

BLT1, BLT2, and GAPDH19 were described previously, respectively.

For real-time PCR reactions, a LightCycler 480 SYBR Green I Master

(Roche Diagnostics, Mannheim, Germany) was used according to the

manufacturer’s instructions.
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2.4 | RNA interference

To knockdown ST2, MyD88, 5-LO, 12-LO, BLT1, or BLT2, BMMCs

were transfected with small interfering RNAs (siRNA; Bioneer, Dae-

jeon, Korea) using the MP-100 MicroPorator (Digital Bio, Seoul,

Korea) according to the manufacturer’s instructions. Then, cells were

cultured in complete medium without antibiotics for 24 hours, and

the mRNA levels of ST2, MyD88, 5-LO, 12-LO, BLT1, and BLT2

were analyzed by RT-PCR to evaluate the level of interference.

2.5 | Measurement of IL-13, LTB4, and 12(S)-HETE

Bone marrow-derived mast cells were stimulated with IL-33

(10 ng/mL) in cytokine-free complete medium for the indicated

time periods. The amount of IL-13, IL-5, LTB4, or 12(S)-HETE was

quantified in cell-free collected medium or in the supernatants of

BALF using an ELISA kit (R&D systems for IL-13 or IL-5; Enzo life

sciences for LTB4 and 12(S)-HETE) according to the manufacturer’s

instructions. BALF was obtained from mouse lungs using 0.7 mL of

PBS after trachea cannulation, and the collected BALF was cen-

trifuged at 1000 g for 3 minutes. Then, the supernatant was col-

lected for an ELISA.

2.6 | Immunoblotting analysis

Immunoblotting analysis was carried out as described previously.19

Antibodies against cPLA2, p-cPLA2, 5-LO, and 12-LO were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and antibod-

ies against ERK, p-ERK, p38, phospho-p38, p-IjBa, and b-actin

(loading control) were obtained from Cell Signaling Technology

(Danvers, MA, USA). Size estimates for proteins were obtained

using molecular weight standards from Thermoscientific (Rockford,

IL, USA).

2.7 | IL-33 administration-induced Airway
inflammation

Female BALB/c mice (8 weeks old) were obtained from Orient Bio

(Seongnam, Korea). Mice were intranasally administered IL-33 daily

(1 lg/day) for 3 days. For the inhibition experiments, mice were

orally injected with MK886 (5 mg/kg) or baicalein (75 mg/kg) 1 h

before each IL-33 administration. In addition, mice were intraperi-

toneally injected with LY255283 (10 mg/kg), U75302 (10 lg/mouse)

or vehicle (DMSO) 1 hour before each IL-33 administration. Mice

were killed on the next day after the final IL-33 administration.

Genetically mast cell-deficient Kit (W/Wv) mice and congenic wild-

type (WT) mice were purchased from the Jackson Laboratory (Bar

Harbor, ME, USA). Typically, W/Wv mice exhibit less than 1.0% of

the number of dermal mast cells present in the skin of WT mice and

have no detectable mature mast cells in the respiratory system or

other sites.23 In addition, we performed the mast cell reconstitution

experiments using the methodology described previously.21,24,25

Bone marrow cells were cultured from WT mice. Then, twice weekly,

BMMCs were infused into each W/Wv mice via the tail vein. Eight

weeks later, BMMCs were infused once, and the reconstituted mice

were then administered with IL-33 daily (1 lg/day) for 3 days. All

experimental animals used in this study were treated according to

the guidelines approved by the Institutional Animal Care and Use

Committee of Korea University.

2.8 | BALF cells and analysis of lung histology

Inflammatory cells were collected by BALF by centrifugation (1000 g

for 3 minutes) and washed with PBS. Next, BAL cells were fixed on

glass slides and then stained with hematoxylin and eosin (H&E). Lung

sections (6 lm thickness) were mounted onto Superfrost Plus glass

slides (Fisher Scientific Pittsburgh, PA, USA), deparaffinized, and

stained with H&E or periodic acid-Schiff (PAS). A quantitative histo-

logical analysis was performed to measure the degree of inflamma-

tion by five independent, blinded investigators. The degree of

peribronchial and perivascular lung inflammation was evaluated on a

subjective scale from 0 to 3, as previously described.14 Images were

acquired using a BX51 microscope (Olympus, Tokyo, Japan)

equipped with a DP71 digital camera (Olympus).

2.9 | Statistical analysis

Student’s t test was performed to assess most of the data, which

were expressed as the means � SD. In all cases, the experiments

were repeated three times with similar results, and representative

data are shown. P-values < .05 were considered statistically signifi-

cant.

