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Bartonellae are considered to be emerging opportunistic pathogens. The bacteria are transmitted by blood-sucking arthropods, and their hosts are a wide range of mammals including humans. After a protective barrier breach in mammals, Bartonella colonizes endothelial cells (ECs), enters the bloodstream, and infects erythrocytes. Current research primarily focuses on investigating the interaction between Bartonella and ECs and erythrocytes, with recent attention also paid to immune-related aspects. Various molecules related to Bartonella’s pathogenicity have been identified. The present review aims to provide a comprehensive overview of the newly described molecular and immune responses associated with Bartonella’s pathogenicity.
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Introduction

Bartonellae are Gram-negative facultative intracellular bacteria (Brenner et al., 1993) that were first described in 1909. Since the last reclassification in 1993, the number of Bartonellae species has increased to 45 as of Okaro et al. (2017), and new species continue to be identified in recent years (Gutierrez et al., 2020; do Amaral et al., 2022a,b; Liu et al., 2022). Phylogenetic analyses have categorized the genus Bartonella into three phylogenetic clades, which include the honeybee symbiont Bartonella apis, the pathogenic Bartonella tamiae, and the eubartonellae, which are further separated into Bartonella australis and four distinct lineages (Segers et al., 2017). Bartonella bacilliformis and Bartonella ancashensis, which are human pathogens, belong to lineage 1. Bartonella species specific to ruminants are found in lineage 2. The most abundant Bartonella species are those in lineage 3 and 4, which infect a diverse range of mammalian hosts (Wagner and Dehio, 2019). Recently, two bat-associated Bartonella strains showed significant differences with other lineages in phylogenetic relationship analysis (Goncalves-Oliveira et al., 2023). Transmission of Bartonellae between hosts is primarily mediated by diverse blood-sucking arthropod vectors such as fleas, body lice, ticks, sandflies, and others (Breitschwerdt et al., 2010a). These pathogens have a broad range of mammalian hosts, including, but not limited to, primates, rodents, and cats (Gundi et al., 2004; Dehio, 2005). However, each Bartonella species is typically adapted to a specific mammalian host (Deng et al., 2012).

In arthropods, the life cycle of most Bartonella species is divided into replication in the midgut of intestinal tracts and spreading through excretion (Foil et al., 1998). The pathogen is shed within arthropod feces onto mammalian skin and can be superficially inoculated into the derma by scratching or biting (Okujava et al., 2014). The derma-niched Bartonella might penetrate the endothelial cells (ECs) facilitated by dendritic cells (DCs) and Bartonella effector proteins (Beps) (Siamer and Dehio, 2015; Fromm and Dehio, 2021). Subsequently, the ECs-residing bacteria enter the bloodstream, invade erythrocytes, multiply inside them, and await the next round of transmission when arthropods bite the infected mammalian host again (Harms and Dehio, 2012; Pulliainen and Dehio, 2012; Fromm and Dehio, 2021).

Bartonella bacilliformis, Bartonella quintana, and Bartonella henselae are three major species that trigger pathological angiogenesis during infection in humans. These three species are the etiological agents of Carrion’s disease, trench fever, and cat scratch disease (CSD), respectively (Rolain et al., 2004; Breitschwerdt et al., 2010a; Harms and Dehio, 2012; Liu et al., 2012). The symptoms and syndromes of bartonelloses are diverse, ranging from bacillary angiomatosis (BA), bacillary peliosis hepatis, chronic asymptomatic bacteremia, and infectious endocarditis, to neurological disorders. CSD, a relatively common zoonotic infection acquired from cats or cat fleas carrying B. henselae, is characterized by enlarged regional lymph nodes and fever, particularly in children and adolescents (Biancardi and Curi, 2014; Chang et al., 2016; Okaro et al., 2021). Atypical manifestations of CSD, such as hepatic and/or splenic lesions, discitis, granulomatous conjunctivitis, endocarditis, myocarditis, neuroretinitis, osteomyelitis, and encephalomeningitis, can mimic serious disorders. Moreover, B. henselae and B. clarridgeiae have been detected in blood samples from human donors at a Brazilian blood bank (Pitassi et al., 2015), indicating their presence in healthy humans, and highlighting the possibility of undetected cases of Bartonella infection in humans. B. bacilliformis, the pathogen of Carrion’s disease, is primarily found in the Andean valleys of South America (Sanchez Clemente et al., 2012). This disease is characterized by an acute phase, known as Oroya fever, marked by fever, pallor, hemolytic anemia, myalgia, and arthralgia, followed by a chronic phase characterized by the development of vascular proliferative lesions on the skin, known as verruga peruana, which can persist for several months or even years (Maguina et al., 2009; Harms and Dehio, 2012; Sanchez Clemente et al., 2012; Gomes et al., 2016a). B. quintana, the etiological agent of trench fever, is naturally restricted to human hosts and louse vectors. The pathogen is now frequently identified among urban homeless and marginalized populations in the United States and Europe, and is responsible for various conditions, including endocarditis, pericardial effusion, bacillary angiomatosis-peliosis, and even asymptomatic bacteremia (Leibler et al., 2016; Sasaki et al., 2021).

