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Abstract
S100A8 and S100A9 are important proteins in the pathogenesis of allergy. Asthma is an allergic lung
disease, characterized by bronchial inflammation due to leukocytes, bronchoconstriction, and
allergen-specific IgE. In this study, we examined the role of S100A8 and S100A9 in the interaction of
cytokine release from bronchial epithelial cells, with constitutive apoptosis of neutrophils. S100A8
and S100A9 induce increased secretion of neutrophil survival cytokines such as MCP-1, IL-6 and IL-8.
This secretion is suppressed by TLR4 inhibitor), LY294002, AKT inhibitor, PD98059, SB202190,
SP600125, and BAY-11-7085. S100A8 and S100A9 also induce the phosphorylation of AKT, ERK,
p38 MAPK and JNK, and activation of NF-κB, which were blocked after exposure to TLR4i,
LY294002, AKTi, PD98059, SB202190 or SP600125. Furthermore, supernatants collected from
bronchial epithelial cells after S100A8 and S100A9 stimulation suppressed the apoptosis of normal
and asthmatic neutrophils. These inhibitory mechanisms are involved in suppression of caspase 9
and caspase 3 activation, and BAX expression. The degradation of MCL-1 and BCL-2 was also
blocked by S100A8 and S100A9 stimulation. Essentially, neutrophil apoptosis was blocked by
co-culture of normal and asthmatic neutrophils with BEAS-2B cells in the presence of S100A8 and
S100A9. These findings will enable elucidation of asthma pathogenesis.
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Introduction
S100A8 and S100A9 are crucial members of the
calcium-binding S100 protein family, mainly
expressed in neutrophils and monocytes [1, 2].
Extracellular functions of S100A8 and S100A9 include
modulating pro-inflammatory responses such as
cytokine secretion, leucocyte recruitment, apoptosis
and tissue damage [3]. S100A8 and S100A9 trigger the

expression of IL-6 and MCP-1, and the release of
CXCL10, from human umbilical vein endothelial cells
or macrophages [1, 4]. Cytokine release induced by
S100A8 and S100A9 plays a specifically important role
in inflammatory responses. S100A8 and S100A9 are
considered as damage-associated molecular patterns
(DAMPs) recognized by Toll-like receptor (TLR4) or
http://www.medsci.org
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receptor for advanced glycation end products
(RAGE). Therefore, S100A8 and S100A9 are essential
causative stimulators in inflammatory diseases, and
may be used as biomarkers and therapeutic targets
[5-7].
Lung infiltration by neutrophils is a prominent
phenomenon in neutrophilic asthma. Inhibition of
neutrophil apoptosis prolongs the neutrophil
survival, which aggravates clinical features of asthma
by maintaining inflammatory responses [8, 9].
Neutrophil apoptosis is regulated by a variety of
cytokines such as IL-6, IL-8, GM-CSF, G-CSF, and
MCP-1 [10-12]. Airway epithelial cells play important
roles in pathogenesis of asthma as structural cells. The
relationship of airway epithelial cells and asthma
differs, depending on the allergen, virus infection and
effective
mechanisms
[13-15].
Nevertheless,
understanding the interaction of immune cells and
non-immune cells is essential in unveiling the
pathogenic mechanism of asthma and developing a
therapeutic strategy [16].
Our previous paper demonstrates that S100A8
and S100A9 in BALF and serum of asthma subjects are
significantly related to increased serum IgE, and they
directly inhibit the neutrophil apoptosis via TLR4,
Lyn, PI3K, AKT, ERK, and NF-κB [17]. In this study,
we investigate whether S100A8 and S100A9 induce
the cytokine secretion of airway epithelial cells, which
affects neutrophil apoptosis of normal and asthmatic
subjects.

