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Abstract

:

Background: Brucella melitensis is recognized as one of the predominant zoonotic pathogens globally. Live-attenuated vaccine Rev 1 is currently the most effective vaccine for controlling B. melitensis in small ruminants. While Brucella inactivated, nanoparticle, and subunit vaccines are less effective and require multiple doses, live-attenuated vaccines are less expensive and more efficacious. Several drawbacks are associated with the administration of current attenuated B. melitensis vaccines, including interference with serological diagnostic tests, inducing abortion in pregnant animals, shedding in milk, and zoonotic infections in humans. In this systematic review, we summarize the current literature (1970–2022) on B. melitensis vaccines and review their advantages and disadvantages in order to support the rationale for a need for new or improved small ruminant brucellosis vaccines. Methods: A systematic search was carried out in Web of Science, CAB Abstracts, and PubMed. The original articles describing the B. melitensis vaccines were included. Review articles, articles not published in English, articles that did not offer full text, editorials, correspondences, case reports, case series, diagnostic tests, duplicate publications, and other Brucella vaccines (e.g., B. abortus and B. suis) were excluded. Results: Out of 3700 studies, we identified 18 articles that evaluated B. meltensis vaccines, including recombinant B. melitensis strains (16MΔhfq, 16MΔTcfSR, M5-90ΔmanB, LVM31, M5-90ΔvjbR, 16MΔmucR, ΔznuA, M5-90Δpgm, M5-90ΔwboA), live B. melitensis strain (Rev 1), nanoparticle vaccines (B. melitensis 16M, B. melitensis OMP 31, FliC protein—Mannosylated Chitosan Nanoparticles (FliC and FliC-MCN), B. melitensis and B. abortus combined, and B. melitensis 16M nanoparticles combined with oligopolysaccharide), subunit vaccines (outer membrane vesicles or outer membrane proteins), and a DNA vaccine based on B. melitensis outer membrane proteins (Omp25 and Omp31). The results from these studies revealed that these vaccines can induce humoral and cellular responses and reduce macrophage survival. However, most of these vaccines were evaluated only in murine models, which may not accurately reflect how they work in natural hosts. Conclusions: The high prevalence of B. melitensis in humans and animals remains an issue in many parts of the world. Human brucellosis can be prevented by controlling brucellosis in livestock using vaccination and test-and-removal strategies. Prospective vaccines have limitations, including interference with serodiagnostics after vaccination, virulence in humans and animals, the requirement of booster vaccinations, and insufficient efficacy in preventing infection or abortion. Moreover, most of these vaccines have been assessed in mice models, which have failed to predict immunogenicity or efficacy in natural hosts. Because of these limitations and the re-emergence of B. melitensis worldwide with a high incidence of human infection, our review suggests a need for additional research into the molecular pathology and immunological properties of B. melitensis infection and the identification of protective epitopes or genes that would allow for the development of improved vaccines for small ruminants.
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1. Introduction


Because of the high number of human cases identified each year, Brucella melitensis is one of the most important zoonotic pathogens worldwide [1]. Three biovars of B. melitensis, 1, 2, and 3, are known but are not known to differ in virulence [2]. Goats and sheep are the most common natural hosts of B. melitensis. The most common route of transmission in natural hosts is most likely through oral or respiratory mucosa. The predilection of B. melitensis for colonization of trophoblasts in the placenta and fetal tissues leads to fetal stress or death and the induction of premature parturition (abortion) [1,2]. Although abortion is the primary clinical sign, it can be minimal in chronically infected herds. In addition to the shedding of high numbers of bacteria after abortion or birth of infected lambs or kids, some animals shed high levels of bacteria in the milk. Bacterial shed after parturition poses a risk for lateral transmission to other animals [2], whereas shedding in milk is a risk for vertical transmission. It is worth noting that contaminated milk can contribute to the human transmission of this infection. Failure to prevent exposure of uninfected animals to those shedding Brucella makes control of the disease difficult. Co-housing of ruminant species is a risk factor for brucellosis transmission [3]. Camels are highly susceptible to B. melitensis infection and play an important role in its epidemiology in some countries [4]. In other countries, endemic infection has been identified in Alpine ibex (Capra ibex) and chamois (Rupicapra rupicapra) and has occasionally led to brucellosis spillover into humans and domestic livestock [5].



