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Purpose: CpG-ODN has been found to attenuate allergic airway inflammation in our
previous study. Here, we aimed to further investigate whether CpG-ODN exerts such effect
via regulating endoplasmic reticulum (ER) stress and revealed the underlying mechanism.
Methods: Five-week-old C57BL/6 mice were randomly grouped and treated with or without
CpG-ODN or/and SP600125. Meantime, RAW264.7 cells were used to investigate the effect
of CpG-ODN on OVA-induced ER stress in vitro. The cellularity of bronchoalveolar lavage
fluid (BALF) was classified and counted after Wright-Giemsa staining. HE and PAS staining
methods were applied to analyze airway inflammation. The protein levels of IL-4, IL-5, IL-
13, p-JNK, JNK, CHOP, XBP1, ATF6a and GRP78 in lung tissues were detected by Western
blotting. Correspondingly, the ER stress markers were detected by Western blotting and
immunofluorescence in RAW264.7 cells.

Results: In OVA-induced allergic airway inflammation, CpG-ODN significantly suppressed
inflammatory cells infiltration, goblet cell hyperplasia and the protein expression of Th2
cytokines. Moreover, OVA exposure strongly increased the activation of ER stress with
higher protein expressions of CHOP, XBP1, ATF6a and GRP78. However, these OVA-
induced increase of ER stress markers were markedly suppressed by CpG-ODN treatment.
In addition, exposure to OVA significantly increased the phosphorylation of JNK, which was
significantly reduced by CpG-ODN treatment. Remarkably, single treatment of SP600125, an
antagonist of JNK, functioned similarly as CpG-ODN in mitigating allergic airway inflam-
mation and suppressing OVA-induced activation of ER stress; however, no significant
synergistic effect was evidenced by combined treatment of SP600125 and CpG-ODN.
Furthermore, in OVA-stimulated RAW264.7 cells, we also found that OVA stimulation
increased the expressions of ER stress markers, and CpG-ODN significantly reduced their
expression levels via suppressing the phosphorylation of JNK.

Conclusion: These results indicated that CpG-ODN mitigates allergic airway inflammation
via suppressing the activation of JNK-medicated ER stress.
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Plain Language Summary

Improvements in allergic airway inflammation may be achieved by treatments that suppress
the allergen-induced endoplasmic reticulum stress in the lung. Our study shows that immune
adjuvant CpG-ODN that suppresses the INK-medicated endoplasmic reticulum stress effec-
tively mitigates the development of allergic airway inflammation pathology in vivo murine
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model and in vitro RAW264.7 cells. Inflammatory cell infiltra-
tion, goblet cell hyperplasia, Th2 cytokines, the phosphorylation
of JNK and ER stress markers were all significantly inhibited
when CpG-ODN was given during the development of allergic
airway inflammation. CpG-ODN may be introduced as an
adjunctive therapy for allergic airway inflammation such as
asthma.

Introduction
Asthma is a heterogeneous disease characterized by
chronic airway inflammation involving multiple cells and
cellular components, such as eosinophils, mast cells,
T lymphocytes, neutrophils and airway epithelial cells.'~
Allergic asthma is an important type of asthma, accounting
for 60% to 80% of asthma.>* Anti-inflammatory and
bronchodilator treatments are the main therapies for
asthma, including inhaled corticosteroids, beta-agonists
and systemic steroids in severe patients.”> However,
about 5-10% of patients with asthma symptoms is poorly
controlled by current strategies.® And the side effects
caused by the excessive use of corticosteroids are also
the main factors that aggravate the burden of disease.’
Over the past few decades, the increased prevalence of
allergic asthma is suggested to be due to environmental
alterations, one hypothesis is the decreased microbe’s
exposure. Exposure in microbe-rich environment, for
example rich of bacteria, the risk of allergic asthma sensi-
tization is reduced.® This is because of bacterial DNA,
which contains unmethylated CpG motifs, has been con-
ferred immunomodulatory properties.® Synthetic CpG-
oligodeoxynucleotide (CpG-ODN), which can mimic the
effect of bacterial DNA, reportedly binds to TLR9 receptor
on B cells, dendritic cells and other types of cells, it
induces Thl response, and secretion of IFN-y and IL-12
which potently inhibit the expression of Th2 cytokines
such as IL-4 and IL-5.%'° These Th2 cytokines promote
the chemotaxis and degranulation of eosinophils, mast
and B IgE
production.'’ Unsurprisingly, exposure of mice to CpG-

