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Objective: To investigate whether the expression of OX40/0X40 ligand (OX40L) was upregulated in a
murine model of asthma and their significance in the pathogenesis of asthma.

Methods: After an ovalbumin-sensitized/challenged murine model of asthma was established, the
expressions of OX40, OX40L in peripheral blood mononuclear cells (PBMCs) and bronchoalveolar lavage
fluid (BALF) cell pellets were measured. Then T cell proliferation was analyzed by cell counting kit-8 (CCKS),
and the protein levels of OX40 and OX40L in the lungs were determined by immunohistochemistry. The
concentrations of IL-4 and IFN-y in BALF and T cell culture supernatant were evaluated by ELISA.
Results: The percentages of CD4°0X40°, CD19°0X40L", F4/80°0X40L" in PBMCs and BALF cell
pellets were higher in asthma group than in control group (all P<0.01). The proliferation capacity of T
cells in asthma group was higher than that in control group (P<0.05). In asthma group, stimulation of
0OX40 by anti-OX40 mAb obviously promoted T cell proliferation and secretion of IL-4 and IFN-y.
Immunohistochemistry assay showed that OX40 and OX40L protein levels were higher in asthma group
than those in control group (all P<0.05).

Conclusions: The expressions of OX40 and OX40L were upregulated in the murine asthmatic model.
The upregulation of OX40/OX40L signals could induce the proliferation and cytokines secretion of T cells
in asthmatic mice, indicating that OX40/OX40L signal was involved in the pathogenesis of asthma.
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Introduction signal molecules in the second-signal system (3,4).

The interactions between OX40 and OX40L regulated

Bronchial asthma (asthma) is a chronic airway inflammatory cytokine production from T cells and promoted antigen-

disease which is concerned with inflammatory cells
including T lymphocytes, eosinophils (EOS), and the
release of several inflammatory mediators (1,2). T
lymphocytes play a central role in asthma. The activation
of T cells requires two essential signals, while the OX40/
0X40 ligand (OX40L) is a pair of important co-stimulatory
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specific T-cell expansion, survival and differentiation. In
line with these important modulatory roles, OX40/0X40L
interactions had been found to play a vital role in the
pathogenesis of multiple inflammatory and autoimmune
diseases, making them a research hot spot recently (5,6).

In many animal models of diseases, the intervention on
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0X40/0X40L pathway had achieved certain encouraging
effects (7-9). Studies in the murine model of asthma showed
that the use of blocking anti-OX40L mAb on intervening
0X40/0X40L pathway could decrease airway hyper-
responsiveness, lessen the generation of Th2 cytokines, and
reduce the production of mucus (10).

0OX40 is mainly expressed on activated CD4" T cells,
OX40L is mainly expressed on B lymphocytes, DCs, and
macrophage cells (11,12). Siddiqui S ez 4/. (13) found that
the expressions of OX40 and OX40L were increased in
the lamina propria of asthma patients. The upexpressed
0X40/0X40L promoted the polarization of naive T cells,
and these polarized T cells produced Th2 cytokines such
as IL-4, IL-5, and IL-13, which played an important role
in asthma (14). Whether the expression of OX40/0X40L
was upregulated in the asthmatic murine model, or the
cells upexpressed of OX40/0OX40L had some biological
functions, thus contributing to the therapeutic effects of
blocking anti-OX40L mAb. There are few relevant studies
on this area. So our experiment was to provide insights as
to the role of OX40/0OX40L in the pathogenesis of asthma

from the above two aspects.

Materials and methods
Establishment of asthmatic murine model

Specific pathogen free female BALB/c mice, aged 6-8 weeks
and weighed 18-22 g, were randomly divided into two
groups: control group and asthma group (n=8). The asthma
group was sensitized with 200 pL sensitization liquid
[20 pg ovalbumin (OVA) in 20 mg of aluminum hydroxide gel]
on days 0, 7, 14, and challenged with 5% aerosolized OVA
(Sigma, USA) for 45 min in a chamber using a nebulizer
(PARI, Germany) on days 24-26. The control group was
sensitized and challenged with 0.9% NaCl instead of OVA.
The specific methods had slight changes on the basis of
Justice JP, Mehta AK er al. (15,16). This study was carried
out in strict accordance with the Helsinki Declaration,
and was approved by the Medical Ethical Committee of
Soochow University.

