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ABSTRACT In the airways of severe asthmatics, an increase of neutrophils and eosinophils is often
observed despite high-dose corticosteroid therapy. We previously reported that interleukin-8-stimulated
neutrophils induced trans-basement membrane migration (TBM) of eosinophils, suggesting the link
between neutrophils and eosinophils. Concentrations of lipopolysaccharide (LPS) in the airway increase in
severe asthma. As neutrophils express Toll-like receptor (TLR)4 and can release chemoattractants for
eosinophils, we investigated whether LPS-stimulated neutrophils modify eosinophil TBM.

Neutrophils and eosinophils were isolated from peripheral blood of healthy volunteers and severe
asthmatics. Eosinophil TBM was examined using a modified Boyden’s chamber technique. Eosinophils
were added to the upper compartment, and neutrophils and LPS were added to the lower compartment.
Migrated eosinophils were measured by eosinophil peroxidase assays.

LPS-stimulated neutrophils induced eosinophil TBM (about 10-fold increase), although LPS or
neutrophils alone did not. A leukotriene B4 receptor antagonist, a platelet-activating factor receptor
antagonist or an anti-TLR4 antibody decreased eosinophil TBM enhanced by LPS-stimulated neutrophils
by almost half. Neutrophils from severe asthmatics induced eosinophil TBM and lower concentrations of
LPS augmented neutrophil-induced eosinophil TBM.

These results suggest that the combination of neutrophils and LPS leads eosinophils to accumulate in
the airways, possibly involved the pathogenesis of severe asthma.
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Introduction
Bronchial asthma is a chronic disorder usually characterised by eosinophilic airway inflammation, mucus
hypersecretion and an increase in airway hyperresponsiveness (AHR) [1]. However, in the case of severe
asthma, neutrophilic inflammation in addition to eosinophilic inflammation may also play important
role(s) in its pathogenesis [2–4]. For example, the European Network For Understanding Mechanisms of
Severe Asthma study reported that patients with severe asthma have greater sputum neutrophil counts and
greater release of eosinophil-derived mediators compared to patients with mild to moderate asthma [2].
WENZEL et al. [3] suggested that severe asthma could be divided into two inflammatory subtypes: the
eosinophil-positive, neutrophil-positive group, and the eosinophil-negative, neutrophil-positive group.
Furthermore, we reported a positive correlation between concentrations of neutrophils and eosinophils in
induced sputum from patients with severe, corticosteroid-dependent asthma [4]. Therefore, both
eosinophils and neutrophils are increased in the airways of patients with some phenotypes of severe
asthma, and may contribute to the severity of asthma.

Interleukin (IL)-8 plays an important role in the accumulation of neutrophils in sites of inflammation and
expression of IL-8 in the airway is upregulated in severe asthmatic patients [5, 6]. We also confirmed that the
amount of IL-8 protein in induced sputum is higher in severe asthmatics than in mild asthmatics [7].
Furthermore, we reported that, even in the absence of chemoattractant for eosinophils, neutrophils stimulated
by IL-8 are capable of inducing the trans-basement membrane migration (TBM) of eosinophils [8],
suggesting that IL-8-stimulated neutrophils lead eosinophils to accumulate in the airways of asthmatic
patients. The mechanism of upregulation of IL-8 in severe asthma remains to be elucidated.

Lipopolysaccharide (LPS) is an important candidate for inducing IL-8 or neutrophilic inflammation in the
airway of severe asthmatics. For example, HAUK et al. [9] reported the correlation between LPS levels and
airway neutrophils or IL-8 in bronchoalveolar lavage (BAL) fluid from children with asthma and persistent
wheezing. Furthermore, GOLEVA et al. [10] reported that LPS and genes associated with activation of LPS
signalling are higher in BAL fluid of corticosteroid-resistant asthma than in corticosteroid-sensitive asthma,
and IL-8 mRNA expression by BAL cells positively correlates with the amount of LPS in BAL fluid.
Although the reason why LPS is upregulated in the airway of severe asthma is unknown, several studies
suggested the role of Gram-negative bacteria or of house dust in the upregulation of LPS in severe asthma
[11–14]. For example, a relationship between Gram-negative bacterial colonisation in the airways and the
severity of asthma has been reported [11, 12]. Furthermore, the frequency and severity of asthma correlated
with LPS concentrations, not with house dust mite (HDM) concentrations, in house dust [13, 14].

