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Abstract

Background: Reactive oxygen species (ROS) and eosinophil-
ic granule proteins such as eosinophil-derived neurotoxin
(EDN) are known to damage bronchial tissue and cause air-
way hyperresponsiveness (AHR) in asthma. Hepatocyte
growth factor (HGF) regulates various biological activities
and is known to be a multifunctional factor. In our previous
study, we found that HGF suppressed allergic airway inflam-
mation and AHR in a murine model of asthma. However,
there have been few reports regarding the detailed mecha-
nism of the anti-allergic effect of HGF in asthma. In this study,
we investigated the potential of recombinant HGF to regu-
late the production of ROS and the release of EDN from hu-
man eosinophils. Methods: Eosinophils were isolated from
subjects with mild eosinophilia by modified CD16-negative
selection. We investigated the expression of CD69, an activa-
tion marker of eosinophils, on eosinophils, using flow cy-
tometry. Further, ROS production from eosinophils was ana-
lyzed using luminol-dependent chemiluminescence, and

EDN release was measured by ELISA. Results: Treatment with
HGF suppressed interleukin-5-induced upregulation of
CD69 expression, ROS production and EDN release from hu-
man eosinophils. Conclusion: Taken together, these data
suggest that in asthma, HGF attenuates allergic airway in-
flammation and AHR through at least the suppression of ROS
production and EDN release from eosinophils.

Copyright © 2008 S. Karger AG, Basel

Introduction

Asthma is a complex chronic airway disorder charac-
terized by allergen-induced airway inflammation, elevat-
ed serum IgE and airway hyperresponsiveness (AHR).
Eosinophils play an important role in the mechanism of
allergic airway inflammation [1]. The activation of eo-
sinophils, in particular, is a critical event in allergic in-
flammatory response [1]. Eosinophils activated by vari-
ous cytokines such as interleukin-5 (IL-5) produce reac-
tive oxygen species (ROS) [1, 2]. Previous studies have
reported that ROS such as hydrogen peroxide (H,0,) is
elevated in exhaled breath of asthmatic patients [3, 4].
Moreover, ROS secreted from eosinophils results in tis-
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sue damage at inflamed sites, vasodilation and AHR [5,
6]. Thus, ROS is recognized as one of the most important
events in the pathogenesis of allergic inflammation. On
the other hand, activated eosinophils also release cyto-
toxic granular proteins including eosinophil-derived
neurotoxin (EDN) [1, 7, 8], which plays an important role
in allergic inflammation [1], and causes expression of
CD69, which is an activation marker of eosinophils [9,
10]. Therefore, some studies have previously reported
that the degree of activation markers such as EDN release
and CD69 expression is strongly correlated with the se-
verity of allergic disease including asthma and allergic
rhinitis [1, 11].

Hepatocyte growth factor (HGF) was originally iden-
tified and cloned as a potent mitogen for mature hepato-
cytesand hasa variety of cellular functions [12-14]. There
is now evidence that HGF plays an essential part in pa-
renchymal repair and protection in various organs. Thus,
HGEF is widely recognized as a multifunctional cytokine
and a humoral mediator [13]. For example, in lungs, HGF
prevented the onset and progression of lung fibrosis in
vivo [15] and induced the apoptosis of myofibroblasts in
lung fibrosis in vitro [16]. Previously, we found that in a
murine model of asthma, HGF attenuated AHR and al-
lergen-induced airway remodeling and inflammation,
involving eosinophils and lymphocytes [17]. Moreover,
we reported that HGF directly inhibited the factor-in-
duced chemotaxis of human eosinophils in the absence
of Th2 cytokines or granulocyte macrophage colony-
stimulating factor [18]. However, as far as we know, the
functional role of HGF in the activation of eosinophils,
including the production of ROS and the release of gran-
ule proteins from eosinophils, has not been studied previ-
ously.

In this study, to define the direct effect of HGF in reg-
ulating the activation of eosinophils, we examined wheth-
er HGF modulates CD69 expression on human eosino-
phils, and further, whether it has an effect on the produc-
tion of ROS and the release of EDN from human
eosinophils.

