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Abstract

Introduction. Brucellosis remains one of the most widespread and underdiagnosed zoonotic infections, with over 500,000 new
human cases annually and continued endemic circulation in livestock. Brucella melitensis, B. abortus, B. suis, and B. canis are the
key pathogenic species causing chronic disease with nonspecific clinical symptoms. Brucella antigens are central to the
pathogenesis and immune response, yet current diagnostic tests lack sufficient specificity, and no licensed human vaccine is
available. This highlights the urgent need for more accurate antigen-based tools for both diagnosis and prevention.

Aim. To review and evaluate the main Brucella antigens with proven or potential diagnostic and vaccine value, focusing
on their structural features, immunogenicity, and applicability in translational research.

Search strategy: A systematic review was conducted following PRISMA guidelines. Literature searches were performed
in PubMed, Scopus, and Web of Science (2018-2025) using predefined keywords related to Brucella antigens, diagnostics,
and vaccine development. After multi-stage screening of titles, abstracts, and full texts, 106 studies were included in the final
analysis, as illustrated in the PRISMA flow diagram.

Results. Outer membrane proteins (Omp16, Omp19, Omp25, Omp31), periplasmic proteins (BP26, Cu/Zn-SOD,
L7/L12), heat shock proteins (Hsp60, Hsp70), and Type IV secretion system proteins (VirB) demonstrate distinct
immunogenic profiles. Among them, L7/L12, Omp19, and SOD show the highest promise in terms of serological sensitivity
and protective immune stimulation. A subset of these antigens is currently being explored as part of recombinant subunit
vaccine formulations.

Conclusion. Molecularly defined Brucella antigens offer tangible opportunities to improve human brucellosis diagnostics
and support the rational development of safer, targeted vaccines. Their documented immunological relevance justifies further
preclinical evaluation and standardization in applied immunodiagnostics.

Keywords: Brucellosis, Brucella spp., outer membrane proteins, antigen, diagnostics, vaccine development, human
brucellosis, heat shock proteins, lipopolysaccharides, proteins, type IV secretion system (t4ss) proteins.
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! Kazaxckuit HauWoOHanNbHbIA MeAUUUHCKUIM yHBepcuteT um. C.C. AccheHausipoBa,
r. AnmaTtbl, Pecnybnuka KasaxcTaH.

BBepeHue. bpyLiennes octaéTcs 0aHOI U3 Haubornee pacipoCTPaHEHHbIX M HEAOANATHOCTUPYEMbIX 300HO3HBIX MHEPEKLMIA, C
Bonee yem 500 000 HOBbIX CITy4aeB cpeay Jtofel EXEroaHO W YCTOMYMBOM SH300TUEN CPEaM CEMNbCKOXO3ANCTBEHHBIX KMBOTHBIX.
Brucella melitensis, B. abortus, B. suis n B. canis SBNSIOTCA OCHOBHbIMI NATOreHHbIMI BZAMM, BbI3bIBAIOLLMMM XPOHUYECKME
3ab0neBaHns C HeCreLMGMYECKUMM KITMHUHECKUMI MPOSIBNEHMAMI. AHTUrEHbI Brucella urpatoT KiioueByto posib B NaToreHese

222



Hayka u 3apaBooxpanenue, 2025 T.27 (4) 0030p JAuTEPATYPHI

(hOPMMPOBaHMM  UMMYHHOTO OTBETa, OfHAKO CyLIeCTBYIOLME MeTOgbl AMArHOCTMKA HEJOCTAaToMHO  CreuudunyHbl, a
NMLIEH3NPOBAHHON BaKLMHbI NS YerioBeka [0 CUX NOp He CylecTByeT. 31O MoguépKMBaeT HeobxoaumocTb co3aaHus Gonee
TOYHbIX QHTUIEH-OPUEHTVMPOBAHHBIX CPEACTB AMArHOCTUKM 1 NPOCNNAKTUKM.

Llenb. lMpoBectn 0630p M OLEHKY OCHOBHbIX aHTUreHoB Brucella spp., obnagallwmx nNOATBEPKAEHHON WM
MOTEHUMANBHOA [WarHOCTUYECKOW W BaAKLUMHHOM 3HAYMMOCTBIO, C aKLEHTOM Ha WX CTPYKTYpHble 0COBEeHHOCTH,
MMMYHOTEHHOCTb 1 MPUKIaZgHY LEHHOCTb.

Crpaterusi noucka: Cuctematuyeckuin 0630p NpoBeAéH B COOTBETCTBUM C pekomeHpauusmm PRISMA. TMowmck
nutepatypsl BoinonHeH B 6asax PubMed, Scopus n Web of Science 3a nepuog 2018-2025 rr. ¢ ucnonb3osaHnem 3apaHee
ONpeAenéHHbIX KIIOYEBBIX CIIOB, CBSA3aHHbIX C aHTMreHamu Brucella, owarHocTukom w paspaboTkoit BakuuH. [locne
MHOro3TanHoro otbopa MO 3arorfoBkaM, aHHOTALMSM 1M MOMHbIM TEKCTaM B WTOTOBbIA aHanu3 6bino BkmoyeHo 106
MCCNEAO0BaHMI, 4To OTpaxeHo Ha cxeme PRISMA.

PesynbTatbl. HapyxHble MmembpaHHble benkm (Omp16, Omp19, Omp25, Omp31), nepunnasmatuyeckue 6enkun (BP26,
Cu/Zn-SOD, L7/L12), 6enkm Tennosoro woka (Hsp60, Hsp70) u komnoHeHTbl cuctembl cekpeuun tuna [V (VirB)
LEMOHCTPUPYIOT pasHyto CTeneHb UMMyHoreHHOCTW. Cpeam Hux Benku L7/L12, Omp19 n SOD obnagatot HambonbLimm
NOTEHUMANOM KaKk CEeponorMyeckMe MapKepbl W KOMMOHEHTbI BaKUWMHHBIX KOHCTPYKUMA. YacTb 9TMUX aHTUreHoB
paccMaTpyBaeTCs B COCTaBe PEKOMOMHAHTHbIX CYObeANHUYHBIX BaKLVH.

3akntoyeHne. MonekynspHO OXxapaKTepu30BaHHble aHTureHbl Brucella OTKpbIBalOT peanbHble NEPCMeKTUBbI A1
COBEPLLEHCTBOBAHMS AMArHOCTMKMA M pa3paboTku LeneHanpaBneHHbIx 1 6e3onacHbIx BakLmH NpoTus OpyLiennesa yenoseka.
VX uMmyHomoryeckas 3Ha4MMOCTb 060CHOBLIBAET HEOOXOAMMOCTb AanbHENLEN JOKMMHUYECKON OLEHKM U BHEAPEHUS B
NPUKNAaHYI0 UMMYHOAMArHOCTUKY.