3 | RESULTS

3.1 | IL-33 stimulates the synthesis of IL-13 in mast
cells via a 5-/12-LO-dependent pathway

To determine whether mast cells play a role in the IL-33-driven pro-

duction of IL-13 in vivo, we used genetically mast cell-deficient Kit

(W/Wv) mice. The IL-13 levels in BALF were significantly lower in

W/Wv mice than in WT mice when IL-33 was administered intrana-

sally (Figure 1A), suggesting a role of mast cells in the synthesis of

IL-13 by IL-33. Similarly, histological analysis revealed that W/Wv

mice showed diminished airway inflammation (Figure 1A). To further

demonstrate the role of mast cells, we performed the mast cell

reconstitution experiments using the methodology described previ-

ously.21,24,25 Clearly, the production of IL-13 and associated airway

inflammation as well as mucus production was restored by the trans-

fer of BMMCs derived from WT mice into W/Wv mice and subse-

quent administration of IL-33 (Figure 1A). Taken together, mast cells

appear to be critical for the production of IL-13 and the airway

inflammation in IL-33-administered mice.

Next, we isolated BMMCs to test whether IL-33 stimulates the

synthesis of IL-13 and found that the synthesis of IL-13 was signifi-

cantly elevated following IL-33 stimulation (Figure 1B). To determine
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whether 5-/12-LO is associated with IL-33-stimulated signaling to

induce IL-13 synthesis in mast cells, we examined the levels of 5-/

12-LO and cPLA2 phosphorylation. We found that the levels of

cPLA2 phosphorylation and 5-/12-LO were highly increased follow-

ing IL-33 stimulation (Figure 1C). Also, we found that LTB4 and 12

(S)-HETE were elevated by IL-33 (Figure 1D). Furthermore, prior

exposure of the cells to the 5-LO inhibitor MK886 or the 12-LO

inhibitor baicalein significantly suppressed the levels of IL-13 (Fig-

ure 1E). Together, these results suggested that 5-/12-LO contributes

to IL-13 production by IL-33 in mast cells.

3.2 | 5-/12-LO lies downstream of MyD88 in IL-33-
induced signaling to promote IL-13 production in
BMMCs

IL-33 activates mast cells by binding to its receptor, ST2, and trans-

mits a signal via a cytoplasmic adaptor protein, MyD88. The ST2/

MyD88 cascade has been shown to produce IL-13 in mast cells.26

Consistent with this report, depletion of ST2 or MyD88 by siRNA

resulted in a marked attenuation of IL-33-induced IL-13 production

(Figure 2A,B). Next, we tested whether upregulation of 5-/12-LO in

F IGURE 1 5-/12-LO contributes to the synthesis of IL-13 in IL-33-stimulated bone marrow-derived mast cells (BMMCs). A, Airway
inflammation was induced by IL-33 (1 lg per animal, intranasal) for three consecutive days in W/Wv or W/Wv reconstituted with WT
BMMCs as well as control mice (WT). The levels of IL-13 in BALF were analyzed using an ELISA. Airway inflammation in lung tissues was
assessed by histological analysis. The lungs were excised, fixed, and stained with H&E or PAS (n = 3-5 per group). Scale bars, 50 lm.
Peribronchial and perivascular lung inflammation were measured and scored. B, BMMCs were stimulated with IL-33 (10 ng/mL) for the
indicated time periods. Then, transcript levels were assessed by real-time PCR. The levels of IL-13 in the culture medium were detected using
an ELISA. C, BMMCs were stimulated with IL-33 (10 ng/mL) for the indicated times. Then, cell lysates were subjected to immunoblotting
analysis. D, BMMCs were stimulated with IL-33 for 24 h. Then, the levels of LTB4 and 12(S)-HETE released into the culture medium were
assayed using ELISA. E, BMMCs were first incubated with MK886 (5 lmol/L), baicalein (20 lmol/L), or DMSO for 30 min and then stimulated
with IL-33 for 1 h. Next, total RNA was isolated and subjected to real-time PCR. Culture supernatants of BMMCs treated as shown in (B)
were assayed to measure the level of IL-13. All quantitative data are expressed as the mean � SD from three independent experiments.
*P < .05, **P < .01
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BMMCs is dependent on MyD88. Depletion of MyD88 clearly atten-

uated the IL-33-induced increase in the levels of cPLA2 phosphoryla-

tion and 5-/12-LO in BMMCs (Figure 2C). The IL-33-induced

generation of LTB4 and 12(S)-HETE was also significantly inhibited

by MyD88 depletion (Figure 2D). Collectively, these results sug-

gested that a cPLA2-5/12-LO-linked cascade is activated via MyD88

and predominantly contributes to IL-33-induced IL-13 synthesis in

BMMCs.

