Journal of Inflammation Research Dove

ORIGINAL RESEARCH

Studies on HBcAg-rBlo t 5-21 Fusion Protein
Vaccine That Alleviates Blomia tropicalis Airway
Inflammation

Yechun Pei@®'™>*, Zhengpan Xiao'"**, Shuangshuang Wei'?, Meiqgi Peng''2, Chenghui Luo'?,
Dayong Wangz’3
'School of Life Sciences, Hainan University, Haikou, People’s Republic of China; 2Laboratory of Biopharmaceuticals and Molecular Pharmacology,

School of Pharmaceutical Sciences, Hainan University, Haikou, People’s Republic of China; 30One Health Institute, Hainan University, Haikou, People’s
Republic of China

*These authors contributed equally to this work
Correspondence: Yechun Pei, Department of Biosciences, School of Life Sciences, Hainan University, 58 People’s Road, Haikou, Hainan, 570228,

People’s Republic of China, Email ycpei@hainanu.edu.cn; Dayong Wang, Laboratory of Biopharmaceuticals and Molecular Pharmacology, School of
Pharmaceutical Sciences, Hainan University, 58 People’s Road, Haikou, Hainan, 570228, People’s Republic of China, Email wangdy@hainanu.edu.cn

Background: In tropical and subtropical areas, allergens from the dust mite species Blomia tropicalis are common causes of allergic
rhinitis and asthma. Blomia tropicalis has two main allergens: Blo t 5 and Blo t 21.

Aim: To generate a chimeric virus-like particle containing HBcAg, Blo t 5 and Blo t 21 that can treat allergies caused by Blomia tropicalis.
Methods: To produce allergic asthma in mice, prokaryotic expression and purification of Blomia tropicalis allergens rBlo t 5, rBlo
t 21, and recombinant fusion allergen rBlo t 5-21 were utilized in the study. We created a hepatitis B core antigen (HBcAg) and rBlo
t 5-21 fusion prokaryotic expression plasmid. HBcAg-rBlo t 5-21 was purified after expression and tested by transmission electron
microscopy (TEM). Furthermore, the protein HBcAg-rBlo t 5-21 was employed as a protein vaccination.

Results: In allergy-induced mouse model experiments, the fusion allergen rBlo t 5-21 was more effective than the individual allergens
rBlo t 5 and rBlo t 21 at inducing allergy. We found that vaccinating allergic mice with the recombinant fusion protein vaccine
HBcAg-rBlo t 5-21 alleviated allergy symptoms elicited by the rBlo t 5-21 allergen. Vaccination with HBcAg-rBlo t 5-21 resulted in
a decrease in total serum IgE levels, suppression of anaphylaxis, and reduction of inflammatory cell infiltration into lung tissue as
compared to the PBS group.

Conclusion: HBcAg-rBlo t 5-21, a protein vaccine containing both the hepatitis B core antigen and the Blomia tropicalis fusion
allergen rBlo t 5-21, could be a suitable vaccination for preventing allergy disorders caused by Blomia tropicalis.
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Introduction
The prevalence of allergic diseases and asthma is increasing worldwide, particularly in low- and middle-income
countries." House dust mite (HDM) is a predominant source of indoor aeroallergen, which induced allergic diseases
including allergic rhinoconjunctivitis, allergic asthma, atopic eczema and other allergic skin diseases.”> And it is now
clear that dust mite allergy is a key contributor to asthma in many parts of the world.* Blomia tropicalis is a mite that is
considered a house dust mite of tropical and sub-tropical areas, sensitization to this mite is very common in South
America and Southeast Asia.* Specific IgE level induced by Blomia tropicalis sensitization was significantly higher in
patients with persistent asthma compared to intermittent asthma.’

