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Introduction
Brucellosis is one of the most common zoonotic diseases 
worldwide, capable of being transmitting from animals 
to humans, causing severe infections in both animals 
and humans and affecting multiple body systems [1]. The 
high incidence rates in humans and animals render this 
infection a significant public health concern in underde-
veloped countries, while also imposing considerable eco-
nomic losses on animal production [2]. In livestock, this 
condition leads to abortion, stillbirth, infertility, higher 
mortality rates in young animals, prolonged calving inter-
vals, reduced feed efficiency, weight loss, and decreased 
milk production [3]. Humans can contract the disease 
through direct contact with infected animals or con-
sumption of contaminated raw dairy products [4]. Symp-
toms of human infection include fatigue, sweating, chills, 
fluctuating fever, myalgia, and arthralgia [5]. Currently, 
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Abstract
Brucellosis is one of the most common zoonotic diseases caused by Brucella spp. However, there is currently no 
Brucella vaccine available for humans. Although some attenuated live vaccines have been approved for animals, 
their protective efficacy is suboptimal. In previous studies, we utilized an epitope- and structure-based vaccinology 
platform to identify the immunodominant epitopes of Brucella antigens OMP19, OMP16, OMP25, and L7/L12, and 
constructed the multi-epitope vaccine MEV-Fc against Brucella. In this study, OMP19, OMP16, OMP25, and L7/
L12, and MEV-Fc was expressed and purified via an Escherichia coli expression system, which validated that MEV-
Fc possesses high immunological efficacy and exerts a significant protective effect in BALB/c mice within the 
Brucella infection model. MEV-Fc enhanced Th1 and Th2 immune responses and strongly induced the production 
of the pro-inflammatory cytokine IFN-γ. Furthermore, MEV-Fc protected mice against Brucella infection compared 
to control group (PBS). In conclusion, our results provide new insights and data support for the development of 
human Brucella vaccines.
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vaccination stands as the most effective method for the 
prevention and control of this zoonotic disease. Live 
attenuated vaccines for veterinary use have been widely 
employed and play a critical role in controlling brucellosis 
epidemics; However, these live attenuated veterinary vac-
cines have several drawbacks, including human infection, 
spontaneous abortion in animals, antibiotic resistance, 
and insufficient protective efficacy [6, 7]. Currently, there 
is no approved vaccine for human infection caused by 
this pathogen. To safeguard the livelihood and health of 
populations at risk, especially slaughterhouse workers 
who face continuous exposure to infected animals, an 
urgent need exists to develop safe and effective alterna-
tives to the existing live attenuated vaccines against this 
zoonotic disease.

Studies have shown that subunit vaccines exhibit high 
safety and specificity, with fewer side effects following 
vaccination [8]. However, due to limited antigenic epit-
opes, their protective efficacy is lower compared to tradi-
tional vaccines [9]. Over the past few decades, a variety of 
antigens, such as OMP19, OMP25, L7/L12, and OMP16, 
have been studied from Brucella [10–13]. They are con-
sidered promising candidate proteins due to their high 
immunogenicity and ability to induce in vivo immune 
protection. OMP16 and OMP19 are outer membrane 
lipoproteins located on the surface of Brucella, both 
exposed to the bacterial surface and commonly pres-
ent across all Brucella strains. OMP25, a Brucella outer 
membrane protein, plays a critical role in maintaining 
membrane integrity due to its high conservation [14, 15]. 
Brucella ribosomal protein L7/L12, a conserved protein 
with immunogenic properties, plays an auxiliary role in 
immune protection. These antigens have demonstrated 
the ability to prevent Brucella infections by reducing bac-
terial loads in organs of mice. However, subunit vaccines 
using known antigens cannot achieve the protection lev-
els conferred by live attenuated vaccines. Further studies 
are required to identify novel antigens to enhance vac-
cine efficacy [16]. Multiepitope vaccines have emerged as 
an attractive alternative to traditional live attenuated and 
inactivated vaccines due to their favorable safety profiles 
and ability to elicit targeted immune responses against 
specific epitopes [17].

Bioinformatics techniques have shown significant 
advantages in modern vaccine design and development, 
including ease of operation, cost efficiency, and higher 
success rates [18, 19]. Using this technology allows for 
efficient evaluation of the immunogenicity of candidate 
subunit vaccines. Particularly in multiepitope vaccine 
design, bioinformatics employs reliable in silico tools to 
predict MHC binding sites, T cell, and B cell epitopes, 
thereby significantly shortening development timelines 
and reducing risk and cost [20]. Compared to traditional 
laboratory methods, bioinformatics not only enhances 

prediction accuracy but also facilitates the design of more 
effective vaccines tailored for the protection of various 
common hosts against different Brucella species [17, 21].