As neutrophils express Toll-like receptor (TLR)4 [15, 16], the receptor for LPS [16], and produce a variety of
inflammatory mediators including chemoattractants for eosinophils, such as leukotriene (LT)B4 and
platelet-activating factor (PAF), on LPS stimulation [17–19], we hypothesised that LPS-stimulated
neutrophils would play some role in the pathogenesis of eosinophilic inflammation observed with some cases
of severe asthma, especially in neutrophil-dependent eosinophil accumulation in the airway. In the present
study, we examined whether neutrophils stimulated with LPS modify the TBM of eosinophils. We found that
LPS-stimulated neutrophils from healthy volunteers augment the TBM of eosinophils, while neither
neutrophils nor LPS alone induced it. LTB4 and PAF are involved in the augmentation of eosinophil TBM by
LPS-stimulated neutrophils. Furthermore, neutrophils from severe asthmatics induced eosinophil TBM even
without LPS stimulation and lower concentrations of LPS augmented the neutrophil-mediated eosinophil
TBM. These results provide a novel mechanism that could be a therapeutic target for severe asthma.

Materials and methods
Reagents
Anti-CD16 antibody (Ab)-coated magnetic beads were purchased from Miltenyi Biotec (Auburn, CA,
USA). Hank’s balanced salt solution (HBSS) was purchased from Gibco Brl (Grand Island, NY, USA). PBS
was obtained from Wako (Osaka, Japan). Fetal bovine serum (FBS) was purchased from MP Biomedicals
(Aurora, OH, USA). LPS (from Escherichia coli O111:B4) and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Anti-TLR4 Ab and goat IgG (an isotype control for
anti-TLR4 Ab) were purchased from R&D Systems (Minneapolis, MN, USA). BIIL260, a LTB4 receptor
antagonist, and WEB2170, a PAF receptor antagonist, were purchased from Boehringer Ingelheim
(Ridgefield, CT, USA).

Preparation of neutrophils and eosinophils
Neutrophils and eosinophils were prepared as previously described [8]. Both types of cells were isolated
from the peripheral blood of the same donors, collected from nonatopic healthy volunteers whose
eosinophil content was <5% of their peripheral leukocytes (14 subjects (nine males and five females,
ranging in age from 24 to 40 years)) or from severe asthmatics (four patients (one male and three females,
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ranging in age from 42 to 87 years)), respectively. Healthy volunteers were defined as subjects with no
history of allergic disease such as asthma or rhinitis and no symptoms such as cough or sneeze associated
with allergic disease. We measured allergen-specific IgE Abs of some, but not all, subjects, and none had
specific IgE Abs to allergens such as HDM, moulds or Japanese cedar pollen. None took concomitant
medications or had a history of smoking. Severe asthma was defined according to the American Thoracic
Society/European Respiratory Society statement [20]. We received approval for this study from the Ethics
Committee of Saitama Medical University (Saitama, Japan) and informed consent was obtained from the
study subjects before collection of each blood sample. 10 mL dextran were added to 40 mL heparinised
blood and erythrocytes were removed as sediment. The Histopaque system (Sigma-Aldrich) was used for
isolation according to the manufacturer’s instructions. Separated lymphocytes were removed, and 2 mL of
sterile distilled water and 2 mL of 1.8% salt solution were added, followed by 20 mL of sterile PBS, and the
neutrophils (>95% purity and >99% viability) were separated by centrifuge. The neutrophils were
suspended in HBSS containing 0.2% BSA (HBSS/BSA buffer). The remaining cells were washed with HBSS
at 4°C supplemented with 5% FBS in PBS then incubated with anti-CD16 Ab-coated magnetic beads for
30 min at 4°C, and finally filtred with a column containing steel wool placed in a magnetic field (Miltenyi
Biotec). Eosinophils (>98% purity and >99% viability), which passed through the column, were collected
and washed, and the number of cells was adjusted to 5.0×105 cells·mL−1 with 0.2% HBSS/BSA buffer.