So far, allergen-specific immunotherapy (AIT) is the only potential disease modification therapy for HDM allergic subjects.’
With the efforts of doctors and researchers in the field of allergy, the efficacy, safety, standardization and strategy of AIT are
constantly developing.®'® At present, the possibility of using recombinant protein as a substitute for crude allergen extract can
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significantly affect the current AIT regimen.'""'? As a result, various recombinant allergens have been produced for AIT from
different allergens (such as pollen, animal dander, mites and various foods)."*'” Blo t 5 and Blo t 21 are known major allergens in
Blomia tropicalis, and studies demonstrate that they include key epitopes that can be recognized by IgE antibodies in people
allergic to Blomia tropicalis antigens.'® Despite these allergens have very similar three-dimensional (3D) structures, they do not
cross-react, although co-sensitization is a common feature.'® ' The major linear IgE epitopes of Der p 5 and Blo t 5 are involved
in species-specific recognition.” Traditionally, OVA, an egg allergen, has been used in animal asthma models (5pc6), but has

2325 and Blomia tropicalis.***® And

been almost replaced by respiratory allergens, such as Dermatophagoides pteronyssinus
a new mouse model of severe asthma caused by Blo t 5 has been developed, which results in extensive lung inflammation,
a strong adoptive and host Th2 response, airway remodeling, and the formation of IL4/IL-13-dependent iBALT.*

AIT is only disadvantageous to individuals sensitized by mild allergens because successful treatment is dose-dependent;
therefore, successful treatment may be related to allergen concentration.*® Therefore, it is necessary for individuals sensitized
by mild allergens to improve the immunogenicity of low-dose allergens. Hepatitis B core antigen (HBcAg) is an efficient,
safe and widely used virus-like particles (VLP) vector due to its self-assembly into virus-like particles and strong
immunogenicity.>' They cause T-cell-dependent and T-cell-dependent immune responses and can be easily manipulated.?'
The fusion of HBcAg immunodominant internal sites reduced the immunogenicity and antigenicity of HBcAg and most
significantly enhanced the immunogenicity of inserted foreign epitopes.>* The present study aimed to generate HBcAg-rBlo
t 5-21 chimeric virus-like particles, which can potentially treat the allergic reaction caused by Blomia tropicalis.

Materials and Methods

Animals
Adult female BALB/c mice (6—8 weeks old) were purchased from Guangdong Medical Laboratory Animal Center
(Guangzhou, China) and housed in a pathogen-free environment with free access to food and water ad lib.

Design of Expression Vectors of Recombinant Allergens of Blomia Tropicalis

The CDS sequences of Blo t 5 and Blo t 21 were obtained from GenBank (GenBank: U59102 and GenBank:
DQ788677.1, respectively). After codon optimization, the sequences of rBlo t 5, rBlo t 21, and rBlo t 5-21 were
synthesized and inserted into the pQESOL vector between BamHI and Sall restriction sites. A truncated version of
HBcAg gene (coding for HBcAg lacking the arginine-rich C-terminal domain, amino acids 1 through 149) was obtained
from GenBank (GenBank: GU827636.1). In the truncated HBcAg gene, the corresponding sequences of 79th amino acid
residue P and 80th amino acid residue A were replaced by the rBlo t 5-21 gene sequence. Glycine-rich flexible amino
acid sequences (G4S),G4 (Sequence: GGCGGCGGCGGCTCTGGTGGTGGTGGTTCTGGCGGTGGCGGT) are located
on cither side of rBlo t 5-21. Then, the chimeric HBcAg-rBlo t 5-21 sequence was inserted into the vector pQE80L. The
resultant expression vector was named as pQE80L-HBcAg-rBlo t 5-21.

Expression of Recombinant Protein

Expressions of all of the recombinant proteins were induced at 37°C with 0.1 mM of IPTG. After 4-5 h, cells were
harvested, resuspended in native lysis buffer, and disrupted by sonication. The fusion proteins were purified by Ni-NTA
agarose (cat. No. 30210; Qiagen, Hilden, Germany). Imidazole was then removed by ultrafiltration. According to the
manufacturer’s instruction, bacterial endotoxins were removed using the ToxinEraser™ Endotoxin Removal Kit (Cat.
No. L00338, GenScirpt, USA). The endotoxin level was determined using the ToxinSensor™ Chromogenic LAL
Endotoxin Assay Kit. Endotoxin-free protein contains less than 0.15 EU/mL of endotoxin. The Endotoxin-free protein
was concentrated to 1 mg/mL in PBS.

