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Editorial on the Research Topic 


Microbiology and pathogenesis of Chlamydia, Coxiella, and Rickettsia


This Research Topic sheds light on the complex interplay between obligate intracellular pathogens and their hosts, the innovative methods driving new discoveries, and the ongoing challenges in combatting these infections. If we consider that eukaryotic cells as we know them have been shaped by the co-evolution with symbiotic microbes, bacterial adaptation to an intracellular lifestyle is very ancient. Initially internalised as nutrients by grazing unicellular organisms, some microbes have been gradually selected for their capacity of surviving and replicating within phagocytic cells. Accessing an intracellular environment presents several advantages over the extracellular lifestyle. Inside eukaryotic cells, microbes can escape harsh conditions encountered in the extracellular environment including the humoral immune system. Furthermore, the cytoplasm and the lumen of intracellular vesicles are nutrient-rich environments that can be exploited by microbes. Finally, eukaryotic cells can transport microbes over long distances, thereby promoting their dissemination and granting access to organs that are distant from the initial point of access. Intracellular lifestyle turned out to become such an advantage for many microbes, that these evolved means to ease their internalisation, either by exposing proteins that mimic ligands for eukaryotic cell-surface receptors or by injecting effector proteins into the cytoplasm of host cells to trigger local plasma membrane remodelling mimicking phagocytosis and micropinocytosis in non-phagocytic cells.

Over the course of evolution, some intracellular microbes have adapted so well to the intracellular environment to gradually shed genes essential for an extracellular lifestyle, including DNA regions encoding entire metabolic pathways, becoming strictly dependent on their host to scavenge energy, nutrients and metabolites required for replication. Research into these processes not only enhances our understanding of bacterial survival strategies but also identifies potential targets for therapeutic intervention. Recent advances on this topic are reviewed here by Mandel et al. (Mandel et al.). Curiously, among genes shed during intracellular adaptation are also components of the divisome and elongasome, that regulate binary cell division. This suggests that plasticity in bacteria cell division processes is also part of intracellular adaptation (Harpring and Cox).

Despite the interest that infections by these pathogens have raised, an obligate intracellular lifestyle historically imposed important constraints in our capacity to identify, validate and investigate their virulence determinants and adaptation strategies. Advances in whole genome sequencing and comparative genomics has provided unprecedented insights into their virulence, evolution, and phylogeny of obligate intracellular pathogens, revealing the genetic basis for pathogenicity and host specificity. As illustrated by Luu et al., these approaches allowed the identification of conserved and unique genetic elements that could serve as targets for diagnostics and therapeutics (Luu et al.). In parallel, innovations in genetic systems have revolutionized the study of obligate intracellular human-pathogenic bacteria. Fisher and Beare present advances in the development of new tools for genetic manipulation, including CRISPR-Cas systems and transposon mutagenesis, which have facilitated functional genomics studies, enabling researchers to dissect the roles of specific genes in pathogenesis and survival (Fisher and Beare). These important breakthroughs fostered remarkable progress in the study of obligate intracellular bacteria.

Key to the virulence of obligate intracellular vacuolar pathogens, such as Chlamydia and Coxiella, is the establishment and maintenance of a niche within host cells. These compartments, that only exist in the context of infections, are composed of host and microbial proteins, opening fascinating research avenues in cell biology and host/pathogen interactions. The biogenesis of intracellular replicative niches perfectly represents the sophisticated interactions with host cell signalling pathways and membrane trafficking and largely rely on microbial effector proteins. These are translocated from the cytosol of bacteria to that of the host cell by specific nanomachines, the secretion systems. Understanding these mechanisms is crucial for developing targeted therapies. Here, Clemente et al., Jury et al. and Bui et al. illustrate the complexity of host/pathogen interactions functional for niche biogenesis and infection and shed light on new advances on the function of Type 1 Secretion Systems used by Rickettsiales, highlighting newly identified immunoreactive substrates (Bui et al.; Clemente et al.; Jury et al.).

A logical consequence of adapting an obligate intracellular lifestyle is the evolution of strategies to evade and/or dampen innate immune recognition by the host. These bacteria can avoid detection and destruction by modulating host cell processes, such as preventing the fusion of phagosomes with lysosomes, thereby avoiding degradation. They also interfere with host signalling pathways to dampen inflammatory responses, inhibit apoptosis, and subvert autophagy. Additionally, these pathogens can manipulate host immune responses by altering cytokine production and immune cell recruitment, ensuring a favourable intracellular environment for their proliferation while evading the host’s innate defences. Londoño et al. report intriguing examples of these strategies deployed by Rickettsia species and Anaplasma phagocytophylum (Londoño et al.). Regardless of their capacity of inhibiting the innate immune response and hijack membrane traffic to generate an intracellular niche compatible with replication, intravacuolar pathogens remain exposed to numerous host-specific stresses, including nutrient limitations. To overcome such challenges, bacteria evolved the capacity of forming persistent forms. Importantly, development of persistence is associated to antibiotic therapy failure and chronic infections. In the context of Chlamydia infections, understanding persistence mechanisms is critical for addressing chronic and recurrent infections (Riffaud et al.). Importantly, these type of infections in the female genital tract can lead to fibrosis of the fallopian tubes, consistently linked to scarring, causing ectopic pregnancy or infertility. Recent studies report that this could be directly linked to C. trachomatis induced growth factor signalling and pro-fibrotic remodelling of the extracellular matrix (Caven and Carabeo). Additionally, C. trachomatis infection can cause epithelial cells to undergo an epithelial-to-mesenchymal transition, transforming into a myofibroblast-like phenotype (Caven and Carabeo). In addition, a study by Ardizzone et al. highlights the complex interplay between C. trachomatis infection, the vaginal microbiota, and bacterial vaginosis (BV). It examines how the burden of C. trachomatis correlates with changes in the vaginal microbiota and the impact of metronidazole treatment on this relationship (Ardizzone et al.). These findings underscore the importance of considering the vaginal microbiota in managing Chlamydia infections and suggest potential avenues for improving treatment outcomes.

In conclusion, the study of obligate intracellular bacteria continues to reveal new dimensions of their complex biology and interactions with host organisms. However, significant challenges remain, particularly in the areas of persistence, immune evasion, and vaccine development. Advances in genetic tools, genomics, and an improved understanding of host-pathogen dynamics are paving the way for innovative treatments and vaccines, which remains a significant challenge. New tools and approaches are being employed to develop vaccines against these pathogens. Recent progress in this area reviewed by Van Schaik et al. offers hope for effective vaccines that could prevent infections and reduce the global burden of diseases caused by these elusive bacteria (Schaik et al.). Continued research and collaboration are essential to overcome these hurdles and combat the diseases caused by these formidable pathogens.
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Rickettsial agents are a diverse group of alpha-proteobacteria within the order Rickettsiales, which possesses two families with human pathogens, Rickettsiaceae and Anaplasmataceae. These obligate intracellular bacteria are most frequently transmitted by arthropod vectors, a first step in the pathogens’ avoidance of host cell defenses. Considerable study of the immune responses to infection and those that result in protective immunity have been conducted. Less study has focused on the initial events and mechanism by which these bacteria avoid the innate immune responses of the hosts to survive within and propagate from host cells. By evaluating the major mechanisms of evading innate immunity, a range of similarities among these bacteria become apparent, including mechanisms to escape initial destruction in phagolysosomes of professional phagocytes, those that dampen the responses of innate immune cells or subvert signaling and recognition pathways related to apoptosis, autophagy, proinflammatory responses, and mechanisms by which these microbes attach to and enter cells or those molecules that trigger the host responses. To illustrate these principles, this review will focus on two common rickettsial agents that occur globally, Rickettsia species and Anaplasma phagocytophilum.
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Introduction

Rickettsial pathogens are among a broad range of obligate intracellular bacteria that have evolved through the combined colonization and expansion in arthropod vectors and vertebrate hosts. Although defined by genome similarities, the overall Rickettsiales class that is comprised of several families possesses only two families with established pathogens of humans, Rickettsiaceae and Anaplasmataceae. The nature of arthropod-borne transmission, whether by the bites of ticks or mites, via the inoculation of louse- or flea bite wounds with infected arthropod feces, or via ingestion of infected foods, provides an accelerated mechanism to bypass key host innate protections, in particular, the skin barrier. However, despite this, a range of pathogens with similar genomes have a variable capacity to infect and to initiate disease in humans and in animal models. These aspects of innate protection or evasion thereof, are further impacted by the effects of the arthropod vectors, such as with the saliva of ticks or mites. These various pathogens that require infection of living cells in their hosts adhere to, invade, alter, replicate in, evade immune recognition, and facilitate host cell injury and disease that varies by pathogen and host. Understanding these events is key to defining approaches toward disease control. This broad area of investigation requires a more comprehensive review than possible in this review, which will thus focus on salient issues relating to innate immune response either of hosts and the evasion mechanisms used by members of the Rickettsia genus as examples of cytosolic pathogens, and by Anaplasma phagocytophilum as an example of an intravacuolar pathogen, representing the two most domestically common human infections by rickettsiae (Table 1).


Table 1 | Key innate immune events and mechanisms in diseases caused by Rickettsia spp. and Anaplasma phagocytophilum infection.







The genus Rickettsia




Early events in Rickettsia transmission and dissemination

Rickettsia spp. pathogens can be transmitted by ticks, mites, fleas, or lice. They predominantly infect vascular endothelial cells in mammalian hosts, except for R. akari, which prefers monocytes and macrophages. However, increasing investigations suggest more robust involvement of monocyte/macrophages than previously believed. Once within the host dermis, CD68+ cells (macrophages and dendritic cells) are suspected to be among the first that become infected and disseminate to inevitably infect vascular endothelial cells (Walker et al., 1999; Fournier et al., 2005; Sahni et al., 2019). This leads to vascular instability and microvascular permeability as a result of or in conjunction with rickettsial vasculitis (Mansueto et al., 2012; Påhlson et al., 2021).

Based on the model of Rickettsia typhi dissemination in guinea pigs, the likely early and innate role of dendritic cells in both infection and dissemination were initially revealed (Murphy et al., 1978). After intradermal inoculation, viable rickettsiae are still present at the inoculation site up to 5 days. By day 5, the rickettsiae readily disseminate to the draining lymph nodes, but not elsewhere; by day 7, rickettsiae are found in blood and in end organs (spleen and kidney). Interactions between Rickettsia spp. and macrophages or dendritic cells are increasingly understood and appear to be critical for infection and induction of innate response that condition subsequent protective adaptive immunity. For example, dendritic cells (DCs) from C3H mice, a susceptible strain, but not from resistant C57BL/6 (B6) mice, are differentially stimulated by R. conorii infection. While DCs from both strains differentiate with infection to express increased major histocompatibility complex (MHC) and costimulatory molecules, DCs from B6 animals sustain higher infection densities, higher expression levels of MHC class II, IL12, and increased CD4+ T cell priming for gamma interferon (IFNγ) production than do DCs from C3H mice, that develop a suppressive response with a high frequency of Foxp3+ T regulatory cells (Fang et al., 2007). Similarly, adoptive transfer of rickettsia-stimulated DCs protect mice from lethal infection through rickettsia-induced differentiation and expression of CD40, CD80, CD86, MHC class II molecules, production of IL2, IL12, and IL23 that together promote T cell IFNγ expression (Jordan et al., 2007). Of interest, R. conorii survives infection in the macrophage-like cell line THP-1 whereas the non-pathogenic R. montanensis does not, presumably related to the ability of the former to escape the phagolysosome (Curto et al., 2016). Moreover, a key distinction appears to relate to the ability of R. conorii to alter macrophage transcriptional programs that include modulated anti-inflammatory gene expression, upregulated pro-survival genes, and expression of distinct transcription factors that result in an M2-like differentiation phenotype. This includes unique events likely exerted through toll-like receptor 3 (TLR3) and toll-like receptor 4(TLR4) signaling that activate nuclear factor-kappaB (NF-κB) and subsequently tumor necrosis factor alpha (TNFα) signaling (Curto et al., 2019a; Curto et al., 2019b). The mechanisms by which this occurs are unclear.





Innate immunity triggering events

As Gram-negative bacteria, rickettsiae possess a range of potential triggering ligands, including lipopolysaccharide, peptidoglycan and prokaryotic DNA. All of these ligands can be recognized by the innate immune system as pathogen-associated molecular patterns (PAMPs) through host pattern recognition receptors (PRRs) such as membrane-bound Toll-like receptors (TLRs) and the cytoplasmic NOD-like receptors (NLRs) (Schroeder et al., 2016). For the genus Rickettsia, recognition can be initiated through TLR4, and molecular adaptors for this pathway involve MyD88 and Toll-receptor-associated activator of interferon (TRIF) that mediate production of inflammatory cytokines as well as components of host cellular immunity (Sahni et al., 2019). Plasma concentrations of proinflammatory cytokines as IL12, IL6, and TNFα are higher in TLR4-competent mice compared with C3H/HeJ mice naturally defective in TLR4 signaling. As a consequence, C3H/HeJ mice develop higher bacterial loads and succumb to otherwise sub-lethal doses of R. conorii (Jordan et al., 2008). How much of innate immune recognition occurs at the level of the vascular endothelium is not known. However, TLR4 signaling in DCs stimulated by R. conorii activates NK cytotoxicity in the murine model of fatal spotted fever rickettsiosis (Jordan et al., 2009) mediated through MyD88 leading to subsequent NF-κB and IL1β-induced proinflammatory responses (Bechelli et al., 2016). Similarly, live- or heat-killed-R. akari can be recognized through TLR2 or TLR4 using transfection-based complementation of TLR2/4-negative HEK293T cells with human TLR2 or TLR4 co-expressed with CD14 and MD-2 resulting in IκBα degradation, NF-κB reporter activation, and IL8 expression (Quevedo-Diaz et al., 2010). Some evidence suggests differential expression of host inflammatory genes with pathogenic R. conorii vs. non-pathogenic R. montanensis, including the suppression of CD14 required for TLR4 signaling, a potential virulence and survival attribute that correlates with the ability of macrophages and macrophage-like cells to kill non-pathogenic species through lysosomal degradation (Curto et al., 2019a; Kristof et al., 2021). Asc knockout mice are more susceptible to R. australis infection demonstrating that activation of the inflammasome, likely through NLRP3 in macrophages, is important for protective immunity (Smalley et al., 2016).





Autophagy and autophagy subversion

Control of intracellular bacteria is often achieved through the induction of autophagy, a cytoplasmic bulk degradation process in which contents are degraded upon fusion with lysosomes for host cell components, or by xenophagy for foreign components, such as intracellular microbes. R. australis-infected Atg5flox/flox Lyz-Cre mice deficient in autophagy in macrophages and granulocytes only, develop lower bacterial loads in liver, spleen, and lung, and higher levels of plasma pro-inflammatory cytokines, including IL1α, IL18, TNFα, and IL6, when compared with Atg5flox/flox mice in a rickettsia-modified autophagic response (Bechelli et al., 2019; Bechelli et al., 2021). R. parkeri, a BSL2 model spotted fever group Rickettsia species, employs outer membrane protein B (OmpB) to block ubiquitination of bacterial surface proteins, including OmpA, and subsequent recognition by autophagy receptors to block this process in macrophages (Engström et al., 2019). This hypothesis is confirmed by study of two proteins that Rickettsia spp. uses to methylate OmpB lysine residues, protein-lysine methyltransferase enzymes PKMT1 and PKMT2. R. parkeri pkmt1 and pkmt2 mutants, compared with R. parkeri WT strain in an AG129 (Ifna/b/gr-/-) mouse model, succumbed to infection with WT bacteria but not in pkmt1- or pkmt2-mutants (Engström et al., 2021). Alternative hypotheses that could explain these observations include the possibility that OmpB has deubiquitinase activity, or that OmpB camouflages the bacterial surface itself or recruits other host proteins, but neither is yet demonstrated (Engström et al., 2019).





Rickettsial adhesion and invasion events

A key to Rickettsia spp. evasion of innate immunity is the ability to escape and survive within the host cell cytosol. Bioinformatics-based analyses of rickettsial genomes identify a family of autotransporter genes referred to as surface cell antigen genes (sca), including sca0 through sca16; not all Sca proteins/genes are functional. Only Sca0 through Sca5 (Sca0 or OmpA, Sca1, Sca2, Sca3, Sca4, and Sca5 or OmpB) are active, playing roles in adhesion and entry of the host cell (Schroeder et al., 2016; Sahni et al., 2019). But rickettsial adherence is not limited to Sca proteins; two additional proteins are described with rickettsial adhesion, including Adr1 and Adr2 identified in R. conorii and R. prowazekii, respectively (Schroeder et al., 2016). The earliest identified host receptor involved in rickettsial internalization is Ku70 (subunit of DNA-dependent protein kinase) that interacts with OmpB (Martinez et al., 2005). Other host receptors include α2β1 integrin, fibroblast growth factor receptor-1 (FGFR1), and an unknown protein receptor, perhaps ANXA2 that engages cytosolic Rap guanine nucleotide exchange factor 3 (Epac1), an exchange protein directly activated by cyclic AMP, could have key roles during bacterial adhesion and invasion (Gong et al., 2013; Hillman et al., 2013; Sahni et al., 2017). It is likely that other proteins are involved as well in this process since clathrin and caveolin-2 proteins contribute to endocytosis and rickettsial internalization (Chan et al., 2009). Once the bacteria activate endocytosis, they escape from the early endosome prior to lysosome fusion to enter the cytosol via a process mediated by rickettsial phospholipase A2, phospholipase D, hemolysin C, and others (Sahni et al., 2019).





Animal models of rickettsial innate immunity

Interactions between rickettsiae and hosts, including innate immune responses, are well studied using murine models (Osterloh, 2017; Sahni et al., 2019). C3H/HeN mice are susceptible to a broad range of rickettsiae (Walker et al., 1994; Walker et al., 2000; Londoño et al., 2019). R. conorii- and R. parkeri-infected C3H/HeN murine models closely mimic human disease and pathology since endothelial cells are the major targets of infection (Walker et al., 1994; Londoño et al., 2019), but require intravenous inoculation to bypass host events in the skin. Alternately, C57BL/6 mice are susceptible to infection only with R. australis but highly resistant to R. conorii and other rickettsiae (Feng et al., 1993). Regardless, C57BL/6 knockout mice have been important tools for study of the critical host immune system components during rickettsiae infection (Feng et al., 1993; Osterloh, 2017). In this sense, C57BL/6 mice with genotypes that compromise the innate immunity, such as major histocompatibility complex 1 (Mhc1-/-), perforin (Prf1-/-), interferon gamma (Ifng-/-), or Nod-like receptor family pyrin domain containing 3 (Nlrp3-/-) are more susceptible to R. australis infection compared to WT animals (Osterloh, 2017). Rickettsia-infected NK cell-deficient mice are impaired at bacterial clearance, develop early severe liver thrombosis, and have decreased serum IFNγ levels compared with WT mice (Fang et al., 2012). C3H/HeJ mice, which are defective in TLR4 signaling and thereby defective in LPS responses, are more susceptible to R. conorii infection compared with the C3H/HeN control strain (Jordan et al., 2008). C57BL/6 Ifna/b/gr-/-, and similarly AG129 mice, which share an IFN receptor deficiency genotype, are R. parkeri dose-dependent lethal models (Burke et al., 2021). In contrast, individual Ifnar−/− and Ifngr−/− mice do not show signs of severe disease even at the highest infectious dose (Burke et al., 2020).

During rickettsial infection, endothelial cells increase i) interactions with leukocytes in an IL1α pathway-dependent manner; ii) secretion of pro-inflammatory cytokines (IL6 and IL8) and expression of chemokines (CCL2, CCL3, CCL4, CCL5, CCL12, CCL19, CCL21, CX3CL1, CXCL1, CXCL9, and CXCL10); iii) expression of adhesion molecules (E-selectin, L-selectin, P-selectin, ICAM1, and VCAM1); iv) altered levels of antioxidant enzymes, accumulation of intracellular reactive oxygen species (ROS), and reduced levels of protective thiols; and, v) activation of host defense expression of TNFα and IFNγ to induce superoxide anion (O2−) and hydroxyl radicals (OH−)(Schroeder et al., 2017; Sahni et al., 2019). All of these changes lead to or end with increased vascular permeability. The proinflammatory signaling NF-κB and mitogen-activated protein kinases (MAPK) pathways are activated during rickettsial infection. Rickettsiae stimulate NF-κB activation via the canonical pathway, where IκB (inhibitor of NF-κB) is phosphorylated by IκB kinase (IKK), releasing NF-κB from the NFκB–IκB complex to translocate to the nucleus where it binds to promoters at κB binding sites to increase expression of inflammatory cytokines. The major modules of the MAPK pathways are signal-regulated kinases (ERKs), p38 MAPK, and c-JUN NH2-terminal kinase (JNK), and these can be stimulated independently or constitutively by rickettsial infection (Schroeder et al., 2016).






Anaplasma phagocytophilum

Human granulocytic anaplasmosis (HGA), caused by infection with A. phagocytophilum, an intravacuolar rickettsia that infects predominantly neutrophils in mammals and humans, was first identified in 1990 in a Wisconsin patient who died with a severe febrile illness 2 weeks after a tick bite (Bakken et al., 1994; Chen et al., 1994). HGA is the second most common tick-borne infection in the U.S. and is increasingly recognized as an important and frequent cause of fever after tick bite in many parts of Europe and Asia in areas where Ixodes ticks bite humans (Fang et al., 2015; Rosenberg et al., 2018). HGA is clinically variable, but most patients have a moderately severe febrile illness with headache, myalgia, and malaise. Frequent laboratory abnormalities include thrombocytopenia, leukopenia, anemia, and elevated hepatic transaminase levels. Seroepidemiologic data suggests that many infections go unrecognized, especially in endemic areas (Bakken and Dumler, 2015). Severity sufficient for hospitalization is observed in half of symptomatic patients and severe complications include a septic or toxic shock–like syndrome, coagulopathy, atypical pneumonitis/acute respiratory distress syndrome (ARDS), macrophage activation (MAS)/hemophagocytic lymphohistiocytosis (HLH) among others (Bakken and Dumler, 2015).




Subversion of innate neutrophil responses by A. phagocytophilum

A. phagocytophilum survives and propagates in neutrophils, abundant, short-lived innate immune phagocytes whose main function is microbial killing. A. phagocytophilum released from infected cells are enriched for a population that are infectious (dense core) but metabolically inert. Initial interactions of the bacterium occur by binding of bacterial invasion protein A (AipA), surface protein (Asp14), and outer membrane protein A (OmpA) to mediate optimal entry; in vivo, infection is suppressed by antibodies to AipA and Asp14 (Naimi et al., 2020). Adhesion occurs through binding to neutrophil PSGL-1 decorated with α2,3-sialic acid and α1,3-fucose of the sLex tetrasaccharide (Goodman et al., 1999). Entry depends on the early introduction of the type 4 secretion system effector protein ankyrin A (AnkA) into the neutrophil bound with A. phagocytophilum. AnkA then binds to Abl-interactor 1 (Abi-1), an adaptor that mediates an interaction with Abl-1 tyrosine kinase resulting in AnkA phosphorylation. Activation of the WAVE regulatory complex then results in endosome formation, A. phagocytophilum’s first perturbation of innate immune control (Lin et al., 2007). Thereafter, the bacterium-containing vacuole accumulates markers of autophagosomes except for the presence of monoubiquitinated proteins and enrichment in cholesterol and Rab proteins. These traffic the vacuole to the trans Golgi network and the endoplasmic reticulum, and as clathrin-independent recycling endosomes, preclude degradation (Truchan et al., 2013; Truchan et al., 2016a; Truchan et al., 2016b). In fact, these attributes are likely a result of A. phagocytophilum’s capacity to initiate formation of a multivesicular body as a protected niche in which to propagate and eventually release infectious progeny to sustain infection (Read et al., 2022).

With established infection, A. phagocytophilum abrogates key neutrophil functions, including antimicrobial activity, oxidative burst, apoptosis, vascular margination, emigration, and phagocytosis while activating proinflammatory responses including degranulation and cytokine/chemokine production (Dumler, 2012). Infection of neutrophils and HL-60 cells produce striking quantities of chemokines, including IL-8, RANTES, MIP1α, MIP1β, and MCP1, but not other cytokines observed with in vivo infection, including IFNγ, IL-10, TNFα, IL1β, or IL4 (Dumler et al., 2000; Martin et al., 2000). Antibody blockade of chemokine receptor 2 (CXCR2) and infection of CXCR2 knockout mice substantially reduces propagation owing to loss of recruitment of ancillary uninfected neutrophils (Scorpio et al., 2004). Moreover, engagement of opsonophagocytic receptors and degranulation are usually accompanied by rapid cell death, but with A. phagocytophilum, opsonophagocytic receptor expression is downregulated, precluding a direct antimicrobial effect, and degranulation is protracted, potentially exacerbating inflammation, especially with delayed apoptosis of infected neutrophils (Garyu and Dumler, 2005). These events likely provide a fitness advantage to the bacterium by recruitment and survival of new neutrophil host cells, and increasing the blood concentrations of infected cells that can be acquired by tick bite. The disadvantage of chemokine and other induced proinflammatory responses is collateral inflammatory tissue damage (Scorpio et al., 2005; Browning et al., 2006; Scorpio et al., 2006; Choi et al., 2007).

There are several notable alterations of neutrophil function and physiology observed with A. phagocytophilum infection. A. phagocytophilum survives its initial encounter by suppression of respiratory burst through epigenetic silencing of CYBB (gp91phox) and RAC2 (Banerjee et al., 2000; Carlyon and Fikrig, 2006; Garcia-Garcia et al., 2009a; Garcia-Garcia et al., 2009b). When released from the bone marrow, neutrophils are preprogrammed for apoptosis within 12-24h. Delayed apoptosis with A. phagocytophilum–infected neutrophils provides a mechanism for expanding microbial populations, and in part relates to p38 MAPK transcriptional activation of BCL2 family genes and stabilization of the mitochondrial pathway that ultimately prevents procaspase 3 processing (Scaife et al., 2003; Choi et al., 2005; Ge et al., 2005; Lee and Goodman, 2006).

Infection by A. phagocytophilum results in significant disruption of other normal neutrophil functions, including diminution of endothelial cell adhesion and transmigration, increased motility of infected cells, degranulation, inhibited respiratory burst, and defective phagocytosis and antimicrobial killing (Choi and Dumler, 2003; Choi et al., 2003; Choi et al., 2004a; Garyu et al., 2005; Bussmeyer et al., 2010; Schaff et al., 2010). A. phagocytophilum–infected neutrophils and HL-60 cells are inhibited from binding to HUVEC and brain microvascular endothelial cells, even under conditions of low shear stress (Park et al., 2003). The adhesion defect results from A. phagocytophilum-induced degranulation of proinflammatory proteins including metalloproteases that act as sheddases. This results in the loss of neutrophil PSGL-1 and L-selectin, which mediate the critical first step in neutrophil tethering to activated endothelial cell surfaces, despite the rapid mobilization of neutrophil surface β2-integrins (CD11b/CD18) and endothelial cell ICAM1 (CD54) that mediate the second phase of leukocyte arrest on endothelial cells (Choi et al., 2003; Choi et al., 2004a).

Changes in these A. phagocytophilum-infected neutrophil functions are in part attributed to altered host cell transcription. Transcriptional profiling of A. phagocytophilum-infected neutrophils or terminally differentiated granulocytes demonstrate marked differential expression of a range of neutrophils genes, both up- and down-regulated (Borjesson et al., 2005b; Lee et al., 2008; Dumler et al., 2018). Key pathways impacted by differential gene expression include cytokine-cytokine interactions, apoptosis, cell adhesion molecules, “systemic lupus erythematosus” (T and B cell receptor interactions, complement and coagulation cascades), and toll-like receptor signaling, among others. In addition to its role in A. phagocytophilum cell entry, AnkA enters the neutrophil nucleus and binds to multiple genomic loci across every human chromosome, largely enriched in intergenic regions and gene promoters (Dumler et al., 2016). The recognized silencing of CYBB upon A. phagocytophilum infection results from AnkA binding at the CYBB promoter which in turn recruits HDAC1 (Garcia-Garcia et al., 2009b; Rennoll-Bankert et al., 2015). The deacetylated histone H3 tightens DNA coiling, closing chromatin conformation to the exclusion of transcription factors accessible in the native conformation. This was also found present at the promoters of multiple host defense genes that were in turn silenced (Garcia-Garcia et al., 2009a). In fact, HDAC1 activity and expression are increased with infection and critical for A. phagocytophilum survival (Rennoll-Bankert et al., 2015). Interestingly, AnkA does not bind DNA in a sequence-dependent manner, but binds to extended enriched stretches of A, T, and C nucleotides on a single strand that identify matrix attachment regions (MARs) (Garcia-Garcia et al., 2009b). AT richness is a common feature of unstable base unpairing regions (BURs) that dissociate when placed under negative superhelical stress. BURs are found within MARs, specialized DNA structures that serve as attachment sites for nuclear matrix proteins such as lamins, scaffold attachment factor-1 and the special AT binding protein-1 (SATB1) known to organize nuclear chromatin for tissue-specific gene expression, chromatin accessibility and long-range chromatin conformational modifications (Galande and Kohwi-Shigematsu, 2000; Hawkins et al., 2001; Yasui et al., 2002; Cai et al., 2003; Cai et al., 2006). AnkA binds known and predicted MARs and intergenic regions established to interact with lamina associated domains that partition DNA into an inactive configuration within the nuclear lamina (Dumler et al., 2016). Whether these regions could also be released from the nuclear lamina for coordinated expression within transcriptional factories coalesced conceivably around AnkA in order to dramatically alter overall cellular transcriptional programs is an area of active investigation.





Innate immune recognition of A. phagocytophilum

Innate immune recognition of A. phagocytophilum is complex and many cellular responses with infection were discovered using animal models, including mice, horses, and dogs. Immune competent mice do not exhibit clinical signs of infection but develop histopathology characteristic of human and equine infections (Bunnell et al., 1999; Lepidi et al., 2000; Martin et al., 2000). In contrast to murine models, infection of horses nearly precisely mimics human infection, including the spectrum of clinical severity (Pusterla et al., 2000; Davies et al., 2011). While the initial interactions of A. phagocytophilum with neutrophils are well-studied, interactions with other immune cells that initiate innate immune responses, such as DCs, are less well defined. A. phagocytophilum differs from many other Gram negative bacteria in that it lacks both LPS and peptidoglycan, ligands for many common pattern recognition receptors. Unlike successful propagation in granulocytes and differentiated neutrophils, A. phagocytophilum does not survive in differentiated macrophages (Heimer et al., 1997). Alternate mechanisms for initiating innate immune cellular responses, such as NF-κB nuclear translocation, include A. phagocytophilum interactions with TLR2 but not TLR4 (Choi et al., 2004b). An analysis of NF-κB activation implicates both canonical and non-canonical signaling and a potential variety of microbial and cellular signals for recognition (Dumler et al., 2020a). A role for A. phagocytophilum glycolipids or lipids in recognition and inflammatory activation of NK and NKT cells is supported by histopathologic studies in murine models (Scorpio et al., 2005; Scorpio et al., 2006; Choi et al., 2007); in fact, polar lipid membrane extracts from A. phagocytophilum activate proliferation in splenocytes from naïve animals, (Choi and Dumler, 2007). Similarly, the pattern recognition receptor NLRC4 and inflammasome activation of mononuclear phagocytes occurs via eicosanoid and prostaglandin E2 via the EP3 receptor and is in part dependent on receptor-interacting serine/threonine-protein kinase 2 (RIPK2), implicating multiple mechanisms for immune recognition and response (Chen et al., 2012; Wang et al., 2016a; Wang et al., 2016b).

Once activated, a range of immune signaling mechanisms are directly involved in the generation of proinflammatory responses that lead to tissue injury, but that do not affect pathogen replication or load (Von Loewenich et al., 2004; Scorpio et al., 2006). This includes signaling or effector pathways through IFNγ, IL10, NOX2 (Cybb), NOS2, TNF, MyD88, TLR2, and others. Similarly, NK and NKT, but not CD8 or CD4 cells have a role in enhanced inflammatory tissue injury in the absence of changes in bacterial load (Choi et al., 2007; Birkner et al., 2008).

The mechanisms of pancytopenia with HGA are unclear, but some evidence points to pathogen activation of macrophages by proinflammatory cytokines, such as IFNγ in tissue sequestration or destruction (Borjesson et al., 2001; Borjesson et al., 2005a; Dumler et al., 2007; Davies et al., 2011; Dumler, 2012; Scorpio et al., 2018). A. phagocytophilum paradoxically activates innate immune responses that contribute to tissue injury and disease despite its ability to avoid killing by these mechanisms (Von Loewenich et al., 2004; Browning et al., 2006; Scorpio et al., 2006; Choi et al., 2007; Birkner et al., 2008; Choi et al., 2014). Immune responses in mouse models demonstrate the critical role of IFNγ in induction of severe inflammatory histopathology, even in the absence of significant bacterial loads (Martin et al., 2000; Martin et al., 2001). Typically, intracellular bacteria are controlled after eliciting cell-mediated immune responses characterized by Th1 cytokines, IL12, and IFNγ, and in fact, humans with HGA develop very high levels of the Th1 cytokines IFNγ and IL12 during active infection (Dumler et al., 2000; Dumler et al., 2007). Mice also exhibit a substantial increase in the plasma IFNγ level with infection, and the lack of A. phagocytophilum growth restriction in immunocompromised mouse strains is consistent with an important role for acquired immunity in controlling bacterial burdens and complete bacterial killing (Martin et al., 2000; Von Loewenich et al., 2004; Birkner et al., 2008). In addition to control of A. phagocytophilum infection, IFNγ production in the murine HGA model is a major contributor to inflammatory tissue injury since histopathologic lesions in Ifng knockout mice are completely abrogated despite a marked increase in the pathogen load, implying that most histopathologic injury that belies disease is immune-mediated (Martin et al., 2000).





STAT1 and IFNγ signaling

Signal transducer and activator of transcription 1 (STAT1) mediates many of the biological functions of both type I (IFNα/β) and type II (IFNγ) interferons and is important in host innate and adaptive immune responses to viruses and other intracellular pathogens, especially intracellular bacteria. While IFNα/β depends on the presence of the canonical signaling molecules STAT1, STAT2, and interferon regulatory factor 9 (IRF9), IFNγ signaling is mostly dependent on STAT1. While IFNα/β-dependent mechanisms interfere with virus replication, in contrast, IFNγ mediates resistance against intracellular bacteria and protozoa, primarily through its ability to activate macrophages. The loss of STAT1 function in humans (or mice) results in a dramatically increased susceptibility to viral, bacterial, and protozoan infections (Hofer et al., 2012; Kernbauer et al., 2012; Rauch et al., 2013). A. phagocytophilum infection-induced IFNγ signaling leads to phosphorylation of Stat1 in mice (Choi and Dumler, 2013), and dexamethasone suppression of STAT1 activity in A. phagocytophilum-infected horses reduces inflammatory signaling and disease severity (Davies et al., 2011).

With the murine model of A. phagocytophilum infection, IFNγ and its signaling through phosphorylation, homodimerization and nuclear translocation of STAT1, leads to macrophage activation and activated macrophages represent a dominant effector phase of the innate immune response and subsequently leads to host tissue injury and disease (Akkoyunlu and Fikrig, 2000; Martin et al., 2001). In contrast, deficiency of IL10 (IL10 knockout mice) that signals via STAT3, leads to restriction of microbial growth but marked enhancement of inflammatory tissue injury with extensive necrosis and pyroptosis, presumably owing to its role in counterbalancing IFNγ effects (Martin et al., 2001).

The absence of STAT1, the major proinflammatory signaling pathway for IFNγ, converts the subclinical infection phenotype universally observed with A. phagocytophilum mouse models to one with severe clinical signs (reduced activity, piloerection, crouching, dehydration, and weight loss), dense infiltration of inflammatory cells, and robust proinflammatory cytokine/chemokine responses compared with WT controls (Choi et al., 2014a). Although STAT1 is not essential to eventual resolution of the infection (Birkner et al., 2008), it plays an important role in innate immune protection and provides evidence of an unexplained and potentially novel STAT1-dependent homeostatic mechanism that dampens host inflammatory and immune organ/tissue damage with A. phagocytophilum infection (Choi et al., 2014). Lacking STAT1, infection triggers a marked immune response discoordination with hypercytokinemia, significantly more inflammation, and increased bacterial loads, as has been observed with bacterial, protozoan, and viral infections (Lieberman et al., 2004; Rayamajhi et al., 2010; Kernbauer et al., 2012). This observation also underscores the necessity of macrophage activation mediated by IFNγ signaling via STAT1 for both control of pathogen loads and coordination of appropriate inflammatory response.

Inflammatory and innate immune signaling with A. phagocytophilum infection is thought to be initiated in one of several ways. Stimulation via TLR2 and perhaps other PRRs drives NF-κB and proinflammatory gene expression (Choi et al., 2004b; Dumler et al., 2020b). In fact, most of the chemokines and cytokines upregulated in Stat1 knockout mice after infection are driven by NF-κB that binds to κB sites in promoter sequences at gene loci that could easily be explained by TLR activation (Choi et al., 2014; Dumler et al., 2020a). Similarly, loss of the MyD88 adapter for TLR2, such as with infection in Myd88 knockout mice, also diminishes inflammatory phenotype without affecting bacterial loads (Scorpio et al., 2006).

The biological consequences of proinflammatory signaling via NF-κB and IFNγ/STAT1 have many redundancies, but the latter allows predominantly for a process by which macrophages become activated for effector responses such as increased microbial killing (Myers and Gottschalk, 2022). Similarly, type I interferons can also promote inflammatory response and antiviral effects. However, the loss of STAT1 signaling leads to reduced signal capacity because both type I (IFNα and IFNβ) and type II (IFNγ) interferons use STAT1, either as hetero- or homodimers, for canonical activation of downstream transcription (Meyts and Casanova, 2021). An important target of both type I and type II interferons is upregulation of inducible nitric oxide synthase (iNOS) that generates nitric oxide, an important antimicrobial effector with macrophage activation. It has been shown that Stat1 knockout mice are unable to produce detectable iNOS, likely resulting in the loss of 2 of the 3 major transcriptional activators (Samardzic et al., 2001). In turn, its absence confirms the loss of macrophage activation despite a more severe inflammatory process that, even with greater tissue severity compared with WT animals, lacks the degrees of necrosis and pyroptosis observed with infection in the absence of IL10 and extreme macrophage activation (Martin et al., 2001).

Overall, Stat1 knockout mice develop more severe disease and Th1-skewed acute inflammation in response to A. phagocytophilum infection compared with WT mice. STAT1 is fundamentally important for host defenses against A. phagocytophilum infection, leading to macrophage activation and inevitably, markedly improved control of infection (Choi et al., 2014). Absence of STAT1 results in hypercytokinemia and a discoordinated, non-protective immune response triggered by A. phagocytophilum infection, further suggesting that severity of A. phagocytophilum infection could in part be linked to polymorphisms of STAT1 in humans (Boisson-Dupuis et al., 2012).

While it is likely that a combination of innate immune and inflammation-related factors contributes to disease phenotype, they also likely work to control the pathogen. However, specific antibody alone can exert control over A. phagocytophilum and other Anaplasmataceae infections (Sun et al., 1997), and STAT1 deficiency does not diminish antibody response.





NK and NKT lymphocyte cytotoxicity

NK cells and NKT cytotoxic cells are activated and participate in the development of histopathologic lesions with A. phagocytophilum infection (Choi et al., 2007; Scorpio et al., 2018). The niche occupied by obligate intracellular bacteria also presents a significant challenge to host immunity. NK1.1-expressing cells, either NK or NKT, are innate immune cells that can produce abundant IFNγ. In an A. phagocytophilum-infected mouse model, all NK1.1+ and activated (FasL-expressing) NK1.1+ cells comprise a significantly greater proportion of ex vivo splenocytes on days 4 and 7 of infection (Choi et al., 2007). The differential expansion of NK and activated FasL-expressing NK cells suggests that they play a role in the differential histopathologic inflammatory severity (Walker and Dumler, 2015). Diminution of hepatic pathology in NK- and NKT-deficient mice confirms the role (Choi et al., 2007) where peak hepatic inflammation occurs marginally earlier than the expansion of NK and NKT lymphocytes, and both types of cells comprise an exceedingly small proportion of splenocytes on day 2, at the time of peak inflammation and plasma IFNγ levels.

Another potentially significant source of IFNγ during early phases of infection includes NKT cells, which are implicated in infections by Ehrlichia muris (Stevenson et al., 2008). A role for NKT cells was supported by significant activation-induced loss of NK1.1+ (including both NK and NKT cells) and NK1.1/TCR-expressing (NKT) splenic cells in infected but not uninfected animals when hepatic histopathologic injury accelerates (Choi et al., 2007). Paradoxically, ex vivo stimulation of dendritic cells with A. phagocytophilum does not result in a significant increase in NKT cell intracellular IFNγ production, while NK cells are equally activated for IFNγ production as with dendritic cell stimulation by the TLR2 ligand, Pam3Cys (Scorpio et al., 2018). The absolute source of IFNγ that drives the inflammatory response is still not determined.





A. phagocytophilum, macrophage activation syndrome (MAS) and hemophagocytic lymphohistiocytosis (HLH)

The immune response mechanisms by which A. phagocytophilum clearance occurs depends on CD4 T cells in the absence of perforin, Fas/FasL, major Th1 cytokines such as IL12, IFNγ, CCL2 (MCP1), and a range of innate immune signaling molecules and effectors. This is novel finding for an intracellular pathogen, for which CD4 T cell-, IL12-, and IFNγ-dependent immunity is typically required to clear bacteria (Von Loewenich et al., 2004; Birkner et al., 2008). How CD4 T cells accomplish A. phagocytophilum clearance is still not understood, although some evidence suggests IFNγ activates neutrophils in an iNOS-independent process (Gussmann et al., 2017). During infection, many innate and adaptive immune pathways are activated, but few impact microbial burden (Martin et al., 2000; Martin et al., 2001; Scorpio et al., 2004; Von Loewenich et al., 2004; Browning et al., 2006; Scorpio et al., 2006; Choi et al., 2007; Birkner et al., 2008; Choi et al., 2014). It is clear that neutrophil infection contributes to disease by induction of proinflammatory responses and lack of antimicrobial killing. Key protective mechanisms are initiated via macrophages and other APCs that do not sustain infection but contribute to the proinflammatory response, severe hypercytokinemia, and disease severity. Aspects of human disease, including MAS and HLH, are mimicked in mouse and equine models of human granulocytic anaplasmosis (Dumler et al., 2007; Tsiodras et al., 2017; Yi et al., 2017; Camacci et al., 2018b).

MAS and HLH are related disorders that have either a genetic basis or an infectious trigger (Crayne et al., 2019; Knaak et al., 2020; Andersson, 2021). Both are cytokine-driven and characterized by progressive fever, shock, organ failure, pancytopenia, liver dysfunction, and coagulopathy, and usually attributed to excessive IFNγ production. Genetic forms of HPS result from mutations of genes encoding proteins involved in signaling perforin or granzyme delivery for cytolysis of target cells resulting in impaired cytotoxic lymphocyte (CTL) function, often among NK cells (Schulert et al., 2016; Schulert and Cron, 2020). Similarly, infection-associated HLH is characterized by defects in CTLs, either by NK lymphopenia or NK cell defects in perforin delivery, although HLH has been observed in humans and animal models with defects in CD8 T cells as well (Steen et al., 2023). The explanation for the relentless progression with HLH and MAS is that the APC-cytotoxic cell synapse through TCR–MHC class I interaction leads to activation of CTLs and production of IL12, IL18, IL15, and IL2, resulting in lymphoproliferation and IFNγ generation. IFNγ activates macrophage effector production (nitric oxide, reactive oxygen species, TNFα, phagocytosis). However, the inability of CTLs to deliver perforin to the APC presenting a cognate ligand frees the cascade from regulation by loss of cytolysis of the APC, exacerbating disease due to unremitting APC activation and cytokine stimulation (Steen et al., 2023). This supports the concept of impaired cytotoxicity of innate and adaptive immune CTLs that are unable to exert homeostatic control of APCs following antigen processing and MHC class I expression to these CTLs. While IFNγ is readily detected during in vivo A. phagocytophilum infections in humans as well as in murine or equine models, the relative lack of its expression in CTLs after exposure to APCs that should otherwise present microbial targets for activation suggests that it originates from other sources and that the functional defect could instead reside within the APC (Scorpio et al., 2018). While not the classical MAS paradigm, A. phagocytophilum infection and the ongoing production of IFNγ by other cells coupled with the lack of effective feedback cytotoxicity by classical CTLs would be equivalent.





Arthropod saliva can assist with pathogen transmission

Since spotted fever group Rickettsia and A. phagocytophilum are mainly transmitted by tick bites, there is a critical interest to understand the role of tick saliva in pathogen transmission. Intradermal infection of C3H/HeN mice with R. parkeri, when inoculated with Amblyomma maculatum tick saliva, have less dermal infiltration by neutrophils and macrophages at the inoculation site after 6 and 24h, respectively, than those without tick saliva inoculation, yet these changes do not alter bacterial concentrations (Banajee et al., 2016). In contrast, the tick protein sialostatin L2 which binds to the cellular receptor annexin A2 and inhibits inflammasome activation via NLRC4, renders annexin A2-deficient mice more susceptible to A. phagocytophilum infection. Translational support for this concept is shown with recombinant sialostatin L2 binding better to annexin A2 in human serum from patients with acute A. phagocytophilum infections compared to uninfected controls (Wang et al., 2016b).






Conclusions

Investigators of intracellular bacteria and the diseases they cause in humans often address unanswered questions by investigating processes shared with other bacteria or bacterial processes, or by investigating differences that allow the unique niche to become occupied. This review describes two bacteria that share many innate immune responses elicited by infection. However, some important differences exist, including (Table 1): 1) Rickettsia spp. likely infect CD68+ macrophages and dendritic cells initially, although the ultimate targets are endothelial cells; TLR4 is important for recognition with initial infection and animals deficient in this signaling pathway are more susceptible to infection, and infection can alter transcriptional programs in these cells to potentially benefit propagation and influence disease severity; disease results from both direct effects of the pathogen on critical vascular barriers in organs and the ensuing inflammatory responses. 2) A. phagocytophilum infects only cells of the myeloid granulocyte lineages, especially neutrophils, but also eosinophils, basophils, and possibly mast cells; A. phagocytophilum infection has the capacity to cause severe disease in humans while in some animal reservoirs, persistent subclinical states are maintained; TLR2 is important for initial infection recognition in antigen-presenting cells; the secreted effector, AnkA, moonlights to assist rapid endocytosis, and reprograms neutrophil functions to benefit microbial survival; disease in anaplasmosis is not directly related to pathogen burden, but to the triggering of potentially detrimental and poorly-regulated host inflammatory and immune-mediated processes.

Recent investigations provide important data on the range of functional changes among infected host cells and identify several compelling targets for study of fundamental pathogenetic processes. There are still important areas that need intense study including the bacterial triggers of host innate and inflammatory response and the molecular and cellular mechanisms by which rickettsiae and A. phagocytophilum influence cell functions that ultimately result in injury to host cells, tissues, and organs. Due to the lack of vaccines and immunotherapeutics, continued investigation is required to develop strategies that will either minimize or protect against infections by these obligate intracellular bacteria to minimize their many clinical consequences.
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Obligate intracellular bacteria in the order Rickettsiales are transmitted by arthropod vectors and cause life-threatening infections in humans and animals. While both type 1 and type 4 secretion systems (T1SS and T4SS) have been identified in this group, the most extensive studies of Rickettsiales T1SS and associated effectors have been performed in Ehrlichia. These studies have uncovered important roles for the T1SS effectors in pathobiology and immunity. To evade innate immune responses and promote intracellular survival, Ehrlichia and other related obligate pathogens secrete multiple T1SS effectors which interact with a diverse network of host targets associated with essential cellular processes. T1SS effectors have multiple functional activities during infection including acting as nucleomodulins and ligand mimetics that activate evolutionarily conserved cellular signaling pathways. In Ehrlichia, an array of newly defined major immunoreactive proteins have been identified that are predicted as T1SS substrates and have conformation-dependent antibody epitopes. These findings highlight the underappreciated and largely uncharacterized roles of T1SS effector proteins in pathobiology and immunity. This review summarizes current knowledge regarding roles of T1SS effectors in Rickettsiales members during infection and explores newly identified immunoreactive proteins as potential T1SS substrates and targets of a protective host immune response.
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Introduction

Members of the order Rickettsiales are Gram-negative obligate intracellular bacteria transmitted by arthropod vectors that cause life-threatening infections in humans and animals (Walker and Ismail, 2008; Renvoisé et al., 2011; Salje, 2021). Rickettsiales are further defined by the Anaplasmataceae and Rickettsiaceae families. The Anaplasmataceae family has two major genera, Ehrlichia and Anaplasma, that include many pathogens responsible for emerging tick-borne zoonoses (Renvoisé et al., 2011; Salje, 2021). Orientia and Rickettsia are the major genera of the Rickettsiaceae family and include pathogens responsible for globally distributed life-threatening rickettsioses. The most studied rickettsial pathogens are R. rickettsii and R. prowazekii, which cause Rocky Mountain spotted fever and louse borne typhus, respectively. Orientia tsutsugamushi causes scrub typhus and is transmitted to humans by infected trombiculid mites (Valbuena and Walker, 2013; Walker et al., 2013). Common symptoms associated with rickettsial diseases are non-specific and include headache, fever, myalgia, and localized lymphadenopathy. Diagnostic abnormalities include neutropenia, thrombocytopenia, and moderate increases in transaminases. Currently, there are limited therapeutic options for rickettsial infections, relying primarily on the antibiotic doxycycline, which is most effective with early diagnosis and administration (Paddock and Childs, 2003).

Differences in intracellular life cycles have been described between pathogens in the Anaplasmataceae and Rickettsiaceae families (Salje, 2021). While the Anaplasmataceae family members reside and proliferate within host membrane-derived vacuoles in the infected cell, the Rickettsiaceae family members escape from the endolysosomal pathway shortly after entry and replicate in the host cell cytoplasm. Specifically, Anaplasmataceae members, including Ehrlichia and Anaplasma spp., share a similar biphasic developmental cycle that involves two morphologically distinct ultrastructural forms, transitioning between an infectious dense-cored cell (DC) and a noninfectious replicating reticulate cell (RC) (Zhang et al., 2007). The DCs attach to a host cell receptor(s) on the surface of target cells through adhesin(s) to facilitate host entry via phagocytosis. Once internalized by the host cell, bacteria develop within host cell plasma membrane-derived vacuoles. Within the vacuole, the DC differentiates into the RC, which then multiplies by binary fission every 8 hours to form microcolonies (morulae). The RCs undergo secondary differentiation to form new DCs that egress from the host cell via either exocytosis or host cell lysis mechanism.

By contrast, no distinct developmental forms have been described during infection for any members of the Rickettsiaceae family. Further, Rickettsia spp. penetrate directly into adjacent cells within a monolayer or lyse heavily infected cells to initiate a new infectious cycle, while O. tsutsugamushi utilizes an unusual mechanism that involves budding from the surface of infected cells enveloped in plasma membrane to exit from the host (Salje, 2021). A very recent investigation revealed that O. tsutsugamushi bacteria that have budded out of infected host cells were in a distinct developmental stage compared with intracellular bacteria; and these two bacterial stages appeared to differ not only in physical properties, but also in expression of proteins involved in bacterial dormancy, stress response, and outer membrane autotransporter proteins (Atwal et al., 2022). These novel findings suggest that O. tsutsugamushi has a biphasic lifecycle like other Anaplasmataceae family members. Genome analyses show that Rickettsiales members have undergone considerable reduction in genome size, ranging from 0.8 to 2.5 Mbp, because of their obligate intracellular lifestyle (Salje, 2021). Intriguingly, Rickettsiales genomes encode various secretion systems homologous to characterized protein secretion pathways found in other bacteria (Gillespie et al., 2014). Notably, the presence of type 1 secretion system (T1SS) components in the genome sequence of many Rickettsiales members suggests that T1SS and related effectors are essential for intracellular infection. Orthologs of Escherichia coli T1SS components, including HlyB, HlyD, and TolC, have been identified in E. chaffeensis, A. marginale, O. tsutsugamushi, and R. typhi genomes (Table 1) (Wakeel et al., 2011; Gillespie et al., 2014; VieBrock et al., 2015; Lin et al., 2021). Although the conservation of these T1SS components is documented in Rickettsiales, there is limited knowledge of how T1SS functions in their pathogenesis. To date, most knowledge on the Rickettsiales T1SS and associated effectors has been revealed through investigations of E. chaffeensis and O. tsutsugamushi (Wakeel et al., 2011; VieBrock et al., 2015) (Table 2). These studies have identified and experimentally demonstrated multiple T1SS effector substrates in both pathogens (Wakeel et al., 2011; VieBrock et al., 2015). These T1SS substrates are bacterial effectors with moonlighting, or multiple functions that directly engage and manipulate a diverse array of host cellular targets to promote infection and evade innate immune responses (Zhu et al., 2009; Zhu et al., 2011; Dunphy et al., 2014; Farris et al., 2016; Beyer et al., 2017; Zhu et al., 2017; Evans et al., 2018; Kibler et al., 2018; Klema et al., 2018; Luo et al., 2018; Rodino et al., 2018; Wang et al., 2020; Adcox et al., 2021; Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022).


Table 1 | Defined type 1 secretion system (T1SS) components in Rickettsiales members.




Table 2 | Defined T1SS substrates in Rickettsiales members.



A growing body of evidence demonstrates that Ehrlichia T1SS effectors are moonlighting proteins that exploit and modulate host cell processes, including cytoskeletal organization, vesicular trafficking, cell signaling, transcriptional regulation, post-translational modifications, autophagy, and apoptosis (Byerly et al., 2021). Notably, multiple Ehrlichia and Orientia T1SS effectors act as bacterial nucleomodulins, a novel class of bacterial effectors that can enter and modulate various nuclear activities (Wakeel et al., 2011; Zhu et al., 2011; Farris et al., 2016; Evans et al., 2018; Kibler et al., 2018; Adcox et al., 2021). Further, recent studies determined that E. chaffeensis activates distinct conserved signaling pathways such as Wnt, Notch, and Hedgehog (Hh) via ligand mimicry (Byerly et al., 2021; Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022). These relatively recent discoveries illuminate important roles of T1SS effectors in the pathobiology of obligate intracellular bacteria.





Features of the T1SS and effectors

The T1SS is widespread among Gram-negative bacteria and is especially common in extracellular pathogenic bacteria. It acts as a dedicated nano machine to direct the translocation of various proteins with diverse characteristics and functions from the bacterial cytoplasm to the extracellular milieu (Delepelaire, 2004). In E. coli, the T1SS consists of three indispensable structural components: an ATP-binding cassette protein (HlyB) that resides in the bacterial inner membrane, a periplasmic-spanning membrane fusion protein (HlyD), and a bacterial outer membrane protein (TolC) (Figure 1A) (Delepelaire, 2004). Secretion of an unfolded T1SS substrate protein occurs when the C-terminal secretion signal is recognized by a homodimer formed by HlyB, which then hydrolyzes ATP to mediate translocation of the substrate protein across the inner membrane into the HlyD trimeric pore. HlyD subsequently spans the entire periplasm and interacts with TolC in the outer membrane, resulting in formation of a transient HlyB-HlyD-TolC complex. This complex consequently serves as a channel that spans the entire distance from the bacterial cytoplasm across the inner membrane, periplasm, and outer membrane to the extracellular space, thereby mediating one-step translocation of bacterial proteins (Delepelaire, 2004; Holland et al., 2005). A less common molecular mechanism underlying T1SS protein translocation involves a two-step process and was recently characterized in Pseudomonas fluorescens secretion of adhesin LapA (Spitz et al., 2019). In addition to the C-terminal T1SS signal sequence, LapA also possesses an N-terminal retention module (RM) that anchors the adhesin to the cell surface to stall further translocation (Smith et al., 2018). Specifically, the RM preserves an interaction between LapA and TolC, which results in LapA being anchored to the outer membrane where it functions as an adhesion to facilitate biofilm formation. During unfavorable conditions that affect biofilm formation, the RM is removed by proteolysis, releasing LapA from the bacterial outer membrane. This novel finding highlights the diversity and flexibility of the bacterial T1SS and associated effectors to actively establish a permissive niche for survival.




Figure 1 | T1SS model and E. chaffeensis T1SS TRP effectors. (A) Escherichia coli T1SS components are typically composed of an ATP-binding cassette protein (HlyB), a membrane fusion protein (HlyD), and a bacterial outer membrane protein (TolC). (1) A T1SS consists of HlyB inner membrane and HlyD periplasm complex and a TolC outer membrane channel. (2) In the classic mechanism of protein translocation by T1SS, protein substrate association with HlyB triggers the interaction of HlyD with TolC channels in the outer membrane, followed by direct protein secretion. (3) In the stalled translocation T1SS model, the N-terminal domain starts folding prior to or during secretion, which plugs the translocon and tethers the entire substrate at the cell surface within the outer membrane component of the T1SS translocon. (B) Schematic of E. chaffeensis T1SS TRPs and important features. TRPs contain molecularly distinct TR domains that vary in sequence, length, and number. TRPs are highly acidic, contain type 1 secretion (T1S) signal sequences in the C-terminal domain. Multiple post-translational modifications, including phosphorylation, ubiquitination, and SUMOylation have been identified on TRP effectors during ehrlichial infection. TRPs have multiple functions including acting as nucleomodulins that modulate host gene transcription, HECT E3 ubiquitin ligase activity, and ligand mimetic activity.



Various T1SS substrate proteins have been identified as exotoxins, adhesins, S-layer proteins (proteins that form 2-dimensional macromolecular structures on the surface of bacteria), and heme-binding proteins (Green and Mecsas, 2016). The most studied T1SS substrates, the repeats-in-toxins (RTX) family exoproteins, harbor two indispensable regions that determine translocation by the T1SS. First, the noncleavable T1SS signal sequence is located at the final carboxy-terminal 50- to 100- residues and is rich in several amino acids (e.g., leucine, aspartic acid, alanine, valine, threonine, serine, isoleucine, phenylalanine) and poor in others (e.g., lysine, histidine, proline, methionine, tryptophan, cysteine) (Delepelaire, 2004; Wakeel et al., 2011; Thomas et al., 2014). These T1SS signal sequences can initiate secretion of the substrate protein by interacting with the T1SS translocase HlyB-HlyD complex, followed by secretion of the substrate protein through the HlyB-HlyD-TolC complex as described above. Second, the Ca2+-binding nonapeptide repeats, so-called GG repeats, are located proximal to the T1SS signal sequences. The GG repeats appear to play a crucial role in enhancing secretion efficiency of T1SS substrate proteins. Once exported to the extracellular milieu, the GG repeats bind to Ca2+ ions to form a stable β-roll, creating steric hindrance to prevent the protein from sliding back into the bacterial cell by Brownian motion (Bumba et al., 2016). Therefore, the intracellular/extracellular calcium gradient is important relative to successful translocation of T1SS substrate proteins (Guo et al., 2019). Notably, a recent investigation in E. coli determined that the RTX domain of the T1SS substrate HlyA, which harbors the GG repeat and the T1SS signal region at the extreme C-terminus, did not require a defined sequence to regulates HlyA secretion (Spitz et al., 2022). Rather, a putative amphipathic α-helix in the C-terminus region of HlyA was demonstrated to play essential role in the early steps of the secretion process (Spitz et al., 2022). This compelling evidence supports the current model proposed that secondary structures might be encoded in the secretion signal of T1SS effectors. Further, the T1SS substrate proteins have been shown to have acidic isoelectric points (pIs) and contain few or no cysteine residues (Wakeel et al., 2011; VieBrock et al., 2015).

Investigation of T1SS and related substrates in the Rickettsiales, including Ehrlichia and Orientia, has not been performed due to the lack of genetic tools available (Cheng et al., 2013; Wang et al., 2017; Adcox et al., 2021). Thus, Ehrlichia and Orientia T1SS and associated effectors have been identified using heterologous E. coli T1SS (Wakeel et al., 2011; VieBrock et al., 2015). Over the course of infection, studies in E. chaffeensis tandem repeat containing protein (TRP) T1SS effectors using immunoelectron microscopy revealed that these TRPs extracellularly associated with morular fibrillar matrix and the morula membrane, indicating the secretion of these proteins into the E. chaffeensis-containing vacuole (Popov et al., 2000; Doyle et al., 2006; Luo et al., 2008). The underlying molecular mechanism of how the T1SS effectors from vacuole bound rickettsial pathogens translocating from the lumen vacuole to the host cytoplasm has not been investigated. However, investigations have defined various mechanisms by which these T1SS effectors traffic to the host nucleus during infection to act as nucleomodulins. For example, study in E. chaffeensis T1SS effectors has shown that TRP47 utilizes a MYND (Myeloid Nervy DEAF-1) domain to translocate to the host nuclear (Kibler et al., 2018). While O. tsutsugamushi Ank1 and Ank6 localize to the nucleus in an importin β1-dependent manner, O. tsutsugamushi Ank13 co-opts eukaryotic RaDAR (RanGDP-ankyrin repeats) nuclear import (Evans et al., 2018; Adcox et al., 2021). In addition, newly identified immunoreactive proteins from E. chaffeensis and E. canis ORFeomes (complete set of open reading frames) are also predicted to be secreted by the T1SS and are discussed in greater detail below (Table 3) (Luo et al., 2020; Luo et al., 2021), highlighting the largely uncharacterized roles of T1SS components and substrates in pathobiology and immunity to rickettsial pathogens.


Table 3 | Major immunoreactive proteins of E. chaffeensis and E. canis that are predicted T1SS substrates.



Genomic studies reveal the presence of T1SS apparatus orthologs in the genome sequences of many obligate intracellular bacteria in the order Rickettsiales (Table 1) (Wakeel et al., 2011; Kaur et al., 2012; Gillespie et al., 2014; VieBrock et al., 2015; Lin et al., 2021). In silico analysis revealed that the identity to E. coli of these T1SS components in Rickettsiales members varies, ranging from 20-40% in E. chaffeensis, A. marginale, O. tsutsugamushi and R. typhi (Table 1). Functional investigations further demonstrated the feasibility of E. coli system as a heterologous host for studying T1SS and effectors in different members of Rickettsiales, including E. chaffeensis and O. tsutsugamushi (Wakeel et al., 2011; VieBrock et al., 2015), suggesting that E. coli system might also be applicable for studying T1SS and effectors in other obligate intracellular bacteria. Despite conservation of these T1SS components, investigation of the T1SS and related effectors among obligate intracellular pathogens in the Rickettsiales has been somewhat overshadowed by investigations of another important effector secretion system that is more often associated with pathogenicity and virulence, the type 4 secretion system (T4SS). As such, in the last decade, the function of T1SS and associated effector proteins has been characterized only in E. chaffeensis and O. tsutsugamushi (Wakeel et al., 2011; VieBrock et al., 2015). E. chaffeensis T1SS effectors, including TRP32, TRP47, TRP120, and Ank200, were first identified a decade ago as T1SS substrates. These E. chaffeensis T1SS effectors are related to the RTX exoprotein family, which are common proteins in Gram-negative bacteria containing glycine- and aspartate-rich tandem repeats (Wakeel et al., 2011). The heterologous expression system E. coli K-12 strain BW25113 that contains tolC, but not hlyCABD genes required for secretion of T1SS substrate hemolysin, was utilized for identifying E. chaffeensis T1SS substrate effectors, including TRP32, TRP47, TRP120, and ANK200. Specifically, the secretion of full length TRP32, TRP47, TRP120, and the C-terminal 112 amino acids of ankyrin repeat 200 (ANK200C) protein was detected in the extracellular medium of the E. coli hemolysin T1SS only in the presence of vector expressing HlyBD. These results demonstrated that TRP32FL, TRP47FL, TRP120FL, and Ank200C4 were secreted by a functional T1SS system. Further, confirming the importance of the secretion signal sequences in the C-terminal domain of the T1SS substrate proteins, the secretion of TRP47 C-terminal, but not TRP47 N-terminal, was detected in the extracellular medium using the similar system. These studies also demonstrated the importance of TolC in the secretion of ehrlichial effectors as a tolC210::Tn10 (an insertional mutant derivative of E. coli K-12 strain CAG12184) mutant strain had reduced secretion of TRP32FL, TRP47FL, TRP120FL, and Ank200C4 (Wakeel et al., 2011). Subsequently, O. tsutsugamushi T1SS substrate proteins were also identified (VieBrock et al., 2015). Due to the toxicity in E. coli C600 of full-length O. tsutsugamushi Ank proteins, another heterologous system was developed for assessing O. tsutsugamushi Anks as potential T1SS substrates using E. coli BL21 (DE3). To reduce toxicity of full-length proteins, the 60 C-terminal residues which should contain the T1SS signal sequence of O. tsutsugamushi Ank proteins was replaced with the C-terminal 60 amino acids of HlyA and subsequently tested for secretion in an HlyBD-dependent manner. C-terminal domains of O. tsutsugamushi Ank proteins tested (19 of 20) were secreted in a HlyBD-dependent manner, suggesting O. tsutsugamushi Ank proteins are T1SS effector proteins (VieBrock et al., 2015).

Another distinguishing aspect of ehrlichial T1SS effectors is that T1SS effectors elicit strong host antibody responses during infection. Specifically, investigations over three decades have molecularly characterized a subset of immunoreactive Ehrlichia T1SS effectors, including ankyrin (Ank) and tandem repeat proteins (TRPs), that have molecularly defined linear antibody epitopes (Doyle et al., 2006; McBride et al., 2007; Luo et al., 2008; Luo et al., 2009; McBride et al., 2011). Strong TRP- and Ank-specific antibody responses are observed in humans and dogs during infection, and antibodies directed at linear epitopes of E. chaffeensis TRP proteins are protective against ehrlichial infection (Chen et al., 1997; Li et al., 2001; McBride et al., 2003; Kuriakose et al., 2012). Notably, recent advances have identified novel repertoires of undiscovered major immunoreactive proteins from E. chaffeensis and E. canis ORFeomes (complete set of open reading frames of the genome), many of which are predicted to be T1SS effectors with confirmation-dependent antibody epitopes (Luo et al., 2020; Luo et al., 2021). These findings reveal the underappreciated and largely uncharacterized roles of the T1SS effector proteins in immunity to Ehrlichia and related obligates.

Understanding the molecular roles of the Rickettsiales T1SS effectors in pathobiology and immunity is essential for developing therapeutics against defined mechanistic targets. Further, identifying major immunoreactive proteins of rickettsial pathogens may provide new options for effective subunit vaccines. This work aims to provide an overview of the T1SS and molecularly defined T1SS effectors in obligate intracellular bacteria in the order Rickettsiales. We will highlight the moonlighting functions of the most well defined T1SS effectors in E. chaffeensis and O. tsutsugamushi and recent findings demonstrating that ehrlichial effectors are major targets of the host immune response. The following subtopics will focus on E. chaffeensis and O. tsutsugamushi T1SS effectors and recent new knowledge regarding the molecular roles of T1SS effectors in pathobiology and immunity that provide a foundation for further investigation of these and other obligate intracellular bacterial pathogens.




Introduction to Ehrlichia T1SS effectors

The molecular functions connected to T1SS effector substrates in intracellular bacterial pathobiology and the potential relationship with immunity have been most extensively investigated in E. chaffeensis. Bioinformatic analysis of E. chaffeensis TRP32, TRP47, TRP75, TRP120, and Ank200 revealed key features consistent with those typically described in the RTX family of exoproteins, including glycine- and aspartate-rich tandem repeats, acidic pIs, and noncleavable type 1 secretion signal sequences containing the LDAVTSIF-enriched motif in the C-terminal region (Figure 1B) (Wakeel et al., 2011). During infection, E. chaffeensis T1SS effectors, including TRP32, TRP47, TRP120, and Ank200, are translocated to the host cell nucleus where they are involved in reprogramming host cell transcription to accommodate intracellular infection (Table 2) (Byerly et al., 2021). TRP75 interacts with multiple different eukaryotic proteins that are localized in the cytosol (Luo et al., 2018; Byerly et al., 2021). Ultimately, ehrlichial T1SS effectors fall into one of two categories: host cell signaling ligand mimetics and nucleomodulators. As detailed in a following section, the Ehrlichia T1SS effector proteins demonstrate the sophisticated mechanisms used to establish a permissive environment for infection, while evading innate host defenses. Therefore, understanding molecular and protective roles of the newly predicted Ehrlichia T1SS effectors is a high priority and may lead to new options for effective therapeutics and subunit vaccines.





Introduction to Orientia tsutsugamushi T1SS effectors

A total of 19 O. tsutsugamushi Ank effectors have been identified as T1SS substrates, while only Ank1, Ank6, Ank9, and Ank13 have been molecularly and functionally characterized (Table 2). Specifically, O. tsutsugamushi employs Ank1 and Ank6 to inhibit accumulation of nuclear factor kappa-light-chain-enhancer of active B cells (NF-κB) and NF-κB-dependent transcription during infection (Evans et al., 2018). Ank9 appears to be a multifunctional O. tsutsugamushi T1SS effector (Beyer et al., 2017). During infection, Ank9 utilizes a novel GRIP-like Golgi localization domain for Golgi-to-endoplasmic reticulum trafficking (Beyer et al., 2017). Further, Ank9 has been shown to interact with host COPB2 (coatomer protein complex subunit [COPI] beta 2) which mediates Golgi-to-endoplasmic reticulum transport (Beyer et al., 2017). O. tsutsugamushi Ank13 functions as a nucleomodulin during infection (Adcox et al., 2021). Mechanistically, Ank13 exploits the RanGDP-ankyrin repeat (RaDAR) nuclear import pathway to enter the nucleus and modulate host cell transcription (Adcox et al., 2021). These interesting examples illuminate the important role of T1SS effectors in pathobiology of O. tsutsugamushi and support functional characterization of other identified T1SS Ank effectors.






Host cell signaling pathway modulation and ligand mimetics

A diverse array of host cell proteins involved in cytoskeletal organization, vesicle trafficking, cell signaling, transcriptional regulation, post-translational modifications, autophagy, and apoptosis have been shown to interact with E. chaffeensis TRP32, TRP47, TRP75, and TRP120 (Byerly et al., 2021). For example, TRP75 interacts with host cell targets involved in homeostasis, cytoskeleton organization, and apoptosis regulation to promote infection (Luo et al., 2018). Further, transient inhibition of the Wnt, Notch, and Hh signaling with small molecule inhibitors or small interfering RNAs (siRNAs) demonstrated that specific activation of these pathways is required for ehrlichial infection (Figure 2A) (Lina et al., 2016; Luo et al., 2016; Lina et al., 2017; Rogan et al., 2019; Byerly et al., 2022; Patterson et al., 2022). The Wnt, Notch, and Hh signaling pathways are evolutionarily conserved eukaryotic signaling cascades that not only regulate proliferation, cell fate and development, but also mediate innate immune mechanisms, including autophagy, cytokine expression, and phagocytosis (Sugimura and Li, 2010; Schaale et al., 2011; Maiti et al., 2012; Kim et al., 2013; Petherick et al., 2013; Zhu and Zhang, 2013). Notably, E. chaffeensis TRP120 directly interacts with Wnt, Notch, and Hh pathway receptors and components (Luo et al., 2011; Zhu et al., 2017; Wang et al., 2020; Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022). Specifically, E. chaffeensis TRP120 activates the Wnt signaling pathway to avoid lysosomal fusion with the E. chaffeensis-containing vacuole (Lina et al., 2017). By targeting Wnt signaling, TRP120 activates mTOR and blocks nuclear translocation of TFEB, a transcription factor controlling lysosome biogenesis, thereby inhibiting autolysosome generation and autophagic destruction of E. chaffeensis (Lina et al., 2017). TRP120 also activates the Notch signaling pathway, resulting in the inhibition of the extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase (MAPK) pathways and subsequent downregulation of toll-like receptors 2 and 4 (TLR2 and TLR4) (Hao et al., 2007; Welcker and Clurman, 2008; Matsumoto et al., 2011; Lina et al., 2016). TLR2 and TLR4 are pattern recognition receptors (PRRs) that identify molecular patterns of invading pathogens (Mukherjee et al., 2016); hence, their downregulation during ehrlichial infection blunts host immune response to infection. Recent studies demonstrate that specific activation of the Hh signaling by E. chaffeensis TRP120 leads to nuclear translocation of GLI1 and transcriptional upregulation of anti-apoptotic genes such as BCL-2 (Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022).




Figure 2 | Ehrlichia SLiM ligand mimicry activation of conserved signaling pathways. (A) Proposed model of E. chaffeensis manipulation of Hedgehog (Hh), Wnt, and Notch signaling pathways by T1SS effector, TRP120. For the Hh signaling pathway, dense-core E. chaffeensis surface-expressed TRP120 binds to the Hh receptor PTCH to activate the GLI1 zinc finger transcription factor. GLI1 translocation to the nucleus activates the transcription of the anti-apoptosis target genes such as BCL-2. In the canonical Wnt signaling pathway, E. chaffeensis TRP120 directly engages FZD (Frizzled) 5 and recruits coreceptor LRP5/6 (lipoprotein receptor-related protein 5 and 6). Activation of Wnt signaling results in the disassembly of the β-catenin destruction complex [consisting of Axin, APC (adenomatous polyposis coli), GSK3β (glycogen synthase kinase 3 beta), and CK1 (casein kinase)], which allows accumulation of β-catenin in the cytoplasm and subsequent nuclear translocation and activation of Wnt target pro-infection genes and Wnt signaling promotes PI3K (phosphatidylinositol 3-kinase)/AKT signaling and downstream suppression of autophagy. In the Notch signaling pathway, E. chaffeensis TRP120 interacts with ADAM17 (a disintegrin and metalloproteinase 17) and the Notch1 receptor, resulting in receptor cleavage and nuclear translocation of NICD (Notch intracellular domain), the transcriptionally active form that interacts with Notch RBPjk (recombinant binding protein suppressor of hairless involved in Notch signaling) and MAML (mastermind-like protein 1) transcription factors proteins. This transcription complex then activates transcription of Notch target genes, resulting in inhibition of ERK1/2 (extracellular signal-regulated kinases) and p38 MAPK (p38 mitogen-activated protein kinase) phosphorylation pathway and the downstream transcription factor PU.1 expression is repressed, inhibiting TLR2/4 expression. (B) E. chaffeensis TRP120 activates conserved signaling pathways via TRP120 Hh-, Wnt- and Notch-specific SLiM ligand mimetics embedded within each TR domain. Combined bioinformatic and functional characterization have identified E. chaffeensis TRP120 Hh, Wnt and Notch repetitive SLiMs as shown in blue (Hh), purple (Wnt), and green (Notch), respectively.



TRP120 also post-translationally modifies host proteins and itself is post-translationally modified within the host cytosol. For example, TRP120 binds to F-BOX and WD domain repeating-containing 7 (FBW7) in a trans conformation, targeting FBW7 for proteasomal degradation by ubiquitination with K48-ubiquitin chains. The degradation of FBW7 results in increased levels of FBW7-regulated oncoproteins (Notch, MYC, JUN, Cyclin E) leading to the upregulation of oncoprotein regulated genes (Wang et al., 2020). In contrast, SUMOylated TRP120 interacts with polycomb group ring finger protein 5 (PCGF5), a member of the polycomb group (PcG) protein family that can remodel chromatin to effect epigenetic silencing of genes. As a component of the polycomb repressive complex 1 (PRC1), which is a histone ubiquitin ligase (Piunti and Shilatifard, 2021), PCGF5 stimulates the PCGFs degradation and the upregulation of PRC1-associated HOX genes, which promote ehrlichial infection (Mitra et al., 2018).

Notably, sequence-specific ligand-receptor interactions between TRP120 and Wnt, Notch, and Hh receptors activate these pathways to promote ehrlichial infection (Figure 2B) (Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022). The short linear motifs (SLiMs) of TRP120 interact with Wnt, Notch, and Hh receptors, revealing a ligand mimicry strategy to exploit host cell signaling for infection (Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022). Functional investigations using mutant SLiMs and SLiM-targeted antibodies have confirmed that the TRP120 ligand SLiMs indeed activate Hh, Wnt, and Notch signaling pathways (Rogan et al., 2021; Byerly et al., 2022; Patterson et al., 2022). E. chaffeensis TRP120 activation of multiple conserved signaling pathways to promote infection emphasizes an example of the key role of T1SS effectors in pathobiology and provides a useful research model to further investigate T1SS effectors in obligate intracellular bacteria.





Nucleomodulins

The most extensively studied of the Rickettsiales T1SS substrates are the multiple E. chaffeensis effectors that were initially characterized as nucleomodulins. These effectors are capable of binding host DNA through protein–DNA complexes and interacting with host targets to modify chromatin epigenetics. Within the nucleus, TRP32 binds G-rich motifs with GGTGGC-like sequence repeats and targets genes that mediate cell signaling, transcription, cell proliferation/differentiation, and apoptosis (Farris et al., 2018). TRP47 translocates to the nucleus via a MYND-binding domain-dependent mechanism (Kibler et al., 2018). Further, investigation has shown that TRP47 predominantly binds enhancers of host genes associated with signal transduction, cytoskeletal organization, and immune response (Kibler et al., 2018). As a nucleomodulin, TRP120 binds to GC-rich regions of DNA in an ordered structure to form a protein–DNA complex, resulting in the regulation of multiple host cell functions, including cell signaling, cytoskeletal organization, transcription, translation and apoptosis (Klema et al., 2018; Byerly et al., 2021). Ank200 also translocates to the nucleus and binds adenine-rich Alu elements, which are responsible for regulation of tissue-specific genes, in host promoter and intron regions. The functional categories of identified target genes include transcriptional regulation, apoptosis, ATPase activity, and nuclear structure (Zhu et al., 2009). Interestingly, different mechanisms related to post-translational modifications have been shown to regulate the transcriptional effects and effector-host interactions of E. chaffeensis nucleomodulins. For example, tyrosine phosphorylation is required for the nuclear localization of E. chaffeensis TRP32 (Farris et al., 2016), while ubiquitination and SUMOylation are critical for TRP120 effector interactions and functions in the host nucleus (Dunphy et al., 2014; Zhu et al., 2017).

Studies of other Rickettsiales members have further solidified the role of T1SS effectors in acting as nucleomodulins to enhance infection. Specifically, O. tsutsugamushi Ank1 and Ank6 effector proteins are transported into the host cell nucleus via the classical importin-dependent pathway β1 (Evans et al., 2018). In the nucleus, Ank1 and Ank6 induce export via exportin 1 of the p65 subunit of NF-κB from host nucleus, thereby reducing the accumulation of p65 in the nucleus. This process ultimately inhibits the transcription of pro-inflammatory genes of the NF-κB pathway (Evans et al., 2018). Similarly, O. tsutsugamushi Ank13 nucleomodulin co-opts the eukaryotic RaDAR (RANGDP-ankyrin repeats) nuclear import for nuclear translocation (Adcox et al., 2021). Further, O. tsutsugamushi Ank13 downregulates over 2,000 host genes, which are involved in the inflammatory response, transcriptional control, and epigenetics (Adcox et al., 2021). These findings illustrate how O. tsutsugamushi employs multiple T1SS effectors to manipulate the expression of host targets in the nucleus to reprogram host transcription to promote infection.





Ehrlichia T1SS immunoreactive proteins

In the previous section, we discussed how Ehrlichia T1SS effectors are potent inhibitors of the host response to infection. Interestingly, data demonstrate that Ehrlichia T1SS effectors function as major immunoreactive proteins that potentially induce a protective immune response (McBride and Walker, 2010). A small subset of T1SS substrates (TRPs/Anks) have been the primary focus of studies designed to understand antigens involved in protective immunity (Doyle et al., 2006; McBride et al., 2007; Luo et al., 2008; Luo et al., 2009; McBride et al., 2011). Recent investigations in the E. chaffeensis and E. canis ORFeomes have expanded the list of immunoreactive T1SS effectors which have conformation-dependent antibody epitopes (Nethery et al., 2007; Luo et al., 2010; McBride and Walker, 2011). However, various factors have impeded systematic investigation of immunoreactive proteins in Ehrlichia, including the lack of efficient approaches to identify antigen candidates in silico and a suitable system to express full length Ehrlichia proteins in the native conformation. A high-throughput antigen discovery strategy combining genomics, bioinformatics, cell-free protein expression, and immunoscreening approaches have overcome those obstacles, and led to the identification of undiscovered antigens from the genome of Ehrlichia species (Luo et al., 2020; Luo et al., 2021). In particular, the bioinformatic tool ANTIGENpro, a sequence-based predictor of protein antigenicity, was applied to identify antigenicity candidates from E. chaffeensis and E. canis ORFeomes. These candidates were then subjected to a systematic immunoreactivity screening by using an in vitro transcription and translation (IVTT) system which can produce soluble and native recombinant proteins for functional studies (Shimizu et al., 2006; Carlson et al., 2012). Next, the immunoreactive candidates were validated using human monocytic ehrlichiosis (HME) patient sera and canine monocytic ehrlichiosis (CME) naturally infected dog sera, and further investigated for their intrinsic characteristics, including immunoreactivity comparison with “gold standard” TRPs, conformational immunoreactivity, bioinformatic prediction for transmembrane, secretion, and effector. By using this advanced approach, a total of 164 and 69 ehrlichial proteins, many that are small (≤ 250 aa) and predicted to be T1SS substrates, have been identified as immunoreactive proteins in the E. chaffeensis and E. canis ORFeomes, respectively (Luo et al., 2020; Luo et al., 2021). These newly identified immunoreactive proteins are targets for further molecular characterization that may lead to new diagnostics and subunit vaccines for ehrlichioses.

A key to identifying the major immunoreactive proteins is to determine the epitopes that their antibodies recognize. Epitopes (also known as binding sites) are generally divided in two categories, linear epitopes where a stretch of continuous amino acids are sufficient for binding and conformational epitopes where key amino acid residues are brought together by protein folding (Forsström et al., 2015). A number of prediction systems for linear and conformational epitopes have been developed with some accuracy (Lo et al., 2021). However, these predicted candidates must be experimentally consolidated to demonstrate their proper action. The Ehrlichia immunomes (the Ehrlichia proteome that reacts with antibody) has been systematically investigated using the aforementioned approach of both in silico prediction and experimental verification (Luo et al., 2020; Luo et al., 2021). Notably, a large proportion of new E. chaffeensis and E. canis immunoreactive proteins has been experimentally demonstrated to harbor conformational antibody epitopes (Figure 3). These results indicate that the Ehrlichia immunomes have a predominance of epitopes with conformation-dependence. Further, these new findings not only explain previous challenges in identifying Ehrlichia immunoreactive proteins, but also establishes an approach to study antigenic proteins and protective immune responses to Ehrlichia, whereby conformation-dependence and host-specific (tick vs. mammalian) are considered.




Figure 3 | Summary of major predicted features of new immunoreactive proteins from E. chaffeensis and E. canis ORFeomes. Major immunoreactive proteins from E. chaffeensis and E. canis ORFeomes (complete set of open reading frames in the genome) are hypothetical, predicted to be T1SS or T4SS effectors, and have conformational antibody epitopes. The secretion system prediction was obtained by comprehensive bioinformatic analysis using multiple effector prediction tools. The conformation-dependent antibody epitopes have been experimentally demonstrated in most proteins.



Comprehensive immunomolecular analysis has revealed that many new immunoreactive Ehrlichia proteins are small (≤ 250 aa), predicted to contain transmembrane domains, and are T1SS substrates (Table 3 and Figure 3) (Luo et al., 2020; Luo et al., 2021). Further, while both T1SS and T4SS effector proteins play important roles in ehrlichial pathobiology, this suggests that Ehrlichia predominantly utilizes T1SS effectors to exploit host cell signaling and transcription to evade innate immune defenses and promote intracellular survival. Taken together, these findings highlight previously unknown roles of Ehrlichia T1SS effectors in pathobiology and immunity and establish a model for further investigation of the molecular features of protective proteins, whereby the predicted Ehrlichia T1SS effectors would be high priority targets of a protective host immune response.





Concluding remarks

The T1SS is widely employed by bacteria to secrete exotoxins and effectors, and the T1SS components are conserved among the obligate intracellular bacteria in the order Rickettsiales. However, the molecular function of T1SS components and associated effector substrates has only been experimentally investigated in the genera of Ehrlichia and Orientia, whereby these T1SS effectors appear to be required for reprogramming the host cell to circumvent the innate defenses. Notably, Ehrlichia T1SS TRP effectors, as moonlighting proteins, have been demonstrated to engage multiple host cell processes, including cell signaling, cytoskeletal organization, vesicle trafficking, transcriptional regulation, post-translational modifications, autophagy, and apoptosis. Activation of conserved signaling pathways via ligand mimicry has emerged as a key mechanism for host-Ehrlichia interactions, with the E. chaffeensis TRP120 effector providing a molecularly defined model to investigate SLiM mimicry in pathobiology of obligate intracellular bacterial pathogens. Multiple Ehrlichia and Orientia T1SS effectors function as bacterial nucleomodulins to modulate host cell survival-associated genes that ultimately promote infection and evade innate immune response. Unexpectedly, many of the newly defined, conformation-dependent immunoreactive proteins are predicted to be T1SS effectors, providing crucial insight regarding proteins and epitopes that may generate a protective immune response. Understanding the molecular role of these interactions over the course of infection will likely lead to the development of new antimicrobial and immunomodulatory therapeutics as well as subunit vaccines for the obligate intracellular bacteria.
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Ocular, genital, and anogenital infection by the obligate intracellular pathogen Chlamydia trachomatis have been consistently associated with scar-forming sequelae. In cases of chronic or repeated infection of the female genital tract, infection-associated fibrosis of the fallopian tubes can result in ectopic pregnancy or infertility. In light of this urgent concern to public health, the underlying mechanism of C. trachomatis-associated scarring is a topic of ongoing study. Fibrosis is understood to be an outcome of persistent injury and/or dysregulated wound healing, in which an aberrantly activated myofibroblast population mediates hypertrophic remodeling of the basement membrane via deposition of collagens and other components of the extracellular matrix, as well as induction of epithelial cell proliferation via growth factor signaling. Initial study of infection-associated immune cell recruitment and pro-inflammatory signaling have suggested the cellular paradigm of chlamydial pathogenesis, wherein inflammation-associated tissue damage and fibrosis are the indirect result of an immune response to the pathogen initiated by host epithelial cells. However, recent work has revealed more direct routes by which C. trachomatis may induce scarring, such as infection-associated induction of growth factor signaling and pro-fibrotic remodeling of the extracellular matrix. Additionally, C. trachomatis infection has been shown to induce an epithelial-to-mesenchymal transition in host epithelial cells, prompting transdifferentiation into a myofibroblast-like phenotype. In this review, we summarize the field’s current understanding of Chlamydia-associated fibrosis, reviewing key new findings and identifying opportunities for further research.
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1 Introduction

The phylum Chlamydiae comprises a group of Gram-negative, obligate intracellular pathogens and symbiotes targeting a variety of host organisms, from single-celled amoebae to humans (Bachmann et al., 2014). The member family Chlamydiaceae includes a variety of pathogenic species distinguished by host preference, such as Chlamydia muridarum (mice), Chlamydia psittaci (birds), Chlamydia suis (pigs), and the human-infecting species Chlamydia pneumoniae and Chlamydia trachomatis. Of these, C. trachomatis bears particular infamy as the most common bacterial sexually transmitted infection worldwide. While the C. trachomatis biovars exhibit stark differences in the epithelial mucosae they infect, it is critical to note that conjunctival, urogenital, and anogenital infections caused by this pathogen are universally associated with fibrotic pathology. Chronic ocular infection by C. trachomatis serovars A-C results in both conjunctival inflammation and extensive collagen deposition, resulting in trichiasis (inward turning of the eyelid), leading to blindness due to progressive abrasion of the cornea by the eyelashes (Solomon et al., 2022). In similar fashion, chronic genital infection by C. trachomatis serovars D-K can promote scarring-associated infertility. Infection of the upper female genital tract is consistently associated with chronic inflammation as well as fibrosis-related blockage of the fallopian tubes (Chow et al., 1990; Passos et al., 2022). Long-term infection by the lymphogranuloma venereum serovars L1-L3 produces similar fibrotic obstruction of the lymphatic system – in severe cases resulting in rectal strictures, fistulae, or elephantiasis of the genitalia (Mabey and Peeling, 2002; Ceovic and Gulin, 2015). Given the consistent incidence of fibrotic sequelae associated with C. trachomatis infection, a principal goal of the field has been the elucidation of the mechanisms underlying chlamydial fibrosis.

Fibrosis can be understood as an aberrant form of wound healing, wherein the physiological processes responsible for tissue repair are chronically activated by repeated injury and attendant inflammation, or by excessive induction of TGF-β and other mediators of growth factor signaling (Wynn, 2008; Wynn and Ramalingam, 2012; Distler et al., 2019; Henderson et al., 2020; Tsou et al., 2021). In the case of a typical injury by wounding, epithelial cells initiate a pro-inflammatory, fibrinogenic signaling cascade, prompting formation of a provisional scaffold of extracellular matrix (ECM) proteins that facilitates clotting (Wynn, 2008). Inflammation at the wound site promotes and is propagated by immune cell infiltration. Inflammation is dampened, which is critical for the initiation of the repair process; and repair is associated with the accumulation of myofibroblasts. This cell type mediates both wound healing and fibrosis. They are the principal cell type responsible for deposition of collagens, fibronectins, and other ECM and ECM-remodeling components (McAnulty, 2007). Myofibroblasts also mediate puckering of the wound site, through the purse-string type of contraction of cytoskeletal stress fibers rich in smooth muscle actin (α-SMA) (McAnulty, 2007). Myofibroblasts can arise from activation by TGF-β and other pro-fibrotic signaling in a variety of cell types, such as tissue-resident fibroblasts, pericytes, or smooth muscle cells (McAnulty, 2007; Distler et al., 2019; Tsou et al., 2021). Critically, epithelial cells can also be converted into myofibroblasts via a reversible form of trans-differentiation termed the epithelial-to-mesenchymal transition (EMT) (McAnulty, 2007; Dongre and Weinberg, 2019). Upon wound closure, myofibroblasts undergo programmed cell death or dedifferentiation, events that are coincident with termination of proliferative/fibrinogenic signaling (Distler et al., 2019; Tsou et al., 2021). However, in cases of repeated injury, chronic inflammation, or aberrant induction of growth factor signaling, myofibroblasts persist, leading to excessive deposition of collagens, epithelial cell proliferation due to overproduction of growth factors, and the consequent formation of a scar (Figure 1).




Figure 1 | Schematic representation of fibrosis. Injury stimulates the recruitment of immune cells and differentiation of myofibroblasts at the wound side, facilitating the deposition of a provisional extracellular matrix (ECM) acting as a scaffold for epithelial cell migration and proliferation in closing the wound. Wound healing terminates with the cessation of inflammation and growth factor signaling, prompting reversion or apoptosis of myofibroblasts. Chronic inflammation or repeated injury leads to persistent myofibroblast activation. This in turn promotes excessive deposition of ECM components, epithelial cell proliferation, and ultimately fibrosis.



Initial work characterizing the extensive pro-inflammatory host response to Chlamydia in both animal and cell culture models of infection suggested that chlamydial fibrosis was the product of immune-mediated tissue damage (Grayston et al., 1985; Brunham and Peeling, 1994). Given that fibrosis is generally understood to arise from dysregulation of cell- and tissue-level processes regulating wound healing, the investigative focus on the inflammatory response to Chlamydia as a fibrosis-inciting event is understandable. Until recently, the prevailing hypothesis in the field posited that infection-associated sequelae are the product of this immune response, initiated by Chlamydia-infected epithelial cells (Stephens, 2003). Termed the cellular paradigm of chlamydial pathogenesis, this model effectively describes the role of epithelial cells in the initiation of inflammation, and associated subsequent scarring. However, the cellular paradigm falls short of explaining the high incidence of unreported and asymptomatic C. trachomatis infections resulting in fibrotic sequelae – where the inflammatory response to infection is either absent, or attenuated to the extent that it does not present clinically.

How does scar-forming disease arise in subclinical C. trachomatis infection? One potential explanation supported by the data is that infection itself stimulates scar formation. Early study of the proinflammatory response to Chlamydia also indicated that infection also induces production of fibrosis-associated cytokines such as IL-6, IL-11, and IL-17 (Rasmussen et al., 1997; Dessus-Babus et al., 2002; Jha et al., 2011; Masson et al., 2015; Johnson et al., 2020), as well as an extensive portfolio of fibrosis-associated growth factors (e.g. VEGF, CTGF, EGF) (Hess et al., 2001; Gonzalez-Moreno et al., 2010; Lipson et al., 2012; Zhu et al., 2015; Barratt et al., 2018; Adami et al., 2021; Widjaja et al., 2021). It has been additionally observed that infection can induce EMT in host epithelial cells (Igietseme et al., 2015; Rajić et al., 2017; Igietseme et al., 2018). Recent reports indicate that multiple C. trachomatis biovars stimulate expression of ECM components and maintenance enzymes in host epithelial cells (Humphrys et al., 2013; Porcella et al., 2015), as well as infection-associated EMT inducing production of collagen I (Igietseme et al., 2018). Collectively, these data imply an extension to the cellular paradigm of chlamydial pathogenesis, wherein Chlamydia-infected epithelial cells initiate pro-inflammatory and pro-fibrotic signaling simultaneously. In this review, we summarize the field’s current understanding of Chlamydia-associated fibrosis, identifying knowledge gaps and unanswered questions for future investigation.