Trans-basement membrane migration
The TBM of neutrophils and eosinophils was examined using a modified Boyden’s chamber method as
previously described [8]. Eosinophils (1×105 cells) were placed into the upper compartment of a
Matrigel-coated Transwell (3 μm; Becton Dickinson Labware, Franklin Lakes, NJ, USA). Neutrophils
(2×104 cells) and LPS (10 µg·mL−1) were placed into the lower compartment of the chamber and
incubated for 120 min in 5% CO2 at 37°C, according to the findings that eosinophil TBM by
IL-8-stimulated neutrophils mainly occurred 15–60 min after the initiation of reaction and reached plateau
at 90–120 min (data not shown) [8]. The peroxidase activity of migrated eosinophils in the lower
compartment of the chamber was evaluated. To determine the peroxidase activity of eosinophils, the
medium of the lower compartment was incubated with a substrate (1 mM o-phenylenediamine, 1 mM
hydrogen peroxide and 0.1% Triton X-100 in Tris-HCI, pH 8.0) for 30 min at room temperature. The
reaction was stopped by adding 100 μL of 4 N sulfuric acid and absorbance at 490 nm was measured using
the Fluoromark (Bio-Rad Laboratories, Hercules, CA, USA) microplate fluorimeter. The number of
migrated eosinophils was calculated from the eosinophil peroxidase activity of the standard media, which
contained known numbers of eosinophils (1×103, 3×103, 1×104, 3×104 and 1×105), then percentage
migration was calculated from the number of eosinophils (1×105) placed into the upper compartment. The
viability of both eosinophils and neutrophils after migration exceeded 98% by trypan blue exclusion.

Blocking study
To examine the effect of antagonist for LTB4 or PAF, eosinophils (1×105 cells) were co-incubated with
BIIL260 (10 μM) or WEB2170 (10 μM) for 20 min at 37°C with shaking. The media containing the cells
were then transferred to the upper compartment of the chamber and the assay was performed as described
above. To examine the effect of anti-TLR4 Ab, neutrophils (2×104 cells) were co-incubated with anti-TLR4
Ab (1 µg·mL−1) or an isotype-matched control goat IgG for 20 min at 4°C with shaking, then the media
containing cells were transferred to the lower compartment and the assay was performed.

Statistical analysis
Statistical analysis was performed with SAS version 9.1.3 SP4 (SAS Institute Inc., Cary, NC, USA) and
Graphpad Prism 6 (Graphpad Software Inc., San Diego, CA, USA). Values are expressed as mean±SEM.
After Shapiro-Wilk’s normality test, according to the previous reports [8], data were compared using a
one-way ANOVA followed by Tukey’s multiple comparisons test when differences were significant or a
paired t-test for analysis of the differences between two groups. As for experiments about the
dose-dependent effect of LPS, we used the Jonckheere–Terpstra test for trend to analyse the monotonic
increase of eosinophil TBM. A p<0.05 was considered statistically significant.

Results
LPS-stimulated neutrophils obtained from healthy volunteers induce the TBM of eosinophils
We investigated whether LPS-stimulated neutrophils affect the TBM of eosinophils. First, we obtained both
eosinophils and neutrophils from healthy volunteers. Eosinophils were added to the upper compartment of
a chamber and neutrophils in the presence or absence of LPS were placed in the lower compartment. After
120 min of incubation, migrated eosinophils in the lower chamber were measured by eosinophil
peroxidase assays. In healthy volunteers, neither neutrophils nor LPS alone induced TBM of eosinophils
(migrated eosinophils: 1.2±0.4% by medium control, 1.7±1.0% by neutrophils alone and 2.1±0.7% by LPS
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alone; n=5) (figure 1). However, when neutrophils were co-incubated with LPS in the lower compartment,
a significant TBM of eosinophils was observed (migrated eosinophils: 13.0±1.1%, about 10-fold increase;
p<0.001 versus the other three conditions, n=5) (figure 1). We next examined the concentrations of LPS
required to induce neutrophil-dependent eosinophil TBM. The statistically significant monotonic increase
in eosinophil TBM was observed in healthy volunteers when LPS concentrations increased from 0 to
1 µg·mL−1, and 10 µg·mL−1 LPS induced maximal response (migrated eosinophils: 2.2±0.7% by medium
control, 9.4±1.0% by 1 µg·mL−1 LPS (p<0.001 by the Jonckheere–Terpstra test for trend) and 18.1±0.5%
by 10 µg·mL−1 LPS (p<0.001); n=4) (figure 2).