In this study, an epitope- and structure-based vaccinol-
ogy platform was applied to develop a multiepitope can-
didate vaccine, MEV-Fc, composed of CTL, HTL, and B 
cell epitopes from OMP16, OMP19, L7/L12, and OMP25, 
along with molecular adjuvants and an Fc fragment. The 
antigenicity, physicochemical, and structural properties 
of the candidate vaccine were analyzed, and the rOMP16, 
rOMP19, rL7/L12, rOMP25, and rMEV-Fc proteins from 
Brucella were expressed and purified. Subsequently, their 
immunogenicity and protective efficacy were evaluated 
and compared in a brucellosis model using BALB/c mice.

Materials and methods
Animals and ethics statement
All animal experiments were approved by the Bioeth-
ics Committee of Shihezi University and conducted in 
accordance with the Committee’s recommendations 
(A2024-436). The animal breeding was carried out at the 
Experimental Animal Center of the College of Animal 
Science and Technology, Shihezi University. The envi-
ronmental temperature was controlled at (23 ± 3)℃ and 
the humidity at (55%±5%). Before use, materials such as 
cages, water bottles, and bedding were sterilized. Food, 
bedding, and water were replaced every four days.

Acquisition and construction of candidate vaccine 
sequences
The amino acid sequences of Brucella major antigens 
OMP19 (AAB06277.1), OMP16 (AEF59023.1), OMP25 
(AFJ79953.1) and L7/L12 (AAL51929.1) were obtained 
from the NCBI database. Based on our previous research 
[22], the dominant CTL and HTL epitopes and B-cell 
epitopes of the antigens OMP16, OMP19, L7/L12, and 
OMP25 from Brucella were linked using GPGPG link-
ers to form Multi-epitope Vaccines (MEV). The human 
beta-defensins 3 (hBD-3) sequence and a pan HLA-DR-
binding epitope (PADRE) sequence were linked to the 
N-terminal of the MEV through EAAAK linkers. More-
over, the mouse IgG Fc fragment (P01868-1) sequence 
was linked to the C-terminal of the MEV via KK linkers, 
resulting in the complete vaccine construct sequence, 
named MEV-Fc. Finally, the DNA sequences for OMP16, 
OMP19, L7/L12, OMP25, and MEV-Fc were obtained 
through reverse translation and codon optimization of 
their amino acid sequences (Supplementary Table 1).

Evaluation of physicochemical properties of candidate 
vaccines
The characteristics of the candidate vaccine were evalu-
ated using bioinformatics analysis software. First, the 
ProtParam server ( h t t p  s : /  / w w w  . e  x p a  s y .  o r g /  r e  s o u r c e s / p r o 

https://www.expasy.org/resources/protparam
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t p a r a m) was used to analyze its physicochemical  p r o p e r t 
i e s [23]. Antigenicity and immunogenicity analyses were 
conducted using the VaxiJen v2.0 server [24] and the 
IEDB Class I Immunogenicity server [25]. Toxicity was 
assessed using ToxinPred, with the threshold value set at 
0.6 [26].

Secondary and tertiary structure prediction
The secondary structure of MEV-Fc was predicted using 
the SOPMA secondary structure prediction tool ( h t t p  : / /  
n p s a  - p  b i l  . i b  c p . f  r /  c g i  b i n  / n p s  a _  a u t  o m a  t . p l  ? p  a g e = / N P S A / n 
p s a _ s o p m a. html) [27]. The tertiary structure of MEV-Fc 
was predicted using the Robetta server  (   h t t p : / / r o b e t t a . b 
a k e r l a b . o r g /     ) and further assessed through Swiss-model 
Structure Assessment and Ramachandran Plot ( h t t p  s : /  / s 
w i  s s  m o d  e l .  e x p a  s y  . o r g / a s s e s s). The quality of the  c o n s t r u 
c t e d model was evaluated. The Prosa web server ( h t t p  s : 
/  / p r o  s a  . s e  r v i  c e s .  c a  m e .  s b g  . a c .  a t  / p r o s a . p h p /) was used to 
further assess uncertainties in the tertiary structure [28].

