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Abstract

:

Brucellosis is a highly prevalent zoonotic disease caused by Brucella. Brucella spp. are gram-negative facultative intracellular parasitic bacteria. Its intracellular survival and replication depend on a functional virB system, an operon encoded by VirB1–VirB12. Type IV secretion system (T4SS) encoded by the virB operon is an important virulence factor of Brucella. It can subvert cellular pathway and induce host immune response by secreting effectors, which promotes Brucella replication in host cells and induce persistent infection. Therefore, this paper summarizes the function and significance of the VirB system, focusing on the structure of the VirB system where VirB T4SS mediates biogenesis of the endoplasmic reticulum (ER)-derived replicative Brucella-containing vacuole (rBCV), the effectors of T4SS and the cellular pathways it subverts, which will help better understand the pathogenic mechanism of Brucella and provide new ideas for clinical vaccine research and development.
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1. Introduction


Brucellosis is a debilitating zoonotic disease affecting animals and humans all over the world [1]. The sick animals are characterized by infertility, abortion and decline in milk production, resulting in great economic losses to the livestock husbandry industry [2]. Human disease is caused by direct contact with the blood or tissue of infected animals or by consumption of contaminated dairy products, with clinical symptoms such as intermittent fever, arthritis, orchitis, hepatitis, and depression [2,3]. Brucella species frequently isolated from job-related infections are Brucella melitensis, Brucella abortus, Brucella suis and Brucella canis [1]. Brucella spp. are gram-negative; their main target cells are macrophages, dendritic cells and trophoblast cells [4], and the main virulence factors are lipopolysaccharides (LPS), T4SS and the BvrR/BvrS system [5].



Brucella causes host pathogenesis through survival and replication in target cells, an intracellular process dependent on T4SS encoded by the VirB operon [6]. During intracellular infection, VirB T4SS is rapidly activated and reaches its maximum activity in five hours. When the replication niche is established, VirB T4SS is inhibited. During this period, VirB T4SS can subvert the cell pathway of host cells, which is beneficial to the bacterial reproduction and pathogenicity [7]. Although the mechanism of the Brucella VirB system in the intracellular circulation has been largely elucidated, there are still some deficiencies. Therefore, this paper will elaborate on the mechanism of VirB action to provide a theoretical basis for the pathogenesis of Brucella and clinical vaccine development.




2. Composition of the Brucella VirB Operon


The VirB system was first discovered in Brucella suis, subsequently confirmed to be present in all Brucella species and highly conserved [8]. It is composed of 12 open reading frames (ORFs) co-linked and located on the SpeI fragment of chromosome 2 [9,10]. In the VirB region of Brucella, an operon is formed by VirB1–VirB12, whose expression is regulated by environmental signals [11]. Hartigh et al. [12] carried out infection experiments in mice with the nonpolar VirB1 mutant (Δ virB1) and nonpolar VirB2 mutant (Δ virB2). Facts have proved that VirB2 plays an important role in the continuous infection of mice caused by Brucella, but VirB1 is dispensable [12]. Similarly, although VirB12 is able to encode a 17 kDa protein that elicits a host immunogenic response during infection, it is not essential for persistent infection in mice and macrophages [13]. In addition, VirB3–VirB11, except for VirB7, are important components of Brucella virulence in mice [14] (Table 1).



Each gene in the Brucella VirB operon has a specific function and encodes proteins with different structures and functions. VirB proteins can be divided into four groups according to their functions: ATPase, core components, surface exposure components and other components (Figure 1).



2.1. ATPase


VirB4 and VirB11 are ATPases composed of two domains (NTD and CTD). VirB4 usually appears as a monomer, dimer or hexamer which provides energy for T4SS assembly and substrate transport through NTP binding [15,16]. The active function of ATP is performed by a six-ring compound formed by the interaction between monomers [17]. Phospholipids can significantly enhance the active function of ATP [17,18].




2.2. Core Component VirB6–VirB10


The core components consist of VirB6–VirB10, which are present in the periplasm and contain distinct domains [19] (Figure 1). They interact with each other to form a translocation channel for T4SS, thereby transporting effectors into the host cell [19]. Among them, VirB6 is an endosomal protein with a periplasmic n-terminal, five transmembrane domains and a cytoplasmic c-terminal, and the n-terminal periplasmic domain can interact with VirB8 and VirB10, which is essential for secreting substrates through the inner membrane [19,20,21]. Bound to VirB6, VirB8 exists as a dimer, containing a periplasmic domain, a single transmembrane helix structure and a cytoplasmic c-terminus [22]. The amino acid residues at the dimerization interface determine the function of VirB8 [22,23]. VirB10 can pass through the entire outer membrane of Brucella T4SS structure. Therefore, VirB10 is an important functional protein for Brucella [21]. The protein consists of an N-terminal domain; it is found that the domain contains four parts: a cytoplasmic component, a TM helix, a bendable component and a spherical CTD [16,24]. These four parts lead to the central function of the VirB10 protein in T4SS, that is, connecting many different proteins and sending interactions so as to mediate the signal transmission process [24]. VirB9 encapsulated by VirB10 (Figure 1) is a periplasmic protein with two domains of NTD and CTD; can interact with VirB7 to form the inner wall of T4SS core complex [16,25]. While VirB7 is a lipoprotein whose n-terminus is acetylated and inserted inside the outer membrane, the remainder of the lipoprotein is located in the periplasm, and the lipidation is essential for maintaining the stability of T4SS [16,26].




2.3. Surface-Exposed Components VirB2 and VirB5


The surface-exposed component contains VirB2 and VirB5 (Figure 1), which interact to form T-pilus [16]. VirB2 is the main component of T-pilus, forms a columnar structure on the bacterial surface to transfer the effector protein and also delivers the target signal peptide via the inner membrane [16,27]. VirB5 located at the tip of T-pilus is a minor component of T-pilus that targets host cell receptors as a specific adhesin and helps to integrate the major component VirB2 into T-pilus [28,29].




2.4. Other Components VirB1 and VirB12


Other components include VirB1 and VirB12. VirB1 does not bind to any other VirB protein and exist alone in the periplasm; it is the first product of the VirB operon; can cleave the β-1,4-glycosidic bond between MurNAc (N-acetylmuramic acid) and GlcNAc (N-acetylglucosamine) [24]. Its n-terminus is a lytic transglycosylase, which may facilitate T4SS assembly by local destruction of peptidoglycans [15]. The c-terminal protein VirB1* can be cleaved from VirB1 and secreted outside bacterial cells, interacting with the T-pilus subunit to promote T-pilus assembly [30]. The exact location of VirB12 is still unclear; it is only confirmed that it is a cell surface protein that induces antibody response during animal infection [31,32].





