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Abstract

:

Vertically transmitted infections are a significant cause of fetal morbidity and mortality during pregnancy and pose substantial risks to fetal development. These infections are primarily transmitted to the fetus through two routes: (1) direct invasion and crossing the placenta which separates maternal and fetal circulation, or (2) ascending the maternal genitourinary tact and entering the uterus. Only two bacterial species are commonly found to cross the placenta and infect the fetus: Listeria monocytogenes and Treponema pallidum subsp. pallidum. L. monocytogenes is a Gram-positive, foodborne pathogen found in soil that acutely infects a wide variety of mammalian species. T. pallidum is a sexually transmitted spirochete that causes a chronic infection exclusively in humans. We briefly review the pathogenesis of these two very distinct bacteria that have managed to overcome the placental barrier and the role placental immunity plays in resisting infection. Both organisms share characteristics which contribute to their transplacental transmission. These include the ability to disseminate broadly within the host, evade immune phagocytosis, and the need for a strong T cell response for their elimination.
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1. Introduction


In principle, a fetus is a promising target for a bacterial pathogen. The immature fetal immune system is still developing and is ill prepared to combat infection. The maternal immune function is altered so as to prevent a defense response against fetal alloantigens. The fetus and placenta are highly perfused and provide a nutrient-rich environment. However, invading bacteria must first manage to reach the fetus to take advantage of this niche, and that necessitates the ability to cross the maternofetal barrier.



The term vertical transmission refers generally to any transmission of infection from mother to fetus prior to birth. There are two main routes by which an infection can be transmitted to a fetus during pregnancy: the pathogen can directly cross the placental barrier or it can enter the uterus by ascending the maternal genitourinary (GU) tract. As might be expected, GU-colonizing pathogens, such as Neisseria gonorrhea, Chlamydia trachomatis, and Streptococcus agalactiae, are commonly transmitted from mother to child via the GU route [1,2]. In contrast, the crossing of the placental barrier requires either bloodstream transmission and/or pathogen invasion of placental cells. This review will focus on the transplacental transmission of bacteria, a facet of infection that is restricted to a very small number of bacterial pathogens.



Relative to the number of viruses and parasites known to be transmitted transplacentally, the ability to directly invade and cross the placenta is quite rare among bacteria. Of all the bacteria capable of causing human disease, only two are commonly transmitted transplacentally: Treponema pallidum subspecies pallidum and Listeria monocytogenes. This observation is notable because the list is so short and as such serves to emphasize the effectiveness of the placenta barrier in keeping maternal and fetal compartments separate. It also raises the question as to why two bacteria that do not appear to be particularly similar in many respects are able to defeat placental defenses. T. pallidum is a spirochete that causes chronic sexually transmitted infections [3] and L. monocytogenes is a Gram-positive acute gut pathogen [4]. This article provides a focused literature review of how these two bacterial pathogens navigate the maternal–fetal barrier and how the maternal immune response influences the course of disease. Through the comparison of these two organisms, insights arise regarding functional mechanisms that contribute to enable bacterial access to the placenta and fetus.




2. Immunity at the Maternal–Fetal Interface


The maternal–fetal interface in the placenta represents a unique immune environment not otherwise present during a typical bacterial infection. At all times, the immune response must navigate the twin dangers of failure to control pathogen replication and autoimmune responses against fetal antigens. The primary immune cells present are decidual natural killer (NK) cells (dNK), CD8+ T cells, and Hofbauer cells, which are placental macrophages [5].



Decidual NK cells are a specialized population of NK cells present in the decidua, the part of the uterus in contact with the placenta [6]. They are distinct from circulating NK cells and play important roles in implantation and vascular remodeling necessary for a healthy pregnancy. dNK cells produce cytotoxic granules but demonstrate low cytotoxicity compared to peripheral NKs and are not efficient at killing MHC-1 deficient cells [7,8]. This may be due to interactions with HLA-G-producing extravillous trophoblasts, placental cells that invade the decidua [9]. dNKs are known to secrete high levels of granulysin, an antimicrobial peptide, and may play a direct role in modulating antiviral immunity [6,10]. The role of dNKs in antibacterial immunity is less understood.



