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Abstract: Infectious bronchitis (IB) is a major threat to the global poultry industry. Despite the avail-
ability of commercial vaccines, the IB epidemic has not been effectively controlled. The exploration
of novel IBV vaccines may provide a new way to prevent and control IB. In this study, BLP-S1, a
bacterium-like particle displaying the S1 subunit of infectious bronchitis virus (IBV), was constructed
using the GEM-PA surface display system. The immunoprotective efficacy results showed that
BLP-S1 can effectively induce specific IgG and sIgA immune responses, providing a protection rate of
90% against IBV infection in 14-day-old commercial chickens. These results suggest that BLP-S1 has
potential for the development of novel vaccines with good immunogenicity and immunoprotection.
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1. Introduction

Infectious bronchitis (IB) is an acute, highly contagious disease caused by the infectious
bronchitis virus (IBV) of the genus Gammacoronavirus, family Coronaviridae [1]. Infected
chickens initially show respiratory pathology with clinical signs of “bronchial obstruction”
such as wheezing, coughing, and tracheal rales [2]. However, some IBV strains have
different tissue and organ tropisms and can spread from the respiratory tract to the oviduct,
kidney, and intestine, resulting in reduced egg production and the discharge of white, loose
feces [3]. The disease has resulted in huge economic losses to the global poultry industry,
especially in large and intensive poultry-producing countries such as China, the United
States, and Brazil [4,5].

At present, the main problem making IB difficult to control is the emergence of numer-
ous genotypes and serotypes due to mutations, deletions, insertions, and recombination
between IBV genomes [4,6–8]. Based on the evolutionary analysis of the full-length IBV
S1 sequence, it has been classified into seven genotypes, GI–GVII [6,9]. Vaccination re-
mains the most cost-effective and efficient measure to reduce IB losses. However, the
poor cross-protection between different genotypes and serotypes poses a great challenge
to the prevention and control of IB [10,11]. The most widely used live attenuated and
inactivated vaccines worldwide are derived from the GI genotype of IBV strains. The
common H120 and 4/91 are used in China, along with the newly introduced LDT3-A and
QXL87 live vaccines [12,13]. In the European Union, the Ma5 and 4/91 vaccine strains
are used simultaneously or alternatively to provide protection against homologous or
heterologous IBV strains [14]. However, the prevalence and potential risks of IBV mutants
derived from live vaccine strains have attracted attention in recent years [4,15–21]. As for
the inactivated IBV vaccines, their use alone generally elicits limited immune responses
that are insufficient to protect chickens against challenge with virulent IBV strains [22,23].
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In recent decades, several vaccine platforms have been designed to develop IBV vaccines,
such as reverse genetic vaccines, viral vector vaccines, bacterial vector vaccines, DNA
vaccines, subunit vaccines, and VLP vaccines [24], although these are currently only in the
stage of laboratory research.

In this new era, there is still a need to develop safe, effective, and environmentally
friendly IBV vaccines using other vaccine platforms. The bacterium-like particle (BLP)
is a novel surface delivery system that is derived from Lactobacillus lactis. The system
consists of a Gram-positive enhancer matrix (GEM) and an anchor protein (PA), which
are the carrier and transport proteins, respectively [25,26]. GEM production is a simple
process that involves the thermal acid treatment of lactic acid bacteria to remove proteins
and nucleic acids, leaving behind the hollow particles of the cell wall peptidoglycan
skeleton. In addition, GEM is immunostimulatory, and its peptidoglycan can effectively
activate the innate immune response through TLR2-mediated signaling [27,28]. In this
study, we utilized the GEM-PA system to display the S1 protein of IBV. After intranasal
immunization of chickens with the constructed BLP-S1, the results showed that it was
effective in preventing IBV infection, demonstrating the potential of BLP vaccines to activate
the immune system through mucosal immunization.

2. Materials and Methods
2.1. Construction of Recombinant Baculovirus

The ORF (20,314–21,955) of the S1 gene of IBV strain H120 (GenBank No.: ON350836.1)
was fused to the PA gene of Lactococcus lactis (GenBank No.: AM40667.1) at the 3’ end.
The fused gene S1-PA was synthesized at Wuhan GeneCreate Bioengineering Co. and
then cloned into the baculovirus expression vector, pFastBac1 (Thermo Fisher Scientific,
Waltham, MA, USA), using T4 DNA ligase. The pFastBac1-S1-PA was transformed into
E.coli DH10Bac (Invitrogen, Waltham, MA, USA), and the resulting recombinant bacmid,
rBacmid-S1-PA, was identified by PCR after blue–white screening. Spodoptera frugiperda (Sf9)
insect cells (ATCC, CRL-1711) were grown at 27 ◦C in SF900III insect cell medium (Gibco,
Waltham, MA, USA) containing 5% fetal bovine serum (Gibco, USA). The recombinant
bacmid (1 µg) was mixed with 8 µL of Cellfectin™ II transfection reagent (Invitrogen,
USA) in 100 µL of SF900III medium. The mixture was incubated at room temperature
(RT) for 30 min and then slowly added dropwise to a cell culture dish containing 80%
Sf9 insect cells, which were then incubated at 27 ◦C for 96 h to obtain the first generation
of recombinant baculovirus. Subsequent generations were passed through to the fourth
generation. The fourth generation of recombinant baculovirus in the cell supernatant was
harvested for Western blotting. Briefly, H120 vaccine-immunized chicken serum as the
primary antibody (1:1000) was incubated overnight at 4 ◦C. After washing three times
with PBST, HRP-conjugated goat anti-chicken polyclonal antibody (1:5000) (TransGen,
Beijing, China) was incubated for 1 h at RT. The PVDF membrane was visualized by ECL
color development.