This review intends to summarize recent findings about the pathogenicity of Bartonella and the immune response in hosts elicited by the infection, to provide valuable insights for future research.



Blood-sucking arthropods as vectors for Bartonella transmission

Blood-sucking arthropods are important for the transmission of Bartonella. Various blood-sucking arthropods have been identified as vectors capable of transmitting Bartonella, such as the sand flies Lutzomyia verrucarum for B. bacilliformis (Minnick et al., 2014), cat flea Ctenocephalides felis for B. henselae (Chomel et al., 2009; Harms and Dehio, 2012; Duscher et al., 2018), human body lice Pediculus humanus corporis for B. quintana (Byam and Lloyd, 1920), and the flea Ctenophthalmus nobilis for Bartonella grahamii and Bartonella taylorii (Bown et al., 2004). Most Bartonellae reside in the intestinal tract of arthropods, where they replicate and are eventually transmitted to mammalian hosts through vector defecation (Figure 1B; Chomel et al., 2009). Although Bartonella bacteria (such as B. henselae) typically survive in arthropod feces for several days (Higgins et al., 1996), B. quintana remains infectious for up to 1 year in louse feces (Kostrzewski, 1950; Chomel et al., 2009), making it more likely for hosts to contract an infection. Bartonellae can also infect the salivary glands of arthropods, as evidenced by the transmission of B. henselae through tick saliva to an artificial membrane feeding system (Cotte et al., 2008). Additionally, the transovarial transmission of B. henselae Marseille, Bartonella schoenbuchensis DSMZ 13525, and B. grahamii ATCC700132 from female tick Ixodes ricinus to their offspring via eggs may also occur, as Bartonella DNA has been detected in eggs laid by the three kinds of Bartonella-positive female ticks and in hatched larvae (Figure 1A; Krol et al., 2021). The spread of B. bacilliformis by L. verrucarum represents an exception of vector transmission. The current research has shown that B. bacilliformis can colonize the midgut of L. verrucarum (Battisti et al., 2015), yet the mechanism by which midgut-residing B. bacilliformis in sandflies enters human hosts remains unclear (Garcia-Quintanilla et al., 2019).
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FIGURE 1
Model of Bartonella infection cycle. (A) The process of Bartonella transmission in the hosts. (B) The ways of Bartonellae enter the blood. There are two ways of Bartonellae with VirB/VirD4 T4SS enter the blood. The first way may be through the host’s macrophages, endothelial cells and other migration into the blood. The second way is through lymphatic circulation into the blood. Bartonellae absent of VirB/VirD4 T4SS, such as B. bacilliformis, may enter the blood with feces directly through the wound bitten by sand flies (the orange dashed line arrow). In the figure, the solid line arrow indicates the confirmed process, and the dashed line arrow indicates conjecture. Some elements in the figure were drawn by Figdraw.


Climate change indirectly affects the spread of Bartonella by perturbing the proliferation of blood-sucking arthropods (Chamberlin et al., 2002). When the number of blood-sucking arthropods increases during warm and humid conditions such as during an El Niño, the infection rate of Bartonella also seems to increase correspondingly (Chamberlin et al., 2002; Clemente et al., 2016). These findings highlight the critical role of blood-sucking arthropods in the transmission of Bartonella.

The flea C. felis is the primary means of transmitting B. henselae from cat to cat. Studies have shown that healthy cats do not contract Bartonella infection or seroconversion after sharing food or playing with highly bacteremic cats (Chomel et al., 1996; Abbott et al., 1997). However, fleas that have taken a blood meal from highly bacteremic cats can effectively transmit B. henselae to specific-pathogen-free (SPF) cats (Figure 1A; Chomel et al., 1996). Although there is no evidence to prove that B. henselae can be spread among cats through salivation, B. henselae DNA has been detected in the saliva of infected cats (Oskouizadeh et al., 2010). Bartonella may be present in the saliva of infected mammals, but the bacteria are fastidious haemophilia (Liu and Biville, 2013), and therefore, the concentration of Bartonella in the blood of a highly bacteremic host is likely higher than that in its saliva. Furthermore, different mechanisms exist in certain arthropods that enable the transmission of Bartonella from arthropods to hosts. It is important to note that the transmission of Bartonella from cat to human is usually achieved through cat scratches due to contact with B. henselae-contaminated flea feces.