3. Brucella Type IV Secretion System


3.1. Formation of T4SS


T4SS is encoded by the VirB operon and divided into three basic parts: the inner membrane complex (IMC: VirB3, VirB4, VirB6, VirB8), the outer membrane complex (OMC: VirB7, VirB9, VirB10) and the outer column (VirB2, VirB5) [16]. OMC is a large structure inserted into the inner membrane and similar to the core complex. It is connected by a flexible central stalk to a larger complex, IMC [24]. Among all the VirB proteins, VirB4 and VirB11 have ATPase activity; they are located in the cytoplasm, providing energy for T4SS assembly or substrate transport [20]. VirB4 can interact with itself, VirB8, VirB10 and VirB11; its stability depends on the formation of the VirB7–VirB9 heterodimer, while VirB6 also affects the stability of VirB4. Besides VirB4, VirB11 can also interact with other proteins to form the VirB11–VirB9–VirB7–VirB2/VirB5 action pathway [15]. In the basic structure of T4SS, the substrate transmembrane transport channel in the periplasm connects the outer membrane and the inner membrane. The inner membrane of the channel is composed of VirB3, VirB6 and VirB8 [20,21,33]. VirB8 acts as an assembly factor to bring VirB9 and VirB10 to the poles of bacteria; then, the intermediate complex VirB9 interacts with VirB10 to induce conformational changes and reduce the level of nonproductive aggregation, and then VirB9 dissociates the VirB8−VirB10 dimer, separates VirB10 from VirB8 [34]. During T-pilus (the outer column) biogenesis, VirB2 is first absorbed by the inner membrane; subsequently, VirB5 interacts with VirB8 and VirB10 with the assistance of the ATPases VirB4 and VirB11, which may be necessary for VirB5 binding to VirB2, and is then processed and assembled to form T-pilus [32]. In non-substrate-contacting VirB proteins, VirB4 coordinates substrate translocation to the VirB6 and VirB8 subunits; thereafter, VirB3, VirB5 and VirB10 facilitate substrate translocation from VirB6 and VirB8 to the VirB2 and VirB9 subunits [35]. A portion of VirB proteins interact with each other to maintain T4SS stability. The VirB4–VirB8–VirB5–VirB2 interaction promotes the assembly and stability of T4SS, the binding of VirB1 with VirB8 and of VirB9 with VirB11 is also an important factor in promoting T4SS transmembrane assembly [36,37]. In conclusion, formation of T4SS depends on the interaction of various VirB proteins, but the mechanism of this interaction is not sufficiently clear, which needs to be further studied.




3.2. T4SS Effectors


Although T4SS was discovered in Brucella spp. about 15 years ago, the T4SS effectors were confirmed only recently. A candidate protein can be identified as a T4SS effector protein if it meets two criteria. First, the protein must be secreted by VirB T4SS. Second, this protein must be able to enter the host cell [7,8]. The first criterion can be verified by constructing a T4SS-defective strain; the second standard can be verified by TEM-1 lactamase or calmodulin-dependent adenylate cyclase assays [8]. There are currently 15 known VirB T4SS effectors: RicA, VceC, VecA, BtpA, BtpB, BspA, BspB, BspF, BPE005, BPE123, BPE043, BPE275, SepA, BspC, and BspE. They manipulate host cell pathways and responses [7,8].



3.2.1. RicA


RicA is a single-domain protein composed of 175 amino acids assembled in the form of a trimer [38]. Each monomer consists of a left-handed parallel β-helix and an α-helix that is inversely parallel to the β-helix, with 13 hydrogen bonds formed at the interface where each two monomers interact. The three-dimensional structure of RicA can be divided into two parts: the n-terminal LβH and the c-terminal α-helix. LβH is a protein superfamily including acetyltransferases, ferripyochelin-binding proteins, acyltransferases, carbonic anhydrases and some proteins of unknown functions [39]. In LβH, there are three β-layers, two of which are embedded in the trimeric structure and the other is externally exposed [38,39,40]. Rab2 GTPase is a cellular host factor critical for Brucella intracellular proliferation. RicA can interact with it in two possible interfaces; one is a β-lamellar interface and the other is a ring called the isoleucine–glycine–phenylalanine–proline (IGFP) loop [39]; RicA relies on its molar affinity to bind to guanosine diphosphate (GDP) and non-GDP forms of the Rab2 GTPase [40].




3.2.2. VceC and VecA


VceC is highly conserved in all sequenced Brucella genomes, contains 418 amino acids; the 20 amino acids at the c-terminal are necessary for its transfer to the host cell after entering the host cell; it is activated by a quorum-sensing regulatory protein VjbR and targets the endoplasmic reticulum. The interaction with the endoplasmic reticulum requires 37 amino acids at the n-terminal of the transmembrane domain [41,42,43].



VceA contains 105 amino acids, is identical to VceC, conserved in all sequenced Brucella genomes, shares an 18-base-pair (bp)-long conserved promoter with VceC; transcription of VceA is also regulated by VjbR [8,44]. VecA is related to autophagy and apoptosis. The expression levels of the autophagy genes of Atg5 and LC3-II in the VceA mutants constructed by Zhang et al. were higher than those in the wild type, while the expression levels of the autophagy genes of p62 and LC3-I were decreased. Atg5 and LC3-II are genes that promote autophagy. P62 and LC3-I are genes that inhibit autophagy, indicating that VceA has a function of inhibiting autophagy. At the same time, the content of caspase-3 mRNA in VceA mutants decreased and the expression level of Bcl-2 mRNA increased. Caspase-3 is a gene that promotes apoptosis, Bcl-2 is an anti-apoptosis gene, indicating that VceA can promote apoptosis [43].



In conclusion, VceC and VceA are important T4SS effectors which have important effects on autophagy and apoptosis.




3.2.3. BtpA and BtpB


The BtpA gene is located in a 20 kb genomic island on chromosome 1, present in Brucella melitensis, Brucella abortus and absent in Brucella suis. BtpA is a protein composed of 250 amino acids that contains two domains: one is the n-terminal domain which can bind to phosphoinositide and the other is a c-terminal TIR domain [45,46,47,48]. In addition to subverting the innate immune signaling pathway, purified BtpA has also been shown to inhibit CD8+ T cell-mediated killing response, suggesting it may also control the acquired immune response [47].



Unlike BtpA, BtpB, which is present in all Brucella species, is formed by 292 amino acids and can downregulate the total level of NAD in host cells through direct enzymolysis of metabolic cofactors, thus directly controlling host energy metabolism [49,50].



BtpA and BtpB play different roles in host cells. BtpA mainly causes host immunity, BtpB is mainly related to energy metabolism.




3.2.4. BspA, BspB, BspF


BSPA, BspB and BspF consist of 191, 187 and 428 amino acids, respectively, and contain the DUF2062 domain (unknown functional domain 2062, Pfam database), the SCOP domain (flanked by two transmembrane domains) and the Gcn5-associated N-acetyltransferase (GNAT) family acetyltransferase domain [51].




3.2.5. Other Effectors


T4SS effectors also include BPE005, BPE123, BPE043, BPE275, SepA, BspC and BspE. BPE005, BPE275 and BPE043 are widespread in a variety of bacteria, while BPE123 is only found in Bartonella bacilliformis, Ochrobactrum anthropi and O. intermedium [8]. In Brucella, BPE123 can act on the α-enolase of host cells to promote the intracellular life of Brucella [52]. At the same time, SepA is involved in the early stage of intracellular survival; its secretion occurs 30 min after infection [53]. There is a lack of studies on the structure and function of BPE043, BPE275, BspC, and BspE.