2.2. Preparation of GEM

Lactococcus lactis strain MG1363 (MoBiTec Molecular Biotechnology, Goettingen, Ger-
many) was cultured overnight at 30 ◦C in M17 medium. The harvested bacterium was then
diluted 500-fold with M17 medium and incubated at 30 ◦C on a shaker at 180 rpm until
the OD600nm of the bacterial solution reached between 0.4 and 0.6. After discarding the
supernatant, the bacterial precipitate was resuspended in 10 mM PBS and then centrifuged
again under the same conditions. After three washes, the bacteria were resuspended in 10%
trichloroacetic acid (Sigma-Aldrich, St. Louis, MI, USA) and boiled for 30 min. The mixture
was centrifuged at 7000 rpm for 10 min at RT to remove the acid. The bacterium was then
washed five times with PBS and counted at 2.5 × 109 as 1 U. The sample was then observed
under a transmission electron microscope (TEM). In brief, 20 µL of the sample was dropped
onto the glowing copper grid and incubated at RT for 2 min. After allowing the copper
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grid to air dry, the front of the copper grid was stained with 2% phosphotungstic acid at RT
for 1 min and observed under a TEM at 80 kV and 40,000×magnification.

2.3. Production of BLP Displaying the S1 Protein

The fourth generation of recombinant baculovirus was inoculated into Sf9 insect cells.
After 5 days of incubation at 180 rpm and 27 ◦C, the cells were harvested by centrifugation
at 4000 rpm for 30 min at 4 ◦C. The precipitate resuspended in PBS was sonicated and
centrifuged at 2000 rpm for 15 min at 4 ◦C. The supernatant containing the S1 protein was
quantified using a BCA protein quantification kit (Sigma-Aldrich, China). Then, 1 U of
GEM was resuspended with different concentrations of S1 protein. The mixture was then
incubated at 120 rpm for 2 h at RT and centrifuged at 2000 rpm for 15 min at 4 ◦C. The
precipitate was washed with PBS and subjected to SDS-PAGE and TEM.

2.4. Animal Immunization and Challenge

Fourteen-day-old laying chickens (Jilin Deda Co., Ltd., Jilin, China) were randomly
divided into three groups, namely, the experimental group (BLP-S1 group), the positive
control group (live attenuated H120 vaccine group) (H120 vaccine, Harbin Pharmaceutical
Group Biological Vaccine Co., Ltd., Harbin, China), and the negative control group (PBS
group). Each group of 40 chickens was labeled prior to testing: 10 for IgG detection
and swab sampling and 30 for secretory IgA (sIgA) detection and organ sampling. The
procedure for immunization and challenge in chickens is shown in Figure 1. Each group
was intranasally immunized three times at 2-week intervals with 100 µL/each. Fourteen
days after the third immunization, chickens were nasally challenged with IBV strain M41
(GenBank: DQ834384.1) at a dose of 103.0 EID50/0.1 mL, 100 µL/each. Meanwhile, three
additional groups of 20 chickens each were immunized and challenged to calculate the
morbidity. The clinical signs were monitored for 14 days.
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2.5. ELISA

At days 7, 14, 21, 28, 35, and 42 post-first immunization (dpi) and days 5, 7, 10, and
14 post-challenge (dpc), an assortment of invasive and non-invasive samples, including
blood and tracheal lavage, were collected from either live or euthanized birds. Blood was
collected from the wing veins of six chickens in each group and centrifuged at 3000 rpm for
5 min to obtain serum. Changes in IBV-specific IgG antibody levels after immunization and
challenge were determined using the IDEXX IBV Ab ELISA kit (IDEXX, China). For simul-
taneous assessment of the mucosal immune response, tracheal lavages were collected from
three chickens ethically sacrificed by CO2. In brief, the entire trachea was carefully excised
and rinsed repeatedly (10 times) with the same 4 mL of cold PBS containing 0.1% bovine
serum albumin and 0.1% Tween 20 into the tracheal lumen, allowing it to pass through the
length of the trachea [29]. Tracheal lavage fluid was obtained by centrifugation at 5000× g
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for 15 min at 4 ◦C. The levels of sIgA in the tracheal lavage fluids were determined using
the chicken IgA ELISA Kit (Novus Biologicals, Littleton, CO, USA).

2.6. qRT-PCR

At 3, 5, 7, 10, and 14 dpc, oropharyngeal and cloacal swabs were collected from
eight chickens in each group. Briefly, the swabs were gently inserted into the trachea
or cloacal cleft, moved 5 times along the trachea or the cleft, and then subsequently
immersed in PBS containing 2 × 106 U/L penicillin and 200 mg/L streptomycin. After
centrifugation at 5000 g for 10 min at 4 ◦C, 0.2 mL of the supernatant filtered through a
0.22 µm filter was collected and inoculated into the allantoic cavity of three 9–11-day-old
specific pathogen-free (SPF) embryonated chicken eggs (Beijing Merial Vital Laboratory
Animal Technology Co., Ltd., Beijing, China). After incubation at 37 ◦C for 3 days, the
allantoic fluid was aseptically collected and mixed, and viral RNA was identified by qRT-
PCR. The qRT-PCR was carried out using the primers targeting the N genes of IBV, N-F
(5′-TTGAAGGTAGYGGYGTTCCTGAN-3′) and N-R (5′-CAGMAACCCACACTATACCATC-
3′), which were synthesized by Bioengineering Co., Ltd., Shanghai, China. The qRT-PCR
involved an initial incubation at 50 ◦C for 2 min followed by PCR amplification using a
cycling program comprising an initial denaturation at 95 ◦C for 2 min and 40 amplification
cycles, each consisting of denaturation at 95 ◦C for 15 s and annealing–extension at 60 ◦C
for 30 s. The resulting cycle threshold (Ct) values of the reactions were determined using
the Applied Biosystems Step One real-time thermocyclers (Life Technologies) [30], and the
transcript levels were calculated using the 2−∆∆Ct method [31].