Measurement of airway byper-responsiveness

The airway hyper-responsiveness was determined 24 h
after the last challenge in the mice. Lung function was
recorded as the index of lung resistance (RL) and dynamic
compliance (Cdyn), the specific procedures referred to the
methods of Pichavant M et al. (17).
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Analysis of IL-4 and IFN-y concentrations in
bronchoalveolar lavage fluid (BALF), and OX40, OX40L
expressions on BALF cell pellets

The lungs were lavaged three times with 1 mL pre-cooled (4
°C) PBS to collect BALF, which was centrifuged at 2,000 rpm
for 5 min to separate liquid from cells. The concentrations
of IL-4 and IFN-y of BALF were measured according to
the instruction of the ELISA kits (eBioscience, USA). Total
and differential cell counts were determined in the BALF
cell pellets. Then, to detect the expressions of OX40 and
OX40L, BALF cell pellets were double stained with PE-
labeled anti-OX40 mAb (Biolegend, USA)/FITC-labeled
anti-CD4 mAb (Immunotech, France), PE-labeled anti-
OX40 mAb (Biolegend, USA)/FITC-labeled anti-CD8
mAb (Immunotech, France), PE-labeled anti-OX40L mAb/
FITC-labeled anti-CD19 mAb (Immunotech, France) or
PE-labeled anti-OX40L mAb/FITC-labeled anti-F4/80 mAb
(Biolegend, USA) for 20 min at room temperature. After
being washed, the stained cells were analyzed by flow
cytometry (Beckman Coulter, USA). PE-anti-mouse
IgG (mIgG) (Biolegend, USA) and FITC-anti-mIgG
(Immunotech, France) were used as the controls in the
experiment.

Collection of blood samples and detection the expressions
of 0X40, OX40L in peripheral blood mononuclear cell
(PBMC)

The blood of the mice was collected in heparin tube. The
blood was double stained with PE-labeled anti-OX40 mAb/
FITC-labeled anti-CD4 mAb, PE-labeled anti-OX40 mAb/
FITC-labeled anti-CD8 mAb, PE-labeled anti-OX40L mAb/
FITC-labeled anti-CD19 mAb or PE-labeled anti-OX40L
mAb/FITC-labeled anti-F4/80 mAb for 20 min at room
temperature. Then the lysing reagent (Beckman Coulter,
Brea, CA, USA) was added to the cell suspensions and
incubated for another 10 min at 37 °C. After being washed,
the stained cells were analyzed by flow cytometry. PE-anti-
mlgG and FITC-anti-mIgG were used as the controls.

Characterization of lung bistology

Lung sections of 4 um were cut and stained with hematoxylin-
eosin (HE) for the evaluation of pathological changes. In
addition, paraffin sections were used to test the protein
levels of OX40 (eBioscience, USA), OX40L (R&D, USA)
by immunohistochemistry assay. The OX40 and OX40L
protein staining intensity was analyzed by Image Pro Plus
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6.0 image analysis software at a magnification x200. And
integrated optical density (IOD) was used as relative amount
of positive staining described as before (18).

T cell proliferation assay

Spleens were extracted and homogenized by pressing through
a 40 pm nylon filter. After lymphocytes from homogenized
spleens were isolated by centrifugation over Ficoll, T cells were
collected by negatively selecting magnetic beads kit (Miltenyi
Biotec, Germany). Then, purified CD3" T cells (1x10°/well)
from mice of control group or asthma group were cultured
in anti-CD3 mAb (Abcam, USA, 2 pg/mL)-coated 96-well
flat-bottom culture plates plus anti-OX40 mAb (Biolegend,
USA, 5 pg/mL) or mIgG (Biolegend, USA, 5 pg/mL) as
control, the intervention groups were setted as following:
control (no anti-CD3 mAb intervention) wells (Con), anti-
CD3 mAb intervention wells (CD3), anti-CD3 mAb + IgG
(isotype control of ant-OX40 mAb) intervention wells (CD3
+ Ig@G), and-CD3 mAb + anti-OX40 mAb intervention wells
(CD3 + 0OX40). CCK8 (Dojindo, Japan, 10 pL/well) was
added at 68 h and optical density (OD) was measured at 450
nm by a microplate reader (Bio-rad, USA) at 72 h.