4. Effect of VirB T4SS on the Intracellular Circulation of Brucella


Brucella can invade the body through skin mucosa, digestive tract and respiratory tract; then, it is enclosed in a membrane to form a Brucella-containing vacuole (BCV) [54]; subsequently, early endosomal markers (EEA-1, Rab5) and late endosomal markers (LAMP-1, Rab7, CD63, RILP) are obtained [55,56,57], which decreases PH and induces expression of VirB T4SS. Immediately after, Brucella interacts with endoplasmic reticulum exit sites (ERES) and transforms into the endoplasmic reticulum (ER)-derived replicative Brucella-containing vacuole (rBCV) with an endoplasmic reticulum structure and function [54]. After replication in the endoplasmic reticulum, rBCV becomes an autophagy-related Brucella-containing vacuole (aBCV); aBCV maturation completes the intracellular cycle of Brucella and facilitates subsequent cell-to-cell infection [58] (Figure 2).



4.1. VirB T4SS Action Stage


Various VirB system mutants are nontoxic in mouse experiments, suggesting that a functional VirB system is required for persistent Brucella infection in host cells [59]. Celli et al. [57] constructed VirB10 mutants to invade mouse BMDM cells; the survival rate of the VirB10 mutants was similar to that of wild-type S2308 during the first 4 h of infection, showing that the VirB system is not essential for the short-term survival of Brucella. However, 4 h after infection, VirB mutants persistently fuse with lysosomes and do not effectively control the maturation of bacterial vacuoles [60], whereas the wild type, upon interfusion with lysosomes, is able to lose the lysosomal component LAMP-1 through gaining the partner calnexin by capturing vesicles from ERES, and mediating the maturation of bacterial vacuoles (i.e., the biogenesis of rBCV) [27]. Persistent fusion of VirB mutants with lysosomes leads to bacterial killing, but interaction of VirB T4SS-released effectors with ERES to establish a replication niche can prevent this process [60,61,62].



ERES is a discrete region formed by the coated complex COPII on the endoplasmic reticulum [63,64], VirB acting on ERES is consistent with that Celli et al. [54] have shown eBCVs are converted to rBCVs via interaction with COPII-positive compartments mediated by VirB [54,55]. After rBCV formation, as Brucella proliferates, rBCVs are phagocytosed into autophagosome-like structures to become aBCVs [58]. Smith et al. [65] showed that aBCV formation and subsequent bacterial excretion are also dependent on VirB T4SS [65]. As the formation of aBCVs requires the involvement of host autophagy mechanisms [59], it is possible that specific VirB T4SS effectors regulate the related pathways to promote aBCV formation, but this result is not widely accepted at present. Taken together, we can speculate that the VirB system plays an essential role in the biogenesis of rBCV; in addition, it may also be involved in the formation of aBCV [66].




4.2. Cellular Pathways Affected by VirB T4SS


VirB T4SS secretes effectors into the host cell and alters specific cellular pathways, thus contributing to the virulence and the biogenesis of rBVC (Figure 3).



In pathogenetic terms, the T4SS effector VecC induces host inflammatory response via the unfolded protein response (UPR). VceC targets the ER and binds to Bip, leading to activation of the UPR. In mammalian cells, the UPR is activated by three different sensors on the endoplasmic reticulum (ER): inositol-requiring enzyme 1 (IRE1), protein kinase RNA (PKR)-like ER kinase (PERK) and activating transcription factor 6 (ATF6) [41]. Yuki et al.’s [41] experiments showed that during Brucella infection, the UPR can only be activated through the IRE1 pathway in a time-dependent manner [41]. Once activated, IRE1α transfers TNF receptor-associated factor 2 (TRAF2) to the ER and induces endoplasmic reticulum stress via the NF-κB pathway [67,68]. Then, endoplasmic reticulum stress through the NOD1/2-dependent TUDCA/KIRA6-sensitive pathway leads to inflammation [68]. When the ER is persistently or excessively stressed beyond the UPR limit, apoptosis is induced. The C/EBP-homologous protein (CHOP) is the most important UPR-mediated apoptotic pathway, VceC can interact with GRP78 to inhibit CHOP-induced apoptosis and promote persistent Brucella infection in cells [42].



The other two T4SS effectors related to inflammation are BtpA and BtpB; both of them contain the TIR domain. The TIR domain is a vital molecular component of TLR-mediated innate immune response. BtpA bears resemblance to the TIR domain adapter protein MAL and simulates the MAL function by combining with the plasma membrane using its N-terminal domain, thus competing with MAL for binding to TLR4 [46,47]. It can also interact with MAL through the Box1 region to decrease MAL phosphorylation levels, thereby inhibiting TLR4- and TLR2-mediated NF-κB activation and DC maturation [45,46]. BtpA interacts not only with MAL, but also with the death domain (DD) of MyD88, and this interaction is stronger than the interaction of BtpA with MAL [49]. As MyD88 serves as the central hub in inflammatory responses, BtpA may cause inflammation through it. Another T4SS effector, BtpB, has similar functions to BtpA, working with BtpA to control DC maturation and host inflammatory responses by inhibiting transduction of TLR2, TLR4, TLR5 and TLR9 signal pathways in vitro [48]. In conclusion, BtpA and BtpB can both induce inflammation and control host immunity.



In addition to BtpA and BtpB, T4SS effector BEP005 also controls host immune response by interfering with the cAMP/PKE signal pathway. The cAMP/PKE signaling pathway is thought to be involved in activation and proliferation of rat hematopoietic stem cells [69]. cAMP is a messenger for many hormones and neuropeptides, and the function of cAMP in eukaryotic cells is activated by PKE [70]. When hepatic stellate cells are infected, the cyclic nucleotide monophosphate-binding domain (cNMP) of the effector BPE005 blocks the binding of PKE and cAMP, thus inhibiting the secretion of MMP-9, inducing collagen deposition and TGF-β1 secretion. All that leads to partial suppression of the immune response, thereby establishing chronic Brucella infection [69].



In the aspect of rBVC biogenesis, T4SS effectors like BspB and RicA play a vital role. The biogenesis of rBVC needs functions of the host’s early secretory pathway, including Rab2, Rab1, Arf1 and host small GTPases Sar1. The eukaryotic protein component, Rab2, controls membrane transport between the ER and the Golgi, the T4SS effector RicA can interact with it directly or indirectly to control Rab2 replenishment on eBCV membranes, thereby reducing rBCV biogenesis and Brucella replication [38,71]. However, the T4SS effector BspB compensates RicA’s harmful activity on rBCV biogenesis and coregulates Golgi-derived vesicle transport in a compensatory manner [71]. BspB targets the Golgi and the ERGIC, wherein it interacts with the Golgi apparatus-associated conserved oligomeric Golgi (COG) complex, a regulator of vesicular traffic, and recruits COG-containing vesicles to the eBCV membrane, promoting the biogenesis of rBCV and bacterial replication [51,72].



