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ABSTRACT

Foreign molecules, including viruses and bacteria-derived toxins, can also induce airway 
inflammation. However, to the best of our knowledge, the roles of these molecules in the 
development of airway inflammation have not been fully elucidated. Herein, we investigated 
the precise role and synergistic effect of virus-mimicking double-stranded RNA (dsRNA) 
and staphylococcal enterotoxin B (SEB) in macrophages and epithelial cells. To identify 
cytokine expression profiles, both the THP-1-derived macrophages and BEAS-2B epithelial 
cells were stimulated with dsRNA or SEB. A total of 21 cytokines were evaluated in the culture 
supernatants. We observed that stimulation with dsRNA induced cytokine production in 
both cell types. However, cytokine production was not induced in SEB-stimulated epithelial 
cells, compared to the macrophages. The synergistic effect of dsRNA and SEB was evaluated 
observing cytokine level and intracellular phospho-signaling. Fifteen different types were 
detected in high-dose dsRNA-stimulated epithelial cells, and 12 distinct types were detected 
in macrophages; those found in macrophages lacked interferon production compared to the 
epithelial cells. Notably, a synergistic effect of cytokine induction by co-stimulation of dsRNA 
and SEB was observed mainly in epithelial cells, via activation of most intracellular phosphor-
signaling. However, macrophages only showed an accumulative effect. This study showed 
that the type and severity of cytokine productions from the epithelium or macrophages could 
be affected by different intensities and a combination of dsRNA and SEB. Further studies 
with this approach may improve our understanding of the development and exacerbation of 
airway inflammation and asthma.

Keywords: Double-stranded RNA; Staphylococcal enterotoxin B; Macrophages;  
Epithelial cells

INTRODUCTION

The respiratory system is on the frontline of exposure to foreign molecules. These molecules, 
which include chemical reagents and biological derivatives, can induce innate immune 
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response via the activation of the surveillance system of the lung. That system is composed 
of alveolar macrophages and epithelial cells. Foreign molecules can stimulate immune-
related receptors on these cells, such as pattern recognition receptors, including toll-like-, 
scavenger-receptor or protease activated receptor, and induce airway inflammation, through 
elevating cytokine production (1,2). These processes may heighten the sensitization to 
inhaled protein molecules and result in the deterioration of immune tolerance to allergens or 
the exacerbation of underlying diseases, including asthma or chronic obstructive pulmonary 
disease (3-5).

Most respiratory viruses, including rhinovirus (RV) and respiratory syncytial virus (RSV), 
are single-stranded RNA viruses. These viruses make double-stranded RNA (dsRNA) in 
the host cell as a means to replicate. Although the components and characteristics of each 
virus are different from one another, the above mechanism is similar across the various 
viruses (6). The dsRNA is able to activate an innate immune response by stimulating a 
pattern-recognition receptor, TLR3 and RIG-I, on the macrophage and epithelial cell, and 
the activated cells produce inflammatory cytokines, including type I Interferons, typically 
(1). Interestingly, some clinical studies showed that there is a close correlation between viral 
infection of the airway and development of asthma. Infants who have experienced severe 
respiratory infection by RV or RSV showed an induction of wheezing and increased risk of 
eventual asthma development (4,5,7). Nonetheless, although a correlation between asthma 
development and viral infection has been shown by previous studies, a detailed mechanism 
explaining the correlation has not been fully understood.

To date, the respiratory tract has been regarded as a sterile environment for a long time. 
However, with recent progress and advancement in analytical techniques, it has been revealed 
that there is a microbiome in the airway. The types of microbes in the airway are dependent 
on the state of the host. For example, in patients with asthma, Staphylococcus aureus is more 
abundant in the upper-airway (8). S. aureus has been well-known to colonize the upper-airway, 
especially in asthma patients. S. aureus is able to affect the host via secreting a diverse set of 
protein molecules, including enterotoxins. Clinical studies have suggested a relationship 
between S. aureus and development of airway inflammation and asthma through colonization 
or IgE sensitization to staphylococcal enterotoxin B (SEB) (9-11). Moreover, colonization of 
S. aureus could also be related with infection and interaction with respiratory viruses (12). 
However, to the best of our knowledge, their role and overall mechanism behind how they 
affect the host innate immunity are poorly understood.