Expression purification of recombinant proteins
After optimizing the synthesis of DNA sequences for 
OMP19, OMP16, L7/L12, OMP25, and MEV-Fc (Gen-
eralbiol, China), the sequences were inserted into the 
expression vector pET-22b (Ampicillin) and then trans-
fected into Escherichia coli (BL21, DE3). Induction was 
performed overnight at 15 ℃ using 0.2 mM IPTG. The 
products were purified using high-affinity Ni-NTA resin 
(ClonTech, China). The concentration of the purified 
recombinant proteins was determined using a BCA pro-
tein assay kit (Thermo). Additionally, the proteins were 
analyzed using SDS-PAGE and western blot. Immunob-
lotting was performed with mouse monoclonal anti-His 
tag antibodies (Abcam, China) and goat anti-mouse IgG-
HRP (H + L) antibodies (Abcam, China).

Animal immunization experiments
Sixty-three 6-week-old SPF BALB/c mice were randomly 
divided into seven groups: rOMP16 immunization group, 
rOMP19 immunization group, rL7/L12 immunization 
group, rOMP25 immunization group, rMEV-Fc immuni-
zation group, commercial attenuated strain S2 group, and 
PBS control group, with 9 mice in each group. The rMEV-
Fc group (n = 9) was subcutaneously injected with a mix-
ture of recombinant protein and incomplete Freund’s 
adjuvant (IFA, Sigma-Aldrich, Missouri, USA), while the 
control group (n = 9) was subcutaneously injected with 
PBS. The concentration of the vaccine protein solution 
was 500 µg/mL. Each mouse received an injection of 100 
µL, and the injections were administered every 2 weeks 
for a total of 2 doses. Seven weeks after immunization, 
spleen cells from the immunization groups and con-
trol groups were aseptically collected for experimental 
analysis.

Detection of IFN-γ secretion levels in mouse spleen 
lymphocytes by elispot
Spleen cells from immunized mice (42 d post-immuni-
zation) were aseptically isolated and collected according 
to the manufacturer’s instructions (Tianjin Haoyang Bio-
logical Co., Ltd.). Heat-inactivated B. melitensis virulent 
strain M28 (HI M28) was used to stimulate spleen lym-
phocytes as per the manufacturer’s protocol (Mabtech, 
Sweden), and T cells secreting IFN-γ in immunized mice 
were detected using the enzyme-linked immunospot 
assay (ELISpotBasic) kit.

Lymphocyte proliferation assay
Lymphocytes were extracted from mouse spleens using a 
lymphocyte isolation kit (Tbdscience, China). rOMP16, 
rOMP19, rL7/L12, rOMP25, rMEV-Fc proteins, or Con-
canavalin A (ConA) were used to stimulate lympho-
cytes. Then, CCK-8 reagent (Solarbio, China) was added 
according to the manufacturer’s recommendations and 
incubated for 2 h. Absorbance was measured at OD450nm. 
Absorbance was measured at OD450nm. The stimulation 
index (SI) was calculated using the formula: (OD450nm 
of protein-stimulated group - OD450nm of blank group) / 
(OD450nm of negative control group - OD450nm of blank 
group).

Flow cytometry analysis of spleen lymphocytes in immunized 
mice
Forty-two days post-immunization, spleen lymphocytes 
were isolated and the cell suspensions were stained with 
FITC-conjugated anti-mouse CD4 (BioLegend, USA) and 
PE-conjugated anti-mouse CD8 (BioLegend, USA). The 
proportion of CD4+ and CD8+ T cells in spleen lympho-
cytes upon antigen re-encounter was analyzed.

Antibody determination by indirect enzyme-linked 
immunosorbent assay (iELISA)
The purified rOMP19, rOMP16, rOMP25, rL7/L12, 
and rMEV-Fc were diluted with carbonate buffer at pH 
9.6 to a concentration of 1 µg/mL and then coated onto 
96-well immunoassay plates at 100 µL per well. After 
blocking with 5% skim milk, the plates were incubated 
with appropriately diluted serum (1:1000) at 37 ℃, fol-
lowed by incubation with 1:50,000 diluted HRP-conju-
gated goat anti-mouse IgG, IgG1, or IgG2a antibodies 
(Abcam, China) at 37 ℃. Color development was ini-
tiated with a one-component TMB substrate solution 
(CWBio, China), stopped using 50 µL stop solution (50 
mM H2SO4), and optical density was measured at 450 nm 
using a microplate reader (Molecular Devices Corpora-
tion, CA, USA).

https://www.expasy.org/resources/protparam
http://npsa-pbil.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma
http://npsa-pbil.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma
http://npsa-pbil.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma
http://robetta.bakerlab.org/
http://robetta.bakerlab.org/
https://swissmodel.expasy.org/assess
https://swissmodel.expasy.org/assess
https://prosa.services.came.sbg.ac.at/prosa.php/
https://prosa.services.came.sbg.ac.at/prosa.php/


Page 4 of 14Wu et al. Microbial Cell Factories           (2025) 24:84 

Measurement of cytokines in serum
Forty-two days post-immunization, mouse serum was 
collected and cytokines IFN-γ and IL-4 in serum were 
measured using commercial ELISA kits (R&D, USA).

