Immunology

The Journal of cells, molecules, systems and technologies

« British Society for

mmunologﬂ

IAANIOINOIeA @ ORIGINAL ARTICLE

Interleukin-33 and alveolar macrophages contribute to the
mechanisms underlying the exacerbation of IgE-mediated airway
inflammation and remodelling in mice

Nobuaki Mizutani,' Takeshi Nabe”
and Shin Yoshino!

'Department of Pharmacology, Kobe Pharma-
ceutical University, Kobe, and *Department of
Pharmacology, Kyoto Pharmaceutical Univer-
sity, Kyoto, Japan

doi:10.1111/imm.12071

Received 16 November 2012; revised 10
January 2013; accepted 10 January 2013.
Correspondence: Nobuaki Mizutani,
Department of Pharmacology, Kobe Phar-
maceutical University, 4-19-1 Motoyamakita,
Higashinada, Kobe 658-8558, Japan.

Email: mizutani@kobepharma-u.ac.jp

Senior author: Nobuaki Mizutani

Introduction

Summary

Allergen-specific IgE has long been regarded as a major molecular compo-
nent of allergic asthma. Additionally, there is increasing evidence of the
important roles of interleukin-33 (IL-33) in the disease. Here, we show
that IL-33 and alveolar macrophages play essential roles in the exacerba-
tion of IgE-mediated airway inflammation and remodelling. BALB/c mice
passively sensitized with ovalbumin (OVA)-specific IgE monoclonal anti-
body (mAb) were challenged with OVA seven times intratracheally. The
seventh challenge exacerbated airway inflammation and remodelling com-
pared with the fourth challenge; furthermore, markedly increased expres-
sion of IL-33 in the lungs was observed at the fourth and seventh
challenges. When anti-IL-33 or anti-ST2 antibody was administered dur-
ing the fourth to seventh challenge, airway inflammation and remodelling
were significantly inhibited at the seventh challenge. Because increases of
IL-33" and ST2" alveolar macrophages and ST2" CD4" T cells in the
lungs were observed at the fourth challenge, the roles of macrophages and
CD4" cells were investigated. Depletion of macrophages by 2-chloroade-
nosine during the fourth to seventh challenge suppressed airway inflam-
mation and remodelling, and IL-33 production in the lung at the seventh
challenge; additionally, anti-CD4 mAb inhibited airway inflammation, but
not airway remodelling and IL-33 production. Meanwhile, treatment with
2-chloroadenosine or anti-CD4 mAb decreased IL-33-induced airway
inflammation in normal mice; airway remodelling was repressed only by
2-chloroadenosine. These results illustrate that macrophage-derived IL-33
contributes to the exacerbation of IgE-mediated airway inflammation by
mechanisms associated with macrophages and CD4" cells, and airway
remodelling through the activation of macrophages.
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tion of mast cells and basophils, which release various
chemical mediators.” Furthermore, IgE has the capacity to

Patients with allergic asthma have elevated levels of aller-
gen-specific IgE, and the disease is a chronic inflamma-
tory disorder of the airways characterized by reversible
airway obstruction, airway hyper-responsiveness (AHR)
and eosinophilic airway inflammation."* IgE has been
shown to mediate early airway obstruction via the activa-

induce infiltration by eosinophils and AHR through the
production of T helper type 2 (Th2) cytokines, such as
interleukin-4 (IL-4), IL-5 and IL-13,%7 indicating that
allergen-specific IgE can be indispensable for the chronic
pathogenesis of asthma. Meanwhile, many studies have
suggested that chronic airway inflammation observed in

Abbreviations: BALF, bronchoalveolar lavage fluid; 2-CA, 2-chloroadenosine; PAS, periodic acid-Schiff; PE, phycoerythrin; FITC,

fluorescein isothiocyanate; a-SMA, a-smooth muscle actin
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the asthmatic airways causes airway remodelling, such as
airway wall thickening due to goblet cell hyperplasia,
sub-epithelial fibrosis and airway smooth muscle thicken-
ing.*? However, the precise mechanisms leading to airway
remodelling are still unknown, although it is thought to
result from an injury-repair response driven by many
inflammatory cells and cellular elements in the airway.

There is increasing evidence of the important roles of
IL-33 in allergic asthma. Interleukin-33, which is a mem-
ber of the IL-1 family of cytokines that includes IL-1 and
IL-18, has been identified as a ligand for ST2.'*!
Increased levels of IL-33 have been found in serum and
the lungs of patients with allergic asthma;'*'* further-
more, in the lungs of mice with antigen-induced airway
inflammation, IL-33 is expressed at substantial levels.'’
The pathogenic role of IL-33 in airway inflammation
emerged from experiments with intranasal administration
of IL-33 into naive mice that then exhibited the produc-
tion of Th2 cytokines, eosinophilic pulmonary inflamma-
tion and AHR.'">'>'® Additionally, in allergic models of
asthma, administration of neutralizing antibodies against
IL-33 or ST2 at the time of airway challenge with antigen
attenuated the production of Th2 cytokines, eosinophilic
inflammation and AHR."”" Hence, IL-33 can contribute
to the development of allergic asthma; however, it has
not been fully defined whether IL-33 contributes to IgE-
mediated chronic allergic asthma, especially in airway
remodelling.

On the other hand, alveolar macrophages are the most
abundant cells in the alveolar spaces and conducting air-
ways and are known to be involved in immune homeosta-
sis in the respiratory tract.’® Several reports have
suggested that alveolar macrophages suppress the allergen-
specific immune response and airway inflammation,*'**
whereas the definition and function of alveolar macro-
phages have been expanded, particularly with regard to
their role in regulating Th2-type inflammatory responses,
as alveolar macrophages are involved in the development
of Th2-dependent immunity;*>*® however, the role of
alveolar macrophages in allergic asthma has not been fully
defined.