For this reason, we first stimulated the macrophages and epithelial cells with dsRNA and 
SEB, separately, to study their response to these stimulants in the early phase of innate 
inflammation. Next, we stimulated the macrophages and epithelial cells with a combination 
of both dsRNA and SEB to evaluate their potential synergistic effect on the host innate 
immune system of the airway.

MATERIALS AND METHODS

Cell culture and stimulation
Human bronchial epithelia and monocyte cell lines (BEAS-2B and THP-1) were obtained from 
America Type Culture Collection (Manassas, VA, USA; CRL-9609 and TIB-202, respectively). 
CRL-9609 and TIB-202 cells were maintained in DMEM and RPMI 1640 (Dulbecco’s modified 
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eagle medium and Roswell park memorial institute medium; Welgene, Gyeongsan, Korea), 
respectively, supplemented with 10% FBS (Biowest, Riverside, MO, USA), 1× antibiotics 
(penicillin and streptomycin; Welgene), and 10 mM HEPES (Welgene). All experiments were 
approved by the Institutional Review Board (IRB) of Seoul National University Bundang 
Hospital (IRB number: X-2004/604-903).

For stimulation, BEAS-2B cells were seeded at a density of 1.0×106 cells in 750 µl of serum-
free medium per well in 6-well culture plates (Corning, Corning, NY, USA). After overnight 
starvation, cells were stimulated with poly I:C or SEB (Sigma-Aldrich, St. Louis, MO, USA) 
under serum-free conditions.

For differentiation into macrophages, THP-1 monocytes were seeded similar to epithelial 
cells with 2 ml of serum-free medium containing 150 nM phorbol 12-myristate 13-acetate 
(Sigma-Aldrich). After 2 days, the culture media were replaced with fresh serum-free media 
for one day to stabilize the activated macrophages. The cells were then stimulated following 
the aforementioned conditions.

The supernatants were harvested 0.5, 3, 6, and 12 h after stimulation and stored at −20°C. 
To evaluate the synergistic effect of both molecules, cells were stimulated with various 
concentrations of poly I:C and SEB for 12 h. Then, the cells and supernatants were stored at 
−20°C for further evaluation.

Evaluation of various cytokines using ELISA
To evaluate the induction of cytokines after stimulation, 21 types of molecules—IL-6, IL-
12p70, IL-25, IL-33, TSLP, IFN-λ (IL-29/IL-28B), IFN-β, TNF-α, CCL2 (MCP-1), CCL3 (MIP-1), 
CCL5 (RANTES), CCL11 (Eotaxin), CCL17 (TARC), CCL20 (LARC), CCL22 (MDC), CCL24 
(Eotaxin-2), CXCL8 (IL-8), CXCL10 (IP-10), CXCL11 (I-TAC), G-CSF (CSF3), and soluble 
ICAM-1 (sICAM-1)—were estimated in each sample using the human ELISA Duoset kit (R&D 
Systems, Minneapolis, MN, USA), per the manufacturer’s guidelines.

Evaluation of phosphorylation level using a protein array
The frozen cells were lysed with cell lysis buffer containing protease inhibitor from a Human 
Phospho-Kinase Array Kit (ARY003C; R&D Systems). All procedures were performed in 
accordance with the manufacturer’s guidelines. In brief, lysates were incubated on the target-
specific antibody pre-coated membrane for 2 h at room temperature, and then, the membranes 
were incubated with the detection antibody mixture. Next, chemiluminescence was detected 
using an X-ray film in a dark room after HRP-conjugation (Supplementary Fig. 1). The film 
results were measured and digitalized using the ImageJ software (version 1.52a; National 
Institutes of Health, Bethesda, MD, USA; Supplementary Tables 1 and 2). Then, the data were 
normalized, clustered, and a dendrogram was generated using the heatmap.2 function in the 
ggplot package of R (R Foundation, Vienna, Austria). Normalization was performed on each 
row of the map. Heatmaps were generated using GraphPad Prism (version 7.0; GraphPad, 
La Jolla, CA, USA). Enrichr (developed by the Ma’ayan Lab) and Kyoto encyclopedia of genes 
and genomes (KEGG, www.genome.jp; developed by Kanehisa Laboratories) were used to 
investigate the related signaling pathways.

Statistical analysis
GraphPad Prism (version 7.0) was used to construct the graphs. All data are presented as the 
mean ± SEM. Statistical significance was calculated using one- or 2-way ANOVA with post hoc 
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comparisons (Kruskal-Wallis test or Dunnett test, respectively). Statistical significance was 
set at p<0.05.