LTB4 and PAF are involved in the augmentation of eosinophil TBM by LPS-stimulated neutrophils
When activated, neutrophils can secrete molecules that are stimulatory for eosinophils. LTB4 and PAF are
representative molecules secreted by neutrophils and are capable of inducing migration or activation of
eosinophils [21–24]. Therefore, we examined whether inhibition of the activity of these molecules can
modulate the neutrophil-dependent eosinophil TBM. The reagents used were BIIL260, a LTB4 receptor
antagonist, and WEB2170, a PAF receptor antagonist. They were incubated with eosinophils and then
placed in the upper compartment. Both reagents partially suppressed the TBM of eosinophils in the
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FIGURE 1 Lipopolysaccharide (LPS)-stimulated neutrophils from healthy volunteers induce the
trans-basement membrane migration of eosinophils. Neutrophils and eosinophils were isolated from
peripheral blood of healthy volunteers. Eosinophils (1×105 cells) were added to the upper compartment of a
chamber with a Matrigel-coated Transwell insert. Hank’s balanced salt solution (HBSS)/bovine serum
albumin (BSA) (Control), neutrophils (2×104 cells) in HBSS/BSA (+Neut), LPS (10 µg·mL−1) in HBSS/BSA
(+LPS) or the combination of LPS and neutrophils (+LPS+Neut) were placed into the lower compartment.
After 120 min of incubation, migrated eosinophils in the lower chamber were measured by eosinophil
peroxidase assays (n=5). Data are presented as mean±SEM. ***: p<0.001 versus Control, +Neut, or +LPS.
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FIGURE 2 Dose-dependent effect of lipopolysaccharide (LPS) on neutrophil-induced trans-basement
membrane migration of eosinophils in healthy volunteers. Neutrophils (2×104 cells) were stimulated with
various concentrations of LPS (0.01–100 µg·mL−1) and then placed into the lower compartment. Eosinophils
(1×105 cells) were added to the upper compartment of a chamber with a Matrigel-coated Transwell insert.
After 120 min of incubation, migrated eosinophils in the lower chamber were measured by eosinophil
peroxidase assays (n=4). Data are presented as mean±SEM. ***: p<0.001 versus spontaneous migration
(0 μg·mL−1 LPS) by Jonckheere–Terpstra test for trend.
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presence of LPS-activated neutrophils (migrated eosinophils 8.4±2.0% by LPS-stimulated neutrophils, and
4.1±1.9% by LPS-stimulated neutrophils and BIIL260 (51.3% inhibition; p<0.05, n=4 (figure 3a)); and
migrated eosinophils 9.0±2.4% by LPS-stimulated neutrophils, and 4.9±1.8% by LPS-stimulated
neutrophils and WEB2170 (45.4% inhibition; p<0.01, n=4 (figure 3b)), although there was no effect in the
absence of LPS-stimulated neutrophils. BIIL260 and WEB2170 did not express a synergistic or additive
effect (data not shown). These results indicate that the augmentation of eosinophil TBM due to
LPS-stimulated neutrophils is partially mediated by LTB4 and PAF.

