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The female reproductive tract harbors a unique microbiome, especially the vagina. The human vaginal microbiome exhibits a low diversity and is dominated by Lactobacillus species, compared to the microbiome of other organs. The host and vaginal microbiome mutually coexist in the vaginal microenvironment. Host cells provide Lactobacillus glycogen as an energy source, and Lactobacillus produce lactic acid, which lowers vaginal pH thereby preventing growth of other bacteria. Bacterial vaginosis can modulate host immune systems, and is frequently associated with various aspects of disease, including sexually transmitted infection, gynecologic cancer, and poor pregnancy outcomes. Because of this, numerous studies focused on the impact of the vaginal microbiome on women`s health and disease. Furthermore, numerous epidemiologic studies also have demonstrated various host factors regulate the vaginal microbiome. The female reproductive tract undergoes constant fluctuations due to hormonal cycle, pregnancy, and other extrinsic factors. Depending on these fluctuations, the vaginal microbiome composition can shift temporally and dynamically. In this review, we highlight the current knowledge of how host factors modulate vaginal microbiome composition and how the vaginal microbiome contributes to maintaining homeostasis or inducing pathogenesis. A better understanding of relationship between host and vaginal microbiome could identify novel targets for diagnosis, prognosis, or treatment of microbiome-related diseases.
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Introduction

The presence of vaginal microbiota was first observed in 1892, when German obstetrician/gynecologist Albert Döderlein identified a gram-positive, non-spore forming rod in the vaginal fluid (1). This bacterium was called Döderlein`s bacillus at the time of its discovery, but it was later renamed Lactobacillus due to its ability to produce lactic acid. Döderlein also discovered Döderlein`s bacillus had an antagonistic action on Staphylococcus growth and the absence of Döderlein`s bacillus in vaginal fluid was associated with puerperal fever (2, 3). These fundamental findings formed the basis of our current knowledge that Lactobacillus is the most prevalent bacteria in vagina and is central for women`s health. With the introduction and rapid advancement of high throughput sequencing methodologies, it is now widely accepted that the vaginal microbiome is more diverse and highly dynamic than previously assumed (4–6). Furthermore, numerous observational studies have highlighted that a non-Lactobacillus dominant vaginal microbiome is correlated with various diseases, including sexually transmitted infections (STIs), gynecologic cancer, infertility, and preterm birth (7–12). However, most of these correlational results were not supported by experimental study using animal models due to the uniqueness of human vaginal microbiome. This lack of experimental evidence makes it difficult to develop new diagnostic and therapeutic tools. Thus, there is an urgent need to understand mechanisms underlying the association between vaginal microbiome and its related diseases. In this review, we discuss current understanding and gaps in knowledge regarding the vaginal microbiome, focusing on host factors that change vaginal microbiome composition and how vaginal microbiome affects host reproductive homeostasis and disease.



Vaginal Microbial Community

A thorough characterization of the optimal/healthy bacterial community is a fundamental issue in vaginal microbiome research. It was initially thought the vaginal microbiome simply consisted of Lactobacillus. Following the introduction of high throughput sequencing methods, it is now well established that the vaginal microbiome is more diverse than previously thought (4, 5, 13). Critically, the vaginal microbiome composition dynamically changes in response to various intrinsic and extrinsic factors (5, 6). Many scientists have tried to define optimal vaginal microbial composition despite tremendous difficulty due to the dynamic nature of the vaginal microbiome. In 2011, Ravel et al. profiled the microbial composition of healthy 396 north American women in reproductive age (4). In this cohort, five major bacterial communities were identified. Four of Community-State Types (CSTs) were dominated by Lactobacillus species (CST-I; L. crispatus, CST-II; L. gasseri, CST-III; L. iners, CST-V; L. jensenii), whereas CST-IV was characterized by a high diversity and high proportions of anaerobes, including Prevotella, Dialister, Atopobium, Gardnerella, Megasphaera, Peptoniphilus, Eneahtia, Eggerthella, Aerococcus, Finegoldia, and Mobiluncus. Gajer et al. further divided CST-IV into CST-IVA and CST-IVB according to abundance of Lactobacillus and other anaerobes (CST-IVA; moderate Lactobacillus abundance, CST-IVB; high abundance of Atopobium, Prevotella, Parvimonas, Sneathia, Gardnerella, Mobiluncus, and Peptoniphilus) (5). This CST nomenclature is still widely used. In the cohort from Ravel`s report, the vaginal microbiome of 75% of women are dominated by Lactobacillus species (4). In other words, the vaginal microbiome of the remaining 25% of women was classified as CST-IV, despite being healthy. This finding is remarkable because it indicates that diverse vaginal microbiome is not always associated with the disease status.