Since the beginning of the 20th century, researchers have been searching for vaccines to prevent brucellosis in animals and humans [6]. Both live and inactive vaccines have been developed, but live-attenuated vaccines have been found to be better at inducing protective immunity against this intracellular pathogen [7]. Although a variety of killed vaccines have been developed, their success and acceptance have been limited, and none have induced the level of protection of live-attenuated vaccines. Historically, the first Brucella vaccine using killed Brucella was made in 1906 by Eyre who used it to vaccinate 51 soldiers [7]. Two killed vaccines that had more widespread use were B. melitensis H38 and B. abortus strain 45/20 with strain 45/20 utilized in cattle and sheep and H38 in cattle [8]. Due to their limitations in protective immunity as compared to the attenuated strains and their induction of persistent antibody titers, both are no longer utilized under field conditions.



The live vaccine B. melitensis Rev 1 (Rev 1) is currently utilized for the control of brucellosis in small ruminants. This strain was developed by Herzberg and Elberg in the mid-1950s and retains common characteristics of Brucella but is resistant to streptomycin and susceptible to penicillin G [9]. Subcutaneous or conjunctival immunization with Rev 1 confers protective immunity in small ruminants. However, Rev 1 vaccination stimulates an antibody response that reacts in serological tests, which cannot be differentiated from the humoral responses of infected animals. As B. melitensis can infect cattle, limited data have been reported that suggest that vaccination with Rev 1 has some efficacy in controlling infection with this Brucella species in cattle [10].



Due to the incubation period and potential latent infections, it is difficult to eradicate brucellosis by using serologic methods to detect and remove infected animals. The inclusion of vaccination programs to improve herd resistance is generally required to control the spread of the disease. To date, Rev 1 is the best available vaccine for the prevention of B. melitensis infection in small ruminants [9] and is typically administered to young animals (3–5 months old) at 0.5–2 × 109 colony-forming units (CFU) subcutaneously. Although a bacteremia occurs after vaccination, it has been reported that the vaccine strain is cleared in approximately 14 weeks in goats. Although a reduced dose of the Rev 1 vaccine (103–106 CFU) has been suggested for subcutaneous administration, it has been found to offer limited protection against disease and does not prevent abortions [11,12]. When administered to adult sheep or goats during pregnancy at 109 CFU, abortions and shedding of Rev 1 in milk are common [11,12]. This presents a challenge in endemic areas where mass vaccination is necessary for control and pregnant sheep and goats may need to be vaccinated despite the risk of adverse effects [13]. In addition to the disadvantages listed above, the strain is also virulent to humans, and zoonotic infections have occurred during vaccination from exposure to abortions or consumption of infected milk [14,15].



Administered subcutaneously, Rev 1 vaccine stimulates protective immunity against B. melitensis but can elicit long-lasting antibody responses that interfere with serological testing. In contrast, conjunctival administration of the vaccine confers immunity similar to the standard subcutaneous approaches but reduces the magnitude and persistence of serological responses. For this reason, conjunctival vaccination has been utilized in endemic areas, as it has less impact on serologic screening and facilitates control programs. When eradication is the ultimate goal of a control program, conjunctival vaccination of Rev 1 in adult animals is ideal for enhancing herd immunity and preventing B. melitensis infections. It has been hypothesized that Rev 1 vaccination may induce a high level of protective immunity for up to 4.5 years, which essentially is lifelong immunity for small ruminants in most production systems. This hypothesis that Rev 1 vaccination induces lifelong immunity has contributed to the belief that the vaccination of young stock is sufficient for adequate control of B. melitensis infection in small ruminants. However, this vaccination strategy is tenuous, and even developed countries have failed to control brucellosis in small ruminants with this approach. The failure of vaccination of young stock only could be due to (i) failure to obtain high vaccination coverage in a herd due to animal movement or introduction of unvaccinated animals; (ii) use of poor quality vaccines or products not maintained with appropriate cold chain conditions; and (iii) a possible decrease over time of protective immunity induced by vaccination. Therefore, vaccination of whole flocks is the only viable alternative to control B. melitensis infection in small ruminants under extensive control conditions characteristic of many developing countries [16].



