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Induction of granulocyte-macrophage
colony-stimulating factor by a new cytokine,
IMIL-1 (IL-17F), via Raf I-MEK-ERK pathway
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Shintaro Suzuki, MD,” Koushi leki, MD,” Satoshi Matsukura, MD,?
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Background: ML-1 (IL-17F) is a recently discovered cytokine,
and its function remains elusive. GM-CSF is a crucial cytokine
for the maturation of various cell types and regulates allergic
airway inflammation.

Objective: The functional effect of ML-1 in the expression of
GM-CSF was investigated.

Methods: The levels of gene and protein expression in normal
human bronchial epithelial cells (NHBEs) in the presence or
absence of various kinase inhibitors or, in some cases, of a Rafl
dominant-negative mutant were determined by RT-PCR and
ELISA, respectively. Western blotting was performed to
investigate kinase activation.

Results: The results showed first that ML-1 induces, in a time-
dependent and dose-dependent manner, the gene and protein
expression for GM-CSF NHBEs, which are associated with
activation of Rafl and MAP kinase kinase (MEK) kinases.
Selective MEK inhibitors, PD98059 and U0126, and Rafl
kinase inhibitor I significantly inhibited ML-1—induced GM-
CSF production. Furthermore, overexpression of Rafl
dominant-negative mutants inhibited IL-17F—induced GMCSF
expression. The combination of PD98059 and Rafl kinase
inhibitor I completely blocked GM-CSF production, whereas 2
protein kinase C inhibitors, Ro-31-7549 and GF109203X, and
a phosphatidylinositol 3-kinase inhibitor, LY294002, showed no
inhibitory effect.

Conclusion: These findings suggest that ML-1 induces GM-CSF
expression through the activation of the Raf1-MEK—
extracellular signal-regulated kinase 1/2 pathway. (J Allergy Clin
Immunol 2004;114:444-50.)

Key words: Bronchial epithelial cells, ERK1/2, GM-CSF, MAP
kinase, Rafl

Airway allergic inflammation is characterized by
activation and migration of various inflammatory cells,
such as eosinophils, granulocytes, and macrophages. The
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Abbreviations used

DMSO: Dimethyl sulfoxide
ERK: Extracellular signal-regulated kinase
MEK: MAP kinase kinase

NF-kB: Nuclear factor kB

NHBE: Normal human bronchial epithelial cell
PI3K: Phosphatidylinositol 3-kinase
PKC: Protein kinase C

accumulation of these cell types causes broncho-
constriction, lung damage, and fibrosis. Bronchial epithe-
lial cells play an important role in the regulation of airway
inflammation through their ability to express a wide range
of proinflammatory cytokines, including GM-CSF.'
Investigation of the regulatory pathway involving mod-
ulation of airway epithelium by cytokines is thus im-
portant to uncover the pathogenic mechanisms of airway
inflammation.

GM-CSF plays a pivotal role in inflammatory and
immunologic processes. Release of GM-CSF in the
airway can mediate acute inflammatory responses as well
as initiate and perpetuate local immune responses.
Elevated levels of GM-CSF have been well demonstrated
in bronchoalveolar lavage fluid, endobronchial biopsy,
and sputum samples from asthmatics.” Elevated levels of
GM-CSF, mainly derived from epithelial cells, have been
demonstrated to increase eosinophil activation and
survival in asthmatics.”” Bronchial asthma is an in-
flammatory disease of the airways characterized by
eosinophil infiltration of the lung and airway hyperreac-
tivity. GM-CSF stimulates the recruitment and activation
of eosinophils via P-integrin—mediated adhesion to
epithelial and endothelial cells® and prolongs eosinophil
survival via inhibition of apoptosis.”!" Moreover, mouse
models of asthma and diesel-induced hyperrespon-
siveness have demonstrated an association between
epithelial cell-derived GM-CSF and airway hyper-
responsiveness.lz’13 These findings suggest that GM-
CSF is 1 of the critical cytokines in the pathogenesis of
allergic airway inflammation, and airway epithelium plays
a pivotal role in causing and perpetuating airway
inflammation via the induction of GM-CSF. However,
the regulatory mechanisms of GM-CSF expression in
airway epithelium have not been well understood.
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Recently, we and others independently discovered
a novel cytokine, ML-1 4 (IL-17F"19), belonging to the
IL-17 gene family, but its function and signaling pathways
remain to be defined. ML-1 is expressed in activated CD4”*
T cells, basophils, and mast cells, 3 important cell types
involved in allergic inflammation.'* Significantly,
upregulated ML-1 gene expression is seen at sites of
allergen challenge in the airways of asthmatics,'* but its
involvement in pulmonary allergic inflammation is un-
clear. To gain further understanding of the function and
signaling pathways of ML-1, the role of ML-1 in the
expression of GM-CSF was investigated. In this article,
we provide evidence that ML-1 is able to induce GM-CSF
expression in bronchial epithelial cells, involving the
activation of the Rafl—MAP kinase kinase (MEK)—
extracellular signal-regulated kinase (ERK) 1/2 signaling
pathway.

