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Abstract

Background: The transcription factor nuclear factor (NF)-«kB
plays a pivotal role in the development of allergic airway
inflammation. However, the mechanism of NF-kB activation
in asthma remains to be elucidated. Methods: CK2a activa-
tion was assessed by CK2a phosphorylation and protein ex-
pression. Airway levels of histamine and cytokines were de-
termined by ELISA. We used 2 (active and passive) forms of
allergic pulmonary inflammation models. In the active form,
the animals were immunized with ovalbumin (OVA) intra-
peritoneally, followed by an airway challenge with OVA. In
the passive form, the animals were passively sensitized by
intratracheal instillation with either anti-OVA IgE or anti-
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OVA IgG, followed by an airway challenge with OVA. The
role of NADPH oxidase (NOX) in CK2a activation was as-
sessed using NOX27~ and NOX4~~ mice because NOX2 and
NOX4 contribute to many inflammatory diseases. Results:
The second airway challenge increased CK2a phosphoryla-
tion and protein expression in airway epithelial cells as well
as nuclear translocation of the p50 and p65 subunits of
NF-kB, all of which were inhibited by the CK2a inhibitor
4,5,6,7-tetrabromobenzotriazole and the antioxidant N-
acetyl-L-cysteine. CK2a phosphorylation and protein ex-
pression were significantly impaired in NOX27, but not in
NOX4~~, mice. Induction of passive sensitization using anti-
OVA IgE activated neither CK2a nor NF-kB. In contrast, in-
duction of passive sensitization using anti-OVA IgG activat-
ed both CK2a and NF-kB. Conclusions: These data suggest
that Fcy receptor/reactive oxygen species/CK2a is a key in-
ducer of NF-kB activation in airway epithelial cells in a mu-
rine model of asthma. © 2018 S. Karger AG, Basel
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Introduction

Airway inflammation is a cardinal feature of bron-
chial asthma leading to airway hyperresponsiveness, air-
way obstruction, mucus production, and airway wall re-
modeling. The inflammation is induced by the release of
potent chemical mediators from inflammatory cells,
such as mast cells, neutrophils, lymphocytes, and eosin-
ophils, which are recruited into the airways. The tran-
scription factor nuclear factor (NF)-«B, induces various
genes involved in inflammatory responses [1, 2]. Many
of the inflammatory proteins that are expressed in asth-
matic airways are regulated, at least in part, by NF-kB.
These include cytokines (e.g., interleukin [IL]-1p, IL-4,
IL-5, IL-9, IL-15, and tumor necrosis factor [TNF]-a),
chemokines (e.g., RANTES, monocyte chemotactic pro-
tein-3, and eotaxin), and adhesion molecules (e.g.,
ICAM-1 and VCAM-1). In fact, it has been shown that
NF-kB plays a key role in the development of all cardinal
features of asthma, including airway hyperresponsive-
ness, airway obstruction, and airway eosinophilic in-
flammation [3-7]. Thus, understanding the mecha-
nisms of NF-«B activation in asthma might provide an
interesting approach to improve asthma management.
However, despite its importance, these mechanisms re-
main to be established.

The protein kinase CK2a (formerly casein kinase 2 or
IT) is a highly conserved and ubiquitous protein serine/
threonine (Ser/Thr) kinase which is localized to the cell
nucleus and cytoplasm. It consists of 2 catalytic subunits
(42-kDa a and 38-kDa a') and a regulatory subunit (28-
kDa B), producing holoenzyme structures, linking the
catalytic subunits through the B subunit forming a2f2,
aa’P2, or a'2P2 heterotetramers [8]. CK2a impacts over
300 potential substrates in the cell and a wide range of
pathways pertaining to cell growth, proliferation, and
apoptosis [9]. CK2a plays a critical role in the develop-
ment of various types of cancers, and it has been found
to be dysregulated in all of the cancers examined [10,
11].