The importance of some arthropod vectors for the transmission of B. henselae underscores the likelihood that this applies to most Bartonella species (Pulliainen and Dehio, 2012). After Bartonella-contaminated feces are inoculated to the wound of the host, the bacteria invade the dermis layer of the host and begin their journey of invasion (Figure 1B).



Migration and blood entry of Bartonella in mammalian host

Bartonella initiates its infection cycle in a mammalian host after replication in the midgut of arthropod vectors (Harms and Dehio, 2012). When these arthropods suck blood from mammals, the affected area on the host’s skin experiences irritation, followed by scratching that can lead to the inoculation of Bartonella-containing insect feces into the dermis. Transmission of Bartonella can also occur through traumatic contact with infected animals (Chomel et al., 2009). After superficially inoculating the dermis, the bacteria sequentially access the dermal and blood-seeding niches. During dermal niche colonization, migrating cells such as DCs or macrophages are likely kidnapped by Bartonella to reach the blood-seeding niche (Fromm and Dehio, 2021). Transmission from the dermal niche to the blood-seeding niche may also occur via the lymphatic system (Hong et al., 2017). In the blood-seeding niche, the cell type is still puzzling and the bacteria most likely colonize ECs (Eicher and Dehio, 2012). It is believed that the blood-seeding niche releases bacteria into the bloodstream periodically, which invade erythrocytes and replicate until the critical limit of eight bacteria on average per erythrocyte is reached (Litwin and Johnson, 2005; Pulliainen and Dehio, 2012). After the apoptosis of infected erythrocytes, bacterial cells are released again into the bloodstream to invade new erythrocytes for replication, which may partly explain the periodic occurrence of host bacteremia after infection (Harms and Dehio, 2012). Once arthropods bite the infected mammals again, Bartonella enters the next round of transmission (Figure 1A; Harms and Dehio, 2012; Fromm and Dehio, 2021).

Bartonellae (lineage 3 and lineage 4), along with other bacteria like Helicobacter pylori, Legionella pneumophila, and Brucella spp. (Cascales and Christie, 2003; Harms et al., 2017), utilize the VirB/VirD4 type IV secretion system (T4SS) as a key virulence factor to infect humans and other mammals’ target cells (Cascales and Christie, 2003). The pathogens translocate Bartonella effector proteins (Beps) into host cells via the VirB/VirD4 T4SS, which orchestrates multiple cellular processes in host cells, including modulating the immune response and subverting cellular functions to benefit the bacterial survival and proliferation (Okujava et al., 2014; Sorg et al., 2020). The VirB/VirD4 T4SS and the translocated Beps are the best characterized Bartonella-specific virulence factors. The invasion of B. henselae into human ECs occurs in two distinct pathways, either as a single bacterium through endocytosis or as bacterial aggregates in the form of invasomes (Truttmann et al., 2011). Induced by F-actin rearrangements and stress fiber formation, the formation of invasome relies on the functional VirB/VirD4 T4SS associated with either BepG alone or the combination of BepC and BepF (Truttmann et al., 2011). BepF is comprised of three Bep intracellular delivery domains, with two non-terminal domains triggering invasome formation in conjunction with BepC (Wagner and Dehio, 2019). BepC contributes to the formation of the invasome by modulating the F-actin cytoskeleton. Recently, it has been discovered that BepC triggers stress fiber formation by activating the RhoA GTPase signaling cascade through the recruitment of the Rho guanine nucleotide exchange factor H1 (GEF-H1) to the plasma membrane (Marlaire and Dehio, 2021).

