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Abstract

Brucella spp. are Gram-negative, facultative intracellular bacteria that cause brucellosis in humans and various animals.
The threat of brucellosis has increased, yet currently available live attenuated vaccines still have drawbacks. There-
fore, subunit vaccines, produced using protein antigens and having the advantage of being safe, cost-effective and
efficacious, are urgently needed. In this study, we used core proteome analysis and a compositive RV methodology to
screen potential broad-spectrum antigens against 213 pathogenic strains of Brucella spp. with worldwide geographic
distribution. Candidate proteins were scored according to six biological features: subcellular localization, antigen simi-
larity, antigenicity, mature epitope density, virulence, and adhesion probability. In the RV analysis, a total 32 candidate
antigens were picked out. Of these, three proteins were selected for assessment of immunogenicity and preliminary
protection in a mouse model: outer membrane protein Omp19 (used as a positive control), type IV secretion system
(T4SS) protein VirB8, and type | secretion system (T1SS) protein HlyD. These three antigens with a high degree of
conservation could induce specific humoral and cellular immune responses. Omp19, VirB8 and HlyD could substan-
tially reduce the organ bacterial load of B. abortus S19 in mice and provide varying degrees of protection. In this study,

against wild-type pathogenic Brucella species challenge.

we demonstrated the effectiveness of this unique strategy for the screening of potential broad-spectrum antigens
against Brucella. Further evaluation is needed to identify the levels of protection conferred by the vaccine antigens
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Introduction

Brucella spp. are Gram-negative, facultative intracel-
lular bacteria that cause brucellosis in humans and vari-
ous animals [1]. The genus Brucella comprises a growing
number of species (at least 12) that infect a wide variety
of mammals as primary hosts [2, 3]. Brucellosis is one of
the most common zoonotic diseases worldwide and has
become a serious concern in recent years [4]. At present,
vaccination is the most effective approach to preventing
and controlling brucellosis. Veterinary live attenuated
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vaccines have been widely used and play an important
role in the control of brucellosis epidemics [5]. However,
this bacterium remains a challenging vaccine target that
due to some drawbacks shown by these live attenuated
vaccines, including interference with diagnostic tests,
pathogenicity for humans, potential to cause abortion
in pregnant animals, among others [6]. Subunit vaccines
have promising applications with the advantage of being
safe, cost-effective and efficacious. During the past two
decades, various antigens have been extracted from Bru-
cella, such as Omp19, Omp25, L7/L12, P39, SodC, InpB,
AsnC and TF [7-16]. These available antigens have been
shown to provide protection against Brucella infection
by reducing the organ bacterial load in mice. Whereas

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0001-5805-2469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13567-021-00939-5&domain=pdf

Zai et al. Vet Res (2021) 52:75

such findings are highly promising, subunit vaccines
using known antigens cannot provide the levels of pro-
tection conferred by live attenuated vaccines [17]. Fur-
ther investigation is needed to identify novel antigens, so
as to increase vaccine efficacy. B. abortus, B. melitensis,
and B. suis are considered the most highly pathogenic
species, causing most cases of brucellosis in humans and
domestic animals throughout Central Asia, Africa, South
America, and the Mediterranean region [4]. It is of great
importance to select broad-spectrum antigens that can
simultaneously target various Brucella pathogens with a
worldwide geographic distribution.

Reverse vaccinology (RV) has been proven to be a
highly effective approach in which a rational vaccine
design is used, with vaccine antigen prediction based on
bioinformatics analysis of pathogen genomes [18, 19].
Several studies have used RV to screen potential vaccine
candidates based on the protein coding genome of Bru-
cella [20-23]. Different selection criteria with traditional
rules-based prediction have been applied, resulting in the
identification of numerous potential antigens. However,
the “all-or-nothing” type of selection used in these stud-
ies might fail to capture the relationship among different
criteria because each rule is important but not decisive
[24, 25]. Moreover, these early studies typically analysed
few representative strains that are unfavourable targets
for broad-spectrum therapeutics.

The objective of the present study was to screen poten-
tial broad-spectrum antigens against a large sample of
globally representative strains of pathogenic Brucella spp.
using a compositive RV strategy. To address this objec-
tive, we adopted an in silico methodology for selecting
novel potential vaccine candidates based on their biologi-
cal features that are strongly associated with protective
antigenicity. From these in silico predictions, 32 potential
vaccine candidates from the core proteome of Brucella
were picked out. Outer membrane protein Omp19, type
IV secretion system (T4SS) protein VirB8, and type I
secretion system (T1SS) protein HlyD were then selected
for preliminary verification in a mouse model. Our
results provided a manageable list of potential protective
antigens for developing a broad-spectrum vaccine against
Brucella spp. with a worldwide geographic distribution.