2.7. EID50

Lungs and kidneys at 5, 7, 10, and 14 dpc from three chickens used for the collection
of tracheal lavage fluids were aseptically sampled to assess the viral load in the tissues.
The tissues were then sectioned, crushed, and centrifuged at 5000 g for 10 min at 4 ◦C. The
supernatants were then filtered through a 0.22 µm filter to remove bacteria. The tissue
supernatant was diluted 10-fold, and 100 µL was inoculated into the allantoic cavity of
9–11-day-old SPF embryonated chicken eggs. After three days of incubation at 37 ◦C, the
EID50 of the virus in the tissues was determined by the Reed–Muench method [32].

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 7.0 software with the two-way ANOVA
method, and the p-values were calculated. “*” indicates p < 0.05, “**” indicates p < 0.01,
“***” indicates p < 0.001, and “****” indicates p < 0.0001.

2.9. Ethics Statement

All chickens were immunized and challenged in accordance with the Ethical Guide-
lines for the Welfare of Laboratory Animals in China (GB 14925–2001). The protocols
involving animal studies were approved and supervised in accordance with the relevant
guidelines and regulations of the Committee on the Ethics of Animal Experiments of Jilin
Academy of Agricultural Sciences (JNK20220306-01). These indicators serve as clinical
endpoints for chickens when they show severe clinical signs after challenge, such as ex-
treme weakness, inability to feed and drink on their own, and extreme reluctance to stand
for 24 h. These chickens were sacrificed by CO2 suffocation. All remaining chickens were
also sacrificed by CO2 suffocation at the end of this study. The sick birds and the birds
from which tissue samples were collected were buried in a strictly hygienically controlled
burial pit.

3. Results
3.1. Expression of the IBV S1 Protein in the Baculovirus–Insect Cell System

The first generation of recombinant baculovirus, rBV-S1-PA, was produced by trans-
fecting Sf9 cells with rBacmid-S1-PA. As shown in Figure 2B, the Sf9 cells were characterized
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by pathological effects after transfection for 96 h at 27 ◦C, including cell enlargement, round-
ness, slow or even non-proliferation, detachment, and fragmentation. The Western blot of
the supernatant from cells infected with the fourth generation of rBV-S1-PA showed that
the target protein was approximately 90 kDa, as expected (Figure 2C).
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3.2. Identification of BLP Displaying the IBV S1 Protein on the Surface

To prepare GEM, Lactococcus lactis strain MG1363 treated with hot acid was vacuum-
dried and observed under TEM. As shown in Figure 3A, the treated bacterium retained
its bacterial morphology with a smooth surface, and the proteins and nucleic acids were
removed from the cytoplasm, indicating a successful GEM preparation. The S1-PA protein
at different concentrations was then incubated with GEM at RT. After centrifugation and
washing to remove unbound proteins as much as possible, the grayscale of the S1-PA
protein in SDS-PAGE was analyzed using Image J software. The results demonstrated that
1 U of GEM can bind up to 130 µg of S1-PA protein (Figure 3C,D). The BLP displaying the
IBV S1 protein on the surface was designated as BLP-S1. Under TEM, it was observed that
BLP-S1 had an ellipsoidal shape, and its surface was no longer smooth but covered with a
layer of flocculent material, indicating that the S1-PA protein was anchored to the surface
of the GEM (Figure 3E). The Western blot also confirmed the binding of the S1-PA protein
and GEM (Figure 3F).

3.3. Determination of Antibody Levels in Sera and Tracheal Lavage Fluids after Immunization
with BLP-S1

To determine the immunogenicity of BLP-S1, 14-day-old chickens were immunized
three times with nasal drops in two-week intervals. At 7, 14, 21, 28, 35, and 42 dpi, the
ELISA results showed that both the BLP-S1 and H120 groups can significantly increase the
IgG levels in sera and the sIgA levels in tracheal lavage fluids compared to the PBS group
(Figure 4). Although the IgG levels before 35 dpi in the BLP-S1 group were significantly
lower than those in the H120 group (p < 0.01~0.0001), both groups reached a similar level at
42 dpi (p > 0.05) (Figure 4A). However, the sIgA levels in the BLP-S1 group were lower than
those in the H120 group at all time points after immunization (p < 0.01~0.05) (Figure 4B).

3.4. Detection of Antibody Levels in Sera and Tracheal Lavage Fluids after IBV Challenge

To investigate the effect of virus challenge on antibody levels in these immunized
chickens, the changes in the IgG levels in sera and the sIgA levels in tracheal lavage fluids
were measured at 5, 7, 10, and 14 dpc. The ELISA results showed that the levels of IgG
and sIgA decreased in all immunized groups after challenge (Figure 5). Although the IgG
levels at 5 dpc in the BLP-S1 group were lower than those in the H120 group only (p < 0.05)
(Figure 5A), the sIgA levels in the BLP-S1 group remained significantly lower than those in
the H120 group for 14 days after challenge (p < 0.01~0.05) (Figure 5B).
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Figure 3. Ability of GEM to bind to the S1-PA protein and identification of BLP-S1. (Panel A)
GEM particles under TEM. (Panel B) 1 U GEM was combined with different concentrations of S1
protein for SDS-PAGE analysis. M represents a protein marker, and Lanes 1–6 represent 0 µg, 40 µg,
80 µg, 120 µg, 130 µg, and 140 µg of S1 protein. (Panels C,D) The binding of GEM and S1-PA was
analyzed and quantified in grayscale using Image J software. (Panel E) BLP-S1 under TEM. (Panel F)
Identification of BLP-S1 by Western blot. M represents a protein marker, and Lanes 1 and 2 represent
GEM and BLP-S1, respectively.