CD8+ T cells are present in the healthy decidua representing 2–7% of all CD45+ cells, primarily belonging to the effector memory subtype [11,12]. These cells exhibit a complex phenotype, mixing both dysfunction and activation. Notably, they highly express inhibitory checkpoint molecules PD1 and CTLA4. They also have low expression of effector molecules perforin and granzyme B but high granulysin [12]. However, when stimulated ex vivo, the cells are still capable of cytotoxicity and producing cytokines such as IFN-γ [12,13].



Hofbauer cells are resident placental macrophages that are present in the placenta for almost the entirety of gestation [14]. Unlike CD8+ T cells and dNKs, they are derived from the fetus and are located in the placenta itself rather than the decidua [15]. They are typically localized between the trophoblast layer and fetal blood vessels [16]. These cells are important in regulating the development and morphology of the placenta, especially the blood vessels [17,18,19]. They exhibit a complex phenotype but are primarily characterized as M2 macrophages. They are not thought to be directly microbicidal but can influence the immune response through cytokine production [20].




3. Treponema pallidum subsp. pallidum


3.1. Epidemiology


Treponema pallidum, subspecies pallidum, is the causative agent of syphilis and has been known to infect the fetus for at least 500 years, causing a clinical syndrome known as congenital syphilis [21]. T. pallidum is an obligate human pathogen and is spread by sexual intercourse or similarly close contact. Without treatment, the bacteria can remain resident in the body indefinitely. A woman who becomes pregnant while infected with T. pallidum is at risk of transmitting the disease to the fetus, resulting in congenital syphilis. Thanks to the availability of antibiotic treatment and public health efforts, US rates of congenital syphilis were as low as 8.4 per 100,000 live births in 2012. However, in the ensuing decade, congenital syphilis has resurged, and as of 2022, rates reached 57.2 per 100,000 live births [22]. Worldwide, it is reported that 7.1 million adults were newly infected with syphilis in 2020, and congenital syphilis is the second leading cause of preventable stillbirth globally [23]. As a result, pregnancy-associated syphilis remains a significant global public health concern. No vaccine is available.




3.2. Pathogenesis


The pathogenesis of syphilis is variable but includes three distinct stages: primary, secondary, and tertiary [3]. Primary syphilis begins with the inoculation of the skin or mucous membranes with T. pallidum. The bacteria replicate at the site of infection and a painless, indurated lesion called a chancre forms. This lesion will heal within 4 to 6 weeks. However, during primary syphilis, T. pallidum disseminates through the blood to multiple sites within the host including the skin and hair follicles, mucous membranes, brain, GI system, liver, and kidneys. This disseminated infection is secondary syphilis and produces a clinical syndrome of lymphadenopathy, muscle aches, weight loss, fatigue, and rashes. After about 3 months, symptoms of secondary syphilis resolve, and the infection enters a latent, asymptomatic stage. After a variable latency period, tertiary syphilis typically manifests as aortitis, or a constellation of neurologic complications known as neurosyphilis. Progression to this late stage of infection is rare in the post-antibiotic era, especially because antibiotic regimens for other common infections are capable of treating T. pallidum as well.



The study of human clinical data has shown that T. pallidum can invade and cross the placenta. Vertical transmission is associated with maternal early-stage infection and high antitreponemal antibody titer, which both correlate with high bacterial load [21,24]. Bacteria are visible in the placenta in a substantial percentage of congenital syphilis cases [25]. Common findings also include villitis and increased numbers of Hofbauer cells, the placental resident macrophages. It is believed that the bacteria then spread hematogenously to the developing fetus since necrotizing funisitis and spirochetes in the umbilical cord are both common findings [25,26]. T. pallidum can then spread systemically in the fetus, similarly to its infection in adults. A significant portion (~30%) of fetuses with congenital syphilis are stillborn [27]. Fetal demise is thought to be caused by placental damage leading to hypoxemia, as stillborn fetuses often show hepatosplenomegaly and are more likely to exhibit erythroblastosis compared to live-born congenital syphilis infants [26,28]. Those infants who survive to term can suffer from a variety of neurologic abnormalities, bone malformation, and hematopoietic failure [21]. There is no current vaccine to protect mothers or the developing fetus from syphilis, and diagnosis can be challenging even for the most experienced clinicians. Maternal treatment involves a single dose of intramuscular penicillin in the early stages of infection (primary, secondary, or early latent) or three weekly doses of penicillin for late latent or tertiary syphilis [29].