Materials and methods
Materials
DMEM/F12, RPMI 1640, penicillin and
streptomycin solution, trypsin/EDTA and TRIzol
reagent were obtained from Life Technologies Inc.
(Gaithersburg, MD, USA). Fetal bovine serum (FBS)
was acquired from RMBIO (Missoula, MT, USA).
Dermatophagoides pteronissinus (DP) extract was
purchased from Cosmo Bio (Tokyo, Japan). TLR4
inhibitor (TLR4i), CLI-095, was purchased from
Invivogen (San Diego, CA, USA). Inhibitors for PI3K
(LY294002), AKT (AKTi), ERK (PD98059), p38 MAPK
(SB202190), JNK (SP600125) and NF-κB (BAY-11-7085)
were obtained from Calbiochem (San Diego, CA,
USA). Antibodies against-phospho-AKT, AKT, ERK2,
TLR4, and BCL2 were obtained from Santa Cruz
Biotechnology
(Santa
Cruz,
CA,
USA).
Anti-phospho-p38 MAPK, anti-phospho-ERK1/2,
anti-phospho-JNK, anti-p38 MAPK, anti-JNK,
anti-cleaved caspase 9, anti-cleaved caspase 3, BAX,
and MCL-1 were procured from Cell Signaling
Technology (Beverly, MA, USA).
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Cell culture
The human bronchial epithelial cell line,
BEAS-2B, transformed with an adenovirus 12-SV40
virus hybrid (CRL-9609; ATCC, Manassas, VA, USA),
was cultured in DMEM/F12 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100
μg/mL).

Production of recombinant proteins
Briefly, total RNA of DP was extracted using the
TRIzol reagent and purified by an RNeasy Mini Kit
(Qiagen, Hilden, Germany), followed by synthesis of
cDNA. Der p 38 cDNA was amplified by PCR using
forward primer (5'- ACT ACG GAT CCG ATG AAT
GGT GCC GCT ATT-3') and reverse primer (5'- ACT
ACG CGG CCG CTC ACC AAC ATC GTG CAA CAT
TAG C-3'). The PCR product was cut with BamHI and
NotII (New England Biolabs, Ipswich, MA, USA) and
cloned into the pETDuet-1 vector (Merck Millipore,
Darmstadt, Germany). His-Tagged Der p 38
recombinant protein was expressed in E. coli
BL21(DE3) cells, followed by separation using a nickel
column (Merck Millipore, Darmstadt, Germany).
Finally, the protein was purified on a Superdex 200
column attached to an ÄKTA FPLC system (GE
Healthcare). Recombinant S100A8 and S100A9
proteins were produced as previously reported [17].
Briefly, cDNAs were synthesized by reverse
transcription of total RNA of human neutrophils. The
amplified cDNAs of S100A8 and S100A9 were cloned
into the pET28 vector (Merck Millipore). Recombinant
His-Tag S100A9 was induced and then purified using
a nickel column. The purified proteins were identified
by western blotting using anti-S100A8, anti S100A9,
and Der p 38 antibodies.

Enzyme-linked immunosorbent assay (ELISA)
Concentrations of IL-6, IL-8, MCP-1 and
GM-CSF in the cell supernatant were evaluated with a
sandwich ELISA. Human GM-CSF Quantikine (R&D
systems, Minneapolis, MN, USA) and OptEIATM Set
ELISA kit (BD Biosciences, San Diego, CA, USA) were
used for detection of GM-CSF and human IL-6, IL-8,
MCP-1, respectively, according to the manufacturer's
manual.

Western blotting
Cells were lysed in cytosolic lysis buffer
(TransLab, Daejeon, Korea). After centrifugation, the
supernatant was collected and protein concentration
of the lysate was measured by a protein assay kit
(Thermo scientific, Waltham, MA, USA). Protein
samples were loaded on 10% SDS-PAGE gel,
separated by electrophoresis and transferred to
http://www.medsci.org
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nitrocellulose filters. The membranes were then
probed with primary antibodies, after which the blots
were incubated with appropriate secondary
antibodies, including goat anti-mouse or rabbit
antibodies. The blots were developed with the
enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech.), and detected by
Chemi-Doc TM touch imaging system (Bio-Rad,
Richmond, CA, USA).

NF-κB p65 transcription factor assay
DNA-binding activity of NF-κB was evaluated
using the EZ-DetectTM transcription factor kits for
NF-κB p65 (PIERCE, Rockford, IL, USA), according to
the manufacturer’s instructions. Both wild type and
mutant NF-κB oligonucleotides were used as negative
controls. Chemiluminescent detection was performed
using a luminometer.