CK2a also regulates inflammation by phosphorylat-
ing, thereby modulating the actions of several transcrip-
tion factors such as NF-kB, signal transducer and acti-
vator of transcription 1, cyclic adenosine monophos-
phate (cAMP) response element-binding protein,
cAMP response element modulator protein, PU.1, spec-
ificity protein-1, CCAAT-enhancer-binding proteins,
and steroid hormone receptors [12, 13]. Among them,
NF-xB has received considerable attention pertaining
to a link with CK2a signaling. CK2a has been shown to
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phosphorylate the inhibitor of kB (IxBa) at a number of
sites, triggering degradation of the protein, resulting in
the activation of NF-kB [14, 15]. In addition to IkB,
CK2a has been shown to phosphorylate the NF-kB fam-
ily member RelA/p65 following TNF-a stimulation,
which results in phosphorylation of Ser 539, thereby en-
hancing the DNA transactivation potential of NF-«B
[16]. This suggests the possibility that CK2a partici-
pates in airway inflammation via the activation of NF-
kB. However, the role of CK2a in asthma is still poorly
understood.

In the present study, we focused on elucidating the
role of CK2a in NF-kB activation in a murine model of
allergic asthma. We found that CK2a plays a role in NF-
kB activation in a reactive oxygen species (ROS)-depen-
dent manner, and that ligation of the Fcy receptor
(FcyR), but not the Fce receptor (FceR), was involved in
the production of ROS.

Methods

Animals

Specific pathogen-free female BALB/c mice were purchased
from Samtako Inc. (Osan, Korea). Balb/c mice purchased from
Orient Bio (Gapyeong, Gyounggi, Korea) were housed in a lami-
nar flow cabinet and provided standard laboratory chow ad libi-
tum. NOX2 knockout (NOX2~/~) mice (C57BL/6 background) and
their littermates were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). NOX4~/~ (C57BL/6 background) mice were
generated as described previously [17]. The mice were 7-8 weeks
old at the start of each experiment. All of the mice used in this study
were under a protocol approved by the Institutional Animal Care
and Use Committee of the Chonbuk National University Medical
School.

Reagents and Antibodies

Ovalbumin (OVA) (grade V) was purchased from Sigma-Al-
drich (St. Louis, MO, USA). The CK2 inhibitor 4,5,6,7-tetrabro-
mobenzotriazole (TBBt), purchased from Calbiochem Merck
(Darmstadt, Germany), was administered via intraperitoneal
(i.p.) injection (12.5 mg/kg) 1 h before the second airway chal-
lenge. The antioxidant, N-acetyl-L-cysteine (NAC) from Sigma-
Aldrich was administered i.p. (20 mg/kg) 1 h before the second
airway challenge. Anti-CK2a, anti-p65, and anti-phospho-p65
(Ser 539) were from Cell Signaling Technology (Beverly, MA,
USA), and anti-p50 and anti-GAPDH were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-phospho-CK2a (Thr306
and Ser362), anti-OVA IgE, and anti-OVA IgG were purchased
from Chondrex (Redmond, WA, USA) and Sigma-Aldrich, re-
spectively.

Active Immunization and Challenge

Active immunization and challenge were performed as de-
scribed previously [18], with some modifications. Mice were im-
munized i.p. with 20 pg OVA plus 1.0 mg aluminum hydroxide
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adjuvant on day 0 and OV A alone on day 10. The immunized mice
were exposed to aerosolized OV A on days 17 and 24. Aerosoliza-
tion of OVA was performed using a chamber adapted for mice.
Animals were exposed to 1% OVA using an ultrasonic nebulizer
(NE-U12; Omron, Tokyo, Japan; output 0.8 mL/min) for 20 min.
Control animals received the same immunization and the first air-
way challenge of OVA but were exposed to aerosolized saline in-
stead of OV A during the second airway challenge.