The effect of anti-TLR4 Ab on eosinophil TBM induced by LPS-stimulated neutrophils
We next confirmed whether LPS/TLR4 is actually involved in neutrophil-dependent eosinophil TBM.
Neutrophils were incubated with anti-TLR4 Ab or an isotype-matched control, placed in the lower
compartment, and then stimulated with LPS. Anti-TLR4 Ab actually suppressed the augmentation of
eosinophil TBM induced by LPS-stimulated neutrophils (migrated eosinophils: 6.2±1.4% by
LPS-stimulated neutrophils, 3.9±0.9% by LPS-stimulated neutrophils and anti-TLR4 Ab, and 37.8%
inhibition; p<0.05, n=4) (figure 4).
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FIGURE 3 a) Effect of a leukotriene B4 receptor antagonist on eosinophil trans-basement membrane
migration (TBM). Eosinophils (1×105 cells) were treated with BIIL260 (10 μM) and then placed into the upper
compartment of a chamber with a Matrigel-coated Transwell insert. Neutrophils (2×104 cells) and LPS
(10 µg·mL−1) were placed into the lower compartment. After 120 min of incubation, migrated eosinophils in
the lower chamber were measured (n=4). b) Effect of a platelet-activating factor receptor antagonist on
eosinophil TBM. Eosinophils (1×105 cells) were treated with WEB2170 (10 μM) and placed into the upper
compartment. Neutrophils (2×104 cells) and LPS (10 µg·mL−1) were placed into the lower compartment. After
120 min of incubation, migrated eosinophils were measured by eosinophil peroxidase assays (n=4). Data are
presented as mean±SEM. Spon: spontaneous migration. *: p<0.05 versus without BIIL260; **: p<0.01 versus
without WEB2170.
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FIGURE 4 Effect of an anti-Toll-like receptor (TLR)4 antibody (Ab) on the trans-basement membrane
migration of eosinophils induced by lipopolysaccharide (LPS)-stimulated neutrophils (LPS+Neut). Neutrophils
(2×104 cells) were treated with anti-TLR4 Ab (1 µg·mL−1) or isotype control goat IgG (1 µg·mL−1), placed into
the lower compartment of a chamber with a Matrigel-coated Transwell insert, and then stimulated with LPS
(10 µg·mL−1). Eosinophils (1×105 cells) were added to the upper compartment. After 120 min of incubation,
migrated eosinophils in the lower chamber were measured by eosinophil peroxidase assays (n=4). Data are
presented as mean±SEM. Spon: spontaneous migration. *: p<0.05 versus without anti-TLR4 Ab.
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The effect of neutrophils or LPS-stimulated neutrophils from severe asthmatics on eosinophil TBM
Finally, we examined whether LPS-stimulated neutrophils from severe asthmatics also induce eosinophil
TBM. Both eosinophils and neutrophils were obtained from severe asthmatics. LPS alone did not induce
TBM of eosinophils (migrated eosinophils: 3.4±2.0% by medium control, 0.7±0.6% by LPS alone; n=4),
whereas neutrophils from severe asthma alone induced TBM of eosinophils in contrast to the case of
healthy volunteers (migrated eosinophils: 28.8±4.6% by neutrophils alone; p<0.001 versus control, n=4)
(figure 5). Furthermore, stimulation with LPS (10 µg·mL−1) increased neutrophil-mediated eosinophil TBM
(migrated eosinophils: 48.4±3.8%, about 15-fold increase; p<0.001 versus control, p<0.01 versus neutrophils
alone; n=4) (figure 5). We then examined the concentrations of LPS required to induce
neutrophil-mediated eosinophil TBM. The statistically significant monotonic increase of eosinophil TBM
was observed in severe asthmatics when LPS concentrations increased from 0 to 0.1 µg·mL−1 (migrated
eosinophils: 23.8±0.3% by medium control, 40.6±4.6% by 0.1 µg·mL−1 LPS (p<0.05 by the
Jonckheere–Terpstra test for trend), 42.9±1.5% by 1 µg·mL−1 LPS (p<0.01) and 42.2±3.7% by 10 µg·mL−1