METHODS
Cell culture and human recombinant ML-1

Normal human bronchial epithelial cells (NHBEs) were purchased
from Clonetics (San Diego, Calif) and cultured in bronchial epithelial
basal medium (Clonetics) containing 0.5 ng/mL human recombinant
epidermal growth factor, 52 pg/mL bovine pituitary extract, 0.1 ng/
mL retinoic acid, 0.5 pg/mL hydrocortisone, 5 pg/mL insulin, 10 pg/
mL transferrin, 0.5 pg/mL epinephrine, 6.5 ng/mL tri-iodothyronine,
50 pg/mL gentamicin, and 50 pg/mL amphotericin-B (Clonetics).
The cells were cultured for no more than 3 passages before the
analysis. In the case of the experiments using Raf1 dominant-negative
mutants, a bronchial epithelial cell line, BEAS-2B, was used instead
of NHBE for efficient transfection and was cultured in Hanks’ F12/
Dulbecco modified Eagle medium (Biofluids, Rockville, Md) with
10% heat-inactivated FBS, 100 U/mL penicillin, and 100 ng/mL
streptomycin (Life Technologies-BRL, Gaithersburg, Md). Human
recombinant ML-1 was generated as described previously.'*
Endotoxin levels were tested by using Kinetic-QCL Chromogenic
Limulus amebocyte lysate (Bio Whittaker, Walkersville, Md).
Endotoxin levels were undetectable. The cells were treated with
ML-1 (10 and 100 ng/mL) for various periods.

Gene expression of GM-CSF

Total RNA was extracted by using RNeasy (Qiagen, Chatsworth,
Calif) from 1 X 10° cells at 1,2, 4, 12, and 24 hours after stimulation
with 10 and 100 ng/mL ML-1. cDNAs were synthesized from 500 ng
of total RNA in the presence of Moloney murine leukemia virus
reverse transcriptase (1 U/reaction; Sigma, St Louis, Mo), oligo (dT)
primer, and reaction buffer at 42°C for 90 minutes, followed by PCR.
The sequences of PCR primers for GM-CSF were forward,
5'-GTGGCCTGCAGCATCTCT-3’, and reverse, 5 -AAAGG-
GGATGACAAGCAGAA-3'; and for G3PDH were forward,
5'-ACCACAGTCCATGCCATCAC-3’, and reverse, 5'-TCCACC-
ACCCTGTTGCTGTA-3'. The amplification reaction was per-
formed for subsaturating cycles with denaturation at 94°C for 30
seconds, annealing at 57°C for 30 seconds, and extension at 72°C for
30 seconds. The expected size for GM-CSF was 375 bp and for
G3PDH was 450 bp. The PCR products were detected by ethidium
bromide staining and quantified by video densitometry with Image
1.61 software (National Institutes of Health Public Software, National
Institutes of Health, Bethesda, Md). The level of GM-CSF gene
expression was quantified by calculating the ratio of densitometric
readings of the band intensity for GM-CSF and G3PDH from the
same cDNA sample. The values are expressed as means * SDs
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(n = 3 experiments). In all cases, the induction of GM-CSF by ML-1
was clearly evident, allowing quantitative comparison by RT-PCR.