Knrovesbie cnoea: 6pyuennés, Brucella spp., aHmueeHbl, HapyxHble MembpaHHbie Oenku, OuasHOCMUKa,
gaKyuHonpoghunakmuka, mensiosble Wokosbie besku, nunononucaxapudsl, 6enku, 6eku cucmembi cekpeyuu muna IV.
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1 AcdeHansipoB aTbiHAaFbI Ka3ak ¥n1Tbik MeguumHa YHuBepcuteTi, Anmartbl K., KasakctaH Pecnyb6nukachl.

Kipicne. bpyuennes — xbin caitbiH 500 000-HaH actam apampa TipKeneTiH, yit XaHyapnapbl apacbliHia KeHiHeH
TapanfaH XaHe Ui aHblKTanManTblH 300H03AblK WHGekumus. Brucella melitensis, B. abortus, B. suis xsHe B. canis —
aypyablH, Herisri  KOo3gbIpfFbilTapbl, Oflap CO3bIMManbl XoHe creuudukansik, emec OenrinepMeH cunatTanatbiH
WHdeKumanapasl Tyablpagsl. Brucella aHTurenzepi aypy natoreHesiHoe XoHe WMMYHAbIK XayanTta Madbidfbl pen
aTkapagbl. Anaiga kasipri AMarHocTukanbIk TeCTTep/iH, CneLuduKarnblFbl TOMEH XaHe afamsa apHasnFaH nuueH3nsanaHsax
BaKUMHa ani xacanmaraH. byn AuarHoCTWKa MeH angbiH anyfa apHanFaH aHTUreHgik Herisgeri Kypangapabl XeTingipy
KaXeTTiriH kepceTeai.

Makcar. Brucella spp. aHTUreHAEPIHiH, KypbINbIMABIK CUnaTTamManapbl, UMMYHOreHAIK KacueTTepi XaHe konaaHbans
aneyeTiH 6aranan oTbIpbIn, ONlapablH, AMArHOCTUKAMbIK XaHE BaKLMHAMbIK, MaHbI3AbINbIFbIH Tanaay.

I3pey ctparerusicbl. Xymeni wony PRISMA HyckaynapblHa caiikec xyprisingi. Onebuettepai isney PubMed, Scopus
xoHe Web of Science nepektep 6asanapbiHaa 2018-2025 xbingap apanbiFbiHga Brucella aHTUreHaepi, AMarHocTMKachl
XOHe BaKLWHa a3ipneyiHe KaTbICTbl anfblH ana aHblKTanfaH Kint ce3fep apKblibl opbiHAanasl. TakblpbinTap, aHaarnanap
XOHe TonblK MaTiHAep OoiibiHLWAa KencaTbinbl ipiKTeyaeH keliH KopbITbiHAb! TanaayFa 106 3eptTey eHrisingi, 6yn PRISMA
AuarpamMmmachiHia kepceTinreH.

Hatwxenep. Omp16, Omp19, Omp25, Omp31 cekingi CbipTKbl MembpaHanbik 6enoktap, BP26, Cu/Zn-SOD, L7/L12
nepunnaamansik 6enoktapsl, Hsp60, Hsp70 xbinynbik Wok 6enoktapsl xaHe VirB cekpeuns xyieciHiy, 6enokrapbl apTypri
UMMyHoreHgik GenceHainik kepcetti. L7/L12, Omp19 xsHe SOD aHTUreHgepi ceponorvsnblk cesiMTangblk neH
KOPFaHbILTBIK XayanTbl MHAYKUMANay OONbIHILE epekLue aneyeTke ne. Byn aHTureHnep pekoMBUHAHTTLI CyObeaMHMKanbIK
BaKLMHanap KypamblHaa 3epTTenyae.
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KopbITbiHAbL. Monekynansik AeHrenge cunattansaH Brucella aHTurengepi agam 6pyuennesiH guarHoctukanay MeH
MakcaTThbl, Kayincia BakyuHanapabl KypacTblpy GasbiThiHAa MaHpI3abl MyMKiHAiKTep Bepeai. OnapablH, UMMYHONOMMAMbIK
MaHbI3abIbIFbl JOKMMHWKAIbIK 3epTTeynep MeH konaaHbansl MMyHoaMarHoCTKaga OfaH api 3epTTeyai KaKeT eTeqi.

Tylindi ce3dep: bpyuennes, Brucella spp., aHmuaeHOep, cbipmkbl MembpaHarblx 6enokmap, QuagHocmuka, 8akyuHa,
XKblynbiK WOK 6eokmapsl, nunononucaxapudmep, benokmap, IV munmi cexpeyusi XyUeciHiy, benokmapsl

[faliekces ywiH:

KocwinFaHosa A., AmakaHosa A., MyxumdeHosa A., bumaHosa 3., anapkynosa K., U3sekeHosa A. Brucella spp.
aHTWrenaepiHiH agam 6pyuennesiHiH natoreHesi MeH auarHocTukacbiHa acepi // FoinbiM xoHe [eHcaynblk cakTay. 2025.

Vol.27 (4), b. 222-236. doi 10.34689/SH.2025.27.4.027

Introduction

Brucellosis is a globally prevalent zoonotic disease, with
the highest endemicity reported in the Mediterranean
region, Central Asia, sub-Saharan Africa, and Latin
America. The causative agents, Gram-negative facultative
intracellular coccobacilli of the genus Brucella, affect both
public health and livestock productivity by causing
reproductive failure in animals and systemic illness in
humans [4,39]. Transmission to humans typically occurs via

ingestion of raw milk or dairy items, exposure to airborne
infectious particles, or physical interaction with livestock
carrying the pathogen or their secretions. Occupations
involving close animal contact-such as farming,
slaughtering, and veterinary work-remain the highest risk
[13,93]. The global distribution of brucellosis prevalence,
based on epidemiological data published between 2015 and
2024, is illustrated in Figure 1.

High ™ Moderate ™ Low

Figure 1. Global distribution of human brucellosis prevalence based on reviewed epidemiological literature (2015-2024).
The color scale indicates prevalence levels: high (orange), moderate (blue), and low (purple).
Only countries with available data are shown.

Twelve Brucella species have been formally identified, with
B. melitensis, B. abortus, B. suis, and, to a lesser extent, B.
canis recognized as the primary human pathogens. B.
melitensis, commonly found in sheep and goats, is the most
virulent and often causes chronic systemic disease [16,76]. The
clinical manifestations of brucellosis are non-specific-fever,
fatigue, arthralgia-and may resemble various febrile conditions,
complicating clinical recognition, especially in chronic or
subclinical infections [12].