Challenge of mice and determination of spleen bacterial load 
after infection
On the 49th day following the initial immunization, the 
mice were intraperitoneally challenged with 100 µL of 
B. melitensis M28 (containing 5 × 105 CFU). Seven days 
later, the mice were euthanized via cervical dislocation 
and dissected under sterile conditions. The spleens were 
harvested, and homogenates were prepared using PBS. 
Spleen tissue homogenate (100 µL) was spread onto Bru-
cella solid medium (TSA) and cultured at 37 ℃ for 3 to 5 
days. Colony counts were performed to calculate the bac-
terial load in the spleens of mice.

Safety determination
Six-week-old female BALB/c mice free of specific patho-
gens were divided into two groups (n = 3). One group of 
mice was injected with 100  µg of rMEV-Fc per mouse, 
while the other group remained untreated. The body tem-
perature and weight of the mice were measured on days 
0, 1, 2, 5, 7, 10, 12, and 14 post-injection. On day 14 post-
injection, mice were euthanized by cervical dislocation, 
and the hearts, livers, spleens, lungs, and kidneys were 
collected and fixed with 4% paraformaldehyde (Solarbio, 
China). The tissues were embedded, sectioned, dried in 
an oven, dewaxed, and rehydrated. Subsequently, the sec-
tions were stained, dehydrated, cleared for transparency, 
and sealed with neutral resin following the manufac-
turer’s instructions for the hematoxylin and eosin (HE) 
staining kit (Solarbio). On day 28 post-injection, blood 
was collected from the tail vein, and the levels of serum 
alanine aminotransferase (AST), alkaline phosphatase 
(ALP), blood urea nitrogen (BUN), and creatinine (CRE) 
were measured using the Chemray 240 automatic bio-
chemical analyzer.

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism version 9.5.0 (GraphPad, USA). Data were ana-
lyzed by one-way analysis of variance (ANOVA) with 
Dunn’s multiple comparison test. All data are pre-
sented as mean ± standard deviation (SD). A p-value of 

less than 0.05 was considered statistically significant 
(****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).

Results
Evaluation of physicochemical properties and prediction of 
secondary and tertiary structures of candidate vaccines
The physicochemical properties of vaccines significantly 
affect their immune functions [29]. Therefore, various 
physical and chemical properties of candidate vaccines 
were analyzed using Expasy ProtParam server, VaxiJen 
v2.0 server, IEDB Class I Immunogenicity server, and 
ToxinPred server, as shown in Table 1. The results dem-
onstrated that the candidate vaccines exhibited good 
stability, antigenicity, and immunogenicity, and were 
non-toxic, indicating their potential as suitable vaccine 
candidates.

In the results of secondary structure prediction, 
OMP19 has 14.69% Alpha helix, 18.64% Extended strand, 
and 66.67% Random coil; OMP16 has 44.05% Alpha 
helix, 12.50% Extended strand, and 43.45% Random coil; 
OMP25 has 19.57% Alpha helix, 20.87% Extended strand, 
and 59.57% Random coil; L7/L12 has 69.35% Alpha helix, 
6.45% Extended strand, and 24.19% Random coil; MEV-
Fc has 15.33% Alpha helix, 19.17% Extended strand, 
7.17% Beta turn, and 58.33% Random coil.

We predicted the tertiary structures of candidate vac-
cines using the Robetta server and visualized them with 
PyMOL software (Fig.  1). To assess the quality of the 
models, we generated a Ramachandran plot for the pre-
dicted models using Swiss-Model Structure Assessment 
to evaluate the overall structural quality. The results 
showed that the percentages of OMP16, OMP19, L7/L12, 
OMP25, and MEV-Fc in the Ramachandran Favoured 
regions were 99.40%, 95.43%, 99.18%, 97.37%, and 
94.31%, respectively (Supplementary Fig. 1). The Z-scores 
of the models for OMP16, OMP19, L7/L12, OMP25, and 
MEV-Fc were 5.02, 5.07, 4.92, 5.1, and 7.88, respectively, 
falling within the score range of natural proteins of simi-
lar sizes (Supplementary Fig. 2).