Statistical analysis

We analyzed all acquired data by SPSS 17.0 software.
The differences among multiple groups were analyzed by
one-way ANOVA. The difference between two groups was
conducted by independent samples ¢-test. The difference
was judged as statistically significant if P<0.05.

Results
Establishment and evaluation a murine model of asthma

Acute exacerbation of asthma symptoms

During the OVA-sensitized/challenged murine model of
asthma was established, all mice in asthma group during
nebulization process showed different symptoms of acute
exacerbation of asthma: such as piloerection, nodding
breathing, rubbing nose, forelimb contraction and raise, etc.
While the mice in the control group moved about freely
without the above performance.

The increase of airway hyper-responsiveness

The basal values of RL and Cdyn between the control and
the asthma groups were similar. When we challenged the
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mice with saline and 0.025 mg/kg of methacoline, there was
no significant difference of RL and Cdyn between the control
and asthma group (#=1.86, 1.15; 1.68, 1.28, respectively;
P>0.05). When we increased the dose of methacoline
and challenged the mice with 0.05, 0.1, 0.2 mg/kg
of methacoline, the RL in asthma group was significantly
elevated compared with that in control group, while the
Cdyn in asthma group was significantly decreased compared
with that in control group (#=7.68, 17.10, 18.05; 3.22, 9.97,
13.08, respectively; P<0.05) (Figure 1A4,B).

The increase of total and differential cell counts in the
BALF cell pellets

After counting and classification of the BALF cell pellets,
we found that the total number of cells, EOS, macrophages,
lymphocytes, and neutrophils in asthma group were
significantly higher than those in control group (1=26.22,
9.65,9.65,9.23,7.35, respectively; P<0.01) (Figure 1C).

Pathological and morphological features of the lung
tissues

The histopathology of the lung showed that the
organization structure of the peripheral vessels, bronchioles
in control group mice were clear. However, in mice of
asthma group, there were lots of inflammatory cells around
the airways, blood vessels, and lung tissues. The broaden
alveolar septa and thickened bronchial wall were also
obvious in mice of asthma group (Figure 1D,E).

The concentrations of IL-4 and IFN-y in BALF of
murine model of asthma

In order to validate the murine asthma model we established
was successful, we determined the concentrations of
IL-4 and IFN-y in BALF. The result showed that the
concentration of IL-4 in BALF of asthmatic mice was
significantly higher than that in the control mice (¢=14.31,
P<0.05); instead, the concentration of IFN-vy in the BALF
of asthmatic mice was significantly lower than that in the
control group (¢=15.28, P<0.01) (Figure 1F).

The upregulated OX40 expression on CD4" T cells and
OX40L expression on B lymphocytes, mononuclear
macrophages in PBMC and BALF cell pellets from murine
model of asthma

In order to study the expression of OX40 and OX40L

on B lymphocytes, mononuclear macrophages, and if
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Figure 1 Establishment and evaluation of a murine model of asthma. After the OVA-sensitized/challenged murine model of asthma
was established, the airway hyper-responsiveness, cell classification in BALF, the concentrations of IL-4 and IFN-y in BALF, pulmonary
histopathological examination were evaluated. (A) Cdyn to methacholine in different groups (n=8); (B) RL to methacholine in different
groups (n=8); (C) Total cell counts and cell classification in BALF of different groups (x10°/mL); (D) Pulmonary histopathological
examination by HE stain in asthma group (x200); (E) Pulmonary histopathological examination by HE stain in control group (x200);
(F) The concentrations of IL-4 and IFN-y in BALF of different groups (n=8). OVA, ovalbumin; BALF, bronchoalveolar lavage fluid; Cdyn,
dynamic compliance; RL, lung resistance; HE, hematoxylin-eosin; Con, control group; Asthma, asthma group; Mac, macrophages; Lym,
lymphocytes; Eos, eosinophils; Neu, neutrophils; *, vs. control group P<0.05; bars indicated standard error.