To develop promising vaccines against brucellosis, it is critical to produce T helper 1 (Th1)-derived cytokines (interleukin-12, tumor necrosis factor α, interferon gamma γ) associated with cellular immunity and activation of macrophages, dendritic cells, and CD4+ and CD8+ T cells. T helper 2 (Th2) immune responses associated with humoral responses do not appear to have a major role in the clearance of infection [17]. A study has demonstrated that cytokines, such as IL-4 (Th2 cytokines) and IFN-γ (Th1 cytokines), stimulate different IgG subtypes (IgG1 and IgG2 antibodies, respectively) that may be indicative of differences in the immune response [17].



Although a few recombinant B. melitensis live-attenuated, subunit, DNA, and nanoparticle vaccines have been reported, none have progressed to commercial products. Moreover, many of these candidates induce adverse effects, can infect people, induce abortion in pregnant sheep and goats, and/or interfere with serological diagnostic tests. Thus, there continues to be a need for an improved B. melitensis vaccine and additional pathobiology, immunology, and molecular research is needed to facilitate the identification of protective epitopes and develop safer and more efficacious vaccine candidates. If a new or improved Brucella vaccine has been developed, addressing the previously mentioned limitations, public health officials can take necessary measures to implement and promote its use for controlling the infection. The purpose of this systematic review was to conduct a comprehensive search of the literature on available vaccines against B. melitensis and characterize their advantages and disadvantages in order to support the rationale for the need of a small ruminant brucellosis vaccine.




2. Materials and Methods


This study was conducted in accordance with the reporting items (PRISMA) statement for systematic reviews [18]. This systematic review has not been registered in PRISMA.



2.1. Search Strategy


A systematic search was carried out in Web of Science, CAB Abstracts, and PubMed for peer-reviewed articles addressing B. melitensis vaccines that may be effective to protect against infection of small ruminants.



A comprehensive search was conducted for the following terms in both the title and abstract fields:



“Brucella melitensis vaccines” OR “Brucella melitensis vaccines in sheep” OR “Brucella melitensis vaccines in goat” OR “Brucella melitensis vaccines in cattle” OR “Brucella melitensis vaccines in bovine” OR “Caprine brucellosis vaccines” OR “Ovine brucellosis vaccines” OR “Brucella melitensis vaccines in small ruminants” OR “Malta fever vaccines” OR “undulant fever vaccines” OR “O-antigen polysaccharide Brucella melitensis vaccines” OR “O-antigen polysaccharide vaccines and Brucella melitensis” OR “O-Linked Glycosylation System Brucella melitensis vaccines” OR “O-Linked Glycosylation System vaccines and Brucella melitensis”.




2.2. Study Selection


Research articles examining B. melitensis vaccines were included in this study. A date range of publication between 1970 and 2022 was specified and not limited by geographic location. Duplicate articles were removed, and Zotero (www.zotero.org) was used as the reference software. We performed reviews of the titles, abstracts, and full text. We excluded articles describing other Brucella vaccines (e.g., B. abortus and B. suis), review articles, those not published in English, those that did not offer full text, editorials, correspondences, case reports, case series, and diagnostic tests. Since this research was a systematic review of published articles, approval from an ethical review board was not required.




2.3. Screening and Data Extraction


The data were organized in Word for the extraction process. The data extraction terms included references, publication year, vaccine name, type of vaccine, advantages, and disadvantages. The findings were included in the results if the reported data indicated that B. melitensis vaccines were efficacious in protecting small ruminants from infection or abortion.




2.4. Quality Assessment


The quality assessment of the studies was performed using a critical appraisal checklist provided by the Joanna Briggs Institute (JBI) [19].