Protein levels of GM-CSF

GM-CSF protein levels in the supernatants and cell lysates of ML-
1—stimulated cells were determined with a commercially available
ELISA kit (Biosource, Camarillo, Calif) according to the man-
ufacturer’s instructions. Cell supernatants were harvested from
cultures in the absence or presence of 10 or 100 ng/mL ML-1 at 2,
6, 12, 24, or 48 hours after stimulation. The amount of secreted GM-
CSF was determined by the ELISA and expressed as the amount
recovered per 10° cells. Cells corresponding to the supernatant
samples described were lysed in 0.5 mL Nonidet P-40 lysis buffer
(20 mmol/L Tris [pH 7.4], 4 mmol/L EDTA, 1 mmol/L
phenylmethanesulfonyl fluoride, 100 mg/mL aprotinin, 200 mg/mL
leupeptin, 50 mmol/L NaF, 5 mmol/L Na,P,0;, and 1% Nonidet
P-40 [all Sigma]). The GM-CSF concentration of cell lysate was
reported as the amount recovered per 10° cells. The values are
expressed as means + SDs (n = 6 experiments).

ML-1—induced Raf1 and MEK activation
and the effect of inhibitors

For analysis of activation of the Rafl-MEK-ERK1/2 pathway,
NHBESs were treated with ML-1 (100 ng/mL) and in some cases with
or without the treatment with a Raf1 kinase inhibitor I or the vehicle
control (Me,SO), for 1 hour. The final concentration of Me,SO did
not exceed 0.1% (vol/vol). After treatment and lysis of the cells, the
cellular extracts (1 X 10° cell equivalents/lane) were suspended with
an equal volume of 2 times loading buffer (0.1 mol/L Tris-HCI, pH
6.8; 4% SDS; 0.005% bromphenol blue; and 20% glycerol)
containing 2-mercaptoethanol (0.7 mol/L), subjected to 4% to 20%
Tris-glycine gel electrophoresis (NOVEX, San Diego, Calif), and
probed with various antibodies: rabbit anti-MEK1/2 antibody,
antiphospho-MEK1/2 antibody (Cell Signaling Technology,
Beverly, Mass), anti-Rafl antibody, and antiphospho-Raf1 antibody
(Santa Cruz Biotechnology, Santa Cruz, Calif), followed by
incubation with peroxidase-linked donkey anti-rabbit Ig antibody
(Amersham Biosciences, Piscataway, NJ) and visualized with
enhanced chemiluminescence.

For analysis of the effects of kinase inhibitors, the cells were
treated in the presence or absence of the following kinase inhibitors
at varying doses: MEKI1/2 inhibitors, PD98059 (2'’-amino-3’'-
methoxyflavone; Calbiochem, La Jolla, Calif) and U0126 (1,4-
diamino-2,3-dicyano-1,4-bis[o-aminophenylmercapto]  butadiene;
New England Bio Labs, Beverly, Mass); p38 inhibitor, SB202190
(4-[4-fluoro-phenyl]-2-[4-hydroxyphenyl]-5-[4-pyridyl] 1H-imidaz-
ole; Calbiochem); a Raf1 kinase inhibitor I (5-iodo-3-[(3,5-dibromo-
4-hydroxyphenyl) methylene]-2-indolinone; Calbiochem); a c-Jun
N-terminal kinase inhibitor, SP600125 (Anthra [1,9-cd]pyrazol-
6[2H]-one; Calbiochem); protein kinase C (PKC) inhibitors,
Ro-31-7549 (2-[1-(3-aminopropyl) indol-3-yl]-3-[1-methylindol-
3-yl] maleimide acetate; Calbiochem) and GF109203X (3-[1-
(dimethylaminopropyl)  indol-3-yl]-4-[indol-3-yl] = maleimide,
3-[1-(3-[dimethylamino]propyl)-1H-indol-3-yl]-4-[ 1H-indol-3-y1]-
1H-pyrrole-2,5-dione; Sigma); a phosphatidylinositol 3-kinase PI3K
inhibitor, LY294002 (2-[4-morpholinyl]-8-phenyl-4H-1-benzo-
pyran-4-one; Calbiochem); and a vehicle control, dimethyl sulfoxide
(DMSO; Me,SO) for 1 hour before treatment with ML-1 (100 ng/
mL). The cells and cell supernatants were harvested at 2 and 24 hours
after stimulation for analyses of RT-PCR and ELISA, respectively.
The final concentration of DMSO did not exceed 0.1% (vol/vol).
GM-CSF gene expression and protein levels in the supernatants were
determined as described. The values are expressed as means £ SDs
(n = 4 experiments).

