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Abstract

Background: Anti-interleukin-33 (anti-IL-33) and anti-Siglec-F antibodies have potent anti-allergic 
effects on murine allergic asthma and rhinitis and induce eosinophil apoptosis.

Objective: We aimed to determine whether post-sensitization with anti-IL-33/anti-Siglec-F treat-
ments exhibited more potent effects compared to individual treatments in a murine allergic asthma 
model.

Material and methods: Twenty-five BALB/c mice were separated into five groups (n = 5): 
Group A  (control), Group B (ovalbumin [OVA] challenge), Group C (OVA + anti-IL-33), 
Group D (OVA + anti-Siglec-F), and Group E (OVA + anti-IL-33 + anti-Siglec-F). Serum to-
tal/OVA-specific IgE, bronchoalveolar lavage (BAL) inflammatory cells and cytokines (IL-4 
and IL-5), histopathological lung properties, and airway hyperreactivity were compared.

Results: Ovalbumin challenge induced strong immune and inflammatory responses with > 6-fold 
IgE level increases; 10- to 25-fold BAL eosinophil, neutrophil, and lymphocyte count increases; and 
> 1.5-fold IL-4 and IL-5 level increases (p < 0.05). Whereas anti-IL-33 reduced neutrophil counts, 
anti-Siglec-F and anti-IL-33/anti-Siglec-F reduced both eosinophil and neutrophil counts (p < 0.05). 
Individual treatments reduced OVA-mediated bronchiolar infiltration by 50% (p <0.05). Ovalbumin 
challenge increased airway hyperreactivity by 4-fold (Group B; 2000.0 ±671.8% increase in Penh) 
compared to controls (Group A; 445.7 ±33.5% increase in Penh) (p = 0.016). The anti-IL-33 (Group C: 
1579.4 ±973.6% increase in Penh) and anti-Siglec-F (Group D: 930.4 ±236.5%) groups demonstrated 
significantly reduced hyperreactivity (p = 0.029). Anti-IL-33/anti-Siglec-F therapy showed synergism 
towards neutrophil counts, IL-5 concentrations, bronchial infiltration, and hyperreactivity (p < 0.05).

Conclusions: Combination treatment with anti-IL-33/anti-Siglec-F had more potent anti-allergic ef-
fects, reducing eosinophilic infiltration through their additive effects in a murine allergic asthma model.
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Introduction
Asthma is a major health concern worldwide and is 

characterized by chronic inflammation of the lower airway. 
About half of all asthma cases are known to be associated 
with predominant eosinophilic infiltration, namely allergic 
asthma [1]. Eosinophils play a role in inducing bronchoc-
onstriction, airway mucus hypersecretion, Th2 polariza-
tion, and airway remodelling [2, 3].

As current treatment regimens containing traditional 
medications have been unsuccessful in controlling allergic 

asthma, there is a growing interest in antibody therapies 
targeting cell surface receptors stimulating mast cell and 
eosinophil responses and survival [4]. Interleukin (IL)-33, 
a member of the IL-1 superfamily, is involved in a variety 
of allergic responses such as prolonged survival of eosin-
ophils and mast cells, increases in histamine release from 
mast cells, and increases in several Th2 cytokines such as 
IL-4, IL-5, and IL-13 [5, 6]. In a murine model of allergic 
asthma, it was proven that an IL-33 blockade decreased 
eosinophilic infiltration, airway hyperreactivity, and Th2 
cytokines [5, 7-10]. The anti-allergic effect of anti-IL-33 
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antibody has been identified in a murine model of allergic 
asthma and rhinitis [11, 12].

Siglecs (sialic acid-binding immunoglobulin-like lec-
tins) are cell surface receptors with extracellular and cyto-
plasmic domains [13]. When a sialic acid-containing ligand 
binds to the extracellular domain of a Siglec, the immuno-
receptor tyrosine-based inhibitory motif (ITIM) in the cyto-
plasmic domain exerts its own function [13]. Whereas hu-
man eosinophils are known to selectively express Siglec-8, 
murine eosinophils have Siglec-F. Siglec-8 and Siglec-F are 
known as functional paralogs, since they both induce eosin-
ophil apoptosis upon activation [14, 15]. Results of earlier 
studies, such as the increased apoptosis of human eosino-
phils after incubation with Siglec-8 and marked eosinophilia 
in Siglec-F knockout mice, imply that human Siglec-8 and 
murine Siglec-F have important roles in the development of 
allergic diseases [16, 17]. We investigated the therapeutic 
effect of anti-Siglec-F antibody in a murine model of aller-
gic rhinitis through the induction of eosinophilic apoptosis 
[18]. A previous study demonstrated anti-allergic effects, 
such as a decreased number of nose-scratching events, less 
infiltration of eosinophils into the nasal mucosa, and a sig-
nificant decrease of Th2 cytokines after an intraperitoneal 
injection of anti-Siglec-F antibody.