2 C. trachomatis infection induces inflammation and immune cell infiltration

The conventional model of inflammation-mediated chlamydial fibrosis arose from an early observation that tissues infected with C. trachomatis and related species exhibit the swelling and mucosal discharge associated with an inflammatory response (Stephens, 2003; Barron, 2019). Indeed, C. trachomatis infection of both the ocular and genital tract is associated with robust infiltration of affected tissues by the innate and adaptive immune systems (Barron, 2019). The initial immune response to Chlamydia is characterized by recruitment of polymorphonuclear neutrophils and lymphocytes, followed by infiltration of plasma cells and macrophages (Barron, 2019). Subsequent development of lymphoid follicles containing B-cells, T-cells, and macrophages presumably facilitates antigen processing and presentation facilitating the induction of an adaptive immune response to infection (Taylor et al., 1982; Patton and Taylor, 1986). Critically, animal models of chlamydial infection employing C. pneumoniae exhibit a similar dynamic of neutrophil and macrophage recruitment at infection sites, suggesting the host response to Chlamydia is conserved between species (Moazed et al., 1996; Fong et al., 1997; Fong et al., 1999). Combined with epidemiological and animal model data demonstrating the increased risk for fibrotic sequelae conferred by repeated infections (Grayston et al., 1985), these early observations suggested an initial, immunological mechanism of chlamydial pathology, wherein chlamydial antigen recognition by the adaptive immune system promotes inflammation via either delayed hypersensitivity or autoimmunity. In this proposed model of Chlamydia-associated fibrosis, an overactive adaptive immune response to the pathogen leads indiscriminate tissue damage, to which the host reacts by initiating tissue repair.

A molecular basis for fibrosis driven by chlamydial antigen recognition has proved elusive. An early candidate for an antigen driving the inflammatory response was the chlamydial homolog of Hsp60, which was implicated in the induction of a delayed-type hypersensitivity reaction via treatment of Chlamydia-immunized guinea pigs with chlamydial protein extracts prepared with the detergent Triton X-100 (Watkins et al., 1986; Arno et al., 1995). Given that serum reactivity to chlamydial Hsp60 was shown to correlate with infection-associated sequelae (Arno et al., 1995; Eckert et al., 1997; Peeling et al., 1997), it was postulated that C. trachomatis infection may induce autoimmunity via molecular mimicry. However, the unfortunate discovery that administration of Triton X-100 alone was sufficient to induce inflammation brought Hsp60’s relevance into question (Taylor et al., 1987). Indeed, more detailed study of chlamydial Hsp60 reactivity in convalescent sera did not reveal a shared epitope mimicking human Hsp60 (Yi et al., 1997; Sziller et al., 1998), suggesting that the presence of Hsp60-reactive antibodies is only a biomarker of chronic infection, not an indicator of autoimmunity. To complicate matters further, reports positively correlating trachoma with a humoral, Th2-mediated immune response seemingly dismissed delayed hypersensitivity to as a potential mechanism of chlamydial fibrosis as well (Holland et al., 1993; Bailey et al., 1995; Holland et al., 1996).

While these data suggest immune recognition of chlamydial Hsp60 does not lead to the development of autoimmunity or delayed hypersensitivity, recent work indicates this effector may still facilitate Chlamydia-associated fibrosis indirectly, as an inducer of inflammation (Raulston et al., 1998; Bulut et al., 2002; Costa et al., 2002). Importantly, antibodies against chlamydial Hsp60 are consistently associated with chronic infection and Chlamydia-associated infertility (Hjelholt et al., 2011). Given the demonstrable importance of CD4+ T-cells to clearance of the pathogen (Su and Caldwell, 1995; Gondek et al., 2012)¸ these data suggest that antigenic recognition of chlamydial Hsp60 enhances the inflammatory response to infection, even if Hsp60-targeting T-cells are not autoreactive. Additionally, Hsp60 has also been shown to induce an innate immune response in macrophages in a TLR4/Myd88-dependent fashion (Bulut et al., 2002), illustrating a complementary mechanism by which this chlamydial protein may act as a proinflammatory stimulus independent of inducing autoimmunity or hypersensitivity. Similarly, Hep2 cells infected with C. pneumoniae have been observed to activate murine dendritic cells in a TLR2/4-dependent fashion analogous to treatment with recombinant chlamydial Hsp60 (Costa et al., 2002). Importantly, Hsp60 is retained in an in vitro model of infection for up to 14 days after clearance of the pathogen (Raulston et al., 1998), implying that infection-associated inflammation via recognition of Hsp60 may persist after infection as well. Given these data, it is tempting to speculate that Hsp60 acts as a chronic pro-inflammatory stimulus in infected tissues, thereby facilitating the development of fibrosis. That said, it remains unclear to what degree Hsp60 expression by Chlamydia is required for induction of infection-associated inflammation. Leveraging recent advances in chlamydial genetics for conditional knockout or knockdown of Hsp60 is thus likely to reveal the importance of this protein to induction of the inflammatory response to Chlamydia – and, by extension, its relevance to the development of Chlamydia-associated fibrosis).




3 Fibrotic sequelae as a consequence of the host cell response to infection

Stephens’s seminal 2003 review articulated an alternative hypothesis of chlamydial pathogenesis, centering infected epithelial cells as principal initiators of the host response to Chlamydia (Stephens, 2003). A model of infection wherein non-immune, Chlamydia-infected epithelial cells recruit immune cells into affected tissues is uniquely persuasive, given epithelial cells secrete a host of pro-inflammatory cytokines (e.g. IL-1α, IL-8, GROα, GM-CSF) in both murine and in vitro models of infection (Eckert et al., 1997; Rasmussen et al., 1997; Darville et al., 2001; Finethy et al., 2016). Infection of endothelial cells with C. pneumoniae similarly induces production of IL-8, also recruiting neutrophils and macrophages – reinforcing a model of host cell-mediated infection response that is conserved between species (Molestina et al., 1999). IL-17 has been shown to drive a Th1-mediated response to infection in similar fashion, with C. muridarum-infected il17ra-/- and il17-/- mice exhibiting diminished recruitment of neutrophils and/or macrophages (Scurlock et al., 2011; Andrew et al., 2013), likely due to the attenuated activity of known IL-17-producing cell types at the infection site (e.g. Th17, γδ+ T, NK cells) (Gaffen et al., 2014; Monin and Gaffen, 2018). A cellular paradigm of chlamydial pathogenesis could also explain epidemiological data linking repeat infections to increased risk of fibrotic sequelae (Davies et al., 2016), despite no clear consensus in reactivity to specific chlamydial antigens. Repeated infection would necessarily result in host cell recruitment of memory B/T-cells, no doubt exacerbating the inflammatory response. Indeed, complementary mechanisms by which C. trachomatis may induce fibrosis by providing pro-inflammatory stimuli have since been described (Raulston et al., 1998; Bulut et al., 2002; Stephens, 2003; Panzetta et al., 2018).

One such means by which C. trachomatis infection may facilitate a protracted immune response is via induction of a developmental state known as chlamydial persistence. Persistence is characterized by an aberrant, enlarged bacterial phenotype distinct from both EBs and RBs, associated with diminished bacterial replication and attendant reduction of infection-competent progeny (Panzetta et al., 2018). Evidence for persistence as a stress response was apparent as early as 1950, with reports of C. muridarum and C. felis (then called the murine/feline pneumonitis viruses) exhibiting enlarged morphologies in response to penicillin treatment (Weiss, 1950). Subsequent work showed a similar phenotype in LGV serovar C. trachomatis and C. psittaci infections in vitro (known then as lymphogranuloma and meningopneumonitis viruses, respectively), suggesting the presence of a conserved stress response amongst Chlamydia (Hurst et al., 1953; Matsumoto and Manire, 1970). In the case of C. psittaci infection, penicillin treatment attenuated production of infection-competent bacteria to as low as 0.1% of the original inoculum. Strikingly, bacterial replication recovered rapidly after penicillin was removed, even after more than three months of continuous treatment (Galasso and Manire, 1961). In this way, persistence can be understood as a survival mechanism wherein Chlamydiae encountering suboptimal (but not bacteriocidal) growth conditions halt replication and EB differentiation, until such time as growth conditions improve.

While the specific mechanisms underlying persistence are incompletely characterized, induction of persistence has been shown to occur in response to a variety of physiologically relevant stimuli. Critically, these include in vitro treatment of infected cells with the pro-inflammatory cytokine IFN-γ, which has the effect of inducing catabolism of tryptophan – an amino acid for which C. trachomatis is auxotrophic (Beatty et al., 1993; Beatty et al., 1994). As with penicillin, abrogation of IFN-γ treatment or supplementation with tryptophan prompts swift recovery of the pathogen’s replicative and infective capacity (Batteiger, 2012). Importantly, IFN-γ production is induced in C. trachomatis infection of the cervix and fallopian tubes (Reddy et al., 2004), suggesting that persistence may be relevant to infection of the female upper genital tract, and thereby provide an ongoing inflammatory stimulus potentially driving infection-associated fibrosis.

While it is tempting to attribute fibrotic sequelae in subclinical/asymptomatic infections to chlamydial persistence, the incidence of persistent Chlamydia in human infection is poorly understood, as is the pathogen’s capacity to recover from persistence-inducing stressors in vivo. Further, it remains unclear to what degree persistence states induced by varying stressors are comparable, and thus whether persistent Chlamydia arising from varying stressors possess an equivalent capacity to stimulate inflammation. Importantly, it is posited that iron and tryptophan limitation alter the chlamydial transcriptome via different mechanisms, with iron limitation inducing persistence via the action of iron-regulated transcription factors and iron-dependent enzymes (Raulston, 1997; Al-Younes et al., 2001), and tryptophan starvation altering the chlamydial proteome via the arrested translation of tryptophan-rich proteins (Ouellette et al., 2016). Accordingly, our laboratory recently observed that induction of persistence via iron and tryptophan starvation induced transcriptional responses in Chlamydia exhibiting incomplete overlap, comprised of a shared, “core” stress response as well as distinct “accessory” differential expression unique to each stressor (Pokorzynski et al., 2022). Taken together, these data illustrate a need to further characterize the chlamydial transcriptomic response to other known inducers of persistence, such as penicillin and IFN-γ – as well as to assess the degree to which persistent Chlamydia arising from varying stressors induce pro-inflammatory and pro-fibrotic responses in the host.

The cellular paradigm of chlamydial pathogenesis elegantly accounts for much of the work describing the host response to the pathogen, and the notion of persistence accounts for the chronic nature of infection, i.e. through reactivation to sustain the pro-inflammatory response by epithelial cells. Indeed, this model may account for the role of host epithelial cells in Chlamydia-associated fibrosis. However, key points of contradictory data prevent this hypothesis from completely explaining how Chlamydia-associated fibrosis occurs. First, the observation that fibrotic sequelae in conjunctival infections (i.e. trichiasis) correlate with a predominantly humoral, Th2-mediated response to infection is seemingly in conflict with the assertion that initiation of a cell-mediated response by infected tissues underlies fibrotic pathology (Holland et al., 1993; Bailey et al., 1995; Holland et al., 1996). Accordingly, it has been observed that a Th2-mediated response to genital infection in mice exhibits ineffective clearance of C. muridarum, with mice receiving anti-Chlamydia Th2 cells exhibiting increased bacterial titer relative to those receiving anti-Chlamydia Th1 cells despite demonstrable production of anti-Chlamydia antibodies (Hawkins et al., 2002). Combined with the observation that C. muridarum-infected infertile mice exhibit increased induction of Th2-associated cytokines relative to fertile mice (Igietseme et al., 2017), these data call suggest that cell-mediated immunity may not be the sole driver of Chlamydia-associated fibrotic sequelae in vivo. Given estimates that up to 75% of C. trachomatis infections go unreported due to absent or subclinical symptoms – and that up to 18% of such cases are believed to cause infertility – any comprehensive model of pathology must also account for infections where attenuated or absent inflammation nevertheless results in fibrosis (Haggerty et al., 2010). Indeed, Stephens acknowledges this possibility in noting that Chlamydia-infected epithelial cells produce the pro-fibrotic cytokines IL-6 and IL-11 (Rasmussen et al., 1997; Dessus-Babus et al., 2000; Dessus-Babus et al., 2002), and induce expression of growth factors like VEGF, EGF, and CTGF (Coombes and Mahony, 2001; Hess et al., 2001). Though not necessarily produced by host epithelial cells, genital infection by C. trachomatis is also associated with production of IL-17 (Jha et al., 2011; Masson et al., 2015), which has been shown to enhance or inhibit other forms of fibrotic disease (Ramani and Biswas, 2019). Collectively, these results propose an expansion to the cellular paradigm of chlamydial pathogenesis, wherein infected epithelial cells initiate both pro-inflammatory signaling and pro-fibrotic tissue remodeling.




4 Chlamydial induction of the epithelial-to-mesenchymal transition

Supporting this hypothesis are recent reports of Chlamydia-infected epithelial cells exhibiting pro-fibrotic phenotypes (Table 1), including an apparent epithelial-to-mesenchymal transition (EMT). EMT is a reversible process of trans-differentiation, where epithelial cells progressively transform their morphological and functional properties into those of mesenchymal fibroblasts (Dongre and Weinberg, 2019). Typically, EMT involves the loss of cell-cell adhesions due to transcriptional repression of epithelial cadherin (E-Cadherin), prompting the disassembly of adherens junctions (Kalluri and Weinberg, 2009). This in turn leads into loss of the apical-basal polarity, cobblestone morphology, and cytokeratin expression associated with epithelial differentiation, in favor of a spindle-shaped phenotype characterized by front-rear polarity, reorganization of the extracellular matrix (ECM), and expression of mesenchymal markers (Lamouille et al., 2014; Shibue and Weinberg, 2017; Dongre and Weinberg, 2019). EMT-associated mesenchymal markers include neural cadherin (N-cadherin), the intermediate filament vimentin, extracellular matrix (ECM) components and maintenance enzymes (e.g. fibronectin, matrix metallopeptidases, collagens), as well as the alpha isoform of smooth muscle actin (α-SMA) (Kalluri and Weinberg, 2009; Thiery et al., 2009). Induction of EMT has been reported in a variety of physiological contexts, leading to three context-specific subclassifications: type 1 EMT is associated with embryogenesis and organ/tissue development, type 2 EMT occurs in the context of wound healing and scar formation, and type 3 EMT is implicated in the metastatic progression of cancer (Kalluri and Weinberg, 2009).


Table 1 | Fibrosis and EMT-associated molecules induced in host epithelial cells by C. trachomatis infection.



EMT can be initiated by a variety of physiological processes, including both SMAD-dependent and independent signaling of TGFβ-family growth factors (Portella et al., 1998; Valcourt et al., 2005; Lamouille and Derynck, 2007; Lamouille et al., 2014), the Wnt/β-catenin signaling pathway (Basu et al., 2018), growth factor signaling via receptor tyrosine kinases (e.g. EGF, PDGF) (Lu et al., 2003; Yang et al., 2006; Lo et al., 2007), and regulation of gene expression by non-coding miRNAs (Gregory et al., 2008; Ma et al., 2010; Ru et al., 2012). However, common to all of these modes of induction is the activity of EMT-associated “master regulators” that drive transcriptional repression of genes associated with epithelial differentiation, and/or induction of genes associated with mesenchymal differentiation. Chief among these are the SNAIL and zinc-finger E-box-binding (ZEB) families of transcription factors (Sánchez-Tilló et al., 2010; Lamouille et al., 2014). SNAIL1 (also known as SNAI1, or simply SNAIL) has been shown to directly bind to the promoter region of E-cadherin, recruiting the PRC2 complex of histone-modifying enzymes and subsequently facilitating heterochromatin formation and transcriptional silencing (Batlle et al., 2000; Peinado et al., 2004; Herranz et al., 2008; Lin et al., 2010, 1). SNAIL2 (also known as SNAI2 or SLUG) binds to the proximal E-box of the E-cadherin promoter region as well, acting to inhibit E-cadherin expression through a presumably similar mechanism (Bolós et al., 2003). ZEB1 has been shown to also inhibit E-cadherin expression in a similar fashion, either via recruitment of a C-terminal binding protein (CTBP) co-repressor, or SWI/SNF remodeling of chromatin mediated by BRG1 (Sánchez-Tilló et al., 2010, 1; Lamouille et al., 2014). Critically, ZEB1 expression in EMT typically occurs subsequent to that of SNAIL. Given data indicating SNAIL binds to the promoter regions of ZEB1/ZEB2 and can regulate their expression, this suggests a model centering on the induction of SNAIL as a key upstream event in the initiation of EMT (Peinado et al., 2007; Dave et al., 2011; Lamouille et al., 2014).

Evidence suggesting that C. trachomatis could mediate an EMT-like phenotype was initially apparent in ex vivo infection of fallopian tube organ cultures, with the observation that infection impaired cell-cell adhesion via sequestration of β-catenin to the inclusion surface and subsequent induction of Wnt-mediated paracrine signaling (Kessler et al., 2012). While the authors did not associate this phenotype with EMT – indeed, reporting the infection-associated induction of known EMT antagonists such as OLFM4 (Li et al., 2019) – these data nevertheless suggest the potential for infection to disrupt epithelial homeostasis through the induction of known EMT-inducing pathways. Chlamydia-associated EMT was first demonstrated outright in Igietseme et al.’s landmark 2015 study, which reported that the oviducts of mice infected intravaginally with C. trachomatis serovar L2 exhibited differential expression of EMT-associated miRNAs (Igietseme et al., 2015). This included both downregulation of known EMT-repressing miRNAs (e.g. miR-15a, miR-16) as well as upregulation of known EMT-inducing miRNAs (e.g. miR-9, miR-22) (Ma et al., 2010; Song et al., 2013; Igietseme et al., 2015; Renjie and Haiqian, 2015). The authors further characterized the chlamydial EMT phenotype via an in vitro model of infection using primary epithelial cells of the murine oviduct, revealing infection-dependent repression of E-cadherin and induction of SNAIL1/2, fibronectin, and ZEB1 via immunofluorescence. Importantly, this phenotype was sensitive to pan-caspase inhibition via treatment with Z-VAD-fmk, reinforcing the authors’ hypothesis that caspase-dependent inhibition of the RNA-cleaving enzyme dicer and attendant dysregulation of miRNA was responsible for chlamydial EMT (Igietseme et al., 2015). A subsequent report from this laboratory confirmed that the chlamydial EMT-like phenotype resulted in myofibroblast differentiation: murine oviduct epithelial cells infected with C. trachomatis serovar D exhibited striking expression of α-SMA, as well as repression of the epithelial differentiation marker β-catenin (Igietseme et al., 2018).

Further work has implied that infection induces EMT via multiple, complementary processes. For example, a 2017 report suggested ocular C. trachomatis infection may induce EMT via altering host DNA methylation, correlating diminished E-cadherin and increased fibronectin/α-SMA with an altered methylome in serovar B-infected human conjunctival epithelial cells, including increased CpG methylation of the E-cadherin promoter (Rajić et al., 2017). Zadora et al. demonstrated that C. trachomatis infection of End1/E6E7 immortalized endocervical epithelial cells extensively altered the host phosphoproteome, including the enhancement of mitogen-activated protein kinase (MAPK), extracellular signal-related kinases (ERK), and pro-EMT transcription factors ERF, ETS1, and FRA1 (Allegra et al., 2012; Bakiri et al., 2015; Li et al., 2015; Zadora et al., 2019). MAPK/ERK activity is critical to multiple stages of EMT progression, including stabilization of SNAIL, SMAD-independent induction of EMT by TGF-β, as well as downstream EMT activation by EGF engagement with receptor tyrosine kinases (Lamouille et al., 2014). Accordingly, infection-dependent phosphoactivation of ERF/ETS1/FRA1 was sensitive to attenuation of ERK/MAPK activity via treatment with the small-molecule inhibitor U0126 (Zadora et al., 2019). This study further confirmed the initial EMT-like phenotype reported by Igietseme et al., demonstrating E-cadherin repression, attendant loss of cell-cell adhesion, and increased cell motility/invasiveness after 7 days of persistent C. trachomatis infection in three-dimensional tissue culture (Zadora et al., 2019). The invasive properties of infected cells were significantly inhibited by expression of ERF loss-of-function mutants or CRISPR-mediated knockout of ETS1, reinforcing the authors’ hypothesis that ERK-mediated enhancement of these transcription factors contributes to chlamydial induction of EMT (Zadora et al., 2019). Subsequent work from the Igietseme laboratory has shown that C. muridarum infection can rapidly induce expression of TGF-β via EB engagement with the epidermal growth factor receptor (EGFR) during invasion (Igietseme et al., 2020). Pharmacological inhibition of either the TGF-β or EGF receptors (using SB-431542 or Gefitinib/ZD-1839, respectively) significantly attenuated infection-dependent repression of E-cadherin, suggesting that Chlamydia-induced TGF-β may act in an autocrine fashion on infected cells to promote EMT (Igietseme et al., 2020). Collectively, these reports indicate that Chlamydia induces an epithelial-to-mesenchymal transition in the host via multiple, functionally redundant methods of co-opted signal transduction – with significant implications for the development of scarring independent of immune cell recruitment.




5 Infection-dependent modulation of the extracellular matrix

Increased deposition of extracellular matrix (ECM) components is a critical hallmark of fibrotic tissues, which consistently exhibit hypertrophic basement membranes with excessive accumulation of component proteins (Wynn, 2008; Karsdal et al., 2017). In healthy epithelial tissues, the ECM of the basement membrane is generally composed of network-forming type IV collagen, laminin, and the collagen/laminin crosslinker nidogen (Schuppan, 1990; Van Agtmael and Bruckner-Tuderman, 2009). At sites of tissue injury, pro-inflammatory and growth signaling stimulates myofibroblast differentiation and subsequent production of fibrillar collagens (e.g. collagen I, II, III, V). Dysregulated activation of myofibroblasts has been similarly associated with fibrillar collagen deposition; indeed, an early morphological study of idiopathic pulmonary fibrosis using a monoclonal collagen I antibody revealed a core of nonproliferating myofibroblasts as the principal locus of ECM synthesis (Kuhn and McDonald, 1991). Excessive collagen III deposition has been similarly associated with the progression of IPF and other forms of fibrotic disease (Kuhn et al., 1989; Karsdal et al., 2017). The proportionality of specific collagens in the ECM is maintained by multiple, complementary modes of regulation, including modulation of collagen gene expression, trafficking of procollagens by intracellular chaperones (e.g. Hsp47/90), processing of procollagens into mature collagen (e.g. via cleavage by ADAMTS-family proteins or BMP1), and proteolytic turnover of mature collagen by matrix metalloproteinases/metallopeptidases (MMPs) (Wynn, 2008; Wight and Potter-Perigo, 2011; Karsdal et al., 2017). Mounting evidence indicates that the ECM serves more than a structural function: the composition and architecture of the ECM can itself induce further pro-fibrotic activation of epithelial cells and tissue-resident fibroblasts, thereby driving progression of scarring (Wight and Potter-Perigo, 2011; Karsdal et al., 2017; Herrera et al., 2018).

Once liberated from the ECM by proteolysis, fragments of collagen, fibrin, fibronectin, and hyaluronan have been shown to act as signaling ligands known as matrikines (Genovese and Karsdal, 2016; Karsdal et al., 2017). For example, N-acetyl proline-glycine-proline (ac-PGP) produced by MMP-mediated destruction of collagens has been shown to act as a leukocyte chemoattractant, as well as inducing expression of MMP-9 and inflammation via binding to the CXC-chemokine receptor complex CXCR1/2 (Rodríguez et al., 2010; Akthar et al., 2015). In similar fashion, proteolytic cleavage of collagen I by MMP-2/9 can generate matricryptin, a pro-angiogenic signaling factor implicated in the progression of cardiac fibrosis (Lindsey et al., 2015). Fibrosis-associated ECM remodeling has the additional effect of increasing the stiffness of the basement membrane, which is similarly implicated in pro-fibrotic signaling. The process by which substrate stiffness, cytoskeletal tension, and other mechanical cues influence gene expression – termed mechanotransduction – has been shown to modulate cell proliferation and differentiation (Herrera et al., 2018; Tschumperlin et al., 2018). One mediator of this effect is the transcriptional cofactor YAP (Yes-associated protein), whose access to the nuclear compartment (and, by extension, ability to modulate gene expression) is demonstrably regulated by binding of cell surface integrins to ECM components, cell substrate stiffness, and cell-cell contact (Finch-Edmondson and Sudol, 2016). Importantly, we recently observed the pathogen-directed induction of YAP via increased nuclear translocation during C. trachomatis infection of endocervical epithelial cells, suggesting that infection may facilitate fibrosis through manipulation of this transcription factor (Caven et al., 2023). Importantly, dysregulation of YAP has been associated with increased TGF-β signaling, myofibroblast differentiation, and induction of EMT (Liu et al., 2015; Szeto et al., 2016; Park et al., 2019). The myocardin-related transcription factors A/B (MRTF-A/B) function similarly – sequestered in the cytoplasm upon binding to monomeric actin, MRTF-A/B are induced in response to cytoskeletal remodeling and increased substrate stiffness, driving induction of similar pro-fibrotic outcomes (Huang et al., 2012; Scharenberg et al., 2014; Gasparics and Sebe, 2018). These data collectively illustrate how remodeling of the ECM can potentially exacerbate pro-fibrotic signaling via the creation of a positive feedback loop, mediated by matrikines liberated via ECM proteolysis, as well as mechanotransduction associated with increased stiffness of the basement membrane (Figure 2). Importantly, ECM-mediated induction of fibrosis is likely to occur independent of the immune response to Chlamydia, thus constituting a potential means by which subclinical or asymptomatic infections promote the development of fibrotic sequelae.




Figure 2 | Diagram of pro-fibrotic intercellular communication. Tissue injury prompts secretion of signal factors at the wound site, including pro-inflammatory cytokines (e.g. IL-1β, IL-6/8) and growth factors (e.g. TGFβ, EGF, CTGF), driving the proliferation of activated myofibroblasts via induction of fibroblast differentiation or epithelial-to-mesenchymal transition (EMT). Cytokine-mediated recruitment of immune cells (e.g. M.2 macrophages, neutrophils, dendritic cells) and their subsequent expression of myofibroblast-activating signal factors contributes to this effect. Deposition of collagens and other extracellular matrix (ECM) components by myofibroblasts and ECM-restructuring enzymes by both epithelial cells and myofibroblasts produces basement membrane stiffening and pro-fibrotic cytokines, further driving myofibroblast activation in a positive feedback loop via the action of ECM-derived matrikines and mechanotransduction. Importantly, multiple inhibitors of fibrosis-associated signaling have been identified (Li et al., 2017; Zhao et al., 2022), including the TGFβ antagonist pirfenidone (Antoniu, 2006), the EGFR inhibitor erlotinib (Fuchs et al., 2014), the anti-CTGF recombinant antibody pamrevlumab (Richeldi et al., 2020), the PGDF receptor kinase inhibitor BIBF-1000 (Chaudhary et al., 2007), the myofibroblast-inhibitory hormone relaxin (Samuel et al., 2014; Huuskes et al., 2015), the Wnt/β-catenin antagonist PRI-724 (Akcora et al., 2018), the MMP inhibitor batimastat (Corbel et al., 2001), the IL-1βR antagonist rilonacept (Li et al., 2017), and the soluble IL-6 receptor sIL-6Rα (Le et al., 2014).



While it is unclear to what extent Chlamydia-associated scarring acts via ECM-mediated signaling, preliminary evidence indicates that Chlamydia-infected epithelial cells may alter ECM architecture. In their study further characterizing chlamydial induction of EMT, Igietseme et al. demonstrated that myofibroblast differentiation of C. trachomatis-infected murine oviduct epithelial cells at 48 hpi was additionally associated with production of pro-fibrotic ECM components, such as type I/III collagen and fibronectin (Igietseme et al., 2018). Critically, collagen expression was sensitive to caspase inhibition via Z-VAD-fmk treatment (Igietseme et al., 2018), implying that infection-associated ECM deposition was driven by the same mechanism of caspase-associated inhibition of dicer (and consequent dysregulation of host miRNAs) put forward in the authors’ original study (Igietseme et al., 2015). In an in vitro model of infection using human fallopian tube explants, C. trachomatis infection induced production of MMP2 and MMP9 by infected epithelial and stromal cell populations, respectively (Ault et al., 2002). The clinical relevance of stromal MMP9 production is unclear, given the epithelial tissue tropism of C. trachomatis infections in vivo; however, MMP2 secretion by infected epithelial cells may facilitate scar formation via proteolytic remodeling of the ECM and the production of pro-fibrotic matrikines. Importantly, MMP expression associated with chlamydial infection has been shown to be sensitive to IL-17 signaling, with il17-/- mice displaying reduced oviduct expression of MMP2/MMP9 relative to wild-type mice following infection with C. muridarum (Andrew et al., 2013). Combined with the observation that IL-17-knockout mice exhibited reduced hydrosalpinx, as well as the consistent association of IL-17 production with genital C. trachomatis infection (Jha et al., 2011; Andrew et al., 2013; Masson et al., 2015), it is tempting to speculate that the activity of IL-17-producing cell types may exacerbate Chlamydia-associated fibrosis downstream of the host cell response to infection. However, it is critical to note that study of IL-17’s role in fibrosis consistently yields conflicting data (Ramani and Biswas, 2019). Depending on the mode of IL-17 inhibition or knockdown, the cytokine has been shown to either enhance fibrosis by driving fibroblast proliferation and ECM deposition (Chen et al., 2014; Liu et al., 2014), or inhibit fibrosis by antagonizing inflammation and TGFβ-induced myofibroblast activation (Braun et al., 2008; Truchetet et al., 2013). Ultimately, investigation of infection-mediated alterations to ECM architecture may be required to contextualize the effect of MMP induction – and, by extension, the role of IL-17 in Chlamydia-associated fibrosis.

Finally, more recent study of the host cell transcriptome in early (1 hpi) and mid-cycle (24 hpi) infection indicates that C. trachomatis can induce host expression of fibrillar and fibril-associated collagens (e.g. COL3A1, COL5A1), network-forming collagens (e.g. COL4A1, COL4A2), and laminin/nidogen (e.g. LAMA4, NID1) (Humphrys et al., 2013). The authors additionally observe differential expression of the ADAM (A Disintegrin And Metalloproteinase) and ADAMTS (A Disintegrin And Metalloproteinase with Thrombospondin Motifs) families of ECM remodeling enzymes (Roy et al., 2004; Keating et al., 2006; Janssen et al., 2016), with ADAM33 and ADAMTSL4 repressed relative to mock-infected cells at 1 hour post-infection and ADAM12, ADAM19, ADAMTS3, and ADAMTS6 induced at both 1 and 24 hours post-infection. With the notable exception of membrane-assocated collagen (COL25A1), modulation of collagen expression was largely not detectable at 24 hpi (Humphrys et al., 2013). In combination with the aforementioned reports of increased collagen expression by 48-72 hpi (Porcella et al., 2015; Igietseme et al., 2018), these results imply that Chlamydia-mediated induction of a myofibroblast-like phenotype may be required before infected epithelial cells are able to produce collagens. However, secretion of MMP-2 and ADAM/ADAMTS-family proteins may constitute a means by which Chlamydia reorganizes the ECM prior to this event, potentially independent of infection-associated EMT. While the field’s understanding of how infection restructures the basement membrane of the upper genital tract is incomplete, further investigation in this area may reveal critical insight into the mechanisms underlying Chlamydia-associated fibrosis. Should collagen deposition by Chlamydia-induced EMT and infection-associated induction of MMPs/ADAMTS result in a restructured ECM is retained after clearance of the pathogen, the resulting collagen- and matrikine-rich basement membrane of formerly infected tissues may itself act as a pro-fibrotic stimulus. In this way, infection-associated ECM remodeling might be understood as a form of pro-fibrotic imprinting by Chlamydia, initiating a program of scar formation that persists between infections.




6 Concluding remarks

Considerable progress has been made in the past three decades in understanding how fibrotic pathologies arise from C. trachomatis infection. Fibrosis in other contexts is often attributed to chronic inflammation, leading to dysregulation of wound healing and chronic activation and persistence of myofibroblasts, which drive the progressive deposition of ECM components, tissue stiffening, and epithelial cell proliferation associated with scarring (Wynn, 2008; Wynn and Ramalingam, 2012; Distler et al., 2019; Henderson et al., 2020; Tsou et al., 2021). Given that chlamydial infection is consistently associated with pro-inflammatory signaling and immune cell recruitment, chronic inflammation associated with recurrent or persistent infection is thought to be the principal stimulus of scar-forming pathology associated with Chlamydia. Initial work posited an immunological paradigm of chlamydial pathogenesis, where chlamydial antigens such as Hsp60 were the principal stimulus of both the host response to infection and the development of fibrotic pathology (Grayston et al., 1985; Arno et al., 1995; Peeling et al., 1997, 60). Further study has dismissed this possibility, however, by discounting the link between chlamydial Hsp60 and the induction of inflammation or fibrosis (Taylor et al., 1987; Yi et al., 1997; Sziller et al., 1998). Subsequent work indicating that Chlamydia-infected epithelial cells initiate an extensive pro-inflammatory response capable of recruiting immune cells recommended an alternative hypothesis: that the induction of innate immunity in host cells was the principal driver of the host response to Chlamydia (and, thereby, of fibrotic pathology) (Stephens, 2003).

The cellular paradigm of chlamydial pathogenesis offers a compelling explanation for how scarring may arise from the chronic inflammatory stimulus provided by persistent Chlamydia, and why repeated infection is associated with higher risk of fibrotic sequelae (Davies et al., 2016), despite no emergent patterns in sensitivity to specific chlamydial antigens. However, this model fails to account for tubal factor infertility and ectopic pregnancy associated with asymptomatic or subclinical infection (Haggerty et al., 2010), as well as the correlation of fibrotic outcomes with induction of humoral immunity (Holland et al., 1993; Bailey et al., 1995; Holland et al., 1996). The incidence of Chlamydia-associated scarring in cases of an absent or attenuated response to infection suggests that C. trachomatis may act directly as a pro-fibrotic stimulus. Chlamydia-infected epithelial cells exhibit multiple phenotypes in support of this hypothesis, including induction of pro-fibrotic cytokines and growth factors (e.g. TGF-β, EGF, VEGF, IL-6, IL-11) (Rasmussen et al., 1997; Coombes and Mahony, 2001; Hess et al., 2001; Dessus-Babus et al., 2002), differential expression of ECM components and maintenance enzymes (e.g. MMP-2, laminins, nidogen) (Ault et al., 2002; Humphrys et al., 2013), and induction of the epithelial-to-mesenchymal transition and associated production of fibrillar collagen (Igietseme et al., 2015; Porcella et al., 2015; Rajić et al., 2017; Igietseme et al., 2018; Zadora et al., 2019; Igietseme et al., 2020). Collectively, these data recommend an expansion to the cellular paradigm of chlamydial pathogenesis: that Chlamydia simultaneously induces pro-inflammatory and pro-fibrotic signaling in host epithelial cells, which consequently initiate infection-associated scarring in complementary fashion.

C. trachomatis infection demonstrably stimulates fibrosis-associated signaling, promotes expression of ECM components and maintenance enzymes, and induces trans-differentiation of host epithelial cells into collagen-producing myofibroblasts. While much work has been done to characterize the pro-fibrotic phenotypes exhibited by Chlamydia-infected epithelial cells, it remains unclear whether these arise solely from the host response to infection, or as a result of pathogen-directed subversion of host cell processes. Past study has indicated that Chlamydia can influence host gene expression by manipulating host transcription factors. For example, infection-associated inhibition of the pro-inflammatory transcription factor complex NF-κB has been associated with the chlamydial effector ChlaDub1, which stabilizes the inhibitory subunit IκBα via deubiquitination (Le Negrate et al., 2008). Indeed, we have recently reported pathogen-directed induction of the pro-fibrotic transcriptional cofactor YAP during C. trachomatis infection of endocervical epithelial cells (Caven et al., 2023). Given the demonstrable role of YAP and other transcription factors in other forms of fibrotic disease (Korol et al., 2016; Gasparics and Sebe, 2018), further study of chlamydial manipulation of host transcription factor activity may be critical to characterizing mechanisms of Chlamydia-associated fibrosis.

A critically understudied means through which infection may drive fibrosis is via the action of signal factors produced by infected epithelial cells. Infection-associated induction of known inducers of myofibroblast differentiation (e.g. IL-6, IL-8, IL-11, EGF, and CTGF) may facilitate scarring in a paracrine fashion, by inducing myofibroblast differentiation or by sensitizing tissue-resident fibroblasts to pro-fibrotic stimuli. Importantly, myofibroblasts have been consistently identified as the principal mediators of other forms of fibrotic disease (Bochaton-Piallat et al., 2016). Despite this, the role of fibroblast differentiation in Chlamydia-associated fibrosis is relatively underexplored – likely given the lack of clinical evidence suggesting fibroblasts are infected by the pathogen in vivo. Paracrine signaling by infected epithelial cells may nevertheless constitute a means by which infection induces fibrotic activity in fibroblasts not directly accessible to Chlamydia. Indeed, a recent report demonstrated that conditioned media derived from HEK-293 cells expressing constitutively active YAP could induce myofibroblast differentiation via the action of the YAP target CTGF (Chen et al., 2020). Indeed, we have recently observed that C. trachomatis infection promotes YAP activation via a pathogen-directed mechanism involving YAP tyrosine phosphorylation and host Abl kinase activity, with the downstream consequence of YAP- and infection-dependent induction of CTGF expression (Caven et al., 2023). Importantly, YAP activation has been consistently associated with the induction of EMT and fibrosis, via its role in mechanotransduction and TGFβ signaling (Szeto et al., 2016; Futakuchi et al., 2018; Park et al., 2019; Mia and Singh, 2022). Taken together, these data suggest that chlamydial YAP activation may stimulate pro-fibrotic activity, both in infected epithelial cells and uninfected cell types via the action of CTGF and other YAP-regulated signal factors. Further study of Chlamydia-associated fibrosis may thus require assessing the capacity of infected epithelial cells to initiate tissue-level fibrotic activity.

In similar fashion, it is difficult to dismiss potential for infection-associated pro-fibrotic signaling to induce EMT in uninfected, “bystander” epithelial cells. Many pro-fibrotic signal factors expressed by infected epithelial cells have been shown to induce EMT, including EGF, IL-6/8, and CTGF (Palena et al., 2012; Sonnylal et al., 2013; Kim et al., 2016; Abaurrea et al., 2021). C. trachomatis infection of murine oviduct epithelial cells additionally induces expression of TGF-β1 via engagement with the EGFR receptor during invasion. Critically, pharmacological inhibition of TGF-β and EGFR significantly attenuated infection-associated repression of E-cadherin (Igietseme et al., 2020), suggesting that TGF-β signaling in part drives chlamydial induction of EMT in this cell type. In light of these data, further investigation of the downstream effects of infection-associated pro-fibrotic signaling appears warranted. Further study of pro-fibrotic intercellular communication by host epithelial cells may reveal mechanisms of pathogenesis underlying fibrosis in subclinical and asymptomatic infections in vivo, thereby providing novel therapeutic interventions to Chlamydia-associated fibrotic disease.
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In adapting to the intracellular niche, obligate intracellular bacteria usually undergo a reduction of genome size by eliminating genes not needed for intracellular survival. These losses can include, for example, genes involved in nutrient anabolic pathways or in stress response. Living inside a host cell offers a stable environment where intracellular bacteria can limit their exposure to extracellular effectors of the immune system and modulate or outright inhibit intracellular defense mechanisms. However, highlighting an area of vulnerability, these pathogens are dependent on the host cell for nutrients and are very sensitive to conditions that limit nutrient availability. Persistence is a common response shared by evolutionarily divergent bacteria to survive adverse conditions like nutrient deprivation. Development of persistence usually compromises successful antibiotic therapy of bacterial infections and is associated with chronic infections and long-term sequelae for the patients. During persistence, obligate intracellular pathogens are viable but not growing inside their host cell. They can survive for a long period of time such that, when the inducing stress is removed, reactivation of their growth cycles resumes. Given their reduced coding capacity, intracellular bacteria have adapted different response mechanisms. This review gives an overview of the strategies used by the obligate intracellular bacteria, where known, which, unlike model organisms such as E. coli, often lack toxin-antitoxin systems and the stringent response that have been linked to a persister phenotype and amino acid starvation states, respectively.
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1 Introduction

To survive adverse conditions encountered in their environment, including infection of a host, bacteria have adapted different survival strategies and stress responses. One of these strategies includes entry into an alternative growth mode or survival state called persistence. Persistence has been historically defined as the ability of a subset of the bacterial population to survive exposure to a bactericidal drug concentration. Characteristics of bacterial persistence include its transitory nature and its non-heritability by the progeny. Importantly, the surviving persister cells can return to normal growth when the stress is removed (Balaban et al., 2019). The term of ‘persisters’ was first used by Joseph Bigger in 1944 while describing a Staphylococcus aureus culture that could not be sterilized by high doses of penicillin. The phenotype was observed without the acquisition of mutations, suggesting a small minority of the bacterial population tolerated antibiotic exposure, possibly due to their reduced growth rate (Bigger, 1944). Antibiotic persistence is defined only for bactericidal antibiotics and the different types of antibiotic persistence, as well as guidelines for research on antibiotic persistence with bacteria cultivable in liquid medium, were recently defined in a consensus statement (Balaban et al., 2019).

The formation of persister cells is now appreciated as a common response by most bacterial species when encountering environmental stress including, but not limited to, antibiotic exposure. To survive inside their host cell, intracellular pathogens have evolved strategies to manage poor nutrient growth conditions, to escape from the immune system of the host, and to tolerate drug treatment. Intracellular persistence is observed when a pathogen is viable, but quiescent, within a host cell and can survive for long periods of time until the inducing stress is removed. For example, intracellular persistence of Salmonella is well-studied, and type II toxin-antitoxin (TA) systems are involved in Salmonella persistence after internalization by human macrophages (Helaine et al., 2014; Cheverton et al., 2016; Rycroft et al., 2018).

Obligate intracellular pathogens are also able to persist in their host cells with observations of ‘persisters’ having been made among members of the Chlamydiaceae, Coxiellaceae, Anaplasmataceae, and Rickettsiaceae. These pathogens are Gram-negative bacteria, responsible for a wide range of diseases in humans and animals worldwide. Among the Chlamydiaceae, three species are pathogenic to humans: Chlamydia trachomatis, Chlamydia pneumoniae, and the zoonotic pathogen Chlamydia psittaci (Elwell et al., 2016). C. trachomatis is the leading cause of bacterial sexually transmitted infections and infectious blindness, with an estimated one hundred million individuals infected worldwide each year (Rowley et al., 2019). Diseases resulting from C. pneumoniae and C. psittaci infections are community-acquired pneumonia or pneumonia transmitted by infected birds, respectively. Coxiella burnetii is the agent responsible for the zoonotic disease Q fever, first described in 1937 among abattoir workers (Derrick, 1983; Eldin et al., 2017). Q fever is difficult to diagnose because of the flu-like and non-specific symptoms of the acute form of the disease: high fever, severe headache, fatigue, and chills (Eldin et al., 2017). There are two primary species of the Anaplasmataceae family that cause significant disease in humans: Anaplasma phagocytophilum and Ehrlichia chaffeensis, responsible for the human granulocytic anaplasmosis and the human monocytotropic ehrlichiosis diseases, respectively (Salje, 2021). The Rickettsiaceae family comprises two genera including human pathogens: Rickettsia and Orientia. Rickettsia spp. are small coccobacilli and include the causative agents of Rocky Mountain Spotted Fever (Rickettsia rickettsia), Mediterranean spotted fever (Rickettsia conorii), and louse-borne typhus (Rickettsia prowazekii and Rickettsia typhi) (Salje, 2021). The genus Orientia contains a single species, the rod-shaped bacterium and causative agent of the severe human zoonotic disease scrub typhus, Orientia tsutsugamushi (Wongsantichon et al., 2020). The mechanisms underlying persistence of obligate intracellular bacteria are poorly understood. Here, we aim to present the current state of knowledge of persistence among the Chlamydiaceae, Coxiellaceae, Anaplasmataceae, and Rickettsiaceae.




2 General aspects of persistence in free-living bacteria

Chromosomal TA systems have been linked to bacterial persistence since the observation that mutations in the hipA gene of the hipBA TA system induce a high proportion of E. coli persistent bacteria and that the dinJ-yafQ, mazEF, relBE, and yefM-yoeB TA systems were highly expressed in the E. coli persistent population (Moyed and Bertrand, 1983; Keren et al., 2004; Shah et al., 2006). TA systems are widespread genetic loci that encode both a stable toxic protein, whose overexpression can lead to growth arrest or cell death, and a corresponding unstable antitoxin, which neutralizes the toxin’s activity during bacterial growth (Van Melderen and Saavedra De Bast, 2009). TA systems are classified into six types depending on the antitoxin’s nature and mode of action. While all the toxins are proteins, the antitoxins can be either noncoding RNAs (in type I and III systems) or low-molecular-weight proteins (in types II, IV, V, and VI) (Riffaud et al., 2020). In this section, we first discuss the type II TA system, for which the antitoxin neutralizes the toxin by protein-protein interaction. We then discuss the type I TA system, for which the antitoxin is a cis or trans-encoded antisense small RNA that interacts with the toxin-encoding mRNA by pairing, thereby inhibiting toxin mRNA translation and/or inducing its degradation (Riffaud et al., 2020).

Based on studies with E. coli, the proposed persister model included the stringent response and type II TA systems. The stringent response is a global regulatory program used by most bacteria in response to amino acid limitation. The ribosome-associated and monofunctional synthetase enzyme RelA is activated when an uncharged tRNA binds in the A site of the ribosome, leading to the synthesis of the guanosine pentaphosphate or guanosine tetraphosphate molecule (abbreviated (p)ppGpp; Figure 1) (Gourse et al., 2018). The signaling molecule ppGpp accumulates in the bacterial cytoplasm following exposure to amino acid limitation, or nitrogen stress (Brown et al., 2014; Fitzsimmons et al., 2018; Gourse et al., 2018). Furthermore, the activation of the bifunctional synthetase and hydrolase protein SpoT leads to ppGpp accumulation upon exposure of a wide range of stresses such as carbon starvation (Xiao et al., 1991; Meyer et al., 2021), phosphate starvation (Spira et al., 1995; Germain et al., 2019), fatty acid starvation (Battesti and Bouveret, 2006; Germain et al., 2019), or iron starvation (Vinella et al., 2005). The accumulation of ppGpp alters the expression of genes involved in amino acid biosynthesis and proteolysis, or global stress response (Hauryliuk et al., 2015) (Figure 1). Furthermore, the transcriptional factor DksA facilitates the binding of (p)ppGpp to the RNA polymerase, which further downregulates the transcription of rRNA operons and many genes encoding proteins involved in DNA replication, translation, cell wall, lipid, and fatty acid biosynthesis (Gourse et al., 2018) (Figure 1). Stochastic activation of the hipBA TA system was proposed to induce the E. coli stringent response followed by protease (specifically Lon) degradation of antitoxins, leading to activation of type II TA systems. Many of these toxins exhibit mRNase activity (e.g. RelE, YoeB, or MazF), shutting down global translation with subsequent persister cell formation (Fraikin et al., 2020). The work leading to this model has since been retracted and further questioned by recent work that challenged the findings (Shan et al., 2017; Goormaghtigh et al., 2018; Goormaghtigh and Van Melderen, 2019; Zalis et al., 2019). For example, in S. aureus and E. coli, deletion of type II TA systems did not impact the frequency of persister cells formed in vitro.




Figure 1 | Illustration of the role of the stringent response in E. coli adaptation to various stressors. In E. coli the presence of an uncharged tRNA in the ribosome induces (p)ppGpp synthesis by RelA. In addition, carbon, phosphate, fatty acid, and iron starvation also lead to (p)ppGpp accumulation through SpoT. The accumulation of (p)ppGpp molecules in the E. coli cytoplasm induces the stringent response. The transcription factor DksA facilitates (p)ppGpp binding to the RNA polymerase (RNAP) to modulate gene expression.



It has also been proposed that persister cells have low intracellular levels of ATP and that this may be a trigger for persister cell formation (Conlon et al., 2016; Shan et al., 2017). However, a recent study showed slow growth is sufficient to induce persistence of Salmonella without ppGpp, TA systems, or low ATP (Pontes and Groisman, 2019). In a recent study, Dewachter and colleagues proposed that, during the stationary phase of growth, protein aggregation and ATP depletion is enough to induce E. coli persistence. They also identified the GTPase ObgE as a persister protein promoting protein aggregation (Dewachter et al., 2021). Therefore, confusion remains in the persistence field of research and, even in model systems, efforts are still needed to characterize the molecular mechanisms governing persistence.

On the other hand, the type I TA systems (RNA antitoxin) likely function in some capacity in persister formation. In nutrient-starved E. coli, induction of the stringent response leads to an increase in translation of the Obg protein, which induces the expression of the type I toxin HokB (Verstraeten et al., 2015). The HokB toxin of the hokB/SokB system is then inserted in the E. coli membrane and induces pore formation, a decrease in membrane potential, and leakage of ATP (Wilmaerts et al., 2018). Altogether, this results in dormancy and tolerance to ofloxacin, an inhibitor of bacterial DNA replication that binds to DNA gyrase and topoisomerases II and IV, and tobramycin, an inhibitor of protein synthesis that prevents the formation of 70S ribosome complexes (antibiotics used for the persistence assays) (Verstraeten et al., 2015; Wilmaerts et al., 2018). However, HokB does not induce E. coli death. Resuscitation experiments of persister cells triggered by ofloxacin, with or without hokB induction, involved the removal of ofloxacin and measuring the single-cell lag time of persister cell outgrowth. These experiments showed that HokB-induced persister cells can resume growth, suggesting bacteria remain viable upon HokB expression (Wilmaerts et al., 2018).

Other studies showed that the TisB toxin of the tisB/IstR1 system in E. coli is induced during the SOS response, allowing bacterial persistence by decreasing the proton motive force, thus indirectly promoting tolerance to antibiotics such as β-lactams and fluoroquinolones by slowing growth (Dorr et al., 2009; Gurnev et al., 2012). The SOS response is a programmed DNA repair regulatory network, induced by stalled replication forks and DNA damage. The SOS response is controlled by the repressor LexA and the inducer RecA (Butala et al., 2009). Independently, using a psulA::gfp reporter, another study conducted by Goormaghtigh & Van Melderen characterized the entire persistence cycle of E. coli treated with ofloxacin and showed that sensitive and persister cells induce the SOS response similarly during the treatment, as SulA is found to be expressed in both (Goormaghtigh and Van Melderen, 2019). They also observed that persister cells present a maximum SOS induction at the time of recovery after ofloxacin treatment, with a peak of GFP fluorescence, and undergo massive cell filamentation (Goormaghtigh and Van Melderen, 2019). Therefore, SOS induction is not sufficient for persistence but may predispose bacteria to becoming persisters upon fluoroquinolone treatment.

In most publications, researchers have hypothesized that the persister phenotype results from toxin activation. However, a recent report in S. aureus demonstrated that the antitoxin SprF1 from the type I sprG1/SprF1 TA system can affect formation of persistent bacteria. SprF1 associates with translating ribosomes to reduce translation during growth, and this interaction is mediated through a purine-rich sequence of 6 nucleotides at the 5ʹ-end of SprF1 (Pinel-Marie et al., 2021). Furthermore, sprG1/SprF1 knock-out or deletion of the purine-rich sequence significantly decreased persister formation after ciprofloxacin or vancomycin treatment, demonstrating that SprF1 antitoxin function facilitates formation of S. aureus persisters (Pinel-Marie et al., 2021). Consequently, even antitoxins may have toxin-like effects under specific conditions.

Even in model bacteria like E. coli and S. aureus, the mechanisms leading to persistence appear to be challenging to identify and may imply different pathways depending on the persistence trigger. Many studies are conducted in test tubes and the reality of persistent infections may be more complex with other factors that may induce the persister state such as phagocytosis or an acidic environment (Helaine et al., 2014; Leimer et al., 2016). Nonetheless, growth arrest appears to be a key characteristic of persistence, and different stresses that impair essential functions necessary for bacterial growth increase antibiotic tolerance and persistence. This is also likely to be true for obligate intracellular bacteria where their growth is limited or stalled during stressful conditions.




3 Particularities of the intracellular lifestyle

To understand persistence in obligate intracellular bacteria, an appreciation for their unique biology must be gained. One consequence of the adaptation to the intracellular lifestyle is that obligate intracellular pathogens usually exhibit reduced genomes compared to free-living extracellular bacteria (pathogenic or otherwise). The intracellular lifestyle offers a stable environment in which to replicate and is, in many cases, more stable than extracellular environmental conditions where large shifts in temperature, pH, and nutrient availability can occur. Consequently, in evolving to obligate intracellular dependence, many pathogens have eliminated stress response elements, including those that were thought to play an important role in the formation of persister bacteria such as TA systems and the stringent response (see Table 1). Overall, it is likely that obligate intracellular bacteria have developed their own mechanisms to respond to stress and persist within their hosts.


Table 1 | Presence or absence of stress response gene in human obligate intracellular pathogens compared to model free-living pathogens.



The well-adapted human pathogen C. trachomatis has a genome of 1.04 Mbp with 895 open reading frames (ORFs) and few pseudogenes (Stephens et al., 1998). C. trachomatis has no annotated orthologs of relA or spoT and lacks identified TA systems. C. burnetii, meanwhile, has a genome of approximately 2 Mbp with 2,094 ORFs and 83 pseudogenes (Seshadri et al., 2003). 29 insertion sequence (IS) elements were also found in the genome of C. burnetii, suggesting high genomic plasticity and an ongoing evolutionary process to obligate intracellular dependence (Seshadri et al., 2003). Comparative genomic analysis revealed the presence of single elements of TA systems such as a HigA-like antitoxin or a RelE-like toxin among the pseudogenes within the C. burnetii genome, suggesting removal of TA systems during the reductive evolutionary process (Beare et al., 2009; Hemsley et al., 2019). However, Coxiella does possess relA and spoT orthologs (Table 1). Rickettsiales genomes differ in size and content. Their size ranges from 0.86 Mbp for Neorickettsia sennetsuto to 2.5 Mbp for O. tsutsugamushi. Interestingly, 49% of the O. tsutsugamushi genome is composed of repetitive elements (Salje, 2021). The presence of pseudogenes and repetitive elements indicates a genome reduction in progress likely linked to ongoing adaptation to obligate intracellular life. Among the repetitive elements, Rickettsia spp. encode several copies of spoT located on mobile genetic elements. Some copies are truncated and others encode a protein containing both the hydrolase and synthetase domains for (p)ppGpp catalysis and synthesis (Gillespie et al., 2012). The O. tsutsugamushi genome also possesses a complete spoT gene suggesting O. tsutsugamushi may produce (p)ppGpp (Nakayama et al., 2008; Gillespie et al., 2015). In the order Rickettsiales, TA systems have been identified in the genome of Rickettsia spp. only (Pandey and Gerdes, 2005; Gillespie et al., 2008; Audoly et al., 2011); (see Table 1).

A consequence of the reduction of genome sizes during evolution towards the intracellular lifestyle is the suppression of genes not needed for nutrient anabolic processes since these pathogens acquire essential nutrients from the host cell. This typically leads to multiple auxotrophies. For example, Chlamydia spp. are auxotrophs for tryptophan (Trp) and most other amino acids (Beatty et al., 1994), C. burnetii is auxotrophic for arginine, cysteine, histidine, leucine, lysine, phenylalanine, proline, tyrosine, threonine, tryptophan, and valine (Seshadri et al., 2003; Sandoz et al., 2016), and O. tsutsugamushi is auxotrophic for histidine and aromatic amino acids (Min et al., 2008). R. prowazekii and the Anaplasmataceae species can produce glycine, glutamine, and aspartate, but E. chaffeensis is only able to synthesize arginine and lysine (Dunning Hotopp et al., 2006). These amino acid auxotrophies highlight the dependence of obligate intracellular bacteria on the host cell to acquire nutrients, especially amino acids. This further suggests that limiting access to amino acids will have detrimental effects on these pathogens, which in most cases lack functional stringent responses. Therefore, how they respond to amino acid limitation is a question of fundamental interest.

The environment of intracellular bacteria differs if they reside within a pathogen containing vacuole or inside the cytoplasm of the host cell. Growth of Chlamydia spp., C. burnetii, and Anaplasma spp. occurs within pathogen containing vacuoles. This vacuole is called the inclusion for Chlamydia, the Coxiella-containing vacuole (CCV) for C. burnetii, and the morulae for Anaplasma spp (Moore and Ouellette, 2014; Eldin et al., 2017; Salje, 2021). These vacuoles confer protection against osmotic stress and the host immune system via the incorporation of host lipids and secreted bacterial effector proteins, which mimic host proteins in the membrane of the vacuole. Vacuole maturation is necessary to the success of vacuolar pathogens’ growth, and this comprises blocking fusion with lysosomes and redirecting host nutrients to the vacuole for most intracellular pathogens. An exception to this is Coxiella, which prefers the lower pH of the lysosomal compartment that is necessary for its growth. Regardless, these processes are directed by secreted bacterial effector proteins – typically mediated by type III (e.g., C. trachomatis) or IV secretion systems (e.g., C. burnetii, Rickettsiales) (Moore and Ouellette, 2014; Eldin et al., 2017; Salje, 2021). Living in a vacuole also implies more restricted accessibility of nutrients compared to organisms that grow within the cytosol, and these pathogen-containing vacuoles interact with various cellular compartments like the endoplasmic reticulum and Golgi apparatus to scavenge amino acids and lipids. Vacuolar pathogens need to import nutrients and molecules necessary to their growth across two membranes, suggesting their greater vulnerability to poor nutrient conditions that will trigger stress responses. The lifestyle of Rickettsia spp. and O. tsutsugamushi is different. These pathogens specifically lyse their phagosome to replicate within the cytoplasm of the host cell and usually have a higher replication rate than pathogens living in a vacuole due to the better supply of essential nutrients in the cytosol (Eisenreich et al., 2020).

Within their intracellular niche, intracellular bacteria hide from immune system effectors. Some have adapted to reduce or alter, or even delete, expression of bacterial markers recognized by the immune system such as the outer membrane lipopolysaccharide (LPS) or peptidoglycan. For example, no LPS was observed in O. tsutsugamushi or Anaplasma spp (Wongsantichon et al., 2020; Salje, 2021). Concerning peptidoglycan, only a transient peptidoglycan ring has been detected at the septum of dividing C. trachomatis (Liechti et al., 2014). Among the Rickettsiales order, Rickettsia spp. produce a complete peptidoglycan sacculus, and a minimal peptidoglycan-like structure was recently identified in O. tsutsugamushi (Pang and Winkler, 1994; Atwal et al., 2017). A. phagocytophilum is unable to produce peptidoglycan (Salje, 2021). Among the vacuolar pathogens, C. burnetii faces very adverse growth conditions because its target host cell in mammals is a macrophage. C. burnetii replicates in an exceptionally stressful environment and encodes a significant number of basic proteins suggesting a function in buffering the acidic environment of the CCV (Eldin et al., 2017). Interestingly, the infectious but non-replicating form of C. burnetii, the spore-like small cell variant (SCV), synthesizes a very thick peptidoglycan layer conferring resistance to osmotic and mechanical insults to the SCV and enhancing its environmental stability (Eldin et al., 2017).

Independently of their lifestyle, persistence of bacterial pathogens is usually associated with chronic infections, symptomatic or not, therapeutic failure, and long-term sequelae for the patients. Asymptomatic persistent infections are typically undiagnosed and represent a burden for the host that can also serve as a reservoir of infection to spread the disease, highlighting the clinical relevance of persistent infections (Fisher et al., 2017). In vitro persistence is characterized for only a few obligate intracellular species, however chronic or relapsing infections have been described for all of them. The ability of these pathogens to persist in vivo may represent both an important survival strategy and a critical reservoir for spread to other individuals. In this work, we describe the most recent advances in persistence of obligate intracellular bacteria such as the Chlamydiaceae, Coxiellaceae, Anaplasmataceae, and Rickettsiaceae and how their intracellular lifestyle may influence their unusual mechanisms to induce persistence. At a molecular level, persistence is best characterized in Chlamydia, highlighting potential avenues of investigation in other obligate intracellular bacteria.




4 The Chlamydiaceae and the persistence phenotype



4.1 Clinical relevance

The two main pathogenic species to humans, C. trachomatis and C. pneumoniae, produce persistent infections. It is estimated that >70% of C. trachomatis-induced endocervical infections are asymptomatic and can persist for prolonged periods of time in the absence of treatment (Stamm, 1999; Satterwhite et al., 2013). This suggests that, each year, infections are significantly underdiagnosed. Persistent C. trachomatis infections can result in the activation of the host immune response and chronic inflammation. This chronic inflammation is likely responsible for tissue damage and scarring, the long-term sequelae of which include pelvic inflammatory disease, ectopic pregnancy, and infertility in women, and epididymitis or urethritis in men (Brunham and Rey-Ladino, 2005; Darville and Hiltke, 2010). Chlamydial persistence is associated with aberrant organisms (aRBs – see more below), and C. trachomatis aRBs have been observed in human endocervix samples, suggesting the presence of persistent Chlamydia in patients (Lewis et al., 2014). In addition, chlamydial antigens, for example DNA or RNA, can be detected in clinical samples, even after antibiotic treatment and culture negativity. Indeed, C. trachomatis DNA was found in fallopian tube tissue biopsies from a woman culture-negative for Chlamydia but suffering from post-infectious infertility, a sequelae associated with persistent infection (Patton et al., 1994). In another study, Suchland et al. (2017) analyzed whole-genome sequences of clinical samples collected from women over several years. Remarkably, their results indicated that the same C. trachomatis strain persisted for 3-5 years in the female genital tract. Furthermore, the genome of that strain was remarkably stable, without the accumulation of major mutations linked with antibiotic therapies, suggesting a persister state (Suchland et al., 2017). C. pneumoniae is a respiratory pathogen responsible for approximately 10% of community-acquired pneumonia. Persistent C. pneumoniae infections are associated with airway inflammation and chronic lung diseases such as chronic obstructive pulmonary disease and asthma (Kuo et al., 1995; He et al., 2010). In an in vivo model of C. pneumoniae infections, it has been observed that cortisone can induce C. pneumoniae reactivation in the lungs of the animals. This indicates that the immune system does not completely eradicate the bacteria that persist in the infected tissues (Malinverni et al., 1995; Laitinen et al., 1996). Multiple studies have associated C. pneumoniae infection of macrophages with foam cell formation and atherosclerosis, and the organism has been isolated from coronary samples (Gieffers et al., 1998; Byrne and Kalayoglu, 1999; Maass et al., 2000; Gieffers et al., 2001). As atherosclerotic plaques develop over many years and are slow growing, persistent C. pneumoniae infection may contribute to coronary artery disease.

Most Chlamydia strains are susceptible to azithromycin and doxycycline, two antibiotics used to treat infections. However, very low doses of doxycycline, 0.03–0.015 mg/L for 72 hours, can be a trigger for a cell culture model of C. trachomatis persistence in HeLa cells, where organisms could continue growth after removal of these low doses of doxycycline (Marangoni et al., 2020). However, further work is needed to determine whether doxycycline can induce persistence in vivo. Recently, it was observed that among a group of 840 pregnant women tested positive for C. trachomatis and treated with azithromycin, 13.6% were tested positive on all 3 tests performed during their pregnancy suggesting treatment failure and recurrent or persistent infections during pregnancy (Dionne-Odom et al., 2020).




4.2 Biology

All members of the Chlamydiaceae family undergo a biphasic developmental cycle that alternates between two distinct morphological forms: a small extracellular and infectious form called the elementary body (EB) and a larger intracellular replicative form called the reticulate body (RB) (Elwell et al., 2016). This developmental cycle varies in timing depending on the Chlamydia species (Wyrick, 2010). Briefly, following entry into a host cell through endocytosis or phagocytosis, EBs reside in the inclusion where they differentiate into replicative RBs. After several cycles of division by a polarized budding mechanism, RBs undergo secondary differentiation into EBs, which are released after lysis of the host cell or by an extrusion mechanism (Abdelrahman and Belland, 2005; Abdelrahman et al., 2016).




4.3 Persistence

In Chlamydia, persistence is defined as a viable but non-infectious reversible state of the chlamydial developmental cycle characterized by a block in cell division, by morphologically aberrant enlarged RB size of ≈2 to 10 μm, and by a reduction/elimination in progeny production (Wyrick, 2010). Like persister cells in model organisms, chlamydial persistence reflects stalled or limited growth. Unlike persisters in model bacteria, where only a subset of organisms undergoes this transition, chlamydial persistence is typically uniform across the culture based on consistent aberrant morphology. This again highlights the unique mechanism(s) this pathogen uses to persist. Chlamydial persistence can be triggered in cell culture models by a large variety of stimuli including the host cytokine interferon gamma (IFN-γ) (Beatty et al., 1993), starvation of tryptophan (Beatty et al., 1994) or specific amino acids (Coles et al., 1993), chelation of iron (Raulston, 1997), heat shock (Kahane and Friedman, 1992; Huston et al., 2008), certain antibiotics (Matsumoto and Manire, 1970; Phillips Campbell et al., 2012; Kintner et al., 2014; Hatch and Ouellette, 2020; Marangoni et al., 2020; Chen et al., 2021), infection of monocytes or macrophages (Koehler et al., 1997; Nettelnbreker et al., 1998; Gracey et al., 2013), and coinfection with viruses (Deka et al., 2006; Borel et al., 2010; Koster et al., 2022). Small inclusions containing enlarged Chlamydia with aRBs were observed after penicillin exposure, first in Chlamydia muridarum and Chlamydia felis in 1950, and later for C. trachomatis and C. psittaci (Weiss, 1950; Hurst et al., 1953; Tamura and Manire, 1968). Normal morphology was rescued after penicillin removal suggesting Chlamydia had entered a persistent growth state similar to other bacterial persisters (Matsumoto and Manire, 1970). During a natural infection, Chlamydia is likely exposed to two main persistence triggers: the inflammatory cytokine IFN-γ and iron starvation. We will focus on persistence triggered by these stresses in the subsequent sections, as these are the most biologically relevant stresses for C. trachomatis, especially in the case of asymptomatic infections. Importantly, both are linked to nutritional stress that stalls growth of the pathogen.



4.3.1 IFN-γ-mediated persistence

How Chlamydia responds to IFN-γ exposure is one of the most studied persistence models among all obligate intracellular bacteria. IFN-γ is a pro-inflammatory cytokine and involved in the primary host response against endocervical C. trachomatis infections (Aiyar et al., 2014). IFN-γ-mediated persistence is particularly relevant in the context of chlamydial persistent infection in which the pro-inflammatory environment generated by asymptomatic infections is responsible for the long-term sequelae of chronic infections (Darville and Hiltke, 2010). IFN-γ induces Trp deprivation in human cells through activation of the expression of the enzyme indoleamine-2,3-dioxygenase (IDO; Figure 2). Because pathogenic Chlamydia species are auxotrophic for Trp, this low Trp environment induces the development of noninfectious atypical chlamydial forms, aRBs, within smaller inclusions (Beatty et al., 1994). Sensitivity of the chlamydial species infecting humans to IFN-γ mediated Trp depletion depends in large part on their growth rate. Faster growing species and serovars, like C. trachomatis serovar L2, typically require pretreatment of the host cell with IFN-γ (Morrison, 2000). This ensures an adequate Trp limiting environment when the pathogen is entering its logarithmic growth phase. In vivo, surrounding uninfected cells may become activated by IFN-γ produced from responding immune cells such that, once an infected cell lyses, the next cycle of infection is in the presence of “pre-treated” cells. In accordance with persistence reversibility, infectious progeny (meaning generation of new EBs from secondary differentiation) are produced when IFN-γ is removed and the Trp pool of the host cell is regenerated (Beatty et al., 1995). However, severe Trp limitation, where free Trp concentrations are effectively 0, can prevent induction of persistence as well as reactivation (Leonhardt et al., 2007), and this is likely tied to the timing of Trp starvation in relation to the developmental cycle. Only the RB can become an aRB, and if the EB cannot differentiate to the RB before Trp starvation, then it may not be able to persist for extended times.




Figure 2 | Response of chlamydial species to tryptophan starvation mediated by IFN-γ. Red arrows indicate a decrease and green arrows indicate an increase of a cellular function. IFN-γ is the trigger for Trp catabolization to N-formyl-kynurenine by the IDO enzyme, resulting in a Trp depleted environment, a decrease of tRNAtrp charging, and stalling at Trp codons (UGG). Unable to produce (p)ppGpp because relA or spoT are absent from its genome, Chlamydia spp. respond to Trp starvation mediated by IFN-γ by decreasing the production of Trp containing proteins (e.g. YtgCR), then by increasing transcription, more specifically for Trp-rich genes, and finally by a decrease of global translation leading to persistence.



Subsequent work has characterized IFN-γ-mediated persistence at the transcriptomic and proteomic levels. Intuitively, the hypothesis driving studies into chlamydial transcriptional responses during persistence posited that Chlamydia enacted a global “regulon” to respond to this stress state, similar to model bacteria using, for example, the alternative sigma factor RpoS (also called σS or σ38; Table 1) (Gottesman, 2019). Several targeted transcriptional studies measuring transcriptional changes in Chlamydia during IFN-γ-mediated persistence appeared to support this (Byrne et al., 2001; Slepenkin et al., 2003; Polkinghorne et al., 2006). Additionally, work from the McClarty lab also demonstrated the specific induction of the C. trachomatis TrpBA synthase in response to low Trp conditions after derepression of the TrpR regulator (Wood et al., 2003; Carlson et al., 2006). Further support for a “persistence regulon” came from work conducted by Belland and colleagues using microarray analyses. The microarray technique revealed global changes in the C. trachomatis serovar D transcriptome in an in vitro model of IFN-γ-mediated persistence with infected HeLa cells. By comparing C. trachomatis transcript profiles between cultures treated or not with IFN-γ, and at different times of exposure representative of different stages of the developmental cycle, Belland et al. suggested the induction of a “persistence stimulon” allowing C. trachomatis to survive (Belland et al., 2003a).

However, all of these studies generally took two approaches to measure transcriptional changes. In the first instance, transcripts of 16S rRNA or another “housekeeping” gene were used to normalize transcript data as is typically performed in other bacterial systems. This normalization strategy assumed that these genes remained constant during persistence and were proportional to the bacteria. Because of its unique developmental cycle including two morphological forms, gene expression in Chlamydia is temporal, allowing each gene to be expressed when its function is needed (Belland et al., 2003b). As a consequence, a housekeeping gene whose transcript level is the same throughout the developmental cycle of Chlamydia does not exist (Ouellette et al., 2005). In the second instance, these early studies typically compared untreated culture conditions to the IFN-γ treated cultures at 24- or 48- hours post-infection for C. trachomatis or C. pneumoniae, respectively, a time in which RBs are differentiating to EBs in untreated conditions. In 2006, work from the Byrne lab demonstrated that both of these strategies were flawed. For example, 16S rRNA transcripts were measured during IFN-γ mediated persistence in C. pneumoniae and normalized to genomic DNA levels, the template of transcription. 16S rRNA transcripts should remain proportional to genome copies over time and during persistence if 16S rRNA is an appropriate normalizer for transcript levels. However, 16S rRNA transcripts increased in proportion to the genome copy during IFN-γ treatment, consistent with their lack of a stringent response (i.e. a relaxed phenotype). These data indicated that the template of transcription is more reliable and appropriate for normalizing transcript data, particularly during persistence (Ouellette et al., 2006). Transcriptional changes of the nascent RB as it becomes persistent were measured longitudinally during those experiments rather than comparing a population of RBs differentiating to EBs (as occurs at later time points during the developmental cycle) to a persistent culture.

Combining these two modifications to normalize and assess transcript data during persistence revealed that depriving C. pneumoniae of Trp by IFN-γ treatment does not induce the expression of a specific regulon. Using microarray analyses during IFN-γ-mediated persistence and normalization of the data to genomic DNA demonstrated that C. pneumoniae transcription was globally increased. However, chlamydial translation was globally decreased, as assessed by metabolic labeling of the chlamydial protein pool (Ouellette et al., 2006) (Figure 2). The fact that Trp is incorporated in approximately 80% of chlamydial proteins with an average Trp content per protein of 0.96% for C. pneumoniae may explain the global decrease in translation (Ouellette et al., 2016). It was hypothesized that, given the lack of a stringent response to trigger persistence in these organisms, Chlamydia might respond transcriptionally by increasing the transcription of genes rich in Trp codons. To investigate this, RT-qPCR analysis was used to measure the transcript levels of targeted genes selected for their Trp codon-content (free (0%), poor (between 0 and 0.96%), or rich (above 1.2%)). With this approach, transcripts of Trp codon-rich genes were observed to increase whereas transcripts of Trp codon-free or Trp codon-poor genes were decreased or unchanged during IFN-γ-mediated Trp starvation (Ouellette et al., 2016) (Figure 2). This trend was also observed when analyzing the microarray data based on amino acid codon content of the specific transcripts such that Trp-codon rich transcripts, as a group, were disproportionately increased. Interestingly, transcripts of operons and large genes were disproportionately decreased, suggesting that ribosome stalling during Trp starvation leads to premature transcript termination. A function for the transcriptional terminator Rho in this process was demonstrated to cause this effect (Ouellette et al., 2018).

Recently, RNAseq during IFN-γ-mediated persistence of C. trachomatis serovar L2 was used to compare its responses to another Trp auxotrophic pathogen, Streptococcus pyogenes (Ouellette et al., 2021b). It was hypothesized that the chlamydial response to Trp starvation was due to its lack of a stringent response, thus chlamydial transcriptional changes were compared to those of wild-type and stringent response mutant (relA-) strains of S. pyogenes, assessed as a function of their respective amino acid content. Surprisingly, S. pyogenes strains responded in a similar manner to Trp starvation as Chlamydia, irrespective of the stringent response. Importantly, these effects were not due to differential stabilization or protection of Trp codon-rich transcripts from ribosome stalling, as previously noted (Ouellette et al., 2018). These data suggest that increasing transcription of Trp codon-rich genes in comparison to Trp codon-poor genes may be a conserved strategy for Trp auxotrophs to respond to Trp starvation. Further work is necessary to understand the mechanistic underpinnings of this response to Trp starvation. Overall, these data indicate that transcriptional studies of Chlamydia during IFN-γ-mediated persistence cannot be extrapolated to infer the physiological state of persistently growing organisms.

How then can we assess the physiological state of Chlamydia given the disconnect between transcription and translation during IFN-γ-mediated persistence? Effectively, the phenotype is driven primarily from the protein content of the organism, therefore, proteomic assessments should be more informative to our understanding of persistence. Bonner et al. (2014) proposed that, during their evolution, a decrease in Trp content in specific proteins within specific pathways (e.g. menaquinone synthesis) renders these pathways more resistant to Trp starvation mediated by IFN-γ to allow Chlamydia to survive during persistence (Bonner et al., 2014). A corollary of this hypothesis is Trp-codon richness in specific transcripts may render certain genes more susceptible to Trp starvation, and this could help trigger persistence. For example, expression of the YtgCR protein, which contains a triple Trp motif (i.e. WWW), is negatively impacted during Trp starvation (Figure 3). Pokorzynski et al. (2020) mutated this motif to YFF and showed that expression of this mutant isoform was recovered during Trp starvation in comparison to the wild-type protein (Pokorzynski et al., 2020). Interestingly, the YtgCR protein is involved in the response to iron limitation, thus potentially linking Trp starvation and iron limitation (Figure 3). In this scenario, the inability to translate the YtgR repressor protein activates the ytg regulon (see more below for persistence induced by iron limitation).




Figure 3 | Model of tryptophan and iron-dependent expression of the operons ytgABCRD and trpBA. (A) Under normal growth, the presence of Trp in the environment allows ribosomes to read through the Trp motif of the ytgCR mRNA to complete its translation. After cleavage from YtgC and the binding of an iron molecule, YtgR functions as a transcriptional repressor for the ytg operon and the trpBA operon. In these conditions, the expression of TrpBA is downregulated by the TrpR and YtgR repressors. (B) Under Trp starvation, the ribosome stalling at the WWW motif of ytgCR and the Rho-dependent termination of transcription affect the translation of YtgCR. Under low iron conditions, YtgR does not bind its repressor sites in promoter regions. These low Trp and low iron conditions of growth allow the removal of the TrpR and YtgR repressors from the trpR and trpBA promoters allowing their transcription. In the presence of indole, Trp can be produced via the activity of the TrpBA synthase.



In a recent study, Riffaud et al. hypothesized that chlamydial cell division is blocked during Trp starvation-mediated persistence by the inability to translate Trp-rich cell division proteins. Compared to E. coli and other obligate intracellular pathogens, some C. trachomatis L2 cell division genes encode proteins enriched in Trp residues (e.g. FtsI/Pbp3, MraY, RodA; see Table 2). The Trp content significantly decreased the expression of two wild-type division-related proteins containing a WW motif (RodZ and CTL0293) during persistence induced by Trp starvation. On the contrary, isoforms lacking Trp codons were still expressed in the same conditions (Riffaud et al., 2023). By looking more broadly at cell division and PG-synthesis proteins in Chlamydia, immunofluorescence data demonstrated that the Trp-poor protein MurG and the Trp-neutral protein FtsL were still expressed during persistence, while the expression of the Trp-enriched proteins Pbp2, RodA, FtsI/Pbp3, and MraY was significantly reduced (Riffaud et al., 2023). Overall, this study provides a mechanistic explanation for how cell division is inhibited in Chlamydia during Trp starvation conditions and, together with the Pokorzynski et al. study, underscores the link between the Trp content of a protein and its likelihood to be translated.


Table 2 | Tryptophan content in division and peptidoglycan synthesis proteins in human obligate intracellular pathogens compared to E. coli.



Various studies have assessed protein expression during IFN-γ-mediated persistence. However, given the limited biomass of persistent chlamydial cultures as compared to the host cell biomass, such studies are challenging when implemented at the proteomic level. Nevertheless, in Beatty et al.’s original characterization of persistence, western blots were used to demonstrate that C. trachomatis serovar A Hsp60 levels remained constant whereas major outer membrane protein (MOMP) and OmcB, an EB-specific protein, levels were reduced (Beatty et al., 1993). Of note, Hsp60 contains zero Trp residues. These initial observations were confirmed and extended by Shaw et al. (1999), who observed a correlation between IFN-γ treatment and decreased levels of MOMP expression in C. trachomatis serovar A, but not C. trachomatis serovar L2 (Shaw et al., 1999). Using high-resolution two-dimensional immobilized pH gradient polyacrylamide gel electrophoresis (2D-PAGE) in combination with pulse labeling with [35S]methionine, they also observed up-regulation of proteins in C. trachomatis serovars A and L2. These included the two putative subunits of the Trp synthase, presumably induced to adapt to the Trp-depleted environment of the host cell (Shaw et al., 1999). In C. pneumoniae, increased levels of proteins involved in stress response, nucleotide and amino acid biosynthesis, DNA replication, transcription, translation, glycolysis, type III secretion, and cell envelope were observed during IFN-γ-mediated persistence (Molestina et al., 2002; Mukhopadhyay et al., 2006). However, these results are not consistent with recent comparative proteomic investigations conducted in C. trachomatis serovar D, possibly indicating species-specific differences. During IFN-γ-mediated persistence of C. trachomatis serovar D, Ostergaard and colleagues demonstrated that the proteomes of RBs and aRBs were broadly similar, with the exception of the two subunits of the Trp synthase TrpA and TrpB that were present at very high levels in aRBs (Ostergaard et al., 2016). This suggests an attempt by C. trachomatis to synthesize Trp from indole, the substrate of the Trp synthase (Shaw et al., 1999; Wood et al., 2003). Interestingly, it has been proposed that C. trachomatis genital serovars can scavenge indole from the normal flora to resist IFN-γ-mediated Trp limitation (discussed further below). Furthermore, aRBs were found to express lower levels of proteins with high Trp content (Ostergaard et al., 2016), which is consistent with the hypothesis proposed by Ouellette et al. where ribosomes stalling at Trp codons decrease global translation to trigger persistence (Ouellette et al., 2016).

From a clinical point of view, the burden of persistent chlamydial infections derives from the development of long-term sequelae by the patients, especially women, and on the relapse of infections. Infection relapse implies the reactivation of persistent bacteria to active growth. Indeed, the restoration of the Trp pool in the host cell is necessary to restore persistent Chlamydia to a normal developmental cycle (Beatty et al., 1995). In this pioneering work on chlamydial reactivation, Beatty et al. provided evidence that replacement of IFN-γ-treated medium by fresh IFN-γ-free medium is necessary for recovery of infectivity (EBs production) from aberrant chlamydial forms. Furthermore, removal of IFN-γ, and recovery of infectious Chlamydia, was accompanied by an increase of MOMP and the 60-kDa outer envelope OmcB protein synthesis and a reorganization of the aRBs to morphologically typical developmental forms (Beatty et al., 1995). An enzyme converting indole or serine into Trp, called Trp synthase, is expressed by C. trachomatis but not by C. pneumoniae. Remarkably, only the genital serovars of C. trachomatis encode functional trpA and trpB genes coding for the Trp synthase, in which the enzymatically dead TrpA functions as a scaffold for TrpB to form the functional Trp synthase complex (Fehlner-Gardiner et al., 2002; Caldwell et al., 2003; Muramatsu et al., 2016). C. trachomatis is unable to produce indole and scavenges this substrate from its environment. Interestingly, women with bacterial vaginosis, for whom the incidence of C. trachomatis infection is high, frequently possess a microbiome enriched with bacterial species containing indole producers like Prevotella spp (Brotman et al., 2010; Muramatsu et al., 2016).. This suggests that C. trachomatis genital serovars are dependent on the presence of indole-producer bacteria in the lower genital tract to circumvent Trp depletion mediated by IFN-γ (Aiyar et al., 2014). However, this implies that, as Chlamydia ascends the female genital tract, it will eventually enter a “sterile” area devoid of indole-producers. Consequently, Chlamydia in these areas will be susceptible to IFN-γ-mediated Trp limitation. Persistent chlamydiae may thus lead to chronic inflammation in these sites and subsequent sequelae like pelvic inflammatory disease.

As one strategy to identify factors important for chlamydial survival during IFN-γ-mediated Trp starvation, chemically mutagenized chlamydial strains have been used. For example, C. trachomatis L2 mutants unable to resume growth from IFN-γ-mediated persistence were identified. Despite the addition of indole in the medium, the mutant strains failed to produce Trp. Using a GFP-expressing library of chemically mutagenized strains of C. trachomatis, non-synonymous mutations in trpB, CTL0225 (encoding a hypothetical membrane protein), and the chlamydial homolog of the E. coli cysJ, CTL0694 (encoding a hypothetical oxidoreductase with orthologs present in all sequenced Chlamydia spp.), were identified in strains defective for recovery from IFN-γ-mediated persistence (Muramatsu et al., 2016). Another group identified the gene ptr encoding a putative protease required for recovery from IFN-γ-mediated persistence. Reduced infectious progeny production and impaired genome replication upon removal of IFN-γ were observed in a ptr-null strain, suggesting that strain is unable to efficiently return to a normal developmental cycle (Panzetta et al., 2019). Further mechanistic studies are needed to investigate the involvement of these proteins in reactivation.

Future studies investigating IFN-γ-mediated persistence will ideally leverage newly developed genetic tools to inducibly overexpress or knockdown specific targets during amino acid starvation (Bauler and Hackstadt, 2014; Ouellette et al., 2021a). To this end, we leveraged characterized bacterial tRNA synthetase inhibitors as a means to circumvent the need for treating host cells with IFN-γ, which often requires pre-treating the host cells to effectively induce persistence in Chlamydia – particularly faster growing serovars and species. This can lead to heterogeneity between labs that can make comparisons between studies challenging. We demonstrated that blocking tryptophanyl-tRNA synthetase using indolmycin effectively mimicked IFN-γ-mediated persistence (Hatch and Ouellette, 2020), to reflect the translation-associated effects of Trp starvation. Therefore, future studies should be able to combine genetic tools with these inhibitors to explore the function of specific proteins in the development of or reactivation from IFN-γ-mediated persistence.




4.3.2 Iron deprivation-mediated persistence

Persistence mediated by iron-deprivation of Chlamydia is clinically relevant considering the physiology of the female genital tract. The lactoferrin protein is expressed at mucosal sites as part of the innate immune response to prevent accumulation of free iron. Indeed, lactoferrin produced by epithelial cells and neutrophils was demonstrated to have a bacteriostatic effect linked to its iron-binding activity, its inhibitory effect on bacterial adhesion and cell invasion, and its ability to induce bacterial lysis (Jenssen and Hancock, 2009; Valenti et al., 2018). An increase of interleukin-1β, interleukin-6, and interleukin-8 cytokine levels was observed in women with vaginosis (abnormal vaginal microbiome). This leads to an increase of lactoferrin concentration released by neutrophils recruited by these pro-inflammatory cytokines and presumably a decrease in iron availability owing to lactoferrin’s iron-binding activity. Furthermore, lactoferrin is strongly increased in lower genital tract mucosal fluid from women infected by Neisseria gonorrheae, C. trachomatis, and Trichomonas vaginalis infections, suggesting that these pathogens may be exposed to iron-limiting conditions (Valenti et al., 2018). Chlamydia acquires iron from the host, likely through an interaction with the slow transferrin recycling pathway (Ouellette and Carabeo, 2010), since they lack any identified siderophores, thus limiting the availability of this essential nutrient is detrimental to the bacterium.

In cell culture models, iron chelators can be used to sequester free iron. In 1997, the first study demonstrated that treatment of C. trachomatis serovar E-infected cells with desferrioxamine mesylate (DFO) induces aberrant and morphologically enlarged RB formation, with a delayed maturation and a significant reduction of EB production (Raulston, 1997). Moreover, the addition of iron-saturated holotransferrin (hTf) to the cell culture medium rescues EB production. hTf is an iron transport protein with two binding sites for Fe3+. The binding of iron is reversible and addition of hTf to the cell culture medium will increase iron availability. Thus, the phenotype associated with iron-deprivation is reversible, which is a hallmark of persistence (Raulston, 1997). Similarly, in C. pneumoniae and C. psittaci, iron deprivation also results in smaller inclusions with abnormal chlamydial morphology and a decrease in infectious progeny (Al-Younes et al., 2001; Freidank et al., 2001; Goellner et al., 2006). Interestingly, Chlamydia species did not respond equivalently to the treatment of HEp-2 infected cells by DFO, which had more potent effects on C. pneumoniae than C. trachomatis as characterized by smaller inclusions and reduced infectious EB production (Pokorzynski et al., 2017). This suggests either that the slower growing C. pneumoniae may be more sensitive to disruptions in iron acquisition or that the faster growing C. trachomatis may be more effective at acquiring iron from its host cell and thus better able to resist iron chelation by DFO.

Understanding the molecular basis of Chlamydia persistence in response to iron deprivation is important because Chlamydia is likely exposed to this persistence trigger during infection. In C. pneumoniae, microarray and RT-qPCR analysis demonstrated that omcB, a gene associated with outer membrane crosslinking in the EB, and hctB, a gene involved in nucleoid condensation during secondary differentiation of RB to EB, were downregulated during iron deprivation (Maurer et al., 2007; Timms et al., 2009). Conversely, a significant increase of transcript level was observed for the stress-response genes htrA (21-fold) and ahpC (8.5-fold), encoding a periplasmic serine protease and thioredoxin peroxidase, respectively (Timms et al., 2009). In the microarray study by Mäurer and colleagues, the expression of the gene euo was unaffected (Maurer et al., 2007). Upregulation of euo is well-characterized during IFN-γ-induced persistence, but the apparent lack of change during iron limitation may be due to differences in the normalization method used to analyze the data from this study (i.e., using “housekeeping” genes such as 16S rRNA vs genomic DNA levels). In DFO-treated C. trachomatis serovar E, transcript data normalized to genomic DNA reported no significant changes in the expression of euo, ompA, or omcB (Dill et al., 2009). However, as noted below, the DFO model of iron-limitation may not reliably limit iron pools to Chlamydia, thus these early studies should be interpreted with this caveat.

Unlike persistence mediated by Trp limitation, which can be reliably induced with IFN-γ or a tRNA synthetase inhibitor (Beatty et al., 1994; Hatch and Ouellette, 2020), iron deprivation is dependent on the type of chelator used in the model. DFO is relatively membrane impermeable, and its chelating activity is more efficient in the extracellular environment. Therefore, extensive treatment is necessary to produce sufficient iron starvation for an obligate intracellular pathogen like Chlamydia (Pokorzynski et al., 2017). Among chelators which are more membrane permeable, 2,2-bipyridyl (Bpdl) is the most effective at depriving Chlamydia of iron to create an iron-deprivation persistent phenotype (Thompson and Carabeo, 2011). In addition to the normalization method used to analyze the data, using different chelators is another source of variability between studies. Results contradicting previous transcriptomic studies were obtained when Bpdl was used instead of DFO. Normalized to genomic DNA, data showed that Bpdl treatment modulates the transcript levels of persistence markers in a similar way to IFN-γ with a high level of euo transcripts and a down-regulation of omcB expression in a 48 h time course infection (Thompson and Carabeo, 2011). Additionally, the expression of two putative iron-responsive transcripts, ahpC and devB, is induced by Bpdl treatment and not by DFO (normalization to genomic DNA), despite 30 h of treatment (Dill et al., 2009), which validates the use of Bpdl as a more effective iron chelator for studying effects of iron limitation on Chlamydia.

More recently, global transcriptomic studies of iron-deprived Chlamydia were conducted with the RNA-sequencing technique. Brinkworth and colleagues demonstrated that, during iron deprivation with Bpdl, 7% of the C. trachomatis genome was differentially expressed at the early stage of the development cycle against 8% at the middle stage (Brinkworth et al., 2018). Their data indicated that transcripts for the synthesis of macromolecular precursors (deoxynucleotides, amino acids, charged tRNAs, and acetyl coenzyme A) were upregulated, while transcripts for ABC transporters and translation (genes involved in ribosome assembly, initiation, and termination factors) were downregulated (Brinkworth et al., 2018). The authors hypothesized that this transcriptional response would allow Chlamydia to prioritize survival over replication. Recently, a similar approach was used to study the transcriptional profile of the Chlamydia-related species Waddlia chondrophila exposed or not to iron deprivation. First, W. chondrophila also exhibits an aberrant morphology and growth arrest when starved for iron, like Chlamydia species. Additionally, the results indicate a transcription profile with a significantly reduced transcript level of genes related to energy production, carbohydrate and amino acid metabolism, and cell wall/envelope biogenesis compared to actively replicating bacteria in the untreated condition (Ardissone et al., 2020). However, three putative TA systems were among the most up-regulated genes upon iron deprivation, suggesting that their activation might be involved in growth arrest in adverse conditions, highlighting a major difference with Chlamydia that does not encode TA systems in its genome (Ardissone et al., 2020).

In contrast to IFN-γ-mediated persistence where there is no regulon induced, recent work from the Carabeo laboratory has characterized the function of an iron-responsive transcriptional repressor, YtgR, in the chlamydial response to iron limitation. The ytg operon encodes gene products predicted to be necessary for the import of iron into Chlamydia, and YtgR is a putative negative regulator of expression in the presence of iron. Preliminary in vitro studies of YtgR conducted by the Tan laboratory demonstrated that it binds to an operator region upstream of the ytg operon promoter and represses its activity (Akers et al., 2011). Thompson et al. subsequently demonstrated by western blot that the functional YtgR repressor corresponds to a fragment of about 28 kDa produced by the cleavage of the full-length YtgCR, both with proteins samples collected from C. trachomatis infected cells or with an overexpression strain of YtgCR in E. coli. This 28 kDa C-terminal domain of YtgCR successfully represses the transcription of the lacZ reporter gene when driven by the ytg promoter, validating its activity as a transcriptional repressor (Thompson et al., 2012).

Recent studies in C. trachomatis on the regulation of the trpBA operon, coding for the two subunits of the Trp synthase, suggest that a link may exist between iron and Trp limitation (Figure 3). Besides binding the ytg promoter region, the YtgR repressor, in the presence of iron, can bind to an intergenic region upstream of a trpBA alternative promoter and downstream of the regulator trpR. This prevents trpBA expression by promoting termination of transcripts from the main promoter upstream of trpR (Figure 3). However, during iron deprivation, YtgR is not able to bind to the alternative promoter, and the Trp synthase can be efficiently produced (Pokorzynski et al., 2019). Moreover, the Trp-codon content of YtgR seems also to play an important role in that regulation. As discussed above, YtgR is processed from its precursor YtgCR protein that possesses a rare triple Trp motif (WWW). Consequently, Trp starvation will negatively impact the translation of the YtgR regulator by promoting the Rho-independent transcription termination of the ytg operon with ribosomes stalling at the WWW motif. This alleviates the repression by YtgR as it is no longer translated and further allows trpBA expression (see Figure 3) (Pokorzynski et al., 2020).

Understanding transcriptional changes that occur during chlamydial persistence is part of the puzzle towards understanding mechanisms involved in the entry or response to conditions that induce chlamydial persistence. Proteomic studies are also very useful tools to investigate how Chlamydia responds to iron deprivation and enters persistence. Early proteomic analysis by 2D-PAGE with pulse labeling with [35S]methionine in C. pneumoniae during iron deprivation-(DFO)-mediated persistence showed increased levels of the OmpA protein whereas OmcB expression was unchanged (Mukhopadhyay et al., 2006). In C. trachomatis, between 19 and 25 proteins were induced in response to DFO-mediated iron limitation, however it remains unclear whether most of these proteins participate directly in iron acquisition or homeostasis (Raulston, 1997; Dill et al., 2009). Interestingly, the 60-kDa heat shock protein, Hsp60, was demonstrated to be iron-regulated whereas Hsp60 expression is very stable during IFN-γ-mediated persistence, suggesting that different triggers can use different pathways to induce persistence (Beatty et al., 1994; LaRue et al., 2007). Future proteomic studies using Bpdl as the iron chelating agent could be useful to delineate changes associated with iron limitation and its related persistent phenotype given the known caveats of DFO-mediated iron chelation.