3.3. Bacterial Factors


Despite its clinical importance, the pathogenesis of congenital syphilis remains poorly understood. T. pallidum is a microaerophilic spirochete and obligate human pathogen that requires complex culturing conditions. It was not stably maintained in vitro until 2017, and there are limited animal models to study vertical transmission [30]. However, it is known that T. pallidum’s remarkable ability to disseminate throughout the body is critical for pathogenesis. The organism lacks the toxins or hemolysins typically associated with bacterial pathogens [3]. Nonetheless, it employs a variety of mechanisms that permit tissue invasion. T. pallidum produces multiple proteins that mediate bacterial attachment to fibronectin and laminin, components of the extracellular matrix [31,32]; this interaction with the extracellular matrix helps bacteria attach to endothelial cells and cross from blood vessels into host tissues [33]. Recently, Primus and coauthors were able to identify a T. pallidum surface lipoprotein Tp0954 that mediates attachment to placental cell lines, which suggests that there are virulence factors that specifically contribute to congenital syphilis [34]. With the recent advancement in techniques for T. pallidum culture and genetic manipulation, we expect knowledge of vertical transmission of this organism to rapidly increase in the coming years [35,36].




3.4. Immunity to T. pallidum


As with its pathogenesis, immunity to T. pallidum in the context of vertical transmission has not been amenable to study in any detail. However, the study of immunity to syphilis in other contexts does provide some insight into the immune response to T. pallidum likely to occur in the placenta. Unlike most Gram-negative bacteria, T. pallidum has a unique outer surface which does not contain LPS or other common immunostimulatory molecules [3]. As a result, it is only weakly taken up by host phagocytes and does not generate a sufficiently strong innate immune response to clear the bacterium [37,38]. Thus, clearance of the bacteria requires the assistance of adaptive immunity in the form of cytokine production and antibody-mediated opsonization. In fact, these two mechanisms appear to work synergistically to promote bacterial uptake and killing by professional phagocytes [39]. CD4+ and CD8+ T cells in syphilitic lesions produce IFN-γ and IL-1, Th1-type cytokines [40,41,42]. The presence of CD56+ NK cells also contribute to cytokine production in human lesions [42]. Rabbit models of syphilis indicate the importance of antibody production for bacterial clearance and infected humans are known to mount a strong antibody response [3,39,43]. As would be suggested by the chronic nature of syphilis, T. pallidum has developed multiple methods for escaping host adaptive immunity. Its surface is poorly immunogenic and it utilizes antigenic variation to prevent recognition by host receptors [41]. There is also evidence that syphilis increases the number and suppressive potency of T regulatory (Treg) cells [44,45]. Some of these Tregs were found to be specific to TpF1, a bacterial protein which also induces TGF-β and IL-10 production in monocytes [45]. Taken together, these findings suggest that T. pallidum potentiates a Treg response to prevent the development of more effective Th1 immunity.





4. Listeria monocytogenes


4.1. Epidemiology


L. monocytogenes is a Gram-positive rod found ubiquitously in the soil where it lives as a saprophyte. Because of its widespread distribution, it is a common contaminant of food including meat, dairy products, produce, and processed foods. The number of reported cases per year remains low, likely due to the limited susceptibility of healthy individuals to infection; however, some countries (such as those in the European Union or EU) have reported increases in listeriosis cases in recent years [46]. L. monocytogenes has as extremely high lethality rate (20–50%), making it the third leading cause of death from foodborne infection in the US [47,48]. Pregnant women are 10 to 20 times more likely to be infected with listeriosis compared to otherwise healthy adults [48]. The reason for this disparity is not known but may be related to changes in cell-mediated immunity during pregnancy [49].