cells cells, therefore contribute to
ODN is increasingly reported to reduce the risk of devel-
oping asthma in animal models.®"'* Moreover, as a TLR9
agonist and immune adjuvant, CpG-ODN has been shown
efficacy in attenuating allergic disorder in human clinical
trials."* However, how CpG-ODN exerting these protec-
effects further

investigation.

tive remains elusive and needs

Under various exogenous and endogenous stimuli,

unfolded and misfolded proteins will be largely

produced.'* As we known, the biosynthesis, folding and
structural maturation of more than a third of the proteins
are occurred in the endoplasmic reticulum (ER)."> When
unfolded and misfolded proteins accumulate in the ER
above a critical threshold, ER stress will be induced,'®
which is a hallmark of many inflammatory diseases.
Then the unfolded protein response (UPR) signal transduc-
tion pathway is initiated to combat this ER stress.'®
A growing number of studies have addressed that ER
stress plays a vital role in many diseases, including neu-
rodegenerative diseases, inflammatory diseases, metabolic
diseases and malignant tumors.'® However, its role in
allergic asthma, and the regulation of CpG-ODN on ER
stress are still unknown.

On the other hand, the c-Jun N-terminal kinase (JNK)
signal, one of the stress-induced mitogen-activated protein
kinase (MAPK) family members, is activated through
phosphorylation cascades in response to various internal
and external environmental stresses.'” Increased phosphor-
ylation of JNK reportedly leads to ER stress in various
diseases, such as inflammatory diseases'® and immune
diseases.'” We and others studies have confirmed that the
phosphorylation of JNK is significant increased when
exposure to OVA, and its specific inhibitor SP600125
obviously suppresses mucus hypersecretion, inflammatory
cell infiltration and production of inflammatory
factors.>?! However, whether this OVA-induced JNK
phosphorylation is associated with ER stress in allergic
airway inflammation is unclear. Additionally, CpG-ODN is
reported to regulate the activation of MAPK,** and CpG
ODN-FITC is found to co-localize with the ER stress-
associated protein GRP78 as observed by confocal
microscopy.”® Therefore, we reasonably speculate that
CpG-ODN may confer protection against airway inflam-
mation via regulation of JNK activation and ER stress.

Moreover, in the pathogenesis of asthma, macrophages
have been recognized more and more, especially alveolar
macrophages (AMs).>* Under normal circumstances, AMs
maintain lung homeostasis.”> When stimulated by various
internal and external stimuli, they exhibits a pro-
inflammatory phenotype.”> Moreover, in the pathogenesis
of asthma, macrophages also act as antigen-presenting cells
(APC) to produce enzymes, cytokines and chemokines
which are closely related to the recruitment of inflammatory
cells.***” Importantly, endoplasmic reticulum stress (ER
stress) is a critical mechanism of regulation of macrophage
phenotype differentiation,”® its level in macrophages of asth-
matic patients is higher than that of healthy people.29
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In the present study, we aimed to investigate the effect
of CpG-ODN on the ER stress in vivo in OVA-induced
murine allergic airway inflammation and in vitro in OVA-
stimulated RAW264.7 cells, and reveal whether such
effect of CpG-ODN is mediated by JNK signal pathway.

Materials and Methods

Animals and Cells

SPF C57BL/6 mice (Female, 5-week-old, 16-18g) were
purchased from Anhui Laboratory Animal Center (Hefei,
China). All mice were housed at a temperature of 20-26°C
and on a 12 h light and dark alternating time. This study was
conducted in accordance with the Basel Declaration and the
ethical guidelines by the International Council for Laboratory
Animal Science (ICLAS). The Animal Care and Use
Committee of Anhui Medical University approved all experi-
mental procedures (Permit Number: LLSC20170361).