RESULTS

dsRNA or SEB stimulation induces different cytokine expression pattern in 
macrophages and bronchial epithelial cells
To evaluate the cytokine expression by dsRNA or SEB stimulation, we treated macrophages 
and bronchial epithelial cells with each molecule separately and estimated the production of 21 
cytokine types in the culture supernatant at each time point. We detected 15 cytokine types in the 
culture supernatant derived from activated macrophages with diverse stimulators (Fig. 1); IL-12, 
IL-25, IL-33, TSLP, CCL17 (data not shown), and G-CSF were not detected (Fig. 1P). Exposure 
of macrophages to low-dose dsRNA (1 μg/ml) induced the production of 3 cytokines, namely, 
CCL24, CXCL10, and CXCL11 at 12 h after stimulation (Fig. 1G, I, and J).
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Figure 1. Cytokine induction profile over time after stimulation with dsRNA or SEB in macrophages. Twenty-one types of cytokines were evaluated using ELISA in 
the culture supernatant derived from THP-1-derived macrophages. After stimulation with each dose of dsRNA or SEB, evaluation was performed at 0.5, 3, 6, and 
12 h after stimulation. IL-12p70, IL-25, IL-33, TSLP, and CCL17 (TARC) were not detected in all experiments (data not shown). All experiments were repeated at 
least twice. In all experiments, comparisons are relative to media control group at each time point. (A) CCL2 (MCP-1). (B) CCL3 (MIP-1α). (C) CCL5 (RANTES). (D) 
CCL11 (Eotaxin). (E) CCL20 (LARC). (F) CCL22 (MDC). (G) CCL24 (Eotaxin-2). (H) CXCL8 (IL-8). (I) CXCL10 (IP-10). (J) CXCL11 (I-TAC). (K) IL-6. (L) TNF-α. (M) IFN-β. 
(N) IFN-λ1/3 (IL-29/IL-28B) (O) sICAM-1. (P) G-CSF (CSF-3). 
IC, double-stranded RNA. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Macrophages treated with mid- and high-dose dsRNA (10 and 100 μg/ml) showed diverse and 
considerable cytokine production (total 15), including CCL2, 3, 5, 20, and 22 (Fig. 1A-C, E, and F), 
CXCL8 (Fig. 1H), IL-6, TNF-α (Fig. 1K and L), and sICAM-1 (Fig. 1O) 3 to 6 h after stimulation. 
Macrophages exposed to low-dose SEB (2 μg/ml) induced elevated production of 4 cytokines 
(CCL5, CXCL8, CXCL11, and IFN-β) at 6 h after stimulation (Fig. 1C, H, J, and M). High-dose 
SEB (20 μg/ml) induced the production of 11 other cytokines (including CCL2, 3, 20, 22, 24 
[Fig. 1A, B, and E-G], CXCL10 [Fig. 1I], TNF-α [Fig. 1L], and sICAM-1 [Fig. 1O]), in addition to 
the abovementioned cytokines (CCL5 CXCL8, and CXCL11), 3 to 6 h after stimulation.

When the epithelial cells were exposed to low-dose dsRNA, the production of 3 cytokines, 
CXCL8, 10, and sICAM-1, was induced 6 h after stimulation (Fig. 2H, I, and O). Similar to the 
results of macrophages, mid- and high-dose dsRNA stimulation induced the production of 11 
additional cytokines (CCL2, 3, 5, 11, 20, 22 [Fig. 2A-F], CXCL11 [Fig. 2J], IL-6 [Fig. 2K], IFN-β/λ 
[Fig. 2M and N], and G-CSF [Fig. 2P]) 3 h after stimulation. In the case of low- and high-dose 
SEB stimulation, the production of 5 cytokines (CCL2, 22, 24, CXCL8, and 11) was elevated  
(Fig. 2A, F-H, and J). Induction of IL-12p70, IL-25, IL-33, TSLP, CCL17 (data not shown), and 
TNF-α (Fig. 2L) production by dsRNA or SEB stimulation was not detected in epithelial cells.
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Figure 2. Cytokine production profile over time after stimulation with dsRNA or SEB in epithelial cells. BEAS-2B cells were stimulated with each dose of dsRNA 
and SEB, and ELISA was performed at each time point to detect 21 types of cytokines in culture supernatants. IL-12p70, IL-25, IL-33, TSLP, and CCL17 (TARC) were 
not detected (data not shown). All experiments were repeated at least twice. In all experiments, comparisons are relative to media control group at each time 
point. (A) CCL2 (MCP-1). (B) CCL3 (MIP-1α). (C) CCL5 (RANTES). (D) CCL11 (Eotaxin). (E) CCL20 (LARC). (F) CCL22 (MDC). (G) CCL24 (Eotaxin-2). (H) CXCL8 (IL-8). 
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*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Co-stimulation with dsRNA and SEB exerts synergic effects on cytokine 
expression in macrophages and bronchial epithelial cells
To evaluate the effect of combined exposure to dsRNA and SEB on macrophages and 
epithelial cells, we treated each cell type with both molecules simultaneously, with varying 
concentration of each molecule. We then evaluated the production of 21 cytokines 12 h after 
stimulation, when most of the cytokines were detected.

