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a b s t r a c t

Brucellosis, caused by Brucella, is one of the most common zoonosis. However, there is still no vaccine for
human use. Although some live attenuated vaccines have been approved for animals, the protection
effect is not ideal. In this study, we developed a dual-antigen nanoconjugate vaccine containing both
polysaccharide and protein antigens against Brucella. First, the antigenic polysaccharide was covalently
coupled to the outer membrane protein Omp19 using protein glycan coupling technology, and then it
was successfully loaded on a nano-carrier through the SpyTag/SpyCatcher system. After confirming the
efficient immune activation and safety performance of the dual-antigen nanoconjugate vaccine, the
potent serum antibody response against the two antigens and remarkable protective effect in non-
lethal and lethal Brucella infection models were further demonstrated through different routes of admini-
stration. These results indicated that the dual-antigen nanoconjugate vaccine enhanced both T helper 1
cell (Th1) and Th2 immune responses and protected mice from Brucella infection. Furthermore, we found
that this protective effect was maintained for at least 18 weeks. To our knowledge, this is the first Brucella
vaccine bearing diverse antigens, including a protein and polysaccharide, on a single nanoparticle. Thus,
we also present an attractive technology for co-delivery of different types of antigens using a strategy
applicable to other vaccines against infectious diseases.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Brucellosis, one of the major zoonotic diseases, is caused by Bru-
cella spp., a Gram-negative, facultative intracellular bacteria. Bru-
cella melitensis (B. melitensis), Brucella abortus (B. abortus), and
Brucella suis (B. suis) are the three most common Brucella patho-
gens and can infect both animals and humans in epidemic areas,
resulting in tremendous economic losses every year [1]. Brucellosis
is prevalent in the world and endangers public health. There are
millions of poultry and livestock are at risk [2]. In domestic ani-
mals, brucellosis causes abortions, stillbirths, infertility, increased

mortality of young livestock, longer calving intervals, reduced
draught power, poor weight gain, and reduced milk production
[3]. Brucella is a pathogen with aerosol transmission potential,
and the amount of inoculant required to infect human beings is
very low. It has been reported that as few as 10 to 100 organisms
can cause disease in humans. Thus, Brucella has been classified as a
severe biological threat worldwide [4]. There are more than half a
million new cases of brucellosis each year, with prevalence rates in
some countries exceeding 10 per 100 000 people. In particular, the
incidence is higher among people who work on organized farms
[5]. Traditionally, the human disease presents as a flu-like undu-
lant fever with various clinical symptoms, including headaches,
muscle pain, sweating, or chills, and may lead to severe debilitation
and disability [5,6]. Moreover, due to the wide distribution of
cases, misdiagnosis, and other factors, these data are greatly
underestimated [1]. At present, there is no approved brucellosis
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vaccine used for humans. Although animal vaccines are crucial to
control the infection and transmission of brucellosis, several live
attenuated vaccines have shortcomings, such as causing human
disease, spontaneous abortion in animals, antibiotic resistance,
and insufficient protective efficacy [7].

Compared with live attenuated vaccines, subunit vaccines,
which contain specific antigen components, have many advan-
tages, such as more controlled production, higher safety, and
broader applicability, as they can be used for humans and pregnant
animals [8]. The success of recombinant subunit vaccines usually
depends on the selection of substances with appropriate
immunomodulatory properties that can induce antigen-specific
immune responses [9]. For Brucella, several cell surface compo-
nents, such as outer membrane proteins (e.g., Omp16, Omp19,
and Omp31) and intracellular components (e.g., L7/L12, lumazine
synthase, and Cu–Zn superoxide dismutase), have been shown to
be protective antigens against Brucella infection in animal studies
[10]. However, because of the sophisticated virulence mechanisms
and strain heterogeneity of Brucella, adequate protection from a
single antigen is not likely [11]. It has also been reported that a
vaccine prepared using a recombinant Omp31 protein fusion with
Brucella lumazine synthase as a protective antigen had better
immune effects than vaccines using each individual protein as
the antigen [12]. This result suggested that the choice of adequate
multiple antigens and delivery through an appropriate method are
very important [9].

Glycoconjugate vaccines are known as the most successful bac-
terial vaccines due to their ability to induce both T-cell and B-cell
immune responses and long-term protection [13]. With the devel-
opment of synthetic biology technology, more efficient biological
methods for bacterial glycoconjugate vaccine preparation have
gradually become popular [14,15]. In this method, the O-antigen
polysaccharide (OPS) of a pathogenic bacteria is directly coupled
to a carrier protein in an attenuated host bacteria through the
catalysis of glycosyltransferase [16–18]. However, this strategy is
not suitable for Brucella due to its high infectivity and slow growth.
In our previous work, we prepared an efficient Brucella glycoconju-
gate vaccine by introducing an O-linked glycosylation system
(co-expression of glycosyltransferase PglL and recombinant cho-
lera toxin B subunit (rCTB)) into Yersinia enterocolitica (Y. enteroco-
litica) serotype O:9 (YeO9), a low-pathogenicity bacterium that has
identical repeating units of OPS to Brucella. This candidate C-OPSBa
provided great immune protection against B. abortus [19]. How-
ever, our subsequent results showed that the protective effect of
this vaccine on B. melitensis was limited, possibly due to its differ-
ent polysaccharide structure compared to YeO9 OPS. Because B.
melitensis is the most common pathogenic species in human bru-
cellosis [6], we hoped to develop a broader and more efficient Bru-
cella vaccine encompassing B. melitensis.

The success of recombinant vaccines usually depends on the use
of correct adjuvants to selectively induce diverse antigen-specific
immune responses [9]. Nanoparticles have become an attractive
platform for displaying and delivering antigens that offers many
advantages, such as improving the stability of antigens; promoting
uptake, processing, and presentation by antigen-presenting cells;
and enhancing cross presentation, thereby promoting a specific
immune response [20,21]. At present, various delivery systems,
such as viral vectors, chitosan derivatives, liposomes, polymers,
and inorganics, have been developed for brucellosis vaccines that
showed improved effects [10]. Virus-like particles (VLPs), self-
assembling nanoparticles, ferritin, and encapsulation offer several
advantages as vaccine delivery systems facilitating targeted deliv-
ery due to their unique physicochemical properties [22]. Many
methods have been used to display antigens on the surface of
biocompatible nanoparticles. Instead of genetic fusion and
chemical conjugation (e.g., cross-linking), modular construction

of nanovaccines offers new routes and opportunities [23]. Gener-
ally, antigens can be attached to particles by non-covalent (e.g.,
biotin–avidin affinity) or covalent (e.g., Tag/Catcher systems) cou-
pling technology [23]. In particular, the widely used SpyTag (ST)/
SpyCatcher (SC) system connects antigens and nanoparticles
through a stable, spontaneous isopeptide bond.