3.3 | p38 Kinase lies upstream of 5-/12-LO in IL-33
signaling to promote IL-13 synthesis in BMMCs

Previous studies have suggested that MAPKs play a role in IL-33 sig-

naling in mast cells, thereby facilitating the synthesis of IL-13 in

these cells.27,28 Consistent with these reports, we found that pre-

treatment with the ERK inhibitor PD98059 or the p38 kinase inhibi-

tor SB203580 markedly inhibited IL-33-induced IL-13 production in

BMMCs (Figure 3A,B). Next, we found that PD98059 and

SB203580 clearly inhibited the levels of cPLA2 phosphorylation and

5-/12-LO (Figure 3C). In addition, IL-33-induced generation of LTB4

and 12(S)-HETE in BMMCs was significantly inhibited by prior

exposure of the cells to PD98059 or SB203580 (Figure 3D).

Together, these results suggest that MAPKs, specifically p38 kinase,

are associated with the phosphorylation of cPLA2 and upregulation

of 5-LO and 12-LO, thereby contributing to the production of IL-13

in IL-33 activated BMMCs.

3.4 | The action of 5-/12-LO-derived lipid products
through their receptor, BLT2, is necessary for the
production of IL-13 in response to IL-33 in BMMCs

LTB4 and 12(S)-HETE are produced through the metabolism of

arachidonic acid by 5-LO and 12-LO, respectively, and can interact

with their specific receptor, BLT2.29,30 Next, we examined whether

BLT2 plays any role in IL-13 production by IL-33 in BMMCs. Pre-

treatment with a BLT2-specific inhibitor, LY255283, or knockdown

of BLT2 by siRNA decreased the production of IL-13 by IL-33 (Fig-

ure 4A,B), suggesting that the 5-/12-LO-BLT2 cascade is involved in

IL-33-induced IL-13 synthesis. In contrast to BLT2, BLT1 inhibition

by U75302 or knockdown of BLT1 had no effect on IL-13 produc-

tion in IL-33-stimulated BMMCs (Figure 4C,D). Next, we investigated

whether upregulation of BLT2 is dependent on 5-/12-LO.

F IGURE 2 5-/12-LO functions downstream of MyD88 in IL-33-induced signaling to promote IL-13 production in bone marrow-derived
mast cells (BMMCs). A, BMMCs were transfected with control or ST2 siRNAs, incubated for 24 h and then stimulated with IL-33 (10 ng/mL)
for 1 h. Transcript levels were assessed by semi-quantitative RT-PCR. Independently, BMMCs were transfected, incubated as described above,
and stimulated with IL-33 (10 ng/mL) for 24 h, followed by assays of IL-13 release. B, BMMCs were transfected with control or MyD88
siRNAs, incubated for 24 h, and stimulated with IL-33 (10 ng/mL) for 1 h. Then, transcript levels were assessed by semi-quantitative RT-PCR.
Cells were transfected and incubated as described above and stimulated with IL-33 for 24 h, followed by assays of IL-13 release. C, BMMCs
were transfected as described in (B) and stimulated with IL-33 for 15 min. Then, cell lysates were subjected to immunoblot analysis. D,
BMMCs were transfected as in (B) and stimulated with IL-33 for 24 h. Next, the levels of LTB4 and 12(S)-HETE were determined using an
ELISA assay. All quantitative data are expressed as the mean � SD from three independent experiments. *P < .05, **P < .01
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Pretreatment of cells with the 5-LO inhibitor MK886 or the 12-LO

inhibitor baicalein clearly suppressed the upregulation of BLT2 (Fig-

ure 4E). In addition, knockdown of MyD88 by siRNA resulted in a

clear attenuation of BLT2 upregulation in IL-33-treated BMMCs (Fig-

ure 4F). Together, these results suggested that BLT2 is potentially

downstream of 5-/12-LO in mediating IL-13 production in IL-33 acti-

vated BMMCs.

3.5 | NF-jB lies downstream of 5-/12-LO in IL-33
signaling to IL-13 production in BMMCs

IL-33 stimulates NF-jB activity, which contributes to the transcrip-

tion of IL-13 in BMMCs.28 Consistent with this report, we found

that NF-jB is activated in response to IL-33 by measuring the levels

of IkBa phosphorylation (Figure 5A), and pretreatment of the cells

with the NF-jB inhibitor Bay11-7082 markedly suppressed the pro-

duction of IL-13 by IL-33 in BMMCs (Figure 5B). Next, we investi-

gated the involvement of 5-/12-LO in NF-jB activation by IL-33

and found that inhibition of 5-LO or 12-LO with MK886 or baica-

lein, respectively, clearly inhibited IL-33-induced NF-jB activation in

BMMCs (Figure 5C and 5D), suggesting that NF-jB activation lies

downstream of 5-/12-LO in IL-33 signaling to induce IL-13 produc-

tion in BMMCs. In addition, transfection of siMyD88 resulted in a

marked attenuation of IL-33-induced NF-jB activation (Figure 5E).