The murine macrophage cell line RAW264.7 was pur-
chased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Sigma Inc., St. Louis, MO),
supplemented with 10% fetal bovine serum (FBS, Gibco,
Grand Island, NY) and 1% penicillin/streptomycin solution
(C0222, Beyotime Biotechnology, China) at 37°C in 5%
CO,. RAW264.7 cells were grown in 24-well plates to 70—
80% confluence and then stimulated with OVA (500 pg/mL,
Sigma). Some cells were treated with CpG-ODN 1668 (1.5
uM, 5 uM, Sangon, Shanghai, China) for 1 h prior to
stimulation with OVA. Some cells were treated with
SP600125 (10 uM, Sigma Inc., St. Louis, MO) for 2
h prior to stimulation with OVA.

Oligodeoxynucleotides

The CpG-ODN 1668 (5'-TCC ATG ACG TTC CTG ATG
CT-3") was synthesized and supplied by Sangon Biotech
(Shanghai, China), CpG-ODN (30 pg/mice) was admini-
strated by i.p. injection.

OVA-Induced Acute Allergic Airway

Inflammation Model and Treatments

Acute allergic airway inflammation was induced according
to our previous study and modified.*® On Day 0 and 7,
mice were sensitized with 0.5 mL suspension consisting of
10 pg OVA (Sigma) and 1 mg KAI(SO4), (Sangon
Biotech, Shanghai, China) in saline intraperitoneally.
Then from Day 14 to 20, mice were challenged with 1%
OVA by airway inhalation 30 min every day. The mice

were randomly grouped into two parts. Part 1 comprised
four groups (control, CpG-ODN, OVA, OVA + CpG-
ODN), n = 6 for each; Part 2 comprised four groups
(OVA, OVA + SP600125, OVA + CpG-ODN, OVA +
CpG-ODN + SP600125), n = 6 for each. For CpG-ODN,
OVA + CpG-ODN and OVA + CpG-ODN + SP600125
groups, 30 pg of CpG-ODN were given intraperitoneally
to mice one hour before OVA challenge. For OVA +
SP600125, OVA + CpG-ODN + SP600125 groups,
SP600125 (30 mg/kg, Sigma) were given intraperitoneally
to mice two hours before OVA challenge.

Bronchoalveolar Lavage Fluid Collection
and Analysis

After 24 h of the last challenge, mice were sacrificed. Then
the skin was cut open to expose trachea and thorax, and left
lung lavage was performed five times on the ice with 0.3 mL
phosphate buffered saline (PBS). The collected alveolar
lavage fluid was centrifuged at 4°C, 1000 rpm for 10 min.
Finally, the precipitate was used for cell counting and differ-
entiation. The pellets were re-suspended for total cell counts
using a hemocytometer. Wright-Giemsa staining was used
for eosinophil counts in a blind manner.

Histopathological Staining of the Lung

Tissue

In order to assess the degree of inflammation and mucus
secretion around the bronchi, a lobe of the right lung was
used for histopathology. It was first fixed with 4% paraf-
ormaldehyde, then dehydrated, embedded in paraffin, and
cut into 4 pm sections for hematoxylin-eosin staining (HE)
and periodic acid-Schiff staining (PAS). The score of cell
infiltration or goblet cell hyperplasia were assessed as
previously reported.'?

