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Chlamydia trachomatis infection of ocular conjunctiva can lead to blindness, while infection of the female genital tract can lead to chronic pelvic pain, ectopic pregnancy, and/or infertility. Conjunctival and fallopian tube inflammation and the resulting disease sequelae are attributed to immune responses induced by chlamydial infection at these mucosal sites. The conserved chlamydial plasmid has been implicated in enhancing infection, via improved host cell entry and exit, and accelerating innate inflammatory responses that lead to tissue damage. The chlamydial plasmid encodes eight open reading frames, three of which have been associated with virulence: a secreted protein, Pgp3, and putative transcriptional regulators, Pgp4 and Pgp5. Although Pgp3 is an important plasmid-encoded virulence factor, recent studies suggest that chlamydial plasmid-mediated virulence extends beyond the expression of Pgp3. In this review, we discuss studies of genital, ocular, and gastrointestinal infection with C. trachomatis or C. muridarum that shed light on the role of the plasmid in disease development, and the potential for tissue and species-specific differences in plasmid-mediated pathogenesis. We also review evidence that plasmid-associated inflammation can be independent of bacterial burden. The functions of each of the plasmid-encoded proteins and potential molecular mechanisms for their role(s) in chlamydial virulence are discussed. Although the understanding of plasmid-associated virulence has expanded within the last decade, many questions related to how and to what extent the plasmid influences chlamydial infectivity and inflammation remain unknown, particularly with respect to human infections. Elucidating the answers to these questions could improve our understanding of how chlamydia augment infection and inflammation to cause disease.
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1 Introduction

In humans, Chlamydia trachomatis infects mucosal sites, including ocular conjunctiva, the genital and gastrointestinal (GI) tracts and the respiratory tract of newborns. Infection of the eye leads to conjunctival scarring and entropion (inward turning of eyelids and lashes) resulting in corneal scarring or trichiasis, and eventual blindness. The tissue tropism of C. trachomatis infection can be partially defined by chlamydial serovar. C. trachomatis serovars A-C are the leading cause of infectious blindness worldwide (WHO, 2022). It is estimated that approximately 1.9 million people have suffered blindness or visual impairment from trachoma (WHO, 2022). Children who live in endemic areas become infected multiple times, which, in genetically susceptible individuals, can lead to the slow development of conjunctival scarring resulting in blindness in adulthood (WHO, 2022).

C. trachomatis infection of the reproductive tract is caused by serovars D-K and L1-L3 and is the most common bacterial sexually transmitted infection (STI) in the United States and globally. In 2020 there were 1.6 million cases of chlamydial STI in the U.S.; representing a 20% increase in cases since 2010 (National Center for HIV, 2021). In women, chlamydial infection begins at the endocervix, however, the bacteria can ascend the reproductive tract to infect the uterus and fallopian tubes. Ascension to the upper reproductive tract can lead to pelvic inflammatory disease (PID), and long-term complications of ectopic pregnancy, chronic pelvic pain, and/or infertility (Centers for Disease Control and Prevention, 2022) resulting from irreversible tissue damage caused by an overly robust host immune response.

More recently, C. trachomatis has been isolated from the rectum of men and women (Schachter et al., 1986; Geisler et al., 2002; Kent et al., 2005; Peters et al., 2011; Javanbakht et al., 2012; Gratrix et al., 2014). Studies suggest that approximately 4 to 8% of men (Geisler et al., 2002; Kent et al., 2005) and up to 14.6% of women (Peters et al., 2011; Javanbakht et al., 2012; Gratrix et al., 2014) have anorectal infection. Among women, rectal infection is more common among, but not exclusive to, individuals with coincident genital tract infection (Peters et al., 2011; Javanbakht et al., 2012). Currently, there is no evidence that chlamydial anorectal infection with serovars D-K leads to localized inflammation or disease. Rather Chlamydia may act as a symbiont with GI flora. However, infants presumed to be colonized rectally at birth as a consequence of vertical transmission from their genitally infected mothers resolved spontaneously within one year (Schachter et al., 1986) suggesting C. trachomatis clears from GI tract tissue.

Much of our knowledge of chlamydial pathogenesis in the eye, genital tract, and GI tract comes from studies of naturally infected animals such as guinea pigs and pigs. Non-human primates provide a model for human C. trachomatis ocular and genital tract infection and disease (Patton et al., 1983; Kari et al., 2008). Genital tract infection can be modeled in mice using human C. trachomatis strains or C. muridarum, a species-specific pathogen of the murine respiratory tract. Vaginal inoculation of female mice with C. muridarum (formerly known as Mouse Pneumonitis Agent) causes an acute, self-limiting infection. Like infection in women, C. muridarum ascends from the endocervix to the uterine horns and oviducts, eliciting host inflammatory responses that lead to pathology in the form of uterine hydrometra and post-obstructive oviduct dilatation or hydrosalpinx, making this genital tract model excellent for studying disease pathogenesis.

Animal studies indicate that the conserved chlamydial plasmid contributes to chlamydial virulence and disease following infection. In this review, we begin with an outline of the chlamydial developmental cycle and a brief overview of the immune response to chlamydial infection. We discuss the multi-faceted roles of the chlamydial plasmid in chlamydial virulence during ocular, reproductive tract, and gastrointestinal infection. Lastly, we provide an in-depth review of three plasmid-encoded virulence proteins: Pgp3, Pgp4, and Pgp5, and discuss the proposed molecular mechanisms for their roles in plasmid-associated virulence during chlamydial infection.




2 Chlamydia are obligate intracellular bacteria

Chlamydia spp. are Gram-negative obligate intracellular bacteria with a unique bi-phasic developmental cycle. Chlamydiae exist as two developmental forms: the infectious and metabolically inert elementary body (EB) and the replicative, metabolically active, reticulate body (RB) (Elwell et al., 2016). To initiate infection of a host epithelial cell, a chlamydial EB binds to the surface using bacterial proteins and host receptors. Chlamydial adhesion to host cells is not well understood but studies suggest that multiple bacterial proteins are involved (Su et al., 1988; Su et al., 1990; Fadel and Eley, 2007; Moelleken and Hegemann, 2007; Mölleken et al., 2010; Fechtner et al., 2013; Mölleken et al., 2013; Becker and Hegemann, 2014; Paes et al., 2018). The surface-exposed, envelope protein OmcB binds glycosaminoglycans on the host cell surface (Fadel and Eley, 2007; Moelleken and Hegemann, 2007; Fadel and Eley, 2008; Fechtner et al., 2013; Liang et al., 2021), while the chlamydial major outer membrane protein (MOMP) was shown to potentially bind heparan sulfate receptors on the host cell (Su et al., 1996). Binding of the epithelial growth factor receptor (EGFR) by chlamydial Ctad1(Stallmann and Hegemann, 2016) and engagement of β1-integrin by bacterial polymorphic membrane proteins (Mölleken et al., 2013; Luczak et al., 2016; Li et al., 2022) have also been proposed as adhesion mechanisms. It is likely that multiple mechanisms are combined and utilized by chlamydial EBs for adhesion, given the importance of binding and entry to its intracellular developmental cycle.

Upon attachment to the host cell, chlamydial EBs secrete pre-packaged bacterial effectors such as Tarp (Clifton et al., 2004; Chen et al., 2014; Parrett et al., 2016; Ghosh et al., 2020), TepP (Chen et al., 2014), CT694 (Hower et al., 2009), CT695 (Mueller and Fields, 2015), and TmeA (Mckuen et al., 2017) into the host cell cytosol using their Type III Secretion System (T3SS). These effectors promote uptake of the bacterium into the host cell via rearrangements to the host cell cytoskeleton. Once inside the cell, the EB differentiates into an RB and replicates in a membrane bound vacuole called the inclusion. Throughout the developmental cycle, chlamydiae secrete many bacterial effectors into the host cell cytosol to modulate host cell processes including vesicular trafficking (Moore et al., 2008; Capmany and Damiani, 2010; Sixt et al., 2017; Weber et al., 2017; Faris et al., 2019; Pais et al., 2019; Auer et al., 2020), pathogen sensing and inflammatory signaling (Carpenter et al., 2017; Sixt et al., 2017), and cell death (Fan et al., 1998; Fischer et al., 2004; Waguia Kontchou et al., 2016; Fischer et al., 2017; Sixt et al., 2017). Near the end of the developmental cycle, RBs convert back into EBs in an asynchronous manner. Newly made EBs are then released from the infected cell via cell lysis or a process called extrusion (Hybiske and Stephens, 2007), where the inclusion or a portion of the inclusion is extruded from the infected cell leaving the cell and inclusion membrane intact. Released EBs reinitiate the developmental cycle by binding adjacent host cells.




3 The immune response to chlamydia infection

Chlamydia-induced tissue damage is the result of the host immune response to infection. Infected epithelial cells recognize chlamydiae via pattern recognition receptors (PRRs) on and within the host cell. To date, chlamydiae have been demonstrated to activate cGAS (Zhang et al., 2014), STING (Prantner et al., 2010; Barker et al., 2013), NOD1 (Welter-Stahl et al., 2006; Buchholz and Stephens, 2008), Caspase-11 (Finethy et al., 2015; Allen et al., 2019), TLR2 (Darville et al., 2003; O’Connell et al., 2006; O’Connell et al., 2011), and TLR4 (Ingalls et al., 1995; Sasu et al., 2001), with Caspase-11 (Allen et al., 2019) and TLR2 (Darville et al., 2003) contributing to immunopathology (Allen et al., 2019).

Chlamydiae activate the caspase-11 inflammasome in mice (Finethy et al., 2015; Allen et al., 2019) likely via lipopolysaccharide (LPS) (Hagar et al., 2013). Humans express caspase-4 and -5 rather than caspase-11 (Shi et al., 2015; Matikainen et al., 2020) rendering it challenging to make direct comparisons between the mouse model and human disease. However, their activation leads to the production of IL-1β and IL-1α (Viganò et al., 2015; Matikainen et al., 2020). IL-1α directly damages the epithelial layer, revealed by the extensive tissue destruction that can be observed in C. trachomatis-infected human fallopian tube explants, and blocked by addition of IL-1 receptor antagonist (IL1RA) (Hvid et al., 2007). IL-1α is more important than IL-1α for induction of oviduct pathology following C. muridarum genital tract infection (Gyorke et al., 2020). These data suggest that production of IL-1α in humans after caspase -4 and -5 activation could contribute to disease.

Chlamydiae also activate TLR2, a toll-like receptor expressed on plasma and endosomal membranes of multiple cell types including epithelial and immune cells. Bacterial lipoproteins and polysaccharides activate TLR2 in other infection models (reviewed in (De Oliviera Nascimento et al., 2012)), but the chlamydial TLR2 ligand remains unidentified. TLR2 and its adapter protein MYD88 localize to the chlamydial inclusion (O’Connell et al., 2006) during infection suggesting the ligand is sampled within the inclusion during infection. Once activated, TLR2 recruits MYD88 and initiates a signaling cascade to ultimately activate transcription factors NFκB and/or AP-1 via the activation of mitogen activated protein kinases (MAPK) such as p38 (De Oliviera Nascimento et al., 2012). Activation of NFκB and/or AP-1 leads to the production and secretion of cytokines such as TNF-α, IL-6, and IL-8 (De Oliviera Nascimento et al., 2012). Production of TNF-α could partially account for the role of TLR2 in pathology because TNF-α production and signaling has been associated with more severe disease following Chlamydia infection in humans (Öhman et al., 2009) and in mice (Murthy et al., 2011; Kamalakaran et al., 2013). Activation of TLR2 by Chlamydia also leads to the production of chemokines that recruit immune cells, including neutrophils to the infected genital tract (Darville et al., 2003; O’Connell et al., 2007; Frazer et al., 2011).