In this study, we developed a novel dual-antigen nanoconjugate
vaccine against Brucella by covalently coupling an antigen module
containing both polysaccharide (OPS) and protein antigens
(Omp19) to a nanoparticle via protein glycan coupling technology
(PGCT) [24] and the ST/SC system. Briefly, the PglL-based PGCT sys-
tem, which co-expressed PglL and the recombinant carrier protein
SC-Omp19 (a fusion protein with a sequon recognized by PglL),
was introduced into the YeO9_52212DrfaL strain. With the help
of PglL, bacterial OPS synthesized by the engineered host cells were
linked to the carrier protein in vivo. Then, the purified glycosylated
SC-Omp19 bearing antigenic polysaccharides was incubated with
VLP nanoparticles carrying ST to generate the target bioconjugate
nanovaccines via the covalent coupling of SC and ST. To our knowl-
edge, this is the first time in which two different types of antigens
were coupled by a biological method and loaded onto the same
nanoparticle. After determining the antigen loading efficiency
and vaccine stability, we then evaluated the enhancement of the
immune response induced by the nanoconjugate vaccine by inves-
tigating the immune cells in draining lymph nodes (dLNs). After a
subsequent vaccine safety evaluation, we further found that this
dual-antigen nanoconjugate vaccine provided highly effective pro-
tection against B. melitensis in mice through various immunization
routes and infection models. In particular, this efficient protection
was maintained for at least 18 weeks. Thus, we have prepared a
safe and efficient candidate vaccine for brucellosis. Moreover, we
also provide an attractive technology for co-delivery of different
types of antigens and present a strategy applicable to other diverse
delivery systems.

2. Materials and methods

2.1. Ethics statement

All animal experiments were approved by and conducted in
accordance with the recommendations of the Animal Care and
Use Committee of the Academy of Military Medical Sciences (ethics
approval code IACUC-DWZX-2021-008). All animals were housed
and cared for in the Laboratory Animal Centre of the Academy of
Military Medical Sciences at a constant ambient temperature
((23 ± 3) �C) and humidity (55% ± 5%). Materials such as cages,
water bottles, and bedding were sterilized before use. Food,
bedding, and water were changed every four days.

2.2. Bacterial strains and growth conditions

YeO9_52212 and the B. melitensis strain M5 (M5-90) were pro-
vided by the Institute for Communicable Disease Control and
Prevention, Chinese Centre for Disease Control and Prevention, Bei-
jing, China. Y. enterocolitica was cultured in Brain Heart Infusion
(BHI) medium at 25 �C. B. melitensis strain M5-90 was cultured in
Tryptic Soy Broth (TSB) medium at 37 �C. B. melitensis strain M5-
90 is a vaccine strain currently used in China that was derived from
the virulent B. melitensis strain M28, which was isolated from a
sheep and serially passaged for 90 generations in chicken embryo
fibroblasts [25,26]. The local hypersensitivity reactions are usually
caused by the residual virulence and pathogenicity of the M5-90
strain [27]. Thus, reluctance to use this vaccine has led to the cur-
rent resurgence of brucellosis [28]. All Escherichia coli (E. coli)
strains were cultured in Luria-Bertani (LB) broth. Solid media con-
tained 1.5% agar. To induce plasmid expression in the bacteria, cells
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were cultured in the optimal culture medium until the optical den-
sity at 600 nm reached 0.6–0.8, and then cells were induced by
isopropyl-D-thiogalactopyranoside (IPTG) to a final concentration
of 1 mmol�L–1. For protein expression in Y. enterocolitica, the cells
were further cultured at 25 �C for 14 h, and in E. coli, the cells were
further cultured at 30 �C for 12 h.

2.3. Construction of protein expressing plasmids

All the relevant plasmids used in this study are listed in Table 1
[16,29]. The gene encoding Omp19 was synthesized by GenScript
(China). After amplification by polymerase chain reaction (PCR),
the omp19 gene was inserted into pET28a by restriction digestion
and ligation to express polyhistidine (His)-tagged Omp19. The
gene encoding the Tac promotor-DsbA signal peptide-SC-Omp19-
glycosylation modification sequence 4573 was synthesized by
PCR and Golden Gate Assembly. The gene fragment was then
inserted into pET-PglL-CTB4573C [16] by restriction digestion and
ligation to replace CTB, producing the plasmid pET28a-PglL-SC-
Omp194573C, which co-expressed PglL and SC-Omp19-4573.
Another gene encoding SC-Omp19 was amplified from pET28a-
PglL-SC-Omp194573C and inserted into pET28a by restriction diges-
tion and ligation to construct the plasmid pET28a-SC-Omp19,
which expressed the protein SC-Omp19 with a His tag. All the pri-
mers and restriction sites are listed in Table S1 in Appendix A.

2.4. Construction of a Y. enterocolitica strain 52212 rfaL knockout
strain

A YeO9_52212 rfaL (encodes O-antigen ligase) knockout strain
was constructed via the clustered regularly interspaced short
palindromic repeat (CRISPR)–CRISPR-associated protein 9 (Cas9)
system [29]. Briefly, pCas was introduced into YeO9_52212 compe-
tent cells by electroporation, then YeO9_52212/pCas was induced
with L-arabinose (10 mmol�L–1 final concentration) for k-red
induction, and the competent cells were prepared. An N20
sequence of rfaL was linked to pTargetF by Golden Gate Assembly
to obtain pTargetF-DrfaL. The upstream and downstream homolo-
gous arms of rfaL were synthesized by PCR and Golden Gate
Assembly, and then pTargetF-DrfaL and the homologous arms
were introduced into YeO9_52212/pCas competent cells. Colonies
with the correct construct were identified via PCR and induced
with IPTG (1 mmol�L–1 final concentration) to cure pTargetF-
DrfaL. Finally, pCas in YeO9_52212DrfaL was cured by growing
overnight at 37 �C. All the primers and restriction sites are listed
in Table S2 in Appendix A.

2.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis and western blotting

SDS-PAGE and western blotting was performed as described
previously [19]. Briefly, IPTG-induced cells (1 mL) were collected
by centrifugation and resuspended in 100 lL of double distilled
water (ddH2O). The bacterial suspension or purified protein sam-

ples were mixed with an equal volume of 2� loading buffer, placed
in a boiling water bath for 10 min, and separated by SDS-PAGE.
Next, gels were stained with Coomassie blue or subjected to west-
ern blotting. Horseradish peroxidase (HRP)-conjugated 6� His-tag
antibody (Abmart, China) was used to detect the His-tagged pro-
teins, 1:200 diluted YeO9 monoclonal antibody (Fitzgerald, USA)
was used to detect glycoproteins, and 1:1000 diluted HRP-
labeled anti-rabbit immunoglobulin G (IgG) antibody (Transgen,
China) was used as the secondary antibody for the OPS-specific
antibody.

2.6. Protein purification

Bacterial cells were collected after IPTG-induced expression and
resuspended in Buffer A (20 mmol�L–1 Tris-HCl, pH 7.5, 0.5 mol�L–1
NaCl, and 10 mmol�L–1 imidazole) at a ratio of 1:10 (g�mL–1). The
bacteria cells were disrupted and centrifuged twice at 8000g, and
the supernatant was collected and applied to a pre-equilibrated
His-tag purification resin column. The column was washed with
Buffer A using about 10 column volumes, and then the bound pro-
tein was washed with Buffer B (20 mmol�L–1 Tris-HCl, pH 7.5, 0.5
mol�L–1 NaCl, and 0.5 mol�L–1 imidazole). The elute was collected
and concentrated using a 10- or 30-kDa-cutoff centrifugal filter
(Merck, Germany) to less than 10 mL, and then was separated
using size-exclusion chromatography (SEC) on a Superdex-200 col-
umn (GE Healthcare, USA). The protein of interest was collected
and analyzed by 12% SDS-PAGE. The purification of bacteriophage
AP205 with a ST on the N-terminus and a His tag on the C-terminus
(ST-AP205) was performed as described previously [21].