We have previously reported that BALB/c mice pas-
sively sensitized with an intraperitoneal injection of oval-
bumin (OVA) -specific IgE monoclonal antibody (mAb)
showed not only airway inflammation but also airway
remodelling by seven repeated intratracheal OVA chal-
lenges.””*® In the current study, we aimed to define the
cells and molecules essential to the development of these
IgE-mediated responses, focusing on the roles of IL-33,
macrophages and CD4" cells. In this IgE-sensitized
model, a key feature was that the seventh antigen chal-
lenge exacerbated airway inflammation and remodelling
in comparison with the fourth challenge; furthermore,
markedly increased expression of IL-33 in the lungs was
observed at the fourth and seventh challenges. First, we
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examined the roles of IL-33 and ST2 in airway inflamma-
tion and remodelling during the fourth to seventh
challenges by conducting pathological analyses using anti-
IL-33 and anti-ST2 antibodies. Second, we assessed the
roles of macrophages and CD4" cells in IL-33 production
in the lungs and these responses by conducting pathologi-
cal analyses using 2-chloroadenosine (2-CA) and anti-
CD4 mAb. Third, we assessed whether macrophages and
CD4" cells contribute to repeated intratracheal adminis-
tration of IL-33-induced airway inflammation and
remodelling in normal mice by conducting analyses using
2-CA and anti-CD4 mAb.

Materials and methods

Animals

Male 7-week-old BALB/c mice were obtained from Japan
SLC (Hamamatsu, Japan). These mice were maintained
in a temperature-controlled environment with free access
to standard rodent chow and water. All of the experi-
mental procedures were approved by the Experimental
Animal Research Committee at Kobe Pharmaceutical
University.

OVA-specific IgE mAb

The OVA-specific IgE mAb (OE-1) was derived from a
B-cell hybridoma producing murine IgE, as described
previously.””*® The hybridoma was grown in CELLine
CL1000 with BD-Cell-MAb medium (BD Biosciences,
San Diego, CA) supplemented with 20% heat-inactivated
fetal bovine serum, 1% L-glutamine and 1% penicillin—
streptomycin. Levels of OE-1 in culture supernatants of
hybridoma were assayed by ELISA; OE-1 was detected
using plates coated with anti-mouse IgE antibody and
by adding biotin-labelled anti-mouse IgE antibody. Alka-
line phosphate anti-biotin was added, and then the plate
was developed with p-nitrophenyl phosphate, and mea-
surements were made at 405 nm using a microplate
reader. OE-1 levels were calculated by comparison with
mouse IgE standards (Southern Biotech, Birmingham,
AL).

Passive sensitization with specific IgE mAb

Passive sensitization with OE-1 was performed with mod-
ification of the protocol described previously.”” As shown
in Fig. 1(a), BALB/c mice were passively sensitized with
repeated intraperitoneal injections of a hybridoma super-
natant containing OE-1 (100 pg/mouse) on days 0, 1 and
2. Non-sensitized mice were injected with a culture super-
natant of the parental myeloma cell line. Both the sensi-
tized and non-sensitized mice were challenged on days 1,
2, 3, 8 9, 10 and 15 under anaesthesia with escain
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Figure 1. Changes in interleukin-33 (IL-33) production, airway inflammation and airway remodelling after repeated antigen challenges in IgE-

sensitized mice. (a) Experimental protocol for sensitization with OE-1 and challenge with antigen in BALB/c mice. (b) Levels of IL-33 in lung
homogenate supernatants 24 hr after the seventh challenge in non-sensitized-challenged [NS-C (7th)] and before the fourth [OE-1 (4th before)]
or 24 hr after the fourth [OE-1 (4th)] and seventh [OE-1 (7th)] challenges in mice sensitized with OE-1. (c¢) Changes in inflammatory cell num-
bers in bronchoalveolar lavage fluid in NS-C (7th), OE-1 (4th) and OE-1 (7th) groups. (d—g) Changes in airway inflammation (d), goblet cell
hyperplasia (e), sub-epithelial fibrosis (f) and smooth muscle cell hypertrophy (g) in NS-C (7th) (i) and OE-1 (7th) (ii) groups. Bar = 100 pum.
(h) Changes in airway inflammation (i), epithelial area (ii), PAS" area (iii), fibrosis area (iv), total collagen (v) and o-SMA™ area (vi) in NS-C

(7th), OE-1 (4th) and OE-1 (7th) groups. Results shown are from one experiment representative of two independent trials. Each value is the
mean = SEM of six or seven animals. *P < 0-05 and **P < 0-01 compared with the NS-C (7th) group. P < 0-05 and P < 0-01 compared with
the S-C (4th) group. &&P < 0-01 compared with the OE-1 (4th before) group. Total, all cells; Mac, macrophages; Lym, lymphocytes; Neu, neu-

trophils; Eos, eosinophils.

(Mylan, Osaka,

Japan) with

1%

OVA (grade
Sigma-Aldrich, St Louis, MO) in a volume of 20 ul by in-
tratracheal administration as reported previously.
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Additionally, we have reported that purified OE-1 also
induced allergic airway inflammation by repeated antigen

challenges.”®
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Treatment with neutralizing antibodies against IL-33, 2-CA (1-5 mm) has been reported to cause a specific
ST2 and CD4, and 2-CA reduction in alveolar macrophages, but not other cells, in
30,31

asthmatic mice. Furthermore, we confirmed that
treatment with 2-CA (4 mm, 20 ul/mouse) 6 hr after the
fourth administration of OVA to mice actively sensitized
with OVA + alum significantly reduced the number of
macrophages in bronchoalveolar lavage fluid (BALF)
24 hr after the antigen challenge, but not other cells
(lymphocytes, neutrophils and eosinophils).