Detection of TLR4 and apoptosis
BEAS-2B cells were treated with S100A8 and
S100A9 in a time-dependent manner. The cells were
collected and washed with PBS three times. To
prevent non-specific binding of antibody, the cells
were incubated with 0.5% BSA blocking solution.
After incubation with antibody against TLR4, cells
were washed and incubated with FITC-labeled
secondary antibody. Baseline fluorescence was
acquired by adding normal mouse IgG instead of
primary antibody. The annexin V–fluorescein
isothiocyanate (FITC) apoptosis detection kit (BD
Biosciences) was used to determine apoptosis of
neutrophils and eosinophils. Briefly, isolated
neutrophils and eosinophils were treated with the
S100A8- or S100A9-stimulated supernatant, followed
by subsequent incubation with FITC-labeled annexin
V and propidium iodide (PI) for 15 min at room
temperature. The resultant fluorescent intensity of the
cells was analyzed by the FACSort cytofluorimeter
(BD Biosciences). Annexin V+/PI- and annexin
V+/PI+ cells are considered as apoptotic cells.

Isolation of neutrophils and eosinophils
Human neutrophils and eosinophils were
isolated from peripheral blood of normal and
asthmatic subjects using Ficoll-Hypaque solution and
a CD16 microbeads magnetic cell sorting kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). After removal
of erythrocytes by hypotonic lysis buffer, the
neutrophils were washed with PBS three times and
cultured in RPMI 1640 containing 10% fetal bovine
serum (FBS). This study was approved by the
Institutional Review Board of Eulji University for
normal volunteers, and by the Institutional Review
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Board of Eulji University Hospital for asthmatic
patients. Written informed consent was received from
study volunteers before blood collection.

Statistical analysis
Data are presented as the means ± SD. A paired
t-test and one-way ANOVA was used for comparing
two-groups and more than two groups, respectively,
using the SPSS statistical software (Chicago, IL, USA).
p <0.05 is considered significant.

Results
S100A8 and S100A9 stimulate the secretion of
MCP-1, IL-6, and IL-8 through TLR4, PI3K,
AKT, MAPKs, and NF-κB in BEAS-2B cells
To unveil more specific inflammatory action due
to S100A8 and S100A9, we examined the secretion of
cytokines in BEAS-2B cells, particularly the neutrophil
survival cytokines. We observed increased levels of
MCP-1, IL-6, and IL-8 after treatment with S100A8
and S100A9, in a time- and dose-dependent manner
(Fig. 1). To investigate specific mechanisms of S100A8
and S100A9 on cytokine secretion, we examined
alteration of cytokine production after signal inhibitor
treatment. Inhibitors used in this study do not solely
affect the release of MCP-1, IL-6, and IL-8 in BEAS-2B
cells and (Supple. Fig. 1). TLR4i, LY294002, PD98059,
SB202190, SP600125, and BAY-11-7085 strongly
blocked the increased secretion of MCP-1, IL-6, and
IL-8 induced by S100A8 and S100A9, despite different
degrees of inhibitory effects (Fig. 2A and B). S100A8
and S100A9 induced the phosphorylation of AKT and
MAPKs in a time-dependent manner (Fig. 3A).
Activation of ERK, p38 MAPK, and JNK due to
S100A8 and S100A9 was suppressed by TLR4i,
LY294002, and AKTi (Fig. 3B). As shown in Fig. 3C
and D, NF-κB activation occurs after exposure to
S100A8 and S100A9, and peaks at 1 h. The movement
of NF-κB to nucleus was blocked by TLR4i, LY294002,
AKTi, PD98059, SB202190, and SP600125.