2.7. Preparation of conjugated nanoparticles

Purified SC-fused protein was incubated with ST-AP205 using
different molar ratios at 4 �C overnight, and then the conjugated
product was detected by SDS-PAGE. In this experiment, ST-AP205
was incubated with a 1:8 molar excess of SC-Omp19 or with a
1:4 molar excess of OPS-modified SC-Omp19 (SC-Omp19-OPS) to
generate AP205-Omp19 or AP205-Omp19-OPS. Then the mixture
was purified using SEC on a Superdex-200 column (GE Healthcare).
The protein of interest was collected and analyzed by 12% SDS-
PAGE. Dynamic light scattering (DLS) analysis was performed to
characterize the hydrodynamic diameter of the nanoparticles using
a Zetasizer Ultra instrument (Malvern Panalytical, UK).

2.8. Animal immunization experiments

Specific-pathogen-free female BALB/c mice were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(China). Five- or six-week-old BALB/c mice were randomly divided
into six groups and immunized three times during a two-week
interval with 100 lL of phosphate-buffered saline (PBS), Omp19,
SC-Omp19, SC-Omp19-OPS, AP205-Omp19, or AP205-Omp19-

Table 1
Main plasmids used in this study.

Plasmid Characteristic Source

pET-PglL-CTB4573C Encodes PglL and 6� His-tagged CTB4573, both under control of a Tac promoter; KanR Laboratory stock [16]
pET28a-Omp19 Encodes 6� His-tagged Omp19; KanR This study
pET28a-Omp19G Encodes glutathione S-transferase (GST)-tagged Omp19; KanR This study
pET28a-SC-Omp19 Encodes 6� His-tagged SC-Omp19; KanR This study
pET28a-PglL-SC-Omp194573C Encodes PglL and 6� His-tagged SC-Omp19, both under control of a Tac promoter; KanR This study
pTargetF Expresses the targeting synthetic guide RNA (sgRNA), Cas9 endonuclease, and arabinose-inducible

transcription factor, SpcR
Laboratory stock [29]

pTargetF-DrfaL pTargetF with an N20 sequence for targeting the rfaL gene, SpcR This study
pCas Contains the cas9 gene with a native promoter, an arabinose-inducible sgRNA, the k-red

recombination system, and temperature-sensitive replication, KanR
Laboratory stock [29]
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OPS. The mice were injected subcutaneously (s.c.) with 20 lg of
Omp19 or other proteins containing 20 lg of Omp19, or injected
intraperitoneally (i.p.) using a 15 lg dose. The positive control
groups were immunized by i.p. injection once with a dose of
1.0 � 106 colony-forming units (CFU) per mouse of B. melitensis
strain M5-90. The tail-tip blood of mice was taken ten days after
each immunization, and the serum was separated and stored at
�20 �C. Two weeks after the final immunization, mice were
injected i.p. with 1.7 � 107 CFU of M5-90, the mouse weights were
recorded, and the bacterial load in the mouse spleens was deter-
mined. For a long-term protective evaluation, mice were injected
i.p. with 4.0 � 108 CFU of M5-90 14 weeks after the third immu-
nization (18 weeks after the first immunization), and then the
mouse survival was monitored.

2.9. Flow cytometry analysis of lymph node cells from immunized mice

Omp19, SC-Omp19-OPS, AP205-Omp19-OPS (all contained 20
lg of Omp19), and a PBS control were injected s.c. into the tail base
of BALB/c mice. Some of the treated mice were sacrificed at differ-
ent time points, and their popliteal dLNs were harvested to prepare
single-cell suspensions. At 24 h post injection, the single-cell sus-
pension of dLNs was stained with fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CD11c, allophycocyanin (APC)-
conjugated anti-mouse CD80, and Alexa Fluor (AF) 700-
conjugated anti-mouse major histocompatibility complex (MHC)-
II, to analyze the proportion of dendritic cells (DCs) that co-
expressed CD80 and MHC-II. On the third day post injection, the
single-cell suspension of dLNs was stained with APC-conjugated
anti-mouse CD3, FITC-conjugated anti-mouse CD4, and phycoery-
thrin (PE)-conjugated anti-mouse CD8, to analyze the proportions
of CD4+ and CD8+ T cells. On the seventh day post injection, the
single-cell suspension of dLNs was stained with APC-conjugated
anti-mouse B220 (CD45), Pacific Blue (PB)-conjugated anti-mouse
GL-7, and PE-conjugated anti-mouse CD95, to analyze the propor-
tions of germinal center (GC) B cells. The cells were incubated with
antibodies for flow cytometry at 4 �C for 30 min, washed three
times, resuspended with staining buffer, and analyzed using a
CytoFLEX flow cytometer (Beckman Coulter Life Sciences, USA).
All the antibodies were from eBioscience (USA).

2.10. Immunofluorescence microscopy of lymph nodes from
immunized mice

The BALB/c mice were immunized as described in Section 2.8.
Their popliteal dLNs were harvested and fixed with 4%
paraformaldehyde on days 7 and 10 post injection. After being
washed with PBS, embedded, and sliced into thick sections, the
samples were blocked for 30 min with 5% bovine serum albumin,
and then stained with Ki67 antibody (Servicebio, China) at 4�C
overnight. After washing with PBS, the samples were further
stained with 40,6-diamidino-2-phenylindole (DAPI) (Servicebio) at
room temperature for 30 min and then washed with PBS.

2.11. Safety determination

Six-week-old specific-pathogen-free female BALB/c mice were
divided into two groups (n = 5). One group of mice was injected
with five times the normal dose of AP205-Omp19-OPS (100 lg
Omp19 per mouse), and the other group received no treatment.
The body temperatures and weights of the mice were measured
at 0, 1, 2, 5, 7, 10, 12, and 14 days after injection. Blood was sam-
pled from the tail vein at 0, 1/2, 1, 2, 7, and 14 days after injection.
Then the serum was separated and the cytokine concentrations
were determined with mouse tumor necrosis factor-alpha (TNF-

a), interleukin-1b (IL-1b), and interleukin-6 (IL-6) precoated
enzyme-linked immunosorbent assay (ELISA) kits (Dakewe, China).
On day 28 after injection, blood was collected from tail veins and
serum levels of alanine aminotransferase (ALT), aspartate
transaminase (AST), alkaline phosphatase (ALP), and blood urea
nitrogen (BUN) were determined with a Chemray 240 automatic
biochemical analyzer (Rayto Life and Analytical Sciences Co., Ltd.,
China). Mice were sacrificed by cervical dislocation, and the hearts,
livers, spleens, lungs, and kidneys were removed and fixed with 4%
paraformaldehyde (Solarbio, China). The tissues were embedded
and sectioned, then heated in a drying oven, dewaxed, and
hydrated. Next, the sections were stained, dehydrated, cleaned
for transparency, and sealed with a neutral resin in accordance
with the manufacturer’s instructions of a hematoxylin and eosin
(HE) staining kit (Solarbio).

