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Introduction

Asthma is a severe inflammatory airway disease, and its 
pathological mechanisms haven’t been sufficiently understood. 
Recently accumulated data indicated that interleukin (IL)-33 
played an important role in allergic airway inflammation. A 
genome-wide association study has identified that polymorphism 
of IL-33 gene is associated to susceptibility of asthma.1 
Elevated IL-33 level was detected in the patients with severe 
asthma.2In animal models, administration of IL-33 induced 
airway hyperresponsiveness and goblet cell hyperplasia in the 
lungs,3 exacerbated eosinophil-mediated airway inflammation,4 
and amplified the polarization of alternatively activated 
macrophages that contribute to airway inflammation5; on the 
other hand, ovalbumin (OVA)-treated ST2-deficient mice 
showed a significant reduction of airway resistance in response 
to methacholine stimulation,6 moreover, delivery of soluble 
ST2 or anti-IL-33 antibody attenuated OVA-induced allergic 

inflammation in mice.7,8 It is thought that allergen-induced 
responses of Th2 cells and their cytokines and related adaptive 
immunity are main factors contributing to the development of 
allergic asthma, and IL-33 acts its pathological effects through 
provoking Th2-like immune responses. Recently, some other 
cell types responding to IL-33 stimulation are found involved 
in the asthma pathogenesis. For examples, IL-13-producing 
type 2 innate lymphoid cells (ILCs) expanded promptly upon 
IL-33 stimulation and caused airway contraction, and the ILCs-
mediated airway hyperreactivity is independent of adaptive 
immunity responses.9 Furthermore, TNF-α upregulated IL-33 
expression in cultured airway smooth muscle cells isolated from 
severe asthma patients,2 and IL-33 promotes airway remodeling 
in pediatric patients with severe steroid-resistant asthma,10 
indicating a possible important role of IL-33 in refractory asthma. 
Taken together, accumulated data strongly suggest that IL-33 is a 
new potential target for treatment of asthma.

Anti-cytokine vaccine is emerging as a new and promising 
approach in the treatment of disorders characterized by 
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We sought to develop an IL-33 vaccine and evaluate its efficacy in a mouse model of asthma. The full-length molecules 
of putative mature IL-33 were inserted into the immunodominant epitope region of hepatitis B core antigen using gene 
recombination techniques. The expressed chimeric protein presented as virus-like particles (VLPs) under observation 
using an electron microscopy. To investigate immunization characteristics of the VLPs, mice were immunized by using 
different doses, adjuvants, and routes. The VLPs induced sustained and high titers of IL-33-specific IgG and Iga even 
without the use of a conventional adjuvant, and the lowered ratio of IgG1/IgG2a in vaccinated mice indicated a shift from 
Th2 to Th1-like responses. To assess the vaccine effects on blocking the signaling of IL-33/sT2 pathway, mice receiving 3 
vaccinations subjected to intraperitoneal sensitization and intranasal challenge with ovalbumin (OVa). control animals 
received carrier or PBs in place of the vaccine. Immunization with the VLPs significantly suppressed inflammatory cell 
number and IL-33 level in BaLF. OVa -induced goblet cell hyperplasia and lung tissue inflammatory cell infiltration were 
significantly suppressed in vaccinated mice. Our data indicate that IL-33 molecule-based vaccine, which may block IL-33/
sT2 signaling pathway on a persistent basis, holds potential for treatment of asthma and, by extension, other diseases 
where overexpressed IL-33 plays a pivotal role in pathogenesis.
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maladaptive immunoregulatory responses, such as allergic 
and autoimmune diseases.11 Vaccines targeting a variety of 
cytokines, such as TNF-α,12 IL-13,13 IL-9,14 IL-1β,15 and IL-17,16 
have proven to be significantly effective in animal models 
of a variety of human diseases. The vaccine strategy may 
prevail over monoclonal antibodies on some features, such as, 

providing persistent intervening effects with 
only several doses of immunization which 
provides distinct convenience to treatment 
of chronic diseases. Hepatitis B virus core 
antigen (HBcAg), which has a capability of 
assembling efficiently into virus-like particles 
(VLPs) in E.coli cells, has shown to be highly 
immunogenic and broadly used as a powerful 
vaccine carrier for interested antigens.17 In 
the current study, we sought to develop a 
highly efficient VLPs vaccine with full-
length molecules of mature IL-33 presenting 
on the surface, and using a mouse model of 
asthma, to evaluate its efficacy of suppressing 
IL-33 pathological roles and its potentials in 
treatment of asthma.