Methods

Eosinophil Purification

Peripheral blood was obtained from subjects with mild eo-
sinophilia including nonatopic asthma, allergic rhinitis and
healthy donors. All subjects gave informed consent. Eosinophils
were isolated by sedimentation with 6% dextran followed by cen-
trifugation on 1.088 Percoll (Pharmacia, Uppsala, Sweden) den-
sity gradients, modified from the method of Hansel et al. [19, 20].
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The cells were further purified by negative selection using anti-
CD16 immunomagnetic beads and a MACS system (Miltenyi Bio-
tec, Bergisch Gladbach, Germany). Eosinophils (>99% purity)
were then suspended in Hank’s balanced salt solution (Life Tech-
nologies, Grand Island, N.Y., USA) with 1% fetal calf serum.

CD69 Surface Expression

After incubation of purified eosinophils (1 X 10° cells) with
human recombinant HGF (hrHGF, 2.0, 20, 200 ng/ml; R&D Sys-
tems, Minneapolis, Minn., USA) or medium in RPMI-1640 for
1 h, the eosinophils were further cultured with or without 10 ng/
ml IL-5 (R&D Systems) in 24-well tissue culture plates for 24 h in
37°C humidified air with 5% CO,. After washing once, the cells
were incubated with CD69/FITC (mouse IgGl; Dako, Glostrup,
Denmark). An FITC-conjugated IgGl isotype-matched control
monoclonal antibody (mAb; Dako) was applied to assess the de-
gree of nonspecificity. The percentage of eosinophils expressing a
specific marker was determined relative to the expression level on
the isotype-matched control, and mean fluorescent intensities
were analyzed as an index for the expression of CD69 using a
FACScan flow cytometer (Becton-Dickinson, San Jose, Calif,,
USA) according to a previous study [21].

Luminol-Dependent Chemiluminescence

ROS production from eosinophils was examined by luminol-
dependent chemiluminescence according to previous reports [22,
23]. Purified eosinophils (1 X 10° cells/ml) cultured in RPMI-
1640 (Gibco, Grand Island, N.Y., USA) were incubated with or
without hrHGF (2.0, 20, 200 ng/ml) for 1 h at 37°C. Then, ROS
production was evoked by adding 50 ul of calcium ionophore
A23187 (Sigma, St. Louis, Mo., USA; final concentration 1 X
10° M) to 100 .l of eosinophil suspension (5 X 10* cells) contain-
ing 0.25 mM luminol (Futaba Medical, Tokyo, Japan). Maximal
and integral intensity chemiluminescence was determined for 60
min usingan Argus-50/2D luminometer (Hamamatsu Photonics,
Hamamatsu, Japan).

EDN Release

EDN release from eosinophils was examined by EDN ELISA
kit (MBL Co., Ltd., Nagoya, Japan) according to previous reports
[21, 24, 25]. Purified eosinophils (1 X 10° cells) cultured in RPMI-
1640 with 0.1% HSA were preincubated with or without hrHGF
(2.0, 20, 200 ng/ml) for 1 h at 37°C. These cells were further cul-
tured with or without 10 ng/ml of IL-5 for 4 h under the same
conditions. The supernatants were separated by centrifugation,
and the concentration of EDN was measured by ELISA.

Adhesion Molecule Surface Expression

After incubation of purified eosinophils (1 X 10° cells) with
200 ng/ml of hrHGF or medium in RPMI-1640, the eosinophils
were further cultured with or without 10 ng/ml of IL-5 in 24-well
tissue culture plates for 16 h in 37°C humidified air with 5% CO,
according to a previous report [26]. After washing once, the eo-
sinophils were reacted with an mAb against CD11b (Nichirei,
Tokyo, Japan), CD11a (Dako), CD18 (Dako) and CD49d (Immu-
notech, Marseille, France) for 30 min at 4°C and stained by FITC-
conjugated secondary antibodies (Biosource International, Ca-
marillo, Mass., USA) under the same condition for 30 min. After
washing the cells, the stained cells were analyzed using a FACS-
can flow cytometer [27].
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Fig. 1. Effect of HGF on IL-5-induced CD69 expression of eosinophils. Purified eosinophils with or without
HGF. The assay of CD69 expression was performed using fluorescence-activated cell-sorting analysis (FACS).
Cells stained with isotype-matched mouse IgG were used for negative control staining. a Representative histo-
gram. b Bar graph data show the mean of 4 experiments. Data are expressed as the mean = SEM. * p < 0.05,

versus without HGF.