The exact incidence of listeriosis in pregnancy is difficult to estimate because of variations between populations and challenges in diagnosis. Women can have nonspecific symptoms or experience pregnancy loss as the only symptom, and microbiologic testing is not routinely performed on early-term miscarriages [50]. A cohort study over 10 years in Israel estimated the incidence of pregnancy-associated listeriosis at 5–25 cases per 100,000 live births [51]. A study of outcomes for pregnancy-associated listeriosis found 83% of cases involved a major adverse pregnancy outcome and 24% resulted in fetal loss [52]. The reported incidence of neonatal listeriosis based on several studies is between 1.3 and 25 per 100,000 live births [53].




4.2. Pathogenesis


A classic L. monocytogenes infection can be divided into four general stages: replication in the intestine and invasion of intestinal cells, dissemination through the blood to the spleen and liver, replication in these target organs, and dissemination to additional organs such as the placenta. Depending on the dose and host condition, infection can either be resolved at any of the four stages or progress to uncontrolled bacteremia and sepsis [54]. Initially, the host is colonized when L. monocytogenes enters the gastrointestinal (GI) tract. Bacteria can invade and infiltrate intestinal epithelial cells by cellular uptake, vacuolar escape, and cytosolic replication. They can then utilize actin to spread directly between neighboring cells without contacting the extracellular milieu [4]. Eventually, L. monocytogenes escapes from epithelial cells and can penetrate the GI tract submucosa and enter the blood [54]. Phagocytes in the liver and spleen rapidly remove bacteria from the blood but enable the establishment of infection in these organs [55]. Subcapsular dendritic cells and marginal zone macrophages are the primary sites of splenic colonization and enable L. monocytogenes to reach high numbers within the spleen [55,56]. Further dissemination from the liver and spleen can then occur, most commonly to the brain and placenta. There is recent evidence that L. monocytogenes can also traffic from the spleen to the gallbladder, permitting fecal shedding of bacteria and potential recolonization of the GI tract.



There is no detailed information regarding how the vertical transmission of L. monocytogenes occurs in humans, but multiple animal models have been used to understand its pathogenesis. Because L. monocytogenes exhibits fetal tropism in multiple species [57], it seems likely that basic principles derived from animal models will likely be similarly applicable to human disease, at least to some degree. A study in pregnant non-human primates calculated a maternal dose of 107 CFU was lethal to 50% of third-trimester fetuses. Pregnancy loss was observed at doses as low at 103 CFU [58]. These bacterial numbers are consistent with exposure through food contamination. In fact, the EU permits up to 102 CFU per gram of L. monocytogenes to be present in food at its expiration date [59]. Another primate study found that 107 CFU led to fetal demise during the first trimester, indicating that L. monocytogenes is a danger to fetal health during the entirety of pregnancy [60]. Interestingly, inoculation did not produce any clinical signs in the mothers apart from pregnancy loss. Use of a lower dose of 106 CFU at mid-gestation in primates resulted in sterile inflammation in the placenta and an increased rate of pregnancy complications without the actual transmission of bacteria to the placenta or fetus [61]. This study also found that prior maternal infection with L. monocytogenes was protective against these outcomes. Together, this evidence indicates that L. monocytogenes can produce variable clinical syndromes depending on the dose, timing of exposure, and immunologic history of the host.



Direct spread to the placenta is thought to occur via the blood, and placental infection in nonhuman primates is associated with bacteremia [60]. However, it appears that the cell types in contact with maternal blood are hostile to L. monocytogenes invasion. Studies using tagged bacterial strains in pregnant guinea pigs suggested that the founding population in the placenta is very small, possibly as little as one bacterium [62]. Microscopy using a pregnant mouse model indicated that bacterial invasion of the placenta first occurs in the cytotrophoblasts, which line the central arterial canal of the placenta [63]. The bacteria then replicate within this layer, generating a focus of infection that spreads outward to the rest of the placenta, eventually reaching the labyrinth and breaching the maternal-fetal barrier. These results are supported by in vitro findings using both human placental organ culture and murine trophoblast stem cells that indicate that syncytiotrophoblasts are highly resistant to invasion by L. monocytogenes and that infection must first become established in extravillous cytotrophoblasts [64,65,66]. One common finding in all animal models is that once infection is established, bacteria can rapidly grow to high numbers in the placenta, enabling subsequent colonization of the fetus [60,63,67]. One study in guinea pigs even found evidence that the placenta could serve as a reservoir for reseeding the spleen with L. monocytogenes [62].