Transmission Electron Microscopy

The purified rBlo t 5-21 and HBcAg-rBlo t 5-21 protein (2 mg/mL in PBS) were loaded onto a grid and stained with
saturated uranyl acetate for 2 min at room temperature. The samples were dried and visualized under a transmission
electron microscope (Hitachi, Tokyo, Japan) at a nominal magnification of 100,000-250,000.
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Immunization, Sensitization and Vaccination

On Days 0 and 7, native BALB/c mice (6—8 weeks old) were injected intraperitoneally with 200 pg rBlo t 5-21 mixed in
100 pL Alum (50 mg/mL AI(OH);3; Sigma-Aldrich, USA) for rBlo t 5-21 protein vaccination. Intratracheal challenges
were then carried out. In brief, mice were anesthetized with isoflurane, and then 100 ng of rBlo t 5-21 was delivered to
the back of each animal’s tongue on Days 14-20. Sensitized mice were vaccinated subcutaneously with either PBS or
100 pg of HBcAg-rBlo t 5-21 in 100 uL. PBS on day 35 and boosted on day 42.

Acute Systemic Anaphylaxis

Sensitized mice were challenged intravenously with 50 pg of rBlo t 5-21 per 100 pL PBS to induce anaphylaxis. Body
temperatures were taken using a rectal probe digital thermometer shortly after intravenous antigen challenge and
monitored for up to 90 minutes. The area above the curve was determined using Prism (GraphPad 6.02 Software, Inc.,
San Diego, CA, USA).

Ear Prick Tests

Mice were injected intravenously with 200 puL of Evans blue solution (0.5%; Sangon Biotech, Shanghai, China) and
anesthetized 30 min later with isoflurane. Afterward, a drop of rBlo t 5-21 solution (10 pg/20 pL PBS) was placed onto
the outer ear skin. Pricks were made into the ear skin with 23-gauge needles (SteriLance, Suzhou, China). For
intradermal ear prick tests, an rBlo t 5-21 solution (10 ug/10 pL PBS) was injected intradermally into the ears.
Extravasations of dye began almost immediately after the antigen challenge. The mice were euthanized an hour later,
and their ears were processed for densitometry analysis of dye leakage. For this purpose, the area of dye leakage was
defined within the densitometer by gating around the leaked dye. The magnitude of dye leakage per ear was determined
by a combination of the size and color intensity of the pricked area, which was reported as net intensity by the
densitometer.

Histology and Inflammation Score

Lung samples from mice were collected from each group, fixed in 4% paraformaldehyde and embedded in paraffin
blocks. Sections were then cut and fixed. Antigen retrieval was accomplished by boiling the slides in 0.01 M citrate
buffer (pH 6.0) followed by hematoxylin and eosin (H&E) staining with for evaluation of cell invasion and analyzed
under a light microscope for determining histology changes.

Lung inflammation was blindly scored. A value of 0 to 3 per criterion was adjudged to evaluate the degree of peribronchial
inflammation. A value of 0 was for no inflammation, a value of 1 was for occasional cuffing with inflammatory cells, a value of
2 for most bronchi surrounded by thin layer (one to five cells) of inflammatory cells and a value of 3 was for most bronchi
surrounded by a thick layer (more than five cells thick) of inflammatory cells. Each group used 5 mice for H&E staining and
scoring analysis.

