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Leukotriene B4 receptors mediate the production of IL‐17, 
thus contributing to neutrophil‐dominant asthmatic airway 
inflammation

To the editor,
Asthma phenotypes can be classified according to the inflammatory 
immune cell type that infiltrates the airways, such as eosinophilic, 
neutrophilic, or mixed eosinophilic/neutrophilic inflammation.1 
Generally, eosinophilic inflammation mostly occurs in mild‐to‐mod‐
erate asthma, while neutrophilic inflammation is seen in more se‐
vere asthma phenotypes.1 Steroids, the cornerstone medication 
for asthma, were reported to increase neutrophil‐dominant airway 
inflammation by interrupting neutrophil apoptosis and enhancing 
neutrophil activation.1 Thus, in some asthmatic patients, an increase 
in neutrophil number in the sputum is associated with persistent 
asthma and acute asthma exacerbations2; this condition is called 
steroid‐resistant severe asthma. Recently, IL‐17 was shown to be as‐
sociated with severe neutrophilic asthma development and exacer‐
bation, and IL‐17 levels in serum and sputum were shown to increase 
with disease severity.3,4 Meanwhile, a previous study demonstrated 
that leukotriene B4 (LTB4) is present at higher concentrations in spu‐
tum of patients with severe asthma, who have relatively pronounced 
neutrophil influx, than in those with mild asthma.5 Furthermore, 
LTB4 receptors, BLT1 and BLT2, were suggested to contribute to 

the development of asthmatic airway inflammation.6,7 In the present 
study, we examined whether BLT1/2‐cascade plays a role in the de‐
velopment of neutrophil‐dominant airway inflammation.

Details for materials and methods are provided in this article's 
online supporting information (Data S1).

To generate a neutrophil‐dominant pulmonary inflammation 
model, mice were immunized with 1 or 10 μg of LPS and 75 μg of 
OVA on days 0, 1, 2, and 7 and then challenged with 50 μg of OVA 
on days 14, 15, 21, and 22. Mice were killed on day 24 (Figure S1).8 
Lung inflammation increased upon immunization with LPS/OVA 
compared to controls, as observed in the histology analysis (Figure 
S1). Then, we tested the efficacy of steroid (dexamethasone) in this 
model. Airway inflammation, mucus secretion, and the recruitment 
of total immune cells, neutrophils, eosinophils, and lymphocytes 
were significantly suppressed by dexamethasone in OVA‐induced 
mice (Figure S1) but were only partially reduced by dexamethasone 
in LPS/OVA‐induced mice (Figure S1). Thus, these results suggested 
that our LPS/OVA‐induced airway inflammation model is suitable 
for studying neutrophil‐dominant allergic pulmonary inflammation 

F I G U R E  1   The LTB4 receptors BLT1 and BLT2 are critical for neutrophil‐dominant airway inflammation and IL‐17 production. A, RNA 
was isolated from lungs, and BLT1 and BLT2 transcript levels were assessed by RT‐PCR. B, The fixed lungs were stained with H&E and PAS. 
Peribronchial and perivascular lung inflammation was measured and scored. C, Immune cells in BALF were obtained using cytospin and 
stained with H&E. D, The levels of IL‐17 in BALF were analyzed using ELISA. All quantitative data are expressed as the mean ± SD. *P < 0.05, 
**P < 0.01 
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that is less sensitive to dexamethasone (Figure S2). Previously, IL‐17 
was shown to be closely associated with the pathogenesis of severe 
neutrophilic asthmatic inflammation, and IL‐17 levels in serum and 
sputum increase with disease severity.3 In agreement with these 
previous reports, IL‐17 levels were significantly increased in BALF 
from mice with LPS/OVA‐induced pulmonary inflammation (Figure 
S3). The levels of IL‐4, IL‐5, and IL‐13 were not increased in BALF 
of LPS/OVA‐induced mice (Figure S4). To examine the contribution 
of IL‐17, an anti‐IL‐17 neutralizing antibody (100 μg/mouse) was in‐
traperitoneally administered 1 hour before each challenge. Airway 
inflammation, mucus secretion, and the infiltration of immune cells 
were markedly reduced by the anti‐IL‐17 neutralizing antibody 
(Figures S2, S3). Together, these results suggested that IL‐17 contrib‐
utes to neutrophil‐dominant airway inflammation and inflammatory 
immune cell recruitment.