A cell line producing rat IgG2b mAbs, which recognizes

As shown in Fig. 2(a) or 3(a), on days 8, 9, 10 and 15, a
dose (5 pg/mouse) of anti-IL-33 mAb (MAB3626; R&D
Systems, Minneapolis, MN) or anti-ST2 polyclonal anti-
body (pAb) (AF1004; R&D Systems) was administered in-
tratracheally 30 min before each of the challenges to mice
sensitized with OE-1, and control mice were given the
same amount of rat IgG2a (R&D Systems) or goat IgG
(R&D Systems), respectively. A dose of anti-IL-33 mAb

. .. the murine CD4 molecule (YTS191.1.2), was kindly pro-
or anti-S12 pAl.) has been reported to St gmﬁca.ntly reduce vided by Prof. David D. Chaplin (University of Alabama
the late-phase inflammatory response in passive cutane-

... a9 at Birmingham, Birmingham, AL). Anti-CD4 mAb was
ous anaphylaxis in mice. . . . 32.33
. produced and purified as described previously.”””” On
As shown Fig. 4(e), to deplete macrophages, 4 mm . . S
. o0 . day 7, purified anti-CD4 mAD or rat IgG2b (eBioscience,
2-CA (Sigma-Aldrich) in a volume of 20 ul by intratrac- . . . .
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Figure 2. Effect of anti-interleukin-33 monoclonal antibody (IL-33 mAb) on airway inflammation and remodelling after the seventh antigen chal-
lenge in IgE-sensitized mice. (a) Experimental protocol for treatment with anti-IL-33 mAb. Anti-IL-33 mAb was intratracheally administered on
days 8, 9, 10 and 15 [OE-1 (7th) + anti-IL-33]. Negative and positive controls were non-sensitized-challenged [NS-C (7th)] and OE-1-sensitized-
challenged, control rat IgG2a mAb-treated [OE-1 (7th) + rat IgG2a] mice, respectively. (b) Effect of treatment with anti-IL-33 mAb on inflam-
matory cell number in bronchoalveolar lavage fluid 24 hr after the seventh challenge. (c) Effect of treatment with anti-IL-33 mAb on increased
levels of IL-4 (i), IL-5 (ii) and IL-13 (iii) in the lung tissue supernatant 24 hr after the seventh challenge. (d) Effect of treatment with anti-IL-33
mAD on airway inflammation (i), epithelial area (ii), PAS" area (iii), fibrosis area (iv), total collagen (v) and «-SMA" area (vi) 24 hr after the
seventh challenge. Results shown are from one experiment representative of two independent trials. Each value is the mean = SEM of six to eight
animals. **P < 0-01 compared with the NS-C (7th) group. #P < 0-05 and ##P < 0-01 compared with the OE-1 (7th) + rat IgG2a group. Total,
all cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.
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Figure 3. Effect of anti-ST2 polyclnoal antibody (pAb) on airway inflammation and remodelling after the seventh antigen challenge in IgE-sensi-
tized mice. (a) Experimental protocol for treatment with anti-ST2 pAb. Anti-ST2 pAb was intratracheally administered on days 8, 9, 10 and 15
[OE-1 (7th) + anti-ST2]. Negative and positive controls were non-sensitized-challenged [NS-C (7th)] and OE-1-sensitized-challenged, control
goat IgG-treated [OE-1 (7th) + goat IgG] mice, respectively. (b) Effect of treatment with anti-ST2 pAb on inflammatory cell number in bronc-
hoalveolar lavage fluid 24 hr after the seventh challenge. (c) Effect of treatment with anti-ST2 pAb on increased levels of interleukin-4 (IL-4) (i),
IL-5 (ii) and IL-13 (iii) in the lung tissue supernatant 24 hr after the seventh challenge. (d) Effect of treatment with anti-ST2 pAb on airway
inflammation (i), epithelial area (ii), PAS" area (iii), fibrosis area (iv), total collagen (v) and o-SMA™ area (vi) 24 hr after the seventh challenge.
Results shown are from one experiment representative of two independent trials. Each value is the mean 4+ SEM of five to eight animals.
#P < 0-05 and ##P < 0-01 compared with the OE-1 (7th) + goat IgG group. Total, all cells; Mac, macrophages; Lym, lymphocytes; Neu, neu-

trophils; Eos, eosinophils.

CD4 mAD 18 hr before the first administration of antigen
to mice actively sensitized with OVA + alum significantly
reduced the number of CD4" cells in BALF, peripheral
blood and spleen at the fourth challenge.’>*?

Analysis of cells recovered by BAL

To evaluate airway cellular inflammation, we examined
the accumulation of inflammatory cells in BALF as
detailed previously.”® Animals were killed with diethyl
ether. The trachea was cannulated and the left bronchi
were tied for histological examination. The right air
lumen was washed twice with 0-5 ml Hanks’ balanced salt
solution containing 2% heat-inactivated fetal bovine
serum. The cell pellet was suspended with a defined vol-
ume (200 ul/sample) of Hanks’ balanced salt solution.
The total leucocyte count in the lavage fluid was deter-
mined by staining with Turk’s solution. For differential

© 2013 Blackwell Publishing Ltd, Immunology, 139, 205-218

cell counts, BAL cells were stained with Diff-Quik solu-
tion (Sysmex International Reagents, Kobe, Japan).

Histological study

Left lungs were fixed in 10% neutral-buffered formalin,
then dissected, embedded in paraffin, and cut 4-um
thick. Sections were stained with haematoxylin & eosin
(H&E), periodic acid-Schiff (PAS), and Masson’s tri-
chrome.