Materials and methods

Bioinformation and reverse vaccinology

The genome of B. abortus, B. melitensis, and B. suis
strains with clear geographic characteristics were
selected and downloaded from the NCBI website (as of
March 2019) [26]. To identify the pan-core proteome,
we used an ultra-fast computational pipeline Bacte-
rial Pan Genome Analysis (BPGA) tool with default
parameters [27]. The protein FASTA files of all strains
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were input for orthologous cluster analysis, with an
80% sequence identity cut-off value. The core/acces-
sory/unique proteomes were defined as coverage > 95%,
95-15%, and < 15%, respectively.

Proteins from the core proteome were first aligned
with host (human/mouse) protein databases using the
BLASTp tool [28]. Then, non-host-homology proteins
were screened and scored according to a compositive
strategy assigning six biological features: (1) subcellular
localization (SCL), (2) antigen similarity, (3) antigenic-
ity, (4) mature epitope density, (5) virulence, and (6)
adhesion probability. Each of the six biological features
was used to divide proteins into three levels of anti-
gen probability: high probability (individual score=1),
moderate probability (individual score=0.5), and low
probability (individual score=0). Then, all proteins
were computed and ranked based on a predicted com-
posite score of the six individual scores for further
analysis. The remaining top-ranked (1% of the core
proteome) proteins were considered potential vaccine
candidates.

Briefly, the CELLO program was used to predict the
most likely location for each protein and a subcellular
localization individual score was obtained (extracellu-
lar/membrane, score =1; periplasmic, score =0.5; cyto-
plasmic, score=0) [29]. For computation of antigen
similarity, we made use of sequence similarity search
programs in BLAST to identify similar sequences in the
target of known protective antigens database (Protegen,
exclude Brucella antigens) and obtained a similarity
individual score (similarity > 200, score =1; 100 < simi-
larity < 200, score=0.5; similarity <100, score=0) [30,
31]. For antigenicity computation, we used an align-
ment-free approach (VaxiJen) to antigen prediction
based on principal amino acid properties and obtained
an antigenicity individual score (antigenicity> 0.6,
score=1; 0.45 <similarity<0.6, score=0.5; similar-
ity<0.45, score=0) [32]. A computational strategy
(MED, mature epitope density) based on measuring the
epitope concentration in the mature protein according
to the number of 9-mer epitopes was used to obtain a
MED individual score (density > 10, score=1; 2 <den-
sity <10, score=0.5; density<2, score=0) [33]. The
virulence probability of proteins was predicted with
MP3 using an integrated support vector machine and
hidden Markov model approach to obtain a virulence
individual score (virulence> 0.5, score=1; 0 <viru-
lence<0.5, score=0.5; virulence<0, score=0) [34].
Adhesion probability of the input proteins was pre-
dicted using the Vaxign tool and SPAAN program that
obtained an adhesion individual score (adhesion > 0.4,
score=1; 0.3 <density<0.4, score=0.5; density<0.3,
score =0) [35].
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Protein structure and function

To gain greater insight into the biological functions of
these candidate antigens, proteins were manually anno-
tated using eggNOG-mapper [36]. The protein structure
of the antigens Omp19, VirB8, and HlyD was generated
with Phyre2 tools using a homology modelling approach
[37]. A comparative analysis of candidate antigens in this
study and previous studies was conducted and visualized
using Circoletto [38]. For the convenience of researchers,
we mostly used publicly available web servers for bioin-
formatics and immune-informatics analyses in this study.

Bacterial strains

The B. abortus strains 104 M and S19 were preserved in
our laboratory (Beijing Institute of Biotechnology, Bei-
jing, China). B. abortus 104 M has been widely used in
China for the control and prevention of human brucel-
losis since its approval by the Chinese Food and Drug
Administration (CFDA) in 1965. It exhibits typical prop-
erties of biotype I, low and stable virulence in experi-
mental animals, and strong immunogenicity [39, 40]. B.
abortus strain S19 (also called A19 in China), which can
infect humans, causing typical features of brucellosis,
was originally isolated as a virulent strain from a Jersey
cow in 1923 [41]. B. abortus was cultured in Tryptic soy
broth (TSB) with continuous shaking (220 rpm) at 37 °C.
Strains of Escherichia coli Transl-T1 and BL21 (DE3)
(TransGen Biotech Co., Ltd., Beijing, China), used for
cloning and expression studies, were grown in Luria—
Bertani medium. All experiments involving live B. abor-
tus strains were performed in approved and registered
biosafety facilities as stipulated. We strictly followed
standard biosafety procedures and protocols throughout
the entire process of the experiments.