Similar to previous results, low-dose dsRNA stimulation in macrophages induced CCL24, 
CXCL10, and CXCL11 (Fig. 3G, I, and J) production; however, a synergistic effect of co-
stimulation with dsRNA and SEB was not observed. In the case of mid- and high-dose 
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Figure 3. SEB partially assists to synergistically affect cytokine production of macrophages upon dsRNA stimulation. THP-1-derived macrophages were 
stimulated with different doses of dsRNA and SEB to evaluate their synergistic effect on cytokine production. In the culture supernatant after 12 h stimulation, 
levels of 21 kinds of cytokines were determined using ELISA. The levels of IL-12p70, IL-25, IL-33, TSLP, and CCL17 (TARC) did not differ between groups or were not 
detected in all experiments (data not shown). All experiments were performed at least twice. In all experiments, comparisons are relative to their corresponding 
control group. (A) CCL2 (MCP-1). (B) CCL3 (MIP-1α). (C) CCL5 (RANTES). (D) CCL11 (Eotaxin). (E) CCL20 (LARC). (F) CCL22 (MDC). (G) CCL24 (Eotaxin-2). (H) 
CXCL8 (IL-8). (I) CXCL10 (IP-10). (J) CXCL11 (I-TAC). (K) IL-6. (L) TNF-α. (M) IFN-β. (N) IFN-λ1/3 (IL-29/IL-28B) (O) sICAM-1. (P) G-CSF (CSF-3). 
IC, double-stranded RNA. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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dsRNA stimulation, a synergistic effect of SEB was detected in the production of CCL3, 
CCL5, and IFN-β (Fig. 3B, C, and M). G-CSF also showed a synergistic effect, but it was not 
significant (Fig. 3P). Among the others, only CCL20, CXCL8, CXCL10, and sICAM showed the 
accumulative effect of dsRNA and SEB co-stimulation (Fig. 3E, H, I, and O).

Unlike the results for macrophages, the synergistic effect of co-stimulation was observed in the 
production of 13 cytokines in epithelial cells. Low-dose dsRNA and SEB induced CCL2, CCL5, 
CXCL8, CXCL10, CXCL11, IL-6, and IFN- IFN-β/λ production (Fig. 4A, C, H-J, K, M, and N). In 
addition, mid- or high-dose dsRNA induced synergistic effects on the production of CCL20 and 
CCL24 (Fig. 4E and G) or CCL3, CCL20, TNF-α, and G-CSF (Fig. 4B, E, L, and P), respectively.

https://doi.org/10.4110/in.2022.22.e15

dsRNA and SEB in Macrophages and Epithelial Cells

PBS SEB 2 SEB 20

0

1 5

3 0

4 5

6 0

B
e

a
s

2
B

 C
C

L
2

 (
n

g
/m

l)

* ***

*

ns

*** ****
ns

****

**

*
****

*
ns

P B S IC  1 IC  1 0 IC  1 0 0
0

1 0

2 0

3 0

4 0

B
e

a
s

2
B

 C
C

L
3

 (
p

g
/m

l)

* ***

****

****

**

P B S IC  1 IC  1 0 IC  1 0 0
0

1 .5

3 .0

4 .5

6 .0

B
e

a
s

2
B

 C
C

L
5

 (
n

g
/m

l)

**
ns

*
****

****

****

***

*
**

ns
*

P B S IC  1 IC  1 0 IC  1 0 0
0

1 5

3 0

4 5

6 0

B
e

a
s

2
B

 C
C

L
1

1
 (

p
g

/m
l)