There are limitations associated with animal models of L. monocytogenes infection. The architecture of the placenta varies with animal species. Experimental evidence suggests that some of the surface proteins used by L. monocytogenes to invade different cell types are species specific. For example, L. monocytogenes InlA, which binds to E-cadherin, interacts with human and guinea pig E-cadherin, but not mouse or rat [68]. InlB, which binds to the Met receptor as well as gC1qR and proteoglycans, interacts with human and mouse Met but not with guinea pig [69,70,71]. InlA and InlB both recognize gerbil receptors [72]; however, the historical lack of genetic models in gerbils means this animal model lacks the power of mouse models. Despite these limitations, the ability of L. monocytogenes to infect a wide range of animal species and exhibit vertical transmission suggests that at least some facets and/or pathways of infection are likely conserved across species.




4.3. Bacterial Factors


While recognizing some of the caveats of animal studies with regard to L. monocytogenes vertical transmission, research using model organisms has elucidated some of the bacterial factors that are necessary for invasion of the placenta. Multiple members of the internalin family of bacterial surface proteins have been implicated in vertical transmission. Using the gerbil model of vertical transmission mentioned above, findings indicate that coordinated action of internalin A (InlA) and internalin B (InlB) is necessary for placental invasion [72]. The data in the mouse model further indicate that, under some conditions, InlB alone may be sufficient to initiate vertical transmission [73]. Since trophoblasts exhibit high expression of both E-cadherin and c-Met, it is logical that these proteins would enhance invasion of this cell type. And because the available data implicate placental infection as being a bottleneck event, marginal increases in host cell invasion may lead to large increases in observed vertical transmission. A secreted internalin, internalin P, has also been identified as promoting invasion of the placenta [74]. Internalin P interacts with the host protein afadin to disrupt cell–cell junctions and promote transcytosis of bacteria [75].



Epidemiological evidence has long indicated that certain groups of L. monocytogenes strains are associated with pregnancy infections. Specifically, strains grouped into serotype IVb are overrepresented in pregnancy-associated infections [52,76,77]. An analysis of L. monocytogenes clinical isolates from France used whole-genome sequencing to categorize strain groups more accurately [78]. Maury and coauthors identified several clades within the IVb serotype associated with vertical transmission, including clonal complexes 4 and 6. They also identified a PTS sugar transport system that may enhance pregnancy infection. Another study demonstrated that increased expression of InlB in clonal complex 4 strains is responsible for increased vertical transmission in a mouse model [73]. Despite the strong evidence that some strains of L. monocytogenes are hypertransmissible, the molecular mechanisms which underlie these differences are only beginning to be elucidated.




4.4. Immunity to L. monocytogenes


The ability to readily culture and genetically manipulate L. monocytogenes as well as the availability of immune competent animal infection models means that more is known regarding the host response to L. monocytogenes pregnancy infections than for T. pallidum, and perhaps for any other vertically transmitted microorganism. A brief illustrative synopsis of what is currently known for L. monocytogenes pregnancy infections resulting from animal infection models follows. In non-pregnant hosts, the adaptive immune response is necessary for the clearance of L. monocytogenes infection. Both CD4+ and CD8+ T cells are part of the antilisterial response. However, because L. monocytogenes is an intracellular pathogen, CD8+ T cells appear to be the more important subset [79]. The critical CD8+ T cell effector functions appear to be direct killing of infected cells and the production of IFN-γ [80].



A study in several mouse strains found no difference in CD8+ T cell responses between pregnant and non-pregnant animals. In both groups, the responses included anti-Listeria CD8+ T cells that produce IFN-γ. In fact, the pregnant animals exhibited more rapid clearance of the infection [81]. However, there is evidence that pregnancy can alter the systemic immune response to L. monocytogenes. Pregnancy reduces the protection provided by prior L. monocytogenes infection. Despite this loss of protection, there was no change in the number or function of anti-L. monocytogenes CD8+ T cells [82]. Interestingly, when mice were mated with syngeneic mice, i.e., mice from the same inbred strain, there was no defect in immune protection during pregnancy [82]. A recently published study found that pregnancy also altered the glycosylation of anti-L. monocytogenes antibodies so as to better protect neonatal mice against L. monocytogenes infection [83].