Passive Immunization and Challenge

Mice were passively sensitized by intratracheal (i.t.) instillation
with 1 pg of anti-OVA IgE or anti-OVA IgG. The animals were
exposed to 1% OVA for 20 min 24 h and 1 h after instillation of
IgE and IgG, respectively.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed as described pre-
viously [18]. Mice were anaesthetized and the trachea cannulated
while the thorax was gently massaged. The lungs were lavaged with
800 pL saline. Equal volumes of BAL fluid samples were centri-
fuged and the supernatant was stored at -70°C until assay for cy-
tokines. The pellet was resuspended in saline and differential cell
counts were made by staining cytospin preparations of BAL cells
with Diff-Quik (International Reagents Corp., Kobe, Japan). The
different cell types were enumerated based on their morphology
and staining profile.

Immunohistochemistry

The lungs were fixed in 4% neutral buffered formalin (Sigma
Chemical, St. Louis, MO, USA) overnight at room temperature,
paraffin embedded, and sectioned at 4 um. Immunoperoxidase
staining was performed at room temperature using a Histostain-
Plus Kit (ZYMED Lab. Inc., San Francisco, CA, USA), as described
previously [19].

ELISA

The levels of TNF-a, keratinocyte-derived chemokine (KC),
macrophage inflammatory protein (MIP)-2, and histamine in BAL
fluids were determined via ELISA. The lower limits of detection
for the cytokines and histamine were as follows: TNF-a: >5.1 pg/
mL (R&D Systems), KC: >2 pg/mL (R&D Systems), MIP-2: >1.5
pg/mL (R&D Systems), and histamine: >0.3 ng (ALPCO, Wind-
ham, NH, USA).

Immunoblotting Analysis

The mice were sacrificed by cervical dislocation. Immediately
thereafter, the lungs were removed washed with cold saline and
then dried with blotting paper. Equal amounts of cell or tissue ex-
tracts were separated on a 10% SDS polyacrylamide gel under the
reducing condition and transferred onto PVDF membranes (GE
Healthcare, Fairfield, CT, USA). The membranes were blocked
for 1 h at room temperature using 5% skimmed milk in TBS-0.1%
Tween 20 and then incubated overnight at 4°C for with primary
antibodies (Abs). The blots were washed for 25 min in 5 changes
of TBS (0.1% Tween 20) solution, followed by incubation for 1.5 h
with horseradish peroxidase-conjugated goat anti-rabbit IgG and
horseradisch peroxidase-conjugated IgG Abs (Enzo Life Sciences
Inc., Farmingdale, NY, USA). After washing 5 times for 25 min,
they were developed using an ECL Advance Western Blotting De-
tection Kit (GE Healthcare).
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Statistical Analysis

All data are expressed as means + SD. Statistical comparisons
were performed using one-way ANOVA followed by the Fisher
exact test. Significant differences between groups were determined
using an unpaired Student’s ¢ test. p < 0.05 was considered statisti-
cally significant.

Results

Airway Allergen Challenge Increases CK2a

Phosphorylation and Protein Expression

CK2a phosphorylation was increased in the lungs
upon a second airway challenge, reaching a peak at 10-30
min (Fig. 1a). We examined CK2a protein expression via
Western blotting and immunohistochemistry. Western
blot analysis revealed that airway challenge increased
CK2a expression in the lungs, reaching a maximum at
1-2 h (Fig. 1b). Immunohistochemistry demonstrated
CK2a expression with kinetics similar to those observed
in Western blotting (Fig. 1c). CK2a was strongly ex-
pressed in airway epithelial cells as well as in pneumo-
cytes and endothelial cells. CK2a was stained in the cyto-
plasm and the nucleus at relatively early time points
(0-30 min), but it was stained mainly within the nucleus
at 2-4 h. The increases in CK2a phosphorylation and
protein expression were blocked by pretreatment with the
CKoa inhibitor TBBt (Fig. 1la—c).