* ***
ns

**
ns

*
ns

**
****

****

****
ns**

P B S IC  1 IC  1 0 IC  1 0 0

A B DC

0

1 .5

3 .0

4 .5

6 .0

B
e

a
s

2
B

 C
X

C
L

8
 (

n
g

/m
l)

* ***
**

****

****

****

****

****

ns ns

*

**ns

P B S IC  1 IC  1 0 IC  1 0 0
0

2 0 0

4 0 0

6 0 0

8 0 0

B
e

a
s

2
B

 C
C

L
2

0
 (

p
g

/m
l) * ***

****

****

***
ns

**

****

P B S IC  1 IC  1 0 IC  1 0 0
0

2 5

5 0

7 5

1 0 0

B
e

a
s

2
B

 C
C

L
2

4
 (

p
g

/m
l)

P B S IC  1 IC  1 0 IC  1 0 0

ns

ns ns

*
ns

ns

****

ns

ns*

ns

**

0

1 5

3 0

4 5

6 0

B
e

a
s

2
B

 C
C

L
2

2
 (

p
g

/m
l)

P B S IC  1 IC  1 0 IC  1 0 0

E F HG

0

5

1 0

1 5

2 0

B
e

a
s

2
B

 I
L

-6
 (

n
g

/m
l)

* ***
*

****

****

****

*
***

**

****
**

*ns

P B S IC  1 IC  1 0 IC  1 0 0
0

1 0

2 0

3 0

4 0

B
e

a
s

2
B

 T
N

F
-

 (
p

g
/m

l)

* ***

****
ns

P B S IC  1 IC  1 0 IC  1 0 0
0

5

1 0

1 5

2 0

B
e

a
s

2
B

 C
X

C
L

1
0

 (
n

g
/m

l)

* ***

****

* ns

*
****

*
****

****
****

*ns

P B S IC  1 IC  1 0 IC  1 0 0
0

0 .5

1 .0

1 .5

2 .0

B
e

a
s

2
B

 C
X

C
L

1
1

 (
n

g
/m

l)

ns

**
*

****
*

***

****

****

****
***

*ns

P B S IC  1 IC  1 0 IC  1 0 0

I J LK

0

2 0 0

4 0 0

6 0 0

8 0 0

B
e

a
s

2
B

 I
F

N
-

 (
p

g
/m

l)

* ***

**
*

****

**
ns

*
* *

*

ns
*

P B S IC  1 IC  1 0 IC  1 0 0
0

1 .5

3 .0

4 .5

6 .0

B
e

a
s

2
B

 I
F

N
-

 (
n

g
/m

l)

* ***
ns

**

****

****

****
***

ns

*
ns*

P B S IC  1 IC  1 0 IC  1 0 0
0

1

2

3

4

B
e

a
s

2
B

 s
IC

A
M

-1
 (

n
g

/m
l)

* ns

* ***
ns

****

****

****

*

ns

*ns

P B S IC  1 IC  1 0 IC  1 0 0 0 2 2 0 0 2 2 0 0 2 2 0 0 2 2 0
0

1 0 0

2 0 0

3 0 0

4 0 0

B
e

a
s

2
B

 G
-C

S
F

 (
p

g
/m

l)

P B S IC  1 IC  1 0 IC  1 0 0

****

****

****

S E B

**

M N PO

Figure 4. SEB plays an important role synergistic effect in the cytokine production of epithelial cells. Cytokine induction profiles 12 h after stimulation with 
poly I:C and/or SEB in epithelial cells. Twenty-one kinds of cytokines in the culture supernatants were assessed using ELISA. IL-12, IL-25, IL-33, TSLP, and CCL17 
levels did not differ between groups in all experiments (data not shown). The experiments were repeated at least 2 times. In the all experiments, comparisons 
are relative to control group. (A) CCL2 (MCP-1). (B) CCL3 (MIP-1α). (C) CCL5 (RANTES). (D) CCL11 (Eotaxin). (E) CCL20 (LARC). (F) CCL22 (MDC). (G) CCL24 
(Eotaxin-2). (H) CXCL8 (IL-8). (I) CXCL10 (IP-10). (J) CXCL11 (I-TAC). (K) IL-6. (L) TNF-α. (M) IFN-β. (N) IFN-λ1/3 (IL-29/IL-28B) (O) sICAM-1. (P) G-CSF (CSF-3). 
IC, double-stranded RNA. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Co-stimulation with dsRNA and SEB increases the intra-cellular signaling in 
macrophages and bronchial epithelial cells
To investigate the mechanism of the synergistic effect of SEB and dsRNA co-stimulation on 
cytokine production in both cell types, we evaluated the phosphorylation of phospho-kinase 
and its substrates to reveal the differences in intracellular signaling cascades under the 
synergistic situation. We found differences in protein expression according to cell type and 
concentration of stimulators.