Host Factors Determining Vaginal Microbial Community

The vaginal microbiome composition varies across hosts depending on predisposing factors and physiologic status. In addition, vaginal microbiome can be altered by lifestyle factors, including diet, sexual activity, hygienic practice, antibiotics use, contraceptives, smoking, stress, and obesity (Figure 1) (14–18). Next, we will discuss several key factors that may impact the vaginal microbial community.




Figure 1 | Various intrinsic and extrinsic factors that affect vaginal microbial community. The composition of the vaginal microbiome differs across host predisposing factors, such as race, ethnicity, and genetic variation. Lifestyle factors including diet, sexual behavior, hygienic practice, contraceptives, smoking, stress, and obesity also affect vaginal microbiome composition. Particularly, Lactobacillus abundance changes by level of glycogen, which deposits in epithelial cells upon estrogen stimulation. Prepubertal girls and postmenopausal women have relatively low abundance of lactobacillus species.




Race, Ethnicity, and Genetic Factors

A large body of evidence has demonstrated the composition of vaginal microbiome differs across races and ethnicities. In addition to reporting on classifying CSTs in the vaginal microbiome, Ravel et al. also reported that black and Hispanic women were more likely to have CST-IV than white and Asian women (4). These results were further supported by the Human Microbiome Project (HMP) (19). In this study, European ancestry women were more likely to have a Lactobacillus dominant community, whereas African ancestry women tended to harbor a diverse microbial community, which was characterized by a high prevalence of Gardnerella vaginalis and bacterial vaginosis associated bacteria (BVAB). Differences across ethnicity were observed even at the Lactobacillus species level. Lactobacillus iners is the most common species in African ancestry women and Lactobacillus crispatus is the most common species in the vagina microbiome of European ancestry women (4, 13, 19). These differences across races and ethnicities suggest host genetic factors regulate the composition of the vaginal microbiome. Indeed, several studies have suggested there is a relationship between host genetic factor and microbial composition. An analysis of the vaginal microbiome in Korean monozygotic (MZ) twins, dizygotic (DZ) twins, and their families revealed the vaginal microbiomes of MZ twin pairs were more similar than DZ twins and cohabiting families. Subsequent analysis revealed Prevotella sp. was the most heritable taxa, and variations in the IL-5 gene were associated with Prevotella sp. heritability (17). In similar study with American MZ and DZ twin women, Lactobacillus crispatus was heritable among European ancestry, but not African ancestry (17). Another study reported an association between genetic factors and vaginal microbiome composition in Kenyan women (20). The authors proposed that genetic variations associated with innate immune system and cell signaling could shape the vaginal microbiome composition. We can gain insight into the host genetic factors that affect the vaginal microbiome composition from these studies. However, the specific genetic variations and the mechanisms by which they may determine the vaginal microbiome composition remain unclear.



Hormonal Changes and Pregnancy

There are several hypotheses to explain why the human vaginal microbiome is unique and dominated by Lactobacillus. Some of these hypotheses are mechanistic-based, whereas others focus on evolution (21). Though the existing hypotheses cannot clearly explain the unique nature of the human vaginal microbiome, it is widely accepted that estrogen and glycogen deposition in the vaginal epithelium are key factors. The vaginal mucosa of reproductive women is covered by a stratified multilayered squamous epithelium (22). Vaginal epithelial cells deposit intracellular glycogen following estrogen stimulation. Furthermore, humans have a relatively higher concentration of glycogen in vagina than other mammals (21). Although Lactobacillus cannot directly metabolize glycogen, α- amylase in the human genital tract can cleave glycogen into smaller carbohydrates, such as maltose, maltotriose, maltopentaose and maltodextrins, which Lactobacillus use as an energy source (23). During metabolic processes, Lactobacillus produces lactic acid and creates an acidic vaginal microenvironment (pH < 4.5) (24, 25). Consequently, other bacterial growth is suppressed (26). Because estrogen is essential for inducing Lactobacillus dominancy, many researchers have investigated the effects of hormonal changes on the vaginal microbiome from various perspectives.