5 Persistent infections and Coxiella burnetii



5.1 Clinical relevance

Coxiella infections in humans, referred to as Q fever, occur by the inhalation of C. burnetii aerosols generated from infected animals and contaminated environments (Woldehiwet, 2004; Abeykoon et al., 2021). Q fever is a highly transmissible zoonotic disease, and, the more humans are in contact with domestic ruminants/livestock, the more at risk they are of C. burnetii infection (Georgiev et al., 2013). Birthing fluids of infected animals are also contaminated by C. burnetii, and this pathogen constitutes a real burden in agriculture by causing increased abortion rates and loss of milk production in infected animals (van Asseldonk et al., 2013; Canevari et al., 2018).

A “chronic febrile illness dating back to a proved attack of Q fever” was first used in 1949 to describe a persistent infection in patients (Eldin et al., 2017). As discussed elsewhere and briefly reprised here, Q fever is characterized by two forms. The first one is the acute form with the flu-like symptoms of high fever, severe headache, fatigue, and chills. This first form of the disease is effectively treated by doxycycline even though doxycycline resistance has been observed in a few instances. Sulfamethoxazole-trimethoprim can be used too, and no resistance has been reported to date (Eldin et al., 2017). The second form of the disease is the chronic Q fever, usually treated by the combination of doxycycline and fluoroquinolone (Eldin et al., 2017). Chronic Q fever is a persistent focalized infection, or an infection that is localized to a specific organ site or tissue, that occurs in 1% to 5% of patients, and the most frequent form is endocarditis. The worldwide role of C. burnetii as a cause of endocarditis has been recognized in most countries performing systematic serology to identify C. burnetii antigens. Like chlamydial infections, 60% of primary C. burnetii infections are asymptomatic (Eldin et al., 2017). Similarly, IFN-γ may be a clinically relevant trigger for C. burnetii persistence because IFN-γ is detected in the blood of patients suffering from chronic Q fever (Schoffelen et al., 2014).




5.2 Biology

C. burnetii are small coccobacilli of 0.2 to 0.4 μm wide and 0.4 to 1 μm long. The reservoir is infected livestock animals such as cattle, sheep, and goats, which are infected by a tick vector most frequently belonging to the genera Ixodes, Rhipicephalus, Amblyomma, and Dermacentor (Kazar, 2005; Eldin et al., 2017). In mammals, C. burnetii replicates inside macrophages within a highly oxidative and acidic vacuole, abbreviated CCV, which has all the characteristics of a terminal phagolysosome: an acidic pH, acid hydrolysates, and cationic peptides (Moffatt et al., 2015).

Analogous to Chlamydia, C. burnetii has a biphasic developmental cycle including two developmental stages: the large-cell variant (LCV) and the small-cell variant (SCV) (Eldin et al., 2017). The LCV is the replicative form that divides inside the CCV, exhibits dispersed chromatin, and an envelope similar to typical Gram-negative bacteria like E. coli. Conversely, the SCV is nonreplicating, metabolically dormant, and has a condensed chromatin. Moreover, a very thick envelope and an unusual internal membrane system, including a high number of peptidoglycan crosslinks, allow the SCV to remain stable in the environment and resist numerous stresses. This enhances resistance to agriculturally related eradication measures (Eldin et al., 2017). In vivo, the developmental cycle starts with the entry of a C. burnetii SCV into the host cell by endocytosis or phagocytosis. Interestingly, and contrary to chlamydial RBs, the LCV can also be endocytosed to initiate a new infection in cell culture models (Coleman et al., 2004). The CCV is then trafficked along the endolysosomal pathway and acquires the characteristics of a phagolysosome during maturation of the vacuole (Howe et al., 2010). During this maturation, the CCV undergoes vacuole acidification, and lysosome-associated membrane proteins (LAMPs) are recruited to the CCV membrane (Howe et al., 2010). Using a Dot/Icm type 4B secretion system, C. burnetii translocates effector proteins into the host cell (Newton et al., 2013). These effector proteins are involved in modification of the CCV to enable Coxiella replication and vesicular trafficking to the CCV to acquire nutrients (Beare et al., 2011; Carey et al., 2011; Larson et al., 2016). SCVs are converted into LCVs under the effect of the acidic pH of the phagolysosome, which activates C. burnetii metabolism and differentiation (Hackstadt and Williams, 1981). Following differentiation, LCVs replicate exponentially before entering stationary phase. C. burnetii growth leads to expansion of the CCV via a pathogen-derived process that recruits cellular vesicles to fuse with the vacuole membrane (Howe et al., 2003). Finally, SCVs appear in significant numbers during the stationary phase via condensation of the LCVs and are released after cell lysis (Coleman et al., 2004).




5.3 Persistence

As with model organisms, C. burnetii persistence is characterized by an inhibition of C. burnetii replication and growth arrest, which is reversed by the removal of the persistence inducer. Whether the organisms remain infectious during persistence-inducing conditions is not clear. Further, there is relatively little known about the molecular mechanisms of C. burnetii persistence. Diverse stimuli can induce C. burnetii persistence such as treatment with IFN-γ or TNF-α cytokines, the synthetic nitric oxide donor 2,2′-(hydroxynitrosohydrazino)bis-ethanamine (DETA/NONOate) (Howe et al., 2002), and iron deprivation (Sanchez and Omsland, 2020). In murine L-929 cells infected by C. burnetii, IFN-γ and TNF-α treatment induces increased expression of the nitric oxide synthase iNOS, suggesting a contribution of this enzyme to the Coxiella persistence state (Howe et al., 2002). Further, these data indicate that oxidative stress more generally could be a trigger of Coxiella persistence. Microscopic analysis of infected cells revealed that nitric oxide (either cytokine induced, or donor derived) blocks the maturation of the large CCV. Indeed, exposure of infected cells to nitric oxide resulted in the formation of multiple small, acidic CCVs usually containing only one C. burnetii bacterium. Furthermore, addition of the iNOS inhibitor S-methylisothiourea (SMT) to the culture medium of cytokine-treated murine cells allows the fusion of the small CCVs to form a large vacuole harboring multiple replicating C. burnetii bacteria. Of note, human cells do not produce high levels of iNOS in response to IFN-γ (Zhang et al., 1996), suggesting that effects related to IFN-γ and/or TNF-α are more likely related to other factors like IDO activity or autophagy.

In many bacteria, the protein Fur (ferric uptake regulator) is the transcriptional regulator of genes coding for iron acquisition proteins (Xiong et al., 2000; Fillat, 2014; Seo et al., 2014). Indeed, during iron deprivation, the expression of the Fur regulon allows bacteria to increase iron uptake. Previous work tried to identify a Fur regulon in C. burnetii because a fur homologue is present in its genome (Table 1). The C. burnetii fur gene functionally complements an E. coli fur deletion strain. In the same study, a putative ferrous iron uptake transporter, FeoAB, was identified as a member of the Fur regulon in C. burnetii (Briggs et al., 2008). This transporter functions in ferrous iron transport (Fe2+) in Legionella pneumophila, a close phylogenetic relative of C. burnetii (Robey and Cianciotto, 2002). The presence of this putative transporter in C. burnetii genomes suggests that Fe2+ is the natural source of iron used by C. burnetii. In a recent report, Sanchez & Omsland studied the effect of iron deprivation on C. burnetii in a host cell-free culture model. The development of citrate cysteine ACCM-1 and ACCM-2 axenic media allowing C. burnetii growth outside of a host cell has facilitated this type of study in C. burnetii (Sandoz et al., 2014). In ACCM-2 medium supplemented with a range of iron sulfate FeSO4 (from 1 to 250 μM), results indicate that C. burnetii tolerates molecular iron over a broad concentration range and undergoes loss of viability upon iron deprivation (Sanchez and Omsland, 2020). Moreover, chelation of host iron pools by different concentrations of Bpdl treatment for 3 days inhibited C. burnetii replication during infection of Vero cells. Other experiments are necessary to determine if iron-replete medium rescues Coxiella replication in the host cell, which would be consistent with persistence (Sanchez and Omsland, 2020).

Transcriptional control of gene expression, generally, is regulated by sigma factors that confer promoter specific initiation of transcription by RNA polymerase. Some sigma factors are expressed to respond to specific growth conditions encountered by bacteria. For example, in many bacteria, RpoS regulates gene expression during the stationary phase of growth and other stress conditions including nutrient starvation (Gottesman, 2019). Seshadri & Samuel (2001) demonstrated that the expression of C. burnetii rpoS successfully activated the expression of lacZ, as measured by a 5-fold increase in β-galactosidase activity, under carbon starvation in an E. coli strain deleted for its rpoS gene. Then, using protein samples collected from C. burnetii infected cells, they demonstrated by western blot that RpoS was highly expressed in the LCV form, but not in the SCV form (Seshadri and Samuel, 2001). This was unexpected because LCVs are present during the exponential phase of growth, when nutrients are abundant and allow rapid multiplication of C. burnetii, whereas SCVs appear in the stationary phase of growth when less nutrient availability is more likely to induce RpoS expression. More recently, Dresler and colleagues aimed to quantify by mass spectrometry proteome changes in the C. burnetii Nine Mile phase I and II isolates (NMI and NMII, respectively) grown in different axenic media corresponding to different growth conditions and in mouse fibroblasts. Unlike the Seshadri & Samuel study, conducted before the development of axenic media, they found that the level of the transcriptional regulatory proteins RpoS and SpoT and translational regulatory proteins as CsrA2, UspA1, and UspA2 was increased for the NMI isolate in ACCM-D, a defined medium mimicking the stationary phase of growth. Moreover, in the NMI isolate, transcriptional regulators of the exponential phase of growth, Fis and RpoD, were downregulated (Dresler et al., 2019). Interestingly, RpoS seems to be a major regulator involved in the morphological differentiation between the LCV and the SCV forms of C. burnetii. Using the ACCM-D medium, RNA sequencing was performed in wild-type and rpoS null mutant (ΔrpoS) C. burnetii NMII strain LCVs and SCVs to identify the rpoS regulon during nutrient starvation. In this study, the rpoS regulon as well as the RpoS binding site on the promoter sequences were revealed (Moormeier et al., 2019). At the transcriptional level, 25 genes were significantly dysregulated in the ΔrpoS SCVs. Liquid chromatography with tandem mass spectrometry on whole cell bacterial lysates of SCVs from wild-type and ΔrpoS strains were performed to study proteomic changes. They observed a correlation with the RNA sequencing results and concluded that the alternative sigma factor RpoS positively regulated the expression of many genes involved in SCV development including genes involved in oxidative stress response, arginine transport, peptidoglycan remodeling, and synthesis of the SCV-specific protein ScvA. On the contrary, RpoS downregulated the expression of Dot/Icm T4BSS genes (Moormeier et al., 2019).

How C. burnetii responds to environmental stresses or enters persistence is not completely understood. Given that C. burnetii possesses functional homologs of the genes relA and spoT responsible for ppGpp production, a feature unique to this obligate intracellular pathogen, it could rely on functional stringent response to cope with nutrient starvation. As mentioned above, C. burnetii is auxotrophic for several amino acids, including Trp, thus amino acid starvation (and uncharged tRNAs binding in the A site of the ribosome) is likely to trigger the stringent response in this organism. In L. pneumophila, the stringent response and RpoS control the developmental cycle and especially the differentiation into the transmissive form (Dalebroux et al., 2009). Under nutrient deprivation, the ppGpp synthetase RelA produces ppGpp which then induces RpoS synthesis. Finally, RpoS coordinates L. pneumophila differentiation (Dalebroux et al., 2010). The C. burnetii LCV-to-SCV differentiation could be similar to that of L. pneumophila, but the specific involvement of the stringent response in persister formation has not been evaluated.





6 Persistence and the Rickettsiales order

The Rickettsiales order comprises two families of very diverse Gram-negative and obligate intracellular bacteria transmitted to human and animals by ticks or mites. The Anaplasmataceae family includes pathogenic species for humans, Anaplasma phagocytophilum and Ehrlichia chaffeensis. The Rickettsiaceae family includes a group of typhus-causing pathogens comprising Rickettsia spp. and Orientia tsutsugamushi. Bacteria in the genus Rickettsia are classified in several groups: the spotted fever group (Rickettsia rickettsia, Rickettsia conorii, Rickettsia africae and Rickettsia parkeri), the typhus group (Rickettsia prowazekii and Rickettsia typhi), the transitional group (Rickettsia felis and Rickettsia akari) and the ancestral group, which are not associated with causing disease in humans or animal reservoirs (Rickettsia canadensis and Rickettsia bellii) (Salje, 2021). Rickettsial pathogens are inoculated into the blood or skin of humans through the saliva or feces of feeding arthropods and are disseminated through the body via the blood and/or lymphatic system. The tropism to mammalian cells varies between species, and includes neutrophils (A. phagocytophilum), monocytes/macrophages (E. chaffeensis, O. tsutsugamushi), endothelial cells (Rickettsia spp., O. tsutsugamushi), and dendritic cells (O. tsutsugamushi) (Salje, 2021).



6.1 Clinical relevance

Pathogens from the Anaplasmataceae family can cause widespread infections in human and animals. Human pathogens include A. phagocytophilum and E. chaffeensis, responsible for the human granulocytotropic anaplasmosis (HGA) and the human monocytotropic ehrlichiosis (HME) diseases, respectively. The clinical manifestations of HGA include mild febrile illness, severe fever, chill, headache, and myalgia; and they are often accompanied by thrombocytopenia, leukopenia, and elevated serum levels of hepatic enzymes (Rar et al., 2021). Rare cases also reported meningitis and encephalitis. The severity of infections seems to vary depending on the geographical area with more severe infections in the USA than in European countries (Rar et al., 2021). Symptoms of HME are not specific and range from influenza-like symptoms to life-threatening disease (Torres-Escobar et al., 2021). Chronic infections were observed for A. phagocytophilum in infected animals like horses, sheep, dogs, or lambs. Positive diagnosis of chronic infection involves detection of A. phagocytophilum DNA in blood samples by PCR over long periods of time (Franzen et al., 2009; Thomas et al., 2012; Hovius et al., 2018). Concerning E. chaffeensis, chronic infections have been reported in the white-tailed deer (reservoir), humans, and dogs (incidental hosts) (Breitschwerdt et al., 2014; Nair et al., 2014). In white-tailed deer and dogs, E. chaffeensis persistence was assessed by detection of bacterial DNA in blood samples, by PCR, up to 41-63 days post infection (Nair et al., 2014). In contrast, long-term chronic infections in humans have not been reported (Bakken and Dumler, 2015).

The symptoms of rickettsioses usually begin 5-14 days post inoculation via tick bite, exposure to feces of infected lice and fleas (Rickettsia spp.), or the bite of chiggers and mites (O. tsutsugamushi) (Osterloh, 2020). The symptoms of human rickettsial diseases are non-specific and present with headache, fever, myalgia, and sometimes a rash or an eschar in scrub typhus (O. tsutsugamushi) and some spotted fever diseases. In the United States, Rocky Mountain spotted fever caused by R. rickettsia infection is the most severe and frequently reported rickettsial disease. Rickettsial species are not susceptible to many classes of antibiotics. Tetracyclines, macrolides, chloramphenicol, or rifamycins are the preferred drug classes to treat rickettsial infections. Disease severity is variable and can be life-threatening due to misdiagnosis or treatment with an inappropriate drug (Osterloh, 2020). Despite the effectiveness of early antibiotic treatment, the fatality rates for rickettsial pathogens range from 1% to 10% (Ellison et al., 2009). Persistent infections after antibiotic therapy have been observed for infections by R. rickettsia (Parker et al., 1954; Hove and Walker, 1995), R. prowazekii (Bechah et al., 2010), and assumed for R. typhi (detection 3 to 4 months after infection in the brain of infected mice in a model of R. typhi persistent infection) (Osterloh et al., 2016).

Despite its high incidence and severity, O. tsutsugamushi is less studied than other rickettsial species such as R. prowazekii, R. conorii, and R. rickettsia. O. tsutsugamushi is the causative agent of the severe human scrub typhus disease, which affects about 1 million people per year in Asia, Oceania, and Northern Australia (Atwal et al., 2017; Salje, 2021). Under-recognition and under-reporting are a major public health issue in scrub typhus due to difficulties with correct diagnosis and the lack of knowledge amongst clinicians (Mika-Gospodorz et al., 2020). O. tsutsugamushi is also able to persist in cell culture models of infection (Kim et al., 1999) or in mouse models of infection (Shirai et al., 1979; Kee et al., 1994; Chung et al., 2012). Cases of persistent O. tsutsugamushi infections associated with early and late relapses have been reported (Chung et al., 2012).




6.2 Biology

A. phagocytophilum and E. chaffeensis reside within a host-derived vacuole and possess a biphasic developmental cycle that alternates between a replicative intracellular form called the reticulate cell and an infectious extracellular form called the dense-core cell. Vacuoles containing multiple reticulate cells are called morulae because of the resemblance to mulberries (Salje, 2021). The differentiation step is well-regulated, and the two-component system transcriptional regulator CtrA may be involved in differentiation regulation in E. chaffeensis. This two-component regulator is conserved among the Rickettsiales (Salje, 2021). After the first differentiation, the reticulate cells divide by binary fission for ~48 h. At that time, the vacuole contains several hundred bacteria that undergo secondary differentiation to form the mature dense-core cells. In the case of A. phagocytophilum, release of infectious organisms occurs through exocytosis of membrane-bound bacterial vacuoles or by cell lysis around 72 h post-infection (Scherler et al., 2018).

Rickettsia spp. replicate in endothelial cells of blood vessels and major organs or macrophages in the case of R. conorii, R. parkeri, and R. akari (Salje, 2021). After entry into the host cell, rickettsial phospholipase degrades the phagosomal membrane, allowing bacteria to replicate freely in the host cell cytoplasm (Renesto et al., 2003; Rahman et al., 2013). Rickettsia spp. from the spotted fever group move directly into adjacent cells by a mechanism dependent on actin polymerization and with the Sca4 protein (Heinzen, 2003; Haglund et al., 2010; Reed et al., 2014; Lamason et al., 2016). Rickettsia spp. from the typhus group replicate throughout the cytoplasm of the host cell (100 bacteria per cell or more) until cell lysis occurs to release the intracellular bacteria (Silverman et al., 1980; Salje, 2021). Actin-based motility has not been demonstrated for R. prowazekii, and R. typhi produces small and rare actin tails conferring limited motility (Teysseire et al., 1992). The non-motility of R. prowazekii and the poor motility of R. typhi may be explained by the absence of the rickA gene in their genome (McLeod et al., 2004). The product of the rickA gene encodes the bacterial surface protein RickA known to interact with the host Arp2/3 complex to induce actin polymerization into short and curved tails (Gouin et al., 2004). In a similar way to the other Rickettsiaceae, O. tsutsugamushi replicates directly in the cytoplasm of the host cell using a specific microtubule-driven mode of motility (Kim et al., 2001; Wongsantichon et al., 2020). It was previously observed that O. tsutsugamushi is able to bud off the host cell, and Atwal et al. recently demonstrated that the budded O. tsutsugamushi (in a host cell membrane envelope) is in a distinct developmental stage compared to the intracellular form (Rikihisa and Ito, 1980; Atwal et al., 2022). Indeed, intracellular and extracellular O. tsutsugamushi are molecularly different, and the extracellular O. tsutsugamushi expresses higher levels of the stress proteins SpoT and RpoH (heat shock sigma factor) and of the surface protein ScaC. The two forms differ also in their peptidoglycan content as the extracellular O. tsutsugamushi exhibits a lower level of peptidoglycan, suggesting a higher sensitivity of this form to physical and osmotic stressors.




6.3 Persistence

It remains unclear whether a true persister state is established in Rickettsiaceae or whether a low-level chronic infection is maintained. For instance, no persister phenotype has been described among the Rickettsiaceae. However, rickettsial antigens including bacterial DNA can be detected in hosts over several months, suggesting chronic infection. Chronic Anaplasma spp. infections of animals may be linked to antigenic variation of the major surface proteins (MSPs) to produce new antigenic variants (Brayton et al., 2001; Brayton et al., 2002; Barbet et al., 2003). Random mutagenesis using transposon libraries identified bacterial genes involved in pathogenesis of Ehrlichia. For example, the gene ECH_0660 was required for Ehrlichia growth in deer (Cheng et al., 2013). Additional studies revealed ECH_0660-dependent upregulation of a cluster of seven genes during iron or zinc deprivation (Torres-Escobar et al., 2021). A transposon mutagenesis library of E. chaffeensis by Wang and colleagues identified mutants for the genes ECH_0837 (coding for the metal ion binding protein MiaB) and ECH_1144 (coding for an outer membrane protein) with a significantly slower growth than wild-type E. chaffeensis in the macrophage cell line DH82 (Wang et al., 2020). Despite these reports, it is unclear if iron or zinc deprivation impacts E. chaffeensis persistence in the host. A broader study using in vivo canine infection models to identify Ehrlichia determinants of long-term bacterial maintenance yielded 13 independent E. chaffeensis mutants. These mutants remained detectable for 8 weeks. Interestingly, ECH_0837 and ECH_1144 were not identified in this study, indicating fundamental differences in chronic or persistent infections of cell lines compared to in vivo models (Wang et al., 2020). Further studies will reveal the response mechanisms of Anaplasma and Ehrlichia to nutrient limitations in the absence of a stringent response and other factors (Table 1).

Phylogenetic analyses identified type II TA systems of the VapBC family in the genomes from the Rickettsia genus, as well as other putative TA genes (Gillespie et al., 2008; Audoly et al., 2011), but their function as TA systems has been largely unexplored. R. conorii expresses a VapBC TA system, and both genes were upregulated during in vitro exposure to 50 mg/L of the fluoroquinolone ciprofloxacin (Botelho-Nevers et al., 2012). Furthermore, vapB and vapC genes are among the most highly expressed genes during R. conorii infection of ticks and host cells (Narra et al., 2020). Even less is known about O. tsutsugamushi mechanisms of host cell invasion, pathogenesis, or persistence. O. tsutsugamushi is auxotrophic for the aromatic amino acids and histidine, suggesting nutrient starvation could be a potential trigger for persistence (Rodino et al., 2018). Interestingly, a higher level of L-kynurenine was detected in the serum of patients with scrub typhus (Prachason et al., 2012). L-kynurenine is the Trp degradation product of the IDO enzyme that is produced in infected human macrophages and epithelial cells stimulated with IFN-γ. In a cell culture model of O. tsutsugamushi THP-1 infected cells, Prachason et al. showed that treating the infected cells with IFN-γ resulted in growth inhibition. This was reversed by the addition of high doses of Trp in the cell culture medium, suggesting that Trp depletion is the principal anti-Orientia effector of IFN-γ, with a low-Trp environment triggering a slow-growth phenotype in O. tsutsugamushi (Prachason et al., 2012). Currently, no genetic tools are available to study O. tsutsugamushi. Experimentally validated fluorescent probes to label O. tsutsugamushi were recently developed, allowing live cell imaging experiments to study its host cell infection cycle in detail (Atwal et al., 2016). Persistence studies at the molecular level among species of the Rickettsiaceae family are progressing slowly due to the limited genetic tools available. Detailed understanding of the pathogenic mechanisms, including establishment of persistence will depend on a robust genetic toolkit.





7 Concluding remarks

Persistence is a common phenomenon to bacteria in which it has been studied, and this is likely to include the obligate intracellular bacteria. A key parameter of all persisters is their reduced or stalled growth rate. Whereas in “model” organisms a critical function for TA systems has been suggested, most obligate intracellular bacteria lack these systems. Nonetheless, their absolute dependence on the host cell renders them highly susceptible to disruptions in nutrient supplies often elicited by immune responses against these pathogens. The phenotypic consequence of this, as exemplified by Chlamydia, is stalled growth that effectively mimics a persister phenotype. This is particularly critical for obligate intracellular bacteria. Persistence allows these bacteria to maintain a long-term interaction with their mammalian host cell under adverse conditions, which is essential to their viability.

Current knowledge about obligate intracellular bacterial persistence is variable depending on the availability of genetic tools in a particular organism to study persistence mechanisms at the molecular level. However, the stringent response and TA systems are not major factors in establishing persistence of obligate intracellular bacteria, demonstrated by the fact that most species lack TA genes or relA/spoT genes involved in ppGpp synthesis or both. Considering their unique growth adaptations and tissue tropism in the host, persistence triggers vary and may induce different stress responses ultimately leading to a persistence phenotype. Therefore, it is likely that new strategies for inducing persistence may be revealed from studying these organisms. Alternatively, the conservation of the obgE gene in obligate intracellular bacteria, as well as recent studies highlighting the involvement of that GTPase in E. coli persistence, suggests all organisms may share a means by which they become persistent. Clearly, further work in these areas is required to better understand how, why, and under what circumstances obligate intracellular bacteria persist in vivo and how their persistence impacts the host at a molecular and physiological level.
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The genus Chlamydia contains important obligate intracellular bacterial pathogens to humans and animals, including C. trachomatis and C. pneumoniae. Since 1998, when the first Chlamydia genome was published, our understanding of how these microbes interact, evolved and adapted to different intracellular host environments has been transformed due to the expansion of chlamydial genomes. This review explores the current state of knowledge in Chlamydia genomics and how whole genome sequencing has revolutionised our understanding of Chlamydia virulence, evolution, and phylogeny over the past two and a half decades. This review will also highlight developments in multi-omics and other approaches that have complemented whole genome sequencing to advance knowledge of Chlamydia pathogenesis and future directions for chlamydial genomics.
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1 Introduction

Within the last 15 years, advances in whole genome sequencing (WGS) technologies and expansions in publicly available chlamydial genomes have dramatically increased our knowledge on chlamydial evolution and phylogeny, genome structure, metabolic processes, and potential virulence factors of these organisms. Presently, WGS is considered the gold standard for molecular epidemiology, evolution, and genetic diversity, and has become an integral part of cell biology studies in the genetically recalcitrant Chlamydia. The distinguishing feature of Chlamydia is its biphasic developmental cycle which alternates between extracellular infectious elementary bodies (EBs), which attach to and enter the host cell, and intracellular replicative reticulate bodies (RBs) residing in a membrane-enclosed inclusion. Upon RBs replication and inclusion growth, they dedifferentiate into EBs, to be released out of host cells and continue the infectious process (Elwell et al., 2016; Gitsels et al., 2019; Chiarelli et al., 2020). Under stress, Chlamydia RBs can also dedifferentiate into a non-replicating, persistent form, known as aberrant bodies (ABs) (Panzetta et al., 2018). The chlamydial lifecycle is central to the pathogenesis of these bacteria, as their survival depends on the complex host-pathogen interactions to establish an intracellular niche, subvert host cellular processes, acquire host-derived nutrients and evade the host immune response (Elwell et al., 2016; Panzetta et al., 2018; Gitsels et al., 2019; Chiarelli et al., 2020). Currently, the Chlamydiaceae consists of two genera: 1) Chlamydia (Figure 1), which harbours the following characterised species: C. abortus, C. avium, C. buteonis, C. caviae, C. crocodili, C. felis, C. gallinacea, C. muridarum, C. pecorum, C. pneumoniae, C. poikilothermis, C. psittaci, C. serpentis, C. suis, C. trachomatis, in addition to four Candidatus (Ca.) species: Ca. Chlamydia corallus, Ca. Chlamydia ibidis, Ca. Chlamydia sanzinia and Ca. Chlamydia testudines (Cheong et al., 2019; Zaręba-Marchewka et al., 2021) and, 2) the newly described Chlamydiifrater (Figure 1), harbouring the two recent species, C. phoenicopteri and C. volucris (Vorimore et al., 2021b). The availability of genome sequences for all novel and well-characterised species within the Chlamydiaceae provides an unparalleled opportunity to advance our understanding of the genetic diversity and taxonomy, genome biology, and gene content of these fascinating organisms (Figure 1). This review provides an overview of WGS methods and the most common genomic analyses, followed by a description of the chlamydial genome structure and content. It also provides details on the currently known events of genomic recombination as it relates to the threat of genetic transfer of antibiotic resistance genes, and challenges to the identification of lymphogranuloma venereum (LGV) outbreaks. Finally, we conclude with a discussion of anticipated directions for chlamydial genomics.




Figure 1 | Features of the Chlamydiaceae family including primary host range, clinical manifestations and genome characteristics.






2 Chlamydial genomics: A new gold standard for chlamydial studies



2.1 WGS and genomic analyses

For most bacterial species, obtaining high-yield DNA extracted from cultured organisms remains the gold standard for WGS. Due to the intracellular niche of Chlamydiaceae, culturing and isolation is laborious, generally yielding lower levels of chlamydial genetic material contaminated with host DNA. In the past decade, there have been advances in obtaining chlamydial genomes from contaminated and/or low-yielding DNA samples retrieved from clinical and environmental samples using non-targeted and targeted approaches. These developments have resulted in a substantial increase of WGS data being generated (Bachmann et al., 2014; Taylor-Brown et al., 2018). New targeted WGS approaches are preferred for epidemiological and diagnostic purposes, particularly if the organism has already been sequenced, due to lower costs, higher throughput, and increased specificity (Taylor-Brown et al., 2018). However, for chlamydial discovery (e.g. novel species), non-targeted approaches are mostly utilised. Other methods also include expensive deep sequencing of contaminated samples using bioinformatic filtering to determine chlamydial sequences.

For WGS studies using (high-yield) DNA extracted from cultured isolates, direct next generation sequencing (NGS) is commonly used. Due to decreasing costs and ongoing developments in NGS, hybrid approaches such as nanopore sequencing to complement short-read WGS, are used to improve and/or provide closed complete genomes for Chlamydia (Heijne et al., 2021; Zaręba-Marchewka et al., 2021). In contrast, WGS of Chlamydia-specific and/or as a part of metagenomic sequencing from clinical swabs often yield poor results. However, this limitation was overcome with the development of culture-independent sample preparation methods, further supplemented with targeted capture methods (Joseph et al., 2015; Taylor-Brown et al., 2018; Zaręba-Marchewka et al., 2020). One of these methods is probe-based sequence-specific capture using biotinylated 120mer RNA probes called baits (Christiansen et al., 2014). This approach was successfully performed on WGS of C. trachomatis DNA from clinical samples (Christiansen et al., 2014; Hadfield et al., 2017; Seth-Smith et al., 2021), livestock and koala C. pecorum DNA from mucosal animal samples (Bachmann et al., 2015), DNA from archival C. pneumoniae strains (Roulis et al., 2015a; Roulis et al., 2015b), as well as C. psittaci clinical isolates (White et al., 2022) and DNA samples form a range of hosts (Branley et al., 2016). The recent development of third generation long-read sequencing technologies such as Oxford Nanopore and PacBio has already been used to provide high-quality complete Chlamydia genomes, resolving complex repetitive and recombination regions (Livingstone et al., 2021; Zaręba-Marchewka et al., 2021). These technologies also contain the additional potential for understanding chlamydial biology which is yet to be fully understood. For instance, Nanopore sequencing can directly detect DNA and RNA methylation in bacteria such as 6mA through changes in voltage signals when modified bases pass through the nanopore (Tourancheau et al., 2021), while PacBio Hi-C sequencing can be used to reveal the 3D genome structure and chromatin interactions (Lamy-Besnier et al., 2021). These novel technologies can be used to explore epigenetic modifications and 3D genome structure in different Chlamydia species, strains and/or stages of infection.

With the decreasing costs of deep sequencing, improvements in host DNA depletion techniques and advances in bioinformatic algorithms, shotgun metagenome sequencing which involves direct, untargeted sequencing of all microbial DNA in samples without the need for culture is becoming increasingly common. Shotgun metagenome sequencing provides new opportunities to study both Chlamydia and the microbiome; the microbiome has been shown to impact Chlamydia colonisation (Edwards et al., 2019). The successful recovery of metagenome-assembled genomes (MAGS) from shotgun metagenome data can also be used to discover new genera or species, as illustrated by the discovery of novel chlamydial lineages in anoxic marine sediments (Dharamshi et al., 2020).

Following WGS, analysis of Chlamydia genomes mainly follows a straightforward approach including de novo assembly into contigs and mapping approaches. Assembled sequences are subjected to genome annotation and estimation of genomic variability using single nucleotide polymorphisms (SNPs) and comparative approaches. Finally, a variety of phylogenomic analyses are performed to establish phylogenetic relationships among analysed strains and/or species (Joseph et al., 2015; Wolff et al., 2015; Hadfield et al., 2017; Sigalova et al., 2019; Hölzer et al., 2020; White et al., 2021; Zaręba-Marchewka et al., 2021; White et al., 2022). The reads and/or assembled genomes are deposited in publicly available databases so that they can be re-used across studies, providing a valuable resource for the chlamydial research community.

In chlamydial genomic studies, in silico analyses elucidating virulence factors and/or gene functions to explain phenotypes are also common. However, genes encoding for hypothetical or unknown proteins account for a significant proportion (39 – 45%) of most chlamydial genomes. Such hypothetical protein genes are conserved and considered “chlamydial-specific hypothetical protein genes”, with homologues commonly found among chlamydial species (Sigalova et al., 2019; Hölzer et al., 2020). Despite major advances in the genetic manipulation of chlamydiae, the function of many chlamydial virulence, tissue tropic-, and metabolic factors remain unknown (Bastidas and Valdivia, 2016). WGS and comparative genomics are efficient ways to characterise the genome content for strains of interest, further enabling detailed investigation of specific genotypes and delineating factors for host specificity, pathogenicity and tissue tropisms. One method for determining gene function is querying predicted Open Reading Frame (ORF) or coding DNA sequences (CDS) and assigning gene functions against a reference protein database (e.g. UniProtKB or Pfam-A database). Further gene and protein sequence homology or conserved domain analyses are commonly performed in chlamydial WGS annotation studies utilising publicly available or custom databases (Voigt et al., 2012; Read et al., 2013; Borges and Gomes, 2015; Seth-Smith et al., 2017a; Borges et al., 2019; Sigalova et al., 2019; Hölzer et al., 2020; Heijne et al., 2021; White et al., 2021). Recently, Pillonel and colleagues developed “open-access ChlamDB”, a comparative genomics database containing 277 genomes covering the entire Chlamydiae phylum as well as their closest relatives belonging to the Planctomycetes-Verrucomicrobiae-Chlamydiae (PVC) superphylum. Open-access ChlamDB provides various tools for comparing, analysing and retrieving Chlamydiae-specific genomic data (Pillonel et al., 2020). Such in silico analyses enable predictions of certain phenotypic or pathogenicity traits of chlamydial organisms. However, these require experimental validation, with limitations depending on the computational methods and resources used (Zhao et al., 2020). For genes encoding hypothetical proteins, comparative genomics to reveal conserved or absent genes in different lineages or tropic strains can provide valuable insight into their potential function and help identify genes for further investigation. Finally, using WGS in phylogenetic analyses can provide fine-detailed phylogeny, epidemiological networks and evolutionary pathways of Chlamydia species by estimating the chlamydial molecular clock. Without WGS techniques, this level of resolution would not be achievable, and certain evolutionary important lineages could be missed.





3 Chlamydial genome organisation and content: variability within similarity and synteny

Genomes of Chlamydiaceae are compact, remarkably conserved and syntenic. Similar to most other obligate intracellular bacteria, chlamydial genomes have a significantly reduced, circularised chromosome at approximately 1-1.2 Mbp with 900 - 1500 CDSs (Figures 1, 2) (Collingro et al., 2011; Voigt et al., 2012; Joseph et al., 2015; Pillonel et al., 2018; Sigalova et al., 2019). Almost all Chlamydiaceae species contain a highly conserved chlamydial plasmid of approximately 6.3 - 8 kbp, apart from livestock C. abortus strains, human strains of C. pneumoniae, and rare plasmid-free strains (Zhong, 2017; Szabo et al., 2020). The reduced genome for Chlamydiaceae species is a result of genome streamlining rather than degradation and is thought to be due to their transition to the intracellular lifestyle and co-evolution within their eukaryotic hosts (Moran, 2002; Collingro et al., 2011; Nunes and Gomes, 2014; Dharamshi et al., 2023). Within the same chlamydial species, the genomes are highly syntenic and similar, with a sequence homology of approximately 90% (Figure 2). Most of the differences are attributed to SNPs which have been postulated to play a role in virulence, host, and tissue tropism (Nunes et al., 2013; Read et al., 2013; Bachmann et al., 2014; Bachmann et al., 2015; Wolff et al., 2015).




Figure 2 | Chromosome comparison of selected genomes from (A) major human and animal Chlamydia pathogens (C. trachomatis, C suis, C pneumoniae, C pecorum, C psittaci and C abortus) and (B) C trachomatis strains from the three main lineages: ocular (A_HAR, B_Jali20), urogenital (D_UW3, E_12-94, G_11074) and LGV (L2_434BU, L2C). The C trachomatis strain D_UW3 was used as the reference. Important genome elements are annotated in red including the plasticity zone (PZ), ompA, pmps, Incs, T3SS, tarP and trp operon. The figure was generated using BRIG (v 0.95).



Almost all Chlamydia spp. genomes possess several common well-characterised metabolic, species-specific, and virulence genes or genomic regions. Recent pan-genomic analyses of 227 Chlamydia genomes demonstrated the degree of chlamydial similarity, with over 81% of genes universally (~700 universal genes) or partially conserved (~967 periphery genes), and only 19% of genes (~380 genes) unique to singular genomes. According to homology analyses, the periphery genes within species accounted for differences in organic molecule transport and metabolism, while unique genes contributed to differences in intracellular trafficking, secretion, and vesicular transport (Sigalova et al., 2019). Due to their host-dependency and reduced genome size, Chlamydiaceae lack genes encoding essential metabolic enzymes, requiring them to siphon amino acids, nucleotides, and cofactors from the infected host cell. This symbiotic relationship results in phenotypic variations involving tissue and host tropisms among different Chlamydiaceae species. The estimated number of pseudogenes in each genome is low possibly due to genome streamlining and a strong selection pressure to remove non-essential genes (Sigalova et al., 2019). The estimated number of pseudogenes ranges from 5 - 8 in C. pecorum, 9 - 12 in C. trachomatis, C. muridarum, and C. suis to 21 in C. pneumoniae and 28 - 29 in C. abortus and C. psittaci, with premature stop codons commonly occurring in genes encoding hypothetical proteins, and virulence-associated genes (pmps, Incs, and cytotoxin) (Voigt et al., 2012; Bachmann et al., 2014; Borges and Gomes, 2015; Sigalova et al., 2019; White et al., 2021).

Despite a high level of genome conservation, Chlamydiaceae possess several distinct polymorphic regions (Figure 2), with the highest variation occurring within the plasticity zone (PZ) (Figure 3). Other highly variable elements include genes encoding polymorphic membrane (pmps) and inclusion membrane proteins (Incs), Type III secretion system (T3SS), and other metabolic pathways, such as tryptophan biosynthesis (Bachmann et al., 2014; Sigalova et al., 2019; Hölzer et al., 2020) (Figure 2). Furthermore, Chlamydiaceae have been shown to possess strong recombination potential, particularly within virulence-associated genes, including the major outer membrane protein (ompA), T3SS effector translocated actin-recruiting protein (tarP), pmp genes and the PZ (Harris et al., 2012; Read et al., 2013; Joseph et al., 2015; Borges et al., 2019; White et al., 2021).




Figure 3 | Comparison of the plasticity zone (PZ) from selected major human and animal Chlamydia species (C. suis, C. trachomatis, C. pecorum, C. psittaci, C. pneumoniae and C. abortus). The PZ elements are depicted in different colours, where biotin modification genes (accB, accC) are in purple, hypothetical protein (hyp) genes are in grey, MAC/perforin (MAC/P) in teal, Phospholipase D (PLD) in blue, purine interconversion genes (guaAB, add) in orange, Tryptophan operon genes (trp) in pink, and chlamydial cytotoxin (tox) gene(s) in yellow.





3.1 Tissue-tropic and virulence genes revealed by WGS



3.1.1 The plasticity zone

An evolutionary conserved but highly variable genomic region, the PZ is a genomic region associated with bacterial virulence protein genes and is responsible for distinct niche characteristics specific to different Chlamydia species (Rajaram et al., 2015; Dimond et al., 2021). Among the pathogenically diverse Chlamydia spp., the PZ ranges from ∼5 kb for C. avium (five genes), ~20 – 40 kb for C. abortus, C. psittaci and C. pecorum, (~15 to 20 genes), to ~55 kb and ~81 kb for C. trachomatis and C. muridarum (> 45 genes) (Figure 3) (Hölzer et al., 2020; Dimond et al., 2021; Zaręba-Marchewka et al., 2021). This region commonly includes homologs to biotin modification genes accB and accC, MAC/perforin (MacP), a variable number of phospholipase D-like genes (PLD), cytotoxin (tox) homologs, purine interconversion genes guaA and guaB, and a different subset of species-specific hypothetical proteins. Additionally, a near-full tryptophan (Trp) operon can be found in the PZ regions of C. caviae and C. felis, while in C. trachomatis and C. suis, the PZ regions only contain partial Trp operons (Bachmann et al., 2014; Rajaram et al., 2015; Zaręba-Marchewka et al., 2021).

Of these PZ elements, only accB and accC are common to all Chlamydia and are considered the 5’ boundary of the PZ, while other PZ genes vary between the species. Notably, chlamydial tox genes have significant homology to the large clostridial toxins (LCTs) and are present in almost all Chlamydia spp., however it may vary in copy number. C. muridarum has three tox copies, C. pecorum and C. suis two copies, while C. trachomatis, C. caviae, C. crocodile, C. felis, C. gallinacea, C. psittaci, C. buteonis, and avian C. abortus strains have one tox gene. A cytotoxin gene is absent from the PZs of the human pathogen C. pneumoniae and the ovine pathogen C. abortus (Figure 3) (Bachmann et al., 2014; Heijne et al., 2021; Zaręba-Marchewka et al., 2021). Significantly, tox gene polymorphisms have been useful in defining C. trachomatis disease phenotypes where the tox ORFs can be intact in urogenitotropic strains, truncated in oculotropic strains, or absent altogether in the LGV invasive strains (Figures 2B, 3) (Carlson et al., 2004; Nunes et al., 2013; Bachmann et al., 2014). Some PZ ORFs (e.g. species-specific hypothetical proteins) have no homologs or have been classified into families based on the nucleotide and/or protein sequence homology.




3.1.2 Type 3 secretion system genes

All Chlamydia spp. possess conserved genes encoding for structural, effector and chaperone proteins of the evolutionary conserved T3SS, essential for the translocation of effector proteins directly into host cells. The secreted T3SS effectors are recognised as virulence factors in Chlamydiae (Peters et al., 2007; Bachmann et al., 2014; Mueller et al., 2014; Mojica et al., 2015). While for some species, like C. trachomatis and C. psittaci, T3SS effectors have been experimentally confirmed and/or functionally characterised (Mojica et al., 2015; da Cunha et al., 2017; Marschall et al., 2020). For other less characterised chlamydial species WGS analyses is used to identify and decipher their roles (Hölzer et al., 2020; Heijne et al., 2021; White et al., 2021).

In Chlamydia spp. genomes, T3SS genes consist of 20 – 25 genes, encoding for highly conserved T3SS apparatus scaffolding (e.g. chlamydial CdsC, CdsJ, and CdsD homologs), inner membrane components (e.g. Cds R/S/T/U/V and Cds L/N/Q), extracellular needles (e.g. CdsF, CopN), chaperons (e.g. Ssc1 -3, CdsE and CdsG), and a variable number of genetically diverse effectors (e.g. tarP, SINC), and is usually found in four clusters across the chromosome (Betts-Hampikian and Fields, 2010; Borges and Gomes, 2015; Wolff et al., 2015; Bugalhão and Mota, 2019; Hölzer et al., 2020; Heijne et al., 2021; White et al., 2021).

In Chlamydia spp. genomes, 5 - 8% of the CDS are estimated to be effectors (Valdivia, 2008; Bugalhão and Mota, 2019; Andersen et al., 2021). Of the T3SS effectors, TarP is an extensively studied and functionally characterised T3SS effector, responsible for remodelling the actin cytoskeleton and facilitating the entry of Chlamydia into the host cell (Peters et al., 2007; Bugalhão and Mota, 2019; Andersen et al., 2021). Orthologs of tarP are present in all Chlamydia spp. genomes but show extensive sequence variation. Variations in the tarP gene sequences are hypothesised to contribute to virulence and variations to host tissue tropisms, as shown in C. psittaci and C. trachomatis. This is thought to be due to distinct N-terminal tyrosine-repeat units and C-terminal binding domains in C. trachomatis TarP (Borges and Gomes, 2015; Wolff et al., 2015). Another conserved T3SS secreted protein known as SINC (secreted inner nuclear membrane–associated Chlamydia protein) is a functionally characterised nuclear membrane targeting protein (Mojica et al., 2015; Marschall et al., 2020), which has been identified in C. psittaci, C. abortus, C. pecorum, C. caviae, C. felis, C. gallinacea, and C. avium genomes (Hölzer et al., 2020). The ability of SINC to manipulate infected and non-infected host cell nuclear envelope function has been hypothesised to contribute to the high virulence of C. psittaci (Mojica et al., 2015).




3.1.3 Inc genes

Inc proteins are virulence factors unique to the Chlamydiae phylum (Heinz et al., 2010). They are typified by one or more bilobed hydrophobic domains. These hydrophobic domains consist of two transmembrane helices separated by a hydrophilic loop, allowing Inc proteins to be inserted into an inclusion membrane (Dehoux et al., 2011). Inc proteins are translocated by the T3SS with the N-terminal containing the secretion signal. Inc proteins contribute to the physical structure of the inclusion membrane and perform diverse functions, including subverting vesicular trafficking for nutrient acquisition and avoiding lysosomal degradation (Elwell et al., 2016; Bugalhão and Mota, 2019).

Inc genes constitute a significant portion of the Chlamydia genome, accounting for 6% to 14% of the total coding capacity in the respective species. Comparative genomics revealed a significant variation in the number of predicted inc genes in different Chlamydia species, with 65 - 70 genes in C. trachomatis, C. muridarum and C. suis, 102 - 110 in C. psittaci and C. abortus and 140 - 147 in C. pneumoniae (Sigalova et al., 2019). Only a subset of Incs are conserved between species with ~23 Incs shared between C. trachomatis, C. muridarum, C. felis, C. caviae and C. pneumoniae (Lutter et al., 2012; Dimond et al., 2021). Of the Incs that are shared between species, sequence conservation is low among Chlamydia (Dehoux et al., 2011). Incs conserved across species may point to common protein functions and host interactions important in Chlamydia species, while non-conserved Inc proteins are hypothesised to contribute to host species differences. For instance, Inc genes differences account for approximately one-third of the genetic variations between C. trachomatis and C. pneumoniae. The increased number of Inc genes in C. pneumoniae may allow it to adapt to a broader host range (Dehoux et al., 2011).

In addition to species differences, Inc proteins may be responsible for differences in tissue tropisms and disease severity between C. trachomatis LGV and trachoma biovars. Analysis of C. trachomatis genomes showed that Inc genes were subject to positive selection with four times more non-synonymous SNPs compared to synonymous SNPs (Almeida et al., 2012; Borges and Gomes, 2015). Amino acid changes in Inc proteins were primarily specific to LGV strains and could phylogenetically separate LGV from ocular and urogenital strains (Almeida et al., 2012; Borges et al., 2012; Lutter et al., 2012). These amino acid changes occurred in regions predicted to be exposed to the host cytoplasm and thus may be involved in host-pathogen interactions and/or immune recognition. Also, LGV strains were found to have LGV-specific expression patterns from three Inc genes (CT058, CT192 and CT214). These expression differences correlated with specific LGV-mutations in the CT192 and CT214 promoters and within the CT059-CT058 transcript. These Inc sequence and expression differences may be associated with LGV strain tissue tropism to macrophages, possibly by inhibiting phagolysomal fusion (Almeida et al., 2012).




3.1.4 Pmp genes

Pmps are Chlamydiaceae unique, membrane-bound, type V surface-exposed autotransporters, associated with many chlamydia-host cell functions, including cell adhesion and virulence. All Pmps contain N-terminal Sec-dependent leader sequences (passenger domain) with multiple short repetitive motifs (GGA(I, L, V) and FxxN), a middle region and a C-terminal autotransporter β-domain. This autotransporter β-domain is responsible for translocating the protein to the bacterial surface (Mölleken et al., 2010; Nunes et al., 2015; Vasilevsky et al., 2016). The variable chlamydial pmp genes are grouped into several pmp gene families, where some are more evolutionary conserved in sequence and gene number (such as pmpA, pmpB, pmpD and pmpH families), while others are more varied (such as pmpG and pmpE families). The subtype pmpG is the most expanded in gene copy numbers. Among chlamydial species, the number of pmp genes ranges between seven and nine genes in C. avium, and C. trachomatis, to 18 and 21 genes in C. psittaci and C. pneumoniae, accounting for approximately 14% of the coding capacity of their genomes (Vasilevsky et al., 2016; Sigalova et al., 2019; Hölzer et al., 2020). Furthermore, bioinformatic analyses have shown that the subtype pmpG may undergo phase variation, by exhibiting differences in the lengths of in-frame poly(G) tracts. This may lead to random, high-frequency, on/off reversible switching of gene expression, involved in host adaptation and immune evasion (Nunes et al., 2015; Sigalova et al., 2019).




3.1.5 ompA gene

The ompA gene encodes for the chlamydial major outer membrane protein (MOMP), a ~40kDa surface-exposed porin protein containing four variable domains (VD I to VD IV), contributing to approximately 60% of the chlamydial outer membrane mass (Sun et al., 2007; Confer and Ayalew, 2013; Wen et al., 2016). Due to its antigenic properties, MOMP has been an attractive vaccine candidate against human and veterinary Chlamydia infection (Tifrea et al., 2020; Olsen et al., 2021; Quigley and Timms, 2021). The chlamydial ompA is a highly polymorphic gene specific to the genus Chlamydia, with approximately 30% of the sequence attributed to nucleotide polymorphisms and/or recombination (Nunes et al., 2009; Harris et al., 2012; Hadfield et al., 2017). Despite its highly recombinogenic nature, the chlamydial ompA gene is still a widely utilised marker for clinical, epidemiological, phylogenetic, and public health studies.





3.2 New insights into metabolic capabilities revealed by WGS



3.2.1 Nucleotide scavenging and energy production genes

Comparative genomic studies commonly note differences in metabolic genes and/or lack of pathways to synthesise most amino acids, including biosynthesis of biotin, tryptophan, thiamine, folate, purines, and pyrimidines nucleotides within and among chlamydial species.

Pyrimidine and purine nucleotides are necessary for energy transduction and the biosynthesis of nucleic acids for most bacterial species. However, Chlamydia spp. lack the necessary genes to synthesise pyrimidine and purine nucleotides, instead hijacking host cellular systems for their energy needs (Saka and Valdivia, 2010). Chlamydia genomes contain species-specific differences for purine conversion genes, with only C. caviae, C. felis, C. muridarum, C. psittaci, and C. pecorum possessing a functional guaAB-add operon capable of producing AMP adenosine deaminase, GMP synthase and IMP dehydrogenase. Conversely, species including C. trachomatis, C. gallinaceae, C. suis, C. pneumoniae, and C. abortus, are lacking these conversion genes (Figure 3) (Voigt et al., 2012; Nunes and Gomes, 2014; Hölzer et al., 2020).

Additionally, all Chlamydia genomes contain the pyrimidine interconversion genes pyrH, ndk and pyrG (uridylate kinase, nucleoside diphosphate kinase, and CTP synthase, respectively). These allow for the conversion of uridine monophosphate (UMP) to cytidine triphosphate (CTP). With the exception of C. trachomatis and C. muridarum, chlamydial genomes also contain the pyrE (orotate phosphoribosyltransferase) gene that encodes for uridine monophosphate synthetase (Saka and Valdivia, 2010; Voigt et al., 2012; Nunes and Gomes, 2014; Sigalova et al., 2019). Finally, only C. pneumoniae has a uridine kinase (udk) gene, which converts uridine or cytidine into UMP or CMP, respectively (Voigt et al., 2012; Nunes and Gomes, 2014).

Chlamydia utilises host-cell adenosine triphosphate (ATP), guanosine triphosphate (GTP), thymidine triphosphate (TTP) and uridine triphosphate (UTP) for survival (McClarty and Qin, 1993). Chlamydial species also contain a CTP synthetase gene (Npt1), which converts UTP to CTP and provides an alternative pathway for Chlamydia to obtain ATP (Saka and Valdivia, 2010; Sigalova et al., 2019). However, all other known mechanisms are lacking. Alternatively, WGS analyses have revealed that Chlamydia species contain genes for a complete glycolysis pathway (except for hexokinase, utilising hexose phosphate transporter to uptake host glucose-6-phosphate instead) and sodium-driven oxidative phosphorylation to generate its own ATP for energy or nucleic acid synthesis) and a hexose phosphate transporter, allowing Chlamydia to use glucose-6-phosphate as an energy source (Liang et al., 2018; Sigalova et al., 2019; Ende and Derré, 2020). However, this process would still depend on ADP availability from nucleotide uptake or interconversion.




3.2.2 Tryptophan operon

Trp is an essential amino acid used by bacterial species in protein biosynthesis. This pathway has been identified in chlamydial species, and is of particular interest. Genomic analyses of Chlamydia spp. have identified partial/complete gene loss in the trp operon resulting in the selective abilities of species to synthesise Trp. In human host cells, the pro-inflammatory cytokine, interferon-gamma (IFN-γ) stimulates the indoleamine-2,3-dioxygenase (IDO) enzyme to catabolise host tryptophan to kynurenine, essentially starving the invading organism. Due to this, IFN-γ treatment can be used for infection control (Bachmann et al., 2014; Somboonna et al., 2019).

A (near) complete and functional trp operon, which includes trpR-trpDCFBA and the complementary genes kynU and prsA, has been described in C. caviae, C. felis, C. pecorum. The trpR gene mediates tryptophan-dependent transcriptional repression, while the rest of the operon genes encode for anthranilate phosphoribosyltransferase (trpD), indole-3-glycerol phosphate synthase (trpC), phosphoribosylanthranilate isomerase (trpF), tryptophan synthase beta chain (trpB) and tryptophan synthase alpha chain (trpA). The complementary kynU and prsA encode for kynureninase and phosphoribosylpyrophosphate. However, C. suis and C. trachomatis have only partial trpR-trpBA genes, while the rest of the species lack all trp operon genes (e.g. C. abortus, C. gallinacea, C. pneumoniae and C. psittaci) (Nunes et al., 2013; Bachmann et al., 2014; Hölzer et al., 2020). Interestingly, C. pecorum was reported to contain a trp operon outside the PZ, while C. caviae and C. felis have a near-full trp operon in the PZ. Similarly, C. trachomatis and C. suis have been reported to contain only partial trp operons located in their PZs (Bachmann et al., 2014; Hölzer et al., 2020). Using an example of C. trachomatis, where trp genes are organised as an operon with trpR separated by a 348-base pair (bp) intergenic region from trpBA, a recent study demonstrated that these could be independently transcribed and not necessarily expressed as a monocistronic transcript. Pokorzynski and colleagues showed that iron starvation can switch on the Trp salvage pathway, mediated by the iron-dependent repressor YtgR, which binds to an operator sequence within the trpR-trpBA intergenic region to repress transcription initiation from the alternative promoter for trpBA (Pokorzynski et al., 2019; Pokorzynski et al., 2020).

Furthermore, in ocular strains of C. trachomatis, the trp operon has a loss of function due to a single nucleotide deletion and frameshift in trpA gene encoding a truncated tryptophan synthase alpha (TrpA) subunit. Conversely, the trp operon genes of C. trachomatis urogenital strains (D – K) are intact and functional, having the ability to produce tryptophan from indole, further allowing them to recover from IFN-γ exposure and resume their infectious cycle and this is supported by experimental studies (Fehlner-Gardiner et al., 2002; Ziklo et al., 2016; Somboonna et al., 2019; Bommana et al., 2021). For the chlamydial species, such as C. caviae and C. pecorum, which have the complementary genes, kynU and prsA, it has been shown that these species can synthesise tryptophan when limited in the presence of IFNγ, likely due to the presence of these genes (Wood et al., 2004; Islam et al., 2018). Overall, the biological significance of the identified trp polymorphisms remains uncharacterised. However, for some, one could infer with confidence, such as acquisition of kynU, which mediates anthranilate synthesis from kynurenine, instead of the canonical chorismate-to-anthranilate pathway facilitated by trpE. The intergenic region of the C. trachomatis trp operon has regulatory functions that potentially optimises trp operon expression in specific biological contexts, including iron starvation and mucosal epithelial tropism.




3.2.3 Biotin operon

Biotin is a critical cofactor involved in many central cell metabolism pathways (Fisher et al., 2012). Analysis of chlamydial genomes identified differences across species for biotin acquisition, where C. psittaci, C. abortus, C. felis, C. pecorum and C. pneumoniae have an intact biotin operon (bioBFDA) needed for de novo biotin synthesis. Other species, such as C. trachomatis, C. caviae and C. muridarum lack a functional biotin operon and thus depend on biotin salvaging (Fisher et al., 2012; Voigt et al., 2012; Nunes and Gomes, 2014; Sigalova et al., 2019). Interestingly, some species such as C. psittaci can synthesise biotin de novo and also sequester host biotin (Voigt et al., 2012).





3.3 Chlamydial plasmid

There is increasing evidence that the chlamydial plasmid is a key virulence factor and determinant of pathogenicity. Almost all Chlamydia spp., except C. abortus and human C. pneumoniae strains, contain a small (~7.5 kbp), highly conserved, non-conjugative or integrative chlamydial virulence plasmid (Pawlikowska-Warych et al., 2015; Szabo et al., 2020). Within some of the plasmid-bearing species, naturally occurring plasmid-less strains can be common, as observed in C. pecorum (Jelocnik et al., 2015), or rare, as seen in C. trachomatis (Sigar et al., 2014; Jones et al., 2020).

The chlamydial plasmids contain eight CDSs, named plasmid glycoproteins 1 to 8 (pGP 1-8), and four tandem repeat sequences, with each iteration comprising of 22 base pairs near the origin of replication (Pawlikowska-Warych et al., 2015; Zhong, 2017; Szabo et al., 2020). Briefly, CDSs 1 (pGP7) and 2 (pGP8) encode a putative integrase, involved in plasmid replication, CDS3 (pGP1) is homologous to a helicase, while CDSs 4 (pGP2) is an unknown chlamydia-specific protein. CDS5 (pGP3) encodes a secreted virulence 28 kDa protein essential for establishing persistent infection (Yang et al., 2020) and CDS 6 (pGP4) encodes a chlamydia-specific transcriptional regulator for multiple genes located within both the plasmid and chromosome including pGP3 and glgA, a glycogen synthase gene (Song et al., 2013). A recent study also demonstrated that in C. trachomatis pGP3 or pGP4 are both required for infectivity (Turman et al., 2023). Finally, CDSs7 and 8 (pGP5 and 6) are denoted as partitioning plasmid proteins (Rockey, 2011; Pawlikowska-Warych et al., 2015; Zhong, 2017; Jones et al., 2020).

Sequence and phylogenetic analyses indicate that chlamydial plasmids are evolutionarily conserved and syntenic between species, but within species, chlamydial plasmids contain unique sequence variations, further supporting the notion that chlamydial plasmids have co-evolved with the chromosome (Seth-Smith et al., 2009; Jelocnik et al., 2015; Szabo et al., 2020). In C. trachomatis diagnostics, the chlamydial plasmid CDSs are useful targets for diagnostic testing due to their stability, and high copy number, with up to ten copies per genome (Seth-Smith et al., 2009). However, the emergence of a urogenital mutant strain from Sweden containing a 377 bp deletion in plasmid gene CDS1 led to this plasmid locus being abolished as a diagnostic target due to false negative test results (Seth-Smith et al., 2009). This variant was characterised using WGS, and has since been occasionally reported in other countries (Piñeiro et al., 2014; Dahlberg et al., 2018; Escobedo-Guerra et al., 2019).




3.4 Other genomic elements



3.4.1 Antibiotic resistance genes

There are limited reports of antibiotic-resistant genes (ARGs) in the genomes (including both chromosome and chlamydial plasmid) of Chlamydia spp. However, due to observed treatment failures, WGS studies continue to monitor for chromosomal genes and mutations associated with Chlamydia spp. resistance to antibiotics (Borel et al., 2016; Benamri et al., 2021).

The only ARG identified in Chlamydia spp. is the tetracycline resistance gene tetA(C) found in tetracycline-resistant C. suis strains, the only chlamydial species to have naturally obtained a resistance gene (Borel et al., 2016; Seth-Smith et al., 2017a). The tetA(C) gene encodes a tetracycline efflux pump which has been integrated as a genomic island (Tet-island) into the C. suis invasion-like gene (inv) on the chromosome. This integration most likely occurred during a transposition event directed by the transposase-encoding insertion sequence IScs605 (Joseph et al., 2016; Marti et al., 2022). The Tet-island is currently the only evidence for recent acquisition of foreign DNA from other bacterial species in Chlamydia as it shares high nucleotide identity with a pRAS3-type plasmid from the fish pathogen Aeromonas salmonicida ssp. salmonicida (Marti et al., 2022).






4 Recombination and horizontal gene transfer in chlamydial genomes

Due to the biphasic and intracellular life cycle of Chlamydia species, chlamydiae do not commonly replicate in environments occupied by other microorganisms. Most bacterial species gain foreign DNA, including antibiotic-resistance genes through environmental interactions with other bacterial species. Despite an intracellular niche, chlamydial species have developed an increased ability to undergo genomic recombination (Harris et al., 2012; Read et al., 2013). Although Chlamydia genomic recombination had been identified prior to 2004, Gomes et al. demonstrated that C. trachomatis recombination was frequent. Using phylogenetic analysis of 19 reference strains and 10 clinical isolates, two genomic regions were found to be hotspots for interstrain recombination (Gomes et al., 2007). Genetic recombination hotspots for other Chlamydia species have also been identified in C. suis (Marti et al., 2017; Seth-Smith et al., 2017a), C. psittaci (Read et al., 2013; Branley et al., 2016), C. pecorum (White et al., 2021), and even in small regions in the otherwise monomorphic C. abortus (Seth-Smith et al., 2017b). Genomic regions with evidence of recombination include the genes IncA, pmps, tarp and the PZ (Gomes et al., 2004; Harris et al., 2012; Joseph et al., 2012; Borges and Gomes, 2015; Seth-Smith et al., 2021).

The most convincing evidence indicating the ability of chlamydial species to undergo genetic recombination (horizontal gene transfer (HGT)) was reported in co-culture studies (Marti et al., 2022). Co-culture of C. suis carrying the tetC gene with C. trachomatis, C. muridarum, and C. caviae confirmed genomic integration of the tetC island in both C. trachomatis and C. muridarum (but not C. caviae) (Suchland et al., 2009). Similarly, chlamydial interspecies HGT was analysed using crosses of tetracycline (Tc)-resistant C. trachomatis L2/434 and chloramphenicol (Cam)-resistant C. muridarum VR-123. WGS of the recombinant clones identified examples of duplications, mosaic recombination endpoints, and recombined sequences that were not linked to the selection marker (Suchland et al., 2019). A more recent study co-cultured tetracycline-resistant C. suis with rifamycin group-resistant C. suis resulting in an overall in vitro recombination efficiency of 28% (Marti et al., 2021). However, these observations have not been found in clinical isolates, and tetracyclines still remain part of the first-line defence antibiotics for human chlamydial infections.




5 Whole genome phylogenies resolve fine-detail relationships between Chlamydia species and strains

The use of WGS combined with sample-specific metadata have provided important observations on the contemporary history of current C. trachomatis circulating lineages within global populations (Andersson et al., 2016; Hadfield et al., 2017; Seth-Smith et al., 2021). It is well established that C. trachomatis is comprised of three distinct lineages, where ompA genotypes A, B, Ba and C are associated with trachoma, genotypes D-K associated with non-invasive UGT infections, and genotypes L1-L3 and L2b associated with invasive infections and LGV (Harris et al., 2012; Joseph et al., 2012; Andersson et al., 2016; Hadfield et al., 2017) (Figure 4A). However, phylogenomic studies show that not all strains may fit into this traditional separation, perhaps reflecting C. trachomatis adaptation to their respective niche and the noted recombination events. For example, whole-genome phylogenetic analyses of ocular isolates obtained from Australian Aboriginal people with trachoma placed these isolates into two lineages that fall outside the classical trachoma lineage (A-C). Instead, these genetically distinct strains clustered within lineages that were previously occupied exclusively by UGT isolates (namely genotypes D–K). These trachoma isolates appear to be recombinants with the C. trachomatis UGT genome backbones, where recombination was noted in ompA and pmp loci replacing them with those ompA and pmp genotypes characteristic of ocular isolates (Andersson et al., 2016). Similarly, recent evidence has suggested that clinically relevant recombination events have occurred between two C. trachomatis strains (serovar D and LGV). Recent outbreaks of LGV (L2b strain) within men who have sex with men (MSM) populations have resulted in genetic recombination of the ompA gene from non-LGV strains (Borges et al., 2019; Borges et al., 2021). A previously undetected outbreak of LGV may have gone undiagnosed due to over- reliance on the ompA gene for identification. Further genomic analysis found that the C. trachomatis L2B strain had undergone genetic recombination, acquiring ompA from the non-LGV strain C. trachomatis D-Da (Borges et al., 2019). Furthermore, follow-up studies have indicated that this L2b/D-Da variant is spreading across Europe and, with the continued reliance on ompA for strain identification, the probability of further dissemination across the globe is high (Borges et al., 2021).




Figure 4 | Phylogenomic relationships of C trachomatis and C psittaci reference strains. Midpoint-rooted maximum-likelihood (ML) core-genome phylogenetic trees constructed using Parsnp version 1.2 of (A) 13 aligned publicly available complete C trachomatis genomes; and (B) 18 aligned publicly available complete C psittaci genomes. For C trachomatis, genome sequences are coloured according to tissue tropism/known genotypes (as depicted in the figure legend). For C psittaci, genome sequences are coloured according to their respective host (as depicted in the figure legend). Corresponding host silhouettes are shown adjacent to sequence names. Bootstrap values greater than 0.8 are shown. Branch lengths represent the nucleotide substitutions per site, as indicated by the scale bar.



Similarly, phylogenomic analyses confirmed that modern human C. pneumoniae strains have evolved separately from animal strains (Roulis et al., 2015b), while further demonstrating a distinct Australian indigenous C. pneumoniae clade pre-dating European exploration of the continent (Roulis et al., 2015a). Phylogenomic analyses have demonstrated that whilst the global C. psittaci population is genetically diverse, there are also recently emerged, globally distributed and highly clonal lineages (such as C. psittaci ST24 strains) that infect humans, parrots, and, most recently, horses. Within this highly clonal ST24 lineage, the equine, human and parrot strains differ by less than 200 single nucleotide variants (SNVs), evenly distributed around the highly conserved and syntenic chromosome (Read et al., 2013; Branley et al., 2016; Jenkins et al., 2018; White et al., 2022; White et al., 2023). However, between genetically diverse C. psittaci lineages (such as ST24 and pigeon-associated clade) SNVs and differences in gene content were noted in distinct chromosomal regions, including T3SS, ompA, Inc and pmp genes (Voigt et al., 2012; Wolff et al., 2015; Hölzer et al., 2020; Vorimore et al., 2021a) (Figure 4B). The difference in gene content and SNVs likely plays a role in C. psittaci host tropism, adaptation and species-specific pathogenicity (Wolff et al., 2015; Favaroni et al., 2021). Furthermore, other phylogenomic analyses have genetically separated distinct avian-type C. abortus strains from the traditional ruminant C. abortus and/or avian C. psittaci strains (Longbottom et al., 2021; Zaręba-Marchewka et al., 2021) and confirmed that ruminant C. abortus genomic diversity is low level with no recombination detected, contrasting other related species (Seth-Smith et al., 2017b).



5.1 Complementing WGS studies: Gene-centric molecular epidemiology of chlamydial infections

WGS is considered the norm for evolutionary and epidemiological studies of many pathogens, including the human pathogen C. trachomatis, with the most available WGS data among chlamydial genomes (Harris et al., 2012; Bowden et al., 2021; Seth-Smith et al., 2021). However, numerous molecular epidemiology and/or genetic diversity studies of C. trachomatis and veterinary species still rely on gene-centric typing methods using a single (e.g. ompA) or multiple conserved gene markers (e.g. multi locus sequence typing (MLST)) due to decreased costs. Genotyping using the full-length as well as fragments of the highly variable ompA gene is employed in genetic diversity studies for veterinary and human chlamydial infections, as it provides an initial molecular characterisation of the infecting strains (Liu et al., 2019; Rawre et al., 2019; Robbins et al., 2019).

However, the insufficient resolution and noted recombination in the chlamydial ompA genes, led to use of species-specific higher-resolution genotyping methods, such as MLST (Versteeg et al., 2018a; Jelocnik et al., 2019). The chlamydial MLST is globally adopted as a rapid, universal fine-detailed molecular typing tool for both human C. trachomatis and veterinary chlamydial pathogens (Figure 5). As a technically easier and cheaper alternative to WGS, MLST utilises the Chlamydiales PubMLST database (http://pubMLST.org/chlamydiales) hosted on a platform that provides easy to use sequence and phylogenetic analyses. Furthermore, WGS studies are often supplemented with extended genotyping of samples using MLST due to high congruency with WGS phylogenetic clustering (Guo et al., 2017; Jenkins et al., 2018). Core genome and/or traditional MLST-derived phylogeny is highly congruent with WGS and/or SNP-derived phylogenies, and avoids the need to reconstruct computationally heavy phylogenies (Jolley et al., 2018; Patiño et al., 2018; Versteeg et al., 2018a; Jelocnik et al., 2019; Floridia-Yapur et al., 2021). Chlamydial MLST was effectively used in uncovering the global epidemiology of C. trachomatis strains (Herrmann et al., 2015; Danielewski et al., 2017), identifying clonal psittacine, horse and human strains of C. psittaci during an outbreak (Anstey et al., 2021) as well closely related but genetically diverse avian chlamydial strains (Figure 5A), distinguishing diverse koala C. pecorum strains to aid in translocation of animals (Figure 5B) (Fernandez et al., 2019) and other examples (Batteiger et al., 2014).




Figure 5 | Chlamydia intraspecies genetic diversity. Midpoint-rooted maximum-likelihood (ML) phylogenetic analysis of 3,098 bp concatenated MLST sequences alignment representing (A) 20 avian and livestock STs from closely related C buteonis, C psittaci, traditional livestock and novel avian C abortus; and (B) 62 C. pecorum STs from a range of hosts. Phylogenetic trees were constructed using FastTree version 2.1.11, as implemented in Geneious Prime (available at: https://www.geneious.com/). Corresponding host silhouettes are shown adjacent to sequence names. Bootstrap values greater than 0.8 are shown. Branch lengths represent the nucleotide substitutions per site, as indicated by the scale bar.







6 Complementing WGS studies: Multi-omics integration for a systems biology understanding of chlamydial infections

Systems biology is the large-scale study of how genes, proteins, metabolites and other regulatory elements in an organism interact together using various integrated high-throughput multi-omic techniques, including genomics, transcriptomics, proteomics and metabolomics. Due to their biphasic, intracellular lifecycle, Chlamydia remain difficult to genetically manipulate; multi-omic approaches to understanding Chlamydia biology and pathogenesis are thus essential (Figure 6).




Figure 6 | Chlamydial omics. Representation of the workflows from sample processing to multiple omics analysis methods used in the chlamydial field. Figure created using BioRender (available from https://www.biorender.com/).



Genomics forms the basis for systems biology and allows genes/proteins expressed during different conditions to be mapped and identified using complementary transcriptomic and proteomic methods. In Chlamydia, these approaches have provided insights into homologous virulence factor expression differences between C. psittaci and C. abortus which may be related to disease severity in humans (Beder and Saluz, 2018). Transcriptomics/proteomics studies have also revealed the host and pathogen genes expressed during the three phases of chlamydia infection- early, mid and late (Albrecht et al., 2010; Humphrys et al., 2013; Hayward et al., 2019), the chlamydial gene expression changes in response to stress such as iron limitation and exposure to IFN-γ (Belland et al., 2003; Brinkworth et al., 2018) and how C. trachomatis alters host chromatin accessibility by inducing epigenetic modifications (Hayward et al., 2020). These studies also led to the identification of new sRNAs in C. trachomatis (Albrecht et al., 2010), the role of the chlamydial plasmid in infection (Porcella et al., 2015) and insights into chlamydial-induced epithelial to mesenchymal cell transition (Zadora et al., 2019). It has also provided key insights into expression differences between EBs and RBs in C. trachomatis including increased T3SS proteins in EBs (Østergaard et al., 2016; Skipp et al., 2016). Recently, genomics was used to reconstruct the first Chlamydia genome-scale metabolic model (GSMM). GSMMs are mathematical models used to computationally describe the movement of metabolites within an organism. This model was then integrated with proteomic data to elucidate metabolic differences and altered flux between EBs and RBs (Yang et al., 2019).

Finally, multi-omics methods have also been essential for vaccine development and the discovery of new drug targets against Chlamydia. Immunoproteomics have been used to identify new C. trachomatis T-cell antigens for vaccine development and to identify immunogenic proteins in C. abortus outer membrane complexes (Karunakaran et al., 2008; Longbottom et al., 2019). The use of RNA-seq and metabolomics identified essential host metabolites and pathways for chlamydia infection, such as glutamine and guanine nucleotide biosynthesis. Targeting of these host-pathways was shown to inhibit chlamydia infection (Rother et al., 2018; Rajeeve et al., 2020).

Currently, most multi-omics approaches in Chlamydia involve characterising gene expression at the bulk population level from thousands to millions of Chlamydia and/or host cells within a given sample (Hayward et al., 2021; Pokorzynski et al., 2022). However, this approach ignores the important variations between individual cells. Future single-cell and spatial approaches such as single-cell RNA-sequencing (scRNA-seq) in bacteria (Kuchina et al., 2021) and/or host cells (Hayward et al., 2019) for interrogating host-pathogen responses to chlamydia infections may reveal meaningful differences in cell-to-cell responses to and/or from Chlamydia as well as identify the spatial distribution of important cell populations/lineages during infection. These existing and future omics techniques can be applied to Chlamydia infected tissues or advanced organotypic/organoid models, which better represent the host factors encountered (Nogueira et al., 2017; Versteeg et al., 2018b; McQueen et al., 2020; Dolat and Valdivia, 2021; Dolat et al., 2022; Edwards et al., 2022). This may provide insight into the pathogenesis in vivo and shed light on differences in genes or virulence factors required when infecting different host cells.




7 Future directions

The members of family Chlamydiaceae are an important species in the list of intracellular bacteria. They are highly adapted to their environments and depend on host cell machinery to survive and replicate. Their host range is one of the largest known, with predictions of a chlamydial species for every cell type on the planet (Collingro et al., 2020). With respect to C. trachomatis, it is the most common sexually transmitted infection and results in millions of cases of infertility and blindness across the globe. Improvements in WGS techniques have given rise to a deeper understanding of the chlamydial genome and the specific adaptations that have allowed specific species to thrive in different host environments. WGS has also resulted in new understandings of genetic recombination within species (but also interspecies) and has highlighted the issues around single gene sequencing to predict species evolution. In addition to enriching our understanding of Chlamydia, advances in genomics provides opportunities for rapid diagnosis of chlamydial infections and antimicrobial resistance detection using targeted single-gene nanopore sequencing or direct metagenome sequencing (Gu et al., 2020; Zhou et al., 2022). The advantages of using genomics for diagnosis is the ability to reveal the presence or absence of different virulence and antimicrobial-resistant genes, plasmids or important lineage/phylogenetic markers that may guide treatment and/or outbreak management.

The increasing number of chlamydial genomes sequenced and in publicly available databases poses challenges for future genome analysis as phylogenetic trees become more computationally intensive to construct. Thus, the future development of a Chlamydia hierarchical genome typing scheme based on core genome MLST or SNPs, such as those developed for C. trachomatis (Patiño et al., 2018; Versteeg et al., 2018a) will provide a standardised, universal and stable method for rapid chlamydia genotyping and disease surveillance. These hierarchical schemes can rapidly assign sequence types to infer phylogenetic relationships, require less intensive computation, and are made up of multiple SNPs or MLST schemes with increasing resolution to provide both short and long-term epidemiological information for outbreak detection and long-term lineage tracking, respectively. Many aspects of the Chlamydiae are still hidden, but with more and more genome-scale data published every day, our understanding of this complex and widespread bacterial species continues to improve.
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The ability to genetically manipulate a pathogen is fundamental to discovering factors governing host–pathogen interactions at the molecular level and is critical for devising treatment and prevention strategies. While the genetic “toolbox” for many important bacterial pathogens is extensive, approaches for modifying obligate intracellular bacterial pathogens were classically limited due in part to the uniqueness of their obligatory lifestyles. Many researchers have confronted these challenges over the past two and a half decades leading to the development of multiple approaches to construct plasmid-bearing recombinant strains and chromosomal gene inactivation and deletion mutants, along with gene-silencing methods enabling the study of essential genes. This review will highlight seminal genetic achievements and recent developments (past 5 years) for Anaplasma spp., Rickettsia spp., Chlamydia spp., and Coxiella burnetii including progress being made for the still intractable Orientia tsutsugamushi. Alongside commentary of the strengths and weaknesses of the various approaches, future research directions will be discussed to include methods for C. burnetii that should have utility in the other obligate intracellular bacteria. Collectively, the future appears bright for unraveling the molecular pathogenic mechanisms of these significant pathogens.
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Introduction

Obligate intracellular bacterial pathogens by their unique nature have an intimate relationship with the human host. Residence within their respective eukaryotic cellular niches provides opportunities to parasitize the host cell for nutrients, driving a reductive evolutionary process resulting in the significantly reduced genomes these bacteria exhibit compared with most free-living bacteria. An intracellular lifestyle also presents unique immunological challenges for the pathogen such as the need to avoid host-level and cellular-level immune responses while maintaining host cell viability long enough to support replication, allowing for pathogen expansion and transmission. The dynamic interactions between the host cell and its bacterial endosymbiont are mediated by an intricate interplay of both host and bacterial proteins, signaling molecules, metabolites, etc., all of which owe their existence to genetic adaptation. Dissecting these relationships at the molecular level is essential for understanding host–pathogen dynamics and, ultimately, the development of preventative measures and therapeutic approaches.

The most powerful method for elucidating the importance of a specific trait to disease, whether it be a host- or pathogen-encoded trait, is to construct a mutant strain via gene inactivation, altered gene expression levels, or introduction of a gene into an organism providing a gain of function. The vast majority of the methods used for these approaches in bacteria requires introduction of nucleic acid into the pathogen of interest. In this regard, obligate intracellular pathogens have largely taken a backseat to extracellular and facultative intracellular pathogens for a myriad of reasons that will be enumerated in the coming sections. Therefore, while genetic manipulation via transformation of Escherichia coli has been feasible since 1970 (Mandel and Higa, 1970), stable transformation of obligate intracellular pathogens was not achieved until 1996 with Coxiella burnetii (Suhan et al., 1996) followed by Rickettsia spp. in 1998 (Rachek et al., 1998) and Chlamydia trachomatis in 2011 (Wang et al., 2011). Genetic systems for Ehrlichia and Anaplasma have been in use for ~15 years (Long et al., 2005; Felsheim et al., 2006) but remain limited in number, and while successes have been achieved for obligate intracellular bacteria, important human pathogens including Orientia tsutsugamushi and Mycobacterium leprae, the animal pathogen Lawsonia intracellularis, and numerous insect endosymbionts remain genetically intractable. The inability to readily manipulate the genomes of obligate intracellular bacteria has been a significant barrier to research and creates bottlenecks in our lines of inquiry due to simple technical limitations. For example, fulfillment of Molecular Koch’s postulates (Falkow, 1988), a classic approach for determining the role of a gene in pathogenesis whereby a gene inactivated mutant is studied in parallel to a strain with the gene restored via complementation, has only recently been attainable for most of the pathogens covered in this review.

We will summarize general considerations for genetic systems in obligate intracellular human–pathogenic bacteria, discuss the current state-of-the-art methods employed by researchers, and provide our perspectives on future research directions. While a holistic overview of genetic systems will be provided, primary focus will be given to achievements since 2017 and we refer readers to the excellent review by McClure et al. for details on prior successes (McClure et al., 2017).





General considerations when developing genetic systems




Organism lifestyle, culturing conditions, and developmental forms

As obligate intracellular pathogens, these organisms place a significant burden on researchers when it comes to culturing options. Namely, with the exception of C. burnetii (Omsland et al., 2009), all require monoxenic growth in tissue culture. In general, they are all slow-growing pathogens requiring days to weeks for production of sufficient progeny to perform experiments and some exhibit developmentally distinct forms specialized for infection or replication. In addition, their intracellular location varies from the cytoplasm to neutral (pH) or acidified vacuoles. Collectively, these traits have a significant, complicating impact on genetic approaches. Considerations include which developmental form to use for mutagenesis, how to introduce nucleic acid, when to apply drug selection and which agent to use, and how to isolate clonal populations of mutants. In addition, the reduced genomes of these organisms (Andersson et al., 1998; Stephens et al., 1998; Seshadri et al., 2003; Brayton et al., 2005; Dunning Hotopp et al., 2006; Nakayama et al., 2008) make it difficult at times to discern whether a gene-inactivation approach has failed due to methodological shortcomings or gene essentiality. The host cell types infected, bacterial intracellular location and egress routes, and developmental stages targeted for mutagenesis are summarized in Figure 1. Development of axenic culturing conditions for other obligate intracellular pathogens, as achieved for C. burnetii (Omsland et al., 2009), would represent a significant technological advance for researchers. It is not a coincidence that the greatest number of genetic tools and largest mutant collection exists for C. burnetii.




Figure 1 | Infection and replication lifestyles of select obligate intracellular bacteria in the animal host. (A) Chlamydia spp. undergo a biphasic development cycle with the infectious elementary body (EB) internalized into the host cell (primarily epithelial cells) where it resides in a host-membrane-derived vacuole termed the inclusion (Abdelrahman and Belland, 2005; Elwell et al., 2016). The EB converts into the replicating reticulate body (RB), which divides and eventually differentiates back into the EB form. EBs exit the host cell through cell lysis or inclusion extrusion [not pictured, (Hybiske and Stephens, 2007)] ~36–72 h postinfection. (B) C. burnetii infects macrophages where it resides within an acidified phagolysosome-like vacuole known as the Coxiella-containing vacuole (CCV) (Minnick and Raghavan, 2012). Both forms of C. burnetii, the small-cell and large-cell variants (SCV/LCV), are infectious with the SCV being more environmentally stable and having a lower metabolic rate than the LCV. C. burnetii exits the cell through cell lysis, although the timing of natural release is uncertain. For experimental usage, cells are artificially lysed once the bacteria reach the stationary phase after ~5–6 days. C. burnetii may also be grown axenically in acidified citrate cysteine medium [ACCM, (Omsland et al., 2009; Vallejo Esquerra et al., 2017)]. (C) Both Anaplasma spp. and Ehrlichia spp. have an infectious dense-core cell form (DC) and a replicative reticulate cell form (RC) (Salje, 2021). Cell types infected vary by species and include neutrophils, monocytes/macrophages, erythrocytes, or endothelial cells. Following internalization in a membrane-bound vacuole, the DC form converts into the RC form which then replicate as a bacterial microcolony known as a morulae. RCs eventually convert back to the DC form and are released from the cell ~3 days postinfection by either lysis (pictured), exocytosis, or filopodia in an actin-dependent mechanism. The exit mechanisms can vary by species and the stage of infection. (D) Rickettsia spp. replicate within the cytoplasm and most commonly infect endothelial cells, although some species will also infect macrophages. Members of the typhus group (TG) exit the cell via cell lysis (~4–5 days postinfection), whereas the spotted fever group (SPG) members can enter into adjacent cells via actin-based motility (depicted) or be released following lysis of the host cell (~48 h postinfection). (E) Orientia spp. infect a wide variety of cells including endothelial cells, dendritic cells, monocytes, and macrophages (Salje, 2021). Bacteria replicate within the cytoplasm in close proximity to the nucleus and are released from the cell in a budding process ~4 days postinfection. Note that for all of the bacteria above, the cell types listed reflect natural infection reservoirs and that multiple permissive cell types may be used in the lab for bacterial growth and propagation. In addition to the listed differences in time for bacterial entry, replication, and release, the infectious burdens per host cell vary across species from as little as ~30–50 for the SPG Rickettsia to a few hundred for Chlamydia spp. Images created with BioRender.com.







Mutant generation

Construction of mutants most commonly occurs through the introduction of DNA that will either be maintained in trans as a plasmid or integrated into the chromosome concomitant with or without the loss of native DNA. Plasmids have been useful for providing genes in trans and have been used to generate fluorescent protein marked strains, to express epitope-tagged proteins enabling tracking of protein localization, to manipulate gene expression via CRISPR interference (CRISPRi), and for complementation of chromosomal mutants, as examples. Plasmid-recombinant strains are typically easier to obtain than recombinant chromosomal mutants assuming that both options are available for the species. Use of plasmids as gene delivery vehicles does require an understanding of plasmid-maintenance mechanisms for the respective organism, and while broad-host-range plasmids do exist, the majority of plasmid success stories in the obligate intracellular bacteria have relied on the use of shuttle vectors constructed by merger of a native or closely related species plasmid with an E. coli-based vector. Important considerations for plasmid-expression approaches include the plasmid copy number, which can impact the strength of gene expression via gene dosage, and the impact that plasmid replication and accessory plasmid genes will have on the fitness of the bacterium. This is especially true for plasmids that are known to contribute to virulence. For example, the chlamydial native plasmid is found in most Chlamydia spp. and is known to affect virulence via plasmid-encoded genes and plasmid-based regulation of chromosomally encoded genes in a species-dependent manner (O’Connell et al., 2007; Carlson et al., 2008; Frazer et al., 2012).

Methods to construct bacterial chromosomal mutants include both random (e.g., transposon mutagenesis or chemical mutagenesis) and site-specific (e.g., allelic exchange, group II intron, lambda-red-mediated recombination, and CRISPR) approaches. These methods have been primarily used to disrupt gene function through insertional disruption or gene deletion, but they can also be leveraged to allow for gene expression at a single copy to alleviate gene-dosage concerns that arise when using plasmids. All chromosomal-gene disruption approaches come with the risk of introducing polar effects whereby the gene mutation alters the expression of neighboring genes, typically 3′ to the mutation. Stability of the chromosomal gene mutation over repeated passages or in animal/insect infection models where selection may not be easily applied can also be a concern depending on the approach used and is a problem that also extends to plasmids.

Due to their reduced genomes, attempts to make mutations in essential genes will lead to failure to obtain mutants or only transient existence of the mutant (Cheng et al., 2013; O’Neill et al., 2021). Published methods for obligate intracellular bacteria to address the contribution of essential genes to growth and virulence include gene silencing via antisense RNA, via peptide nucleic acids, or through the use of CRISPR interference (CRISPRi) [(McClure et al., 2017), expanded upon below]. Alternatively, conditional–lethal approaches should be feasible through introduction of an expression-regulated gene copy, typically plasmid encoded, followed by disruption of the chromosomal copy of the gene.




Introduction of DNA/RNA

There are multiple approaches for introducing nucleic acids into bacteria including physical methods (electroporation/gene gun), chemical methods (CaCl2 transformation, PAMAM dendrimers, or liposomes), and biological approaches (transduction [phage], conjugation, and natural transformation) (Parsons, 2013). The approach used will vary based on the species targeted and the desired outcome. Variables to consider include the developmental form of the bacterium being used, the efficiency of the process, and biological constraints (e.g., absence of known phage or phage receptors will limit transduction approaches). Electroporation, chemical transformation, dendrimer-enabled transformation, and natural transformation have all been documented for the obligate intracellular bacteria with electroporation being the most broadly applicable, and although quantifying DNA uptake is not readily feasible outside of C. burnetii, the overall efficiency of DNA introduction appears to be universally low and typically requires the use of high concentrations of DNA (microgram) compared with other bacteria (nanogram).





Chemical and UV irradiation mutagenesis methods

In lieu of nucleic acid-based approaches, mutants can also be obtained using chemical- or irradiation-based approaches. Both approaches are random in nature, will affect both plasmids and the chromosome, typically generate multiple mutations per chromosome, and often require laborious back-end work to sort mutants through screens or whole-genome sequencing of individual clones as selectable markers are not used. However, these approaches should be applicable to all obligate intracellular bacteria including those that genetic tools are not yet available for such as O. tsutsugamushi. Efforts in Chlamydia have been particularly illuminating regarding the power of chemical mutagenesis using EMS (ethyl methanesulfonate [GC to AT transitions]), ENU (N-ethyl-N-nitrosourea [AT to TA transversions and AT to GC transitions]), or NTG (N-methyl-N′-nitro-N-nitrosoguanidine [G:C to A:T transitions]) for creating temperature-sensitive mutants and for both forward and reverse genetic approaches (Kari et al., 2011; Nguyen and Valdivia, 2012; Rajaram et al., 2015; Longbottom et al., 2018). While not reported for the obligate intracellular bacteria, mutation via UV irradiation has also been used to mutagenize bacteria through induction of translesion DNA synthesis (Murli and Walker, 1993). In addition to these approaches being broadly applicable since transformation and selection barriers are removed, mutations within open-reading frames (preferably non-sense or non-conserved missense mutations) are often non-polar.






Mutant selection and screening approaches

Selection of mutants for obligate intracellular bacteria is currently based on the use of antibiotic resistance directed by the selection markers available for the species. In other bacteria, auxotrophic requirements have been used for selection in addition to the classical use of resistance markers and here we report new auxotrophic approaches for C. burnetii. Unlike many other bacterial pathogens, antibiotic resistance is not a widespread problem among obligate intracellular pathogens owing in part to a paucity of naturally occurring resistance genes likely due to limited direct interactions with other bacteria. The general absence of resistance markers has made the choice of markers an empirical process, taking into account a number of species-specific considerations including the number of biological membranes that the drug must penetrate, the activity profile of the drug in acidified vacuoles if present, the rate of development of spontaneous resistance, bacterial drug sensitivity, and avoidance of clinically used drugs (Kamaruzzaman et al., 2017). In addition, bacteria with developmental forms (Figure 1) require careful selection of promoters along with the timing of drug delivery to ensure that the resistance marker is expressed both prior to and throughout selection. Screening approaches have not been widely employed in the obligate intracellular bacteria but in other bacteria generally utilize colorimetric (ex. blue-white screening on LB agar X-Gal [5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside] plates) or fluorometric (ex GFP-expression) methods, or other gross-phenotypic changes such as altered colony morphology (Link et al., 2007).





Isolation and expansion of clones

Genetic studies typically require starting with a clonal population. Traditionally, clones would be obtained by colony growth on agar plates. However, colony isolation is only currently applicable to C. burnetii. Other approaches that have been useful for obtaining clones under monoxenic conditions include plaquing, limiting dilution, isolation via micromanipulation, and fluorescence-activated cell sorting (FACS). The utility of these approaches is organism dependent and also remains reliant on the genetic methodology used when creating the mutant. For example, FACS cloning would be most effective with fluorescent-protein-expressing bacteria whereas limiting dilution requires that infectious bacterial progeny can be easily separated from one another.

In the following sections, we will expand on these topics as they relate to each pathogen.






Chlamydia spp.




DNA uptake, antibiotic selection, and clone isolation

Evidence that DNA uptake should be possible in Chlamydia stemmed from the early detection of C. trachomatis clinical isolates bearing ompA (encodes the major outer membrane protein, MOMP) that appeared to be recombinants between different serovars (Lampe et al., 1993; Hayes et al., 1994). Whole-genome sequencing of a large number of clinical isolates has further supported that C. trachomatis can exchange DNA during natural infections (Jeffrey et al., 2010; Joseph et al., 2012; Putman et al., 2013). Experimental evidence for lateral gene transfer was first provided by Demars and confirmed by multiple later studies (Demars et al., 2007; DeMars and Weinfurter, 2008; Suchland et al., 2009; Suchland et al., 2019). These studies used Chlamydia strains carrying different resistance alleles to coinfect cells. Drug selection was then applied to select for isolates carrying combinations of the resistance alleles presumably mediated by DNA exchange and recombination among the coinfecting strains. While the mechanism of DNA exchange was not defined at the time, transformation was proposed as the most likely mechanism. The ability of Chlamydia to carry out natural transformation has received support from a comEC transposon mutant that displays reduced natural or chemical transformation efficiency (discussed below) (LaBrie et al., 2019). Generation of recombinant strains via coinfection remains a useful tool for the field, particularly for allele segregation in chemically mutagenized isolates (Nguyen and Valdivia, 2012; Brothwell et al., 2016).