LPS (p<0.01); n=4) (figure 6), which was lower than the case of healthy volunteers.
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FIGURE 5 Effect of neutrophils or lipopolysaccharide (LPS)-stimulated neutrophils from severe asthmatics on
eosinophil trans-basement membrane migration. Neutrophils and eosinophils were isolated from the
peripheral blood of severe asthmatics. Eosinophils (1×105 cells) were added to the upper compartment of a
chamber with a Matrigel-coated Transwell insert. Hank’s balanced salt solution (HBSS)/bovine serum albumin
(BSA) (Control), neutrophils (2×104 cells) in HBSS/BSA (+Neut), LPS (10 µg·mL−1) in HBSS/BSA (+LPS) or the
combination of LPS and neutrophils (+LPS+Neut) were placed into the lower compartment. After 120 min of
incubation, migrated eosinophils in the lower chamber were measured by eosinophil peroxidase assays (n=4).
Data are presented as mean±SEM. **: p<0.01 versus +Neut; ***p<0.001 versus Control.
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FIGURE 6 Dose-dependent effect of lipopolysaccharide (LPS) on neutrophil-induced trans-basement
membrane migration of eosinophils in severe asthmatics. Neutrophils (2×104 cells) from severe asthmatics
were stimulated with various concentrations of LPS (0.01–100 µg·mL−1), and then placed into the lower
compartment of a chamber with a Matrigel-coated Transwell insert. Eosinophils (1×105 cells) from severe
asthmatics were added to the upper compartment. After 120 min of incubation, migrated eosinophils in the
lower chamber were measured by eosinophil peroxidase assays (n=4). Data are presented as mean±SEM. *:
p<0.05 versus spontaneous migration (0 μg·mL−1 LPS) by the Jonckheere–Terpstra test for trend; **: p<0.01
versus spontaneous migration (0 μg·mL−1 LPS) by the Jonckheere–Terpstra test for trend.
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Discussion
The present study demonstrated that LPS-stimulated neutrophils augmented the TBM of eosinophils in
healthy volunteers. Neither neutrophils from healthy volunteers nor LPS alone induced the eosinophil
TBM. A LTB4 receptor antagonist or a PAF receptor antagonist suppressed the augmentation of eosinophil
TBM by LPS-stimulated neutrophils. Furthermore, neutrophils from severe asthma patients induced
eosinophil TBM without LPS stimulation and lower concentrations of LPS augmented neutrophil-mediated
eosinophil TBM in severe asthma. These findings suggest that interaction of LPS and neutrophils, both
increased in the airway of severe asthmatics, play important roles in the development of eosinophilic
inflammation in severe asthma. Furthermore, neutrophils of severe asthmatics are already activated in vivo
and have a potential to migrate or activate eosinophils.

The TBM of eosinophils induced by LPS-stimulated neutrophils was inhibited by an anti-TLR4 Ab
(figure 4). TLR4 is an established receptor for LPS and neutrophils constitutively express TLR4 [15, 16].
LPS binds to the serum LPS-binding protein (LBP) before subsequently binding to TLR4 [25] and then
LBP catalyses the transfer of LPS to membrane-bound or soluble CD14. CD14 splits LPS aggregates into
monomeric molecules and presents them to the TLR4–myeloid differentiation factor 2 complex [16].
Recently, a single-nucleotide polymorphism in the promoter region of CD14 has been studied in patients
with allergy [26–31]. Early studies suggested that this variant, which affects the soluble CD14 level [27, 28],
was associated with more severe atopy [27, 29, 30]. Although this finding was not uniformly replicated [31]
and consideration of LPS exposure level is required to analyse the data [26], these findings indicated that
interaction between LPS and CD14/TLR may be involved in the pathophysiology of some aspect of asthma.

Our results strongly support the significance of LPS and neutrophils in the pathogenesis of severe asthma.
It is known that chronic exposure to low LPS concentrations can contribute to the development of
obstructive lung disease including emphysema and asthma [32]. In fact, LPS inhalation has been shown to
induce IL-8 production and neutrophilic inflammation in the airway [33]. Further, HAUK et al. [9]
reported the correlation between LPS levels and airway neutrophils or IL-8 in BAL fluid of children with
asthma. Moreover, GOLEVA et al. [10] reported that LPS and LPS-related gene products are higher in BAL
fluid from patients with corticosteroid-resistant asthma and IL-8 mRNA expression by BAL cells positively
correlates with the amount of LPS in BAL fluid.

The mechanism of the upregulation of LPS in the airway of patients with severe asthma has not been fully
clarified. One possibility is the colonisation by Gram-negative bacteria of the lower airways, as LPS is
found in the outer membrane of Gram-negative bacteria. Recently, the relationship between bacterial
colonisation in the airways and the development or severity of asthma has been highlighted [11, 12,
34–36]. For example, BISGAARD et al. [34] reported that bacterial colonisation in the airway increased the
risk for the development of asthma. HUANG et al. [35] reported that airway microbiota composition and
diversity were significantly correlated with AHR in asthma. Among these reports, several have emphasised
the significance of Gram-negative bacteria [11, 12]. For example, GOLEVA et al. [11] reported the airway
expansion of specific Gram-negative bacteria such as Haemophilus parainfluenzae in severe asthma.
Moreover, GREEN et al. [12] reported that bacterial colonisation was associated with low forced expiratory
volume in 1 s (FEV1), sputum neutrophil counts and disease duration, and that Moraxella catarrhalis was
the bacterial species most associated with sputum neutrophilia and IL-8. Therefore, colonisation by
Gram-negative bacteria may play a role in the pathogenesis of severe asthma through the upregulation of
LPS and neutrophils in the airway.