Results

Recombinant chimeric protein HBcAg-
33 was efficiently expressed and assembled 
into VLPs

The recombinant chimeric protein HBcAg-
33 was expressed efficiently in E. coli cells 
analyzed by SDS-PAGE, and the expected band 
was recognized specifically by commercially 
derived polyclonal anti-IL-33 antibody in 
immunoblotting (Fig. 1B). Analyzed by 
SDS-PAGE, vaccine HBcAg-33 and carrier 
HBcAg had an identical pattern on optiprep 
gradient ultracentrifugation (only HBcAg-
33 was shown in Fig. 1C), i.e., both of the 
recombinant proteins presented mostly in the 
collected fractions 9 to 14, whereas most of the 
bacterial proteins even with larger molecular 
weight in SDS-PAGE appeared in fractions 1 to 
10, which indicated that HBcAg-33 assembled 
into VLPs similar to that of HBcAg. The VLPs 
structure was further identified with electron 
microphotographic techniques (Fig. 1D). The 
difference between the 2 VLPs was observed: 
the surface of the vaccine VLPs is quite rough 
owing to mature IL-33 molecules with a length 
of 158 aa was inserted into HBcAg, whereas 
that of the carrier HBcAg VLPs is relatively 
smooth, as shown by the magnified inserts in 
Figure 1C.

In addition, there were both hollow and solid 
particles existing in prepared VLPs, probably 

attributing to inclusion or exclusion of possible components of 
cytoplasm such as RNA molecules in the particles.

IL33-specific antibody responses to immunization with 
IL-33 vaccine

We first tested the ability of the vaccine (HBcAg-33) 
VLPs alone or in the presence of adjuvant (Alum or complete/

Figure 1. expression and assembly of rhBcag-33. (A) The map of recombinant plasmid phB-
cag33. (B) sDs-PaGe analysis (left panel) and immunoblotting with anti-IL-33 (right panel) 
identification for the expression of chimeric protein hBcag-33; arrows point to recombinant 
hBcag-33. Lane 1: bacteria without induction; lane 2: bacteria after induction with IPTG . (C) 
samples from Optiprep gradient ultracentrifugation were analyzed by 12% sDs-PaGe. (D) 
Prepared VLPs were photographed using a transmission electron microscope (original mag-
nification is 30.0k×), and a bar representing 100 nm is shown. small panels present magni-
fied VLPs (magnification is about 60.0k×) showing the difference on the surface between the 
2 VLPs.
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incomplete Freund’s adjuvant, CFA/
IFA) to induce an IL-33-specific IgG 
response. Mice immunized with vaccine 
alone produced a strong IL-33-specific 
antibody response, and the titer was 
up to 25 6000 after the second booster 
(week 5) which is comparable to those 
induced by vaccine emulsified with the 
adjuvants tested in this study. In all 
vaccinated groups, specific antibodies 
sustained at a high level for at least 3 mo 
(Fig. 2A). Freund’s adjuvant group has 
higher and longer lasting response level, 
whereas Alum group seems decrease the 
most quickly in all the groups. There is 
no statistical difference for IgG titers 
found between groups except for at 
week 13 (P < 0.05).