In previous studies of animal models, it was proven 
that anti-IL-33 and anti-Siglec-F antibodies had potent an-
ti-allergic effects (they significantly reduced the number of 
nose-scratching behaviours, Th2 cytokines in bronchoalve-
olar lavage fluid, and demonstrated significantly less eo-
sinophilic infiltration) through inhibition of several allergic 
mechanisms. As these antibodies all work on eosinophils to 
induce apoptosis, a combination regimen using these two 
antibodies concurrently could have a much more powerful 
anti-allergic effect. However, no study has examined the 
anti-allergic effect of such a combination treatment to date.

Therefore, we aimed to evaluate the effect of an an-
ti-IL-33/anti-Siglec-F combination treatment in a murine 
model of allergic asthma compared to single treatments 
using each antibody by evaluating: (1) the serum total and 
ovalbumin (OVA)-specific IgE, (2) the numbers of differ-
ential inflammatory cells such as eosinophils, neutrophils, 
and lymphocytes in bronchoalveolar lavage (BAL) fluid, 
(3) the histopathologic properties of the lung tissue, (4) the 
degree of airway hyperreactivity, and (5) the titres of Th2 
cytokines such as IL-4 and IL-5 in BAL fluid.

Material and methods

Animals

Twenty-five female BALB/c mice were purchased 
from Orient Bio (Seongnam, Korea). All mice were 8-10 
weeks of age and free from murine-specific pathogens. 
They were raised in a controlled environment with regu-
lar 12 h light/dark cycles and unrestricted food and water. 

Throughout the experimental period, all mice were provid-
ed OVA-free food. All mice used in this study were han-
dled according to a protocol approved by the Institutional 
Animal Care and Use Committee of the Inha University 
(INHA 130404-201).

Systemic sensitization and intranasal challenge

A sensitization and intranasal challenge for the induction 
of allergic asthma was performed as per a previous protocol 
with a slight modification [11, 12, 19]. Under pathogen-free 
conditions, OVA (40 μg/kg, Sigma-Aldrich, St. Louis, MO, 
USA), diluted in sterile normal saline along with aluminium 
hydroxide gel (alum adjuvant, 40 mg/kg), was injected by 
an intraperitoneal route on days 1, 5, 14, and 21. Following 
these 4 intraperitoneal injections, daily intranasal challenges 
were performed from day 22 through day 35, with OVA 
diluted in sterile normal saline (20 μl of 25 mg/ml OVA 
per mouse).

The antibody treatments used anti-mouse IL-33 anti-
body (R&D Systems, Minneapolis, MN, USA) and mouse 
anti-Siglec-F antibody (Monoclonal Rat IgG2A clone no. 
238047; R&D Systems, Minneapolis, MN, USA). In initial 
studies, an immunization protocol was designed to optimize 
antibody responses in animal models [11-13, 18]. We in-
jected antibodies before each intraperitoneal sensitization 
and intranasal OVA challenge (a total of 18 injections). In 
the present study, we adopted a protocol that better reflects 
the clinical treatment of allergic asthmatic patients already 
sensitized to allergens. Intraperitoneal antibody injections 
were only performed before intranasal instillations, with-
out blocking the systemic sensitization process. Anti-IL-33 
antibody was injected 30 min before each intranasal OVA 
challenge (from day 22 through day 35, 3.6 μg/mouse each 
time). An anti-Siglec-F injection was performed 1 h before 
each intranasal challenge on days 22, 24, 26, 28, 32, 34, 
and 35 (10 μg/mouse each time) [13]. For the combination 
treatment, anti-IL-33 antibody (3.6 μg/mouse, 30 min before 
each intranasal OVA challenge) and an anti-Siglec-F injec-
tion (1 h before each intranasal challenge on days 22, 24, 26, 
28, 32, 34, and 35; 10 μg/mouse) were both administered.