Studies have established that neutrophils are the primary cells driving tissue damage during infection (O’Connell et al., 2007; Lee et al., 2010; Frazer et al., 2011; Lacy et al., 2011; Lei et al., 2014; Lijek et al., 2018). In mice, intensive recruitment, and activation of neutrophils in oviducts results in scarring and subsequent post-obstructive dilatation or hydrosalpinx (O’Connell et al., 2007; Lee et al., 2010; Frazer et al., 2011; Lei et al., 2014). Neutrophil infiltration of conjunctiva has also been associated with increased pathology and scarring with ocular infection (Lacy et al., 2011). Neutrophil-driven pathology is likely the result of multiple mechanisms including physical dislodging of cells from the epithelium (Rank et al., 2008; Rank et al., 2011) and the production of tissue-damaging proteins such as matrix metalloproteinase-9 (MMP-9) (El-Asrar et al., 2000; Ramsey et al., 2005; Natividad et al., 2006; Imtiaz et al., 2007). Not only are neutrophils strongly associated with tissue damage, their contribution to chlamydial clearance is minor as shown by antibody-mediated depletion of neutrophils during murine genital tract infection, which resulted in no alteration of chlamydial shedding but reduced oviduct pathology (Lijek et al., 2018). The chlamydial serine protease, CPAF, paralyzes neutrophils, preventing their production of neutrophil extracellular traps (NETS) and reactive oxygen species important for bacterial killing (Rajeeve et al., 2018). An adaptive immune response characterized by cooperation between antibodies, CD4 + T cells, and phagocytes is required for bacterial clearance (Morrison et al., 2000; Morrison and Morrison, 2001; Morrison and Morrison, 2005).

In contrast, chlamydial infection of the GI tract does not elicit a robust innate immune response (Igietseme et al., 2001; Yeruva et al., 2013). Immune cell infiltrates or histological changes are not observed in the GI tracts of mice orally infected with C. muridarum up to 240 days post-infection (Igietseme et al., 2001). Despite evidence against the existence of an innate immune response following gastric inoculation, mice with GI tract infection develop anti-chlamydial IgG and IgA responses, as well as T cell responses that peak between days 10-25 post-infection before returning to baseline levels (Yeruva et al., 2013). In humans, anti-chlamydial antibodies have also been detected in infants with rectal infection without signs of GI distress (Schachter et al., 1986). The specific mechanism(s) that differentiate the immune response to chlamydial infection in the GI tract from responses in the eye or reproductive tract are currently unknown but may be related to overall dampening of immune responses in the GI tract by microbiota.




4 Loss of the chlamydial plasmid is pleiotropic

Many Chlamydia spp. including C. trachomatis and C. muridarum, contain a conserved 7.5 kb plasmid. The chlamydial plasmid is nearly ubiquitous among C. trachomatis clinical isolates and only a handful of plasmid-less isolates have been described (Peterson et al., 1990; Farencena et al., 1997; Matsumoto et al., 1998; Stothard et al., 1998) suggesting the chlamydial plasmid is important for bacterial fitness. Isolation of spontaneous plasmid-deficient C. trachomatis strains (Matsumoto et al., 1998) and novobiocin-mediated curing of the chlamydial plasmid from C. muridarum (O’Connell and Nicks, 2006) provided some of the first clear evidence that plasmid loss in Chlamydia is pleiotropic. Plasmid-deficient Chlamydia exhibit an infectivity defect, elicit reduced levels of inflammation and pathology, and do not accumulate glycogen in their inclusions. The plasmid-associated infectivity defect has been described in cell culture (O’Connell and Nicks, 2006; O’Connell et al., 2011; Russell et al., 2011), in a mouse model of genital tract infection (O’Connell et al., 2007; Russell et al., 2011; Lei et al., 2014; Sigar et al., 2014) and in gastrointestinal infection (Shao et al., 2017; Ma et al., 2020). Similarly, ocular infection with plasmid-deficient C. trachomatis in cynomolgus macaques resulted in accelerated clearance of the mutant when compared to wild-type (Kari et al., 2011).

The mechanism(s) underlying the plasmid-associated infectivity defect remain unknown and the subject of controversy (Table 1). O’Connell and Nicks hypothesized that the plasmid-associated infectivity defect they detected using a cell-culture based plaque assay resulted in reduced binding and entry (O’Connell and Nicks, 2006) because it could be overcome by centrifugation. Subsequently, this group isolated spontaneous suppressors of this phenotype (O’Connell et al., 2007; Russell et al., 2011; Lei et al., 2014; Sigar et al., 2014) and demonstrated that one of these mutants, strain CM3.1, was not disadvantaged in competition against its plasmid-containing ancestor during sequential rounds of synchronous cell passage (Russell et al., 2011) and ascended efficiently to the upper genital tract of mice (O’Connell et al., 2007; Russell et al., 2011; Lei et al., 2014; Sigar et al., 2014). Whole genome sequencing of the mutant identified a single nucleotide polymorphism predicted to prematurely terminate expression of TC_236, a protein of unknown function (Russell et al., 2011). However, their study also isolated suppressor variants that were wild type at this locus, so its biological significance remains unclear. Skilton et al. described subtle differences in the overall growth profile of plasmid-bearing and plasmid-deficient C. muridarum (Skilton et al., 2018) and proposed these could contribute to reduced infection. Recently, earlier onset of RB-to-EB conversion within the developmental cycle has been described for a C. muridarum strain carrying a deletion in the plasmid-encoded regulator Pgp4 that may explain these observations (Zhang et al., 2020; Grieshaber et al., 2022) but no differences in overall EB yield  were reported. One study has generated data suggesting that carriage of the plasmid promotes chlamydial exit from infected cells in culture (Yang et al., 2015), while infection studies in mice have investigated if reduced infectivity associated with plasmid loss reflects an inability to neutralize the anti-chlamydial cathelicidin-related antimicrobial peptide (CRAMP) (Hou et al., 2015; Yang et al., 2020).


Table 1 | Putative mechanisms for plasmid-dependent effects on infectivity and inflammation.



Genital tract infection of mice with wild-type C. muridarum also leads to colonization of the GI tract, primarily in the cecum and large intestine (Yeruva et al., 2013). Plasmid-deficient C. muridarum appear less capable of colonizing mice infected intravaginally, a deficit that is most pronounced during early infection. (Shao et al., 2017; Ma et al., 2020). Mice infected intragastrically with plasmid-deficient C. muridarum exhibit reduced rectal shedding and decreased infectious progeny in GI tract tissue (Shao et al., 2017; Ma et al., 2020), most pronounced in the small intestine (Ma et al., 2020). Significantly, C. muridarum disseminates systemically in mice, providing an additional, hematogenous, route for spread from the genital tract to the GI tract. In contrast, C. trachomatis genital serovars remain mucosally restricted in humans.

Plasmid-associated inflammation is independent of infectivity. Phagocytic murine bone marrow-derived dendritic cells incubated with live or UV-inactivated plasmid-deficient C. muridarum and C. trachomatis produce less TNF-α and IL-6 (O’Connell et al., 2011) than cells incubated with wild-type C. muridarum and C. trachomatis. Similarly, human epithelial cells infected with plasmid-less C. trachomatisvia centrifugation secrete less GM-CSF, IL-6 and IL-8 (Lehr et al., 2018) than wild-type infected cells. Importantly, the plasmid-deficient strain of C. muridarum, CM3.1, which carries a suppressor mutation that restores infectivity, still elicits reduced inflammation in cell culture and significantly reduced genital tract pathology in infected mice (O’Connell et al., 2007; Frazer et al., 2011). The lower levels of TLR2-dependent cytokine secretion by mice infected with CM3.1 correlates with significantly less neutrophil recruitment to the oviducts, but recruitment of adaptive CD4+ T cells remains unimpaired and bacteria are cleared from the genital tract without delay (O’Connell et al., 2007; Frazer et al., 2011). Reduced cytokine secretion and pathology observed in mice infected with plasmid-deficient C. muridarum and sacrificed early post-infection resolution (O’Connell et al., 2007; Lei et al., 2014) has been attributed to a failure to activate TLR2 (O’Connell et al., 2007; O’Connell et al., 2011). Although the chlamydial TLR2-ligand(s) remains unknown, activation of HEK-TLR2-reporter cells by live and UV-inactivated wild-type C. muridarum and C. trachomatis (O’Connell et al., 2011), but not by their isogenic plasmid-deficient derivatives, provides direct evidence for plasmid-dependent activation of TLR2, independent of chlamydial growth and replication.

Wild-type C. trachomatis infection does not elicit gross oviduct pathology in infected mice (Gondek et al., 2012; Rajeeve et al., 2018) impeding investigation of the plasmid’s role in hydrosalpinx formation during murine infection. However, genital tract infection of macaques multiply inoculated/challenged with wild-type C. trachomatis serovar D and an isogenic plasmid-deficient strain revealed no evidence of plasmid-associated differences in bacterial burden or pathology (Qu et al., 2015; Patton et al., 2018). Rather, genetic diversity associated with differential immune responses between individual animals led to divergent infection outcomes. Monkeys with higher CD4+ T cell proliferation in response to purified C. trachomatis serovar D EBs, were protected from challenge infection and pathology, while enhanced infection and detection of tissue pathology were observed in monkeys with lower CD4+ T cell responses and increased antibody titers. These differences failed to associate with presence or absence of the plasmid (Qu et al., 2015) and contrast with a clear association between plasmid carriage and extended conjunctival infection demonstrated by the studies of Kari et al., (Kari et al., 2008). Genetic studies suggest that the chlamydial plasmid has co-evolved with its strain/serovar (Seth-Smith et al., 2009; Jelocnik et al., 2016; Versteeg et al., 2018) so whether these differences reflect altered roles for plasmid-encoded or regulated loci between ocular and genital strains or altered hierarchies of host innate inflammatory responses at these different mucosal sites remains to be investigated.




5 Plasmid loci Pgp3, Pgp4, and Pgp5 are associated with virulence

The chlamydial plasmid encodes eight open reading frames (pgp1-pgp8) and two non-coding RNAs (Albrecht et al., 2010; Ferreira et al., 2013). Technological advances in genetic manipulation and transformation of Chlamydia have enabled studies of the role(s) played by individual plasmid-encoded genes and how they contribute to the phenotypes associated with plasmid-deficiency (Gong et al., 2013; Song et al., 2013; Liu et al., 2014a; Liu et al., 2014b; Ramsey et al., 2014; Yang et al., 2015; Shao et al., 2018; Yang et al., 2020; Turman et al., 2023). The open reading frames pgp1, -2, -6, and-8 encode proteins important for plasmid replication or maintenance (Song et al., 2013). Pgp4 is a putative transcriptional regulator that is required for expression of plasmid-encoded pgp3 and chromosomal loci including glgA, the gene that encodes glycogen synthase (Carlson et al., 2008; Song et al., 2013). Pgp3 is a trimeric protein (Chen et al., 2010; Galaleldeen et al., 2013; Khurshid et al., 2018) that is released into the host cytosol during infection. Pgp5 encodes a putative transcriptional regulator (Liu et al., 2014a) that has been proposed to negatively regulate plasmid-regulated chromosomal loci (Huang et al., 2015).

Of the eight open reading frames on the chlamydial plasmid, pgp3, pgp4, and pgp5 have been associated with virulence and disease. Double deletion of pgp3- and pgp4- from a relatively low passaged C. trachomatis E clinical isolate resulted in an infectivity defect in cell culture and in the murine genital tract model (Turman et al., 2023). Pgp3- and Pgp4- deficient C. trachomatis serovar D is rapidly cleared from the murine genital tract when compared to wild-type (Yang et al., 2020). Deletion of either pgp3 or pgp4 results in an infectivity defect in C. muridarum and C. trachomatis during infection of the murine genital tract (Liu et al., 2014b; Ramsey et al., 2014) and reduced spread of C. muridarum from the genital tract to the gut (Shao et al., 2018). Intravaginal infection with Pgp3-deficient or Pgp4-deficient C. muridarum results in reduced oviduct pathology in mice (Liu et al., 2014b). Deletion of pgp5 from C. muridarum was associated with reduced ascension to the oviduct and reduction in hydrosalpinx frequency when compared to infection with wild-type (Huang et al., 2015). These results indicate that Pgp3, Pgp4, and Pgp5 are important plasmid-encoded virulence factors for Chlamydia.