The VirB/VirD4 T4SS system also plays a crucial role in the migration of Bartonella from the dermal niche to the blood-seeding niche. It is achieved by translocating BepE into host cells, which inhibits cell fragmentation caused by BepC or other Beps and ensures the migration of Bartonella-infected DCs to deliver the pathogen from the derma site to the blood-seeding niche (Okujava et al., 2014). The distributional pattern of VirB/VirD4 T4SS and Beps is proposed to correlate with arthropod vectors’ blood-feeding behavior and the mode of bacterial transmission (Dehio and Tsolis, 2017). Bartonellae that are absent of VirB/VirD4 T4SS, such as B. bacilliformis, are exclusively transmitted by sandflies. However, sandflies display a violent mode of blood-feeding by damaging microvessels of the skin to allow them to access the freshly draining blood (Ribeiro, 1995; Serafim et al., 2021), which potentially provides a direct route for Bartonella to invade the bloodstream (Dehio and Tsolis, 2017).

Furthermore, the presence of either B. henselae or B. quintana enhances the proliferation of human ECs and prevents apoptosis. This anti-apoptotic effect is mediated by the pathogen’s BepA protein, which interacts with human adenylyl cyclase 7 (AC7), followed by elevated cAMP levels (Pulliainen et al., 2012). The prolonged survival of host cells allows for an efficient time course for intracellular bacteria to have multiple replications, which is believed to be critical for a successful infection from the primary niche to the bloodstream. However, the BepA ortholog in B. tribocorum lacks anti-apoptotic activity (Dehio, 2008), indicating that orthologous BepA proteins may have varying functions in different bacteria.



Infection of endothelial cells (ECs)

Bartonella species have been found to inhabit various host cells, including mononuclear phagocytes, CD34+ progenitor cells, and mesenchymal stromal cells (MSCs) (Mändle et al., 2005), but the vascular endothelium is considered the primary blood-seeding niche for Bartonella colonization in the mammalian host (Deng et al., 2012, 2019). To infect the ECs of blood vessels in a mammalian host, Bartonellae must first traverse the extracellular matrix of the cells. The degradation of extracellular matrix proteins has been confirmed to be facilitated by the interaction between fibrinolysis and several pathogen proteins (Lähteenmäki et al., 2001). Bartonella utilizes a metabolic enzyme known as α-enolase or phosphopyruvate hydratase, which is involved in the synthesis of pyruvate, to act as a plasminogen receptor and mediate the activation of plasmin and extracellular matrix degradation (Figure 2; Díaz-Ramos et al., 2012; Cappello et al., 2017). Plasmin, the proteolytically active form of plasminogen, is responsible for promoting fibrin dissolution in the extracellular matrix of host cells (Keragala and Medcalf, 2021). The sequence of α-enolase in B. henselae is highly homologous to that of many other Bartonella species, and they all possess typical plasminogen-binding modes. Accordingly, the α-enolase of Bartonella has been hypothesized to function as a plasminogen-binding protein, which has been recently confirmed in experiments (Deng et al., 2019). As a result, the enolase-plasminogen interaction is identified as one potential mechanism exploited by Bartonella to loosen and degrade the extracellular matrix of ECs before entering (Deng et al., 2019).
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FIGURE 2
The mechanism of Bartonella infects vascular endothelial cells, mesenchymal stromal cells and erythrocytes. *Deformin is only found in B. bacilliformis and B. henselae.


To efficiently adhere to extracellular matrix proteins of ECs, Bartonella expresses surface adhesins, such as Bartonella adhesin A (BadA) in B. henselae (Riess et al., 2004), variably expressed outer membrane proteins (Vomps) in B. quintana (Zhang et al., 2004), and Bartonella repeat protein A (BrpA) in Bartonella vinsonii (Gilmore et al., 2005). These adhesins belong to the trimeric autotransporter adhesin (TAA) family (Linke et al., 2006). Among them, VompC confers the ability of B. quintana to bind collagen IV in extracellular matrix proteins of ECs; BadA is essential for the attachment of B. henselae to extracellular matrix proteins including collagen, laminin, and fibronectin, with fibronectin being particularly important (Kaiser et al., 2008; Muller et al., 2011). Fibronectin orchestrates various cellular processes of ECs, including cell adhesion, spreading, migration, proliferation, and apoptosis (Patten and Wang, 2021; Vaca et al., 2022). The binding of BadA to fibronectin occurs at repetitive motifs in the neck/stalk region of BadA and is a cumulative effect leading to rapid saturation (Thibau et al., 2022b). This interaction helps the bacteria to adhere to host cells. As another important virulence factor in Bartonella, BadA was described to negatively affect the Beps-translocating activity of VirB/D4 T4SS, while the function of BadA itself remain intact when both factors were co-expressed in B. henselae (Lu et al., 2013).