Western Blot Analysis

Purified eosinophils (1 X 10° cells) were treated with or with-
out hrHGF (200 ng/ml) for 1 h at 37°C followed by stimulation
with or without 10 ng/ml of human IL-5 for 5 min. The reaction
was terminated by the addition of 15 volumes of ice-cold Hank’s
balanced salt solution containing 1 mM Na3zVOy,. The cells were
pelleted by centrifugation and lysed in lysis buffer (50 mM Tris-
HC], pH 7.4, 150 mM NaCl, 1 mM Na3VO,, 1 mM NaF, 1 mM
EDTA, 1 mM EGTA, 1 mM PMSEF, 1% Triton X-100, 10% glycerol,
and 1 pg/ml aprotinin, leupeptin and pepstatin). After 20 min on
ice, detergent-insoluble materials were removed by centrifugation
at4°Cat 15,000 g. The supernatants were mixed with SDS sample
buffer and boiled for 4 min. SDS-polyacrylamide (10%) gels
(Ready Gel J) were obtained from Bio-Rad (Tokyo, Japan). The
electrophoresed gel was blotted onto Hybond ECL membranes
(Amersham, Arlington Heights, Il1., USA).

Blots were incubated in blocking buffer containing 5% bovine
serum albumin in TBS-T buffer (20 mM Tris-HCI, 137 mM NaCl
and 0.05% Tween-20, pH 7.6) for 30 min followed by incubation
in the primary 0.1 pg/ml of Ab [mouse mAb against phospho-p38
from Cell Signaling Technology, Beverly, Mass., USA, and mouse
mAb against phospho-extracelluar signal-regulated kinases
(ERKSs) from Santa Cruz Biotechnology, Santa Cruz, Calif., USA]
for the phosphorylation state of signaling proteins with gentle ag-
itation overnight at 4°C. After washing 3 times in TBS-T buffer,
blots were incubated for 30 min with horseradish peroxidase-con-
jugated secondary 0.04 pg/ml of Ab directed against the primary
Ab. The blots were developed with the ECL substrate according
to the manufacturer’s instructions. Blots were subsequently re-
probed with another Ab (rabbit polyclonal anti-p38 and anti-
ERK2; Santa Cruz Biotechnology) for the non-phosphorylation
state of signaling proteins after stripping in a buffer of 62.5 nM

HGEF Suppresses ROS Production and
EDN Release from Eosinophils

Tris-HCI (pH 6.7), 100 mM 2-ME and 2% SDS at 56°C for 30 min.
Horseradish peroxidase-conjugated goat anti-mouse and anti-
rabbit Abs were obtained from Santa Cruz Biotechnology.

Statistical Analysis

Two groups of data were compared using Student’s t test. The
p value for significance was set at p < 0.05. All results were ex-
pressed as the mean * SEM.

Results

Treatment with HGF Suppresses IL-5-Induced

Upregulation of Eosinophil CD69 Expression

The effect of HGF on CD69 surface expression of eo-
sinophils was investigated. Compared with eosinophils
incubated with only the vehicle, IL-5 increased CD69 ex-
pression of purified human eosinophils (control; fig. 1).
hrHGEF significantly inhibited the IL-5-induced upregu-
lation of CD69 expression, which is an activation marker
of eosinophils (fig. 1).

Treatment with HGF Suppresses the Production of

ROS from Eosinophils

To determine the effects of HGF on the production of
ROS from eosinophils, purified human eosinophils were
treated with hrHGF, and ROS evoked with calcium iono-
phore (A23187) was measured using a luminometer.
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Fig. 2. Effect of HGF on ROS production from eosinophils stimu-
lated by calcium ionophore A23187. Purified eosinophils were pre-
incubated with increasing concentrations of HGF for 1 h. The as-
say was performed using a luminometer. Data are expressed as the
mean of 4 experiments = SEM. * p < 0.05, versus without HGF.