6 Pgp3 is involved in chlamydial infectivity and inflammation during infection

Pgp3 is a unique trimeric protein that exhibits minimal protein homology to other known proteins at the amino acid sequence or structural level (Galaleldeen et al., 2013; Khurshid et al., 2018). Pgp3 is well conserved among Chlamydia spp. with ≥ 96% homology between C. trachomatis serovars and 82% homology between C. trachomatis and C. muridarum (Li et al., 2008) and is immunodominant during Chlamydia infection with up to 70% of infected people developing anti-Pgp3 antibody (Horner et al., 2016; Woodhall et al., 2017; Blomquist et al., 2018; Anyalechi et al., 2021). The immunodominance of Pgp3 likely stems from its secretion during infection. Pgp3 is secreted into the infected cell cytosol late during the infection cycle near the end of replication and the beginning of RB-EB conversion (Li et al., 2008; Lei et al., 2021). Multiple molecular functions for Pgp3 during infection have been proposed. It has been postulated that secreted Pgp3 is released from infected epithelial cells upon cell lysis and binds to the antimicrobial peptide LL-37 in humans (Hou et al., 2015; Hou et al., 2019) or CRAMP in mice (Yang et al., 2020) in the extracellular space to counter their anti-chlamydial functions. Binding to antimicrobial peptides has also been proposed to contribute to modulation of the immune response by Pgp3. Hou et al. showed that Pgp3 binding to LL-37 decreased neutrophil chemotaxis, but induced cytokine secretion from neutrophils and macrophages (Hou et al., 2019). This mechanism could contribute to the role of Pgp3 in infectivity and inflammation during genital tract infection, but it does not explain the reduced infectivity and cytokine secretion when plasmid-deficient strains are cultured in cells that do not produce antimicrobial peptides (O’Connell and Nicks, 2006; O’Connell et al., 2011). These observations suggest that other plasmid-encoded or -regulated loci may be involved in plasmid-associated infectivity or that Pgp3 has multiple roles in chlamydial infectivity and inflammation. The mechanism by which Pgp3 is secreted is unclear but appears to be conserved between C. trachomatis serovars and C. muridarum (Li et al., 2008). The need for Pgp3 to cross the bacterial membrane as well as the inclusion membrane to localize in cytosol led to speculation that it was secreted via the T3SS. However, Pgp3 secretion is insensitive to treatment with the T3SS inhibitor, Compound 1 (Lei et al., 2021).

Studies examining the contents of outer membrane vesicles (OMVs) have identified Pgp3 as a potential cargo protein providing an alternative mechanism for Pgp3 release (Frohlich et al., 2012; Frohlich et al., 2014). Immunofluorescent staining of Pgp3 and other secreted Pgp4-regulated chromosomal studies supported a model in which plasmid-regulated secreted effectors may be packaged and secreted together via OMVs in a Pgp4-dependent manner (Lei et al., 2021). Pgp3 secretion is not observed in the absence of Pgp4 (Lei et al., 2021; Turman et al., 2023) and the importance of actively secreting Pgp3 to chlamydial infectivity in cell culture was recently demonstrated when we observed that a strain independently expressing Pgp3, achieved by placing pgp3 under the control of an anhydrotetracycline inducible promoter, in the absence of Pgp4 was insufficient to render it competitive with a wild type strain (Turman et al., 2023). Based upon this apparent need for Pgp3 cytosolic secretion, we recently proposed an indirect role for Pgp3 in plasmid-associated infectivity (Figure 1). We speculated that disruption of a plasmid-associated secretion system by deletion of the entire plasmid, pgp3, or pgp4, impedes events at the membrane that contribute to the generation of optimally infectious EB. Evidence supports potential changes to OmcB in the membrane of plasmid-deficient C. muridarum (Turman et al., 2023). An indirect mechanism for plasmid-associated infectivity does not conflict with other proposed models for the role of Pgp3 in infectivity. The isolation of plasmid-deficient C. muridarum strains with restored infectivity via multiple suppressor mutations further supports an indirect role for the plasmid in chlamydial infectivity (O’Connell et al., 2007). However, additional studies are needed to provide more rigorous evidence for this model.




Figure 1 | Proposed mechanism for the role of the plasmid in infectivity. In wild-type Chlamydia, the secretion pathways needed for OMV-mediated secretion of Pgp3 or Pgp4-regulated, chromosomally encoded secreted proteins functions properly and facilitates events at the chlamydial membrane important for the formation of a functional EB, such as placement of an adhesin in the outer membrane. In the absence of the plasmid, or in strains lacking Pgp3 or Pgp4, the OMV secretion pathway is negatively impacted leading to off target effects at the chlamydial membrane coinciding with RB-EB transition. Disruption of the OMV secretion pathway could impact the proper placement, folding, or cross-linking of a chlamydial adhesin in the outer membrane. Figure was created using BioRender.com.



Pgp3 was also suggested to help Chlamydia survive in acidic environments such as the stomach and genital tract following a study that showed Pgp3 was associated with increased survival in gastric acid and lactic acid in cell culture (Zhang et al., 2019). This model is supported by observations that deletion of Pgp3 in C. muridarum results in reduced colonization of the GI tract compared to wild-type, when mice were inoculated intragastrically (Shao et al., 2018). In addition to the ability to survive stomach acid, Pgp3-dependent acid tolerance was provided as a potential explanation for reduced recovery of Pgp3-deficient C. muridarum from the lower genital tracts of mice (Zhang et al., 2019). However, previous studies showed that the pgp3-associated infectivity defect in C. muridarum is related to with reduced bacterial burdens in the upper genital tract, rather than the lower genital tract (Liu et al., 2014b). Despite questions surrounding the relevance of Pgp3-associated acid tolerance in genital tract infection, the observation that Pgp3-deficient C. muridarum are more sensitive to killing by gastric acid and lactic acid in cell culture supports our proposed model of pgp3-deficiency leading to changes in the outer membrane complex (Turman et al., 2023) because these changes could lead to increased sensitivity to acid. However, in the model we proposed, acid tolerance is unlikely to be the direct cause of the infectivity defect, but rather an off-target consequence of membrane or surface changes arising from plasmid-, pgp3-, and pgp4 deficiency (Turman et al., 2023). Alternate roles for Pgp3 during infection have been proposed. The use of recombinant protein or ectopic expression in the absence of infection have made interpreting these studies in the context of chlamydial infection challenging. For example, recombinant Pgp3 fused to red fluorescent protein (RFP) induced TNF-α and MIP-2 secretion from stimulated mouse macrophages (Li et al., 2008) and was subsequently suggested to induce pro-inflammatory cytokine secretion from macrophages via activation of TLR2 in a p38 MAPK-dependent manner (Zhou et al., 2013; Cao et al., 2015). However, other studies showed no cytokine secretion was induced in human monocytes and macrophages by recombinant Pgp3 (Bas et al., 2008).




7 Pgp4 and Pgp5, putative regulators of chlamydial virulence

The role of Pgp4 in virulence has been attributed to its function as a putative transcriptional regulator. Pgp4 was identified as a putative transcriptional activator following the study by Song et al. where reduced transcription of pgp3 and previously identified, plasmid-responsive chromosomal loci (PRCLs) (Carlson et al., 2008; O’Connell et al., 2011) was observed in Pgp4-deficient C. trachomatis (Song et al., 2013). Regulation of glycogen synthase, GlgA, by Pgp4 is thought to account for glycogen accumulation in the chlamydial inclusion (Carlson et al., 2008; O’Connell et al., 2011; Song et al., 2013). The absence of Pgp4 and consequent reduced glgA transcription in plasmid-deficient C. trachomatis leads to lack of glycogen accumulation (Song et al., 2013). In contrast, plasmid-deficient C. muridarum transcribe glgA independently of the plasmid, expressing enzymatically active glycogen synthase at levels comparable to wild type (Carlson et al., 2008; O’Connell et al., 2011; Song et al., 2013), but still fail to accumulate glycogen within their inclusions. Pgp4 has also been implicated in the differential exit observed between plasmid-deficient and wild-type C. trachomatis (Yang et al., 2015). The mechanism by which Pgp4 influences exit is unknown, but may involve cooperation with the type III secreted effector CteG (Pereira et al., 2022), a chlamydial protein with unknown function that is expressed independently of Pgp4 (Carlson et al., 2008; Song et al., 2013).

Strikingly, pgp3 and the PRCLs share a similar expression profile, all are “late genes”, with transcription peaking ~24-28 hours after infection. However, pgp4 is transcribed across the developmental cycle (Belland et al., 2003). Furthermore, recent work by Zhang et al., has revealed that Euo and Pgp4 co-repress the sigma66-dependent promoters of glgA and omcAB (Zhang et al., 2020) in vitro, a finding consistent with a recent study that showed a slight but statistically significant increase in infectious progeny from a recombinant strain when negatively regulating native transcription of pgp4via a theophylline-inducible riboswitch (Grieshaber et al., 2022). Thus, Pgp4 mediated regulation is complex, acting as a co-repressor of some late genes but absolutely required for activation of PRCL and Pgp3 expression. A recently published study mapping the sigma54 regulon of C. trachomatis revealed that conserved PRCLs were directly (CT084, CT142) or indirectly (glgA) activated with early extrinsic induction of RpoN and CtcC (Soules et al., 2020b) and this finding was recapitulated when expressed in heterologous E. coli, independent of Pgp4. How is Pgp4 modulating expression of this virulence-associated regulon? Zhang et al. suggested Pgp4 interacts with Euo to augment its repressive activity because Pgp4 did not directly bind DNA (Zhang et al., 2020). Alternatively, Pgp4 may engage RNA polymerase directly, or even interact with regulatory factors that contribute to tight control of chlamydial development (Thompson et al., 2015; Soules et al., 2020a; Soules et al., 2020b; Hatch and Ouellette, 2023). In doing so, it may provide C. trachomatis with the ability to modulate expression of this virulence regulon in response to altered environmental conditions, as is observed in glucose restricted, infected cells (O’Connell et al., 2011) or in response to heat shock (Huang et al., 2021). Regardless, it is likely that Pgp4-dependent gene regulation is more complex than Pgp4 binding to the promoters of target genes.

It remains to be determined if the role played by Pgp4 in chlamydial infectivity is exclusively through its regulation of Pgp3 and PRCL transcription. Over time, multiple studies have revealed that Pgp3 and PRCLs such as CT049 (Jorgensen and Valdivia, 2008), CT143 (Lei et al., 2021) and even GlgA (Gehre et al., 2016) are secreted into the inclusion or, in the case of Pgp3, to the host cytosol (Lei et al., 2021; Turman et al., 2023). It has been proposed that these proteins are released from chlamydiae via OMVs (Lei et al., 2021). OMVs are made from the outer membranes of Gram-negative bacteria (Schwechheimer and Kuehn, 2015) by an unknown mechanism but there is agreement that OMV production involves one or more of the following three events: the breakdown of links between the outer membrane and peptidoglycan, build-up of cargo proteins in the periplasm leading to bulging of the outer membrane, or rearrangement of lipids on the outer membrane to alter membrane curvature and fluidity (reviewed in (Schwechheimer and Kuehn, 2015)). OMVs are produced by bacteria for a variety of functions such as modulation of host cells and the immune response, acquisition of nutrients, and removal of toxic compounds. The functions of OMVs are largely dependent on the cargo proteins carried within them and their packaging appears to be an actively coordinated process. In Helicobacter pylori, the bacterial protease and virulence factor HtrA was enriched in OMVs when compared to the bacterial membrane suggesting it was preferentially packaged for OMV secretion (Olofsson et al., 2010). In this study, adhesins were less abundant in OMVs than the outer membrane providing evidence that bacteria can actively exclude proteins from incorporation into OMVs (Olofsson et al., 2010). Candidate chlamydial OMV cargo proteins have been identified (Frohlich et al., 2012; Frohlich et al., 2014), but no additional mechanistic studies have been published. Our observations (Turman et al., 2023) and those of Lei et al. (Lei et al., 2021) suggest that Pgp4 regulation of OMV secretion extends beyond transcriptional regulation of cargo protein expression, and could involve OMV production or cargo packaging. It seems unlikely that the entirety of the OMV secretion machinery is plasmid-dependent because OMV production and secretion is conserved among many Gram-negative bacteria (reviewed in (Jan, 2017)). Rather, it seems likely that OMV production and secretion in chlamydiae was co-opted by the chlamydial plasmid as a route to virulence effector secretion. This assumption is supported by observations that penicillin and IFN-γ-induced stress result in an accumulation of outer membrane vesicles within the inclusion suggesting chlamydial OMV production may be integrated with a generalized stress response, consistent with published studies for other bacterial species (Mcbroom and Kuehn, 2007; Tashiro et al., 2009; Maredia et al., 2012; McMahon et al., 2012; Macdonald and Kuehn, 2013; Schwechheimer and Kuehn, 2013).