The outer membrane protein BadA is also responsible for Bartonella-induced vasoproliferation. It activates hypoxia-inducible factor-1 and stimulates the secretion of pro-angiogenic cytokines, such as vascular endothelial growth factor (VEGF) and C-X-C motif chemokine ligand (CXCL) 8 (Riess et al., 2004; Kempf et al., 2005; McCord et al., 2006), contributing to Bartonella-induced vasoproliferation. However, the observed BadA-dependent VEGF secretion was limited to certain cells and not in B. henselae-infected ECs (Kempf et al., 2001). Another autotransporter protein, Bartonella angiogenic factor A (BafA), is identified as a key Bartonella-derived mitogenic factor (Tsukamoto et al., 2020, 2022). BafA acts as a VEGF analog that promotes angiogenesis by binding to vascular endothelial growth factor receptor-2 (VEGFR2) on the EC surface and activating the MAPK/ERK pathway, which facilitates EC proliferation, tube formation, and subsequent angiogenesis (Tsukamoto et al., 2020). BafA family proteins are common among many Bartonella species, and BafA-triggered angiogenesis plays a central role in the formation of vasoproliferative lesions during Bartonella infection. Studies have shown that B. quintana, B. henselae, and B. elizabethae induce angiogenesis and proliferation by stimulating the VEGFR2 signaling pathway through the production of BafA (Tsukamoto et al., 2020, 2022; Suzuki et al., 2023). In addition, other cell types recruited to the vasoproliferative lesions, including monocytes, macrophages, and MSCs, stimulate EC proliferation through the production of VEGF and CXCL8. In particular, MSCs distributed in various tissues, including the bone marrow and the adipose tissue, play the role of a B. henselae reservoir and modulator of EC functions. B. henselae-infected MSCs release angiogenic factors, such as CXCL8, VEGF, etc., leading to the induction of a proangiogenic phenotype in ECs. Toll-like receptor 2 (TLR2), nucleotide-binding oligomerization domain-containing protein 1 (NOD1), and epidermal growth factor receptor (EGFR) are identified as the receptors involved in the recognition of B. henselae by MSCs (Figure 2; Scutera et al., 2021). Meanwhile, B. henselae-infected MSCs also release proinflammatory chemokines, which recruit monocytes/macrophages in the vasoproliferative lesions. The angiogenic factors produced by phagocytic cells play a central role in mediating angiogenesis (Resto-Ruiz et al., 2002; McCord et al., 2006; O’Rourke et al., 2015). The main virulence factors involved in the invasion of the ECs are summarized in Table 1.


TABLE 1    The main virulence factors involved in the invasion of endothelial cells and erythrocytes.
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Infection of erythrocytes

The induction of intra-erythrocytic bacteremia is a hallmark of Bartonellae infection in mammalian hosts. The infection process of erythrocytes by Bartonella is divided into three main stages: adhesion, erythrocyte deformation, and invasion, with various virulence factors involved (Table 1).

The initial step is the adhesion of Bartonella to erythrocytes. In some Bartonella species, a type of T4SS called Trw has been identified as a key factor promoting host-specific erythrocyte infection, leading to prolonged bacteremia (Frank et al., 2005). Upon attachment, Bartonellae invade and penetrate mature erythrocytes, although the exact mechanism of this process is not fully understood. However, several necessary factors have been identified. The invasion-associated locus B genes (ialB) are crucial for the invasive behavior of the bacteria. IalB protein locates on the outer membrane of B. henselae (Coleman and Minnick, 2001; Chenoweth et al., 2004), and the inner membrane of B. bacilliformis (Mitchell and Minnick, 1995). The loss of ialB does not significantly affect bacterial adhesion, yet it leads to a ten-fold reduction in the number of bacteria residing in erythrocytes (Figure 2; Deng et al., 2016). Another important factor is deformin, a small molecule with protease resistance, heat resistance, and high affinity with albumin (Iwaki-Egawa and Ihler, 1997; Hendrix and Kiss, 2003). During infection, B. bacilliformis interacts with human erythrocytes to produce trenches, pits, conical invaginations, and internal vacuoles in the erythrocyte membrane (Mernaugh and Ihler, 1992; Xu et al., 1995), which is stimulated by deformin (Figure 2). Similarly, deformation activity on the erythrocyte membrane has also been reported in B. henselae (Iwaki-Egawa and Ihler, 1997).