CK2a« Is Involved in NF-kB Activation in Asthmatic

Lungs

NF-«B activation was determined by translocation of
the p50 and p65 subunits of NF-kB to the nucleus (Fig. 2a)
and by the known CK2a-dependent phosphorylation sites
of p65 (Ser 539) (Fig. 2b). All of the parameters were in-
creased, reaching a maximum at 30 min to 2 h after the
challenge, and they were inhibited by pretreatment with
TBBt (Fig. 2a,b). We assessed the BAL levels of the NF-kB-
dependent proinflammatory cytokines TNF-a, MIP-1, and
KC, all of which reached a maximum within 2 h postchal-
lenge [20]. TBBt suppressed the BAL levels of all of the cy-
tokines examined (Fig. 2c—e). A second OV A challenge in-
creased the numbers of total cells, neutrophils, eosinophils,
and lymphocytes in BAL fluids compared to the numbers
in saline-challenged mice, and the increase in the numbers
of these cells was significantly reduced by the administra-
tion of TBBt (Fig. 2f). TBBt reduced the neutrophil number
at the same concentration (12.5 mg/kg) which exhibited
CK2a inhibition as seen in Fig. 1. However, a 2-fold higher
concentration of TBBt was required to reduce the number
of eosinophils and lymphocytes in BAL fluids.
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Fig. 1. Airway allergen challenge increases CK2a phosphorylation
and protein expression. The lungs were removed at the time indi-
cated from the beginning of the second airway challenge, and the
following assays were performed: Western blotting of CK2a phos-
phorylation (a), Western blotting of CK2a protein expression (b),

Mechanism of CK2a Activation in Allergic Asthma:

The Role of ROS

The upstream pathways leading to CK2a activation in
asthma are currently unknown. Hence, we investigated
the role of ROS in CK2a activation based on previous re-
ports showing that ROS acts as a CK2a inducer via the
activation of p38 mitogen-activated protein kinase [19].
Pretreatment of OV A-sensitized/-challenged mice with
NAC resulted in the inhibition of CK2a phosphorylation
(Fig. 3a) and protein expression (Fig. 3a, b). NAC pre-
treatment reduced the airway recruitment of neutrophils
and eosinophils, but a 3-fold higher concentration of
NAC was required to reduce the number of eosinophils
(Fig. 3c). These data suggest that ROS plays an important
role in CK2a activation. To further explore the role of
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and immunohistochemistry for CK2a protein expression (c). Data
are representative of 3-5 independent experiments with 3-5 mice
per time point per experiment. * p < 0.05 vs. control (“0” point);
** p <0.05 vs. OVA group. OVA, ovalbumin.

ROS, we examined the effect of NADPH oxidase (NOX)
on CK2a phosphorylation and protein expression using
NOX27~ and NOX47~ mice. CK2a phosphorylation
and protein expression were significantly impaired in
NOX2~~ (Fig. 3d, e) but not in NOX4~/~ mice (Fig. 3g, h).
When we compared the number of inflammatory cells in
BAL fluids between NOX2~/~ and NOX4~/~ mice, a much
lower cellularity was observed in NOX2~~ mice (Fig. 3f,
i). Our data suggest the importance of NOX2 in CK2a
phosphorylation and protein expression.

Role of Allergen-Specific IgE and IgG Abs

As an upstream signaling event leading to ROS pro-
duction, we examined the role of Fc receptor ligation
based on the facts that: (i) the induction of allergen-in-
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Fig. 2. CK2a inhibitor inhibits airway challenge-induced nuclear
factor (NF)-kB activation. The CK2 inhibitor TBBt (12.5 mg/kg)
was intraperitoneally administered 1 h before the second airway
challenge. The lungs were removed at the time indicated from the
beginning of the second airway challenge, and the following assays
were performed: Western blotting of the p50 and p65 subunits of
NE-«B (a), Western blotting of phosphorylation of p65 (Ser 539)
(b), and measurement of BAL levels of TNF-a (c), keratinocyte-
derived chemokine (KC) (d), and macrophage inflammatory pro-
tein (MIP)-2 (e) at 2 h after challenge. f Measurement of the num-