Pgp4 is not the only putative transcriptional regulator encoded on the chlamydial plasmid. Pgp5 was identified as a negative transcriptional regulator after a study of a pgp5-deficient strain of C. muridarum reported about a three-fold decrease in the transcription of multiple Pgp4-regulated chromosomal loci (Liu et al., 2014a). Interestingly, there was no change in pgp3 expression when pgp5 was deleted suggesting that Pgp5 may only regulate a portion of the genes proposed to be regulated by Pgp4 (Liu et al., 2014a). The molecular mechanism underlying Pgp5 regulation of chromosomal loci is unknown. Liu et al. showed that swapping the C. muridarum pgp5 for its C. trachomatis homolog maintained Pgp5-dependent transcriptional regulation (Liu et al., 2014a), which suggests the function of Pgp5 is conserved between C. muridarum and C. trachomatis. However, transcriptional repression by Pgp5 from C. muridarum expressed in either species was more pronounced than repression by Pgp5 from C. trachomatis. Further, a previous study characterizing the open reading frames on the plasmid reported no difference in the expression of chromosomal loci in pgp5-deficient C. trachomatis L2 (Gong et al., 2013). Together, these data could suggest that plasmid-regulated chromosomal loci in C. muridarum may be more tightly regulated by Pgp5 than in C. trachomatis (Liu et al., 2014a) or that in contrast to the findings of Liu et al, transcriptional regulation by Pgp5 is not conserved between C. muridarum and C. trachomatis. Studies that include additional serovars of C. trachomatis could help clarify the role of Pgp5 as a transcriptional regulator.

A possible role for Pgp5 in disease comes from a single study of C. muridarum pgp5 deletion and point mutants in the murine genital tract model (Huang et al., 2015). Lower tract shedding from mice infected with pgp5-deficient C. muridarum was similar to wild-type, but oviduct burdens were lower (Huang et al., 2015). Consequently, only 25-38% of mice infected with pgp5-deficient C. muridarum developed hydrosalpinx compared to 80% for wild-type C. muridarum (Huang et al., 2015). Further, pgp5-deficient C. muridarum elicited less immune cell infiltration and cytokine secretion in the oviducts of infected mice (Huang et al., 2015).




8 Discussion

Ocular and genital infection with C. trachomatis can lead to tissue-damaging inflammation. The chlamydial plasmid has been shown to be important for virulence and causing pathology following infection. In the GI tract, the plasmid is associated with increased colonization suggesting the plasmid also plays an important role in maintaining a possible chlamydial GI reservoir in mice.

While data from multiple groups support the role for the plasmid in chlamydial virulence, there has been debate about the extent to which the plasmid mediates virulence. Plasmid-less C. trachomatis clinical isolates have been rarely isolated (Peterson et al., 1990; Farencena et al., 1997; Matsumoto et al., 1998; Stothard et al., 1998) suggesting there is active selection for the plasmid. Questions about the extent to which the plasmid mediates virulence remain, particularly regarding effects between and within different areas of a tissue, as well as species-specific differences in the role of the plasmid. The plasmid-associated infectivity defect is most pronounced in the upper genital tract and the small intestine, when compared to the lower genital tract and large intestine, respectively. It is currently unknown what causes these differences. However, it is interesting to note that both the lower genital tract and the large intestine are mucosal sites that are home to a larger, more diverse microflora, when compared to the upper genital tract and the small intestine. This could suggest there are specific interactions between plasmid-encoded or -regulated proteins and processes unique to the small intestine and upper genital tract to promote infectivity. Alternatively, the adaptation of the lower genital tract and large intestine to maintain the microflora may promote a more microbially permissive environment that puts less pressure on less infectious plasmid-deficient chlamydia.

Differences between the role of the plasmid in virulence between tissues has also been observed. Plasmid-deficiency is associated with reduced inflammation in the murine genital tract (O’Connell et al., 2007; O’Connell et al., 2011), suggesting that the chlamydial plasmid is an important driver of tissue-damaging inflammation. In contrast, wild-type plasmid-sufficient Chlamydia do not elicit inflammation in the murine GI tract. The basis for these tissue-specific phenotypes is currently unknown. It seems likely that differences in the tissue response to plasmid-dependent chlamydial interactions with host pathways are responsible rather than differences in the specific pathways that Chlamydia interact with in each of these tissues. This hypothesis is supported by a study by He et al. that showed lung infection with a plasmid-deficient strain of C. muridarum resulted in enhanced infection, inflammation and pulmonary edema, when compared to infection with wild-type C. muridarum (He et al., 2011). Increased infection, inflammation and mortality was also observed in TLR2-deficient mice infected with wild-type C. muridarum in the lung; evidence for the importance of plasmid-dependent TLR2 activation in controlling lung infection and preventing death (He et al., 2011). Since C. muridarum is a natural pulmonary pathogen in mice, maintenance of the plasmid would be evolutionarily important for host survival. In contrast, plasmid-associated TLR2 activation provides no survival advantage when C. muridarum is inoculated into the genital tract, but instead, is associated with increased inflammation and tissue damage (O’Connell et al., 2007). Therefore, plasmid-dependent TLR2 activation can lead to tissue-dependent differential outcomes.

These tissue-specific differences may contribute to observed species-specific differences in the relative role of the plasmid in immune pathology. Macaque genital tract infection (Qu et al., 2015) showed no differences in inflammation that were dependent on the plasmid. These observations with C. trachomatis are in stark contrast with studies of C. muridarum which show it elicits robust cytokine secretion from infected epithelial and immune cells in a plasmid-dependent manner (O’Connell et al., 2007; Frazer et al., 2011). The chlamydial plasmid may contribute more modestly to inflammation during C. trachomatis genital tract infection of humans, where infections are mostly asymptomatic and more protracted than in mice. Minor contributions of the chlamydial plasmid to inflammation during human C. trachomatis infection would provide an explanation to an evolutionary conundrum surrounding the chlamydial plasmid: why do chlamydiae maintain a plasmid that promotes immune detection and inflammation? As proposed by Russell et al. (Russell et al., 2011), selection for the chlamydial plasmid is likely at the level of infectivity, because maintenance of the plasmid contributes greatly to infectivity, while only contributing modestly to immune detection by human epithelial cells. In the case of C. muridarum, a natural murine respiratory pathogen, induction of a robust inflammatory response at the epithelial cell level is likely beneficial. Studies of Streptococcus pneumoniae and Klebsiella pneumoniae in a murine lung infection model have shown TLR4 activation is associated with increased survival (Branger et al., 2004). Therefore, robust plasmid-mediated TLR2 activation by C. muridarum on epithelial and immune cells could have evolved to provide an analogous benefit by limiting infection and severe disease in the lung (He et al., 2011). These observations highlight the need to study the role of plasmid-dependent virulence mechanisms in multiple animal models to gain a full understanding of the role of the plasmid in chlamydial virulence.

Plasmid-mediated virulence to date has been associated with the secreted protein, Pgp3 (Li et al., 2008; Liu et al., 2014b; Ramsey et al., 2014; Hou et al., 2015; Yang et al., 2020; Turman et al., 2023), and the putative transcriptional regulators, Pgp4 (Song et al., 2013; Liu et al., 2014b; Yang et al., 2015; Turman et al., 2023) and Pgp5 (Liu et al., 2014a; Huang et al., 2015). Multiple molecular mechanisms have been proposed for the role of Pgp3 and Pgp4 in mediating infectivity and inflammation. Currently, no single mechanism explains all the observations. None of the proposed mechanisms are mutually exclusive suggesting that the chlamydial plasmid may influence infectivity and inflammation via multiple mechanisms. Further studies examining each of the proposed mechanisms in the context of chlamydial infection with multiple species or serovars could help to determine the relevance of each of the proposed mechanisms during infection. The role of Pgp4 as a transcriptional regulator of chromosomal loci (Song et al., 2013) and its regulation of secretion (Lei et al., 2021; Turman et al., 2023) could result in multiple mechanisms associated with the role for Pgp4 in plasmid-associated virulence. However, it remains unclear how Pgp4 regulates expression of genes on a molecular level and regulates secretion of Pgp3 and other secreted Pgp4-chromosomal loci. Examining the direct roles for Pgp4 in virulence is complex because Pgp4 is required for expression and secretion of multiple genes with unknown functions. Instead, studies of the functions of Pgp4-regulated chromosomal loci could shed light on the connection between Pgp4 and secretion pathways, as well as help further elucidate the role for Pgp4-dependent genes in plasmid-associated phenotypes.

To date, no mechanistic studies have examined the role of Pgp5 in chlamydial virulence. It has been assumed that the role of Pgp5 in virulence is dependent upon its function as a negative transcriptional regulator. However, our current understanding of Pgp4 shows that regulation of virulence in Chlamydiae is more complicated. Understanding the role of the plasmid and plasmid-encoded or plasmid-dependent genes in chlamydial virulence will help us understand how chlamydia promote infection and disease at mucosal sites.





Author contributions

BT wrote the manuscript. CO’C and TD provided content ideas, editing, and feedback on the manuscript. CO’C also made the figure. All authors contributed to the article and approved the submitted version.




Acknowledgments

Portions of this review were previously published as part of a dissertation authored by BT (Turman, 2023).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Albrecht, M., Sharma, C. M., Reinhardt, R., Vogel, J., and Rudel, T. (2010). Deep sequencing-based discovery of the Chlamydia trachomatis transcriptome. Nucleic Acids Res. 38, 868–877. doi: 10.1093/nar/gkp1032

 Allen, J. T., Gyorke, C. E., Tripathy, M. K., Zhang, Y., Lovett, A., Montgomery, S. A., et al. (2019). Caspase-11 contributes to oviduct pathology during genital chlamydia infection in mice. Infect. Immun. 87. doi: 10.1128/IAI.00262-19

 Anyalechi, G. E., Hong, J., Danavall, D. C., Martin, D. L., Gwyn, S. E., Horner, P. J., et al. (2021). High plasmid gene protein 3 (Pgp3) Chlamydia trachomatis seropositivity, pelvic inflammatory disease, and infertility among women, national health and nutrition examination survey, United States 2013–2016. Clin. Infect. Dis. 73, 1507–1516. doi: 10.1093/cid/ciab506

 Auer, D., Hügelschäffer, S. D., Fischer, A. B., and Rudel, T. (2020). The chlamydial deubiquitinase Cdu1 supports recruitment of Golgi vesicles to the inclusion. Cell Microbiol. 22, e13136. doi: 10.1111/cmi.13136

 Barker, J. R., Koestler, B. J., Carpenter, V. K., Burdette, D. L., Waters, C. M., Vance, R. E., et al. (2013). STING-dependent recognition of Cyclic di-AMP mediates Type I Interferon responses during Chlamydia trachomatis infection. mBio 4, e00018–e00013. doi: 10.1128/mBio.00018-13

 Bas, S., Neff, L., Vuillet, M., Spenato, U., Seya, T., Matsumoto, M., et al. (2008). The proinflammatory cytokine response to Chlamydia trachomatis elementary bodies in human macrophages is partly mediated by a lipoprotein, the macrophage infectivity potentiator, through TLR2/TLR1/TLR6 and CD14. J. Immunol. 180, 1158–1168. doi: 10.4049/jimmunol.180.2.1158

 Becker, E., and Hegemann, J. H. (2014). All subtypes of the Pmp adhesin family are implicated in chlamydial virulence and show species-specific function. MicrobiologyOpen 3, 544–556. doi: 10.1002/mbo3.186

 Belland, R. J., Zhong, G., Crane, D. D., Hogan, D., Sturdevant, D., Sharma, J., et al. (2003). Genomic transcriptional profiling of the developmental cycle of Chlamydia trachomatis. Proc. Natl. Acad. Sci. U.S.A. 100, 8478–8483. doi: 10.1073/pnas.1331135100

 Blomquist, P. B., Mighelsen, S. J., Wills, G., Mcclure, E., Ades, A. E., Kounali, D., et al. (2018). Sera selected from national STI surveillance system shows Chlamydia trachomatis Pgp3 antibody correlates with time since infection and number of previous infections. PloS One 13, e0208652. doi: 10.1371/journal.pone.0208652

 Branger, J., Knapp, S., Weijer, S., Leemans, J. C., Pater, J. M., Speelman, P., et al. (2004). Role of toll-like receptor 4 in Gram-positive and Gram-negative pneumonia in mice. Infect. Immun. 72, 788–794. doi: 10.1128/IAI.72.2.788-794.2004

 Buchholz, K. R., and Stephens, R. S. (2008). The cytosolic pattern recognition receptor NOD1 induces inflammatory interleukin-8 during Chlamydia trachomatis infection. Infect. Immun. 76, 3150–3155. doi: 10.1128/IAI.00104-08

 Cao, W., Zou, Y., Su, S., He, Z., Liu, Y., Huang, Q., et al. (2015). Chlamydial plasmid-encoded protein pORF5 induces production of IL-1β and IL-18 via NALP3 inflammasome activation and p38 MAPK pathway. Int. J. Clin. Exp. Med. 8, 20368–20379.