logy

| immuno

o
g
=

Basic and cl




w
o
(7]
o
o
=
2
o
=
=
g
3
3
c
3
o
[
Q
~<

446 Kawaguchi et al

GM-CSF/G3

Marker
Control

ML-1, ng/mL

0. 5} i
0

J ALLERGY CLIN IMMUNOL
AUGUST 2004

1.0

GM-CSF/G3PDH
e

0

05 2 4 12 24hrs
ML-1 (100 ng/mL)

[
1)
-
=
s
=

FIG 1. A, Induction of GM-CSF gene expression by different doses of ML-1. *P < .05 was considered significant
versus control. 1P < .05 was considered significant versus 10 ng/mL ML-1—stimulated cells. B, Time course
study of GM-CSF gene expression. The values are expressed as means + SDs (n =3). *P < .05 was
considered significant versus the intensity of 0.5-hour time point.
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FIG 2. GM-CSF protein levels in lysates (A) and supernatants (B) of
NHBEs. The values are expressed as means + SDs (n = 6). *P < .05
was considered significant versus control. 1P < .05 was considered
significant versus 10 ng/mL ML-1—stimulated cells.

Overexpression of Raf1 dominant-negative
mutant in BEAS-2B cells

The plasmid encoding pCMV-RafS621A vector (dominant-
negative mutant of Rafl) cloned into pCMV and a control vector
were purchased from Clontech (Palo Alto, Calif). The plasmids were
prepared by using the Qiagen plasmid DNA preparation kit. NHBEs
were difficult to use for transfection experiments. An epithelial cell
line, BEAS-2B, was used instead. The cells were cultured on 100-mm
plates and were transfected by an Effectene Reagent (Qiagen)

according to the manufacturer’s instructions. The cells were selected
with 500 ng/mL Geneticin (G418; Gibco/BRL, Grand Island, NY).
After selection, the cells were seeded into 6-well culture plates. The
cells were near confluent, and the cells and cell supernatants were
then harvested at 2 and 24 hours after stimulation with 100 ng/mL
ML-1 for analyses of RT-PCR and ELISA, respectively. GM-CSF
gene expression and protein levels in the supernatants were deter-
mined as described. The values are expressed as means + SDs (n = 3
experiments).

Data analysis

The statistical significance of differences was determined by
ANOVA. The values are expressed as means £ SDs from in-
dependent experiments. Any difference with P values <.05 was
considered. When ANOVA indicated a significant difference, the
Scheffe F test was used to determine the difference between groups.