2.12. ELISA

To exclude the impact of the His tag in the results of the immu-
nizations, we used purified glutathione S-transferase (GST)-tagged
Omp19 (GST-Omp19) to coat a 96-well immunoplate for ELISA.
Lipopolysaccharide (LPS) extraction was performed as described
previously [17,19]. GST-Omp19 (0.1 lg per well) and YeO9_52212
LPS (5 lg per well) were precoated on 96-well immunoplates for 2
h at 37 �C and then washed three times with PBS and 0.05% Tween
20 (PBST). Theplateswerepatteddry andblockedwithblockingbuf-
fer (PBST+5%milkpowder) at 4 �Covernight. After drying. theplates
were incubated with serially diluted serum from the immunized
mice at 37 �C for 1 h. The plates were washed three times and dried,
then incubated with 1:50 000 diluted HRP-conjugated goat anti-
mouse antibody (IgG, IgG1, or IgG2a) (Abcam, China) at 37 �C for 1
h. After another washing and drying step, the color-producing reac-
tionwas initiatedbyusing a Soluble TMBKit (CWBio, China) and ter-
minatedwith a stop solution (2mol�L–1 H2SO4). The absorbancewas
measured at a wavelength of 450 nm.

2.13. Determination of bacterial load in the spleen and liver after
infection

Fourteen days after the third immunization, the mice were
injected i.p. with 1.7 � 107 CFU of M5-90 per mouse, A single col-
ony of B. melitensis M5-90 was picked and inoculated into TSB
medium, and the culture was incubated at 37 �C with 200 revolu-
tions per minute (rpm) shaking to an optical density at 600 nm
(OD600) of approximately 2.0 (about 5 � 106 CFU�lL–1 bacterial
fluid). The bacteria were diluted with normal saline according to
the needs of the challenge or infection as described below, achiev-
ing a final volume of 200 lL per mouse. At the same time, the bac-
terial culture was diluted to the appropriate concentration with
normal saline and dropped on a tryptic soy agar (TSA) plate for
counting. The actual bacterial number was determined for chal-
lenge or infection. On the sixth day after the non-lethal dose of
infection, the mice were killed by cervical dislocation, and the
spleen and liver were removed and homogenized with 2 mL of nor-
mal saline under sterile conditions. The spleen or liver homogenate
was then fully mixed, diluted and cultured on TSA plates. Bacterial
colonies were counted after three days of culture at 37 �C.

2.14. Determination of the TNF-a level after infection

Blood was collected on days 0, 3, and 5 from tail veins after mice
were infected with a non-lethal dose of M5-90. The serumwas sep-
arated and TNF-ɑ was quantified with a mouse TNF-a Precoated
ELISA Kit (Dakewe).
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2.15. Serum bactericidal antibody assay

The sera of each immune group were mixed and incubated at 56
�C for 30 min to inactivate their complement, and then diluted to
different concentrations with normal saline. B. melitensis strain
M5-90 was cultured at 37 �C until the OD600 reached approxi-
mately 2.0 and then diluted by 1 000 000 times with normal saline.
Diluted serum (10 lL), diluted bacterial cells (10 lL), and bovine
complement (20 lL) were mixed and incubated at 37 �C for 1 h.
Then the mixture was dropped on TSA plates and cultured at 37
�C for 72 h. The number of single colonies was counted to calculate
the bactericidal efficiency.

2.16. Statistical analysis

Antibody titers and bacterial loads were lg-transformed. Statis-
tical analyses were conducted using GraphPad Prism version 8.0
(GraphPad, USA). Data were analyzed using the Kruskal–Wallis test
or one-way analysis of variance (ANOVA) with Dunn’s multiple
comparison test. All the data were expressed as means ± standard
deviations (SDs). Values of p < 0.05 were considered statistically
significant (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).

3. Results

3.1. Design and production of a dual-antigen nanoconjugate vaccine

YeO9, has an OPS repeat unit which is the same as that of B.
abortus and that is also the main component of OPS in B. melitensis
(Fig. S1 in Appendix A). Our previous study showed that conjugate
vaccine C-OPSBa could protect mice from the lethal challenge of B.
abortus [19]. However, subsequent results indicated a limited effect
of this conjugate vaccine against B. melitensis, the most prevalent
Brucella strain in humans, which has a similar yet slightly different
structure of the polysaccharide antigen [7,30]. Thus, to prepare a
more efficient Brucella vaccine, we developed a novel strategy for
producing a high performance nanoconjugate vaccine, containing
two different type of antigens and loaded on AP205, a widely
reported efficient nano-carrier (Fig. 1(a)). We first optimized the
host bacteria YeO9_52212 by knocking out the O-antigen ligase
gene rfaL (Fig. S2 in Appendix A) that controls the transfer of OPS
to the lipid A core, resulting in more OPS linked to the unde-
caprenol pyrophosphate, which is the substrate for PglL. As
expected, by introducing the glycosylation system, we found that
more OPS coupled to carrier proteins in the gene deletion strain
YeO9_52212DrfaL (Fig. S3 in Appendix A). Then, to produce a
dual-antigen module, containing both the polysaccharide (OPS)
and protein antigen (Omp19), we constructed a vector pET28a-
PglL-SC-Omp194573C, which co-expressed PglL and a fusion protein
of SC, antigen Omp19, the glycosylation sequence 4573, and a 6�
His tag. After being introduced into YeO9_52212DrfaL and induced
with IPTG, SC-Omp19-4573-His tag was expressed and OPS was
loaded via the catalysis of PglL in vivo. The final product, SC-
Omp19-OPS, was then purified by affinity and SEC (Fig. S4 in
Appendix A).

Given the fact that ST and SC could form a spontaneous isopep-
tide bond in vitro, we used an ST-AP205 [21] to realize a covalent
connection between the antigens and nanoparticle. To determine
the optimal combination ratio of SC-Omp19-OPS and ST-AP205,
the purified ST-AP205 and SC-Omp19-OPS were mixed at different
molar ratios. After incubating at 4 �C overnight, SDS-PAGE was per-
formed and the results showed that a saturated reaction of ST-
AP205 required a 4-fold molar excess of SC-Omp19-OPS, as no
additional conjugated products were generated after adding more
SC-Omp19-OPS (Fig. 1(b)). To remove the uncoupled SC-Omp19-

OPS, the mixture was further purified by SEC and the target protein
was eluted in about 65 mL from a column with a 200 mL column
volume (Fig. 1(c) and Fig. S5 in Appendix A), ensuring that there
was no free SC-Omp19-OPS in the final product (AP205-Omp19-
OPS). Then, AP205-Omp19-OPS was confirmed by SDS-PAGE and
western blotting analysis using anti-His antibody and anti-YeO9
serum, and an obvious shift in the molecular weight of SC-
Omp19-OPS (from 35 to 50 kDa) was observed (Fig. 1(d)). Subse-
quent transmission electron microscopy (TEM) images of AP205-
Omp19-OPS showed non-aggregated spherical particles, with a
size of about 50 nm in diameter (Fig. 1(e)). DLS analyses revealed
that AP205-Omp19-OPS had a homogeneous size distribution;
these findings were in line with the TEM results (Fig. 1(f)). Then,
to evaluate the stability of the nano conjugate vaccine, the
AP205-Omp19-OPS solution was held at room temperature for at
least 72 h, and the particle size was consistent at different time
points (Fig. 1(g)). Furthermore, there was no obvious size change
when the solution was lyophilized and reconstituted, as deter-
mined by DLS analysis, indicating good stability of the nanoconju-
gate vaccine (Fig. 1(h)).