Another possibility is the inhalation of LPS in environmental dust, especially house dust. Several reports
have suggested that the frequency and severity of asthma correlated with LPS concentrations in house dust
[13, 14]. For example, MICHEL et al. [13] reported that in subjects exposed to a high level of HDM allergen,
the severity of asthma was related to concentrations of house dust LPS, not the concentration of HDM.
RIZZO et al. [14] reported that clinical symptom scores in asthmatic children were correlated with the LPS
level in house dust, not the concentrations of HDM. Therefore, a nonallergic mechanism involving LPS,
including neutrophil-dependent eosinophil accumulation but not an allergic mechanism of HDM, might
be highly involved in the pathogenesis of severe asthma.

The mechanisms of corticosteroid-dependent or -resistant asthma have not been fully elucidated. Inhaled
corticosteroids are effective in the treatment of most patients with asthma. However, severe asthma and
chronic obstructive pulmonary disease, which are both characterised by neutrophilic airway inflammation,
are relatively resistant to the anti-inflammatory effects of corticosteroids. In fact, the functions of neutrophils
are not effectively suppressed by corticosteroids [37]. Furthermore, recent studies have suggested that LPS or
Gram-negative bacteria play important roles in the development of corticosteroid-dependent or -resistant
asthma [10, 11, 38]. For example, GOLEVA et al. [11] reported that pre-incubation of asthmatic airway
macrophages with H. parainfluenzae resulted in p38MAPK activation, increased IL-8 and mitogen-activated
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kinase phosphatase 1 mRNA expression, and inhibited corticosteroid responses. Furthermore, MCSHARRY

et al. [38] recently reported the significant inverse correlation between LPS concentration in sputum and
improvement of FEV1 after oral corticosteroid therapy in asthmatics. Therefore, the combination of
neutrophils and LPS may induce corticosteroid-dependent or -resistant airway inflammation through
neutrophilic inflammation itself and neutrophil-dependent eosinophil accumulation by LPS.

In the present study, LPS alone did not induce eosinophil TBM (figure 1). In fact, whether LPS acts directly
on eosinophils is still controversial. TAKANASKI et al. [39] reported that LPS induced survival and cytokine
production by eosinophils. Furthermore, PLÖTZ et al. [40] reported that eosinophils express CD14, and LPS
was observed to induce production of tumour necrosis factor-α and eosinophil cationic protein from
eosinophils through CD14. In contrast, other studies have reported that TLR4 and CD14 do not express on
eosinophils [15, 41], which is consistent with the present study. MEERSCHAERT et al. [41] reported that
LPS-stimulated CD16-depleted eosinophils increased survival and produced granulocyte–macrophage
colony-stimulating factor, whereas LPS-stimulated CD16/CD14-depleted eosinophils did not increase
survival, even though eosinophils do not express CD14. Because monocytes express TLR4 and produce a
variety of cytokines in response to LPS stimulation [16, 26], MEERSCHAERT et al. [41] speculated that a small
percentage of CD14+ monocytes would be involved in the activation of CD16-depleted eosinophils by LPS.

Furthermore, SABROE et al. [15] reported that even in neutrophils, CD14-depleted neutrophils decrease the
upregulation of L-selectin or CD11b expression by LPS stimulation, suggesting that a small percentage of
CD14+ monocytes may also be involved in the activation of neutrophils by LPS. The present study did not
use anti-CD14 Ab for preparation of neutrophils or eosinophils. Because the expression of TLR4 in
monocytes is much higher than that in neutrophils [15], a very few CD14+ monocytes may have
augmented the eosinophil TBM by LPS-stimulated neutrophils in the present study. This should be further
examined in the future.