Expression, purification, and confirmation of recombinant 
proteins
We inserted the codon-optimized sequences of OMP16, 
OMP19, L7/L12, OMP25, and MEV-Fc into pET-22b 
(+). Subsequently, recombinant proteins were expressed 
using IPTG and purified through Ni-NTA agarose 

Table 1 Predicted physicochemical properties of candidate vaccines
Protein name Molecular weight (kDa) Theoretical pI Instability index Aliphatic index GRAVY Vaxijenscore Antigenicity
OMP16 18.2 9.92 43.86 78.57 -0.351 0.5500 ANTIGEN
OMP19 17.6 8.91 44.8 77.29 -0.1 0.6547 ANTIGEN
OMP25 24.7 9.28 13.81 73.48 -0.255 0.7575 ANTIGEN
L7/L12 12.5 4.79 18.55 108.87 0.119 0.5381 ANTIGEN
MEV-Fc 61.2 8.89 24.06 57.35 -0.5 1.0342 ANTIGEN
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(Qiagen) chromatography. Observable bands corre-
sponding to the recombinant proteins were detected by 
SDS-PAGE (Fig. 2A). The expression of recombinant pro-
teins was further validated using an anti-His tag antibody 
(Fig.  2B) and the sera from naturally infected Brucella 
cases (Supplementary Fig. 3).

Candidate vaccines induce specific antibodies and 
cytokine secretion in mice
We conducted a series of mouse experiments to fur-
ther evaluate the immunogenicity of the candidate vac-
cines. BALB/c mice were subcutaneously injected with 
rOMP16, rOMP19, rL7/L12, rOMP25, and rMEV-Fc 
at days 0 and 14 (50  µg per doses), and their effects on 
immune responses were observed and compared. On 
days 0, 7, 14, 21, 28, 35, 42, and 49, blood samples were 
collected from the tail veins of each mouse. PBS was 
used as the control (Fig.  3A). These samples were used 
to detect specific serum antibodies against OMP16, 
OMP19, L7/L12, OMP25, and MEV-Fc. iELISA results 
demonstrated that the IgG antibody levels in mouse 
serum increased rapidly 14 days after the primary immu-
nization, reaching a peak at day 28 and persisting until 
day 49, compared to the control group, the total IgG 
levels in the immunized group showed statistically sig-
nificant differences; no antibodies were detected in the 
control group (Fig. 3B), indicating that the candidate vac-
cines stimulated the production of high levels of specific 
antibodies. In addition, compared with the PBS group, 
the rMEV-Fc group induced high levels of IgG2a and 
IgG1 (Supplementary Fig. 4). Considering that the IgG2a/
IgG1 ratio is often used as an indicator of potential Th1 

or Th2 responses, we further calculated the ratios of dif-
ferent IgG subtypes and found that rMEV-Fc induced 
a mixed and balanced IgG2a/IgG1 systemic response 
(IgG2a/IgG1 ratio approximately 1.0) [30], suggesting 
that both Th1 and Th2 responses have been activated. On 
the other hand, rOMP16, rOMP19, and rL7/L12 favored 
Th1-type immune responses, while rOMP25 favored 
Th2-type responses [31, 32] (Fig.  3C). Moreover, The 
levels of the Th1 cytokine IFN-γ and the Th2 cytokine 
IL-4 in mouse serum 49 days post-immunization were 
determined using the ELISA method. The ELISA results 
revealed that the levels of IFN-γ in the rL7/L12 group, 
MEV-Fc group, and S2 group were significantly higher 
than those in the PBS control group (Fig. 3D). Compared 
to the PBS control group, the rMEV-Fc group showed 
a significant increase in IL-4 levels, while the other 
groups did not significantly differ from the control group 
(Fig. 3E). These findings indicate that rMEV-Fc is capable 
of effectively inducing the differentiation and prolifera-
tion of antigen-specific T cells.

The secretion of IFN-γ by splenic lymphocytes and the 
promotion of their proliferation induced by candidate 
vaccines
Spleen lymphocytes were isolated from mice 42 days 
post-immunization, and ELISpot was used to measure 
the numbers of antigen-stimulated specific T cells pro-
ducing IFN-γ, an important indicator for evaluating vac-
cine-induced cellular immunity. The results showed that 
the numbers of IFN-γ-secreting T cells in the rOMP16 
group, rMEV-Fc group, S2 group, and rOMP25 group 
were higher than those in the control group (PBS). 