Bacterial entry into the placenta also activates innate defense mechanisms within the placenta. A recent study identified decidual NK (dNK) cells as part of the immunity against L. monocytogenes infection [84]. The cells transfer the antimicrobial peptide granulysin to infected trophoblasts without inducing the standard granzyme-B-mediated cytotoxicity. This is because the dNKs did not degranulate or form an immune synapse but instead transferred the granulysin via cytoplasmic bridges. Mice do not produce granulysin, which limits the study of this phenomenon in many vivo models of vertical transmission. However, expression of granulysin transgenically reduced the rate of pregnancy loss in infected mice.



In vitro evidence indicates that infection with L. monocytogenes causes trophoblasts to produce proinflammatory cytokines such as TNF-α and IL-6 in addition to chemokines CXCL8, CCL3, and CCL4 [85]. Extracellular vesicles from infected trophoblasts also communicate the presence of bacteria and can induce TNF-α production in naïve cells [86]. Interestingly, trophoblasts continue to produce IL-27, IL-10, and IL-1RA, immunosuppressive cytokines important for fetal tolerance, even after L. monocytogenes infection [85]. Hofbauer cells, placental resident macrophages, can be infected by and potentially even spread L. monocytogenes [87]. They respond to infection by transitioning from an M2 to M1 phenotype, producing high levels of inflammatory cytokines including inflammasome dependent IL-1β and IL-18. They also produce numerous chemokines including CXCL8, CXCL10, CCL3, and CCL4. Similar to trophoblasts cells, Hofbauer cells maintain or increase the production of signaling molecules associated with T cell tolerance even during infection with L. monocytogenes. Further, they are not observed to produce CD80, an important costimulatory molecule for antigen presentation to T cells.



The observation that the trophoblasts and Hofbauer cells continue to produce protolerance cytokines during L. monocytogenes infection emphasizes the need to maintain fetal tolerance even during microbial infection. Pregnant mice with allogeneic fetuses have increased numbers of immunosuppressive FoxP3+ Treg cells [88]. These increased Tregs cause increased bacterial burdens in the maternal liver and spleen. The increased infection susceptibility appears to be driven by Treg production of IL-10, which is required for maintenance of pregnancy. However, tolerance can be disrupted by L. monocytogenes infection. The infection of pregnant mice produces dose-dependent fetal loss [89]. While some resorbed fetoplacental units are directly infected with L. monocytogenes, others are lost due to autoimmune inflammation. During infection, neutrophils and macrophages are recruited to the placenta via placental chemokine production [90]. These cells then secrete CXCL9, which recruits fetal specific CD8+ T cells. This anti-fetal T cell response leads to severe inflammation and fetal loss. As part of this process, L. monocytogenes infection reduces the ability of maternal Tregs to suppress T cell responses and causes upregulation of CXCR3, the receptor for CXCL9, on CD8+ Tregs [88,90].



Thus, the study of placental immunity to L. monocytogenes provides insight into the central tension of fetal tolerance vs. pathogen resistance (Figure 1). Native placental cell types produce proinflammatory cytokines in response to bacterial infections and continue to produce tolerogenic factors which normally prevent T cell activation. However, L. monocytogenes can avoid innate immunity and thus T cell immunity is necessary for clearance. As a result, the bacteria can rapidly grow to high numbers within an infected placenta. This infection then leads to an influx of neutrophils and monocytes from the blood, which promote T cell activation. However, the generation of anti-Listeria T cells also produces anti-fetal CD8+ T cells. Once fetal tolerance has been fractured, the cycle of inflammation escalates and eventually results in pregnancy loss.