3.2. The nanoconjugate vaccine elicits an effective immune activation

To determine the immune activation ability of the dual-antigen
nanoconjugate vaccine, AP205-Omp19-OPS, and the other control
vaccines, including Omp19 (Figs. S6 and S7 in Appendix A), SC-
Omp19-OPS, and PBS, were injected into the tail base of BALB/c
mice. At 24 h post injection, some of the treated mice were sacri-
ficed and their dLNs were extracted for flow cytometry. The results
showed that the DCs expressing the co-stimulatory marker CD80
and T cell recognition signal MHC-II in the dLN of mice immunized
with AP205-Omp19-OPS was significantly higher than those of the
other groups (Fig. 2(a)). In addition, the proportion of CD80+ MHC-
I+ DCs also increased significantly in AP205-Omp19-OPS-treated
mice (Fig. S8 in Appendix A), indicating that the nanovaccine had
the highest activation of DCs and was better presented compared
to the other vaccines. On the third day after immunization, we fur-
ther examined the distribution of T cells in the lymph nodes. We
found that the number of T cells in the Ap205-Omp19-OPS-
treated dLNs was much higher than that in the other groups, and
resulted in an obvious enlargement of the dLNs (Fig. 2(b)), which
was primarily due to the proliferation of T cells. Furthermore, by
analyzing the T cell subtypes, we found that the distribution of
both CD4+ and CD8+ T cells were in line with the results of the total
T cells (Fig. 2(c)), suggesting that both humoral immunity and cel-
lular immunity were activated. Given that the activation of GCs
determines the production of antibodies, we next evaluated the
proliferation of B cells in the GC on day 7 post injection. The results
of flow cytometry showed that the proportions of GC B cells were
higher in the AP205-Omp19-OPS vaccinated group compared with
the other groups (Fig. 2(d)). The number of GCs was dramatically
increased in the dLNs of AP205-Omp19-OPS immunized mice,
according to the immunofluorescence staining for the proliferative
marker Ki67 on days 7 (Fig. 2(e)) and 10 (Fig. S9 in Appendix A).
Thus, the nanovaccine greatly promoted the immune response.

3.3. The dual-antigen nanoconjugate vaccine is safe in vivo

After confirming the highly efficient immunostimulatory capac-
ity of the dual-antigen nanoconjugate vaccine, we then further
evaluated the safety of the vaccine before mouse immunization
experiments. Briefly, BALB/c mice were injected with AP205-
Omp19-OPS (containing 100 lg of Omp19, five times the normal
immune dose) and then a series of safety indicators were
monitored at different time points (Fig. 3(a)). During the
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observation period, the vaccinated mice showed no signs of anom-
aly, such as body weight loss or temperature changes (Fig. 3(b)).
Then, three major inflammatory factors, including TNF-a, IL-1b,
and IL-6, were measured in the serum of each mouse at different
time points. We found that all indicators remained at a very low
level (Fig. 3(c)), suggesting that the nanoconjugate vaccine induced
almost no inflammatory response. Furthermore, histological analy-
sis of the organs, including heart, liver, spleen, lung, and kidney,
were performed 14 days after administration. As expected, no
damage or pathological alterations were detected in the tissue sec-
tions (Fig. 3(d)). In addition, we also determined biochemical
indices, include ALT, ALP, AST, and BUN, in the serum on the
28th day post vaccination, and all the biomarkers in both immu-
nized and normal (untreated) mice were within the normal range
(Fig. 3(e)). These above results showed that the nanovaccine was
safe and appropriate to use in further evaluations.

3.4. Immune effect of dual-antigen nanoconjugate vaccine via s.c.
injection

Encouraged by the pronounced immune activation ability and
safety of the dual-antigen nanoconjugate vaccine, we further
evaluated the vaccine effect through a series of mouse experi-
ments. The BALB/c mice were injected s.c. with Omp19, SC-
Omp19, SC-Omp19-OPS, AP205-Omp19, or AP205-Omp19-OPS
(each injection contained 20 lg of Omp19) at 0, 14, and 28 days
(Fig. S7), and PBS was used as the control (Fig. 4(a)). Blood was
collected on day 38 from tail snip of each mouse to measure
the specific serum antibody against Omp19 and OPS. The ELISA
results showed that the Omp19-specific IgG titers were observed
in all of the Omp19-treated groups, and AP205-Omp19-OPS eli-
cited the most robust antibody response compared with the
others, and was increased over 1000-fold compared with

Fig. 1. Construction and characterization of the dual-antigen nanoconjugated vaccine. (a) Schematic diagram of the dual-antigen nanoconjugated vaccine production.
(b) Coupling of the dual-antigen SC-Omp19-OPS and delivery system ST-AP205 at different molar ratios, and analysis by Coomassie blue staining. (c) SEC of the mixture of
ST-AP205 and SC-Omp19-OPS at the optimum molar ratio, with different glycoprotein peaks indicated by black arrows. (d) Purified ST-AP205, SC-Omp19-OPS, and AP205-
Omp19-OPS analyzed by Coomassie blue staining, western blotting analysis using anti-6� His tag (anti-His) antibody, and anti-YeO9-specific monoclonal antibody. (e) TEM
image and (f) DLS analysis of AP205-Omp19-OPS. (g) DLS analysis of AP205-Omp19-OPS particle size before and after the particles were stored at room temperature for 72 h.
(h) DLS analysis of AP205-Omp19-OPS particle size before and after lyophilization and reconstitution. M: marker.
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Omp19 alone (Fig. 4(b) and Fig. S10 in Appendix A). By further
analyzing the IgG subtype, we found that both IgG1 and IgG2a
in AP205-Omp19-OPS-immunized mice were greatly increased
(Fig. 4(c) and Fig. S11 in Appendix A), indicating that both
humoral and cellular immunity responses were enhanced when
antigens were loaded in the nanoparticle. The IgG titers and
two subtypes (IgG1 and IgG2a) against YeO9_52212 LPS were also
increased in the AP205-Omp19-OPS group, which was consistent
with the results for Omp19 (Figs. 4(d) and (e)). Given that the

titer ratios of IgG1/IgG2a are commonly used as an indicator of
potential Th1 or Th2 responses, we further calculated the titers
ratios of different IgG subtypes and found that a mixed and bal-
anced IgG1/IgG2a systemic response (the ratio of IgG1/IgG2a
was about 1.0) [31] was evoked by the dual-antigen nanovaccine,
indicating evidence of both Th1 and Th2 activation (Figs. 4(c) and
(e)). Taken together, these results showed that AP205-Omp19-
OPS efficiently produced specific antibodies against both Omp19
and OPS antigens.