duced asthma should be initiated from the binding of al-
lergen and allergen-specific IgE and IgG and (ii) antigen
ligation of FcyR1 and FceR can lead to the generation of
ROS [21-23]. For this purpose, we developed a murine
model of passive allergic pulmonary inflammation in
which the mice were sensitized by the passive transfer of
anti-OVA IgE (1 pg) or anti-OVA IgG (1 pg) into the
airway through i.t. instillation. This was followed by an
airway challenge with 1% OVA for 20 min 24 hand 1 h
after instillation of IgE and IgG, respectively. The opti-
mal conditions were determined in a preliminary exper-
iment. The suitability of this model to induce an asth-
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bers of neutrophils at 8 h after challenge and eosinophils and lym-
phocytes at 36 h after challenge in BAL fluids. a, b Data are
representative of 3-5 independent experiments with 3-5 mice per
time point per experiment. c-e Data are presented as the mean *+
SEM of 3 independent experiments with 3-5 mice per group per
experiment. a, b * p < 0.05 vs. control (“0” point). ** p < 0.05 vs.
ovalbumin (OVA)-challenged group. c-e * p < 0.01 vs. control
group and ** p < 0.05 vs. OVA-challenged group. f * p < 0.05 vs.
saline group and ** p < 0.05 vs. OVA-challenged group.

matic reaction was first evaluated by measuring: (i) BAL
levels of histamine as an indicator of mast cell degranula-
tion, (ii) NF-kB activation in lung tissues, and (iii) BAL
levels of the NF-kB-dependent proinflammatory cyto-
kines (TNF-a, MIP-2, and KC). Instillation of anti-OVA
IgE followed by an airway OV A challenge (IgE sensitiza-
tion/OVA challenge) resulted in increased levels of in
histamine (Fig. 4a) and TNF-a (Fig. 4c) in BAL fluids;
however, NF-kB activation did not occur in the mice
(Fig. 4b). In contrast, IgG sensitization/OVA challenge
released less histamine (Fig. 4a) but induced the activa-
tion of NF-«B (Fig. 4b) and all 3 proinflammatory cyto-
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Fig. 3. Involvement of reactive oxygen species in CK2a phosphor-
ylation and protein expression. Effects of NAC on CK2a phos-
phorylation and protein expression (a), immunohistochemistry of
the CK2a protein (b), and number of neutrophils, eosinophils, and
lymphocytes (c) at 8 h after challenge and eosinophils and lympho-
cytes at 36 h after challenge in BAL fluids in allergic inflammatory
lungs of the littermates (C57BL/6 mice). CK2a phosphorylation
and protein expression (d), immunohistochemistry of the CK2a
protein (e), and number of neutrophils, eosinophils, and lympho-
cytes (f) in BAL fluids in allergic inflammatory lungs of NOX2/~
mice. CK2a phosphorylation and protein expression (g), immu-

kines (the BAL levels of KC showed a very similar pattern
compared to those of MIP-2; data not shown) (Fig. 4c).
Finally, we compared their ability to activate CK2a. IgE
sensitization/OVA challenge induced neither CK2a

FcyR/ROS/CK2a Induces NF-xB
Activation in a Murine Model of Asthma

nohistochemistry of the CK2a protein (h), and number of neutro-
phils, eosinophils, and lymphocytes (i) in BAL fluids in allergic
inflammatory lungs of NOX4~/~ mice. The lungs were removed at
30 min after challenge for CK2a phosphorylation and at 2 h after
challenge for protein expression, respectively. NAC (20 mg/kg)
was administered 1 h before the second airway challenge. Data are
representative of 3-5 independent experiments with 3-5 mice per
group per experiment. a, ¢,d, g * p <0.05 vs. control (saline) group
and ** p < 0.05 vs. OVA-challenged group. f, i * p < 0.05 vs. saline
group. OVA, ovalbumin.

phosphorylation (Fig. 4d) nor protein expression (Fig. 4d,
e). In contrast, IgG sensitization/OV A challenge induced
CK2 phosphorylation (Fig. 4d) and protein expression
(Fig. 4d, e).
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Fig. 4. Effects of passive transfer of anti-OVA IgE and anti-OVA
IgG on nuclear factor (NF)-kB activation and CK2a phosphoryla-
tion and protein expression. a BAL levels of histamine at 30 min
after challenge. b Western blot analysis of the p50 and p65 subunit
of NF-«B at 1 h after challenge. ¢ BAL levels of proinflammatory
cytokines at 2 h after challenge. d Western blot analysis of CK2a
phosphorylation and protein expression at 30 min and 2 h after