In macrophages, an increase in phospho-kinase protein level was observed in the mid-dose 
dsRNA-stimulated group. Phosphorylation of 18 proteins increased in groups stimulated 
with mid-dose dsRNA than of the proteins in the groups stimulated with low-dose dsRNA 
or combined with SEB. Based on the KEGG pathway analysis, most of them were related to 
chemokine or inflammation (IL) signaling pathways. In addition, co-stimulation with mid-
dose dsRNA and low-dose SEB enhanced the expression of these molecules more than co-
stimulation with high-dose SEB. Macrophages showed greater effects to strong stimulation 
and exhibited high activation of the signaling pathway. However, from this group, there was 
no significant difference in the signaling patterns between each other (Fig. 5A).

Compared with that of macrophages, the overall phosphorylation level of epithelial cells 
was reduced 12 h after stimulation (Supplementary Fig. 1). The combination of low-dose 
dsRNA and SEB had a synergistic effect on epithelial cells. In addition, most of the protein 
levels increased under these conditions. Interestingly, the highest phosphorylation level was 
observed in the low-dose dsRNA and SEB co-stimulation group. Phosphorylation levels of 
some proteins related to the MAPK pathway showed that greater the stimulation intensity, 
more was the reduction in phosphorylation (Fig. 5B).

DISCUSSION

Previous animal studies have shown that differences in stimulation intensity according to 
the inoculation dose of dsRNA results in the production of type I or II cytokines within 12 h 
after stimulation (13,14). The purpose of this study was to evaluate whether this phenomenon 
also occurs in humans. In addition to dsRNA, we examined the stimulatory effects of SEB 
to evaluate the role of S. aureus, a commensal and representative upper-airway bacterium, 
in the development of asthma and its exacerbation. For this purpose, we used macrophages 
and epithelial cells, which are on the frontline of the airway immune system. We observed 
that different doses of both dsRNA and SEB induced different cytokine expression patterns. 
Furthermore, co-stimulation with both dsRNA and SEB could induce a synergistic effect on 
macrophages and epithelial cells (Fig. 6). This study indicated that type I or II responses can 
be induced based on the severity of infection in human airways and that SEB can induce a 
synergistic effect in virus-induced inflammation.

Unlike results of previous in vivo animal studies, our results did not show a clear difference 
in signature cytokine expression based on the dose of dsRNA or SEB (13,14). Instead, we 
observed different responses depending on the type of stimulator and responder cells. In the 
case of dsRNA stimulation, both macrophages and epithelial cells showed strong reaction 
by producing high levels of IL-6, sICAM-1, CC, and CXC chemokines. TNF-α was detected 
in macrophages, and high levels of IFN-β and λ were detected in epithelial cells specifically. 
Unlike dsRNA, SEB stimulation showed considerable differences between macrophages 
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and epithelial cells. Macrophages stimulated with SEB induced most of the CC and CXC 
chemokines and high levels of sICAM-1, and IFN-β. However, SEB stimulation did not induce 
the production of most cytokines in epithelial cells. It is worth noting that SEB induced 
less chemokine production than dsRNA did in both macrophages and epithelial cells, and 
epithelial cells showed very low reactivity to SEB stimulation. In the airway, macrophages 
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Figure 5. Phospho-kinase proteome profiles 12 h after stimulation with different doses of dsRNA and SEB in both macrophages and epithelial cells. Heatmap and 
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and epithelial cells cooperatively play a surveillance role. In some diseases, however, 
macrophages play a major role in the immune system (15). Based on these points and our 
results, we postulate that dsRNA is relevant to the former and SEB to the latter. Another 
interesting point is that macrophages stimulated with SEB showed 4 to 5 times higher levels 
of sICAM-1 expression compared with macrophages stimulated with dsRNA. Soluble ICAM-
1 inhibits immune cell adhesion (16), and according to a previous study, overexpression 
of sICAM-1 in gram-negative bacterial infections resulted in exacerbated inflammation 
and early death (17). Considering this, it appears that the negative effect of SEB on airway 
inflammation, such as asthma exacerbation, can be induced by macrophages.