Immunohistochemistry

Briefly, tissue sections (4 um) were incubated with F4/80
(Santa Cruz, CA) primary antibody at 4 °C overnight. The
next day, sections were incubated with HRP-conjugated
secondary antibody (Beijing  Golden  Bridge
Biotechnology, Beijing, China) for 1 h at 37 °C. After
rinsed with PBS for three times, sections were stained by
diaminobenzidine (DAB), and dark-brown staining was
considered positive. The results were analyzed under
a Carl Zeiss Axio Scope.Al (Carl Zeiss, German).
Representative 200) were

images (magnification X

acquired.
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Western Blotting

The lung tissue was cut up on ice with RIPA buffer lysate
(JINGXIN,
Shanghai, China) to extract the total protein. Equal

and then homogenized by tissuelyser
amounts of lung homogenate or cell lysate were separated
by a 12% SDS-PAGE and then transferred to PVDF mem-
brane. The PVDF membrane was blocked in 5% non-fat
milk for 1 hr. The primary antibodies were as follow: IL-4,
IL-5, IL-13, CHOP, XBP1, ATF6a and GRP78 (Santa
Cruz, CA). These antibodies were incubated at room tem-
perature for 3 h and then overnight at 4°C. The next
morning, after washing with TBST for three times, the
corresponding secondary antibody was incubated for 1
h and then washed with TBST for three times. Finally,
Enhanced Chemiluminescence (ECL) Kit (Affinity, China)
and Chemiluminescence imaging system (Qin Xiang,
Shanghai, China) were used to observe the protein

immunostaining.

Immunofluorescence Staining and

Confocal Microscopy

2.5 x 10" RAW264.7 cells were seeded on sterile glass
cover slips in 12-well plates, after allowed to adhere to
glass cover lips, cells were treated as described above and
stimulated with OVA at 37°C for 24 h. The cells were then
fixed with 4% paraformaldehyde for 15 min. Following
fixation, the cells were permeabilized with 0.2% TritonX-
100 for 10 min at room temperature, blocked with 10%
BSA for 15min at 37 °C. And then exposed to CHOP,
XBP1, ATF6a and GRP78 antibodies (1:100 dilutions)
overnight at 4°C. After washing, the cells were incubated
with Alexa Fluor 594®-conjugated anti-mouse fluorescent
secondary  antibodies  (1:400  dilutions, Jackson
ImmunoResearch Lab, Inc. West Grove, PA, USA) at 37
°C for 40 min in the dark and DAPI (C1002, Beyotime
Biotechnology, China) for 8 min at room temperature.
Finally, the cells were examined under a laser scanning
confocal microscope. Fluorescence intensity of the images
was analyzed with Leica Application Suite X System
(Leica, Wetzlar, Hessen, GER).

Statistic Analysis

Data were expressed as mean + SEM (standard error of
mean). Statistical comparisons were performed using one-
way ANOVA with the Bonferroni test between groups.
Statistical significance was set at p < 0.05.

Results
CpG-ODN Alleviates OVA-Induced

Acute Allergic Airway Inflammation
Wild-type (WT) C57 mice were used to establish the
allergic airway inflammation model according to the pro-
tocol illustrated in Figure 1A. As compared to control
mice, challenged with 1% OVA for 7 consecutive days
induced a large amount of inflammatory cells infiltration
and goblet cell hyperplasia in the airway as analyzed by
HE and PAS staining of lung tissue section (Figure 1B and
C). However, treatment with CpG-ODN (30 ug/mice/day)
1h before OVA inhalation for 7 consecutive days signifi-
cantly inhibited OVA-induced inflammatory cells infiltra-
tion and PAS" cells (Figure 1B and C). Similarly, BALF
smear staining showed that the effect of saline in control
group did not induce eosinophil infiltration, but OVA
challenge induced a large number of inflammatory cells
infiltration in BALF (Figure 1D and E), particularly eosi-
nophils, and these OVA-induced inflammatory cells accu-
mulation was sharply suppressed by CpG-ODN treatment
(Figure 1D and E). Consistently, the levels of Th2 cyto-
kines such as IL-4, IL-5, IL-13 in the lung tissues were
significantly reduced by daily treatment of CpG-ODN
(Figure 1F and G).