The vaginal microbiome composition fluctuates in response to hormonal changes throughout women`s life. Because maternal estrogen passes through the placenta into the blood stream of the fetus, reproductive organs of the newborns are affected by maternal estrogen during the early days after birth (27). During this short period, the newborn vaginal epithelium reflects the glycogen content of an adult (28). After the maternal estrogen effects disappear, the concentration of vaginal glycogen becomes low until puberty. Therefore, it is likely the vaginal microbiome of prepubertal girls are not dominated by Lactobacillus species. In fact, an early cultivation method study demonstrated that vaginal microbiota of prepubertal girls mainly consisted of Staphylococcus epididermis, Enterococci, Escherichia coli (aerobic microbe), Peptococcus, and Peptostreptococcus (anaerobic microbe) (29). A recent 16s rRNA sequencing study revealed the vaginal microbiome of healthy prepubertal girls was dominated by Prevotella, Porphyromonas, and Ezakiella (30). Similar to prepubertal period, vaginal glycogen levels in menopausal women are lower than in premenopausal women (31). In line with this, the vaginal microbiome of postmenopausal women is also characterized by a low abundance of Lactobacillus species and high diversity (32). In a study of 87 American women, menopausal status and CST were closely associated, and postmenopausal women were more likely classified as CST-IVA (33). Critically, Lactobacillus loss following menopause could be restored by hormonal replacement therapy, demonstrating the importance of estrogen in regulating vaginal microbiome composition (18).

Even in reproductive aged women, the vaginal microbiome is affected by various physiologic changes, such as menstrual cycle and pregnancy. Several longitudinal studies demonstrated temporal dynamics during menstrual cycle. In a notable study, Gajer et al. analyzed vaginal swab samples from 32 reproductive aged women obtained twice weekly for 16 weeks (5). Despite individual differences, the vaginal microbiome composition rapidly changed throughout hormonal cycle in some participants. This vaginal microbiome instability was most notable during menses. Another longitudinal study using polymerase chain reaction reported similar results, that the vaginal microbiome was highly dynamic during menstrual cycle. In this study, Gardnerella vaginalis distinctively increased during menses. The authors hypothesized that iron enrichment following erythrocyte lysis is associated with increased Gardnerella vaginalis abundance (6).

Contrary to dynamic change observed throughout the menstrual cycle, the vaginal microbiome is relatively stable during pregnancy. Romero et al. longitudinally evaluated vaginal samples from non-pregnant women and pregnant women who delivered at term without complication. The authors demonstrated bacterial communities of pregnant women had a greater Lactobacillus abundance and were more stable compared to non-pregnant women. Although there were some microbial community transitions in pregnant women, microbial community of pregnant women often convert from a Lactobacillus dominated CST to another Lactobacillus dominated CST, not to the high diversity CST-IV (34). HMP data also revealed the vaginal microbiome was stable and dominated by Lactobacillus during pregnancy (35). Interestingly, microbiome stability and Lactobacillus abundance of pregnant African ancestry women were prominent during second and third trimesters, which are characterized by high estrogen levels. This finding also suggests a positive correlation between estrogen and Lactobacillus abundance.

Because the balance of estrogen and progesterone is important for maintaining female reproductive homeostasis, the effects of progesterone on the vaginal microbiome have been reported. One study of Kenyan women demonstrated depot-medroxyprogesterone acetate (DMPA) injection reduced total bacterial load and Gardnerella vaginalis abundance (36). Moreover, in reproductive aged women, DMPA and localized progesterone contraceptive also reduced Lactobacillus abundance (37, 38). Progesterone inhibits vaginal epithelium proliferation (39). Thus, lack of epithelial-derived glycogen in a progesterone-enriched environment may reduce lactobacillus and other bacterial abundance (40). Contrary to these findings, vaginal progesterone did not alter the vaginal microbiome or Lactobacillus abundance in pregnant women (41). Due to increased levels of endogenous estrogen and progesterone during pregnancy, the contributions of exogenous progesterone may be obscured in pregnant women. Taken together, several studies have reported progesterone reduces the vaginal microbial burden yet, how endogenous and exogenous progesterone affect vaginal microbiome remains unclear.