Compared with eosinophils incubated with only the ve-
hicle, A23187 increased ROS production of purified hu-
man eosinophils (control; fig. 2). Preincubation of eosin-
ophils with hrHGF significantly prevented the produc-
tion of ROS in a dose-dependent manner (fig. 2). On the
other hand, HGF itself did not induce ROS from eosino-
phils.

Treatment with HGF Suppresses Eosinophil EDN

Release Stimulated by IL-5

Next, we investigated whether HGF affected IL-5-in-
duced EDN release from eosinophils. EDN release from
purified human eosinophils was induced by IL-5. Prein-
cubation of eosinophils with hrHGF significantly pre-
vented the release of EDN (fig. 3).

Treatment with HGF Has No Effect on Surface

Adhesion Molecule Expression on Eosinophils

The signal from adhesion molecules plays a critical
role in activation, degranulation and ROS production
from eosinophils [28, 29]. Therefore, we also examined
whether HGF modulates the surface expression of CD11a,
CD11b, CD18 and CD49d on eosinophils. In agreement
with a foregoing report [26], IL-5 induced CD11b and
CD18 expression. However, a flow-cytometric study re-
vealed that HGF had no effect on the surface expression
of adhesion molecules (data not shown). Thus, these data
may suggest that the inhibitory effects of HGF on degran-
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Fig. 3. Effect of HGF on EDN release from eosinophils stimulated
by IL-5. Purified eosinophils were preincubated with increasing
concentrations of HGF for 1 h. The assay was performed using
ELISA. Data are expressed as the mean of 4 experiments + SEM.
* p <0.05, versus without HGF.

ulation and ROS production were caused independent of
adhesion molecules.

Treatment with HGF Inhibits IL-5-Induced Activation

of Mitogen-Activated Protein Kinase Signaling

Pathway in Eosinophils

Both p38 and ERKI1/2 mitogen-activated protein
(MAP) kinase also play an important role in eosinophil
activation [24, 25]. Thus, the MAP kinase signaling path-
way was studied to further explore the inhibition mecha-
nisms of HGF. To investigate the MAP kinase pathway
activity, eosinophils were stimulated with IL-5 followed
by electrophoresis and Western blotting with anti-p-ERK
or anti-p-p38 Ab. Treatment with 200 ng/ml of HGF
partially inhibited eotaxin-induced phosphorylation of
ERK1/2 as well as p38 (fig. 4).

Discussion

The eosinophil is believed to be an important effector
cell in allergic diseases such as asthma, and the produc-
tion of ROS and the release of cytotoxic granular proteins
from activated eosinophils are essential for tissue damage
in allergic inflammation [1-8]. In the present study, we
investigated the functional role of HGF in ROS produc-
tion, EDN release and activation of human eosinophils
and found that HGF suppressed eosinophil activation in-

Ito et al.
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Fig. 4. Examination of the effect of the intracellular signaling pathway on the inhibitory effect of HGF. Purified
eosinophils were incubated with or without 200 ng/ml of HGF for 1 h. After incubation, eosinophils were stim-
ulated with IL-5 (10 ng/ml) for 5 min. Phosphorylated ERK1/2 (p-ERK) and total ERK2 (ERK2), and phos-
phorylated p38 MAPK (p-p38) and total p38 MAPK (p38) were determined by Western blot (WB) analysis. HGF
partially abrogated the eotaxin-induced phosphorylation of ERK (a) and p38 (b). The membranes were reprobed
with anti-ERK2 or anti-p38 Ab incubated with the same amounts of proteins loaded on the gels. Experiments
were repeated at least 3 times with a different cell preparation.

duced by IL-5 and inhibited secretion of ROS and EDN.
This is the first report to show the important role of HGF
in the production of ROS and granule proteins from eo-
sinophils.