TLR4 expression increases after treatment
with S100A8 and S100A9 in BEAS-2B cells
Since change of receptor expression affects the
signal transduction that occurs after exposure of its
stimulator, examining whether TLR4 expression is
altered by treatment with S100A8 and S100A9
treatment revealed that S100A8 and S100A9 gradually
augment
TLR4
surface
expression
in
a
time-dependent manner (Fig. 4). These results
indicate that S100A8 and S100A9 continue to strongly
induce their responses by increasing TLR4 expression.

http://www.medsci.org
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Figure 1. S100A8 and S100A9 increase the production of MCP-1, IL-6, and IL-8 in BEAS-2B cells. (A-D) BEAS-2B cells were incubated with or without 10 µg/mL
S100A8 (A) and S100A9 (C) for the indicated time, or at the indicated concentration of S100A8 (B) and S100A9 (D) for 48 h. ELISA was used to determine the concentrations
of MCP-1, IL-6, and IL-8 in the collected supernatant. Data are expressed as the means ± SD and are presented relative to the control. *p < 0.05 and **p < 0.01 indicate a
significant difference between the control and S100A8- or S100A9-treated groups.
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Figure 2. S100A8 and S100A9 induce the secretion of MCP-1, IL-6 and IL-8 through TLR4, PI3K, AKT, MAPKs and NF-κB in BEAS-2B cells. (A-B) BEAS-2B
cells were pre-treated for 1 h with or without 5 μM TLR4i, 5 μM LY294002 (LY), 10 μM AKTi (AKT), 10 μM PD98059 (PD), 10 μM SB202190 (SB), 10 μM SP600125 (SP) and
2 μM BAY-11-7085 (BAY), after which the cells were incubated for 48 h in the absence or presence of 10 µg/mL S100A8 (A) and S100A9 (B). The supernatant (n=4) was collected
and analyzed by ELISA. Data are expressed as the means ± SD and are presented relative to the control set at 100%. *p < 0.05 and **p < 0.01 indicate a significant difference
between the control and S100A8- or S100A9-treated groups, and ##p < 0.01 and #p < 0.05 represent a significant difference between the S100A8- or S100A9-treated groups and
the inhibitor-treated groups.

Cytokine release (MCP-1, IL-6, and IL-8) by
S100A8 and S100A9 inhibits apoptosis of
normal and asthmatic neutrophils
We investigated whether cytokines secreted by
S100A8 and S200A9 alter the spontaneous neutrophil
apoptosis. In normal subjects, the supernatant treated
with S100A8 or S100A9 inhibits the neutrophil
apoptosis (Fig. 5A), but is not effective on eosinophil
apoptosis (Fig. 5B). Cytokines released by S100A8 and
S100A9 suppress the activation of caspase 9 and
caspase 3 (Fig. 5C). The expression of MCL-1 and
BCL2 shows less decrease, and BAX expression shows
less increase in BEAS-2B cells after exposure to the
supernatant treated with S100A8 and S100A9 as

compared to the control (Fig. 5D). Coculture of
BEAS-2B cells with neutrophils reveals suppression of
neutrophil apoptosis after treatment with S100A8 and
S100A9, which is comparable to the inhibitory effect
of S000A8 and S100A9 on neutrophil apoptosis (Fig.
5E and F). Furthermore, BEAS-2B cells cocultured
with neutrophils inhibited the neutrophil apoptosis
without treatment. In asthmatic subjects, the S100A8and S100A9-stimulated supernatant also blocked
neutrophil apoptosis (Fig. 6A). Neutrophils
cocultured with BEAS-2B cells stimulated with
S100A8 and S100A9 underwent less apoptosis
compared to the control (Fig. 6B).
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Figure 3. S100A8 and S100A9 require activation of PI3K/AKT/ MAPKs/NF-κB pathway for cytokine expression. (A) BEAS-2B cells were incubated with 10 μg/mL
S100A8 (left panel) and S100A9 (right panel) for the indicated time. Phosphorylation of AKT, ERK, p38 MAPK and JNK in the lysates was detected by Western blotting. (B)
BEAS-2B cells were pre-treated for 1 h with or without 5 μM TLR4i, 5 μM LY294002 (LY) and 10 μM AKTi, after which the cells were incubated with 10 μg/mL S100A8 (left
panel) and S100A9 (right panel) for 30 min. After harvested cells were lysed, the phospho-ERK (p-ERK), phospho-p38 MAPK (p-p38 MAPK) and phospho-JNK (p-JNK) in the
lysates were detected by Western blotting. Densitometric data are presented relative to the negative control set at l (lower panel). (C, D) BEAS-2B cells were incubated with
S100A8 and S100A9 (10 μg/mL) for the indicated time (C), or were pre-treated for 1 h with or without 5 μM TLR4i, 5 μM Ly294002 (LY) and 10 μM AKTi, 10 μM PD98059 (PD),
10 μM p38 MAPK (SB) and 10 μM JNK600125 (SP), after which the cells were incubated with S100A8 and S100A9 (10 μg/mL) for 1 h (D). After collecting nuclear extract from
harvested cells, NF-κB in the lysates (n=3) was detected by luciferase assay. Data are presented relative to the control set at 1, as the means ± SD. *p < 0.05 and **p < 0.01
indicate a significant difference between the control and S100A8 and S100A9-treated groups, and ##p < 0.01 and #p < 0.05 represent a significant difference between the S100A8or S100A9-treated and inhibitor-treated groups.