Although the intensity of stimulation of dsRNA did not influence cytokine production, it could 
influence chemokine production. Low-dose dsRNA induced mild and moderate production of 
CCL24, CXCL10/11, and CXCL8/10 12 h after stimulation in macrophages and epithelial cells, 
respectively. High-dose dsRNA induced a strong response via the expression of 9 or 11 cytokines 
as well as CXC chemokines at 3 h after stimulation in each cell. These differences might affect 
the infiltration of inflammatory cells into airways and may also result in cytokine differences, 
as shown in previous animal studies. CXCL8, 10, and 11 can induce migration of mast cells, 
basophils, and NKT cells via CXCR1, 2, or CXCR3 on their surface. In addition, CCL24 recruits 
eosinophils, basophils, and mast cells via CCR2 (18). In a previous study with a human subject, 
RSV- or RV-induced bronchiolitis showed a high IL-4/IFN-γ ratio compared with RSV- or 
RV-induced pneumonia, which are regarded as mild and severe infections, respectively (19). 
Mild infection with RSV induced an elevated production of type II immune response-related 
chemokines in the serum compared with severe infection (20). In this context, we speculate 
that a low intensity of viral infection in the airway has a greater possibility of inducing a type II 
immune response via CXC8, 10, 11, and CCL24 than a higher intensity do.

Compared to CXC chemokines, other cytokines and CC chemokines were detected in high-
dose dsRNA-stimulated macrophages and epithelial cells. Most of these are related to Th1 
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immune response. TNF-α, a well-known pro-inflammatory cytokine, can drive immune 
responses to Th1 development (21,22). Although IL-6 can induce Th17 cell development and 
inhibit Th1 cell development and activation via SOCS1 and SOCS3 in humans (23-25), it is 
possible to induce Th1 cells through the plasticity of Th17 cells (26,27). IFN-β and λ, well-
known defense cytokines against viral infection, can also induce a Th1 immune response 
(28,29). CC chemokines can recruit the majority of innate and adaptive immune cells. CCL2 
can recruit monocytes/macrophages via CCR2, and CCL3 and CCL5 are able to recruit diverse 
immune cells as well as neutrophils via CCR 1/5 and 1/2/4/5, respectively. CCL20 is known to 
be involved in NK cell recruitment (18). Similar to our results, these chemokines are detected 
in respiratory virus infections, including RSV, influenza, adenovirus, and RV, as well as other 
viruses related to severe respiratory inflammation accompanied by high levels of neutrophils 
and monocytes/macrophages (30,31). In addition, the above cytokines might play a complex 
role with highly elevated CXC chemokines in both cells stimulated with high-dose dsRNA.

In this study, we stimulated both cells with diverse doses of dsRNA and SEB, as well as a 
combination of both to confirm the synergistic effect. Macrophages showed synergistic 
effects in the production of CCL3 and 5, and epithelial cells showed synergistic effects in the 
production of 13 cytokines among the identified 21 cytokines. In addition, co-stimulation 
with SEB was more effective in high-dose dsRNA stimulation than low-dose dsRNA 
stimulation. Accordingly, we postulate that airway inflammation caused by severe viral 
infection can be exacerbated by co-stimulation with SEB via the amplification of cytokine 
production in macrophages and epithelial cells. Interestingly, a previous study showed that 
pretreatment with dsRNA induced attenuated response to post-SEB stimulation via IL-10 
production in nasal polyp-derived cells (32). However, there are some differences between 
the previous and present studies. They used nasal polyp-derived mixed cells, not a single 
cell type, and SEB was exposed for a few hours after dsRNA stimulation. In addition, the 
evaluations were performed 72 h after the stimulation. In another study, responsiveness was 
found time-sensitive, indicating that the time interval between stimulation and evaluation 
may impact the study results (33). These differences may have produced contradictory results 
between the 2 studies.