Two to four specimens of the stained histological
preparations of the left lobe (the total length of the epi-
thelial basement membrane of the bronchioles was 1-0—
2:5 mm) were photographed, and then the epithelial
area (H&E), PAS" area (PAS), and sub-epithelial fibrotic
area beneath the basement membrane at 20 um depth
(Masson’s trichrome) were measured using IMAGE J (ver-
sion 1-42; NIH, Bethesda, MD). The mean scores (,umz/
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Figure 4. Effect of 2-chloroadenosine (2-CA) on interleukin-33 (IL-33) production in the lungs after the seventh antigen challenge in IgE-sensi-
tized mice. (a) (A) Representative dot plots depicting the percentages of alveolar macrophages (F4/80" CD11c") and IL-33" alveolar macrophages
(F4/80" CD11c* IL-33") in the lungs 24 hr after the fourth challenge in non-sensitized [NS-C (4th)] (i) and IgE-sensitized mice [OE-1 (4th)]
(ii). (B) Changes in the number of alveolar macrophages (F4/80" CD11c" cells) (i) and IL-33" alveolar macrophages (ii) in the lungs. (b) Repre-
sentative dot plots depicting the percentage of F4/80" CD11c" ST2" in the lungs 24 hr after the fourth challenge in NS-C (4th) (i) and OE-1
(4th) (ii) groups. Changes in the number of F4/80" CD11c" ST2" in the lungs (iii). (c) Representative dot plots depicting the percentage of F4/
80" CD11c" CD206" in the lungs 24 hr after the fourth challenge in NS-C (4th) (i) and OE-1 (4th) (ii) groups. Changes in the number of F4/
80" CD11c" CD206" in the lungs (iii). (d) Representative dot plots depicting the percentage of CD3" CD4" ST2" in the lungs 24 hr after the
fourth challenge in NS-C (4th) (i) and OE-1 (4th) (ii) groups. Changes in the number of CD3" CD4" ST2" in the lungs (iii). (¢) Experimental
protocol for treatment with 2-CA or anti-CD4 mAb. 2-CA was intratracheally administered on days 7, 8, 9 and 14 [OE-1 (7th) + 2-CA]. Anti-
CD4 monoclonal antibody (mAb) was intraperitoneally administered on day 7 [OE-1 (7th) + anti-CD4]. Negative and positive controls were
non-sensitized-challenged [NS-C (7th)] and OE-1-sensitized-challenged, vehicle or control rat IgG2b-treated [OE-1 (7th)] mice, respectively.
(f) Effects of 2-CA (i) and anti-CD4 mAbD (ii) on IL-33 production in lung homogenate supernatants 24 hr after the seventh challenge. Results
shown are from one experiment representative of two independent trials. Each value is the mean + SEM of four to seven animals. *P < 0-05
and **P < 0-01 compared with the NS-C (4th) group. #P < 0-05 and ##P < 0-01 compared with the OE-1 (7th) group.

um) of the areas divided by basement membrane length The degree of airway inflammation was analysed as
in two to four preparations of one mouse were calcu- follows: Each section was evaluated for inflammation
lated, and then the mean scores were calculated in each (H&E) on a scale of 0—4 with increments of 0-5 by a
group. blinded observer.
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Immunohistochemistry

Sections of left lungs fixed in 10% neutral-buffered for-
malin were used for immunohistochemistry. Endogenous
peroxidase was blocked with 3% H,0, in water for
30 min. After blocking non-specific binding with diluted
normal rabbit serum in PBS for 20 min, the sections
were incubated for 1 hr at room temperature with bioti-
nylated anti-x-SMA mAb (clone 1A4; LifeSpan Bio-
Sciences, Seattle, WA). The slides were stained with
streptavidin-horseradish peroxidase, and the colour was
developed using the diaminobenzidine substrate kit for
peroxidase (Vector Laboratories, Burlingame, CA).
Counterstaining was performed using Mayer’s haemat-
oxylin. As a negative control, biotinylated mouse IgG2a
(Cedarlane Laboratories, Burlington, NC) was used. As
described above, the mean scores (um?/um) were calcu-
lated in each group.

Measurement of cytokines and total collagen in lung tis-
sue supernatants

The frozen right lobe (after BAL) was homogenized in
1 ml T-PER (Thermo Scientific, Rockford, IL) containing
a Complete Mini Protease Inhibitor Cocktail tablet
(Roche, Mannheim, Germany; 1 tablet/10 ml T-PER
stock reagent). Lung homogenates were centrifuged at
9000 g for 10 min at 4°. The levels of IL-4, IL-5, IL-13
(R&D Systems) and IL-33 (BioLegend, San Diego, CA) in
supernatants of lung homogenates were measured using
quantitative colorimetric sandwich ELISA Kkits.

The total collagen content in supernatants of lung ho-
mogenates was determined using the Sircol Collagen
Assay kit (Biocolor, Carrickfergus, UK) according to the
manufacturer’s protocols.

Flow cytometry analysis

The whole lung was isolated, cut into 1-mm’ pieces in
digestion buffer [RPMI-1640 containing 150 U/ml colla-
genase (WAKO, Osaka, Japan), 30 pg/ml DNase I
(Sigma-Aldrich) and 10 mm HEPES] and incubated at
37° for 1 hr. The resulting single-cell suspension was
washed by centrifugation with PBS supplemented with
2% fetal bovine serum, and cell numbers were deter-
mined using staining with trypan blue after treatment
with ACK lysis buffer to remove erythrocytes.

Leucocytes recovered from collagenase/DNase I-
digested lung tissue were incubated with anti-mouse
FcyRII/IIT mAb (clone 2.4G2; BD Biosciences) to block
the binding of subsequent antibodies to FcyRII/III fol-
lowed by phycoerythrin (PE)- or fluorescein isothiocya-
nate (FITC)- labelled anti-CD1lc mAb, PE-Cy5-labelled
anti-F4/80 mAb, FITC-labelled anti-CD3 mAb, FITC-
labelled anti-CD206 mAb (all from BioLegend), PE-Cy5-
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labelled anti-mouse CD4 mAb (BD Biosciences), or PE-
labelled anti-ST2 mADb (R&D Systems) in different com-
binations. After washing, the stained cells were fixed
with 4% paraformaldehyde and then analysed using
FACSCalibur (BD Biosciences) and CELL QUEST software
(version 3-3; BD Biosciences). In addition, to detect IL-
33" alveolar macrophages 24 hr after the fourth chal-
lenge, after staining with PE-Cy5-labelled anti-F4/80
mAb and FITC-labelled anti-CD11c mAb, the cells were
fixed with 4% paraformaldehyde, made permeable with
saponin, and stained with PE-labelled anti-IL-33 mAb
(R&D Systems). Alveolar macrophages were sorted based
on their expression of F4/80 and CD1lc as shown in a
previous report.””> Furthermore, M2 (alternative) alveolar
macrophages were characterized by the expressions of
ST2.%°

Changes in airway inflammation and remodelling in
response to IL-33

As shown in Figs 7(a) and 8(a), IL-33 (R&D Systems)
in solution (200 ng/mouse) was intratracheally adminis-
tered to normal mice on days 0, 1, 2 and 7. We
assessed the effects of the depletion of macrophages and
CD4" cells on the accumulation of inflammatory cells
in BALF and airway remodelling 24 hr after the last in-
tratracheal instillation of IL-33 (on day 8). As shown in
Fig. 7(a), to deplete macrophages, 4 mm of 2-CA in a
volume of 20 ul by intratracheal administration was
administered 18 hr before the first to fourth instillations
of IL-33 (on day —1, 0, 1, and 6). Furthermore, anti-
CD4 mAb (0-6 mg/mouse) was intraperitoneally admin-
istered 18 hr before the first instillation of IL-33
(on day —1) (Fig. 8a).