Table 1 The expressions of OX40 and OX40L in PBMC in a
murine model of asthma (%; mean + SD, n=8)

Group Con Asthma t P

CD4" OX40" 1.17+0.31 4.50+0.80 11.00 <0.010
CD8" OX40" 1.48+0.68 1.58+0.74 0.28 0.783
CD19"OX40L" 4.64+0.80 8.03+1.18 6.71 <0.010
F4/80° OX40L" 11.64+1.94 23.89+6.04 5.46 <0.010

OX40L, OX40 ligand; PBMC, peripheral blood mononuclear
cell; Con, control group; Asthma, asthma group.

Table 2 The expressions of OX40 and OX40L on BALF cell
pellets in a murine model of asthma (%; mean = SD, n=8)

Group Con Asthma t P

CD4" OX40* 2.06+0.91 8.41+1.93 8.44 <0.010
CD8" OX40* 2.09+0.92 2.14+0.97 0.11 0.917
CD19"OX40L" 15.91+4.58 29.94+7.47 4.53 <0.010
F4/80° OX40L" 8.56+2.20 28.18+4.86 10.40 <0.010

OX40L, OX40 ligand; BALF, bronchoalveolar lavage fluid;
Con, control group; Asthma, asthma group.
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there was a difference of OX40 and OX40L expression in
different microenvironment. In PBMC, the percentages
of CD4°0X40°, CD19°0X40L" and F4/80"0OX40L" were
significantly higher in asthma group than those in control
group (r=11.00, 6.71, 5.46; P<0.01), while there was no
significant difference between the percentage of CD8"
OX40" in the two groups (#=0.28, P=0.783) (Table I).
In BALF cell pellets, the percentages of CD4" 0X40",
CD19" OX40L" and F4/80"OX40L" were also obviously
higher in asthma compared with those in control group
(r=8.44, 4.53, 10.40; P<0.01), while the percentage of
CD8'0OX40" showed no significant difference between
the two groups (#=0.11, P=0.917) (Table 2).

In asthma group, the percentages of CD4" OX40" and
CD19" OX40L" in BALF cell pellets were higher than those
in PBMC (#=5.33, 8.20; P<0.05). The percentages of F4/80"
OX40L" and CD8" OX40" showed no significant difference
between the two tissues (t=1.56, 1.30; P>0.05). The results
indicated that the cells upregulated OX40/0X40L signal
accumulated in the lungs.

www.jthoracdis.com
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Figure 2 Effect of anti-OX40 antibody on T cell proliferation. T
cells were collected by negatively selecting magnetic beads kit from
homogenized spleens of control group or asthma group, purified
CD3" T cells (1x10/mL per well) were cultured in the 37 °C CO,
incubator in the 96-well plate. The intervention groups were setted
as Con, CD3, CD3 + IgG and CD3 + OX40. The growth of T cells
in the intervention groups was determined by Cell Counting Kit-
8 assay and was showed as OD values (n=8). Con, coated without
CD3; CD3, coated with CD3; CD3 + IgG, coated with CD3 and
intervened with IgG (isotype of anti-OX40 mAb); CD3 + OX40,
coated with CD3 and intervened with anti-OX40 mAb. OD, optical
density; Con, control group; Asthma, asthma group; *, vs. con,
P<0.05; %, vs. CD3 + IgG, P<0.05; bars indicated standard error.