3. Results


Figure 1 displays an overview of the literature search and study selection methodology. A total of 18 publications met the search criteria and were included for analysis.



3.1. Study Characteristics


The 18 studies described B. melitensis vaccines, including recombinant B. melitensis strains (16MΔhfq, 16MΔTcfSR, M5-90ΔmanB, LVM31, M5-90ΔvjbR, 16MΔmucR, ΔznuA, M5-90Δpgm, M5-90ΔwboA), live B. melitensis strains (Rev 1), nanoparticle vaccines (B. melitensis 16M, B. melitensis OMP 31, FliC protein—Mannosylated Chitosan Nanoparticles (FliC and FliC-MCN), B. melitensis and B. abortus combined, and B. melitensis 16M nanoparticles combined with oligopolysaccharide), subunit vaccines (outer membrane vesicles or outer membrane proteins), and DNA vaccines based on B. melitensis outer membrane proteins (Omp25 and Omp31). A summary of the vaccines described in these 18 studies to address the advantages and disadvantages is shown in Table 1.




3.2. Brucella melitensis Vaccines in Small Ruminants


Of the 18 included publications, nine contained information only relevant to recombinant vaccines, one to a live B. melitensis vaccine, five to nanoparticle vaccines, two to subunit vaccines, and one to a DNA vaccine. The recombinant B. melitensis 16M hfq (16MΔhfq) strain induced humoral and cellular responses in mice after intraperitoneal vaccination (ip) with increased expression of IgG1, IgG2a, IFN-γ, and IL-4. The recombinant strain did not differ from Rev 1 in the induction of cytokine responses, was cleared at approximately eight weeks post-vaccination (PV), and demonstrated protective immunity that was slightly less than Rev 1 vaccination after experimental challenge with B. melitensis 16M at eight weeks PV. [20]. Another study utilized a B. melitensis TcfSR promoter (16MΔTcfSR) recombinant strain in which one of the two-component regulatory systems that allow host cells to detect environmental changes and adapt to Brucella infection was mutated. The recombinant induced a high level of protective immunity when challenged approximately 1 week after vaccine strain clearance. Vaccination did not induce humoral responses that interfered with serodiagnostic tests [21]. The M5-90ΔwboA recombinant is a reduced virulence, attenuated vaccine that induces reduced inflammatory responses as compared to the parental strain. The reduced virulence and safety of this recombinant were based on the observation that splenomegaly did not occur in a murine host. When compared to the parental strain, comparable protection to the parental strain was observed in mice after experimental challenge approximately 1 week after vaccine strain clearance. Humoral responses in vaccinated sheep and mice allowed for vaccinates to be distinguished from infected animals [28]. Others have demonstrated that a DNA vaccine based on pcDNA3.1, encoding the ORF of B. melitensis Omp25 and Opm31 genes, may be a viable vaccine candidate due to induction of humoral (IgG) and cellular (Th1 cytokines IFN-ɣ and Th2 cytokines IL-10) in mice. The DNA vaccine construct elicited cellular and humoral responses to B. melitensis antigens after four inoculations at 1-week intervals [30]. Vaccination of mice with nanoparticle B. melitensis and B. abortus vaccines conferred less protection than Rev 1 vaccination when experimentally challenged 1 month after the last of three oral vaccinations. Protection was correlated with a mixed Th1-Th17 response [32]. In a different study, the authors demonstrated that a different nanoparticle vaccine (Omp31-loaded N-trimethyl chitosan nanoparticles) induced Th1–Th17 immune responses in mice after three dosages delivered orally or two dosages administered ip. Lower antibody titers were observed in mice orally immunized as compared to ip [34]. When experimentally challenged with B. melitensis strain 16M at 1 month after vaccination, oral vaccinates had greater protection than intraperitoneal vaccinates but less protection than Rev 1 vaccinates. A third nanoparticle vaccine (based on poly lactic-co-glycolic acid nanoparticles 50:50 and containing oligopolysaccharide antigens) induced humoral responses in mice that increased after each inoculation. Experimental challenge with B. melitensis 2 weeks after the third inoculation demonstrated reduced splenic infection when compared to the control mice [35].