Bacteriological diagnosis through blood culture remains
the gold standard, yet is often limited by low sensitivity in
chronic cases and long incubation times. Serological
methods such as the Rose Bengal test (RBT), standard
agglutination test (SAT), and enzyme-linked immunosorbent
assay (ELISA) are widely used but exhibit variable
performance depending on disease stage, endemicity, and

host immune status [39,92]. The development of antigen-
based diagnostic platforms-particularly those incorporating
recombinant outer membrane proteins (OMPs) like Omp28
and Omp31-has improved specificity and reproducibility in
ELISA assays [3,38]. Additional methods such as
fluorescence polarization assays and paper-based ELISAs
offer promise for point-of-care testing in field conditions [41].
Despite the availability of effective veterinary vaccines
such as B. abortus $19 and B. melitensis Rev.1, no vaccine
is currently licensed for human use. These animal vaccines,
although valuable for controlling livestock infections, are
unsuitable for human application due to residual virulence,
safety concerns in vulnerable populations, and interference
with serological diagnostics [59,17]. These challenges
underscore the need for safe, well-defined Brucella
antigens with diagnostic and immunogenic potential.
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Among the most relevant immunological targets are outer
membrane-associated proteins (OMPs), structural endotoxins
like lipopolysaccharides (LPS), stress-inducible proteins such
as Hsp60 and Hsp70, antioxidant defense enzymes including
CulZn-superoxide  dismutase  (SOD), and  molecular
determinants of virulence encoded by the type IV secretion
system (T4SS). Each of these antigen classes contributes to
different facets of Brucella pathogenicity-including immune
evasion, intracellular persistence, and inflammation modulation.
For example, recombinant Omp19 and Omp31 have
demonstrated protective efficacy and strong immunoreactivity
in experimental models [29]. LPS and HSPs suppress innate
immune signaling and facilitate chronic infection [50], while
T4SS proteins are indispensable for intracellular replication and
resistance to host clearance mechanisms. Their systematic
characterization forms the basis for the development of next-
generation serological assays and subunit vaccines [19].

Search strategy

A systematic search of the literature was conducted in
PubMed, Scopus, and Web of Science databases for
publications between 2018 and 2025. The following
combinations of keywords and Medical Subject Headings
(MeSH) terms were used: Brucella spp., Brucella melitensis,
Brucella abortus, Brucella suis, diagnosis, epidemiology,
antigen, outer membrane proteins (Omp16, Omp19, Omp25,
Omp31), periplasmic proteins (BP26, L7/L12, SodC), heat
shock  proteins  (Hsp60, Hsp70, DnaK, GroEL),
lipopolysaccharides (S-LPS, R-LPS), type IV secretion system
(VirB), vaccine candidate, and serodiagnosis.

Selection process

— Initial search retrieved 4,460 records

— Title screening excluded 2,806 studies as duplicates
or irrelevant

— Abstract screening excluded 554 additional records
due to thematic or methodological mismatch

— Full-text review excluded 138 articles because of
methodological overlap or insufficient data

- Final inclusion: 106 publications that fulfilled all
eligibility criterialnclusion criteria

— Peer-reviewed articles indexed in PubMed, Scopus,
or Web of Science

— Published in English

— Publication period: 2018-2025

180
160

140

Asia Africa

- Studies providing data on antigen structure,
immunogenicity, pathogenesis, or diagnostic/vaccine
potential of Brucella spp.

Exclusion criteria

— Duplicate records

— Studies unrelated to Brucella antigens or diagnostics

- Reviews without original data (unless of high scientific
value)

— Articles with insufficient methodological transparency

Distribution of included studies

— Introduction: 16

- Sections 1.1-1.3
preventive challenges): 24

— Section 2.1 (Outer membrane proteins): 17

— Section 2.2 (Periplasmic proteins): 16
— Section 2.3 (Heat shock proteins): 12
(
(

(epidemiology, diagnostics,

— Section 2.4 (Lipopolysaccharides): 14

— Section 2.5 (Type IV secretion system proteins): 12

— Section 2.6 (Other antigens): 8

Epidemiological relevance of brucellosis as a
persistent zoonotic threat

Brucellosis ranks among the most widespread and
economically significant zoonoses, particularly in regions with
inadequate veterinary infrastructure. The disease reduces
livestock productivity through abortions and infertility, and it
continues to pose a substantial risk to human health due to
zoonotic spillover [4,93]. Although official data report around
500,000 new human cases annually, modelling studies
estimate the true global incidence at over 2 million, reflecting
widespread underdiagnosis and underreporting, particularly in
Asia and Africa [41]. The global distribution of human
brucellosis prevalence is shown in Figure 2, based on data
from reviewed epidemiological studies published between 2015
and 2024.

High-income  countries have largely controlled
brucellosis through systematic test-and-slaughter programs
and livestock vaccination.

However, in endemic zones such as Central Asia, East
Africa, and parts of Latin America, the disease remains
entrenched. Field investigations in Kenya and Uganda have
shown a clear epidemiological connection between infected
livestock and human brucellosis within the same
communities [17,29].

36

Americas Europe

Figure 2. Geographical distribution of brucellosis-related studies included in the review.
The majority of studies were conducted in Africa (n=172) and Asia (n=132),
followed by the Americas (n=36) and Europe (n=10), reflecting regional research focus and burden.
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Medically important Brucella species

Among the twelve identified Brucella species, human
brucellosis is primarily attributed to B. melitensis, B. abortus, B.
suis, and, less frequently, B. canis. B. melitensis, predominantly
found in sheep and goats, is the most pathogenic and
commonly identified in endemic regions. Its high bacterial
concentration in placental tissues and unpasteurised milk
increases the risk of human infection via ingestion or contact
[74,50].

B. abortus, associated with cattle, presents a significant
occupational risk in areas with insufficient veterinary control.
Although generally less aggressive, it accounts for a substantial
proportion of human cases [19]. B. suis, primarily affecting pigs,
causes a more chronic and suppurative form of brucellosis,
often involving abscess formation and osteoarticular
complications. Human infection occurs mostly in hunters, swine
farmers, and abattoir workers [74,17]. B. canis, though rare, is
occasionally reported in immunocompromised individuals and
poses a risk in canine breeding or veterinary settings.
Additionally, emerging species such as B. inopinata and marine
mammal-associated Brucella strains have demonstrated
zoonotic potential and require surveillance [18].

Challenges in diagnosis and limitations of current
vaccines. The diagnosis of brucellosis remains challenging
due to the non-specificity of symptoms, low bacterial loads, and
overlapping clinical features with other infections. Culture, while
definitive, is often impractical in chronic cases due to delayed
growth [13,12]. Serological tests (RBT, SAT, ELISA) are widely
used but suffer from false-positive results due to cross-reactivity
with other Gram-negative bacteria and false negatives following
antimicrobial therapy [24,89].