Besides being regulated by the T4SS effectors identified above, the biogenesis of rBCV may also be affected by other unclear effectors. During infection, T4SS may secrete an effector to trigger the activation of IRE1, and IRE1 forms higher-order complexes with the assistance of host factor Yip1A, thus triggering the biogenesis of ER-derived autophagic vacuoles [41,60]. These vacuoles then fuse with endolysosomal vesicles; Brucella possibly intercept the vacuolar formation and obtain an ER-derived membrane [41,60,73]. Another hypothesis is that T4SS effectors activate IRE1 alpha-associated kinases (ASK1 and JNK1) and subvert a new host α-ulk1 signal axis. Kinases drive downstream proteins (ULK1, Atg9a, WIPI1 and Beclin1) assembly, which leads to the remodeling of the eBCV membrane and enables Brucella to establish a replication niche in cells [74]. It should also be noted that there is a eukaryotic protein component glyceraldehyde-3-phosphate dehydrogenase (GAPDH) on the rBCV membrane. GAPDH is normally located on VTCs between the ER and the Golgi apparatus, forms active complexes with Rab2, protein kinase C (PKCι/λ), and then constitutes a secretory pathway with COPI; the secretory pathway GAPDH/COPI/Rab2/pkcι/λ is essential for Brucella replication; inhibition of GAPDH leads to a reduction in Brucella replication [66,75]. This suggests that T4SS effectors may also affect the biogenesis of rBCV through this secretory pathway.




4.3. Regulatory Factors of VirB T4SS


The expression of the VirB system peaked during rBCV biogenesis, but the bacteria gradually began to decrease when replicating in the host cell, which indicates that the expression of the VirB system is strictly regulated in the host cell [76]. We divide the regulatory factors of the VirB system into direct regulatory factors and indirect regulatory factors.



Factors that directly regulate the VirB system include HutC IFH, quorum-sensing regulatory protein BlxR and autoinducers in the quorum-sensing system. The transcriptional repressor of the histidine utilization (Hut) genes HutC as a transcription factor directly controls the activity of the VirB promoter (PVirB). This regulation is related to the induction of the histidine utilization pathway. It may be a method to escape host immunity by sensing self-metabolism and developing adaptive response [65]. The other regulatory factor, the host integration factor IHF, competes with HutC for the binding of PvirB. IHF is a protein known to be involved in transcriptional regulation of multiple bacterial genes. It specifically interacts with PvirB and induces DNA bending with a bending angle of 50.36°, playing a vital role in the expression of VirB T4SS [65,77]. Quorum-sensing system is also directly involved in the expression of VirB T4SS. Autologous inducer is the first quorum-sensing regulator found in Brucella, contains N-dodecyl-DL-homoserine lactone (C12-HSL); can change the conformation of the quorum-sensing regulatory protein VjbR by binding to it [78]. One of the functions of VjbR is to confine individual bacteria to phagosomes during the early stages of intracellular infection [79]. Cell infection and cell death experiments have shown that the absence of VjbR in Brucella rough mutants downregulates VirB expression, thereby completely eliminating its toxicity in macrophages [80]. The combination of an autologous inducer and VjbR makes VjbR no longer act as a transcription activator or bind to PvirB, thus inhibiting the expression of the VirB operon [78]. Another quorum-sensing regulatory protein BlxR negatively affects genes related to energy production and transformation, translation and protein modification, ribosome structure and biogenesis, carbohydrate and amino acid metabolism, directly binds to PvirB and represses transcription of the VirB operon [81].



The other two factors indirectly regulating VirB T4SS are UDP-glucose pyrophosphorylase (UGPase) and Hfq. UGPase is a pyrophosphatase; can regulate the expression of virB proteins (virB3, virB4, virB5, virB6, virB8, virB9, virB10 and virB11) and T4SS effectors (vceC, btpA, btpB, ricA, bspB, bspC and bspF) by promoting the expression of topA, rpsL and BMEI1825 [82]. Another indirect regulator Hfq, a bacterial protein mediating RNA–RNA interactions, is induced at the later stage of infection and affects VirB1 protein production, probably by mediating the sRNA–mRNA interaction [83,84].





5. Conclusions Remarks


The intracellular replication of Brucella relies on the formation of T4SS encoded by VirB, which regulates host cell pathways through the release of effectors. VirB T4SS modifies the original vacuole into a replicative vacuole associated with the ER, ensuring bacterial survival, proliferation and egress. The VirB system plays a crucial role in Brucella intracellular infection, but the process of T4SS formation encoded by VirB protein interaction and the mechanism of T4SS effectors remain to be further investigated. It is of great significance not only for understanding the pathogenic mechanism of bacteria, but also for the immune response of eukaryotes, and will contribute to the development of clinical vaccines.







Author Contributions


X.X. and H.J. wrote the manuscript. H.J., J.L., B.L., Z.Z., G.G. and M.L. revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by the National Science Foundation for Young Scientists of China (31802215), the Natural Science Foundation of Chongqing (cstc2020jcyj-msxm0522), the Fundamental Research Funds for the Central Universities (XDJK2019C024, XDJK2020C022) and the Chongqing Research Program of Basic Research and Frontier Technology (cstc2018jcyjA0807).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We are very grateful to Huping Jiao from the College of Animal Sciences, Jilin University for editing the English language of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Njeru, J.; Wareth, G.; Melzer, F.; Henning, K.; Pletz, M.W.; Heller, R.; Neubauer, H. Systematic review of brucellosis in Kenya: Disease frequency in humans and animals and risk factors for human infection. BMC Public Health 2016, 16, 853. [Google Scholar] [CrossRef]

	



Jay, M.; Freddi, L.; Mick, V.; Durand, B.; Girault, G.; Perrot, L.; Taunay, B.; Vuilmet, T.; Azam, D.; Ponsart, C.; et al. Brucella microti-like prevalence in French farms producing frogs. Transbound. Emerg. Dis. 2020, 67, 617–625. [Google Scholar] [CrossRef]

	



Perkins, S.D.; Smither, S.J.; Atkins, H.S. Towards a Brucella vaccine for humans. FEMS Microbiol. Rev. 2010, 34, 379–394. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, W.; Demars, A.; Nicaise, C.; Godfroid, J.; de Bolle, X.; Reboul, A.; Al Dahouk, S. Shedding of Brucella melitensis happens through milk macrophages in the murine model of infection. Sci. Rep. 2020, 10, 9421. [Google Scholar] [CrossRef] [PubMed]

	



Glowacka, P.; Zakowska, D.; Naylor, K.; Niemcewicz, M.; Bielawska-Drozd, A. Brucella—Virulence Factors, Pathogenesis and Treatment. Pol. J. Microbiol. 2018, 67, 151–161. [Google Scholar] [CrossRef]

	



Li, P.; Tian, M.; Hu, H.; Yin, Y.; Guan, X.; Ding, C.; Wang, S.; Yu, S. Lable-free based comparative proteomic analysis of secretory proteins of rough Brucella mutants. J. Proteom. 2019, 195, 66–75. [Google Scholar] [CrossRef]

	



Lacerda, T.L.; Salcedo, S.P.; Gorvel, J.P. Brucella T4SS: The VIP pass inside host cells. Curr. Opin. Microbiol. 2013, 16, 45–51. [Google Scholar] [CrossRef]

	



Ke, Y.; Wang, Y.; Li, W.; Chen, Z. Type IV secretion system of Brucella spp. and its effectors. Front. Cell. Infect. Microbiol. 2015, 5, 72. [Google Scholar] [PubMed]

	



Sieira, R.; Comerci, D.J.; Sanchez, D.O.; Ugalde, R.A. A homologue of an operon required for DNA transfer in Agrobacterium is required in Brucella abortus for virulence and intracellular multiplication. J. Bacteriol. 2000, 182, 4849–4855. [Google Scholar] [CrossRef]

	