Non-natural transformation of Chlamydia spp. with foreign DNA was first performed using electroporation in two independent studies using C. trachomatis or C. psittaci (Tam et al., 1994; Binet and Maurelli, 2009). The electroporation (two times at 1.6 kV, 600 ohms, 25 µF) of C. trachomatis yielded a strain that transiently carried an E. coli/C. trachomatis shuttle vector (Tam et al., 1994). The C. psittaci study led to the construction of a chromosomal mutant carrying a synthetic 16S rRNA allele (Binet and Maurelli, 2009). Use of electroporation has not been further reported for Chlamydia. Polyamidoamine (PAMAM) dendrimers, hyperbranched polymers of uniform size that form a type of nanocarrier that due to their cationic charges can bind DNA molecules, have been used for transformation of C. trachomatis and C. pneumoniae (Gerard et al., 2013; Kannan et al., 2013). Although both electroporation and PAMAM dendrimers have been subsequently utilized with other obligate intracellular bacteria with electroporation being the primary approach, CaCl2-based chemical transformation as first reported by Wang et al. has become the sole method used for transforming Chlamydia spp (Wang et al., 2011). Chemical transformation has been reported for C. trachomatis, C. muridarum (Liu et al., 2014; Song et al., 2014), C. pneumoniae (Shima et al., 2018), C. felis (Shima et al., 2018), C. psittaci (Shima et al., 2020), and C. caviae (suicide vector only for C. caviae (Filcek et al., 2019),). Both chemical transformation and electroporation are performed with the elementary body (EB) form of Chlamydia (Figure 1; Binet and Maurelli, 2009; Wang et al., 2011), whereas the PAMAM dendriplexes were used to deliver the DNA directly to the reticulate body (RB) form within infected cells (Kannan et al., 2013). Comparison of the published qualitative transformation efficiencies with PAMAM dendrimers versus electroporation/chemical transformation indicate that PAMAMs are much more efficient and include a report of successful PAMAM transformation of a shuttle vector in the absence of selection. However, use of PAMAMs has only been reported by one lab, and although the efficiency of chemical transformation based on qualitative analysis using either electroporation or chemical transformation appears to be low on a per EB basis, successful transformation at the population level has become fairly routine using the chemical method.

All current chemical transformation protocols stem from Wang et al., whereby the mixing of microgram levels of DNA with CaCl2 and EBs is followed by a 30-min incubation and subsequent infection of cells using centrifugation (Wang et al., 2011). Most labs use unmethylated DNA for transformation, as Chlamydia spp. genomes appear to lack DNA methylases (Stephens et al., 1998), and early transformation studies reported that DNA prepared from methylation-deficient E. coli (Dam-/Dcm-) was more efficient than methylated DNA (Binet and Maurelli, 2009) or that unmethylated DNA was required for transformation (Wang et al., 2011). Use of methylation-deficient E. coli strains should only be used for production of DNA for direct use in transformation and not for plasmid construction or routine propagation, as DNA mutations are more common in methylation-deficient strains. Choice of the host cell for selection and propagation of transformants differs among labs with the most common cell lines being HeLa, Vero, McCoy, L2, or HEp-2 cells with the HEp-2 cells primarily used for C. pneumoniae. As with the other obligate intracellular bacteria, excepting C. burnetii, axenic culturing conditions have not been developed for C. trachomatis, although there are two medium types that support some metabolic activity outside of the host cell (Omsland et al., 2012; Grieshaber et al., 2018).

Antibiotic selection is added at different time points postinfection depending on the antibiotic and species used, with timing typically occurring after at least 8 h and before 24 h to allow for EB to RB conversion but before widespread EB production, respectively. The former allows for phenotypic conversion through resistance marker expression, and the latter prevents contamination of harvested bacteria with non-transformed EBs that are non-susceptible to drug selection. Antibiotics used for selection of recombinant strains transformed with resistance markers include ampicillin (bla; C. trachomatis, C. muridarum, and C. psittaci (Wang et al., 2011; Song et al., 2014; Shima et al., 2020)), spectinomycin (aadA; C. trachomatis and C. muridarum (Lowden et al., 2015; Cortina et al., 2019)), chloramphenicol [cat; C. trachomatis, C. muridarum, C. pneumoniae, C. felis, and C. caviae (Xu et al., 2013; Filcek et al., 2019; Wang et al., 2019)], and blasticidin (sh ble, C. trachomatis (Ding et al., 2013)). Kasugamycin has also been used in combination with spectinomycin to select for a C. psittaci mutant, although this study used a synthetic 16S rRNA to confer resistance after allelic exchange with the chromosomal 16S rRNA gene rather than a resistance marker (Binet and Maurelli, 2009). Spectinomycin, ampicillin, and chloramphenicol are most commonly used. Expression of antibiotic resistance genes is typically controlled by the promoter that is native to the cassette, although the Neisseria meningitidis porA promoter (Wang et al., 2011) and the chlamydial incDEFG promoter have also been used (Cortina et al., 2019).

In most instances, bacteria that are transformed with DNA encoding a fluorescent protein marker can be detected upon one to two passages using fluorescence microscopy. Fluorescent clones can then be isolated as free EBs using FACS (Vromman et al., 2014) or through direct inclusion picking using a micro-manipulator (Chiarelli et al., 2020a). More common techniques for obtaining clones are the plaque assay (Banks et al., 1970) or limiting dilution (Mueller and Fields, 2015). The plaque assay is more time consuming than limiting dilution (~1 to 2 weeks), and not all species or strains plaque. It is also worth noting that the genes required for plaquing are not defined, although it is likely a multifactorial process involving a combination of growth rate, EB release, and infectivity. Consequently, certain mutations may cause a recombinant strain to become plaque deficient. In this regard, alterations in plaquing phenotypes have been leveraged to build libraries of chemically mutagenized C. trachomatis L2 (Kokes et al., 2015). Analysis of clones to confirm presence of a chromosomal mutation typically involves PCR amplification and sequencing of the allele of interest or whole-genome sequencing, which is becoming increasingly common due to the small genome size of Chlamydia spp. and the quickly evolving next-generation sequencing approaches leading to rapid turnaround time, reduced cost, and straightforward genome assembly. For plasmid-bearing recombinant strains, the plasmid is typically re-isolated from the chlamydial transformant and either the recombinant locus or the whole plasmid is sequenced.





Modification of genomic DNA

Modifications of the chlamydial chromosome have been performed using transposon mutagenesis, group II intron insertional mutagenesis, allelic exchange, and chemical mutagenesis. Details on the two mainly used chemical mutagenesis approaches can be found here (Kari et al., 2011; Nguyen and Valdivia, 2013), whereas the sections below will focus on methods that utilize exogenously delivered DNA. It is important to note that chemical mutagenesis has provided numerous insights into chlamydial biology and chemical approaches are universally applicable to both genetically intractable and non-axenically culturable bacteria.




Himar1-mediated transposition and group II intron-insertional mutagenesis

Transposon mutagenesis using the Himar1 Mariner transposon has been universally applicable across the genetically tractable obligate intracellular bacteria to generate libraries of mutants carrying randomly inserted transposons. Success for C. trachomatis L2 was first reported in 2017 by Fischer et al. for a cdu1::Tn bla mutant (Fischer et al., 2017). This study determined that the Tn mutant lacking the Chlamydia deubiquinating enzyme (Cdu1) showed reduced infection in a mouse trans-cervical infection model, but the Tn method was not provided. Details on the Tn method were provided in 2019 by LaBrie et al. (2019), which described the use of a pUC19-derived suicide vector, plasmid Chlamydia Mariner (pCMA), carrying both the Himar1 C9 hyperactive transposase and the transposon possessing the bla gene cloned from the chlamydial shuttle vector pSW2 (Wang et al., 2011) (Figure 2). Transposase expression was driven by ct599P (serovar D nomenclature) including the ct599 ribosomal binding site (RBS), which had been previously shown to have activity in C. trachomatis L2 while displaying limited activity in E. coli. 15 µg of plasmid was transformed into C. trachomatis L2, and mutants were selected with ampicillin. A total of 105 transposon mutants were obtained from 23 individual transformation experiments. The low number of mutants per transformation was associated with poor transformation efficiency rather than low transposase efficiency as parallel transformations with the replication competent vector pGFP::SW2 yielded similar numbers of wells with resistant bacteria. Transposon insertions were mapped with whole-genome sequencing, and the insertions occurred in the expected T/A position with no strains carrying double insertions. Key findings from the study indicated that most mutants showed minimal reduction in growth in cell culture, a few select mutants showed significant reduced infectivity in a mouse transcervical infection despite minimal growth differences in cell culture, and that inactivation of the putative ComEC homolog ct339 resulted in a 100-fold reduction in lateral gene transfer efficiency during coinfection with two different serovars. The ct399::Tn bla strain could also not be transformed with pTLR2-GFP. The latter two findings support that Chlamydia are naturally competent and that competency is mediated in part through the activity of CT339. Improvement of DNA uptake by manipulating competence machinery could be a novel approach for increasing transformation efficiency, which appears to be a major bottleneck for chlamydial genetics.




Figure 2 | Updates to the chlamydial genetics toolbox. (A) Allelic exchange (FLAEM) utilizes the pSUmC-4.0 vector to obtain recombinant gene deletion mutants (Keb and Fields, 2020). 5′- and 3′- gene sequences from the targeted gene are cloned flanking the resistance gene (aadA) and reporter gene (gfp) which are expressed from their own promoters. Upon transformation, the strain exhibits red and green fluorescence and resistance to spectinomycin. Removal of aTc to halt pgp6 expression creates a suicide plasmid scenario promoting homologous recombination under spectinomycin selection. A double-recombination event will result in a strain with green fluorescence and spectinomycin resistance. A single-recombination event is noted by a red and green fluorescent bacterium. Mini-shuttle vectors would only possess sequences defined by the red dashed lines and would include the native plasmid origin of replication (Fields et al., 2022). (B) The cre-bearing vector, pSU-CRE, can then be transformed into the strain and selected via ampicillin yielding a red and green fluorescent strain resistant to spectinomycin and ampicillin. Expression of Cre will mediate excision of the loxP-flanked aadA-GFP cassette generating a spectinomycin sensitive, red fluorescent bacterium. Removal of aTc can then be performed to cure the plasmid allowing for complementation of the mutant or construction of additional mutants. The cured strain will be sensitive to ampicillin and not fluorescent. (C) A base CRISPRi vector is shown with the guide RNA location shown in light blue (Ouellette et al., 2021). Guide expression is constitutive owing to a dnaKP, and expression is isolated from downstream elements via an rrnB1 terminator sequence. Either dcas9 or dcas12 can be used for gene silencing, and expression of the dCas9/12 encoding an SsrA VAA degradation tag is controlled by the tet promoter. Accessory genes may be inserted 3′ of the dcas gene to make transcriptional fusions for complementation studies. (D) For transposon mutagenesis, a pUC-based suicide vector is used carrying the himar1 c9 transposase and either bla [used for C. trachomatis (LaBrie et al., 2019)] or gfp and cat [for C. muridarum (Wang et al., 2019)] in the transposon region defined by the inverted repeats (IR, shown in blue). (E) A generic riboswitch is shown to represent the synthetic riboswitch E, which is responsive to theophylline (Grieshaber et al., 2022). In the absence of theophylline, the 5′ UTR folds to block the RBS. Binding of theophylline changes the folding of the 5′ UTR revealing the RBS and allowing for binding of the ribosome and translation. To create a “tighter” expression system, the riboswitch can be inserted downstream of the tet promoter (tet systems are shown in A–C) to allow for gene regulation via aTc induction and translational regulation via theophylline (not pictured). Vector maps were drawn with SnapGene, and sizes are approximate. Vectors are not drawn to scale. Images were drawn with BioRender.com.



Use of the Tn system was extended to C. muridarum by Wang et al. (2019). The pCMC5M transposon/transposase vector used a similar plasmid chassis as pCMA except that the bla marker was replaced by an rsgfp/cat cassette to enable selection with chloramphenicol and screening for green fluorescence. 10 µg of plasmid was used for transformations, and 33 chloramphenicol-resistant/GFP-expressing mutants were obtained. In contrast to the C. trachomatis Tn mutants that all had single insertions, four C. muridarum mutants had double Tn insertions. Some of the Tn mutants were complemented using a pNigg-mCherry (bla-marked) shuttle vector allowing for fulfillment of molecular Koch’s postulates. In addition, the Tn insertion was proven to be stable over at least 10 passages in cell culture without antibiotic selection.

While the Himar1 system works in at least two chlamydial species, the effort required to obtain mutants is prohibitive for constructing a saturated mutant library. In an attempt to circumvent the transformation efficiency barrier, Skilton et al. attempted to introduce the Himar1 system into C. trachomatis L2 on a chlamydial shuttle vector with the transposase under control of the anhydrotetracycline (aTc)-inducible tet promoter (Skilton et al., 2021). This approach would allow for isolation of a transformant that could then be expanded and subjected to Tn mutagenesis yielding a larger library, as all bacteria in the population carry the Tn vector. Attempts to deliver the functional system containing both the transposase and transposon on the same vector or on two separate vectors were unsuccessful. Data from the study suggest that leaky expression of the transposase is toxic for C. trachomatis, likely resulting in failure to obtain transformants. Long-term expression of the transposase would not have occurred in the prior studies that used a suicide vector. Coupling of accessory regulatory elements such as the theophylline riboswitch to the tet promoter, use of a suboptimal RBS sequence or alternate start codon for the transposase, and/or addition of the trans-translation SsrA-degradation tag to the transposase could reduce the “leakiness” of transposase expression in this system. In fact, addition of a riboswitch to a tet-inducible promoter allowing for transcriptional and translational control improved the utility of the Himar1 system (O’Neill et al., 2021). These regulatory mechanisms are further described below.

Insertional mutagenesis using a mobile group II intron was first reported for C. trachomatis in 2013 (Johnson and Fisher, 2013). This technique relies on the retargeting of the Ll.LtrB group II intron that contains an intron-targeting region and antibiotic resistance cassette for selection of the intron insertion. Targeting sequences for the intron are determined using an algorithm that can be built in-house based on (Perutka et al., 2004) or accessed through http://www.targetrons.com/ or http://www.clostron.com/. Intron expression has been driven by incDP (C. trachomatis (Weber et al., 2016c)) or ctl0655P [C. trachomatis, C. muridarum, and C. caviae, (Johnson and Fisher, 2013; Filcek et al., 2019; Cortina et al., 2022; Dolat et al., 2022)]. Detailed methodologies and construct information for group II mutagenesis have been reported (Key and Fisher, 2017; Weber and Faris, 2019). The GII intron approach has been the most widely adopted method for generating targeted-insertion chlamydial mutants and has been used in C. trachomatis (Johnson and Fisher, 2013; Weber et al., 2016c; Sixt et al., 2017; Almeida et al., 2018; Cosse et al., 2018; Panzetta et al., 2019; Ende and Derre, 2020), C. muridarum (Cortina et al., 2022; Dolat et al., 2022), and C. caviae (Filcek et al., 2019). For mutant construction, the intron is delivered on a suicide vector and insertion mutants are selected based on the drug marker encoded within the intron (cat, bla, and aadA have been used). Insertions have proven to be stable upon passage in cell culture and in mouse (Lowden et al., 2015; Cortina et al., 2022; Dolat et al., 2022) and chicken embryo infection models (Filcek et al., 2019) without selection. The choice of multiple selection markers allows for construction of multiple insertions in the same strain (Lowden et al., 2015) and enables complementation with chlamydial shuttle vectors (Weber et al., 2016c). Like all insertional approaches, polar effects must be considered and ideally introns should be targeted to the 5′ end of genes to maximize the chance of disrupting gene function. The group II intron method has also been used in E. chaffeensis and R. rickettsii (Cheng et al., 2013; Noriea et al., 2015).





Allelic exchange and Cre-loxP-mediated gene deletion

Allelic exchange identified via DNA sequencing of isolates obtained from natural coinfection or experimental coinfection supported that Chlamydia spp. were recombination proficient. Further support was provided by Binet et al. who performed an important proof-of-principle experiment in which a synthetic 16S rRNA allele encoding resistance to kasugamycin and spectinomycin was electroporated into C. psittaci (Binet and Maurelli, 2009). Dual-resistant mutants were obtained, and DNA sequencing revealed that the wild-type 16S rRNA had been replaced by the synthetic allele. In 2016, Mueller et al. provided the first generalized tool for constructing targeted gene deletions via recombination, which they termed Fluorescence-Reported Allelic Exchange Mutagenesis, or FRAEM (Mueller et al., 2016). For this approach, they used an E. coli–C. trachomatis shuttle vector, pSU6, modified to be a conditional suicide vector as the essential plasmid maintenance gene pgp6 is regulated by the tet promoter. Homologous sequences (~3 kb) for the targeted gene are cloned 5′- and 3′- to gfp bla cassettes, and the vector also contains mCherry. Upon successful transformation in the presence of aTc to promote plasmid maintenance, the transformant would have red (mCherry) and green (GFP) fluorescence and be ampicillin resistant. Removal of aTc stops plasmid replication and requires plasmid integration into the genome for resistance to be maintained. Recombination at both the 5′- and 3′- homologous sequence regions results in loss of all plasmid elements including mCherry, while retaining the gfp and bla genes yielding an ampicillin-resistant, GFP-expressing mutant (Wolf et al., 2019). FRAEM is particularly useful in discriminating between transformation failure and failure to obtain a recombination/insertion mutant, as the transformation step is segregated from the mutagenesis step. FRAEM can also help assess gene essentiality through analysis of whether only a single recombination event (red and green bacteria) versus a double recombination event occurs (green only).

In addition to the usefulness of pSU6 for allelic exchange, it can also be used to cure C. trachomatis of its native plasmid and can be used to transiently express a gene of interest followed by plasmid removal when desired by omitting aTc from the culture (Mueller et al., 2016). The latter approach was used to develop a markerless deletion strategy known as FIoxed cassette allelic exchange mutagenesis, or FLAEM, to reduce the risk of polar effects and to allow for marker recycling (Keb et al., 2018; Keb and Fields, 2020). For the initial FLAEM approach, Keb et al. included loxP sites flanking the gfp-bla screening/selection markers used in the FRAEM system. In the updated approach, the pSUmC-4.0 base vector replaces the bla gene with aadA (Keb and Fields, 2020) (Figure 2). After a double-recombination event has occurred, the green fluorescent and spectinomycin-resistant strain is then transformed with a pSU variant carrying the cre recombinase (pSU-CRE) and bla/mCherry for selection and screening of transformants. In the presence of aTc, the vector is maintained allowing for expression of Cre recombinase and removal of the loxP-flanked chromosomal cassette. Removal of aTc then leads to vector curing and a non-resistant, non-fluorescent deletion mutation carrying only the loxP scar sequence. This allows for introduction of a vector for complementation or the construction of additional gene mutations within the same strain. The FRAEM/FLAEM approach has now been employed for multiple genes and in different labs (McKuen et al., 2017; Ghosh et al., 2020; Bui et al., 2021; Keb et al., 2021).

Collectively, the transposon mutants, chemical library non-sense mutants, and targeted gene inactivation mutants have indicated that a larger number of genes than were perhaps anticipated are non-essential at least for growth in cell culture. However, it seems likely that many genes dispensable for growth in cell culture will prove essential for growth in the animal or human host. With that in mind, it is important to be mindful of culturing conditions and how they impact both mutant selection and one’s assessment of mutant fitness.






Shuttle vectors and regulated gene expression

The numerous shuttle vectors for Chlamydia spp. originate from the seminal study performed by Wang et al. (2011) and are widely used in the field. The two primary chlamydial vector backbones are p2TK2-SW2 (pSW2) (Wang et al., 2011) or pBOMB4 (pL2) (Bauler and Hackstadt, 2014). Replication-competent vectors have been used for a variety of purposes including complementation of mutants (Chen et al., 2014; Weber et al., 2016c; Panzetta et al., 2019; Luis et al., 2023), expression of epitope-tagged proteins for localization and secretion studies (Weber et al., 2015), as a platform for large-scale protein-partner identification via proximity labeling (Rucks et al., 2017), expression of reporter genes (Agaisse and Derre, 2013), and identification of effector proteins (Andersen et al., 2021; Yanatori et al., 2021). Shuttle vectors do show serovar and species tropisms (reports of serovar tropisms vary as highlighted by (Song et al., 2014; O’Neill et al., 2018)), with the species tropism for C. trachomatis and C. muridarum plasmids linked to CDS 2 (Wang et al., 2014). Consequently, shuttle vectors typically contain an E. coli replication competent backbone and accessory genes inserted into the native plasmid from the respective species targeted for transformation. Shuttle vectors were first developed for C. trachomatis [bla, cat, sh ble, and aadA (Wang et al., 2011; Ding et al., 2013; Xu et al., 2013; Mueller et al., 2016)] followed by C. muridarum (bla, cat, and aadA [Song et al., 2014; Wang et al., 2014; Cortina et al., 2019)] and more recently have been reported for C. pneumoniae [cat (Shima et al., 2018)], C. felis (cat (Shima et al., 2018)), and C. psittaci [bla (Shima et al., 2020)], which covers the majority of human pathogen-relevant or model-relevant Chlamydia spp. excepting C. caviae. The use of an E. coli backbone in combination with the native plasmid leads to large plasmid sizes (>10 kb), which can complicate downstream cloning and likely reduce transformation efficiency. As an alternative approach, Fields et al. devised a mini-replicon shuttle vector (base size of 5.45 kb) that contains only the native plasmid origin of replication and demonstrated that it can be maintained in the presence of the native plasmid under antibiotic selection in both C. trachomatis (serovars L2 and D) and C. muridarum (Fields et al., 2022). The copy number of the shuttle vectors does seem to differ from the native plasmids and varies between species and across plasmid backbones, although all plasmids are low-copy.

Expression of genes from the shuttle vectors has relied on the use of foreign promoters or chlamydial promoters. Native developmentally regulated promoters such as the early gene promoter ihtAP or the late gene promoters omcAP or hctAP have been used for developmental stage-specific expression of fluorescence reporter genes to track chlamydial development using live microscopy approaches (Cortina et al., 2019; Chiarelli et al., 2020b). Two inducible regulation systems have been published for Chlamydia and include the aTc-inducible tet-promoter system (Wickstrum et al., 2013) and the theophylline-inducible synthetic riboswitch E (Grieshaber et al., 2021; Grieshaber et al., 2022). The tet-promoter system has been shown to be functional in C. trachomatis, C. muridarum, and C. psittaci (Wickstrum et al., 2013; Cortina et al., 2019; Shima et al., 2020) and has been used for inducible gene expression in a mouse infection model with aTc-supplemented water (Cortina et al., 2022). Spacing of the TetR operator binding sites relative to the RBS has been found to impact the tightness of the system (Cortina et al., 2019). To provide an additional regulation approach, Grieshaber et al. developed a translational control system based on the synthetic riboswitch E whereby the riboswitch is used in place of the gene’s native 5′ UTR and RBS (Grieshaber et al., 2021; Grieshaber et al., 2022) (Figure 2). Addition of theophylline, which binds to the riboswitch, leads to opening of the mRNA, revealing the RBS and allowing for translation initiation. The study further showed that the riboswitch could be used in tandem with the tet promoter to allow for regulation of transcription and translation, increasing the tightness of the system (Grieshaber et al., 2022). Additional approaches to regulate the amount of proteins produced by shuttle-vector-encoded genes have included using a weakened promoter (Wickstrum et al., 2013) or a suboptimal RBS (Ouellette et al., 2021), or addition of an SsrA-degradation tag (Himeno et al., 2014) sequence to the gene, which results in degradation of the tagged protein by the ClpXP protease system (Ouellette et al., 2021).




Gene silencing

The ability to conditionally repress expression of genes is a critical tool for studying the function of essential genes. Such tools are even more relevant for the obligate intracellular bacteria, as many of the genes that remain in their reduced genomes are likely essential. The first report of gene silencing was for C. trachomatis and used an antisense approach using PAMAM dendrimers to deliver the antisense DNA primers to RBs in infected cells (Mishra et al., 2012). Follow-up studies using antisense methods have not been reported. More recently, Ouellette in two separate publications describes the development of CRISPRi for conditional gene silencing in C. trachomatis (Ouellette, 2018; Ouellette et al., 2021). The original report showed that incA could be knocked down using the catalytically “dead” Cas9 (dCas9) from Staphylococcus aureus under control of the tet promoter along with constitutive expression of a guide RNA (gRNA) targeted to the 5′ UTR of incA (Ouellette, 2018). To address problems with the first iteration of the CRISPRi system, namely, leaky expression of dCas9 and plasmid instability, Ouellette et al. switched from the pL2-LtetO vector backbone to the pBOMB vector backbone, weakened the dCas9 RBS sequence to reduce translation initiation efficiency, and added the SsrA-degradation tag (VAA) to dCas9 to reduce protein levels (Ouellette et al., 2021) (Figure 2). Importantly, Ouellette et al. also demonstrated not only knockdown of incA expression but that the knockdown could be complemented by making a transcriptional fusion between dCas9 and incA. Complementation is an important consideration to address concerns about off-target silencing by the gRNA and to assess for polar effects when silencing operon-encoded genes. In addition to supporting the efficacy of dCas9 for gene silencing, the study also found that the Acidaminococcus dCas12 could silence incA. gRNAs for the optimized CRISPRi were targeted to the 5′ UTR of incA with the dCas9 gRNA targeted to the template strand and the dCas12 gRNA targeted to the non-template strand. In theory, either strand should work for targets in the 5′ UTR whereas targets within the coding region should be on the non-template strand (Qi et al., 2013). As dCas9 and dCas12 have different protospacer adjacent motif (PAM) sequences (NNGRRT versus TTTV), having two options greatly increases the chances of finding a PAM sequence in the gene of interest. Indeed, Ouellette et al. report that almost 80,000 sites are present in C. trachomatis L2 when summing the dCas9 and dCas12 PAM sites (Ouellette et al., 2021). One other report on the use of CRISPRi in C. trachomatis L2 found toxicity associated with the expression of dCas9 proteins from Streptococcus pyogenes or Staphylococcus aureus when expressed in the absence of a guide RNA (Wurihan et al., 2019). Similar toxicities were not observed in the Ouellette studies, which used constitutive expression of a gRNA or the “empty” vector lacking the gRNA. Of note, the follow-up Ouellette study did employ tightly controlled dCas9/dCas12 protein levels using the SsrA-tagged constructs and a weakened RBS (Ouellette et al., 2021). Collectively, the reports do highlight that use of CRISPRi requires careful attention to both the levels of and the species source for the dCas9 protein. The CRISPRi approach has been used in multiple publications demonstrating its utility for use with both non-essential and essential genes (Wood et al., 2019; Wood et al., 2020; Brockett et al., 2021), and, in principle, CRISPRi should be feasible for the other obligate intracellular bacteria.







Coxiella burnetii





DNA uptake, antibiotic selection, and clone isolation

The first report of C. burnetii transformation was carried out using the virulent Nine Mile phase I clone 7 (NMI) strain (Suhan et al., 1996). Bacteria were isolated from infected BHK-21 cells and purified following mechanical lysis and centrifugation. Isolated bacteria were then washed in electroporation medium (10% glycerol or 10% glycerol/272 mM sucrose), and 0.5 µg of plasmid DNA was added. This mixture was then electroporated at either 12.5 or 16 kV for 6, 12, or 24 milliseconds. All subsequent C. burnetii transformations involved the use of electroporation to initiate DNA uptake. Bacteria used for transformation were isolated from either embryonated egg sacs (Lukacova M et al., 1999) or Vero cells (Beare et al., 2009) or grown in axenic media (Omsland et al., 2009; Omsland et al., 2011; Sandoz et al., 2016). Three different electroporation media have been used, 272 mM sucrose/10% glycerol (Beare et al., 2009), 270 mM sucrose (Chen et al., 2010), and 10% glycerol (Voth et al., 2011), whereas the amount of plasmid DNA used varied from 1 to 10 µg. In all studies to date, the following four electroporation conditions have been used: 1.6 kV, 500 Ω, and 25 µF (Beare et al., 2009); 2.0 kV, 500 Ω, and 25 µF (Beare et al., 2009); 1.8 kV, 500 Ω, and 25 µF (Omsland et al., 2011); and 2.5 kV, 400 Ω, and 25 µF (Chen et al., 2010). Three antibiotics have been approved for use in selecting transformants in C. burnetii, ampicillin (bla), kanamycin (aphA), and chloramphenicol (cat). Ampicillin and kanamycin have been used at 250–400 µg/ml, whereas chloramphenicol has been used at 3–5 µg/ml. Isolation of clonal C. burnetii transformants has been carried out using two different methods. The first method used micromanipulation to harvest single Coxiella-containing vacuoles (CCVs) from infected host cells (Beare et al., 2007). These isolated vacuoles were then expanded on new host cells and clonality determined by PCR. The second method that has been most widely utilized is the plating of transformants on semisolid axenic media (Omsland et al., 2011).

The potential for natural competence in C. burnetii has been discussed, as genes encoding components of a competence system are present in the genome (Seshadri et al., 2003). Due to the presence of frameshift mutations in three competence genes, comA (CBU0855), comF (CBU0464), and comM (CBU2022), it is unlikely that C. burnetii can naturally take up extracellular DNA.





Modification of genomic DNA

The first transformation experiment performed in C. burnetii was described by Suhan et al. (1996). Using electroporation, the pSKO(+)1000 plasmid containing a previously discovered C. burnetii autonomous replicating sequence (ARS) (Suhan et al., 1994) and bla gene (for ampicillin resistance) was introduced into the bacterium (Suhan et al., 1996). This plasmid appeared to both autonomously replicate and, in some instances, integrate into the chromosomal copy of the ARS by homologous recombination. Four years later, the presence of the bla gene product β-lactamase in transformed C. burnetii was further confirmed using immunoblot analysis (Suhan and Thompson, 2000). These seminal findings provided hope for future genetic modification of C. burnetii in showing that ampicillin could be used as a selectable marker and that homologous recombination was possible. A subsequent study using a plasmid containing the bla gene, C. burnetii ARS, and GFP under the control of the E. coli trp/lac promoter was used to express GFP in C. burnetii (Lukacova M et al., 1999).

The development of an axenic medium for C. burnetii has resulted in a rapidly expanding genetic toolbox (Omsland et al., 2009; Omsland et al., 2011; Sandoz et al., 2016) both by making it easier to work with the bacteria and isolate clones and by increasing the number of genes amenable to manipulation since the repertoire of genes essential or highly important for growth on host-free medium is fewer than for growth in cell culture. One is also more likely to obtain high growth/virulence-attenuated strains on axenic solid media than in cell culture, as highly attenuated mutants growing as an individual colony do not have to compete with more robust mutants for resources or survive in a host cell. These parameters should yield a more diverse transposon mutant library comparing axenic to cell culture mutagenesis conditions.




Himar1-mediated transposition

The first described genetic mutants in C. burnetii were presented by Beare et al. (2009). This breakthrough was achieved using Himar1 transposition delivered using a two-plasmid system. The first plasmid (pCR2.1-P1169-Himar1C9) contained the himar1 C9 allele, whose expression was driven by the CBU1169 small heat shock promoter, whereas the second plasmid (p1898-Tn) contained the Himar1 transposon consisting of the mCherry and chloramphenicol (cat) genes under the control of the CBU1169 promoter. Following electroporation, the bacteria were used to infect host cells where selection of transformants was achieved using chloramphenicol. This study identified 35 Himar1 insertions in the C. burnetii Nine Mile RSA439 phase II (NMII) genome; of these, 30 were intragenic (including two insertions in the native QpH1 plasmid) and five were intergenic. Transposon insertion in the end of the cell division gene ftsZ resulted in perturbation of its function, causing a filamentous form, and decreased the overall bacterial growth rate in host cells.

Two studies were published in 2011 using Himar1 transposition in C. burnetii grown in axenic media to create mutants to the Dot/Icm-type IVB secretion system (T4BSS) genes icmL.1 (CBU1629) (Carey et al., 2011) and icmD (CBU1624) (Beare et al., 2011). These two studies both confirmed that the Dot/Icm T4BSS system is essential for growth of C. burnetii in host cells and were only feasible owing to axenic growth. The next four publications using Himar1 transposition in C. burnetii generated transposon libraries for screening of potential virulence factors (Weber et al., 2013; Martinez et al., 2014; Newton et al., 2014; Metters et al., 2023). These libraries consisted of >20 (Weber et al., 2013), 3840 (Newton et al., 2014), >3000 (Martinez et al., 2014), and 10,000 (Metters et al., 2023) individual transposon insertions. Three libraries were generated using a single Himar1 plasmid system (Weber et al., 2013; Newton et al., 2014; Metters et al., 2023), whereas the third library was generated using a two plasmid Himar1 system (Martinez et al., 2014). Weber et al. described the identification of 20 transposon insertions in T4BSS effector genes, 10 of which had defects in intracellular growth and CCV formation (Weber et al., 2013). Newton et al. identified transposon insertions that resulted in defective T4BSS function, regulation of T4BSS expression, and T4BSS effector protein production as well as non-T4BSS-related insertions that affected C. burnetii growth and displayed various CCV phenotypes (Newton et al., 2014). Further research was carried out on one T4BSS effector, cig2 (CBU0021). This effector was shown to be important for interaction between the CCV and host autophagosomes. Martinez et al. isolated >3,000 transposon insertions, 1,082 of which were sequenced and examined using a high-content multi-phenotype microscopy screen (Martinez et al., 2014). Three different aspects of C. burnetii infection were examined: internalization of the bacteria in host cells, vacuole formation and bacterial replication, and protection of infected host cells from apoptosis. Further analysis was performed on the transposon insertion in ompA (CBU1260). This transposon mutant displayed a defect in C. burnetii internalization and replication in host cells. OmpA-coated latex beads were able to be taken up by non-phagocytic host cells, and C. burnetii uptake was prevented when host cells were incubated with purified OmpA or C. burnetii was pretreated with an anti-OmpA antibody. These data helped to identify OmpA as the first C. burnetii invasion. The most recent mutant library garnered >10,000 individual mutants and is the first study to look at identifying essential genes in C. burnetii (Metters et al., 2023). A total of 511 genes were predicted to be essential.

The Himar1 transposon insertions generated by the aforementioned laboratories have been used in at least 28 subsequent publications (Norville et al., 2014; Winchell et al., 2014; Martinez et al., 2015; Latomanski et al., 2016; Martinez et al., 2016; Weber et al., 2016b; Weber et al., 2016a; Fielden et al., 2017; van Schaik et al., 2017; Bitew et al., 2018; Clemente et al., 2018; Crabill et al., 2018; Bitew et al., 2019; Kuba et al., 2019; Mansilla Pareja et al., 2019; Wachter et al., 2019; Bitew et al., 2020; Brann et al., 2020; Burette et al., 2020; Kuba et al., 2020; Martinez et al., 2020; Newton et al., 2020; Padmanabhan et al., 2020; Pechstein et al., 2020; Hofmann et al., 2021; Siadous et al., 2021; Steiner et al., 2021; Case et al., 2022). Below, we will highlight some of the findings using these transposon mutants. Most of these studies have focused on defining the role of T4BSS apparatus and/or effector proteins in host cell infection. Specifically, C. burnetii effector proteins have been shown to interact with host innate immune signaling (Burette et al., 2020), autophagy pathways (Martinez et al., 2016; Crabill et al., 2018; Siadous et al., 2021), and host trafficking pathways (Latomanski et al., 2016) and/or were essential for CCV biosynthesis (Martinez et al., 2015; Weber et al., 2016b; Martinez et al., 2020). Furthermore, the use of different T4BSS apparatus mutants has been used in many studies to define where C. burnetii’s T4BSS effector cohort is important within the context of host cell infection and to help define new T4BSS effectors (Weber et al., 2016a; Clemente et al., 2018; Mansilla Pareja et al., 2019; Brann et al., 2020; Padmanabhan et al., 2020; Steiner et al., 2021).

C. burnetii has a reduced metabolic capacity, presumably due to its shift to an intracellular lifestyle and reduced genome size (Seshadri et al., 2003). The development of an axenic medium and random Himar1 mutagenesis has allowed the study of the C. burnetii metabolic genes. Nicotinamide adenine dinucleotide (NAD) is a coenzyme central to metabolism; mutation of nad (CBU0101) in C. burnetii resulted in an intracellular growth defect and decreased levels of NAD, NADH, and NADP. C. burnetii can transport and metabolize glucose and glutamate into intermediates of glycolysis, gluconeogenesis, and the TCA cycle (Kuba et al., 2019). C. burnetii encodes at least two potential hexose transporters (CBU0265 and CBU0347). Using Himar1 mutants in these two genes, CBU0265-Tn and CBU0347-Tn, Kuba et al. were able to confirm their role in transporting glucose (Kuba et al., 2019). Using Himar1 mutagenesis, other C. burnetii genes have been identified as having roles in central carbon metabolism, including CBU0823 that contains both malate dehydrogenase and malic enzyme activities and SdrA (CBU1276), which is a short-chain dehydrogenase that facilitates regeneration of NADP(H) (Bitew et al., 2020). Recently, Wachter et al. identified a small RNA, CbsR12, that when mutated by Himar1 transposition resulted in the downregulation of carA translation, which encodes an enzyme that catalyzes the first step of pyrimidine biosynthesis, and upregulation of metK, which encodes an s-adenosylmethionine synthetase that is a part of the methionine cycle (Wachter et al., 2019).

All current Himar1 libraries have been generated in the avirulent NMII strain of C. burnetii. The historical in vivo model for C. burnetii infection has been the guinea pig (Moos and Hackstadt, 1987). Because NMII is avirulent in the guinea pig model (Moos and Hackstadt, 1987), two new in vivo models were developed for testing virulence in NMII Himar1 mutants. The first model developed was created using the larvae of the greater wax moth Galleria mellonella (Norville et al., 2014). This model was tested using the NMI, NMII, and NMII T4BSS apparatus mutants (dotA::Tn and dotB::Tn). Within this model, NMI and NMII were equally virulent whereas dotA::Tn and dotB::Tn were not, indicating that T4BSS is essential for survival of NMII. An attenuated virulence in this model was observed for the previously described NMII ompA::Tn mutant (Martinez et al., 2014), indicating this model can allow intermediate virulence phenotypes to be studied. The second model developed used a severe combined immunodeficiency disease (SCID) mouse (Weber et al., 2016b; van Schaik et al., 2017). This model was tested using NMII and four Himar1 mutants (dotA::Tn, cvpB::Tn, ompA::Tn and enhC::Tn). In this model, NMII was virulent whereas the four Himar1 mutants displayed a range of attenuated virulence with dotA::Tn, cvpB::Tn, and enhC::Tn having no detectable splenomegaly whereas ompA::Tn had intermediate splenomegaly, consistent with the phenotype observed in the G. mellonella model (Martinez et al., 2014).





Allelic exchange and Cre-loxP-mediated gene deletion

Sixteen years following the first example of homologous recombination in C. burnetii (Suhan et al., 1996), Beare et al. were able to generate the first site-directed gene deletions (Beare et al., 2012). Two strategies were used to create mutants in the T4BSS apparatus genes dotA and dotB. The first strategy used a loop-in/loop-out allelic exchange method to replace the dotA and dotB genes with the chloramphenicol-resistance cassette, cat. A suicide vector containing cat surrounded with 5′- and 3′- flanking regions of the target genes was first integrated into the genome by homologous recombination. A second round of homologous recombination using sucrose counterselection resulted in deletion of the target gene. A detailed protocol for this procedure has been published (Beare and Heinzen, 2014). The second strategy used Cre-lox-driven recombination to delete the dotA gene. This method required the integration of two plasmids containing loxP sites and different antibiotics 5′- or 3′- of the dotA gene. Introduction of a third suicide plasmid, encoding the Cre recombinase, and using sucrose counterselection resulted in deletion of dotA. The loop-in/loop-out strategy has been used to create 24 other mutants in C. burnetii (Larson et al., 2013; Beare et al., 2014; Cunha et al., 2015; Larson et al., 2015; Colonne et al., 2016; Vallejo Esquerra et al., 2017; Stead et al., 2018; Larson et al., 2019; Moormeier et al., 2019; Pechstein et al., 2020; Schäfer et al., 2020; Friedrich et al., 2021; Sanchez and Omsland, 2021; Sandoz et al., 2021; Clemente et al., 2022). Many of these mutants have targeted components of the T4BSS, including 10 T4BSS effectors (icaC, cvpA, cvpB, cvpC, cvpD, cvpE, cpeD, cpeE, ankF, ankG) (Larson et al., 2013; Cunha et al., 2015; Larson et al., 2015; Colonne et al., 2016; Pechstein et al., 2020; Schäfer et al., 2020), the T4BSS chaperone IcmS (Larson et al., 2019), and PmrA, the regulator of T4BSS apparatus and effector expression (Beare et al., 2014).

Site-directed mutants (using the loop-in/loop-out approach) have also helped to identify five genes essential for LPS biosynthesis in C. burnetii (Beare et al., 2018), the first known virulence factor for this organism. This study included the first reported deletion mutants in the virulent NMI bacteria. Morphological differentiation plays a large part in C. burnetii development. Three publications using deletion mutants have started to delve into the differences between the large-cell and small-cell C. burnetii developmental forms. Mutation of an outer membrane phospholipase A prevents stationary phase modifications to membrane lipids (Stead et al., 2018), whereas deletion of the stationary phase sigma factor rpoS resulted in downregulation of stress response and peptidoglycan remodeling genes (Moormeier et al., 2019). Recently, Sandoz et al. discovered that in bacteria such as C. burnetii that lack the Braun’s lipoprotein, the bacteria instead use outer membrane proteins to tether the outer membrane to peptidoglycan in the periplasm (Sandoz et al., 2021). Utilizing deletion mutants, Sandoz et al. were able to show that this cell-cycle-dependent tethering to the outer membrane protein BpbA was partially dependent on L,D-transpeptidases. The DotA mutant generated by Beare et al. (2012) has subsequently been used to show the role of T4BSS in endosomal maturation (Samanta et al., 2019), inhibition of neutrophil apoptosis (Cherla et al., 2018), inhibition of NF-kB and RelA activation (Mahapatra et al., 2016), and inhibition of B-cell pyroptosis (Schoenlaub et al., 2016) and in recruiting actin patches on the CCV (Miller et al., 2018).

The Cre-lox method was recently used to create a 32.5-kb deletion containing 23 of the 26 T4BSS apparatus genes (Long et al., 2021). This mutant was shown to be avirulent in guinea pigs and was protective as a whole-cell vaccine against challenge with virulent C. burnetii. While there have been >20 published site-directed gene deletions, these two methods have a limited use within the C. burnetii field. Many of these studies relied on the selection of mutants using antibiotic selection (carbenicillin, kanamycin, or chloramphenicol) in low-pH axenic media. Carbenicillin and kanamycin are sensitive to low pH, requiring very high concentrations (>250–400 µg/ml) for transformant selection. The development of a defined axenic medium has permitted the creation of nutritional selection based on C. burnetii’s natural auxotrophies to 11 amino acids. Complementation of the final steps in the arginine and lysine biosynthetic pathways using argGH and lysCA genes from Legionella pneumophilia allowed growth of C. burnetii transformants in ACCM-D in the absence of arginine and lysine, respectively. Here, we describe the development of two nutritional selection systems based on complementation of proline and tyrosine auxotrophies (Figure 3) (Wachter et al., 2022).




Figure 3 | Complementation of C. burnetii proline and tyrosine auxotrophies for transformant selection. (A) Pathway of proline biosynthesis from glutamate. C. burnetii has lost the proA and proB genes that catalyze the first two steps of proline biosynthesis from glutamate while retaining proC, which catalyzes the final step in the proline biosynthesis pathway. (B) Schematic of the proBA operon cloned from Legionella and placed under the control of the CBU1169 promoter. The 1169P-proBA operon was cloned into the pJB-CAT shuttle vector and the plasmid transformed into C. burnetii. (C) Complementation of the proline auxotrophy was tested using ACCM-D plus or minus proline. Expression of proBA in NMII (NMII proBA) complemented growth of the bacterium in the absence of proline, whereas the wild-type bacteria (NMII) could only grow in the presence of added proline. (D) Pathway of tyrosine biosynthesis from chorismate. C. burnetii has lost both genes (tyrA and tyrB) required for biosynthesis of tyrosine from chorismate. (E) Schematic of the tyrB gene cloned from E. coli and placed under the control of the CBU1169 promoter. This fragment was then cloned into pJB-CAT and the plasmid (pJB-CAT-tyrB) transformed into C. burnetii. (F) Complementation of the tyrosine auxotrophy was tested using ACCM-D with the addition of the TyrB substrate 4-hydroxyphenylpyruvic acid (4-HPP) and plus or minus tyrosine. Expression of tyrB in NMII (NMII tyrB) complemented growth of the bacterium in ACCM-D containing 4-HPP but minus tyrosine, whereas the wild-type bacteria (NMII) could only grow in the presence of added tyrosine and not in the presence of the TyrB substrate 4-HPP alone.








Shuttle vectors, site-specific transposition, and regulated gene expression

Two different shuttle vectors have been described, pKM230 (Chen et al., 2010) and pJB-CAT (Voth et al., 2011). Both shuttle vectors are based on the Legionella plasmids pJB908 and pJB2581, respectively. The basis for the autonomous replication of these vectors in C. burnetii is directed by the RSF1010 origin. This origin of replication results in a copy number of approximately 3–6. These shuttle vectors have been used for a variety of different reasons including complementation of mutant strains (Bitew et al., 2018; Kuba et al., 2019), complementation of amino acid arginine and lysine auxotrophies and central metabolic deficiencies (Sandoz et al., 2016; Beare et al., 2018; Sanchez et al., 2021), reporter constructs for identifying both T4BSS-dependent (Chen et al., 2010; Voth et al., 2011) and T4BSS-independent (Stead et al., 2013) effector secretion (BlaM, CyaA, 3x FLAG fusions), and epitope tagging proteins of interest (Fielden et al., 2017; Justis et al., 2017) (3xFLAG, 2xHA) and for creating fluorescent strains (Chen et al., 2010; Martinez et al., 2014) (mCherry, GFP).

The native plasmid found in most C. burnetii is predicted to have one to three copies, for example the QpH1 plasmid in NMII, whereas some strains exist whereby the endogenous plasmid has integrated into the genome (Samuel, 1986; Savinelli and Mallavia, 1990). Recent studies have described the development of two new shuttle vectors, pQGk (Luo et al., 2021) and pB-TyrB-QpH1ori (Wachter et al., 2022). These two shuttle vectors both contain an E. coli origin of replication (pUC or pMB1, respectively), the origin of replication and replication genes from the endogenous C. burnetii plasmid QpH1 (CBUA0036, CBUA0037, CBUA0038, CBUA0039, and CBUA0039a), and selection in C. burnetii using either kanamycin or complementation of the tyrosine auxotrophy in tyrosine minus ACCM-D. The pB-TyrB-QpH1ori plasmid has a separate cat gene for chloramphenicol selection in E. coli. Introduction of these plasmids into C. burnetii with selection resulted in curing of the native QpH1 plasmid owing to the presence of the QpH1 origin in the shuttle vector. This QpH1-less NMII strain was further shown to have a growth defect in host cells.

Beare et al. (2011) described the use of a gDNA modification system using the site-directed miniTn7 transposon. The miniTn7 transposon uses a two plasmid-based system, one plasmid containing the miniTn7 transposon and the other containing the miniTn7 transposase (encoded by the tnsABCD genes). Initial reports identified the integration site as being downstream of CBU1787, with the miniTn7 recognition site (TCAGCCACGTAATCTGGCGAAGTCGGTGAC) located in the 3′ end of CBU1787. Subsequent analysis has identified a second miniTn7 recognition sequence (TCAGCCCCGCAATTTGGCAAAGTCGGTGAC) in the 3′ end of the CBU1788 gene resulting in the miniTn7 integration downstream of CBU1788 (Figure 4). Comparison of the CBU1787 and CBU1788 genes indicated that a duplication event of the last 63 bp of CBU1787 had occurred resulting in two potential miniTn7 recognition sites. This system of site-specific DNA integration is the main method used to complement both site-directed and Himar1 transposon mutants (Beare et al., 2009; Beare et al., 2012). The miniTn7 transposon has also been used to create a single-copy luciferase reporter system for C. burnetii that identified PmrA-dependent and -independent promoters (Beare et al., 2014).




Figure 4 | MinTn7 transposition in bacteria. (A) Schematic of site-specific miniTn7 transposition into the region downstream of the glutamine-fructose-6-phosphate gene (glmS). The glmS gene has a 30-bp attTn7 site in the end of it that is recognized by the miniTn7 transposase (consisting of the TnsA, TnsB, TnsC, and TnsD proteins). Subsequent miniTn7 insertion occurs 36 bp downstream of the attTn7 site. This transposition system utilizes two plasmids, one containing the miniTn7 transposon with a selectable marker and the second containing the miniTn7 transposase genes. (B) Alignment of predicted miniTn7 attTn7 sites in different obligate intracellular bacteria compared with Pseudomonas aeruginosa. No predicted attTn7 sites were identified in Rickettsia, Ehrlichia, or Orientia species and even though other Anaplasma species have an attTn7 site, these were not found in A. phagocytophilum. Gray boxes indicate conserved sequences. (C) Schematic of the C. burnetii glmS region. Due to a duplication event between the end of cbu01787 and cbu01788, C. burnetii has two different attTn7 sites allowing for integration into either site.



C. burnetii currently has two different methods for inducible gene expression (Chen et al., 2010; Beare et al., 2011), the lac operator/repressor and anhydrotetracycline systems. Both systems use a small-molecule (IPTG or anhydrotetracycline) to induce gene expression via the tac or tetA promoters, respectively. Here, we present a modified lac inducible system (Figure 5) that uses the lac promoter in place of the tac promoter and uses a full-length LacI containing the tetramerization domain, which the LacI produced by pKM230 and pJB-CAT shuttle vectors lacks. We also present a third system based on arabinose-inducible gene expression from the araB promoter (Figure 5). Only two promoters have been used for general constitutive gene expression in C. burnetii, cbu1169P, and cbu1910P. However, many complementation experiments have used gene-specific promoters to recapitulate normal expression. A synthetic promoter system has been developed for C. burnetii that allows for predictable and tunable constitutive gene expression using the ProSeries set of insulated promoters (Davis et al., 2011; Cooper et al., 2017) (Figure 6). Genetic manipulation of C. burnetii, aided by the use of axenic media, continues to progress toward the level seen for free-living bacteria.




Figure 5 | Creation of new IPTG and arabinose-inducible expression systems in C. burnetii. (A) Schematics of two different IPTG-induction systems allowing inducible expression of mCherry and their respective immunoblots detecting mCherry production. The upper schematic shows the original IPTG-inducible system contained on the pJB-CAT and pKM230 C. burnetii shuttle vectors, which consists of a truncated lacI gene (missing the tetramerization domain), a tac promoter, and a single LacI binding site upstream of mCherry. Production of mCherry was seen in the minus IPTG induction by immunoblot (upper right) indicating leaky expression of mCherry. The lower schematic shows the new IPTG-inducible system consisting of a full-length lacI gene and lacO promoter containing dual LacI binding sites upstream of mCherry. No background mCherry production was seen in the uninduced control, whereas good production of mCherry was evident in the IPTG-induced sample. (B) Schematic of the arabinose-induction system allowing inducible expression of mCherry. The mCherry gene was cloned downstream of the araB promoter. The sequence of the native araB promoter is shown. This sequence was modified so that the -35 and -10 regions had a smaller 16-bp spacer region and their sequences were closer to the consensus sigma 70 promoter sequence (TTGACA and TATAAT, respectively). The native and modified arabinose induction systems were cloned into the pJB-CAT shuttle vector and then transformed into C. burnetii. Arabinose-based gene expression was examined by immunoblot of 0-, 4-, or 7-h post-arabinose induction of 5-day C. burnetii cultures. Production of mCherry from the native araB promoter was very low at 7 h, whereas in the modified araB system, high levels of protein were detected at both 4 and 7 h post induction. No background mCherry production was seen in the uninduced control (0 h).






Figure 6 | Creation of synthetic promoters for predictable gene expression in C. burnetii. (A) Schematic of the variable strength ProSeries synthetic promoters fused upstream of the mCherry gene. The synthetic promoters are flanked by insulation regions that help prevent unwanted gene transcription. (B) Sequence of the four different ProSeries promoters (proA, proB, proC, and proD) is shown. The only difference between each promoter lies in the -10 box. (C) The four different promoter-mCherry fusions were cloned into pJB-CAT, and the resulting vectors were transformed into C. burnetii. The level of promoter activity was examined by looking at mCherry production by immunoblot. An increasing level of mCherry production was seen across the four promoter constructs.








Rickettsiales




Anaplasmataceae: Anaplasma and Ehrlichia




Anaplasma phagocytophilum and marginale: DNA uptake, antibiotic selection, and clone isolation

Transformation of A. phagocytophilum and A. marginale was described in 2006 and 2010, respectively (Felsheim et al., 2006; Felsheim et al., 2010). Isolated bacteria were used to infect either HL-60 or ISE6 cells to greater than 90%, respectively. The cells were then disrupted via needle aspiration and filtered and the bacteria washed in either 270 mM sucrose or 250 mM sucrose, respectively. The method of DNA uptake used for these two species was electroporation using 1 µg of each plasmid DNA mixed with bacteria in a 0.1-cm-gap cuvette. A. phagocytophilum and A. marginale used slightly different electroporation conditions with A. phagocytophilum using 1.2 kV, 400 Ω, and 25 µF, whereas A. marginale used 2.5 kV, 400 Ω, and 25 µF. Most research articles published since have described the use of electroporation to initiate DNA uptake. The most recent A. phagocytophilum and A. marginale transformations were achieved using slightly modified electroporation conditions, 1.7 kV, 400 Ω, and 25 µF (O’Conor et al., 2021) and 2.0 kV, 400 Ω, and 25 µF (Crosby et al., 2014), respectively. In both cases, the bacteria were washed in 300 mM sucrose. Selection of transformants has predominantly been via the use of spectinomycin and streptomycin resistance conferred by the aadA gene, and more recently gentamicin resistance has also been used (Hove et al., 2022). Interestingly, in a step toward non-antibiotic selection in A. phagocytophilum, Oliva Chavez et al. (2019) tested the use of the herbicide resistance bar gene, which provides resistance to phosphinothricin (PPT), for selection of transformed bacteria. Isolation of clonal mutants from Himar1 transposition experiments is achieved using limiting dilution. The development of an axenic media is underway with preliminary data showing both DNA and protein biosynthesis of bacteria isolated in host-cell free phagosomes (Zhang et al., 2021). This study provides a basis for further media modifications with the hope of creating an environment allowing bacterial replication.

A second method of DNA uptake by A. phagocytophilum was reported by Oki et al. (2015). This method used PAMAM dendrimers which can deliver the DNA directly to bacteria within infected cells (Mishra et al., 2012). Using this technique, A. phagocytophilum was transformed with dendrimers complexed with a single-plasmid DNA (pCis GFPuv-SS Himar A7) containing the Himar1 transposase and transposon (Oki et al., 2015). Transformants were obtained but failed to survive multiple passages, suggesting that the location of the transposon insertions was detrimental to A. phagocytophilum growth.






Modification of genomic DNA

Genetic modification of the Anaplasma genus has been primarily carried out using the Himar1-based transposon system (Oki et al., 2015; Oliva Chavez et al., 2019; Eskeland et al., 2021; O’Conor et al., 2021). The initial A. phagocytophilum study utilized a dual-plasmid technique whereby the Himar1 transposase was expressed using the A. marginale tr promoter on the plasmid pET28AMTR-A7-HIMAR whereas the transposon, containing tr-promoter-driven expression of GFPuv and spectinomycin/streptomycin resistance, was present on the pHIMAR1-UV-SS plasmid (Felsheim et al., 2006). Once inside the bacteria, the active Himar1 A7 transposon binds and cuts the Himar1 transposon from the plasmid and inserts it randomly into the gDNA of the target genome at TA dinucleotide sequences. E. coli rescue cloning was used to identify the location of the transposon insertions and identified eight different Himar1 transformants. A subsequent A. marginale study by Felsheim et al. (2010) also used the pET28AMTR-A7-HIMAR plasmid for Himar1-A7 transposase production but modified the type of GFP gene used in the transposon plasmid pHIMAR1-UV-SS from GFPuv to TurboGFP (pHimarAm-trTurboGFP-SS). Himar1 transposition was not detected; instead, homologous recombination of the pHimarAm-trTurboGFP-SS plasmid was observed with the genome copy of the Tr promoter (Felsheim et al., 2010), indicating that homologous recombination in A. marginale is viable. Successful Himar1 transposition in A. marginale was not demonstrated until 4 years later when Crosby et al. (2014) utilized a single Himar1 plasmid that contained both the himar1-A7 transposase gene and Himar1 transposon (pHimarcisA7mCherry-SS). All previous transformation attempts using a two-plasmid Himar1 system were unsuccessful, hence a single Himar1 plasmid system was tested (Crosby et al., 2014), with the hypothesis that a bacterial cell has a higher probability of taking up a single plasmid than two plasmids. Transposon insertion site junctions were identified using Roche/454 and Illumina-based sequencing and confirmed by PCR. A single transposon mutant was identified in the omp10 gene. This mutant was later shown to have reduced infectivity in cattle (Crosby et al., 2015), indicating that the generation of Himar1 transposon mutants is possible and can identify genes important for virulence. To date, there have been six studies using Himar1 transposition in Anaplasma to create random transformants (Felsheim et al., 2006; Crosby et al., 2014; Oki et al., 2015; Oliva Chavez et al., 2019; Eskeland et al., 2021; O’Conor et al., 2021) with the largest Himar1 transposon library reported (1,195 insertions) recently created by O’Conor et al. (2021). From these pools of Himar1 transformants, a further six research articles have been published (Noh et al., 2011; Hammac et al., 2013; Crosby et al., 2015; Oliva Chavez et al., 2015; Crosby et al., 2020) and have helped identify potential virulence genes, including an O-methyltransferase required for tick cell infection (Oliva Chavez et al., 2015), a putative effector protein (Oliva Chavez et al., 2019), a VirB6 paralog with attenuated growth in human and tick cell lines (Crosby et al., 2020), and a T4SS effector that is essential for tick infection (Park et al., 2023).

Recently, Oliva Chavez et al. (2019) analyzed transpositions of the Himar1 transposon expressing the bar gene, which confers resistance to the herbicide PPT, using PPT selection. In the absence of a second antibiotic-based selection marker, resistance to PPT via the bar gene will allow a second round of transformation in previously generated Himar1 mutant strains. Use of the bar marker should also allow complementation of mutants and enable the construction of double mutants.

Targeted mutagenesis in Anaplasma marginale has recently been achieved (Hove et al., 2022). In this study, the vector AM581-KO-tuf-mCherry-Gent, containing the tuf promoter-mCherry-gentamicin cassette flanked by 1.1 kb of 5′ and 3′ DNA that flank the AM581 gene, was used to a create linear PCR product that was used to delete the AM581 gene (encoding the phage head-to-tail connector protein) by allelic exchange. Selection of transformed bacteria was established using gentamicin selection driven by the E. chaffeensis tuf promoter and confirmed with subsequent visual analysis of mCherry production. Homologous recombination was achieved via a double recombination event. In a bovine infection model, this mutant “exhibited no clinical disease” and had an in vivo growth defect when compared with wild-type bacteria. The mutant was also tested as a modified live vaccine, displaying protection against challenge with virulent A. marginale, whereas use of wild-type A. marginale in an inactivated whole-cell vaccine did not provide protection. These data suggest that protection against bovine anaplasmosis may require not only the B-cell response but other immune mechanisms.





Shuttle vectors and regulated gene expression

To date, there are no publications for the development of a shuttle vector for Anaplasma and native plasmids have not been identified in the Anaplasma spp. Control of all ectopic gene expression in the Anaplasma spp. has been achieved using the Anaplasma marginale tr promoter. The tr promoter is one of only a few Anaplasma promoters that have been analyzed and was found during the study of the msp2 expression (Barbet et al., 2005). The tr promoter was chosen due to its activity in both mammalian and tick cells. To date, no inducible expression system has been developed for Anaplasma.





Ehrlichia chaffeensis, muris, spp. HF: DNA uptake, antibiotic selection, and clone isolation

The first documented report of transformation of the Ehrlichia genus was in 2005 (Long et al., 2005). This study used electroporation to transiently transform E. muris with 1 µg of plasmid containing the chloramphenicol resistance gene under the control of a promoter from E. chaffeensis. Bacteria were isolated from infected DH82 canine monocyte cells and resuspended in 10% glycerol. Electroporation using a 0.1-cm-gap cuvette was carried out using the following conditions: 2.5 kV, 200 Ω, and 25 µF. All subsequent Ehrlichia transformations have been carried out using electroporation as the desired method for DNA uptake. The next reported study showing Ehrlichia transformation was not until 8 years later and was carried out using E. chaffeensis (Cheng et al., 2013). In this study, bacteria were isolated from infected DH82 cells (for targeted mutagenesis) or ISE6 cells (for random mutagenesis) using different procedures, whereas both final bacterial transformation mixes were resuspended in 300 mM sucrose as opposed to 10% glycerol. Bacteria were mixed with 1–6 µg of either linear PCR fragments or plasmid DNA in a 0.1-cm-gap cuvette and electroporated using the following conditions: 2.0 kV, 400 Ω, and 25 µF. Fourteen years following the first transient transformation of E. muris, Lynn et al. (2019) reported the use of electroporation to create E. muris genetic transformants. E. muris was isolated from infected cells, resuspended in sucrose, and mixed with 1 µg of each plasmid then electroporated using the same conditions as previously described for A. phagocytophilum (Felsheim et al., 2006). The Ehrlichia spp. HF strain was recently transformed using electroporation (Bekebrede et al., 2020). Bacteria were isolated from DH82 cells, resuspended in 300 mM sucrose, and mixed with 6–8 µg of plasmid DNA in a 0.2-cm-gap cuvette. Electroporation was carried out using the following conditions: 2.5 kV, 400 Ω, and 25 µF. Initial transformant selection was achieved using chloramphenicol, which proved a poor method of selection. Subsequent studies have switched to selection of transformants using spectinomycin and streptomycin via the aadA marker. More recently, selection of transformants using gentamicin has been reported (Wang et al., 2017). Isolation of clonal mutants from Himar1 transposition studies has been achieved using limiting dilution of infected cells. Initial studies have begun toward the development of an axenic medium for Ehrlichia. The first study found DNA and protein synthesis in purified reticulate cells (RCs), but not from dense-core cells (DCs), incubated in axenic media (Eedunuri et al., 2018). In a subsequent study, phagosomes containing Ehrlichia were used to examine DNA and protein biosynthesis (Zhang et al., 2021). These studies provide an excellent start toward the development of an axenic medium that supports growth of Ehrlichia.





Modification of genomic DNA

The first reported case of genetic mutation of the Ehrlichia genus was described by Cheng et al. (2013). This study utilized three different methods to create genetic mutants in E. chaffeensis. The first method used linear PCR fragments, containing a chloramphenicol or gentamicin cassette (where cat and gentamicin expression was driven by the E. chaffeensis rpsl promoter) flanked by regions of the targeted insertion site, to test allelic exchange. Following electroporation, Southern blot analysis of PCR products confirmed that these linear fragments integrated into the E. chaffeensis genome at the target site by homologous recombination. These transformants unfortunately only survived up to 8 days and then were lost, suggesting the target sites may be essential for survival. The second method utilized a mobile group II intron-based mutagenesis method. To drive the expression of the group II intron, the E. chaffeensis tuf promoter (Ech_0407) was chosen whereas the expression of cat was driven using the E. chaffeensis rpsl promoter. Six different genomic locations, both intergenic and intragenic, were chosen. Group II intron insertion was confirmed in three locations, but as with the PCR-based homologous recombination, transformants lasted only up to 8 days in culture. The final technique described in the report used the Himar1 transposon system to create random E. chaffeensis transformants. A single-plasmid construct containing the A. marginale tr promoter drives himar1 A7 expression and the transposon consisting of a fluorescent reporter (GFPuv or mCherry) and the streptomycin/spectinomycin antibiotic resistance gene (aadA). Following electroporation, transformants that were stable in culture for several months were analyzed and Himar1 transposition was confirmed by PCR, identifying nine transposon insertions. This study indicated that the use of the aadA resistance gene was better for selecting transformants than chloramphenicol or gentamicin, an important finding for future genetic studies in Ehrlichia. Subsequent studies have used Himar1 transformants generated in this study to show attenuated virulence in deer (reservoir host) and canines (incidental host) and polar effects on gene expression due to Himar1 insertion (Cheng et al., 2015). Furthermore, attenuated Himar1 mutants were able to induce protection against wild-type E. chaffeensis challenge in both reservoir and incidental host (Nair et al., 2015) and from tick-transmitted wild-type challenge in the canine host (Mcgill et al., 2016).

E. chaffeensis encodes a type IVA secretion system that allows transport of bacterial effectors into infected host cells (Alvarez-Martinez and Christie, 2009; Rikihisa, 2015). The first E. chaffeensis T4ASS effector (etf-1) was identified (Lin et al., 2011) and shown to be secreted (Liu et al., 2012). This effector has two functions, blocking host cell apoptosis (Liu et al., 2012) and inducing Rab5-regulated autophagy (Lin et al., 2016). A more recent study described the use of peptide nucleic acids (PNAs) to knock down expression of etf-1 (Sharma et al., 2017). PNAs are synthetic mimics of DNA whereby the deoxyribose phosphate backbone is replaced with a pseudo-peptide polymer to which nucleobases are then linked. PNAs can form high-affinity and specific bonds with complementary DNAs or RNAs (Pellestor and Paulasova, 2004). The etf-1 targeted PNAs electroporated into E. chaffeensis were able to decrease etf-1 expression and show that etf-1 was required for E. chaffeensis growth (Sharma et al., 2017). Furthermore, PNA-based etf-1 knockdown resulted in reduced E. chaffeensis-mediated host cell autophagy. This study provided a methodology for targeting potentially essential genes in E. chaffeensis that cannot be obtained with traditional gene inactivation approaches.

As a follow-up to the first report of allelic exchange by the Ganta lab (Cheng et al., 2013), this lab also developed a modified allelic exchange method to create stable deletions of two individual genes, Ech_0230 and Ech_0379) (Wang et al., 2017). This vector contained ~1 kb of 5′ and 3′ flanking DNA to the genes of interest, and within these flanking regions was an antibiotic cassette containing the tuf promoter driving expression of the aadA gene. These vectors were then used to generate linear PCR products that were then transformed into E. chaffeensis. Selection of transformants resulting from double crossover events was then carried out by treating infected ISE6 tick cells with spectinomycin. Complementation of Ech_0379 was achieved using the same linear PCR allelic exchange methodology except that the linear fragment contained the complete Ech_0379 gene. Selection of complemented bacteria was achieved using a cassette containing the A. marginale Tr promoter driving expression of the gentamicin resistance gene. This study achieved two important milestones for allelic exchange in E. chaffeensis, first, the generation of stable targeted mutants, and second, complementation of targeted mutations to test molecular Koch’s postulates to define a gene function. The first genetic modification of E. muris was reported by Lynn et al. (2019) and used two separate single-plasmid Himar1 transposase/transposon constructs (pCis mCherry-SS HimarA7 and pCis mKate-SS HimarA7). Himar1 transposition generated eight different insertions, both intergenic and intragenic. No defect was observed in either tick or monkey endothelial cells for any of the Himar1 transformants. The Ehrlichia HF strain, unlike E. chaffeensis, is highly virulent for laboratory mice (Fujita and Watanabe, 1994). Due to its utility in mouse models of infection, Bekebrede et al. (2020) used Himar1 transposition to create 158 individual transformants, with 55 of these insertions located within coding regions. Two mutants, H34B and H59, had partially reduced virulence in mice. The most recent study using Himar1 transposition created 55 individual insertions in E. chaffeensis (Wang et al., 2020), with 31 of these being intragenic whereas the remaining 24 were intergenic. Testing of these transformants in a canine model found that 23 intragenic mutations were essential for persistence, whereas surprisingly 15 intergenic insertions also appeared essential for persistence. Furthermore, five Himar1 insertions that did not affect persistence in the canine model were unable to survive in the tick vector. Together, this study allowed the mapping of genes/genomic regions that are essential to both the host and/or tick reservoirs. Three further research articles have been published that continue to study previously generated Himar1 transformants: ECH_0379, insertion downstream of ECH_0490 and ECH_0660 (Kondethimmanahalli and Ganta, 2018; Kondethimmanahalli et al., 2019), and ECH_0660 and ECH_0665 (Torres-Escobar et al., 2021).





Shuttle vectors and regulated gene expression

To date, there are no publications for the development of a shuttle vector for Ehrlichia. Whole-genome sequencing has also not detected the presence of a native plasmid in the Ehrlichia genome. Four different promoters have been used for ectopic expression in Ehrlichia. The first promoter used was from Ehrlichia, and it drove expression of the cat gene. However, the promoter was not identified so the nature of the promoter is unknown (Long et al., 2005). The remaining three promoters used (rpsl and tuf from E. chaffeensis and tr from A. marginale) were all described in a single study (Cheng et al., 2013). Each promoter was used in a different method for mutagenesis of E. chaffeensis. The rpsl promoter was used to drive the expression of cat from plasmid constructs used to make mutants by homologous recombination. Targeted mutations were obtained using a modified group II-intron-based system, whereby the expressions of the modified group II intron RNA, cat gene, and intron-encoded protein were driven by the tuf promoter. The final promoter that has been used has been the tr promoter from Anaplasma. This promoter was chosen because A. phagocytophilum is closely related to E. chaffeensis and was predicted to be functional in Ehrlichia. The tr promoter was used to drive expression of components of a two-plasmid Himar1 transposition system including the Himar1 transposase, mCherry or GFP, and aadA gene to confer resistance to spectinomycin and streptomycin. As with the Anaplasma spp., no inducible promoter system has been developed.





Rickettsiaceae: Orientia and Rickettsia




Orientia tsutsugamushi: steps toward genetics

O. tsutsugamushi [formerly Rickettsia tsutsugamushi, (Tamura et al., 1995)], the causative agent of scrub typhus, remains on the list of genetically intractable organisms. O. tsutsugamushi can be grown in a variety of cell types in the laboratory with Vero cells (green monkey kidney epithelial cells) and L929 cells (mouse fibroblast) being the most commonly used, and detailed methods for culturing, quantifying, and storing the bacterium have been described (Giengkam et al., 2015). In addition to established cultivation methods, possible approaches for obtaining clones have been devised and include the plaque assay (strain-dependent (Hanson, 1987),) and the use of fluorescent dyes (Atwal et al., 2016) or Click-it chemistry to fluorescently label live bacteria (Atwal et al., 2020). The fluorescent labeling approaches could in theory be married to FACS to enable isolation of single bacteria as would be performed for a fluorescent-protein-expressing bacterium. Of note, as some strains plaque, it is possible that the chemical mutagenesis approaches used for Chlamydia, and recently in a forward genetics approach for the intractable and unculturable Wolbachia (Duarte et al., 2021), could be leveraged to obtain banks of growth-attenuated Orientia isolates, as illustrated for C. trachomatis (Kokes et al., 2015).

In a direct attempt to pave the way for genetic tools in Orientia, Hunt and Carlyon performed a promoter assessment study to identify a promoter that could be used to drive the expression of antibiotic resistance genes or reporter genes (Hunt and Carlyon, 2021). They sought promoters that were highly conserved across clinical and lab strains, would be expressed in a variety of cell types infected by O. tsutsugamushi (Figure 1), and would provide constitutive expression during infection with a robust transcription profile. Three promoters were assessed, ompA, tsa22, and tsa56, with the tsa genes possessing two putative promoters designated as up and down. All promoters chosen had sequence similarities with E. coli -10 and -35 sequences and included putative ribosomal binding sites. Expression of GFP in E. coli as a surrogate model was assessed with each promoter, and tsa22P-up yielded the greatest expression. The surrogate model approach has been used to identify promoters that proved useful for foreign gene expression in other members of the Rickettsiales (Policastro and Hackstadt, 1994; Barbet et al., 2005; Peddireddi et al., 2009). While all three promoters were expressed across different cell infection models, nucleotide sequence variation across strains was noted for ompAP, and the tsa56P-fl promoter (fl—full-length promoter with up and down sequences) had no activity in E. coli, leaving the prime candidates as tsa22P-down/fl and tsa56P-down/up. Of relevance to promoter selection, Atwal et al. describes the existence of a developmental cycle for O. tsutsugamushi with intracellular (IB) and extracellular (EB) bacterial forms (Atwal et al., 2022). If a developmental cycle does occur in Orientia, it could impact promoter choices as well as drug selection timing and the choice of bacterial form for DNA introduction.

For resistance marker selection, drugs currently used to treat scrub typhus include doxycycline (preferred), tetracycline, azithromycin, chloramphenicol, or rifampicin and thus markers providing resistance to these clinically used compounds should be avoided (Singh and Panda, 2021). Naturally occurring resistance markers for Orientia have been identified (Kelly et al., 2017), but they are generic in nature (multidrug efflux pumps) or not useful such as β-lactamase-encoding genes as Orientia are resistant to β-lactams due to the presence of a minimalistic cell wall (Atwal et al., 2017). Further susceptibility testing of antibiotics [or herbicides as shown for Anaplasma (Oliva Chavez et al., 2019)] could be useful in identifying a viable selection system for Orientia in combination with the promoters identified by Hunt and Carlyon (2021). It also seems likely, given the high AT content of Orientia [70% AT, (Batty et al., 2018)], that foreign genes will need to be codon optimized to enable efficient translation.

Plasmids have not been identified in Orientia (El Karkouri et al., 2016; Batty et al., 2018), although plasmids are found in the related Rickettsia and appear to have originated from Rickettsia/Orientia chromosomes (El Karkouri et al., 2016), indicating that the currently used rickettsial shuttle vectors could have applicability in Orientia. Moreover, while plasmids appear to be absent from the genus, mobile genetic elements are rampant providing evidence of lateral gene transfer within Orientia and supporting that mobile elements can be integrated into the chromosome (Batty et al., 2018; Fleshman et al., 2018). Though many of those mobile genes are degraded and functionality is unclear (Gillespie et al., 2012), some of them are expressed and appear to be regulated via antisense RNA, a regulatory process that appears to be widespread in Orientia (Mika-Gospodorz et al., 2020). The Himar1 transposon, which has proven to be successful in other obligate intracellular bacteria, would appear to be a likely candidate for generating mutants in Orientia if a selection system can be identified.






Rickettsia spp. DNA uptake, antibiotic selection, and clone isolation

The vector-borne, pathogenic Rickettsia spp. are subdivided into three groups, the typhus group (TG), the spotted fever group (SFG), and the transitional group. A fourth grouping, the ancestral group, is non-pathogenic. The genetic tool kit for modifying Rickettsia spp. is fairly well established with transposon mutagenesis approaches and shuttle vectors available for most of the species along with documented usage of targeted gene inactivation methods [recently reviewed by (McGinn and Lamason, 2021)]. Nonetheless, obtaining mutants remains a laborious process owing to poor transformation efficiency and the isolation of clones is challenging due to slow growth and the absence of axenic culturing conditions. The status of some rickettsial species as risk group 3 agents requiring work in BSL-3 facilities or select agents (R. prowazekii) has also slowed genetic advances for logistical reasons rather than biological ones.

R. prowazekii and R. typhi, members of the typhus group (TG), were two of the earliest success stories for genetics in obligate intracellular bacteria with the demonstration of allelic exchange using a rifampicin resistant rpoB R546K allele in 1998 (Rachek et al., 1998) followed by construction of a GFP-expressing R. typhi strain in 1999 using an rpoBWT-gfpuv gene fusion (Troyer et al., 1999). Both of these studies utilized electroporation to transform bacteria freshly isolated from infected cells (L929 or Vero cells, respectively) and either rifampicin resistance or GFP expression to identify mutants. A similar approach to Troyer et al. (1999) was subsequently used to generate a GFP-expressing R. conorii mutant (Renesto et al., 2002). Electroporation remains the sole approach used for genetic manipulation of Rickettsia spp. and has been used to introduce DNA, DNA/transposase complexes, or peptide-nucleic acids. Four different electroporation conditions have been used. The first set of conditions were 1.7 kV, 129 Ω, 50 µF (Rachek et al., 1998) and 2.5 kV, 200 Ω, 25 µF (Troyer et al., 1999). The electroporation conditions used by Troyer et al. (1999) have subsequently been used in other studies (Baldridge et al., 2005; Clark et al., 2011b), whereas more recently two different conditions have been reported, 1.8 kV, 200 Ω, 25 µF (Burkhardt et al., 2011; Oliver et al., 2014) and 1.7 kV, 150 Ω, 50 µF (Riley et al., 2015; Riley et al., 2016), that use a lower field strength. Bacteria are typically prepared for transformation via sucrose washing after isolation from infected cells followed by mixing with DNA (microgram quantities) and electroporation. A unified electroporation protocol has been published (Riley et al., 2015), and although subtle variations continue to be used, usage of microgram amounts of DNA and high bacterial titers (>108) are common across research groups to compensate for the low efficiency of transformation. Multiple host cell types have been reported for recovering Rickettsia mutants with Vero, L929, and ISE6 cells being the most predominantly used cells. As for growth of all obligate intracellular bacteria, cell type considerations focus on ensuring that bacterial growth will be supported.

While the first genetic success for Rickettsia (Rachek et al., 1998) utilized the rifampicin-resistant rpoB allele isolated from a rifampicin-resistant mutant R. prowazekii strain E derived using chemical mutagenesis (Balayeva et al., 1985), subsequent selection approaches have utilized more classical “gain-of-function” resistance markers. The most frequently used marker is arr-2, which confers resistance to rifampicin. Other published markers include ereB [erythromycin; selection requires a ratio of <20 bacteria per cell (Rachek et al., 2000)], cat (chloramphenicol), and aadA (spectinomycin). Promoters used to drive the production of resistance markers, reporter genes, or foreign genes include the rickettsial promoters gltAP, rpslP, ompAP, ompBP, and flgP from Borrelia (Welch et al., 2012) and tr1P from A. marginale (Arroyave et al., 2021). Differences between promoter strengths have been reported as highlighted by ompAP outperforming ompBP for driving reporter and resistance cassettes (Baldridge et al., 2010b).

Isolation of clonal populations is primarily performed using one of three approaches. FACS is the fastest method and can be used with either fluorescent reporter gene-expressing strains (Driskell et al., 2016) or using fluorescent antibody labeling (Riley et al., 2015), although the latter can negatively impact infection of cells after clone isolation. Limiting dilution has also been used, although multiple isolation and passages are recommended to ensure clonality, which can lead to long wait times for mutant isolation (~45 days) depending on growth rate. Plaquing, as performed with some Chlamydia spp., can be used with members of the SFG which spread cell to cell via actin-based motility. Moreover, while axenic conditions have not yet been established for Rickettsia spp., genome-based computational analysis of Rickettsial metabolic pathways and transport abilities has identified 51 metabolites that are likely acquired from the host (Driscoll et al., 2017) and would be required as supplements for an axenic culture system.





Modification of genomic DNA




Transposon mutagenesis

Transposon mutagenesis was first reported for Rickettsia prowazekii in 2004 (Qin et al., 2004) and has since been reported for SFG members R. conorii (Kim et al., 2019), R. monacensis (Baldridge et al., 2005), R. montanensis (Baldridge et al., 2010b), R. rickettsii (Clark et al., 2011b), and R. parkeri (Welch et al., 2012). While the initial transposon used was the Epicentre EZ::TN Tn5 transposome system which is delivered as a transposase/DNA complex (Qin et al., 2004), the majority of subsequent Tn mutants have been constructed using the Mariner Himar1 transposon (Liu et al., 2007). The Himar1 system can be delivered as either a single (transposase plus transposon) or a double-plasmid system that separates the transposase and transposon genes. While banks of mutants have been obtained, the largest collection thus far contains 106 mutants leaving it far short of the number required for saturation-based analyses such as Tn-seq (Lamason et al., 2018). The “high-content” yielding approach utilized multiple transformations of R. parkeri with the Himar1 Tn and a direct electroporation-to-plaque protocol followed by passaging of isolates obtained from abnormal-looking plaques. Numerous novel mutants were obtained from this study including genes not previously described as impacting infection and a T4SS component mutant, which could shed light on the role of the T4SS in rickettsial pathogenesis. The Himar1 Tn has also been used for chromosomal insertion of genes encoding epitope-tagged proteins (Welch et al., 2012) and reporter genes [for example, (Baldridge et al., 2005)], and for single-copy complementation of mutants (Clark et al., 2011a). Recent updates to the Himar system include the use of a pLOXHIMAR vector derived from the pCis mCherry-SS Himar1 A7 vector and includes loxP sites flanking the resistance marker to enable excision of the marker by Cre recombinase. Marker removal was not performed (Arroyave et al., 2021), so it is not clear if Cre-lox recombination is functional in Rickettsia. The vector can be used with Rickettsia, Ehrlichia, and Anaplasma with spectinomycin selection. The utility of Tn mutagenesis continues to expand with the use of a Tn5-based minitransposon termed kkaebi to obtain 53 R. conorii Tn mutants (Kim et al., 2019). Using an O-antigen synthesis mutant and a plasmid complemented strain, the study demonstrated that the production of Weil-Felix antibodies during infection requires the O-antigen. From a genetics standpoint, at least for R. conorii, chloramphenicol selection was found to be superior over rifampicin selection owing to the development of spontaneous resistance to rifampicin (1 × 10-7 PFU), which was not observed with chloramphenicol (<1 × 10-8 PFU). Use of cat as the Tn marker also enabled introduction of an arr-2-marked E. coli–R. conorii shuttle vector based on pRAM18dRGA previously shown to replicate in R. conorii (Riley et al., 2016).





Targeted genetic approaches—allelic exchange, GII introns, and peptide nucleic acids

Directed recombination at the rpoB allele has been documented for R. prowazekii and R. typhi, generating rifampicin-resistant or GFP-expressing recombinants, respectively (Rachek et al., 1998; Troyer et al., 1999). Recombination at the gltA locus leading to insertion of an ereB erythromycin resistance marker has also been documented (Rachek et al., 2000). Gene knockout via allelic exchange has only been reported for the pld gene in R. prowazekii, which was replaced by the arr-2 marker (Driskell et al., 2009). No other allelic exchange examples have been published since the pld knockout in 2009, suggesting that technical challenges exist that have not been overcome. Targeted gene inactivation using a group II intron was reported for the ompA gene in R. rickettsii using rpslP to drive the expression of the intron and resistance marker arr-2 (Noriea et al., 2015). The ompBP and gltAP promoters were also tested for GII intron expression and resulted in mutant production but yielded fewer mutants per transformation than the rpslP construct. Lastly, targeted gene knockdown has been achieved in R. typhi (ompB) and R. montanensis (rickA) using peptide nucleic acids (PNAs) (Pelc et al., 2015). PNAs were introduced into bacteria via electroporation, and bacteria were then used to infect L929 or Vero cells without selection following a 1-h recovery period. PNA-treated R. montanensis were also used to infect Dermacentor variabilis ticks. PNA-treated bacteria exhibited moderate reduction in production of the targeted proteins and showed reduced infectivity, suggesting that PNAs could be useful for targeted silencing of essential genes. However, as selection is not employed with PNAs, the phenotypes measured are at the population level and would reflect protein production from both transformed and untransformed bacteria.





Shuttle vectors and regulated gene expression

Rickettsial plasmids were first identified in the transitional group member R. felis (Ogata et al., 2005) and have since been found in multiple SFG species varying from 12 to 83 kbp, which suggests an upper size limit of ~80 kbp for vectors (El Karkouri et al., 2016). The primary Rickettsial backbone for E. coli–Rickettsia spp. shuttle vectors is derived from the pRAM18 plasmid found in R. amblyommatis (SFG), which also carries two other plasmids, pRAM23 and pRAM32 (Baldridge et al., 2010a; Burkhardt et al., 2011). Modifications to pRAM18 included the addition of arr-2 and gfpUV allowing for selection of transformants with rifampicin and screening via GFP expression along with the insertion of a multiple-cloning site yielding pRAM18dRGA and pRAM18dRGA(MCS), respectively. A number of accessory plasmid genes were removed from pRAM18 to reduce its size, leaving the parA and dnaA genes from the native plasmid intact to support replication in Rickettsia spp. The E. coli pGEM backbone with the bla marker was inserted to allow for replication and ampicillin selection in E. coli. The copy number of pRAM18dRGA varies across species from ~1 in R. prowazekii (Wood et al., 2012) to 13 in R. bellii (Burkhardt et al., 2011). Plasmid stability in the absence of selection has been observed for R. conorii in a mouse infection model up to 5 days postinfection (Riley et al., 2016). However, Hauptmann et al. found that the plasmid was lost from R. typhi after ~3 weeks in the absence of rifampicin (Hauptmann et al., 2017). The pRAM18dRGA base vector has also been used to transform the non-pathogenic tick endosymbionts R. buchneri and R. peacockii using either rifampicin or spectinomycin [pRAM18dSGA, (Oliver et al., 2014)] selection, respectively (Kurtti et al., 2016).

While a number of foreign and native promoters have been used to express genes in Rickettsia from either plasmid or chromosomal locations, the use of inducible promoters has yet to be reported. Inducible expression systems used in Coxiella and Chlamydia would appear to be applicable for Rickettsia spp.







Current limitations and future directions

Genetic transformation of many obligate intracellular bacteria, once thought genetically intractable, has been achieved. The most common technique to introduce DNA into bacterial cells is electroporation and is frequently used with the Himar1 transposon system to create random insertional mutants and fluorescent strains and to complement natural mutants. Two additional methods of DNA uptake have been established. First, the use of a more traditional CaCl2-based chemical competence system has been developed for Chlamydia, this together with Chlamydia’s natural ability to swap gDNA between strains during infection suggests an inherent natural competence. The second method is the use of polyamidoamine dendrimers to transport DNA into either purified bacteria or into bacteria infecting host cells. This technique has been shown to work for both Chlamydia and Anaplasma and if further developed could provide an easy way to transform obligate intracellular bacteria without the need to first purify the bacteria. Antibiotic resistance continues to be the mainstay for positive selection of transformants but is hampered by restrictions due to clinical use, background resistance, and the number of individual resistance cassettes per bacterium (i.e., C. burnetii is limited to using only cat, bla, and aphA). The recent development of antibiotic-free selection has allowed the expansion of potential selection methods and includes the use of the bialaphos herbicide resistance gene bar in Anaplasma and the genetic complementation of natural amino acid auxotrophies to lysine, arginine, proline, and tyrosine in C. burnetii. The use of a Cre–lox system would permit removal of selectable markers allowing for their reuse in a second round of transformation in an already genetically modified genome.

Although there is widespread use of transposons in obligate intracellular bacteria to create random mutants, hoping insertions land within a specific gene(s) of interest requires either luck and/or screening large numbers of transformants, assuming the gene is not essential. Homologous recombination has been observed in a few obligate intracellular bacteria, but its general use to create specific mutants by allelic exchange has not become mainstream, even in C. burnetii where this process is aided by axenic media. For many obligate intracellular bacteria, this can be due to low transformation efficiency, poor antibiotic selection, low recombination efficiency, and/or selection of targets essential for intracellular growth. The development of nutritional-based selection markers in C. burnetii has made the generation of site-directed mutants more efficient. In lieu of a viable homologous recombination system, the use of the group II mobile intron retargeting system may be possible as this technology relies on site-specific insertion of a group II intron into the gene of interest. Targeted knockdown of specific gene expression is another avenue that can be exploited to examine the function of encoded proteins. This process can be achieved in two different ways. First, the use of PNA molecules to inhibit short-term mRNA translation, as used in Rickettsia, and second, the use of CRISPR interference that was recently developed for Chlamydia to prevent transcription initiation or transcription of specific gene targets. The CRISPRi system has the added benefit of being an inducible system. Recently, a miniTn7 version of a CRISPRi system has been developed for C. burnetii that allows specific targeting of genes via a chromosomally inserted CRISPRi module, including those essential for axenic growth and/or growth in host cells (Wachter et al., 2022). Complementation of CRISPRi knockdowns was achieved by co-expressing copies of the transcriptionally silenced gene whereby the CRISPRi-targeted region was codon optimized to prevent knockdown of the complementing transcript.

Complementation of transposon and site-directed mutants is important for fulfillment of molecular Koch’s postulates. Three of the species described here, Chlamydia, C. burnetii, and Rickettsia, have been modified to satisfy the postulates using multicopy shuttle vectors, and whereas in most cases this works well, having multiple copies of the complementing gene may cause unexpected results. For E. chaffeensis, molecular Koch’s postulates were achieved using allelic exchange of a linear PCR product containing an alternate antibiotic selection and a full-length copy of the previously mutated gene. The widespread use of the miniTn7 transposon system to complement mutants with a single wild-type copy of the disrupted gene containing its native promoter has been demonstrated for C. burnetii. The transposase from this two-plasmid transposition system recognizes a 30-bp sequence normally found in the end of the glmS gene. An analysis of the genomes from the different species described here indicated that this system can likely be used in Chlamydia and some Anaplasma species (Figure 4). This utility can easily be expanded to all species by adding the 30-bp recognition sequence to the DNA used to create the mutants (i.e., added to the Himar1 transposon). Two important aspects need attention when using systems developed in one bacterium for another: 1) Making sure the codon usage is similar to that of the recipient species. Coxiella, Chlamydia, and Anaplasma all have a GC content (~42%) similar to E. coli, whereas Rickettsia, Ehrlichia, and Orientia have a GC content of ~30%; therefore, most systems that work in E. coli will likely work in the former species but not the latter, although specific codon biases will still need examining (https://www.kazusa.or.jp/codon/ provides codon usage for most species). 2) The use of species-specific or inducible promoters to drive gene expression of system genes (i.e., transposases, antibiotic selection, reporters). Here, the choice of promoter strength and/or activity (i.e., early vs late in the development cycle or constitutive promoters; host infection model [mammal versus tick]) is important, and in the case of inducible promoters, complete redesigns may be warranted if the promoter does not work in the targeted bacterium (i.e., adding LacI binding sites to a species-specific promoter).

The lack of methods to genetically manipulate obligate intracellular bacteria has in the past hampered the ability to study the requirements needed for survival and virulence of these organisms. Due to the persistence and hard work of the researchers described here, significant achievements have been made enabling genetic modification of many of the bacteria in this field. New genetic technologies are still needed (e.g., universal CRISPRi gene silencing) in order to study these bacteria, but adaptions of older methods will likely also play a role (e.g., the use of the traditional CaCl2 method for making bacteria competent for DNA uptake used for Chlamydia or chemical mutagenesis as used for Chlamydia). The development of an axenic medium has undoubtedly changed the nature of genetic manipulation for C. burnetii. Axenic media not only provide an outlet for studying genes essential for intracellular growth but also allow the development of nutritional-based selection systems, expanding the number of markers able to be used for genetic transformation. The development of an axenic medium for Chlamydia, Anaplasma, and Ehrlichia has begun, and while it is a daunting task, it is worth the risk. Preliminary data have shown robust extracellular protein and DNA biosynthesis for all species indicating activation of metabolic activity and give hope for an axenic medium that supports robust growth in the future. With almost one-third to more than one-half of all the publications for each species described here coming in the last 10 years, it indicates the importance of these (re)emerging pathogens. This is evident in the increased enthusiasm toward the development of genetic tools. Through genetics, we can gain an understanding of these organisms’ lifestyles and interactions with their hosts and help identify important virulence factors that may aid in the development of new or novel treatments and vaccines.
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Obligate intracellular pathogens occupy one of two niches – free in the host cell cytoplasm or confined in a membrane-bound vacuole. Pathogens occupying membrane-bound vacuoles are sequestered from the innate immune system and have an extra layer of protection from antimicrobial drugs. However, this lifestyle presents several challenges. First, the bacteria must obtain membrane or membrane components to support vacuole expansion and provide space for the increasing bacteria numbers during the log phase of replication. Second, the vacuole microenvironment must be suitable for the unique metabolic needs of the pathogen. Third, as most obligate intracellular bacterial pathogens have undergone genomic reduction and are not capable of full metabolic independence, the bacteria must have mechanisms to obtain essential nutrients and resources from the host cell. Finally, because they are separated from the host cell by the vacuole membrane, the bacteria must possess mechanisms to manipulate the host cell, typically through a specialized secretion system which crosses the vacuole membrane. While there are common themes, each bacterial pathogen utilizes unique approach to establishing and maintaining their intracellular niches. In this review, we focus on the vacuole-bound intracellular niches of Anaplasma phagocytophilum, Ehrlichia chaffeensis, Chlamydia trachomatis, and Coxiella burnetii.
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Intracellular lifestyle

Unlike extracellular or facultative bacteria that thrive in diverse environments, obligate intracellular bacteria can only survive within the cytoplasm or vacuoles of host cells. This unique lifestyle shapes their interactions with the host and influences disease progression. By sequestering themselves inside the cytoplasm or membrane-bound vacuoles, these pathogens can evade detection and destruction by the host’s innate immune responses. This not only enables their survival but also provides them with a protected niche to replicate and spread within the host. However, obligate intracellular pathogens lack the ability to synthesize all the nutrients required for their survival. Many of these pathogens have undergone extensive genome reduction, leading to the loss of metabolic pathways and rendering them dependent on host cell resources for their essential needs. As a result, pathogen manipulation of the host cell is central to intracellular survival. In the case of vacuole-bound obligate intracellular bacterial pathogens, specialized secretion systems translocate bacterial effector proteins across the pathogen-containing vacuole membrane and into the host cytoplasm. C. trachomatis requires a Type III Secretion System (T3SS) for all stages of host cell infection, while C. burnetii, A. phagocytophilum, and E. chaffeensis utilize a Type IV Secretion System (T4SS). In addition, C. burnetii utilizes a Sec-mediated secretion system, while A. phagocytophilum and E. chaffeensis also secrete effector proteins through a Type I Secretion System (T1SS). These secretion systems are essential for establishing and maintaining the pathogen-containing vacuole through the action of effector proteins. These effector proteins utilize both enzymatic and non-enzymatic mechanisms to manipulate a wide range of host cell processes including vesicular trafficking, gene expression, and the innate immune response. Bacterial effector proteins often mimic eukaryotic protein structure and contain conserved domains and motifs such as ankyrin (Ank) and tetratricopeptide (TPR) repeats.