Statistical analyses

Data are shown as the mean + SEM. Statistical analyses
between the two groups were performed using Student’s
t-test (two-tailed). To compare more than two groups,
Dunnett’s test was used after conducting one-way analysis
of variance. A probability value of P < 0-05 was consid-
ered significant.

Results

Changes in IL-33 production, airway inflammation,
and airway remodelling after seven repeated antigen
challenges in IgE-sensitized mice

First, to investigate the role of IL-33 in the development
of IgE-mediated airway inflammation and remodelling,
we assessed whether the production of IL-33 was
increased in IgE-sensitized mice. The production of IL-33
in the lung tissue supernatants before the fourth challenge
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and 24 hr after the fourth and seventh challenges in IgE-
sensitized mice was significantly increased in comparison
with that in non-sensitized mice; additionally, IL-33 pro-
duction 24 hr after the fourth and seventh challenges was
significantly increased in comparison with that before the
fourth challenge (Fig. 1b).

We investigated the changes in infiltration by inflam-
matory cells in BALF and airway remodelling in the lungs
of IgE-sensitized mice. Infiltration by inflammatory cells
such as macrophages, lymphocytes and neutrophils in
BALF, but not eosinophils, was observed 24 hr after the
fourth challenge; furthermore, infiltration by eosinophils
was recognized 24 hr after the seventh challenge, although
infiltration by macrophages, lymphocytes and neutrophils
did not further increase (Fig. 1c). As defined by histologi-
cal analysis using H&E staining, airway inflammation at
the seventh challenge was higher than that at the fourth
challenge (Fig. 1d,h). In addition to airway inflammation,
we examined changes in airway remodelling. Epithelial
cell hyperplasia (epithelial area), goblet cell hyperplasia
(PAS"' area), the increase of total collagen, and smooth
muscle cell hypertrophy (2-SMA™ area) in lungs were
significantly observed at the fourth challenge; these
responses further increased at the seventh challenge
(Fig. 1d-f,h). Additionally, sub-epithelial fibrosis (fibrosis
area) was recognized at the seventh challenge, although it
was not significantly observed at the fourth challenge

(Fig. 1g,h).

Effects of anti-IL-33 mAb or anti-ST2 pAb on airway
inflammation and remodelling after the seventh
antigen challenge in IgE-sensitized mice

In this IgE-sensitized model, IL-33 production in the
lungs was strongly increased during the fourth to seventh
challenges. Therefore, we assessed by pathological analysis
using anti-IL-33 mAb whether IL-33/ST2 responses dur-
ing the fourth to seventh challenges contribute to the
development of IgE-mediated airway inflammation and
remodelling. Treatment with anti-IL-33 mAb during the
fourth to seventh challenges inhibited eosinophil and
neutrophil accumulations in BALF at the seventh chal-
lenge (Fig. 2b). Additionally, IL-5 and IL-13 production
in the lung tissue supernatants, but not IL-4, were
suppressed (Fig. 2c). Meanwhile, airway inflammation
(H&E) and airway remodelling, such as epithelial cell
hyperplasia (epithelial area), goblet cell hyperplasia (PAS*
area), sub-epithelial fibrosis (fibrosis area), the increase
of total collagen, and smooth muscle cell hypertrophy
(2-SMA™ area) in the lung, were significantly suppressed
by the treatment (Fig. 2d).

Subsequently, we examined the effects of anti-ST2 pAb
on airway inflammation and remodelling in IgE-sensitized
mice. Treatment with anti-ST2 pAb inhibited eosinophil
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and neutrophil accumulations in BALF (Fig. 3b). Further-
more, the amounts of IL-5 and IL-13 in the lung tissue
supernatants were decreased, but not IL-4 production
(Fig. 3¢). Additionally, airway remodelling was inhibited
by the treatment (Fig. 3d); hence, anti-ST2 pAb had simi-
lar effects to anti-IL-33 mAb.

Effect of 2-CA on the increased production of IL-33
in lungs of IgE-sensitized mice

In IgE-sensitized mice, IL-33 contributed to the develop-
ment of IgE-mediated airway inflammation and remodel-
ling; furthermore, IL-33 production and infiltration by
alveolar macrophages were significantly observed in the
lungs at the fourth challenge. Based on these data, we
hypothesized that alveolar macrophages may produce
IL-33 in the lungs; therefore, we examined whether an
increased number of IL-33" alveolar macrophages was
observed. There were increases in the percentages and
the absolute numbers of alveolar macrophages (F4/80"
CD11c¢") and IL-33" alveolar macrophages 24 hr after the
fourth challenge in comparison with those in non-sensi-
tized mice (Fig. 4a). Furthermore, the depletion of mac-
rophages by treatment with 2-CA inhibited the increased
production of IL-33 in the lung, but not anti-CD4 mAb
(Fig. 4f).

Furthermore, in IgE-sensitized mice, the percentages
and the absolute numbers of M2 macrophages (F4/80"
CDI11c" ST2") and ST2" CD4" T cells (CD3" CD4"
ST2") cells were increased in comparison with non-sen-
sitized challenged mice (Fig. 4b,d). Additionally, when
lung cells were stained with CD206/mannose receptor
instead of ST2 as a surface marker of M2 macrophages,
an increased percentage and number of F4/80"
CD11c" CD206" cells in the lungs of IgE-sensitized
mice were also observed (Fig. 4c).