The 25 mice were separated into five groups. In Group A 
(control group, n = 5), the mice were sensitized and chal-
lenged with normal saline only. Mice in Group B (OVA 
challenge group, n = 5) received intraperitoneal and intra-
nasal OVA challenges for the induction of allergic asthma. 
Group C (anti-IL-33 treatment group, n = 5) and Group D 
(anti-Siglec-F group, n = 5) received a therapeutic antibody 
injection (anti-IL-33 or anti-Siglec-F antibody respectively) 
before intranasal OVA challenge according to the dose and 
schedule. Finally, in Group E (combined treatment group, 
n = 5), mice received both anti-IL-33 and anti-Siglec-F an-
tibody treatments.
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Serum and bronchoalveolar lavage fluid 
collection

Twenty-four hours after the last intranasal OVA chal-
lenge, serum and BAL fluid were collected. We used an 
aortic puncture technique for collecting serum. Bronchoal-
veolar lavage fluid was harvested by intra-tracheal lavage 
with normal saline (approximately 4 ml) [12].

Histopathology

The lung tissues were fixed in a 10% formalin solution 
for 3 weeks. Then, they were embedded in paraffin using 
standard methods. Four-μm-thick sections were stained 
with haematoxylin and eosin (H&E) to detect cellular in-
filtration. The number of infiltrated cells around a single 
bronchiole was counted in 10 random high-power fields 
(400×), by 2 impartial examiners who were totally una-
ware of the aims of this study.

Measurement of airway hyperreactivity

We evaluated airway hyperreactivity according to 
a previously described method 24 h after the last intrana-
sal OVA challenge [20, 21]. Mice were placed in a ple-
thysmography chamber (All Medicus, Seoul, Korea) and 
baseline readings were acquired and averaged over 3 min. 
Aerosolized methacholine (0-50 mg/ml) was nebulized for 
3 min through the inlet of the main chamber. Readings 
were then taken and averaged over 3 min after each nebu-
lization. Penh, determined as ((expiratory time)/(relaxa-
tion time – 1)) × ((peak expiratory flow)/(peak inspiratory 
flow)), according to the manufacturer’s protocol, is used 
as a measure of airway hyperreactivity to methacholine. 
Results are expressed as the percentage increase after chal-

lenge for each concentration of methacholine (baseline 
Penh after saline challenge is expressed as 100%). 

Enzyme-linked immunosorbent assays (ELISA)

Serum titres of total and OVA-specific IgE were evalu-
ated by ELISA according to previously described methods 
[22]. Total IgE was measured and compared with a mouse 
IgE standard (BD PharMingen, San Diego, CA, USA). We 
used optical density (OD) at 450 nm instead of calculating 
the concentration using a standard solution. 

The levels of IL-4 and IL-5 were measured using individual 
ELISA kits (Biosource, Camarillo, CA, USA) as per the man-
ufacturer’s instructions and compared with known standards. 

Statistical analyses

The data are expressed as the median and range. All sta-
tistical analyses were conducted with SPSS version 19.0 soft-
ware (SPSS, Chicago, IL, USA). We used the Kruskal-Wallis 
test and Mann-Whitney U test for comparisons of serum total 
and OVA-specific IgE levels, number of eosinophils, neutro-
phils, and lymphocytes in BAL fluid, and the number of in-
flammatory cells per bronchiole between the groups. P values 
< 0.05 were considered statistically significant.

Results

Serum total and ovalbumin-specific 
immunoglobulin E

Ovalbumin challenge induced an approximately 6-fold 
increase in serum total IgE levels (Fig. 1A) and an approx-
imately 10-fold increase in serum OVA-specific IgE levels 
(Fig. 1B) in Group B (OVA challenge) compared to Group A 

Fig. 1. Serum (A) total IgE and (B) OVA-specific IgE. Group A: control group, Group B: ovalbumin-induced allergic 
group, Group C: allergic group + treatment with anti-IL-33 antibody, Group D: allergic group + treatment with anti-Si-
glec-F antibody, and Group E: allergic group + combination treatment with both anti-IL-33 and anti-Siglec-F antibody 
(Kruskal-Wallis test and Mann-Whitney U test; **significant difference with Group A, p < 0.01)
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(control) (p < 0.01). In contrast, none of the antibody treat-
ments significantly reduced the total or OVA-specific IgE 
levels compared to Group B.