CpG-ODN Suppresses OVA-Induced
Endoplasmic Reticulum Stress in the
Airway and RAW?264.7 Cells

ER stress is increasingly suggested to be involved in the
pathophysiology of allergic airway inflammation.>' In the
present study, the levels of ER stress-associated protein
CHOP, XBP1, ATF6a and GRP78 in lung tissues were
obviously increased in response to OVA challenge as com-
pared to those of control mice (Figure 2A and B). However,
such OVA-induced ER stress was profoundly inhibited by
administration of CpG-ODN (Figure 2A and B). In addition,
the imbalance of UPR caused by ER stress severely affects
the function of macrophages which play an important role in
allergic airway inflammation.*® So we examined the changes
of macrophages in the lung between control and OVA-
challenged mice by immunohistochemistry. We found that
compared with control mice, significant infiltration of
macrophages in the lung was found after challenged by
OVA (Figure S1). Consistently, the expressions of these
four ER stress markers in RAW264.7 macrophage cells
were significantly increased after OVA stimulation, but
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Figure | CpG-ODN ameliorates OVA-induced allergic airway inflammation. (A) Protocol of establishing murine allergic airway diseases model treated with or without
CpG-ODN. Mice were sensitized on Day 0 and 7; challenged from Day 14 to 20 by OVA. Mice in control group were sensitized and challenged with saline. Mice in CpG-
ODN group were sensitized and challenged with saline and administrated intraperitoneally with 30 pg/mice every day for 7 days. Mice in OVA group were sensitized and
challenged with OVA. Mice in OVA + CpG-ODN group were sensitized and challenged with OVA and administrated intraperitoneally with 30 pg/mice every day for 7 days.
(B) Lung sections from control, OVA, CpG-ODN and OVA + CpG-ODN group were stained with H&E to analyze cell infiltration or periodic acid-Schiff (PAS) to evaluate
mucus production. The scale bar is 50 pm. (C) The extent of peribronchial inflammation stained by HE staining, airway mucus secretion and goblet cell hyperplasia stained by
periodic acid-Schiff (PAS) staining method was scored. (D) Representative stained BALF cell smears and BALF cellularity from control, OVA, CpG-ODN and OVA + CpG-
ODN group, the cells were isolated and stained with Wright—Giemsa. E-eosinophil, M-monocyte. The scale bar is 25 um. (E) Quantification of the level of total cells and
Eosinophils in BALF. (F) Representative blots showed the expression of Th2 associated cytokines such as IL-4, IL-5 and IL- 13 in lung extracts. (G) Quantification of the level

of IL-4, IL-5 and IL-13. Data were expressed as mean = SEM of six mice per group. *p < 0.05, ¥p < 0.0, **p < 0.001.

such OVA-induced expression was notably decreased after
the treatment of 1.5 uM and 5pM CpG-ODN (Figure 2C),
and there is no statistical difference between these two doses
(Figure 2D). Meanwhile, we also revealed that CpG-ODN
markedly reduced the immunostaining intensity of CHOP,
XBP1, ATF6a and GRP78 (red fluorescence, Alexa Fluor®
594) after exposure to OVA for 24h in RAW264.7 macro-
phage cells (Figure 2E). These results indicated that CpG-
ODN potentially inhibited ER stress in OVA-induced acute
allergic airway inflammation and RAW264.7 cells.

The Effect of CpG-ODN on
OVA-Induced p-JNK Expression

It has been reported that ER stress is accompanied by the
activation of MAPK,*® and the phosphorylation of INK is
associated with tissue inflammation and the production of
pro-inflammatory factors.***> Here, we found that com-
pared to control mice, the expression of p-JNK increased
significantly in response to OVA challenge, but the level of
total JNK was not affected (Figure 3A and B). While
administration of CpG-ODN, the phosphorylation level
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Figure 2 CpG-ODN suppresses OVA-induced endoplasmic reticulum stress. (A) Representative blots showing the protein levels of CHOP, XBPI, ATFéa and GRP78 in
mice from control, OVA, CpG-ODN and OVA + CpG-ODN group. (B) Quantification of the expression of CHOP, XBPI, ATFé0 and GRP78 as referencing to GAPDH in
lung extract. (C) Representative blots showing the expression of CHOP, XBPI, ATF6a and GRP78 in RAW264.7 from control, OVA, OVA + |.5uM CpG-ODN and OVA +
5uM CpG-ODN group. (D) Quantification of the expression of CHOP, XBPI, ATFéa and GRP78 as referencing to GAPDH in RAW264.7 cells. (E) By using
immunofluorescence, the expression of CHOP, XBPI, ATF6o and GRP78 in RAW264.7 was detected by confocal microscopy (magnification x63 oil). Nuclei were stained
by DAPI. The scale bar is 10 um. Data were expressed as mean * SEM of six mice per group or three experiments for RAW264.7 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