5. Preventative Measures against Fetal Infection for T. pallidum and L. monocytogenes and a Comparison of Managing Infections


Currently, there are no vaccines for the prevention of either T. pallidum or L. monocytogenes infection, and antimicrobial treatment remains the best option for treating active infections. For T. pallidum infections, the past decade has seen increased rates of congenital syphilis with the highest incidence in low- and middle-income countries [91]. Eliminating the vertical transmission of syphilis requires a global commitment, and a reduction in congenital infections requires repeat testing in high-risk pregnancies, partner screening, point-of-care testing, and a concerted effort in tackling health inequalities affecting marginalized populations [92]. The standard treatment for congenital syphilis is 10 days of intravenous benzylpenicillin (every 12 h during the first 7 days of life, and every 8 h thereafter for a total of 10 days) [92]. Untreated syphilis during pregnancy, especially during the early stages of infection, has an estimated 60% risk of negative birth outcomes [93]. For L. monocytogenes infections during pregnancy, detection is challenging as often the mother has unremarkable febrile symptoms or even no symptoms, and early diagnosis is difficult [94]. Pregnant women suspected of harboring a L. monocytogenes infection should be treated with antimicrobials, with intravenous amoxicillin or ampicillin being the drugs of first choice given their ability to penetrate the placental barrier [95]. While infections caused by L. monocytogenes occur via contaminated food products, it is difficult if not impossible to completely prevent infection; however, high-risk foods such as deli meats, unpasteurized dairy products, and foods with extended shelf lives should be avoided [96]. Overall, a greater understanding of how T. pallidum and L. monocytogenes penetrate the placental barrier and establish infection is needed to provide additional strategies for treating and preventing such infections.




6. Conclusions


Comparing the pathogenesis of these two bacteria can provide some insight into the process of transplacental transmission (Figure 2). Even for these vertically transmitted pathogens, the placental tissue itself forms a formidable barrier to infection. For both pathogens, not all infections during pregnancy result in transmission, and experimental evidence indicates that L. monocytogenes infection in the placenta begins with an extremely small number of organisms. This fact suggests why so few bacterial species cause pregnancy-associated infections. Both L. monocytogenes and T. pallidum commonly spread to secondary target organs within the host as a part of their life cycle. As a result, they have each evolved multiple mechanisms that enable them to not just cause infection, but to disseminate within the host and actively invade uncolonized tissues. Only with the aid of those mechanisms can the bacteria cross the placental barrier and take advantage of the fetal niche. This lifestyle stands in contrast to other common bacterial pathogens. For example, Staphylococcus aureus commonly causes localized tissue infection. While it can disseminate, it typically does so in the late stages of a severe infection.



It is also notable that host control of both T. pallidum and L. monocytogenes requires the functioning of adaptive immunity. The role of CD8+ T cells in the clearance of L. monocytogenes has been well defined, and T. pallidum typically causes a chronic infection resistant to immune clearance. The experimental data indicate that the placental immune response suppresses the development of T cell immunity to prevent the development of fetal rejection. Thus, bacteria capable of evading innate immunity and for which bacterial dissemination is a key facet of disease, such as for T. pallidum and L. monocytogenes, will be able to persist in the placenta and cause fetal infection. T cell activation sufficient to kill the pathogen appears to inevitably lead to anti-fetal T cells, spiraling inflammation, and pregnancy loss. This observation also provides a potential clue as to why many more viruses can be vertically transmitted than bacteria. Since adaptive immunity, and CD8+ T cells in particular, are critical for clearing viruses, they would be capable of taking advantage of the placental niche which actively suppresses such responses.



Vertically transmitted infections remain a serious public health problem, and our knowledge of their pathogenesis remains limited. However, new advances in our understanding of transplacentally transmitted bacteria promise to help elucidate how complex tissue architecture, a unique immune environment, and microbial virulence combine to produce adverse clinical outcomes.
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Figure 1. Placental inflammation leads to loss of fetal tolerance. During normal development, placental Hofbauer cells, trophoblasts, and Tregs prevent the development of anti-fetal immunity. These cells maintain the production of tolerogenic factors even during infection with L. monocytogenes. However, a sufficiently severe infection eventually leads to increased proinflammatory cytokines, transition of Hofbauer cells towards an M1 phenotype, and an influx of innate immune cells. These processes culminate in loss of Treg function and the development of anti-fetal CD8+ T cells. Figure created using BioRender. 
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Figure 2. Common features of vertically transmitted pathogens. Despite the many apparent differences between Listeria monocytogenes and Treponema pallidum, a careful comparison of the organisms reveals some common features which contribute to their ability to invade and cross the placenta. Figure created using BioRender. 
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