3.6 | 5-/12-LO contributes to the production of IL-
13 in the IL-33-induced airway inflammation model

Next, we examined whether 5-/12-LO contributes to the production

of IL-13 in response to IL-33 in vivo. To achieve this, BALB/c mice

were intranasally administered IL-33 daily (1 lg/day) for 3 days. To

inhibit 5/12-LO, mice were orally injected with MK886 (5 mg/kg) or

baicalein (75 mg/kg) 1 hour before IL-33 administration (Figure 6A).

We observed that the levels of IL-13 as well as IL-5 were highly

increased in BALF in the IL-33-administered asthmatic airway inflam-

mation model (Figure 6B), but the levels were dramatically sup-

pressed by treatment with inhibitors of 5-LO or 12-LO. In addition,

the levels of LTB4 and 12(S)-HETE were greatly elevated in serum

after IL-33 treatment, and injection of MK886 or baicalein signifi-

cantly reduced LTB4 and 12(S)-HETE levels (Figure 6C). Accumula-

tion of total immune cells and eosinophils was also highly enhanced

in BALF by IL-33, and this effect was also greatly suppressed by

MK886 or baicalein (Figure 6D). In addition, histology analysis

showed that MK886 or baicalein clearly reduced airway inflamma-

tion compared to those of controls (Figure 6E). Together, these

results suggest that IL-33-induced production of IL-13 and airway

inflammation are predominantly dependent on the 5-/12-LO cas-

cade, supporting the critical mediatory roles of 5-/12-LO in mast

cells in IL-33-induced IL-13 production.

Similarly, we examined the effect of BLT2 blockade on IL-13 syn-

thesis in an IL-33-induced murine model. To achieve this, LY255283

(10 mg/kg) was intraperitoneally injected at 1 hour before IL-33

administration (Figure 7A). We found that LY255283 significantly

reduced the levels of IL-13 as well as IL-5 (Figure 7B), and also the

infiltration of inflammatory cells (Figure 7C). In addition, airway inflam-

mation and mucus production were markedly reduced by LY255283

as determined by histological analysis and quantitative analysis of

inflammation scores (Figure 7D). Together, these results suggested

that BLT2, which is downstream of the 5-/12-LO cascade, contributes

to the production of IL-13 and airway inflammation induced by IL-33,

F IGURE 3 p38 Kinase functions
upstream of 5-/12-LO in IL-33 signaling to
promote IL-13 synthesis in bone marrow-
derived mast cells (BMMCs). A, BMMCs
were stimulated with IL-33 (10 ng/mL) for
the indicated times. Then, cell lysates were
subjected to immunoblot analysis. B, Cells
were pretreated for 30 min with PD98059
(20 lmol/L), SB203580 (20 lmol/L) or
DMSO and then stimulated for 1 h with
IL-33 (10 ng/mL), followed by analysis of
total RNA using real-time PCR. Cells were
exposed as described above and incubated
with IL-33 (10 ng/mL) for 24 h. The levels
of IL-13 released into the culture medium
were then assayed. C, Cells were treated
as in (B) and incubated with IL-33 (10 ng/
mL) for 15 min. Next, cell lysates were
subjected to immunoblot analysis. D, Cells
were treated as in (B), and the levels of
LTB4 and 12(S)-HETE were determined in
the culture medium using an ELISA assay.
All quantitative data are expressed as the
mean � SD from three independent
experiments. *P < .05, **P < .01
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further supporting the role of 5-/12-LO in IL-33-induced IL-13

production and airway inflammation response (Figure 7E).

4 | DISCUSSION

In the present study, we demonstrated that 5-/12-LO plays a critical

role in IL-33 signaling to induce IL-13 production in mast cells. In

addition, we demonstrated that the “MyD88-p38 kinase-cPLA2” cas-

cade functions upstream of 5-/12-LO, and the “BLT2-NF-jB” cas-

cade functions downstream of 5-/12-LO in the IL-33 signaling

pathway to induce IL-13 production in mast cells. Our findings may

provide insight into the mechanisms underlying how IL-33 con-

tributes to asthmatic development and exacerbation.