O’Callaghan, D.; Cazevieille, C.; Allardet-Servent, A.; Boschiroli, M.L.; Bourg, G.; Foulongne, V.; Frutos, P.; Kulakov, Y.; Ramuz, M. A homologue of the Agrobacterium tumefaciens VirB and Bordetella pertussis Ptl type IV secretion systems is essential for intracellular survival of Brucella suis. Mol. Microbiol. 1999, 33, 1210–1220. [Google Scholar] [CrossRef]

	



Boschiroli, M.L.; Ouahrani-Bettache, S.; Foulongne, V.; Michaux-Charachon, S.; Bourg, G.; Allardet-Servent, A.; Cazevieille, C.; Liautard, J.P.; Ramuz, M.; O’Callaghan, D. The Brucella suis virB operon is induced intracellularly in macrophages. Proc. Natl. Acad. Sci. USA 2002, 99, 1544–1549. [Google Scholar] [CrossRef]

	



Den Hartigh, A.B.; Sun, Y.H.; Sondervan, D.; Heuvelmans, N.; Reinders, M.O.; Ficht, T.A.; Tsolis, R.M. Differential requirements for VirB1 and VirB2 during Brucella abortus infection. Infect. Immun. 2004, 72, 5143–5149. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.H.; Rolan, H.G.; den Hartigh, A.B.; Sondervan, D.; Tsolis, R.M. Brucella abortus virB12 is expressed during infection but is not an essential component of the type IV secretion system. Infect. Immun. 2005, 73, 6048–6054. [Google Scholar] [CrossRef] [PubMed]

	



Den Hartigh, A.B.; Rolan, H.G.; de Jong, M.F.; Tsolis, R.M. VirB3 to VirB6 and VirB8 to VirB11, but not VirB7, are essential for mediating persistence of Brucella in the reticuloendothelial system. J. Bacteriol. 2008, 190, 4427–4436. [Google Scholar] [CrossRef] [PubMed]

	



Ward, D.V.; Draper, O.; Zupan, J.R.; Zambryski, P.C. Peptide linkage mapping of the Agrobacterium tumefaciens vir-encoded type IV secretion system reveals protein subassemblies. Proc. Natl. Acad. Sci. USA 2002, 99, 11493–11500. [Google Scholar] [CrossRef] [PubMed]

	



Berge, C.; Waksman, G.; Terradot, L. Structural and Molecular Biology of Type IV Secretion Systems. Curr. Top. Microbiol. Immunol. 2017, 413, 31–60. [Google Scholar]

	



Krause, S.; Pansegrau, W.; Lurz, R.; de la Cruz, F.; Lanka, E. Enzymology of type IV macromolecule secretion systems: The conjugative transfer regions of plasmids RP4 and R388 and the cag pathogenicity island of Helicobacter pylori encode structurally and functionally related nucleoside triphosphate hydrolases. J. Bacteriol. 2000, 182, 2761–2770. [Google Scholar] [CrossRef]

	



Hare, S.; Bayliss, R.; Baron, C.; Waksman, G. A large domain swap in the VirB11 ATPase of Brucella suis leaves the hexameric assembly intact. J. Mol. Biol. 2006, 360, 56–66. [Google Scholar] [CrossRef]

	



Fronzes, R.; Christie, P.J.; Waksman, G. The structural biology of type IV secretion systems. Nat. Rev. Microbiol. 2009, 7, 703–714. [Google Scholar] [CrossRef]

	



Villamil Giraldo, A.M.; Sivanesan, D.; Carle, A.; Paschos, A.; Smith, M.A.; Plesa, M.; Coulton, J.; Baron, C. Type IV secretion system core component VirB8 from Brucella binds to the globular domain of VirB5 and to a periplasmic domain of VirB6. Biochemistry 2012, 51, 3881–3890. [Google Scholar] [CrossRef]

	



Villamil Giraldo, A.M.; Mary, C.; Sivanesan, D.; Baron, C. VirB6 and VirB10 from the Brucella type IV secretion system interact via the N-terminal periplasmic domain of VirB6. FEBS Lett. 2015, 589, 1883–1889. [Google Scholar] [CrossRef]

	



Terradot, L.; Bayliss, R.; Oomen, C.; Leonard, G.A.; Baron, C.; Waksman, G. Structures of two core subunits of the bacterial type IV secretion system, VirB8 from Brucella suis and ComB10 from Helicobacter pylori. Proc. Natl. Acad. Sci. USA 2005, 102, 4596–4601. [Google Scholar] [CrossRef]

	



Sharifahmadian, M.; Arya, T.; Bessette, B.; Lecoq, L.; Ruediger, E.; Omichinski, J.G.; Baron, C. Monomer-to-dimer transition of Brucella suis type IV secretion system component VirB8 induces conformational changes. FEBS J. 2017, 284, 1218–1232. [Google Scholar] [CrossRef] [PubMed]

	



Chandran Darbari, V.; Waksman, G. Structural Biology of Bacterial Type IV Secretion Systems. Annu. Rev. Biochem. 2015, 84, 603–629. [Google Scholar] [CrossRef]

	



Fronzes, R.; Schafer, E.; Wang, L.; Saibil, H.R.; Orlova, E.V.; Waksman, G. Structure of a type IV secretion system core complex. Science 2009, 323, 266–268. [Google Scholar] [CrossRef]

	



Baron, C.; Thorstenson, Y.R.; Zambryski, P.C. The lipoprotein VirB7 interacts with VirB9 in the membranes of Agrobacterium tumefaciens. J. Bacteriol. 1997, 179, 1211–1218. [Google Scholar] [CrossRef] [PubMed]

	



Keriel, A.; Botella, E.; Estrach, S.; Bragagnolo, G.; Vergunst, A.C.; Feral, C.C.; O’Callaghan, D. Brucella Intracellular Life Relies on the Transmembrane Protein CD98 Heavy Chain. J. Infect. Dis. 2015, 211, 1769–1778. [Google Scholar] [CrossRef]

	



Aly, K.A.; Baron, C. The VirB5 protein localizes to the T-pilus tips in Agrobacterium tumefaciens. Microbiology 2007, 153, 3766–3775. [Google Scholar] [CrossRef] [PubMed]

	



Deng, H.; Zhou, J.; Gong, B.; Xiao, M.; Zhang, M.; Pang, Q.; Zhang, X.; Zhao, B.; Zhou, X. Screening and identification of a human domain antibody against Brucella abortus VirB5. Acta Trop. 2019, 197, 105026. [Google Scholar] [CrossRef]

	



Zupan, J.; Hackworth, C.A.; Aguilar, J.; Ward, D.; Zambryski, P. VirB1* promotes T-pilus formation in the vir-Type IV secretion system of Agrobacterium tumefaciens. J. Bacteriol. 2007, 189, 6551–6563. [Google Scholar] [CrossRef]

	



Mirkalantari, S.; Zarnani, A.H.; Nazari, M.; Irajian, G.R.; Amirmozafari, N. Brucella melitensis VirB12 recombinant protein is a potential marker for serodiagnosis of human brucellosis. Ann. Clin. Microbiol. Antimicrob. 2017, 16, 8. [Google Scholar] [CrossRef] [PubMed]

	



Carle, A.; Hoppner, C.; Ahmed Aly, K.; Yuan, Q.; den Dulk-Ras, A.; Vergunst, A.; O’Callaghan, D.; Baron, C. The Brucella suis type IV secretion system assembles in the cell envelope of the heterologous host Agrobacterium tumefaciens and increases IncQ plasmid pLS1 recipient competence. Infect. Immun. 2006, 74, 108–117. [Google Scholar] [CrossRef]