of JNK was obviously decreased, and it had no effect on
the level of total JNK (Figure 3A and B). Similarly, the
same results were observed in RAW264.7 cells (Figure 3C
and D). These results definitely showed that CpG-ODN
suppressed OVA-induced JNK phosphorylation in vivo
and in vitro.

The Effect of NK Inhibitor SP600125 on
OVA-Induced Allergic Airway

Inflammation

To further confirm whether CpG-ODN alleviates allergic
airway inflammation by suppressing OVA-induced JNK
phosphorylation, we used SP600125 (an antagonist of JNK)
to block the phosphorylation of JNK. Firstly, in animal and
cell models, we found that after treatment with SP600125,
the OVA-induced expression of p-JNK was almost sup-
pressed (Figure 4A and B), and there is no statistical differ-
ence among SP600125, CpG-ODN and CpG-ODN +
SP600125 group (Figure 4C and D). Then we demonstrated
that compared to the OVA group, administration of
SP600125 clearly inhibited inflammatory cells infiltration
and PAS™ cells in the lung tissue by HE and PAS staining
(Figure 5A and B). Similarly, BALF smear staining showed
that after treatment with SP600125 significantly reduced the
infiltration of inflammatory cells, especially eosinophil

(Figure 5C and D). The pathological features was not sig-
nificant difference between CpG-ODN group and SP600125
group. And CpG-ODN plus SP600125 treatment did not
further reduce the infiltration of inflammatory cells and the
secretion of mucus with comparison to that of CpG-ODN or
SP600125 single treatment.

Additionally, the expression of Th2 cytokines (IL-4,
IL-5 and IL-13) in lung extracts was markedly decreased
by SP600125, CpG-ODN or CpG-ODN plus SP600125
with comparison to that of the OVA group (Figure 5E
and F), but the Th2 cytokine levels in SP600125 group
was higher than that of CpG-ODN group or CpG-ODN +
SP600125 group, suggesting such inhibitory effect of
SP600125 on Th2 cytokine production was weaker than
CpG-ODN (Figure S5E and F). Thus, these results implied
that CpG-ODN may exert its anti-inflammatory effect
partly through the JNK pathway in OVA-induced allergic

airway inflammation model.

The Effect of SP600125 on OVA-Induced

ER Stress
Many studies verified that phosphorylation of JNK is

involved in ER stress.>® Therefore, we investigated whether
the effect of CpG-ODN on ER stress in the OVA-induced
allergic airway inflammation was mediated by JNK signal
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Figure 3 The effect of CpG-ODN on OVA-induced p-JNK expression. (A) Representative blots showing the expression of p-JNK and JNK in mice from control, OVA,
CpG-ODN and OVA + CpG-ODN group. (C) Representative blots showing the expression of p-JNK and JNK in RAW264.7 cells from control, OVA, OVA + |.5uM CpG-
ODN and OVA + 5uM CpG-ODN group. (B and D) Quantification of the expression of p-JNK and JNK as referencing to GAPDH in mice and RAW264.7 cells. Data were
expressed as mean + SEM of six mice per group or three experiments for RAW264.7 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

pathway. We found that OVA-induced protein expressions of
CHOP, XBP1, ATF6a and GRP78 were obviously reduced in
lung tissues by SP600125 treatment (Figure 6A and B).
Moreover, CpG-ODN or CpG-ODN plus SP600125 treat-
ment significantly suppressed the OVA-induced ER stress,
and their inhibitory effect was more effective than SP600125
(Figure 6A and B). The similar results were demonstrated in
RAW264.7 cells by immunoblotting (Figure 6C and D).
Furthermore, we found that compared to OVA-stimulated
RAW264.7 macrophage cells, the intensity of CHOP,
XBP1, ATF6a and GRP78 (red fluorescence, Alexa Fluor®
594) were also apparently weaker in SP600125, CpG-ODN
and CpG-ODN plus SP600125 group (Figure 6E).