IL-33, a member of the IL-1 family, functions as an alarmin to

alert the immune system after endothelial or epithelial cell dam-

age.31 In addition, recent studies have suggested that IL-33 is also

implicated in the promotion and exacerbation of asthmatic patho-

genesis by inducing the production of Th2 cytokines, such as IL-

13.32 And, mast cells have been demonstrated to be closely asso-

ciated with IL-33-induced production of IL-13.9,27 Consistent with

these reports, we found that IL-13 levels were significantly lower

F IGURE 4 BLT2 functions downstream of the 5-/12-LO cascade in IL-33 signaling to induce IL-13 synthesis in bone marrow-derived mast
cells (BMMCs). A and C, BMMCs were first incubated with LY255283 (10 lmol/L), U75302 (1 lmol/L), or DMSO for 30 min and then
stimulated with IL-33 (10 ng/mL) for 1 h. Then, transcript levels were assessed by semi-quantitative RT-PCR. Cells were treated as described
above (A) and incubated with IL-33 (10 ng/mL) for 24 h. Next, the levels of IL-13 released into the culture medium were assayed. B and D,
BMMCs were transfected with 50 nmol/L of control, BLT1 or BLT2 siRNAs, incubated for 24 h and then stimulated with IL-33 (10 ng/mL) for
1 h. Then, transcript levels were assessed by semi-quantitative RT-PCR. Cells were transfected and incubated as described above and
stimulated with IL-33 (10 ng/mL) for 24 h, followed by assays of IL-13 levels. E, BMMCs were incubated for 30 min with the indicated dose
of MK886 or baicalein and then stimulated with IL-33 (10 ng/mL) for 1 h. Then, total RNA was isolated and subjected to semi-quantitative
RT-PCR analysis. F, siMyD88 was transfected as in (B), and cells were treated with IL-33 (10 ng/mL) for 1 h. Then, semi-quantitative RT-PCR
analysis was performed. The results shown are representative of three independent experiments with similar results. All quantitative data are
expressed as the mean � SD. *P < .05, **P < .01
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in W/Wv mice than in WT mice when IL-33 was administered

intranasally (Figure 1A), suggesting a pivotal role of mast cells in

the synthesis of IL-13 by IL-33.

In the present study, we found that the 5-/12-LO is associ-

ated with the synthesis of IL-13 by IL-33 in BMMCs (Figure 1). In

addition, the levels of 5-/12-LO metabolites, LTB4 and 12(S)-HETE,

were shown to be highly elevated following IL-33 stimulation (Fig-

ure 1). It was shown that IL-33 activates mast cells by binding to

ST2 and transmits its signal via an adaptor protein, MyD88.

Indeed, the ST2/MyD88 cascade was shown to produce IL-13 in

mast cells.26 Consistent with this report, depletion of ST2 or

MyD88 resulted in a marked attenuation of IL-33-induced IL-13

production (Figure 2A,B). Moreover, we found that depletion of

MyD88 clearly attenuated the IL-33-induced increase in the levels

of cPLA2 phosphorylation and 5-/12-LO as well as the production

of LTB4 and 12(S)-HETE in BMMCs (Figure 2C,D), which together

further support the role of 5-/12-LO in the IL-33-induced synthe-

sis of IL-13. Recently, IL-13 released from mast cells exposed to

IL-33 was shown to indirectly induce airway smooth muscle con-

traction and play a critical role in the development of airway

inflammation.9 Thus, we suspect that 5-/12-LO inhibition might

attenuate airway smooth muscle contraction and inflammation.

Consistent with this idea, it was shown that 5-LO inhibition was

effective in alleviating asthmatic symptoms induced by allergic

responses.33 Similarly, 12-LO inhibition reduced airway resistance,

recruitment of inflammatory cells to the lung, fibrosis, and goblet

cell metaplasia in an OVA-induced asthma model.16 In addition,

overexpression of 12-LO caused spontaneous asthmatic symptoms,

such as increased AHR and airway inflammation. Moreover, atopic

asthmatics show higher levels of 12(S)-HETE in the sputum and

BAL fluid than healthy subjects.15

The 5-/12-LO metabolites LTB4 and 12(S)-HETE interact with

the same cell surface receptor, BLT2, and it is likely that an auto-

crine- or paracrine-acting “LTB4/12(S)-HETE-BLT2” cascade is

implicated in the production of IL-13 in response to IL-33. Consis-

tent with this idea, we observed that the levels of BLT2 were

markedly upregulated by IL-33 (Figure 4B) and that blockade of

BLT2 significantly reduced the IL-33-induced IL-13 synthesis in

BMMCs (Figure 4A,B). We found that blockade of BLT1 had no

effect on the levels of IL-13 in response to IL-33 (Figure 4C,D),

suggesting that the BLT1-linked cascade is not associated with IL-

33 signaling to induce IL-13 production in mast cells. Consistent

with the suggested role of BLT2 in the production of IL-13, it

was previously shown that BLT2 overexpression alone significantly

increased IL-13 production in BMMCs, and the addition of BLT2

ligands [LTB4 and 12(S)-HETE] further enhanced IL-13 produc-

tion.19 Moreover, we recently demonstrated that the synthesis of

IL-13 synthesis are strictly dependent on BLT2 in mast cells,21,34

which is consistent with the role of BLT2 in IL-33 signaling to

induce IL-13 production. Many nonepithelial cell types including

macrophages express 5-/12-LO and can secrete lipid mediators

such as LTB4 and 12(S)-HETE during airway inflammation in

mice.35,36 In addition, 5-LO and its product LTB4 were shown to

play critical roles in IL-13 production in innate immune cells

including macrophages and as group 2 innate lymphoid cells (ILC2)