	



Hospenthal, M.K.; Costa, T.R.D.; Waksman, G. A comprehensive guide to pilus biogenesis in Gram-negative bacteria. Nat. Rev. Microbiol. 2017, 15, 365–379. [Google Scholar] [CrossRef] [PubMed]

	



Sivanesan, D.; Hancock, M.A.; Villamil Giraldo, A.M.; Baron, C. Quantitative analysis of VirB8-VirB9-VirB10 interactions provides a dynamic model of type IV secretion system core complex assembly. Biochemistry 2010, 49, 4483–4493. [Google Scholar] [CrossRef] [PubMed]

	



Cascales, E.; Christie, P.J. Agrobacterium VirB10, an ATP energy sensor required for type IV secretion. Proc. Natl. Acad. Sci. USA 2004, 101, 17228–17233. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Q.; Carle, A.; Gao, C.; Sivanesan, D.; Aly, K.A.; Hoppner, C.; Krall, L.; Domke, N.; Baron, C. Identification of the VirB4-VirB8-VirB5-VirB2 pilus assembly sequence of type IV secretion systems. J. Biol. Chem. 2005, 280, 26349–26359. [Google Scholar] [CrossRef] [PubMed]

	



Hoppner, C.; Carle, A.; Sivanesan, D.; Hoeppner, S.; Baron, C. The putative lytic transglycosylase VirB1 from Brucella suis interacts with the type IV secretion system core components VirB8, VirB9 and VirB11. Microbiology 2005, 151, 3469–3482. [Google Scholar] [CrossRef] [PubMed]

	



De Barsy, M.; Jamet, A.; Filopon, D.; Nicolas, C.; Laloux, G.; Rual, J.F.; Muller, A.; Twizere, J.C.; Nkengfac, B.; Vandenhaute, J.; et al. Identification of a Brucella spp. secreted effector specifically interacting with human small GTPase Rab2. Cell. Microbiol. 2011, 13, 1044–1058. [Google Scholar] [CrossRef] [PubMed]

	



Nkengfac, B.; Pouyez, J.; Bauwens, E.; Vandenhaute, J.; Letesson, J.J.; Wouters, J.; De Bolle, X. Structural analysis of Brucella abortus RicA substitutions that do not impair interaction with human Rab2 GTPase. BMC Biochem. 2012, 13, 16. [Google Scholar] [CrossRef]

	



Herrou, J.; Crosson, S. Molecular Structure of the Brucella abortus Metalloprotein RicA, a Rab2-Binding Virulence Effector. Biochemistry 2013, 52, 9020–9028. [Google Scholar] [CrossRef]

	



Taguchi, Y.; Imaoka, K.; Kataoka, M.; Uda, A.; Nakatsu, D.; Horii-Okazaki, S.; Kunishige, R.; Kano, F.; Murata, M. Yip1A, a novel host factor for the activation of the IRE1 pathway of the unfolded protein response during Brucella infection. PLoS Pathog. 2015, 11, e1004747. [Google Scholar] [CrossRef]

	



Zhi, F.J.; Zhou, D.; Bai, F.R.; Li, J.M.; Xiang, C.X.; Zhang, G.D.; Jin, Y.P.; Wang, A.H. VceC Mediated IRE1 Pathway and Inhibited CHOP-induced Apoptosis to Support Brucella Replication in Goat Trophoblast Cells. Int. J. Mol. Sci. 2019, 20, 4104. [Google Scholar] [CrossRef]

	



Zhang, J.; Li, M.; Li, Z.Q.; Shi, J.X.; Zhang, Y.; Deng, X.M.; Liu, L.B.; Wang, Z.; Qi, Y.Y.; Zhang, H. Deletion of the Type IV Secretion System Effector VceA Promotes Autophagy and Inhibits Apoptosis in Brucella-Infected Human Trophoblast Cells. Curr. Microbiol. 2019, 76, 510–519. [Google Scholar] [CrossRef] [PubMed]

	



de Jong, M.F.; Sun, Y.H.; den Hartigh, A.B.; van Dijl, J.M.; Tsolis, R.M. Identification of VceA and VceC, two members of the VjbR regulon that are translocated into macrophages by the Brucella type IV secretion system. Mol. Microbiol. 2008, 70, 1378–1396. [Google Scholar] [CrossRef]

	



Salcedo, S.P.; Marchesini, M.I.; Lelouard, H.; Fugier, E.; Jolly, G.; Balor, S.; Muller, A.; Lapaque, N.; Demaria, O.; Alexopoulou, L.; et al. Brucella control of dendritic cell maturation is dependent on the TIR-Containing protein btp1. PLoS Path. 2008, 4, e42. [Google Scholar] [CrossRef]

	



Sengupta, D.; Koblansky, A.; Gaines, J.; Brown, T.; West, A.P.; Zhang, D.K.; Nishikawa, T.; Park, S.G.; Roop, R.M.; Ghosh, S. Subversion of Innate Immune Responses by Brucella through the Targeted Degradation of the TLR Signaling Adapter, MAL. J. Immunol. 2010, 184, 956–964. [Google Scholar] [CrossRef]

	



Alaidarous, M.; Ve, T.; Casey, L.W.; Valkov, E.; Ericsson, D.J.; Ullah, M.O.; Schembri, M.A.; Mansell, A.; Sweet, M.J.; Kobe, B. Mechanism of Bacterial Interference with TLR4 Signaling by Brucella Toll/Interleukin-1 Receptor Domain-containing Protein TcpB. J. Biol. Chem. 2014, 289, 654–668. [Google Scholar] [CrossRef] [PubMed]

	



Salcedo, S.P.; Marchesini, M.I.; Degos, C.; Terwagne, M.; Von Bargen, K.; Lepidi, H.; Herrmann, C.K.; Lacerda, T.L.S.; Imbert, P.R.C.; Pierre, P.; et al. BtpB, a novel Brucella TIR-containing effector protein with immune modulatory functions. Front. Cell. Infect. Microbiol. 2013, 3, 28. [Google Scholar] [CrossRef]

	



Chaudhary, A.; Ganguly, K.; Cabantous, S.; Waldo, G.S.; Micheva-Viteva, S.N.; Nag, K.; Hlavacek, W.S.; Tung, C.S. The Brucella TIR-like protein TcpB interacts with the death domain of MyD88. Biochem. Biophys. Res. Commun. 2012, 417, 299–304. [Google Scholar] [CrossRef] [PubMed]

	



Coronas-Serna, J.M.; Louche, A.; Rodriguez-Escudero, M.; Roussin, M.; Imbert, P.R.C.; Rodriguez-Escudero, I.; Terradot, L.; Molina, M.; Gorvel, J.P.; Cid, V.J.; et al. The TIR-domain containing effectors BtpA and BtpB from Brucella abortus impact NAD metabolism. PLoS Path. 2020, 16, e1007979. [Google Scholar] [CrossRef]

	



Myeni, S.; Child, R.; Ng, T.W.; Kupko, J.J.; Wehrly, T.D.; Porcella, S.F.; Knodler, L.A.; Celli, J. Brucella Modulates Secretory Trafficking via Multiple Type IV Secretion Effector Proteins. PLoS Path. 2013, 9, e1003556. [Google Scholar] [CrossRef] [PubMed]