Discussion
We have previously shown that CpG-ODN protected
against OVA-induced allergic airway inflammation,

which was associated with the inactivation of NLRP3
inflammasome.'? In the present study, we further revealed
that CpG-ODN exerted protective effect on OVA-induced
allergic airway inflammation by inhibiting ER stress, and
suggested that the underlying mechanism may be asso-
ciated with the suppression of JNK signal by using
in vivo murine model and in vitro RAW264.7 cells. This
study thus provides another possible mechanism, ie, sup-
pression of INK-mediated ER stress, by which CpG-ODN
protects from allergic airway inflammation.

Synthesized oligonucleotides such as CpG-ODN which
containing bacterial unmethylated cytosine-guanine dinu-
cleotide sequence,” have been widely used to prevent or
treat malignant tumor, infectious diseases and allergic
diseases.'> According to the difference of structure and
immune response, CpG-ODN can be divided into class-A
(referred to D type ODN), class-B (referred to K type
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Figure 4 The effect of SP600125 on OVA-induced p-JNK expression. (A and B) Representative blots showing the expression of p-JNK and JNK in mice and RAW264.7 cells
from OVA, OVA + SP600125, OVA + CpG-ODN and OVA + CpG-ODN + SP600125 group. (C and D) Quantification of the expression of p-JNK and JNK as referencing to
GAPDH in mice and RAW264.7 cells. Data were expressed as mean + SEM of six mice per group or three experiments for RAW264.7 cells. ***p < 0.001.

ODN), class-C and class-P.>’® In our current study, we
used the fully phosphorothioated CpG-ODN, a type
B CpG-ODN, which has been reported to powerfully
inhibit the Th2 response and is most commonly used in
clinical trials.'® The results in this study showed that CpG-
ODN reduced the protein levels of Th2 type cytokines (IL-
4, IL-5 and IL-13) and airway inflammation, which were
consistent with our previous research.'> The present study
together with our previous findings'? confirmed that CpG-
ODN exerted protective role in controlling allergic airway
inflammation.

Inhaled environmental allergens reportedly trigger ER
stress and ER homeostasis dysregulation,*® prolonged ER
stress and UPR consequently induce persistence of airway
inflammation. Therefore, ER stress, which ultimately
resulted in activation of unfolded protein response
(UPR), has been demonstrated in the pathogenesis of
allergen-induced asthma.*® Blocking ER stress by inhibitor

4PBA could alleviate allergic airway inflammation.”’
Under normal circumstances, the three transmembrane
proteins of ATF6, IRE1 and PERK on the ER membrane
act as receptors of the ER and tightly bind to GRP78 to
maintain the homeostasis state of ER.** Once stressed,
misfolded proteins accumulate in the cavity of ER, and
GRP78 dissociates from the transmembrane proteins, lead-
ing to GRP78, ATF6, IREl and PERK activation.** In
addition, persistent ER stress induces the up-regulation of
CHOP through PREK, leading to cell apoptosis,* and
IRE1 induces XBP1 to increase the production of pro-
inflammatory cytokines and mucus secretion-related
factors.** In the present study, we revealed increased pro-
tein expression of CHOP, XBP1, ATF6a and GRP78 in
OVA-induced allergic airway inflammation and in OVA-
stimulated RAW264.7 macrophage cells, which was
obviously reduced by CpG-ODN treatment. These findings