Determination of Antigen-Specific IgG, IgGl, 1gG2a, and IgE

For determination of rBlo t 5-21-specific 1gG/IgG1/IgG2a, 96-well ELISA plates (Sangon Biotech, Shanghai, China)
were coated with 10 pg of rBlo t 5-21 in carbonate buffer at 4°C overnight. The plates were rinsed five times with PBS
containing 0.05% Tween (PBST), then blocked with 2% nonfat milk solution for 2 hours before being washed five times
more with PBST. Serial dilutions of sera were added to the plates and incubated for 2 h at 37°C. The plates were then
washed five more times with PBST. Thereafter, HRP-conjugated rabbit anti-mouse IgG (Sangon Biotech, Shanghai,
China), HRP-conjugated goat anti-mouse IgG1 (cat. No. PA1-74421, Thermo Fisher Scientific, Waltham, MA, USA),
and HRP-conjugated goat anti-mouse 1gG2a (cat. No. A10685, Thermo Fisher Scientific, Waltham, MA, USA) anti-
bodies were incubated at 37°C for 2 h. Plates were washed five times with PBST, followed by the addition of the
substrate 3,3°,5,5’-tetramethylbenzidine (Cat. No. C520026, Sangon Biotech, Shanghai, China) and incubated in the dark
for 30 min. Then, the stop solution is added to the 96-well plates (Buffer D of EL-TMB Chromogenic Reagent kit, Cat.
No. C520026, Sangon Biotech, Shanghai, China). Optical densities were measured at 450 nm.
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For the determination of rBlo t 5-21-specific IgE, 96-well plates were coated with 10 pg of rBlo t 5-21 in carbonate
buffer at 4°C overnight. After washing with PBST and blocking with 2% nonfat milk solution for 2 h at 37°C, the sera of
individual mice were diluted 1:5 and incubated for 2 h at 37°C. Goat anti-mouse IgE (cat. No. ab19967; Abcam,
Cambridge, UK) antibody was added and incubated at 37°C for 2 h. After washing five times with PBST, plates were
incubated with an HRP-conjugated rabbit anti-goat IgG (Sangon Biotech, Shanghai, China) antibodies for 2 h at 37°C.
Thereafter, plates were washed five times with PBST, followed by the addition of the substrate 3.3°,5,5’-
tetramethylbenzidine (Cat. No. C520026, Sangon Biotech, Shanghai, China) and incubated in the dark for 30 min.
Then, added stop solution to stop raction (Buffer D of EL-TMB Chromogenic Reagent kit, Cat. No. C520026, Sangon
Biotech, Shanghai, China). Optical densities were measured at 450 nm.

Statistical Analysis
All statistical analysis comparing two different groups were performed with two tailed Student’s #-tests. The resulting
p values are either indicated in figure legends or with asterisks in figures (*p < 0.05; **p < 0.01).

Results

Expression and Validation of Recombinant Fusion Proteins

The recombinant plasmids PQE80L-rBlo t 5, PQE8OL-rBlo t 21, and PQESOL-rBlo t 5-21 were constructed as shown in
Figure 1A. The recombinant plasmid was digested by BamHI and Sall and detected by gel electrophoresis (Figure 1B).
All positive bands were detected in the corresponding location (rBlo t 5, Lane 1; rBlo t 21, Lane 2; and rBlo t 5-21,
Lane 3). Blomia tropicalis recombinant allergens were expressed and purified as full-length fusion proteins containing
N-terminal His-tags (6xHis). Once the fusion proteins were purified, their tags were not removed. Each His-tagged
protein (rBlo t 5, rBlo t 21, and rBlo t 5-21) produced an expected band in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure 1C—E). Validation of recombinant fusion proteins (rBlo t 5 and rBlo t 5-21) was
detected by Western blotting using biotin4D9 anti-Blo t 5 (Figure 1F).

Establishment of the Allergic Mouse Model

To investigate the efficacy of the virus-like particle vaccine constructed in our study, we established an allergic mouse
model. BALB/c mice were sensitized and intratracheal challenged with rBlo t 5, rBlo t 21 and rBlo t 5-21 (Figure 2A).
Since the significant increase in IgE level is a typical feature of type I hypersensitivity, we measured the total IgE level in
the serum of sensitized mice (Figure 2B). Compared with the groups induced by PBS, rBlo t 5, and rBlo t 21, the total
IgE level of the sensitized mice induced by rBlo t 5-21 was significantly increased.

To assess acute systemic anaphylactic reactions, sensitized mice were challenged intravenously with corresponding
allergens to induce anaphylactic syndromes as documented by a rapid drop in temperature (eg rBlo t 5-induced allergic
mouse model group, mice were injected with rBlo t 5 through tail vein). However, mice in the PBS group were injected
with rBlo 5-21 recombinant allergen. As shown in Figure 2C and D, rBlo t 5-21-induced allergic mouse model group
experienced anaphylaxis with severe drops in body temperature.