	



Marchesini, M.I.; Seijo, S.M.M.; Guaimas, F.F.; Comerci, D.J. A T4SS Effector Targets Host Cell Alpha-Enolase Contributing to Brucella abortus Intracellular Lifestyle. Front. Cell. Infect. Microbiol. 2016, 6, 153. [Google Scholar] [CrossRef]

	



Dohmer, P.H.; Valguarnera, E.; Czibener, C.; Ugalde, J.E. Identification of a type IV secretion substrate of Brucella abortus that participates in the early stages of intracellular survival. Cell. Microbiol. 2014, 16, 396–410. [Google Scholar] [CrossRef] [PubMed]

	



Celli, J. The Intracellular Life Cycle of Brucella spp. Microbiol. Spectr. 2019, 7. [Google Scholar] [CrossRef]

	



Starr, T.; Ng, T.W.; Wehrly, T.D.; Knodler, L.A.; Celli, J. Brucella intracellular replication requires trafficking through the late endosomal/lysosomal compartment. Traffic 2008, 9, 678–694. [Google Scholar] [CrossRef]

	



Von Bargen, K.; Gorvel, J.P.; Salcedo, S.P. Internal affairs: Investigating the Brucella intracellular lifestyle. FEMS Microbiol. Rev. 2012, 36, 533–562. [Google Scholar] [CrossRef]

	



Celli, J.; Salcedo, S.P.; Gorvel, J.P. Brucella coopts the small GTPase Sar1 for intracellular replication. Proc. Natl. Acad. Sci. USA 2005, 102, 1673–1678. [Google Scholar] [CrossRef] [PubMed]

	



Starr, T.; Child, R.; Wehrly, T.D.; Hansen, B.; Hwang, S.; Lopez-Otin, C.; Virgin, H.W.; Celli, J. Selective subversion of autophagy complexes facilitates completion of the Brucella intracellular cycle. Cell Host Microbe 2012, 11, 33–45. [Google Scholar] [CrossRef]

	



Hong, P.C.; Tsolis, R.M.; Ficht, T.A. Identification of genes required for chronic persistence of Brucella abortus in mice. Infect. Immun. 2000, 68, 4102–4107. [Google Scholar] [CrossRef]

	



Pizarro-Cerda, J.; Meresse, S.; Parton, R.G.; van der Goot, G.; Sola-Landa, A.; Lopez-Goni, I.; Moreno, E.; Gorvel, J.P. Brucella abortus transits through the autophagic pathway and replicates in the endoplasmic reticulum of nonprofessional phagocytes. Infect. Immun. 1998, 66, 5711–5724. [Google Scholar] [CrossRef] [PubMed]

	



Comerci, D.J.; Martinez-Lorenzo, M.J.; Sieira, R.; Gorvel, J.P.; Ugalde, R.A. Essential role of the VirB machinery in the maturation of the Brucella abortus-containing vacuole. Cell. Microbiol. 2001, 3, 159–168. [Google Scholar] [CrossRef] [PubMed]

	



Celli, J.; de Chastellier, C.; Franchini, D.M.; Pizarro-Cerda, J.; Moreno, E.; Gorvel, J.P. Brucella evades macrophage killing via VirB-dependent sustained interactions with the endoplasmic reticulum. J. Exp. Med. 2003, 198, 545–556. [Google Scholar] [CrossRef]

	



Scales, S.J.; Pepperkok, R.; Kreis, T.E. Visualization of ER-to-Golgi transport in living cells reveals a sequential mode of action for COPII and COPI. Cell 1997, 90, 1137–1148. [Google Scholar] [CrossRef]

	



Barlowe, C. COPII-dependent transport from the endoplasmic reticulum. Curr. Opin. Cell. Biol. 2002, 14, 417–422. [Google Scholar] [CrossRef]

	



Sieira, R.; Arocena, G.M.; Bukata, L.; Comerci, D.J.; Ugalde, R.A. Metabolic Control of Virulence Genes in Brucella abortus: HutC Coordinates virB Expression and the Histidine Utilization Pathway by Direct Binding to Both Promoters. J. Bacteriol. 2010, 192, 217–224. [Google Scholar] [CrossRef] [PubMed]

	



Fugier, E.; Salcedo, S.P.; de Chastellier, C.; Pophillat, M.; Muller, A.; Arce-Gorvel, V.; Fourquet, P.; Gorvel, J.P. The Glyceraldehyde-3-Phosphate Dehydrogenase and the Small GTPase Rab 2 Are Crucial for Brucella Replication. PLoS Path. 2009, 5, e1000487. [Google Scholar] [CrossRef]

	



De Jong, M.F.; Starr, T.; Winter, M.G.; den Hartigh, A.B.; Child, R.; Knodler, L.A.; van Dijl, J.M.; Celli, J.; Tsolis, R.M. Sensing of bacterial type IV secretion via the unfolded protein response. mBio 2013, 4, e00418-12. [Google Scholar] [CrossRef] [PubMed]

	



Keestra-Gounder, A.M.; Byndloss, M.X.; Seyffert, N.; Young, B.M.; Chavez-Arroyo, A.; Tsai, A.Y.; Cevallos, S.A.; Winter, M.G.; Pham, O.H.; Tiffany, C.R.; et al. NOD1/NOD2 signaling links ER stress with inflammation. Nature 2016, 532, 394–397. [Google Scholar] [CrossRef]

	



Benitez, P.C.A.; Serantes, D.R.; Herrmann, C.K.; Viglietti, A.I.P.; Vanzulli, S.; Giambartolomei, G.H.; Comerci, D.J.; Delpino, M.V. The Effector Protein BPE005 from Brucella abortus Induces Collagen Deposition and Matrix Metalloproteinase 9 Downmodulation via Transforming Growth Factor beta 1 in Hepatic Stellate Cells. Infect. Immun. 2016, 84, 598–606. [Google Scholar] [CrossRef]

	



Zambon, A.C.; Zhang, L.Z.; Minovitsky, S.; Kanter, J.R.; Prabhakar, S.; Salomonis, N.; Vranizan, K.; Dubchak, I.; Conklin, B.R.; Insel, P.A. Gene expression patterns define key transcriptional events in cell-cycle regulation by cAMP and protein kinase A. Proc. Natl. Acad. Sci. USA 2005, 102, 8561–8566. [Google Scholar] [CrossRef]

	



Smith, E.P.; Cotto-Rosario, A.; Borghesan, E.; Held, K.; Miller, C.N.; Celli, J. Epistatic Interplay between Type IV Secretion Effectors Engages the Small GTPase Rab2 in the Brucella Intracellular Cycle. mBio 2020, 11, e03350-19. [Google Scholar] [CrossRef]

	



Miller, C.N.; Smith, E.P.; Cundiff, J.A.; Knodler, L.A.; Blackburn, J.B.; Lupashin, V.; Celli, J. A Brucella Type IV Effector Targets the COG Tethering Complex to Remodel Host Secretory Traffic and Promote Intracellular Replication. Cell Host Microbe 2017, 22, 317–329. [Google Scholar] [CrossRef]

	