in allergic responses.37 Thus, we speculate that a similar BLT2-

F IGURE 5 NF-kB activation functions downstream of 5-/12-LO in IL-33 signaling to induce IL-13 production in bone marrow-derived mast
cells (BMMCs). A, BMMCs were stimulated with IL-33 (10 ng/mL) for the indicated times. Then, cell lysates were subjected to immunoblot
analysis with antibodies to phosphorylated IjBa. B, BMMCs were incubated for 30 min with Bay11-7082 (20 lmol/L) and then stimulated for
24 h with IL-33 (10 ng/mL). The level of IL-13 was determined with an ELISA. C and D, BMMCs were incubated for 30 min with MK886
(5 lmol/L), baicalein (20 lmol/L), or LY255283 (10 lmol/L) and then stimulated with IL-33 for 15 min. Cell lysates were subjected to
immunoblot analysis. E, BMMCs were transfected with control or MyD88 siRNAs and incubated for 24 h. Next, the BMMCs were stimulated
with IL-33 for 15 min. Cell lysates were subjected to immunoblot analysis. Cells were treated as described above and stimulated with IL-33 for
1 h. Total RNA was isolated and subjected to semi-quantitative RT-PCR analysis. All quantitative data are expressed as the mean � SD from
three independent experiments. *P < .05, **P < .01
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linked signaling cascade may exist in other cell types such as

macrophages or ILC2. Nonetheless, we think that the observations

(Figures 1, 6, and 7), especially from the mast cell reconstitution

experiment, are mainly due to the contribution by mast cells.

Clearly, further studies are necessary to understand the roles of

other cell types in IL-33-IL-13 axis in vivo.

Similar to our findings in BMMCs, the levels of IL-13 in BALF

were also markedly suppressed in vivo by blockade of 5-LO or 12-

LO in IL-33-induced murine models (Figure 6). The levels of LTB4

and 12(S)-HETE were also highly elevated in serum after IL-33 treat-

ment (Figure 6C). In addition, blockade of 5- or 12-LO resulted in a

dramatic suppression of the accumulation of eosinophils in lung air-

ways (Figure 6D). Moreover, blockade of BLT2 significantly reduced

the production of IL-13 and airway inflammation in IL-33-induced

asthmatic models (Figure 7). Interestingly, blockade of BLT1 with

U75302 has no effect (Fig. S1), thus excluding the contribution of

BLT1 in IL-33-IL-13 axis in vivo. Taken together, these results sug-

gested that IL-33-induced production of IL-13 and eosinophilic air-

way inflammation is predominantly due to the 5-/12-LO cascade. In

summary, our results suggested that the 5-/12-LO-linked cascade

significantly contribute to IL-33 signaling, resulting in the production

of IL-13 in mast cells. Considering the critical role of IL-33 in asth-

matic development and exacerbation, our results may provide a basis

for the development of new treatments for allergic diseases, includ-

ing severe asthma.

ACKNOWLEDGMENTS

This work was supported by Bio & Medical Technology Development

Program grants (2017M3A9D8063317 and 2012M3A9C1053532)

and Mid-Career Researcher Program Grant (2017R1A2B4002203)

through the National Research Foundation funded by the Ministry of

Science, Information and Communication Technologies (ICT), and

Future Planning, Republic of Korea. This work was also supported by

Basic Science Research (2015R1D1A1A01057757) through an NRF

funded by the Ministry of Education, Republic of Korea and BK21

Plus Program (School of Life Sciences and Biotechnology, Korea

University).

CONFLICTS OF INTEREST

The authors have no financial conflict of interests.

F IGURE 6 Blockade of 5-/12-LO
suppresses the production of IL-13 in an
IL-33-induced airway inflammation model.
A, Airway inflammation was induced by
intranasal administration of 1 lg of IL-33
per day for 3 consecutive days in BALB/c
mice. MK886 (5 mg/kg) or baicalein
(75 mg/kg) was injected orally 1 h before
each IL-33 administration in some mice,
and the mice were then killed on the day
after the final IL-33 administration (n = 4-6
per group). B, The levels of IL-13 and IL-5
in BALF were analyzed using ELISA. C, The
LTB4 and 12(S)-HETE levels in serum were
analyzed using ELISAs. D, Eosinophils and
total immune cells in BALF were obtained
using cytospin and stained with H&E. E,
The lungs were excised, fixed, and stained
with H&E or PAS. Peribronchial and
perivascular lung inflammation were
measured and scored. All quantitative data
are expressed as the mean � SD from
three independent experiments. *P < .05,
**P < .01

RO ET AL. | 9



AUTHOR CONTRIBUTIONS

MR planned the study, performed the experiments, analyzed data,

and wrote the manuscript. AJL performed the experiments and ana-

lyzed data. JHK supervised the study and wrote the manuscript.