Subunit vaccines offer the advantages of better safety profiles, induction of humoral responses [38], and faster production with reduced costs [39]. Candidate subunit vaccines identified in this search included OMVs vaccines in either Poly (I:C) or 327 CpG + Montanide ISA adjuvant formulations. Humoral responses increased after two vaccine dosages with adjuvanted vaccines demonstrating the greatest responses. Spleenocytes demonstrated greater cytokine responses (IFN-γ and IL-2) in vitro after stimulation with OMV antigens [36]. Another study that used a recombinant protein-based subunit vaccine (Omp10, Omp28, L7/L12 combinations) alone or with Taishan Pinus massoniana pollen polysaccharide adjuvants (TPPPS) demonstrated increased humoral responses after inoculation, but the responses were greater in mice inoculated with a live B. melitensis M5 vaccine. Serum IL-2, IL-4, and IFN-γ were increased in the vaccinated mice. After experimental challenge at 4 weeks after vaccination, the mice inoculated with subunit vaccines containing all antigens and adjuvant had reductions in splenic infection that were similar to but less than the reductions observed in the mice inoculated with the live vaccine [37].



Unfortunately, most B. melitensis candidate vaccines have only been evaluated in murine models in which disease pathogenesis can be markedly different from what occurs in ruminant hosts. Murine models are inbred as compared to outbred domestic livestock hosts. There are significant differences in ruminant immunologic responses from those of mice, including the observation that ruminants have a high percentage of circulating T cells expressing γδ markers. Lastly, infection in mice is generally quantified by the evaluation of hepatic and splenic colonization, whereas in ruminant hosts, infection is predominantly within lymphatic tissues. These differences emphasize the need for the evaluation of brucellosis vaccine candidates in the species of interest to address research needs. In addition, some studies in murine models administer experimental challenges prior to the immune system returning to a senescent state, and therefore, colonization data might be influenced by nonspecific immune activation.





4. Discussion


Annually, 2.1 million new human cases of brucellosis occur in different parts of the world [40]. Due to its potential to be used as a bioterrorism agent, communicability, pathogenic nature for humans, and clinical effects, Brucella has been designated by the Centers for Disease Control and Prevention as a category B agent that should be manipulated under biosafety level III conditions [41]. Human brucellosis can be prevented by controlling the incidence of brucellosis in livestock using vaccination and test-and-removal strategies [42]. Concern has been raised regarding use of brucellosis as a weapon of bioterrorism in the absence of an adequate human vaccine [41].



The development of a more efficacious and safe vaccine against B. melitensis has been a long-term challenge for scientists. Many current licensed brucellosis vaccines have limitations, including virulence in humans and pregnant animals and interference with serodiagnosis [43,44]. For example, Rev. 1, the most commonly used brucellosis vaccine in small ruminants, is a live-attenuated B. melitensis strain derived from a virulent B. melitensis isolate. The Rev 1 strain became dependent on streptomycin for its growth but lost this growth requirement during subculture while remaining streptomycin resistant [45]. Vaccination with Rev 1 stimulates protective immunity in sheep and goats against B. melitensis [9] and also protects rams from B. ovis. This vaccine is attenuated compared to the field strains but retains virulence characteristics in animal and human hosts [46]. The Rev 1 vaccine can induce dose-dependent abortions in pregnant sheep and goats [46,47,48] but is considered nonpathogenic [49] or low pathogenic in rams [50]. The strain is considered smooth, meaning it expresses the O-polysaccharide on its lipopolysaccharide. The O-polysaccharide is an immunodominant humoral antigen utilized in almost all brucellosis serological tests. Limited data suggest that Rev. 1 may be efficacious in protecting cattle against B. melitensis [51,52,53]. The live B. melitensis strain 2 is used in China to prevent Brucella infections in sheep, goats, cattle, and deer [54,55]. Studies reporting direct comparisons of Rev 1 and other vaccines for immunogenicity and protection against experimental challenge with B. melitensis in natural hosts are lacking. The few reports in the literature have failed to find vaccine candidates that have improved efficacy when compared to Rev 1 [56].