By unraveling the intricate mechanisms employed by these bacteria to colonize and survive within host cells, researchers can gain insights into host-pathogen interactions and identify potential targets for therapeutic interventions. Additionally, studying the unique adaptations of obligate intracellular bacteria can shed light on fundamental cellular processes and host immune responses. In this review, we will explore the fascinating world of vacuolar obligate intracellular bacteria, focusing on their lifestyle, challenges, and strategies employed to establish and maintain their intracellular niches. By examining notable examples such as Anaplasma phagocytophilum, Ehrlichia chaffeensis, Chlamydia trachomatis, and Coxiella burnetii, we aim to gain a comprehensive understanding of the complex dynamics between these pathogens and their host cells.





Overview of pathogens and intracellular developmental cycles




Anaplasma phagocytophilum and Ehrlichia chaffeensis

Anaplasma phagocytophilum and Ehrlichia chaffeensis are tick-borne rickettsia causing anaplasmosis and ehrlichiosis, respectively. A. phagocytophilum infects human neutrophils and causes human granulocytic anaplasmosis, while E. chaffeensis exclusively infects human monocytes and macrophages and causes human monocytic ehrlichiosis. The biphasic lifestyle of A. phagocytophilum and E. chaffeensis consist of the dense-core cell (DC, the infectious form) and the reticulate cell (RC, the replicative form). A. phagocytophilum and E. chaffeensis utilize caveolae and GPI-anchored proteins to gain entry into the host cell (Lin and Rikihisa, 2003b). Specifically, the A. phagocytophilum outer membrane protein (OmpA) binds the P-selectin glycoprotein ligand 1 (PSGL-1) receptor, while the bacterial proteins P44/Msp2, AipA, Asp14, Asp55, and Asp62 proteins are critical for internalization via unidentified mechanism (Herron et al., 2000; Park et al., 2003; Wang et al., 2006; Ge and  Rikihisa, 2007; Seidman et al., 2014; Green et al., 2020). E. chaffeensis utilizes multiple adhesins for infection. EtpE (entry-triggering protein of Ehrlichia) binds the host GPI-anchored protein DNAse X, promoting bacterial entry through N-WASP-mediated actin polymerization, while TRP120 (tandem repeat protein 120) activates Wnt signaling to trigger bacterial entry (Mohan Kumar et al., 2015; Luo et al., 2016). Following internalization, both A. phagocytophilum and E. chaffeensis DC forms block lysosomal fusion with the phagosome. However, the mature pathogen-containing vacuoles have very different characteristics, with the A. phagocytophilum vacuole (ApV) containing markers for autophagosome, recycling endosomes, and multivesicular bodies and the E. chaffeensis vacuole (EcV) being more similar to an early endosome. A. phagocytophilum DC to RC differentiation occurs between 4 and 8 hours post infection, with the log phase of RC replication occurring over the next 20 hours. Between 28 and 36 hours post infection, the RC forms transition to the DC forms, which egress around 36 hours post infection (Troese and Carlyon, 2009). The E. chaffeensis developmental cycle is slightly longer, with DC to RC transition occurring over 24 hours and log growth of the RC for 48 hours prior to differentiation back to the DC at about 72 hours post infection (Zhang et al., 2007). A. phagocytophilum and E. chaffeensis T1SS and T4SS effector proteins modulate host cell processes which support pathogen vacuole maintenance and bacterial growth. While host cell rupture enables infection of nearby cells, A. phagocytophilum and E. chaffeensis also regulate host cell egress, with A. phagocytophilum utilizing exocytosis (Read et al., 2022) and E. chaffeensis hijacking filopodia to infect neighboring cells (Thomas et al., 2010).





Chlamydia trachomatis


Transmission and cell tropism of Chlamydia spp. varies depending on the species and serovar, with C. trachomatis primarily infecting epithelial cells. C. trachomatis is a significant cause of sexually transmitted disease and trachoma worldwide. C. trachomatis entry into host cells involves initial low-affinity interactions between host heparan sulfate proteoglycans (HSPGs) and bacterial outer membrane complex protein (OmcB) and major outer membrane protein (MOMP) (Zhang and Stephens, 1992; Su et al., 1996; Fadel and Eley, 2008). This initial interaction, followed by binding to multiple host receptors such as fibroblast growth factor receptor (FGFR), ephrin A2 receptor (EPHA2), and epithelial growth factor receptor (EGFR), triggers signaling pathways that lead to actin reorganization around the attached bacteria (Kim et al., 2011; Patel et al., 2014; Subbarayal et al., 2015). Subsequently, membrane invagination, facilitated by clathrin or caveolae-mediated processes, initiates the entry of C. trachomatis into the host cell (Gabel et al., 2004; Webley et al., 2004; Majeed and Kihlström, 1991). Following host cell attachment and internalization, the bacteria block phagosome maturation and reside in a membrane-bound compartment known as the inclusion. While non-fusogenic with endosomes and lysosomes, the C. trachomatis inclusion intercepts Golgi-derived vesicles and multivesicular bodies (Hackstadt et al., 1995; Hackstadt et al., 1996; Heinzen et al., 1996; Beatty, 2006) which deliver nutrients as well as membrane to support inclusion expansion. C. trachomatis T3SS effector proteins are necessary for entry, inclusion formation and maintenance, and nutrient acquisition. The biphasic developmental cycle of C. trachomatis consists of an infectious non-replicative elementary body (EB) and the non-infectious replicative reticulate body (RB). While the timing of differentiation varies between species and serovars, EBs differentiate into RBs, which replicate and then undergo secondary differentiation to form new EBs prior to host cell egress and reinfection. C. trachomatis egress can occur by one of two mechanisms: an active extrusion process or cell death via lysis (Lutter et al., 2013).





Coxiella burnetii


Coxiella burnetii causes human Q Fever, an aerosol-borne zoonotic disease typically transmitted from sheep and goats. C. burnetii exists in two morphological forms: the small cell variant (SCV) is metabolically inactive and environmentally stable, while the large cell variant (LCV) is metabolically active but cannot survive long term outside of the host cell. Unlike the C. trachomatis developmental forms, both SCVs and LCVs are capable of infecting cells through phagocytosis, though infection typically begins with inhalation of SCV-contaminated aerosols. In the lung, C. burnetii displays tropism for alveolar macrophages but will infect a wide range of both professional and non-professional phagocytic cells. C. burnetii host cell entry occurs through a passive mechanism involving αvβ3 integrins and subsequent reorganization of the actin cytoskeleton (Meconi et al., 1998; Capo et al., 1999; Rosales et al., 2012; Gilk et al., 2013). Upon host cell uptake, the C. burnetii-containing phagosome matures through the endocytic pathway to a phagolysosome (Howe and Mallavia, 2000; Howe et al., 2003), with the acidic pH of the phagolysosome activating C. burnetii metabolism and differentiation to the LCV (Hackstadt and Williams, 1981). SCV to LCV maturation begins almost immediately, with many of the bacteria transitioning by 2 hours post infection (Howe and Mallavia, 2000). In the first 24 hours of infection the bacteria undergo one or two rounds of replication, with the vacuole remaining small and tightfitting (Justis et al., 2017). Between 24- and 48-hours post-infection the vacuole rapidly expands, presumably through fusion between the C. burnetii-containing vacuole (CCV) and host endosomes, lysosomes, and autophagosomes. T4SS effector proteins are essential for forming and maintaining the mature CCV, a large, moderately acidic (pH ~5.2) vacuole that supports the log phase of bacterial replication, with a doubling time of 10-12 hours (Beare et al., 2009). LCV transition to SCV occurs around 4-6 days post-infection, though this may be cell-type dependent (Coleman et al., 2004). C. burnetii does not appear to have an active egress mechanism, but eventual host cell death releases bacteria to infect neighboring cells and repeat the growth cycle.






Trafficking of the nascent pathogen-containing vacuole

A bacterium-containing phagosome typically proceeds through the endosomal maturation pathway, delivering the bacterium to a mature phagolysosome for degradation. Phagosome maturation begins through interactions with the early endosome, a pleomorphic, moderately acidic (pH 6.1 – 6.8) vesicle which receives and sorts internalized cargo (Helenius et al., 1983). Early endosomes fuse with Golgi-derived vesicles carrying newly synthesized proteases and hydrolases to form late endosomes (pH 4.9 - 6.0) (Maxfield and Yamashiro, 1987). Late endosomes finally fuse with lysosomes, forming a phagolysosome which maintains a pH<4.7 to support proteolytic activity of cathepsins and other degradative enzymes (Huotari and Helenius, 2011). Thus, early endosomes, late endosomes, and lysosomes constitute a highly dynamic pathway that traffics and degrades cellular cargo, including bacteria (Scott et al., 2014). As most bacteria cannot survive the acidic pH and proteolytic activity of the phagolysosome, pathogens must manipulate the initial trafficking events of the nascent phagosome to establish the infection. Endosomal maturation is regulated in large part by small GTPase Ras-associated binding (Rab) proteins. Rab proteins switch between their active (GTP-bound) and inactive (GDP-bound) states with the assistance of guanine nucleotide exchange factors (GEFs) which catalyze the release of GDP to allow GTP binding and Rab activation, while GTPase-activating proteins (GAPs) stimulate GTP hydrolysis and thus Rab inactivation. Rab proteins localize to specific vesicular membranes and recruit additional proteins, such as SNARE fusion proteins, to mediate trafficking and fusion events. Given their highly specific localizations, Rab proteins serve as markers for subcellular compartments and progression of cellular processes, including endosomal maturation. For example, loss of Rab5 (early endosome) followed by acquisition of Rab7 (late endosome) is a key step in endosomal maturation. With the complex and highly regulated series of events that occur during endosomal maturation, bacterial pathogens have a plethora of proteins and processes to target in order to avoid delivery to a compartment incompatible with pathogen survival (Figure 1).




Figure 1 | Pathogen interactions with the host vesicular trafficking pathways. Vesicular trafficking pathways in the host cell are rich in amino acids, lipids, and other resources essential for pathogen replication. The Ehrlichia chaffeensis vacuole (EcV) interacts with early endosomes and autophagosomes while the Anaplasma phagocytophilum vacuole (ApV) primarily interacts with autophagosomes and recycling endosomes. The Chlamydia trachomatis inclusion intercepts secretory and other Golgi-derived vesicles. Finally, Coxiella burnetii survives in a vacuole known as the CCV, a modified phagolysosome which readily interacts with host endosomes and autophagosomes. CCV, Coxiella containing vacuole; ApV, Anaplasma phagocytophilum containing vacuole; EcV, Ehrlichia chaffeensis containing vacuole. Created with Biorender.



C. burnetii uniquely requires an acidic environment to activate bacterial metabolism (Hackstadt and Williams, 1981), with the nascent phagosome progressing through the endosomal maturation pathway to a phagolysosome. While Rab5 to Rab7 conversion indicates that the nascent C. burnetii phagosome converts from an early to late endosome with similar kinetics as beads (Romano et al., 2007), slower acid phosphatase acquisition suggests delayed phagosome-lysosome fusion (Howe and Mallavia, 2000). Moreover, delayed maturation of the phagosome appears to be a bacteria-driven process, as inhibiting C. burnetii protein synthesis accelerates localization of the lysosomal protease cathepsin D to the CCV (Romano et al., 2007). C. burnetii also induces interactions between the nascent bacterium-containing phagosome and the autophagic pathway, with autophagy supporting CCV formation (Gutierrez et al., 2005; Romano et al., 2007). Most C. burnetii-containing phagosomes are positive for the autophagy marker LC3 by 1 hour post infection (Romano et al., 2007; Schulze-Luehrmann et al., 2016) and inducing autophagy delays acquisition of cathepsin D and therefore fusion with lysosomes (Romano et al., 2007). Thus, interactions with the autophagic pathway during the initial stages of infection may stall phagosome maturation and allow the bacteria time to adapt to their new environment. Intriguing data suggest that fusion between the nascent phagolysosome and autophagosomes “repairs” phagosomes that are initially damaged (Mansilla Pareja et al., 2017), thus promoting C. burnetii infection. Significant questions remain as to whether C. burnetii T4SS effector protein(s) play a role in delaying phagosome maturation, as well as whether SCV and LCV-containing phagosomes have identical maturation kinetics.

A. phagocytophilum, and E. chaffeensis, unlike C. burnetii, actively avoid fusion between the nascent pathogen-containing vacuole and lysosomes. E. chaffeensis achieves this by blocking Rab5 to Rab7 conversion, thus stalling the EcV as an early endosome. The E. chaffeensis T4SS effector protein Etf-1 recruits Rab5-GTP, while Etf-2 competitively inhibits hydrolysis of Rab5-GTP by RabGap5, thus interfering with Rab5 to Rab7 conversion (Lin et al., 2016; Yan et al., 2018). Rab5 appears to be a key component of the EcV, with the Rab5 effector proteins EEA1, Vps34, and Rabankyrin-5 also found on the EcV (Barnewall et al., 1997; Lin et al., 2016). The EcV also fuses with autophagosomes, forming an amphisome with autophagy markers including LC3, Beclin-1, and p62 (Lin et al., 2016; Lina et al., 2017). In contrast, the A. phagocytophilum vacuole (ApV) does not mature along the endocytic pathway, as it does not acquire markers for early or late endosomes and lysosomes (Webster et al., 1998; Mott et al., 1999). While not fusing directly with multivesicular bodies (MVBs), the presence of intraluminal vesicles and lysobisphosphatidic acid (LBPA) suggest that the ApV has MVB characteristics (Read et al., 2022). The ApV harbors markers for recycling endosomes, with bacterial-dependent recruitment of Rab GTPases typical of recycling endosomes and those that mediate endoplasmic reticulum to Golgi trafficking (Huang et al., 2010a). Autophagosome also contribute to ApV formation, based on the presence of autophagy markers and the ApV double membrane (Niu et al., 2008). Interestingly, the ApV membrane is monoubiquitinated shortly after entry, which may serve to hide the ApV and avoid fusion with lysosomes (Huang et al., 2012).

While the CCV, ApV, and EcV resemble modified endosomal compartments, the C. trachomatis inclusion quickly dissociates from the endosomal pathway. C. trachomatis protein synthesis is required to quickly isolate the inclusion from the endosomal pathway, with a lack of markers for early endosomes, lysosomes, or recycling endosomes on the inclusion in the first two hours of infection (Scidmore et al., 1996; Scidmore et al., 2003). Around 2 hours post infection, however, tubular endosomes associate with the inclusion in a bacterial-dependent manner, although there is no clear fusion event and the function is not clear (Scidmore et al., 2003). Shortly after infection, C. trachomatis inclusion proteins, known as ‘Incs’, remodel the inclusion membrane and facilitate interactions with host organelles and vesicular trafficking, in particular secretory vesicles originating from the Golgi. C. trachomatis drives dynein-dependent trafficking of the inclusion along microtubules to the microtubule organizing center (MTOC), where the inclusion remains associated with centrosomes for the remainder of the infection (Higashi, 1965; Clausen et al., 1997; Grieshaber et al., 2003).





Homotypic fusion

Homotypic fusion of pathogen-containing vacuoles, which occurs when multiple bacteria enter the same cell, has been described for C. burnetii CCVs and C. trachomatis inclusions, but not for A. phagocytophilum or E. chaffeensis. CCV homotypic fusion involves autophagy, with both bacterial and host proteins playing key roles. While not on the CCV, the host autophagosomal SNARE protein Syntaxin 17, which mediates autophagosome-lysosome fusion (Itakura and Mizushima, 2013), indirectly promotes and is required for CCV homotypic fusion (Mcdonough et al., 2013). Vamp7, a SNARE protein involved in late endosome-lysosome fusion, localizes to the CCV and increases CCV homotypic fusion when overexpressed (Campoy et al., 2013). The C. burnetii T4BSS effector protein CvpB/Cig2 stabilizes autophagic machinery by modulating phosphatidylinositol 3-phosphate PI(3)P metabolism, which is a key lipid on autophagosomes (Martinez et al., 2016). CvpB/Cig2 mutants grow normally in cells but are defective in homotypic fusion, indicating homotypic fusion is not essential for growth in vitro (Newton et al., 2014; Larson et al., 2015; Martinez et al., 2016). Interestingly, CvpB/Cig2 is required for growth in the virulence insect model Galleria mellonella, suggesting a link between CvpB/Cig2, autophagy, homotypic fusion, and pathogenesis (Martinez et al., 2016). However, the phenotype may be directly related to homotypic fusion, or another aspect of Cig2/CvpB-regulated PI(3)P metabolism. It is not clear whether Syntaxin 17, CvpB/Cig2, and Vamp7 function in the same pathway or interact with one another to regulate CCV homotypic fusion. Finally, while not required during an in vitro infection, it remains to be seen whether homotypic fusion is critical for in vivo mammalian infection.

C. trachomatis inclusion fusion requires bacterial protein synthesis (Van Ooij et al., 1998), indicating that the bacteria actively promote this process. During C. trachomatis infection, homotypic fusion involves the inclusion protein IncA, which is structurally and functionally similar to eukaryotic SNARE proteins (Richards et al., 2013; Cingolani et al., 2019). A natural mutant in IncA is defective in homotypic fusion, does not replicate well in humans and causes more mild disease (Suchland et al., 2000; Geisler et al., 2001; Pannekoek et al., 2005). However, a targeted IncA mutant is also defective in homotypic fusion but grows normally in cells in vitro (Weber et al., 2016), leaving IncA function in chlamydial pathogenesis unresolved. For both C. trachomatis and C. burnetii, the role of homotypic fusion in vivo is not clear, but may enable the bacteria to “pool their resources” and quickly subvert the host cell before an innate immune response can control the infection. In the case of Chlamydia, genetic exchange occurs following homotypic fusion of different C. trachomatis serovars (Ridderhof and Barnes, 1989), suggesting an evolutionary advantage to homotypic fusion.





Membrane content of mature pathogen-containing vacuoles

Pathogen-containing vacuoles are primarily composed of host-derived membranes yet are substantially modified by the bacteria through insertion of bacterial proteins. In addition, because the bacteria selectively regulate interactions between the vacuole and host vesicles and organelles, each pathogen-containing vacuole has a unique lipid and protein content. For example, the C. trachomatis inclusion membrane has a unique lipid content consisting of cholesterol (Hackstadt et al., 1995; Hackstadt et al., 1996; Wylie et al., 1997; Carabeo et al., 2003), sphingomyelin (Hackstadt et al., 1996), diacylglycerol (Tse et al., 2005), and phosphoinositides (Moorhead et al., 2010). Sphingomyelin is especially important for the C. trachomatis inclusion, as it has been implicated in maintaining inclusion membrane integrity, bacterial differentiation, and inclusion homotypic fusion (Robertson et al., 2009). Host-derived membrane components, such as phosphatidylinositol 3-phosphate (PI3P), glycerophospholipids and cholesterol localize to the membrane of E. chaffeensis-containing vacuole (EcV) and are absolutely required for E. chaffeensis proliferation (Lin et al., 2016; Lin et al., 2020).

Cholesterol is an essential component of mammalian cells and highly enriched in plasma membrane regions known as lipid rafts or microdomains; further, cholesterol is found in the pathogen containing vacuoles for A. phagocytophilum, E. chaffeensis, C. trachomatis, and C. burnetii (Carabeo et al., 2003; Lin and Rikihisa, 2003a; Howe and Heinzen, 2006; Xiong et al., 2009). Cholesterol accumulation in ApVs supports A. phagocytophilum replication (Xiong et al., 2009), but the intracellular replication of C. burnetii and C. trachomatis is independent of cholesterol, as bacterial growth in cholesterol-free cells is unaffected (Gilk et al., 2013). Cholesterol-rich microdomains are present in the membranes of pathogen-containing vacuoles for C. burnetii (Howe and Heinzen, 2006), C. trachomatis (Carabeo et al., 2003; Mital et al., 2010) and A. phagocytophilum (Xiong et al., 2009). Of note, the membranes of both CCVs and ApVs contain the lipid raft proteins flotillin-1 and flotillin-2 (Howe and Heinzen, 2006; Xiong et al., 2019). While the function of cholesterol-rich microdomains in the CCV remains elusive, flotillin-1 and flotillin-2 are absolutely required for LDL-derived cholesterol trafficking to ApVs (Xiong et al., 2019). In the C. trachomatis inclusion, these microdomains co-localize with a subset of bacterial inclusion membrane proteins (Incs), including IncB, IncC, CT101, CT222, CT223, CT224, CT228, CT288, and CT850, and active Src-family kinases (Mital et al., 2010). Importantly, these microdomains are implicated in the interactions of the C. trachomatis inclusion with the microtubule network and centrosomes (Mital et al., 2010). Although Src-family kinases are not required for Inc microdomain formation, C. trachomatis species that lack active Src-family kinase-enriched microdomains on their inclusion membrane, like C. muridarum and C. caviae, do not traffic to the microtubule organizing center (MTOC), an important step during the C. trachomatis intracellular developmental cycle (Mital and Hackstadt, 2011). The Ca2+ sensor stromal interaction molecule 1 (STIM1) and the Ca2+ channel inositol-1,4,5-trisphosphate receptor, type 3 (ITPR3) also localize to active Src-family-kinase rich microdomains on the inclusion membrane, and their interaction with the inclusion membrane protein CT101, or Myosin Regulatory Complex subunit A (MrcA), promotes extrusion of the inclusion at the end of C. trachomatis’s intracellular developmental cycle (Nguyen et al., 2018). In addition, CT228 recruits elements of the myosin phosphatase pathway, and also plays a role in C. trachomatis extrusion (Lutter et al., 2013). The precise function of all C. trachomatis proteins identified in microdomains has not yet been determined but elucidating how these multiple proteins interact will substantially contribute to a better understanding of C. trachomatis’s pathogenesis.

The C. trachomatis inclusion proteins (Incs) are secreted through the T3SS and then inserted into the inclusion membrane. These unique proteins consist of at least two transmembrane domains with a short linker, with both the N- and C-termini on the host cytosolic side of the inclusion (Bannantine et al., 1998; Scidmore-Carlson et al., 1999; Lutter et al., 2012). C. trachomatis expresses more than 50 Inc proteins at different times during the developmental cycle, suggesting that Incs play specific roles during infection (Shaw et al., 2000; Gauliard et al., 2015; Rucks et al., 2017). The C. burnetii vacuolar proteins (Cvps) are a family of six effector proteins translocated through the T4BSS Dot/Icm secretion system which localize to the vacuolar membrane (Larson et al., 2013; Larson et al., 2015). Bacteria mutants lacking cvpA, cvpB, cvpC, cvpD, cvpE and cvpF exhibit defects in intracellular growth and CCV biogenesis, indicating that these Cvps are required to promote C. burnetii replication (Larson et al., 2013; Newton et al., 2014; Larson et al., 2015; Martinez et al., 2016; Siadous et al., 2021). Finally, the ApV is actively modified by the bacterial protein APH_1387, which localizes to the ApV membrane and shares secondary structure characteristics with C. trachomatis Inc proteins (Huang et al., 2010b).





Microenvironment of pathogen containing vacuoles

Successful pathogens evade host immune defenses by remodeling their intracellular niches into safe compartments. While the membrane serves as the interface with the host cell, the luminal environment supports bacterial replication. The pH of pathogen-containing compartments is a critical feature, given the effect not only on the enzymatic activity of luminal proteins (e.g., cathepsins in the CCV), but also on the metabolic activity of the bacteria. This is perhaps most evident for C. burnetii, which resides in a modified phagosome. C. burnetii metabolic activity is initially activated by the acidic pH (pH < 4.7) of the phagolysosome (Hackstadt and Williams, 1981), while the modified CCV pH elevates to an average pH of 5.2 by 1 day post infection (Samanta et al., 2019). Intriguingly, cathepsins and other lysosomal proteases in the CCV lumen do not affect C. burnetii, yet will degrade other bacteria such as E. coli (Howe et al., 2010). Intriguingly, cholesterol accumulation on the CCV membrane acidifies the CCV to pH~4.8, which leads to C. burnetii degradation (Mulye et al., 2017). The mechanism for C. burnetii degradation in acidified CCVs requires further investigation, but is likely not directly mediated by the pH, as the optimal pH for C. burnetii in axenic cultures is 4.5-4.75 (Vallejo Esquerra et al., 2017). Presumably, C. burnetii death in acidified CCVs is linked to the increased proteolytic activity of lysosomal degradative enzymes, beyond the threshold tolerated by the bacteria. Indeed, we recently demonstrated that in order to build a permissive intracellular niche, C. burnetii actively regulates CCV acidity by inhibiting endosomal maturation, further reducing the number of proteolytically active lysosomes available for heterotypic fusion with the CCV (Samanta et al., 2019). It is possible that C. burnetii utilizes additional mechanisms to maintain optimal CCV pH, such as secreting neutralizing enzymes into the CCV lumen or blocking endosomal proton pumps. Elucidating how C. burnetii regulates CCV pH is an important topic for further study, given its critical role in bacterial intracellular growth and pathogenesis.

Given that C. trachomatis avoids lysosomal fusion, it is not surprising that the C. trachomatis inclusion has a more neutral pH (pH:7.25) (Grieshaber et al., 2002). Preliminary experiments suggest the A. phagocytophilum vacuole (ApV) and E. chaffeensis containing vacuole (EcV) pH are ~5.2 using LysoSensor Green DND-189, a dye that becomes more fluorescent in acidic environments (Cheng et al., 2014a; Read et al., 2022). Interestingly, it was first demonstrated that the axenic medium pH does not have a significant impact on protein biosynthesis of E. chaffeensis reticulate cells (RCs) (Eedunuri et al., 2018). However, a recent study found that the levels of protein and DNA synthesis in axenic medium of host cell-free phagosomes containing E. chaffeensis and A. phagocytophilum are the highest at neutral pH (Zhang et al., 2021), which may be due to other factors related to the presence of phagosomes, supporting the hypothesis that an acidic pH within the vacuoles indirectly affects bacterial survival.





Interactions of the mature pathogen containing vacuole with host trafficking pathways

Sheltering in a membrane-bound vacuole presents certain challenges, particularly for pathogens such as A. phagocytophilum and C. trachomatis which have reduced genomes and rely on the host for key nutrients. These pathogens utilize sophisticated mechanisms to hijack host amino acids, lipids, and other essential resources. One common approach is diverting host vesicular trafficking to the pathogen-containing vacuole, with fusion events delivering nutrients to the vacuole lumen for bacterial uptake. Vesicular fusion also directly provides membrane for the expanding pathogen-containing vacuole. The common pathways targeted involved endosomal trafficking, secretion, and autophagy (Figure 1).





Heterotypic fusion with the endocytic pathway

As described earlier, the endocytic pathway delivers extracellular cargo to lysosomes for degradation. Early endosomes, which form through homotypic fusion of endocytic vesicles or heterotypic fusion between endocytic vesicles and early endosomes, concentrate newly internalized cargo for sorting (Salzman and Maxfield, 1989). Early endosomes are dynamic and morphologically pleomorphic, forming tubules which concentrate receptors while released cargo is concentrated in the endosome lumen. From the early endosome, certain receptors (e.g., transferrin receptor and low density lipoprotein receptors) are recycled back to the plasma membrane in recycling endosomes, while the majority of cargo is delivered via late endosomes to lysosomes for degradation. A specialized subset of late endosomes known as multivesicular bodies (MVB) contain internal vesicles that form by inward budding of cytosolic contents and are cholesterol-rich. Given the nutrient-rich contents of vesicles within the endocytic pathway, re-routing host endosomes to pathogen-containing vacuoles provides access to essential nutrients such as iron and cholesterol. For those pathogens that interact with lysosomes, the lysosomal degradative capacity also provides a source of peptides and amino acids to support bacterial growth.

Based on markers, the mature vacuoles harboring C. burnetii, C. trachomatis, and A. phagocytophilum do not interact with early endosomes (Barnewall et al., 1997; Barnewall et al., 1999; Mott et al., 1999; Huang et al., 2010a). However, the mature EcV has characteristics of an early endosome, including the presence of early endosomal markers Rab5, transferrin receptor, EEA1, Vps34, and Rabankyrin-5 (Barnewall et al., 1997; Rikihisa, 2015; Lin et al., 2016), and does not fuse with late endosomes and lysosomes (Barnewall et al., 1997). EcV heterotypic fusion with early endosomes and recycling endosomes delivers iron to the bacteria, with the mature EcV accumulating transferrin receptor (Barnewall et al., 1997). E. chaffeensis actively subverts transferrin trafficking, based on the lack of transferrin on the early EcV and pathogen-induced upregulation of transferrin receptor expression (Barnewall et al., 1997; Lin and Rikihisa, 2003b). In addition to iron, early endosomal fusion supplies membrane for both the bacteria and expanding vacuole (Lin et al., 2020). While the bacterial-driven mechanisms for EcV fusion with the endocytic pathway are poorly understood, the E. chaffeensis effector protein Etf-1 induces fusion between autophagosomes and multivesicular bodies (MVBs) to form amphisomes, which then deliver cargo-containing intraluminal vesicles to the EcV lumen (Lin et al., 2016; Lin et al., 2020). Given that MVBs are cholesterol-rich, they may provide lipids and membrane necessary for bacterial replication.

While the ApV does not interact with early and late endosomes or lysosomes, the bacteria actively recruit a special subset of cholesterol-rich endosomal recycling endosomes to provide cholesterol for the bacteria (Lin and Rikihisa, 2003b; Huang et al., 2010a). These vesicles are rich in low density lipoprotein (LDL)-derived cholesterol; A. phagocytophilum upregulates LDL receptor expression, leading to increased endocytosis of LDL-derived cholesterol to support bacterial replication (Xiong et al., 2009). Cholesterol-enriched vesicles positive for the lipid raft proteins flotillin 1 and flotillin 2, as well as the cholesterol transporter NPC1, traffic to the ApV (Xiong et al., 2019). Intriguingly, intraluminal membranes containing NPC1 and flotillin 2 surround the bacteria inside the ApV, a process which requires A. phagocytophilum protein synthesis, indicating this is a bacterial-driven process (Huang et al., 2021). While the bacterial proteins involved in recruitment of these vesicles are unknown, the Golgi-derived SNARE proteins VAMP4 and STX16, which are both involved in LDL vesicular transport, localize to the ApV (Xiong and Rikihisa, 2012). Further, VAMP4 is required for A. phagocytophilum infection, leading to the hypothesis that A. phagocytophilum subverts VAMP4 and STX16 to selectively recruit NPC1-positive vesicles rich in LDL-cholesterol (Xiong and Rikihisa, 2012).

During C. burnetii infection, the mature CCV does not associate with early endosomes, based on the lack of markers such as EEA1 and Rab5 (Howe et al., 2003; Romano et al., 2007). However, heterotypic fusion with late endosomes, MVBs, and lysosomes readily occurs at both early and late stages of infection, most likely serving as a source of membrane and nutrients (Heinzen et al., 1996; Clemente et al., 2022). CCV-lysosome fusion may provide amino acids needed to support C. burnetii growth and activate the T4BSS, particularly at the very early stages of infection (Newton et al., 2020). While the fact that C. burnetii is auxotrophic for multiple amino acids supports this hypothesis (Sandoz et al., 2016), other studies have shown that C. burnetii growth and CCV formation does not require lysosomal hydrolases, and therefor lysosomal degradation of proteins, for growth (Miller et al., 2019). Further, C. burnetii blocks endosomal maturation as early as one day post infection, leading to decreased host lysosomes and expansion of the late endosomal population (Larson and Heinzen, 2017; Samanta et al., 2019). While the fusion rate is similar between 2 days post infection (prior to expansion) and 3 days post infection (after expansion) (Samanta et al., 2019; Clemente et al., 2022), it is likely that different endosomal populations fuse with the CCV at different points during infection. At the molecular level, several host SNARE proteins localize to the CCV and play an important role in CCV expansion through heterotypic fusion. VAMP8, which is involved in homotypic fusion between endosomes, is recruited to early CCVs but is not present on the mature CCV (Campoy et al., 2013). Conversely, VAMP3 is present only on mature CCVs and facilitates CCV fusion with MVBs (Campoy et al., 2013). VAMP7 and Vti1b, which are involved in heterotypic fusion between late endosomes and lysosomes, are both actively recruited to and present on the mature CCV, with VAMP7 being essential for CCV expansion (Campoy et al., 2013). Actin patches on the CCV, while not required, do promote clustering of the SNARE proteins VAMP7 and syntaxin 8 on the CCV for localized fusion (Miller et al., 2018). Rab7 and the HOPS tethering complex both localize to the CCV and promote vesicular fusion (Barry et al., 2012). Intriguingly, Synaptotagmin VII, a calcium sensor for membrane fusion, as well as the cAMP-regulated guanine nucleotide exchange factor EPAC and the RAG GTPase Rap1, localize to the CCV and may regulate CCV fusion with the host endosomal pathway (Campoy et al., 2013; Mansilla Pareja et al., 2017). Thus, while critical for CCV formation and maintenance, the molecular mechanisms underlying CCV fusion with the endosomal pathway is poorly understood.

The C. trachomatis inclusion does not directly fuse with endosomal vesicles (Heinzen et al., 1996; Rzomp et al., 2006), with the exception of MVBs (Beatty, 2006). MVBs are enriched for sphingolipids and cholesterol, both of which are necessary for intracellular C. trachomatis growth (Hackstadt et al., 1995; Hackstadt et al., 1996; Van Ooij et al., 2000; Carabeo et al., 2003). While cholesterol is not absolutely required, host cell sphingomyelin synthesis is essential for biogenesis of the C. trachomatis inclusion membrane and stability (Robertson et al., 2009; Gilk et al., 2013). C. trachomatis recruits Rab39a to the inclusion, where it specifically regulates trafficking of sphingomyelin and phospholipids from MVBs to the inclusion (Gambarte Tudela et al., 2015; Gambarte Tudela et al., 2019). While lysosomes provide nutrients necessary to support C. trachomatis growth (Ouellette et al., 2011), the C. trachomatis inclusion protein IncA actively blocks heterotypic fusion between the inclusion and host lysosomes. IncA contains a SNARE-like motif which acts as a competitive inhibitor of heterotypic membrane fusion between the inclusion and lysosomes, while promoting homotypic fusion between inclusions (Delevoye et al., 2008; Paumet et al., 2009; Ronzone et al., 2014).





Secretory pathway

The host secretory pathway transports newly synthesized proteins and lipids from the ER to the Golgi, where they are sorted for delivery to various cellular locations including the plasma membrane and endosomes. At specialized ER exit sites, the Rab GTPase Sar1 recruits the vesicle coat protein COPII to form cargo-loaded vesicles which transit to the ER-Golgi intermediate compartment (ERGIC). Rab1 and Rab2 are then responsible for trafficking from the ERGIC to the cis-Golgi where proteins undergo progressive modification, primarily glycosylation, as they are transported to the trans-Golgi (TGN). The TGN serves as a sorting platform to package proteins and lipids for constitutive or regulated secretion at the plasma membrane, as well as transport to the endolysosomal system. Cathepsins and other lysosomal proteins are specifically tagged by mannose-6-phosphate (M6P) in the cis-Golgi and transported to late endosomes by the mannose-6-phosphate receptor (M6PR). In order to obtain lipids and membrane, intracellular pathogens commonly subvert the secretory pathway by targeting the key regulatory proteins M6PR, Rab and SNARE.

Interaction with Golgi-derived vesicles is a hallmark of the C. trachomatis inclusion, which is decorated with numerous Golgi proteins (Rzomp et al., 2003; Webley et al., 2004; Gambarte Tudela et al., 2019). Trans-Golgi derived vesicles destined for the plasma membrane are actively diverted to the C. trachomatis inclusion to deliver essential nutrients, such as sphingomyelin and cholesterol, which are incorporated into the bacterial membrane (Hackstadt et al., 1995; Hackstadt et al., 1996; Scidmore et al., 1996; Carabeo et al., 2003). Bacterial-induced Golgi fragmentation into mini-stacks around the inclusion occurs around 20 hours post infection; preventing Golgi fragmentation by blocking cleavage of the Golgi matrix protein golgin-84 negatively impacts C. trachomatis intracellular growth (Heuer et al., 2009). Two related secreted C. trachomatis effector proteins, ChlaDUB1 and ChlaDUB2, induce Golgi fragmentation through Lys63-deubiquitinase activity (Pruneda et al., 2018). C. trachomatis infection is enhanced by increasing Golgi complex ministack formation, presumably by improving access to nutrients in exocytic Golgi-derived vesicles (Heuer et al., 2009). C. trachomatis also directly targets the Golgi, secreting at least one protein, CteG, which localizes to the Golgi (Pais et al., 2019). In addition to secreted proteins, inclusion proteins recruit Golgi-derived vesicles. Inc protein CT813/InaC recruits ARF1 and ARF4 GTPases to the inclusion membrane, where they induce posttranslational modification of microtubules to stabilize Golgi ministacks around the inclusion (Wesolowski et al., 2017). Inc protein CT229/CpoS binds numerous Rab proteins involved in Golgi trafficking, diverting vesicular trafficking to the inclusion (Rzomp et al., 2006; Mirrashidi et al., 2015; Sixt et al., 2017; Faris et al., 2019). These include active Rab 4 and Rab35, which divert transferrin-containing recycling endosomes to the inclusion, where they provide iron to the bacteria (Rzomp et al., 2006; Faris et al., 2019). CT229 binds and recruits to the inclusion Rab1 (anterograde transport), Rab 6 (retrograde transport), Rab 8, 10, 14, and 34 (Golgi-transport) (Faris et al., 2019). Subversion of Golgi-derived vesicles requires numerous other host cell factors, including Arf1, Rab14, Rab6A, GBF1, STX10, and Rab11A (Rzomp et al., 2003; Rzomp et al., 2006; Heuer et al., 2009; Elwell et al., 2011; Lucas et al., 2015).

While there is no evidence that secretory vesicles are involved in E. chaffeensis infection, both C. burnetii and A. phagocytophilum selectively interact with the secretory pathway. Rab1, which regulates transport between the ER and the Golgi, is found on the CCV as early as 24 hours post-infection and is necessary for CCV expansion and downstream fusion with the endocytic pathway (Campoy et al., 2011). Rab1 may function in recruiting secretory vesicles to the CCV, which would then provide a source of membrane or nutrients necessary for CCV expansion and bacterial growth. One intriguing possibility is that early secretory vesicles deliver SNARE proteins, which then facilitate fusion with host endosomes and contribute with membrane to expanding CCV (Campoy et al., 2011). A. phagocytophilum also selectively interacts with the secretory pathway by recruiting Rab10-positive trans-Golgi-derived vesicles to the ApV lumen (Huang et al., 2010a; Truchan et al., 2016b). The A. phagocytophilum surface protein UMPK, a uridine monophosphate kinase, is a Rab10 ligand which may mediate interactions between the bacteria and Golgi-derived vesicles imported into the ApV lumen (Truchan et al., 2016b). These vesicles deliver sphingomyelin, which is not only incorporated into the bacterial membrane but also serve a signal for RC to DC transition and production of infectious bacteria (Truchan et al., 2016b). Like C. trachomatis, the Golgi fragments surround the ApV as bacterial load increases (Truchan et al., 2016b), suggesting the Golgi and secretory pathway may play a larger role during A. phagocytophilum infection than currently appreciated.





Retromere and retrograde trafficking

Retrograde trafficking transports proteins and lipids from endosomes to the Golgi or plasma membrane, as well as from the Golgi to the ER. It is critical for protein recycling as well as delivering mis-delivered proteins to their correct location. The retromer complex, a trimer of Vps26, Vps29, and Vps35, regulates trafficking from Rab5/Rab7 endosomes to the trans-Golgi network and the plasma membrane (Personnic et al., 2016). The Vps complex binds Rab7 as well as sorting nexins (SNX1 or SNX2 and SNX5 or SNX6) on endosomes, which induce membrane curvature and endosome tubulation. Retrograde trafficking from late endosomes to the trans-Golgi network is essential for returning mannose-6-phosphate receptor (M6PR) back to the Golgi after the M6PR delivers lysosomal proteases to endosomes. Finally, retrograde transport within the Golgi stack and to the ER requires the COP1 coat protein, which is recruited by the small GTPase ARF1; other proteins involved include PtdIns 4-kinase IIIb, OCRL, and Rab6A (Personnic et al., 2016).

C. trachomatis actively disrupts retrograde trafficking of M6PR and SNX5 depletion enhances bacterial growth without affecting inclusion size, suggesting that the retromer restricts C. trachomatis infection (Aeberhard et al., 2015; Mirrashidi et al., 2015). Both SNX5 and SNX6 re-localize from endosomes to the C. trachomatis inclusion membrane, where they induce inclusion tubulation (Aeberhard et al., 2015; Mirrashidi et al., 2015). The C. trachomatis inclusion protein IncE binds to SNX5 and SNX6, disrupting binding between SNX5 and M6PR and trafficking of M6PR back to the Golgi (Mirrashidi et al., 2015; Elwell et al., 2017). Given that M6PR is critical for delivering newly synthesized hydrolases from the Golgi to endosomes, IncE disruption of the retromer and M6PR recycling may interfere with the degradative capabilities of lysosomes, which in turn benefits the bacteria. While retrograde trafficking from endosomes restricts C. trachomatis growth, retrograde trafficking within the Golgi supports C. trachomatis infection. The COG complex mediates intra-Golgi trafficking, functioning as membrane tethers and interacting with SNARES, Rabs, and COP1 proteins in the Golgi. Both COG subunits and COG-interacting proteins (e.g., Rab1, Rab6, Rab14, and syntaxin6), localize to the inclusion (Rzomp et al., 2003; Rejman Lipinski et al., 2009; Capmany et al., 2011; Moore et al., 2011). The Golgi SNARE protein GS15 also localizes to the inclusion in a COG-dependent manner, and depletion of Rab6, COG subunits and GS15 decreased growth. This indicates that C. trachomatis targets intra-Golgi trafficking, diverting these sphingomyelin-rich vesicles to the inclusion (Pokrovskaya et al., 2012).

There is no evidence that A. phagocytophilum or E. chaffeensis interact with retrograde trafficking pathway, and the role of retrograde trafficking during C. burnetii infection is not clear. One study found that depleting retromer components (VPS29, VPS35, SNX2, -3, and -5) inhibited C. burnetii growth, suggesting that retrograde trafficking benefits C. burnetii (Mcdonough et al., 2013). However, other studies indicate that Vps35 and Vps29 depletion, as well as chemical inhibitors of retrograde trafficking, have no effect on C. burnetii growth or CCV formation (Miller et al., 2018). Further, while C. burnetii does not appear to disrupt retrograde trafficking based on M6PR trafficking, retromer distribution is altered based on increased levels of VPS35 on late endosomes and lysosomes (Miller et al., 2018). Intriguingly, retromer components may play a role in fusion between the CCV and host endosomes, with VPS35 localizing to CCV actin patches which serve as fusion sites (Miller et al., 2018). One proposed model is that CCV Rab7 recruits retromer to the CCV, followed by formation of actin patches and HOPs/SNARE complexes mediating fusion between the CCV and late endosomes (Miller et al., 2018).





Autophagy

Autophagy is a critical cellular process which eliminates damaged organelles and protein aggregates and enables recovery of nutrients. During macroautophagy, eukaryotic cells recycle damaged organelles, misfolded proteins, and other cargo by enclosing them in double membraned autophagosomes; fusion with lysosomes forms a degradative autolysosome. Lysosomes also directly participate in autophagy either through non-specific uptake of cytoplasmic components (microautophagy) or specifically engulfment of chaperone-bound cytosolic proteins (chaperone-mediate). During xenophagy, the autophagy machinery specifically targets cytosolic pathogens or the pathogen-containing vacuole, with the initial step being ubiquitination of the bacterial membrane or PCV membrane. During macroautophagy, the nascent autophagosome, or phagophore, forms at the ER, where the ULK1 complex (ULK1, ATG13, FIP200, and ATG101) recruits the phosphatidylinositol 3-kinase (PI3K) complex, including VPS34, p150, and Beclin-1 (Majeed et al., 2022). PI3K complex production of phosphatidylinositol 3-phosphate (PI3P) leads to recruitment of ATG9 and formation of the ATG12-ATG5-ATG16L1 complex, which then conjugates phosphatidylethanolamine (PE) to LC3 to form LC3-II, a hallmark of autophagosomes (reviewed in (Melia et al., 2020; Chang et al., 2021). Autophagosomes are specifically targeted to and fuse with endosomes and lysosomes through Rab GTPases and SNAREs. Autophagy can be induced by cellular stress through mTOR signaling, with active mTOR promoting biosynthesis pathways and inhibiting autophagy. Under conditions of cellular stress, including nutrient limitation, mTOR is inactivated, leading to upregulated expression of lysosomal and autophagosomal genes. While autophagy is a cellular innate immune response which can eliminate intracellular pathogens, many pathogens subvert autophagy to gain access to nutrients.

NP52, LC3, Beclin-1, and p62 are found on the CCV membrane, indicating that C. burnetii interacts with the autophagosomal pathway (Beron et al., 2002; Gutierrez et al., 2005; Romano et al., 2007; Vazquez and Colombo, 2010; Newton et al., 2013; Newton et al., 2014; Winchell et al., 2014; Kohler et al., 2016; Winchell et al., 2018; Dragan et al., 2019). While autophagy is not required for C. burnetii growth, autophagosomes likely contribute to CCV expansion both by directly fusing as well as contributing to homotypic fusion (Beron et al., 2002; Gutierrez et al., 2005; Mcdonough et al., 2013; Newton et al., 2014; Latomanski and Newton, 2018; Larson et al., 2019). LC3 and NDP52 presence in the CCV lumen indicates that autophagosomes directly fuse with the CCV, although direct conjugation of LC3 on the CCV membrane cannot be ruled out (Kohler et al., 2016; Mansilla Pareja et al., 2017). Xenophagy, which is selective autophagy of intracellular bacteria, does not play a significant role during infection (Lau et al., 2022). While p62 is recruited to the CCV in a T4BSS-dependent manner (Newton et al., 2014), the role of p62 appears to be primarily through signaling during oxidative stress rather than autophagy (Winchell et al., 2018). Several studies indicate that C. burnetii does not actively manipulate autophagic flux in epithelial cells and macrophages (Winchell et al., 2014; Winchell et al., 2018; Larson et al., 2019), but does so in neutrophils (Kumaresan et al., 2022). Numerous T4BSS effectors have been identified which interact with the autophagic pathway. CvpA and Cig57 both bind to components of clathrin-coated vesicles, thus facilitating fusion between autophagosomes and the CCV as well as CCV homotypic fusion (Larson et al., 2013; Latomanski et al., 2016; Latomanski and Newton, 2018). Indeed, CCV-localized clathrin heavy chain is essential for CCV expansion mediated by CCV-autophagosome fusion (Larson et al., 2013; Latomanski and Newton, 2018). CvpF recruits LC3B to the CCV and stimulates conversion to LC3B-II in a process tied to Rab26 activity (Siadous et al., 2021). CpeB traffics to the CCV and autophagosome-derived vesicles and co-localizes with LC3B (Voth et al., 2011), while CBU0513 is required for recruitment of lipidated LC3-II to the CCV (Crabill et al., 2018). CvpB/Cig2 mediates homotypic fusion and CCV-autophagosome fusion (Martinez et al., 2014; Newton et al., 2014; Larson et al., 2015; Kohler et al., 2016; Martinez et al., 2016). Mechanistically, CvpB interacts with PI3P and phosphatidylserine (PS) as mediated by its N-terminal region, and prevents the activity of the PI3P-5-kinase PIKfyve, thus blocking PI3P phosphorylation to PI(3,5)P2 (Martinez et al., 2016). This inhibition leads to the increase of PI3P at the CCV and favors vacuole fusion and LC3 recruitment (Martinez et al., 2016). Autophagy appears to repair damaged CCV membranes (Mansilla Pareja et al., 2017), while data suggests the ESCRT complex is involved in CCV membrane repair (Radulovic et al., 2018). C. burnetii inhibits mTOR in a non-canonical manner and without affecting autophagic flux (Larson et al., 2019). Finally, a potential link between autophagy and disease was observed in a study of genetic polymorphisms linked to chronic Q fever, where SNPs in ATG5 and MAP1LC3A were more commonly associated with controls, suggesting that autophagy promotes infection or more severe disease (Jansen et al., 2019).

The C. trachomatis inclusion does not directly fuse with autophagosomes (Al-Younes et al., 2004), and autophagy does restrict C. trachomatis growth in both epithelial cells and macrophages (Al-Younes et al., 2011; Yasir et al., 2011; Sun et al., 2012; Wang et al., 2021). C. trachomatis interferes with host ubiquitination of the inclusion by secreting a deubiquitinase Cdu1 (Haldar et al., 2016; Auer et al., 2020). In the absence of Cdu1, ubiquitination of the inclusion leads to recruitment of autophagy machinery and formation of a LC3 positive double membrane around the inclusion (Auer et al., 2020). However, it does not appear that this directly leads to bacterial clearance, but rather a growth defect due to inefficient recruitment of Golgi-derived vesicles necessary to support bacterial growth (Auer et al., 2020). This highlights the importance of the inclusion membrane in vesicular fusion. Curiously, C. trachomatis subverts the non-autophagy function of two host proteins, LC3 and ATG16L1. While LC3 does accumulate around the inclusion, this is not linked to autophagy but rather through interactions with the host protein MAP (microtubule-associate protein) which may serve to stabilize the microtubule network around the inclusion (Al-Younes et al., 2011). The C. trachomatis secreted effector protein CT622/TaiP binds to the host autophagy protein ATG16L1, blocking ATG16L1 interactions with the Golgi/late endosomal protein TMEM59 to reroute vesicular trafficking to the inclusion (Sadeh and Clopath, 2020). There is evidence that C. trachomatis induces autophagy in an ATG5-dependent manner at mid to late stages of development (Pachikara et al., 2009) and through p62 at later times during infection (Wang et al., 2021).

The ApV has several hallmarks of an autophagosome, including a double membrane and the presence of LC3 and Beclin 1 (Niu et al., 2008). Autophagy not only benefits A. phagocytophilum but also appears to be critical for growth (Niu et al., 2008; Niu et al., 2012). Like C. trachomatis, the ApV is mono-ubiquitinated (which can promote autophagy) in a process that requires bacterial protein synthesis (Huang et al., 2012). The A. phagocytophilum T4SS effector protein Ats-1 binds Beclin 1 to initiate autophagosome formation at the host ER (Niu et al., 2012). Autophagosomes appear to fuse with the ApV, delivering the contents to the ApV lumen (Niu et al., 2012). A second Ap T4SS effector protein, AptA, interacts with the proteosome protein PSMG3, activating the host ubiquitin-proteosome system to upregulate autophagy and support bacteria replication (Ma et al., 2021).

While the EcV is early endosome-like, autophagosome formation is required for E. chaffeensis replication (Lin et al., 2016). The autophagy markers ATG5 and Beclin 1 are found on the EcV (Bento et al., 2016; Lin et al., 2016), and localization of LC3 has been observed in some studies (Lina et al., 2017; Yan et al., 2018). Further, autophagosomes fuse with the EcV, delivering essential amino acids, especially glutamine, which is a primary energy and carbon source for E. chaffeensis (Cheng et al., 2014b; Lin et al., 2016). E. chaffeensis uses a different strategy than A. phagocytophilum to induce autophagy, which is independent of mTOR and ubiquitination pathways (Lin et al., 2016). Unlike C. trachomatis or A. phagocytophilum, the EcV is not ubiquitinated (Lin et al., 2016). The E. chaffeensis T4SS effector Etf-1 interacts with the PI3K complex, including Beclin 1, to recruit autophagosomes to the EcV as well as induce autophagy (Lin et al., 2016). Rab5 is also a key player in EcV autophagy; it appears that Rab5 is locked in the GTP-bound state on the EcV, which stabilizes interactions with the PIK3C3 (class III PtdIns3K) complex required to recruit Beclin 1 (Lin et al., 2016). Curiously, E. chaffeensis induces autophagosome formation but inhibits fusion between autophagosomes and lysosomes, thus downregulating autophagic degradation (Lina et al., 2017). The E. chaffeensis T1SS Trp effectors TRP120, TRP32, and TRP47 activate Wnt and PI3K/Akt signaling pathways to downregulate mTOR signaling to decrease autolysosome formation by decreasing TFEB translocation (Lina et al., 2017).





Vacuole interactions with host organelles

While subverting vesicular trafficking is a productive source of nutrients, intracellular pathogens also directly target host organelles through membrane contact sites (MCS). MCS are locations where two or more membranes are within an intermembrane distance of less than 30nm, allowing for lipid and small molecule (e.g., calcium) exchange (Scorrano et al., 2019). In eukaryotic cells, inter-organelle MCS with the endoplasmic reticulum are common, given the essential roles the ER plays in lipid and protein synthesis, calcium storage and the cellular stress response. MCS formation and function relies on multi-protein complexes that tether the two membranes as well as physically transfer lipids or other small molecules. Both C. trachomatis and C. burnetii actively form MCS between the pathogen-containing vacuole and the host ER, while MCS have not thus far been observed for A. phagocytophilum or E. chaffeensis.

MCS between a pathogen-containing vacuole and the ER is best understood for C. trachomatis. The C. trachomatis inclusion protein IncD directly binds to the plekstrin homology domain of CERT, a host ceramide transfer protein which binds VAP protein on the ER (Derre et al., 2011; Agaisse and Derre, 2015). IncD-CERT binding causes a conformational change to expose the CERT FFAT motif, enabling CERT to bind VAPA/B on the ER and form inclusion-ER MCS. Further, the sphingomyelin synthase proteins SMS1 and SMS2 are recruited to inclusion-ER MCS (Elwell et al., 2011). Given the importance of sphingomyelin in C. trachomatis development, it is hypothesized that IncD-CERT-VAP facilitate ceramide transport and conversion to sphingomyelin, which is then utilized by the bacteria (Elwell et al., 2011). C. trachomatis inclusion-ER MCS also contain the ER calcium sensor STIM, although STIM is not required for C. trachomatis growth and its role in MCS is not clear (Agaisse and Derre, 2015). A second Inc protein, CT005/IncV, also binds to VAP to mediate inclusion-ER MCS (Stanhope et al., 2017). IncV contains two FFAT motifs in the C-terminal tail; the first motif is similar to the canonical motif, while the second motif is non-canonical and contains a serine tract immediately upstream of IncV FFAT motif cores (Ende et al., 2022). Intriguingly, IncV-VAP interactions are regulated by phosphorylation of the serine tract of the noncanonical FFAT motif (Ende et al., 2022). The C-terminus recruits the host protein kinase CK2, which phosphorylates a serine tract upstream of the FFAT core, enabling binding to VAP. Thus, at least two C. trachomatis inclusion proteins facilitate interactions with the ER, highlighting the importance of this interaction.

During C. burnetii infection, electron tomography identified MCS of <5 nM between the CCV and host ER (Justis et al., 2017). Thus far, the host cell proteins ORP1L and VAPB have been identified in CCV-ER MCS, where VAPB is found on the ER and the ORP1L binds both the CCV and ER. ORP1L is a host sterol binding protein actively recruited to the CCV in a T4BSS-dependent manner during the first 24 hours of infection, although the ORP1L binding partner on the CCV is unknown (Justis et al., 2017). ORP1L is a member of the ORP family of sterol transfer proteins, many of which participate in MCS throughout the cell. The ORP1L ankyrin repeats are necessary and sufficient to localize ORP1L to the CCV, presumably through protein-protein interactions (Justis et al., 2017). ORP1L binds to ER-associated VAP proteins through the FFAT (two phenylalanines in an acidic tract) motif, thus facilitating MCS between the CCV and the ER. Like other members of the ORP family, ORP1L contains a lipid binding domain (OSBP-related domain, or ORD) which binds and transports a variety of lipids, including cholesterol, oxysterols, and phospholipids (Vihervaara et al., 2011). However, it is unknown whether ORP1L functions to transfer cholesterol between the CCV and ER, or rather facilitates MCS formation while other protein(s) are involved in lipid or small molecule transfer.





Vacuole interactions with the cytoskeleton

The eukaryotic cytoskeleton, consisting of actin filaments, intermediate filaments and microtubules, is essential for maintaining the cell structure and internal organization, as well as cellular functions such as adhesion, vesicle transport, membrane traffic, division, and motility. Therefore, intracellular bacteria use a myriad of strategies to manipulate the host cytoskeletal machinery in order to successfully establish and sustain an intracellular infection. Of note, the bacteria internalization in non-phagocytic and phagocytic cells depends on cytoskeletal rearrangement at the site of bacterial entry.

Following host cell entry, internalized bacteria continue interacting with the cytoskeleton throughout the intracellular cycle. For instance, in C. burnetii-infected cells actin filaments are not only recruited but also involved in the formation of the CCV (Aguilera et al., 2009). Given that C. burnetii activates the host cyclic AMP-dependent protein kinase (PKA) during infection, it has been suggested that PKA regulates CCV biogenesis/expansion by modulating cytoskeleton-related proteins, including actin polymerization around the maturing vacuole (Macdonald et al., 2012; Macdonald et al., 2014). Indeed, the actin regulatory protein vasodilator-stimulated phosphoprotein (VASP) was identified as a PKA substrate that is increasingly phosphorylated during C. burnetii infection in a T4SS-dependent manner (Colonne et al., 2016). Importantly, optimal CCV formation, heterotypic fusion with other compartments, and bacterial replication depends on VASP activity, presumably because VASP transports vesicles along the cytoskeleton to the CCV (Colonne et al., 2016). Accordingly, filamentous actin patches on the CCV membrane requires the secretion of C. burnetii T4BSS effector proteins and serve as a scaffold for fusion of late endocytic vesicles and the CCV (Miller et al., 2018). Surprisingly, the CCV actin patches are not necessarily required for CCV biogenesis and stability, but the Arp2/3-mediated production of actin filaments that regulate trafficking within the endosomal system is essential for CCV formation and bacterial growth (Miller et al., 2018).

The intermediate filament protein vimentin, which is implicated in intracellular trafficking events (Styers et al., 2005), binds to the C. burnetii effector protein AnkF and is recruited to the CCV in a time-dependent manner (Pechstein et al., 2020). While vimentin is not required for bacterial replication, it appears to provide a platform for fusion and fission events, which also contributes to CCV formation (Pechstein et al., 2020). Similarly, the A. phagocytophilum toxin A (AptA) interacts with vimentin on the ApV membrane. Vimentin is required for activation of mammalian Erk1/2 mitogen activated protein kinase, which facilitates A. phagocytophilum survival within human neutrophils (Sukumaran et al., 2011). In addition to vimentin, the ApV is surrounded by the intermediate filament keratin (Truchan et al., 2016a). Whereas SUMO-2/3 colocalizes with both vimentin and keratin filaments, SUMOylation (a reversible post-translation modification where small ubiquitin-like modifier [SUMO] proteins are covalently attached to proteins by SUMO-specific enzymes) is only critical for the vimentin assembly at the ApV, and is important for optimal ApV formation and bacterial growth (Truchan et al., 2016a). SUMO2/3 proteins also surround the E. chaffeensis-containing vacuole (EcV), where they colocalize with the E. chaffeensis effector protein TRP120. TRP120 SUMOylation increases interaction with cytoskeletal host proteins, including γ-actin and myosin-X (also known as Myo10), which are involved in filopodium formation and microtubule cargo trafficking, respectively. Therefore, the enhanced interaction with these proteins may modulate actin rearrangement and affect cytoskeletal reorganization during E. chaffeensis infection (Dunphy et al., 2014). The E. chaffeensis effector protein TRP75 interacts with actin-binding or actin-related proteins, including ARPC5, LCP1, PLEK, and TPM4 (Luo et al., 2018), while the E. chaffeensis TRP47 interacts with the actin-binding protein CAP1 (Wakeel et al., 2009). While the mechanisms are unknown, associations between bacterial proteins with actin, actin-binding proteins and actin-related proteins during E. chaffeensis infection suggest that actin cytoskeleton reorganization might contribute to structural support and stabilization of EcVs during the entire intracellular bacterial life cycle.

Besides providing a structural support for cells, microtubules serve as a rail for vesicle trafficking through the cell, and the microtubule-based motor proteins, kinesins and dyneins, convey their intracellular cargos (Ross et al., 2008). Disruption of microtubules dynamics negatively affects CCV size and bacterial replication, as CCV biogenesis relies on the recruitment of the molecular machinery required for microtubule-dependent retrograde transport and tethering processes (Ortiz Flores et al., 2019). Interestingly, initial studies showed that microtubule networks are rapidly regenerated around the C. trachomatis inclusion after incubation with the microtubule-disrupting agent nocodazole (Campbell et al., 1989). Furthermore, the nascent C. trachomatis inclusion moves towards the minus end-directed microtubule motor dynein from the cell periphery to the microtubule-organizing center (MTOC), where it resides throughout C. trachomatis life cycle (Clausen et al., 1997; Grieshaber et al., 2003). This event is actively induced by the bacteria, as the C. trachomatis Inc CT850 interacts with the dynein light chain DYNLT1 to promote appropriate positioning of the inclusion at the MTOC (Mital et al., 2015). In addition, the C. trachomatis inclusion protein IPAM (inclusion protein acting on microtubules) interacts with the centrosomal protein CEP170 to orchestrate host microtubule reorganization at the inclusion periphery, allowing maintenance of inclusion shape to support bacterial intracellular development (Minikel et al., 1983). Importantly, microtubules encasing the inclusion can undergo different post-translational modifications (PTMs), which can influence their structure and depolymerization rates (Peris et al., 2009; Al-Zeer et al., 2014; Wesolowski et al., 2017). For instance, the C. trachomatis effector protein CT813/InaC recruits the host GTPases ARF1 and ARF4 to the inclusion membrane, where they induce post-translational modification of microtubules and Golgi complex positioning around the inclusion (Wesolowski et al., 2017). Thus, given the importance of the microtubule-based transport of the inclusion to C. trachomatis growth [reviewed in detail by (Nogueira et al., 2018)], other unidentified bacterial effector proteins are likely involved in this event. Finally, even though the mechanisms involving the association among the other cytoskeleton components with the C. trachomatis inclusion have not been fully elucidated yet, it is known that actin, as well as intermediate filaments, associate with the inclusion (Dong et al., 2004; Kumar and Valdivia, 2008; Chin et al., 2012). Formation of F actin at the inclusion depends on RhoA (Ras homolog family member A, a small GTPase), and its disruption leads to intermediate filaments disassemble, loss of inclusion integrity and leakage of inclusion contents into the host cytoplasm (Kumar and Valdivia, 2008).

The secreted bacterial protein CPAF (C. trachomatis protease/proteasome-like activity factor) is required for the cleavage of different intermediate filaments, including vimentin, keratin 8, keratin-18 (Dong et al., 2004; Kumar and Valdivia, 2008). It has been suggested that this event likely increases the solubility of these cytoskeletal structures to facilitate inclusion expansion (Dong et al., 2004; Savijoki et al., 2008). However, CPAF-cleaved vimentin, keratin-8 and keratin-18 remain morphologically as filamentous forms and retain their polymer functions (Kumar and Valdivia, 2008). Therefore, it is proposed that the intermediate filaments are progressively nicked by CPAF to form a highly dynamic actin/filament cage, which provides structure to accommodate exponential bacterial replication and inclusion expansion (Kumar and Valdivia, 2008).





Egress/escape from the vacuole/host cell

During their intracellular life cycle, vacuolar pathogens are temporarily protected from the host immune defenses. However, to disseminate within the host, they must exit their host cells and successfully invade other cells to reinitiate the infection cycle. Exit from host cells can occur through a passive process, where the cells lyse due to a physical stress caused by a large number of replicating-pathogens, or it can be a complex process called “egress”, which relies on a dynamic interplay between host and pathogen factors (Figure 2).




Figure 2 | Pathogen escape from the host cell. In order to perpetuate an infection, most bacterial pathogens actively escape from the host cell to infect neighboring cells. The vacuoles harboring Chlamydia trachomatis, Anaplasma phagocytophilum, and Ehrlichia chaffeensis fuse with the host cell plasma membrane, releasing bacteria into the extracellular space. The C. trachomatis inclusion can also be directly released from the cell, similar to exosomes. E. chaffeensis utilizes a third mechanism of cell-to-cell spread, where the vacuole is transported directly to neighboring cells by filopodia. Finally, the mechanism of egress for Coxiella burnetii has not been identified and is thought to occur by spontaneous lysis of the host cell after the bacteria’s developmental cycle has been completed. CCV, Coxiella containing vacuole; LCV, Coxiella Large Cell Variant; SCV, Coxiella Small Cell Variant; ApV, Anaplasma phagocytophilum containing vacuole; RC, reticulate cell; DC, dense cell EcV, Ehrlichia chaffeensis containing vacuole. Created with Biorender.



Although it is unclear whether C. burnetii has developed specific strategies for host cell exit, C. burnetii-infected cells along with CCVs are spontaneously lysed after the replicative large cell variants (LCV) convert back to the infectious small cell variants (SCV), and the “naturally released” bacteria infect neighboring cells to start a new cycle of infection (Howe and Mallavia, 2000; Zhang et al., 2021). Similarly, A. phagocytophilum release to the extracellular environment precedes reinfection of nearby cells. This process involves the host exosome release pathway and is facilitated by the multivesicular body (MVB) proteins ALIX, ESCRT-III, Rab27a, and Munc13-4. The association of Rab27a with ApVs positioned at the plasma membrane promotes the release of bacteria into the extracellular environment. (Blouin and Kocan, 1998; Read et al., 2022). The bacterial protein APH1235 expression is pronouncedly upregulated at later time points of infection, correlating with transition from the noninfectious reticulate cell (RC) to the infectious dense-cored cell (DC) and subsequent DC exit from host cells. However, the specific role of this protein during bacterial egress has not yet been elucidated (Troese et al., 2011). E. chaffeensis can be transported to neighboring cells through filipodia formation during initial stages of infection, which allows cell-to-cell bacterial spread without exposing the bacteria to the host’s immune system in the extracellular space (Thomas et al., 2010). Interestingly, at later stages of infection, E. chaffeensis is also released by host cell membrane rupture adjacent to the EcV. However, the determinants dictating either exit route remain unknown (Thomas et al., 2010).

Like E. chaffeensis, C. trachomatis can escape the host cells by two different mechanisms, extrusion of the inclusion or host cell lysis (Beatty, 2007; Hybiske and Stephens, 2007). Early observations using scanning and transmission electron microscopy suggested that the C. trachomatis inclusion was transported to the host cell surface by a process similar to exocytosis, with the cells remaining intact but lacking a significant portion of their plasma membrane (Todd and Caldwell, 1985). Non-lytic C. trachomatis egress was later proved using live cell imaging, where approximately 50% of inclusions are indeed pinched off from the host cell by extrusion, and both inclusions and host cells remain intact (Hybiske and Stephens, 2007). This package release mechanism is independent of the microtubule network and conventional vesicular trafficking, but requires actin polymerization, N-WASP activity, myosin II, Rho GTPase, and septins (Hybiske and Stephens, 2007; Volceanov et al., 2014). Septins 2, 9, 11 and possibly 7, combined with F actin, form fibers that encase the inclusion. Depletion of individual septins by RNAi prevents F actin recruitment and fiber formation, reducing the number of extrusions. These findings indicate that septins are required for C. trachomatis release by extrusion and strengthen the role of actin in this process (Volceanov et al., 2014). Accordingly, actin is actively recruited by C. trachomatis effector protein(s) to the inclusion at 20 hours post-infection and increases in prevalence and extent throughout the C. trachomatis developmental cycle, culminating with their exit from the host cell by extrusion (Chin et al., 2012).

The remaining inclusions are released through host cell lysis, which involves rupture of both the inclusion and plasma membrane (Beatty, 2007; Hybiske and Stephens, 2007). During this event, disruption of the host cell plasma membrane and an influx of exogenous calcium precedes inclusion rupture (Hybiske and Stephens, 2007). In order to prevent complete host cell lysis, the plasma membrane is repaired by lysosomal exocytosis, which is regulated by elevated cytosolic calcium levels and actin depolymerization. Therefore, this lysosome-mediated repair process results in retention of residual bacteria within the surviving host cell, and release of several EBs capable of infecting other cells (Beatty, 2007). To exit their host cells using the lytic process, C. trachomatis must dismantle themselves from the cytoskeletal structures that encase its inclusion. Therefore, while the actin polymerization inhibitor latrunculin B blocks extrusion formation, it facilitates C. trachomatis lytic exit (Hybiske and Stephens, 2007; Yang et al., 2015). C. trachomatis lytic exit relies on bacterial proteins encoded on the C. trachomatis plasmid, as plasmidless C. trachomatis are incapable of disassemble actin from the inclusion, fail to exit cells and remain intracellular as mature inclusions yielding large numbers of infectious organisms (Yang et al., 2015).

The C. trachomatis Inc CT228 has been shown to play an important role during bacterial egress (Lutter et al., 2013; Shaw et al., 2018). It was previously suggested that CT228 preferentially recruits the phosphorylated form of MYPT1 (a subunit of myosin phosphatase) to the inclusion in order to inhibit its activity on MLC2 (myosin light chain 2) and facilitate extrusion-mediated exit (Lutter et al., 2013). However, new findings showed that loss of MYPT1 recruitment to the inclusion membrane, caused by CT228 disruption, significantly increases inclusion extrusion, suggesting that CTT28 inhibits extrusion. (Shaw et al., 2018). In addition, given the dramatic reduction in phosphorylation of MYPT1 at later stages of infection (Lutter et al., 2013), the MYPT1 recruitment to the inclusion can culminate in its activation overtime. Interestingly, CT228-mediated MYPT1 recruitment affects the longevity of infection in vivo, which may be related to the degree of host cell exit via extrusion (Shaw et al., 2018). As previously mentioned, extrusion formation is also regulated by interactions between the inclusion protein MrcA (or CT101) with host ITRP3 (calcium channel) and STIM1 (calcium sensor), as inhibition of extrusion is observed following siRNA depletion of ITPR3 or STIM1 or loss of ITPR3 recruitment due to MrcA disruption. Furthermore, inhibiting extrusion correlates with reduced phosphorylated MLC2, which is essential for myosin motor activity, and the intracellular calcium chelation by BAPTA-AM also reduces C. trachomatis extrusion (Nguyen et al., 2018). These findings reinforce the importance of calcium signaling pathways in regulation of release mechanisms by C. trachomatis.





Concluding remarks

For obligate intracellular bacteria, survival requires an intracellular niche which both protects from the innate immune system and provides nutrients and other resources required for bacterial replication. Of the four vacuolar pathogens considered here, all have unique intracellular niches tailored to meet the specific requirements of each bacterium (summarized in Table 1). While significant progress has been made in our understanding of pathogen-containing vacuoles, many areas remain unanswered. This includes elucidation of both the protein and lipid profile of the pathogen containing vacuole membrane, how it changes during the course of infection, and the molecular mechanisms which regulate fusion with host vesicular trafficking. While membrane contact sites are emerging as critical players in nutrient exchange between the Chlamydia and Coxiella containing vacuoles and the host endoplasmic reticulum, their full composition and regulation are unknown, and it is not clear if membrane contact sites exist for other vacuole pathogens. Finally, while the host cytoskeleton is involved in all stages of infection, there is still a lack of understanding on how bacterial pathogens manipulate the cytoskeleton, particularly during pathogen escape. Recent advances in the genetics of obligate intracellular bacteria, as well as new techniques to analyze complex interactions at the molecular and cellular level, will facilitate a better understanding of how pathogens survive inside the host cell.


Table 1 | Comparative analysis of key characteristics in the life cycles of A. phagocytophilum, E. chaffeensis, C. burnetii, and C. trachomatis.
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Most bacteria divide through a highly conserved process called binary fission, in which there is symmetric growth of daughter cells and the synthesis of peptidoglycan at the mid-cell to enable cytokinesis. During this process, the parental cell replicates its chromosomal DNA and segregates replicated chromosomes into the daughter cells. The mechanisms that regulate binary fission have been extensively studied in several model organisms, including Eschericia coli, Bacillus subtilis, and Caulobacter crescentus. These analyses have revealed that a multi-protein complex called the divisome forms at the mid-cell to enable peptidoglycan synthesis and septation during division. In addition, rod-shaped bacteria form a multi-protein complex called the elongasome that drives sidewall peptidoglycan synthesis necessary for the maintenance of rod shape and the lengthening of the cell prior to division. In adapting to their intracellular niche, the obligate intracellular bacteria discussed here have eliminated one to several of the divisome gene products essential for binary fission in E. coli. In addition, genes that encode components of the elongasome, which were mostly lost as rod-shaped bacteria evolved into coccoid organisms, have been retained during the reductive evolutionary process that some coccoid obligate intracellular bacteria have undergone. Although the precise molecular mechanisms that regulate the division of obligate intracellular bacteria remain undefined, the studies summarized here indicate that obligate intracellular bacteria exhibit remarkable plasticity in their cell division processes.
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Mechanisms of cell division in obligate intracellular bacteria

Cell division is a fundamental process for all organisms. In prokaryotes, division is generally accomplished through a highly conserved asexual process called binary fission during which the parental cell replicates its chromosomal DNA and segregates the replicated chromosomes into two daughter cells. The mechanisms that regulate binary fission have been extensively studied in a variety of model organisms including Eschericia coli, Bacillus subtilis, and Caulobacter crescentus (Goley et al., 2011; Levin and Janakiraman, 2021; Rohs and Bernhardt, 2021). These studies have revealed that a large multi-protein complex, the divisome, forms at the division plane and orchestrates the steps necessary for septal peptidoglycan synthesis and cell division. Additionally, in rod-shaped bacteria, a multi-protein complex called the elongasome drives sidewall peptidoglycan synthesis necessary for the maintenance of rod shape and the lengthening of the cell prior to septation and cellular constriction (Graham et al., 2021).

Although studies in model organisms have provided a framework for our understanding of the bacterial cell division process and defined the essential gene products that drive it, informatics and mechanistic analyses indicate that obligate intracellular bacteria exhibit remarkable plasticity in their cell division processes. In adapting to their intracellular niche, many obligate intracellular bacteria have eliminated genes associated with various metabolic and stress-induced pathways, as they have become dependent upon a host cell for survival (Sakharkar et al., 2004). However, genes encoding elements of the elongasome apparatus, which were mostly lost as rod-shaped bacteria evolved into coccoid organisms, have been retained during the reductive evolutionary process that some coccoid obligate intracellular bacteria have undergone. One coccoid organism in particular, Chlamydia trachomatis, divides by a unique polarized budding process (Abdelrahman et al., 2016) that is dependent upon elements of the elongasome (Ouellette et al., 2012; Abdelrahman et al., 2016). Although the precise molecular mechanisms that regulate the division of obligate intracellular bacteria for the most part remain undefined, genomic studies have revealed the sets of division genes each bacterium has retained. The goal of this review is to provide information on the function of various essential components of the division machinery in the well-studied Gammaproteobacterial model species, E. coli, as well as to discuss how gram-negative obligate intracellular bacteria may accomplish division with seemingly incomplete division machinery. For a more comprehensive discussion of cell division in various bacteria see the following manuscripts (Goley et al., 2011; Errington and Wu, 2017; Lutkenhaus and Du, 2017; Du and Lutkenhaus, 2019; Egan et al., 2020; Briggs et al., 2021; Levin and Janakiraman, 2021; Attaibi and den Blaauwen, 2022).




Peptidoglycan biosynthesis

The process of bacterial cell division in E. coli requires the synthesis of peptidoglycan at the septum and in the sidewall through the action of the divisome and the elongasome apparatuses, respectively (Pazos and Peters, 2019). Peptidoglycan is composed of glycan strands with repeating units of the disaccharide N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG). The disaccharide building block of peptidoglycan is synthesized in the cytosol where a pentapeptide chain is attached to NAM. This complex is attached to the lipid undecaprenyl phosphate on the cytosolic side of the inner membrane and subsequently flipped to the periplasm where it is added to existing glycan strands via a transglycosylase. Crosslinks between amino acids in the pentapeptide of adjacent glycan strands by transpeptidases stabilize peptidoglycan structure (Figure 1) (Kumar et al., 2022).




Figure 1 | Enzymatic steps of the peptidoglycan biosynthetic pathway in gram-negative bacteria. NAM, N-acetylmuramic acid; NAG, N-acetylglucosamine; Und-P, undecaprenyl phosphate; DAP, diaminopimelic acid.



Peptidoglycan synthesis initiates with fructose-6-phosphate, which is converted to UDP-NAG. The MurA enzyme catalyzes the first committed step of the pathway by transferring enolpyruvate from phosphoenolpyruvate to UDP-NAG. MurB then catalyzes the reduction of enolpyruvate to D-lactate to yield UDP-NAM. The sequential addition of amino acids via the activities of the MurC, MurD, MurE, and MurF results in the formation of a pentapeptide linked to UDP-NAM (Figure 1) (El Zoeiby et al., 2003).

The next stages of peptidoglycan biosynthesis occur at the inner membrane in E. coli, where the membrane lipid carrier undecaprenyl phosphate carries peptidoglycan precursors through the membrane. Undecaprenyl phosphate in the inner membrane is linked to UDP-NAM with its associated pentapeptide by the MraY enzyme, forming lipid I. MurG is a glycosyltransferase that catalyzes the transfer of NAG to lipid I to produce lipid II (Mohammadi et al., 2007). Although initial studies suggested that FtsW, a member of the SEDS (shape, elongation, division, and sporulation) family of proteins, functions as the transporter that translocates lipid II from the inner to the outer leaflet of the inner membrane in E. coli (Mohammadi et al., 2011), more recent data has suggested that MurJ functions as the lipid II flippase in this bacteria (Kuk et al., 2022). Following its transport into the periplasm, transglycosylases transfer the disaccharide precursor to existing glycan strands, and transpeptidases crosslink the pentapeptides in adjacent strands (Figure 1).






The role of the divisome in facilitating septation during binary fission

Most obligate intracellular bacteria divide by binary fission, which is orchestrated by the multi-protein complex called the divisome (Rowlett and Margolin, 2015; Lutkenhaus and Du, 2017). Here we will summarize the role of several divisomal proteins in the binary fission process primarily based on studies in E. coli. This will provide a framework for discussing the substantial variation seen in the cell division processes of obligate intracellular bacteria. The components of the divisome accumulate at the septum of dividing cells and are necessary for the segregation of the replicated chromosome into newly formed daughter cells, the synthesis of septal peptidoglycan, and constriction at the mid-cell to enable daughter cell separation. The proteins described below are key elements of the divisome that are essential for the binary fission process in E. coli.




FtsZ

FtsZ is expressed by most bacteria and plays a critical role in orchestrating the steps required for binary fission (Mahone and Goley, 2020; Barrows and Goley, 2021). FtsZ, the prokaryotic homologue of tubulin, assembles into filaments in its GTP-bound state (Mukherjee and Lutkenhaus, 1994). The resulting FtsZ filaments associate laterally to form a Z-ring at the septum of dividing cells. The Z-ring is the first element of the divisome to assemble at the division plane, and it serves as a scaffold for the assembly of other cell division proteins necessary for septal peptidoglycan synthesis and fission.





Regulating FtsZ positioning

Bacteria have evolved multiple mechanisms for ensuring that FtsZ filament assembly is restricted to the division site and its polymerization is inhibited at other locations in the cell. In E. coli, the Min system (Figure 2) (Wettmann and Kruse, 2018; Ramm et al., 2019) provides spatial regulation of FtsZ assembly through the action of MinC, MinD, and MinE proteins. MinD interacts with the membrane at a pole of the cell where it polymerizes through cooperative binding. MinD then associates with MinC, which functions as a localized FtsZ polymerization inhibitor by binding to FtsZ. The assembly of the MinCD complex is regulated by MinE, which binds MinD and promotes its dissociation from MinC. MinE also stimulates MinD ATPase activity, which results in the release of MinD from the membrane. Following release from the membrane, the MinCD complex assembles at the opposite pole of the cell. The oscillation of the Min system between the poles of the cell inhibits FtsZ filament assembly at the poles and promotes the assembly of FtsZ filaments at the mid-cell (de Boer et al., 1989; Bi and Lutkenhaus, 1993). Several of the obligate intracellular bacteria that are discussed here are members of the Alphaproteobacteria and they do not encode homologues of MinCDE. However, some express a homologue of MipZ a gradient forming member of the ParA/MinD family, which accumulates at the poles of dividing Caulobacter crescentus (Kiekebusch et al., 2012). Following its dimerization, MipZ binds to FtsZ monomers and prevents their association with FtsZ filaments (Thanbichler and Shapiro, 2006). In addition, MipZ can cap the plus end of FtsZ filaments promoting their depolymerization (Corrales-Guerrero et al., 2022). These two activities of MipZ suppress FtsZ filament assembly at the poles and result in the preferential accumulation of FtsZ filaments at the mid-cell of dividing C. crescentus. Another system employed by rod-shaped bacteria to restrict constriction to the mid-cell is the nucleoid occlusion system (Figure 2) (Wu and Errington, 2011; Schumacher, 2017). To prevent the chromosome from being bisected by septum formation during binary fission, the nucleoid occlusion system inhibits septation in regions where the chromosome resides. The protein involved in this inhibitory process in E. coli is SlmA, which associates with specific chromosomal sequences and sequesters FtsZ preventing Z-ring formation in the vicinity of its binding sites.




Figure 2 | Regulation of FtsZ filament assembly by the Min, nucleoid occlusion, and Ter linkage systems.



While the Min and nucleoid occlusion systems negatively regulate FtsZ filament assembly, the Ter linkage system is thought to promote FtsZ filament assembly in the vicinity of the E. coli replication terminus, which resides near mid-cell prior to FtsZ ring assembly (Bailey et al., 2014). The Ter linkage system is dependent upon MatP, which organizes the Ter macrodomain through its association with specific chromosomal sequences in the vicinity of the replication terminus (Mercier et al., 2008). MatP is proposed to promote FtsZ filament assembly through its interaction with ZapB, which in turn binds the FtsZ-binding protein ZapA thus stabilizing FtsZ filaments in the vicinity of the replication terminus (Galli and Gerdes, 2010; Espeli et al., 2012) (Figure 2). A similar Ter linkage system in C. crescentus that is dependent upon the DNA binding protein ZapT and the adapter proteins ZauP and ZapA is thought to promote FtsZ filament assembly at the mid-cell of this model alphaproteobacterial organism (Ozaki et al., 2020). Together the Min, nucleoid occlusion, and Ter linkage systems regulate the site of FtsZ polymerization in dividing cells.





FtsZ treadmilling

FtsZ filaments play a dual role at the septum in recruiting other division proteins to the septum and in generating a contractile force necessary for the initiation of constriction at the mid-cell in some bacterial species (Du and Lutkenhaus, 2019). FtsZ filaments in the Z-ring undergo a treadmilling process in which the assembly of GTP-bound FtsZ occurs at one end of the filament, while filament disassembly promoted by GTP hydrolysis occurs at the other end of the filament (Loose and Mitchison, 2014). FtsZ treadmilling drives its rotational movement at the septum and may be required for the positioning of peptidoglycan biosynthetic enzymes at the division plane (Bisson-Filho et al., 2017; Yang et al., 2017). Although there is no direct evidence for FtsZ treadmilling contributing to constriction at the septum in E. coli, studies in B. subtilis (Whitley et al., 2021) and Staphylococcus aureus (Monteiro et al., 2018) have indicated that early steps in constriction at the septum in these organisms are dependent on this treadmilling process.






Coordinating chromosomal translocation and septal peptidoglycan synthesis

Following its polymerization at the mid cell, FtsZ recruits other divisome proteins that each have specialized roles in the division process (Ortiz et al., 2016). The divisome apparatus in E. coli is composed of twelve essential proteins, which function together to enable the segregation of the replicated chromosome to each of the newly formed daughter cells, as well as to promote the synthesis of peptidoglycan at the septum (Figure 3). The following proteins are considered essential components of the divisome in E. coli: FtsZ, FtsA, ZipA, FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI/PBP3, and FtsN (Figure 3). The formation of the divisome apparatus occurs via the sequential recruitment of these proteins, beginning with FtsZ and ending with FtsN (Du and Lutkenhaus, 2017).




Figure 3 | Assembly of divisome proteins at the septum of E. coli. Divisome formation in E. coli begins with the assembly of FtsZ filaments and ends with the recruitment of FtsN.






Anchoring FtsZ to the cell membrane

As FtsZ polymers form the Z-ring, the proteins ZipA and FtsA are recruited to the site of division (Figure 3) to anchor FtsZ filaments to the cytoplasmic membrane (Barrows and Goley, 2021). FtsA, an actin-like protein, associates with the membrane via an amphipathic helix and binds FtsZ, stabilizing FtsZ filaments at the plane of division (Pichoff and Lutkenhaus, 2005). It does this by anchoring FtsZ to the membrane and promoting its association with ZipA, an integral membrane protein that anchors FtsZ polymers to the membrane at the septum (Hale and de Boer, 1997; Vega and Margolin, 2019). Genetic studies have suggested that FtsA plays an additional role in binary fission by directly activating peptidoglycan synthesis through its interaction with the septal peptidoglycan transglycosylase, FtsW (Park et al., 2021).





FtsEX

Following the recruitment of FtsA and ZipA to the Z-ring, FtsEX, an ABC transporter family member, is recruited to the divisome through its association with FtsZ (Aarsman et al., 2005; Du et al., 2019). The FtsE subunit of the complex binds to ATP and the activation of the ATPase activity of FtsEX is involved in the activation of septal peptidoglycan synthesis (Pichoff et al., 2019). It has been suggested that FtsX interacts with FtsA and interferes with its polymerization, thereby allowing the monomeric form of FtsA to recruit downstream proteins of the divisome (Du et al., 2016). In addition, ATP hydrolysis by FtsEX positively regulates the activity of amidases, which are hydrolase enzymes that cleave the peptide associated with peptidoglycan (Yang et al., 2011). The periplasmic amidases activated by FtsEX contribute to the separation of daughter cells at the conclusion of division.





FtsK

Prior to the completion of peptidoglycan synthesis at the septum, the replicated chromosomes are segregated to daughter cells. The divisome protein, FtsK, is recruited to the divisome complex through its interaction with FtsZ and it functions in recruiting other proteins to the divisome and as a DNA translocase (Yu et al., 1998). FtsK not only drives chromosomal translocation during division it also assists in the process of chromosome dimer resolution (Steiner et al., 1999). Following DNA replication, circular chromosomes can become topologically linked by homologous recombination and must be decatenated. The linked chromosome dimers are resolved through the action of the site-specific recombinases, XerC and XerD. The recombinases resolve catenated chromosomes by acting at the dif site, which is located near the replication terminus of the chromosome (Blakely et al., 1991). FtsK forms a hexamer and its ATP-dependent motor domain promotes the directional translocation of the chromosome by interacting with KOPS sites (FtsK-Orienting Polar Sequences) in the DNA (Bigot et al., 2005). When FtsK encounters the dif site it activates the recombinase activities of XerC and XerD enabling chromosome dimer resolution and the segregation of the replicated chromosomes to the daughter cells (Shimokawa et al., 2013).





FtsQLB complex

The FtsQLB complex is essential for divisome assembly and is thought to be a direct regulator of PG synthesis (47). FtsQ is initially recruited to the septum in a FtsK-dependent fashion (Chen and Beckwith, 2001) where it interacts with several divisome proteins, including FtsB, FtsW, FtsI, and FtsN (Trip and Scheffers, 2015). FtsB interacts with FtsL and is necessary for formation of the FtsQLB complex (Gonzalez et al., 2010). The cytoplasmic domain of FtsL is required for the recruitment of the peptidoglycan transglycosylase, FtsW, to the divisome (Buddelmeijer et al., 2002; Gonzalez et al., 2010; Marmont and Bernhardt, 2020).





FtsWI

FtsW, a member of the SEDS (shape, elongation, division, and sporulation) family of proteins, is a monofunctional transglycosylase that catalyzes the addition of disaccharides containing NAG and NAM to existing peptidoglycan strands at the septum. SEDS family members have been shown to be sufficient for both septal and sidewall peptidoglycan synthesis in a subset of bacteria when they are in complex with their cognate transpeptidases (Cho et al., 2016; Meeske et al., 2016; Emami et al., 2017; Reichmann et al., 2019; Taguchi et al., 2019). The recruitment of FtsW to the divisome requires FtsZ, FtsA, FtsQ, and FtsL (Mercer and Weiss, 2002). Once localized at the septum, FtsW recruits FtsI/Pbp3 (Mercer and Weiss, 2002), a transpeptidase that catalyzes 3-4 crosslinks between amino acids in the pentapeptide chains of adjacent glycan strands (Vollmer et al., 2008; Attaibi and den Blaauwen, 2022). In E. coli, PBP1b, a nonessential penicillin-binding protein that possesses both transglycosylase and transpeptidase activity, is also recruited to this complex (Attaibi and den Blaauwen, 2022). At this stage of divisome assembly, FtsQLB is hypothesized to inhibit peptidoglycan synthesis by FtsWI until FtsN is recruited to the complex (Attaibi and den Blaauwen, 2022).





FtsN

FtsI is primarily responsible for the recruitment of the final essential protein of the divisome, FtsN (Wissel and Weiss, 2004). The addition of FtsN results in the initiation of peptidoglycan synthesis and the resulting membrane constriction of the dividing cell. The regulatory role of FtsN in peptidoglycan synthesis appears to be mediated through its interactions with FtsA and the FtsQLB complex (Busiek and Margolin, 2014; Park et al., 2020). Activated FtsA is proposed to directly activate peptidoglycan synthesis by regulating the transglycosylase activity of FtsW (Park et al., 2021), while the interaction of FtsN with the FtsQLB complex is thought to trigger an interaction of the cytoplasmic domain of FtsL with FtsI/PBP3, which stimulates peptidoglycan synthesis by the FtsWI complex (Park et al., 2020). Although FtsN addition to the divisome correlates with the initiation of constriction, the precise mechanism whereby peptidoglycan synthesis drives constriction remains undefined (Gerding et al., 2009; Weiss, 2015).





Penicillin binding proteins

In addition to the essential components of the divisome, a variety of proteins that contribute to the synthesis, remodeling, and turnover of septal peptidoglycan are expressed in E. coli. A subset of these proteins is collectively referred to as penicillin binding proteins (PBPs) as they are targets of ß-lactam antibiotics, and they function as transglycosylases, transpeptidases, carboxypeptidases, and endopeptidases (Sauvage et al., 2008). Transglycosylases catalyze the glycosidic linkages in peptidoglycan, and transpeptidases cross-link amino acids in the pentapeptide chains of adjacent glycan strands. Carboxypeptidases catalyze the removal of the terminal amino acid in the pentapeptide chain, while endopeptidases hydrolyze peptide bonds between non-terminal amino acids in the peptide chain (Sauvage et al., 2008).

The PBPs in E. coli are divided into the following classifications according to their size and function. There are three Class A bifunctional PBPs, PBP1a, PBP1b, and PBP1c. Studies in B. subtilis initially indicated that these proteins, which possess transglycosylase and transpeptidase activity, are non-essential for growth (McPherson and Popham, 2003). In vivo assays have suggested that class A PBPs are not essential for the maintenance of cell shape in E. coli (Cho et al., 2016), and PBP1b appears to play a role in maintaining cell wall integrity by repairing cell wall defects (Vigouroux et al., 2020). However, E. coli cannot divide in the absence of both PBP1a and PBP1b (Yousif et al., 1985; Denome et al., 1999). The two class B monofunctional PBPs, PBP2 and FtsI/PBP3, possess transpeptidase activity and are essential in E. coli for the maintenance of cell shape and cell division, respectively (Spratt, 1975). PBP2 works in concert with its cognate transglycosylase, RodA, to direct sidewall peptidoglycan synthesis (Cho et al., 2016), while PBP3 works in concert with its cognate transglycosylase, FtsW, to direct septal peptidoglycan synthesis (Taguchi et al., 2019). The class C PBPs are the low molecular weight PBPs that possess carboxypeptidase and/or endopeptidase activity and assist in the maturation and recycling of peptidoglycan (Sauvage et al., 2008). The PBPs function in peptidoglycan synthesis or modification at the septum. In addition, these proteins function as components of the elongasome and direct peptidoglycan synthesis or modification associated with cell elongation and maintenance of rod-shape.





Amidases

During the final stages of division, daughter cells are released from one another through a process that involves constriction of septal peptidoglycan that is linked to the outer membrane. N-acetylmuramoyl-l-alanine amidases function in the periplasm to hydrolyze peptidoglycan cross-links by cleaving the pentapeptide from N-acetylmuramic acid (Heidrich et al., 2001; Bernhardt and de Boer, 2003). This facilitates peptidoglycan-dependent constriction at the septum and enables the separation of two newly formed daughter cells.






The role of the elongasome in facilitating sidewall peptidoglycan synthesis during binary fission

In addition to septal peptidoglycan, rod-shaped bacteria synthesize peptidoglycan in their sidewall, which is critical for cell lengthening and the maintenance of shape. Sidewall peptidoglycan synthesis is mediated by the elongasome apparatus (Figure 4). The formation of this apparatus is dependent upon components of the Mre system (mreBCD/rodZ) which provides a scaffold for the peptidoglycan synthetic complex that contains the transpeptidase, PBP2, and its cognate transglycosylase, RodA (Rohs et al., 2018; Liu et al., 2020). MreB, a prokaryotic homologue of actin, forms filaments on the inner membrane of rod-shaped bacteria (Jones et al., 2001) that are critical for the peptidoglycan synthesis mediated by the elongasome apparatus (Shi et al., 2018). All the gene products that direct the early steps in peptidoglycan synthesis including the flipping of lipid II to the periplasm are shared in common by the divisome and elongasome (Szwedziak and Lowe, 2013). Mutations that inactivate components of the elongasome apparatus result in loss of rod shape and can result in cell death under normal growth conditions (Spratt, 1975; Wachi and Matsuhashi, 1989). However, cells with loss of function mutations in elongasome components can be grown in minimal media at low temperatures (Bendezu et al., 2009). The elongasome proteins and their roles in regulating side-wall peptidoglycan synthesis are discussed below.