Wang, X.G.; Lin, P.F.; Li, Y.; Xiang, C.X.; Yin, Y.L.; Chen, Z.; Du, Y.; Zhou, D.; Jin, Y.P.; Wang, A.H. Brucella suis Vaccine Strain 2 Induces Endoplasmic Reticulum Stress that Affects Intracellular Replication in Goat Trophoblast Cells In vitro. Front. Cell. Infect. Microbiol. 2016, 6, 19. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, A.; Lin, F.; Cabello, A.L.; da Costa, L.F.; Feng, X.; Feng, H.Q.; Zhang, M.Z.; Iwawaki, T.; Rice-Ficht, A.; Ficht, T.A.; et al. Activation of Host IRE1alpha-Dependent Signaling Axis Contributes the Intracellular Parasitism of Brucella melitensis. Front. Cell. Infect. Microbiol. 2018, 8, 103. [Google Scholar] [CrossRef]

	



Tisdale, E.J.; Kelly, C.; Artalejo, C.R. Glyceraldehyde-3-phosphate dehydrogenase interacts with Rab2 and plays an essential role in endoplasmic reticulum to Golgi transport exclusive of its glycolytic activity. J. Biol. Chem. 2004, 279, 54046–54052. [Google Scholar] [CrossRef] [PubMed]

	



Smith, E.P.; Miller, C.N.; Child, R.; Cundiff, J.A.; Celli, J. Postreplication Roles of the Brucella VirB Type IV Secretion System Uncovered via Conditional Expression of the VirB11 ATPase. mBio 2016, 7. [Google Scholar] [CrossRef] [PubMed]

	



Sieira, R.; Comerci, D.J.; Pietrasanta, L.I.; Ugalde, R.A. Integration host factor is involved in transcriptional regulation of the Brucella abortus virB operon. Mol. Microbiol. 2004, 54, 808–822. [Google Scholar] [CrossRef] [PubMed]

	



Rambow-Larsen, A.A.; Petersen, E.M.; Gourley, C.R.; Splitter, G.A. Brucella regulators: Self-control in a hostile environment. Trends Microbiol. 2009, 17, 371–377. [Google Scholar] [CrossRef]

	



Kleinman, C.L.; Sycz, G.; Bonomi, H.R.; Rodriguez, R.M.; Zorreguieta, A.; Sieira, R. ChIP-seq analysis of the LuxR-type regulator VjbR reveals novel insights into the Brucella virulence gene expression network. Nucleic Acids Res. 2017, 45, 5757–5769. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Tian, M.; Bao, Y.; Hu, H.; Liu, J.; Yin, Y.; Ding, C.; Wang, S.; Yu, S. Brucella Rough Mutant Induce Macrophage Death via Activating IRE1alpha Pathway of Endoplasmic Reticulum Stress by Enhanced T4SS Secretion. Front. Cell. Infect. Microbiol. 2017, 7, 422. [Google Scholar] [CrossRef]

	



Brambila-Tapia, A.J.; Perez-Rueda, E. A functional and phylogenetic comparison of quorum sensing related genes in Brucella melitensis 16M. J. Microbiol. 2014, 52, 709–715. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Bu, Z.; Qian, J.; Chen, Y.; Qiao, L.; Yang, S.; Chen, S.; Wang, X.; Ren, L.; Yang, Y. The UTP-glucose-1-phosphate uridylyltransferase of Brucella melitensis inhibits the activation of NF-kappaB via regulating the bacterial type IV secretion system. Int. J. Biol. Macromol. 2020, 164, 3098–3104. [Google Scholar] [CrossRef]

	



Caswell, C.C.; Gaines, J.M.; Roop, R.M. The RNA Chaperone Hfq Independently Coordinates Expression of the VirB Type IV Secretion System and the LuxR-Type Regulator BabR in Brucella abortus 2308. J. Bacteriol. 2012, 194, 3–14. [Google Scholar] [CrossRef] [PubMed]

	



Lei, S.; Zhong, Z.; Ke, Y.; Yang, M.; Xu, X.; Ren, H.; An, C.; Yuan, J.; Yu, J.; Xu, J.; et al. Deletion of the Small RNA Chaperone Protein Hfq down Regulates Genes Related to Virulence and Confers Protection against Wild-Type Brucella Challenge in Mice. Front. Microbiol. 2015, 6, 1570. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 13637 g001 550] 





Figure 1. VirB system structure. Prototype of the Brucella VirB system, Agrobacterium tumefaciens VirB/D4 system. The VirB system of Brucella is composed of VirB1-VirB12 and is assembled into three interconnected compartments: the inner membrane complex (VirB3, VirB4, VirB6 and VirB8), the outer membrane core complex (VirB7, VirB9 and VirB10) and the external pilus (VirB2 and VirB5). Two ATPases (VirB4, VirB11) provide the energy for VirB T4SS assembly and substrate transfer. Presently, the exact location of VirB11 relative to VirB4 is not clear, whether it can accumulate under VirB4 or on one side of the cytoplasm. 
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Figure 2. The intracellular lifecycle of Brucella. Brucella enters the host cell through a lipid raft and resides in phagocytic vesicles 8–12 h after infection. At the same time, forming acidified eBCVs through interactions with early and late endosomes and lysosomes, the host GTPase Rab7 participates in the maturation process of eBCVs, providing a physicochemical signal for T4SS expression. eBCV interacts with ERES to acquire endoplasmic reticulum and Golgi-derived membranes, leading to the biogenesis of rBCV. The host proteins Sar1, ire1α, Atg9, WIPI1 and the COG complex are involved in the generation of rBCVs. For 12–48 h, bacteria replicate extensively in rBCVs; after that, the rBCVs are captured into autophagosome-like structures and become autophagic BCVs (aBCVs); aBCV formation requires the host autophagy proteins Beclin1, ULK1 and Atg14. aBCVs have autophagosomal characteristics and are required for bacterial entry into and exit from cells. 
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Figure 3. VirB T4SS affects cellular pathways. The role of T4SS effectors can be divided into two aspects: one is the influence through virulence, and the other is the influence on the formation of rBCV. In terms of virulence, the effector BtpA interacts with MAL and competes with it for TRL4, thus inhibiting the activation of NF-κB and the maturation of DC; effector BtpB inhibits DC maturation and induces inflammation by inhibiting transduction of the TLR2, TLR4, TLR5 and TLR9 signal pathways; effector BPE005 suppresses the immune response by inhabiting the combination of PKE and cAMP; effector VceC causes inflammation by activating UPR. In the biogenesis of rBCV, effector RicA reduces the Rab2 content in eBCV by interacting with it, thus reducing the formation of rBCV; effector BspB targets VTCs and interacts with COG to promote the formation of RBCV. 
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Table 1. Necessity of proteins VirB1–12 in the VirB system for intracellular parasitism of Brucella.
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	VirB Protein
	Species
	Survival in Macrophages
	Survival in the Mouse Model





	VirB1
	Brucella abortus
	Necessary [12]
	Dispensable [12]



	VirB2
	Brucella abortus
	Necessary [12]
	Necessary [12]



	VirB3–6
	Brucella abortus
	Necessary [14]
	Necessary [14]



	VirB7
	Brucella abortus
	Necessary [14]
	Dispensable [14]



	VirB8–11
	Brucella abortus
	Necessary [14]
	Necessary [14]



	VirB12
	B. melitensis, B. abortus and B. suis
	Dispensable [13]
	Dispensable [13]
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