Airway inflammation was evaluated with hematoxylin and eosin staining. The mice were sacrificed, and their lung
tissue was removed and fixed by 4% paraformaldehyde. The tissues were then stained with hematoxylin and eosin
after paraffin sectioning. According to Figure 2E, the infiltration of inflammatory cells in rBlo t 5-21-, rBlo t 21-, and
rBlo t 5-induced mice were significantly higher than that in the PBS group. The Invading cells in the rBlo t 5-21
induce group was significantly higher than those in the rBlo t 5-induced or rBlo t 21-induced group (Figure 2F). The
results showed that the best induction effect in mouse allergic model was rBlo t 5-21, followed by rBlo t 5 and
rBlo t 21.

Expression and Validation of Recombinant Fusion Protein HBcAg-rBlo t 5-21
We displayed the major Blomia tropicalis recombinant fusion protein rBlo t 5-21 in a highly ordered fashion on
HBcAg particle. The details of the constructs are schematically shown in Figure 3A and B. The HBcAg-rBlo t 5-21
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Figure | Expression, purification, and Western blotting identification of recombinant tropical mite allergens. (A) Construction diagram of recombinant protein. (B) Double
enzyme digestion of recombinant plasmid: M, DNA marker (DL5000, Takara, Japan); |, PQE8OL-rBlo t 5 digested with BamHI and Sall; 2, PQE8OL-rBlo t 2| digested with
BamHI and Sall; 3, PQE8OL-rBlo t 5-21 digested with BamHI and Sall. (C—E) Prokaryotic expression and purification of recombinant proteins rBlo t 5, rBlo t 21, and rBlo
t 5-21: M, prestained protein marker (26612, ThermoFisher, USA); IPTG (-), bacterial lysate with no IPTG induction; IPTG (+) I, bacterial lysate with IPTG induction; IPTG
(+) 2, supernatant of bacterial lysate with IPTG introduction; EI-E3, protein purified for different times by nickel column. (F) Western blotting analysis of protein: M,
prestained protein marker (26616, ThermoFisher, USA); |, rBlo t 5-21 protein purified by nickel column; 2, rBlo t 5 protein purified by nickel column.

protein was purified (lane 3, Figure 3C) and characterized by were detected by Western blotting using biotin4D9 anti-
Blo t 5 (Cat. No, MA-4D9, Indoor Biotechnologies, USA) (Figure 3D). To confirm that fusion protein HBcAg-rBlo
t 5-21 can form virus-like particles (VLP) structures, the purified HBcAg-rBlo t 5-21 protein was analyzed by
transmission electron microscopy (TEM). TEM micrographs confirmed the presence of spherical, capsid-like particles
(Figure 3E, middle and right, black arrow), whereas no such structures were observed in the preparation of rBlo t 5-21
protein (Figure 3E, left).
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Figure 2 Allergic model mice induced by allergen rBlo t 5-21. (A). Flowchart of induced allergic mice model. After induction of mice allergic model, blood was collected on day 21
to prepare serum for IgE detection (red text). (B). The IgE levels of total serum in mice (n = 5). (C). The temperature change curve (n = 3). (D). Temperature variation curve area
statistic chart (n = 3). (E). Mouse lung sections stained with hematoxylin and eosin staining. (F). Statistical chart of lung cell infiltration score in mice (n = 5). *, p < 0.05; **, p < 0.01.
Abbreviation: ns, no significant difference.