Discussion

A murine model of asthma in which the mice received
i.p. immunization twice, followed by 2 bronchoprovoca-
tions with aerosolized OVA with a 1-week interval, has
been previously developed [18]. This model seems to be
a suitable tool to identify the cascade of events involved
in an asthmatic reaction. Using the above-mentioned
protocol, this study has demonstrated for the first time
that CK2a plays a key role in NF-«xB activation in asth-
matic lungs.

22 Int Arch Allergy Immunol 2018;175:16-25
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challenge, respectively. e Immunohistochemistry of the CK2a pro-
tein at 2 h after challenge. a, ¢ Data represent the mean + SEM of
3 independent experiments with 3-5 mice per group per experi-
ment. * p < 0.01, ** p < 0.05. b, d, e Data are representative of 3-5
independent experiments with 3-5 mice per group per experi-
ment. * p < 0.05 vs. OVA-challenged group. OVA, ovalbumin.

The second airway challenge was shown to result in
increased CK2a phosphorylation and protein expression.
Western blot analysis demonstrated nuclear transloca-
tion of the p50 and p65 subunits of NF-kB, which was
inhibited by pretreatment with the CK2a inhibitor TBBt.
Consistent with the inhibition of NF-«B activation, TBBt
inhibited BAL levels of the NF-kB-dependent proinflam-
matory cytokines (TNF-a, MIP-1, and KC) peaking at
1-2 h. Activation of NF-«B requires phosphorylation of
IkB proteins by the IkB kinase (IKK) complex, which
leads to IkB protein ubiquitination and its subsequent
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degradation. This results in the release of cytoplasmic
NF-kB complexes, which then translocate to the nucleus
and regulate the expression of target genes. CK2a was
shown to directly phosphorylate IxBa at Ser 283, Ser 289,
Ser 293, and Thr 291, which in turn facilitated the degra-
dation of IkB, thereby promoting the transcription of
NF-kB target genes [14, 15]. We also found that a second
airway challenge resulted in increased phosphorylation of
the p65 subunit at Ser 539, which was also inhibited by
pretreatment with TBBt. Taken together, our data indi-
cate that CK2a plays an important role in NF-«B activa-
tion in asthmatic lungs.

The mechanisms by which CK2a activates NF-«xB in
asthma remain unknown. A number of inflammatory
mediators have been found to modulate the constitutive
activity of CK2a. For example, LPS [24], TNF-a [25], IL-1
[26], and transforming growth factor-p [27] stimulate
CK2a activity in in vitro. However, it is unlikely that cy-
tokines and other proinflammatory agents were involved
in CK2a activation in this study, as CK2a activation oc-
curred prior to NF-kB activation, which regulated the
production of proinflammatory cytokines. It has been
previously reported that LPS and proinflammatory cyto-
kines produce ROS, which in turn activates CK2a [19].
Consistent with these findings, we here demonstrated
that NAC inhibited CK2a phosphorylation and protein
expression in allergic pulmonary inflammation. Further-
more, we showed that CK2a phosphorylation and pro-
tein expression were impaired in NOX27~ but not in
NOX4~"~ mice, indicating that ROS produced by NOX2
is importantly involved in CK2a phosphorylation and
protein expression.

Regarding the effect of ROS/CK2a on inflammatory
cell recruitment into the airways, bolus injection of TBBt
(12.5 mg/kg) or NAC (20 mg/kg) at the concentrations at
which they showed CK2a inhibition (Fig. 1 and 3, respec-
tively) resulted in a reduction of especially neutrophils in
BAL fluids. To reduce eosinophil recruitment, 2 or 3
more concentrations of TBBt and NAC were required.
Although we do not present the data here, we found that
bolus injection of TBBt (12.5 mg/kg) or NAC (20 mg/kg)
at 24 h postchallenge significantly reduced the number of
eosinophils and lymphocytes, suggesting that: (1) there is
a biphasic increase in ROS production in this murine
model of pulmonary inflammation, and (2) the first and
second peaks of ROS are involved in neutrophil and eo-
sinophil recruitment, respectively. Further studies are re-
quired to address this issue.