Crosstalk Between the Gut Microbiome and Diet

As described above, estrogen and glycogen are important for Lactobacillus dominancy. One researcher hypothesized that a high starch diet increases vaginal glycogen (21). Though contrary hypotheses have been proposed. For example, another researcher hypothesized a high fat diet is associated with Lactobacillus dominancy because a high fat diet increased serum estradiol (42). Neither hypothesis is widely accepted due to the lack of experimental evidence. Nonetheless, dietary intake seems to be an important factor in composing microbial communities. The gut microbiome composition is strongly correlated with various nutrients from diet, such as protein, fat, sugar, starch, and fiber (43–46). Such gut microbiome alterations due to specific diets has an enormous impact on human health and disease pathogenesis (47). Although the underlying mechanism is not clearly defined, the vaginal and gut microbiomes seem to be closely related. For instance, several studies suggested the gastro-intestinal tract may serve as a bacterial reservoir or origin for the vaginal microbiome (48, 49). Furthermore, the risk of BV (Bacterial vaginosis) is correlated with Lactobacillus or BVAB colonization in gut (49, 50). Because of this crosstalk between the gut and vaginal microbiomes, researchers have tried to demonstrate the direct and indirect influence specific dietary nutrients may have on the vaginal microbiome.

An early study reported a correlation between dietary nutrients and BV risk based on Nugent score (51). The authors demonstrated high fat intake was associated with severe BV. Another report revealed high glycemic load was correlated with BV risk based on Nugent score (52). More recently, 16s rRNA sequencing has been used to assess the effect of specific nutrients on the vaginal microbiome (37). In this study, no single nutrient (including sugar, fiber, fat, and glucose) affected the vaginal microbiome. However, vegetarian participants had a vaginal microbiome characterized by higher alpha diversity compared to non-vegetarian participants. Taken together, these results suggest it is possible that nutrients regulate energy metabolism, which may influence vaginal microbiome (37), although it is unclear which specific nutrient is involved. Because most of these studies evaluated nutrient intake through participant`s self-assessment, cautious interpretation is necessary. Thus, a new experimental model that precisely controls specific nutrients is urgently needed to address the connection between ingested nutrients and the vaginal microbiome.

There are reports that micronutrients also affect the vaginal microbiome. Although initial reports revealed an association between many micronutrients, such as calcium, folate, β-carotene, and vitamins, with vaginal microbiome composition or BV risk (51, 53), subsequent studies did not support these results (54). Among these micronutrients, many researchers still focus on vitamin D. An early observational study reported serum level of 25-hydroxy-vitamin D [25(OH)D] was negatively corelated with BV during the first trimester (55). The association between vitamin D deficiency and BV during pregnancy was confirmed in multiple reports (56, 57). Recently, Jefferson et al. analyzed vaginal 16S rRNA profiles and serum 25(OH)D levels of pregnant women (58). The authors found a positive correlation between Lactobacillus crispatus and serum 25(OH)D among European ancestry. Conversely, among African ancestry, participant with lower serum 25(OH)D were more likely to have higher Megasphaera. However, correlation between vitamin D and the vaginal microbiome is controversial in non-pregnancy women (59, 60).



Other Life Style Factors

Various lifestyle factors can affect vaginal microbiome composition. Cigarette smoking has been strongly associated with BV prevalence, even after adjusting other factors (19, 61). In a pilot study analyzing vaginal microbiome in smokers and non-smokers, women with CST-IV were 25-fold more likely to be smokers than women with CST-I (15). The authors further evaluated this result by performing a follow-up study investigating metabolomic profiling (62). They suggested vaginal biogenic amines, including agmatine, cadaverine, putrescine, tryptamine, and tyramine, may contribute to vaginal microbiome modulation. Further experimental evidence is needed to support this hypothesis. Several epidemiologic studies have shown that BV incidences increase as psychological stress increases (63, 64). In an early study investigating hormonal effects on glycogen deposition in the vaginal epithelium, Wrenn et al. reported the stress hormone cortisol inhibited glycogen deposition when administered with estrogen (65). Although this result was derived from rodent model with a higher cortisol concentration than is observed physiologically, this study suggests stress hormones may play an important role in vaginal glycogen deposition. Further studies are needed to evaluate the effects of stress-induced cortisol levels on human vaginal microbiomes.

Further, sexual behavior may directly impact colonization of the vaginal microbiome. Numerous epidemiologic studies have demonstrated that certain sexual behaviors were associated with BV. In a longitudinal cohort study of 773 sexually active women, BV acquisition was associated with the frequency of vaginal intercourse and the number of sexual partners (61). Moreover, condom use was protective against BV (66), suggesting that sexual activity may directly alter the vaginal microbiome composition.

Vaginal hygienic practices also impact the vaginal microbiome composition. Specifically, washing practices are associated with BV acquisition and reduced Lactobacillus abundance (67, 68). In one study investigating the effect of vaginal hygiene products on vaginal microbiome found Lactobacillus growth was not inhibited when using vinegar and iodine based products (69). Instead of directly inhibiting bacterial growth, these products induced epithelial cell death and proinflammatory response in vitro, marked by increased interleukin (IL)-6 and IL-1β. More investigations are needed to determine whether hygienic practices directly change the vaginal microbiome composition or indirectly change the vaginal microenvironment.