LTB4 levels are higher in exhaled breath condensates of severe 
asthma patients than in those of mild asthma patients.5 Therefore, 
we examined the role of the LTB4 receptors BLT1 and BLT2 in IL‐17 
production in the neutrophil‐dominant pulmonary inflammation 
model. We observed increased expression of BLT1 and BLT2 in the 
lungs of LPS/OVA‐induced mice (Figure 1A). To this aim, the BLT1 
inhibitor U75302 (10  μg/mouse) or the BLT2 inhibitor LY255283 
(10  mg/kg) was intraperitoneally injected 1  hour before every 

challenge. Airway inflammation was markedly reduced by U75302 
or LY255283, as determined by histological analysis and quantita‐
tive analysis of inflammation scores (Figure 1B). Additionally, mucus 
secretion and the accumulation of total immune cells, neutrophils, 
eosinophils, and lymphocytes in BALF were highly enhanced by LPS/
OVA administration, and this effect was suppressed by U75302 or 
LY255283 (Figure 1B,C). In addition, the increased IL‐17 level was 
suppressed by treatment with the BLT1 or BLT2 inhibitor (Figure 1D). 
Together, these results suggested that BLT1 and BLT2 contribute to 
IL‐17 production and airway inflammation in neutrophil‐dominant 
pulmonary inflammation. LTB4 and 12(S)‐hydroxyeicosatetraenoic 
acid (12(S)‐HETE) are synthesized by the catalytic action of 5‐lip‐
oxygenase (5‐LO) and 12‐lipoxygenase (12‐LO), respectively, and 
these lipid metabolites were shown to interact with BLT1/2.9 Next, 
we examined whether an autocrine or paracrine LTB4/12(S)‐HETE‐
BLT1/2 cascade is implicated in IL‐17 production in response to LPS/
OVA‐induced airway inflammation. To inhibit 5/12‐LO, mice re‐
ceived an oral dose of the 5‐LO inhibitor MK886 (5 mg/kg) or the 
12‐LO inhibitor baicalein (75 mg/kg) 1 hour before every challenge. 
We observed that 5‐/12‐LO expression in the lungs and LTB4 and 
12(S)‐HETE serum levels were elevated in LPS/OVA‐induced pulmo‐
nary inflammation group (Figure 2A,B). Histology analysis showed 
that MK886 or baicalein reduced airway inflammation compared to 

F I G U R E  2   Upregulation of BLT2 ligands, LTB4 and 12(S)‐HETE, is associated with neutrophil‐dominant airway inflammation and IL‐17 
production. A, Protein was isolated from lungs, and 5‐/12‐lipoxygenase was assessed by Western blotting. B, LTB4 and 12(S)‐HETE levels 
in serum were analyzed using ELISAs. C, The fixed lungs were stained with H&E and PAS. Peribronchial and perivascular lung inflammation 
was measured and scored. D, Immune cells in BALF were obtained using cytospin and stained with H&E. E, The levels of IL‐17 in BALF 
were analyzed using ELISA. All quantitative data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 [Colorfigure can be viewed at 
wileyonlinelibrary.com]
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control (Figure 2C). Additionally, the administration of MK886 or 
baicalein significantly reduced the infiltration of total immune cells, 
neutrophils, eosinophils, lymphocytes, macrophages, and the levels 
of IL‐17 as well as mucus secretion (Figure 2C,D,E). Together, these 
results suggested that the LPS/OVA‐induced production of IL‐17 and 
stimulation of airway inflammation are dependent on the 5‐/12‐LO‐
BLT1/2 cascade in the neutrophil‐dominant pulmonary inflammation 
model. Then, we examined whether the 5‐/12‐LO‐BLT1/2 cascade is 
associated with NF‐κB activation‐mediated IL‐17 production in our 
model. We observed that MK886, baicalein, U75302, or LY255283 
suppressed the NF‐κB activation in the lungs of LPS/OVA‐treated 
mice (Figure S5). Also, NF‐κB inhibitor bay11‐7082 suppressed air‐
way inflammation and IL‐17 production in the LPS/OVA‐treated mice 
(Figures S2, S5). These results suggested that NF‐κB activation lies 
downstream of 5‐/12‐LO‐BLT1/2 in the neutrophil‐dominant pul‐
monary inflammation model.