Number of eosinophils, neutrophils,  
and lymphocytes in BAL fluid

Ovalbumin challenge induced robust inflammatory and 
immune responses characterized by an approximately 25-fold 
increase in eosinophil counts (Fig. 2A), an approximately  
20-fold increase in neutrophil counts (Fig. 2B), and a 10-fold 
increase in lymphocyte counts (Fig. 2C) in BAL fluid (Group 
B vs. Group A; p < 0.05). The anti-IL-33 antibody treatment 
(Group C) reduced neutrophil counts, whereas anti-Siglec-F 

antibodies (Group D) reduced both eosinophil and neutrophil 
counts compared to Group B (p < 0.05). The combined treat-
ment (Group E) only showed additivity towards neutrophil 
counts (Groups C and D, p = 0.029 and 0.031, respectively). 

Histopathology

A histological examination indicated that the bron-
chioles of OVA-challenged animals (Group B) showed 
significantly more inflammatory cell infiltration than 
those of control animals (Group A) (Fig. 3A). Both 
the single anti-IL-33 (Group C) and single anti-Si-
glec-F (Group D) antibody treatments significantly 
reduced cellular infiltration induced by OVA. Fur-

Fig. 2. Number of A) eosinophils, B) neutrophils, and C) lymphocytes in bronchoalveolar lavage fluid. Group A: con-
trol group, Group B: ovalbumin-induced allergic group, Group C: allergic group + treatment with anti-IL-33 antibody, 
Group D: allergic group + treatment with anti-Siglec-F antibody, and Group E: allergic group + combination treatment 
with both anti-IL-33 and anti-Siglec-F antibody (Kruskal-Wallis test and Mann-Whitney U test; *p < 0.05, **significant 
difference with Group A, p < 0.01)
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thermore, anti-IL-33/anti-Siglec-F combination ther-
apy (Group E) was more efficient than either single 
antibody treatment in reducing inflammatory cell infil-
trations (p < 0.05). The impact of the various treatments 
on the number of eosinophils per bronchiole (Fig. 3B) 
was consistent with the data obtained from the BAL flu-
id (Fig. 2A). The single antibody treatments suppressed 

OVA-mediated eosinophil infiltration by ~50%, whereas 
the anti-IL-33/anti-Siglec-F therapy returned eosinophil 
counts to the control levels demonstrated by Group A. 

Airway hyperreactivity

Plethysmograph analysis showed that OVA challenge 
enhanced airway hyperreactivity to 50 mg/ml methacholine 
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Fig. 3. A) A histopathologic examination of the lungs. Group A: control group, Group B: ovalbumin-induced allergic 
group, Group C: allergic group + treatment with anti-IL-33 antibody, Group D: allergic group + treatment with anti-Si-
glec-F antibody, and Group E: allergic group + combination treatment with both anti-IL-33 and anti-Siglec-F antibody 
(H&E stain, 200×). B) Comparison of the number of eosinophils (per bronchiole) (Kruskal-Wallis test and Mann-Whitney 
U test; *p < 0.05, **significant difference with Group A, p < 0.01)
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by 4-fold (Group B; 2000.0 ±671.8% increase in Penh) 
compared to control values (Group A; 445.7 ±33.5% in-
crease in Penh) (Fig. 4; p = 0.016). A single antibody treat-
ment with anti-IL-33 (Group C: 1579.4 ±973.6% increase 
in Penh) or anti-Siglec-F (Group D: 930.4 ±236.5%) sig-
nificantly reduced the effects of OVA (p = 0.029). In con-
trast, anti-IL-33/anti-Siglec-F treatment (Group E) restored 
normal hyperreactivity (463.2 ±65.9%, p = 0.029).

Cytokine analysis of the BAL fluid indicated that the 
OVA challenge raised IL-4 and IL-5 concentrations by 
3-fold and 1.5-fold, respectively (Fig. 5). The antibody 
treatments did not affect their concentrations, except for 
the anti-IL-33/anti-Siglec-F combination, which reduced 
IL-5 concentrations to control levels.

Discussion
The development of antibody-based therapies is gain-

ing popularity for the treatment of poorly controlled aller-
gic asthma. The potential of anti-IL-33 and anti-Siglec-F 
antibodies targeting mast cells and eosinophils was previ-
ously demonstrated [11, 12, 23]. The present study shows 
that anti-IL-33/anti-Siglec-F combination therapy exerts 
a more potent effect on several aspects of allergic asthma, 
namely BAL neutrophils and IL-5, bronchial eosinophilic 
infiltrations, and airway hyperreactivity.