Fig. 2. The nanoconjugated vaccine effectively activated an immune response. BALB/c mice were immunized s.c. with PBS, Omp19, SC-Omp19-OPS, or AP205-Omp19-OPS,
and dLNs of mice were collected at 24 h after injection and analyzed by flow cytometry for (a) the proportion of DCs that co-expressed CD80 and MHC-II (n = 4). On the third
day, lymph nodes were extracted from mice for immunofluorescence analysis and stained with DAPI (blue) and CD3 (pink), and examined for (b) the number of CD3+ cells,
and (c) CD4+ T and CD8+ T cells among total dLN cells (n = 4). On the seventh day post injection, lymph nodes were collected and analyzed for (d) the proportion of GC B cells
(n = 3) and (e) immunofluorescence staining of dLNs (blue: DAPI; green: Ki67), with the distribution of GCs shown by white dashed lines. Data are presented as the means ±
SD and analyzed by one-way ANOVA with Dunn’s multiple comparison test. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.
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Then, the protective effect of the candidate nanovaccine was
evaluated through non-lethal infections of B. melitensis. Each
immunized mouse received B. melitensis M5-90 at a dose of

1.7 � 107 CFU via i.p. injection 14 days after the third immu-
nization. Although body weight in all the M5-90-infected mice
quickly reduced compared with normal mice, the weight of mice

Fig. 3. Safety evaluation of the dual-antigen nanoconjugate vaccine. (a) Experimental schedule for the safety evaluation of nanoconjugate vaccine. (b) Body weight and rectal
temperature changes in mice treated once with AP205-Omp19-OPS and normal (untreated) mice. (c) Serum cytokine levels (TNF-a, IL-1b, and IL-6) at different time points
post immunization. (d) Histological analysis of heart, liver, spleen, lung, and kidney of treated mice on the 14th day after treatment and of normal mice. (e) The levels of ALT,
ALP, AST, and BUN in the serum of treated mice on the 28th day after immunization and in normal mice.
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in the AP205-Omp19-OPS group showed the least reduction and
fastest recovery (Fig. 4(f) and Fig. S12 in Appendix A). Then the
mice were sacrificed six days after infection and the bacterial
load in spleens and livers was quantitated. The results showed
that the number of bacteria in both organs was lower in
AP205-Omp19-OPS-immunized mice than in the others, and
was particularly significant in the livers (Fig. 4(g) and Fig. S13
in Appendix A), indicating that AP205-Omp19-OPS elicited better
protection against non-lethal infection of B. melitensis compared
with Omp19.

3.5. Immune effect of dual-antigen nanoconjugate vaccine via i.p.
injection

Once we had confirmed the immune enhancement and protec-
tive effects of the nanovaccine through the s.c. route, we evaluated
its effects via the i.p. route, another commonly used vaccination
method. Mice were immunized i.p. with PBS, Omp19, SC-Omp19,
SC-Omp19-OPS, AP205-Omp19, or AP205-Omp19-OPS on days 0,
14, and 28, and a separate positive group were injected i.p. with
1.0 � 106 CFU of B. melitensis M5-90 per mouse. Except for the

Fig. 4. Evaluation of humoral immunity and protection against non-lethal B. melitensis M5-90 infection elicited by s.c. injection of dual-antigen nanoconjugate vaccine.
(a) Schematic diagram of the s.c. injection study. The serum (b) IgG, and (c) IgG1 and IgG2a responses against GST-Omp19 after the third s.c. injection. The 96-well plates were
coated with purified GST-Omp19 (n = 10). The serum (d) IgG, and (e) IgG1 and IgG2a responses against LPS of YeO9_52212 after third s.c. injection. The 96-well plates were
coated with LPS of YeO9_52212 (n = 10). (f) Weight change of immunized mice after infection with M5-90 (n = 5). (g) Bacterial load in the spleen of mice after infection with
non-lethal B. melitensis M5-90 (n = 4). Data are presented as means ± SD and analyzed by one-way ANOVA with Dunn’s multiple comparison test. ****p < 0.0001, ***p < 0.001,
and *p < 0.05.
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PBS and M5-90 groups, all groups were immunized with 15 lg of
Omp19. In addition to determining the induced antibody titer of
each group, a series of protective indicators were evaluated after
infection with a non-lethal dose of B. melitensis (1.7 � 107 CFU
per mouse) on day 42 (Fig. 5(a)). Similar to the results from the
s.c. route, the specific IgG titers against Omp19 were significantly
increased in both the SC-Omp19-OPS and AP205-Omp19-OPS
groups, with the increases were most profound for the AP205-
Omp19-OPS-treated mice (Fig. 5(b) and Fig. S14 in Appendix A).
In the AP205-Omp19-OPS group, both IgG1 and IgG2a titers were
significantly higher than in the other groups (Fig. 5(c)
and Fig. S15 in Appendix A). The same trend was also found in
serum antibody responses against OPS. AP205-Omp19-OPS
induced remarkably higher IgG and other antibody subtypes
against YeO9_52212 LPS compared with SC-Omp19-OPS
(Figs. 5(d) and (e)).

Next, we evaluate the protection of each treatment after infec-
tion of B. melitensis M5-90 with a non-lethal dose as described
above. The weight loss of the AP205-Omp19-OPS group was the
least, suggesting that this group had better protection against
infection-associated weight loss than the other groups, especially
when compared to the positive control M5-90 group (Fig. 5(f)
and Fig. S16 in Appendix A). Given that the secretion of TNF-ɑ is
highly associated with the inflammatory responses caused by B.
abortus infection [19], we then measured the concentration of
TNF-a in the serum from each mouse at days 0, 3, and 5 post-
infection with M5-90 (days 42, 45, and 47 post first immunization).
The results showed that although TNF-a levels in all groups
increased following infection, only a very low concentration (less
than 11 pg�mL–1) was found in mice immunized with AP205-
Omp19-OPS, indicating almost no systemic inflammatory reaction
in this group (Fig. 5(g) and Fig. S17 in Appendix A).

We next examined the bacterial load in the spleens of immu-
nized mice. The results showed that the AP205-Omp19-OPS group
(with a protection unit of 1.22) had the lowest colony number
compared with the Omp19 and SC-Omp19-OPS groups (Fig. 5(h)
and Fig. S18 in Appendix A). Moreover, histological analyses of
spleens and livers of the M5-90-infected mice showed that, similar
to the positive control group M5-90, immunization of AP205-
Omp19-OPS largely alleviated desmoplasia and multinucleated
giant cell proliferation in the spleens, and decreased inflammatory
cell infiltration in livers, which also supported these results (Fig.
5(i) and Fig. S19 in Appendix A). These results further confirmed
that the nanovaccine AP205-Omp19-OPS engendered strong pro-
tective effects against B. melitensis.