indicated that the vital role of CpG-ODN in maintaining
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Figure 5 The effect of JNK antagonist SP600125 on OVA-induced allergic airway inflammation. (A) Lung sections from OVA, OVA + SP600125, OVA + CpG-ODN and
OVA + CpG-ODN + SP600125 group were stained with H&E to analyze cell infiltration and periodic acid-Schiff (PAS) to evaluate mucus production. The scale bar is 50 pm.
(B) The extent of peribronchial inflammation stained by HE, airway mucus secretion and goblet cell hyperplasia stained by periodic acid-Schiff (PAS) staining were scored. (C)
Representative stained BALF cell smears and BALF cellularity from OVA, OVA + SP600125, OVA + CpG-ODN and OVA + CpG-ODN + SP600125 group. E-eosinophil. The
scale bar is 25 um. (D) Quantification of the level of total and Eosinophils in BALF. (E) Representative blots showed the expression of IL-4, IL-5 and IL-13 in lung extracts. (F)
Quantification of the level of IL-4, IL-5, and IL-13 referencing to GAPDH. Data were expressed as mean + SEM of six mice per group. *p < 0.05, **p < 0.01, ***p < 0.001.

ER homeostasis and inhibiting ER stress in allergic airway
inflammation.

However, the underlying mechanism of CpG-ODN
attenuating OVA-induced ER stress remains unknown.
As one of the key members of the MAP kinase family,
JNK signal has been reported to mediate a variety of
cellular functions through phosphorylation cascades.'”
The activation of JNK signal is closely related to ER

20,21 contributes  to

stress and allergic  airway
inflammation.*> Blocking JNK phosphorylation by its spe-
cific inhibitor SP600125 markedly alleviates allergic air-
way inflammation.*>*® In the current study, we found that
the expression of p-JNK was highly upregulated after
OVA challenged, which was in lined with our previous
study.?** Furthermore, we demonstrated that such OVA-

induced JNK phosphorylation was completely abolished
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Figure 6 The effect of SP600125 on OVA-induced ER stress. (A and C) Representative blots showing the protein level of CHOP, XBPI, ATFé6a and GRP78 in mice and
RAW264.7 cells from OVA, OVA + SP600125, OVA + CpG-ODN and OVA + CpG-ODN + SP600125 group. (B and D) Quantification of the expression of CHOP, XBPI,
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microscopy (magnification %63 oil). Nuclei were stained by DAPI. The scale bar is 10 um. Data were expressed as mean * SEM of six mice per group or three experiments

for RAW264.7 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

by treatment of CpG-ODN or SP600125 or CpG-ODN
plus SP600125. However, although the expression levels
of Th2 type inflammatory factors in lung tissue was nota-
bly reduced by SP600125 as compared to OVA group,
they were still higher than that in the CpG-ODN and CpG-
ODN plus SP60015 treatment group. Similarly, SP600125
significantly inhibited the protein expression of CHOP,
XBP1, ATF6o and GRP78 in lung extract and
RAW264.7 cells compared with OVA group, but its such
inhibitory effect was weaker than CpG-ODN or CpG-
ODN plus SP600125. This is may be due to that the
other two members of MAP kinase family, P38 and ERK
MAP kinase, were also phosphorylated in the pathophy-
siology of asthma.*’>° Therefore, it is likely that CpG-
ODN suppresses ER stress partly through JNK signal in
OVA-induced allergic airway inflammation. It is notice-
able that, in our present study, inhibition of JNK signal
suppressed ER stress in allergic airway inflammation, but
it has been previously reported that inhibition of ER stress
notably decrease the expression of p-JNK.>' We specu-
lated that the occurrence of ER stress induced by allergen
stimulation, in turn, further increase the expression of
p-JNK and form a vicious circle, thus aggravating allergic
airway inflammation.

Conclusion

In summary, our study firstly demonstrated that CpG-ODN
alleviates OVA-induced allergic airway inflammation
through inhibiting on ER stress, and such effect of CpG-

ODN may be associated with its inhibitory effect on JINK
signal in vivo murine model and in vitro RAW264.7 cells.
CpG-ODN thus may be introduced as an adjunctive ther-
apy for allergic airway inflammation such as asthma.
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