As anti-IL-33 and anti-Siglec-F both target eosino-
phils to enhance their apoptosis, we hypothesized that 
combination treatment using these antibodies could have 
a more potent anti-allergic effect. Compared to the sin-
gle treatment groups (Groups C and D), the combination 

Fig. 5. The titres of A) IL-4 and B) IL-5 in bronchoalveolar lavage fluid. Group A: control group, Group B: ovalbumin-in-
duced allergic group, Group C: allergic group + treatment with anti-IL-33 antibody, Group D: allergic group + treatment 
with anti-Siglec-F antibody, and Group E: allergic group + combination treatment with both anti-IL-33 and anti-Siglec-F 
antibody (Kruskal-Wallis test and Mann-Whitney U test; *p < 0.05, **significant difference with Group A, p < 0.01)
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treatment using both antibodies induced a much greater 
decrease in inflammatory cell infiltration, especially that of 
eosinophils. Therefore, the mechanism of the more potent 
anti-allergic effect of the combination regimen is through 
its additive effects in inducing apoptosis of eosinophils. 
Cytokine analysis of the BAL fluid revealed that the titre 
of IL-5 was significantly more decreased to nearly normal 
levels after combination treatment, which was not the case 
for IL-4. The impact of combination therapy on IL-5 is 
consistent with the key role of this cytokine in the dif-
ferentiation, activation, and survival of eosinophils. The 
IL-5-eosinophil axis is a major pathway in allergic inflam-
mation [24]. In contrast, the IL-4/IL-13 pathway promotes 
mucus hypersecretion and airway remodelling [25].

The impact of antibodies on BAL neutrophil counts 
requires further mention, because it was quite unexpected. 
After combination treatment, Group E showed a greater 
decrease in neutrophils in BAL fluid compared to the sin-
gle-treatment groups. This finding is an important subject 
because it raises issues about the specificity of anti-Si-
glec-F antibodies (in other words, whether anti-Siglec-F 
antibody could bind to another kind of Siglec receptor on 
the cellular membrane of neutrophils to induce its apopto-
sis). For example, Siglec-9 identified on neutrophils reduc-
es neutrophil recruitment to the lungs [26]. More studies 
are needed to evaluate this possibility of cross-linking and 
could yield more relevant findings.

Evaluating the degree of airway hyperreactivity, Group 
C showed decreased Penh compared to Group B (although 
without statistical significance). In fact, intact IL-33 re-
leased from damaged bronchial epithelial cells plays an 
important role in the development of airway hyperreac-
tivity by increasing IL-4 and IL-13 [27]. Group D showed 
a significant decrease in Penh compared to Group B. 
Through the combination regimen, Group E showed 
a much greater decrease in airway hyperreactivity com-
pared to Group C and Group D, nearly reaching the values 
observed in Group A (control group). This is the first study 
to confirm the anti-allergic effect of combination treatment 
by proving both histopathologic and functional improve-
ments.

Ideally, we should include a null treatment group, 
which uses irrelevant and isotype-matched antibody be-
fore each intranasal OVA instillation. Although the dosage 
and dosing schedule of both antibodies are not too high 
and have already been accepted as the relevant proto-
col in previous studies [11-13], we should keep in mind 
that therapeutic antibodies themselves could cause vari-
ous unpredictable effects, ranging from protein delivery 
to antibody-specific effects such as immune response to 
a rat antibody to serum sickness. Furthermore, antibodies 
bound to a cell surface, such as anti-Siglec-F, can cause 
antibody-dependent cell-mediated cytotoxicity, comple-
ment-mediated cell lysis, and/or sequestration in spleen. 
And these many unpredictable effects could be another 

possible explanation for therapeutic effects of antibody 
treatment. To rule out these effects, more studies about 
the mechanism of these therapeutic antibodies should be 
performed in the nearby future. 

Eosinophils play a protective role against some bac-
terial, viral, and parasitic infections [28-30]. The releases 
of several cytotoxic molecules such as eosinophilic cat-
ionic protein, major basic protein, and eosinophil-derived 
neurotoxin are important in providing antibacterial and 
anti-helminth immunity [31]. Therefore, one would worry 
about the increased chance of infection from a depletion of 
eosinophils. However, prior studies investigating anti-eo-
sinophilic agents such as anti-IL-5 reported reasonable 
tolerance [32].

In conclusion, combination treatment with anti-IL-33/
anti-Siglec-F antibodies showed more potent anti-allergic 
effects and a greater decrease in airway hyperreactivity 
compared to single treatments through their additive ef-
fects in reducing eosinophilic infiltration in a murine mod-
el of allergic asthma.
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