3.5. Oropharyngeal and Cloacal Shedding after IBV Challenge

To detect virus shedding in the chickens after challenge, the collected oropharyngeal
and cloacal swabs at 3, 5, 7, 10, and 14 dpc were inoculated into 9–11-day-old SPF embry-
onated chicken eggs. Viral RNA (vRNA) extracted from the allantoic fluids after 3 days was
then confirmed by qRT-PCR. As shown in Table 1, the vRNA was present in oropharyngeal
and cloacal swabs at 3 to 7 dpc in the BLP-S1 group, whereas vRNA was only detected at
3 dpc in the H120 group. Compared to these two immunized groups, the shedding rate in
the PBS group remained high at 87.5% at 14 dpc.
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Figure 4. The levels of IgG and sIgA at days 7, 14, 21, 28, 35, and 42 post-immunization (dpi).
Fourteen-day-old chickens were immunized three times with nasal drops in two-week intervals. The
IBV-specific IgG in sera (Panel A) and the sIgA in tracheal lavage fluids (Panel B) were measured by
ELISA. “*” indicates p < 0.05, “**” indicates p < 0.01, “***” indicates p < 0.001, and “****” indicates
p < 0.0001, “ns” indicates no significant difference.
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Figure 5. The levels of IgG and sIgA levels at days 5, 7, 10, and 14 post-challenge (dpc). Fourteen
days after the last immunization, chickens were nasally challenged with IBV strain M41 at a dose
of 103.0 EID50/0.1 mL, 100 µL/each. The changes in IgG in sera (Panel A) and sIgA in tracheal
lavage fluids (Panel B) were measured by ELISA.“*” indicates p < 0.05, “**” indicates p < 0.01, and
“****” indicates p < 0.0001, “ns” indicates no significant difference.

Table 1. The qRT-PCR detection of oropharyngeal and cloacal shedding in the 14 days after chal-
lenge. The oropharyngeal and cloacal swabs at 3, 5, 7, 10, and 14 dpc were collected from eight
chickens in each group and inoculated into 9–11-day-old SPF embryonic chicken eggs. The vRNA
extracted from the allantoic fluids was then identified by qRT-PCR.

Groups Oropharyngeal Swabs Cloacal Swabs
3 d 5 d 7 d 10 d 14 d 3 d 5 d 7 d 10 d 14 d

BLP-S1 3/8 5/8 2/8 0/8 0/8 1/8 2/8 0/8 0/8 0/8
H120 1/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8
PBS 8/8 8/8 8/8 8/8 7/8 5/8 5/8 7/8 6/8 7/8

3.6. Virus Load in Tissues after IBV Challenge

To determine the viral load in tissues after challenge, lungs and kidneys at 5, 7, 10,
and 14 dpc were aseptically harvested from three chickens in each group to determine the
EID50. As shown in Figure 6, the virus was detected in the lungs and kidneys of BLP-S1
and H120-immunized chickens at 5 and 7 dpc, but not at 10 and 14 dpc. Compared to the
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BLP-S1 group, the H120 group showed more effectiveness in reducing virus titers in the
lungs and kidneys.
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Figure 6. Viral titers in the lungs and kidneys after IBV challenge. Viral loads in the lungs (Panel A)
and kidneys (Panel B) were measured by EID50 at 5, 7, 10, and 14 dpc. “**” indicates p < 0.01,
“***” indicates p < 0.001, and “****” indicates p < 0.0001, “ns” indicates no significant difference.

3.7. Clinical Symptoms of Chickens after IBV Challenge

The clinical symptoms of chickens in each group were observed daily after challenge.
At 3 dpc, six chickens in the PBS group showed characteristic symptoms such as head
shaking and nasal discharge, and one chicken was sacrificed by CO2 suffocation because
of extreme weakness and the inability to feed, drink, and stand on its own. At 5 dpc, all
chickens developed respiratory disorders and nine chickens from 4 to 8 dpc were sacrificed
for humane reasons due to severe signs. Necropsy revealed heavy mucus secretion in the
trachea and throat of these nine chickens. Although the symptoms of the remaining ten
chickens were subsequently alleviated, three chickens still exhibited tracheal rales and
sticky nasal mucus at 14 dpc. In contrast, all the chickens in the H120 group showed
no clinical symptoms after challenge. In the BLP-S1 group, two chickens showed mild
respiratory symptoms during the first three days, and one of the two chickens showed head
shaking and the inability to feed and drink independently at 4 dpc and was sacrificed by
CO2 suffocation. The morbidity curves were plotted based on the number of sick chickens
in each group. As shown in Figure 7, the protection rate of BLP-S1 can reach 90%.
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4. Discussion

At present, the detection rate of IBV is second only to that of the H9 subtype of avian
influenza virus and Newcastle disease virus [33], posing a great challenge to traditional
IBV vaccines. The development of novel IBV vaccines remains one of the most important
issues to focus on in veterinary practice. Mucosal vaccination is an attractive alternative to
traditional intramuscular injection. Not only is it a more acceptable form of vaccination, but
it also has the potential to induce local protective antibodies, sIgA, in addition to systemic
antibodies [34]. In general, oculo-nasal or intranasal administration of live vaccines can
induce more rapid local protection and significant cellular immune responses after uptake
by head-associated lymphoid tissues and antigen-presenting cells [24]. For example, the
widely used live attenuated H120 vaccine can induce higher levels of mucosal IgA, which
plays a role in local protection against IBV infection [35]. Although it is generally accepted
that inactivated IBV vaccines usually elicit limited mucosal immune responses and local
protection, an inactivated IBV vaccine encapsulated in chitosan nanoparticles induced
significantly increased mucosal immune responses and a faster switch from anti-IBV IgA
to IgG isotype after oculo-nasal administration to chickens, further eliciting both humoral
and cell-mediated immune responses [36]. Overall, mucosal vaccines have been one of
the hotspots for vaccine development worldwide. However, there are still fewer mucosal
vaccines due to the high technical requirements, emphasizing the need to seek technological
breakthroughs to enrich the types of mucosal vaccines.