Figure 4 | The elongasome apparatus and the potential regulation of sidewall peptidoglycan synthesis. Putative active and inactive peptidoglycan synthetic complexes are shown. Figure was adapted from Liu et al., 2020 (Liu et al., 2020).






MreB/MreC/MreD

MreB forms multiple, short filaments that move independently around the circumference of rod-shaped bacteria and are involved in directing the sites of peptidoglycan synthesis in the sidewall. The protein contains a conserved amphipathic helix at its N-terminus that allows it to associate with the cell membrane. The MreB-dependent assembly of peptidoglycan in the sidewall enables the cell to maintain cell shape when exposed to osmotic stress. There is a tight coupling between side-wall peptidoglycan synthesis and MreB motility as inhibitors that prevent side-wall peptidoglycan crosslinking also inhibit MreB motility (Dominguez-Escobar et al., 2011; van Teeffelen et al., 2011). A knockout of MreB induces cell rounding and knockout cells eventually lyse likely as a consequence of osmotic stress (Kruse et al., 2005).

MreC forms oligomers (Martins et al., 2021) and associates with multiple components of the elongasome including, MreB, MreD, and PBP2. At least in Helicobacter pylori, the association of MreC with PBP2 alters the conformation of this transpeptidase (Contreras-Martel et al., 2017). The change in conformation in PBP2 that is triggered by MreC binding may be necessary for converting PBP2 to its ‘active’ state which directs side-wall peptidoglycan synthesis (Figure 4) (Liu et al., 2020).

MreD is another cell shape determining protein that interacts with MreC to regulate peptidoglycan synthesis in the lateral cell wall in rod-shaped bacteria. MreD alters the interaction of MreC with PBP2 potentially maintaining this transpeptidase in an ‘inactive’ state and thereby functioning as a negative regulator of sidewall peptidoglycan synthesis (Liu et al., 2020).





PBP2/RodA

RodA, another member of the SEDS protein family, is a multi-membrane spanning protein with transglycosylase activity and is essential for the growth of E. coli under normal conditions. RodA interacts with the transpeptidase, PBP2, and the activated version of this complex directs side-wall peptidoglycan synthesis (Liu et al., 2020). The circumferential movement of the RodA/PBP2 complex appears to be independent of MreB (Cho et al., 2016). Inactivating mutations in RodA or PBP2 in E. coli result in enlarged, spherical cells (Matsuzawa et al., 1973; Spratt, 1975; Meeske et al., 2016). The bifunctional PBP, PBP1a, interacts with PBP2 and is also involved in directing side-wall peptidoglycan synthesis in E. coli. PBP1a, which is not essential and appears to function independent of the core elongasome apparatus, may be necessary for filling gaps in peptidoglycan that arise during normal cell growth or following damage (Cho et al., 2016).





RodZ

RodZ is a transmembrane protein that is recruited to the elongasome through its interaction with MreB (Alyahya et al., 2009), and bacterial two-hybrid studies have shown that it also binds MreC (Bendezu et al., 2009). The interactions of RodZ with MreB and MreC are essential for the maintenance of cell shape. RodZ also interacts with the divisome protein FtsZ (Fenton and Gerdes, 2013; Yoshii et al., 2019) providing a potential link for the transition from cell elongation to cell division, and loss of RodZ function results in a delay in the formation of the divisome apparatus (Yoshii et al., 2019).





Essential cell division proteins of C. crescentus

Several of the obligate intracellular bacteria discussed here are members of the Alphaproteobacteria, and the proteins required for cell division in the model alphaproteobacterial organism, C. crescentus, have been extensively analyzed (Singhi and Srivastava, 2020). All the essential divisome gene products of E. coli are also essential in C. crescentus with the exception of ZipA, which C. crescentus does not encode. However, the ordered assembly of the divisome in C. crescentus differs from that observed in E. coli (Goley et al., 2011). In addition, several essential divisome proteins have been identified in C. crescentus that are not expressed in E. coli including MipZ, FzlA, and DipI. As described above, MipZ restricts the assembly of the FtsZ ring to the mid-cell in dividing C. crescentus, while DipI and FzlA are required for cell constriction during division. DipI is a periplasmic protein that associates with the FtsQLB complex and is essential for the initiation of constriction during division (Osorio et al., 2017). FzlA binds to and controls FtsZ filament curvature and is also essential for constriction at the mid-cell in dividing C. crescentus (Lariviere et al., 2018). In the analysis below, we have determined whether the discussed obligate intracellular bacteria possess a homologue of MipZ. FzlA is one of nineteen glutathione S-transferase family members encoded in the C. crescentus genome. Although all the obligate intracellular bacteria discussed here contain a single glutathione S-transferase gene, it is unclear whether the protein encoded by this gene functions in a manner similar to FzlA, so it was excluded from the analysis. DipI is composed of two adjacent SH4 domains with an upstream α-helical region. While all the obligate intracellular bacteria discussed here contain a gene that encodes a protein with two SH4 domains, it is again unclear whether this protein is functionally analogous to DipI so it was also excluded from the analysis.





Cell division in obligate intracellular bacteria

Defining the essential proteins of the divisome and elongasome apparatus in model systems like E. coli and C. crescentus have provided a framework for understanding the process of growth and division in the gram-negative bacteria discussed here. However, many components of the divisome and elongasome machinery are dispensable for the growth and replication of obligate intracellular bacteria. These organisms have reduced genomes compared to free-living bacteria, as the obligate intracellular bacteria have come to rely on their host cell for their survival (Casadevall, 2008). However, their growth within eukaryotic cells places obligate intracellular bacteria in a position where they are susceptible to the intracellular host innate immune response. Degradation products from the highly conserved peptidoglycan cell wall present pathogen associated molecular patterns (PAMPs) that are recognized by the innate immune receptors, NOD1 and NOD2 (Kanneganti et al., 2007; Rietdijk et al., 2008). Genomic analyses have revealed that some of the obligate intracellular bacteria discussed here lack most or all of the genes required for the synthesis of peptidoglycan precursors (Table 1) (Otten et al., 2018; Atwal et al., 2021; Smith et al., 2022), and peptidoglycan was not detected in Anaplasma phagocytophilum and Ehrlichia chaffeensis using peptidoglycan precursors that could be fluorescently labeled using click chemistry technology (Atwal et al., 2021). In addition, Chlamydia trachomatis (Liechti et al., 2014) and Chlamydia muridarum (Cox et al., 2020) only transiently synthesize peptidoglycan, which exclusively accumulates at the septum during their cell division processes. Although obligate intracellular bacteria may have reduced peptidoglycan content to more effectively evade detection by the host innate immune response, the peptidoglycan produced by Rickettsia canadensis, Orientia tsutsugamushi, Anaplasma marginale, and some Wolbachia pipientis strains still confers complete or partial resistance to osmotic stress (Atwal et al., 2021).


Table 1 | Peptidoglycan biosynthetic gene products encoded by the indicated obligate intracellular bacteria.



In addition to variation in their levels of peptidoglycan, none of the obligate intracellular bacteria described here have a complete set of the essential E. coli divisome proteins (Table 2) (Otten et al., 2018; Atwal et al., 2021; Smith et al., 2022). At present, it is unclear at a molecular level how the divisomal proteins encoded by any of the obligate intracellular bacteria coordinate the steps essential for division. However, it is interesting to note that several of these organisms encode elongasome proteins (Table 2) (Otten et al., 2018; Atwal et al., 2021; Smith et al., 2022) even though they are coccoid in morphology (Table 3). One of these coccoid organisms, Chlamydia, does not encode FtsZ (Stephens et al., 1998) and it has co-opted elements of the elongasome to coordinate its division process (Ouellette et al., 2012; Cox et al., 2020).


Table 2 | Divisome, elongasome, and peptidoglycan modifying gene products encoded by the indicated obligate intracellular bacteria.




Table 3 | Characteristics of the obligate intracellular bacteria.



Informatic studies have demonstrated differences in the array of peptidoglycan biosynthetic and divisome genes retained by gram-negative obligate intracellular organisms from different genera, and between related organisms from the same genus (Otten et al., 2018; Atwal et al., 2021). In addition, variation has been reported in the peptidoglycan biosynthetic and divisome genes retained by different strains of Buchnera aphidicola and Wolbachia pipientis (Otten et al., 2018; Atwal et al., 2021; Smith et al., 2022). Our analysis, which is summarized in Tables 1, 2, has confirmed these observations and documented additional variability in the essential E. coli divisome gene products retained by different strains of B. aphidicola and W. pipientis. How organisms with minimal peptidoglycan biosynthetic and/or divisome machinery potentially accomplish cell division is discussed below.





Cell division in Coxiella spp.

Coxiella are gram-negative rod-shaped bacteria (Table 3) that like E. coli are members of the Gammaproteobacteria. C. burnettii, the most prevalent Coxiella species is transmitted through aerosols and preferentially infects mononuclear phagocytes. When the bacteria spreads to humans, it can lead to Q-fever, a disease that can present as flu-like or can result in a chronic condition that can lead to endocarditis (Dragan and Voth, 2020). C. burnettii can also infect cells of the placenta in pregnant women and induce premature deliveries or stillbirths (Carcopino et al., 2009).

Coxiella are internalized by host cells through a microfilament-dependent parasite-directed endocytic pathway and they reside within a parasitophorous vacuole in the host (Heinzen et al., 1999; Minnick and Raghavan, 2012; Dragan and Voth, 2020). Although Coxiella divide by binary fission, they lack the genes encoding components of the Min and nucleoid exclusion systems (Table 2). Like all the obligate intracellular bacteria discussed here, Coxiella also have an incomplete Ter linkage system, and the mechanisms that direct FtsZ filament assembly at the mid-cell during division in Coxiella are unclear. These organisms undergo a biphasic developmental cycle that generates distinct large cell variants that undergo replication and small cell variants that are the non-replicating stationary phase form of the organism. Both large and small cell variants can infect cells in vitro, although the small cell variant is likely the initiator of natural infections in vivo and it is able to survive harsh environmental conditions (Dragan and Voth, 2020).

Coxiella encode a homologue for all the essential proteins of the E. coli divisome apparatus except for FtsN (Table 2), which plays a key regulatory role in switching on peptidoglycan synthesis in E. coli (Weiss, 2015). An FtsN homologue is not encoded by any of the obligate intracellular bacteria described here indicating that these organisms have developed alternative mechanisms to switch on septal peptidoglycan synthesis during division. Coxiella possess a peptidoglycan sacculus and they possess all the E. coli genes necessary to synthesize peptidoglycan (Table 1). In addition to the PBP1, PBP2, and PBP3 transpeptidases (Table 2), Coxiella express L,D-transpeptidases that introduce non-classical 3-3 peptide crosslinks into peptidoglycan that are critical for the association of peptidoglycan with β-barrel outer membrane proteins (Sandoz et al., 2021). Interestingly, the expression of these L,D-transpeptidases is elevated in small cell variants (Sandoz et al., 2016) and crosslinks introduced by these proteins into peptidoglycan may be critical for cell wall stability and enable Coxiella to survive harsh environmental conditions (Minnick and Raghavan, 2012).





Cell division in Buchnera spp.

Buchnera, like E. coli, are Gammaproteobacteria within the order Enterobacterales. There is a single species in the genus, Buchnera aphidicola. These gram-negative bacteria are obligate endosymbionts in aphid insects. Unlike the other obligate intracellular bacteria discussed in this review, the insect host of these bacteria cannot survive in their absence (Shigenobu and Wilson, 2011). Members of Buchnera are coccoid and divide by binary fission within a vacuole (Table 3) in a specialized cell in the infected host called a bacteriocyte (Shigenobu and Wilson, 2011). As Buchnera strains have co-evolved with their aphid hosts, they have retained homologues of very different subsets of the essential E. coli divisome genes. As an example of this, most Buchnera that are endosymbionts of aphids of the subfamily Aphidinae have retained ftsZ, ftsA, ftsB, ftsL, ftsW, and ftsI (BuchneraA in Table 2), while Buchnera that are endosymbionts of aphids of the subfamily Lachinae (BuchneraL in Table 2) have only retained ftsZ and ftsA. Buchnera are the only obligate intracellular bacteria discussed here that encode homologues of MinCDE (Table 2), which likely position the FtsZ ring at the mid-cell during the binary fission process. The BuchneraA and BuchneraL strains are also the only obligate intracellular bacteria discussed here that do not encode FtsK, and the mechanisms that direct chromosome translocation during binary fission are unclear.

Early studies indicated that Buchnera have a classical peptidoglycan sacculus (Houk et al., 1977) and are sensitive to β-lactam antibiotics (Griffiths and Beck, 1974). However, the BuchneraA and BuchneraL strains differ in the essential E. coli peptidoglycan biosynthetic genes that they encode (Table 1). While some of the BuchneraA strains encode the majority of the peptidoglycan biosynthetic genes, a subset of BuchneraA strains do not encode MurC, MurE, and MurF, and none of the Buchnera strains analyzed here encode the alanine racemase (Alr) (Table 1). Recent studies using peptidoglycan precursors that could be fluorescently labeled using click chemistry have demonstrated that one of the BuchneraA strains that does not encode MurC, MurE, and MurF can synthesize peptidoglycan (Smith et al., 2022). The ability of this strain to synthesize peptidoglycan was not dependent upon the presence of co-symbionts in the infected aphid, and it was suggested that the remaining Mur gene products encoded by this strain may have acquired ligase activities to compensate for the loss of MurC, MurE, and MurF (Smith et al., 2022). While the BuchneraL strains have retained FtsZ and FtsA, they lack all the transglycosylases and transpeptidases that direct peptidoglycan synthesis and crosslinking in the periplasm (Table 2). The majority of the BuchneraL strains have also lost all of the genes necessary for the synthesis of peptidoglycan precursors. How these organisms complete the binary fission process in the absence of peptidoglycan and with a minimal divisome apparatus is not understood.





Cell division in Rickettsia spp. and Orientia spp.

Rickettsia, and Orientia are Alphaproteobacteria within the family Rickettsiaceae. These organisms have retained a similar array of the E. coli gene products that direct cell division and peptidoglycan biosynthesis and they will be discussed together. Rickettsia spp. are gram-negative bacilli (Table 3) that cause a range of diseases including, Rocky Mountain spotted fever, rickettsial pox, epidemic typhus, and murine typhus (Matos et al., 2022). Rickettsia are transmitted by an arthropod host that feeds on mammals and the transmitted bacteria target the microvascular endothelium, leading to endothelial dysfunction. Host cell receptors interact with Rickettsia ligands resulting in adhesion of the organism, which undergoes phagocytosis. In Rickettsia parkeri (Borgo et al., 2022) and Rickettsia typhi (Rahman et al., 2013), Pat1 phospholipase A2 promotes the release of the internalized organism from the phagosome into the cytosol of the infected cell where it replicates. Since all sequenced Rickettsia species contain a gene encoding Pat1 (Rahman et al., 2013; Borgo et al., 2022), this enzyme may enable phagosomal membrane release for all members of the Rickettsia.

Orientia is a genus within the Rickettsiaceae family. These organisms are coccoid/irregular-shaped (Table 3), and there are two known human pathogenic members of the genus, O. tsutsugamushi and O. chuto. Orientia are transmitted to humans through larval stage mites, and this can result in the development of scrub typhus (Salje, 2017). Following entry into a host cell by endocytosis, Orientia escape the endosome and move to a perinuclear location where they replicate by binary fission until ~fifty bacterial cells reside within the host. The replicated bacterial cells then exit the host by a budding process that results in the bacterium being released in a vesicle derived from the host cell plasma membrane (Banerjee and Kulkarni, 2021).

The Rickettsia and Orientia divide by binary fission and they possess homologues of the same subset of the essential E. coli divisome genes including ftsZ, ftsA, ftsK, ftsQ, ftsL, ftsB, ftsW, and ftsI (Table 2 – only genomes from O. tsutsugamushi were included in our analysis). These organisms also encode a homologue of MipZ, which likely positions the FtsZ ring at the mid-cell during cell division (Table 2). In addition to the divisome gene products, these bacteria express homologues of all the E. coli genes required for peptidoglycan biosynthesis with the exception of murI, a glutamate racemase that converts L-glutamate to D-glutamate (Table 1). MurI is not expressed by any of the obligate intracellular bacteria discussed here that are members of the Alphaproteobacteria. At least in the Rickettsia, however, an alternative pathway gives rise to D-glutamate as this amino acid has been detected in peptidoglycan isolated from these organisms (Pang and Winkler, 1994). In addition to lacking MurI, the Orientia do not encode the alanine racemase, Alr (Table 1). Peptidoglycan has not been biochemically characterized in the Orientia, and these organisms are insensitive to β-lactam antibiotics (Fenollar et al., 2003). However, microscopic analyses have demonstrated the presence of peptidoglycan in Orientia metabolically labeled with fluorescent peptidoglycan precursors (Atwal et al., 2017; Atwal et al., 2021). The basis for the insensitivity of these bacteria to β-lactam antibiotics is unclear at this time. While the Rickettsia and Orientia encode homologues of many of the components of sidewall peptidoglycan synthesis machinery including, MreB, MreC, RodA, and PBP2 (Table 2), the Rickettsia are rod-shaped and the Orientia are coccoid/irregular in shape (Table 3). Recent analyses have postulated that this difference in morphology could be due to the expression of class A PBPs in the Rickettsia (Table 2), which could affect the abundance and/or crosslinking of peptidoglycan and ultimately the morphology of the cells (Atwal et al., 2021).





Cell division in Wolbachia spp.

Wolbachia are Alphaproteobacteria in the family Anaplasmataceae. These bacteria are transmitted through the germline, but also can colonize some somatic tissues of insects and arthropods. Inflammatory filarial disease in humans results from the passage of worm larvae by mosquitoes during a blood meal (Dietrich et al., 2019). Wolbachia are coccoid/irregular shaped organisms and they grow and divide by binary fission within a host cell vacuole (Table 3). These organisms are capable of surviving for a short time outside of a host cell. However, they cannot synthesize essential lipids and therefore are unable to divide (Pietri et al., 2016).

Strains of the single species of Wolbachia, Wolbachia pipientis, are distributed in several clades referred to as supergroups. Fourteen supergroups (A-O) have been described that infect arthropods and nematodes (Liu et al., 2023). These supergroups are not species but reflect different evolutionary lineages that arose from a primary separation between the two most abundant clades, Supergroups A and B. For the purposes of this review, we have grouped supergroups A, E, and F (WolbachiaAEF) and B, C, and D (WolbachiaBCD) together based on the similar array of divisome genes the supergroup members have retained. Members of the WolbachiaAEF supergroups encode homologues of the divisome gene products FtsZ, FtsA, FtsK, FtsQ, FtsL, FtsB, FtsI, FtsW and the elongasome proteins MreB, PBP2, and RodA (Table 2). In contrast, most members of the WolbachiaBCD supergroups do not encode a homologue of FtsL, FtsB, the FtsI transpeptidase, or the FtsW transglycosylase. The WolbachiaBCD organisms have retained homologues of the elongasome components RodA and PBP2 (Table 2) suggesting that these components may direct septal peptidoglycan synthesis and crosslinking in the absence of FtsW and FtsI. WolbachiaJ supergroup members, which have undergone an even more dramatic reduction in the composition of their divisome, do not encode a homologue of FtsZ. Although WolbachiaJ supergroup members have lost almost all the essential genes of the E. coli divisome, they still encode MreB, RodA, and PBP2 (Table 2), again suggesting a role for these elongasome components in directing septal peptidoglycan synthesis during binary fission. The absence of FtsZ in the WolbachiaJ supergroup members further suggests the possibility that MreB may substitute for FtsZ to coordinate septal peptidoglycan synthesis and crosslinking in these bacteria. While WolbachiaJ supergroup members encode most of the genes required for the synthesis of lipid II peptidoglycan precursors (Figure 1), they do not encode MurJ or FtsW, the two enzymes that have been linked to the transport of lipid II precursors from the cytosol to the periplasm for incorporation into growing glycan stands at the septum of dividing cells (Mohammadi et al., 2011; Kuk et al., 2022). Whether the SEDS protein family member, RodA (Egan et al., 2020; Kumar et al., 2022), potentially functions in translocating lipid II into the periplasm of WolbachiaJ supergroup members is unclear at this time.





Cell division in Anaplasma spp.

Anaplasma are Alphaproteobacteria in the family Anaplasmataceae. These bacteria are tick-transmitted pathogens that can infect myeloid cells, erythrocytes, leukocytes, or endothelial cells in cattle and cause the disease granulocytic anaplasmosis. Anaplasma are coccoid/irregular shaped, gram-negative bacteria that grow and divide within a parasitophorous vacuole in the infected host cell (Severo et al., 2012) (Table 3). The organism has two developmental forms. The dense cored morphotype binds to and is internalized by host cells. Following internalization, the dense cored morphotype differentiates into a reticulate cell, which divides by binary fission in the parasitophorous vacuole (Blouin and Kocan, 1998).

Individual species of the genus Anaplasma have undergone significant divergence with respect to their divisome and peptidoglycan biosynthetic machinery. Anaplasma marginale (Anaplasmam in Tables 1, 2) encodes an array of divisome and peptidoglycan biosynthetic gene products very similar to those observed in the Rickettsia, Orientia, and supergroups A, E and F of the Wolbachia. In contrast, Anaplasma phagocytophilum (Anaplasmap in Tables 1, 2) has only retained the genes for the divisome components FtsZ, FtsA, FtsK, and FtsQ, and the peptidoglycan biosynthetic gene products MurB and MurJ. Peptidoglycan was not detected in Anaplasma phagocytophilum using peptidoglycan precursors that could be fluorescently labeled using click chemistry (Atwal et al., 2021). Except for MreB and MreC, Anaplasma phagocytophilum also does not encode any of the components of the elongasome. In the absence of peptidoglycan, Anaplasma phagocytophilum incorporates cholesterol from the host cell into their membranes, which is thought to provide structural rigidity to the cell and it is required for the organism to infect target cells (Lin and Rikihisa, 2003). While it has been suggested that Anaplasma phagocytophilum divides by binary fission, microscopic analyses have demonstrated the presence of irregular buds on the surface of this organism (Lin and Rikihisa, 2003). Although it is unclear whether these buds represent intermediates in cell division, it is interesting to note that FtsZ-less E. coli that are referred to as L-forms can divide in media with reduced osmolarity, and these cells appear to give rise to daughter cells by a process of irregular budding from their cell surface (Mercier et al., 2016).





Cell division in Ehrlichia spp.

Ehrlichia are Alphaproteobacteria in the family Anaplasmataceae. These organisms are coccoid/irregular shaped, gram-negative bacteria that invade monocytes, granulocytes, lymphocytes, or platelets within vertebrates and grow within cytoplasmic vacuoles (Table 3). Ehrlichia spp. take on two forms during the process of infecting a vertebrate host cell: small dense-cored cells (DCs) with a condensed nucleoid and larger reticulate cells (RCs) with a more uniformly dispersed nucleoid. DCs attach to a host cell and are internalized by endocytosis (Zhang et al., 2007). Following their uptake, DCs are converted to RCs, which replicate within a vacuole in the host. The replicating organisms form large aggregates within the vacuole called morulae (Dedonder et al., 2012).

Ehrlichia spp. have retained a small subset of the essential divisome proteins of E. coli. These organisms encode homologues of FtsZ, FtsA, FtsK, and FtsQ, and they do not encode any of the components of the elongasome (Table 2). In addition, Ehrlichia spp. do not contain any of the essential gene products required for the synthesis of peptidoglycan precursors in E. coli (Table 1), and peptidoglycan was not detected in E. chafeensis using peptidoglycan precursors that could be fluorescently labeled using click chemistry (Atwal et al., 2021). Like A. phagocytophilum, E. chaffeensis incorporate cholesterol from the host into their cell envelopes, and this membrane cholesterol is necessary for the organism to infect target cells (Lin and Rikihisa, 2003). While it has been suggested that Ehrlichia divide by binary fission, microscopic analyses have demonstrated the presence of irregular buds on the surface of E. chaffeensis (Lin and Rikihisa, 2003) that may correspond to intermediates in the cell division process.





Polarized cell division in Chlamydia spp.

Chlamydiae are a diverse group of gram-negative bacteria that infect a broad spectrum of species (Elwell et al., 2016; Collingro et al., 2020). This review will primarily focus on the cell division processes of the human pathogen, Chlamydia trachomatis. Infection of epithelial cells of the genital tract by this organism is the leading bacterial cause of sexually transmitted disease and can lead to infertility (Darville and Hiltke, 2010; O’Connell and Ferone, 2016). In addition, these organisms infect cells of the eye and are the leading cause of preventable blindness worldwide (Taylor et al., 2014). Like all members of the Chlamydiae, Chlamydia trachomatis undergo a biphasic developmental cycle during the course of infection. A non-dividing elementary body (EB) infects a host cell and differentiates into a replicative reticulate body (RB) within a parasitophorous vacuole called an inclusion (Table 3). Following RB multiplication within the inclusion, RBs re-differentiate into EBs, which are released from the cell to initiate another round of infection.

Genome sequence analysis has revealed that Chlamydia trachomatis does not encode a homologue for FtsZ (Stephens et al., 1998), the essential regulator of cell division in most bacteria. Although some Chlamydiae are thought to divide by binary fission (Bayramova et al., 2018), imaging analyses have indicated that Chlamydia trachomatis and Chlamydia muridarum, members of the Chlamydiaceae, divide by a novel polarized budding process (Abdelrahman et al., 2016; Cox et al., 2020). This budding process is characterized by an asymmetric expansion of the membrane from one pole of a coccoid cell that results in the formation of a nascent daughter cell (Figure 5). Chlamydiae are members of the Chlamydia/Verrucomicrobia/Planctomycetes superphyla. Planctomycetes are free living organisms that also lack FtsZ. Similar to Chlamydia, two different modes of cell division have been observed for members of the Planctomycetota phyla. Bacteria from the class Planctomycetia divide by budding, while those from Phycisphaerae divide by binary fission (Wiegand et al., 2020).




Figure 5 | Steps in the polarized cell division of the C. trachomatis. Distribution of peptidoglycan and MreB and the effect of MreB, PBP2, and PBP3 inhibitors on the chlamydial division process are shown.



Peptidoglycan has been isolated and characterized from Protochlamydia amoebophilia (Jacquier et al., 2015), a member of the order Chlamydiales. However, researchers have been unable to isolate peptidoglycan from members of the family Chlamydiaceae, even though these organisms are sensitive to ß-lactam antibiotics and possess the majority of genes required for peptidoglycan biosynthesis (Table 1). This paradox, which was referred to as the ‘chlamydial anomaly’ (Moulder, 1991) was resolved when studies using peptidoglycan synthesis precursors that could be fluorescently labeled demonstrated the presence of peptidoglycan that exclusively accumulated at the septum of dividing Chlamydia trachomatis (Liechti et al., 2014), and Chlamydia muridarum (Cox et al., 2020). This finding was corroborated by mass spectrometry studies that detected intermediates in peptidoglycan synthesis and/or degradation in Chlamydia trachomatis serovar L2 (Packiam et al., 2015).

Chlamydia are coccoid organisms and they encode homologues of the E. coli divisome components FtsK, FtsQ, FtsL, FtsB, FtsW, and FtsI/PBP3 (Table 2), and localization studies have shown that chlamydial FtsQ accumulates at the septum in cells undergoing polarized budding (Abdelrahman et al., 2016). In addition to these divisome components, Chlamydia encodes homologues of many of the elongasome gene products including MreB, MreC, RodZ, PBP2, and RodA (Table 2). Studies using MreB inhibitors have indicated that the initiation of chlamydial cell division is dependent upon MreB (Figure 5) (Ouellette et al., 2012; Abdelrahman et al., 2016), and it was hypothesized that MreB may coordinate divisome assembly in these FtsZ-less organisms (Ouellette et al., 2012; Ouellette et al., 2020). It was subsequently demonstrated that MreB and RodZ accumulate at the septum of dividing Chlamydia (Kemege et al., 2015; Liechti et al., 2016; Lee et al., 2020), and MreB function was required for the assembly of septal peptidoglycan rings (Liechti et al., 2016). A role for MreB in coordinating septal divisome assembly in Chlamydia was further supported by the interesting observation that the co-expression of chlamydial MreB and RodZ at least partially complements an FtsZ deficiency in E. coli (Ranjit et al., 2020).

Studies using peptidoglycan precursors that can be fluorescently labeled revealed that one of the early events in the division of Chlamydia trachomatis and Chlamydia muridarum is the formation of a patch of peptidoglycan at one pole of the cell (Figure 5) (Cox et al., 2020). As the daughter cell emerges from this pole of the cell, the peptidoglycan patch is converted to a peptidoglycan ring (Figure 5). Inhibitor studies indicated that peptidoglycan regulates at least two steps in this polarized division process. Cells treated with inhibitors that prevent peptidoglycan synthesis or peptidoglycan crosslinking by PBP2 are unable to initiate polarized division, while cells treated with inhibitors that prevent peptidoglycan crosslinking by FtsI/PBP3 initiate polarized division, but the process arrests at an early stage of daughter cell growth (Figure 5) (Cox et al., 2020). These results suggest that components of the elongasome machinery (MreB and PBP2) act upstream of the divisome component, PBP3, in regulating the polarized division process of Chlamydia.

MreB exhibits a polar distribution in coccoid Chlamydia prior to the onset of division and at the septum of cells undergoing division (Figure 5) (Liechti et al., 2016; Lee et al., 2020). Recent studies have demonstrated a critical role for cardiolipin in directing the localization of MreB in the chlamydial division process. Cardiolipin is synthesized in a polar fashion in dividing Chlamydia, and an inhibitor that disrupts cardiolipin-rich membrane microdomains alters the restricted localization of MreB in dividing cells (Ouellette et al., 2022). It will be interesting in future studies to determine whether MreB localization in Chlamydia is regulated via a direct interaction with cardiolipin or is dependent upon the negative membrane curvature associated with cardiolipin-rich membrane microdomains (Renner and Weibel, 2011).

There is currently no additional information regarding the role of FtsK, FtsL, FtsW, RodA, or MreC in regulating chlamydial cell division, but the recent development of genetic tools, especially conditional knockdowns using CRISPRi technology (Ouellette et al., 2021), hold great promise for further dissecting the role of these proteins in regulating the polarized budding of these organisms. It is interesting to note that studies in Planctopirus limnophila, a budding ovoid member of the FtsZ-less Planctomycetes, revealed that knockouts of FtsW, FtsI, and MreB did not affect the growth rate of these free-living organisms (Rivas-Marin et al., 2020). However, investigators were unable to establish a knockout of the chromosomal translocase, FtsK, suggesting it is essential for growth (Rivas-Marin et al., 2020). FtsK has been retained as part of the cell division machinery of all the obligate intracellular bacteria discussed above with the exception of the Buchnera (Table 2). Whether FtsK is essential for the assembly of the divisome and the segregation of replicated chromosomes during chlamydial cell division will be addressed in future studies.






Conclusion

The mechanisms that regulate the cell division process of E. coli have been extensively investigated. These studies have led to the protein interaction map (Szklarczyk et al., 2021) depicted in Figure 6 that illustrates known protein-protein interactions in E. coli and the potential interplay between elements of the divisome and elongasome during the growth and division of this organism. Figure 6 also depicts the array of gene products retained (highlighted in blue) by some of the obligate intracellular bacteria discussed here and their potential interactions as they have adapted to their intracellular lifestyle. Although the molecular mechanisms that regulate the division of these obligate intracellular bacteria are for the most part undefined, these putative interaction maps suggest that a wide array of FtsZ-dependent division processes occur in obligate intracellular bacteria. Some of these organisms, such as Coxiella spp., are likely to undergo division in a manner similar to the processes characterized in E. coli. However, organisms such as the Ehrlichia and some of the Buchnera, Wolbachia and Anaplasma (Figure 6), have eliminated most of the division machinery of E. coli and in some cases the ability to synthesize peptidoglycan (Tables 1, 2) yet they have retained the ability to divide.




Figure 6 | String maps (Szklarczyk et al., 2021) illustrating protein-protein interactions of the divisome and elongasome machinery of the indicated bacteria. The interaction maps of the various obligate intracellular bacteria indicate the gene products they have retained (highlighted blue) and their putative interactions based on studies from E. coli. The maps shown for the Buchnera, Wolbachia, and Anaplasma illustrate the genes retained by the BuchneraA strains of Buchnera aphidicola, a Wolbachia pipientis strain from supergroup J, and Anaplasma phagocytophilum, respectively (see Table 2). The interactions indicated with black lines are based on two-hybrid studies in E. coli. The green lines represent recently identified genetic interactions in E. coli (Du et al., 2016; Park et al., 2020; Park et al., 2021). The red lines represent interactions characterized in E. coli using FRET technology (Liu et al., 2020).



The interaction maps in Figure 6 further illustrate that the components of the divisome and elongasome interact in E. coli, and these interactions may coordinate the processes of cell growth and division (Ago and Shiomi, 2019; Yoshii et al., 2019). The Chlamydiae do not encode a homologue for FtsZ, and they have co-opted elements of the elongasome to direct their cell division process (Ouellette et al., 2012; Cox et al., 2020). The MreB-dependent division of these organisms, at least among members of the Chlamydiaceae, is characterized by a novel polarized budding process, and recent studies have suggested that interactions between membrane phospholipids and the MreB-dependent cytoskeleton of C. trachomatis may be critical for regulating their polarized membrane growth (Ouellette et al., 2022). Our informatic analysis revealed that members of the WolbachiaJ supergroup also do not encode FtsZ, but they have retained the elongasome components MreB, RodA, and PBP2. These organisms may represent another example where elements of the elongasome substitute for divisome proteins to direct septal peptidoglycan synthesis and crosslinking during cell division. Although members of the Chlamydiae and WolbachiaJ supergroup members are the only obligate intracellular bacteria that do not encode FtsZ, all the bacteria discussed in this review have lost genes essential for cell division in E. coli as they have adapted to their intracellular lifestyle. Most of these organisms do not encode FtsN and FtsEX, critical regulators of peptidoglycan synthesis and remodeling in E. coli, and how these organisms regulate peptidoglycan synthesis and breakdown during their division processes are not defined. Informatic analyses further indicate that some of the obligate intracellular organisms lack the ability to synthesize peptidoglycan (Table 1). The mechanisms that regulate division in organisms that lack the capacity to synthesize peptidoglycan are unclear. However, A. phagocytophilum and E. chafeenis, which do not produce detectable peptidoglycan (Atwal et al., 2021), exhibit irregular buds on their surface that may represent intermediates in cell division (Lin and Rikihisa, 2003). While many questions remain unanswered, the continued development of molecular tools holds great promise for dissecting how obligate intracellular bacteria with major differences in their cell division machinery coordinate the processes of membrane growth, chromosome segregation, septum formation, and fission that are necessary to divide. The information obtained from these studies may eventually lead to the development of alternative therapeutic approaches for inhibiting the growth of these bacteria, many of which are human pathogens.
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Chlamydia trachomatis is a strict intracellular human pathogen. It is the main bacterial cause of sexually transmitted infections and the etiologic agent of trachoma, which is the leading cause of preventable blindness. Despite over 100 years since C. trachomatis was first identified, there is still no vaccine. However in recent years, the advancement of genetic manipulation approaches for C. trachomatis has increased our understanding of the molecular pathogenesis of C. trachomatis and progress towards a vaccine. In this mini-review, we aimed to outline the factors related to the developmental cycle phase and specific pathogenesis activity of C. trachomatis in order to focus priorities for future genetic approaches. We highlight the factors known to be critical for developmental cycle stages, gene expression regulatory factors, type III secretion system and their effectors, and individual virulence factors with known impacts.
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1 Introduction

The sexually transmitted pathogen Chlamydia trachomatis (CT) is the leading cause of preventable blindness worldwide (Taylor et al., 2014) and the most common bacterial sexually transmitted infection (STIs) in humans, with approximately 131 million cases each year and rising (Newman et al., 2015). The majority of chlamydial infections are asymptomatic. The infection when diagnosed can be treated with antibiotics (Scidmore, 2009). Complications of CT infections are known to include reproductive tract impacts which can cause considerable morbidity and cost (Davies et al., 2016).

The Chlamydiae are a ubiquitous family of Gram-negative pathogens, with a unique lifecycle. Chlamydiae species causes infection in specific animals, such as Chlamydia muridarum in mice and hamsters (Mishkin et al., 2022), while Chlamydia psittaci commonly infects birds and rarely humans (Hogerwerf et al., 2020). Chlamydia pneumoniae and CT are endemic to humans, they infect different anatomical sites, respiratory and oculogenital, respectively (Whittum-Hudson and Hudson, 2005). CT is further divided into serovars based on the hypervariable region of the major outer membrane protein (MOMP) (Hepler et al., 2018). CT serovars exhibit different tissue tropisms. A-C infects ocular tissue and causes trachoma. D-K primarily infects the genital tract resulting in the STI ‘chlamydia’ but in newborns can also infect respiratory and ocular conjunctiva tissues causing pneumonia and conjunctivitis. L1-L3 infects genital tissues and macrophages resulting in the invasive STI ‘lymphogranuloma venereum (LGV)’ (Abdelsamed et al., 2013).

The Chlamydia developmental cycle is characterised as biphasic, relying on specific interactions with the host cell for nutrients in order to survive and replicate due to the reduced chlamydial genome (Gitsels et al., 2019). There are two main morphological bacterial phases; the extracellular infectious elementary body (EB) and the intracellular, non-infectious, replicative reticulate body (RB) [reviewed in (Hafner et al., 2008; Elwell et al., 2016; Witkin et al., 2017)] (Figure 1). The infectious EBs are robust formations with spore-like structures that consist of disulphide cross-linked outer membrane protein complex on the surface. The development cycle of CT can be impacted by environmental factors and stresses. Known stressors include nutrient deprivation, exposure to host cytokines, and cell wall synthesis-targeting antibiotics (Gitsels et al., 2019). Under these conditions, RBs transition to altered morphological forms of non-culturable, non-dividing, aberrantly enlarged “persistent” forms, called aberrant bodies (ABs) (Panzetta et al., 2018). These forms remain viable and can revert into an active infection once conditions are favourable (Schoborg, 2011).




Figure 1 | Developmental cycle of C. trachomatis. Important proteins expressed at different stages of the development cycle are shown with established transcription factors (italicised), T3SS effectors (bolded), and proteases (underlined). Infectious EBs (coloured green) adhere to and enter the host cell (coloured pink) using various adhesins (Ctad1, Pmps) and the T3SS. Once inside, EBs begin differentiation into replicative RBs (coloured blue). During the RB replication phase, host cell metabolites are used to facilitate the pathogen’s survival. After several rounds of replication, the RBs then asynchronously re-differentiate into EBs for exit via extrusion of the inclusion vacuole from the host cell or lysis of the host cell. The released EB progeny then restarts the infection cycle. Release of EBs (late stage) varies from 48 hours to 72 hours, depending on the serovar (asterisk). In atypical cycles, stressors trigger persistence, in which RBs (coloured green) pause replication and differentiate into long-surviving, stable ABs (coloured orange) and enter a stasis-like state until the stressor is removed. The ABs “detect” this change and re-differentiate back into replicative RBs to resume development. Figure produced with BioRender.



As an obligate intracellular organism, virulence and pathogenic features interplay critically with host cellular factors and the host immune system which can also contribute to disease pathology [reviewed in (Geisler, 2010; Menon et al., 2015; Murthy et al., 2018; Chen et al., 2019)]. The intracellular nature and unusual bi-phasic developmental cycle has, until recently, hampered progress on biological investigations and genetic manipulation of Chlamydia. Recently, genetic methods have rapidly progressed and accordingly our understanding of pathogenic mechanisms has increased (Fisher and Beare, 2023). However, each genetic approach has their advantages and limitations [reviewed in, (Banerjee and Nelson, 2021; Wan et al., 2023)]. Previously, Chlamydia was thought to be genetically intractable due to its intracellular development, vacuole niche, evasive persistence mechanism, serovar genetic variability, and the thick wall of EB absorbing external DNA (Andersen et al., 2021). As such, specialised techniques were developed to better understand this clinically significant pathogen. Whole genome sequencing (Stephens et al., 1998), allelic exchange mutagenesis (Mueller et al., 2016), CRISPRi knockdown (Ouellette, 2018; Ouellette et al., 2021) and intron insertion gene inactivation (O'Neill et al., 2021) assist in associating genes with chlamydial phenotypic traits, bypassing impractical traditional approaches in genome studies [reviewed in (Read and Massey, 2014; Fisher and Beare, 2023; Luu et al., 2023)]. Nonetheless, many of these genetic manipulation approaches for Chlamydia are still relatively time consuming and requires expert culture skills, hence we set out to review what is known about potential virulence factors to guide priorities for future genetic experiments. We do not cover metabolic factors, although it is arguable that these are related to pathogenesis for an obligate intracellular pathogen. We also do not cover unknown hypothetical proteins.




2 Transcription and regulatory factors as a target to understand pathogenesis

The bi-phasic development is regulated by transcription factors resulting in distinct gene expression profiles characterised as early, mid-, or late response. Chlamydia’s genome encodes a small number of known transcription factors (outlined in Table 1A) and sigma factors (σ) (Akers et al., 2011). The trio of chlamydial sigma factors (σ66, σ28, and σ54) serve as RNA polymerases to various promotor genes (Nicholson et al., 2003; Wurihan et al., 2021). Belland et al. (2003) detected σ28 and σ54 mRNA mid-development at 8 h PI (hours post infection), whilst σ66 was detected earliest at 3 h PI. σ66 is responsible for activating the majority of CT promoters, whilst select late genes rely on σ28- or σ54-dependent promoters (Mathews et al., 1999). These sigma factors are regulated by specific transcription factors (Table 1A) and anti-sigma factors. A comprehensive review of transcriptional regulation is available from Nicholson et al. (2003) and Belland et al. (2003).


Table 1A | C. trachomatis transcription factors and their function.



To date, only two anti-sigma factors which inhibit σ66 activity have been characterised: CT663, a T3SS Scc4 chaperone, and the switch-protein Regulator of Sigma B W (RsbW) kinase (Rao et al., 2009) (Thompson et al., 2015). RsbW forms a regulatory network with its own anti-anti-sigma factor RsbV1 and the phosphatase RsbU. The activity of RsbW is driven by the levels unphosphorylated RsbV1, where a deficit of RsbV1 drives the switch-kinase towards antagonizing σ66, altering transcription of σ66 development-related genes involved in metabolism and growth (Hanson et al., 2015; Thompson et al., 2015).

Recently, transcriptional profiles for the σ54 regulon was generated using CtcC (an ATP-hydrolyzing response regulator for σ54) mutants which further revealed the role of this sigma factor in membrane remodelling and incorporating T3SS effectors into EBs during RB differentiation into infectious EB progeny (Soules et al., 2020). These observations were supported by recent findings from Hatch and Ouellette (2023) which employed CRISPR interference (CRISPRi) gene knockdown of σ54. Hatch and Ouellette (2023) also used CRISPRi to knockdown σ28 and identified this sigma-factor to be epistatic of σ54 and also involved in secondary RB differentiation.

The use of CRISPRi to knockdown and investigate sigma factors has provided new insights into how RB to EB differentiation is regulated (Swoboda et al., 2023). This approach should be adopted to investigate other transcriptional factors in CT (listed in Table 1A). It is likely that many regulators will be essential and cannot be inactivated, thus utilising CRISPRi to knockdown will clarify how critical their role is in the CT development cycle as well as determine their regulon.




3 Type III secretion system and effector proteins

A well-known pathogenic feature of C. trachomatis is the T3SS and their associated effector proteins (Bugalhão and Mota, 2019). The T3SS is composed of a needle-like injectosome apparatus, which secretes effector proteins directly from the chlamydial cytoplasm into the host cell. Specific chlamydial chaperone 4 (Scc4; formerly CT663) precisely regulates T3SS function through gene expression and effector networks (Gao et al., 2020). There are 80 speculated anti-host T3SS-secreted effectors (Betts-Hampikian and Fields, 2010).

The secreted effectors have a variety of functions, including; disrupting the cytoskeletal structure, evasion of host defences, and prevention of host cell apoptosis, described in Table 1B (Coburn et al., 2007). Evidence shows the T3SS not only translocates bacterial-encoded proteins into the eukaryotic host cell’s cytoplasm, but also into the inclusion’s lumen (da Cunha et al., 2017). Some effectors (e.g. TarP and TepP) confer protection against cellular immune response triggers, TLR2, NOD1, and STING (stimulator of interferon genes) (Murray and McKay, 2021). The stimulation of IFN-γ from STING results in activation of indoleamine 2,3-dioxygenase (IDO), an integral element of host defence by reducing tryptophan available for the organism. Tryptophan is crucial to CT pathogenesis and genital CT serovars are able to synthesise tryptophan if indole is present through a functional tryptophan synthase (trypA) gene while ocular strains cannot as trpA is inactivated (McClarty et al., 2006).


Table 1B | Characterised CT T3SS effector proteins and their functions in chlamydial pathogenesis.



Currently, many proposed effectors remain unconfirmed and even more remain uncharacterised, with the only secretion evidence provided using heterologous T3SS expression systems. By utilising knockout genetics to disable the T3SS, followed by phenotypic and proteomic comparison of wildtype and T3SS-null strains will be important in confirming established and discovering new effectors as well as unravelling their functions.



3.1 Tarp

The extracellular translocated actin-recruiting phosphoprotein (TarP, CT456) is required in the early developmental stages (Table 1B) (Clifton et al., 2004). TarP is Slc-1-dependent and involved in chlamydial internalisation, and invasion of host cell (Mueller et al., 2014; Faris et al., 2020). TarP binds to the host cell’s major cytoskeletal component, actin. Phosphorylated TarP interacts with a multitude of host cell signalling molecules, as well as phosphatidylinositol 3-kinase (PI3K) and SHC-transforming protein 1 (SHC1), involved in diverse cell functions (e.g. growth, differentiation, motility, survival) (Shehat et al., 2021). TarP was also discovered to impair the highly conserved Hippo signalling pathway in infected epithelial cells, a previously unknown chlamydia-affected pathway involved in cell proliferation and death (Shehat et al., 2021).




3.2 TepP

The early translocator phosphoprotein, TepP, is the second Slc-1-dependent effector and one of the few T3SS effectors where null mutants have been characterised (Chen et al., 2014). TepP is secreted by the T3SS to enhance CT infectivity and dampen host immune activation. TepP is localised near the inclusion in the eukaryotic cell’s cytosol, where it is phosphorylated by the host kinases (Carpenter et al., 2017). It then targets host factors CRK, PI3K and GSK3B to locally synthesise phosphoinositide-(3,4,5)-triphosphate (PIP3) and modulate host cell signalling in nascent infections. Specifically, PI3K is linked to inhibiting IFN-induced gene transcription within early inclusions. A TepP null-mutant displayed defected growth and altered host IFN-associated gene expression required to activate early immune responses (Chen et al., 2014). Recruitment of PI3K also suggests a role for TepP in modulating membrane vesicle trafficking events (Carpenter et al., 2017).




3.3 Inc proteins

Inc proteins or inclusion membrane proteins, share bilobed hydrophobic domains enabling anchoring to the inclusion membrane. Some Incs contain the presence of vesicle-targeting SNARE-like motifs in their coding sequence (e.g. IncA), which may facilitate host-pathogen interactions (Cingolani et al., 2019; Paumet et al., 2009).CT genome is predicted to encode 55 putative Inc proteins, with 37 confirmed (Weber et al., 2016). There is divergent Inc content across the Chlamydiaceae family, each possessing a distinct distribution pattern along the chlamydial inclusion membrane (Mital et al., 2013). IncA is required for inclusion vacuole fusion (Table 1B), other functions of Inc proteins include; a possible role in maintaining host cell viability (IncG) (Scidmore and Hackstadt, 2001; Verbeke et al., 2006) and as an early Inc, IncD may be important for establishing the inclusion as a replicative niche (Shaw et al., 2000), although further studies are required to confirm this. Chlamydial T3SS-secreted inclusion factors have been studied in greater detail by da Cunha et al. (2017), and Dehoux et al. (2011). Here, we focus on IncM, CTL0390 and CpoS which have been recently characterised.

The IncM effector targets host cell microtubules, as exhibited by its action in host cell multinucleation, centrosome positioning and Golgi distribution. This was found to impact inclusion morphology stabilisation, as IncM-null mutants exhibited defects in these areas, compared to wildtype strains (Luís et al., 2023).

The CTL0390 Inc effector is thought to play a role in mediating EB exit via host-cell lysis during the late stages. A CTL0390 mutant was observed to have reduced Golgi translocation of STING, which is likely required to regulate host-cell lysis for bacterial exit (Bishop and Derré, 2022).

Lastly, CpoS (chlamydial promoter of survival) suppresses apoptosis and necrosis of host cells to prolong chlamydial infection and increase infectivity (Sixt et al., 2017). CpoS affords protection from within the inclusion, thus can only counteract nearby pro-death host signalling (e.g. STING). CpoS-null mutants exhibited attenuated infections, with expedited clearance from murine genital tract models and reduce propagation in cell cultures. Recently, CpoS was found to block Rab GTPases required for lipid transport regulation, as well as the formation of inclusion microdomains of many Incs needed for pathogen-host cell interactions (i.e. IPAM, IncD and CT222) (Meier et al., 2023).




3.4 ChlaDUB

CT868 (ChlaDUB1/Cdu1) and CT867 (ChlaDUB2/Cdu2) are both deubiquitinases which are delivered to the host cytosol, but have differing impacts on CT infectivity. ChlaDUB1 is solely localised to the inclusion membrane where it deubiquinates the anti-apoptosis protein MCL-1. This prevents MCL-1 depletion and apoptosis, thus inhibiting premature host-cell death to allow EB progeny release and increasing infectivity (Fischer et al., 2017). ChlaDUB1 also prevents degradation of host glucose-transporter-1 (GLUT-1) proteins (Wang et al., 2017). This likely supports growth as knockdown of host GLUT-1 impairs C. trachomatis infection (Wang et al., 2017). Inactivation of ChlaDUB1 in CT also enhanced sensitivity to IFN-γ and reduced infectivity in murine infections (Fischer et al., 2017). Alternatively, inactivation of ChlaDUB2, which localises at the inclusion membrane and host cytosol, did not impair infection (Pruneda et al., 2018). However, both ChlaDUBs were found to be involved in Golgi fragmentation (Pruneda et al., 2018).





4 Adhesins



4.1 Ctad1

C. trachomatis adhesin 1 (Ctad1) is a highly conserved 47 kDa invasin encoded by CT017. It contains two SH3 (src Homology-3) domains located near the N-terminus. These domains are responsible for Ctad1 binding to integrin β1 subunits on human epithelial cells (Stallmann and Hegemann, 2016). Ctad1 is expressed on the surface of EBs and mediates C. trachomatis invasion. Upon binding to integrin β1, Ctad1 triggers activation of the host mitogen-activated protein kinase (MAPK) pathway leading to extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and internalisation of EBs (Stallmann and Hegemann, 2016). Blocking of Ctad1 receptors with recombinant Ctad1 was shown to significantly reduce EB adhesion and internalisation, illustrating its role in virulence (Stallmann and Hegemann, 2016).




4.2 PMPs

Polymorphic membrane proteins (Pmps) are a group of type V autotransporter proteins unique to Chlamydiaceae, with variable numbers of Pmps encoded on the genomes. In CT, there are 9 Pmps and all nine are involved in adhesion (Becker and Hegemann, 2014).

Pmps consist of a signal peptide, an N-terminus passenger domain and a C-terminus β channel domain. The C-terminus domain allows translocation of the passenger domain through the outer membrane. After translocation through the outer membrane, Pmps can remain surface bound or be further cleaved and secreted into the inclusion. It has been suggested that the different cleavage of PmpD may lead to fragments with different functions (Swanson et al., 2009).

The expression of Pmps are temporally and developmentally driven. For instance, pmpA and pmpI expression peaked earliest at 12–18 hours post infection and were only detected in RBs (Nunes et al., 2007; Carrasco et al., 2011; Saka et al., 2011). This suggests that both proteins play an important role in RB development. In contrast, pmpD peaks mid-cycle at 12-24 hours post infection, whereas expression of other pmps (pmpB-H) occurred later (Kiselev et al., 2009). This indicates the latter’s involvement in the late stages (such as RB to EB transition) or early stages of infection (EB attachment) (Kiselev et al., 2009; Carrasco et al., 2011; Saka et al., 2011). Remarkably, the expression of the same pmp can vary drastically between different strains (Tan et al., 2009) and even in different inclusions for the same culture (Tan et al., 2010). Besides pmpG, the regulatory mechanism behind Pmp variation is unknown. The flexibility to alter Pmps expression may allow CT to evade antibody recognition targeted against a specific Pmp.

The importance of Pmps as adhesins in CT pathogenesis is best characterised in PmpD. Pre-incubation with recombinant PmpD was found to inhibit CT attachment (Becker and Hegemann, 2014). CT PmpD null mutants also had a 70% reduced host cell attachment and decreased RBs attached to the inclusion membrane, suggesting an additional role for PmpD in maintaining RB-inclusion interactions (Kari et al., 2014). Infection in non-human primates with these PmpD null mutants showed decreased chlamydial burden illustrating its role in pathogenesis (Kari et al., 2014). Although all Pmps are involved in adhesion, it remains unclear what the relative importance of each Pmp to CT is. pmpA, pmpD and pmpI are the most conserved CT Pmp genes and their expression are also unaffected by penicillin-induced stress, suggesting a greater selection pressure to maintain those genes relative to other Pmps (Carrasco et al., 2011).

Pmps may also play an important role in modulating the immune response. In C. pneumoniae and C. psittaci, the N-terminal Pmp21/PmpD activates Toll-like receptor 2 (TLR2), myeloid differentiation factor 88 (MYD88) and nuclear factor κB (NF-κB) signalling leading to Th2 polarised macrophages and upregulation of various cytokines/chemokines including IL-8, IL-6, IL-10 and monocyte chemoattractant protein-1 (MCP-1) (Wehrl et al., 2004). Importantly, Th2 polarised macrophages were associated with reduced nitric oxide (NO) production and Chlamydia killing (Chu et al., 2020). Whether CT Pmps also can modulate the host immune response remains to be seen.

Finally, genomic evidence has suggested that Pmps may be associated with tissue tropism and adaptation. Phylogenetic typing using 6 pmp genes (pmpB, pmpC, pmpF, pmpG, pmpH and pmpI) were able to separate CT strains into their respective biovars and serotypes (Gomes et al., 2006) These genes were under positive selection in one or more niches (Borges et al., 2012), suggesting that Pmps are involved in driving specific host-cell interactions or disease outcomes. However, the mechanisms of how these unique Pmp mutations contribute to phenotypic or virulence differences in CT are yet to be elucidated and are likely to benefit from fluorescence-reported allelic exchange mutagenesis (FRAEM) approaches now available (Mueller et al., 2016).





5 Cytotoxin

The human CT urogenital serovars (D-K) encode a partial 73 kDa cytotoxin (CT166) (Carlson et al., 2004). This cytotoxin was found to contain a functional glycosyltransferase DXD domain and UDP-glucose binding domain with significant homology to the large cytotoxins (LCT) from Clostridioides difficile (Belland et al., 2001). The chlamydial cytotoxin is responsible for the cytopathic ballooning effects seen in infected host cells by glucosylating the Rho-GTPase protein, Rac1. This inactivates Rac1 leading to actin remodelling (Thalmann et al., 2010). In addition to Rac1, the cytotoxin also glucosylates other small GTPases including H-Ras, K-Ras and N-Ras. This was found to inhibit ERK1/2 and P13K/Akt signalling pathways leading to reduced cell cycle progression, division, and migration (Bothe et al., 2015). Crucial to Rac1 and Ras glucosylation is the DXD motif with mutations in this motif shown to abrogate glucosylation (Thalmann et al., 2010; Bothe et al., 2015). However, DXD mutated cytotoxin was still capable of reducing cellular migration suggesting that there may be other toxin effects independent to the DXD motif (Bothe et al., 2015).

Currently, the importance and role of the cytotoxin in CT pathogenesis is unclear. CT166 is present in EBs at the start of infection but is rapidly degraded after 2 hours post-infection (Belland et al., 2001). This suggests potential importance in the initial stages of infection. Ectopic overexpression of CT166 in HeLa cells reduced CT uptake. It was suggested that the chlamydial cytotoxin controls Chlamydia uptake and functions to limit excessive actin polymerisation from other virulence factors such as Tarp (Thalmann et al., 2010). The cytotoxin has also been hypothesised to preserve host energy and nutrients for Chlamydia by limiting energy intensive processes such as cell division and migration (Bothe et al., 2015).

Only urogenital serovars encode a functional cytotoxin. In ocular serovars, the glycosyltransferase domain is deleted while in LGV serovars, both domains are absent (Carlson et al., 2004). It has been argued that the progressive loss of the cytotoxin gene in CT compared to other Chlamydia species like C. muridarum, which encodes 3 paralogous copies, may reflect host adaptation and that the cytotoxin is redundant for human infection.




6 Plasmid

Chlamydia retains a highly conserved ~7.5 kb virulence plasmid that was found to be significant in vivo (Zhong, 2016). The plasmid encodes 8 glycoproteins (pGP1-8) that have a variety of functions including promoting infection ascension, inducing pro-inflammatory responses, and promoting extrusion processes. pGP4, is a putative transcriptional regulator of both plasmid and chromosomal genes (Turman et al., 2023). Virulence plasmid-deficient or pGP3-deficient strains resulted in attenuated infections (Carlson et al., 2008). Under stressful conditions, CT plasmid copy numbers increase, presumably to upregulate T3SS-secreted substrates and ensure in vivo survival (Dirks et al., 2021).

Expression of pGP3 is regulated by pGP4, which similarly is involved in regulating expression of chromosomal glycogen synthase (GlgA), and other proteins with currently unknown functions in pathogenesis, CT050, CT143, and CT144 (Lei et al., 2021). pGP4 was proposed to serve as a plasmid pGP4-dependent secretion system, imperative for delivering pGP3 and GlgA to the host cytosol to increase host glycogen stores (Lei et al., 2021). Contrary to previous results from (da Cunha et al., 2017) this secretion was independent of the T2SS and T3SS (Lei et al., 2021). pGP4-deficient CT strains demonstrate varied transcription of chromosomal and plasmid genes, responsible for various duties (e.g. glycogen synthesis and inclusion morphology) within the developmental cycle that impact virulence (Song et al., 2013). Additionally, pGP4 has been implicated in boosting Euo’s ability to bind and repress Euo-dependent transcription promoters (Table 1A), thus temporally altering late gene expression necessary for RB differentiation into infectious progeny (Zhang et al., 2020). However, plasmid-deficient CT is also capable of inducing sequelae as severe as wild-type strains containing the plasmid (Qu et al., 2015). Thus, the exact role of chlamydial plasmid’s function in pathogenesis remains unknown but can be investigated using new techniques such as FRAEM to create gene deletions (Mueller et al., 2016; Ghosh et al., 2020; Fields et al., 2022).




7 Other characterised chlamydial virulence factors

CT’s pathogenesis is additionally mediated by various proteases and membrane proteins. HtrA (DegP) is a periplasmic serine protease with chaperone functions, including proteolysis of abnormal or misfolded proteins, and serves as a stress response protein that is upregulated in some persistence and stress models (e.g. high temperatures, antibiotics) (Huston et al., 2007; Huston et al., 2008). Little was known about the exact role HtrA played in Chlamydia’s pathogenesis prior to inhibition studies with JO146 (Patel et al., 2014). This inhibitor was most effective in CT’s mid-replication cycle, where administration of the drug resulted in a significant loss in overall vacuole size and in viable infectious EB progeny (Gloeckl et al., 2013; Ong et al., 2013; Lawrence et al., 2016).

Chlamydia Protease-like Activity Factor (CPAF) is a secreted protease that was initially thought to degrade dozens of host proteins involved in Golgi reorganisation, apoptosis, cytoskeleton remodelling and immune regulation. However, these initial CPAF targets identified were disproven as artefacts from in vitro post-lysis degradation, as CPAF is not inhibited by standard protease inhibitors (Chen et al., 2012). To clarify the role of CPAF, a reverse genetics approach re-established CPAF’s likely functions in targeting specific host cell proteins (i.e. vimentin and lamin-associated protein 1) impacting on late stages of infection and development of infectious progeny, however CPAF is not essential for either process (Snavely et al., 2014). Additional experiments also revealed CPAF as a key factor for evading host immune response by paralysing early recruitment of polymorphonuclear cells. Secreted CPAF cleaves FPR2 on the surface of neutrophils, inhibiting their activation, oxidative bursts and production of neutrophil extracellular traps thus establishing longer infections (Rajeeve et al., 2018).

Other important CT proteases include Ptr which is localised to the inclusion lumen and is expressed throughout CT’s development. A CT LGV-L2 ptr-null mutant demonstrated impaired genome replication after IFN-γ removal, along with decreased progeny generation (Panzetta et al., 2019). This links Ptr’s role in recovering from IFN-γ-induced persistence. The periplasmic Tail-specific protease, Tsp, has also been identified as critical for the differentiation from RB to EB via genetic approaches which alter Tsp expression levels (Swoboda et al., 2023).

Lastly, the major outer membrane protein (MOMP) is an immunodominant antigen. It functions as a porin, a cytoadhesin, and is the dominant component of the outer membrane complex that maintains EB stability (Wang et al., 2006; Guifeng et al., 2007).




8 Discussion and conclusion

Genetic approaches to investigate CT are still time consuming and technically difficult. Genome wide genetic manipulation and screening approaches remain challenging. Therefore, selective approaches to genetic manipulation guided by current knowledge of virulence functions, homolog functions, etc. has been used to target loci for genetic manipulation. These genetic approaches in CT have already confirmed the role of several established virulence factors while also overturning or disputing other widely-held understandings in Chlamydia pathogenesis such as the role of the T3SS in secreting plasmid regulated chromosomally-encoded proteins and the role of CPAF (Snavely et al., 2014; Lei et al., 2021). While significant advances in genetic approaches have been made in CT, the progress in other Chlamydia species remains behind. Application or modification of genetic approaches in CT like CRISPRi to other species will allow comparative studies to reveal important determinants of host tropism. Moreover, the recent development of a multiplexed CRISPRi knockdown system in CT is an exciting advancement which will allow interactions between two or more genes to be investigated, providing a more wholistic systems understanding of chlamydia pathogenesis (Hatch and Ouellette, 2023). Ultimately, rapidly expanding the arsenal of genetically investigated virulence factors in CT could inform novel treatment approaches or future attempts to develop a live attenuated vaccine strain.
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Bacterial vaginosis (BV), a dysbiosis of the vaginal microbiota, is a common coinfection with Chlamydia trachomatis (Ct), and BV-associated bacteria (BVAB) and their products have been implicated in aiding Ct evade natural immunity. Here, we determined if a non-optimal vaginal microbiota was associated with a higher genital Ct burden and if metronidazole, a standard treatment for BV, would reduce Ct burden or aid in natural clearance of Ct infection. Cervicovaginal samples were collected from women at enrollment and, if testing positive for Ct infection, at a follow-up visit approximately one week later. Cervical Ct burden was assessed by inclusion forming units (IFU) and Ct genome copy number (GCN), and 16S rRNA gene sequencing was used to determine the composition of the vaginal microbiota. We observed a six-log spectrum of IFU and an eight-log spectrum of GCN in our study participants at their enrollment visit, but BV, as indicated by Amsel’s criteria, Nugent scoring, or VALENCIA community state typing, did not predict infectious and total Ct burden, although IFU : GCN increased with Amsel and Nugent scores and in BV-like community state types. Ct burden was, however, associated with the abundance of bacterial species in the vaginal microbiota, negatively with Lactobacillus crispatus and positively with Prevotella bivia. Women diagnosed with BV were treated with metronidazole, and Ct burden was significantly reduced in those who resolved BV with treatment. A subset of women naturally cleared Ct infection in the interim, typified by low Ct burden at enrollment and resolution of BV. Abundance of many BVAB decreased, and Lactobacillus increased, in response to metronidazole treatment, but no changes in abundances of specific vaginal bacteria were unique to women who spontaneously cleared Ct infection.
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1 Introduction

Chlamydia trachomatis (Ct) serovars D-K are obligate intracellular bacteria that have a unique developmental cycle that typically alternates between an infectious elementary body (EB), a metabolically active but non-infectious reticulate body (RB), and, under stress, a viable but non-cultivable persistent form (Beatty et al., 1994b; Abdelrahman and Belland, 2005; Wyrick, 2010) . The endocervical epithelium is the most common site of Ct infection in women, but bacteria can ascend into the uterus and fallopian tubes, where infection can then lead to severe reproductive sequelae (Brunham and Rey-Ladino, 2005). Infections are predominantly asymptomatic and take months to clear without antibiotic intervention, indicating the ability of the organism to evade the local immune response (Brunham and Rey-Ladino, 2005).

Bacterial vaginosis (BV) is found in approximately 20% to 60% of Ct-infected women, depending on the population demographic (Wiesenfeld et al., 2003; Ziklo et al., 2018; Mott et al., 2021). The vaginal microbiota of healthy women of reproductive age is typically dominated by lactobacilli, whereas BV is characterized by a loss of lactobacilli and overgrowth of opportunistic anaerobic bacteria (Gardner and Dukes, 1955; Hillier, 1993; Hyman et al., 2005; McKinnon et al., 2019; Workowski et al., 2021). BV is generally diagnosed by clinical signs based on Amsel’s criteria and microscopically using Nugent’s scoring system (Amsel et al., 1983; Nugent et al., 1991; McKinnon et al., 2019; Workowski et al., 2021; Colonna and Steelman, 2023), and vaginal bacterial communities can later be classified into community state types by 16S rRNA gene sequencing (McKinnon et al., 2019; France et al., 2020). BV is associated with pelvic inflammatory disease (Haggerty et al., 2016), preterm birth (Hillier et al., 1995), and an increased susceptibility to sexually transmitted infections, including Ct (Wiesenfeld et al., 2003; Bautista et al., 2017). How BV modulates the host-Ct relationship is not fully understood, but it is known that some BV-associated bacteria (BVAB) synthesize indole, a compound which is hypothesized to be utilized by Ct to interfere with interferon gamma (IFNγ)-mediated immunity (Caldwell et al., 2003; Aiyar et al., 2014). Recently, an elevated Nugent score, inclusive of both intermediate microbiota and BV, was reported to be associated with greater chlamydial persistence (Brown et al., 2023), suggesting that disruption of an optimal vaginal microbiota may interfere with Ct clearance. We have also reported that successful metronidazole (MTZ) treatment of BV in Ct-infected women was more likely to permit natural, spontaneous Ct clearance compared to MTZ treatment that failed to resolve BV (Mott et al., 2021). There is also a growing appreciation that the vaginal microbiota and their products modulate multiple aspects of genital innate and adaptive immunity and that there are also functional differences in women with vaginal microbiomes dominated by the beneficial L. crispatus compared to the less stable L. iners (McKinnon et al., 2019; Armstrong and Kaul, 2021).

Since BV is hypothesized to interfere with anti-chlamydial immunity, we investigated the relationship between optimal and dysbiotic vaginal microbiota and Ct burden and explored how MTZ treatment might affect this relationship. A high Ct burden is associated with upper tract ascension of Ct, which may lead to significant pathology, providing clinical relevance for testing if Ct burden is affected by MTZ treatment of BV (Russell et al., 2016). Further, per current CDC STI treatment guidelines (Workowski et al., 2021), treatment for BV is only recommended for women with symptoms. We reasoned that chlamydial burden should be assessed by both inclusion forming units (IFU) and by total genome copy number (GCN). This is because IFU quantify viable EB that could form additional foci of infection in a host or be transmitted. However, GCN is inclusive of all non-viable and viable forms, including viable but non-replicating Ct forms that are induced in times of environmental stress, which may include those in a BVAB-modulated microenvironment and its induced host immune responses.

Most human Ct research studies are undertaken in women who are returning for treatment of Ct infection after testing positive for Ct by nucleic acid amplification test (NAAT). Since symptomatic BV is usually diagnosed by Amsel’s criteria and treated at the Ct screening visit, we designed a longitudinal clinical study in which women were enrolled, and research samples taken, at the Ct screening visit and again approximately one week later at their Ct treatment visit. This design enabled us to assess the spectrum of Ct burden in a high-risk population prior to antibiotic intervention and determine the contribution of BV and MTZ treatment to Ct burden and clearance.




2 Materials and methods



2.1 Study population

Women aged 18-35 years who attended the LSU CrescentCare Sexual Health Center in New Orleans, Louisiana were eligible for study recruitment if they were undergoing a Ct and Neisseria gonorrhoeae (Ng) NAAT screen and pelvic exam at the enrollment visit (V1) and if they were subsequently found to be positive for Ct infection by NAAT and agreed to a repeat Ct/Ng NAAT and pelvic exam at the Ct treatment and counseling visit (V2). Approval for the study was obtained from the LSUHSC Human Research Ethics Committee, and written informed consent was obtained from each patient. All enrollees completed a detailed questionnaire at both visits. Women who documented that they had oral and/or anal sex were also respectively tested for pharyngeal and/or rectal Ct and Ng. Reasons for exclusion at enrollment were empiric treatment for Ct or Ng and/or antibiotic use in the last 8 weeks. Reasons for exclusion at V1 and V2 were pregnancy or miscarriage in the last 2 months, self-reported sexual intercourse within the last 12 hours, current menstrual bleeding, documented HIV infection or visible HSV lesions. Bacterial vaginosis was assessed in the clinic by Amsel’s criteria.




2.2 Collection and processing of clinical samples

Identical sample types were collected at V1 and V2 using our previously described protocols (Mott et al., 2021). Endocervical sampling included a Dacron swab immersed in 1 ml SPG-based Ct transport medium. Cervicovaginal sampling included an Aptima endocervical swab for Ct and Ng testing by the Aptima Combo 2 assay and Trichomonas vaginalis (Tv) testing by the Aptima Trichomonas vaginalis assay (Hologic, Marlborough, Massachusetts). Vaginal sampling included a Copan swab immediately placed in 1 ml AssayAssure Genelock (Sierra Molecular, Princeton, New Jersey), a cotton swab for pH measurement, whiff test, clue cell counts, and visual Tv assessment, and a cotton swab used for slide preparation for Gram staining for Nugent scoring. Research samples were immediately placed on ice after collection and processed within 2 hours, after which they were stored at -80°C until analysis.




2.3 STI testing and treatment

Ct and Ng were detected by the APTIMA Combo 2 test (Hologic, Marlborough, Massachusetts), a target amplification nucleic acid probe test that utilizes target capture for detection of Ct and Ng rRNA. Tv was detected by a wet mount in clinic and confirmed with the APTIMA Trichomonas vaginalis assay (Hologic, Marlborough, Massachusetts). BV was diagnosed in the clinic by modified Amsel’s criteria (Amsel score of 3-4 or symptomatic with an Amsel score of 2) and later confirmed by Nugent scoring, and women diagnosed with BV were treated with metronidazole (MTZ) at V1. Women who tested positive by Ct NAAT at V1 were treated with azithromycin or doxycycline at V2, and those with a positive Ng NAAT at V1 were treated with ceftriaxone at V2. Women that developed BV or failed to resolve BV in the interim between V1 and V2 were given MTZ at V2.




2.4 Quantification of endocervical C. trachomatis burden

Inclusion forming units (IFU) and Ct genome copy number (GCN) were quantified in parallel from the same endocervical swab. IFU were determined as previously described (Ficarra et al., 2008) and imaged and quantified using a BioTek Cytation1 (Agilent, Santa Clara, California). Genomic DNA was isolated from cervical swab eluate using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), then GCN were determined by quantitative PCR targeting the single chromosomal cytidine triphosphate synthetase (CTPS) gene. Plasmid pET28B cloned with a CTPS gene (kindly provided by A. Aiyar and S. Sherchand) was used as a standard. The PCR setup was as follows: 10 μl SsoAdvanced Universal Probes Supermix 2X (Bio-Rad, Hercules, California), 0.4 μM forward primer (5’-GACAATTGGAGATATAGAATCGCTAC-3’), 0.4 μM reverse primer (5’-CATATGTCATGTGAATGCTAAGGC-3’), 0.2 μM probe (5’-6-FAM/ZEN-TGTACGACAATTCCGCTGCGAACA-Iowa Black FQ-3’), and 3 μl template. All samples were run in duplicate using a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, California). Final IFU and GCN were calculated as number per endocervical swab, with a lower limit of quantitation (LLOQ) of 72 IFU/swab and 6,000 GCN/swab.




2.5 DNA isolation from vaginal swabs, 16S rRNA gene sequencing, and VALENCIA community state typing

DNA extraction and sequencing were performed at the Indiana University School of Medicine. Genomic DNA was isolated from 400 µl of vaginal swab lysate using the Abbott m2000sp instrument and the mSample Preparation System DNA (Abbott Molecular, Des Plaines, IL), according to instrument set-up prompts and protocol. The instrument script was terminated at the end of the sample processing step, with no further amplification reagents added, and DNA was eluted in 50 µl nuclease-free water. DNA was also extracted from reagent and environmental controls spiked with pure Thermus thermophilus HB8 genomic DNA (Takara Bio, San Jose, California) as a reagent contamination control and a ZymoBIOMICS microbial community of known composition (ZymoBIOMICS Microbial Community DNA Standard II, Zymo Research, Irvine, California) as an extraction/annotation control. This mock microbial community contained Listeria monocytogenes (89.1%), Pseudomonas aeruginosa (8.9%), Bacillus subtilis (0.89%), Saccharomyces cerevisiae (0.89%), Escherichia coli (0.089%), Salmonella enterica (0.089%), Lactobacillus fermentum (0.0089%), Enterococcus faecalis (0.00089%), Cryptococcus neoformans (0.00089%), and Staphylococcus aureus (0.000089%). 16S sequencing libraries targeting the V4 region of the 16S ribosomal RNA were generated using the NEXTFLEX 16S V4 Amplicon-Seq Library Prep Kit 2.0 (Bioo Scientific, Austin, TX), using a two-step PCR approach as described by the manufacturer. Step one uses 16S gene-specific primer sequences: 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2011). In step two, Illumina adaptors and molecular barcoded primer mixes PCRIIF (5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’) and PCRIIR (5’-CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’) are used to produce the indexed PCR 16S V4 amplicon libraries for sequencing (XXXXXXXXXXXX denotes the index region of the adapter) (Kozich et al., 2013). Mock bacterial community controls (ZymoBIOMICS Microbial Community DNA Standard II, Zymo Research, Irvine, California) and environmental controls spiked with Thermus thermophilus HB8 genomic DNA (Takara Bio, San Jose, California) were sequenced in parallel to assess for background signals. Samples were sequenced on an Illumina MiSeq instrument (Illumina, San Diego, California) at the Indiana University Center for Genomics and Bioinformatics, using the version 2 sequencing chemistry (250 bp paired end reads).

FASTQ files were analyzed using R (v4.3.0) with the DADA2 (v1.26.0) and phyloseq (v1.42.0) packages (McMurdie and Holmes, 2013; Callahan et al., 2016; R Core Team, 2022). Raw reads were filtered and trimmed to remove 20 bp from the beginning of each read and 30 bp from the end of each read to remove low quality tails and filter out low quality reads. Error rates were learned, and the DADA algorithm was used to infer forward and reverse sequence variants. These sequence variants were merged and put into a sequence table. Variants outside of the expected range of 273-279 bp were removed from the table and removeBimeraDenovo was used to identify and remove chimeric variants. Taxonomic assignments were classified using the Silva (v138.1) database (Quast et al., 2013). A phylogenetic tree was built using phangorn (v2.11.1) (Schliep, 2011). Potential contaminants and spike in controls were removed using the prevalence method of decontam (v1.18) (Davis et al., 2018). Remaining sequence variants that appeared in only one sample were removed as a prevalence filter and then an abundance filter was applied to remove sequence variants accounting for less than 0.1% on average per sample. The remaining sequence variants were further curated to add species assignments where available using BLAST. The resulting phyloseq object was agglomerated to species level to combine all sequence variants with the same taxonomic classification down to the species level. VALENCIA was used to perform community state type (CST) classification (France et al., 2020), and resulting CST assignments were imported into phyloseq for further analysis.




2.6 Statistical analyses

Prior to any statistical analyses, undetectable IFU and GCN in women with a positive Ct NAAT were replaced with half of the LLOQ for each assay. All IFU and GCN were log10-transformed prior to any statistical analyses. Brown-Forsythe and Welch ANOVA was used for comparisons of Ct burden metrics by Amsel score, Nugent score, and community state type. The ANCOM-BC package (v2.2.1) for R was used to assess correlations between Ct burden and vaginal bacterial abundances (Lin and Peddada, 2020). Read counts from all 23 taxa agglomerated to species level were bias-corrected and normalized, then linear modeling was performed using ANCOM-BC. Chlamydial burden metrics were assessed separately as the independent variables in multivariable models following log10-transformation, and race was included as an additional independent variable in all multivariable models assessing the relationship between Ct burden and bacterial abundances. The Holm-Bonferroni method was used to correct for multiple comparisons. Paired t-tests were used for comparisons of Ct burden and relative abundances of vaginal bacteria between enrollment and follow-up visits for each patient (samples missing IFU or GCN for V1 or V2 were excluded from these analyses). All analyses were performed in Graphpad Prism 10 (Dotmatics, Boston, Massachusetts) and R Statistical Software (R Core Team, 2022).





3 Results



3.1 Characteristics of the patient population

A total of 440 women were enrolled into the study and provided samples at the enrollment visit (V1). Fifty-three (12%) women tested positive by Ct NAAT, 51 of which returned to the clinic for the Ct treatment visit (V2), at which 49 women provided samples and are the focus of this report (Figure 1). In women who documented participating in oral or anal intercourse, 3 out of 19 were NAAT-positive for pharyngeal Ct and 4 out of 5 were NAAT-positive for rectal Ct, respectively. Five women were coinfected with Neisseria gonorrhoeae (Ng; 10%), and five women were coinfected with Trichomonas vaginalis (Tv; 10%), two of which were coinfected with both Ng and Tv (Supplementary Table 1). Thirty-nine women (80%) were diagnosed with BV in the clinic using modified Amsel’s criteria, after which women were treated with 7 days of oral metronidazole or 5 days of vaginal metronidazole gel. Women testing positive by Ct NAAT were predominantly young (median 23 years of age, range 18 to 29 years of age), black (80%), and did not use hormonal contraception (61%). The majority of women documented a prior history of STIs (86%), many of which reported prior infection with Ct (80%) or BV (49%).




Figure 1 | At the STI screening and enrollment visit (V1), BV was diagnosed using Amsel’s criteria by a score of ≥3 or ≥2 when symptomatic. Patients diagnosed with BV were immediately provided a 7-day course of oral metronidazole, apart from two patients that received metronidazole gel. Patients testing positive by Ct NAAT (3 to 4-day turnaround) were immediately scheduled to return to clinic for azithromycin treatment and repeat testing. Created with BioRender.com.






3.2 Spectrum of Chlamydia burden at study enrollment

We first established the full range of endocervical Ct burden found in women who tested positive by Ct NAAT and had not been treated with any antibiotics in the past 3 months. To determine total Ct burden, GCN were determined by quantitative PCR, and IFU were enumerated by culture to quantify infectious Ct burden (i.e., EB). Genome copies are inclusive of all Ct forms, irrespective of viability or infectivity, whereas IFU detect only infectious Ct forms that can be cultured in vitro. GCN and IFU were quantified in parallel from the same endocervical swab, revealing a significant spectrum of infectious Ct burden (median 8,282 IFU/swab, IQR 3,453-30,954 IFU/swab, range 0 to 845,279 IFU per swab) and an even greater spectrum of GCN (median 312,040 GCN/swab, IQR 21,743-4,286,604 GCN/swab, range 0 to 453,843,516 GCN per swab) (Figure 2A). The proportion of IFU to GCN (IFU : GCN) also varied greatly, with infectious particles constituting the majority of total burden in some individuals and non-infectious particles predominating in others, as has been reported in other studies (Lewis et al., 2014; Mott et al., 2021).




Figure 2 | (A) Spectrum of chlamydial burden in all patients at the Ct screening and enrollment visit (V1). (B) IFU by Amsel score at V1 (n=48). (C) GCN by Amsel score at V1 (n=47). (D) IFU : GCN by Amsel score at V1 (n=40). (E) IFU by Nugent score and category at V1 (n=49). (F) GCN by Nugent score and category at V1 (n=48). (G) IFU : GCN by Nugent score and category at V1 (n=41). Significance was determined by Brown-Forsythe and Welch ANOVA (*p<0.05).






3.3 More productive Chlamydia infection with a dysbiotic microbiota

Indole-producing BVAB are hypothesized to aid immune escape by Ct, a tryptophan auxotroph, as urogenital strains express a functional tryptophan synthase that enables them to synthesize tryptophan via indole salvage and potentially escape IFNγ-mediated tryptophan depletion (Caldwell et al., 2003; Nelson et al., 2005). We therefore determined if women with a non-optimal vaginal microbiota would have a higher Ct burden than women with an optimal microbiota.

Amsel’s criteria are used in the clinical setting to diagnose BV based on elevated vaginal pH (>4.5), fishy malodor following the addition of 10% potassium hydroxide, thin, grey/white discharge, and presence of clue cells (>20%) (Amsel et al., 1983). Traditionally, an Amsel score of 3 and above is considered indicative of BV, but, in our population, modified Amsel’s criteria are used such that women with an Amsel score of ≥2 and symptomatic for BV were also diagnosed and treated (Workowski et al., 2021). Ct burden, both IFU and GCN, did not differ significantly by Amsel score; however, IFU : GCN ratios did increase with Amsel score (Figures 2B–D). No women had an Amsel score of 0 at this first visit, but, compared to an Amsel score of 1, scores of 2 (p=0.0361), 3 (p=0.073), and 4 (p=0.0569) displayed elevated IFU : GCN ratios (Figure 2D).

Nugent’s scoring system is considered a gold standard morphological and semi-quantitative evaluation of the vaginal microbiota, evaluating the presence and abundance of large Gram-positive rods (Lactobacillus), small Gram-variable rods (Gardnerella and Bacteroides), and curved Gram-negative rods (Mobiluncus) (Nugent et al., 1991). A score of 0-3 is considered normal, 4-6 is considered indeterminate for BV (i.e., intermediate), and 7-10 is considered indicative of BV. IFU and GCN did not differ significantly when assessed by Nugent score or category (Figures 2E, F). However, both IFU and GCN followed similar trends, increasing from a score of 0 (normal) up to a score of 5 (intermediate), decreasing approaching a score of 8 (BV), then increasing approaching the maximum score of 10 (Figures 2E, F). IFU : GCN ratios were higher in patients with Nugent scores of 7-10 compared to 0-3 (p=0.0401; Figure 2G). Taken together, these results suggest that BV status, by either Amsel’s criteria or Nugent’s scoring system, does not strongly predict infectious or total Ct burden. We also noted higher IFU : GCN ratios in BV, possibly indicative of a more productive Ct infection. However, high IFU : GCN ratios can be reached through increased IFU, decreased GCN, or a mix of both, complicating the interpretation of these results.




3.4 Total, but not infectious, Chlamydia burden differs by community state type

BV can vary greatly in its composition, typically involving a multitude of bacterial species. Given that increased IFU : GCN ratios were primarily observed in a subset of women with BV, we reasoned the presence and abundance of specific bacterial species present in this subset of cases may explain this divergence. To better characterize the vaginal microbiota of each patient, 16S rRNA gene sequencing was performed, and samples were assigned to community state types based on their taxonomic composition using VALENCIA, a nearest-centroid classifier that categorizes samples into five major discrete community state types using ASVs (France et al., 2020). While operational taxonomic units (OTUs) have been used historically to assess microbial communities, microbiome studies have generally moved to ASV as a more accurate method of assessment for 16S rRNA gene sequencing reads in the seven years since DADA2 has been published (Callahan et al., 2016). OTU clustering was a computational efficiency that generally loses resolution of reads whereas ASV analysis maintains repeatable biological variation, and this additional resolution provided by ASVs allows for more reads to be classified to more specific levels of taxonomy (Callahan et al., 2017).

Samples from our cohort fell into three state types: CST I, dominated by L. crispatus, CST III, dominated by L. iners, and CST IV, characterized by a diverse array of BV-associated anaerobes (Figures 3A, B). Each CST was then divided into sub-CSTs, where possible. CST I was split into CST I-A, with clear L. crispatus dominance (median 96%, range 88-98%), and CST I-B, with a lower relative abundance of L. crispatus (median 76%, range 58-83%). CST III was split into CST III-A, which was characterized by a high relative abundance of L. iners (median 94%, range 59-100%), and CST III-B, which had a somewhat lower relative abundance of L. iners (median 50%, range 16-73%). For both CST I and CST III, the ‘A’ subsets tended to have very high relative abundances of the dominant Lactobacillus species. (i.e., >90%), although some women had mixed communities of lactobacilli, including L. jensenii and L. gasseri. The ‘B’ subsets tended to have lower abundances of the dominant Lactobacillus species. and include more BV-associated anaerobes. For this reason, these “B” subsets often presented as BV in the clinic, particularly for CST III-B, of which 85% were diagnosed with BV and treated. CST IV was divided into CST IV-A, characterized by a high abundance of Candidatus Lachnocurva vaginae, formerly BVAB1 (Holm et al., 2020), with some Gardnerella vaginalis, and CST IV-B, characterized by a high abundance of G. vaginalis with some Ca. L. vaginae. Nearly all women classified as CST IV were diagnosed with BV and subsequently treated with metronidazole (98%). However, only 72% of clinically diagnosed cases of BV were classified as CST IV, with the remaining BV cases classified as CST III-B (16%), CST III-A (9%), and CST I-B (3%).




Figure 3 | (A) Heatmap of the relative abundances of vaginal bacterial taxa identified by 16S rRNA gene sequencing, showing both clinical visits (n=98). (B) Ordination plot of the vaginal microbiome, grouped with VALENCIA-assigned CSTs, showing both clinical visits (n=98). (C) IFU by VALENCIA CST at V1 (n=49). (D) GCN by VALENCIA CST at V1 (n=48). (E) IFU : GCN by VALENCIA CST at V1 (n=41). (F) Ordination plot colored by abundance of dominant taxa: Lactobacillus iners, Gardnerella vaginalis, Lactobacillus crispatus, Candidatus Lachnocurva vaginae, Sneathia, Prevotella, Fannyhessea vaginae, and Mobiluncus (n=98). Significance was determined by Brown-Forsythe and Welch ANOVA (*p<0.05).



Next, we compared chlamydial burden between VALENCIA-assigned sub-CSTs. As with Amsel and Nugent scores, infectious Ct burden did not significantly differ between any sub-CSTs, although GCN appeared to be highest in CST III-A, which significantly differed from CST IV-B (Figures 3C, D). The IFU : GCN ratios of CST III-A were significantly lower than those of CST IV-B (p=0.0263), mostly attributable to the increased GCN (Figure 3E). Taken together, these results indicate that CST classifications are poorly predictive of infectious and total Ct burden. However, differences in IFU : GCN ratios may suggest alteration of chlamydial growth states by vaginal microbial communities. Additionally, variance in relative abundances of vaginal bacterial species not only between but within CSTs further complicates interpretation of these results (Figure 3F), prompting us to examine the relationship between Ct burden and individual bacterial species rather than community-level classifications.




3.5 Chlamydia burden negatively associates with Lactobacillus crispatus abundance and positively associates with Prevotella bivia

We next used ANCOM-BC to test the relationship between total and infectious Ct burden and the bias-corrected log-abundances of vaginal bacterial genera and species (Figures 4A–J) (Lin and Peddada, 2020). This method revealed inverse associations between both IFU and GCN with L. crispatus and positive associations with P. bivia (Figures 4A, B, E, H). Most of the samples with detectable L. crispatus corresponded to mixed bacterial communities in which L. crispatus was not the dominant Lactobacillus species, yet the contribution of L. crispatus in these communities was sufficient to observe a negative effect on chlamydial growth. Negative associations were also apparent for L. jensenii with both IFU and GCN, displaying trends similar to those of the L. crispatus. Weaker associations were visible for other BV-associated bacteria, with IFU trending towards a negative association with Ca. L. vaginae (q=0.066; Figure 4F) and Mobiluncus (q=0.0574; Figure 4I). Using this method, IFU : GCN ratios did not associate significantly with any bacterial taxa other than a single positive association with P. amnii (q=0.003; Supplementary Figure 1). No significant association was identified between Ct burden and L. iners abundance, suggesting that other bacteria in these communities may be of greater importance in modulating chlamydial survival and growth. Taken together, these results suggest that chlamydial survival and/or growth may be modulated by specific vaginal bacteria and their associated microenvironments, most notably by L. crispatus and Prevotella.




Figure 4 | ANCOM-BC analyses correlating chlamydial burden with bias-corrected log-abundances (BCLA) of vaginal bacterial taxa. (A, B) ANCOM-BC model estimates representing correlations between vaginal bacterial taxa and IFU (n=49) or GCN (n=48), respectively. (C–J) BCLA of prominent vaginal taxa against IFU (blue circles, solid line) and GCN (green squares, dashed line). Significance was determined by linear modeling in ANCOM-BC, and the Holm-Bonferroni method was used to correct for multiple comparisons (*q<0.05, **q<0.01).






3.6 Spontaneous clearance of Chlamydia associates with successful MTZ treatment and a low chlamydial burden at screening

We next evaluated whether Ct burden responded to significant changes in the vaginal microbiota and, specifically, the MTZ-mediated resolution of BV using paired specimens from the enrollment and follow-up visits (V1 and V2). Since oral MTZ treatment is unsuccessful in a significant proportion of women (35%) (Larsson and Forsum, 2005; Marrazzo et al., 2008), we divided patients by treatment success or failure using modified Amsel’s criteria, and also compared these groups with women who were not treated with MTZ. In patients with detectable chlamydial burden at V1, both total and infectious chlamydial burden significantly decreased between V1 and V2 in women that resolved symptomatic BV following MTZ treatment (Figures 5A, B), and IFU : GCN ratios significantly increased in cases of MTZ treatment failure (Figure 5C). However, these differences in Ct burden were mainly attributable to a group of four women who spontaneously cleared chlamydial infection by V2 (negative Ct NAAT) and one woman with undetectable IFU and GCN but a positive Ct NAAT at V2. Also, a small but significant reduction in GCN, but not IFU, was observed in non-clearers treated with MTZ, regardless of whether the treatment was successful (Supplementary Figures 2A, B), and this was accompanied by a significant increase in IFU : GCN (Supplementary Figure 2C), suggesting that MTZ treatment may aid in reducing total Ct burden even when BV is not resolved. Every Ct clearer but one had less than 2,000 IFU per swab (cohort median 8,282, IQR 3,453-30,954) and 22,000 GCN per swab (cohort median 312,040, IQR 21,743-4,286,604) at V1, which was significantly less than that of non-clearers (Supplementary Figures 3A, B). In Ct clearers identified by Ct NAAT but who lacked detectable Ct burden at V1, one had a L. crispatus-dominant microbiota and did not require MTZ treatment (Amsel 1, Nugent 0, CST I-A), two successfully resolved BV after MTZ treatment, and one failed to resolve BV after MTZ treatment. These results suggest that MTZ treatment and resolution of BV may aid in the natural, spontaneous clearance of chlamydial infection, particularly in cases of low chlamydial burden.




Figure 5 | (A) Changes in IFU from V1 to V2 by modified Amsel’s criteria and MTZ treatment status (n=41). (B) Changes in GCN from V1 to V2 by modified Amsel’s criteria and MTZ treatment status (n=39). (C) Changes in IFU : GCN from V1 to V2 by modified Amsel’s criteria and MTZ treatment status (n=33). (D–K) Changes in relative abundance of prominent vaginal taxa from V1 to V2 by MTZ treatment status (n=41). Filled circles represent women that naturally cleared Ct infection, and hollow circles indicate non-clearers. NoTx, no treatment; TxS, treatment success; TxF, treatment failure. Significance between V1 and V2 within each treatment group was determined by Wilcoxon matched-pairs signed rank tests (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).



Given the innate diversity of BV, differing susceptibilities of BVAB to MTZ (Ferris et al., 2007; Armstrong et al., 2022; Gustin et al., 2022), and previous significant correlations of vaginal bacteria with chlamydial burden, we assessed changes in prominent vaginal bacterial species in the same groups of patients (MTZ treatment success, MTZ treatment failure, and no treatment) and looked for trends unique to women that naturally cleared Ct infection. We observed that women successfully treated with MTZ had increases in the relative abundances of L. iners or L. crispatus and reductions in the those of many BVAB, such as G. vaginalis, Ca. L. vaginae, S. vaginalis, F. vaginae, and Prevotella, as would be expected (Figures 5D–I). A decrease in L. iners was observed in women that were not treated with MTZ (Figure 5D), consistent with the instability of L. iners-dominant communities (van de Wijgert et al., 2014; McKinnon et al., 2019; Carter et al., 2023). Given the low number of patients with detectable Ct burden at V1 that cleared Ct infection by V2, we were not able to detect unique, significant changes in the abundances of specific vaginal bacteria of clearers compared to non-clearers, and we did not observe any trends to suggest that clearers differ from non-clearers in this way.