Brucella DNA-based vaccines are a type of subunit vaccine, and repeated administration can induce humoral and cellular immune responses [57]. DNA vaccines are plasmids that express genes encoding specific antigens. The most common genes include L7/L12, BLS, BCSP31, SOD Cu/Zn, Omp16, periplasmic immunogenic protein (P39), and BAB1-0278. Adjuvants are not commonly used in DNA vaccines [58]. The DNA vaccine encoding BAB 1-0278 confers protection in mice against B. abortus [59]. DNA vaccines containing BAB1 0273 or BAB1 0278 and SOD C induce immune responses in mice but are less protective. DNA vaccines encoding p39 or groEL and other DNA-based vaccine candidates require multiple booster vaccinations but offer only low levels of protection. Therefore, further research in this area is needed [60]. The expression of multiple antigens (Omp16 and L7/L12) in DNA vaccines and expression of cytokines (SOD, including IL-18 or IL-12) can be used to enhance the immune response and efficacy of Brucella DNA vaccines [58].



Brucellosis is considered an intracellular pathogen that survives within phagocytes and could be resistant to the bactericidal action of antimicrobial peptides [61]. Researchers reported that the subunit vaccines evaluated were safe and efficacious against brucellosis. These vaccines can be constituted using a recombinant, highly conserved protein that is expressed across the Brucella genus. However, the subunit vaccine does not replicate or mimic a natural Brucella infection. Thus, they induce lower protective immunity as compared with live-attenuated vaccines [38]. The main challenges for designing an effective subunit vaccine against brucellosis are poor antigenicity, instability, and short half-lives for recombinant subunit antigens [62]. Thus, adjuvants are essential to induce immune responses. Enhancing immunity depends on the type of antigen and adjuvant used in Brucella subunit vaccines. Freund’s adjuvant, Alum adjuvant, and aluminum hydroxide (the only adjuvant licensed for use in human vaccines) are considered to promote Th2 immune responses, while monophosphoryl lipid A and CpG are believed to generate Th1-type responses, which are considered the type of immunity required for protection against brucellosis.



This study’s limitations include the following: (1) scope of literature review: This study exclusively incorporated published papers pertaining to B. melitensis vaccines, potentially limiting the breadth of its findings, and (2) language bias: This systematic review includes only articles published in English, which may introduce bias.



When protecting against brucellosis, an ideal vaccine should (i) provide long-term protection against abortion and infection in the majority of animals with only one dose; (ii) prevent colonization and seroconversion with efficacy even when animals are exposed to virulent field strains; (iii) be safe for animals of all ages from young to adult; (iv) not shed the vaccine after inoculation; and (v) be able to differentiate between vaccinated animals and those that are infected [63].



While some scientists argue that the available diagnostic and intervention strategies for brucellosis control are diverse and adequate, the disease’s persistent high prevalence in some countries or regions demonstrates a need for additional disease management tools. Cost-effective strategies to combat and prevent the spread of brucellosis worldwide include the use of efficacious vaccines in livestock reservoirs.
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Figure 1. Flow diagram of selection steps after search filtering procedures with Web of Science, CAB Abstracts, and PubMed. 
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	Name of Vaccine
	Type of Vaccine
	Animal Models & Ages
	Advantages
	Disadvantages
	Publication Reference Year





	B. melitensis 16MΔhfq
	Recombinant Vaccine
	Six-week-old

BALB/c female mice
	
	-

	
Limited persistence in the host.




	-

	
Reduces survival in macrophages.




	-

	
Stimulates strong protective immunity in BALB/c mice.




	-

	
Enhances IgG1 and IgG2a antibodies and IFN-γ and IL-4.




	-

	
Generates protective immunity that was slightly less than Rev 1 strains.




	-

	
The possibility of DIVA test.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2013 [20]



	B. melitensis 16MΔTcfSR
	Recombinant Vaccine
	Six-week-old

BALB/c female mice
	
	-

	
Induces immune protection against a challenge with B. melitensis 16M.