In recent years, the BLP surface display system has shown great potential for the
development of mucosal vaccines. BLP is immunostimulatory, and its main component,
peptidoglycan, can effectively activate the innate immune response through TLR2-mediated
signaling [27,28]. M cells in the upper respiratory tract and the lymphocytes in the mesen-
teric Peyer’s patches can better capture BLP. This effectively stimulates antigen-specific
helper T lymphocytes, cytotoxic T lymphocyte responses, and sIgA secretion by B cells,
thereby initiating a local mucosal and systemic immune response [23]. Most importantly,
BLP has a potent self-adjuvant activity. There are two applications of BLP as an adjuvant.
One is the preparation of a vaccine by direct mixing of BLP with a vaccine. It has been ap-
plied to vaccine studies such as the hepatitis B vaccine, the Streptococcus pneumoniae vaccine,
and the influenza lysate vaccine, in which BLP provided these vaccines with a high level of
protection compared to the control group [37–39]. The other is the use of BLP as a vector.
The foreign antigen is expressed in fusion with PA and anchored to the surface of BLP to
form a surface display antigen. It is currently used to display protective antigens for more
than dozens of bacteria, viruses, and parasites, such as pneumococcus [40], Yersinia pestis [41],
Zika virus [42], Middle East respiratory syndrome virus [25], and malaria [43].

To date, the BLP platform has not been applied to IBV vaccines. In this study, we
prepared a BLP displaying the S1 protein of IBV and evaluated the potential application
of BLP-S1 by intranasal immunization of chickens. The results showed that BLP-S1 was
effective in inducing both humoral and mucosal immune responses in 14-day-old com-
mercial laying chickens (Figure 4). Although there was no significant difference in the
serum IgG levels between the BLP-S1 and H120 groups at days 7 to 14 after challenge
with the same genotype but heterozygous M41 strain (Figure 5A), the sIgA levels in tra-
cheal lavage fluids from the H120 group were higher than those from the BLP-S1 group
(Figure 5B). Nevertheless, BLP-S1 remained effective in reducing viral shedding and viral
loads in organs. At 14 dpc, no virus was detected in the swabs and organs of the BLP-S1
group (Table 1, Figure 6), and the protection rate reached 90% (Figure 7). This indicates
that the BLP has potential as an alternative IBV vaccine. However, there are still many
shortcomings and room for further improvement in our study. For example, although
there is theoretically no need to purify the S1 protein displayed by the GEM-PA system,
the purified S1 with a PA tag may be able to make the immune effects of BLP-S1 more
specific. Second, the immunoprotective line of antibodies induced by BLP-S1 was not
measured in this study. Intensive immunization may be a waste of immunity or cause
immune damage to the body. Third, it is necessary to optimize the immunization dose for
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BLP-S1. Additionally, if sequential immunization is used, i.e., prime immunization with a
live attenuated H120 vaccine and booster immunization with BLP-S1, it may reduce the
frequency of immunization on the one hand and improve the immune effect on the other.
These issues should be considered in the future development of BLP vaccines for IB or
other diseases.

To summarize, given the limitations of the traditional IBV vaccines, there is an urgent
need to develop new types of green, safe, and efficient IBV vaccines to eradicate IB and
to achieve the concept of ecological and environmentally friendly farming so as to meet
the current and even future needs for the effective prevention of IB. Compared to IBV
subunit vaccines produced by the baculovirus_insect cell system [44] and IBV peptide
vaccines [22,24], BLP vaccines are relatively simple to construct and have the advantages
of high safety, high density of antigen presentation, and an autologous adjuvant effect.
Additionally, BLP is highly stable and can be stored at RT without the need for cold-chain
transport, significantly reducing the cost of the vaccine [41]. Thus, BLP has great potential as
an alternative to traditional vaccines against IB and other diseases. Since IBV serotypes and
genotypes are globally diverse and the currently available vaccines are not cross-protective,
IBV antigens of different serotypes or genotypes can be displayed simultaneously on the
GEM surface, which will be one of the future directions for the development of multivalent
IBV vaccines.

5. Conclusions

Taken together, we expressed the S1 protein of GI genotype IBV using the insect
cell–baculovirus system and constructed BLP-S1 based on the GEM-PA system in this study.
After three intranasal immunizations, BLP-S1 induced efficient humoral and mucosal
immune responses in the commercial laying chickens and reduced viral shedding and
loads in organs after challenge. Our data indicate the potential of the BLP vaccine against
IBV to prime the immune system through mucosal immunization.

Author Contributions: Conceptualization, P.Z.; Methodology, H.Q.; Software, N.H. Investigation,
T.Y. and Y.S.; Resources, X.L.; Data curation, W.W.; Writing—original draft, Y.C.; Supervision, L.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Plan Project of Jilin Provincial Science and Technology
Development (20210101047JC).

Institutional Review Board Statement: The animal study protocol was approved by the Committee
on the Ethics of Animal Experiments of Jilin Academy of Agricultural Sciences (JNK20220306-01).

Data Availability Statement: All the available data are provided in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ting, X.; Xiang, C.; Liu, D.X.; Chen, R. Establishment and Cross-Protection Efficacy of a Recombinant Avian Gammacoronavirus

Infectious Bronchitis Virus Harboring a Chimeric S1 Subunit. Front Microbiol. 2022, 13, 897560. [CrossRef]
2. Cook, J.K.; Jackwood, M.; Jones, R.C. The long view: 40 years of infectious bronchitis research. Avian. Pathol. 2012, 41, 239–250.