The antibody responses elicited by 
immunization with the vaccine VLPs 
showed kind of but not strictly a dose-
dependent manner from 5 µg to 50 µg 
(Fig. 2B). Immunization of 5 µg or 
10 µg of VLPs induced an apparent 
production of specific IgG at a similar 
level, and 20 µg or 50 µg of VLPs elicited 
a significantly higher response after 
the second booster (week 5). Notably, 
20 µg of VLPs reached a similar 
level to that induced by 50 µg dose. 
Comparing different immunization 
routes, i.n. immunization induced 
both mucosal and systemic IgG and 
IgA responses, and the strength of 
serum IgG response was close to that 
produced by s.c. immunization at the 
same dose of 20 µg VLPs (Fig. 2C).

HBcAg-specific IgG
1
 and IgG

2a
 responses to immunization 

with IL-33 vaccine
HBcAg-specific IgG

1
 and IgG

2a
 responses were analyzed using 

ELISAs (Fig. 3A). Compared with the carrier, different doses of 
IL-33 vaccine showed a trend of increased IgG

2a
 levels but had no 

apparent effects on IgG
1
 levels. The ratios of IgG

1
/IgG

2a
 in vaccine 

group decreased significantly as compared with those in the carrier 
group, which indicated an increased Th1-like IgG responses.

We also investigated the effects on IgG
1
 and IgG

2a
 responses of 

intranasal (i.n.) immunization approach and also subcutaneous 
(s.c.) immunization approach with the use of different adjuvants. 
As shown in Figure 3B, all the groups receiving s.c. immunization 
with or without the adjuvants induced IgG

1
 response at a 

similar level, whereas immunization via i.n. approach decreased 
significantly IgG

1
 level. IgG

2a
 responses displayed different levels 

among the 4 groups, and the results showed that i.n immunized 
group and Freund’s adjuvant group produced the strongest IgG

2a
 

responses whereas Alum group got the lowest IgG
2a

 level. There 
was a statistical significance reached between i.n immunized 

group and the Alum group (P < 0.05). The ratio of IgG
1
/IgG

2a
 

in i.n. immunized group is significantly lower than those of s.c. 
immunized groups (P < 0.05).

Vaccine suppresses airway inflammation and mucus 
overproduction

Mice were administrated with vaccine, carrier or PBS, and 
subsequently sensitized/challenged with OVA as the protocol 
(Fig. 4A). Analysis of cytospin samples of Bronchoalveolar lavage 
fluid (BALF) showed that cells in BALF are mainly comprised 
of eosinophils, lymphocytes, monocytes, and neutrohpils. BALF 
eosinophilia was reduced significantly in vaccinated mice (n = 8) 
as compared with mice receiving carrier (n = 8) (P < 0.001) and 
mice receiving PBS (n = 12) (P < 0.01) (Fig. 4B). IL-33 levels in 
BALF in each group were analyzed using ELISA (Fig. 4C). The 
results showed that the mean level of IL-33 in the vaccinated s.c. 
groups (n = 8) were suppressed significantly when compared with 
that in either the carrier group (n = 8) (P < 0.01) or the PBS group 
(n = 8) (P < 0.01).

In formalin-fixed lungs, H&E staining was performed to 
assess tissue inflammation, which is a common manifestation 

Figure 2. IL33 specific antibody responses to immunization with IL-33 vaccine. (A) Vaccination with-
out the use of conventional adjuvants induces sustained and high titer of IL-33–specific IgG, which 
is similar to those induced with the use of adjuvants alum or Fa/IFa at week 5. subsequently, alum 
group showed a faster decrease than Fa/IFa group and VLPs alone group.*P < 0.05 for comparison 
with Fa/IFa group; #P < 0.05 for comparison with VLPs alone group (B) The antibody responses to dif-
ferent doses of vaccination.*P < 0.05 and **P < 0.01 for comparison with 5 µg group; #P < 0.05 for com-
parison with 10 µg group (C) Intranasal immunization induced specific Iga responses and a similiar 
IgG level to that of subcutaneous immunization. The serum dilutions are 1:50 and 1:1000 for Iga and 
IgG measurements, respectively. The statistical analyses were performed with unpaired student t test.
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of allergic airways responses. In control mice receiving 
carrier or PBS, there was evidence of obvious perivascular 
and peribronchial accumulation of inflammatory cells, 
which appeared to be mainly comprised of eosinophils 
and lymphocytes, as shown by the magnified insert of the 
representative photomicrograph (Fig. 4D). Notably, consistent 
with BALF cytology, H&E staining of lung sections confirmed 
that the accumulation of inflammatory cells in the airways 
was suppressed in mice that received IL-33 vaccine (Fig. 4D). 
Airway goblet-cell abundance was analyzed on PAS-stained 
slides. Representative images analysis (Fig. 4D) correlated well 
with lung tissue immune cell infiltration. In mice that received 