In summary, we found that BLT1/2 play critical roles in the de‐
velopment of neutrophil‐dominant pulmonary inflammation and 
identified IL‐17 as a key cytokine synthesized through the BLT1/2‐
cascade. We found that 5‐/12‐LO lie upstream of BLT1/2, and NF‐
κB is downstream of the 5‐/12‐LO‐BLT1/2 cascade and mediates 
IL‐17 production in neutrophil‐dominant airway inflammation. Taken 
together, our findings demonstrate that 5‐/12‐LO‐BLT1/2‐NF‐κB‐
IL‐17 signaling potentially exacerbates neutrophil‐dominant airway 
inflammation. This report is the first on the role of LTB4 receptors 
in a neutrophil‐dominant pulmonary inflammation model, and our 
results may provide a new perspective for the development of 
therapeutics for patients with asthma who are resistant to steroid 
treatment.

ACKNOWLEDG MENTS

This work was supported by Bio & Medical Technology 
Development Program grants (2017M3A9D8063317) and a 
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 sup‐
ported by the BK21 Plus Program (School of Life Sciences and 
Biotechnology, Korea University) as well as by a Korea University 
Grant.

CONFLIC TS OF INTERE S T

The authors declare that they have no conflicts of interest.

ORCID

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

MyungJa Ro
Sun‐Young Kwon

Jae‐Hong Kim

Department of Biotechnology, College of Life Sciences and 
Biotechnology, Korea University, Seoul, South Korea

Correspondence
Jae‐Hong Kim, Inflammatory Signaling Laboratory, School of Life 

Sciences and Biotechnology, Korea University, Seongbuk‐gu, Seoul, 
Korea.

Email: jhongkim@korea.ac.kr

R E FE R E N C E S

	1.	 Israel E, Reddel HK. Severe and difficult‐to‐treat asthma in adults. N 
Engl J Med. 2017;377(10):965‐976.

	2.	 Ray A, Kolls JK. Neutrophilic inflammation in asthma and association 
with disease severity. Trends Immunol. 2017;38(12):942‐954.

	3.	 Agache I, Ciobanu C, Agache C, Anghel M. Increased serum 
IL‐17 is an independent risk factor for severe asthma. Respir Med. 
2010;104(8):1131‐1137.

	4.	 Tan HT, Hagner S, Ruchti F, et al. Tight junction, mucin, and inflam‐
masome‐related molecules are differentially expressed in eosino‐
philic, mixed, and neutrophilic experimental asthma in mice. Allergy 
2018:74(2):294‐307.

	5.	 Csoma Z, Kharitonov SA, Balint B, Bush A, Wilson NM, Barnes PJ. 
Increased leukotrienes in exhaled breath condensate in childhood 
asthma. Am J Respir Crit Care Med. 2002;166(10):1345‐1349.

	6.	 Terawaki K, Yokomizo T, Nagase T, et al. Absence of leukotriene B4 
receptor 1 confers resistance to airway hyperresponsiveness and 
Th2‐type immune responses. J Immunol. 2005;175(7):4217‐4225.

	7.	 Ro M, Lee AJ, Kim JH. 5‐/12‐Lipoxygenase‐linked cascade contrib‐
utes to the IL‐33‐induced synthesis of IL‐13 in mast cells, thus pro‐
moting asthma development. Allergy. 2018;73(2):350‐360.