[CrossRef] [PubMed]
3. Mork, A.K.; Hesse, M.; Abd El Rahman, S.; Rautenschlein, S.; Herrler, G.; Winter, C. Differences in the tissue tropism to chicken

oviduct epithelial cells between avian coronavirus IBV strains QX and B1648 are not related to the sialic acid binding properties
of their spike proteins. Vet. Res. 2014, 45, 67. [CrossRef]

4. Bande, F.; Arshad, S.S.; Omar, A.R.; Hair-Bejo, M.; Mahmuda, A.; Nair, V. Global distributions and strain diversity of avian
infectious bronchitis virus: A review. Anim. Health Res. Rev. 2017, 18, 70–83. [CrossRef]

5. Zhang, X.; Deng, T.; Lu, J.; Zhao, P.; Chen, L.; Qian, M.; Guo, Y.; Qiao, H.; Xu, Y.; Wang, Y.; et al. Molecular characterization
of variant infectious bronchitis virus in China, 2019: Implications for control programmes. Transbound. Emerg. Dis. 2020,
67, 1349–1355. [CrossRef]

6. Valastro, V.; Holmes, E.C.; Britton, P.; Fusaro, A.; Jackwood, M.W.; Cattoli, G.; Monne, I. S1 gene-based phylogeny of infectious
bronchitis virus: An attempt to harmonize virus classification. Infect. Genet. Evol. 2016, 39, 349–364. [CrossRef]

https://doi.org/10.3389/fmicb.2022.897560
https://doi.org/10.1080/03079457.2012.680432
https://www.ncbi.nlm.nih.gov/pubmed/22702451
https://doi.org/10.1186/1297-9716-45-67
https://doi.org/10.1017/S1466252317000044
https://doi.org/10.1111/tbed.13477
https://doi.org/10.1016/j.meegid.2016.02.015


Vaccines 2023, 11, 1292 11 of 12

7. Chen, Y.; Jiang, L.; Zhao, W.; Liu, L.; Zhao, Y.; Shao, Y.; Li, H.; Han, Z.; Liu, S. Identification and molecular characterization of a
novel serotype infectious bronchitis virus (GI-28) in China. Vet. Microbiol. 2017, 198, 108–115. [CrossRef]

8. Jiang, L.; Han, Z.; Chen, Y.; Zhao, W.; Sun, J.; Zhao, Y.; Liu, S. Characterization of the complete genome, antigenicity, pathogenicity,
tissue tropism, and shedding of a recombinant avian infectious bronchitis virus with a ck/CH/LJL/140901-like backbone and an
S2 fragment from a 4/91-like virus. Virus Res. 2018, 244, 99–109. [CrossRef] [PubMed]

9. Ma, T.; Xu, L.; Ren, M.; Shen, J.; Han, Z.; Sun, J.; Zhao, Y.; Liu, S. Novel genotype of infectious bronchitis virus isolated in China.
Vet. Microbiol. 2019, 230, 178–186. [CrossRef] [PubMed]

10. Legnardi, M.; Tucciarone, C.M.; Franzo, G.; Cecchinato, M. Infectious Bronchitis Virus Evolution, Diagnosis and Control. Vet. Sci.
2020, 7, 79. [CrossRef]

11. Jordan, B. Vaccination against infectious bronchitis virus: A continuous challenge. Vet. Microbiol. 2017, 206, 137–143. [CrossRef]
[PubMed]

12. Ji, J.; Gao, Y.; Chen, Q.; Wu, Q.; Xu, X.; Kan, Y.; Yao, L.; Bi, Y.; Xie, Q. Epidemiological investigation of avian infectious bronchitis
and locally determined genotype diversity in central China: A 2016–2018 study. Poult. Sci. 2020, 99, 3001–3008. [CrossRef]

13. Fan, W.S.; Li, H.M.; He, Y.N.; Tang, N.; Zhang, L.H.; Wang, H.Y.; Zhong, L.; Chen, J.C.; Wei, T.C.; Huang, T.; et al. Immune
protection conferred by three commonly used commercial live attenuated vaccines against the prevalent local strains of avian
infectious bronchitis virus in southern China. J. Vet. Med. Sci. 2018, 80, 1438–1444. [CrossRef] [PubMed]

14. Smialek, M.; Tykalowski, B.; Dziewulska, D.; Stenzel, T.; Koncicki, A. Immunological aspects of the efficiency of protectotype
vaccination strategy against chicken infectious bronchitis. BMC Vet. Res. 2017, 13, 44. [CrossRef]

15. Han, Z.; Zhang, T.; Xu, Q.; Gao, M.; Chen, Y.; Wang, Q.; Zhao, Y.; Shao, Y.; Li, H.; Kong, X.; et al. Altered pathogenicity of a
tl/CH/LDT3/03 genotype infectious bronchitis coronavirus due to natural recombination in the 5′- 17kb region of the genome.
Virus Res. 2016, 213, 140–148. [CrossRef] [PubMed]

16. Gao, M.; Wang, Q.; Zhao, W.; Chen, Y.; Zhang, T.; Han, Z.; Xu, Q.; Kong, X.; Liu, S. Serotype, antigenicity, and pathogenicity of a
naturally recombinant TW I genotype infectious bronchitis coronavirus in China. Vet. Microbiol. 2016, 191, 1–8. [CrossRef]

17. Zhou, H.; Zhang, M.; Tian, X.; Shao, H.; Qian, K.; Ye, J.; Qin, A. Identification of a novel recombinant virulent avian infectious
bronchitis virus. Vet. Microbiol. 2017, 199, 120–127. [CrossRef]

18. Thor, S.W.; Hilt, D.A.; Kissinger, J.C.; Paterson, A.H.; Jackwood, M.W. Recombination in avian gamma-coronavirus infectious
bronchitis virus. Viruses 2011, 3, 1777–1799. [CrossRef]

19. Moreno, A.; Franzo, G.; Massi, P.; Tosi, G.; Blanco, A.; Antilles, N.; Biarnes, M.; Majo, N.; Nofrarias, M.; Dolz, R.; et al. A novel
variant of the infectious bronchitis virus resulting from recombination events in Italy and Spain. Avian. Pathol. 2017, 46, 28–35.
[CrossRef]

20. Hassan, M.S.H.; Ojkic, D.; Coffin, C.S.; Cork, S.C.; van der Meer, F.; Abdul-Careem, M.F. Delmarva (DMV/1639) Infectious
Bronchitis Virus (IBV) Variants Isolated in Eastern Canada Show Evidence of Recombination. Viruses 2019, 11, 1054. [CrossRef]

21. Li, S.; Chen, W.; Shen, Y.; Xia, J.; Fan, S.; Li, N.; Luo, Y.; Han, X.; Cui, M.; Zhao, Y.; et al. Molecular characterization of infectious
bronchitis virus in Southwestern China for the protective efficacy evaluation of four live vaccine strains. Vaccine 2022, 40, 255–265.
[CrossRef] [PubMed]