Cloning and expression of antigens

Three potential protective antigens of Brucella were
selected for evaluation: Ompl9, VirB8, and HlyD.
Gene coding for the proteins was cloned from B. abor-
tus 104 M as C-terminal His-tagged fusion protein and
then expressed and purified as previously reported,
with some modifications [42]. Briefly, the PCR prod-
ucts of target genes (without signal peptides) were
purified and then cloned into a pEASY-Blunt E1 expres-
sion vector (TransGen). E. coli BL21 (DE3) cells con-
taining the expression vector were grown at 37 °C to
an OD600 of~0.8 and induced with isopropyl-p-D-
thiogalactopyranoside (IPTG) at a final concentration
of 1 mM at 25 °C for 6 h. The recombinant mature pro-
teins were expressed as soluble proteins that were puri-
fied using HisTrap HP (GE Healthcare, Uppsala, Sweden)
chromatography according to the manufacturer’s
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instructions. After purification, the purity of the proteins
was analysed on 12% gels using SDS-PAGE (Bio-Rad,
Hercules, CA, USA) and detected with anti-His tag anti-
body in Western blot analysis. The protein concentration
was estimated using BCA assay (R&D System, Minne-
apolis, MN, USA) and stored at —80 °C for future assays.

Antigen immunization

To investigate the immune protection effect of candidate
antigens, a mouse model was used in this study, as pre-
viously reported [5, 43]. Six- to eight-week-old female
C57BL/6 ] mice were purchased from Charles River
Laboratories, Inc (Beijing, China). and randomly divided
into five treatment groups (n=10). Mice were immu-
nized subcutaneously with a prime and two boosts (0,
14, 28 days) of vaccine formulation containing 20 pg of
protein (Omp1l9, VirB8, or HlyD) in phosphate-buffered
saline (PBS), combined with complete Freund’s adjuvant
(Sigma-Aldrich, St. Louis, MO, USA) at day 0 and incom-
plete Freund’s adjuvant at day 14/28. The positive control
group was intraperitoneally immunized with 1 x 10° CFU
(colony-forming unit) of live attenuated B. abortus vac-
cine strain 104 M once at day 0, and the negative control
group was injected with sterile 1X PBS (pH 7.4). Blood
was collected via retro-orbital bleeding on days 0, 14, 28,
and 35 of the immunization schedule.

Detection of antibodies and cytokines
To determine the titre of antibody (IgG, IgG1 and 1gG2a)
specific to antigens in the serum of immunized mice, a
standard enzyme-linked immunosorbent assay (ELISA)
was used as explained before with some changes [8].
Briefly, 96-well polystyrene plates (Corning; New York,
NY, USA) were coated with purified recombinant pro-
teins (100 pL, 2 pg/mL) at 4 °C overnight. After incuba-
tion, plates were washed four times with PBS containing
0.1% Tween-20 (PBST) and blocked with PBST contain-
ing 2% bovine serum albumin (Sigma-Aldrich) for 1 h
at 37 °C. Plates were then incubated with appropriate
dilutions of the different samples for 1 h at 37 °C. After
washing, as above, plates were incubated with secondary
horseradish peroxidase-conjugated anti-mouse total IgG
or different IgG subclasses (IgG1 and IgG2a) (Cell Sign-
aling Technology, Danvers, MA, USA) for 1 h at 37 °C.
Plates were then washed and 100 pL 3,3',5,5'-tetrameth-
ylbenzidine dihydrochloride (TMB) substrate solution
(Solarbio, Beijing, China) was added. After 7 min of incu-
bation at room temperature, the reaction was stopped
with 1 M H,SO,. The OD at 450 nm/630 nm was read on
a microplate reader (BioTek; Winooski, VT, USA).

Levels of cytokine tumour necrosis factor a (TNEF-
a), interferon-y (IFN-y), interleukin-4 (IL-4), IL-6, and
IL-10, and IL-17 in the supernatants from stimulated
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splenocytes were detected using a cytometric bead array
(CBA Mouse Cytokine Kit; BD Biosciences, San Jose,
CA, USA), according to the manufacturer’s instructions.
Briefly, spleens from antigen-immunized mice were col-
lected 4 weeks after the third immunization and homog-
enized in sterile PBS. After removal of red blood cells,
splenocytes at a concentration of 2 x 10°/mL were added
to a 96-well microplate with RPMI 1640 medium con-
taining 5 pg/mL antigen protein and supplemented with
10% foetal calf serum (HyClone Laboratories, Logan, UT,
USA). Concanavalin A at 5 pg/mL was used as a posi-
tive control. The supernatant was collected to evaluate
cytokines after stimulation for 18 h.

Protection experiments

One week after the third immunization, mice from each
group (n=6) were challenged intraperitoneally with
B. abortus strain S19 (1 x 10° CFU) [43]. Two weeks
post challenge, the spleens and livers of infected mice
were removed and homogenized. The bacterial load in
organ tissues was determined following serial dilution
of homogenates in sterile 1X PBS, plating on blood agar,
and incubation for 3 days at 37 °C. The CFUs in spleens
and livers were determined and converted to logarithmic
values. The unit of protection conferred by antigen pro-
teins was obtained by subtracting the mean log,,CFU of
the experimental group from that of the corresponding
PBS group.