	8.	 Kim Y‐K, Oh S‐Y, Jeon SG, et al. Airway exposure levels of lipopoly‐
saccharide determine type 1 versus type 2 experimental asthma. J 
Immunol. 2007;178(8):5375‐5382.

	9.	 Yokomizo T, Kato K, Hagiya H, Izumi T, Shimizu T. Hydroxyeicosanoids 
bind to and activate the low affinity leukotriene B4 receptor, BLT2. J 
Biol Chem. 2001;276(15):12454‐12459.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.      

gs6|http://dx.doi.org/10.13039/501100002642
https://orcid.org/0000-0002-8019-0208
https://orcid.org/0000-0002-8019-0208
mailto:﻿￼
https://orcid.org/0000-0002-8019-0208
mailto:jhongkim@korea.ac.kr


Figure S1. Dampened response to steroids in neutrophil-dominant airway inflammation.



(A) Schedule of neutrophil-dominant airway inflammation model generation. (B and D) Airway
inflammation was induced by immunization with OVA (75 μg) and LPS (1 or 10 μg) and challenge
with OVA (50 μg) (n=3–5 per group). (C) Eosinophil-dominant airway inflammation was induced by
immunization with 5 µg of OVA and 1 mg of alum and then challenge with 5 µg of OVA and 0.1 µg
LPS (n=3–5 per group). (C and D) Dexamethasone (1 mg/kg) and vehicle were administered orally 1
h before every challenge. The lungs were excised, fixed and stained with H&E and PAS.
Peribronchial and perivascular lung inflammation was measured and scored. Total immune cells,
neutrophils, eosinophils, lymphocytes and macrophages in BALF were obtained using cytospin and
stained with H&E. All quantitative data are expressed as the mean ± SD. *P<0.05, **P<0.01.



Figure S2. Percent reduction of inflammation score and immune cell recruitment in response to
inhibitors in OVA- or LPS/OVA-induced airway inflammation model.

Dexamethasone (Dexa) treatment reduced airway inflammation relatively less in LPS/OVA-induced
model than in OVA-induced model. In LPS/OVA-induced model, the percent (%) of reduction in
inflammation was more evident by anti-IL-17 or Bay11-7082 than by DEX treatment. The % of
reduction was calculated by finding the difference between value of OVA or LPS/OVA-control group
and value of OVA or LPS/OVA-inhibitor group (valuecontrol-valueinhibitor), then the result was divided
by value of OVA or LPS/OVA-control group (valuecontrol). Lastly, the result was multiplied by 100.
The formula was expressed as (valuecontrol-valueinhibitor)/ valuecontrol x 100.



Figure S3. IL-17 is critical for neutrophil-dominant airway inflammation.

Airway inflammation was induced by immunization with 1 μg of LPS/75 μg of OVA and subsequent
challenge with 50 μg of OVA. For the IL-17 inhibition experiment, mice received an i.p. injection of
100 μg of control IgG1 or anti-IL-17A antibody 1 h before every challenge (n=3–5 per group). (A)
The levels of IL-17 in BALF were analyzed using ELISA. (B) The lungs were excised, fixed and
stained with H&E and PAS. Peribronchial and perivascular lung inflammation was measured and
scored. (C) Total immune cells, neutrophils, eosinophils, lymphocytes and macrophages in BALF
were obtained using cytospin and stained with H&E. All quantitative data are expressed as the mean ±
SD. *P<0.05, **P<0.01.



Figure S4.The levels of Th2 cytokines were not increased in the BALF of LPS/OVA-induced mice

For neutrophil-dominant airway inflammation model, airway inflammation was induced by immunization with OVA (75 μg) and LPS (1 μg) and challenge
with OVA (50 μg) (n=3–5 per group). And, the eosinophil-dominant airway inflammation was induced by immunization with 5 µg of OVA and 1 mg of
alum and then challenge with 5 µg of OVA and 0.1 µg LPS (n=3–5 per group). Dexamethasone (1 mg/kg) and vehicle were administered orally 1 h before
every challenge. The levels of IL-4, IL-5 and IL-13 in BALF were analyzed using ELISA. All quantitative data are expressed as the mean ± SD. *P<0.05,
**P<0.01.