This study investigated the mechanism of the synergistic effect of dsRNA and SEB co-
stimulation using a phospho-kinase array kit 12 h after stimulation. Based on the heatmap 
analysis, we found differences in phosphorylation level patterns depending on the intensity 
of stimulation and cell type. In the mid-dose dsRNA-stimulated group in macrophages, 
about phosphorylation of 18 proteins related to chemokine and inflammation (IL) signaling 
pathways had increased, and the phosphorylation levels elevated even further after co-
stimulation with SEB. The production of 4 cytokines, namely, CCL3, CCL5, IFN-β, and G-CSF, 
was also upregulated by co-stimulation. Interestingly, although most of the signaling was 
activated, strong stimulation by high-dose dsRNA and SEB also showed a synergistic effect in 
the production of the aforementioned 4 cytokines. Thus, we postulate that these 2 signaling 
pathways are commonly related with the observed synergistic effects in macrophages. However, 
in the case of epithelial cells, we could not match specific signaling with cytokine production 
because signaling pathways were activated simultaneously. In addition, although strong co-
stimulation induced a synergistic effect and increased cytokine production, the level of some 
proteins associated with the signaling pathway were downregulated.

Although, we identified a synergistic effect in response to 2 signaling molecules, there is a 
possibility that the length of evaluation time confounded our observations. We observed that 
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the production of CCL3, CCL5, CXCL8, and TNF-α showed a saturating or decreasing tendency 
6 h after high-dose dsRNA stimulation. In addition, combining SEB with high-dose dsRNA 
lowered the level of phosphorylation 12 h after stimulation with some phosphoproteins 
(Supplementary Fig. 1; Supplementary Tables 1 and 2). This suggests that a higher degree 
of stimulation induces a shorter activation time. In this context, combining SEB and dsRNA 
might enhance the intensity of stimulation. Furthermore, cytokines produced in the early 
phase of innate inflammation, including CCL2, 5, and CXCL10, can activate these cells via 
auto- and paracrine signaling (34,35), which might accelerate the intensity of stimulation 
and shorten the activation and induction times for signaling and cytokines, respectively. 
Furthermore, 12 h after stimulation, most proteins were phosphorylated in the macrophages 
but not the epithelial cells. Such a difference in the pattern is possibly attributable to the 
induction of different cytokines for each cell type treated with stimulators. However, to the 
best of our knowledge, only a few studies have evaluated the synergistic effects of dsRNA and 
SEB, and therefore, further studies are warranted.

In this single cell in vitro system, evaluations were performed until 12 h after stimulation. 
Because of the closed system and evaluation time, the effects of interactions with other cells 
and foreign cytokines were excluded, and some cytokines, such as CCL17, were not detected 
until the last evaluation time point, compared with previous studies (20,32). However, there 
is a possibility that our evaluation time was faster than the induction time of those cytokines, 
including CCL17 (36). For this study, we used poly I:C instead of respiratory viruses, such 
as RV or RSV, to mimic infection. However, it is important to note that viruses have capsids 
and envelopes that encloses the genetic material. Among these molecules, the RSV F 
protein on the envelope can induce immune responses, including asthma exacerbation via 
TLR4 and CD14 (37). Compared with a previous study, our study did not reflect the effect 
of viral proteins. However, we could present a cytokine profile at various time points after 
stimulation. In addition, our results provide a common clue to understand the early immune 
responses to the respiratory virus without the complex and mixed responses of the whole 
virus. This is because the production of dsRNA in the host cell is a common step for the 
replication of single-stranded RNA viruses in respiratory infections.

Since the relationship between respiratory viral infection in early time and the risk of 
wheezing and allergy have been reported (38,39), some previous cohort studies have shown 
that RV and RSV infections in the airway may be related to the induction of wheezing disorder 
and asthma exacerbation, but not related to the development of allergic disorder (40-42). In 
contrast, other studies have shown that patients who were hospitalized for respiratory viral 
infections developed allergic diseases (4,5,43). However, these studies could not present 
precise mechanisms because they primarily focused on finding a clinical correlation. In 
this context, we showed the aspects of immune responses to dsRNA in macrophages and 
epithelial cells during the early phase of airway inflammation. We also demonstrated the role 
of SEB in the induction of cytokines in both cell types to address the findings of previous 
clinical studies with respect to the relationship between SEB-specific IgE sensitization and 
asthma, especially in adult or elderly patients with severe, sputum eosinophilia, and chronic 
sinusitis (9-11). This is the first study to show the synergistic effects of combining dsRNA and 
SEB, which may provide a better insight into the relationship between SEB sensitization and 
asthma exacerbation.

Our findings suggest that the types and severity of cytokine production from the epithelium 
or macrophages can be affected by different intensities and combinations of dsRNA and 
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SEB. Further studies with this approach are warranted to improve our understanding of the 
development and exacerbation of airway inflammation and asthma.
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