Influence of the Vaginal Microbiome on Host Health and Disease


Host Immune System and Modulation by the Vaginal Microbiome

Like other mucosal tissues, the female reproductive tract (FRT) is a major portal for various pathogens. Both host and microbiota play critical roles in the protection against foreign pathogens (Figure 2A). The lower FRT, which consists of the ectocervix and vagina, is covered by multilayered stratified squamous epithelium on top of the lamina propria. The outermost superficial layer contains dead flattened cells, called cornified cells (70). Cornified cells are loosely attached to the epithelium and are consequently exfoliated. These exfoliated cells may act as a decoy for pathogens (22). A multilayered squamous epithelium is converted into simple columnar epithelium in the transformation zone, which under constant hormonal regulation. Above the transformation zone, the endocervical epithelium can act as a glandular tissue. Particularly, cervical epithelial cells within a crypt produce mucus, though human vaginal epithelial cells do not produce mucus unlike rodents (71). However, the human vaginal epithelium is covered with mucus produced by the cervical epithelium. The mixture of mucus and cornified cells acts as a primary physical barrier to protect the host from pathogens. Furthermore, mucus can serve as a chemical barrier. Vaginal epithelial cells and various immune cells produce antimicrobial peptides (AMPs), including secretory leukocyte protease inhibitors (SLPIs), elafin, calprotectin, lysozyme and defensins (72). It was reported that SLPIs inhibited HIV (Human immunodeficiency virus) infection of monocytes in vitro (73). In addition, women diagnosed with STIs, including HIV, Neisseria gonorrhoeae, Trichomonas vaginalis, Chlamydia trachomatis, and Candida, had lower SLPIs levels in their vaginal fluid (74, 75), demonstrating that SLPIs play an important role in STIs protection. Calprotectin and lysozymes, which are mainly produced by myeloid cells such as neutrophils, have direct antimicrobial activities. Calprotectin inhibits bacterial growth by iron chelating (76), and lysozymes degrade bacterial cell walls (77). Meanwhile, defensins have direct antimicrobial activity and inhibit bacterial toxins (78). Because mucus is more than 90% water, it can contain and deliver the above-mentioned water-soluble immune mediators (79). Another component of mucus is immunoglobulin (Ig). IgA is generally the most abundant antibody isotype in mucosal fluids such as saliva, tears, milk, and gastrointestinal fluid (80). However, cervico-vaginal mucus contains more IgG than IgA at different stages of the hormonal cycle (80, 81). In a mouse model, luminal IgG is produced by migrant memory B cells in the vagina rather than circulation (82). Although the role of vaginal IgG has not been fully elucidated, it was reported that IgG traps virus and protects host from viral infection (83).




Figure 2 | Host immune system and microbiome. (A) Lactobacillus crispatus produce both L- and D-lactic acid to protect the host against pathogens. Lactobacillus crispatus also can produce hydrogen peroxide (H2O2) in vitro, however it’s antimicrobial role in vivo is controversial. Innate immune cells and epithelial cells produce antimicrobial peptides (AMPs), such as secretory leukocyte protease inhibitors (SLPIs), elafin, calprotectin, lysozyme and defensins. Immunoglobulin (Ig)G and IgA from memory B cells also contribute to protection. Lactobacillus iners produce only L-lactic acid, and inerolysin from Lactobacillus iners can damage host epithelial cells. (B) Bacterial vaginosis (BV) is associated with various gynecologic and obstetric diseases. In BV, the vaginal microbiome is dominated by diverse anaerobe bacteria, including Gardnerella and Prevotella. These bacteria form biofilm, which confers resistance to antibiotics, lactic acid, and H2O2. BV-associated bacteria also produce sialidase and vaginolysin. Sialidase cleaves mucin, and vaginolysin damages host epithelial cells. BV induces proinflammatory response. IL-33 produced by epithelial cells directly inhibits effector CD4 and CD8 T cells during herpes simplex virus (HSV)-2 infection. Meanwhile, BV increases predisposing CD4 T cells and increases risk of human immunodeficiency virus (HIV) acquisition.