	-

	
Induces humoral (IgG) and cytokine (IFN-γ) responses.




	-

	
The possibility of DIVA test.




	-

	
Provides a similar level of protection of the M5-90 vaccine strain against a B. melitensis virulence 16M challenge.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2015 [21]



	B. melitensis M5-90ΔmanB
	Recombinant Vaccine
	Seven-week-old

BALB/c female mice
	
	-

	
Reduces survival in macrophages.




	-

	
Induces anti-Brucella-specific IgG1 and IgG2a subtype responses and IFN-γ and IL-4.




	-

	
The possibility of DIVA test.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2017 [22]



	B. melitensis LVM31 mutant strain
	Recombinant Vaccine
	Eight-week-old

BALB/c female and male mice
	
	-

	
Induces a similar protection that Rev 1 does against the challenge with B. melitensis Bm133 virulent strain.




	-

	
Colonization of bacteria in the spleen is low.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2020 [23]



	B. melitensis M5-90ΔvjbR
	Recombinant Vaccine
	Six-week-old

BALB/c female mice
	
	-

	
Allows for the serological differentiation between infected and vaccinated animals.




	-

	
Generates high immunity responses, such as IgG, IFN-γ, and IL-4.




	-

	
Reduces survival in murine macrophages (RAW 264.7) and BALB/c.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2018 [24]



	B. melitensis 16MΔmucR
	Recombinant Vaccine
	Six–eight-week-old

BALB/c female mice
	
	-

	
Inducing a protective immunity and reducing the colonization compared to the parental strain.




	-

	
Decreases the bacterial loads in the splenic, hepatic, and pulmonary at 1 week post-challenge (21 weeks postvaccination) against intraperitoneal B. melitensis 16M.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2011 [25]



	B. melitensis ΔznuA
	Recombinant Vaccine
	BALB/c female mice
	
	-

	
Laboratory animal models were used to measure levels of protective immunity against nasal challenge with wt B. melitensis 16M by inducing both systemic and mucosal Th1 and Th17 cells.




	-

	
Clear brucella from spleen and lung at approximately 8 weeks after challenge.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2011 [26]



	B. melitensis M5-90Δpgm
	Recombinant Vaccine
	Six-week-old

BALB/c female mice
	
	-

	
Induces protective immunity response in BALB/c mice, such as IgG, IFN-γ, and IL-2.




	-

	
Generates IFN-γ in immunized sheep.




	-

	
The possibility of DIVA test.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2016 [27]



	B. melitensis M5-90ΔwboA
	Recombinant Vaccine
	Six-week-old

BALB/c female mice
	
	-

	
Laboratory animal models and sheep were used to measure levels of protective immunity.




	-

	
Reduces survival in murine macrophages (RAW 264.7) and BALB/c mice.




	-

	
Inducing an anti-Brucella-specific IgG response and (IFN-γ) and (IL-2).




	-

	
Induces the IFN-γ in the sheep.




	-

	
The possibility of DIVA test.






	
	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2015 [28]



	B. melitensis Rev 1
	Live B. melitensis strains
	Goats
	
	-

	
“Proven efficacy in control eradication programs.




	-

	
Effective against both B. melitensis and B. ovis.




	-

	
Safe in males and young replacements.




	-

	
Single dose affords useful protection for life” [29].






	
	-

	
“Highly abortifacient.




	-

	
Serological interferences in classic serological tests (RBT, CFT), indirect and competitive ELISAs, fluorescence polarization, and other S-LPS tests.




	-

	
Virulence for human; Streptomycin resistant” [29].






	1957 [9]



	B. melitensis outer membrane proteins (Omp25 and Omp31)
	DNA Vaccine
	Seven–eight-week-old

BALB/c female mice
	
	-

	
Induces humoral and cellular responses; IgG, Th1 cytokines (IFN-ɣ), and Th2 cytokines (IL-10).






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2018 [30]



	B. melitensis 16M
	Nanoparticle Vaccine
	Six–eight-week-old

BALB/c female mice
	
	-

	
Stimulates both cellular and humoral immune responses; IgG and IgA.