A recent study showed that the CAMP-like factor autotransporter (CFA) of B. taylorii is crucial for infecting erythrocytes. Mice infected with a mutant strain lacking the cfa locus remained free of bacteremia, while the wild-type strain caused infection (Siewert et al., 2022b). CFA was first identified as an autotransporter virulence protein with potential cohemolysin activity in B. henselae (Litwin and Johnson, 2005). Autotransporters are a family of proteins secreted by gram-negative bacteria through the type V secretion mechanism, and they transport themselves through the outer membrane. The extracellular passenger domain at the N-terminal region of autotransporters often binds to a β-barrel folded by the C-terminal region in the bacterial outer membrane (Tame, 2011). Comparative genomics analysis has shown that the cfa locus is present in all Eubartonellae, with a hypervariable antigenic region (Siewert et al., 2022b). Meanwhile, CFA is one of the major targets for protective neutralizing antibodies that can prevent the attachment of pathogens to erythrocytes independent of complement or Fc receptors in hosts (Siewert et al., 2022b).

The undetectable situation of Bartonella after erythrocyte invasion plays a significant role in its spread, aided by the mobility and the lack of organelles in mature red blood cells, posing challenges for treatment selection. Research on Bartonella will provide insight into intracellular parasitology.



Host immune response after Bartonella invasion

Bartonella can cause a broad spectrum of diseases in humans, and the severity of symptoms is closely related to the immune status of the patients. It can be self-limited in immunocompetent individuals (Windsor, 2001; Gai et al., 2015), and it also can be very serious and even fatal for individuals with human immunodeficiency virus (HIV) or advanced immunosuppression (Mosepele et al., 2012). Bartonellae can establish long-lasting intraerythrocytic bacteremia, therefore, the intraerythrocytic cellular niche in host cells poses a daunting challenge to antibacterial immune defense. The lack of the major histocompatibility complex (MHC) on the cell surface of erythrocytes prevents antigen presentation, making MHC-dependent cytotoxicity an ineffective response. However, other immune responses are employed by the host to eliminate the pathogen.

Macrophages and DCs are innate immune cells that are vital for host’s defense against Bartonella invasion. In vitro, co-incubation of murine macrophage cell line J774 with B. henselae led to rapid internalization of the bacterium by the macrophages. The phagocytosis of unstimulated murine macrophages to B. henselae achieved full saturation within 4 h, accompanied by a significant increase in the expression of tumor necrosis factor α, interleukin (IL)-1β, and IL-6 by J774 (Musso et al., 2001). Following phagocytosis of B. henselae, DCs highly express the aforementioned three cytokines and upregulate the expression of CXCL8, CXCL1, and CXCL13, which recruit neutrophils and B cells to the site of infection (Vermi et al., 2006). The secretion of pro-inflammatory cytokines contributes to the formation of characteristic granuloma in CSD, which promotes the confinement of B. henselae to specific sites, limiting its spread within the host.

Mounting antibody responses that neutralize the pathogen is proved to be critical for clearing Bartonella cells in the blood of infected mice (Koesling et al., 2001). Studies have demonstrated that antibodies can prevent bacterial attachment to erythrocytes and suppress bacteremia independent of complement or Fc receptors (Pulliainen et al., 2012). The antibodies that interfere with B. taylorii adhesion to erythrocytes in vitro belong to the IgG2a and IgG3 isotypes (Siewert et al., 2022b; Figure 3). In this humoral immune defense process, the bacterial surface determinant CFA was recently identified as a target for protective antibodies (Siewert et al., 2022b). Furthermore, antibodies against B. bacilliformis could confer long-term immune protection. Individuals living in high-risk areas for B. bacilliformis have been found to possess significantly higher serum IgG levels specific to B. bacilliformis compared to those living in areas where the first outbreak of Carrion’s disease occurred (Gomes et al., 2016b). During CSD infection, IgG and IgA are the main antibodies induced, with IgG1 being the major subclass of IgG (McGill et al., 1998). Specific IgM is the predominant antibody during the acute infectious phase in B. bacilliformis-infected patients and elevated specific IgG levels indicate a history of infection (Pons et al., 2017). However, in vitro experiments have shown extensive cross-reactivity between B. henselae to various microorganisms, such as Treponema pallidum and Chlamydia group (McGill et al., 1998). The above humoral immune processes can be seen in Figure 3.
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FIGURE 3
The immune response of the host to Bartonella and immune escape mechanism of Bartonella.


The complement system, an important part of the innate immune system, plays a key role in defending against Bartonella before it enters erythrocytes in blood vessels and other cell types in peripheral tissues. An in vitro experiment showed that the alternative pathway of the complement system was primarily involved, with activation of the classical pathway also detected when human-derived non-immune serum was exposed to B. henselae (Rodriguez-Barradas et al., 1995; Figure 3).