Fig. 1 Predicted Tertiary Structure of Candidate Vaccines. The three-dimensional models of OMP19 (A), OMP16 (B), OMP25 (C), L7/L12 (D), and MEV-Fc 
(E) were obtained from Robetta servers
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However, the numbers of IFN-γ-secreting T cells in the 
rMEV-Fc group, S2 group, and rOMP25 group were sig-
nificantly higher than those in the PBS group (Fig.  4A 
and B). On the other hand, The immune protection con-
ferred by vaccines requires not only eliciting an immune 
response but also providing strong immunological mem-
ory. To investigate the effect of vaccine administration 
on lymphocyte proliferation in mice, the CCK-8 method 
was employed to evaluate lymphocyte proliferation. The 

results demonstrated that, in contrast to the control 
group consisting of unstimulated cells, the lymphocyte 
proliferation levels in the rMEV-Fc, S2, rOMP16, and 
rOMP19 groups, all of which were subjected to stimula-
tion, were significantly elevated. (Fig. 4C).

Fig. 2 Expression, Purification and Identification of Recombinant Proteins. (A) Purification of rOMP19, rOMP16, rOMP25, rL7/L12, and rMEV-Fc proteins 
using Ni-NTA chromatography. (B) Immunoblot analysis of the purified recombinant proteins was performed individually using an anti-His tag antibody
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Flow cytometric analysis of Splenic lymphocytes in 
immunized mice
To determine the percentages of CD4+ and CD8+ T cells 
after immunization, two animals from each group were 
sacrificed, and splenic lymphocytes were collected. Upon 
analysis of T cell subtypes, significantly more CD4+ and 
CD8+ T cells were observed in the spleen of mice from 

the rMEV-Fc group, which were markedly higher than 
those in the blank control group (Fig.  5). This find-
ing suggests the activation of both humoral and cellular 
immunity, enabling an effective response to infection or 
vaccination.

Fig. 3 Immune responses elicited by the candidate vaccine. (A) The immunization strategy of mice with MEV-Fc. IgG (B), IgG2a, and IgG1 OD450nm ratios 
(C) were detected using iELISA. Cytokines IFN-γ (D) and IL-4 (E) levels in serum were measured. Data are presented as mean ± SD and analyzed using one-
way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05
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Vaccines can reduce bacterial load and reduce histological 
damage in the liver and spleen
We evaluated the protective efficacy of candidate poly-
peptide vaccines by using a non-lethal B. melitensis M28 
infection model. The results showed that the S2 group 
and rMEV-Fc group (protection units of 1.92 and 1.36, 
respectively) exhibited significant protective effects 
(Fig.  6A). Considering the strong antibacterial immu-
nity of the rMEV-Fc vaccine against Brucella, we further 
observed the protective effects of rMEV-Fc on the liver 
and spleen through pathological sections. Moreover, 

histological analysis of the spleen and liver of mice 
infected with B. melitensis M28 revealed alleviation of 
multinucleated giant cell infiltration and proliferation in 
the spleen, as well as blurring of the red and white pulp 
structure, and reduction of inflammatory cell infiltration 
and improvement of the disordered hepatic cord arrange-
ment in the liver (Fig. 6B).

The polypeptide vaccine rMEV-Fc is safe in mice
Given that rMEV-Fc induces an efficient humoral 
immune response and cellular immune response, and 

Fig. 4 (A) ELISpot is used to detect the spot-forming units (SFUs) of T cells that secrete IFN in mouse splenic lymphocytes. (B) Quantification of the SFUs 
of T cells that secrete IFN by ELISpot. (C) CCK-8 assay for the proliferation response of splenic lymphocytes. Data are presented as mean ± SD and analyzed 
using one-way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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Fig. 5 Flow cytometry analysis: (A) Percentage of CD4+ and CD8+ T cells (n = 2). (B) Proportion of CD4+ and CD8+ T cells in splenic lymphocytes. (C) Ratio 
of CD4+ to CD8+. Data are presented as mean ± SD and analyzed using one-way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05
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Fig. 6 Evaluation of the Protective Effects of Candidate Vaccines against B. melitensis M28 Infection. (A) Quantification of bacterial colonization in the 
spleen of immunized mice six days post-attack. (B) Pathological changes in spleens and livers of mice infected with B. melitensis M28 on day 6. The scale 
bar is located at the bottom of the figure (500 μm). Data are presented as mean ± SD and analyzed using one-way ANOVA. ****p < 0.0001, ***p < 0.001, 
**p < 0.01, and *p < 0.05
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may provides immune protection for mice, we further 
investigated whether rMEV-Fc has any toxic effects in 
BALB/c mice. Specifically, BALB/c mice were injected 
with rMEV-Fc (100  µg/100 µL), and then we moni-
tored a series of safety indicators at various time points 
(Fig.  7A). During the observation period, vaccinated 

mice did not exhibit abnormal signs such as weight loss 
or abnormal body temperature changes (Fig. 7B). On day 
14 after administration, histological analyses were per-
formed on organs including the heart, liver, spleen, lungs, 
and kidneys. As anticipated, no damage or pathological 
changes were detected in the tissue sections (Fig.  7C). 