ORCID

Jae-Hong Kim http://orcid.org/0000-0002-8019-0208

REFERENCES

1. Lefrancais E, Cayrol C. Mechanisms of IL-33 processing and secre-

tion: differences and similarities between IL-1 family members. Eur

Cytokine Netw 2012;23:120-127.

2. Guo Z, Wu J, Zhao J, et al. IL-33 promotes airway remodeling and is

a marker of asthma disease severity. J Asthma 2014;51:863-869.

3. Kurowska-Stolarska M, Stolarski B, Kewin P, et al. IL-33 amplifies

the polarization of alternatively activated macrophages that con-

tribute to airway inflammation. J Immunol 2009;183:6469-6477.

4. Zhiguang X, Wei C, Steven R, et al. Over-expression of IL-33 leads

to spontaneous pulmonary inflammation in mIL-33 transgenic mice.

Immunol Lett 2010;131:159-165.

5. Lee HY, Rhee CK, Kang JY, et al. Blockade of IL-33/ST2 ameliorates

airway inflammation in a murine model of allergic asthma. Exp Lung

Res 2014;40:66-76.

6. Liu X, Li M, Wu Y, Zhou Y, Zeng L, Huang T. Anti-IL-33 antibody

treatment inhibits airway inflammation in a murine model of allergic

asthma. Biochem Biophys Res Commun 2009;386:181-185.

7. 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. J Immunol 2011;186:2523-2528.

8. Saluja R, Khan M, Church MK, Maurer M. The role of IL-33 and mast

cells in allergy and inflammation. Clin Transl Allergy 2015;5:33.

9. Kaur D, Gomez E, Doe C, et al. IL-33 drives airway hyper-respon-

siveness through IL-13-mediated mast cell: airway smooth muscle

crosstalk. Allergy 2015;70:556-567.

10. Sjoberg LC, Gregory JA, Dahlen SE, Nilsson GP, Adner M. Inter-

leukin-33 exacerbates allergic bronchoconstriction in the mice via

activation of mast cells. Allergy 2015;70:514-521.

11. Jang TY, Kim YH. Interleukin-33 and mast cells bridge innate and

adaptive immunity: from the allergologist’s perspective. Int Neurourol

J 2015;19:142-150.

F IGURE 7 BLT2 contributes to the production of IL-13 in the IL-33-induced airway inflammation model. A, Airway inflammation was
induced as described in Figure 6. Mice were intranasally administered IL-33 (1 lg/d) daily for 3 d. LY255283 (10 mg/kg) or DMSO was
injected intraperitoneally 1 h before each IL-33 administration, and the mice were then killed on the day after the final IL-33 administration
(n = 4-6 per group). B, The levels of IL-13 and IL-5 in BALF were analyzed using an ELISA. C, Eosinophils and total immune cells in BALF were
obtained using cytospin and stained with H&E. D, The lungs were excised, fixed, and stained with H&E or PAS. Peribronchial and perivascular
lung inflammation were measured and scored. E, The scheme for the role of the 5-/12-LO-linked signaling pathway responsible for IL-33-
induced IL-13 production in mast cells is shown. All quantitative data are expressed as the mean � SD from three independent experiments.
*P < .05, **P < .01

10 | RO ET AL.

http://orcid.org/0000-0002-8019-0208
http://orcid.org/0000-0002-8019-0208
http://orcid.org/0000-0002-8019-0208


12. Di Gennaro A, Haeggstrom JZ. The leukotrienes: immune-modulating

lipid mediators of disease. Adv Immunol 2012;116:51-92.

13. Dakhama A, Collins ML, Ohnishi H, et al. IL-13-producing BLT1-

positive CD8 cells are increased in asthma and are associated with

airway obstruction. Allergy 2013;68:666-673.

14. Cho KJ, Seo JM, Shin Y, et al. Blockade of airway inflammation and

hyperresponsiveness by inhibition of BLT2, a low-affinity leukotriene

B4 receptor. Am J Respir Cell Mol Biol 2010;42:294-303.

15. Mabalirajan U, Rehman R, Ahmad T, et al. 12/15-Lipoxygenase

expressed in non-epithelial cells causes airway epithelial injury in

asthma. Sci Rep 2013;3:1540.