Statistical analyses

In the immunogenicity study, antibody titres, cytokine
expression and Protection units were analysed using
standard t-tests and one-way ANOVA performed using
GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USA). A p value<0.05 was considered significant. Two
independent experiments were conducted in this study.
The data are expressed as mean=standard deviation
of multiple mice in single group from one independent
experiment.

Results

Pan-core proteome of pathogenic Brucella spp.

with worldwide geographic distribution

To screen potential broad-spectrum vaccine candidates
against pathogenic Brucella spp. (B. abortus, B. meliten-
sis, and B. suis) that are geographically distributed world-
wide, core proteome analysis followed by a compositive
RV strategy was used in this study (Figure 1). To iden-
tify the pan-core proteome of pathogenic Brucella spp.
with global geographic distribution, 213 strains of B.
abortus, B. melitensis, and B. suis with clear genetic iso-
lation information were selected after retrieval from
NCBI (Figure 2A, Additional file 1). These strains have
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extensive representation that cover 20 countries distrib-
uted throughout Asia, Europe, the Americas, and other
brucellosis-epidemic areas, highlighting challenges in
the design of vaccines with global utility (Figure 2B). The
protein presence/absence matrix resulted in a pan pro-
teome with 4676 proteins and a core proteome with 2152
proteins, based on an 80% sequence identity threshold
(Figure 2C).

Identification of novel Brucella antigens using reverse
vaccinology (RV) approaches

Any proteins from the core proteome exhibiting
sequence homology with host (human and mouse) pro-
teins were removed. The residual non-host-homology
proteins (1547) were then scored according to six biologi-
cal features that are strongly associated with protective
antigenicity, as follows (Figure 3A).

Subcellular localization (SCL)

Because the antibody responses induced by protective
antigens are primarily located in the extracellular or
membranes, the SCL of antigens is a main selection cri-
terion in RV strategies [24, 29]. Here, a total of 377, 224,
and 946 proteins were predicted to located in extracellu-
lar/membrane (high), periplasmic (moderate) and cyto-
plasmic (low), respectively.

Antigen similarity

One of the most common ways to identify new potential
antigens is in a comparison of similarity [30, 44]. This
approach was developed based on the assumption that
some antigens are protective, in that they have specific
structural/functional features (“protective signatures”)
that distinguish them from immunologically irrelevant
pathogen components. Here, a total of 23, 41, and 1483
proteins showed high, moderate, and low similarity to
known antigens, respectively.

Antigenicity

Because alignment-dependent sequence similarity meth-
ods have limitations in the discovery of truly novel anti-
gens, we used a novel alignment-independent method for
antigen recognition based on the main chemical proper-
ties of amino acid sequences [32]. Here, a total of 255,
638, and 654 proteins showed high, moderate, and low
antigenicity, respectively.

Mature epitope density

We also used a computational strategy to predict target
proteins for RV according to the number of epitopes in
the mature protein portion, considering the epitope’s
concentration in this portion, called mature epitope
density (MED) [33]. Here, a total of 202, 206, and 1139
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Figure 1 Schematic representation of reverse vaccinology (RV) approaches applied in this study. Pathogenic B. abortus, B. melitensis, and B.
suis strains with worldwide geographic distribution were analysed using an RV strategy. Non-host-homology proteins from the core proteome were
scored and ranked based on their predicted composite score, and top-ranked proteins were selected as potential vaccine candidates. Three vaccine
candidates were evaluated for immunogenicity and protective efficacy in mice.

proteins showed high, moderate, and low mature epitope
density, respectively.

Virulence

Virulence factors are proteins that can aid colonize a
host organism and/or induce disease. Using these anti-
genic factors as vaccine candidates might increase vac-
cine efficiency as these proteins are frontline weapons in
the pathogenic arsenal [44]. Here, a total of 268, 227 and
1052 proteins had high, moderate, and low probability of
being a virulence factor, respectively.

Adhesion probability

Adhesion is critical for bacterial invasion and the capac-
ity to induce strong immune responses [45]. Adhesion of
Brucella to extracellular matrix components or to host
cells is an important step in infection [46]. Several adhes-
ins have been identified in Brucella and shown to provide
protection in immunization experiments [47]. Here, a
total of 180, 176, and 1191 proteins has high, moderate,
and low adhesion probability, respectively.

Next, all proteins were computed based on a compos-
ite score of the six individual scores (listed in Additional
file 2). Subsequently, the 32 top-ranked proteins (1% of
the core proteome, with a composite score > 0.75) were
selected for consideration as high-probability potential
vaccine candidates, screened from the core proteome
(Figure 3B).