 Capmany, A., and Damiani, M. T. (2010). Chlamydia trachomatis intercepts Golgi-derived sphingolipids through a Rab14-mediated transport required for bacterial development and replication. PloS One 5, e14084. doi: 10.1371/journal.pone.0014084

 Carlson, J. H., Whitmire, W. M., Crane, D. D., Wicke, L., Virtaneva, K., Sturdevant, D. E., et al. (2008). The Chlamydia trachomatis plasmid is a transcriptional regulator of chromosomal genes and a virulence factor. Infect. Immun. 76, 2273–2283. doi: 10.1128/IAI.00102-08

 Carpenter, V., Chen, Y. S., Dolat, L., and Valdivia, R. H. (2017). The effector TepP mediates recruitment and activation of phosphoinositide 3-kinase on early Chlamydia trachomatis vacuoles. mSphere 2. doi: 10.1128/mSphere.00207-17

 Centers for Disease Control and Prevention. (2022). Chlamydia - CDC basic fact sheet [Online] (U.S. Department of Health and Human Services). Available at: https://www.cdc.gov/std/chlamydia/stdfact-chlamydia.htm (Accessed October 31, 2022).

 Chen, Y.-S., Bastidas, R. J., Saka, H. A., Carpenter, V. K., Richards, K. L., Plano, G. V., et al. (2014). The Chlamydia trachomatis type III secretion chaperone Slc1 engages multiple early effectors, including TepP, a tyrosine-phosphorylated protein required for the pecruitment of CrkI-II to nascent inclusions and innate immune signaling. PloS Pathog. 10, e1003954. doi: 10.1371/journal.ppat.1003954

 Chen, D., Lei, L., Lu, C., Galaleldeen, A., Hart, P. J., and Zhong, G. (2010). Characterization of Pgp3, a Chlamydia trachomatis plasmid-encoded immunodominant antigen. J. Bacteriol. 192, 6017–6024. doi: 10.1128/JB.00847-10

 Clifton, D. R., Fields, K. A., Grieshaber, S. S., Dooley, C. A., Fischer, E. R., Mead, D. J., et al. (2004). A chlamydial type III translocated protein is tyrosine-phosphorylated at the site of entry and associated with recruitment of actin. Proc. Natl. Acad. Sci. 101, 10166–10171. doi: 10.1073/pnas.0402829101

 Darville, T., O'neill, J. M., Andrews, C. W. Jr., Nagarajan, U. M., Stahl, L., and Ojcius, D. M. (2003). Toll-like receptor-2, but not Toll-like receptor-4, is essential for development of oviduct pathology in chlamydial genital tract infection. J. Immunol. 171, 6187–6197. doi: 10.4049/jimmunol.171.11.6187

 De Oliviera Nascimento, L., Massari, P., and Wetzler, L. (2012). The role of TLR2 in infection and immunity. Front. Immunol. 3. doi: 10.3389/fimmu.2012.00079

 El-Asrar, A. M., Geboes, K., Al-Kharashi, S. A., Al-Mosallam, A. A., Missotten, L., Paemen, L., et al. (2000). Expression of gelatinase B in trachomatous conjunctivitis. Br. J. Ophthalmol. 84, 85–91. doi: 10.1136/bjo.84.1.85

 Elwell, C., Mirrashidi, K., and Engel, J. (2016). Chlamydia cell biology and pathogenesis. Nat. Rev. Microbiol. 14, 385–400. doi: 10.1038/nrmicro.2016.30

 Fadel, S., and Eley, A. (2007). Chlamydia trachomatis OmcB protein is a surface-exposed glycosaminoglycan-dependent adhesin. J. Med. Microbiol. 56, 15–22. doi: 10.1099/jmm.0.46801-0

 Fadel, S., and Eley, A. (2008). Differential glycosaminoglycan binding of Chlamydia trachomatis OmcB protein from serovars E and LGV. J. Med. Microbiol. 57, 1058–1061. doi: 10.1099/jmm.0.2008/001305-0

 Fan, T., Lu, H., Hu, H., Shi, L., Mcclarty, G. A., Nance, D. M., et al. (1998). Inhibition of apoptosis in Chlamydia-infected cells: blockade of mitochondrial cytochrome c release and caspase activation. J. Exp. Med. 187, 487–496. doi: 10.1084/jem.187.4.487

 Farencena, A., COmanducci, M., Donati, M., Ratti, G., and Cevenini, R. (1997). Characterization of a new isolate of Chlamydia trachomatis which lacks the common plasmid and has properties of biovar trachoma. Infect. Immun. 65, 2965–2969. doi: 10.1128/iai.65.7.2965-2969.1997

 Faris, R., Merling, M., Andersen, S. E., Dooley, C. A., Hackstadt, T., and Weber, M. M. (2019). Chlamydia trachomatis CT229 subverts rab GTPase-dependent CCV trafficking pathways to promote chlamydial Infection. Cell Rep. 26, 3380–3390.e5. doi: 10.1016/j.celrep.2019.02.079

 Fechtner, T., Stallmann, S., Moelleken, K., Meyer, K. L., and Hegemann, J. H. (2013). Characterization of the interaction between the chlamydial adhesin OmcB and the human host cell. J. Bacteriol. 195, 5323–5333. doi: 10.1128/JB.00780-13

 Ferreira, R., Borges, V., Nunes, A., Borrego, M. J., and Gomes, J. P. (2013). Assessment of the load and transcriptional dynamics of Chlamydia trachomatis plasmid according to strains’ tissue tropism. Microbiol. Res. 168, 333–339. doi: 10.1016/j.micres.2013.02.001

 Finethy, R., Jorgensen, I., Haldar, A. K., De Zoete, M. R., Strowig, T., Flavell, R. A., et al. (2015). Guanylate binding proteins enable rapid activation of canonical and noncanonical inflammasomes in Chlamydia-infected macrophages. Infect. Immun. 83, 4740–4749. doi: 10.1128/IAI.00856-15

 Fischer, A., Harrison, K. S., Ramirez, Y., Auer, D., Chowdhury, S. R., Prusty, B. K., et al. (2017). Chlamydia trachomatis-containing vacuole serves as deubiquitination platform to stabilize Mcl-1 and to interfere with host defense. eLife 6, e21465. doi: 10.7554/eLife.21465.039

 Fischer, S. F., Vier, J., Kirschnek, S., Klos, A., Hess, S., Ying, S., et al. (2004). Chlamydia inhibit host cell apoptosis by degradation of proapoptotic BH3-only proteins. J. Exp. Med. 200, 905–916. doi: 10.1084/jem.20040402

 Frazer, L. C., O’Connell, C. M., Andrews, C. W., Zurenski, M. A., and Darville, T. (2011). Enhanced neutrophil longevity and recruitment contribute to the severity of oviduct pathology during Chlamydia muridarum infection. Infect. Immun. 79, 4029–4041. doi: 10.1128/IAI.05535-11

 Frohlich, K. M., Hua, Z., Quayle, A. J., Wang, J., Lewis, M. E., Chou, C. W., et al. (2014). Membrane vesicle production by Chlamydia trachomatis as an adaptive response. Front. Cell Infect. Microbiol. 4, 73. doi: 10.3389/fcimb.2014.00073

 Frohlich, K., Hua, Z., Wang, J., and Shen, L. (2012). Isolation of Chlamydia trachomatis and membrane vesicles derived from host and bacteria. J. Microbiol. Methods 91, 222–230. doi: 10.1016/j.mimet.2012.08.012

 Galaleldeen, A., Taylor, A. B., Chen, D., Schuermann, J. P., Holloway, S. P., Hou, S., et al. (2013). Structure of the Chlamydia trachomatis immunodominant antigen pgp3. J. Biol. Chem. 288, 22068–22079. doi: 10.1074/jbc.M113.475012

 Gehre, L., Gorgette, O., Perrinet, S., Prevost, M. C., Ducatez, M., Giebel, A. M., et al. (2016). Sequestration of host metabolism by an intracellular pathogen. Elife 5:e12552. doi: 10.7554/eLife.12552.027

 Geisler, W. M. W., William, L. H., Suchland, R. J., and Stamm, W. E. (2002). Epidemiology of anorectal chlamydial and gonococcal infections among men having sex with men in Seattle: Utilizing serovar and auxotype strain typing. Sex. Transm. Dis. 29, 189–195. doi: 10.1097/00007435-200204000-00001

 Ghosh, S., Ruelke, E. A., Ferrell, J. C., Bodero, M. D., Fields, K. A., and Jewett, T. J. (2020). Fluorescence-reported allelic exchange mutagenesis-mediated gene deletion indicates a requirement for Chlamydia trachomatis Tarp during in vivo infectivity and reveals a specific role for the C terminus during cellular invasion. Infect. Immun. 88, e00841–e00819. doi: 10.1128/IAI.00841-19

 Gondek, D. C., Olive, A. J., Stary, G., and Starnbach, M. N. (2012). CD4+ T cells are necessary and sufficient to confer protection against Chlamydia trachomatis infection in the murine upper genital tract. J. Immunol. 189, 2441–2449. doi: 10.4049/jimmunol.1103032

 Gong, S., Yang, Z., Lei, L., Shen, L., and Zhong, G. (2013). Characterization of Chlamydia trachomatis plasmid-encoded open reading frames. J. Bacteriol. 195, 3819–3826. doi: 10.1128/JB.00511-13

 Gratrix, J., Singh, A. E., Bergman, J., Egan, C., Plitt, S. S., Mcginnis, J., et al. (2014). Evidence for increased Chlamydia case finding after the introduction of rectal screening among women attending 2 canadian sexually transmitted infection clinics. Clin. Infect. Dis. 60, 398–404. doi: 10.1093/cid/ciu831

 Grieshaber, N. A., Chiarelli, T. J., Appa, C. R., Neiswanger, G., Peretti, K., and Grieshaber, S. S. (2022). Translational gene expression control in Chlamydia trachomatis. PloS One 17, e0257259. doi: 10.1371/journal.pone.0257259

 Gyorke, C. E., Kollipara, A., Allen, J. T., Zhang, Y., Ezzell, J. A., Darville, T., et al. (2020). IL-1alpha is essential for oviduct pathology during genital chlamydial infection in mice. J. Immunol. 205, 3037–3049. doi: 10.4049/jimmunol.2000600

 Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., and Miao, E. A. (2013). Cytoplasmic LPS activates caspase-11: implications in TLR4-independent endotoxic shock. Science 341, 1250–1253. doi: 10.1126/science.1240988

 Hatch, N. D., and Ouellette, S. P. (2023). Identification of the alternative sigma factor regulons of Chlamydia trachomatis using multiplexed CRISPR interference. bioRxiv 2023.04.27.538638. doi: 10.1101/2023.04.27.538638

 He, X., Nair, A., Mekasha, S., Alroy, J., O’Connell, C. M., and Ingalls, R. R. (2011). Enhanced virulence of Chlamydia muridarum respiratory infections in the absence of TLR2 activation. PloS One 6, e20846. doi: 10.1371/journal.pone.0020846

 Horner, P. J., Wills, G. S., Righarts, A., Vieira, S., Kounali, D., Samuel, D., et al. (2016). Chlamydia trachomatis Pgp3 antibody persists and correlates with self-reported infection and behavioural risks in a blinded cohort study. PloS One 11, e0151497. doi: 10.1371/journal.pone.0151497