Figure S5. NF-κB lies downstream of the 5-/12-lipoxygenase-BLT1/2 axis and mediates IL-17
production in neutrophil-dominant airway inflammation.

Airway inflammation was induced by immunization and challenge as described in Figure S1. MK886
(5 mg/kg), baicalein (75 mg/kg) or control (0.1 % methylcellulose) was administered orally 1 h before
every challenge. LY255283 (10 mg/kg), U75302 (10 μg/mouse), Bay11-7082 (5 mg/kg) or control
(DMSO) was administered via i.p. injection 1 h before every challenge (n=3–5 per group). (A and B)
The mouse lungs were homogenized, protein was isolated, and p-IκBα levels were assessed by
western blotting. (C) The lungs were excised, fixed and stained with H&E and PAS. Peribronchial
and perivascular lung inflammation was measured and scored. (D) Levels of IL-17 in BALF were
analyzed using ELISA. (E) Total immune cells, neutrophils, eosinophils, lymphocytes and
macrophages in BALF were obtained using cytospin and stained with H&E. All quantitative data are
expressed as the mean ± SD. *P<0.05, **P<0.01.
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Supporting information

Materials and methods

Reagents
Lipopolysaccharide (LPS, Escherichia coli serotype O55:B5), ovalbumin (OVA), dimethyl sulfoxide
(DMSO), dexamethasone and methylcellulose were obtained from Sigma-Aldrich (St. Louis, MO,
USA). MK886 and Bay11-7082 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). IgG isotype control and anti-IL-17
neutralizing antibodies (clone 50104) were obtained from R&D Systems (Minneapolis, MN, USA).

LPS/OVA-induced neutrophil-dominant airway inflammation
Female BALB/c mice (8-10 wk old; 18–20 g) were obtained from Orient Bio (Seoungnam, Korea).
Sensitization and challenge were performed as previously described (1). The protocol used in this
study is shown in Figure 1A. Briefly, mice were intranasally sensitized with 75 μg of OVA and
different doses of LPS on days 0, 1, 2, and 7 and then challenged intranasally with 50 μg of OVA on
days 14, 15, 21, and 22. The mice were sacrificed on day 24 to assess airway inflammation (1). For
the inhibition experiments, LY255283 (10 mg/kg), U75302 (10 μg/mouse), Bay11-7082 (5 mg/kg) or
vehicle control (DMSO) was administered via intraperitoneal (i.p.) injection 1 h before every
challenge. In addition, some mice received an oral dose of MK886 (5 mg/kg), baicalein (75 mg/kg),
dexamethasone (1 mg/kg) or vehicle control (0.1 % methylcellulose) 1 h before challenge. For the IL-
17 inhibition experiment, mice were treated with either 100 μg of control IgG1 or anti-IL-17A
antibody via i.p. injection 1 h before every challenge. Animals were housed under 12:12 h light/dark
conditions at a density of four to five mice per static polycarbonate microisolator cage containing
disposable bedding. Wire-lidded food hoppers within the cages were filled to capacity with rodent
chow, and the mice had access to bottle-supplied water. The study was carried out in strict accordance
with the recommendations of the Guide for the Care and Use of Laboratory Animals of Korea
University. The protocol was approved by the Committee on the Ethics of Animal Experiments of
Korea University.

OVA-induced mild eosinophil-dominant airway inflammation
BALB/c mice were sensitized with an i.p. injection of OVA (5 μg/mouse) containing 1 mg of
adjuvant aluminum hydroxide (Pierce, Rockford, IL, USA) on days 0 and 7. Then, the mice were
consecutively challenged three times intranasally with OVA (5 μg/mouse) and LPS (0.1 μg/mouse)
(2). For the inhibition experiments, mice received an oral dose of dexamethasone (1 mg/kg) or vehicle
control (0.1 % methylcellulose) 1 h before every challenge.