16. Mabalirajan U, Ahmad T, Rehman R, et al. Baicalein reduces airway

injury in allergen and IL-13 induced airway inflammation. PLoS ONE

2013;8:e62916.

17. da Silva EZ, Jamur MC, Oliver C. Mast cell function: a new vision of

an old cell. J Histochem Cytochem 2014;62:698-738.

18. 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.

19. Cho KJ, Seo JM, Lee MG, Kim JH. BLT2 is upregulated in allergen-

stimulated mast cells and mediates the synthesis of Th2 cytokines. J

Immunol 2010;185:6329-6337.

20. Park GS, Kim JH. LPS up-regulates ICAM-1 expression in breast can-

cer cells by stimulating a MyD88-BLT2-ERK-linked cascade, which

promotes adhesion to monocytes. Mol Cells 2015;38:821-828.

21. Lee AJ, Ro M, Kim JH. Leukotriene B4 receptor 2 is critical for the

synthesis of vascular endothelial growth factor in allergen-stimulated

mast cells. J Immunol 2016;197:2069-2078.

22. Jones LA, Roberts F, Nickdel MB, et al. IL-33 receptor (T1/ST2) sig-

nalling is necessary to prevent the development of encephalitis in

mice infected with Toxoplasma gondii. Eur J Immunol 2010;40:426-

436.

23. Lee KS, Kim SR, Park SJ, et al. Mast cells can mediate vascular per-

meability through regulation of the PI3K-HIF-1alpha-VEGF axis. Am

J Respir Crit Care Med 2008;178:787-797.

24. Wolters PJ, Mallen-St Clair J, Lewis CC, et al. Tissue-selective mast

cell reconstitution and differential lung gene expression in mast cell-

deficient Kit(W-sh)/Kit(W-sh) sash mice. Clin Exp Allergy 2005;35:82-

88.

25. Ebmeyer J, Ebmeyer U, Pak K, et al. Reconstitution of the mast cell

population in W/Wv mice. Otol Neurotol 2010;31:42-47.

26. Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and dis-

ease. Nat Rev Immunol 2016;16:676-689.

27. Ho LH, Ohno T, Oboki K, et al. IL-33 induces IL-13 production by

mouse mast cells independently of IgE-FcepsilonRI signals. J Leukoc

Biol 2007;82:1481-1490.

28. Tung HY, Plunkett B, Huang SK, Zhou Y. Murine mast cells secrete

and respond to interleukin-33. J Interferon Cytokine Res

2014;34:141-147.

29. Lundeen KA, Sun B, Karlsson L, Fourie AM. Leukotriene B4 recep-

tors BLT1 and BLT2: expression and function in human and murine

mast cells. J Immunol 2006;177:3439-3447.

30. Yokomizo T, Kato K, Hagiya H, Izumi T, Shimizu T. Hydroxye-

icosanoids bind to and activate the low affinity leukotriene B4

receptor, BLT2. J Biol Chem 2001;276:12454-12459.

31. Oboki K, Nakae S, Matsumoto K, Saito H. IL-33 and airway inflam-

mation. Allergy Asthma Immunol Res 2011;3:81-88.

32. Kim HY, Chang YJ, Subramanian S, et al. Innate lymphoid cells

responding to IL-33 mediate airway hyperreactivity independently of

adaptive immunity. J Allergy Clin Immunol 2012;129:216-227.

33. Montuschi P. Role of leukotrienes and leukotriene modifiers in

asthma. Pharmaceuticals (Basel) 2010;3:1792-1811.

34. Lee AJ, Ro M, Cho KJ, Kim JH. Lipopolysaccharide/TLR4 stimulates

IL-13 production through a MyD88-BLT2-linked cascade in mast

cells, potentially contributing to the allergic response. J Immunol

2017;199:409-417.

35. Eberhard J, Jepsen S, Pohl L, Albers HK, Acil Y. Bacterial challenge

stimulates formation of arachidonic acid metabolites by human ker-

atinocytes and neutrophils in vitro. Clin Diagn Lab Immunol

2002;9:132-137.

36. Ohnishi H, Miyahara N, Gelfand EW. The role of leukotriene B(4) in

allergic diseases. Allergol Int 2008;57:291-298.

37. Martin NT, Martin MU. Interleukin 33 is a guardian of barriers and a

local alarmin. Nat Immunol 2016;17:122-131.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Ro M, Lee A-J, Kim J-H. 5-/12-

Lipoxygenase-linked cascade contributes to the IL-33-induced

synthesis of IL-13 in mast cells, thus promoting asthma

development. Allergy. 2017;00:1-11. https://doi.org/10.1111/

all.13294

RO ET AL. | 11

https://doi.org/10.1111/all.13294
https://doi.org/10.1111/all.13294



	20170831-RoM.pdf
	all13294-sup-0001-FigS1.pdf