3.6. Long-term protective effect of the dual-antigen nanoconjugate
vaccine

Because an ideal vaccine for use in humans or in animals should
be effective and avirulent, and induce long-lasting protection [32],
we further evaluated the long-term protection of this dual-antigen
nanoconjugate vaccine. The mice were grouped and immunized as
described previously and blood samples of each mouse were col-
lected at each time point for subsequent tests. Eighteen weeks after
the first immunization, the mice were challengedwith a lethal dose
of B. melitensis M5-90 strain (Fig. 6(a)). During the monitoring per-
iod, the peaks of the antibody titer against Omp19 of each immu-
nized group appeared in the 10th week, and the titer in the AP205-
Omp19-OPS group remained the highest for at least 18 weeks
(Fig. 6(b) and Fig. S20 in Appendix A). Then, by detecting serum sub-
types, we found that IgG1 and IgG2a serum titers of the AP205-
Omp19-OPS-immunized group showed no difference 6 and 18
weeks after the first immunization (10 days after the last immuniza-
tion) (Fig. 6(c)). For OPS, the IgG titer in the AP205-Omp19-OPS
group showed almost no reduction, while in the SC-Omp19-OPS

group, it gradually decreased from the 10th week (Fig. 6(d)). Fur-
thermore, the OPS-specific IgG1 and IgG2a titers at the end time
point were even higher than that at the sixth week (Fig. 6(e)). These
results indicated that the dual-antigen nanoconjugate vaccine eli-
cited a potent and stable long-term immune response against both
types of antigens. Moreover, we performed the bactericidal assays
and found that although serum collected at 6 weeks from the
Omp19 and SC-Omp19-OPS groups showed little bactericidal activ-
ity, AP205-Omp19-OPS-immunized serum reduced the viability of
B. melitensis M5-90, and the bactericidal activity was maintained
until the 18th week (Fig. 6(f)). Additionally, mice from each treat-
ment group were inoculated i.p. with approximately 4.0 � 108 CFU
permouse (about 5� lethal dose) of theM5-90 strain 18weeks post
immunization and mouse survival was monitored. With this strong
pathogen challenge dose, almost all of the mice from the PBS,
Omp19, SC-Omp19, SC-Omp19-OPS, and AP205-Omp19 groups
were deadwithin three days. The positive controlM5-90 group only
had a 20% protection, while 60% of the AP205-Omp19-OPS-treated
mice survived, which was higher than the survival of the positive
control (Fig. 6(g)). This result indicated that the nanoconjugate vac-
cine efficiently protected mice from the infection of B. melitensis for
at least three months.

4. Discussion and conclusion

It has been widely demonstrated that vaccines with broad-
spectrum protective effects can be produced by combining multi-
ple antigen components into a single vaccine [33,34]. The use of
multivalent vaccines should allow better coverage of natural
pathogen antigen diversity, better match the genetic variability
of the human immune system, and reduce the risk of pathogen
escape due to immune pressure [35]. However, a simple mixture
of different antigens does not assure delivery of the target peptide
epitopes, T-helper epitopes, and adjuvants to the same antigen-
presenting cells, and therefore may impair immune responses
[35]. In contrast, a covalently bound combination of various anti-
gens would ensure co-delivery of the vaccine components. Differ-
ent from other multiple-antigen vaccines, here, the
polysaccharide and protein antigens were simultaneously loaded
on a single nano-carrier. In our design, we used the O-linked glyco-
sylation system to generate a dual antigen module. Because
Omp19 contains a glycosylation sequence, OPS can be coupled to
it through the catalysis of PglL in Y. enterocolitica. By a similar
approach, the OPS could be coupled with other protein antigens
(e.g., Omp31, L7/L12, and lumazine synthase) or multiple-protein
fusion antigens in the future to prepare more efficient Brucella vac-
cines. In addition, the accelerating development and application of
bioinformatics techniques have given rise to a new field of vaccine
design, in which vaccine protein candidates are predicted in silico
from genome sequences using reverse vaccinology [36,37].
Chimeric proteins based on B and T cell epitopes could also be used
to replace Omp19 to increase the possibility of eliciting a broad cel-
lular or humoral immune response [38]. Thus, we provide an
evolvable vaccine preparation strategy to prepare broad-
spectrum vaccines.

Many types of anti-Brucella vaccines have been developed,
mainly including live attenuated vaccines, DNA vaccines, and sub-
unit vaccines. The live attenuated vaccines have good efficacy but
are only licensed for use in livestock due to safety concerns
[9,39]. DNA vaccines can induce strong Th1 immune responses
and activate cytotoxic T lymphocytes, but fail to provide
long-term protection due to the rapid silencing of DNA, thus
requiring repeated booster dosing and adjuvants [39]. Subunit vac-
cines might be the best choice for developing a vaccine for human
use. However, most of the reported subunit vaccine candidates
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Fig. 5. Evaluation of humoral immunity and protection against non-lethal B. melitensis M5-90 infection elicited by i.p. injection of the dual-antigen nanoconjugate vaccine.
(a) Schematic diagram of the animal i.p. injection procedure. The serum (b) IgG, and (c) IgG1 and IgG2a titers against GST-Omp19 were measured in immunized groups on day
10 after the third i.p. injection (n = 10). The serum (d) IgG, and (e) IgG1 and IgG2a titers against the LPS of YeO9_52212 were measured in immunized groups on day 10 after
the third i.p. injection (n = 10). (f) Weight change of mice treated with different vaccine candidates after infection with M5-90 (n = 5). (g) TNF-a levels in the serum of mice
after infection with M5-90 (n = 3). (h) Quantification of bacterial colonization in spleens collected from immunized mice at the sixth day post challenge (n = 5). The splenic
bacterial load of the mice was determined and expressed quantitatively in the upper graph in the lower table. (i) Histological analysis of the spleen and liver of infected mice
and normal mice. On the sixth day after infection with M5-90, the mice were killed by cervical dislocation, and then the spleen and liver were dissected to observe the
pathological changes. The yellow dotted boxes in the top panels represent the field of view in the corresponding figures below, and the scale bars are at the bottom of the
figure. Black arrows indicate desmoplasia, white arrows indicate multinucleated giant cells, and white dotted circles indicate lymphocyte infiltration. Data are presented as
means ± SD and analyzed by one-way ANOVA with Dunn’s multiple comparison test. ****p < 0.0001, ***p < 0.001, and **p < 0.01, and *p < 0.05.
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against Brucella did not reach the protection efficacy achieved by
live attenuated vaccines [10,39]. This was mainly due to the insuf-
ficient immunogenicity of the currently identified Brucella protein
antigens. In our design, the surface-exposed antigenic polysaccha-
ride and outer membrane protein were biosynthesized simultane-
ously as a unique glycosylated protein. Proteinaceous nanoparticle
AP205 was further designed as a ‘‘plug and display” carrier to real-
ize the co-delivery of two types of antigens [40]. Moreover, the

efficacy of this nanovaccine was good even without the help of
adjuvants. Thus, we believe that this work extends subunit vaccine
design strategies and will be applicable to the development of
nanovaccines against bacterial infections.