As shown in Table 1, the potential antigens could be
divided into three groups according to their composite
scores (0.916, 0.833 and 0.75). Two antigens (Ompl9
and Omp25) achieved a composite score of 0.916,
both of which were already identified as vaccine anti-
gens against Brucella in numerous studies. Nine anti-
gens (InpB, Omp10, VirB8, TolC, and so on) achieved
a composite score of 0.833. The remaining 21 antigens
(GumB, FusB, YgaZ, VirB6, HlyD, and so on) achieved
a composite score of 0.75. These 32 antigens tended to
fall into a few categories of biological function, includ-
ing outer membrane proteins and secretory system
proteins.
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Figure 2 Pan-core proteome analysis of pathogenic Brucella spp. with worldwide geographic distribution. A A total 213 strains of B. abortus,
B. melitensis, and B. suis with clear genetic isolation information were selected in pan-core proteome analysis. B Representative strains covering

major brucellosis-epidemic areas such as Asia, Europe and the Americas. C A genome-based neighbour-joining phylogenetic tree was constructed
based on concatenated core protein alignments. The core/accessory/unique proteome was defined as coverage >95%, 95-15%, and < 15%,

respectively.

Comparative analysis of potential vaccine candidates

with previous studies

Different selection criteria have been applied to Brucella
vaccine antigen prediction, resulting in the selection of
numerous potential antigens. By contrasting the similar-
ity and dissimilarity of the candidate antigens identified
in various studies, we observed similarities among the
different RV strategies (Figure 4). Hisham and Ashhab
obtained 34 potential antigens against pathogenic Bru-
cella spp. according to an RV strategy using the cumu-
lative score of surface-associated proteins [23]. Vishnu
et al. identified potential vaccine candidates against B.
melitensis 16 M based on systematic screening of the
exoproteome and secretome, in which eight proteins
were identified as potential vaccine candidates [22]. He
and Xiang used the web-based VIOLIN vaccine tar-
get prediction program Vaxign to predict new Brucella
vaccine targets, which identified 14 outer membrane
proteins [20]. Many antigens reported by Hisham and
Ashhab [23], Vishnu et al. [22] and He and Xiang [20]

were also identified in our list, such as Omp25 and BhuA.
While several non-broad-spectrum antigens identified in
previous studies were absent from our antigen list, such
as TonB-dependent receptor. Our results also provided a
manageable list that includes some novel potential anti-
gens that have not been previously reported, such as
outer membrane efflux protein TolC, T1SS protein HlyD,
T4SS protein VirB6/VirB8, aromatic acid exporter family
protein FusB, and cell envelope biogenesis protein AsmA.

Construction, expression, and purification of antigen
proteins

To demonstrate the effectiveness of the present RV
methodology, three potential protective antigens with
representative composite scores and families, including
Omp19 (score 0.917, used as a positive control), VirB8
(score 0.833), and HlyD (score 0.75), were selected for
preliminary verification. Omp19 is a surface-exposed
lipoprotein broadly expressed within the Brucella genus,
which plays an active role in bacterial cell adhesion, cell
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Figure 3 Distribution of individual and composite scores for Brucella core proteome. A Each of six biological features were used to divide
proteins into three levels of antigen probability: high, moderate, and low probability. B All proteins were computed based on a composite score of
the six individual scores. The top 32 proteins were selected as potential vaccine candidates, screened from the pan proteome of 4676 proteins.

invasion, colonization, immune modulation, and intra-
cellular survival (Figure 5A) [48]. It has demonstrated
that Omp19 is a possible vaccine candidate and has adju-
vant activity as protease inhibitor, which can be used as
positive control [49, 50]. VirB8 from Brucella is a bitopic
inner membrane protein, which undergoes several pro-
tein—protein interactions that have an impact on both
the functionality and assembly of the T4SS complex, sug-
gesting a key role in the T4S system (Figure 5B) [51, 52].
HlyD is a component of the prototypical alpha-hemolysin
(HlyA) bacterial type I secretion T1S system, along with
the other components HlyB and TolC (Figure 5C) [53].
Multiple-sequence alignment of Ompl9, VirB8, and
HlyD from the 213 pathogenic strains of Brucella spp.
showed a low naturally occurring sequence variation and
high (>95%) coverage across this diverse population, sug-
gesting strong evolutionary pressure, which in turn sug-
gests the biological importance of target proteins. The
mature proteins of interest were expressed and purified
in high yields as C-terminal His-tag fusion proteins.
The molecular weights were the correct size for Omp19
(17.8 kDa), VirB8 (21.2 kDa), and HlyD (36.3 kDa),
respectively, as evidenced in SDS-PAGE and Western
blot assays (Figures 5D-5F).

Immunization of mice with novel antigens provides
protection against B. abortus infection

To investigate the immune protection effect of the can-
didate antigens Ompl9, VirB8, and HlyD, a C57BL/6 ]
mouse model was used in this study. The specific

antibody levels in serum and cytokines in the culture
supernatant of mouse spleen cells were measured to
evaluate the immunogenicity of the candidate protective
antigens. Omp19, VirB8, and HlyD antigen proteins were
observed to induce total IgG antibody titres of 8.2 x 10°,
3.0x 10°, and 3.3 x 10° after the third immunization,
respectively (Figure 6A). At the same time, all three
antigens could effectively elevate IgG1 and IgG2a levels
(Figure 6B).