carrier or PBS, OVA challenges led to a marked 
increase in goblet cells hyperplasia. Mice that 
received IL-33 vaccine showed dramatically 
fewer goblet cells after allergen sensitization/
challenges. Semiquantitative analyses of goblet 
cells and tissue inflammation were performed 
in 4 mice in each group. The results further 
confirmed that IL-33 vaccine immunization 
significantly suppressed goblet cell hyperplasia 
and lung tissue inflammation (P < 0.05) 
(Fig. 4E).

Discussion

Innovative application of anti-cytokine 
vaccine concepts represents a promising 
approach to treatment of severe, often lifelong, 
chronic human diseases which dominated by 
maladaptive immunoregulatory responses. 
Although blocking only one molecule may 
be ineffective18,19 or insufficient to attain 
significant benefit in all clinical manifestations 
in all patients,20-22 the clinical experience 
provides proof of concept about the potential 
utility of targeting key molecule(s) for 
therapy.23

Several peptide epitopes from inflammatory 
cytokines which are key mediators in 
pathogenesis of asthma or inflammatory bowel 
diseases have been successfully presented onto 
the surface of HBcAg VLPs, and immunization 
with these VLPs ameliorated significantly the 
development of diseases manifests in animal 
models.13,24-26 However, linear epitopes may 
be not powerful enough to elicit efficient 
neutralizing antibodies (our unpublished data). 
Moreover, based on our previous experience, 
the assembling ability of HBcAg might be 
destroyed even if a short peptide is inserted, 
and sometimes even an amino acid alteration 
within the successfully inserted peptide would 
hamper the VLPs assembly (our unpublished 
data). It is worth mentioning, in this current 
study, full-length molecules of putative mature 

IL-33 were successfully presented on the HBcAg VLPs, which 
may be evidenced from that vaccine can induce IL-33 specific 
antibodies and vaccine VLPs present much rougher surface than 
carrier VLPs. The vaccine is believed to be highly immunogenic 
and potent due to simultaneously possess 2 key virtues of an 
optimal vaccine, i.e., the highly organized structure of VLPs 
and the presentation of target molecules showing native 
conformation. Our results encouragingly suggest that even 
a large molecule, which has important epitopes with three-
dimensional structure required, might be presented efficiently 
by HBcAg VLPs. We speculate that a chimeric protein with a 

Figure 3. hBcag –specific IgG1and IgG2a responses to immunization with IL-33 vaccine. (A) 
hBcag –specific IgG1 and IgG2a responses to different doses of IL-33 vaccine or carrier. (B) 
hBcag –specific IgG1 and IgG2a responses to intranasally (i.n.) or subcutaneously (s.c.) immu-
nized vaccine with or without the use of adjuvants. The serum dilution used for this assay 
is 1:1000. The P value was determined by unpaired student t test. *P < 0.05, **P < 0.01, ***P 
< 0.001.
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large target molecule inserted into HBcAg carrier might have 
chance to assemble into VLPs if the target molecule can be 
expressed alone as soluble form in E.coli cells,. Besides, both N 
and C-terminals of the target molecule locate naturally at the 
same side of the three-dimensional structure and are adjacent to 
each other, might also increase the possibility of VLPs assembly.