In order to evaluate whether HBcAg-rBlo t 5-21 has strong immunogenicity, normal mice were randomly divided
into two groups. Mice were subcutaneously immunized with rBlo t 5-21 and HBcAg-rBlo t 5-21 on day 0 and day 14,
respectively, and serum samples were collected on day 21 to detect IgG levels. As shown in Figure 3F, the HBcAg-rBlo
t 5-21 immunized group was able to induce higher levels of IgG than the rBlo t 5-21 immunized group. Furthermore, the
rBlo t 5-21-induced allergic mice were randomly divided into two groups, which were immunized with rBlo t 5-21 and
HBcAg-rBlo t 5-21, respectively. We found that HBcAg-rBlo t 5-21 could alleviate the decrease of body temperature
caused by acute systemic anaphylaxis. However, the body temperature of mice immunized with rBlo t 5-21 protein
decreased significantly (Figure 3G and H). These results indicated that HBcAg-rBlo t 5-21 has good immunogenicity and
may be used to inhibit anaphylaxis induced by Blomia tropicalis.
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Figure 3 Establishment of recombinant virus-like particles. (A). Structural features of the constituent components of HBcAg. The bar represents the primary sequence of
the full-length core protein cl-183 and the sequence of amino acids DPASRE indicates the c/el epitope. Additionally, the C-terminal basic domain (clusters of Arg residues)
is symbolized by + signs. (B). Chimeric HBcAg-rBlo t 5-21 protein. Amino acids | to 149 of HBcAg are retained, then amino acids Pro-79 and Ala-80 of the central c/el
epitope were replaced by the fusion protein rBlo t 5-21, flanked on both sides by Gly-rich linkers (G4S),G4 and a 6xHis tag was added to the N terminus. (C). prokaryotic
expression and purification of recombinant protein HBcAg-rBlo t 5-21: M, Non-prestained protein marker (26610, ThermoFisher, USA); |, bacterial lysate with no IPTG
induction control; 2, bacterial lysate with IPTG induction; 3, chimeric HBcAg-rBlo t 5-21 protein purified by nickel column. (D). Western blotting analysis. M, prestained
protein marker (26612, ThermoFisher, USA); |, HBcAg-rBlo t 5-21 protein; 2, rBlo t 5-21 protein; 3, rBlo t 5 protein. (E). Protein detection by transmission electron
microscopy. rBlo t 5-21 protein (left), HBcAg-rBlo t 5-21 protein (middle and right. Right: enlarge the black box.). The black arrows indicate virus-like particles formed by
the HBcAg-rBlo t 5-21 protein. (F). The IgG levels of total serum in mice (serum diluted by 1:10°, n = 6). Normal mice were randomly divided into two groups. The mice
were immunized with different recombinant protein on day 0 and day 7, respectively, and sera were collected on day 21. (G). Curve of temperature change in mice.
Asthmatic mice were induced by rBlo t 5-21 and randomly divided into two groups. The allergic mice were subcutaneously immunized with rBlo t 5-21 and HBcAg-rBlo t 5—
21 twice with an interval of one week. A week after the treatment ended, allergic mice were challenged intravenously with 50 pg of rBlo t 5-21 per 100 pL PBS to induce
anaphylaxis. Body temperatures were measured at regular intervals. (n = 3) (H). Temperature variation curve area statistic chart (n = 3). * p < 0.05; ** p < 0.01.

Journal of Inflammation Research 2022:15 hetps: 6349

Dove:


https://www.dovepress.com
https://www.dovepress.com

Pei et al Dove

Vaccination with HBcAg-rBlo t 5-21 Can Alleviate rBlo t 5-21-Induced Allergic
Symptoms

To investigate whether the HBcAg-rBlo t 5-21 vaccine could treat the established allergic inflammation, BALB/c mice were
sensitized and intratracheal challenged with rBlo t 5-21 allergen, then randomly divided into two groups and immunized with
PBS or HBcAg-rBlo t 5-21. Naive mice were negative control (Figure 4A). Mice in naive group have very low IgE levels and
sensitive mice have very high IgE levels on day 34 (Figure 4B). The allergic mice vaccinated with HBcAg-rBlo t 5-21 led to
a significant decrease in IgE titers at Days 41 and 48 (Figure 4B). However, the titers of IgE were still at a high level. To assess
whether vaccinated mice were protected from allergic reactions, all groups were challenged intravenously with rBlo t 5-21,
and body temperature was monitored for a maximum of 90 min after challenge. A severe drop in body temperature was
observed in mice that had been treated with PBS (Figure 4C and D). In contrast, HBcAg-rBlo t 5-21-treated allergic mice were
completely protected from anaphylactic reactions.
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Figure 4 Treatment of allergic mice with HBcAg—rBlo t 5-21. (A). Flowchart of vaccination in allergic model mice. The red font indicates the time point at which the sera
were collected. (B). The IgE levels of total serum in mice (Naive group, n = 3; Asthma-PBS group, n = 6; Asthma-HBcAg-rBlo t 5-21 group, n = 6). (C). Curve of
temperature change in mice. (Naive group and Asthma-PBS group, n = 6; Asthma-HBcAg-rBlo t 5-21 group, n = 8) (D). Statistical map of body temperature change in mice.
(Naive group and Asthma-PBS group, n = 6; Asthma-HBcAg-rBlo t 5-21 group, n = 8) (E). The IgG levels of total serum in mice (serum diluted by 1:10% Naive group, n = 3;
Asthma-PBS group, n = 9; Asthma-HBcAg-rBlo t 5-21 group, n = 12). (F). The IgG1 levels of total serum in mice (serum diluted by 1:10%; Naive group, n = 3; Asthma-PBS
group, n = 9; Asthma-HBcAg-rBlo t 5-21 group, n = 12). (G). The IgG2a levels of total serum in mice (serum diluted by 1:10% Naive group, n = 3; Asthma-PBS group, n = 9;
Asthma-HBcAg-rBlo t 5-21 group, n = 12). (H). Changes in IgG1/IgG2a (serum diluted by 1:10°; Naive group, n = 3; Asthma-PBS group, n = 9; Asthma-HBcAg-rBlo t 5-21
group, n = 9). (I). Ears prick test. (J). Statistical map of auricle prick test in mice (n = 3). ¥, p < 0.05; **, p < 0.01.