Effects of 2-CA on airway inflammation and
remodelling after the seventh antigen challenge in
IgE-sensitized mice

The results shown in Fig. 4 indicate that alveolar
macrophages were major sources of IL-33 production;
therefore, we hypothesized that macrophages may lead
to the development of airway inflammation and
remodelling at the seventh challenge. As expected, the
depletion of macrophages inhibited eosinophil and neu-
trophil accumulation in BALF at the seventh challenge
(Fig. 5a). Additionally, IL-5 and IL-13 production in
the lung tissue supernatants, but not IL-4 production,
was significantly suppressed (Fig. 5b). Meanwhile, air-
way inflammation (H&E) and airway remodelling, such
as epithelial cell hyperplasia (epithelial area), goblet cell
hyperplasia (PAS" area), sub-epithelial fibrosis (fibrosis

© 2013 Blackwell Publishing Ltd, Immunology, 139, 205-218
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Figure 5. Effect of 2-chloroadenosine (2-CA) on airway inflammation and remodelling after the seventh antigen challenge in IgE-sensitized mice.
(a) Effect of treatment with 2-CA on inflammatory cell number in bronchoalveolar lavage fluid 24 hr after the seventh challenge. (b) Effect of
treatment with 2-CA on increased levels of interleukin-4 (IL-4) (i), IL-5 (ii) and IL-13 (iii) in the lung tissue supernatant 24 hr after the seventh
challenge. (c) Effect of treatment with 2-CA on airway inflammation (i), epithelial area (ii), PAS" area (iii), fibrosis area (iv), total collagen (v)
and o-SMA" area (vi) 24 hr after the seventh challenge. Results shown are from one experiment representative of two independent trials. Each
value is the mean £ SEM of six or seven animals. #P < 0-05 and ##P < 0-01 compared with the OE-1 (7th) + vehicle group. Total, all cells;
Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.

area), the increase of total collagen, and smooth muscle
cell hypertrophy (-SMA" area) in the lungs, were sig-
nificantly suppressed by the treatment (Fig. 5c).

Effects of anti-CD4 mAb on airway inflammation and
remodelling after the seventh antigen challenge in
IgE-sensitized mice

We have reported that CD4" cells are important for the
induction of allergic responses, such as eosinophilic
inflammation in a murine model of asthma®*>® and, in
this study, an increase of CD4" cells expressing ST2 was
observed at the fourth challenge; therefore, we examined
whether CD4" cells contributed to the development of
IgE-mediated airway inflammation and remodelling dur-
ing the fourth to seventh challenges. Similar to the treat-
ment with anti-IL-33 mAb, treatment with anti-CD4
mAb inhibited airway inflammation (H&E) in the lungs,
and eosinophil and neutrophil accumulations in BALF
(Fig. 6a,c). Furthermore, the production of IL-5 and IL-
13 in the lung tissue supernatants, but not IL-4 produc-
tion, was decreased (Fig. 6b).

Meanwhile, suppression of airway remodelling, such as
epithelial cell hyperplasia (epithelial area), goblet cell
hyperplasia (PAS" area), sub-epithelial fibrosis (fibrosis
area), and smooth muscle cell hyperplasia (2-SMA™ area),
by the treatment was not significantly observed, although

© 2013 Blackwell Publishing Ltd, Immunology, 139, 205-218

the increase of total collagen in the lungs was inhibited
(Fig. 6¢).

Effects of 2-CA and anti-CD4 mAb on IL-33-induced
airway inflammation and remodelling in mice

Next, we investigated whether IL-33-induced airway
inflammation and remodelling in normal mice were
mediated by the activation of macrophages and CD4"
cells. When macrophages or CD4" cells were depleted by
treatment with 2-CA or anti-CD4 mAb, respectively,
both treatments significantly reduced airway inflamma-
tion (H&E) in the lungs and infiltration by macrophages,
lymphocytes, neutrophils and eosinophils in BALF
(Figs 7b,d and 8b,d). Furthermore, treatment with 2-CA
inhibited airway remodelling, such as epithelial cell
hyperplasia (epithelial area), goblet cell hyperplasia (PAS*
area), sub-epithelial fibrosis (fibrosis area), the increase
in total collagen in the lungs, and smooth muscle cell
hyperplasia («-SMA" area) (Fig. 7d); however, anti-CD4
mAb failed to inhibit airway remodelling, although the
increase in total collagen in the lungs was suppressed
(Fig. 8d). Additionally, the increased levels of IL-5 and
IL-13 in the lung tissue supernatants caused by IL-33
were inhibited by both treatments; however, anti-CD4
mAb, but not 2-CA, inhibited the production of IL-4
(Figs 7c and 8c).
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Figure 6. Effect of anti-CD4 monoclonal antibody (mAb) on airway inflammation and remodelling after the seventh antigen challenge in IgE-
sensitized mice. (a) Effect of treatment with anti-CD4 mAb on inflammatory cell number in bronchoalveolar lavage fluid 24 hr after the seventh
challenge. (b) Effect of treatment with anti-CD4 mADb on increased levels of interleukin-4 (IL-4) (i), IL-5 (ii) and IL-13 (iii) in the lung tissue
supernatant 24 hr after the seventh challenge. (c) Effect of treatment with anti-CD4 mAb on airway inflammation (i), epithelial area (ii), PAS"
area (iii), fibrosis area (iv), total collagen (v) and «-SMA™" area (vi) 24 hr after the seventh challenge. Results shown are from one experiment
representative of two independent trials. Each value is the mean + SEM of five to seven animals. #P < 0-05 and ##P < 0-01 compared with the

OE-1 (7th) + rat IgG2b group. Total, all cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.