As an upstream signaling pathway of ROS in CK2a
activation, we explored the initial signaling event in al-

FcyR/ROS/CK2a Induces NF-kB
Activation in a Murine Model of Asthma

lergic pulmonary inflammation, which is the ligation of
FcR in response to airway antigen challenge. For this
purpose, we employed a passive asthma model in which
the mice received i.t. instillation of OV A-specific IgE or
IgG followed by an airway challenge with OVA. In this
model, IgE sensitization/OVA challenge induced the re-
lease of histamine and TNF-a, indicating the induction
of mast cell degranulation; however, it failed to induce
NF-kB activation. In contrast, IgG sensitization/OVA
challenge released less histamine but induced NF-«B ac-
tivation and NF-kB-dependent proinflammatory cyto-
kines. These data are in agreement with a previous re-
port [20] which showed that a single i.t. instillation of
either IgE-immune complex (IC) or LO-ME-2 (an Ab
that induces mast cell degranulation) is capable of re-
leasing histamine but cannot induce NF-kB activation
in the lungs. In contrast, a single i.t. instillation of IgG-
IC has been shown to induce NF-«xB activation, as well
as NF-kB-dependent proinflammatory molecules such
as TNF-a and CXC chemokines [20]. Therefore, the
model we developed in this study seems to be suitable
for the study of passive asthma. Ligation of FcyR, rather
than FceR, has consistently exhibited the ability to in-
duce NF-kB activation. Using this model, we demon-
strated that there is a correlation between CK2a activa-
tion and NF-«B activation, i.e., IgG sensitization/OVA
challenge has the ability to induce CK2a activation, re-
sulting in NF-kB activation. However, IgE sensitization/
OVA challenge has no such ability. IgG sensitization/
OVA challenge-mediated CK2a activation was blocked
by pretreatment of NAC. Taken together, these findings
suggest that generation of ROS by FcyR ligation is as
upstream signaling event, and the prerequisite for CK2a
activation.

It is worthwhile to discuss the cell populations in-
volved in ROS production and CK2a and NF-kB activa-
tion. NOX are the only enzymes whose primary function
is to generate superoxide/ROS [28]. The NOX family
consists of 7 members, i.e., 5 NOX proteins (NOX1-5)
and the 2 dual oxidases (Duox1 and Duox2). They are dif-
ferentially expressed and regulated in various tissues with
different subcellular localizations. NOX2 is the major iso-
form in phagocytes, such as neutrophils and macro-
phages. Thus, NOX2 contributes to many inflammatory
diseases, whereas NOX4 is prominent in endothelial cells
[29, 30]. Together with this, the fact that cells expressing
FcyR produce ROS (Fig. 4) suggests that the residential
pulmonary macrophages, which express both FcyR and
NOX2, are the key cell population involved in ROS gen-
eration in murine asthma, rather than mast cells which
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express FceR1 in mice [31]. The sites of NF-xB activation
in asthma could not be identified. However, given that
airway epithelial cells are an important site for both CK2a
(Fig. 1) and NF-«B activation [32], it seems that ROS de-
rived from residential macrophages acts on airway epi-
thelial cells to activate CK2a, which in turn induces NF-
kB activation.

It has been reported that the mouse strain affects many
aspect of asthma phenotypes [33, 34]. In this study, we
used both BALB/c and C57BL/6 (NOX~/~) mice. How-
ever, we found that there was no big difference in these
mice in terms of CK2a expression and NF-«B activation.

model of asthma. Therefore, this study provides crucial
information to help us to improve our understanding of
the mechanisms underlying asthmatic inflammation.
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