RESULTS

To examine whether ML-1 was able to induce GM-CSF
expression, NHBEs were stimulated with varying doses of
ML-1, and the levels of gene expression and protein
production in cell lysates and supernatants were analyzed.
The results showed first that although GM-CSF gene
expression was not seen in control culture, ML-1 induced,
in a dose-dependent manner, the expression of GM-CSF at
the 2-hour time point (Fig 1, A and B). In the time course
experiments, ML-1—induced GM-CSF gene expression
peaked at the 2-hour time point in ML-1 (100 ng/mL)—
treated NHBEs (Fig 1, C and D) and returned to baseline
24 hours after stimulation. To analyze the protein
expression for GM-CSF, NHBEs were cultured in the
absence or presence of varying concentrations of ML-1 at
5 different time points. GM-CSF proteins were not
detected in the absence of ML-1 in NHBEs. The levels
of GM-CSF in cell lysates were significantly increased 6
hours after stimulation with 10 and 100 ng/mL ML-1 and
reached plateau at the 12-hour and 24-hour time points,
respectively (Fig 2, A), whereas the levels of secreted GM-
CSF were significantly elevated 24 hours after stimulation
and were increased further at 48 hours (Fig 2, B).

Bronchial epithelial cells are exposed to numerous
environmental stimuli, which can activate intracellular
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FIG 3. A, Western blotting analysis of Raf1 and MEK activation. The results shown are representative of 3

separate experiments. Effect of kinase inhibitors on

GM-CSF gene (B) and protein (C) expression in NHBEs.

The values are expressed as means = SDs (n = 4 experiments). *P < .05 was considered significant versus
ML-1—stimulated cells. TP < .05 was considered significant versus single inhibitor.

signaling cascades, leading to upregulated gene expres-
sion and a wide range of responses, such as cytokine
expression, proliferation, and apoptosis.17 The mitogen-
activated protein kinase family is likely to be central to
these processes because they are known to regulate
intracellular signal transduction in response to many
agonists, including growth factors, cytokines, hormones,
oxidants, and environmental stress factors.'® To investi-
gate ML-1—mediated signaling events leading to the
induction of GM-CSF, the activation of the Raf1-MEK-
ERK1/2 pathway was investigated. First, Western blotting
analysis revealed activation of Rafl and MEK1/2 in ML-
1—stimulated cells (Fig 3, A), and preincubation of the
cells with a Rafl1 kinase inhibitor I (1 nmol/L) for 1 hour
diminished the activation of MEK1/2 in comparison with
that seen in the vehicle control culture (Fig 3, A).
Furthermore, analysis of various kinase inhibitor effect
on ML-1—induced GM-CSF expression showed that
pretreatment of the cells for 1 hour with each of the
selective MEK inhibitors, PD98059 (10 pmol/L), U0126
(5 nmol/L), and Rafl kinase inhibitor I (1 nmol/L),
significantly decreased the levels of ML-1—induced GM-
CSF gene expression in NHBEs (Fig 3, B). As shown in
Fig 3, C, 1 hour pretreatment of the cells with PD98059,
U0126, and Rafl kinase inhibitor I significantly attenu-
ated, in a dose-dependent manner, the production of GM-
CSF, whereas 1 hour pretreatment of the cells with vehicle
alone (0.05% DMSO) did not affect GM-CSF release. In
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FIG 4. Effect of overexpression of Raf1 dominant-negative mutants
on GM-CSF gene (A) and protein (B) expression in BEAS-2B cells.
The values are expressed as means + SDs (n=3). *P < .05
was considered significant versus the intensity of ML-1—stimu-
lated cells without vector.

addition, the protein levels of GM-CSF were unchanged in
ML-1—treated cells in the presence of a p38 kinase
inhibitor, SB202190, and a JNK inhibitor, SP600125,
even at a dose of 10 umol/L and 1 pmol/L, respectively
(Fig 3, C). Although induction of GM-CSF is partially
inhibited by PD98059, U0126, or Rafl kinase inhibitor I
even at relatively high doses (50 pumol/L, 10 nmol/L, and
10 nmol/L, respectively), the combination of 10 umol/L
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FIG 5. Effect of PD98059, U0126, Raf1 kinase inhibitor I, SB202190, and SP600125 on GM-CSF gene (A) and

protein (B) expression in NHBEs.