Semiquantitative reverse transcription PCR analysis
Total RNA was extracted using easy-BLUE (iNtRON Biotechnology, Seoungnam, Korea). Then, 2
μg of extracted RNA was reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase (iNtRON Biotechnology), and BLT1, BLT2 and GAPDH were amplified using an RT-
PCR PreMix kit (iNtRON Biotechnology). To analyze the transcripts, we identified the optimal PCR
conditions for the linear amplification of GAPDH. The primers used were 5'-
GCATGTCCCTGTCTCTGTTG-3' (forward), 5'-TCGGGCAAAGGCCTTAGTACG-3' (reverse) for
BLT1; 5’-CAGCATGTACGCCAGCGTGC-3’ (forward), 5’-CGATGGCGCTCACCAGACG-3’
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(reverse) for BLT2; 5'-CTGCACCACCAACTGCTTAGC-3' (forward), 5'-
CTTCACCACCTTCTTGATGTC-3' (reverse) for GAPDH (2). The specificity of all primers was
confirmed by sequencing the PCR products.

Measurement of IL-17, LTB4 and 12(S)-HETE
The amounts of IL-4, IL-5, IL-13, IL-17, LTB4 and 12(S)-HETE were quantified in BALF
supernatant or serum using an ELISA kit (R&D Systems for IL-4, IL-5, IL-13 and IL-17; Enzo Life
Sciences for LTB4 and 12(S)-HETE) according to the manufacturer’s instructions. BALF was
obtained from mouse lungs using 0.65 ml of PBS after trachea cannulation, and the collected BALF
was centrifuged at 1,000 × g for 3 min. Then, the supernatant was collected for ELISA.

Immunoblotting analysis
Immunoblotting analysis was done as described previously (3). Antibodies against 5-LO and 12-LO
were obtained from BD Biosciences (Franklin Lakes, NJ, USA) and Santa Cruz Biotechnology (Santa
Cruz, CA, USA), respectively. Antibodies against p-IκBα and β-actin (loading control) were obtained
from Cell Signaling Technology (Danvers, MA, USA). Size estimates of proteins were obtained using
molecular weight standards from Thermo Scientific (Rockford, IL, USA).

BAL cells and analysis of lung histology
Inflammatory cells were collected from BALF by centrifugation (1,000 × g for 3 min) and washed
with PBS. Next, BAL cells were fixed on glass slides and then stained with hematoxylin and eosin
(H&E). Lung sections (5 μm 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 histological analysis to measure the degree of inflammation was performed 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 (4). Grade 0 indicated that no
inflammation was detectable; grade 1 indicated the occurrence of occasional cuffing with
inflammatory cells; grade 2 indicated that most bronchi or vessels were surrounded by a thin layer
(one to five cells thick) of inflammatory cells; and grade 3 indicated that most bronchi or vessels were
surrounded by a thick layer (more than five cells thick) of inflammatory cells. Images were acquired
using a BX51 microscope (Olympus, Tokyo, Japan) equipped with a DP71 digital camera (Olympus).

Calculation of percent reduction in inflammation
Percent of reduction is calculated by finding the difference between value of OVA or LPS/OVA-
control group and value of OVA or LPS/OVA-inhibitor group (valuecontrol-valueinhibitor), and the result
was divided by value of OVA or LPS/OVA-control group (valuecontrol). Lastly, the result was
multiplied by 100. The formula was expressed as (valuecontrol-valueinhibitor)/ valuecontrol x 100.

Statistical analysis
Student’s t-test was performed to assess the data for two groups, and Comparisons between more than
three groups were performed with one-way analysis of variance, followed by Tukey's post-hoc test.
SPSS software (IBM SPSS Statistics for Windows, version 21.0; IBM Corp., Armonk, NY, USA) was
used for statistical analysis. In all experiments, 3 to 6 mice were included in each group. The results
are presented as the mean ± SD. P-values <0.05 indicated statistical significance.
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