Vaccination with HBcAg-rBlo t 5-21 led to a significant increase in rBlo t 5-21-specific IgG, IgG1, and IgG2a titers at
Days 41 and 48 (Figure 4E-G). In addition, the ratio of IgG1 to IgG2a in HBcAg-rBlo t 5-21 immunized group gradually
decreased significantly, but there was no significant difference in PBS immunized group on days 34, 41 and 48 (Figure 4H).

To inquire into the effects of vaccination on local allergic reactions, ear skin prick tests with rBlo t 5-21 were
performed in a different set of mice. Extravasations of Evans blue began almost immediately after the allergen challenge.
We can observe that the dye leakage was very obvious in the asthma model group and the asthma-PBS group, while the
dye leakage circle was significantly reduced in the asthma-HBcAg-rBlo t 5-21 group (Figure 41). Statistical analysis of
Evans blue leakage circle also showed that asthma-HBcAg-rBlo t 5-21 group was significantly smaller than the other two
groups (Figure 4J).

We next sought to assess whether vaccinated animals have improved pulmonary inflammation. As shown in Figure 5,
as compared with the asthma model group (Figure 5A) and asthma-PBS group (Figure 5B), the infiltration of cells in
lung tissue of the HBcAg-rBlo t 5-21-treated group (Figure 5C) was significantly lower. The cell infiltration of lung
tissue in the PBS-treated group was similar to that in the untreated asthma model mice (Figure 5D).

Discussion

In the present study, an allergic mice model was successfully induced using the recombinant allergen rBlo t 5-21 of Blomia
tropicalis (Figure 2), which provides a mouse model for further studies on vaccines and drugs against anaphylaxis induced by
Blomia tropicalis. We also describe a therapy for a Blomia tropicalis allergy based on immunization with the recombinant
Blomia tropicalis allergen 1Blo t 5-21 displayed on VLPs derived from the hepatitis B virus (HBcAg-rBlo t 5-21). One
advantage of the HBcAg-VLP is that it can be successfully expressed in multiple prokaryotic and eukaryotic expression
systems. For example, expressed in an Escherichia coli expression system,* in a yeast expression system,”* in an adenoviral
vector expression system,*> in human HeLa cells,* and expressed in plants,®” and the like. Furthermore, foreign antigens
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Figure 5 Mouse lung sections stained with hematoxylin and eosin. (A). Untreated model mice (asthma model). (B). PBS-treated model mice (asthma-PBS). (C). Model mice
treated with HBcAg—rBlo t 5-21 (asthma—HBcAg-rBlo t 5-21). (D). Lung inflammation was defined as the peribronchial inflammation score (n = 5). Values are expressed as
mean + SEM, ¥ p < 0.01.

fused into the most exposed region on the capsid surface,*® encompassing the immunodominant c/el B cell epitope of
HBcAg,* are particularly immunogenic for B cells. In this study, we generated fusions of the HBcAg protein with rBlo t 5-21
protein flanked by flexible linkers in the c/el epitope (Figure 3B). The chimeric protein, termed HBcAg-rBlo t 5-21, was
observed to form VPLs by transmission electron microscopy (Figure 2E). Foreign antigens, fused into the c/el epitope of
HBcAg, can be displayed outside the core particles and did not prohibit the formation of VLPs, such as the green fluorescent
protein (GFP),* and the outer surface protein C (OspC) of B. Burgdorferi.*!