PD98059 and 1 nmol/L Raf1 kinase inhibitor I inhibited,
to a greater degree, the production of GM-CSF in NHBEs
(Fig 3, B and C). The total number of cells and cell
viability at the end of the culture period for each
experiment did not differ among all culture conditions as
determined by trypan blue exclusion assay, suggesting
that the inhibition of ML-1—induced GM-CSF expression
did not result from cytotoxicity.

The involvement of Rafl kinase in ML-1—induced
GM-CSF expression was further confirmed by the use of
a Rafl dominant-negative mutant with serine to alanine
substitution at position 621. The results showed that
overexpression of Rafl dominant-negative mutants in
BEAS-2B cells significantly inhibited ML-1—induced
GM-CSF gene expression (Fig 4, A) and protein release
(Fig 4, B), whereas the cells transfected with a control
vector showed no significant change in the level of GM-
CSF expression (Fig 4). These results suggest, therefore,
the importance of the Raf1-MEK-ERK signaling pathway
in ML-1—induced GM-CSF expression. It has been
demonstrated that both PKC and PI3K are linked to the
MAP kinase pathway, and that signaling from receptor
tyrosine kinases to ERK1/2 is dependent on Ras and Rafl.
Further, PKC has been shown to be a key activator of the
Rafl/mitogen-activated protein kinase cascade at multiple
steps that result in upregulation of ERK1/2. In our
experiment, however, selective PKC inhibitors, Ro-31-
7549 (0.1 pmol/L) and GF109203X (0.5 pmol/L), did not
decrease the level of ML-1—induced GM-CSF gene
expression in NHBEs (Fig 5, A). Similarly, no significant
inhibitory effect was seen on ML-1—induced GM-CSF
protein production when the inhibitors were used (Fig 5,
B). Moreover, a PI3K inhibitor, LY294002, showed no
significant inhibition of ML-1—induced GM-CSF gene
expression in NHBEs (Fig 5, A) and protein production in
NHBEs (Fig 5, B) when LY294002 (0.1-20 pmol/L) was
used.

DISCUSSION

In this report, we provide evidence that ML-1 (IL-17F)
is able to induce GM-CSF expression in primary bronchial
epithelial cells through the activation of the Raf1-MEK-

ERK1/2 pathway. ML-1 is derived from activated CD4* T
cells, basophils, and mast cells, which are important
regulatory cells for allergic airway inflammation.'* The
ability of ML-1 to induce epithelium-derived GM-CSF
raises a strong possibility that ML-1—induced GM-CSF is
involved in allergic inflammation. In our previous report,
the ML-1 gene is upregulated in the bronchoalveolar
lavage cells from asthmatic patients after segmental
allergen challenge.'* The current study lends support for
a role of ML-1 in the airway inflammatory responses via
the induction of GM-CSF.

The results of the current study demonstrate the
involvement of the Raf1-MEK-ERK signaling pathway
in ML-1—induced GM-CSF expression. It is of interest to
note that the induction of IL-6 and IL-8 by ML-1 is
dependent on the activation of ERK1/2, but not p38 and
JNK," suggesting that ML-1 is able to induce multiple
cytokines via the same signaling pathway. Also, ERK1/2
may serve as a pivotal signaling molecule for IL-17 family
members, such as IL-17A and ML-1 (IL-17F), and would
be a potential therapeutic target for IL-17 family-
associated airway diseases. Further, our pharmacologic
studies showed that neither PKC nor PI3K is involved in
ML-1—induced GM-CSF expression. This is in contrast to
the finding that TNF-a induces GM-CSF expression via
activation of PKC and subsequent activation of ERK1/2
kinases in NHBEs.?’ It is noted also that a PKC inhibitor,
Ro-31-7549, does not affect IL-17A—induced IL-6 and
IL-8 expression in bronchial epithelial cells.*’ Another
PKC inhibitor, GF-109203X, also does not block diesel
exhaust particle—induced GM-CSF expression.22 Fur-
thermore, a selective PI3K inhibitor, LY294002, does not
affect IL-17A—induced IL-6 and IL-8 in bronchial
epithelial cells.”> Our data also showed that LY294002
did not inhibit ML-1—induced GM-CSF expression.
Activated Ras promotes cell survival in epithelial cells
through activation of PI3K and Akt/PKB, and it is known
that at high dose (20 pmol/L), LY294002 induces
apoptosis.24 In the current study, the cell number and
viability were not altered in the presence of 20 pmol/L of
LY294002 (data not shown). This is likely a result of
different culture conditions and cell types used. However,
we cannot fully exclude the involvement of other
molecules, such as RalGDS and PLC-g, because recent
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reports have demonstrated that Ras is able to activate these
signaling molecules besides Rafl.>>*® These results
demonstrate, therefore, that multiple functional pathways
exist in the regulation of GM-CSF expression.