Figure 4. Expression of TLR4 in BEAS-2B cells after treatment with S100A8 and S100A9. BEAS-2B cells (n=3) were treated with 10 μg/mL S100A8 (A) and S100A9
(B) for the indicated time, and the expression of TLR4 was analyzed by flow cytometry. Data are expressed as the means ± SD, and are presented relative to the control set at
1. *p < 0.05 and **p < 0.01 indicate a significant difference.
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Figure 5. Constitutive apoptosis of normal neutrophils is delayed by released molecules due to S100A8 and S100A9 in BEAS-2B cells. (A, B) BEAS-2B cells
were incubated with or without 10 μg/mL of S100A8 and S100A9 for 48 h. The supernatant (Sup) was collected and added to the fresh neutrophils (A) (n=3) and eosinophils (B)
(n=3) isolated from peripheral blood. Apoptosis of neutrophils and eosinophils was evaluated by measuring the binding of annexin V-FITC and PI. (C, D) Neutrophils were
incubated with the S100A8 and S100A9-treated supernatant (Sup) of BEAS-2B cells. Expression levels of cleaved caspase 9 and caspase 3 (C), and MCL-1, BCL-2, and BAX (D)
were detected by Western blotting. Densitometric data are presented relative to the negative control, set at 1 (lower panel). (E, F) Normal neutrophils (n=4) and BEAS-2B cells
(1:1, 1:2, and 1:4 ratio) were incubated for 24 h in the absence or presence of S100A8 (E) and S100A9 (F) (10 μg/mL). Neutrophil apoptosis was analyzed by measuring the binding
of annexin V-FITC and PI. Data are presented relative to the control, set at 100%, as the means ± SD. *p < 0.05 and **p < 0.01 indicates a significant difference between the control
and S100A8- or S100A9 treated groups.
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Figure 6. The secretion of cytokines induced by S100A8 and S100A9 in BEAS-2B cells inhibits asthmatic neutrophil apoptosis. (A) BEAS-2B cells were
incubated with or without 10 μg/mL of S100A8 and S100A9 for 48 h. The supernatant (Sup) was collected and added to the fresh neutrophils isolated from the peripheral blood
of asthmatic subjects (n=5). (B) Asthmatic neutrophils or neutrophils and BEAS-2B cells (1:1) were incubated for 24 h in the absence or presence of 10 μg/mL S100A8 (left panel)
and S100A9 (right panel). Apoptosis of asthmatic neutrophils was analyzed by measuring the binding of annexin V-FITC and PI. Data are presented relative to the control set at
100%, as the means ± SD. *p < 0.05 and **p < 0.01 indicates a significant difference between the control and S100A8- or S100A9-treated groups, or between the control
supernatant and supernatant-treated groups.