Molecular assays, particularly real-ime PCR, have
significantly improved the sensitivity and specificity of Brucella
detection, enabling early diagnosis and species differentiation
[60,90]. However, their routine use is limited by high costs, the
need for specialised infrastructure, and the lack of standardised
protocols across laboratories, which hinders  result
comparability and widespread implementation [35].

On the prophylactic front, live attenuated veterinary
vaccines-such as B. melitensis Rev.1 and B. abortus S19-have
played a central role in controlling brucellosis in livestock.
Nevertheless, their use in humans is contraindicated due to the
risk of residual virulence, abortion in pregnant individuals, and
post-vaccination seroconversion, which can interfere with
serological diagnostics [27,40]. These limitations have
prompted the search for alternative human vaccine strategies
that combine safety with robust protective immunity.

Modern approaches to Brucella vaccine development
increasingly emphasize recombinant subunit platforms
incorporating well-characterized antigens such as Omp16,
Omp19, Omp25, Omp31 (outer membrane proteins), stress-
response molecules like Hsp60 and Hsp70, and antioxidant
enzymes including Cu/Zn-superoxide dismutase (SOD). These
components have demonstrated the capacity to activate both
humoral and cellular branches of the immune system in
experimental settings. To enhance immunogenicity, they are
tested in combination with adjuvants or delivered via attenuated
vectors such as Salmonella enterica or viral platforms, aiming
to stimulate mucosal and systemic immunity [37].

Immunological significance of Brucella antigens

Brucella antigens are central to the pathogen's intracellular
lifestyle, immune modulation, and chronic persistence. OMPs-

such as Omp16, Omp19, Omp25, and Omp31—facilitate
adhesion, immune evasion, and survival within host
phagocytes, making them attractive targets for diagnostics and
recombinant vaccines [73,91]. The smooth form of LPS (S-
LPS), present in B. melitensis and B. abortus, reduces TLR4-
mediated activation and impairs pro-inflammatory signaling,
whereas rough LPS variants, typical of B. canis, are less
immunosuppressive [44].

Intracellular survival of Brucella is facilitated by the type IV
secretion apparatus (T4SS), encoded within the virB gene
cluster, which disrupts phagolysosomal maturation and enables
the establishment of replicative compartments [5]. Antioxidant
enzymes like Cu/Zn-SOD allow Brucella to neutralize reactive
oxygen species within phagocytes, supporting its persistence
[25]. Moreover, TIR-domain-containing effector proteins (BtpA,
BtpB) mimic host signaling molecules and inhibit IL-12 and IFN-
y responses, suppressing protective Th1 immunity [84].

Transcriptomic analyses of infected human immune cells
confirm downregulation of genes involved in inflammation and
antigen presentation [55]. In parallel, recent findings show that
Brucella antigens disrupt dendritic cell function-especially in
plasmacytoid DCs-by modulating SLAMF7/8 signaling, thereby
impairing interferon responses and T cell activation during
chronic infection [106,43].

The main groups of Brucella spp. antigens and their
characterisation

Outer Membrane Proteins (OMPs)

Outer membrane proteins (OMPs) of Brucella spp. are
integral components of the bacterial cell envelope and play a
central role in pathogenesis, immune evasion, and intracellular
survival. These membrane-associated proteins are involved in
maintaining structural stability, regulating molecular exchange,
and facilitating nutrient uptake. Due to their localization on the
bacterial surface and ability to elicit immune responses, they
represent valuable candidates for serodiagnostic assays and
the design of recombinant vaccines. [28,6].

Structurally, Brucella OMPs are grouped by molecular
weight into three categories: high molecular weight proteins
(88-94 kDa), porins (36-38 kDa), and low to medium-sized
immunogenic proteins (25-34 kDa) [28]. Among these, the 25—
34 kDa group includes Omp25 and Omp31, which are highly
conserved across pathogenic species and have been most
extensively studied due to their strong immunogenicity and
translational relevance [8,63].

Omp25 plays a multifaceted role in virulence and immune
modulation. It downregulates TNF-a secretion in macrophages,
facilitating bacterial persistence by dampening host
inflammatory responses [49]. Although masked by smooth
lipopolysaccharide ~ (S-LPS) during natural  infection,
recombinant Omp25 has demonstrated strong humoral and
cellular immunogenicity in animal models, particularly when
used with adjuvants [75].

Omp31 is absent in B. abortus but present in B. melitensis
and B. suis. It is involved in iron acquisition and outer
membrane permeability, and elicits strong antibody responses-
especially in infections caused by rough strains such as B. ovis
[70]. lts immunodominance and species-specific expression
make it a valuable antigen for differential diagnosis and
targeted immunoprophylaxis [57).

Porin proteins Omp2a and Omp2b form trimeric B-barrel
channels that regulate outer membrane permeability.
Despite over 85% sequence identity, species-specific
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mutations result in functional divergence. While less
immunogenic than Omp25 or Omp31, these porins contribute
to resistance against environmental stressors and antimicrobial
peptides, and may serve as auxiliary components in multivalent
vaccine formulations to enhance protective breadth [87, 23].

Smaller outer membrane lipoproteins such as Omp16 and
Omp19 also play significant roles in Brucella survival and host
interaction. Omp16, homologous to peptidoglycan-associated
lipoproteins, is essential for cell viability. Conditional knockdown
of Omp16 impairs membrane integrity and triggers elevated
pro-inflammatory cytokine responses in host cells [104].
Omp19 acts as a protease inhibitor, aiding survival in hostile
environments such as phagosomes and mucosal surfaces.
Notably, recombinant Lactococcus lactis expressing Omp19
has induced mucosal immunity and protection in oral
vaccination models, supporting its ufility for needle-free
immunization [20].

The diagnostic application of OMPs is well substantiated.
Recombinant forms of Omp25, Omp31, Omp16, and Omp19
have been successfully incorporated into ELISA platforms,
demonstrating improved specificity and sensitivity over
traditional LPS-based tests [7,58]. Their reduced cross-
reactivity with other Gram-negative bacteria and suitability for
DIVA (Differentiating Infected from Vaccinated Animals)
strategies enhance their value in both human and veterinary
diagnostics [68,11].

A major advantage of OMP-based antigens is their high
sequence conservation across Brucella species, enabling the
development of cross-protective vaccines. Bioinformatics-
driven epitope mapping has facilitated the design of multi-
epitope constructs incorporating conserved OMP regions,
several of which have shown promising immunogenicity and
protection in preclinical studies [97]. Moreover, their
recombinant nature and lack of residual virulence make them
safer alternatives to whole-cell vaccines, particularly for human
use [75,97].