A cell-mediated immune response is required to prevent infec-
tion of intracellular bacteria such as Brucella. In our results, we con-
firmed that the dual-antigen nanoconjugate vaccine promoted
CD8+ T cell differentiation (Fig. 2(c)) and promoted Th1 immune

Fig. 6. Evaluation of long-term antibody response and protection against a lethal dose of B. melitensis M5-90. (a) i.p. treatment and evaluation schedule for long-term
protection. (b) Long-term IgG titers against GST-Omp19 from each treated group were measured over time (n = 10). (c) Serum IgG1 and IgG2a titers against GST-Omp19 of
AP205-Omp19-OPS-treated mice 6 and 18 weeks after the first immunization (n = 10). (d) Long-term IgG titers against YeO9_52212 LPS from each treated group (n = 10).
(e) Serum IgG1 and IgG2a titers against YeO9_52212LPS of the AP205-Omp19-OPS-treated mice 6 and 18 weeks after the first immunization (n = 10). (f) Serum bactericidal
activity of serum from each group 6 weeks after the first immunization, and the serum of the AP205-Omp19-OPS-treated group 18 weeks after the first immunization (n = 3).
(g) Survival rates of different groups of mice after challenge with a high dose of B. melitensis strain M5-90 (4.0� 108 CFU per mouse) 18 weeks after the primary immunization
(n = 10).
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responses, indicating that cellular immunity was also induced. To
further enhance this response, many strategies could be applied.
Because the dual-antigen nanoconjugate vaccine was produced
based on a modular and flexible strategy, the protein antigen could
be easily replaced to improve the cellular immune response. A ser-
ies of highly effective protein antigens or peptide epitopes can be
used. For example, many potential antigenic epitopes of Brucella
were discovered by screening the MHC-I binding peptides, which
could be recognized to promote cross presentation [41,42]. In addi-
tion, novel efficient adjuvants (such as IL-18, glycoprotein 96
(gp96), and cytosine-guanine dinucleotide sequence (CpG)) [43–
45] have been developed that show pronounced abilities to induce
the cellular immune response. These adjuvants are expected to fur-
ther promote cellular immune responses. Notably, CpG 1018 is
currently under evaluation in clinical trials for coronavirus disease
2019 (COVID-19) vaccines [45].

Given that nano-carriers can display antigens at a high density
and greatly activate immune responses [46], we chose to use VLPs,
the nanoparticles currently approved for vaccines for human use,
to load antigens [20]. Although antigens could be coupled on par-
ticles through genetic fusion expression or chemical conjugation
[21], these methods inevitably affect the structure of the antigen
or nano-carrier [22,23]. Therefore, we used the ST/SC system to
connect the dual-antigen and AP205 nanoparticle in vitro, to
ensure the structural integrity as well as the correct assembly of
the antigen and nanoparticle. Furthermore, compared with other
types of delivery materials, this proteinaceous nanoparticle has
higher safety and biological compatibility, which is more con-
ducive to the development of prophylactic vaccines. As expected,
our results showed no drug-related toxicity signs in mice after
the injection of the vaccine at five times the normal dose.

In order to evaluate the effect of the nanovaccine more compre-
hensively, two of the most commonly used immunization routes
(s.c. and i.p.) were used. We found that both routes induced high
levels of antibody responses and provided protection in mice. Cel-
lular immunity is very important for the elimination of intracellu-
lar bacteria in the body [8]. Our results showed that the
nanovaccine enhanced Th1 and Th2 immune responses at the same
time, whether through s.c. or i.p. routes. Th1-associated antibodies
were found to enhance the ability of complement killing and
opsonization, which may also have an important role in reducing
the bacterial load before the organism becomes intracellular
[47,48]. Interesting, we detected distinct bactericidal activity
against the B. melitensis M5-90 strain from the dual-antigen
nanoconjugate vaccine immunized mice serum, which was not
reported in other studies on Brucella vaccines. This finding sug-
gested that the ability of complement-mediated killing by immu-
nized serum is probably important for Brucella clearance and
could be used as an indicator to evaluate the protective effect of
the Brucella vaccine. It also should be mentioned that, even with
the same vaccine, the reaction quality and the protective effects
were shown to be different through various administration routes
[49,50]. This view is consistent with our results, in which i.p.
immunization elicited higher antibody titers and provided better
pathogen clearance than the s.c. route. Moreover, other studies
have shown that oral or mucosal immunization of Brucella vaccines
can also achieve good immune effects [8,51]. Inspired by this point,
we will further optimize the route of administration and immu-
nization procedures to achieve the most effective vaccination
effect.

Taken together, we have established a safe and effective vaccine
candidate against B. melitensis, which causes significant animal and
human health impacts. In this study, the number of animals used
in flow cytometry and for the cytokine assay was limited (n < 5);
however, this has been commonly accepted in many previously
published articles [52–54]. We believe that the use of a larger

number of animals in future research will help to further confirm
our conclusions. The vaccine in its current stage is not appropriate
for animal use, mainly because of the high cost. In the future, we
will optimize the entire production process (especially screening
for high-yielding host strains) to reduce the total costs, and we
believe that after breaking the shackles of the production process,
this vaccine will be used in both animals and humans. In our
research, we introduced an innovative protein glycosylation sys-
tem to realize simultaneous loading of polysaccharides and protein
antigens on the nanoparticle. This nanoconjugate vaccine caused a
remarkable immune response and provided efficient protection. In
particular, the long-term protection was better than the attenuated
live vaccine strain M5-90. To our knowledge, this is the first
attempt to deliver more than one antigen simultaneously through
a nano delivery system to protect against infection from Brucella,
rather than a simple physical mixing of antigens. It should be
emphasized that what we provide is a modular antigen prepara-
tion technology, which can simultaneously load polysaccharides
and various protein antigens. In addition to the Omp19 used in this
study, other efficient proteins or multi-epitope peptides can also be
co-delivered with polysaccharide antigens. Moreover, our strategy
could also be applied to other delivery systems (e.g., other VLPs
and ferritin particles) to load additional polysaccharide antigens,
making it more conducive to develop bacterial vaccines, such as
Vibrio cholerae and Burkholderia pseudomallei, for which subunit
vaccine targeting one antigen is very difficult to achieve satisfac-
tory results [55,56].

Considering that our bioconjugate nanovaccines are based on a
proteinaceous scaffold and can provide a better protective efficacy
even without adjuvants, many potential studies can be envisioned
and conducted in the future. For example, multivalent vaccines
could be designed to provide broader protection. As is known, a sin-
gle antigen generally cannot provide comprehensive protection
against certain pathogen genera. Many studies have confirmed that
multiple antigens, especially different types of antigens, can provide
better immune effects against various clinically isolated pathogens
[57–59]. In addition to the ST/SC system we used here, other
bioorthogonal coupling systems, such as SnoopCatcher/SnoopTag
or biotin/streptavidin, could be explored for loading other antigens
in our nanocarrier [23]. Their combination strategies can further be
used to develop efficient multivalent vaccines. Another possible
improvement is optimizing the vaccine administration route. Our
results have shown that the nanovaccine without adjuvants stimu-
lated efficient protection. This provides an opportunity for us to
develop dissolving microneedle patches. Unlike current intramus-
cular injections, microneedle patches could deliver vaccines to the
skin as an alternative pain-free method of vaccination. Moreover,
immunization with microneedle patches does not require cold
chain storage capacity and trained professionals, supporting their
widespread use, especially in poor or developing countries where
certain infectious diseases are highly prevalent.
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