Discussion

Allergen-specific IgE plays a critical role in the pathogene-
sis of allergic asthma; however, the precise mechanisms
underlying the development of IgE-mediated chronic
allergic asthma remain unclear. In this study, we focused
on the role of IL-33 and alveolar macrophages in the
development of airway inflammation and remodelling by
repeated antigen challenges in mice sensitized with aller-
gen-specific Igf mAb. The seventh antigen challenge
induced the exacerbation of airway inflammation and
remodelling in comparison with the fourth challenge; fur-
thermore, increased expression of IL-33 in the lungs was
strongly observed at the fourth and seventh challenges.
These findings prompted us to examine the effect of anti-
IL-33 mAb or anti-ST2 pAb during the fourth to seventh
challenges. The treatment reduced infiltrations of neu-
trophils and eosinophils in BALF and airway remodelling
at the seventh challenge. Additionally, increased levels of
IL-33" and ST2" alveolar macrophages in the lungs at the
fourth challenge were observed; furthermore, the deple-
tion of macrophages by treatment with 2-CA during the
fourth to seventh challenges significantly repressed the
production of IL-33 in the lungs as well as these
responses at the seventh challenge. Meanwhile, intratrac-
heal administration of IL-33 induced airway inflamma-
tion and remodelling via activation of macrophages in
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normal mice. These results clearly show that IL-33 and
macrophages play critical roles in the exacerbation of
IgE-mediated airway inflammation and remodelling.

The production of IL-33 was strongly increased in the
lungs 24 hr after the fourth and seventh administrations
of antigen to IgE-sensitized mice compared with these
before the fourth challenge (Fig. 1), suggesting that the
first three challenges elicited changes that conditioned the
high production of IL-33 after the fourth challenge in
IgE-sensitized mice. Indeed, infiltration by macrophages
in the lungs was significantly observed at the fourth chal-
lenge (Fig. 1); furthermore, the number of IL-33" alveolar
macrophages in the lungs was increased (Fig. 4). Based
on these data, we hypothesized that further increased pro-
duction of IL-33 in the lungs after the fourth challenge
could be derived from alveolar macrophages. As expected,
the depletion of macrophages by treatment with 2-CA
reduced the increased production of IL-33 in the lungs
24 hr after the seventh challenge in the lungs of IgE-sen-
sitized mice (Fig. 4), indicating that alveolar macrophages
were regarded as major sources of IL-33 production dur-
ing the fourth to seventh challenges. Treatments with not
only anti-IL-33 mAb but also 2-CA suppressed the devel-
opment of airway inflammation and remodelling at the
seventh challenge (Figs 2 and 5). Hence, alveolar macro-
phage-derived IL-33 was critical for the development of
these IgE-mediated responses.
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Figure 7. Effect of 2-chloroadenosine (2-CA) on interleukin-33 (IL-33) -induced airway inflammation and remodelling in mice. (a) Experimental
protocol for treatment with 2-chloroadenosine (2CA). The 2-CA was intratracheally administered on days —1, 0, 1 and 6 (IL-33 + 2-CA).
Negative and positive controls were vehicle-administered (vehicle) and IL-33-administered, vehicle-treated (IL-33 + vehicle) mice, respectively.
(b) Effect of treatment with 2-CA on inflammatory cell number in bronchoalveolar lavage fluid 24 hr after the last administration of IL-33. (c)
Effect of treatment with 2-CA on increased levels of IL-4 (i), IL-5 (ii) and IL-13 (iii) in the lung tissue supernatant 24 hr after the last adminis-
tration. (d) Effect of treatment with 2-CA on airway inflammation (i), epithelial area (ii), PAS" area (iii), fibrosis area (iv), total collagen (v) and
o-SMA™ area (vi) 24 hr after the last administration of IL-33. Results shown are from one experiment representative of two independent trials.
Each value is the mean & SEM of six animals. **P < 0-01 compared with the vehicle group. #P < 0-05 and ##P < 0-01 compared with the
IL-33 + vehicle group. Total, all cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.

It has been reported that ST2 receptors are expressed Alternatively activated (M2) macrophages are polarized
on inflammatory cells such as Th2 cells,”’ >® and in IgE- by cytokines IL-4 and/or IL-13 and thereby mirror the
sensitized mice, the number of CD4" T cells expressing Th2 polarization of T cells.**™ Furthermore, repeated
ST2 was increased in the lungs at the fourth challenge intranasal administration of IL-33 in normal mice induces
(Fig. 4); therefore, we investigated the roles of CD4" T differentiation of alveolar macrophages toward M2 mac-
cells in IgE-mediated airway inflammation. The infiltra- rophages, which show increased expressions of ST2 and
tion of eosinophils and production of Th2 cytokines such CD206." In IgE-sensitized mice, we found that the num-
as IL-5 and IL-13 were suppressed by treatment with ber of M2 macrophages (F4/80" CD11c" ST2" and F4/
anti-CD4 mAD in IgE-sensitized mice, and the inhibitory 80" CD11c" CD206") in the lungs was increased at the
effects were similar to those of anti-IL-33 mAb (Figs 2 fourth challenge (Fig. 4). In our previous’”*® and present
and 6). Additionally, the treatment showed the inhibition studies, the production of IL-4, IL-13 and IL-33 in the
of IL-33-induced infiltration by eosinophils associated lungs was observed until at least 24 hr after the fourth
with the reduction of Th2 cytokine production (Fig. 8), challenge, suggesting that M2 macrophages may be polar-
indicating that IL-33 induced eosinophil accumulation via ized by these cytokines produced during the first to
Th2 cytokines produced by activation of CD4" T cells in fourth challenges in IgE-sensitized mice. Meanwhile, it
IgE-sensitized mice. On the other hand, it has been has been reported that M2 macrophages enhance the
reported that ST2 was expressed on eosinophils,” indicat- secretion of Th2 cytokines from CD4" T cells.** In IgE-
ing that IL-33 directly induces the migration of eosinoph- sensitized and IL-33-treated mice, the depletion of macro-
ils, owing to their expression of ST2. phages suppressed infiltration by eosinophils and Th2
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Figure 8. Effect of anti-CD4 monoclonal antibody (mAb) on interleukin-33 (IL-33) -induced airway inflammation and remodelling in mice.
(a) Experimental protocol for treatment with anti-CD4 mAb. Anti-CD4 mAb was intraperitoneally administered on day -1 (IL-33 + anti-CD4).
Negative and positive controls were vehicle-administered (vehicle) and IL-33-administered, control rat IgG2b-treated (IL-33 + rat IgG2b) mice,
respectively. (b) Effect of treatment with anti-CD4 mAb on inflammatory cell number in bronchoalveolar lavage fluid 24 hr after the last admin-
istration of IL-33. (c) Effect of treatment with anti-CD4 mAb on increased levels of IL-4 (i), IL-5 (ii) and IL-13 (iii) in the lung tissue superna-
tant 24 hr after the last administration. (d) Effect of treatment with anti-CD4 mAb on airway inflammation (i), epithelial area (ii), PAS" area
(iii), fibrosis area (iv), total collagen (v) and x-SMA™ area (vi) 24 hr after the last administration of IL-33. Results shown are from one experi-
ment representative of two independent trials. Each value is the mean £+ SEM of six animals. #P < 0-05 and ##P < 0-01 compared with the
IL-33 + rat IgG2b group. Total, all cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.