Fig. 7 Safety evaluation of the polypeptide vaccine rMEV-Fc. (A) Experimental timeline for the safety evaluation of the peptide vaccine. (B) Changes in 
body weight and rectal temperature of mice treated with MEV-Fc once and normal mice. (C) Histological analysis (100 μm) of the heart, liver, spleen, lung, 
and kidney of treated mice and normal mice on the 14th day after treatment. (D) Levels of ALT, ALP, AST, and CRE in the serum of treated mice and normal 
mice on the 28th day after immunization
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Additionally, on day 28 post-vaccination, serum bio-
chemical parameters such as ALT, AST, BUN, and CRE 
were measured, and all biomarkers in both vaccinated 
and normal (untreated) mice remained within normal 
ranges (Fig. 7D). These results indicate that the polypep-
tide vaccine rMEV-Fc is safe.

Discussion
Due to the reemergence of brucellosis worldwide with 
increasing incidences of human infection, vaccination is 
considered to be the most effective prevention method 
[33]. The peptide-based vaccine approach provides an 
innovative path for vaccine development as it targets 
the most immunogenic peptide fragments to elicit an 
immune response, making it an attractive alternative in 
vaccine research [34]. Yin et al., developed a multi-epit-
ope subunit vaccine from OMP16, OMP2b, OMP31, and 
BP26 that conferred high levels of protection in mice 
against B. melitensis [35]. The Fc-fusion protein tech-
nique is currently one of the most effective strategies 
for extending the half-life of protein- and peptide-based 
drugs. Antigen-Fc fusion proteins can specifically target 
Fc receptors on the surface of antigen-presenting cells, 
thereby improving their immunogenicity. Fusion of Fc 
fragments with specific antigens has emerged as a novel 
vaccination strategy for preventing infectious diseases 
[36]. Therefore, in our previous study [22], we designed 
an Fc-fusion multi-epitope vaccine (MEV-Fc) based on 
the immunodominant epitopes of OMP16, OMP19, L7/
L12 and OMP25 to prevent Brucella infection.

In this study, we first analyzed the physicochemical 
properties, secondary structure, and tertiary structure 
of the candidate vaccine. The results demonstrated that 
the candidate vaccine exhibited excellent antigenicity, 
stability, hydrophilicity, solubility, and non-toxicity. Pro-
tein regions with native unfolding and α-helices are com-
monly recognized as typical structural antigens, while 
β-turns and loosely coiled random structures are more 
favorable for forming antigenic epitopes [37]. Therefore, 
candidate vaccines with abundant such structures pro-
vide a robust structural foundation for vaccine develop-
ment. Considering Robetta’s outstanding performance 
in protein tertiary structure prediction, we utilized it to 
predict the high-quality tertiary structures of the candi-
date vaccine [38]. Based on the Ramachandran plot, over 
98% of residues were located in favorable and allowed 
regions, indicating the protein structures were accurately 
predicted. These findings suggest that the candidate 
vaccine possesses a strong structural basis for vaccine 
development.

The E. coli system offers unique advantages for large-
scale production of safe, effective, and cost-efficient 
subunit vaccines [39]. We employed the E. coli expres-
sion system to obtain recombinant protein vaccines and 

peptide vaccines and evaluated their immunogenicity 
and protective efficacy in BALB/c mice. For intracellu-
lar pathogens, ensuring effective defense mechanisms 
requires a synergistic interplay of cell-mediated and 
humoral immune responses [40, 41]. IELISA results 
showed a significant increase in IgG, IgG1 and IgG2a 
levels in the sera of mice immunized with all candidate 
vaccines. In the BALB/c mouse model, IgG1 and IgG2a 
antibodies serve as indicators of Th2 and Th1 polariza-
tion, respectively [42]. The mice immunized in the MEV-
Fc group induced a balanced Th1 and Th2 response 
(the IgG2a/IgG1 ratio was approximately 1.0). Numer-
ous studies claim that the protective immune response 
against Brucella is associated with high-level Th1 and 
Th2 responses. This implies that candidate vaccines 
with great potential likely need to simultaneously trigger 
robust Th1 and Th2 responses to more effectively counter 
Brucella infection [43, 44].