In brucellosis, different inflammatory cytokines work
together to regulate the host immune system [54]. The
level of cytokines TNF-a, IFN-y, IL-4, IL-6, IL-10 and
IL-17 in the supernatants of stimulated splenocytes were
detected via Omp19, VirB8, and HlyD antigen protein
stimulation (Figures 6C—H). Splenocytes from Omp19-,
HlyD-, and VirB8-immunized mice secreted signifi-
cantly higher amounts of TNF-a, IFN-y, IL-6, and IL-10
than splenocytes from PBS-immunized mice. In addi-
tion, splenocytes from VirB8-immunized mice secreted
IL-17(Th17) in response to VirB8 protein stimulation.
Immunization with Omp19, VirB8, and HlyD did not
induce significant increases in IL-4 secretion by stimu-
lated splenocytes. These results showed that Ompl9,
VirB8, and HlyD can induce mice to produce TNEF-o/
IFN-y, characterized by a Thl-type immune response. A
Th17-type immune response induced by VirB8 was also
detected.

After the mice were challenged with B. abortus S19, the
protective immunity of the candidate antigens was evalu-
ated by detecting the change in the organ bacterial load
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Table 1 Top 32 potential vaccine candidates of Brucella identified using reverse vaccinologyrucella
Accession number Protein Annotation Length Composite
scores
WP_002964998.1 Omp19 Outer membrane lipoprotein omp19 177 0917
WP_002963844.1 Omp25 Outer membrane lipoprotein omp25 213 0917
WP_002963504.1 InpB Invasion associated locus B protein 173 0.833
WP_002964778.1 - Surface antigen 274 0.833
WP_002966502.1 Omp10 Outer membrane lipoprotein omp10 126 0.833
WP_002966517.1 VirB8 Type IV secretion system protein virB8 239 0.833
WP_002966799.1 TolC Outer membrane efflux protein tolC 456 0.833
WP_002971524.1 LppA Surface antigen 150 0.833
WP_002964333.1 YiaD Cell envelope biogenesis protein 220 0.833
WP_002965367.1 - Outer membrane autotransporter barrel domain-containing protein 230 0.833
WP_002965368.1 - Outer membrane autotransporter barrel domain-containing protein 228 0.833
WP_002963919.1 GumB Sugar ABC transporter substrate-binding protein 195 0.75
WP_002964886.1 FusB Fusaric acid resistance protein FusB 176 0.75
WP_002964930.1 YgaZ Branched-chain amino acid ABC transporter permease 224 0.75
WP_002967278.1 TecyB Cysteine ABC transporter permease 226 0.75
WP_002969266.1 VirB6 Type IV secretion system protein VirB6 347 0.75
WP_002969595.1 AsmA Cell envelope biogenesis protein AsmA 645 0.75
WP_002964765.1 MacA Membrane fusion protein 408 0.75
WP_002971258.1 HlyD Hemolysin secretion protein D 349 0.75
WP_002966947.1 Omp16 Outer membrane lipoprotein omp16 168 0.75
WP_002966591.1 BhuA Heme transporter BhuA 661 0.75
WP_002966636.1 FliC Flagellin 282 0.75
WP_002969562.1 - Uncharacterized protein 155 0.75
WP_002963954.1 - Membrane protein 89 0.75
WP_002965055.1 - Uncharacterized protein 339 0.75
WP_002963439.1 - Hemolysin secretion protein 383 0.75
WP_002963645.1 - Lipoprotein 192 0.75
WP_002963994.1 - Aspartic protease 234 0.75
WP_002964835.1 - Uncharacterized protein 153 0.75
WP_002964883.1 - Lipoprotein 193 0.75
WP_002970401.1 - Uncharacterized protein 339 0.75

of mice. In the mouse model, the protection indexs for
Omp19, VirB8 and HlyD antigen proteins combined with
Freund’s adjuvant in the spleen were 2.97, 2.36 and 1.09
and in the liver, the protection indexs were 1.29, 1.04 and
0.77, respectively (Table 2). The results of the challenge
experiment showed that the Omp19, VirB8, and HlyD
protective antigens could substantially reduce the load of
B. abortus S19 in the organs of mice.

Discussion

During the last two decades, various antigens have been
evaluated from Brucella that have been shown to provide
protection in mice. While these studies are highly prom-
ising, subunit vaccines using existing antigens cannot
provide the same levels of protection as live attenuated

vaccines [17]. Therefore, further investigation is needed
to identify new antigens, in order to improve vaccine
efficacy.