Considering a full-length molecule-based vaccine may 
theoretically have more chances to evoke cross-reactive antibodies 
against other self-proteins and cause autoimmune diseases than a 
peptide-based vaccine, a BLAST comparison was performed by 
using tools in NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.

cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_
LOC=blasthome). The result showed that there were no any 
other molecules with high homogeneity to IL-33 found. Although 
risks of causing autoreactivity cannot be excluded completely by 
this analysis, to some extent, it does increase benefits on safety of 
IL-33 full-length molecules-based vaccine.

The immunization characteristics of the VLPs vaccine were 
investigated in this study by using different vaccine doses, 
immunization routes, and immunization adjuvants. We found 
that the serum IgG intensity induced by i.n. immunization was 
close to that of s.c. immunization when the same vaccine dose 

Figure 4. Vaccine reduces allergen-induced airway inflammatory responses. (A) The protocol used for assessing vaccine efficacy in an asthma model. 
(B) Vaccine reduces BaLF eosinopilia; **P < 0.01; ***, P < 0.001. (C) Vaccine downregulates IL-33 accumulation in BaLF. *P < 0.05; **P < 0.01. (D) Vaccine 
suppresses lung inflammation and goblet-cell hyperplasia through histological analysis of the lung. Representative images were stained with hema-
toxylin and eosin (h&e) and periodic acid–schiff (Pas), respectively. arrows point to accumulated inflammatory cells, and arrowheads point to goblet 
cells within the respiratory epithelium. The inserts are powered magnifications showing respectively infiltrated inflammatory cells (mainly eosino-
phils and lymphcytes) or goblet cells. (E) semiquantitative analysis of histology. Peribronchiolar/perivascular accumulation of inflammatory cells was 
assessed using an indexed scale. Goblet-cell abundance was measured as the percentage of Pas-positive cells in the total airway epithelia of medium-
sized airways (90–150 mm in diameter). The data were expressed as score values. *P < 0.05. all the statistical analyses were performed with One-way 
aNOVa followed by Newman-Keuls multiple-comparisons test. Original magnification, ×200.
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was used. The observation indicates that i.n. administration of 
a VLPs vaccine is a viable approach when the establishment of 
a specific mucosal immune is important. We speculated that 
inflammatory cytokines accumulated on mucosal surface of 
airway may have significantly contributed to the development 
of allergen-induced allergic inflammatory responses. If i.n. 
immunization with vaccine evoked mucosal antibodies 
responses, it may add extra benefits to control airway allergic 
responses by directly neutralizing IL-33 accumulated on 
mucosal surface. However, we found that i.n. immunization 
caused infiltration of immune cells into BALF (data not 
shown), which may interfere with the assessment of vaccine 
efficacy on suppressing airway inflammation in an acute model 
like we used here. And thus, we chose to use s.c immunization. 
In this current study, there was not a strict dose-dependency of 
antibody responses found, and, the antibodies evoked by VLPs 
with Alum adjuvant decreased even faster than that induced 
by VLPs alone, both of which were kind of unexpected to us. 
The possible explanations might due to small numbers of mice 
used in the study, individual variation of mice, as well as the 
experimental operation variations.

Asthma is thought to be primarily driven by biased Th2 
inflammatory responses. In this report, we checked the response 
patterns of antibody subclass to carrier to reflect the type of 
immune responses to some extent. Analyzing the ratio of IgG

1
 

to IgG
2a

, we demonstrated that the reaction to the inserted IL-33 
molecules led to a change in the responses to HBcAg; the Th2-
biased responses were converted into more balanced levels of Th1 
and Th2 responses in the mice receiving IL- 33 vaccine. Different 
doses of the vaccine showed a similar change of IgG

1
/IgG

2a
 mainly 

by raising IgG
2a

 levels. As expected, Freund’s enhanced IgG
2a

 and 
Alum was on the contrary. The results are in consistent with the 
notion that IL-33 provokes Th2 responses. Interestingly, i.n. 
immunization produced a more profound effect on suppressing 
IgG

1
 and raising IgG

2a
 than s.c. immunization, indicating that 

i.n. administration of the vaccine might be a viable alternative 
when mucosal immune responses and a shift to Th1 responses 
are required.