Periplasmic proteins of Brucella spp. play essential roles
in maintaining cell envelope integrity, evading host immune
responses, and surviving intracellular stress conditions. Unlike
classical surface-exposed virulence factors, these proteins are
often hidden from direct immune detection but exhibit
significant immunogenic potential, making them relevant
candidates for diagnostic and vaccine development. The most
studied include BP26, Cu/Zn-SOD (SodC), DsbA, HtrA, PrpA,
BepC, and Omp19.

Also referred to as Omp28, BP26 is a highly conserved
protein (~26 kDa) expressed across smooth Brucella species
[7]. Initially misclassified as an outer membrane protein, it was
later localized to the periplasmic space. Structurally, BP26
shares homology with phage channel proteins and has
demonstrated interactions with host extracellular matrix
components such as collagen and vitronectin, suggesting a
potential role in adhesion [58].

Immunologically, BP26 elicits strong antibody responses in
both infected and vaccinated hosts. It has been widely applied
in indirect ELISA and lateral flow tests with high sensitivity and
specificity [7, 58]. Its utility as a DIVA (Differentiating Infected
from Vaccinated Animals) marker is supported by data from
BP26-deficient vaccine strains (e.g., B. melitensis Rev.1
Abp26) [68]. Recombinant BP26 has also shown the capacity
to induce Th1-biased responses and partial protection in
murine models [11, 97].

SodC is a periplasmic metalloenzyme that catalyzes the
dismutation of superoxide radicals into hydrogen peroxide and
molecular oxygen, providing crucial protection against the
oxidative burst of phagocytes. It is required for survival of
Brucella  within ~ macrophages,  particularly ~ under
phagolysosomal stress [78].

Although SodC induces relatively modest humoral
responses, it triggers robust T-cell immunity, including IFN-y
production. Immunization with SodC, especially in combination
with antigens like L7/L12 and Omp25, enhances protection in
murine models [22, 32]. Recombinant vaccines incorporating
SodC have shown significant immunogenicity in BALB/c mice
and are considered valuable components in multivalent vaccine
formulations [83].

DsbA is a periplasmic thiol-disulfide oxidoreductase
essential for the folding of exported proteins via disulfide bond
formation. Disruption of dsbA expression in Brucella leads to
compromised stress resistance and severely reduced
intracellular survival [61].

Mutants lacking DsbA display defects in outer membrane
protein maturation and envelope homeostasis. These
properties make DsbA a potential target for rational attenuation
of live vaccines, preserving immunogenicity while reducing
virulence [66].

HirA is a periplasmic serine protease upregulated in
response to stress stimuli such as heat, oxidative agents, and
acidic pH. It degrades misfolded proteins and stabilizes the
bacterial envelope under host-imposed stress [105].

Deletion of htrA impairs Brucella survival in macrophages
and increases sensitivity to antimicrobial peptides. Live
attenuated vaccine strains lacking htrA have demonstrated
safety and the ability to elicit Th1-skewed immune responses,
making HirA a valuable marker for stress response and
vaccine design [33].

PrpA is an immunomodulatory periplasmic enzyme
capable of catalyzing the conversion of L-proline to D-proline
and inducing polyclonal B-cell activation in a T-cell-independent
manner. It promotes hypergammaglobulinemia  and
upregulates TGF-B, contributing to immune suppression and
Brucella persistence [48].

Although not protective alone, PrpA enhances cellular
immunity when incorporated into multivalent  vaccine
formulations, helping to reduce bacterial loads [83]. Elevated
anti-PrpA antibodies in chronic brucellosis cases suggest
potential use in immune profiling.

BepC, a TolC-like outer membrane channel, functions as
part of Brucella’s tripartite efflux systems that expel bile salts,
antimicrobial peptides, and antibiotics. Knockout of bepC
results in heightened sensitivity to these agents and reduced
virulence in murine models [81].

While not strongly immunogenic under natural infection,
BepC is currently explored as a DIVA marker and a possible
target for efflux pump inhibitors to enhance antibiotic efficacy.
Although classified as an outer membrane lipoprotein, Omp19
anchors to the inner leaflet and acts functionally as a
periplasmic protease inhibitor. It protects Brucella against
proteolytic degradation in the gastrointestinal tract and within
lysosomes. Omp19-deficient mutants show reduced infectivity
after oral administration and impaired intracellular survival [58,
33].

Recombinant  unlipidated Omp19  (U-Omp19) has
demonstrated adjuvant properties, enhancing mucosal
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immunity and antigen presentation. It also serves as a DIVA
marker, as Rev.1 Aomp19 mutants do not induce detectable
anti-Omp19 antibodies [81].

Heat shock proteins (HSPs) play essential roles in the
adaptation, survival, and immune interactions of Brucella spp.
under host-induced stress. Among the most functionally and
immunologically relevant are the chaperone proteins Hsp60
(GroEL), Hsp70 (including DnakK), and the ATP-independent
serine protease HirA. These molecules are not only critical for
intracellular proteostasis but also serve as immunodominant
antigens with significant implications for serodiagnosis and
vaccine development.

GroEL is a 60 kDa chaperonin involved in protein folding,
expressed under stress conditions and essential for Brucella
spp. survival in the intracellular environment. It promotes
immune responses, especially in combination with outer
membrane proteins (OMPs) such as Omp25 and Omp31. Co-
immunization studies have demonstrated enhanced protection
in murine models, indicating synergistic effects between GroEL
and surface antigens [1]. Transcriptomic analyses of the
Brucella  melitensis Rev.1  vaccine strain  revealed
downregulation of GroEL under acidic stress, which may
correlate with attenuated virulence [71]. Furthermore, GroEL
expression is modulated in response to antibiotics such as
polymyxin B, highlighting its role in stress adaptation. Post-
translational modifications including lysine acylation affect
GroEL and other virulence-associated proteins, linking
structural regulation with immune evasion and intracellular
persistence. Studies also indicate a role for GroEL in subverting
autophagic host defenses, particularly via LC3-dependent
mechanisms in macrophages [105].

Hsp70 proteins, including DnaK, contribute to protein
homeostasis and immune activation. DnaK has been identified
in the vaccine strain Brucella 104M through proteogenomic
profiing, ~confirming its constitutive expression and
immunogenicity [54]. Functionally, DnaK facilitates refolding of
misfolded proteins and promotes macrophage activation via
NF-kB pathways, leading to pro-inflammatory cytokine
production [30, 34, 56). Its dual role in stress resilience and
host immune signaling underscores its potential as a diagnostic
and vaccine antigen. Structural modeling of Hsp70 family
members, including insights into inhibitor interactions, further
highlights their biomedical relevance [98].