OX40/0X40L signal promoted T cell proliferation and
secretion of IL-4 and IFN-y

In order to investigate the mechanism of OX40/0X40L
signal in T cell proliferation, we conducted T cell
proliferation. T cell proliferation assay showed that the OD
values of Con, CD3, CD3+IgG, and CD3+0X40 in asthma
group were significantly higher than those in control group
(t=34.79, 52.14, 48.25, 42.93; P<0.05), indicating that
the proliferative capacity of T cells in asthma group was
stronger than that in control group. In both control group
and asthma group, administration of agnostic anti-OX40
mAb obviously promoted T cell proliferation (P<0.05)
(Figure 2).

In addition, we detected the concentrations of IL.-4 and
IFN-y in supernatant of T cells. The results showed that
the concentrations of IL-4 and IFN-y which were secreted
by T cells in all groups of asthmatic mice were significantly
higher than those of the control mice (#=10.55, 20.13,
19.14, 25.46; P<0.01). In both control mice and asthmatic
mice, the concentrations of IL-4 and IFN-y in anti-OX40
mAD intervention group were higher than the other groups
(P<0.05) (Figure 3), suggesting that OX40 could help T cells
to secrete cytokines.
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Upregulated OX40 and OX40L protein expressions in
lung tissues

By immunohistochemistry, it was found that OX40
was mainly expressed in the cytoplasm and nucleus of
lymphocytes and epithelial cells, while OX40L was mainly
expressed in cytoplasm and nucleus of lymphocytes,
epithelial cells and macrophages. IOD value of OX40 and
OX40L in asthma group were significantly higher than
those in control group (¢=8.86, 15.46; P<0.01) (Figure 4).

Discussion

The etiology and pathogenesis of asthma are very complex.
In view of the limitations of direct human experiments,
the animal experiments are very important in the research
of etiology, exploration of pathogenesis, and treatment
evaluation. The murine asthma model has an irreplaceable
role in the study of asthma (19).

Our experiment showed that the symptoms of the mice
in asthma group during nebulization process were similar
to the symptoms of human acute asthma attack. Compared
with the mice of control group, in mice of asthma group
the numbers of total cells and EOS of BALF significantly
increased and the airway hyper-responsiveness was also
obviously upregulated. The concentration of IL-4 in
BALF was significantly higher in asthma group than that
in control group. All these features showed that the murine
asthma model which we established was successful (20).

0OX40/0OX40L was a pair of very important co-stimulatory
molecules in tumor necrosis factor receptor ('INFR) family,
and was one of the current research focuses (21). Studies
found that in murine asthma model, the use of anti-OX40L
mAb to block the OX40/0OX40L signaling pathway could
relieve the infiltration of EOS, decrease airway hyper-
responsiveness, and lessen the generation of Th2 cytokines,
which also indicated that OX40/0OX40L signal played an
important role in the pathogenesis of asthma (10). Whether
the above effects of blocking anti-OX40L mAb indicated
that there were upregulated of OX40/0OX40L signal in the
asthmatic murine model, there was little relevant research
on this area.

0X40 is mainly expressed on activated CD4" T cells and
also mildly expressed on activation of regulatory T cells,
natural killer T cells, and neutrophils (22-27). There is
little research on OX40 expression in the murine model of