Interleukin-33 is a key mediator in inducing airway and 
tissue eosinophilia which is a cardinal feature of allergic asthma. 
Eosinophils are thought to contribute substantially to airway 
remodeling,27,28 and also acute responses such as goblet cell 
hyperplasia.29 We performed total cell and eosinophil counts in 
BALF and histological examination of lung to detect the effects 
of IL-33 molecules-based vaccine on airway inflammation and 
mucus hyperplasia. Corresponding to suppressed IL-33 level 
in BALF, the accumulation of eosinophils in both the BALF 
and lung tissue were significantly reduced by vaccination, and 
we observed a dramatic suppression of OVA-induced mucous 
production, as indicated by reduced goblet cell number.

To be noticed, besides the possible pathogenic roles in 
many severe disorders like airway allergic inflammation, 
IL-33 has also other important effects depending on disease 
environments. For example, IL-33 acts as a key danger signal 

released by necrotic structural cells such as epithelial cells to 
alert immune system for developing immune responses30; IL-33 
is capable of activating mast cells to be sensors of cell injury31 
and probably play both beneficial and detrimental actions 
due to cause neutrophil influx32; IL-33 may attenuate clinical 
sepsis by modulating the expression Of CXCR2 and chemo-
taxis of neutrophils33; the application of anti-IL-33 antibodies 
attenuates intestinal mucositis and enhances effectiveness of 
tumor chemotherapy in mice.34 IL-33/ST2 signaling indicated 
as an important protective pathway in various Cardiovascular 
(CV) diseases35,36; IL-33 may have protective effects during 
atherosclerosis by inducing a Th1-to-Th2 switch of immune 
responses37; IL-33 presents protective effects in obesity and type 
2 diabetes through affecting lipid metabolism via an increased 
production of Th2 cytokines and a switching of macrophage 
polarization from M1 to M2 phenotype.38-40 Taken together, 
IL-33 might play beneficial or detrimental roles depending on 
disease microenvironment.

Neutralization of IL-33 may raise concerns about the lack 
of normal physiological functions provided by IL-33. Actually, 
this issue has been discussed in depth in recent reviews.41-43 First, 
the success application of monoclonal antibodies in clinic have 
proven that targeting to self proteins may be efficacy and safe; 
second, under normal conditions, cytokine release occurs within 
a so-called ‘immune synapse’ that requires intimate association of 
the cells involved. Previous studies indicate that auto-antibodies 
induced by vaccine had little impact at the ‘immune synapse,’ 
and appear only to neutralize excess cytokine that accumulates 
ectopically in the extracellular compartment; third, local tissues of 
disorders have more abundant blood backflow which bring much 
more auto-antibodies than normal tissues. Finally and maybe 
more importantly, accumulated data from clinical trials41-43 have 
shown that anti-self protein vaccines are well tolerated and safe 
in human. And thus, theoretical analyses and practical research 
data support that anti-cytokine vaccine are a safe and promising 
strategy, although caution is needed when a designated target 
molecule is concerned.

In summary, IL-33 is emerging as an important mediator 
in many severe human diseases. By using an acute asthma 
model, we demonstrated that a vaccine could efficiently 
suppress pathologic effects of IL-33. The results confirmed the 
proinflammatory roles of IL-33 in asthma and also indicated 
a promising strategy of suppressing IL-33 for the treatment of 
asthma and, by extension, other disorders in which elevated 
IL-33 are involved in the pathogenesis. However, safety and 
effectiveness of IL-33 vaccine still need further to be cautiously 
and adequately assessed in the future clinical trials. Furthermore, 
the vaccine was only assessed using a unnatural allergen OVA-
induced model of acute airway allergic inflammation. Further 
studies are urgently required for employing vaccine to clarify the 
IL-33 functions and roles in asthma pathogenesis under different 
diseases microenvironments, by using different allergens-induced 
models and especially chronic models with sustained airway 
inflammation and remodeling.
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Materials and Methods