Beyond ATP-dependent chaperones, ATP-independent
serine proteases such as HtrA also contribute critically to
protein homeostasis and virulence. HtrA is a periplasmic
protease essential for Brucella virulence and protein quality
control. It degrades misfolded proteins and modifies outer
membrane components, facilitating adaptation to oxidative and
thermal stress [30, 51]. Experimental deletion of the htrA gene
results in reduced virulence and impaired intracellular survival
of Brucella within macrophages. HtrA regulates multiple
virulence-associated functions, including bacterial adhesion,
invasion, and biofilm development [52]. It may also interfere
with host immune responses by modulating cellular signaling
pathways . Given its ability to function without ATP, its induction
under cellular stress, and the high degree of structural
preservation across Brucella strains, HtrA is regarded as a
strong candidate for use in both diagnostic strategies and
antigen-specific vaccine development [51].

Although less extensively studied, small heat shock
proteins (SHSPs) such as Hsp20-like proteins are believed to

contribute to immediate bacterial stress responses without
requiring ATP. These proteins assist in preventing protein
aggregation and stabilizing membrane integrity during infection.
Their expression is often upregulated under heat or oxidative
stress and may aid Brucella spp. in rapid adaptation to
intracellular host environments [56]. While their immunogenicity
remains less characterized compared to major HSPs, their
functional relevance and evolutionary conservation warrant
further investigation as potential diagnostic or vaccine adjuncts.

HSPs of Brucella spp. function at the intersection of
virulence regulation, stress adaptation, and immune interaction.
Their expression is modulated by transcriptional regulators
such as MucR, further embedding them in broader regulatory
networks [71]. The conserved structure and antigenicity of
HSPs, particularly GroEL, DnaK, and HtrA, across multiple
Brucella species including B. melitensis, B. abortus, and B.
suis, enhance their relevance for cross-protective vaccine
strategies. Diagnostic applications, including lateral flow assays
targeting Hsp70, show promise for rapid field detection [56]. In
vaccine design, co-formulation of HSPs with OMPs or
adjuvants has demonstrated increased efficacy in animal
models, offering pathways for subunit vaccine development [1].

In summary, HSPs are multifunctional proteins essential for
Brucella spp. virulence, intracellular survival, and immune
evasion. Their structural conservation and immunogenic
potential make them compelling candidates for targeted
diagnostics and subunit vaccine platforms against brucellosis.

Lipopolysaccharides (LPS)

Lipopolysaccharide (LPS) is a major surface component of
Brucella spp. and represents the principal immunodominant
antigen in smooth strains. Structurally, Brucella LPS consists of
three classical domains: lipid A, a non-repeating
oligosaccharide core, and an O-polysaccharide, also known as
the O-antigen. Unlike enterobacterial LPS, the lipid A of
Brucella is modified with very long-chain fatty acids and exhibits
hypoacylation and hypophosphorylation, leading to low
endotoxicity and reduced recognition by Toll-like receptor 4

(TLR4) [72).
The O-polysaccharide is composed exclusively of 4-
formamido-4,6-dideoxy-a-D-mannopyranose (N-

formylperosamine) residues, primarily linked by o-(1—2)
glycosidic bonds. This conserved homopolymer, consisting of
approximately 90-100 repeating units, provides serological
specificity and supports immune evasion through molecular
mimicry [10].

Brucella spp. display two LPS phenotypes: smooth (S-
LPS), with a complete O-antigen chain, and rough (R-LPS),
lacking or having a truncated surface polysaccharide. Smooth
strains, including B. melitensis, B. abortus, and B. suis, exhibit
species-specific antigenic profiles: B. melitensis primarily
expresses M-epitopes, B. abortus A-epitopes, while B. suis
shows a mixed pattern [21]. In contrast, rough strains such as
B. canis and B. ovis produce R-LPS and are generally less
virulent in humans [42].

Functionally, the O-antigen plays a central role in immune
evasion. It shields outer membrane proteins, interferes with
opsonization and complement activation, and reduces
neutrophil recruitment. The low immunostimulatory potential of
Brucella LPS, due to its weak interaction with TLR4, allows
intracellular invasion with  minimal inflammation  [100].
Furthermore, the branched structure of the core
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oligosaccharide masks pathogen-associated molecular
patterns (PAMPs), enhancing immune concealment [101].

The O-antigen also contributes to intracellular survival. In
smooth strains, it impairs phagosome-lysosome fusion and
delays phagosomal maturation, facilitating replication within
host macrophages [65]. Conversely, R-LPS mutants, which
lack this protective barrier, are more susceptible to immune
clearance due to increased membrane permeability and
exposure of antigenic determinants [53].

Immunologically, the O-antigen elicits the dominant
humoral response during natural infection. Specific antibodies,
particularly of the IgM and IgG2 subclasses, arise early and
form the basis of classical serological assays for example, the
Rose Bengal assay, the complement fixation reaction, and
enzyme-linked immunosorbent assays (ELISAs) [15]. However,
these tests are limited by cross-reactivity among smooth
Brucella species and with unrelated Gram-negative bacteria. A
notable example is Yersinia enterocoliica O:9, which
expresses an identical terminal saccharide epitope [47].

Vaccination further complicates serodiagnosis. Live
attenuated strains such as B. abortus S19 and B. melitensis
Rev.1 generate anti-O-antigen antibodies indistinguishable
from those induced by infection, hampering surveillance and
eradication programs [26]. To overcome this, the rough strain
B. abortus RB51 is used in veterinary settings. Its lack of O-
antigen prevents interference with serological testing and aligns
with DIVA (Differentiating Infected from Vaccinated Animals)
principles [62].

Despite its immunodominance, the O-antigen is a thymus-
independent antigen and fails to activate T-helper cells or
induce lasting immunological memory. Thus, while anti-LPS
antibodies can mediate opsonization in vitro, effective
protection against brucellosis relies primarily on Th1-driven
cellular immunity [64].

From a vaccine perspective, native LPS is suboptimal due
to its residual endotoxin-like properties and limited capacity to
induce cell-mediated responses. Nevertheless, detoxified LPS
preparations and conjugate vaccines—linking the O-antigen to
protein carriers such as tetanus toxoid or bovine serum
albumin—have demonstrated improved immunogenicity and
partial protection in murine models. However, these strategies
remain experimental and face ongoing challenges, including
cross-reactivity and potential diagnostic interference [36).

Type IV secretion system proteins (VirB)

The type IV secretion apparatus (T4SS), whose genetic
components are organized within the virB operon (virB1 to
virB12), represents one of the principal virulence mechanisms
in Brucella spp. and is indispensable for intracellular survival,
immune evasion, and chronic persistence in the human host.
Structurally and functionally analogous to conjugative systems
of Gram-negative bacteria, the T4SS mediates the
translocation of effector proteins across the bacterial envelope
into host cells, enabling Brucella to subvert key cellular
processes such as vesicle trafficking, apoptosis, autophagy,
and innate immune signaling. Recent studies have also
identified novel T4SS effectors, such as RS15060, which
contribute to intracellular replication and chronic infection,
further underscoring the role of this system in bacterial
virulence [94,95].