The secretion of IFN-γ activates macrophages, 
enhances Th1 cell activity, and promotes cellular immune 
responses, playing a crucial role in Brucella-specific cel-
lular immunity [45, 46]. We found that when spleen lym-
phocytes were stimulated with the candidate vaccine, 
the MEV-Fc, S2, and rOMP25 groups exhibited signifi-
cantly higher numbers of IFN-γ-secreting T cells com-
pared to the PBS group. Additionally, IFN-γ secretion 
levels in mouse sera were detected using iELISA, with 
rL7/L12, MEV-Fc, and S2 groups showing significantly 
higher IFN-γ levels than the PBS control group. Inter-
estingly, MEV-Fc and S2 exhibited significantly higher 
IFN-γ secretion levels in both lymphocyte stimulation 
and serum compared to the control group, whereas other 
groups displayed varying trends. One possible explana-
tion is that ELISPOT reflects a localized response, mainly 
showing the activation of antigen-specific T cells in 
lymph nodes or the spleen, while serum IFN-γ represents 
a systemic immune response, which may be influenced 
by factors such as inflammation levels and reactions of 
other immune cells [46].

CD4+ and CD8+ T cells play pivotal roles in the protec-
tion offered during Brucella infection, with resistance to 
Brucella attributed to their synergistic effects [47]. Sev-
eral previous studies have shown that both CD4+ and 
CD8+ T cells can play important roles in controlling Bru-
cella infection [48, 49]. In our results, the CD4+/CD8+ 
T-cell ratio and the numbers of CD4+and CD8+ T cells in 
the MEV-Fc group increased significantly. Although the 
importance of CD4+ and CD8+ T cells in the immunity 
against Brucella infection has been controversial [50], 
both of these T-cell populations are likely to be important 
[51].

Although mice are not the natural hosts of Brucella, 
they are the most commonly used experimental mod-
els for studying the in-vivo virulence of Brucella [52]. 
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Therefore, in this study, BALB/c model animals were 
used to evaluate the protective effect of candidate vac-
cines. We found that the live vaccine (S2) had the high-
est protective effect against B. melitensis M28 infection. 
This might be because it can effectively infect host cells 
and generate a variety of endogenous antigens in antigen-
presenting cells [53], thereby eliciting a broader and more 
effective immune response to a real-life infection, which 
is higher than that of other candidate vaccines. Com-
pared with the OMP16 group, OMP19 group, OMP25 
group, and L7/L12 group, the MEV - Fc group had a sig-
nificant protective effect, which might be attributed to 
a significant increase in the cellular immune response. 
These data are exciting because a polypeptide vaccine 
can provide effective protection in a mouse model of 
Brucella. Subsequently, we will further explore the mech-
anism by which it protects mice from Brucella infection.

Despite the promising nature of the current study, this 
study also has certain limitations: The synergistic effect 
between serum IgG and secretory IgA remains unclear. 
Our lack of knowledge of this mechanism may affect the 
comprehensive understanding of the immune response 
and the further optimization of vaccines. The route of 
immunization plays a crucial role in the immunogenicity 
of vaccines. In this study, the route of administration and 
the immunization schedule still need to be optimized. 
In addition, this study mainly conducted experimental 
evaluations using BALB/c mouse models. There are cer-
tain differences in physiology and immune responses 
between mouse models and humans, so they cannot fully 
and accurately reflect the efficacy and safety of vaccines 
in humans.

Conclusions
MEV-Fc successfully induced robust humoral and cel-
lular immune responses by targeting multiple Brucella 
antigens. This study aimed to develop a polypeptide vac-
cine against Brucella. As a result, a novel peptide vaccine 
candidate, MEV-Fc, was designed, primarily targeting 
Brucella proteins OMP16, OMP19, L7/L12, and OMP25. 
By comparing the peptide vaccine containing antigen 
fragments of all four proteins with single recombinant 
proteins, we found that the peptide vaccine demon-
strated superiority in multiple aspects. The polypeptide 
vaccine rMEV-Fc significantly stimulated the immune 
system, eliciting high levels of specific IgG and inducing 
both Th1 and Th2 responses. Moreover, it provided high 
protection efficiency in mice following bacterial chal-
lenge. Nevertheless, further experiments and clinical tri-
als are needed to comprehensively assess the efficacy of 
this peptide vaccine under different conditions.
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