4 Discussion

Ct infections are typically chronic, and reinfection is common, indicating that immunity in many women may only be partially protective or compromised. A higher Ct burden is associated with transmission and ascension, and chronic upper tract infection is associated with pelvic inflammatory disease (Brunham and Rey-Ladino, 2005; Russell et al., 2016; Schillinger et al., 2016). Determining the endogenous and exogenous factors that contribute to the intractability and magnitude of chlamydial burden will be helpful for developing new strategies to reduce both individual and population-based Ct burden.

Clinical diagnoses of chlamydial infections are made using highly sensitive NAATs that detect extremely small amounts of Ct nucleic acid (e.g., <1 IFU/assay or <7.25 IFU/swab by the Aptima Combo 2 NAAT) and do not require viable organisms. Results are reported as positive, negative, or indeterminate with no indication of the extent of the Ct infection. Many current research studies quantify only total burden, but this does not inform if bacteria are viable, replication competent, or infectious and could therefore amplify infection within a host or be transmitted to a sexual partner. In contrast, parallel evaluation of IFU and GCN informs both infectious and total burden, and IFU : GCN ratios inform the proportion of bacteria that are infectious at the time of sampling (Lewis et al., 2014). This is important, as in vitro studies indicate that the growth characteristics of Ct, an obligate intracellular pathogen with a small genome size and multiple auxotrophies, are driven by environmental conditions. Under stressful conditions in vitro, such as generic depletion of amino acids, limitation of tryptophan, isoleucine, glucose, or iron, and the presence of viral coinfections or certain antibiotics, Ct enters into a persistent, viable, non-infectious form which may or may not be able to re-enter the developmental cycle, depending on the magnitude and duration of stress (Coles et al., 1993; Beatty et al., 1994a; Beatty et al., 1994b; Harper et al., 2000; Belland et al., 2003; Hogan et al., 2004; Leonhardt et al., 2007; Hatch and Ouellette, 2020; Riffaud et al., 2023). Persistent forms are also differentially sensitive to antibiotics (Reveneau et al., 2005; Marangoni et al., 2020) and may aid in establishing long-term intractable reservoirs of infection (Dean et al., 2000; Suchland et al., 2017). Here, we illustrated the immense spectrum of infectious chlamydial burden and even broader spectrum of total chlamydial burden in untreated infection and how IFU : GCN reveals a heterogeneity of Ct growth with some samples predominated by replicating forms, and others by non-replicating forms, supporting our previous pilot study (Lewis et al., 2014). However, our future studies would benefit from the use of a recently described Ct-specific viability-PCR capable of distinguishing viable from non-viable Ct (Janssen et al., 2016; Janssen et al., 2018; Dukers-Muijrers et al., 2020; Janssen et al., 2020; Versteeg et al., 2020; Janssen et al., 2022; Vojtech et al., 2023).

BV is a heterogeneous condition with various, and evolving, classifications (McKinnon et al., 2019). Multiple lines of evidence indicate, however, that the molecular composition of the genital environment is significantly modulated by anaerobe proliferation, inter-microbe interactions, and the ensuing host response (Mitchell and Marrazzo, 2014; Schaffer and Taylor, 2015; Srinivasan et al., 2015; Schirmer et al., 2016; Oliver et al., 2020). Based on the indole immune-escape hypothesis (Caldwell et al., 2003; Nelson et al., 2005), we expected that women with untreated BV might have a greater Ct burden than those with Lactobacillus-dominant microbiota, reasoning that BV would hinder eradication and promote spread of the Ct. However, we found no significant difference in IFU and GCN with respect to Amsel score, Nugent category, or VALENCIA-assigned CST, indicating that community-level classifications of the vaginal microbiota alone are not predictive of infectious or total chlamydial burden. There were, however, clear differences in IFU : GCN ratios between vaginal bacterial communities, potentially representing a spectrum of Ct growth states. Regardless of whether Amsel scores, Nugent categories, or CST were used, IFU : GCN ratios were elevated in women with BV, suggesting that this environment may promote the most productive Ct growth. However, IFU : GCN ratios are only one of many parameters that have been used to contrast productive and persistent growth states, and other confirmatory approaches, such as morphological and transcriptional characterization of Ct forms, are required to more confidently differentiate Ct growth states (Gérard et al., 2002; Belland et al., 2003; Gérard et al., 2004; Lewis et al., 2014). When individual bacterial species within these communities were examined, L. crispatus abundance was found to inversely correlate with both total and infectious chlamydial burden, consistent with published studies describing the partial protective effect of L. crispatus on Ct infection, potentially via the production of lactic acid and other metabolites or by modulation of inflammation in the genital tract (O'Hanlon et al., 2013; Gong et al., 2014; Nardini et al., 2016; Anton et al., 2018; Edwards et al., 2019; Rastogi and Singh, 2022; Dong et al., 2023; Zalambani et al., 2023). Additionally, both total and infectious chlamydial burden positively correlated with the abundance of P. bivia, and IFU : GCN ratios with P. amnii. However, not all Prevotella species followed this trend. While members of the genus Prevotella are known to express tryptophanase, an enzyme capable of catabolizing tryptophan to indole, little is known about if and which specific Prevotella species in the vaginal microbiota possess this capability, which is further complicated by variation in indole production between different isolates of the same species (Könönen et al., 1998; Lawson et al., 2008; Sasaki-Imamura et al., 2011; Ziklo et al., 2016). While our 16S rRNA gene sequencing data is unable to address this specific knowledge gap, our planned studies will be addressing this with shotgun metagenomic sequencing.

Natural, spontaneous clearance of chlamydial infection in the short interval between screening and treatment has been documented by us and others (Geisler et al., 2008; Geisler et al., 2013; Mott et al., 2021). Individuals who naturally clear infection and are protected from reinfection are important to study as they can help define the correlates of immunity to Ct (Geisler et al., 2008; Geisler et al., 2013). Using the current ‘screen to treat’ definition of a natural clearer, namely Ct NAAT-positive at V1 and Ct NAAT-negative at V2, we observed a clearance rate similar to previous studies (17%) (Geisler et al., 2008; Geisler et al., 2013; Mott et al., 2021). However, using our in-house assays for determining IFU and GCN, we noted that three samples from these clearers had values below the LLOQ of these assays at V1. For the longitudinal analyses, we modified our definition of clearance to include women with detectable IFU and GCN at V1 and undetectable IFU and GCN at V2, identifying three additional women. Utilizing these individuals, we made several observations, namely that all but one of the identified clearers were successfully treated with MTZ and that Ct burden in these women was significantly lower than women who did not clear infection, even within the same group. This low Ct burden at V1 would suggest that an appropriate local adaptive immune response had been generated, only needing the ‘BV break’ to fully resolve the infection. It is important to note that clinical diagnoses of BV by Amsel’s criteria do not always agree with the results of Nugent’s scoring system and community state typing. However, we chose to use modified Amsel’s criteria to evaluate treatment success, given that these criteria were used to diagnose and treat BV at V1. These findings also illustrate that, when investigating the relationship between Ct burden, Ct clearance, and the genital milieu, it may be most informative to focus on samples with documented, significant changes in Ct burden, rather than ‘screen to treat’ clearance where Ct burden is most often minimal. It is important to note that this was an opportunistic, exploratory investigation utilizing a subset of samples that were collected as a part of a larger study using unrelated statistical power and sample size estimates. While we did not detect statistically significant differences in some comparisons, this may be due to the low number of patients included in this exploratory analysis, particularly natural clearers with detectable Ct burden at enrollment.

Why might successful, but not unsuccessful, MTZ treatment of women aid in clearance of low burden Ct infection in some women? There may be several, unlikely independent, explanations. Successful MTZ treatment typically reduces the burden of many BVAB, including indole producing Prevotella (Srinivasan et al., 2015; Armstrong et al., 2022). The MTZ-mediated reduction in some BVAB may also reduce proteases and sialidases responsible for cleaving and abrogating antibody function or mucinases, which alter the integrity and function of the mucus barrier (Cauci et al., 1998; Lacroix et al., 2020). MTZ either directly, or indirectly through bacterial burden reduction and subsequent environmental changes, also modulates many proinflammatory cytokines and chemokines (Yudin et al., 2003; Roth et al., 2010; Serebrenik et al., 2021; Armstrong et al., 2022). Some of these changes in conditions may favor Ct clearance, such as the documented increase in IP-10, which may attract T cells to the site of infection (Mott et al., 2021; Serebrenik et al., 2021; Armstrong et al., 2022). In this study, while the use of relative abundances was sufficient to detect significant reductions of many BVAB and increases in Lactobacillus following successful MTZ treatment, the magnitude of the effects that these bacteria have on the genital environment are directly linked to their absolute abundances or burden, the quantification of which may be required to understand the relationship between the vaginal microbiota, genital environment, and chlamydial clearance. Future studies would benefit from the quantification of absolute abundances of dominant vaginal bacterial taxa or by inferring absolute abundances from total bacterial burden in combination with compositional data (Tettamanti Boshier et al., 2020; Elnaggar et al., 2023a; Elnaggar et al., 2023b).

Clearly, the interactions between the genital microbiota and Ct are more complex to evaluate than originally anticipated. However, a new model may be emerging from ours and others recent data (Geisler et al., 2008; Geisler et al., 2013; Mott et al., 2021; Brown et al., 2023; Jordan et al., 2023), and our rapidly increasing understanding of the microbiota at this unique site. First, given the maintenance of tryptophan synthase in nearly all genital Ct isolates, there is little reason to doubt that the net presence of indole is an important mechanism for Ct escape (Caldwell et al., 2003; Nelson et al., 2005; Ziklo et al., 2016; Sherchand and Aiyar, 2019; Mott et al., 2021). However, this is also possible in women who are classified with intermediate microbiota in addition to those with BV (France et al., 2020). Second, emerging vaginal metabolome data indicate that BVAB deplete amino acids (Srinivasan et al., 2015), which may create a less-than-optimal environment for Ct replication and survival (Riffaud et al., 2023). This may provide one explanation of the recent data in which Ct clearers had less robust amino acid profiles than non-clearing individuals matched by BV status as indicated by Nugent scoring (Jordan et al., 2023). Third, many metabolic products of BVAB aside from indole, including additional tryptophan catabolites, can directly modulate Ct growth cues or local immunity (Zelante et al., 2014; Cella and Colonna, 2015; Gao et al., 2018; Sherchand and Aiyar, 2019). It is possible that Ct survival and replication is optimal in a mildly dysbiotic community dominated by L. iners since this environment allows for the growth of anaerobes beneficial to Ct growth without the byproducts, inflammation, and hypoxia of severe BV. Further studies are needed to elucidate these complex relationships, and these studies may benefit from the incorporation of longitudinal protocols that allow for morphological and molecular characterization of Ct forms in parallel with comprehensive assessments of metabolomic and host immune parameters in order to understand which and how genital environmental factors and stressors modulate Ct replication and survival.
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Obligate intracellular bacteria have remained those for which effective vaccines are unavailable, mostly because protection does not solely rely on an antibody response. Effective antibody-based vaccines, however, have been developed against extracellular bacteria pathogens or toxins. Additionally, obligate intracellular bacteria have evolved many mechanisms to subvert the immune response, making vaccine development complex. Much of what we know about protective immunity for these pathogens has been determined using infection-resolved cases and animal models that mimic disease. These studies have laid the groundwork for antigen discovery, which, combined with recent advances in vaccinology, should allow for the development of safe and efficacious vaccines. Successful vaccines against obligate intracellular bacteria should elicit potent T cell memory responses, in addition to humoral responses. Furthermore, they ought to be designed to specifically induce strong cytotoxic CD8+ T cell responses for protective immunity. This review will describe what we know about the potentially protective immune responses to this group of bacteria. Additionally, we will argue that the novel delivery platforms used during the Sars-CoV-2 pandemic should be excellent candidates to produce protective immunity once antigens are discovered. We will then look more specifically into the vaccine development for Rickettsiaceae, Coxiella burnetti, and Anaplasmataceae from infancy until today. We have not included Chlamydia trachomatis in this review because of the many vaccine related reviews that have been written in recent years.
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Introduction

The disease burden caused by many obligate intracellular bacteria described in this review has increase at least 10-fold since the year 2000 in the USA, as reported by the CDC. Ticks transmit most of these obligate intracellular bacteria, which are responsible for >95% of all vector-borne disease in the USA (Eisen et al., 2017). The expansion of ticks’ territories over the last century has contributed to this rise in cases, which will continue because of climate change resulting in the further expansion of ticks into new regions (Sonenshine, 2018). Another obligate intracellular bacterium not known but potentially transmitted by ticks is Coxiella burnetii where cases of Q fever have doubled in the USA in the same period (Cherry et al., 2022). On the opposite side of the world Orientia tsutsugamuschi causes >1 million cases a year of scrub thyphus transmitted by chiggers, which is found primarily in southeast Asia but has an expanding territory and where the emergence of antibiotic-resistant strains is a significant concern (Luce-Fedrow et al., 2018). Recently, O. tsutsugamuschi was found in chiggers in North Carolina, indicating their presence in the USA, although the spread of disease has not occurred to date (Chen et al., 2023). The rise of infections and expansion of vector territories for these obligate intracellular bacteria are making them a rising public health concern. Additionally, at the early stages of disease, most of these infections present as non-specific flu-like illnesses, making diagnosis problematic. Therefore, although these infections can currently be treated effectively with doxycycline, the potential for under or misdiagnosis and the possibility for further acquired antibiotic resistance in these bacteria still makes vaccination the best strategy to mitigate disease (Strickman et al., 1995; Rolain et al., 2005; Mcclure et al., 2017). It is our view that any vaccination strategy that stimulates a Th1 mediated response with the production of pathogen specific antibodies, CD4+ T cell, and CD8+ cytotoxic T cell will be most effective for any of the obligate intracellular bacteria discussed in this review. Several strategies including novel antigen/adjuvant mixtures or delivery platforms could accomplish this goal.

Vaccination is one of the most important medical advances and has nearly eradicated several diseases responsible for significant morbidity and mortality in both humans and many animal species. A recent study estimated the number of potential human deaths eliminated by vaccination as 50 million in just the new millennium (2000-2019) (Toor et al., 2021). However, none of the approved vaccines for human or animal use are for the obligate intracellular bacteria discussed in this review. All these zoonotic diseases would benefit from a one health initiative. And although there is a critical need for animal vaccines for obligate bacteria in these genera discussed in this review, the focus will be on human vaccines. One of the main reasons there are no approved vaccines for this group of bacteria is their intracellular lifestyle because although antibodies can provide some protection, once intracellular a cell-mediated response will be necessary for clearance. Furthermore, since most of these bacteria actively subvert the immune system a vaccine strategy that produces a robust humoral and cell-mediated immune response will have a better chance of providing protection. Challenges at the clinical trial stage will include defining novel cell-mediated correlates of protection a challenge for any vaccine that relies on humoral and cell-mediated immunity. Additionally, humoral correlates of protection will be more difficult to establish as neutralization is often not mechanisms of protection. This review aims to provide a comprehensive description about what is known about the immune responses to natural infection and how the information can guide human vaccine development. Additionally, vaccine immunology necessary for understanding the components of protection will be discussed, followed by several new vaccinology approaches that could aid the development of successful vaccines for these pathogens.





Vaccination immunology specific for obligate intracellular bacteria

Most vaccines are injected with needles, where antigens are taken up by antigen presenting cells (APCs) at the site of vaccination which can also be activated by adjuvant-type pathogen-associated molecular patterns (PAMPs) (Figure 1). These activated APCs migrate to regional lymph nodes to present antigens to naïve T cells in the context of MHCI and MHCII to T cell receptors (TCR), which are assumed to be essential for cellular immunity to obligate intracellular bacteria (Figure 1). CD4+ T cells are more important for clearance of vacuolar bacteria (C. burnetti, and Anaplasmataceae), whereas CD8+ T cells are important for the clearance of cytoplasmic Rickettsiaceae. However, it is the view of the authors that any vaccine formulation that can stimulate both pathogen specific CD4+ and CD8+ T cells should provide more protection and either alone. The importance of various immune responses will be discussed in the pathogen specific sections. CD4+ and CD8+ T cells then mature into effector and memory populations. The memory population of T cells can be separated into 3 different types: central memory (TCM), effector memory (TEM), and tissue resident (TRM) (Figure 1). Effective vaccines for obligate intracellular bacteria likely require a strong TRM response, particularly since TRMS are found in the skin, lungs, liver, and intestines. TRMS rapidly respond to local antigen causing cytokine release and recruitment of circulating memory T cells (Figure 1). A strong TRM response after mucosal immunization with inactivated C. trachomatis has been observed, which demonstrated that in mice optimal clearance is dependent on TRMS and circulating memory T cells supporting our view that TRMS will be important for vaccine induced protection against the other obligate intracellular bacteria discussed in this review (Stary et al., 2015). CD4+ T helper cells also drive B cell development by providing help after B cell receptors recognize soluble antigen found in the lymph nodes. This is provided by a subset of CD4+ T helper cells called T follicular helper cells (Tfh) which allow B cells then undergo class switching and develop into antibody secreting plasma cells, long-lived plasma cells (LLPCs), and memory cells (Figure 1) (Olatunde et al., 2021). LLPCs reside in bone marrow and can secrete antibodies for years, decades, or longer in humans. On the other hand, short-lived plasma cells are usually found in extrafollicular locations (Bortnick and Allman, 2013). It is now recognized that LLPCs provide long-term and sustained production of antibodies, and therefore any effective vaccine to an obligate intracellular that requires an antibody response should stimulate the production of LLPCs (Lightman et al., 2019). Passive transfer of sera to naïve mice provides protection against many obligate intracellular bacteria including Ehrlichia chaffenesis and Rickettsia conorii (Feng et al., 2004; Yager et al., 2005). However, passive transfer of sera to athymic mice was not protective for several obligate intracellular bacteria including Coxiellla burnetii and R. akari suggesting that T cells are involved in antibody mediated protection in some cases (Kenyon and Pedersen, 1980; Zhang et al., 2007) Therefore, although antibodies are important components of the protective immune response to obligate intracellular bacteria, a cell-mediated response should also be stimulated to confer the most efficacious level of protection ensuring that both branches of the immune system are involved in the protective response.




Figure 1 | Basic vaccine immunology. Vaccination usually occurs via injection intramuscularly in humans where antigens are taken up by APCs at the site and are also activated by adjuvant PAMPs included in the vaccine which stimulate the innate immune system. These activated APCs then migrate to the regional lymph nodes to present these antigens to naïve T cells in the context of MHCI and MHCII to T cell receptors (TCR). CD4+ T cells and CD8+ T cells then develop into effector and memory populations. The memory population of T cells is separated into 3 different types: central memory (TCM, effector memory (TEM), and tissue resident (TRM). The CD4+ T helper cells also drive B cell development in germinal centers by providing help after B cell receptors recognize soluble antigen found in the lymph nodes. B cells then undergo class switching and develop into antibody secreting plasma cells and memory cells. This results in long-term immunity to the vaccine material. These memory cells can then be maintained at several sites including the bone marrow for long lived plasma cells (LLPCs) which can secrete antibodies long term. In addition, infection after vaccination results in release of cytokines at the site of infection by TRM and other cells of the innate immune system which can then recruit other memory T cells to the site of infection. The example of an infection after vaccination shows C. burnetii in the lungs, particularly in the alveoli where alveolar macrophages uptake C. burnetii and key players in the Th1 type response produced after vaccination which provides protection.



A cell-mediated immune response with CD4+ and/or CD8+ T cells providing most of the protection is generally required to control disease caused by obligate intracellular bacteria. Therefore, an effective immune response that requires CD4+ T cells should skew towards a Th1 phenotype with CD4+ T cells that secrete IFNγ for clearance of obligate intracellular bacteria, in addition, Th1 responses stimulate cytotoxic CD8+ T cells through the secretion of IFNγ, and IL-12 (Turner et al., 2021). A Th1 skew is also partially dependent on Th17 cells, which are beneficial to protective immune responses to obligate intracellular bacteria including C. trachomatis by contributing to Th1 modulation, neutrophil recruitment, and dendritic cell (DC) regulation (Li et al., 2018; Nguyen et al., 2021). DCs are the APCs that drive this type of response and determine what type of CD4+ T helper cells develop. CD4+ T helper cells come in a range of unique forms including Th1, Th2, Th17, Treg, and Tfh to name a few (Figure 1). The cytokines present during T cell expansion, after binding of the TCR to peptide bound in MHCII, determine the types of T helper cells that result. Conventional DCs (cDCs) are the most abundant DCs and are found in all tissues, therefore, these are the APCs that ingest antigen at the site of vaccination. Induction of Th1 cells occurs after cDC uptake of antigen with stimulation of TLR3, TLR9, or TLR11/12 and self-stimulation with IFNγ (Hilligan and Ronchese, 2020). Adjuvants that stimulate those TLRs are logical adjuvants to include in vaccines against obligate intracellular bacteria. This type of stimulation causes the cDC to release IL-12 and IL-27, both necessary to skew CD4+ T helper cells into Th1. In addition, vaccination that induces the development of CD4+ cytotoxic T lymphocytes (CTLs), which are induced after chronic viral infections with HIV-1 and described as CD4+CD28-Perforin+ T cells, should be beneficial against intracellular bacterial infections (Appay et al., 2002). These CTL CD4+ T cells are induced after a Th1 response. Th1 cells are also important for enhancing CD8+ T cell-mediated immunity by secreting IFNγ, TNFα, IL-2, IL-3, and GM-CSF (Zander et al., 2019). In addition to shaping the CD4+ T helper cell response, cDCs are also the most effective at cross-presentation of antigens on MHCI through the vacuolar and endosome-to-cytosol pathways and are also required for CD8+ cytotoxic T cell response (Embgenbroich and Burgdorf, 2018). Therefore, any delivery system that targets antigens to cDCs could be valuable in a vaccine to any obligate intracellular bacterium discussed in this review since targeting a Th1/Th17 with a strong cytotoxic T cell response should be required for protection.

Vaccine formulations will likely have to include both T cell and B cell antigens to confer protection against obligate intracellular bacteria highlighting that both cell-mediated and humoral responses are optimal to clear obligate intracellular bacteria. The concept that a humoral plus CD4+ T and CD8+ T cells response confers optimal protection is exemplified by a vaccine developed against Mycobacterium tuberculosis. Engineering the BCG vaccine strain to produce listeriolysin O and deleting Urease C created VMP1002. This live attenuated vaccine strain was still able to confer a humoral and Th1 CD4+ T cell response like BCG, but additionally stimulates CD8+ cytotoxic T cells and afforded better protection than BCG in animal models (Grode et al., 2005). This vaccine is now in phII/phIII clinical trials in India. We believe any vaccine strategies that stimulate a strong humoral plus CD4+ Th1 response and additionally stimulate a CD8+ cytotoxic response will be the most efficacious (Nieuwenhuizen et al., 2017). Therefore, any vaccine developed should induce humoral and cell-mediated responses to provide the best protection.





Correlates of protection that should be developed for obligate intracellular bacterial vaccines

Defining the CoPs is an important step in licensing an efficacious vaccine. Understanding which branch(es) of the immune system are essential in a protective response determines what are the CoPs. If CoPs are well defined, it is simpler to develop efficacious vaccines then if empirical studies are required for each new antigen. For example, serum antibody concentrations of 0.15 to 1.0 mg/mL to the polysaccharide of H. influenzae type b (HiB) are a CoP that can be used to develop new vaccines against HiB polysaccharide (Granoff and Lucas, 1995). More specifically this is a “mechanistic CoP” (mCoP), meaning it is a specific immune function that confers protection. Antibodies still represent the primary correlate of immunity for most vaccines that are licensed (Plotkin, 2013). In contrast, a non-mechanistic CoP (nCoP) may be correlated to protection or contributes to protection but is not a direct measurement of an immune response (Plotkin and Gilbert, 2012). Infection resolved cases can be used as a starting point to define CoPs for obligate intracellular bacteria, that is if infection resolved cases provide decent protection, which is not the situation of all the pathogens in this review. In addition, the ability to subvert the immune system creates issues because even if infection resolved cases provide protection this may not be the best protection because of inherent subversion mechanisms. CoPs for obligate intracellular bacterial vaccines will need to be defined for licensing and will rely not only on humoral responses which are well defined CoPs but also on cell-mediated responses and to date there are no approved vaccines with only cell-mediated CoPs.

An appropriate animal model that mimics human disease is essential to determining CoPs. Vaccination in an appropriate animal model can be used to evaluate CoPs through a variety of experimental techniques including depletion studies, antibody titers, and cellular assays. This is often challenging for obligate intracellular bacteria, especially those that are transmitted through vectors; however, advancements have been made and will be highlighted in pathogen specific sections. Although antibodies can have several functions, one of the most common CoPs are neutralizing antibodies. Neutralization implies coating the virus, bacteria, or toxin with antibodies and preventing them from binding to host cells. This is the CoP for of all the vaccines approved for preventing Sars-Cov-2 infection for the recent pandemic (Carrillo et al., 2021). Other antibody mediated mechanisms include opsonization and activation of the complement cascade. The mechanisms of antibody mediated immunity to obligate intracellular bacteria are often difficult to ascertain because many of these pathogens grow within immune cells even after binding antibodies (Shannon et al., 2009). Defining appropriate humoral mediated correlates of protection will be essential for licensing of any obligate bacterial vaccine that depends on this type of immunity. Cell-mediated CoPs are not as well defined, which has made the development of viral and obligate intracellular bacterial vaccines that will rely on cell-mediated protection difficult to evaluate (Barker et al., 2009).

To date there is no licensed vaccine that produces only T cell protection on the market. However, induction of CD4+ T cells has been used as a CoP for Shingrix the vaccine licensed for use against shingles in adults over 50 (Ogunjimi and Beutels, 2018). The gold standard for testing antigen specific T cell responses after vaccination is an ELIspot usually for IFNγ which can be used in mice, non-human primates (NHPs), and humans during vaccine development (Flaxman and Ewer, 2018). The major disadvantage of ELIspots is that there is no information about the phenotypes of the cells secreting IFNγ. This can be circumvented by using flow cytometry to separate cells into CD4+ and CD8+ populations that express IL-2, IFNγ, IL-4, IL-17, perforin, and granzyme B (Flaxman and Ewer, 2018). Flow cytometry can also be used to define memory populations (Flaxman and Ewer, 2018). Given that 40 different markers can now be measured using mass cytometry (CyTOF), the use of flow cytometry to identify CoPs during vaccine development will only increase and is the obvious choice for development of cellular CoPs for obligate intracellular bacteria. The above CoPs for humoral and cell-mediated responses should be used to develop safe and efficacious vaccines for all the obligate intracellular pathogens.





Antigen selection

How do you pick antigens to be included in a vaccine? One of the earliest vaccine approaches to this problem was in fact to not pick at all and to inactivate the entire bacterium creating a whole-cell vaccine (WCV). A bacterial pathogen is cultivated in large quantities and then inactivated by one of several methods including but not limited to formalin or another chemical inactivation, heat, or irradiation (Khan et al., 2022). The advantage of these types of vaccines is that they are highly immunogenic and usually do not require adjuvants or boosts. Surprisingly, this is effective for several obligate intracellular bacteria including C. burnetii (Q-VAX®), however, Q-VAX® produces significant reactogenic responses in previously sensitized individuals and, therefore, was never licensed for use in the USA (Fratzke et al., 2022). The reactogenicity of WCVs can be reduced or eliminated and appropriate effector memory stimulated using specific antigens and epitopes alone or in solubilized cellular antigen extracts, as was demonstrated recently demonstrated in preclinical animal models for C. burnetii (Gregory et al., 2021). Identification of antigens can be accomplished by many approaches. Early strategies to identify dominant and subdominant antigens described as the immunome have been employed for many obligate intracellular bacteria using antiserum from previously infected individuals to identify protein antigens (Beare et al., 2008; Luo et al., 2021). However, there are inherent limitations in these approaches for the obligate intracellular bacteria, where immunogenic proteins are not necessarily protective and where antibody responses alone usually do not afford complete protection (Zhang et al., 2007). Surface exposed proteins, or sugar moieties including lipopolysaccharide (LPS) are good antigenic targets for humoral responses to the obligate intracellular bacteria that produce LPS, which excludes Anaplasma spp., Ehrlichia spp. and O. tsutsugamuschi, however, surface exposed protein antigens are still likely candidates for these bacteria (Luo et al., 2020). For example, the LPS from C. burnetii has been demonstrated to confer protection in both mice and guinea pigs (Zhang et al., 2007; Jan et al., 2023).

The advance of high-throughput sequencing gave way to the era of reverse vaccinology (Rappuoli, 2000). Reverse vaccinology has been used to identify such antigens as those used in the MenB vaccine against Neisseria meningitidis which represents a milestone in new vaccinology approaches (Masignani et al., 2019). Reverse vaccinology has been used extensively to identify antigens from obligate intracellular bacteria and has identified components of secretion systems and their secreted effector proteins as novel antigens (Khan et al., 2023; Sabzi et al., 2023). We are now in the era of rational vaccine design, which builds on reverse vaccinology with the addition of machine learning algorithms to identify antibody and T cell epitopes. The SARS-CoV-2 pandemic significantly advanced these approaches by providing rich data to employ novel machine-learning techniques to predict B and T cell epitopes using a single framework like DeepVacPred to the forefront (Yang et al., 2021). We, and others, predict this could accelerate the development and testing of novel vaccines for obligate intracellular bacteria. Mapping of epitopes for B and T cells, commonly referred to as immunoinformatics, is the basis for the design of epitope-based vaccines (Parvizpour et al., 2020). This approach does not require an entire antigenic protein and can remove immunodominant areas of antigens that do not confer protection.

More specifically, immunopeptidomics, which refers to the investigation and dynamics of all peptides presented by major histocompatibility complex (MHC) class I and class II using mass spectrometry will also add strategies for vaccines against obligate intracellular pathogens (Kovalchik et al., 2020). This technique has been applied recently in the development of a tuberculosis vaccine wherein 43 MHCI and 94 MCHII epitopes were identified in M. tuberculosis infected cells (Mayer and Impens, 2021). As presented in each of the following pathogen-specific sections, these advances have revolutionized the development of vaccines for obligate intracellular bacteria resulting in several safe and efficacious vaccine formulations ready for human-phased trials. Notwithstanding, pathogen adaption that results in reduced immunogenicity may remain an issue that requires combining the existing tools or developing new technology to overcome.





Adjuvants

Adjuvants are vaccine components that stimulate the innate immune system to enhance the magnitude, extent, and longevity of the adaptive response to the antigens. As mentioned above, these are required additives for the new era of antigen and epitope-based vaccines. Adjuvants come in 3 basic formats: 1. as a depot that recruits antigen-presenting cells (APCs), 2. as a delivery system that helps antigen uptake by APCs, or 3. stimulate innate immune responses through pattern recognition receptors (PRRs). Once the PRRs of the innate immune system are stimulated in cDCs an adaptive immune response can result in the maturation of number of CD4+ and CD8+ T cell subsets in addition to B cells (Figure 1).

Alum, an insoluble aluminum salt, was the first adjuvant licensed for use in the 1920s and, until very recently, the only adjuvant licensed for use in humans. Surprisingly, the exact mechanism of Alum remains poorly understood despite decades of licensure and use. Unlike most of the new adjuvants that activate one or more PRR, it has long been assumed that Alum causes a depot effect. However, it is clear that the mechanism of action of Alum is more complex and involves enhancing the delivery of APCs, production of IL-1β, and induction of cell death releasing DNA and other damage-associated molecular patterns (DAMPs), that act as endogenous adjuvants (Del Giudice et al., 2018). There are currently 5 other adjuvants licensed for use in humans including MF59 which is included in the seasonal flu vaccine for older adults Fluad (licensed in Europe), AS01 in the shingles vaccine Singrix, AS03 in the pandemic influenza vaccine Pandemrix, AS04 in the HPV vaccine, and finally CpG in the HBV vaccine (Pulendran et al., 2021). In addition to these adjuvants, many other adjuvants are in the pre-clinical stages of development to ensure their safety and tolerance.

Overall, the goal of an adjuvant inclusion in a vaccine for most obligate intracellular bacteria is to elicit a strong Th1 cellular response resulting in antigen specific antibodies, CD4+ and/or CD8+ T cells. A strong cytotoxic CD8+ T cell response to antigens may be ideal but requires cross-presentation for subunit vaccines. This response requires the presentation of peptides in MHCI restricted fashion on APCs, usually cDCs, with proper cytokines and co-stimulation to induce T cell differentiation (Zhang and Bevan, 2011). Classically this requires peptides loaded from the cytosol into the ER and then MHCI. However, this process can occur directly from peptides in a phagosome or by transfer of peptides into the cytosol. Both processes are considered cross-presentation, which is inefficient with subunit vaccines and does not result in long-term memory CD8+ T cells. Numerous adjuvants are now under development as carriers that enhance the cross-presentation of antigens a formulation that will likely be necessary to develop safe and efficacious subunit and/or epitope vaccines for the obligate intracellular pathogens discussed in this review (Embgenbroich and Burgdorf, 2018).





Delivery platforms

Vaccine delivery platforms comprise two different branches. One branch tests novel delivery platforms including edible vaccines, microneedle patches, or intradermal vaccines. The alternative is the basic formulation of the vaccine material and the focus of this section. For example, the SARS-CoV-2 pandemic saw the licensing of the first 2 mRNA vaccines for human use in the USA produced by Moderna, Inc. and BioNTech SE/Pfizer Inc (Barbier et al., 2022). The basic principle of an mRNA vaccine is the delivery of mRNA into the cell by a lipid nanoparticle resulting in the production of a protein in the cytoplasm that can be presented by MHCI to stimulate a cytotoxic CD8+ T cell response, in addition to stimulating CD4+ T cells and humoral responses (Verbeke et al., 2022). Furthermore, the lipid nanoparticle and the foreign mRNA can stimulate several innate immune-signaling cascades acting as adjuvants (Li et al., 2022). The ability to stimulate a variety of innate immune pathways followed by stimulation of antigen specific humoral, CD4+ and CD8+ T cell responses in addition to the ease of production should make mRNA vaccines ideal for vaccines developed against obligate intracellular bacteria once novel techniques to discovery antigens are used (Kowalzik et al., 2021). A DNA vaccine delivery method was also licensed during the SARS-Cov-2 pandemic using a non-replicating chimpanzee-Ad (adenoviral vector) in the licensed Oxford-AstraZeneca vaccine (Van Doremalen et al., 2020). DNA vaccines work with the same basic principle as mRNA vaccines, however, the DNA must first be transcribed in the nucleus and then translated into protein in the cytoplasm. This again allows the loading of MHCI to stimulate a cytotoxic CD8+ T cell response in addition to an antibody response. The only caveat with adenoviral vector vaccines is the potential for previous exposure and pre-existing immunity to the non-replicating viral vector which may limit the utility of these platforms as was seen with HIV-ad5 vaccines where having anti-ad5 antibodies actually increased the acquisition of HIV (Buchbinder et al., 2008; Mcelrath et al., 2008).

A novel delivery platform uses outer membrane vesicles (OMVs) which are produced by all Gram-negative bacteria. This technology not only has value for creating innovative vaccines against bacteria pathogens but is also being developed as a delivery platform for cancer vaccines (Zhu et al., 2021). OMVs work as a delivery platform because they can package antigens and also act directly as an adjuvant as they are composed of LPS a TLR4 agonist in addition to several other PAMPs that can stimulate TLR2 or TLR5 on the cell surface and caspase-11 and NODs in the cytoplasm (Vanaja et al., 2016). Antigens can be expressed on surrogate bacteria to produce OMVs, which is a strategy that could be applied to obligate intracellular bacteria. More specifically, genetic fusions to the C-terminus of ClyA, a pore-forming toxin, can be used to create recombinant OMVs for vaccination expressing the antigen of interest on the outside of the OMVs (Rappazzo et al., 2016). Interestingly, this strategy produces a Th1/Th17 response in vaccinated mice and was shown to confer protection after vaccination with M2e a potential universal influenza A antigen in a mouse model of influenza, the type of response would also be beneficial for vaccine development to obligate intracellular bacteria (Kim et al., 2013; Rappazzo et al., 2016). As delivery platforms continue to be developed, the ability to create safe and efficacious vaccines to obligate intracellular bacteria also advances.





Vaccine strategies for intracellular pathogens

Except for the early WCVs, obligate intracellular bacterial pathogens have thwarted efforts made toward efficacious vaccines. Although most of these obligate intracellular bacteria can be culture in vitro the inability to effectively culture axenically like C. burnetii has significantly slowed the progress towards the development of safe and efficacious vaccines (Omsland et al., 2009; Mcclure et al., 2017). This is mainly because genetics and therefore the determination of virulence factors as lagged. It is only the last few years that novel antigen identification platforms have been used for any of the obligate intracellular pathogens. The novel methodologies and machine learning algorithms developed during the Sars-Cov-2 pandemic have made the next phases of antigen discovery imminent. Here we present the current understanding of the immunobiology of key obligate intracellular bacteria including Rickettsiaceae, C. burnetti, and Anaplasmataceae and the current state of vaccine development efforts to this unique group of pathogens. All of the CoPs sections for these bacteria have been determined using animal models or human infections from natural infections and although they have provided groundbreaking information the CoPs for licensing will still need to be defined in the future.





Rickettsiaceae




Bacteria and disease overview

The family Rickettsiaceae consists of obligate intracellular bacteria belonging to the genera Orientia and Rickettsia. These bacteria have a wide range of potential hosts, including humans, which are infected via arthropod vectors (Figure 2).




Figure 2 | Lifecycle of arthropod vectors responsible for transmitting tick-borne diseases to humans. Ixodidae are a family of hard ticks responsible for transmitting ehrlichiosis, anaplasmosis, and rickettsioses in a lifecycle involving three-hosts. Adult females detach from a host after feeding to lay eggs. Six-legged larvae hatch from the eggs and seek out a host (often a rodent) to attach and feed. Engorged larvae leave their host and molt into nymphs before seeking out a second host (often a rodent). Nymphs drop from their host and molt into adults before attaching to a third host (often larger mammals, including humans). Adults will feed and mate on the third host before detaching and laying eggs to restart the cycle (1). Chiggers, responsible for spreading scrub typhus, spend most of their life underground. Larvae emerging from infected eggs, start to display host-seeking behavior within a few days by forming clusters on leaves and grass above the soil surface. The larvae feed on a vertebrate host (including humans), becoming engorged and increasing in size by several fold. They then detach and return to a suitable habitat on the soil surface. Over a 2-week period engorged larvae develop into a quiescent 8-legged nymphal phase. A month later, the adult finally emerges and may survive for 15 months or more. When an infected adult lays eggs, O. tsutsugamushi is transovarially transmitted to the offspring, maintaining their infectivity over long periods of time and restarting the life cycle.



The genus Orientia (previously genus Rickettsia) was long considered to include only a single species, O. tsutsugamushi. O. tsutsugamushi, the causative agent of scrub typhus, is an emerging vector-born pathogen transmitted to humans during a blood meal from infected trombiculid mites (chiggers). The geographical distribution of scrub typhus was historically considered to be limited to Asia, Australia, and islands in the Pacific Ocean an area referred to as the Tsutsugamushi triangle (Kelly et al., 2009; Elliott et al., 2019). However, recent cases of scrub typhus like illness outside the Tsutsugamushi triangle coupled with efforts to broaden molecular surveillance of scrub typhus have revealed evidence of Orientia species far outside of the triangle region including cases in Africa, Europe, and South America and resulted the identification of at least two genetically distinct Orientia agents, Candidatus O. chuto and Candidatus O. chiloensis (Jiang and Richards, 2018). Given the potential severity of scrub typhus infections, a mortality rate of up to 35% if not treated early, and rising concerns over potential outbreaks of scrub typhus in vulnerable regions, efforts to develop effective vaccines have grown in recent years (Chaudhry et al., 2019).

Rickettsiae are a diverse genus of bacteria that can be subdivided into four main groups based on molecular, phylogenetic, and serological profiling. The first two groups are the typhus group (TG) and spotted fever group (SFG), which represent the majority of severe human-acquired rickettsiosis. The TG includes two closely related species: R. typhi and R. prowazekii, the causative agents of murine typhus and epidemic typhus, respectively. The SFG is more heterogeneous and contains most Rickettsia species, approximately 20, including R. rickettsii and R. conorii, the causative agents of Rocky Mountain Spotted Fever (RMSF) and Mediterranean Spotted Fever, respectively. R. akari and R. felis belong to the transitional group (TRG), so-called because they consist of features represented by SFG and TG. Finally, there is a non-pathogenic ancestral group (AG) consisting of R. belii and R. canadensis. While SFG rickettsioses are transmitted to mammals predominantly via ticks, TG and TRG rickettsiae have a much broader arthropod reservoir including fleas, mites, lice, and ticks (Osterloh, 2017). The geographical range for some of the tick species responsible for transmission of Rickettsia has increased in recent years, likely as a result of warmer climates (Karbowiak, 2014). This in turn has correlated with an increased incidence of rickettsioses not only in endemic regions but also where rickettsioses were rarely documented (Adem, 2019).





CoPs

During the early stages of infection, rickettsiae invade professional phagocytes in the dermis before spreading to endothelial cells. Here, the bacteria replicate in the cytosol before initiating cell-to-cell spread either by fusing with the host membrane and budding off (Orientia spp.), utilizing actin-based motility (SFG), or rupturing the parasitized host cell (TG). Due to the obligate intracellular lifecycle and innate evasion strategies of rickettsiae, seroconversion following infection is significantly delayed (Fournier et al., 2002). Diagnostic antibody titers in R. typhi and R. conorii infected patients do not often develop until around two to three weeks after an initial infection (Dumler et al., 1991; Fournier et al., 2002). Additionally, a study using inactived R. rickettsii lead to a rise in humoral response in a subset of vaccinees but did not prevent disease (Dupont et al., 1973). Thus, humoral immunity plays only a minor role in mediating host protection of primary infection but may play a more significant role in limiting secondary infections (Chan et al., 2010). During the early stages of a primary infection, antibodies produced in the absence of CD4+ T cell help are less protective than antibodies generated with CD4+ T help. In a study involving convalescent serum from athymic nude mice donors, passive transfer of antibodies was able to confer protection in a euthymic mouse but not an athymic mouse following an R. akari infection (Kenyon and Pedersen, 1980). However, in SCID mice antibodies do protect against R. conorri infection (Feng et al., 2004). Therefore, antibodies to play a role in mediating protection however cellular immunity is also important.

In murine and preclinical animals studies cellular immunity is known to play an essential role in protection against rickettsial infections, with both CD4+ and CD8+ T cell-deficient mice demonstrating increased susceptibility to infection with TG, SFG, and O. tsutsugamushi (Walker et al., 2001; Moderzynski et al., 2016; Xu et al., 2017). In addition to providing help with B cell production of antibodies, CD4+ T cells release proinflammatory effector molecules, such as IFNγ and TNFα, during infection. Both cytokines have been shown to play an important role in host protection from R. conorii and R. typhi with depletion of either IFNγ or TNFα leading to enhanced susceptibility in infected C3H/HeN mice (Feng et al., 1994; Moderzynski et al., 2016). One of the ways these cytokines influence the outcome of rickettsial infection is by directly acting on macrophages and neutrophils to enhance their bacterial activity by inducing the expression of reactive nitrogen species (Salim et al., 2016).

Given the intracellular replication of rickettsiae, CD8+ T cell-mediated cytotoxic killing of infected cells is required for bacterial clearance. Transgenic mice that lack the cytotoxic T cell potential (C57Bl/6 Perforin -/-) have been shown to demonstrate increased susceptibility and lethality to R. australis (TRG) infection compared with both wild-type (WT) and IFNγ knock out (KO) mice (Walker et al., 2001). However, surprisingly Perforin KO mice in a BALB/c background are equally resistant to R. typhi as WT mice (Moderzynski et al., 2017). These findings suggest cytotoxic activity might be more important for protection against some species of rickettsiae than others. However, these results are confounded by the different susceptibility of mice to various rickettsiae where BALBc mice are considered resistant (Eisemann et al., 1984). These studies and the ones above argue that our strategy to provide a Th1 CD4+ T cell, CD8+ cytotoxic T cell, and pathogen specific antibody response should confer the best protection. Another cytotoxin released by CD8+ T cells is Granzyme B, which triggers caspase-mediated apoptosis of infected cells. During infection with R. typhi or R. conorii, antigen-experienced CD8+ T cell (CD44high) numbers are highest around 7-10 days post-infection (Walker et al., 2001; Caro-Gomez et al., 2014a). This time point also coincides with the beginning of bacterial clearance from infected tissues at which point effector-like memory CD8+ T cells (CD27lowCD43low) increase their expression of Granzyme B (Caro-Gomez et al., 2014a). As with CD4+ T cells, stimulated IFNγ release by CD8+ T cells is another strong correlate of protection against rickettsial infections. Mice lacking IFNγ (IFNγ-/-) or its receptor (IFNGR-/-) often demonstrate enhanced susceptibility to rickettsiosis (Moderzynski et al., 2017; Burke et al., 2021). Collectively these data suggest that polyfunctional T cells play a vital role in host defense against rickettsial infections.

Initially, antibody responses were identified as an important component of protection afforded by early Rickettsia vaccines based on killed whole cells (Dupont et al., 1973; Mason et al., 1976; Anacker et al., 1985). However, it is now known that antibodies play only a minor role in protection during primary infection and they are not cross-reactive among phylogenetically distant rickettsiae (Feng and Walker, 2003). In contrast, T cells can mediate cross-protection between distantly related rickettsiae, suggesting T cell-mediated immunity is responsible for long-lasting cross-protective immunity (Caro-Gomez et al., 2014a). Thus, T cell antigens should be preferentially considered for inclusion in future vaccines against rickettsiae to provide cross-protection and should be combined with specific B cells antigens identified using the novel techniques described in this review. Identification of novel antibody antigens using bioinformatics and machine-learning may also afford the ability to identify cross-reactive epitopes.






Typhus group vaccines

The first vaccines against TG rickettsia were developed in the 1920s and pioneered by Polish zoologist Rudolf Weigl. His WCV was produced by isolating the midguts of lice infected with R. prowazekii, homogenizing them into a paste, and heat-inactivating (Polak et al., 2022). A total of 30-100 lice were required to produce a single vaccine dose, which provided significant protection in a guinea pig model of infection. His vaccine was later appropriated by the Nazi Party of Germany and used to immunize German soldiers during World War II. However, Weigl is credited with intentionally reducing the efficacy of vaccine doses destined for German soldiers and secretly delivering thousands of doses to Jewish prisoners in ghettos and concentration camps across Poland. Similar WCV derivatives were prepared from isolating R. prowazekii from infected rabbit lungs or propagated in yolk sacs (Cox vaccine) before formalin inactivation (Walker, 2009). However, inactivated WCVs were only capable of reducing the severity and duration of disease rather than preventing infection (Dupont et al., 1973). Additionally, there were concerns over the safety of these vaccines due to adverse reactions at the injection site and hypersensitivity to yolk-sacs. The adverse reactions were eliminated in humans by preparing the formalin inactivated WCV in chicken or duck embryo cell culture and showed better protection in animal models however this vaccine was never licensed (Kenyon et al., 1975; Ascher et al., 1978). It is our opinion that WCVs will not provide the best protection because they are not efficient at stimulating CD8+ cytotoxic T cell responses.

Inactivated WCVs were eventually replaced by live attenuated vaccines. In the 1930s, an attenuated strain of R. typhi (Casablanca) was created by isolating bacteria from infected guinea pig tissues and treating them with 5% ox bile (previously used in an attenuated dengue vaccine). The resulting vaccine provided heterologous protection against R. typhi and R. prowazekii (Dyer, 1943). However, differences in bacterial tissue burden between infected animals led to issues regarding quality control and batch-to-batch variation. One of the most successful live attenuated vaccines against TG rickettsia comes from the R. prowazekii Madrid strain. Originally termed Madrid 1 after a patient who died from typhus in Madrid during 1941 epidemic, the strain was passaged 11 times through chick embryos and was renamed Madrid E (Richards, 2004). Avirulence of R. prowazekii Madrid E is maintained by a mutation in the methyltransferase responsible for methylation of surface proteins (Wei-Mei et al., 1992). The vaccine was originally purified from desiccated yolk-sacs and was demonstrated to elicit protection in guinea pigs without resulting in any recoverable bacteria. Clinical studies of R. prowazekii Madrid E strain demonstrated robust immunity against virulent R. prowazekii Naples and Breinl strains that lasted at least 5 years post-immunization (Fox, 1955). Several years later it was determined that some adverse reactions were likely a result of yolk-sac contaminants and endotoxin, so modifications were made to the manufacturing. The Madrid E vaccine is no longer in use due to the persistence of some adverse events, uncertainty over the mechanism and stability of attenuation, and concerns over the potential for unrestricted growth in immunocompromised individuals (Zhang et al., 2006).

Most subunit vaccine candidates against rickettsiae are surface-exposed antigens recognized by antibodies to enhance bacterial uptake into phagocytes. However, given the significance of cellular immunity in host protection from rickettsial disease, efforts to identify vaccine candidates have focused on discrete antigens that trigger T cell engagement. Although very few rickettsial antigens have been identified, the most promising belong to the surface cell antigen autotransporter family (Sca 0-5) involved in bacterial adherence and cell uptake. Of particular interest is outer membrane protein B (OmpB/Sca5), which is recognized by convalescent serum from laboratory animals and patients previously infected with R. typhi (Dasch and Bourgeois, 1981). Additionally, T cells from R. typhi infected patients secrete IL-2 and IFNγ in response to macrophages expressing fragments of R. rickettsii OmpB, suggesting recognition of peptides presented by MHCI by CD8+ T cells and cross-reactivity of T cells to conserved OmpB epitopes between TG and SFG rickettsiae (Dzul-Rosado et al., 2017). Guinea pigs vaccinated with OmpB from R. typhi are protected from homologous challenge (Dasch et al., 1984).

Using a reverse vaccinology approach, Caro-Gomez et al. identified a collection of novel antigens (RP403, RP598, RP739, and RP778) from R. prowazekii based on the presence of CD8+ T cell epitopes (Caro-Gomez et al., 2014b). These antigens were recombinantly expressed in SCEV 4-10 cells for presentation by MHCI and were then used to immunize C3H/HeN mice. Immunization resulted in an antigen-specific CD8+ T cell response that produced IFNγ and granzyme B, which protected mice from a lethal heterologous challenge with R. typhi (Caro-Gomez et al., 2014a). We hope that novel strategies to identify B and T cells antigens developed during the Sars-Cov-2 pandemic are used to further identify potentially protective epitopes.





Spotted fever group vaccines

Like the first TG vaccines, early SFG vaccines consisted of fixed WCV material. In 1925, Spencer and Parker prepared the first RMSF vaccine by isolating R. rickettsii from the intestines of infected ticks and inactivating the material in phenol (Spencer and Parker, 1925). While two doses of this vaccine were able to elicit strong protection in rhesus macaques, the vaccine was only able to reduce the severity of illness in humans rather than prevent infection. Subsequent phenol and formalin-treated suspensions of R. ricketsii from yolk sacs (Cox method) were produced but they were only effective at delaying the onset of symptoms and shortening the duration of illness. Improvements to SFG vaccines were eventually made using R. rickettsii cultures grown in chick embryo fibroblasts and purified by sucrose gradient. We again postulate that WCVs will not be protection because they are not efficient at stimulating CD8+ cytotoxic T cell responses.

Of the SFG immunogens identified experimentally, outer membrane proteins A (OmpA/Sca0) and B (OmpB/Sca5) have been studied most. Immunization of guinea pigs with recombinant OmpA from R. rickettsii has been shown to elicit strong protection from homologous challenge and partial protection from heterologous R. conorii challenge (Vishwanath et al., 1990). DNA vaccination using fragments of OmpA (OmpA703–1288, OmpA755–1301 or OmpA980–1301 or OmpA1644–2213) or OmpB (OmpB451–846 or OmpB754–1308) from R. conorii have also been used for immunization. A priming dose using plasmid DNA followed by boost immunization with the corresponding recombinant peptide induced a significant IFNγ response in T cells upon in vitro recall with R. conorii WCV. This boosting strategy was also successful in protecting mice from lethal challenge with R. conorii (Crocquet-Valdes et al., 2001). Interestingly, heterologous DNA immunization with plasmids encoding fragments of OmpA and OmpB (OmpA703–1288 or OmpA1644–2213 with OmpB451–846 or OmpB754–1308) was also protective against lethal challenge with R. conorii and shown to be more immunogenic than either vaccine alone (Díaz-Montero et al., 2001). Antibodies likely play a significant role in OmpA/B mediated protection given passive immunization of antigen-specific antibodies into guinea pigs and immunodeficient SCID mice protects animals from a lethal R. rickettsii challenge (Feng et al., 2004). Additionally, OmpA/B specific antibodies have been shown to facilitate opsonophagocytosis of R. conorii, inhibit adherence of R. rickettsii to host cells, and mediate complement-dependent killing of SFG rickettsia. Each of these antibody-mediated mechanisms may contribute to protection against infection.

Another antigen of interest is YbgF, a Tol-Pal system protein identified as a major seroreactive surface exposed protein (Qi et al., 2013b). Immunizing C3H/HeN mice with recombinant YbgF resulted in the proliferation of IFNγ secreting CD4+ and CD8+ T cells and fewer bacteria in the spleen, liver, and lungs following infection with R. rickettsia (Gong et al., 2015a). Similarly, C3H/HeN mice immunized with recombinant YbgF from R. heilongjiangensis (the causative agent of Far-Eastern Spotted Fever; FESF) results in a CD4+ T cell response that limits the bacterial burden upon infection with homologous bacteria (Qi et al., 2013a). Vaccination with another component of the R. rickettsii Tol-Pal system, TolC, was also shown to be immunogenic but less efficient at restricting rickettsial burden and impairment in the spleen, liver, and lungs than YbgF (Gong et al., 2015a).

Other immunogenic proteins that have been used for experimental vaccination against SFG rickettsiae include Adr1, Adr2, OmpW, and Porin-4. C3H/HeN mice immunized with recombinant Adr1, OmpW, or Porin-4 lead to a reduced bacterial burden in tissues upon challenge with R. rickettsia (Gong et al., 2014a). Similarly, immunization with recombinant Adr2 protects mice from R. rickettsii infection and leads to enhanced production of IFNγ by CD4+ T cells and TNFα by CD8+ T cells (Gong et al., 2014b). In vitro neutralization assays revealed that sera from mice immunized with recombinant Adr1, Adr2, or OmpW reduced R. rickettsii adherence to and invasion of vascular endothelial cells. In many instances, combination vaccines provide the most promising outcome from infection. One such example is a combination of recombinant Adr2 with OmpB, which results in enhanced protection against R. rickettsii infection than either one alone, resulting in a stronger IFNγ response and fewer detectable bacteria (Gong et al., 2015b).





Orientia spp. vaccines

Early O. tsutsugamushi vaccines were WCV derivatives purified from the lungs of infected cotton rats and fixed in formalin. The protection provided by this vaccine in humans was initially based on 15 out of 16 individuals developing mild disease, which led to large-scale production of the vaccine towards the end of World War II (Walker, 1947). Similarly, studies with this vaccine showed it provided only partial protection of mice against infection, resulting in a milder disease outcome (Bailey et al., 1948). A human field study performed later in Japan showed that there was no demonstrable protection afforded by this vaccine (Berge et al., 1949). One of the drawbacks to using formalin-inactivated vaccines is antigen modifications resulting from formalin cross-linking. An alternative approach using gamma-irradiated O. tsutsugamushi was found to protect mice against a lethal challenge with a homologous strain over 12 months (Eisenberg George and Osterman Joseph, 1978). However, protection against heterologous strains appeared to wane rapidly and was not significant after 6 months.

Strain diversity among O. tsutsugamushi is one of the biggest challenges to vaccine development, as noted by cases of reinfection and the lack of serological cross-reactivity in human cases (Philip, 1948; Kuwata, 1952). Sequence analysis of known immunodominant antigens, including type-specific antigen (TSA) 56 and surface cell antigens (sca), has shown variable homology and levels of conservation among different O. tsutsugamushi strains (Ruang-Areerate et al., 2011; Ha et al., 2012). Furthermore, comparative genomics of two O. tsutsugamushi strains (Boryong and Ikeda) revealed a common set of repetitive sequences that have been explosively amplified in both genomes, which resulted in extensive genome shuffling as well as duplications and deletions of many genes. Consequently, natural infection with O. tsutsugamushi does not provide long-term protection from reinfection, particularly from different strains. In a human trial involving individuals previously infected with scrub typhus, reinfection with O. tsutsugamushi resulted in a similar severity of illness compared to naïve controls (Smadel et al., 1950). The original strain responsible for infection in most of the volunteers was believed to have been different from the one used in the study (Gilliam) and was therefore likely a heterologous challenge. However, for one of the volunteers it was known that the original infection, 3 years prior, was caused by O. tsutsugamushi Gilliam and this individual developed no other symptoms besides erythema at the site of inoculation. In this instance, heterologous immunity may be very short-lived while homologous immunity may last longer.

Characterization of O. tsutsugamushi immunodominant antigens by reactive convalescent serum with bacterial lysates revealed five major proteins were common to three strains (Eisemann and Osterman, 1981). They were identified as TSA 22, 47, 56, 58, and 110 based on their molecular weight. Of these five antigens, TSA56 has been regarded as one of the more favorable vaccine targets due to conserved epitopes among different strains of O. tsutsugamushi and its role in the attachment and invasion of host cells (Cho et al., 2010). Mice immunized with TSA56 not only generate a robust humoral response, including neutralizing antibodies, but elevated IFNγ and IL-2 production, associated with T cells. These mice were also shown to have measurable protection against a homologous challenge with O. tsutsugamushi Boryong strain (Choi et al., 2014). Furthermore, a novel recombinant antigen comprised of conserved regions of TSA56 was shown to elicit protection against both homologous and heterologous lethal challenges (Kim et al., 2019). The authors also demonstrated protective immunity could be adoptively transferred using CD4+ or CD8+ T cells from immunized mice, whereas immune B cells failed to do so. Thus, providing further evidence of the importance cellular immunity against conserved epitopes plays in protective immunity against scrub typhus. Other successful studies demonstrating a protective role of TSA56 include a fusion with maltose-binding protein (MBP) and a truncated version (r56). In both instances, immunized mice exhibited high titer antigen-specific antibodies and cellular immune responses that resulted in protection from a homologous, but not heterologous lethal challenge (Seong et al., 1997; Chattopadhyay and Richards, 2007).

The TSA47 outer membrane protein is another major antigen that has been considered for vaccination. Polyclonal T cells derived from infected mice are highly stimulated in the presence of TSA47 and antigen-specific antibodies are cross-reactive with at least 8 different strains of O. tsutsugamushi (Oaks et al., 1989; Hickman et al., 1993). Upon immunizing mice with a DNA construct containing TSA47, outbred CD-1 mice were found to produce polyfunctional splenocytes secreting IFNγ, IL-4, and IL-13 in addition to a strong antibody response (Chattopadhyay and Richards, 2007). In challenge studies using TSA47 as the immunizing antigen delivered intranasally, mice developed high antibody titers, including IgG and IgA in bronchoalveolar lavage (BAL) fluid, as well as cellular immunity correlative with a Th1 response (Choi et al., 2017; Park et al., 2021). In both studies, mice were significantly protected against a lethal challenge with O. tsutsugamushi Boryong. A fusion protein of TSA47 with TSA56 from O. tsutsugamushi Karp was evaluated for its efficacy in protecting mice against a homologous challenge. In this study, the fusion protein was found to provide greater protection than when either protein was given individually (Yu et al., 2005). However, protection was only partial (50%) and the efficacy of a TSA47-56 fusion protein against heterologous challenge remains to be determined.

Other immunogenic proteins of interest from O. tsutsugamushi are the autotransporter proteins ScaA, ScaC, ScaD, and ScaE. Each of these antigens has been shown to cross-react with convalescent serum with ScaA identified as the most reactive (Ha et al., 2012). Immunizing mice with ScaA resulted in enhanced protection against both homologous (Boryong strain) and heterologous (Karp and Kato strains) O. tsutsugamushi challenge when combined with TSA56 (Ha et al., 2015). In a separate study from the same group, ScaA was coupled to zinc oxide nanoparticles that were taken up by DCs in vitro and induced protective immunity in mice. Immunized mice developed antibodies against ScaA as well as IFNγ producing CD4+ and CD8+ T cells.

Given that natural immunity to O. tsutsugamushi wanes over time and there is significant antigenic diversity among strains, it is likely any successful vaccine against scrub typhus will need to overcome these challenges. Currently, the number of antigens identified as potential O. tsutsugamushi vaccine targets remains limited, and further studies will need to rely on identifying antigens based on T cell epitopes in addition antibody cross-reactivity. Antigens that elicit strong cellular responses, including IFNγ secreting CD4+ and CD8+ T cells, are likely necessary for protection against rickettsial diseases. Memory cells that have a bimodal distribution consisting of both effector memory and central memory phenotypes will help to overcome issues of waning immunity. Lastly, vaccines containing fusion proteins or combinations of multiple antigens are likely to improve the breadth of immunity across different strains to support heterologous protection, however, it is unknown how many fusion partners will be needed. Again, we hope that novel strategies to identify B and T cells antigens developed during the Sars-Cov-2 pandemic are used to further identify potentially protective epitopes.





C. burnetii




Bacteria and disease overview

C. burnetii is a Gram-negative obligate intracellular bacterium and the causative agent of the zoonotic disease query fever (Q fever) (Van Schaik et al., 2013). Q fever can present either as an acute self-limiting febrile disease or as a chronic disease most commonly associate with endocarditis (Maurin and Raoult, 1999). Transmission usually occurs after the inhalation of contaminated aerosols. Once inside the lungs C. burentii are taken up by alveolar macrophages where they grow and divide in a compartment like a lysosome termed the Coxiella-containing vacuole (CCV). C. burnetii is listed as a Category B select agent and therefore a safe and efficacious vaccine should be developed.





CoPs

Understanding the mechanisms of immunity to C. burnetii can guide the development of protective vaccines against this pathogen. Evaluation of adaptive immune responses after infection or vaccination in humans and laboratory animals indicates that while both cellular and humoral immune responses play a role in protection, cell-mediated immunity is essential for resolution of infection. Humans with acute Q fever develop serum IgM, IgG, and IgA titers against C. burnetii antigens that persist for long periods after resolution of infection, while those with chronic Q fever have very high phase I IgG and significantly lower phase II IgM titers (Worswick and Marmion, 1985; Buijs et al., 2021). In mice, experiments using adoptive transfer of immune serum show that serum IgG provides some protection against infection but does not fully control bacterial dissemination and growth. Comparisons of the humoral responses to protective phase I WCVs and non-protective phase II WCVs in mice indicate that IgG targeting phase I lipopolysaccharide may play a significant role in protection against C. burnetii (Zhang et al., 2007). C. burnetii phase I LPS has been shown to shield surface antigens from antibody binding through steric hindrance, prevent dendritic cell activation by blocking toll-like receptor (TLR) ligands, and resist complement-mediated serum killing (Hackstadt, 1988; Vishwanath and Hackstadt, 1988; Shannon et al., 2005). Abinanti and Marmion showed that treating C. burnetii with immune serum from rabbits exposed to phase I C. burnetii, but not serum from rabbits exposed to phase II, inhibited infection in mice (Abinanti and Marmion, 1957). In vitro experiments showed that treatment of C. burnetii with serum containing anti-C. burnetii IgG potentiates phagocytosis and destruction of bacteria by macrophages in vitro (Kishimoto and Walker, 1976). However, the adoptive transfer of immune serum into T cell-deficient, athymic mice had no significant impact on infection compared to mice receiving non-immune serum, indicating that T cell-mediated immunity is essential for the control of C. burnetii infection (Zhang et al., 2007).

The role of cell-mediated immunity has been evaluated in both humans and laboratory animals. Measurements of the index of lymphoproliferative response, a measure of lymphocyte proliferation upon exposure to an antigen, in humans after vaccination with a WCV showed positive LSI in 85-95% of vaccinees, while only 35-70% showed positive serum antibody titers against C. burnetii (Izzo et al., 1988). In mice, depletion of T cells results in an inability to control pulmonary infection with C. burnetii (Read et al., 2010). However, both CD4+ and CD8+ T cells appear to play a role in immunity to C. burnetii as immunodeficient mice lacking T cells reconstituted with either CD4+ or CD8+ T cells can control infection (Read et al., 2010).

CD4+ T cells activated through antigen-presentation on MHCII produce IFNγ which enhances phagocytosis and production of reactive oxygen species and reactive nitrogen species by macrophages which are an important target cell of C. burnetii infection (Andoh et al., 2007). In vitro stimulation of infected monocytes with IFNγ inhibits intracellular C. burnetii replication and survival and induces apoptosis (Dellacasagrande et al., 1999). CD4+ T cells appear to play an important role in the control of C. burnetii replication, however, in vivo mouse studies suggest that CD8+ T cells play a larger role in bacterial clearance. In MHCI and MHCII knock-out (KO) mice, MHCII KO mice infected with C. burnetii can clear infection, MHCI KO mice develop persistent infections (Buttrum et al., 2018). The role of CD8+ T cells in the control of C. burnetii infection is not fully understood, however, perforin may be an important mediator of protection as perforin-deficient mice develop significantly more severe splenomegaly than wild-type mice during challenge (Buttrum et al., 2018). Overall, an effective vaccine for C. burnetii will likely need to produce strong cell-mediated memory from both CD4+ and CD8+ T cells to control intracellular replication and bacterial clearance as well as humoral immunity to enhance vaccine efficacy by neutralizing bacteria before infection of host cells. The current WCVs for C. burnetii fail to elicit CD8+ T cell responses and therefore could be improved upon using strategies described in this review.






Current vaccine strategies WVC

C. burnetii is an obligate intracellular bacterium that is endemic worldwide except for New Zealand and Antarctica and is maintained by persistent infection in sheep, goats, cattle, and camelids, making elimination from the environment extremely difficult (Hilbink et al., 1993; Van Schaik et al., 2013). Because of this, an effective vaccination program is considered essential to reduce the rate of human infections. Although abbatoir workers, farmers, and veterinary professionals working closely with these domestic species are considered at the greatest risk of infection, interest in the development of vaccines against Q fever was initially driven by concern for the protection of military troops. Some of the first isolates of C. burnetii were collected from American soldiers who were infected during their deployment to Italy during World War II. To isolate the bacterium, blood samples from infected patients were inoculated into guinea pigs and then cultured in embryonated yolk sacs. This work produced several strains of C. burnetii including the Henzerling strain which was later used for the production of the first formalin-inactivated WCV (Robbins and Rustigian, 1946; Snyder et al., 1947).

Early evaluation of this WCV in a guinea pig model of infection showed that it reduced mortality to less than 2% in vaccinated animals compared to 40-80% in the unvaccinated group (Snyder et al., 1947). Administration of this vaccine in humans showed similarly high levels of protection. An 18-month survey of abattoir workers in southern Australia reported no cases of Q fever among 924 workers vaccinated with a single dose of the formalin-inactivated, Henzerling strain phase I vaccine compared to 34 cases in 1349 unvaccinated (control) workers (Marmion et al., 1984). However, early experiments in humans and animals noted local and systemic reactions occurred in some vaccinated individuals (Snyder et al., 1947). These reactogenic responses would continue to be a major barrier to the widespread use of the WCV.

There are currently two licensed formalin-inactivated, WCVs against C. burnetii: Q-VAX® (Seqirus, Australia) and Coxevac® (CEVA Sainté Animale, France), administered to humans and ruminants, respectively. Q-VAX® was developed using the phase I Henzerling strain of C. burnetii in response to the high rate of infections among abattoir workers in Australia and is only licensed for human use in that country. Clinical trials of Q-VAX® and later retrospective studies showed long-lasting protection of greater than 90% 5 years after vaccination (Marmion et al., 1990; Woldeyohannes et al., 2020). Additionally, the implementation of a vaccination program in Australia in 2002 reduced the incidence of Q fever between 2002 and 2006 by over 50% (Gidding et al., 2009). Coxevac® is similarly a whole cell, formalin-inactivated vaccine derived from the phase I Nine Mile strain and licensed for use in ruminants in Europe. Although Coxevac does not significantly reduce infection rates in ruminants, this vaccine has been shown to lower abortion rates in infected animals and reduce exposure risk to humans by decreasing bacterial shedding through vaginal fluids, feces, and milk (Rousset et al., 2009; De Cremoux et al., 2012).

Inactivated WCVs against C. burnetii are proven to be highly effective at reducing infections in humans, but the high rates of local and systemic reactions after vaccination have prevented widespread licensure of this vaccine (Fratzke et al., 2022). Even in early experiments, local induration, erythema, and chronic granulomas with abscesses at the vaccine site were common, and systemic symptoms such as fever, malaise, and anorexia were frequently reported in vaccinated humans with a history of prior exposure to C. burnetii (Snyder et al., 1947). Injection site granulomas from the WCV may last for weeks to months and occasionally require surgical excision to resolve (Bell et al., 1964). Similar local reactions to C. burnetii WCVs have been reported in ruminants, rabbits, and guinea pigs (Biberstein et al., 1974). To reduce severe reactions to the WCV, humans receiving Q-VAX® must undergo pre-vaccination screening which includes measuring anti-C. burnetii antibody titers in serum and intradermal sensitivity testing. This intradermal skin test uses a very low dose of whole cell material injected into the skin, and then local induration and erythema are measured 48 hours later, similar to the tuberculin test for Mycobacteriosis (Lackman et al., 1962). Despite this pre-vaccination screening strategy, adverse responses to the whole-cell vaccine are still common, with local and systemic reactions reported in 98% and 60% of seronegative, skin test-negative veterinary students, respectively, in a 2018 survey (Sellens et al., 2018).

The pathogenesis and underlying cause of C. burnetii WCV reactogenicity are poorly understood. Some early research speculated that phase I LPS is the cause of local reactogenic responses, but more recent studies have disproven this hypothesis (Kazár et al., 1982; Long et al., 2021; Fratzke et al., 2021b). These local and systemic reactions are more frequent and severe in individuals with antibody titers against C. burnetii from prior exposure and histopathologic evaluation of vaccine site reactions show infiltration of macrophages, neutrophils, and lymphocytes with central abscesses suggesting that C. burnetii WCV reactions are a granulomatous type IV hypersensitivity response (Bell et al., 1964; Kazár et al., 1982; Wilhelmsen and Waag, 2000). Type IV hypersensitivities have a delayed onset and are driven by memory CD4+ and CD8+ T cells. Recently, (Fratzke et al., 2021a) showed that in sensitized mice, local and systemic reactions to the whole-cell vaccine are characterized by an increase in IFNγ and IL17a+ CD4+ T cells, indicating a Th1/Th17-mediated hypersensitivity (Fratzke et al., 2021a) (Figure 3). However, research into the mechanisms behind the efficacy of the WCV suggest that while anti-C. burnetii antibodies provide some immunity, T cell-mediated immune memory is critical for vaccine-induced protection against infection (Zhang et al., 2007). Thus, novel vaccine strategies against C. burnetii must provide a balanced immune response to maintain protective immunity while reducing adverse reactions.




Figure 3 | Delayed Type Hypersensitivity Response in the Mouse Model. SKH1 mice were infected with C. burentii and then the infection was resolved before WVC prepared from NMI was injected intramuscularly. The skin sections were removed 2 weeks later and sent for H&E staining. This is a representative image. A central abscess (arrow) surrounded by lymphohistiocytic inflammation (arrowheads) within the subcutaneous tissue. Hematoxylin and eosin, 4x magnification, bar=200 µm.







Early alternatives to the C. burnetii WCV

Several alternative C. burnetii vaccines have been tested over the decades since the development of the WCV, including phase II inactivated, modified live, and solubilized and residual antigen vaccines (Robinson and Hasty, 1974; Kazár et al., 1982; Williams et al., 1992; Zhang et al., 2007). Serial passages of C. burnetii through embryonated yolk sacs results in attenuation of the bacteria, termed phase variation. A large chromosomal deletion occurs during this passage resulting in the truncation of the LPS (Beare et al., 2018). Phase I C. burnetii, isolated from infected animals or humans, is highly virulent and infectious while the phase II form, isolated after multiple passages through embryonated yolk sacs, shows a marked reduction in infectivity except in immunocompromised humans and animals (Van Schaik et al., 2017). This makes phase II C. burnetii much safer to manufacture for use in vaccines and allows for work under biosafety level 2 conditions instead of the high containment required for phase I bacteria. However, a formalin-inactivated, WCV derived from phase II C. burnetii produces a marked reduction in protective efficacy compared to phase I-derived vaccines (Stoker and Fiset, 1956). This phase variation was later determined to be due to alteration in the LPS expressed on the surface of C. burnetii and later studies showed that phase I LPS is an essential component for the efficacy of the WCV (Schramek et al., 1983; Zhang et al., 2007).

Originally developed in the 1960s and 70s, a solubilized antigen vaccine was derived from phase I C. burnetii using trichloroacetic acid (TCA) extraction (Kazár et al., 1982). This vaccine showed >90% protective efficacy in mice and guinea pigs challenged by intraperitoneal injection with phase I C. burnetii and, in humans vaccinated with a two-dose regimen, positive sera was detected in 74.4% of volunteers at 5 weeks post-vaccination. The TCA vaccine also resulted in overall high rates of local reactions in humans, ranging from 27.9% to 63.9%, but a decrease in the severity of these reactions compared to the WCV (Kazár et al., 1982). A live attenuated vaccine, M-44, was developed in Russia in the 1960s by serial passage of the Grita strain of C. burnetii forty-four times through embryonated chicken eggs. M-44 showed a marked loss of virulence when inoculated in guinea pigs and mice (Marmion, 1967). Although this vaccine provided significant protection against Q fever in animal and human experiments and showed reduced local and systemic reactions, concerns about the safety of attenuated C. burnetii vaccines prevented their general use (Robinson and Hasty, 1974). Indeed, one study reported that the M-44 vaccine could not only persist in tested animals for long periods, but also induce inflammation in the liver, spleen, and heart of vaccinated guinea pigs (Johnson et al., 1977).

Perhaps the most well-developed novel vaccine strategy to date is the chloroform:methanol residue (CMR) vaccine developed in the 1980s by the Rocky Mountain Laboratories in the United States. This method separated whole cell material into a soluble fraction, mainly composed of lipids, and a precipitate or residual fraction, composed of LPS, proteins, and peptidoglycans, which was developed as the CMR vaccine (Williams and Cantrell, 1982; Williams et al., 1992). A prime-boost regimen of the CMR vaccine provided similar protection compared to WCV in guinea pigs administered 1.4x1010 phase I C. burnetii by intraperitoneal injection (Williams et al., 1992). More recently, a phase I clinical trial of the CMR vaccine produced significant anti-C. burnetii IgG titers and effective T cell priming. Though 75% and 65% of the 20 participants developed local reactions after the prime and boost vaccinations, respectively, these local reactions appeared less persistent than those reported with the WCV, peaking at approximately 2 to 3 days post-vaccination and resolving by 7 days post (Waag et al., 2008). However, further clinical safety and efficacy trials of this vaccine have not been performed.





Current research for novel C. burnetii vaccines

Since the turn of the millennium, two more events prompted renewed interest in the development of non-reactogenic vaccines against C. burnetii. Between 2007 and 2010, a large outbreak of more than 4,000 cases of Q fever occurred in humans in the Netherlands linked to infections among several dairy goat farms. An emergency vaccination program using Q-VAX® was implemented to help control the outbreak but was hindered by the need for pre-vaccination screening. 22% of high-risk individuals were excluded from the vaccination program due to positive skin test or serology (Isken et al., 2013). Additionally, U.S. military deployment to rural areas in developing countries in the early 2000s has led to increased exposure risk in military personnel as evidenced by sporadic infections and seroconversion rates of 2.1-7.2% (Gleeson et al., 2007; Royal et al., 2013). These exposure risks as well as C. burnetii’s status as a potential bioweapon substantiate the need for a safe and effective vaccine for military troops and other at-risk populations.

In some recent studies, novel adjuvants have facilitated the development of new subunit and solubilized antigen vaccines for C. burnetii. The increased availability of the number and types of vaccine adjuvants have not only allowed researchers to overcome the decreased protective efficacy of subunit vaccines but also refine immune responses. A C. burnetii subunit vaccine using different combinations of TLR agonist adjuvants was effective in protecting mice and guinea pigs against aerosol challenge. While some adjuvant combinations still incited vaccine site granulomas, one adjuvant combination demonstrated a significant reduction in local adverse responses (Gilkes et al., 2020; Fratzke et al., 2021b). In a separate study, a solubilized protein vaccine derived from phase II C. burnetii combined with the TLR9 agonist adjuvant CpG, which stimulates strong T cell memory responses, showed significant protection against aerosol challenge in mice, guinea pigs, and non-human primates and marked reduction in hypersensitivity responses in sensitized guinea pigs (Gregory et al., 2021). This strategy is appealing because it does not rely on cultivation of C. burnetii in a high-containment BL3 laboratory.

Advances in genetics and molecular biology have also allowed for the creation of new mutant strains of C. burnetii which do not express potentially reactogenic antigens. A mutant strain of phase I C. burnetii lacking the type IV secretion system, C. burnetii dot/icm, was recently tested as an alternative WCV (Long et al., 2021). This mutant WCV provided similar protection to the wild-type WCV in a guinea pig challenge experiment. Although evaluation in sensitized guinea pigs showed mild reductions in local erythema and induration, histologic evaluation of vaccination sites did not reveal a significant reduction in the severity of local inflammation compared to the wild-type WCV (Long et al., 2021). This strategy was refined by creating a dot/icm Dugway mutant, a C. burnetii isolate that is not virulent in animal models including mice and guinea pigs in its wild-type form (Russell-Lodrigue et al., 2009; Tesfamariam et al., 2022). Vaccination with dot/icm Dugway provides similar protection to WCV and reduced the reactogenicity (Tesfamariam et al., 2022). These recent attempts to produce safer, novel vaccines have yet to be tested in human clinical trials. Although these formulations are ready for phased trials, we hope that novel strategies to identify B and T cells antigens developed during the Sars-Cov-2 pandemic are used to further identify potentially protective epitopes for testing in novel delivery platforms.





Anaplasmataceae




Bacteria and disease overview

The incidence of tick-borne diseases in the United States has increased over the past two decades. This includes more prevalence of acute febrile tick-borne diseases in humans caused by many species of the genera Ehrlichia and Anaplasma which are mainly transmitted by Lone Star ticks and Blacklegged ticks respectively (Rikihisa, 2010) (Figure 2). This increased burden and the associated morbidity highlights the need for safe and efficacious vaccines. The most common causes of human infections are Ehrlichia chaffeensis which causes human monocytic ehrlichiosis (HME) and Anaplasma phagocytophilum which causes human granulocytic anaplasmosis (HGA) (Ismail and Mcbride, 2017). Although there are other species in each genus that can cause infections in humans, we will focus on E. chaffeensis and A. phagocytophilum. Both cause flu-like illnesses that often go misdiagnosed, thus, the actual incidence of the disease is much higher. The therapy of choice is the broad-spectrum antibiotic doxycycline, which is only effective if initiated early on (Hamburg et al., 2008). Vaccination therefore would be the most effective intervention to prevent the spread of these emerging infectious diseases. The major challenges to developing efficacious vaccines for E. chaffeensis and A. phagocytophilum include antigen variability and these bacteria (like most obligate intracellular pathogens) subvert the innate and adaptive immune responses which makes vaccine development even more challenging (Salje, 2021). Finally, the major challenge for all obligate intracellular pathogens remains the lack of genetic tools for manipulation (Mcclure et al., 2017). This lack of genetic tools has hampered the identification of pathogenic mechanisms, which is important to designing effective vaccines. Again, we hope that novel strategies to identify B and T cells antigens developed during the Sars-Cov-2 pandemic are used to further identify potentially protective epitopes.





CoPs

Rational vaccine development can resolve some of these issues by deciphering the immune correlates of protection from infection-resolved cases. Strong immunity can be developed in both humans and animals that have recovered from Ehrlichiosis and Anaplasmosis. Understanding what drives immunity during natural infection in animal models has provided many clues for vaccine strategies for both HME and HGA. A Th1-mediated cellular response seems to be important for the clearance of infection. The first clue that IFN-γ was important for clearance of infection came from in vitro studies with human monocytes demonstrating that pre-treatment with IFN-γ inhibited infection with E. chaffeensis (Barnewall and Rikihisa, 1994). Shortly thereafter several mouse models of infection were developed including Ixodes ovatus ehrlichia (IOE) which demonstrated that IFN-γ production by CD4 T cells was essential for resolving infection (Bitsaktsis et al., 2004). Studies in IFN-γ -/- mice demonstrated that Th1 skewed response with IFN-γ production also facilitated bacterial clearance of A. phagocytophilum where it is involved in early infection control but dispensable at later timepoints (Akkoyunlu and Fikrig, 2000). However, it was later determined that although CD4+ T cells are required for pathogen clearance Th1 cytokines are dispensible and therefore the mechanism of protection remains to be identified (Birkner et al., 2008). This highlights the paradigm that Th1 CD4 T cells are required to resolve infections with most intracellular bacterial pathogens, however, they do not explain all of the protective mechanisms which occur through unknown mechanisms (Thakur et al., 2019).

The importance of these cellular responses goes against to dogma that most vaccines historically have aimed to induce neutralizing antibodies. This strategy is not as effective for intracellular pathogens, where antibodies can induce uptake and infection of cells by a mechanism termed antibody-dependent enhancement (ADE) which can exacerbate natural infection (Thomas et al., 2006). Although this is possible, high antibody titers are seen after the resolution of natural infection with both E. chaffeensis and A. phagocytophilum in humans (Lotric-Furlan et al., 2001; Aguero-Rosenfeld et al., 2002). Other clues to the protective nature of sera have been demonstrated in animal models of infection. For example, although wild-type inbred mice are relatively resistant to E. chaffeensis infection, SCID mice provide a relevant animal model of infection. Passive transfer of sera from E. chaffeensis infection resolved wild-type mice to SCID mice before or after inoculation with E. chaffeensis provides a measurable level of protection (Winslow et al., 2000). However, this study also confirmed that T cells are required for complete clearance of infection highlighting again the importance of cellular response in protection (Winslow et al., 2000). The mechanism of antibody-mediated protection for E. chaffeensis was further elucidated to depend on complement and FcγR-mediated phagocytosis (Yager et al., 2005). Individuals infected with A. phagocytophilum have an early IgG antibody response to 2 proteins at 40 and 44-kDa respectively suggesting an important role for CD4 T cell help (Jw et al., 1997). This class switching in humans plus the evidence that CD4 T cells are important for clearance of infection, demonstrates that both humoral and cell-mediated immunity are involved. Studies in mice have also demonstrated that humoral response to A. phagocytophilum provides partial protection (Sun et al., 1997). Antibody responses must be against surface-exposed proteins to elicit neutralizing effects. However, it is more convoluted with intracellular bacteria where it is common that serum transferred to athymic mice is not protective indicating that neutralization alone may not confer protection (Humphres and Hinrichs, 1981; Rhinehart-Jones et al., 1994). All this information from animal models and human infections demonstrates that both humoral and cell-mediated responses will be necessary to provide protection and therefore any vaccine candidate must elicit both responses.






Ehrlichia spp. vaccines

One of the major challenges for vaccine development for obligate intracellular bacteria was the choice of antigen. As Ehrlichia spp. lack lipopolysaccharides; glycoconjugate strategies are not valid making identification of protein antigens necessary. Until very recently the number of immunoreactive proteins identified was only a handful including several tandem repeat proteins (TRPs) like gp120 (Luo et al., 2009), an ankyrin protein Ank200 (Luo et al., 2010), and the major outer membrane protein (OMP) (Ohashi et al., 1998). However, advancements in next-generation sequencing in recent years have allowed the discovery of antigenic proteins using ANTIGENpro which identifies potentially protective antigens for a humoral response (Luo et al., 2020, 2021). The E. chaffeensis antigens identified in these studies were mostly hypothetical secreted proteins that require the native protein structure to be conserved for antibody recognition, indicating that they are not linear epitopes (Luo et al., 2020, 2021). The immunogenicity of these novel antigens was tested against HME human convalescent sera to show that they were recognized after infection (Luo et al., 2020, 2021). Although this study identified novel antigens none of them were tested as vaccine candidates, so it remains to be determined if any or a combination of them are protective.

Another recent study used subtractive genomics and reverse vaccinology to identify surface exposed proteins with linear B cell epitopes (Sabzi et al., 2023). A multi-epitope vaccine was designed and used in a C-ImmSim immunoreactivity simulation to demonstrate a strong Th1 response, however, this would also have to be demonstrated in animal models (Sabzi et al., 2023). The influx of genome sequences for different E. chaffeensis strains will help in identifying antigens using subtractive genetics and reverse vaccinology to develop a safe and efficacious vaccine.

One of the other major challenges for vaccine development for Ehrlichia spp. is the lack of appropriate animal models. The outer membrane protein P28 (OMP-19) has a long history of protection studies in different animal models of E. chaffeensis. The earliest study demonstrated that intraperitoneal immunization of P28 could prevent blood-borne infection of E. chaffeensis in BALB/c mice, which was a feat that the time but is not a physiologically relevant animal model. After this initial study, passive transfer studies showed that monoclonal antibodies to P28 OMP could prevent disease caused by E. chaffeensis in SCID mice (Shu-Yi Li et al., 2001). This study had to be done in SCID mice since E. chaffeensis does not infect wild-type mice in a physiologically relevant manner. Therefore, many of the other vaccine studies used E. muris as a surrogate in mice, for mild virulence in humans, or IOE in mice, for fatal infection in humans, to test the protective ability of P28 (Nandi et al., 2007; Crocquet-Valdes et al., 2011).

The study with IOE established that P28-19 could provide partial protection as not all immunized mice survived with high humoral and cell-mediated responses indicating a Th1 skew (Nandi et al., 2007). Vaccination and challenge with P28 and E. muris demonstrated IFN-γ specific CD4+ T cells and increased IgG2c after vaccination and challenge indicating a Th1 skewed response and again provided partial protection (Crocquet-Valdes et al., 2011). Another study using vaccination with peptide epitopes from P28 and Hsp60 and challenge with E. muris demonstrated similar results which consisted of partial protection and a Th1 skew (Thomas et al., 2011).

Additionally, a TRP protein P29 from E. muris has been used in vaccination challenge experiments to show a reduction in bacteria in the liver and spleen but not the lung and blood in a high dose challenge (Thirumalapura et al., 2013). All these studies demonstrate that there are immunogenic proteins that induce a Th1 skewed response but none of these provide protection alone.

The development of transposon mutagenesis in E. chaffeensis in 2013 led to the testing of several attenuated mutants as vaccine candidates (Cheng et al., 2013). Two mutants with in vivo growth defects were tested as live attenuated vaccine candidates in dogs (incidental host) and deer (reservoir host) with promising results (Nair et al., 2015). These results were extended by demonstrating that vaccination with Ech_0660 transposon mutant provided significant protection followed by challenge in dogs after tick-transmission of E. chaffeensis and induced both humoral, Th1, and Th17 responses (Mcgill et al., 2016). After this first report of protection, vaccination with entry trigger protein Etp-E also demonstrated accelerated clearance from dogs as was observed using the attenuated live vaccine (Budachetri et al., 2020). This study was followed up with another study using the same tick-transmission model and two other subunit vaccines OMP-1B and VirB2-4 which caused clearance of E. chaffeensis at an earlier time-point after tick transmission (Budachetri et al., 2022).

All these studies demonstrate that there are very good immunogenic proteins in E. chaffeensis and the right combination of them with a Th1 skewing adjuvant could provide protection. Also, very interestingly, the induction of Th17 responses with the live attenuated vaccine is important as these responses are important in the clearance of other intracellular bacteria.





Anaplasma spp. vaccines

As with E. chaffeensis, the major barrier to the development of a vaccine against A. phagocytophilum is antigen choice. Although a lot of research has been done to develop a vaccine against A. marginale in cattle, very little progress has been made to accomplish this goal against A. phagocytophilum for humans. Once again, A. phagocytophilum lacks LPS, and therefore glycoconjugate vaccine strategies are irrelevant. MSP2(P44) is an immunodominant OMP of A. phagocytophilum which was determined using human convalescent serum. However, only the N and C termini are conserved (Jw et al., 1997). The central hypervariable region (HVR) is varied using pseudogenes and a gene combinatorial conversion mechanism (Barbet et al., 2003). Therefore, although antibody responses to MSP2(P44) show some level of protection, the extreme variation of this protein makes it a poor candidate for a universal vaccine (Kim and Rikihisa, 1998).

On the other hand, A. phagocytophilum encodes 3 surface-exposed adhesins, which could serve as targets for an antibody-mediated vaccine to prevent cell invasion. Antibodies targeting domains that prevent binding of OmpA, Asp14, or AipA reduced infection in host cells in vitro by 50%, whereas, using a combination of all 3 reduced infection by 80% (Seidman et al., 2015). This laid the groundwork to determine the relevance of these 3 adhesins to infection in vivo by immunizing mice with keyhole limpet conjugated peptides from the binding domains of each (Naimi Waheeda et al., 2020). Interestingly, only antibodies to the binding domains of Asp14 and AipA inhibited in vitro infection after vaccination (Naimi Waheeda et al., 2020). This vaccine strategy also induced antigen-specific IFNγ-producing CD8+ T cells but not CD4+ T cells (Naimi Waheeda et al., 2020). IFNγ is important for the control of A. phagocytophilum presumably by activating macrophages. Although it was only partially protective, the addition of other T cell antigens or the use of a different adjuvant like CpG to induce a better Th1 response could elicit better protection.

Another strategy for an A. phagocytophilum vaccine is to use subdominant protein antigens from the type IV secretion system VirB9 and VirB10 a strategy that has been more widely investigated for A. marginales (Crosby et al., 2018). The protection by VirB10 was marginal at best but did produce antigen-specific IFNγ+ CD4+ T cells suggesting that a vaccine strategy that includes VirB10 with other antigens in combination with an appropriate adjuvant may provide a better level of protection (Crosby et al., 2018).





Tick vaccines

A strategy that has emerged for the treatment of tick-borne diseases is to vaccinate against the tick instead of the pathogen carried by the tick. The acquired resistance or so-called “tick immunity” after repeated tick bites was first described by Trager in 1939 and is associated with inflammation at the site of tick bite (Trager, 1939). This type of resistance usually develops in non-natural hosts (Narasimhan et al., 2021). Understanding how this resistance develops has helped the development of tick-specific vaccines. In the most general terms, anti-tick vaccines target both concealed and non-concealed protein antigens which are exposed after the tick starts a blood meal. Strategies include targeting tick attachment, feeding, and salivary gland proteins (De La Fuente et al., 2020). The BM86-based vaccine for control of cattle tick infestations is the only licensed tick vaccine marketed as Gavac™ in Cuba and TickGUARDPLUSTM in Australia (Willadsen et al., 1989). As resistance has grown to chemical acaricides, this strategy has become the lead candidate to combat ticks and disease transmission in livestock. The development of anti-tick vaccines has also benefited from machine learning and reverse vaccinology. An A. phagocytophlium specific vaccinomic approach used previously published transcriptomic and proteomic data on A. phagocytophilum infected I. scapularis to identify candidate protective antigens and determine their homologs in the closely related I. ricinus (Contreras et al., 2017). This strategy identified 2 potential tick-protective antigens that are involved in pathogen infection and transmission.

More recently, a cocktail of 19 salivary proteins based on a previous analysis of the Ixodes scapularis sialome was used to create a nucleoside-modified mRNA-encapsulated lipid nanoparticle for vaccinated guinea pigs (Sajid et al., 2021). None of the vaccinated guinea pigs were positive for Borrelia burgdorferi while 46% of the unvaccinated guinea pigs were culture-positive for B. burgdorferi (Sajid et al., 2021). Erythema at the site of tick attachment was a hallmark of tick-resistance (Sajid et al., 2021). This strategy should also work for A. phagocytophilum which is transmitted by I. scapularis and other ixodid ticks. The most attractive part of anti-tick vaccines is that they should prevent any transmission of infectious agents carried by the said tick.