 Hou, S., Dong, X., Yang, Z., Li, Z., Liu, Q., and Zhong, G. (2015). Chlamydial plasmid-encoded virulence factor Pgp3 neutralizes the antichlamydial activity of human cathelicidin LL-37. Infect. Immun. 83, 4701–4709. doi: 10.1128/IAI.00746-15

 Hou, S., Sun, X., Dong, X., Lin, H., Tang, L., Xue, M., et al. (2019). Chlamydial plasmid-encoded virulence factor Pgp3 interacts with human cathelicidin peptide LL-37 to modulate immune response. Microbes Infect. 21, 50–55. doi: 10.1016/j.micinf.2018.06.003

 Hower, S., Wolf, K., and Fields, K. A. (2009). Evidence that CT694 is a novel Chlamydia trachomatis T3S substrate capable of functioning during invasion or early cycle development. Mol. Microbiol. 72, 1423–1437. doi: 10.1111/j.1365-2958.2009.06732.x

 Huang, Y., Wurihan, W., Lu, B., Zou, Y., Wang, Y., Weldon, K., et al. (2021). Robust heat shock response in Chlamydia lacking a typical heat shock sigma factor. Front. Microbiol. 12, 812448. doi: 10.3389/fmicb.2021.812448

 Huang, Y., Zhang, Q., Yang, Z., Conrad, T., Liu, Y., and Zhong, G. (2015). Plasmid-encoded Pgp5 is a significant contributor to Chlamydia muridarum induction of hydrosalpinx. PloS One 10, e0124840. doi: 10.1371/journal.pone.0124840

 Hvid, M., Baczynska, A., Deleuran, B., Fedder, J., Knudsen, H. J., Christiansen, G., et al. (2007). Interleukin-1 is the initiator of fallopian tube destruction during Chlamydia trachomatis infection. Cell. Microbiol. 9, 2795–2803. doi: 10.1111/j.1462-5822.2007.00996.x

 Hybiske, K., and Stephens, R. S. (2007). Mechanisms of host cell exit by the intracellular bacterium Chlamydia. Proc. Natl. Acad. Sci. U.S.A. 104, 11430–11435. doi: 10.1073/pnas.0703218104

 Igietseme, J. U., Portis, J. L., and Perry, L. L. (2001). Inflammation and clearance of Chlamydia trachomatis in enteric and nonenteric mucosae. Infect. Immun. 69, 1832–1840. doi: 10.1128/IAI.69.3.1832-1840.2001

 Imtiaz, M. T., Distelhorst, J. T., Schripsema, J. H., Sigar, I. M., Kasimos, J. N., Lacy, S. R., et al. (2007). A role for matrix metalloproteinase-9 in pathogenesis of urogenital Chlamydia muridarum infection in mice. Microbes Infect. 9, 1561–1566. doi: 10.1016/j.micinf.2007.08.010

 Ingalls, R. R., Rice, P. A., Qureshi, N., Takayama, K., Lin, J. S., and Golenbock, D. T. (1995). The inflammatory cytokine response to Chlamydia trachomatis infection is endotoxin mediated. Infect. Immun. 63, 3125–3130. doi: 10.1128/iai.63.8.3125-3130.1995

 Jan, A. T. (2017). Outer membrane vesicles (OMVs) of Gram-negative bacteria: a perspective update. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01053

 Javanbakht, M., Gorbach, P., Stirland, A., Chien, M., Kerndt, P., and Guerry, S. (2012). Prevalence and correlates of rectal Chlamydia and Gonorrhea among female clients at sexually transmitted disease clinics. Sex. Transm. Dis. 39, 917–922. doi: 10.1097/OLQ.0b013e31826ae9a2

 Jelocnik, M., Bachmann, N. L., Seth-Smith, H., Thomson, N. R., Timms, P., and Polkinghorne, A. M. (2016). Molecular characterisation of the Chlamydia pecorum plasmid from porcine, ovine, bovine, and koala strains indicates plasmid-strain co-evolution. PeerJ 4, e1661. doi: 10.7717/peerj.1661

 Jorgensen, I., and Valdivia, R. H. (2008). Pmp-like proteins Pls1 and Pls2 are secreted into the lumen of the Chlamydia trachomatis inclusion. Infect. Immun. 76, 3940–3950. doi: 10.1128/IAI.00632-08

 Kamalakaran, S., Chaganty, B. K., Gupta, R., Guentzel, M. N., Chambers, J. P., Murthy, A. K., et al. (2013). Vaginal chlamydial clearance following primary or secondary infection in mice occurs independently of TNF-α. Front. Cell Infect. Microbiol. 3, 11. doi: 10.3389/fcimb.2013.00011

 Kari, L., Whitmire, W. M., Carlson, J. H., Crane, D. D., Reveneau, N., Nelson, D. E., et al. (2008). Pathogenic diversity among Chlamydia trachomatis ocular strains in nonhuman primates is affected by subtle genomic variations. J. Infect. Dis. 197, 449–456. doi: 10.1086/525285

 Kari, L., Whitmire, W. M., Olivares-Zavaleta, N., Goheen, M. M., Taylor, L. D., Carlson, J. H., et al. (2011). A live-attenuated chlamydial vaccine protects against trachoma in nonhuman primates. J. Exp. Med. 208, 2217–2223. doi: 10.1084/jem.20111266

 Kent, C. K., Chaw, J. K., Wong, W., Liska, S., Gibson, S., Hubbard, G., et al. (2005). Prevalence of rectal, urethral, and pharyngeal Chlamydia and Gonorrhea detected in 2 clinical settings among men who have sex with men: San Francisco, Californi. Clin. Infect. Dis. 41, 67–74. doi: 10.1086/430704

 Khurshid, S., Govada, L., Wills, G., Mcclure, M. O., Helliwell, J. R., and Chayen, N. E. (2018). Chlamydia protein Pgp3 studied at high resolution in a new crystal form. IUCrJ 5, 439–448. doi: 10.1107/S2052252518007637

 Lacy, H. M., Bowlin, A. K., Hennings, L., Scurlock, A. M., Nagarajan, U. M., and Rank, R. G. (2011). Essential role for neutrophils in pathogenesis and adaptive immunity in Chlamydia caviae ocular infections. Infect. Immun. 79, 1889–1897. doi: 10.1128/IAI.01257-10

 Lee, H. Y., Schripsema, J. H., Sigar, I. M., Murray, C. M., Lacy, S. R., and Ramsey, K. H. (2010). A link between neutrophils and chronic disease manifestations of Chlamydia muridarum urogenital infection of mice. FEMS Immunol. Med. Microbiol. 59, 108–116. doi: 10.1111/j.1574-695X.2010.00668.x

 Lehr, S., Vier, J., Häcker, G., and Kirschnek, S. (2018). Activation of neutrophils by Chlamydia trachomatis-infected epithelial cells is modulated by the chlamydial plasmid. Microbes Infect. 20, 284–292. doi: 10.1016/j.micinf.2018.02.007

 Lei, L., Chen, J., Hou, S., Ding, Y., Yang, Z., Zeng, H., et al. (2014). Reduced live organism recovery and lack of hydrosalpinx in mice infected with plasmid-free Chlamydia muridarum. Infect. Immun. 82, 983–992. doi: 10.1128/IAI.01543-13

 Lei, L., Yang, C., Patton, M. J., Smelkinson, M., Dorward, D., Ma, L., et al. (2021). A chlamydial plasmid-dependent secretion system for the delivery of virulence factors to the host cytosol. mBio 12, e01179–e01121. doi: 10.1128/mBio.01179-21

 Li, Z., Chen, D., Zhong, Y., Wang, S., and Zhong, G. (2008). The chlamydial plasmid-encoded protein Pgp3 is secreted into the cytosol of Chlamydia-infected cells. Infect. Immun. 76, 3415–3428. doi: 10.1128/IAI.01377-07

 Li, X., Zuo, Z., Wang, Y., Hegemann, J. H., and He, C. (2022). Polymorphic membrane protein 17G of Chlamydia psittaci mediated the binding and invasion of bacteria to host cells by interacting and activating EGFR of the host. Front. Immunol. 12. doi: 10.3389/fimmu.2021.818487

 Liang, L., Liu, D., Li, Z., Zhou, J., and Tong, D. (2021). Chlamydia abortus OmcB protein is essential for adhesion to host cells. J. Basic Microbiol. 61, 1145–1152. doi: 10.1002/jobm.202100312

 Lijek, R. S., Helble, J. D., Olive, A. J., Seiger, K. W., and Starnbach, M. N. (2018). Pathology after Chlamydia trachomatis infection is driven by nonprotective immune cells that are distinct from protective populations. Proc. Natl. Acad. Sci. U.S.A. 115, 2216–2221. doi: 10.1073/pnas.1711356115

 Liu, Y., Chen, C., Gong, S., Hou, S., Qi, M., Liu, Q., et al. (2014a). Transformation of Chlamydia muridarum reveals a role for Pgp5 in suppression of plasmid-dependent gene expression. J. Bacteriol. 196, 989–998. doi: 10.1128/JB.01161-13

 Liu, Y., Huang, Y., Yang, Z., Sun, Y., Gong, S., Hou, S., et al. (2014b). Plasmid-encoded Pgp3 is a major virulence factor for Chlamydia muridarum to induce hydrosalpinx in mice. Infect. Immun. 82, 5327–5335. doi: 10.1128/IAI.02576-14

 Luczak, S. E. T., Smits, S. H. J., Decker, C., Nagel-Steger, L., Schmitt, L., and Hegemann, J. H. (2016). The Chlamydia pneumoniae adhesin Pmp21 forms oligomers with adhesive properties. J. Biol. Chem. 291, 22806–22818. doi: 10.1074/jbc.M116.728915

 Luo, F., Shu, M., Gong, S., Wen, Y., He, B., Su, S., et al. (2020). Antiapoptotic activity of Chlamydia trachomatis Pgp3 protein involves activation of the ERK1/2 pathway mediated by upregulation of DJ-1 protein. Pathog. Dis. 77, ftaa003. doi: 10.1093/femspd/ftaa003

 Ma, J., He, C., Huo, Z., Xu, Y., Arulanandam, B., Liu, Q., et al. (2020). The cryptic plasmid improves Chlamydia fitness in different regions of the gastrointestinal tract. Infect. Immun. 88. doi: 10.1128/IAI.00860-19

 Macdonald, I. A., and Kuehn, M. J. (2013). Stress-induced outer membrane vesicle production by Pseudomonas aeruginosa. J. Bacteriol. 195, 2971–2981. doi: 10.1128/JB.02267-12

 Maredia, R., Devineni, N., Lentz, P., Dallo, S. F., Yu, J., Guentzel, N., et al. (2012). Vesiculation from Pseudomonas aeruginosa under SOS. Sci. World J. 2012, 402919. doi: 10.1100/2012/402919

 Matikainen, S., Nyman, T. A., and Cypryk, W. (2020). Function and regulation of noncanonical caspase-4/5/11 inflammasome. J. Immunol. 204, 3063–3069. doi: 10.4049/jimmunol.2000373

 Matsumoto, A., Izutsu, H., Miyashita, N., and Ohuchi, M. (1998). Plaque formation by and plaque cloning of Chlamydia trachomatis biovar Trachoma. J. Clin. Microbiol. 36, 3013–3019. doi: 10.1128/JCM.36.10.3013-3019.1998

 Mcbroom, A. J., and Kuehn, M. J. (2007). Release of outer membrane vesicles by Gram-negative bacteria is a novel envelope stress response. Mol. Microbiol. 63, 545–558. doi: 10.1111/j.1365-2958.2006.05522.x

 Mckuen, M. J., Mueller, K. E., Bae, Y. S., and Fields, K. A. (2017). Fluorescence-reported allelic exchange mutagenesis reveals a role for Chlamydia trachomatis TmeA in invasion that is ndependent of host AHNAK. Infect. Immun. 85. doi: 10.1128/IAI.00640-17

 McMahon, K. J., Castelli, M. E., Vescovi, E. G., and Feldman, M. F. (2012). Biogenesis of outer membrane vesicles in Serratia marcescens is thermoregulated and can be induced by activation of the Rcs phosphorelay system. J. Bacteriol. 194, 3241–3249. doi: 10.1128/JB.00016-12