Preparation of recombinant vaccine
Plasmid pHBcAg-33, which expressed a chimeric protein with 

putative mature IL-33 molecule inserted between amino acids 78 
and 79 of the immunodominant epitope of truncated HBcAg 
(1–149 amino acid, GenBank accession number: GQ377581), was 
constructed by gene recombinant methods (Fig. 1A). Briefly, gene 
encoding for truncated HBcAg was synthesized (Sangon Biotech, 
Ltd.) with a oligonucleotides linker containing BamH I and EcoR 
I recognization sequences engineered between codes for amino 
acids 78 and 79, and cloned into plasmid pThioHisA (Invitrogen) 
using endonuclease Nde I (TaKaRa Biotechnology Co., Ltd.) and 
PstI (TaKaRa Biotechnology Co., Ltd.). Consequently, plasmid 
pHBcAg was constructed, which expresses modified carrier 
protein HBcAg. And then, gene encoding for mature IL-33 
(GenBank accession number: AY905582)was inserted into the 
plasmid pHBcAg using previously introduced BamH I and EcoR 
I. Obtained recombinant plasmid pHBcAg-33 was identified 
and transformed into CaCl

2
-treated competent DH5α cells. The 

bacteria were induced with 1 mmol/l IPTG (Sangon Biotech, 
Ltd.) for 4 h at 25 °C. The expression of recombinant protein 
was analyzed and identified by 12% denaturing SDS-PAGE and 
immunoblotting with polyclonal anti-IL-33 antibody (Santa 
Cruz Biotechnology). Recombinant protein was purified using 
a procedure consists of ultrasonication lysis, precipitation with 
40% saturation ammonium sulfate, rinse with 20% saturation 
ammonium sulfate, ultracentrifugation with 27% to 39% 
optiprep (Sigma-Aldrich) density gradient and chromatography 
with Sepharose CL-4B (Sigma-Aldrich). Purified proteins were 
kept in –70 °C for the use of immunization. The presence of 
VLPs was confirmed using a transmission electron microscope.

Mice
Female BALB/c mice (6- to 8-wk-old) (SCXK [jing] 2012–

0001; 16–18 g), purchased from Vital River Laboratory Animal 
Technology Co. Ltd., were raised and maintained in the Central 
Animal Care Services of the Institute of Medical Biology, CAMS, 
and PUMC, under specific pathogen free (SPF) condition. All 
protocols of animal experiments were approved by the Animal 
Ethics Committee of Institute.

Protocols for immunization of mice
To test the VLPs’ immunogenicity, 3 groups of mice (n = 

4) were immunized subcutaneously (s.c.) with 20 μg vaccine 
(HBcAg-33) with aluminum adjuvant(Thermo Scientific), 
Freund’s adjuvants(Sigma-Aldrich), or without the use of any 
conventional adjuvant, respectively; and another group of mice (n 
= 4) was immunized s.c. with 20 μg carrier (HBcAg) as control. 
In order to determine appropriate immunization dose, 5 μg, 10 
μg, 20 μg, and 50 μg of vaccine were used to immunize s.c. mice 
without the use of any adjuvant, respectively. And another group 
of mice were immunized intranasally (i.n.) with 20 μg vaccine. 
The different doses of vaccine were prepared by diluting the 
same batch of purified VLPs, which guaranteed the increasing 
dose of vaccine correspond to a proportionally increasing 
immunologically active dose of IL-33. There were 4 mice in each 
group. The mice were immunized 3 times at 2 wk intervals. For 

the study of using Freund’s adjuvants, the VLPs were mixed with 
complete Freund’s adjuvant for primary immunization and with 
incomplete Freund’s adjuvant for booster immunizations.