The virB operon was initially characterized in B. suis and
subsequently found to be highly conserved across B. melitensis
and B. abortus. Its expression is upregulated in response to

phagosomal acidification within the Brucella-containing vacuole
(BCV), typically peaking within the first 4-6 hours post-
internalization. The assembled T4SS spans both bacterial
membranes and comprises three structural modules: (i) the
cytoplasmic ATPase complex (VirB4, VirB11), (i) the inner
membrane platform (VirB3, VirB6, VirB8, and the N-terminal of
VirB10), and (iii) the outer membrane core complex (VirB7,
VirB9, and the C-terminal of VirB10) [79].

VirB2, the major pilin subunit, is essential for pilus
assembly and is involved in effector delivery. VirB4 and VirB11
act as ATPases energizing translocation, while VirB9 and
VirB10 are critical for the stability of the secretion channel.
Disruption of these genes abolishes secretion function and
abrogates intracellular replication in both murine and ruminant
models [88]. Other components such as VirB1 (a peptidoglycan
hydrolase), VirB7 (lipoprotein), and VirB12 (surface-exposed
protein) are not essential for secretion per se but contribute to
apparatus stability and host-pathogen interactions [85].

The Brucella T4SS delivers several effector proteins that
actively reprogram host cell biology. VceC induces
endoplasmic reticulum (ER) stress by binding the chaperone
BiP/Grp78, promoting membrane remodeling and facilitating
BCV maturation and ER association [103]. RicA targets the
small GTPase Rab2, disrupting ER-Golgi ftrafficking and
interfering with phagosome maturation [45]. TIR-domain-
containing effectors BtpA and BtpB inhibit Toll-ike receptor
(TLR) signaling by mimicking host adaptor proteins,
suppressing NF-kB activation and proinflammatory cytokine
production. These activities collectively enable Brucella to
persist within macrophages and prevent effective antigen
presentation, contributing to the stealthy and chronic nature of
human brucellosis [46, 80].

Due to their conserved nature and immunological
relevance, several VirB proteins have been investigated as
serodiagnostic and vaccine targets. Antibodies against VirB9,
VirB10, VirB11, and VirB12 have been consistently detected in
sera from naturally infected humans and animals, with
recombinant forms used in diagnostic ELISA formats
demonstrating sensitivity and specificity above 90% [85,95].
Notably, VirB12, while non-essential for secretion, is surface-
exposed and highly immunodominant, making it a promising
DIVA (Differentiating Infected from Vaccinated Animals)
marker. In parallel, PCR assays targeting VirB genes have
proven useful for identifying virulent Brucella field isolates and
for molecular epidemiology in endemic regions [99].

In the context of vaccine development, VirB proteins offer a
rational strategy to disrupt Brucella intracellular persistence.
Subunit vaccine candidates incorporating VirB9 and VirB11
have shown the ability to induce Th1-skewed cellular
responses, which are essential for protection against
intracellular pathogens [69]. Additionally, T4SS effectors such
as VceC and BtpB have demonstrated immunomodulatory and
protective potential in experimental murine models, contributing
to reduced bacterial loads and altered cytokine profiles
following challenge.  Nevertheless, limitations  remain
concerning antigen delivery systems, adjuvant selection, and
cross-protection across Brucella species, warranting further
research into optimized multivalent vaccine constructs [67,88].

Other Potential Antigens

Beyond the well-characterized antigenic determinants of
Brucella spp., such as lipopolysaccharides (LPS), outer
membrane proteins (OMPs), and type IV secretion system
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(TASS) components, a range of less-studied but
immunologically promising proteins have been identified
through immunoproteomic approaches and computational
epitope prediction. These include cytoplasmic enzymes with
atypical surface exposure, ribosomal constituents, periplasmic
transporters, and transcriptional regulators. Despite the limited
availability of in vivo validation, their evolutionary conservation,
stress-induced upregulation, and demonstrated
immunogenicity in infected hosts suggest a potential role in
both serodiagnostics and rational vaccine design [14].

Among the most notable are cytosolic metabolic enzymes
such as noteworthy examples include the cytosolic enzymes
enolase, GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), and MDH (malate dehydrogenase). These
multifunctional or "moonlighting" proteins, despite the absence
of conventional secretion motifs, have been identified at the
bacterial cell surface, where they engage in interactions with
host factors. Enolase, in particular, has been shown to bind
plasminogen, potentially promoting degradation of the
extracellular matrix and facilitating bacterial dissemination.
GAPDH has been implicated in adhesion processes through
binding to host fibronectin and other extracellular components.
Importantly, MDH has shown selective immunoreactivity with
sera from naturally infected, but not vaccinated, animals,
indicating its diagnostic value as a marker of early-stage
infection [77].

Ribosomal proteins, particularly the L7/L12 ribosomal stalk
complex, are evolutionarily conserved antigens that elicit strong
Th1-biased immune responses. L7/L12 has been widely
investigated as a subunit vaccine component and diagnostic
antigen, especially when combined with outer membrane
proteins to improve assay specificity [86]. Some ribosomal
proteins beyond L7/L12, such as putative 30S subunit
components, have been tentatively detected as reactive in
proteomic analyses, but their diagnostic relevance is unclear
due to limited characterization and high sequence conservation
[96].

The Brucella cell surface protein 31 (BCSP31), a 31-kDa
conserved protein originally described as a transport-related
factor, is frequently targeted in PCR-based diagnostics and has
demonstrated reliable immunogenicity in serological assays. Its
application as a capture antigen in lateral flow devices and
ELISA formats has been well documented, although its precise
physiological function remains incompletely defined [76].

Additional periplasmic transporter proteins, including OppA
(oligopeptide-binding protein), LAO-binding proteins (specific
for L-arginine and ornithine), and elements of the Sec-
dependent secretion system, have been identified as
seroreactive antigens in ruminants naturally infected with
Brucella. Although not surface-exposed in the classical sense,
their elevated periplasmic abundance during infection and
consistent recognition by host antibodies support their utility as
internal markers in multiplex serodiagnostic platforms [2).

Regulatory  proteins, notably the quorum-sensing
transcriptional regulator VjbR and the cold-shock protein CspA,
display altered expression profiles during intracellular
adaptation. VjoR regulates the franscription of multiple
virulence-associated genes and is involved in modulating host
immune responses, while CspA contributes to bacterial survival
under host-induced stress. Both proteins have demonstrated
modest T-cell immunogenicity in preliminary experimental
models, but their utility as diagnostic or vaccine antigens

remains to be validated in comprehensive immunological
studies [31].