Discussion
Sterile inflammation is an inflammatory
response which appears in our body without
microbial components, and is related to allergies,
autoimmune diseases and other inflammatory
diseases [18, 19]. S100 proteins, also considered as
DAMP, have been focused in the field of cancer as
well as inflammatory diseases. In the present study,
we demonstrate that cytokine release in bronchial
cells is induced by S100A8 and S100A9, and this
reaction prolongs the inflammatory responses by
inhibition of neutrophil apoptosis in normal and
asthmatic subjects. We believe that the inflammatory
response due to S100A8 and S100A9 is a critical factor
in asthma pathogenesis.
Both S100A8 and S100A9 are essential proteins of
the S100 family proteins and play important roles in
allergies, such as asthma [20]. Our previous and
present results reveal that neutrophil apoptosis is
suppressed by not only S100A8 and S100A9 but also
the secondary response, namely, cytokine release
secreted by S100A8 and S100A9 [17] (Fig. 1). Bronchial
epithelial cells are important cytokine producers. As
shown in Figs. 1, 5, and 6, they enhance the

production of MCP-1, IL-6, and IL-8, resulting in the
subsequent suppression of neutrophil apoptosis.
Bronchial cells express various cytokines that regulate
the Th1, Th2, and Th17 immune responses [21, 22]. A
recent study reported that S100A9 triggers the
development of neutrophilic inflammation by
elevation of IL-1β, IL-17 and IFN-γ, and induces
allergen-induced Th2 type inflammation by
production of thymic stromal lymphopoietin (TSLP)
and IL-2 production [23, 24]. In contrast, S100A9
prevents the Th2-mediated asthmatic inflammation
induced by Alternaria alternata extract in S100A9
knockout mice [25]. Even though the knockout mouse
model has a merit that target proteins are systemically
depleted, it is difficult to determine alterations of the
local inflammatory environment, including early
eosinophilic and late neutrophil asthma stage, and to
directly compare the mouse experiment with human
study. Based on the results of the current study, we
believe the role of S100A8 and S100A9 in the lung may
be dependent on stimulators such as allergen,
bacteria, and fungus.
TLR4 is an essential receptor binding to S100A8
and S100A9, and is associated with their
proinflammatory response [1, 26]. TLR4 is expressed
http://www.medsci.org
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in bronchial epithelial cells and mediates
lipopolysaccharide-induced inflammatory responses
[27, 28]. The level of TLR4 is constitutively expressed
in BEAS-2B cells and increases after treatment with
S100A8 and S100A9 (Fig. 4). The alteration may
augment cytokine production of S100A8 and S100A9
and
TLR4-mediated
inflammatory
responses.
Although TLR4 is a common receptor of S100A8 and
S100A9, it has recently been reported that the function
of S100A8 and S100A9 in acute lung injury is different
[29]. In the current study, S100A8 and S100A9
produce cytokines and suppress the normal and
asthmatic neutrophil apoptosis (Figs 1, 5, and 6). This
action is mediated by TLR4, PI3K, AKT, MAPKS, and
NF-κB, and is similar to the inhibitory signal of
neutrophil apoptosis due to S100A9 in monocytes
(Figs. 2 and 3) [30]. This study revealed no differences
between functional mechanisms of S100A8 and
S100A9. TLR4 functions as critical factors in
neutrophilic asthma [31, 32]. Our results imply that
the signal of TLR4 mediated by S100 proteins is
essential in severe or glucocorticoid-resistant
neutrophilic asthma. S100A8, S100A9 and S100A12
secret MUC5AC in airway epithelial cells through
TLR4 and RAGE [33]. In addition, RAGE is another
receptor of S100A8 and S100A9 [34, 35]. Although
RAGE is not involved in acute lung injury induced by
S100A8, its expression increases after exposure of
S100A8 and S100A9 as alteration of TLR4 expression
[36] (Supple. Fig. 2). Therefore, further studies on
RAGE in bronchial epithelial cells and neutrophilic
asthma patients will contribute to the relevant and
additional evidence of the present study.
In conclusion, this study demonstrates that
MCP-1, IL-6 and IL-8 are increased after exposure to
S100A8 and S100A9 in BEAS-2B cells, through the
PI3K/AKT/MAPK/NF-κB pathway. The increased
cytokines delay constitutive neutrophil apoptosis.
S100A8 and S100A9 trigger the interactive network
between the BEAS-2B cells and neutrophils through
cytokine secretion and apoptosis. We believe that
these findings will pave the way for better
understanding the pathogenesis of asthma.