One limitation in interpreting the findings of our study is that LPS concentration used in this in vitro
study is higher than that reported in the airway of asthmatics. For example, DUBIN et al. [42] reported that
LPS concentration in BAL fluid of mild asthmatics was 111±37 pg·mL−1, which is much lower than that
used in this study. Although the actual concentration in the airway of asthmatics, especially of severe
asthmatics, is more difficult to ascertain, stimulants other than LPS may be involved in the activation of
neutrophils in severe asthmatics. We speculate that this is not an LPS-specific phenomenon although we
have not examined the effect of other stimulants, such as concanavalin A or
N-formylmethionyl-leucyl-phenylalanine. Rather, we would like to emphasise that neutrophils from
healthy volunteers can induce eosinophil TBM when neutrophils were fully activated by stimulants such as
LPS. Neutrophils from severe asthmatics can induce eosinophil TBM even without LPS (figure 5),
suggesting they are already activated by a stimulant in vivo. However, the findings that neutrophils from
severe asthmatics were more sensitive to LPS stimulation (figure 6) supported the importance of LPS in
the pathogenesis of severe asthma.

Another limitation is that there is a little information about selectivity of BIIL260 and WEB2170 at such
high concentrations. BIRKE et al. [43] reported that BIIL260 has high affinity to LTB4 receptor on isolated
human neutrophil cell membranes with an inhibitory constant of 1.7 nM and BIIL260 at 100 nM almost
completely suppressed LTB4 binding to their receptor in a competitive assay. It suppressed LTB4-induced
intracellular calcium release and chemotaxis of neutrophils [43]. They also performed receptor binding
assays using 27 different human non-LTB4 receptors and their specific ligands, and found that no relevant
binding of BIIL260 was observed, suggesting high selectivity of the drug [43]. Furthermore, HEUER

et al. [44] reported that WEB2170 inhibited PAF-induced aggregation of human platelets with an IC50

value of 0.32 µM whereas it did not affect the platelet aggregation by other agents such as adenosine
diphosphate, adrenaline or collagen (IC50 > 1000 µM), suggesting high selectivity of the drug at 10 µM.
They also reported that WEB2170 inhibited PAF-induced neutrophil aggregation, whereas it did not affect
concanavalin A or N-formylmethionyl-leucyl-phenylalanine induced neutrophil aggregation [44]. In
preliminary experiments, we found that treatment with BIIL260 (10 µM) abolished 1 µM LTB4-induced,
but not 30 nM eotaxin-induced, eosinophil migration (data not shown). In addition, treatment with
WEB2170 (10 µM) abolished 1 µM PAF-induced, but not 30 nM eotaxin-induced, eosinophil migration
(data not shown). Furthermore, we have previously used the LTB4 antagonist or PAF antagonist at the
same concentrations to examine the mechanisms of enhanced eosinophil TBM by IL-8-induced
neutrophils [8]. However, we could not completely exclude the possibility of nonspecific effect of these
antagonists. A further limitation is that synergistic or additive effects between a LTB4 antagonist and a
PAF antagonist were not observed in this study. Several factors may be involved. LPS may induce more
LTB4 and the LTB4 then induces PAF in neutrophils, or vice versa (more PAF, then more LTB4 in
neutrophils), which can explain the lack of a synergistic or additive effect. Further, selectivity of the drug
may affect the results although our preliminary experiments did not support this possibility.
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We think that neutrophils or LPS-stimulated neutrophils could be a novel therapeutic target in severe
asthma. In this study, we found neutrophils from severe asthmatics induced eosinophil TBM (figure 5).
When we used eosinophils obtained from healthy volunteers, neutrophils from severe asthmatics also
induced eosinophil TBM (data not shown). Therefore, neutrophils of severe asthmatics are already activated
in vivo and have the potential to migrate or activate eosinophils, which may play roles in the development
of airway inflammation of severe asthma. As for drugs, there is no beneficial drug for neutrophil-dominant
asthma so far. In clinical practice, a LTB4 antagonist or a PAF antagonist had little effect on asthma
[45–47]. However, if we select the patients with neutrophil-dominant asthma, these antagonists may have
effects in a similar way to anti-IL-5 Ab in eosinophil-dominant asthma. Recent studies suggested that some
drugs, including macrolide antibiotics and CXCR2 Ab, are expected to have effects [48–51]. The effect of
these drugs on eosinophil TBM induced by neutrophils should be examined in the future.

In conclusion, the present study demonstrated that neutrophils stimulated with LPS induce the TBM of
eosinophils. LTB4 and PAF are involved in the augmentation of eosinophil TBM by LPS-stimulated
neutrophils. Therefore, these mechanisms could be a novel therapeutic target in patients with severe or
corticosteroid-dependent asthma.
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