 Moelleken, K., and Hegemann, J. H. (2007). The Chlamydia outer membrane protein OmcB is required for adhesion and exhibits biovar-specific differences in glycosaminoglycan binding. Mol. Microbiol. 67, 403–419. doi: 10.1111/j.1365-2958.2007.06050.x

 Mölleken, K., Becker, E., and Hegemann, J. H. (2013). The Chlamydia pneumoniae invasin protein Pmp21 recruits the EGF receptor for host cell entry. PloS Pathog. 9, e1003325. doi: 10.1371/journal.ppat.1003325

 Mölleken, K., Schmidt, E., and Hegemann, J. H. (2010). Members of the Pmp protein family of Chlamydia pneumoniae mediate adhesion to human cells via short repetitive peptide motifs. Mol. Microbiol. 78, 1004–1017. doi: 10.1111/j.1365-2958.2010.07386.x

 Moore, E. R., Fischer, E. R., Mead, D. J., and Hackstadt, T. (2008). The chlamydial inclusion preferentially intercepts basolaterally directed sphingomyelin-containing exocytic vacuoles. Traffic 9, 2130–2140. doi: 10.1111/j.1600-0854.2008.00828.x

 Morrison, S. G., and Morrison, R. P. (2001). Resolution of secondary Chlamydia trachomatis genital tract infection in immune mice with depletion of both CD4+ and CD8+ T cells. Infect. Immun. 69, 2643–2649. doi: 10.1128/IAI.69.4.2643-2649.2001

 Morrison, S. G., and Morrison, R. P. (2005). A predominant role for antibody in acquired immunity to chlamydial genital tract reinfection. J. Immunol. 175, 7536–7542. doi: 10.4049/jimmunol.175.11.7536

 Morrison, S. G., Su, H., Caldwell, H. D., and Morrison, R. P. (2000). Immunity to murine Chlamydia trachomatis genital tract reinfection involves B cells and CD4+ T cells but not CD8+ T cells. Infect. Immun. 68, 6979–6987. doi: 10.1128/IAI.68.12.6979-6987.2000

 Mueller, K. E., and Fields, K. A. (2015). Application of β-Lactamase reporter fusions as an indicator of effector protein secretion during infections with the obligate intracellular pathogen Chlamydia trachomatis. PloS One 10, e0135295. doi: 10.1371/journal.pone.0135295

 Murthy, A. K., Li, W., Chaganty, B. K. R., Kamalakaran, S., Guentzel, M. N., Seshu, J., et al. (2011). Tumor necrosis factor alpha production from CD8+ T Cells mediates oviduct pathological sequelae following primary genital Chlamydia muridarum infection. Infect. Immun. 79, 2928–2935. doi: 10.1128/IAI.05022-11

 National Center For Hiv, V. H., Std, and Tb Prevention. (2021). AtlasPlus (Atlanta, GA: Centers for Disease Control and Prevention).

 Natividad, A., Cooke, G., Holland, M. J., Burton, M. J., Joof, H. M., Rockett, K., et al. (2006). A coding polymorphism in matrix metalloproteinase 9 reduces risk of scarring sequelae of ocular Chlamydia trachomatis infection. BMC Med. Genet. 7, 40. doi: 10.1186/1471-2350-7-40

 O’Connell, C. M., Abdelrahman, Y. M., Green, E., Darville, H. K., Saira, K., Smith, B., et al. (2011). Toll-like receptor 2 activation by Chlamydia trachomatis is plasmid dependent, and plasmid-responsive chromosomal loci are coordinately regulated in response to glucose limitation by C. trachomatis. Infect. Immun. 79, 1044–1056. doi: 10.1128/IAI.01118-10

 O’Connell, C. M., Ingalls, R. R., Andrews, C. W., Scurlock, A. M., and Darville, T. (2007). Plasmid-deficient Chlamydia muridarum fail to induce immune pathology and protect against oviduct disease. J. Immunol. 179, 4027–4034. doi: 10.4049/jimmunol.179.6.4027

 O’Connell, C. M., Ionova, I. A., Quayle, A. J., Visintin, A., and Ingalls, R. R. (2006). Localization of TLR2 and MyD88 to Chlamydia trachomatis inclusions. evidence for signaling by intracellular TLR2 during infection with an obligate intracellular pathogen. J. Biol. Chem. 281, 1652–1659. doi: 10.1074/jbc.M510182200

 O’Connell, C. M., and Nicks, K. M. (2006). A plasmid-cured Chlamydia muridarum strain displays altered plaque morphology and reduced infectivity in cell culture. Microbiology 152, 1601–1607. doi: 10.1099/mic.0.28658-0

 Öhman, H., Tiitinen, A., Halttunen, M., Lehtinen, M., Paavonen, J., and Surcel, H.-M. (2009). Cytokine polymorphisms and severity of tubal damage in women with chlamydia-associated infertility. J. Infect. Dis. 199, 1353–1359. doi: 10.1086/597620

 Olofsson, A., Vallström, A., Petzold, K., Tegtmeyer, N., Schleucher, J., Carlsson, S., et al. (2010). Biochemical and functional characterization of Helicobacter pylori vesicles. Mol. Microbiol. 77, 1539–1555. doi: 10.1111/j.1365-2958.2010.07307.x

 Paes, W., Dowle, A., Coldwell, J., Leech, A., Ganderton, T., and Brzozowski, A. (2018). The Chlamydia trachomatis PmpD adhesin forms higher order structures through disulphide-mediated covalent interactions. PloS One 13, e0198662. doi: 10.1371/journal.pone.0198662

 Pais, S. V., Key, C. E., Borges, V., Pereira, I. S., Gomes, J. P., Fisher, D. J., et al. (2019). CteG is a Chlamydia trachomatis effector protein that associates with the Golgi complex of infected host cells. Sci. Rep. 9, 6133. doi: 10.1038/s41598-019-42647-3

 Parrett, C. J., Lenoci, R. V., Nguyen, B., Russell, L., and Jewett, T. J. (2016). Targeted disruption of Chlamydia trachomatis invasion by in trans expression of dominant negative Tarp effectors. Front. Cell. Infect. Microbiol. 6, 84–84. doi: 10.3389/fcimb.2016.00084

 Patton, M. J., Chen, C.-Y., Yang, C., Mccorrister, S., Grant, C., Westmacott, G., et al. (2018). Plasmid negative regulation of CPAF expression is Pgp4 independent and restricted to invasive Chlamydia trachomatis biovars. mBio 9, e02164–e02117. doi: 10.1128/mBio.02164-17

 Patton, D. L., Halbert, S. A., Kuo, C.-C., Wang, S.-P., and Holmes, K. K. (1983). Host response to primary Chlamydia trachomatis infection of the fallopian tube in pig-tailed monkeys. Fertil. Steril. 40, 829–840. doi: 10.1016/S0015-0282(16)47489-3

 Pereira, I. S., Pais, S. V., Borges, V., Borrego, M. J., Gomes, J. P., and Mota, L. J. (2022). The type III secretion effector CteG Mediates host cell lytic exit of Chlamydia trachomatis. Front. Cell. Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.902210

 Peters, R. P. H., Nijsten, N., Mutsaers, J., Jansen, C. L., Morré, S. A., and Van Leeuwen, A. P. (2011). Screening of oropharynx and anorectum increases prevalence of Chlamydia trachomatis and Neisseria gonorrhoeae infection in female STD clinic visitors. Sex. Transm. Dis. 38, 783–787. doi: 10.1097/OLQ.0b013e31821890e9

 Peterson, E. M., Markoff, B. A., Schachter, J., and de la Maza, L. M. (1990). The 7.5-kb plasmid present in Chlamydia trachomatis is not essential for the growth of this microorganism. Plasmid 23, 144–148. doi: 10.1016/0147-619X(90)90033-9

 Prantner, D., Darville, T., and Nagarajan, U. M. (2010). Stimulator of IFN gene Is critical for induction of IFN-β during Chlamydia muridarum infection. J. Immunol. 184, 2551–2560. doi: 10.4049/jimmunol.0903704

 Qu, Y., Frazer, L. C., O’Connell, C. M., Tarantal, A. F., Andrews, C. W., O'connor, S. L., et al. (2015). Comparable genital tract infection, pathology, and immunity in Rhesus Macaques inoculated with wild-type or plasmid-deficient Chlamydia trachomatis serovar D. Infect. Immun. 83, 4056–4067. doi: 10.1128/IAI.00841-15

 Rajeeve, K., Das, S., Prusty, B. K., and Rudel, T. (2018). Chlamydia trachomatis paralyses neutrophils to evade the host innate immune response. Nat. Microbiol. 3, 824–835. doi: 10.1038/s41564-018-0182-y

 Ramsey, K. H., Schripsema, J. H., Smith, B. J., Wang, Y., Jham, B. C., O'hagan, K. P., et al. (2014). Plasmid CDS5 influences infectivity and virulence in a mouse model of Chlamydia trachomatis urogenital infection. Infect. Immun. 82, 3341–3349. doi: 10.1128/IAI.01795-14

 Ramsey, K. H., Sigar, I. M., Schripsema, J. H., Shaba, N., and Cohoon, K. P. (2005). Expression of matrix metalloproteinases subsequent to urogenital Chlamydia muridarum infection of mice. Infect. Immun. 73, 6962–6973. doi: 10.1128/IAI.73.10.6962-6973.2005

 Rank, R. G., Whittimore, J., Bowlin, A. K., Dessus-Babus, S., and Wyrick, P. B. (2008). Chlamydiae and polymorphonuclear leukocytes: unlikely allies in the spread of chlamydial infection. FEMS Immunol. Med. Microbiol. 54, 104–113. doi: 10.1111/j.1574-695X.2008.00459.x

 Rank, R. G., Whittimore, J., Bowlin, A. K., and Wyrick, P. B. (2011). In vivo ultrastructural analysis of the intimate relationship between polymorphonuclear leukocytes and the chlamydial developmental cycle. Infect. Immun. 79, 3291–3301. doi: 10.1128/IAI.00200-11

 Russell, M., Darville, T., Chandra-Kuntal, K., Smith, B., Andrews, C. W., and O’Connell, C. M. (2011). Infectivity acts as in vivo selection for maintenance of the chlamydial cryptic plasmid. Infect. Immun. 79, 98–107. doi: 10.1128/IAI.01105-10

 Sasu, S., Laverda, D., Qureshi, N., Golenbock, D. T., and Beasley, D. (2001). Chlamydia pneumoniae and chlamydial heat shock protein 60 stimulate proliferation of human vascular smooth muscle cells via Toll-Like Receptor 4 and p44/p42 mitogen-activated protein kinase activation. Circ. Res. 89, 244–250. doi: 10.1161/hh1501.094184

 Schachter, J., Grossman, M., Sweet, R. L., Holt, J., Jordan, C., and Bishop, E. (1986). Prospective study of perinatal transmission of Chlamydia trachomatis. JAMA 255, 3374–3377. doi: 10.1001/jama.1986.03370240044034

 Schwechheimer, C., and Kuehn, M. J. (2013). Synthetic effect between envelope stress and lack of outer membrane vesicle production in Escherichia coli. J. Bacteriol. 195, 4161–4173. doi: 10.1128/JB.02192-12

 Schwechheimer, C., and Kuehn, M. J. (2015). Outer-membrane vesicles from Gram-negative bacteria: biogenesis and functions. Nat. Rev. Microbiol. 13, 605–619. doi: 10.1038/nrmicro3525

 Seth-Smith, H. M., Harris, S. R., Persson, K., Marsh, P., Barron, A., Bignell, A., et al. (2009). Co-evolution of genomes and plasmids within Chlamydia trachomatis and the emergence in Sweden of a new variant strain. BMC Genomics 10, 239. doi: 10.1186/1471-2164-10-239

 Shao, L., Melero, J., Zhang, N., Arulanandam, B., Baseman, J., Liu, Q., et al. (2017). The cryptic plasmid is more important for Chlamydia muridarum to colonize the mouse gastrointestinal tract than to infect the genital tract. PloS One 12, e0177691. doi: 10.1128/iai.00429-17

 Shao, L., Zhang, T., Melero, J., Huang, Y., Liu, Y., Liu, Q., et al. (2018). The genital tract virulence factor Pgp3 is essential for Chlamydia muridarum colonization in the gastrointestinal tract. Infect. Immun. 86. doi: 10.1128/IAI.00429-17