In addition, humoral immune defense is essential in preventing and eliminating vertical transmission of Bartonella. Vertical transmission of Bartonella exists in mice and has been reported in a patient (Breitschwerdt et al., 2010b). Siewert et al. (2022a) recently found that only B cell-deficient offspring developed persistent bacteremia upon vertical transmission of B. taylorii in mice, whereas the corresponding wild-type offspring cleared the infection and developed protective immune memory. This result severely challenges the proposal that immunological tolerance in offspring due to vertical transmission is a mechanism of Bartonella persistence (Kosoy et al., 1998).

Besides, Bartonella infection stimulates the secretion of certain cytokines in the host. Specifically, interferon γ, which activates macrophages to destroy intracellular pathogens, is highly expressed in the peripheral blood of cats with bacteremia (Kabeya et al., 2009) and in the spleen cells of B. henselae-infected mice (Kabeya et al., 2007). Additionally, innate immune defense mechanisms, such as mannan-binding proteins, may also play a role in the recognition and elimination of B. henselae (Ezekowitz and Stahl, 1988; Rodriguez-Barradas et al., 1995). In contrast, cell-mediated immune response (CMI) is crucial for eliminating pathogens when Bartonella, especially B. henselae, enters host cells (excluding erythrocytes) (Kabeya et al., 2009).



Bartonella immune escape in mammalian host

Bartonella has also developed several strategies to evade the host’s immune response. Evasion of innate immune response is a prerequisite for Bartonella to establish intracellular infection in the host. When Bartonella is inoculated at subcutaneous or intradermal sites, it is first and foremost exposed to resident DCs and macrophages. B. tribocorum has been reported to be resistant to phagocytosis in rats (Hong et al., 2017). The phagocytosis resistance is likely delivered by the structural mechanism of bacterial aggregates and is validated by the fact that a badA knock-out Bartonella strain is more susceptible to phagocytosis by macrophages (Riess et al., 2004). Even if engulfed by macrophages, Bartonella can inhibit pyroptosis and suppress the expansion of the inflammatory response (Hong et al., 2017). Alternatively, it can form a unique Bartonella-containing vacuole (BCV) that can delay lysosomal targeting and destruction (Kyme et al., 2005).

As gram-negative bacteria, Bartonellae possess a lipopolysaccharide (LPS) component on the outer membrane that is a well-known ligand for Toll-like receptor 4 (TLR4). However, Bartonella LPS is poorly recognized by TLR4, which may also contribute to the low efficiency of phagocytosis. LPS of B. quintana and B. henselae exhibits several unusual features, including a unique structure, lipid A with a long fatty acid side chain, and a lack of an O-chain polysaccharide (Zahringer et al., 2004; Popa et al., 2007; Malgorzata-Miller et al., 2016). Furthermore, the LPS of B. quintana is an antagonist of TLR4, inhibiting the expression of cytokines, including IL-1β, IL-6, and tumor necrosis factor α, generated by TLR4-linked pathways (Popa et al., 2007; Mosepele et al., 2012; Malgorzata-Miller et al., 2016). During Bartonella infection, TLR4 does not play a significant role in pathogen recognition. Instead, the host’s innate immune response is triggered through TLR2 recognition (Vermi et al., 2006; Matera et al., 2008). In the case of Candida albicans infection, TLR2 has been shown to induce IL-10 secretion and Treg cell survival, thereby inhibiting inflammation (Netea et al., 2004). However, it is still unknown whether Bartonella infection triggers a similar response.

An antagonistic mechanism against the complement system has also been identified in Bartonella. BadA is proven to be critical for bacterial resistance to the host complement system. A badA-knockout Bartonella birtlesii mutant was susceptible to mouse serum, whereas the wild-type B. birtlesii expressing active BadA was resistant, which could be neutralized by anti-BadA antibodies (Deng et al., 2012).