Discussion

This review provides a broad overview of what is known about the immune responses to Rickettsiaceae, Coxiella burnetti, and Anaplasmataceae and the challenges that have been faced in developing safe and efficacious vaccines to date. The identification and testing of a handful of antigens for each of the obligate intracellular bacteria has taken at least half a century. It is our view that any vaccination strategy that stimulates a Th1 mediated response with the production of pathogen specific antibodies, CD4+ T cell, and CD8+ cytotoxic T cell will be most effective for any of the obligate intracellular bacteria as discussed throughout this review. The next phases of novel vaccine development for this group of obligate intracellular pathogens will use the new vaccinology approaches described in this review based on genomics and proteomics, with the inclusion of machine learning algorithms to define protective antigens. Once these antigens or epitopes are identified we believe their delivery using the licensed mRNA and viral vectors DNA used during the SARS-CoV-2 pandemic should provide optimal protection because they induce the optimal protection described above providing both CD4+ T and CD8+ T cells responses in addition humoral responses. Additionally, these delivery methods do not rely on producing subunit antigens which has hampered the development of these vaccines as they are often difficult to produce. These innovations should allow for the development and testing of safe and effective vaccines soon for Rickettsiaceae, C. burnetti, and Anaplasmataceae. The challenges that remain will be the development of CoPs that can be used to define protection by CD4+ and CD8+ T cells in the clinical phases of testing. Although defining CoPs remains a challenge the other innovations discussed in this review should greatly excelerate the identification and testing of novel antigens. The need for these vaccines will continue as the rise of infections and expansion of vector territories for these obligate intracellular bacteria continues.
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Bacterial obligate intracellular parasites (BOIPs) represent an exclusive group of bacterial pathogens that all depend on invasion of a eukaryotic host cell to reproduce. BOIPs are characterized by extensive adaptation to their respective replication niches, regardless of whether they replicate within the host cell cytoplasm or within specialized replication vacuoles. Genome reduction is also a hallmark of BOIPs that likely reflects streamlining of metabolic processes to reduce the need for de novo biosynthesis of energetically costly metabolic intermediates. Despite shared characteristics in lifestyle, BOIPs show considerable diversity in nutrient requirements, metabolic capabilities, and general physiology. In this review, we compare metabolic and physiological processes of prominent pathogenic BOIPs with special emphasis on carbon, energy, and amino acid metabolism. Recent advances are discussed in the context of historical views and opportunities for discovery.
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Introduction




Bacterial obligate intracellular parasites

Bacterial obligate intracellular parasites (BOIPs) represent a unique group of bacteria that all depend on invasion of a eukaryotic host cell to reproduce (Casadevall, 2008). BOIPs are true parasites due to their negative impacts on the host cell, including opportunistic scavenging of host cell-synthesized nutrients, and active establishment and maintenance of unique replication vacuoles for some of these pathogens. We base the designation of an obligate intracellular lifestyle solely on information from the natural life cycle of the pathogen and not on the possibility of host cell-free (i.e., axenic) culture in a laboratory setting. As such, Coxiella burnetii remains a BOIP despite the possibility of culturing this organism axenically (Omsland et al., 2009). Prominent pathogenic BOIPs include species of the genera Coxiella, Chlamydia, Rickettsia, Anaplasma, Ehrlichia, and Orientia. This review will focus on the first three genera, which collectively represent variations in the obligate intracellular lifestyle and BOIP-host interaction (Figure 1). Reference will be made to BOIPs of other genera when appropriate.




Figure 1 | Major characteristics and intracellular lifestyles of Coxiella, Chlamydia and Rickettsia. Information is based on C. burnetii, C. trachomatis, and R. rickettsii unless otherwise specified. Note that differences in genome size, gene content, and/or arthropod vector exist between species of the same genus. C. burnetii is depicted as characteristic pleomorphic cells including both SCVs and LCVs. C. trachomatis is depicted with both EBs and RBs, the latter lining the inner inclusion membrane. R. rickettsii is illustrated with the characteristic actin tails that allow motility. We note that only the primary host cell type is indicated and that C. burnetii also shows tropism for placental trophoblasts. The number of ORFs refers to that of C. burnetii, C. trachomatis, R. prowazekii (Rp) and R. rickettsii (Rr), or the core genomes for the genus. R. prowazekii and R. rickettsii represent the typhus and spotted fever groups of this genus, respectively. Growth cycle refers to the approximate time required to reach stationary phase during infection of cultured Vero cells. Bacteria are shown in gray. “N” denotes the host cell nucleus and “env.” environmental (e.g., contaminated soil).






Coxiella

The discovery of C. burnetii appeared co-incident with an outbreak of a new febrile illness (Burnet and Freeman, 1937; Derrick, 1937), later to be called Query (Q) fever, in slaughter-house workers in Australia. Interestingly, a team of American scientists isolated C. burnetii from ticks around the same time (Davis and Cox, 1938). The pathogen has since been recognized as a major zoonotic bacterium most notably related to infection of agricultural animals, including goats (Schneeberger et al., 2014). C. burnetii is a moderate acidophile adapted to replicate within a phagolysosome-derived vacuole termed the Coxiella Containing Vacuole (CCV) (Coleman et al., 2004; Voth and Heinzen, 2007; Kohler and Roy, 2015). C. burnetii transitions between two cell forms, the replicative Large Cell Variant (LCV) and the non-replicative Small Cell Variant (SCV) that accumulates in stationary phase (Coleman et al., 2004). Both the LCV and SCV forms of C. burnetii can establish infection in cultured cells (Coleman et al., 2004; Sandoz et al., 2014).





Chlamydia

Different species and pathotypes (aka, serovars) of the Chlamydia genus can cause a range of diseases including sexually transmitted infections, the blinding condition trachoma, as well as respiratory infections (Mishori et al., 2012; Lane and Decker, 2016; Porritt and Crother, 2016). Like Coxiella, Chlamydia species can cause disease in animals other than humans (Roulis et al., 2013; Borel et al., 2018). Also, Chlamydia species, including C. trachomatis and C. pneumoniae, replicate within a vacuole in the host cell cytoplasm termed the chlamydial inclusion (Moore and Ouellette, 2014). Development of the chlamydial inclusion depends on bacterial protein synthesis but not pathogen replication (Engström et al., 2015). Because the chlamydial inclusion does not fuse with lysosomes, the inclusion, unlike the CCV, is a non-degradative compartment with neutral pH (Heinzen et al., 1996). Members of the Chlamydia genus transition between the infectious but non-replicative Elementary Body (EB) and replicative but non-infectious Reticulate Body (RB) (Shaw et al., 2000; Belland et al., 2003b).





Rickettsia

Pathogens in the Rickettsia genus are arthropod-borne bacteria associated with febrile illness that can cover a wide symptomatic range, including acute, chronic, and reoccurring disease (Abdad et al., 2018; Blanton, 2019). R. prowazekii and R. rickettsii, the agents of epidemic typhus and Rocky Mountain Spotted Fever, respectively, replicate within the host cell cytosol. Spotted fever group Rickettsia, including R. rickettsii, utilize actin-based motility to spread directly from an infected host cell to an adjacent non-infected cell (Teysseire et al., 1992; Heinzen et al., 1993). Members of the typhus group Rickettsia, including R. prowazekii, are non-motile or produce short actin tails (Heinzen et al., 1993). Bacteria in the Rickettsia genus can be transmitted by various arthropod vectors including lice, fleas, mites, and ticks and establish disease in various animal species (Walker and Ismail, 2008).

Neither C. burnetii nor pathogenic Chlamydia species are motile. Moreover, species of the genus Rickettsia do not transition between cell forms.







Diversity in metabolic capacity of BOIPs

Although an understanding of the metabolic capabilities exhibited by C. burnetii, C. trachomatis and R. prowazekii saw tremendous progress during the pre-genomic era, it seems fair to say that a real sense of each pathogen’s metabolic capacity was not appreciated until their genome sequences were used as a basis for metabolic pathway reconstruction between 1998 and 2003 (Andersson et al., 1998; Stephens et al., 1998; Seshadri et al., 2003). Indeed, shortly after their discoveries, researchers questioned whether many of the pathogens known today as BOIPs were bacteria or viruses (e.g., (Ormsbee and Peacock, 1964). Early descriptions of metabolic and physiological features of these organisms were likely heavily influenced by an expectation of limited autonomous metabolic capacity. Moreover, depending on context, intracellular replication niches have been described as either nutrient rich or hostile to invasive bacteria (Moulder, 1974; Kaufmann, 2011), consistent with significant adaptability to reside intracellularly. With a relatively short history of research and severe technical challenges related to axenic culture and genetic manipulation, current understanding of BOIP metabolism and physiology remains limited. At the same time, the many knowledge gaps that exist makes this a field of research poised for discovery.




Energy and central metabolism

BOIPs display remarkable differences in central carbon and energy metabolism; Coxiella, Chlamydia, and Rickettsia serve as good representatives of this diversity (Figure 2). Central/core metabolism encompasses the glycolytic/gluconeogenic pathways, pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle; the pathways from which core metabolites are derived (Noor et al., 2010). The general structure of the central metabolic machinery differs between Coxiella and Chlamydia in that the former has lost the oxidative branch of the PPP while the latter has lost a significant portion of the TCA cycle with the genes encoding citrate synthase, aconitase, and isocitrate dehydrogenase missing (Stephens et al., 1998). Of likely significance to the metabolic capacity and plasticity between chlamydial serovars, some strains (e.g., L2/434/Bu and L2/UCH-1/proctitis) show additional TCA cycle abnormalities at the genome level (Thomson et al., 2008; Omsland et al., 2014). While both Chlamydia (Tjaden et al., 1999) and Rickettsia (Audia and Winkler, 2006) can scavenge ATP from the host via ATP/ADP translocases, Coxiella does not rely on energy parasitism. The oxidation of glucose via glycolysis or the PPP in Coxiella (Esquerra et al., 2017) and Chlamydia (Schwöppe et al., 2002; Omsland et al., 2012) is dependent on the availability of either non-phosphorylated or phosphorylated forms of glucose, respectively. Conversely, enzymes for glycolysis/gluconeogenesis and the PPP are not encoded by species of the genus Rickettsia (Driscoll et al., 2017). In R. prowazekii, acquisition of “glucose” as a biochemical moiety for biosynthetic purposes is achieved via transport of uridine 5’-diphosphoglucose (UDP-glucose) rather than glucose itself (Winkler and Daugherty, 1986). In Chlamydia, UDP-glucose is brought into the inclusion via the host SLC35D2 transporter and used as a substrate in pathogen-driven glycogen synthesis (Gehre et al., 2016).




Figure 2 | The central metabolic machinery. Overview of central metabolism in C. burnetii (RSA493) (●), C. trachomatis (Bu/434) (●), and R. prowazekii (Madrid E) (●). H and P denote host cell or pathogen, respectively. The broken vertical line separates the oxidative and non-oxidative branches of the PPP. The mechanism for glucose phosphorylation in C. burnetii is unknown. The question mark for UDP-glucose indicates potential use in various reactions. Transparent discs indicate bacterial enzymes with regulatory characteristics of eukaryotic proteins in Coxiella (yellow) or Chlamydia (green).



As illustrated in Figure 2, the genomes of both Coxiella and Chlamydia encode central metabolic enzymes with regulatory characteristics of their eukaryotic counterparts. For instance, citrate synthase of C. burnetii is inhibited by ATP (Heinzen and Mallavia, 1987), while pyruvate kinase from C. trachomatis is inhibited by AMP, GTP and ATP but activated by host cell-derived fructose-2,6-bisphosphate (Iliffe-Lee and McClarty, 2002). The expression of enzymes in BOIPs with regulatory characteristics akin to eukaryotic proteins may reflect adaptation to the chemical environment of the eukaryotic host cell. Moreover, these enzymes could serve as a mechanism to interconnect pathogen physiology with the physiological state of the host. Interestingly, host cell-derived pyruvate kinase (as well as aldolase A and lactate dehydrogenase) is detected at the chlamydial inclusion membrane and depletion of (host) aldolase A results in decreases in inclusion size and infectious EB progeny (Ende and Derré, 2020). The presence of host glycolytic enzymes in proximity to the chlamydial inclusion could serve to supply the pathogen and/or reactions governing the inclusion-host interaction with specific and critical glycolytic intermediates (Ende and Derré, 2020).

Early studies with C. burnetii under axenic conditions at neutral pH pointed to limited ability of this organism to metabolize autonomously. Nevertheless, some enzymatic activities were detected in bacterial extracts, including that of glycolytic enzymes (Paretsky et al., 1958, 1962; Ormsbee and Peacock, 1964; McDonald and Mallavia, 1970, 1971). The discovery that C. burnetii colocalizes with lysosomal enzymes within CCVs (Burton et al., 1971; Burton et al., 1978), combined with knowledge of the acidic pH of phagolysosomes (Ohkuma and Poole, 1978), suggested C. burnetii metabolism is strictly pH-dependent. Accordingly, Hackstadt and Williams demonstrated C. burnetii reliance on moderately acidic pH for metabolic activation and catabolism of both glucose and glutamate (Hackstadt and Williams, 1981a). Shortly thereafter, glutamate was identified as the preferred energy source of C. burnetii (Hackstadt and Williams, 1981b).

Data in support of glucose utilization by C. burnetii dates to the 1960s when “hexokinase activity” was demonstrated in bacterial cytoplasmic extracts (Paretsky et al., 1962). More recently, using a C. burnetii mutant unable to undergo gluconeogenesis due to deletion of phosphoenolpyruvate carboxykinase (PEPCK, encoded by pckA, the first committed step of gluconeogenesis) in combination with the chemically defined medium D-ACM, glucose utilization by C. burnetii for biomass production has been confirmed to be nearly as efficient as growth on amino acids (Esquerra et al., 2017). Indeed, C. burnetii can acquire glucose by at least two transporters (Kuba et al., 2019). The mechanistic redundancy revealed by the ability of C. burnetii to take up glucose via more than one transporter (Kuba et al., 2019) suggests glucose is critical for the metabolic fitness of this organism. Data from genome-wide transcriptional analysis of C. burnetii during infection of mice actually indicates that glucose is the principal carbon source while fatty acids are used for energy metabolism (Kuley et al., 2015). Preferential utilization of glucose rather than amino acids by C. burnetii to drive central metabolism contradicts earlier interpretations that were based on analysis of energy charge and ATP pool stability, rather than generation of biomass. Importantly, the ability of any pathogen to use a wide variety of substrates in energy metabolism is more relevant than the identification of a “preferred” substrate, the nature of which likely depends on the type of tissue colonized within infected animals as well as the physiological state of the animal. As for C. burnetii, PEPCK is also encoded by the C. trachomatis genome. Because generation of C. trachomatis EBs and relative ATP pools are reduced in host cells cultured with gluconeogenic substrates compared to host cells cultured with excess glucose (Iliffe-Lee and McClarty, 2000), gluconeogenic capacity could be interpreted to have limited significance for C. trachomatis EB generation. Additionally, absence of a prototypical fructose 1,6-bisphosphatase (EC 3.1.3.11) could further reduce gluconeogenic capacity in C. trachomatis (Mehlitz et al., 2016). However, because pckA has been retained and is expressed maximally by replicating RBs (Skipp et al., 2016), and alternative enzymes encoded by C. trachomatis (e.g., EC 2.7.1.11 and 2.7.1.90) could serve to convert fructose 1,6-bisphosphate to fructose-6P, gluconeogenic capacity may affect replication and/or EB generation under specific, yet undetermined, conditions. Proteomic analyses have provided somewhat different pictures regarding the expression of central metabolic enzymes, including glycolytic enzymes, in EBs and RBs (Saka et al., 2011; Skipp et al., 2016). Regardless, current data point to a significant role for glycolysis in the EB form.

Emilio Weiss and colleagues described oxidation of glucose (Weiss et al., 1964) and utilization of glucose-6P or glucose in the presence of ATP (Weiss, 1965; Weiss and Wilson, 1969) by Chlamydia, also during the 1960s. In C. trachomatis, glucose metabolism is mechanistically and physiologically different from that observed in C. burnetii. First, while C. burnetii can acquire non-phosphorylated glucose (Hackstadt and Williams, 1981a; Esquerra et al., 2017; Kuba et al., 2019), C. trachomatis appears dependent on glucose-6P (Omsland et al., 2012; Gehre et al., 2016), acquired via the UhpC transporter (McClarty, 1999; Schwöppe et al., 2002). Because C. trachomatis acquires glucose-6P from the host rather than expending ATP for its phosphorylation, and because pyrophosphate (PPi) is used in formation of fructose 1,6-bisphosphate, C. trachomatis has been postulated to gain a net 4 ATP molecules rather than 2 during glycolytic activity (McClarty, 1999). The physiological impact of impaired glucose metabolism in C. trachomatis has been illustrated by incubation with KSK120, a compound that inhibits uptake and utilization of glucose-6P in this organism (Engström et al., 2014). Similar to the observed loss of infectivity upon depriving Chlamydia-infected host cells for glucose (Harper et al., 2000; Iliffe-Lee and McClarty, 2000), treatment of C. trachomatis-infected HeLa cells with KSK120 during infection reduced generation of infectious EB progeny. Thus, metabolism of glucose-6P appears to be critical for re-generation of EBs following reproduction via RB replication. While not universally relevant to Chlamydia species, loss of GlgA (glycogen synthase) activity results in impaired infectivity in C. muridarum (Gehre et al., 2016), again connecting metabolism of glucose to chlamydial virulence. Utilization of glucose-6P may be more significant for protein synthesis in EBs compared to RBs (Omsland et al., 2012), the latter of which has been shown to behave as an energy parasite by scavenging ATP, as well as other NTPs, from the host cell (Tipples and McClarty, 1993). Beyond a critical role for generation of infectious EBs, metabolism of glucose enhances infectivity of Protochlamydia amoebophila (Sixt et al., 2013). Glucose metabolism, including oxidation of glucose-6P, also enhances EB metabolism and has been suggested to underlie maintenance of EB infectivity in extracellular environments by both pathogenic and non-pathogenic Chlamydia species (Omsland et al., 2012; Sixt et al., 2013; Grieshaber et al., 2018). Utilization of glucose or glucose-6P in Coxiella and Chlamydia stand in stark contrast to current understanding of central carbon metabolism in Rickettsia. In fact, a general lack of genes related to glycolysis and gluconeogenesis in Rickettsia (Driscoll et al., 2017) is consistent with a limited role for glucose metabolism in these organisms and an absolute requirement to obtain relevant core metabolites from the host cell.

Following phosphorylation of glucose to glucose-6P, this metabolite is generally destined to be processed via one of two distinct paths in the cell, namely glycolysis or the PPP. The PPP is further divided into two branches: an oxidative branch (oxPPP), considered a major source for recovery of the reducing equivalent NADPH; and a non-oxidative branch (non-oxPPP), critical for synthesis of ribose-5P, which is ultimately required for the biosynthesis of nucleic acid precursors, or erythrose-4P, a precursor for generation of aromatic amino acids. C. burnetii lacks two enzymes of the oxPPP (glucose-6P dehydrogenase and 6-phosphogluconate dehydrogenase), suggesting negative selective pressure on this pathway in C. burnetii. Given the apparent significance of NADPH, what selective pressure would cause C. burnetii to lose the oxPPP? In a recent study, C. burnetii was transformed with the gene encoding glucose-6P dehydrogenase, zwf, to address this question (Sanchez and Omsland, 2021). While C. burnetii expressing zwf behaved similarly to the parental strain under glucose excess, the transformant showed significantly reduced ability to replicate under glucose limitation. Expression of zwf also resulted in impaired pathogen intracellular replication in J774A.1 cells but not in Vero cells, suggesting some cell types represent a glucose-limiting environment for C. burnetii. Impaired replication under glucose-limiting conditions therefore provides some explanation for why C. burnetii has lost oxPPP capacity. Identification of the NADPH-regenerating enzyme SdrA (Bitew et al., 2020) suggests C. burnetii has evolved to generate NADPH via mechanisms complimentary to the oxPPP, possibly to circumvent metabolic conflicts under low glucose availability.

Bovarnick and Schneider demonstrated over 60 years ago that both ATP generated endogenously by R. prowazekii and ATP supplemented to the medium were necessary to stimulate axenic protein synthesis in this organism (Bovarnick and Schneider, 1960). The ATP/ADP translocase utilized by Rickettsia for ATP acquisition has since been characterized in detail (Audia and Winkler, 2006). There is also evidence for the capacity of Rickettsia species to use glutamate as an energy source (Bovarnick and Miller, 1950; Rees and Weiss, 1968; Williams and Weiss, 1978). Despite the capacity to scavenge ATP from the host cell, recent data suggest that C. trachomatis also relies on ATP generated via the combined activities of the pathogen’s sodium pump (Na+-NQR) (Dibrov et al., 2004) and a Na+-permissive A1-A0-ATPase during the replicative phase of the chlamydial developmental cycle (Liang et al., 2018). The ability of C. trachomatis to generate ATP via a sodium gradient and reliance of the energy thus generated for replication adds another dimension to the energetics of chlamydial metabolism and further challenges the “energy parasite” hypothesis proposed for this organism in the 1960s–70s (Moulder, 1962, 1974), stating that the pathogen depends on host-derived ATP. Because Chlamydia-infected host cells require ATP for viability, axenic culture will likely be necessary to resolve questions about the degree to which these pathogens depend on extracellular ATP.

Aspects of central metabolic activity in Rickettsia can also take place via atypical mechanisms. In R. prowazekii, sn-glycerol-3-phosphate needed for biosynthesis of phospholipids is acquired by importing dihydroxyacetone phosphate (DHAP) with subsequent conversion to sn-glycerol-3-phosphate by GpsA, a glycerol-3P dehydrogenase (G3PDH) (Frohlich et al., 2010). Typically, G3PDH is an enzyme integrated with activities of glycolysis and gluconeogenesis as the substrate DHAP is an intermediate of these pathways. Interestingly, despite lack of genes for complete glycolytic/gluconeogenic pathways, R. prowazekii has retained sn-glycerol-3-phosphate dehydrogenase to convert DHAP to G3P to support phospholipid biosynthesis (Frohlich et al., 2010). As noted by Frohlich and colleagues, this novel mechanism can explain the evolutionary pressure to retain G3PDH in Rickettsia.

Major distinguishing metabolic features of Coxiella, Chlamydia and Rickettsia are listed in Table 1.


Table 1 | Major Distinguishing Metabolic Features of Coxiella, Chlamydia and Rickettsia.







Genome streamlining – amino acid auxotrophy

Genome streamlining refers to an adaptive reduction of genome size and complexity, possibly as a response to replication in a nutrient poor environment and/or to optimize the metabolic cost of biomass generation (Giovannoni et al., 2014; Bobay and Ochman, 2017). Despite uncertainty regarding underlying selective pressure(s), genome streamlining at the expense of metabolic capacity and plasticity is a hallmark of BOIPs (Andersson et al., 1998; Stephens et al., 1998; Seshadri et al., 2003; Brenner et al., 2021). From an energetic perspective, the relative benefit of genome streamlining to a pathogen can be appreciated based on the cost of biosynthesis of specific types of molecules. Intermediates of central carbon metabolism serve key roles as precursors for the biosynthesis of other molecules, including amino acids (Noor et al., 2010). Amino acids, nucleotides and fatty acids represent the most energetically costly molecules for any organism to synthesize. For C. trachomatis, tryptophan has been highlighted as the most energetically costly amino acid to produce (Carlson et al., 2006). Importantly, the cost of amino acid synthesis can be dependent on the carbon source used (Kaleta et al., 2013).

In addition to the biosynthetic cost, the pathways and thus the number of enzymes required for biosynthesis can be extensive, which results in a significant increase in genome size for organisms that have retained more extensive biosynthetic capacity. Bioinformatic analysis of the capacity to synthesize amino acids illustrates key metabolic characteristics and biologically relevant differences between C. burnetii, C. trachomatis, and R. prowazekii (Figure 3) (Ogata et al., 1999). In general agreement with bioinformatic analysis, using a chemically defined medium not supplemented with specific amino acids, C. burnetii was demonstrated unable to grow beyond a 10-fold increase in cell numbers in media lacking any one of 11 amino acids (Sandoz et al., 2016). Comparative bioinformatic analysis of the capacity for biosynthesis of amino acids in C. burnetii, C. trachomatis and R. prowazekii shows a gradual decrease in biosynthetic capacity between these organisms. The absence of key central metabolic capacity in Rickettsia, including absence of glycolytic enzymes, underlies a major challenge for de novo biosynthesis in this genus.




Figure 3 | Comparison of pathways for biosynthesis of amino acids in Coxiella, Chlamydia and Rickettsia. Genome sequence analysis shows that the pathways for amino acid biosynthesis in C. burnetii (RSA493) (●), C. trachomatis (Bu/434) (●) and R. prowazekii (Madrid E) (●) are vastly different. Acquisition of protein precursors from the host cell, transporter specificities, and significance of such transport in virulence are largely unexplored areas of research for BOIPs.



As a phenotype, auxotrophy is not an absolute but rather entirely dependent on the availability of biosynthetic precursors and the ability of any organism to utilize such precursors. As an example, C. burnetii does not appear auxotrophic for either glutamate or glutamine in ACCM-D-based media (Sandoz et al., 2016), despite lack of glutamate synthase and thus a predicted inability to synthesize glutamate from glutamine. However, the expression of glutamate dehydrogenase (EC 1.4.1.2, reverse reaction) may fill the nutritional need for glutamate under conditions where the cell also produces α-ketoglutarate. Because protein synthesis largely takes place in the cytoplasm of eukaryotic cells, Rickettsia may experience less selective pressure to maintain pathways for amino acid synthesis than pathogens occupying replication vacuoles. Indeed, the pathways involved in amino acid synthesis reveals greater loss of biosynthetic capacity for R. prowazekii as compared to C. burnetii and C. trachomatis (Figure 3). Possibly as an adaptation to reduced capacity to synthesize protein precursors, BOIPs can show unique mechanisms to optimize utilization and recycling of amino acids. For example, in C. trachomatis, the Opp transporter has dual function as both an oligopeptide transporter serving the bacterium’s nutritional needs and at the same time functioning in peptidoglycan recycling (Singh et al., 2020).





Interplay between physicochemical conditions, nutrient availability, and metabolic capacity

BOIPs inhabit niches that are known to differ in terms of physicochemical characteristics. For example, while the host cell cytoplasm has a neutral pH, the C. burnetii CCV luminal pH is acidic (Grieshaber et al., 2002; Samanta et al., 2019). Additional physicochemical variables relevant to the physiology of BOIPs include osmolarity, relative concentrations of ions associated with nutrient transport, as well as availability of oxygen (O2), carbon dioxide (CO2), and temperature. A branched respiratory chain that includes cytochrome bd, a terminal oxidase associated with reduced oxygen availability (Borisov et al., 2021), motivated analysis of C. burnetii oxygen requirements (Omsland et al., 2009). Even under nutrient conditions permissive to growth, C. burnetii does not replicate optimally unless O2 tension is reduced to microaerobic levels and CO2 is available (Esquerra et al., 2017). Like C. burnetii, requirements for growth of other BOIPs is likely to be as dependent on specific physicochemical conditions as critical nutrient availability.

As illustrated by the ability of C. burnetii to replicate under relatively simple nutrient conditions where amino acids and citrate (note: citrate is not required for growth) serve as the only macro-nutrients (Esquerra et al., 2017), C. burnetii may not fall into the category of a nutritionally fastidious bacterium. However, a requirement for specific nutrients and physicochemical conditions (i.e., pH, O2 and CO2) for optimal growth reflects adaptation to a unique replicative niche. It should also be noted that some genogroups of C. burnetii show poor cultivability under standard axenic culture conditions (Kersh et al., 2016), suggesting that isolates within the genus are metabolically diverse. Natural diversity in cultivability within the Coxiella genus could originate from extensive genome rearrangements (Beare et al., 2009) that affect gene expression or be a result of specific genome content. The high level of conservation between genomes of C. trachomatis serovars suggests this pathogen may show more uniform nutrient/cultivation requirements, as compared to C. burnetii. Serovar-specific ability to synthesize tryptophan de novo is a well-characterized metabolic difference between pathogenic Chlamydia species (Caldwell et al., 2003; Bommana et al., 2021). Loss of tryptophan synthase activity in ocular serovars of C. trachomatis is linked to loss of metabolic fitness due to accumulation of ammonia in indole-deficient environments (Sherchand and Aiyar, 2019).

C. muridarum has been shown to replicate in host cells maintained in the absence of oxygen, albeit at a slower rate than in host cells incubated under normoxic conditions (Sigar et al., 2020). A similar analysis showed that while C. pneumoniae replication is enhanced under microaerobic conditions, C. trachomatis is not affected (Juul et al., 2007). Analysis of C. trachomatis metabolic activity under axenic conditions showed enhanced activity over time under microaerobic conditions (2.5% O2) as compared to normoxic conditions (20% O2) for both the EB and RB cell forms (Omsland et al., 2012). It should be noted that C. trachomatis, C. pneumoniae, and C. muridarum all carry cydAB, which encodes cytochrome bd, a terminal oxidase typically used by bacteria under reduced oxygen availability (Borisov et al., 2021). Overall, these data point to clear effects of O2 tension on chlamydial metabolic activity and a positive effect of microaerobic oxygen availability. Similar to C. burnetii and C. trachomatis, cytochrome bd is also encoded by the R. prowazekii genome. In E. coli, expression of respiratory chain components is generally regulated by the FNR and ArcAB regulatory systems (Cotter et al., 1997; Levanon et al., 2005). The C. burnetii genome does not encode orthologs of these genes. It is possible that C. burnetii’s obligate intracellular lifestyle and adaptation to the specific conditions of the CCV has reduced the requirement for regulation and that C. burnetii responds by a more general upregulation of gene expression once within its replicative niche. Enhancement of C. psittaci axenic activity in the presence of CO2 (Weiss and Wilson, 1969) suggests that other species in the genus may also need CO2 for optimal activity and eventual axenic replication, as observed for C. burnetii (Esquerra et al., 2017).

Coxiella and Chlamydia are typically cultured at 37°C, generally consistent with their tissue tropisms in mammals. However, Chlamydia species show species and isolate-specific temperature preferences (Rota and Nichols, 1973; Janik et al., 2014). Additionally, under axenic conditions, C. burnetii also replicates efficiently at 27°C, albeit with an extended lag phase (Esquerra et al., 2017), potentially reflective of the organism’s ability to colonize ticks. Unlike Coxiella and Chlamydia, Rickettsia species are maintained between 28-37°C during infection of cultured cells, depending on the host cell type (e.g., mammalian vs arthropod) and pathogen species (Tello-Martin et al., 2018). For R. prowazekii, culture below 37°C does not necessarily correlate with optimal replication or the temperature of naturally infected tissue but rather a compromise between pathogen replication and maintenance of the infected host cells during infection (Pinkerton and Hass, 1932a, 1932b). Interestingly, temperature (25 vs 37°C) does not have a marked effect on gene expression in R. rickettsii (Ellison et al., 2009), although some effect of temperature has been noted for virulence-related genes (Galletti et al., 2016). Moreover, viability of R. rickettsii is better maintained at 25°C compared to 34°C during culture in Vero cells (Ellison et al., 2009), a finding potentially affected by host cell viability following infection at 25°C vs 34°C. A negative effect of elevated temperature on viability suggests that temperature could have a significant impact on the ability to culture Rickettsia species under axenic conditions. The effect of temperature on growth, virulence factor expression, and viability is likely regulated via a range of mechanisms including DNA and mRNA structure, thermo-sensitive changes in protein structure, transcription factors, and chaperone proteins (Lam et al., 2014).





Micronutrient acquisition and metabolism

Micronutrients such as transition metals and vitamins are critical for normal metabolic functions in bacteria. For BOIPs, micronutrient acquisition is in part shaped by genome streamlining. Without biosynthetic pathways to synthesize NAD+ de novo, C. trachomatis has evolved substrate promiscuity in the ATP/ADP translocase Npt1Ct to acquire NAD+ from the host (Fisher et al., 2013). Similarly, novel enzymes, including isoforms with less restrictive substrate specificity, have been identified as components of the pathway for tetrahydrofolate (an active form of vitamin B9) biosynthesis in C. trachomatis (Adams et al., 2014).

Iron is a critical micronutrient known to influence the expression of dozens of genes in free-living or facultative intracellular bacterial pathogens. Analysis in C. burnetii (Sanchez and Omsland, 2020) and C. trachomatis (Pokorzynski et al., 2019) have highlighted unique aspects or iron acquisition and metabolism in BOIPs. C. trachomatis utilizes the iron-dependent transcriptional regulator YtgR to integrate responses to iron starvation and tryptophan biosynthesis (Pokorzynski et al., 2019). In C. burnetii, apparent reliance on uptake of molecular iron via the Fe2+-specific FeoAB transporter has been linked to release of molecular iron from iron-containing molecules within the acidic microenvironment of the CCV (Sanchez and Omsland, 2020). C. burnetii cannot utilize heme as a source of iron but rather relies on de novo heme biosynthesis (Moses et al., 2017) in combination with acquisition of molecular iron (Moses et al., 2017; Sanchez and Omsland, 2020).

Responses to iron limitation also serve to illustrate a likely characteristic aspect of niche adaptation common to many BOIPs. While limiting iron access to R. rickettsii during infection of Vero cells using deferoxamine mesylate results in inhibition of growth, only 5 genes showed ≥ 3-fold differential expression in response to iron limitation (Ellison et al., 2009). Thus, R. rickettsii transcriptional responses to iron limitation appear similar to that observed in C. trachomatis whose response to iron limitation during (mid-cycle) intracellular growth following 6 h treatment with the chelator 2,2’-bipyridyl only involve 12 genes (Brinkworth et al., 2018). Complementary genome-wide transcriptional profiling to iron limitation is not available for C. burnetii, but combined bioinformatic and biochemical analysis of C. burnetii transcriptional responses to iron suggests the involvement of a limited number of genes in iron-induced stress responses (Briggs et al., 2008). As suggested for R. rickettsii (Ellison et al., 2009), BOIP responses to iron may reflect the parasites’ residence in relatively stable intracellular niches with limited requirements to respond to physiologically significant changes in iron availability. This stands in stark contrast to BOIP responses to other nutritional cues, including IFNγ-induced tryptophan starvation in C. pneumoniae where transcriptional activity is globally upregulated (Ouellette et al., 2006).

Analysis of C. burnetii growth in chemically defined media combined with metabolic pathway reconstruction suggest C. burnetii can synthesize most vitamins (Seshadri et al., 2003; Esquerra et al., 2017). Interestingly, C. burnetii has two orthologous bioC (Moses et al., 2017), allowing the initial step in biotin (vitamin B7) production. Because chemical inhibition of biotin synthesis inhibits C. burnetii replication, de novo biotin biosynthesis is likely critical in C. burnetii. Bacteria in the Rickettsia genus are unable to synthesize several cofactors and B vitamins de novo (Driscoll et al., 2017), whereas members of the Chlamydia genus are predicted to exhibit species-specific capacity for biotin synthesis (Voigt et al., 2012). Although C. trachomatis and C. psittaci can synthesize folates, strains have different capacities to scavenge folates from the host cell (Fan et al., 1992). As postulated for Rickettsia (Driscoll et al., 2017), deficiencies in cofactor and vitamin biosynthesis likely contribute to the parasitic nature of BOIPs.






BOIP-host interactions




Nutritional virulence and nutrient acquisition

BOIPs show remarkable diversity regarding their host cell interactions. Some aspects of these interactions are shaped by the interplay between pathogen metabolic capacity and continued pathoadaptation of BOIPs to their intracellular niches (Fuchs et al., 2012; Eisenreich et al., 2017). The concept of nutritional virulence (Kwaik and Bumann, 2013) frames nutrient acquisition by intracellular pathogens in terms of pathogen virulence mechanisms. For BOIPs, strategies for nutrient acquisition are interconnected with niche adaptation and genome streamlining. Advances in genetic manipulation of some BOIPs has allowed for the identification of specific genes with roles in nutrient acquisition. The molecular mechanisms for how Coxiella (Voth and Heinzen, 2007; Schaik et al., 2013; Kohler and Roy, 2015; Larson et al., 2016), Chlamydia (Elwell et al., 2016; Fischer and Rudel, 2018; Rother et al., 2019; Triboulet and Subtil, 2019), and Rickettsia (Driscoll et al., 2017; McGinn and Lamason, 2021; Voss and Rahman, 2021) interact with their respective host cells during infection has been discussed elsewhere. While this review primarily focuses on nutrient utilization and responses to nutrient limitation, recent findings regarding strategies for nutrient acquisition by BOIPs during infection warrant some discussion.

Nutritional virulence encompasses bacterial virulence strategies that target host processes to enhance pathogen access to nutrients. Because factors other than access to nutrients impact replication of BOIPs, especially those that reside in replication vacuoles, it can be challenging to distinguish the significance of underlying mechanisms. For example, in C. burnetii, several effectors are critical for normal CCV biogenesis and thus intracellular replication (Larson et al., 2013; Newton et al., 2014; Crabill et al., 2018) without necessarily affecting pathogen access to nutrients. Also, some genes, including CBU2028, are specifically linked to CCV biogenesis and not pathogen intracellular replication (Crabill et al., 2018), demonstrating that CCV size and pathogen intracellular replication are not necessarily linked. Recruitment of autophagic vesicles to the CCV may have more significance for recruitment of membranes to aid CCV expansion than pathogen replication, despite some evidence pointing to a direct effect on C. burnetii replication (Pareja et al., 2017). This may also hold true for C. trachomatis, which grows equally well in autophagy competent or incompetent mouse embryonic fibroblasts suggesting autophagy is not a critical host process for chlamydial growth (Ouellette et al., 2011). Comparison between C. trachomatis and C. pneumoniae has shown that these two species differ in their strategies to obtain protein precursors from the host cells. C. pneumoniae is primarily reliant on lysosome-derived peptides while C. trachomatis shows a preference for cytosolic amino acids (Ouellette et al., 2011). Moreover, the mechanisms by which Chlamydia obtains protein precursors from host cells can change throughout the developmental cycle. Chlamydial downregulation of host p53, a negative regulator of the PPP enzyme glucose-6P dehydrogenase, serves to enhance PPP activity in Chlamydia-infected host cells (Siegl et al., 2014). The resulting pathogen-dependent stimulation of host metabolism may promote a nutritionally favorable environment for the pathogen (Rother et al., 2019). Infection of mouse oviduct epithelial cells by C. muridarum results in upregulation of hexokinase II (George et al., 2016), consistent with pathogen-dependent stimulation of (host) production of both glucose-6P and ATP, the latter a result of glucose-6P oxidation.

The unfolded protein response (UPR) is a reaction to endoplasmic reticulum (ER) associated stress in eukaryotic cells (Celli and Tsolis, 2014). Some pathogens exploit the UPR and downstream ER-associated degradation (ERAD) of unfolded proteins as a source of amino acids. In C. burnetii-infected THP-1 macrophages, inhibition of ER stress by tauroursodeoxycholic acid reduces expansion of the CCV but does not affect pathogen replication (Brann et al., 2020), suggesting the UPR and ERAD are not critical for C. burnetii to access protein precursors. Nevertheless, normal CCV expansion and C. burnetii replication depend on activity of the UPR-related translation initiation factor eIF2α, the phosphorylation of which is reduced upon infection with bacteria unable to secrete type IVB secretion system effectors (Brann et al., 2020). Because phosphorylation of eIF2α enhances autophagy (Kouroku et al., 2006; Humeau et al., 2020), C. burnetii manipulation of UPR-related signaling may enhance pathogen recruitment of autophagosomes to the CCV and aid replication.

C. burnetii is critically dependent on moderately acidic pH for optimal transport and metabolism of specific metabolites (Hackstadt and Williams, 1981a) and replication (Esquerra et al., 2017). The discovery that C. burnetii actively manipulates the host cell to maintain CCV luminal pH to prevent activity of hydrolytic enzymes (Samanta et al., 2019) suggests C. burnetii is essentially replicating at a pH during intracellular replication that is sub-optimal for pathogen metabolism. The overall high metabolic plasticity of C. burnetii, illustrated by the ability to replicate in axenic medium composed largely of amino acids (Esquerra et al., 2017), may be important for C. burnetii to balance metabolic fitness within a CCV that is manipulated to maintain a sub-optimally high pH for pathogen metabolic activity.

Building on the discovery that EBs and RBs primarily utilize different mechanisms to obtain energy for protein synthesis (i.e., scavenging of host-derived ATP by the RB versus oxidation of glucose-6P by the EB), Grieshaber and colleagues showed that the chlamydial EB can use chemically diverse molecules, including amino acids and ATP, to maintain infectivity (Grieshaber et al., 2018). Although EBs might prefer glucose-6P to support protein synthesis (Omsland et al., 2012), the ability of EBs to respond to ATP suggests Chlamydia-dependent release of ATP from host cells (Pettengill et al., 2012; Yang et al., 2021) is a mechanism to enhance pathogen infectivity. As such, release of ATP by infected cells could have an impact on dissemination and disease progression.

Mechanisms of nutritional virulence likely differ between pathogens that replicate in the host cell cytosol and those that establish replication vacuoles (e.g., transporter requirements). Comparative analyses aimed at understanding differences in strategies employed by BOIPs for nutrient acquisition within specific intracellular niches will be important to understand mechanisms of pathoadaptation among these unique bacterial pathogens.





Metabolic capacity as a virulence determinant of amphotropism

The virulence of bacterial pathogens is conferred by a combination of essential and subtle virulence determinants. For example, in Coxiella, secretion of effector molecules via a type IVB secretion system (Chen et al., 2010; Carey et al., 2011; Beare et al., 2012; Larson et al., 2016) is critical for establishment of the pathogen’s replication vacuole. That metabolic capacity can also affect pathogen virulence is well established; however, identifying the specific mechanism(s) for how a metabolic defect affects virulence can be challenging.

All BOIPs are associated with highly specific replication niches. The large diversity in apparent metabolic capacity (as deduced from genome sequence analysis) among BOIPs suggest that the various niches occupied by BOIPs represent vastly different nutritional environments. BOIPs of the genera Coxiella, Chlamydia, and Rickettsia are all to some degree amphotropic—capable of infecting different host organisms and host cell types—in nature. For example, C. burnetii has been shown to naturally colonize a wide range of animals [e.g., birds, cows, goats, and ticks (Canevari et al., 2018; Tokarevich et al., 2018; Tomaiuolo et al., 2020; Turcotte et al., 2021)] in addition to various tissues within infected animals (Roest et al., 2012; Gregory et al., 2019). Direct comparative analysis of the ability of different serovars of C. trachomatis to infect different host cell types indicates that the invasive C. trachomatis serovar L2, causing lymphogranuloma venereum, is moderately amphotropic compared to serovars A and D (Faris et al., 2019).

Transposon mutant libraries of C. burnetii reveal genes encoding metabolic functions whose disruption affect infection and/or intracellular replication (Martinez et al., 2014; Newton et al., 2014). Several genes have functions related to processes discussed in this review, including CO2 metabolism (carbonic anhydrase, CBU0139), respiration (cytochrome c oxidase, CBU1038-1040), glycolysis (glucose-6P isomerase, CBU0848), and metabolism of phosphorylated glucose (UTP-glucose-1-phosphate uridylyltransferase, CBU0849). Moreover, metabolic plasticity conferred by pckA has revealed specific virulence defects during C. burnetii intracellular replication in certain host cell types (Sanchez et al., 2021).

C. burnetii shows isolate-specific plasmid carriage (Long et al., 2019). Luo and colleagues recently identified a role for the QpH1 plasmid of C. burnetii during colonization of murine bone marrow-derived macrophages (Luo et al., 2021). It is not clear whether the role of the QpH1 plasmid in C. burnetii host colonization relates to virulence factor secretion or pathogen metabolic functions. Nevertheless, diversity in plasmid carriage among C. burnetii isolates may influence C. burnetii amphotropism based on potential significance of specific plasmid-associated genes in C. burnetii metabolic activities. Because genome architecture can influence gene expression, extensive differences in genome organization, including sequences containing metabolic genes, among C. burnetii isolates (Beare et al., 2009) combined with isolate-specific disease characteristics is consistent with a role of genome architecture in pathogen metabolism. We expect that research over the next decade will continue to reveal greater significance of metabolic functions in BOIP virulence and begin to provide mechanistic information related to a range of metabolic virulence determinants.





Use of physiological (host cell) media in the analysis of BOIP-host interactions

Although use of host cell-free culture is an invaluable tool to physiologically separate BOIPs from their host cells, ultimately, the physiology of BOIPs is intertwined with that of the host cell. As such, analysis of metabolic and physiological characteristics of BOIPs will require verification of biological relevance using (in vivo) animal or (ex vivo) cell culture models.

For any ex vivo analysis of BOIPs, the nutrient composition of cell culture media may affect, and in some cases compromise, the utility of cell culture models to resolve phenotypes of mutants. For example, medium nutrient composition can result in accidental chemical rescue of a genetic defect. To explore how the cell culture medium can impact pathogen fitness during infection of different host cell types, a “physiological medium” (Cantor, 2019) based on the nutrient composition of interstitial fluid was designed for use with C. burnetii as the model BOIP (Sanchez et al., 2021). Use of Interstitial Fluid-modeled Medium, IFmM, proved to affect C. burnetii fitness in some but not all cell culture models. Pathogen metabolic capacity, as assessed by comparing strains capable of undergoing gluconeogenesis or not, also showed host cell type-dependent differences (Sanchez et al., 2021). Overall, this underscores the significance of the interplay between pathogen metabolic capacity and the nutritional context of the host cell.

In the study of Chlamydia species, the protein synthesis inhibitor cycloheximide is often used to promote pathogen replication by suppressing host cell protein synthesis (Alexander, 1968), overall enhancing bacterial replication by reducing host cell competition for nutrients. Notably, cycloheximide results in (host) carbon source-dependent effects on the generation of C. trachomatis EBs (Iliffe-Lee and McClarty, 2000). Because use of cycloheximide promotes chlamydial fitness during interaction with a host cell, analysis of chlamydial physiology, especially with strains that have metabolic defects, may be best done using cell culture models maintained in the absence of cycloheximide.





Sensing the (state of the) host

Any microbial pathogen must be able to respond to cues from the host to optimize its virulence potential. This may be most obvious in the context of responding to nutrient availability and physicochemical conditions such as pH and temperature. As suggested for C. burnetii (Esquerra et al., 2017), the integration of several distinct physicochemical and nutritional signals could serve as a mechanism for this organism to identify a suitable replicative niche. Similarly, Chlamydia and Rickettsia species may sense availability of ATP, a molecule largely limited to metabolically active cells, as a signal that environments suitable for growth have been encountered.

Less obvious, although the phenomenon has been known for decades (Morse and Fitzgerald, 1974; Hughes and Sperandio, 2008), is the ability of bacteria to sense and respond to mammalian (steroid) hormones, molecules unique to the host organism they infect. Unlike molecular nutrients such as glucose and amino acids that are maintained at relatively steady levels within eukaryotic host cells, hormone levels typically fluctuate, thus reflecting altered physiological states of the host organism. C. burnetii, a bacterium known to colonize placental tissue, has been shown to establish infection in cultured placental trophoblasts (Amara et al., 2010; Howard and Omsland, 2020), a major source of the steroid hormone progesterone during pregnancy. In ovariectomized mice, C. burnetii shows elevated loads in spleen and liver tissue (Leone et al., 2004), suggesting C. burnetii responses to mammalian steroid hormones has clinical significance. Data from host cell-free analysis of C. burnetii responses to progesterone suggest that this hormone has a direct inhibitory effect on C. burnetii activity (Howard and Omsland, 2020). However, in the context of animal infection and considering hormonal effects on the immune system (Bereshchenko et al., 2018; Patt et al., 2018), it is likely that steroid hormones also have indirect effects on pathogen activity and pathogenicity. Thus, while progesterone may directly inhibit C. burnetii activity, hormonal effects on host immunity may significantly confound how bacteria respond to mammalian hormones. Similar to C. burnetii, C. abortus shows tropism for placental tissue (Essig and Longbottom, 2015) and may also respond to host-derived hormones or be affected by hormone-associated signaling during colonization of placental tissue.






BOIP physiology




Cell forms and developmental transitions

The physiology of BOIPs is interconnected with their metabolic capacity and plasticity. Some BOIPs, including Coxiella, Anaplasma, Ehrlichia and Chlamydia, undergo morphological transitions during their life cycles, further complicating the intricate relationships they maintain with their respective host cells. The developmental cycles of C. burnetii and C. trachomatis with leading ideas for underlying mechanisms are illustrated in Figure 4. Coleman and colleagues (Coleman et al., 2004) connected the LCV form of C. burnetii to this pathogen’s replicative phase while the SCV was shown to be a non-replicative stationary phase form. Current understanding of the physiological role of the C. burnetii SCV is limited but certain spore-like characteristics are consistent with environmental stability. In cell culture, both the C. burnetii SCV and LCV forms are infectious.




Figure 4 | Developmental transitions. While recent advances based on molecular genetics are starting to shed light on the mechanism(s) of developmental transitions in Coxiella and Chlamydia, the genes and regulatory networks involved remain elusive. Leading ideas for mechanisms underlying developmental transitions are highlighted. LCVs and RBs vs SCVs and EBs are indicated by larger gray cells or smaller dark calls, respectively. Infectious form relates to infectivity of cultured cells. The direction of the developmental cycle is indicated in parentheses. "PG" and "MEC" denote peptidoglycan and 2-C-methylerythritol 2,4-cyclodiphosphate, respectively.



The physiological basis for developmental transitions in Chlamydia species appear distinct from those of C. burnetii. For example, because only the chlamydial EB form is infectious, re-generation of the chlamydial EB is critical for new rounds of infection. Despite lack of cell division by the chlamydial EB, in C. trachomatis, the EB continues to synthesize protein during infection of cultured cells (Grieshaber et al., 2018), consistent with a requirement for continued “maintenance metabolism” after RB-EB differentiation is completed.

The question of what triggers transition of the replicative LCV and RB forms of C. burnetii and C. trachomatis to their respective non-replicative SCV and EB forms remains largely unanswered. That nutrient availability can control morphological transitions in BOIPs is supported by the mechanism of developmental transitions in the intracellular bacterium Legionella pneumophila, a phylogenetic relative of C. burnetii. In L. pneumophila, the gene phtA, encoding a major facilitator superfamily transporter, influences developmental transitions in response to threonine availability (Sauer et al., 2005; Fonseca and Swanson, 2014). In part relying on axenic techniques, Rajeve et al. have produced promising data regarding a potential trigger for EB-RB development in C. trachomatis (Rajeeve et al., 2020). This group reported an interconnection between metabolism of glutamine and synthesis of peptidoglycan required for cell division in C. trachomatis (Liechti et al., 2016), establishing a critical role for glutamine in EB germination. Moreover, 2-C-methylerythritol 2,4-cyclodiphosphate (MEC), an intermediary metabolite of the methylerythritol phosphate (MEP) pathway of isoprenoid synthesis, stimulates dissociation of the chlamydial histone-like protein Hc1 from DNA thus promoting chromatin decondensation (Grieshaber et al., 2004). Because the initial step of the MEP pathway involves pyruvate and glyceraldehyde 3-phosphate (G3P), both intermediates of the central metabolic machinery, activation of central metabolism to generate pyruvate and G3P could serve as a metabolic trigger for decondensation of the EB nucleoid, a critical step in EB-RB development. To further elucidate the driving force behind C. trachomatis RB-EB transitions, Chiarelli et al. tested if signals extrinsic (i.e., extracellular) or intrinsic (i.e., intra-bacterial) to C. trachomatis are likely to be responsible for triggering RB-EB developmental transitions using mathematical models. Interestingly, they identified the triggering signal(s) to be a cell-autonomous intrinsic signal and thus not likely to be an environmental signal such as a nutrient (Chiarelli et al., 2020). Lee and colleagues established that replication-dependent size reductions of the RB controls the timing of RB-EB conversion, also in the absence of an external signal (Lee et al., 2018). It is possible that signals and mechanisms governing EB-RB versus RB-EB transitions are different in nature.

Numerous genes were implicated in developmental transitions of C. trachomatis in experiments conducted on temperature sensitive mutants (Brothwell et al., 2016). The influence of several genes in chlamydial morphological differentiation suggests redundancy in regulation. Similarly, potential involvement of small RNAs (Warrier et al., 2014) and the recently discovered significance of the alternative sigma factor RpoS in C. burnetii developmental transitions (Moormeier et al., 2019) also suggest the involvement of a larger number of genes and regulatory redundancy in the process. Regardless of what the nature of the trigger(s) for developmental transitions in (certain) BOIPs may be, understanding the makeup of the response network that allows for the orchestrated change in gene expression required to transform one cell form into another is a focus of current research.





Mechanisms for sensing and responding to nutrient availability

The stringent response (SR) was identified as a regulatory mechanism that interconnects amino acid availability with RNA synthesis by providing “stringent” control of RNA synthesis under conditions of amino acid limitation (Cashel, 1969; Cashel and Gallant, 1969). The signaling nucleotide (p)ppGpp, synthesized by proteins of the RelA/SpoT homolog (RSH) family (Hauryliuk et al., 2015), and a range of co-regulatory proteins (Steinchen et al., 2020), make up the SR. In L. pneumophila, the response network involved with signaling amino acid availability via PhtA may be the SR (Sauer et al., 2005). Both phtA (Sauer et al., 2005) and an apparently intact SR network is found in C. burnetii, suggesting amino acid availability may also be directly involved in developmental transitions in this organism.

Analysis of the C. trachomatis genome suggested absence of a SR based on lack of enzymes for synthesis of (p)ppGpp (Ouellette et al., 2006). While genes for ppGpp synthesis are absent, chlamydial genomes do encode DksA, a SR-related transcriptional regulator known to work in concert with (p)ppGpp (Paul et al., 2004; Magnusson et al., 2007; Ross et al., 2016). A gene encoding GreA, a protein that in E. coli can functionally substitute for DksA (Vinella et al., 2012), has also been annotated in C. trachomatis, but the gene is larger than the E. coli ortholog and sequence homology is minimal. Overexpression of DksA in C. trachomatis has been shown to reduce generation of infectious EBs (Mandel et al., 2021). Curiously, the chlamydial dksA ortholog does not functionally complement the growth defect observed in E. coli during culture in a nutritionally minimal medium (Mandel et al., 2021), suggesting remnants of the SR machinery in C. trachomatis have evolved to acquire unique functions in this pathogen. Transcriptional analysis of Chlamydia under amino acid starvation has also revealed an apparent uncoupling of amino acid availability and transcriptional activity (Ouellette et al., 2006), again consistent with absence of “stringent” regulation of RNA synthesis. Ouellette and colleagues built on these findings and investigated the idea that chlamydial transcription during IFNγ-induced tryptophan limitation could be controlled via the density of tryptophan codons (Ouellette et al., 2016). Though it is unclear how codon content for an amino acid would regulate transcription, especially when the density of tryptophan codons does not absolutely correlate with transcript levels, the regulatory scheme points to chlamydial adaptation to amino acid starvation in the absence of a SR.

Direct comparison of transcriptional profiles of C. trachomatis cultivated in the presence or absence of IFNγ identified numerous differentially expressed genes (Belland et al., 2003a), consistent with chlamydial adaptation to an environment where an orchestrated response to tryptophan limitation is necessary for optimal fitness. In addition to the impact host-dependent regulation (i.e., synthesis vs IFNγ-dependent breakdown) of tryptophan can have on C. trachomatis, the host microbiota may also affect the Chlamydia-host interaction. Specifically, indole-producing species of the genus Prevotella, associated with bacterial vaginosis, can promote replication of C. trachomatis, thus potentially counteracting the effect of IFNγ-dependent control of tryptophan availability (Ziklo et al., 2016). Like C. trachomatis, intracellular replication of C. burnetii is also restricted by treatment of host cells with IFNγ via indolamine 2,3-dioxygenase 1-mediated breakdown of tryptophan (Ganesan and Roy, 2019). Interestingly, the inhibitory effect of IFNγ on the growth of R. prowazekii in human fibroblasts could not be rescued by addition of tryptophan to the growth medium, suggesting the involvement of alternative IFNγ-mediated inhibitory mechanisms (Turco and Winkler, 1986).

In the (facultative) intracellular pathogen L. pneumophila, the functional significance of (p)ppGpp and DksA have been demonstrated for pathogen differentiation between cell forms (Dalebroux et al., 2010). Given both phylogenetic and physiological relatedness, including morphological transitions, C. burnetii is also likely to rely on a functional SR machinery for normal physiological function. Although reliance on a SR by bacteria of the Rickettsia genus for the purpose of responding to amino acid availability has not been tested experimentally, genetic complementation of a truncated relA/spoT gene in a strain of R. rickettsii Iowa that produces lytic/clear plaques, restored the non-lytic/opaque phenotype of the plaques (Clark et al., 2011). This demonstrates the effect of relA/spoT expression in R. rickettsii Iowa and indicates the function of a response network that includes (p)ppGpp in Rickettsia. Interestingly, given the effect of (p)ppGpp levels on gene expression in free-living model organisms including E. coli (Sanchez-Vazquez et al., 2019), relA/spoT competence did not affect gene expression in R. rickettsii Iowa (late log phase) (Clark et al., 2011). The gene(s) annotated as relA/spoT in Rickettsia are shorter than the typical relA and spoT genes described in other organisms but could still encode functional (p)ppGpp synthesizing proteins because the synthase domain only accounts for a smaller part of the proteins (Andersson et al., 1998; McLeod et al., 2004; Clark et al., 2011).

The functional significance of the SR goes far beyond responses to amino acid limitation (Boutte and Crosson, 2013), the stressor first identified as a trigger for this response network (Borek, 1956; Cashel, 1969). Thus, molecular remnants of the SR in BOIPs, including Chlamydia that appear to encode a severely reduced system, may be responsive to stressors other than amino acids. Importantly, the retention of SR-related genes including dksA and greA in BOIPs could be driven by a role for these genes in processes other than those associated with the SR. For example, deletion of dksA increases accumulation of drug-induced double-stranded DNA breaks (Sivaramakrishnan et al., 2017), and both DksA and GreA/B can help resolve replication and transcription conflicts (Tehranchi et al., 2010; Satory et al., 2015). GreA has additionally been shown to serve as a chaperone (Li et al., 2012). Related yet unique functions of DksA and GreA/B is consistent with diverse selective pressures to retain a combination of SR-related genes in BOIPs. Suppression of the growth defect produced by (p)ppGpp deficiency by overexpression of dksA and greA (Vinella et al., 2012) illustrate their potential functions in the absence of a (p)ppGpp-driven SR. A comparison of SR-related genes in Coxiella, Chlamydia and Rickettsia is shown in Table 2. Because the genomes of these organisms all contain at least some components of what may be described as the canonical machinery consisting of relA, spoT, dksA and greA, unique adaptation of specific components of the network appears likely. As indicated, the predicted GreA protein of C. trachomatis is unusually large (CTL0004; 715 amino acids) compared to that of E. coli (b3181; 158 amino acids), suggesting the C. trachomatis protein is not functionally comparable to the E. coli protein.


Table 2 | SR and related genes in Coxiella, Chlamydia and Rickettsia.



Analysis of greA/greB/dksA triple mutants in a ppGpp0 strain of E. coli showed recovery of growth on minimal medium (not containing amino acids) upon complementation with either greA or dksA (Vinella et al., 2012). The redundancy demonstrated for the SR in E. coli, as this relates to response to amino acid starvation, hints at the molecular composition of a minimal “SR” in BOIPs, or other bacteria with reduced genomes. In addition to prototypical response systems for nutrient sensing, bacteria with a streamlined genome may well utilize expression of e.g., transporters as an “indirect” way of regulating physiological responses to nutrient availability.






Opportunities for discovery

Over the past decade, analysis of molecular mechanisms of C. burnetii biology has been transformed with the combined access to a full complement of tools for genetic manipulation and axenic culture, allowing isolation of mutants with defects in genes needed for host cell infection and/or intracellular replication. Given recent advances in similar research tools for several other BOIPs, the next decade is likely to change the study of BOIPs. Some areas of research may be especially important and scientifically fruitful. Figure 5 illustrates the interrelatedness between the research areas described below.




Figure 5 | Opportunities for discovery. Certain areas of research appear especially relevant given recent technical and/or scientific advances. While these areas may be scientifically distinct, regulatory mechanisms are biologically intertwined and expected to influence pathogen virulence characteristics. Indicated micronutrients include, trace metals, vitamins and co-factors, macronutrients carbon sources and amino acids, and physicochemical conditions pH, oxygen and carbon dioxide.






Analysis of (metabolic) interactions between BOIPs and their host cells

Development of more sensitive techniques (e.g., RNA-Seq) for analysis of transcriptional responses have resulted in several studies of BOIP gene expression during host interactions. Regarding metabolic responses, metabolomic analyses of BOIPs have revealed patterns and complexities in nutrient utilization (Häuslein et al., 2017). An underexplored area and natural next step in understanding the physiology of BOIPs is combined omics analyses aimed at correlating gene and/or protein expression with the flux of metabolic intermediates during the pathogens’ life cycle. This is especially relevant for organisms that undergo developmental transitions between cells forms as data based on both gene expression and metabolic activities can identify signaling networks involved in regulating such transitions. C. burnetii would be a great model for analysis given the transition of this organism between cell forms under axenic conditions (Sandoz et al., 2014; Esquerra et al., 2017), likely also required to obtain sufficient material for optimal analysis.

Metabolic interactions between BOIPs and host cells also extends to pathogen-dependent manipulation of host transcription factors that regulate host cell metabolism. For example, C. burnetii affects the stability of the transcription factor HIF1α as well as HIF1α-regulated target genes involved in metabolism (Hayek et al., 2022). A recent analysis of host cell chromatin structure during infection with C. trachomatis (Hayward et al., 2020) provides a general view of how this pathogen impacts the host response to infection, including at the metabolic level. As discussed (Czyż et al., 2014; Rother et al., 2019), a thorough understanding of how and why BOIPs depend on a host cell for replication can be exploited to design host-directed antibacterial therapies.





Genome structure, physiology and virulence

Genome sequencing efforts have produced critical information about the genomes of several species and/or isolates of BOIPs. Though BOIPs exemplify a fascinating range of apparent metabolic capacity and genome stability, how these features affect pathogen physiology is largely unexplored. For example, how do differences in genome architecture between C. burnetii isolates (Beare et al., 2009) affect metabolic capabilities and how might such differences influence metabolic fitness, amphotropism, and virulence? In Chlamydia, genome sequence analysis show that metabolic capacity can be both species and isolate/strain specific (Voigt et al., 2012). Analysis of virulence following genetic complementation of metabolic capacity, as illustrated by ectopic expression of glucose-6P dehydrogenase (Sanchez and Omsland, 2021) and catalase (Mertens and Samuel, 2012) in C. burnetii, is one way to assess the selective pressures driving genome streamlining in BOIPs. Understanding how metabolic capacity correlates with niche adaptation, restriction and host range seems attractive avenues for basic research.





Nutrient availability, replication, and morphological transitions

The list of potential genes, regulatory networks and mechanisms by which BOIPs may sense and respond to nutrient availability is expansive. The requirement for moderately acidic pH in Coxiella nutrient transport and metabolic activation (Hackstadt and Williams, 1981a), and ATP scavenging in Chlamydia are among the few mechanisms that have been experimentally tested and independently verified for how BOIPs regulate their metabolism. 

Coxiella, Chlamydia and Rickettsia exhibit vastly different replication rates, a physiological characteristic implicated in virulence. As illustrated by analysis of the slow growing pathogen Mycobacterium tuberculosis (Beste et al., 2009), numerous genes can influence replication rate in bacteria. Capacity to synthesize protein and thus ribosome content has been implicated in this process. In R. prowazekii, despite only having single copies of genes encoding 16S or 23S rRNA, ribosome content has been described as an unlikely bottleneck in R. prowazekii replication (Winkler, 1995). The biological basis for replication rate and potential significance in virulence should be directly testable via currently available research tools for at least some BOIPs.

Several BOIPs undergo developmental transitions between cell forms. In part driven by the ability to genetically manipulate the organisms, both Coxiella and Chlamydia are emerging as attractive models to study the genetic and biochemical basis for such transitions. While regulation of developmental transitions in C. burnetii is likely to align with findings in L. pneumophila, including a role for the SR (Dalebroux et al., 2010), lack of a SR in C. trachomatis (Ouellette et al., 2006) and uncertainty regarding how this organism integrates responses to nutrient availability with critical physiological processes (e.g., developmental transitions) offer opportunity for significant discovery.





Micronutrients

Despite obvious physiological significance, the effect and metabolism of micronutrients is an understudied aspect of BOIP biology. Technical challenges in separating BOIPs from their host cells to understand the effect of micronutrients directly on the pathogens is a major reason for current knowledge gaps. Of micronutrients, the role of iron has received more attention than any other, likely aided by the availability of tools, including chelators, to control pathogen access to iron. With improvements in both genetic tractability and axenic culture, including the use of chemically defined media (for C. burnetii) (Sandoz et al., 2016; Esquerra et al., 2017), analysis of micronutrients beyond iron is becoming increasingly feasible.





Axenic culture and molecular genetics

Inability to physically separate (most) BOIPs from their host cells essentially prevents the analysis of pathogen responses to specific physicochemical and/or nutritional conditions. Not all isolates of C. burnetii can be cultured in the axenic medium ACCM-2 (Kersh et al., 2016). Understanding the metabolic basis for why C. burnetii isolates differ in culturability has significance both for overall understanding of metabolic capabilities and potential connections to virulence. Further exploration of how glutamine may serve as a trigger for EB-RB development and continued chlamydial replication (Rajeeve et al., 2020) may be a significant discovery on the path to designing axenic culture tools for Chlamydia. Axenic culture of BOIPs is especially important to allow isolation of mutants with defects in genes required for host cell invasion and/or intracellular replication, which would be selected against in systems relying on host cells for isolation and propagation. Although genetic manipulation of BOIPs remains challenging, continued progress in this area is essential for discovery and innovation in the field (Suhan et al., 1996; Rachek et al., 1998; Felsheim et al., 2010; Burkhardt et al., 2011; Kari et al., 2011; Wang et al., 2011; Beare et al., 2012; Johnson and Fisher, 2013; Noriea et al., 2015; Larson et al., 2016; Sixt and Valdivia, 2016; McClure et al., 2017; Rahnama and Fields, 2018; Ouellette et al., 2021; Fields et al., 2022; Fu et al., 2022).






Comparative genome analysis

The following accession numbers were used to obtain genome sequence information for review of annotations or perform BLAST searches against relevant predicted proteins in E. coli K-12, substrain MG1655 (NC000913.3): C. burnetii RSA493 (NC002971.4), C. trachomatis L2/Bu434 (AM884176.1), C. pneumoniae J138 (NC002491.1), C. muridarum Nigg3 (NZCP009760.1), R. prowazekii Madrid E (NC000963.1), and R. rickettsii str. Sheila Smith (NC009882.1).
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Functi Role(s) in Fibrosis EEEES
IL-6 Cytokine Myofibroblast differentiation, collagen deposition, EMT induction Rasmussen et al., 1997
1L-8 Cytokine Mesenchymal proliferation, EMT induction Rasmussen et al., 1997
IL-11 Cytokine TGF signal transduction, collagen deposition Dessus-Babus et al., 2002
VEGF Growth Factor Collagen deposition, EMT induction Hess et al., 2001
CTGF Growth Factor Myofibroblast differentiation, collagen deposition, EMT induction Coombes and Mahony, 2001
EGF Growth Factor Epithelial cell proliferation, induction of EMT Coombes and Mahony, 2001
miR-9 microRNA Induction of EMT Igietseme et al,, 2015
miR-15a microRNA Repression of EMT Igietseme et al., 2015
miR-16 microRNA Repression of EMT Igietseme et al., 2015
miR-22 microRNA Induction of EMT Igietseme et al,, 2015
ZEB1 Transcription Factor Master regulator of EMT induction, E-cadherin repression Igietseme et al., 2015
ERF Transcription Factor EMT induction Zadora et al., 2019
ETS1 Transcription Factor Induction of EMT Zadora et al,, 2019
YAP Transcription Factor Induction of EMT, CTGF expression, TGFp signaling Caven et al,, 2023
FRA1 Transcription Factor Induction of EMT Zadora et al,, 2019
MAPK Kinase Stabilization of SNAIL, TGFB-mediated EMT induction Zadora et al,, 2019
ERK Kinase Stabilization of SNAIL, TGFB-mediated EMT induction Zadora et al., 2019
0-SMA Actin Cytoskeleton Fibroblast contractility, marker of myofibroblast differentiation Rajié et al,, 2017
OLFM4 ECM Repression of EMT Kessler et al,, 2012
Fibronectin ECM ECM deposition, marker of mesenchymal differentiation Igietseme et al., 2018
Collagen T ECM ECM deposition, induction of myofibroblast activation Igietseme et al., 2018
Collagen TIT ECM ECM deposition, induction of myofibroblast activation Igietseme et al., 2018
MMP2 ECM Collagen degradation, matrikine production Ault et al., 2002
ADAMI2 ECM Enzymatic cleavage of type IV collagen, fibronectin, gelatin Humphrys et al,, 2013
ADAM19 ECM Collagen synthesis Humphrys et al., 2013

ADAMTS3 ECM Enzymatic cleavage of procollagen 11 Humphrys et al,, 2013
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E ECH_1053 small® + + hypothetical protein
chaffeensis
ECH_0846 [ small + hypothetical protein
ECH_0745 small + hypothetical protein
ECH_0700 small + hypothetical protein
ECH_0607 38 + hypothetical protein
ECH_0678 small + + hypothetical protein
ECH_0207 small + + hypothetical protein
ECH_0673 28 + + hypothetical protein
ECH_1128 small + + hypothetical protein
ECH_0706 small + hypothetical protein
ECH_0635 39 + + hypothetical protein
ECH_0988 ‘ small [+ + hypothetical protein
ECH_0640 32 + I hypothetical protein
E. canis ECAJ_0919 small + hypothetical protein
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Carbon source(s)"

Energy source(s)”

Mechanism(s) of energy generation or acquisition

Coxiella
glucose

amino acids, inc. glutamate

glucose

amino acids, inc. glutamate

TCA cycle intermediates

N/A
substrate level phosphorylation

oxidative phosphorylation

N/A

glucose-6P

o-ketoglutarate

glucose-6P

N/A

a-ketoglutarate

host-derived ATP

substrate level phosphorylation
oxidative phosphorylation

ATP scavenging from host cell

Rickettsia

UDP-glucose

amino acids, inc. glutamine
N/A

glutamate

N/A

host-derived ATP
N/A

oxidative phosphorylation

ATP scavenging from host cell

pH moderate acidophile neutrophile neutrophile
0;? microaerophile uncertain uncertain
o5t required uncertain uncertain

?Information is limited to the expected main substrates and mechanisms.
*4Requirements for O and CO, is based on optimal growth conditions. Inability to culture Chlamydia and Rickettsia species under axenic conditions complicates direct analysis of the effect of O,

and CO, on these organisms.

Letter codes denote substrate type or mechanism: A and C - glucose or glucose derivatives; B - gluconeogenic substrates; D — amino acids; E - TCA cycle intermediates; F - ATP scavenging; G, H
and I - mechanism of ATP generation or acquisition. See text for details.
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Rickettsia spp.

Infection Event

Important features

References

Early events in
Rickettsia transmission
and dissemination

Rickettsial adhesion
and invasion events

Innate immunity
triggering events

Animal models to
study innate immunity

Anaplasma
phagocytophilum
Infection Event

A. phagocytophilum
adhesion and invasion

« Transmission by ticks, mites, fleas, or lice bypasses host mechanical barriers

« Infection of CD68+ cells in dermis

+ Initial spread via lymphatics to blood and tissues

+ Suppressive response with a high frequency of Foxp3" T regulatory cells

« Alter macrophage transcriptional programs

« Cell receptors and proteins - Ku70, 0:2B1 integrin, FGFR1, and Epacl

« Rickettsial adhesins/invasins
« Clathrin and caveolin-2 in rickettsial endocytosis and internalization
« Rickettsial phospholipases and hemolysins in endosomal escape

« TLR4, TLR2, and NLRP3 signaling

« Suppression of CD14 by pathogenic species

« Autophagy and its subversion

« C57BL/6 knockout mice such as Mhcl ™, Prf1”", Ifng”, or Nlrp3”~
« C3H/He] mice
« AG129 mice

Important features

« Bacterial AipA, Asp14, OmpA, AnkA
« Host PSGL-1/sLe" tetrasaccharide, Abi-1, WAVE complex

+ Autophagosomes and autophagy subversion

(Walker et al., 1999)

(Fournier et al., 2005)

(Fang et al., 2007)

(Curto et al., 2019a; Curto et al,, 2019b)

(Martinez et al., 2005; Gong et al., 2013; Hillman
et al., 2013; Sahni et al., 2017)

(Chan et al., 2009)
(Chan et al., 2009)
(Sahni et al,, 2019)

(Jordan et al,, 2008; Quevedo-Diaz et al., 2010;
Smalley et al., 2016)

(Curto et al., 2019b; Kristof et al., 2021)

(Bechelli et al., 2019; Engstrom et al., 2019; Bechelli
et al,, 2021; Engstrom et al., 2021)

(Osterloh, 2017)
(Jordan et al,, 2008)

(Burke et al., 2021)

(Naimi et al., 2020)
(Goodman et al., 1999; Lin et al., 2007)

(Truchan et al., 2013; Truchan et al., 2016a; Truchan
et al,, 2016b)

A. phagocytophilum
reprogramming of
neutrophil functions

Innate immune
recognition

« Cytokine responses and proinflammatory response
« IFNY, IL10 and IL8

« Protracted degranulation

« Regulation of microbial detection

« Suppression of antimicrobial responses

« Diminished emigration of infected neutrophils

« Inhibition of respiratory burst

« Defective phagocytosis and microbial killing

(Dumler et al., 2000; Martin et al., 2000)
(Choi et al., 2004a)

(Garyu and Dumler, 2005; Garyu et al., 2005)

(Choi et al., 2003; Park et al., 2003)

(Banerjee et al., 2000; Choi and Dumler, 2003;
Thomas et al., 2005)

(Whist et al., 2002; Garyu et al., 2005)

« Delayed apoptosis

« Epigenetic reprogramming by AnkA

+ TLR2 and bacterial lipoproteins

« NLRC4 inflammasome activation

« NF-B activation

(Choi et al., 2005; Ge and Rikihisa, 2006)

(Garcia-Garcia et al,, 2007; Garcia-Garcia et al.,
2009b)

(Choi et al., 2004b)

(Chen et al,, 2012; Wang et al., 2016a; Wang et al.,
2016b)

(Choi et al.,, 2004b; Dumler et al., 2020a)

« IENy and Stat1 signaling

« NK and NKT lymphocyte cytotoxicity defects

(Akkoyunlu and Fikrig, 20005 Choi and Dumler, 2013;
Choi et al,, 2014)

(Choi et al., 2007; Scorpio et al., 2018)

Severe disease « Mild vs. severe (cytokine hyperproduction and immune discoordination) disease (Dumler et al., 2007; Camacci et al., 2018a; Rocco
syndromes outcomes Macrophage activation syndrome (MAS) and hemophagocytic et al,, 2020)
lymphohistiocytosis (HLH), sepsis, acute respiratory distress syndrome

Animal models to « Ifng”, IL107", Stat1™", A129 (Ifna/br”), AG129 (Ifna/b/gr”), NKT and NK cell
study innate immunity | deficient, TLR, inflammasome, inflammatory signaling (Myd88”, Cybb”", Asc”",

AnxA2”, Rip2").

(Martin et al., 2001; Walker et al., 2001; Von
Loewenich et al., 2004; Wang et al., 2004; Birkner
et al., 2008; Wang et al., 2016a; Burke et al., 2021;
Miiller et al,, 2021)
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Anaplasmataceae Ehrlichia chaffeensis HylB ECH_0383 27% (Wakeel et al,, 2011)
‘ HylD ECH_0970 28% (Wakeel et al,, 2011)
TolC ECH_1020 26% (Wakeel et al., 2011)
Anaplasma marginale HylB YP_154094 26% (Gillespie et al., 2014)
HylD YP_154094 27% (Gillespie et al., 2014)
TolC AAV86905 20% (Gillespie et al., 2014)
Rickettsiaceae Orientia tsutsugamushi HylB OTT_1108 41% (VieBrock et al., 2015)
‘ . HylD OTT_1107 27% (VieBrock et al., 2015)
TolC OTT_0076 22% (VieBrock et al., 2015)
Rickettsia typhi HylB RT0305 21% (Kaur et al,, 2012)
‘ HylD RT0304 24% (Kaur et al,, 2012)
TolC RT0216 23% (Kaur et al,, 2012)
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Locus ID/

Species Protein : Function Reference
Accession
Ehrlichia TRP32 ECH_0170 Nucleomodulin that directly regulates expression of host genes (Wakeel et al,, 2011; Farris et al., 2016)
chaffeensis governing differentiation and proliferation
TRP47 ECH_0166 Nucleomodulin that enters the nucleus via a MYND-binding (Wakeel et al., 2011; Kibler et al., 2018)
domain and plays a role in host cell reprogramming by
regulation of transcription
TRP75 ECH_0558 Interacts with host cell targets involved in homeostasis, (Luo et al,, 2018)
cytoskeleton organization, and apoptosis regulation to promote
infection
TRP120 ECH_0039 Moonlighting functions, including as molecular mimicry, (Wakeel et al,, 2011; Zhu et al., 2011; Dunphy et al.,
nucleomodulin, DNA binding, a SUMO/HECT E3 ligase 2014; Zhu et al,, 2017; Klema et al., 2018; Wang et al,,
involved in self- and host ubiquitination to influence protein 2020; Byerly et al., 2021; Rogan et al., 2021; Byerly
interactions and stability for intracellular survival et al,, 2022; Patterson et al., 2022)
Ank200 ECH_0684 Nucleomodulin that binds adenine-rich Alu elements in host (Zhu et al,, 2009; Wakeel et al., 2011)
promoter and intron regions
Orientia Ankl OTT_0753 Modulates NF-kB p65 nuclear transport and inhibits NF-xB (VieBrock et al., 2015; Evans et al., 2018)
tsutsugamushi transcriptional activation
Ank2 OTT_0049 ND* (VieBrock et al., 2015)
Ank3 OTT_1112 ND (VieBrock et al., 2015)
Ank4 OTT_0210 Modulates endoplasmic reticulum-associated degradation to (VieBrock et al., 2015; Rodino et al,, 2018)
benefit bacterial growth
Ank5 OTT_0214 ND (VieBrock et al., 2015)
Ank6 OTT_1149 Modulates NF-kB p65 nuclear transport and inhibits NF-xB (VieBrock et al., 2015; Evans et al., 2018)
transcriptional activation
Ank7 OTT_1509 ND (VieBrock et al., 2015)
Ank8 OTT_0257 ND (VieBrock et al., 2015)
Ank9 OTT_0298 Utilizes a novel GRIP-like Golgi localization domain for Golgi- (VieBrock et al., 2015; Beyer et al., 2017)
to-endoplasmic reticulum trafficking and interacts with host
COPB2
Ank10 OTT_0398 ND (VieBrock et al., 2015)
Ankl1 OTT_0459 ND (VieBrock et al., 2015)
Ank12 OTT_0602 ND (VieBrock et al., 2015)
Ank13 OTT_0852 Nucleomodulin that exploits the RaDAR nuclear import (VieBrock et al., 2015; Adcox et al., 2021)
pathway to reprogram host cell transcription
Ank14 OTT_1019 ND (VieBrock et al., 2015)
Ankl15 OTT_1232 ND (VieBrock et al., 2015)
Ank17 OTT_1478 ND (VieBrock et al., 2015)
Ank18 OTT_1518 ND (VieBrock et al., 2015)
Ank19 OTT_1519 ND (VieBrock et al., 2015)
Ank20 OTT_1575 ND (VieBrock et al., 2015)

*Not determined.
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Gene ID

SR proper

relA + + - -
spoT + + - +!
dksA + + + +
greA + + +2 +
greB + - - -
SR related +

obgE/cgtA’ + + +
dnak* + + + +
nirD® + - - -
gppA° + - +-7 +

Coxiella burnetii (Cb), Chlamydia trachomatis (Ct), Rickettsia prowazekii (Rp). Information
for the free-living model organism E. coli (Ec) is included for context.

'R. prowazekii Madrid E appears to have one functional and one non-functional copy of
(bifunctional) spoT. Some Rickettsia species are annotated to have several copies of spoT. A
similar complement of genes is found in the spotted fever group R. rickettsii (NC009882.1).
%greA in C. trachomatis is unusually large compared to orthologs in other bacteria.
>ObgE/CgtA affects the ratio of (p)ppGpp and ppGpp (Persky et al., 2009).

*dksA can suppress the phenotype of dnaK deletion (Kang and Craig, 1990).

°NirD can bind to and inhibit the activity of RelA (Léeger et al., 2021).

°GppA hydrolyses the pentaphosphate (p)ppGpp to ppGpp (Somerville and Ahmed, 1979;
Keasling et al., 1993).

7gppA/GppA is annotated in select isolates of C. trachomatis (e.g., CRH63140.1).
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Buchnera' Rickettsia Orientia Wolbachia™s Wolbacl i Anaplasma® Ehrlichia  Chlamydia

# Genomes 23 38 15 72 8 11 12 2 4 5 15 194
murA 100 97 0 100 100 100 100 100 100 0 0 100
murB 100 97 0 100 100 100 100 100 100 100 0 100
murC 100 97 0 100 100 91 100 100 75 0 0 100
murD 100 100 o 9 100 100 100 100 100 0 0 100
murk 100 97 5 100 100 100 100 100 100 0 0 100
murF 100 29 0 100 100 100 100 100 100 0 0 100
mraY 100 97 0 100 100 100 100 100 100 0 0 100
murG 100 100 0 100 100 100 100 100 100 0 0 100
murl 100 100 0 0 o 0 0 o o 0 0 0
mur] 100 100 40 100 100 100 83 o 100 100 0 100
alr 100 0 o 100 o 0 0 o 0 0 0 0
ddl 100 71 0 100 100 100 100 100 100 0 0 100

‘The table indicates the number of genomes that were analyzed and the percentage of sequenced genomes in the Joint Genome Insttute database that contained a homologue for each gene. Buchnera®- endosymbionts of aphids of the subfamily Aphidinae; Buchnera'~
endosymbionts of aphids of the subfamily Lachinae. Wolbachia™ (Wolbachia supergroups A, E and F); Wolbachia®® (Wolbachia supergroups B, C, and D); Wolbachia' (Wolbachia supergroup ). Anaplasma™-Anaplasma marginale; Anaplasma®-Anaplasma
phagocytophilum. Supplementary File 2, Table S2 lists the genomes that were analyzed for each of the obligate intracellular bacteria. Procedures used for genome analysis are described in Supplementary Fil 1.
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Coxiella Orientia Wolbachia™ 2 Wolbachia® Aanaplasma™ Anaplasma® Ehrlichia  Chlamydia

# Genomes 23 38 15 72 8 1 12 2 4 5 15 194
sz 100 100 100 100 100 100 100 0 100 100 100 0
JfisA 100 100 100 100 100 100 100 o 100 100 100 0
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SisE 100 0 0 0 o o 0 o 0 o o 0
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s 100 84 0 100 100 100 0 o 75 o o 99
JfisB 100 95 0 99 100 100 0 o 100 o o 100
Sist 100 100 0 100 100 100 8 o 100 o o 100
Stsw 100 100 o 100 100 100 8 o 100 0 o 100
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minC 0 ;& 100 0 o o 0 o 0 o o 0
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minE 0 100 100 0 o o 0 o 0 o o 0
mipZ 0 0 0 100 100 o 0 0 0 0 o 0
slmA 0 0 0 0 o o 0 0 0 o o 0
mreB 100 0 0 100 100 100 100 100 100 100 o 100
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mreD 100 0 0 0 o o 0 o 0 0 o 0
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PpbpIAB 100 66 0 100 o o 0 o 0 o o 0
rodA 100 0 0 100 100 100 100 100 100 o o 100
rodZ 100 0 0 0 o o 0 o 0 o o 100
amiA,B,C.D 100 89 0 74 100 o 0 o 0 o o 99
dacA,B,C 100 0 o 100 o 100 100 100 100 100 100 100

“The table indicates the number of genomes that were analyzed and the percentage of the sequenced genomes in the Joint Genome Institute database that contained a homologue for each gene. Buchnera- endosymbionts of aphids of the subfamily Aphidinac; Buchneral~
endosymbionts of aphids of the subfamily Lachinae. Wolbachia®™* (Wolbachia supergroups A, E and F); Wolbachia"® (Wolbachia supergroups B, C, and D); Wolbachia’ (Wolbachia supergroup J). Anaplasma™Anaplasma marginale: Anaplasma®-Anaplasma
phagocytophilum. Supplementary File 2, Table 52 lists the genomes that were analyzed for each of the obligate intracellular bacteria. Procedures used for genome analysis are described in Supplementary File 1.
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Transcription

Factor

Euo

GrgA

HrcA

TrpR

ChxR

ArgR
(Arginine-dependent
gene regulator R)
NrdR

CtcC (AtoC)

YtgR

DksA

Activation in
Developmental
Cycle

Early - immediately
post-entry of EB
Early

Late

Throughout

Mid-cycle

Mid- to late-cycle

Mid- to late-cycle

Late (transition from
RB to EB)
Throughout

Late (transition from
RB to EB)

Function

Repressor of late gene expression for differentiation into EB during
carly stages.

Activates transcription for exo and herA through interaction with
6% and 6* promoters.

Conserved regulator of late gene expression of molecular chaperone
proteins (e.g. dnaK and groE operons).

Negative regulator of tryptophan synthetase (trpBA) gene
expression.

Conserved regulator of signal transduction responses.

Regulates bacterial arginine biosynthesis and transport.

Regulates ribonuclease reductase transcription, dependent on
intracellular nucleotide levels.

Predicted 6> RNA polymerase holoenzyme activator to regulate
phenotype differentiation and hrcA.

Iron-dependent transcriptional repressor regulator (ytg operon) and
tryptophan salvage pathway.

Transcription “late” gene regulator responding to environmental
“stress” stimuli.

References

(Li et al., 1998; Wurihan et al,, 2021)

(Bao et al,, 2012; Wurihan et al., 2021)

(Wilson and Tan, 2002; Nicholson et al.,

2003; Wurihan et al,, 2021)

(Akers and Tan, 2006; Carlson et al., 2006)

(Koo et al,, 2006; Barta et al., 2014; Yang

etal, 2017)

(Schaumburg and Tan, 2006)

(Kolberg et al., 2004; Case et al., 2011)

(Koo and Stephens, 2003; Soules et al.,

2020; Huang et al., 2022)

(Akers et al, 20115 Thompson et al., 2012;
Pokorzynski et al., 2019)

(Mandel et al., 2022)
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Effector
Protein

Family
Conserved?

Localisation

Host Target/s

Function

References

IncV
(CT005)

GlgX
(CT042)

Pls1
(CT049)*

MrcA
(CT101)

CteG
(CT105)

IncA
(CT119)

IPAM
(CT223)

Cpos
(CT229)

TarP
(CT456)

TmeA
(CT694)

TmeB
(CT695)

Nue
(CT737)

InaC
(CT813)

CT850

TepP
(CT875)

CopN
(Chlamydial
outer
protein N)
(CT089)

Specific to C.
trachomatis

Specific to C.
trachomatis

Specific to C.
trachomatis

Specific to C.
trachomatis

Specific to C.
trachomatis, C.
muridarum, and
C. suis

Specific to C.
trachomatis

Specific to C.
trachomatis

Specific to C.
trachomatis, C.
caviae, and C.
muridarum

Yes

Specific to C.
trachomatis and
C. muridarum

Specific to C.
trachomatis

Specific to C.
trachomatis

Specific to C.
trachomatis and
C. muridarum

Yes

Specific to C.
trachomatis

Specific to C.
trachomatis and
C. pneumoniae

Inclusion
membrane

Inclusion lumen

Inclusion lumen
and membrane

Inclusion
membrane

Golgi complex and
plasma membrane
of host eukaryotic
cell

Inclusion
membrane

Inclusion
membrane

Inclusion
membrane

Eukaryotic cell
cytosol

Inclusion
membrane and
eukaryotic cell
plasma membrane

Inclusion and
eukaryotic cell
plasma membrane

Eukaryotic cell
nucleus

Inclusion
membrane

Inclusion
membrane

Eukaryotic cell
cytosol near the
inclusion

Inclusion
membrane

VAPA/B

Unknown

Unknown

Inositol 1,4,5-
triphosphate receptor
3 (ITPR3)

Unknown

Vamp 3/7/8

Centrosomal protein

170 (CEP170)

Myosin phosphatase

Actin**, FAK,
Vinculin, Rac guanine
exchange factors
(Sosl, Vav2)

N-WASP GTPase,
Ahnak

Unknown

H2B, H3 and H4

14-3-3 proteins,
ARF1, ARF4, Vamp7
and Vamp$

DYNLT1

CRK, CRKL, GSK3B,
PI3K

of-tubulin

*Currently considered to be a CT T3SS substrate but yet to be experimentally validated.
**TarP direct polymerisation of actin has not been directly associated to plasma membrane reorganisation during EB invasion.

Tethers the inclusion to the
endoplasmic reticulum’s
membrane contact sites.

Debranches host glycogen.

Proposed to mediate expansion
of the inclusion.

Regulates CT’s release by
mediating the myosin
phosphatase pathway.

Implicated in eukaryotic cell’s
vesicle trafficking and
centrosome amplification.

Increases growth rate and
production of EBs during
replication through homotypic
inclusion fusion.

Maintains cytoskeletal
stabilisation for vesicular
trafficking.

Regulates host vesicle trafficking
across the plasma membrane
and promotes inclusion growth.

Facilitates invasion of host
epithelia.

Facilitates invasion of host
epithelia.

Implicated function in assisting
pathogen uptake into host cell.

Targets and translocates the host
cell nucleus.

Regulates inclusion structure and
stability and nutrient acquisition.

Promote inclusion tethering to
host cell nucleus.

Prevents neutrophil-mediated
recruitment of immune cells and
permits prolonged infections.

Regulates T3SS effectors
secretion and translocation
proteins.

(Stanhope et al., 2017; Stanhope and Derre,
2018; Andersen et al,, 2021)

(Gehre et al., 2016; LaBrie et al., 2019)

(Jorgensen and Valdivia, 2008)

(Nguyen et al., 2018; Sah and Lutter, 2020)

(Pais et al., 2019; Steiert et al., 2023)

(Suchland et al,, 2000; Dehoux et al., 2011;
Mueller et al., 2014; da Cunha et al., 2017;
Cingolani et al.,, 2019)

(Dumoux et al., 2015; Olson-Wood et al.,
2021)

(Rzomp et al., 2006; Andersen et al., 2021)

(Clifton et al., 2004; Clifton et al., 2005; Lane
et al., 2008; Mueller et al., 2014; Thwaites

et al., 2015; Faris et al., 2020; Pedrosa et al.,
2020)

(Bullock et al., 2012; Mueller et al., 2014;
McKuen et al,, 2017; Faris et al., 2020)

(Mueller and Fields, 2015; McKuen et al.,
2017; Andersen et al., 2021; Scanlon et al.,
2023)

(Pennini et al,, 2010; Andersen et al., 2021)

(Wesolowski et al., 2017; Andersen et al.,
2021; Olson-Wood et al., 2021)

(Mital et al., 2015)

(Yi-Shan et al.,, 2014; Andersen et al., 2021;
Dolat and Valdivia, 2021)

(Archuleta et al., 2011; Hanson et al,, 2015)
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Species  Escherichia Chlamydia Coxiella Anaplasma Ehrlichia Rickettsia  Orientia tsutsu-

Protein coli trachomatis burnetii phagocytophilum chaffeensis spp. gamushi
AmiA 1 1 5 - - - N
FtsA 2 - % 2 0 1 ] 3
FtsB 2 4, WW (HP) 1 - - 0 0
FtsE 1 (HP) 0 0 0 0 0
FtsI/Pbp3 6 6, WW 7 - - 7 1
FtsK 19 7 7 4 2 (HP) 5 2
FtsL 1 1 2 - - 1 I 0
FtsN 5 - - - - - -
FtsQ 7 2 5 7 5 (HP) 3 14
FtsW 10 4 8 -+ = 7 6, WW
FtsX 1 0 5 2 1 1 -
FtsZ 0 - 0 0 1 1 1
MraY 10 8, WW 7 - - 1 1
MraW 3 3 3 1 1 1 0
MreB 0 0 0 2, WW = 0 0
MreC 1 6 2 2 - 0 0
MurA 2 5 2 B 3 1 1
MurB 7 0 3 3 - 3 3
MurC/DdIA 1 7 2 - - 0 0
MurD 3 2 3 - - 2 2
MurE 7 1 1 > - 0 0
MurF 5 4 1 > = 2 2
MurG 9 1 5 -+ - 1 1
Mur] 9 9 12 5 - 1 0
Pbp2 10, WW 13 7 - - 6 7
RodA 8 8, WAW 9 -+ - 3 1
RodZ 6, WWW 14, WW 1, WW - - 0 -
ZipA | 1 - 1 - = - -

(=) indicates the absence of specific genes based on genomic context.
(HP) indicates the presence of a putative protein.

Tryptophan motifs are indicated in bold.

*The sequence of these proteins is not available for A. phagocytophilum. In A. marginale, the tryptophan content s 6 for FtsW, 2 for MurA, 3 for MurC/DdIA, 6 for MurD, 3 for MurE, 3 for MurF,
1 for MurG, 4 for RodA, and 7 for Pbp2, without any Trp codon.
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E. chaffeensis

Primary host cell

Transmission
mode

Entry mechanism

Vacuole
interactions with
host vesicular
trafficking

Homotypic
fusion

Type of secretion
system

Vacuole acidity

Exit mechanism

Neutrophils

Ticks, blood transfusion

Caveolac and GPI-anchored
proteins [P-selectin
glycoprotein ligand 1
(PSGL-1)]

autophagosome, recycling
endosome, multivesicular
body

TI1SS and T4SS

Moderately acidic

MVB-exosome secretion
pathway

Monocytes and
macrophages

Ticks

Caveolae and GPI-
anchored proteins
[GPI-anchored
DNAse X]

Early endosome, early
autophagosome

T1SS and T4SS

Moderately acidic

host filopodia

Alveolar
macrophages

Aerosols,
contaminated
dairy products

oavf3 integrin,
other unknown
host cell
receptors

Late endosome,
lysosome,
autophagosomes

T4SS and sec-
mediated
secretion system

Moderately
acidic

Cell lysis

Epithelial cells

Sexual contact, mother to child

heparan sulfate proteoglycans (HSPGs), and multiple host cell
receptors such as fibroblast growth factor receptor (FGFR), ephrin
A2 receptor (EPHA2), and epithelial growth factor receptor (EGFR)

Golgi vesicles

T3SS

Neutral

Active extrusion pathway, cell lysis
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