 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526, 660–665. doi: 10.1038/nature15514

 Shu, M., Bu, J., Lei, W., Chen, L., Zhou, Z., Lu, C., et al. (2023). Pgp3 protein of Chlamydia trachomatis inhibits apoptosis via HO-1 upregulation mediated by PI3K/Akt activation. Microb. Pathog. 178, 106056. doi: 10.1016/j.micpath.2023.106056

 Sigar, I. M., Schripsema, J. H., Wang, Y., Clarke, I. N., Cutcliffe, L. T., Seth-Smith, H. M. B., et al. (2014). Plasmid deficiency in urogenital isolates of Chlamydia trachomatis reduces infectivity and virulence in a mouse model. Pathog. Dis. 70, 61–69. doi: 10.1111/2049-632X.12086

 Sixt, B. S., Bastidas, R. J., Finethy, R., Baxter, R. M., Carpenter, V. K., Kroemer, G., et al. (2017). The Chlamydia trachomatis inclusion membrane protein CpoS counteracts STING-mediated cellular surveillance and suicide programs. Cell Host Microbe 21, 113–121. doi: 10.1016/j.chom.2016.12.002

 Skilton, R. J., Wang, Y., O'neill, C., Filardo, S., Marsh, P., Bénard, A., et al. (2018). The Chlamydia muridarum plasmid revisited : new insights into growth kinetics. Wellcome Open Res. 3, 25. doi: 10.12688/wellcomeopenres.13905.1

 Song, L., Carlson, J. H., Whitmire, W. M., Kari, L., Virtaneva, K., Sturdevant, D. E., et al. (2013). Chlamydia trachomatis plasmid-encoded Pgp4 is a transcriptional regulator of virulence-associated genes. Infect. Immun. 81, 636–644. doi: 10.1128/IAI.01305-12

 Soules, K. R., Dmitriev, A., Labrie, S. D., Dimond, Z. E., May, B. H., Johnson, D. K., et al. (2020a). Structural and ligand binding analyses of the periplasmic sensor domain of RsbU in Chlamydia trachomatis support a role in TCA cycle regulation. Mol. Microbiol. 113, 68–88. doi: 10.1111/mmi.14401

 Soules, K. R., Labrie, S. D., May, B. H., and Hefty, P. S. (2020b). Sigma 54-Regulated Transcription Is Associated with Membrane Reorganization and Type III Secretion Effectors during Conversion to Infectious Forms of Chlamydia trachomatis. mBio 11. doi: 10.1128/mBio.01725-20

 Stallmann, S., and Hegemann, J. H. (2016). The Chlamydia trachomatis Ctad1 invasin exploits the human integrin β1 receptor for host cell entry. Cell. Microbiol. 18, 761–775. doi: 10.1111/cmi.12549

 Stothard, D. R., Williams, J. A., van der Pol, B., and Jones, R. B. (1998). Identification of a Chlamydia trachomatis serovar E urogenital isolate which lacks the cryptic plasmid. Infect. Immun. 66, 6010–6013. doi: 10.1128/IAI.66.12.6010-6013.1998

 Su, H., Raymond, L., Rockey, D. D., Fischer, E., Hackstadt, T., and Caldwell, H. D. (1996). A recombinant Chlamydia trachomatis major outer membrane protein binds to heparan sulfate receptors on epithelial cells. Proc. Natl. Acad. Sci. U.S.A. 93, 11143–11148. doi: 10.1073/pnas.93.20.11143

 Su, H., Watkins, N. G., Zhang, Y. X., and Caldwell, H. D. (1990). Chlamydia trachomatis-host cell interactions: role of the chlamydial major outer membrane protein as an adhesin. Infect. Immun. 58, 1017–1025. doi: 10.1128/iai.58.4.1017-1025.1990

 Su, H., Zhang, Y. X., Barrera, O., Watkins, N. G., and Caldwell, H. D. (1988). Differential effect of trypsin on infectivity of Chlamydia trachomatis: loss of infectivity requires cleavage of major outer membrane protein variable domains II and IV. Infect. Immun. 56, 2094–2100. doi: 10.1128/iai.56.8.2094-2100.1988

 Tashiro, Y., Sakai, R., Toyofuku, M., Sawada, I., Nakajima-Kambe, T., Uchiyama, H., et al. (2009). Outer membrane machinery and alginate synthesis regulators control membrane vesicle production in Pseudomonas aeruginosa. J. Bacteriol. 191, 7509–7519. doi: 10.1128/JB.00722-09

 Thompson, C. C., Griffiths, C., Nicod, S. S., Lowden, N. M., Wigneshweraraj, S., Fisher, D. J., et al. (2015). The rsb phosphoregulatory network controls availability of the primary sigma factor in Chlamydia trachomatis and influences the kinetics of growth and development. PloS Pathog. 11, e1005125. doi: 10.1371/journal.ppat.1005125

 Turman, B. J. B. (2023). The Role of Plasmid-Encoded Virulence Proteins Pgp3 and Pgp4 in Infectivity and Inflammation During Chlamydia Infection (Ann Arbor, MI: University of North Carolina at Chapel Hill).

 Turman, B. J., Alzhanov, D., Nagarajan, U. M., Darville, T., and O’Connell, C. M. (2023). Virulence protein Pgp3 is insufficient to mediate plasmid-dependent infectivity of Chlamydia trachomatis. Infect. Immun. 91, e00392–e00322. doi: 10.1128/iai.00392-22

 Versteeg, B., Bruisten, S. M., Pannekoek, Y., Jolley, K. A., Maiden, M. C. J., van der Ende, A., et al. (2018). Genomic analyses of the Chlamydia trachomatis core genome show an association between chromosomal genome, plasmid type and disease. BMC Genomics 19, 130. doi: 10.1186/s12864-018-4522-3

 Viganò, E., Diamond, C. E., Spreafico, R., Balachander, A., Sobota, R. M., and Mortellaro, A. (2015). Human caspase-4 and caspase-5 regulate the one-step non-canonical inflammasome activation in monocytes. Nat. Commun. 6, 8761. doi: 10.1038/ncomms9761

 Waguia Kontchou, C., Tzivelekidis, T., Gentle, I. E., and Häcker, G. (2016). Infection of epithelial cells with Chlamydia trachomatis inhibits TNF-induced apoptosis at the level of receptor internalization while leaving non-apoptotic TNF-signalling intact. Cell Microbiol. 18, 1583–1595. doi: 10.1111/cmi.12598

 Weber, M. M., Lam, J. L., Dooley, C. A., Noriea, N. F., Hansen, B. T., Hoyt, F. H., et al. (2017). Absence of specific Chlamydia trachomatis inclusion membrane proteins triggers premature inclusion membrane lysis and host cell death. Cell Rep. 19, 1406–1417. doi: 10.1016/j.celrep.2017.04.058

 Welter-Stahl, L., Ojcius, D. M., Viala, J., Girardin, S., Liu, W., Delarbre, C., et al. (2006). Stimulation of the cytosolic receptor for peptidoglycan, NOD1, by infection with Chlamydia trachomatis or Chlamydia muridarum. Cell Microbiol. 8, 1047–1057. doi: 10.1111/j.1462-5822.2006.00686.x

 WHO (2022) Trachoma (World Health Organization). Available at: https://www.who.int/news-room/fact-sheets/detail/trachoma (Accessed July 1, 2022).

 Woodhall, S. C., Wills, G. S., Horner, P. J., Craig, R., Mindell, J. S., Murphy, G., et al. (2017). Chlamydia trachomatis Pgp3 antibody population seroprevalence before and during an era of widespread opportunistic chlamydia screening in England, (1994-2012). PloS One 12, e0152810. doi: 10.1371/journal.pone.0152810

 Yang, C., Kari, L., Lei, L., Carlson, J. H., Ma, L., Couch, C. E., et al. (2020). Chlamydia trachomatis plasmid gene protein 3 Is essential for the establishment of persistent infection and associated immunopathology. mBio 11, e01902–e01920. doi: 10.1128/mBio.01902-20

 Yang, C., Starr, T., Song, L., Carlson, J. H., Sturdevant, G. L., Beare, P. A., et al. (2015). Chlamydial lytic exit from host cells is plasmid regulated. mBio 6, e01648–e01615. doi: 10.1128/mBio.01648-15

 Yeruva, L., Spencer, N., Bowlin, A. K., Wang, Y., and Rank, R. G. (2013). Chlamydial infection of the gastrointestinal tract: a reservoir for persistent infection. Pathog. Dis. 68, 88–95. doi: 10.1111/2049-632X.12052

 Zhang, T., Huo, Z., Ma, J., He, C., and Zhong, G. (2019). The plasmid-encoded Pgp3 promotes Chlamydia evasion of acidic barriers in both stomach and vagina. Infect. Immun. 87, e00844–e00818. doi: 10.1128/IAI.00844-18

 Zhang, Q., Rosario, C. J., Sheehan, L. M., Rizvi, S. M., Brothwell, J. A., He, C., et al. (2020). The repressor function of the Chlamydia late regulator EUO is enhanced by the plasmid-encoded protein Pgp4. J. Bacteriol. 202. doi: 10.1128/JB.00793-19

 Zhang, Y., Yeruva, L., Marinov, A., Prantner, D., Wyrick, P. B., Lupashin, V., et al. (2014). The DNA sensor, Cyclic GMP–AMP Synthase, is essential for induction of IFN-β during Chlamydia trachomatis infection. J. Immunol. 193, 2394–2404. doi: 10.4049/jimmunol.1302718

 Zhou, H., Huang, Q., Li, Z., Wu, Y., Xie, X., Ma, K., et al. (2013). pORF5 plasmid protein of Chlamydia trachomatis induces MAPK-mediated pro-inflammatory cytokines via TLR2 activation in THP-1 cells. Sci. China Life Sci. 56, 460–466. doi: 10.1007/s11427-013-4470-8

 Zou, Y., Dai, W., Lei, W., Su, S., Huang, Q., Zhou, Z., et al. (2018). Identification of proteins interacting with pORF5 in the pathogenesis of C. trachomatis. Am. J. Transl. Res. 10, 1633–1647.

 Zou, Y., Lei, W., Su, S., Bu, J., Zhu, S., Huang, Q., et al. (2019). Chlamydia trachomatis plasmid-encoded protein Pgp3 inhibits apoptosis via the PI3K-AKT-mediated MDM2-p53 axis. Mol. Cell. Biochem. 452, 167–176. doi: 10.1007/s11010-018-3422-9




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Turman, Darville and O'Connell. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1251135-g001.jpg





OEBPS/Images/fcimb.2023.1251135_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Plasmid-mediated virulence in Chlamydia





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

 		Cover



     		

        Plasmid-mediated virulence in Chlamydia

      

        		

          1 Introduction

        



        		

          2 Chlamydia are obligate intracellular bacteria

        



        		

          3 The immune response to chlamydia infection

        



        		

          4 Loss of the chlamydial plasmid is pleiotropic

        



        		

          5 Plasmid loci Pgp3, Pgp4, and Pgp5 are associated with virulence

        



        		

          6 Pgp3 is involved in chlamydial infectivity and inflammation during infection

        



        		

          7 Pgp4 and Pgp5, putative regulators of chlamydial virulence

        



        		

          8 Discussion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Inflummaton

Mechanism
Increaed binding nd eny

Improvd growihRE to EB comsersion

Netrlzaton of aimicrobisl pptide L-37/CRAMP

Enhanced est

Efficient packaging and scretion of outer menbrane vesicks
(indirec)

Add wlerance

Conteol of TLR2 activation

Inbibiion of spoptosis

Modulation of animicroial pepide L

oG

el and Nicks, 2006)

(SKiton et a. 2015 Zhang et . 2020 Greshaber e al 2022)

(Hou e al, 2015; Yang ct a. 2020)
Crang etal, 2015)

(Tumman e al, 2023)

(Zhang o, 2019)

(O Connell et a. 2007 Frsaer L. X
eal. 203

He et 2011 O'Connell e k. 2011; Zhou

(Zou et L. 2018; Zo t s 2019 Lo s 20205 Shs L, 2023)

(Hou e sl 2019 Yang ct . 2020)