To date, the upstream signaling pathway of Ras-Rafl-
MEK-ERK1/2 induced by ML-1 is unclear. There have
been few reports concerning the upstream signaling
pathway of GM-CSF expression. However, the results
of the current study suggest that Rafl is predominantly
associated with the activation of the MEK-ERKI1/2
pathway. Therefore, we concluded that the Rafl-MEK-
ERK1/2 pathway is a central upstream pathway of ML-
1—induced GM-CSF expression in NHBEs. Further study
is needed to identify functionally the putative receptor for
ML-1 and its proximal signaling pathways. Also, the
downstream signaling pathway is currently unclear. GM-
CSF is known to be regulated by a transcription factor,
nuclear factor kB (NF-xB).>” IL-17A is known to activate
NF-xB in chondrocytes and intestinal epithelial cells.”®
Because of high homology between IL-17A and ML-1, it
is possible that ML-1 is able to activate NF-kB in the
downstream signaling pathway. However, we could not
detect the activation of NF-xB by ML-1 in NHBEs (data
not shown), suggesting an NF-kB—independent pathway,
for which further investigation is needed.

Bronchial epithelial cells are able to release GM-CSF in
response to physiologic stimuli relevant for asthma,
including dust mite proteolytic allergens, human rhinovi-
rus 16, respiratory syncytial virus, and histamine.*~*°
Furthermore, bronchial epithelial cells have been demon-
strated to secrete GM-CSF in response to several
cytokines, such as TNF-a, IL-1f, IL-4, and IL-13, which
are strongly involved in allergic response.’'”* A sub-
stantial amount of GM-CSF is produced in the airway
epithelium after antigen challenge in asthmatic subjects,
and GM-CSF appears to be the major cytokine responsible
for eosinophil survival in the bronchoalveolar lavage fluid
of symptomatic asthmatic subjects.®® In addition, GM-
CSF acts as a cofactor for superoxide production and
degranulation33’34 and elicits multiple effects on other
components of the immune systems, including dendritic
cells, which initiate and perpetuate allergic inflamma-
tion.> Furthermore, GM-CSF also has multiple effects on
neutrophil function, including increasing 5-lipooxygenase
level, tyrosine phosphorylation, aggregation, superoxide
anion production, degranulation, cytotoxicity, and adhe-
sion to vascular endothelial cells.*® Finally, GM-CSF
stimulates monocyte survival and differentiation into
mature macrophages, which are the largest cell population
in the airways of patients with allergic inflammatory
diseases.’”*® Hence, these data strongly suggest that ML-
1 shows multiple biological activities via the induction of
GM-CSF, adding to a growing list of cytokines involved
in the regulation of allergic inflammation.

In conclusion, this study reports that ML-1 induces
GM-CSF via the activation of the Rafl1-MEK-ERK1/2
pathway. These results suggest that ML-1 is involved in
allergic inflammation via the induction of GM-CSF. ML-1
may cause and perpetuate airway inflammation at multiple
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steps. Furthermore, the control of the Raf1-MEK-ERK1/2
pathway is an attractive pharmacotherapeutic strategy for
inhibition of ML-1—induced airway immunologic and
inflammatory responses.

We thank Hiroko Takeuchi, Tomoko Shinbara, and Makoto
Murakami for their excellent technical assistance.
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