Antigenic variation is another efficient strategy for Bartonella to evade the host immune response (Figure 3). Two important virulence factors, BadA in B. henselae (Riess et al., 2004) and the Vomp family in B. quintana (Zhang et al., 2004), have great potential to evade the host immune response through antigenic variation. The stem domain of badA and vomp contains modular and repetitive DNA sequences that perhaps increase the recombination frequency of the corresponding genes (Linke et al., 2006), while the internal structure of the vomp locus promotes recombination and deletion of the vomp gene (Zhang et al., 2004). The variable expression of Vomp family members was detected in both macaque animal models and B. quintana-infected humans (Zhang et al., 2004), and the expression of BadA seemly exhibits the characterization of phase variation (Thibau et al., 2022a). Intriguingly, B. bacilliformis can evade Toll-like receptor 5 by possessing unique amino acid sequences in flagellin that are different from the evolutionarily conserved ones required for microbial fitness (Andersen-Nissen et al., 2005; Figure 3). Bartonella CFA, an important target of protective antibodies, has a hypervariable antigenic region in both human- and mouse-hosted Bartonella strains (Siewert et al., 2022b). This hypervariability has the potential to allow for antibody evasion in the same mammalian host infected with different Bartonella strains through multiple sequential or timewise overlapping modes.

Suppression of immune response is also employed by Bartonella to escape the host immune response. Some Bartonella species, such as B. quintana and B. henselae, can promote mononuclear cells and DCs to secrete IL-10 (Papadopoulos et al., 2001; Vermi et al., 2006; Foca et al., 2012; Schmidgen et al., 2014), which suppresses inflammation response and facilitates the continuous progression of asymptomatic pathogen infection (Kabeya et al., 2007; Couper et al., 2008). The vital function of IL-10 in Bartonella’s immune evasion has been demonstrated in mouse models, as the pathogen B. birtlesii is unable to establish bacteremia in IL-10 knockout mice (Marignac et al., 2010). What’s more, recent studies showed that BepD activated the STAT3 pathway and promoted the secretion of anti-inflammatory cytokine IL-10, which may play a role in the resistance of Bartonella to innate immune cells in the dermal niche (Fromm and Dehio, 2021). In addition, B. vinsonii reduces MHC-II expression on the surface of B cells in dogs, suggesting the declined B-cell antigen presentation to helper T cells (Pappalardo et al., 2001). In cats, post-infection with B. henselae leads to a decreased number of CD4+ cells (Kabeya et al., 2009), yet the corresponding mechanism is still unknown.

The intracellular persistence of Bartonella is another unique strategy to avoid the host humoral immune system. B. quintana, for example, colonizes intracellularly without causing hemolysis of erythrocytes, which benefits the spread through body lice and cause repeated infection (Rolain et al., 2002, 2003). Recent studies have also detected B. quintana in human dental pulp stem cells (DPSCs), and the increase of bacterial load within the cellular niche does not affect the proliferation of DPSCs (Oumarou Hama et al., 2021).

The host immune response and Bartonella immune escape competes and restricts each other as shown in Figure 3. A strong immune response can reduce the frequency of host bacteremia, leading to recovery under the combined action of specific and non-specific immunity. However, weak immune response can result in repeated and long-term Bartonella infection, which can even be life-threatening. Therefore, studying the host immune response after Bartonella infection can help understand the causes of bacillary angiomatosis, peliosis hepatis, CSD, and other diseases, and provide new ideas for alleviating the clinical symptoms of patients after Bartonella infection.



Conclusion

Bartonella is primarily transmitted through the feces of blood-sucking arthropods or traumatic contact with infected animals. The invasion of Bartonellae in lineage 3 and lineage 4 is facilitated by the VirB/VirD4 T4SS system and Beps protein. The pathogen’s invasion triggers the humoral and cellular immune responses of the host. Particularly, the immune system produces various antibodies to neutralize pathogens, playing a vital role in the removal of Bartonella from the bloodstream.

However, Bartonella species have developed several mechanisms to evade or resist the host’s immune response, which allow them to cause long-termed and repeated bacteremia. Some Bartonella species rely on special LPS structure or are hidden in host cells, while others stimulate the host to produce cytokines that weaken the immune response. Here we briefly summarized the recent findings on how Bartonella interacts with host ECs. Among the well-studied molecules are the trimeric family of autotransporters, α-enolase, and BafA. Additionally, Bartonella infection of MSCs can increase the susceptibility of ECs to Bartonella. The molecular involvement during erythrocyte invasion has also deepened our understanding of Bartonella infection. Investigating the mechanism of Bartonella infection on ECs and erythrocytes is crucial for comprehending Bartonella disease. Despite significant efforts, there remain numerous uncertain aspects that require further investigation, such as fully elucidating the functions of various types of molecules mentioned above. Future studies on Bartonella may require more appropriate in vitro and in vivo infection models, as well as functional genomics studies. Our efforts would be directed toward developing more effective and economical methods for detecting Bartonella in the population, as well as preventing and treating the diseases caused by Bartonella.
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