22. Bande, F.; Arshad, S.S.; Bejo, M.H.; Moeini, H.; Omar, A.R. Progress and challenges toward the development of vaccines against
avian infectious bronchitis. J. Immunol. Res. 2015, 2015, 424860. [CrossRef]

23. Smith, J.; Sadeyen, J.R.; Cavanagh, D.; Kaiser, P.; Burt, D.W. The early immune response to infection of chickens with Infectious
Bronchitis Virus (IBV) in susceptible and resistant birds. BMC Vet. Res. 2015, 11, 256. [CrossRef] [PubMed]

24. Bhuiyan, M.S.A.; Amin, Z.; Rodrigues, K.F.; Saallah, S.; Shaarani, S.M.; Sarker, S.; Siddiquee, S. Infectious Bronchitis Virus
(Gammacoronavirus) in Poultry Farming: Vaccination, Immune Response and Measures for Mitigation. Vet. Sci. 2021, 8, 273.
[CrossRef]

25. Li, E.; Chi, H.; Huang, P.; Yan, F.; Zhang, Y.; Liu, C.; Wang, Z.; Li, G.; Zhang, S.; Mo, R.; et al. A Novel Bacterium-Like Particle
Vaccine Displaying the MERS-CoV Receptor-Binding Domain Induces Specific Mucosal and Systemic Immune Responses in
Mice. Viruses 2019, 11, 799. [CrossRef]

26. Bosma, T.; Kanninga, R.; Neef, J.; Audouy, S.A.; van Roosmalen, M.L.; Steen, A.; Buist, G.; Kok, J.; Kuipers, O.P.; Robillard, G.; et al.
Novel surface display system for proteins on non-genetically modified gram-positive bacteria. Appl. Environ. Microbiol. 2006, 72,
880–889. [CrossRef] [PubMed]

27. Keijzer, C.; Haijema, B.J.; Meijerhof, T.; Voorn, P.; de Haan, A.; Leenhouts, K.; van Roosmalen, M.L.; van Eden, W.; Broere, F.
Inactivated influenza vaccine adjuvanted with bacterium-like particles induce systemic and mucosal influenza A virus specific
T-cell and B-cell responses after nasal administration in a TLR2 dependent fashion. Vaccine 2014, 32, 2904–2910. [CrossRef]
[PubMed]

28. Li, A.L.; Sun, Y.Q.; Du, P.; Meng, X.C.; Guo, L.; Li, S.; Zhang, C. The Effect of Lactobacillus actobacillus Peptidoglycan on Bovine
β-Lactoglobulin-Sensitized Mice via TLR2/NF-κB Pathway. Iran J. Allergy Asthma Immunol. 2017, 16, 147–158. [PubMed]

29. Takada, A.; Kida, H. Protective immune response of chickens against Newcastle disease, induced by the intranasal vaccination
with inactivated virus. Vet. Microbiol. 1996, 50, 17–25. [CrossRef]

30. Azevedo-Nogueira, F.; Gomes, S.; Lino, A.; Carvalho, T.; Martins-Lopes, P. Real-time PCR assay for Colletotrichum acutatum
sensu stricto quantification in olive fruit samples. Food Chem. 2021, 339, 127858. [CrossRef]

https://doi.org/10.1016/j.vetmic.2016.12.017
https://doi.org/10.1016/j.virusres.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29141204
https://doi.org/10.1016/j.vetmic.2019.01.020
https://www.ncbi.nlm.nih.gov/pubmed/30827386
https://doi.org/10.3390/vetsci7020079
https://doi.org/10.1016/j.vetmic.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28081857
https://doi.org/10.1016/j.psj.2020.03.023
https://doi.org/10.1292/jvms.18-0249
https://www.ncbi.nlm.nih.gov/pubmed/30022779
https://doi.org/10.1186/s12917-017-0963-1
https://doi.org/10.1016/j.virusres.2015.11.021
https://www.ncbi.nlm.nih.gov/pubmed/26616599
https://doi.org/10.1016/j.vetmic.2016.05.018
https://doi.org/10.1016/j.vetmic.2016.12.038
https://doi.org/10.3390/v3091777
https://doi.org/10.1080/03079457.2016.1200011
https://doi.org/10.3390/v11111054
https://doi.org/10.1016/j.vaccine.2021.11.072
https://www.ncbi.nlm.nih.gov/pubmed/34865877
https://doi.org/10.1155/2015/424860
https://doi.org/10.1186/s12917-015-0575-6
https://www.ncbi.nlm.nih.gov/pubmed/26452558
https://doi.org/10.3390/vetsci8110273
https://doi.org/10.3390/v11090799
https://doi.org/10.1128/AEM.72.1.880-889.2006
https://www.ncbi.nlm.nih.gov/pubmed/16391130
https://doi.org/10.1016/j.vaccine.2014.02.019
https://www.ncbi.nlm.nih.gov/pubmed/24598720
https://www.ncbi.nlm.nih.gov/pubmed/28601055
https://doi.org/10.1016/0378-1135(96)00004-1
https://doi.org/10.1016/j.foodchem.2020.127858


Vaccines 2023, 11, 1292 12 of 12

31. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

32. Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Hygiene 1938, 27, 493–497. [CrossRef]
33. Xia, J.; He, X.; Yao, K.C.; Du, L.J.; Liu, P.; Yan, Q.G.; Wen, Y.P.; Cao, S.J.; Han, X.F.; Huang, Y. Phylogenetic and antigenic analysis

of avian infectious bronchitis virus in southwestern China, 2012–2016. Infect. Genet. Evol. 2016, 45, 11–19. [CrossRef]
34. De Geus, E.D.; Degen, W.G.; van Haarlem, D.A.; Schrier, C.; Broere, F.; Vervelde, L. Distribution patterns of mucosally applied

particles and characterization of the antigen presenting cells. Avian. Pathol. 2015, 44, 222–229. [CrossRef]
35. Meir, R.; Krispel, S.; Simanov, L.; Eliahu, D.; Maharat, O.; Pitcovski, J. Immune responses to mucosal vaccination by the

recombinant A1 and N proteins of infectious bronchitis virus. Viral. Immunol. 2012, 25, 55–62. [CrossRef]
36. Lopes, P.D.; Okino, C.H.; Fernando, F.S.; Pavani, C.; Casagrande, V.M.; Lopez, R.F.V.; Montassier, M.F.S.; Montassier, H.J.