	
	-

	
Oral administration would not be able to confer high protection against B. melitensis 16M and B. abortus 544 in comparison with i.p injection of nano-vaccine.




	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2021 [31]



	B. melitensis and B. abortus combined
	Nanoparticle Vaccine
	Four–six-week-old

BALB/c female mice
	
	-

	
i.p injection of urease alone and oral administration of both trimethyl chitosan (TMC) nanoparticles formulation of urease (TMC/urease) and urease alone induce a low IgG response.




	-

	
i.p administration of TMC/urease can generate a high level of IgG.




	-

	
i.p administration of urease alone and TMC/urease help stimulate a Th1-Th2 immune response.




	-

	
Oral administration of urease alone and TMC/urease induce Th1-Th17.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2018 [32]



	FliC antigen-MCN
	Nanoparticle Vaccine
	Six–eight-week-old

BALB/c female mice
	
	-

	
BALB/c mice were used to evaluate immunogenicity and protective efficacy of vaccine.




	-

	
Induces specific IgG response (higher IgG2a titers).




	-

	
Produces a high level of IFN-γ and IL-2 and low-level IL-10 cytokines in immunized mice.






	
	-

	
Induces lower protective immunity than live-attenuated B. melitensis Rev 1 and B. abortus RB51 vaccines against B. melitensis 16M and B. abortus 544.




	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2020 [33]



	B. melitensis Omp31
	Nanoparticle Vaccine
	Four–six-week-old

BALB/c female mice
	
	-

	
Induces Th1–Th17 immune responses in the oral immunization.




	-

	
Induces Th1–Th2 immune responses and high IgG titer, IFN-γ, and IL-12 when i.p immunization with Omp31-IFA (incomplete Freund’s adjuvant) and N-trimethyl chitosan/Omp31 (TMC/Omp31).




	-

	
Administering the vaccine orally induced a higher level of protection compared to the group immunized intraperitoneally due to the Th17 response.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2017 [34]



	B. melitensis 16M combined with oligopolysaccharide
	Nanoparticle Vaccine
	Six–eight-week-old

BALB/c mice
	
	-

	
Stimulates a high level of protection; IgG and IgM and efficient opsonophagocytosis of Brucella after challenge with B. melitensis strain 16M.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2019 [35]



	Outer membrane vesicles
	Subunit Vaccine
	Six–eight-week-old

BALB/c female mice
	
	-

	
Laboratory animal models were used to measure levels of protective immunity.




	-

	
Increases humoral immune responses (IgG2a and IgG).




	-

	
Induces cellular immune response (IFN-y, IL-2, and Th1)




	-

	
Induces protection levels higher than Rev 1 live vaccines.






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2020 [36]



	Outer membrane proteins
	Subunit Vaccine
	Five–six-week-old

BALB/c female mice
	
	-

	
Increases humoral immune response (IgG2a and IgG).




	-

	
Induces cellular immune response (IFN-y, IL-2, IL-4, and Th1).






	
	-

	
Immunogenicity and protective against experimental challenge with B. melitensis in natural hosts are lacking.




	-

	
A randomized controlled field trial also still needs to be performed on natural hosts to assess the effectiveness of the vaccine in terms of reducing clinical infection.






	2020 [37]







Abbreviations used in the table: IFN, Interferon; TNF, Tumor necrosis factor; IL, interleukin; Th, T helper; IgG, Immunoglobulin G; NR, not reported; IFN, interferon gamma γ; IL, interleukin; ORFs, open reading frames; GI-3, genomic island 3; Th1, T-helper 1; SOD, superoxide dismutase; GI3, genomic island; rOmp, outer membrane proteins; CNs, chitosan nanoparticles; W, weeks; i.p, intraperitoneal; OMV, Outer membrane vesicle; CpG ODN, CpG oligodeoxynucleotides; Omp, outer membrane protein (OMP); DIVA, differentiating infected from vaccinated animals; ORFs, open reading frames.
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