Allergic diseases mainly depend upon the response of Th2 cells, which leads to the production of IL-4 and IgE.** The
imbalance of Th1/Th2 is the main immunological mechanism of allergic diseases. To change the balance of Thl/Th2 by
enhancing Thl or canceling Th2 reaction has always been the main direction of the immune pathway for the prevention
and treatment of allergies and asthma. The most direct pathways include injecting cytokines to induce the activation of
the Thl pathway [eg, interferon (IFN) vy, IL-12, and IL-18] or blocking antibodies that inhibit the action of Th-2-related
cytokines (eg, anti-IL-4, anti-IL-5, anti-IL-9, and anti—IL-lS).43 IFN-y and IL-2 in the local environment are the key
factors to guide the differentiation of ThO into Thl cells. Thl cells can secrete IFN-y, IL-2, and tumor necrosis factor and
mainly promote cellular immune responses.

IFN-y can promote the transformation of antibodies synthesized by B-cells into IgG2a and IgG3, while IFN-y can
inhibit the production of IgG1 and IgE. Additionally, Th2 can induce B-cells to produce IgG1, and IL-4 can inhibit
the production of IgG2a.** In this study, after the allergic model mice were treated with HBcAg—rBlo t 5-21 protein,
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it was found that the levels of IgG1 and IgG2a in the model mice were significantly increased (Figure 4F and G),
indicating that the Thl and Th2 reactions in the model mice were enhanced, while the ratio of IgG1/IgG2a was
decreased significantly (Figure 4H), indicating that the Thl type reaction in mice was stronger than that of the Th2
type. Acute systemic stress anaphylaxis and ear prick tests showed that HBcAg-rBlo t 5-21 immunization relieved
the symptoms of allergic reaction in mice when reexposed to the same allergen (Figure 4C and I). At the same time, it
was found that the invasion of inflammatory cells in the HBcAg-rBlo t 5-21-treated group was significantly lower
than that in the untreated group and PBS-treated model mice (Figure 5). These results suggest that the recombinant
virus-like granule protein HBcAg—rBlo t 5-21 has a certain effect on allergic symptoms in mice. It also provides an
idea for the prevention and treatment of inhaled and ingested allergens.

However, HBcAg-rBlo t 5-21 can alleviate the allergic symptoms induced by rBlo t 5-21. Whether HBcAg-rBlo t 5-21
can inhibit the allergic reactions induced by Blomia tropicalis remains to be further verified. This is one limitation in this paper.
The main reason is that it is difficult to raise Blomia tropicalis in Hainan. Another reason is that the whole extract of Blomia
tropicalis commercially available is not very effective. We may solve this problem by means of in-house cultivation in our
next article. It was also observed that HBcAg-rBlo t 5-21 could alleviate allergic symptoms induced by rBlo t 5-21, including
inhibition of body temperature drop (Figure 4C), reduction of lung cell invasion, etc. However, IgE remained at a high level
(Figure 4B). This is mainly because IgE takes longer time to fall. This is the defect of protein desensitization by multiple small

45-47

injections, not the deficiency of this article itself. This article is intended as a basic exploration to build a more complex

tolerant vaccine, and our subsequent work will focus on vaccine research and development around more rapid IgE decline.

Conclusions

In summary, HBcAg-rBlo t 5-21, a protein vaccine containing both the hepatitis B core antigen and the Blomia tropicalis
fusion allergen rBlo t 5-21, can alleviate the allergic symptoms induced by rBlo t 5-21. It could be a novel AIT vaccine
candidate for preventing allergy disorders caused by Blomia tropicalis.
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