The invasion-associated protein lalB is a membrane-
associated factor essential for Brucella adhesion and
intracellular survival. Deletion of the ialB gene in B. suis leads
to reduced virulence, highlighting its role in pathogenesis. While
its immunogenicity is moderate, lalB remains a potential target
for subunit vaccines or DIVA diagnostics [9].

Discussion

Modern serological diagnostics of brucellosis have
progressively transitioned from crude bacterial lysates toward
the use of defined, molecular antigens. This refinement
addresses the need for improved test specificity, particularly in
endemic areas where cross-reactivity with  Yersinia
enterocolitica O:9 remains a major confounder. The adoption of
recombinant antigens has not only enhanced specificity but
also enabled species-independent detection and improved
assay reproducibility across laboratories.

The enzyme-linked immunosorbent assay (ELISA)
continues to be the primary platform for brucellosis screening in
both humans and animals. Commercially available ELISA kits
frequently incorporate recombinant or purified proteins such as
Omp31, BP26, ribosomal protein L7/L12, and Cu/Zn
superoxide dismutase (SOD), all of which demonstrate
consistent immunoreactivity in infected sera. L7/L12 and SOD,
in particular, show sustained serological responses throughout
the course of infection, making them valuable markers for
detecting both acute and chronic brucellosis.

The fluorescence polarization assay (FPA), recommended
by the World Organisation for Animal Health, employs
fluorescein-labeled O-polysaccharides derived from smooth
lipopolysaccharide (S-LPS). While FPA offers rapid and highly
sensitive detection, its reliance on high-quality LPS extraction
and its inability to distinguish between Brucella species limit its
broader diagnostic applicability. New approaches incorporating
synthetic oligosaccharide analogues or recombinant proteins
into FPA formats are currently under investigation to overcome
these limitations.

Despite these advances, existing antigen-based assays
still fall short in early-stage detection and multi-host application.
To address these gaps, multiepitope recombinant constructs
combining outer membrane proteins (e.g., Omp16, Omp19)
with intracellular proteins such as enolase, malate
dehydrogenase (MDH) are being developed. These composite
antigens offer higher specificity by minimizing cross-reactivity
with  non-pathogenic microorganisms and may improve
diagnostic accuracy during early infection.

Among the most promising diagnostic antigens, Omp16,
Omp19, and Omp31 consistently exhibit strong immunogenicity
across various Brucella species. Although Cu/Zn-SOD is
periplasmic in localization, it elicits both humoral and cellular
responses and has shown excellent diagnostic potential.
Ribosomal protein L7/L12, which induce early-phase antibody
responses particularly in ruminants, are emerging as valuable
components of non-LPS diagnostic panels. Additionally,
several cytoplasmic metabolic enzymes—such as enolase,
MDH, and glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH)—function as “moonlighting” proteins that become
surface-exposed under intracellular stress  conditions.
Alongside regulatory proteins like VjpR, these antigens
broaden the diagnostic landscape and may enhance sensitivity
in latent infections.
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In parallel, the pursuit of a safe and effective human
brucellosis vaccine remains an urgent but unmet objective.
Currently available live attenuated veterinary vaccines (e.g., B.
melitensis Rev.1) are not suitable for human use due to
residual virulence and interference with  serological
surveillance. This has shifted the focus to subunit and DNA-
based vaccine strategies utilizing  well-characterized,
immunogenic proteins.

Promising antigen candidates validated in murine models
include Omp16, Omp19, Omp25, Omp31, BP26, Cu/Zn-SOD,
and L7/L12. DNA vaccines encoding L7/L12 and Omp16 have
demonstrated strong Th1-type responses marked by IFN-y and
TNF-a secretion and a significant reduction in splenic bacterial
burden following challenge. Cu/Zn-SOD, in addition to its
antioxidant function, has proven highly immunogenic and
effective in stimulating cell-mediated responses. Preliminary
studies suggest that lalB may contribute to protection in DNA
vaccine constructs, although its immunogenicity and protective
efficacy remain lower than those of more established Brucella
antigens.

The rational design of multivalent subunit vaccines rests on
the inclusion of structurally and functionally diverse antigens
that cover different stages of Brucella pathogenesis.
Combinations such as Omp25, Omp31, and BP26 have
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already achieved diagnostic performance exceeding 94%
sensitivity and 100% specificity in human ELISA formats. The
inclusion of stress-responsive metabolic and regulatory
antigens could improve the identification of persistent or
subclinical  Brucella infections, particularly in  cases
characterized by diminished levels of circulating antibodies.

Nevertheless, several translational challenges remain.
Preclinical safety and immunogenicity data must be rigorously
validated in relevant animal models. The scalable production of
recombinant proteins under GMP conditions, optimization of
adjuvants (e.g., CpG-ODNs, monophosphoryl lipid A), and
selection of effective delivery platforms (such as viral vectors,
mRNA, or nanoparticle systems) are critical next steps. Initial
studies on infranasal and oral immunization strategies have
already vyielded encouraging results, demonstrating both
favorable safety profiles and robust mucosal immunity.

In summary, the incorporation of defined Brucella antigens
into diagnostic assays and vaccine platforms represents a
promising path forward. The combined use of outer membrane,
periplasmic, and cytoplasmic proteins offers an opportunity to
develop highly specific, broadly applicable tools for the
detection and prevention of human brucellosis. A comparative
overview of immunogenicity levels for the most studied Brucella
antigens is presented in Figure 3.
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Figure 3. Comparative inmunogenicity of Brucella antigens. The chart summarizes relative inmunogenicity
levels based on Th1/Th2 cytokine profiles, antibody responses, and T-cell reactivity data extracted from
experimental studies. Only antigens with available and quantifiable inmune data are included.
Immunogenicity categories: high (blue), moderate (orange), and low (dark red).

Conclusion

Brucellosis remains a significant zoonotic threat that
necessitates both the refinement of diagnostic tools and the
development of effective preventive strategies. Traditional
serological methods often exhibit insufficient sensitivity and
specificity, particularly in chronic or latent infections,
reinforcing the need for highly specific, antigen-based
diagnostic assays.

Simultaneously, the formulation of a subunit vaccine
represents a safe and scientifically grounded alternative to
live-attenuated  vaccines. Based on immunological
relevance and accumulated experimental data, a panel of
Brucella antigens has been identified as promising
candidates: ribosomal protein L7/L12, Cu/Zn-SOD, and

outer membrane proteins Omp16, Omp19, Omp25, and
Omp31. Their combined inclusion ensures broad-spectrum
immunogenicity while maintaining a favorable safety profile.
This integrated approach may substantially contribute to the
global effort to control human brucellosis.
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