Abbreviations
DAMPs: damage-associated molecular patterns;
ELISA: Enzyme-linked immunosorbent assay; FBS:
fetal bovine serum; FITC: fluorescein isothiocyanate;
PI: propidium iodide; RAGE: receptor for advanced
glycation end products; TLR: Toll-like receptor; TSLP:
thymic stromal lymphopoietin.

Supplementary Material
Supplementary figures.
http://www.medsci.org/v17p0498s1.pdf

508

Acknowledgements
This research was supported by EMBRI Grants
2018EMBRIDJ0005 from the Eulji University. We
thank all normal volunteers and asthma patients who
participated in this study.

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.

Wang S, Song R, Wang Z, et al. S100A8/A9 in inflammation. Front Immunol.
2018; 9: 1298.
Goyette J, Geczy CL. Inflammation-associated S100 proteins: new mechanisms
that regulate function. Amino acids. 2011; 41: 821-42.
Donato RR, Cannon B, Sorci G, et al. Functions of S100 proteins. Curr Mol
Med. 2013; 13: 24-57.
Wang J, Vodovotz Y, Fan L, et al. Injury-induced MRP8/MRP14 stimulates
IP-10/CXCL10 in monocytes/macrophages. FASEB J. 2014; 29: 250-62.
Okada K, Okabe M, Kimura Y, et al. Serum S100A8/A9 as a potentially
sensitive biomarker for inflammatory bowel disease. Lab Med. 2019 (in press).
Enríquez-de-Salamanca A, Bonini S, Calonge M. Molecular and cellular
biomarkers in dry eye disease and ocular allergy. Curr Opin Allergy Clin
Immunol. 2012; 12: 523-33.
Vogl T, Stratis A, Wixler V, et al. Autoinhibitory regulation of S100A8/S100A9
alarmin activity locally restricts sterile inflammation. J Clin Invest. 2018; 128:
1852-66.
Ciepiela O, Ostafin M, Demkow U. Neutrophils in asthma. Respir Physiol
Neurobiol. 2015; 209: 13-6.
Hofman P. Molecular regulation of neutrophil apoptosis and potential targets
for therapeutic strategy against the inflammatory process. Curr. Drug Targets
Inflamm. Allergy. 2004; 3: 1-9.
Sampson A. The role of eosinophils and neutrophils in inflammation. Clin.
Exp. Allergy. 2000; 30: 22-7.
Simon HU. Neutrophil apoptosis pathways and their modifications in
inflammation. Immunol Rev. 2003; 193: 101-10.
Yang EJ, Choi E, Ko J, et al. Differential effect of CCL2 on constitutive
neutrophil apoptosis between normal and asthmatic subjects. J Cell Physiol.
2012; 227: 2567-77.
Bush A. Cytokines and Chemokines as Biomarkers of Future Asthma. Front
Pediatr. 2019; 7: 72.
Hammad H, Chieppa M, Perros F, et al. House dust mite allergen induces
asthma via Toll-like receptor 4 triggering of airway structural cells. Nat Med.
2009; 15: 410.
Trompette A, Divanovic S, Visintin A, et al. Allergenicity resulting from
functional mimicry of a Toll-like receptor complex protein. Nature. 2008; 457:
585.
Hirahara
K,
Shinoda
K,
Morimoto
Y,
et
al.
Immune
cell-epithelial/mesenchymal interaction contributing to allergic airway
inflammation associated pathology. Front Immunol. 2019; 10: 570.
Kim DH, Choi E, Lee JS, et al. House dust mite allergen regulates constitutive
apoptosis of normal and asthmatic neutrophils via toll-like receptor 4. PLoS
One. 2015; 10: e0125983.
Chen GY, Nuñez G. Sterile inflammation: sensing and reacting to damage.
Nature Rev Immunol. 2010; 10: 826.
Bertheloot D, Latz E. HMGB1, IL-1α, IL-33 and S100 proteins: dual-function
alarmins. Mol Immunol. 2016; 14: 43.
Kim EH, Lee JS, Lee NR, et al. Regulation of constitutive neutrophil apoptosis
due to house dust mite allergen in normal and allergic rhinitis subjects. PLoS
One. 2014; 9: e105814.
Yamanaka K, Fujisawa T, Kusagaya H, et al. IL-13 regulates IL-17C expression
by suppressing NF-kappaB-mediated transcriptional activation in airway
epithelial cells. Biochem Biophys Res Commun. 2018; 495: 1534-40.
Qin L, Qiu KZ, Hu CP, et al. Bronchial Epithelial Cells Promote the
Differentiation of Th2 Lymphocytes in Airway Microenvironment through
Jagged/Notch-1 Signaling after RSV Infection. Int Arch Allergy Immunol.
2019; 179: 43-52.
Lee TH, Chang HS, Bae DJ, et al. Role of S100A9 in the development of
neutrophilic inflammation in asthmatics and in a murine model. Clin
Immunol. 2017; 183: 158-66.
Kato T, Kouzaki H, Matsumoto K, et al. The effect of calprotectin on TSLP and
IL-25 production from airway epithelial cells. Allergol Int. 2017; 66: 281-9.
Palmer LD, Moloney KN, Boyd KL, et al. The innate immune protein S100A9
protects from Th2-mediated allergic airway inflammation. Am J Respir Cell
Mol Biol. 2019; (in press)
Ehrchen JM, Sunderkotter C, Foell D, et al. The endogenous Toll-like receptor
4 agonist S100A8/S100A9 (calprotectin) as innate amplifier of infection,
autoimmunity, and cancer. J Leukoc Biol. 2009; 86: 557-66.