From the in silico predictions in this study, we screened
32 potential vaccine candidates including multiple outer
membrane proteins and secretory system proteins. Mem-
brane-related proteins often have important effects on
the virulence and metabolism of bacteria, as these pro-
teins are located on the bacterial surface and interact
directly with immune system cells. Omp10, Omp16, and
Ompl9 are lipoproteins that possess various structures
and functionality, ranging from bacterial physiology to
pathogenesis mechanisms [55]. Omp25 is a virulence-
related factor of Brucella that contributes to the intra-
cellular survival of Brucella and chronic infection. The
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T4SS of Brucella is a well-known virulence factor that
can directly regulate the secretion of effector proteins
and plays a key role in the interaction between intracel-
lular bacteria and the host [56]. VirB8 is thought to be
an assembly factor that interacts with many other T4SS
components in a mostly transient fashion [52]. VirB6 is
a hydrophobic inner membrane protein containing five
or more transmembrane helices that are believed to be
located at or close to the translocation pore [52]. HlyD
is a T1SS protein and specific component of the trans-
port apparatus of alpha-haemolysin [53]. HlyD, HlyB,
and TolC combine to form the three-component ABC
transporter complex, creating a transmembrane channel

or pore through which HlyA can be transferred directly
to the extracellular medium. Other antigens found in our
study included InpB, aromatic acid exporter family pro-
tein FusB, cell envelope biogenesis protein AsmA, heme
transporter BhuA, and flagellin FliC. InpB is upregulated
in response to environmental cues signalling vector-
to-host transmission and is known to be a major viru-
lence factor [57]. FusB can function as a metabolic relief
valve, allowing elimination of certain compounds when
these accumulate to high levels in the cell [58]. AsmA
is involved in the assembly of outer membrane proteins
that may play a role in lipopolysaccharide biogenesis
[59]. BhuA is required by B. abortus for the maintenance
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Figure 5 Protein structure and expression of Brucella antigens Omp19, VirB8, and HlyD. A-C The protein structure of the antigens Omp19,
VirB8, and HlyD was generated with Phyre2 tools using a homology modelling approach. D-F SDS-PAGE and Western blot analysis of purified
mature proteins. Omp19, VirB8, and HlyD were cloned as C-terminal His-tagged fusion proteins and then expressed and purified.

of chronic infection in BALB/c mice [60]. Flagellin is a
subunit protein that polymerises to form the flagellae,
which are responsible for motility and chemotaxis. The
FliC mutant in Brucella is attenuated in a murine model
of infection, although Brucella spp. has been described as
nonmotile bacteria [61].

By contrasting the similarity and dissimilarity of the
candidate antigens identified in various studies, we
observed similarities among the different RV strate-
gies (Figure 4). For example, the outer membrane pro-
teins Omp25 and BhuA on our list were also identified
by Hisham, Vishnu, and He. One difference between
previous studies and ours is that other researchers have
applied decision-tree or filtering RV programs with tra-
ditional rules-based prediction. Proteins failing to com-
ply with the set parameters were filtered at each step.
An example is SCL, applied as the first major selection
criterion in previous studies, limiting the target anti-
gens to only surface-associated proteins. However, SCL
might not be equally critical for Brucella in which cell-
mediated immunity plays a major role. In our study, a
compositive RV strategy based on several biological fea-
tures was adopted for selecting novel potential vaccine
candidates. Candidate proteins that did not satisfy the
SLC criteria could still attain a reasonable score and were

compensated by another set of selection criteria. For
example, the plasma membrane protein InpB, predicted
in our study as a candidate antigen, was not selected in
previous studies as it did not meet their first major selec-
tion criterion, “SLC” In contrast, candidate proteins that
complied with the set parameters in previous studies but
failed to attain a high composite score in our RV strategy
were absent in our final list, such as LPS-assembly pro-
tein LptD.

In addition, compared with past studies, we focused
on potential broad-spectrum antigens that can simulta-
neously target a variety of Brucella pathogens that have
worldwide geographic distribution. Early studies of RV
typically analysed few representative strains that are
unfavourable targets for broad-spectrum therapeutics.
Although Hisham and Ashhab combined pan-genome
analysis with RV in their work, they did not consider
the global geographic distribution of Brucella strains.
Pathogenic species of Brucella are geographically dis-
tributed worldwide, including throughout Central Asia,
Africa, South America, and the Mediterranean region
[2]. Genomic resources from global analysis of a variety
of pathogens geographically distributed worldwide can
serve as a basis for identifying appropriate candidates
for broad-spectrum vaccine antigens [62]. In our study,
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Table 2 Protective efficacy conferred by antigen proteins against B. abortus $19 infection

Vaccine Group Adjuvant® Log,, CFU (Spleen)® Protection units Log,, CFU (Liver) Protection units
(n=6)

PBS - 55340.19 0 574026 0

Omp19 FA/IFA/IFA 2564021 297" 4414022 1297

VirB8 FA/IFA/IFA 3174049 236" 4664046 104"

HlyD FA/IFA/IFA 4444015 109" 49340.15 077"

104 M - 3.65+0.35 188" 3744016 196"

Protection units of immunized group is compared with that of PBS control with t-test, p < 0.05 is statistically significant. (*p < 0.05; **p < 0.01; ***p < 0.001)

2 Adjuvant: FA, Freund’s adjuvant; IFA, incomplete Freund’s adjuvant.

b CFU, colony-forming units.

several non-broad-spectrum antigens identified in pre-
vious studies were absent from our antigen list, such as
TonB-dependent receptor. Our results also provided
a manageable list that includes some novel potential

antigens that have not been previously reported. These
findings can serve to extend the targets of Brucella vac-
cine candidates. Several limitations remain in the pre-
sent compositive strategy using six biological features to
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predict protective antigens. Consideration of some other
important factors including protein interaction and pro-
tein function, among others, may further increase the
accuracy of protective antigen prediction.