asthma. Our study found that there was low expression of
0X40 on CD4" T cells in PBMC and BALF cell pellets of
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Figure 3 The concentrations of IL-4 and IFN-y in the T cells culture supernatant. T cells were collected by negatively selecting magnetic
beads kit from homogenized spleens of control group or asthma group, purified CD3" T cells (1x10°/mL per well) were cultured in the 37 °C
CO, incubator in the 96-well plate. The intervention groups were setted as Con, CD3, CD3 + IgG and CD3 + OX40. The concentrations
of IL-4 and IFN-y in the T cells culture supernatant were determined by ELISA kits (n=8). (A) The concentrations of IL-4 in the T cells
culture supernatant; (B) The concentrations of IFN-y in the T cells culture supernatant. Con, coated without CD3; CD3, coated with CD3;
CD3 + IgG, coated with CD3 and intervened with IgG (isotype of anti-OX40 mAb); CD3 + OX40, coated with CD3 and intervened with
anti-OX40 mAb. Con, control group; Asthma, asthma group; *, vs. con, P<0.05; * 5. CD3 + IgG, P<0.05; bars indicated standard error.
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Figure 4 OX40 and OX40L protein expressions in lung tissues. (A,B) Immunohistochemistry assay for OX40 expression in lung tissues
of control group mice (A) and asthma group mice (B) (x200); (C,D) Immunohistochemistry assay for OX40L expression in lung tissues of
control group mice (C) and asthma group mice (D) (x200). (E) The OX40 and OX40L protein staining intensity was analyzed by Image
Pro Plus 6.0 image analysis software at a magnification x200. The expressions of OX40 and OX40L protein were showed as IOD values
(n=8). OX40L, OX40 ligand; IOD, integrated optical density; Con, control group; Asthma, asthma group; *, vs. control group, P<0.05; bars
indicated standard error.
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control group. In the murine asthma model, the expression
of OX40 on CD4" T cells was significantly elevated. There
was low expression of OX40 on CD8" T cells in PBMC and
BALF cell pellets of both control and asthma group, and
there was no significant difference between the two groups.
The phenomenon might also reveal the different status of
CD4" and CD8" T cells in the pathogenesis of asthma.

OX40L is mainly expressed on B lymphocytes, DCs,
and macrophage cells (11,12). In addition, OX40L is also
expressed on the surface of Langerhans cells, smooth
muscle cells, mast cells, vascular endothelial cells, and CD4"
CD3 secondary cells (27-31). There is also few research
on OX40L expression in the murine model of asthma.
Our study showed that B lymphocytes and monocyte-
macrophage cells upregulated OX40L in the PBMC and
BALF cell pellets of asthma mice.

Our study also showed that the percentages of CD4"
0X40", CD19" OX40L" were higher in BALF cell pellets
than those in PBMC, which indicated that the cells
upregulated OX40/0X40L signal accumulated in the lungs
might play an important role in the pathogenesis of asthma.

Except measurement of OX40 and OX40L expressions
on some cell populations by flow cytometry in the
murine model of asthma, we also analyzed the OX40,
OX40L protein expressions in the lung tissues by
immunohistochemistry assay. The results showed that
compared with the control mice, OX40 and OX40L
protein expression levels were increased in the lung tissues
of asthmatic mice, which was consistent with the findings
of Siddiqui et a/. (13). Our results indicated that the
membrane forms of OX40 and OX40L were increased in
the asthmatic mice. Previously, soluble forms of OX40L
were also reported upregulated in asthmatic patients (32,33).
These results suggested that there were upregulated OX40/
OXA40L signaling system in the murine model of asthma.

In order to know whether up-regulation of OX40 on
T cells was involved in the pathogenesis of asthma, T cell
proliferation assay in vitro was performed. It was found that
proliferation and cytokines secretion capacity of T cells in
asthmatic mice was stronger than that in control mice. In
asthmatic mice, T cells stimulated by OX40 mAb in vitro,
have significantly higher capacity of the proliferation and
cytokines secretion capacity than other intervention groups,
suggesting that upregulated expression of OX40/0X40L
signaling pathway could promote T cell proliferation
and secretion of cytokines, which contributed to the
development of asthma. Whether there were other links,

© Pioneer Bioscience Publishing Company. All rights reserved.

985

such as the interaction of upregulated membrane form of
0OX40 and soluble form of OX40L (32,33), it was worth
further study.

Conclusions

In conclusion, we successfully established the murine model
of asthma, and we found that there were upregulated OX40
expression on CD4" T lymphocytes, OX40L expression
on B lymphocytes, and monocyte-macrophage cells in the
asthmatic mice, and increased proteins of OX40, OX40L
in lung tissues. We revealed the expressions of OX40 and
OX40L more comprehensively in the murine asthmatic
model. T cell proliferation assay in vitro showed that OX40/
OX40L signaling pathway could promote the proliferation
and cytokines secretion capacity of T cells. All these showed
that OX40/0OX40L signal pathway played an important role
in the pathogenesis of asthma.
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