Animal model of allergic airway inflammation and sample 
collection

Four groups of mice were included: (1) vaccine: immunized 
s.c. with 20 μg vaccine; (2) carrier: immunized s.c. with 20 
μg carrier; (3) control: injected with phosphate buffered saline 
(PBS, 0.02 mol/l with 0.15 mol/l NaCl, pH 7.4). All the groups 
were subjected to one intraperitoneal sensitization with 10 μg 
ovalbumin (OVA, grade IV; Sigma-Aldrich) and 2 mg Alum 
adjuvant mixed in 500 µl PBS and 3 continuous everyday i.n. 
challenges with 50 μg OVA in 40 µl PBS, following protein or 
PBS administration. One day after OVA challenge, mice were 
anaesthetized and blood samples were collected by cardiac 
puncture. In addition, lung lavage was collected with 1 mL cold 
PBS, flushing gently 3 times. The total cell numbers in BALF 
were counted using a hemocytometer. The supernatants after 
centrifugation were kept at –70 °C for cytokine measurements. 
The pellets were resuspended with PBS and then spinned 
onto glass slips for Wright’s-Giemsa stain (Nanjing JianCheng 
Technology Co., Ltd.) staining. The percentage of eosinophils 
was obtained by counting the numbers of eosinopjhlis and total 
cells with light microscope at 200× magnification. The number 
of eosinophils for each BALF sample was calculated by using the 
obtained percentage times the number of total cells.

Enzyme-linked immunosorbent assay (ELISA)
The IL-33 concentrations in BALF were detected with 

ELISA as described previously,13 using paired capture and 
biotinylated detection antibodies purchased from eBioscience, 
Inc. (eBioscience) and according to supplier’s instructions. 
Avidin–phosphatase system was used to develop the reaction. 
Measurements for antigen-specific IgA, IgG, IgG

1
, and IgG

2a
 

antibodies were performed successively by coating microplates 
with antigens:0.5 μg/mL of IL-33 (Peprotech) or HBcAg, 
adding serum or BALF samples, incubating with specific primary 
and alkaline phosphatase-conjugated secondary antibodies, and 
developing with alkaline phosphatase substrate. The volume 
of working solution is 100 μL in this assay. All the antibodies 
were purchased from eBioscience Inc., and the coated IL-33 was 
commercially derived from Peprotech Inc. The titer of antiserum 
was determined as the reciprocal of the highest dilution of 
the sample in which the OD

405
 value was twice of that of the 

corresponding control serum pooled from carrier immunized 
mice when its OD

405
 was around 0.10. A serum from vaccinated 

mice with titer determined was taken as the reference serum, and 
a standard curve was prepared with the 2-fold serially diluted 
reference serum and taking OD

405
 values as y-axis and titers as 

x-axis. The titers of serum samples were obtained by referring the 
standard curve by OD

405
 values.

Histological analyses
Left lungs were fixed in PBS-buffered formalin, and then 

embedded in paraffin and serially sectioned (5 mm) sagittally 
at the anterior–posterior midline. Specimens were stained with 
hematoxylin and eosin (H&E) to examine inflammation, and 
with periodic acid–Schiff (PAS) to detect mucus production. 
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Semiquantitative analyses for peribronchiolar/perivascular 
inflammation and airway goblet-cell hyperplasia were performed 
in a double-blinded fashion.13 Briefly, peribronchiolar/
perivascular inflammation in H&E-stained slides was assessed 
using an indexed scale: 0 = normal; 1 = infrequent inflammatory 
cells; 2 = a ring of inflammatory cells 1 cell layer deep; 3 
= a ring of inflammatory cells 2 to 4 cells deep; 4 = a ring of 
inflammatory cells of more than 4 cells deep. The numerical 
scores for the abundance of PAS-positive goblet cells in each 
airway were determined as follows: 0: <5% goblet cells; 1: 
5–25%; 2: 25–50%; 3: 50–75%; 4: >75%.

Statistical analysis
The significance of differences between experimental groups was 

analyzed using one-way analysis of variance (ANOVA), followed 
by Newman-Keuls multiple-comparisons test, or unpaired Student 

t test (GraphPad Prism 5.0, GraphPad Software Inc.). Values are 
reported as the mean ± standard errors of the mean.
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