Three antigens with representative scores and fami-
lies, selected from among 32 candidate proteins, were
verified and evaluated, to demonstrate the effectiveness
of the present prediction method. Omp19, VirB8, and
HlyD were observed to induce strong humoral and cel-
lular immune responses. As Brucella spp. are facultative
intracellular pathogens that can survive and replicate
within macrophages, cell-mediated immunity is consid-
ered fundamental for protective immune response [63].
Our results showed that Omp19, VirB8, and HlyD can
induce the body to produce TNF-a/IFN-y, characterized
by a Thl-type immune response. In particular, IFN-y is
essential for immune protection against Brucella infec-
tion that induce more polarization toward Th1 cells [64,
65]. In addition, functional TNF-a has been shown to
link the proinflammatory response and adaptive immune
response in Brucella-infected mice [66]. High levels of
IL-6 were produced by splenocytes of Omp19-, HlyD-,
and VirB8-immunized mice when re-exposed to the
immunizing antigens. It has been showed that IL-6 pro-
motes B. abortus clearance in macrophages and CD8+T
cell differentiation, priming the Thl response during
infection [67].

We have observed unmodified levels of specific IL-4
production among all group of mice, which indicated
no involvement of this Th2 representative cytokine in
the immune response against brucellosis [13, 68]. Sig-
nificant levels of IL-10 in mice immunized with antigens
were detected in this study. IL-10, a cytokine with broad
immunoregulatory functions, was originally described
as a unique product of Th2 cells but was later shown
to be expressed in a variety of cell populations [69]. A
Th17-type immune response induced by VirB8 was also
observed that may contribute to the host defence against
Brucella infection [70].

In summary, subcutaneous vaccination with Omp19,
VirB8, and HIyD plus Freund’s adjuvant induced a strong
humoral and Thl-oriented immune response. VirB8
could also induce a Th17 response. Moreover, the prelim-
inary challenge experiments showed that Omp19, VirB8
and HlyD could substantially reduce the organ bacte-
rial load of B. abortus S19 in mice and provide varying
degrees of protection. These data provide encouragement
that a recombinant protein-based vaccine can provide
effective protection in a mouse model of brucellosis. Fur-
ther validation of other predicted broad-spectrum anti-
gens found in our study will follow.

A limitation in this study is the selection of hypo-
virulent strain B. abortus S19 as challenge strain for
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protection experiments [43, 71, 72]. B. abortus S19 was
originally isolated as a virulent strain from a Jersey cow
in 1923 and was found to become attenuated after being
kept in the laboratory at room temperature for more
than a year [41, 42]. It can also infect humans, causing
typical features of brucellosis, including acute febrile ill-
ness. In addition, the challenge of pregnant mice using
S19 reported an identical pathology, placentitis and
septic fetal death, as with wild-type B. abortus infec-
tion [73, 74]. Preliminary protection experiments using
$19 instead of wild-type B. abortus are reduced cost and
safety, since BSL-3 small animal containment facilities are
not required according to biosafety procedures in China
[75]. Additional studies are being undertaken to evalua-
tion the protective efficacy of antigens against infection
with different pathogenic Brucella species (B. abortus, B.
melitensis and B. suis).

With the aim of finding broad-spectrum protein can-
didates of pathogenic Brucella spp. with worldwide
geographic distribution for vaccine development, we
adapted and optimized a compositive RV methodology.
Protein candidates from the core proteome of pathogenic
Brucella spp. were screened and scored according to six
biological features that are strongly associated with pro-
tective antigenicity. The 32 top-ranked potential vaccine
candidates were screened via compositive RV analyses.
The outer membrane protein Omp19 (used as a positive
control), T4SS protein VirB8, and T1SS protein HlyD
were selected for preliminary verification. In a mouse
model, Omp19, VirB8 and HlyD in the presence of Fre-
und’s adjuvant could significantly reduce the B. abor-
tus S19 colonization in spleen and liver tissues. Further
evaluation is needed to identify the levels of protection
conferred by the vaccine antigens against wild-type
pathogenic Brucella species challenge. Compared with
previous reports, our findings provide a manageable list
of potential broad-spectrum antigens for developing a
potent vaccine against brucellosis. We also demonstrated
the effectiveness of this unique strategy in this work.
The simplified approach toward vaccine candidate iden-
tification used in this study is widely applicable to other
pathogens.
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