http://www.medsci.org

Int. J. Med. Sci. 2020, Vol. 17

509

27. Guillot L, Medjane S, Le-Barillec K, et al. Response of human pulmonary
epithelial cells to lipopolysaccharide involves Toll-like receptor 4
(TLR4)-dependent signaling pathways: evidence for an intracellular
compartmentalization of TLR4. J Biol Chem. 2004; 279: 2712-18.
28. MacRedmond R, Greene C, Taggart CC, et al. Respiratory epithelial cells
require Toll-like receptor 4 for induction of human beta-defensin 2 by
lipopolysaccharide. Respir Res. 2005; 6: 116.
29. Hiroshima Y, Hsu K, Tedla N, et al. S100A8/A9 and S100A9 reduce acute lung
injury. Immunol Cell Biol. 2017; 95: 461-72.
30. Lee NR, Park BS, Kim SY, et al. Cytokine secreted by S100A9 via TLR4 in
monocytes delays neutrophil apoptosis by inhibition of caspase 9/3 pathway.
Cytokine. 2016; 86: 53-63.
31. McAlees JW, Whitehead GS, Harley IT, et al. Distinct Tlr4-expressing cell
compartments control neutrophilic and eosinophilic airway inflammation.
Mucosal Immunol. 2014; 8: 863.
32. Sackesen C, Karaaslan C, Keskin O, et al. The effect of polymorphisms at the
CD14 promoter and the TLR4 gene on asthma phenotypes in Turkish children
with asthma. Allergy. 2005; 60: 1485-92.
33. Kang JH, Hwang SM, Chung IY. S100A8, S100A9 and S100A12 activate airway
epithelial cells to produce MUC5AC via extracellular signal-regulated kinase
and nuclear factor-kappaB pathways. Immunology. 2015; 144: 79-90.
34. Song JS, Kang CM, Park C, et al. Inhibitory effect of receptor for advanced
glycation end products (RAGE) on the TGF-β-induced alveolar epithelial to
mesenchymal transition. Exp Mol Med. 2011; 43: 517.
35. Morbini P, Villa C, Campo I, et al. The receptor for advanced glycation end
products and its ligands: a new inflammatory pathway in lung disease. Mod
Pathol. 2006; 19: 1437-45.
36. Chakraborty D, Zenker S, Rossaint J, et al. S100A8 Activates Alveolar
Epithelial Cells in the Context of Acute Lung Injury in a TLR4-Dependent
Manner. Front Immunol. 2017; 8: 1493.

http://www.medsci.org