ROS, which is released by activated eosinophils at the
site of allergic inflammation, injures epithelial cells and
causes vasodilation and AHR in asthma [5, 6]. Thus, ROS
may play an important role in the pathogenesis of asth-
ma. Ichiki and coworkers [30] reported that thioredoxin,
which has a protective function against the cellular dam-
age caused by ROS, suppressed AHR and allergic airway
inflammation in a murine model of asthma. On the oth-
er hand, HGF is secreted by several cell types such as fi-
broblasts and macrophages in the lung and stimulates
morphogenesis and organogenesis in a wide range of tis-
sues and organs [13, 31]. Regarding oxidative stress, re-
cent studies have shown that HGF could suppress oxida-
tive stress-induced action as an antioxidant factor in var-
ious kinds of cells such as hepatocytes and airway
epithelial cells [32, 33]. Moreover, Li and coworkers [34]
reported that HGF protected rat mesangial cells from
high-glucose-mediated oxidative stress by suppressing
ROS production. Consistent with this study, in our pres-
ent study, we showed that HGF suppressed the produc-
tion of ROS from eosinophils activated by calcium iono-
phore (fig. 2). Previously, we also found that HGF admin-
istration inhibited AHR in lung tissue of asthmatic mice
(17]. These findings may suggest that HGF attenuates
AHR in asthma through the inhibition of ROS produc-
tion from eosinophils.

HGEF Suppresses ROS Production and
EDN Release from Eosinophils

EDN, an eosinophil granule protein and a member of
the eosinophil-associated ribonuclease family, has antivi-
ral activities against the respiratory syncytial virus [35],
and EDN-derived peptide induces apoptosis of sarcoma
cells [36]. On the other hand, eosinophil degranulation is
also a very important reaction in the pathophysiology of
asthma. Granule proteins including EDN secreted from
eosinophils have toxicity against respiratory epithelium,
which is manifested by epithelial cell desquamation,
damage to epithelial cells and alternations in ciliary beat-
ing, and they induce AHR [1]. In this study, HGF treat-
ment suppressed the EDN release from eosinophils acti-
vated by IL-5 (fig. 3) and inhibited the activation of hu-
man eosinophils, which is essential for degranulation as
well as ROS production from eosinophils (fig. 1). IL-5 is
an important effector for degranulation and ROS pro-
duction of eosinophils [1]. Moreover, a recent study
showed that transforming growth factor- (TGEF-f) in-
duced ROS production [37]. On the other hand, HGF is a
strong suppressor of TGF-3 [38], and further, in our pre-
vious study, treatment with HGF inhibited the elevation
of TGF-f as well as of IL-5 levels in bronchoalveolar la-
vage fluid of asthmatic mice [17]. Therefore, these data
may indicate that in asthma, HGF may not only attenuate
the production of Th2 cytokines and growth factors such
as TGF-{ but also suppress ROS production and degran-
ulation through the direct inhibition against eosinophil
activation by remaining cytokines and growth factors.
Recently, we reported that HGF negatively regulated al-
lergic airway inflammation by eosinophils not only
through the suppression of Th2 cytokines but also
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through direct action against eosinophil migration [18].
Taken together, HGF may strongly modulate allergic in-
flammation and AHR by the double suppression includ-
ing both indirect and direct actions in vivo.

Adhesion molecules have been considered to play an
important role in allergic diseases. Previous studies have
reported that an increase in ROS production from eo-
sinophils can be mediated by signaling through adhesion
molecules and their ligands [27, 39]. In this study, HGF
had no effect on the expression of adhesion molecules
such as 3; and 3, integrins on human eosinophils. On the
other hand, Min and coworkers [40] reported that HGF
suppressed vascular endothelial growth factor-induced
expression of adhesion molecules on human vein endo-
thelial cells. This conflict between findings may also be
related to different cell types or stimulation conditions.
Thus, further studies are necessary to clarify the physi-
ologic role of HGF. In another study, ROS production re-
quired calcium influx [41, 42]. We have shown that HGF
inhibited ROS production from eosinophils stimulated
by calcium ionophore. In our previous study, HGF sup-
pressed Ca®" influx induced by eotaxin in human eosin-
ophils. Therefore, the suppressive effect of HGF on ROS
production may be caused by inhibition of Ca®" influx.
Regarding EDN release, eosinophils activated by IL-5 or
eotaxin release granule proteins such as EDN through
activation of MAP kinase [24, 25]. We previously found
that in human eosinophils, HGF treatment suppressed
activation of the MAP kinase pathway by eotaxin [17].
Furthermore, in this study, HGF treatment inhibited the
ERK1/2 and p38 MAP kinase pathways activated by IL-5
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