Inactivated infectious bronchitis virus vaccine encapsulated in chitosan nanoparticles induces mucosal immune responses and
effective protection against challenge. Vaccine 2018, 36, 2630–2636. [CrossRef]

37. Saluja, V.; Amorij, J.P.; van Roosmalen, M.L.; Leenhouts, K.; Huckriede, A.; Hinrichs, W.L.; Frijlink, H.W. Intranasal delivery of
influenza subunit vaccine formulated with GEM particles as an adjuvant. AAPS J. 2010, 12, 109–116. [CrossRef] [PubMed]

38. De Haan, A.; Haijema, B.J.; Voorn, P.; Meijerhof, T.; van Roosmalen, M.L.; Leenhouts, K. Bacterium-like particles supple-
mented with inactivated influenza antigen induce cross-protective influenza-specific antibody responses through intranasal
administration. Vaccine 2012, 30, 4884–4891. [CrossRef]

39. Van Braeckel-Budimir, N.; Haijema, B.J.; Leenhouts, K. Bacterium-like particles for efficient immune stimulation of existing
vaccines and new subunit vaccines in mucosal applications. Front Immunol. 2013, 4, 282. [CrossRef] [PubMed]

40. Lu, J.; Guo, J.; Wang, D.; Yu, J.; Gu, T.; Jiang, C.; Kong, W.; Wu, Y. Broad protective immune responses elicited by bacterium-like
particle-based intranasal pneumococcal particle vaccine displaying PspA2 and PspA4 fragments. Hum. Vaccin Immunother. 2019,
15, 371–380. [CrossRef] [PubMed]

41. Ramirez, K.; Ditamo, Y.; Rodriguez, L.; Picking, W.L.; van Roosmalen, M.L.; Leenhouts, K.; Pasetti, M.F. Neonatal mucosal
immunization with a non-living, non-genetically modified Lactococcus lactis vaccine carrier induces systemic and local Th1-type
immunity and protects against lethal bacterial infection. Mucosal. Immunol. 2010, 3, 159–171. [CrossRef] [PubMed]

42. Jin, H.; Bai, Y.; Wang, J.; Jiao, C.; Liu, D.; Zhang, M.; Li, E.; Huang, P.; Gong, Z.; Song, Y.; et al. A bacterium-like particle vaccine
displaying Zika virus prM-E induces systemic immune responses in mice. Transbound. Emerg. Dis. 2022, 69, e2516–e2529.
[CrossRef] [PubMed]

43. Nganou-Makamdop, K.; van Roosmalen, M.L.; Audouy, S.A.; van Gemert, G.J.; Leenhouts, K.; Hermsen, C.C.; Sauerwein, R.W.
Bacterium-like particles as multi-epitope delivery platform for Plasmodium berghei circumsporozoite protein induce complete
protection against malaria in mice. Malar. J. 2012, 11, 50. [CrossRef] [PubMed]

44. Yuan, Y.; Zhang, Z.P.; He, Y.N.; Fan, W.S.; Dong, Z.H.; Zhang, L.H.; Sun, X.K.; Song, L.L.; Wei, T.C.; Mo, M.L.; et al. Protection
against Virulent Infectious Bronchitis Virus Challenge Conferred by a Recombinant Baculovirus Co-Expressing S1 and N Proteins.
Viruses 2018, 10, 347. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1016/j.meegid.2016.08.011
https://doi.org/10.1080/03079457.2015.1026797
https://doi.org/10.1089/vim.2011.0050
https://doi.org/10.1016/j.vaccine.2018.03.065
https://doi.org/10.1208/s12248-009-9168-2
https://www.ncbi.nlm.nih.gov/pubmed/20058113
https://doi.org/10.1016/j.vaccine.2012.04.032
https://doi.org/10.3389/fimmu.2013.00282
https://www.ncbi.nlm.nih.gov/pubmed/24062748
https://doi.org/10.1080/21645515.2018.1526556
https://www.ncbi.nlm.nih.gov/pubmed/30235046
https://doi.org/10.1038/mi.2009.131
https://www.ncbi.nlm.nih.gov/pubmed/19924118
https://doi.org/10.1111/tbed.14594
https://www.ncbi.nlm.nih.gov/pubmed/35544742
https://doi.org/10.1186/1475-2875-11-50
https://www.ncbi.nlm.nih.gov/pubmed/22348325
https://doi.org/10.3390/v10070347
https://www.ncbi.nlm.nih.gov/pubmed/29954092

	Introduction 
	Materials and Methods 
	Construction of Recombinant Baculovirus 
	Preparation of GEM 
	Production of BLP Displaying the S1 Protein 
	Animal Immunization and Challenge 
	ELISA 
	qRT-PCR 
	EID50 
	Statistical Analysis 
	Ethics Statement 

	Results 
	Expression of the IBV S1 Protein in the Baculovirus–Insect Cell System 
	Identification of BLP Displaying the IBV S1 Protein on the Surface 
	Determination of Antibody Levels in Sera and Tracheal Lavage Fluids after Immunization with BLP-S1 
	Detection of Antibody Levels in Sera and Tracheal Lavage Fluids after IBV Challenge 
	Oropharyngeal and Cloacal Shedding after IBV Challenge 
	Virus Load in Tissues after IBV Challenge 
	Clinical Symptoms of Chickens after IBV Challenge 

	Discussion 
	Conclusions 
	References