cytokines such as IL-5 and IL-13 (Figs 5 and 7), suggest- mast cells and/or basophils during the fourth to seventh
ing that IL-33 may stimulate CD4" T lymphocytes to challenges in IgE-sensitized mice.
secrete these Th2 cytokines, which contribute to eosino- Airway remodelling, including goblet cell hyperplasia,
phil accumulation, through the activation of M2 macro- sub-epithelial fibrosis, and smooth muscle cell hypertro-
phages in IgE-sensitized mice; furthermore, M2 phy, are characteristic features of severe and chronic
macrophages themselves secrete IL-13,* indicating that asthma.®’ As demonstrated in our previous®” and present
M2 macrophage-derived IL-13 may induce infiltration by studies, IgE mediated the development of airway remod-
eosinophils. elling. Treatment with anti-CD4 mAb at the fourth chal-
Meanwhile, treatment with anti-CD4 mAb did not lenge did not inhibit airway remodelling at the seventh
inhibit IL-4 production at the seventh challenge in IgE- challenge in IgE-sensitized mice, although the treatment
sensitized mice (Fig. 6). This may be related to the timing significantly inhibited airway inflammation (Fig. 6). Pre-
of administration of the mAb, which was administered at vious findings®®*”*® from studies with protocols that
the fourth challenge in IgE-sensitized mice, because we have depleted CD4" cells at the time of the first challenge
have reported that treatment with anti-CD4 mAb at the showed the reduction in both airway remodelling and
first challenge inhibited the production of IL-4 at the inflammation. Hence, the timing of CD4 depletion is crit-
fourth challenge in IgE-sensitized mice.*' It has been ical to the development of remodelling, suggesting that
reported that mast cells and/or basophils as well as Th2 CD4" cells are required for initiation, but not progression
cells are potential cellular sources of IL-4 after an antigen or maintenance of airway remodelling. On the other
challenge in sensitized mice,*® suggesting that the increase hand, treatments with anti-IL-33 mAb and 2-CA (deple-
in IL-4 level might be closely linked to the increase in tion of macrophages) during the fourth to seventh
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challenges suppressed the exacerbation of airway remodel-
ling at the seventh challenge in IgE-sensitized mice
(Figs 2 and 5); furthermore, IL-33-induced airway
remodelling was inhibited by the depletion of macrophag-
es (Fig. 7). Hence, after initiation of the remodelling pro-
cess, which requires CD4" cells, mechanisms associated
with IL-33 and macrophages are necessary for the exacer-
bation of airway remodelling in IgE-sensitized mice.
Additionally, M2 macrophages promote wound healing
and fibrosis through the production of matrix metallo-
proteinase 12, tissue inhibitor of metalloproteinase 1,
growth factors including platelet-derived growth factor,
and cytokines such as transforming growth factor-f;,*
indicating that IL-33 may contribute to the exacerbation
of airway remodelling via these M2 macrophage-derived
molecules in IgE-sensitized mice.

It has been reported that IL-13 contributes to the
development of airway remodelling®; however, although
treatment with anti-CD4 mAD inhibited IL-13 production
in IgE-sensitized and IL-33-treated mice, inhibitory effects
on airway remodelling were not observed (Figs 6 and 8),
suggesting that IL-13 may not be related to the exacerba-
tion of airway remodelling. Meanwhile, experimental
studies using IL-5 and eotaxin over-expressing transgenic
mice have shown that eosinophils can elicit many of the
hallmark pathologies of allergic diseases, including airway
remodelling’’; however, additional investigations of
mouse models examining the requirement of eosinophils
in the development of airway remodelling indirectly by
interfering with IL-5 function have yielded disparate
results.’>*>>* In the present study, although treatment
with anti-CD4 mAb suppressed the infiltration of eosin-
ophils, the inhibition of airway remodelling was not rec-
ognized in IgE-sensitized and IL-33-treated mice (Figs 6
and 8). Hence, it is suggested that airway remodelling
occurs independently of infiltration by eosinophils in IgE-
sensitized mice; however, treatment with anti-CD4 mAb
inhibited the increase of total collagen in the lungs of
IgE-sensitized and IL-33-treated mice (Figs 6 and 8);
additionally, treatment inhibited lung parenchymal fibro-
sis as well as airway inflammation, indicating that the
inhibition of total collagen in the lungs may be related to
the suppression of lung parenchymal fibrosis; therefore,
IL-13 and eosinophils may contribute to the development
of lung parenchymal fibrosis in IgE-sensitized mice.

In conclusion, we demonstrated that (i) IgE mediates
the increased levels of IL-33" and ST2" alveolar macro-
phages and ST2" CD4" T cells in the lungs, (ii) macro-
phage-derived IL-33 plays an essential role in the
development of IgE-mediated airway inflammation and
remodelling, and (iii) IL-33 contributes to the develop-
ment of airway inflammation by mechanisms associated
with macrophages, and CD4" T cells, and airway remod-
elling via the activation of macrophages. These findings
suggest that IL-33 and alveolar macrophages contribute
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to the mechanisms underlying the exacerbation of IgE-
mediated airway inflaimmation and remodelling and so
provide new insights into the underlying pathogenesis of
chronic allergic asthma and a potential therapeutic strat-
egy for the disease.
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