Lactobacillus, a representative species of optimal vaginal microbiome, contribute to the hosts immunity. As mentioned previously, Lactobacillus produces lactic acid, and lowers vaginal pH (24, 25). The acidic microenvironment prevents growth of pathogenic bacteria, including Chlamydia trachomatis, Neisseria gonorrhoeae, and Escherichia coli (84–86). Additionally, lactic acid has been reported to offer protection against viral infection. Lactic acid abolished the surface charge of HIV (87). Consequently, HIV diffused slowly and got trapped in acidic mucus. Not only does lactic acid act as an acid, but it also exhibits direct antimicrobial properties. One study used a fluorescence assay to evaluate the effect of lactic acid on the outer membrane permeability of gram-negative bacteria, which revealed lactic acid had more permeabilization potency than hydrogen chloride at same pH (88). Another traditional role of Lactobacillus is the production of hydrogen peroxide (H2O2). Many early studies reported that the presence of H2O2-producing Lactobacillus species was associated with decreased risk of gynecologic and obstetric diseases (89, 90). Although H2O2 inhibited the growth of pathogenic strains, such as Escherichia coli, Prevotella, and Gardnerella, in vitro (91), the role of H2O2 in vivo is still under debate (92). For example, Lactobacillus needs oxygen to produce H2O2 even though Lactobacillus can grow in anaerobic conditions. However, human vaginal microenvironment is physiologically hypoxic (93). Critically, measured in vivo H2O2 levels are lower than the potential bacteriocidic level (26, 94). Moreover, H2O2 derived from Lactobacillus is inactivated by cervico-vaginal fluid, which is physiologic content in FRT, and semen (94). Due to these results, the antimicrobial role of H2O2 in vivo remains controversial.

Lactobacillus iners has several special properties compared to other Lactobacillus species. Lactic acid exists as L- and D- isomers in the vagina and it was reported D-lactic acid has more protective potency against uropathogens (95). However, Lactobacillus iners can produce only L-lactic acid, whereas Lactobacillus crispatus and Lactobacillus gasseri produce both D- and L- isoforms (96). Meanwhile, Lactobacillus iners can produce inerolysin, a member of the cholesterol-dependent cytolysin family (97).. This cytolysin can lyse eukaryotic cells, including host epithelial cells. It has been proposed that Lactobacillus iners lyse cells to acquire nutrients (98). Particularly, inerolysin gene expression is upregulated in dysbiosis (99). In line with this, Lactobacillus iners is more correlated with BV than other Lactobacillus species. Multiple observational studies demonstrated Lactobacillus iners can coexist in CST-IV with other BV-related bacteria, unlike other Lactobacillus species (4, 13). Furthermore, microbial communities dominated by Lactobacillus iners are unstable and prone to transition to CST-IV (5). In accordance with these unique features, Lactobacillus iners is considered as an intermediate risk bacterium.

BV is the disequilibrium status of vaginal microbiome, which is characterized by low abundance of optimal Lactobacillus species and increased non-optimal anaerobic species, including Gardnerella, Prevotella, Atopobium, and other BVAB (72). In the condition of BV, the host immune system is altered by various mechanisms (Figure 2B). A recent study using three-dimensional culture of human cervical epithelium demonstrated host immune responses are modulated by the microbiome (100). In this study, BVAB colonization in cervical epithelial cells induced proinflammatory response, as measured by increased expressions of IL-6, IL-8, interferon gamma induced protein (IP)-10, monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1β, MIP-3α, and IL-1β. MUC1 (gene encoding mucin) expression was decreased in Gardnerella vaginalis colonization. These findings are supported by previous epidemiological reports that revealed proinflammatory cytokines and chemokines levels are low in vaginal fluid of women with a Lactobacillus dominant microbiome (101, 102). In addition to immune modulation, BV can disrupt protective immune barriers. For example, mucin is a major structure for maintaining the viscosity of cervico-vaginal mucus. Mucin is a large glycoprotein composed of a long protein backbone with O-linked glycan terminated by a sugar unit, such as sialic acid (103). Several species of Gardnerella and Prevotella, which are representative bacteria of BV, produce the mucin degrading enzyme sialidase (104, 105). Bacterial sialidase cleaves terminal sialic acid, and some bacteria use the resulting carbon skeleton as an energy source (106). Thus, abnormal watery discharge in BV could be linked to mucin degradation (107). In synergic effect with mucin degradation, Gardnerella vaginalis may directly damage epithelial cells. Gardnerella vaginalis produces vaginolysin, a member of cytolysin family, and vaginolysin lyse epithelial cells in a CD59 molecule-dependent manner (108). Also, a recent study demonstrated Gardnerella induces human vaginal epithelial cell apoptosis (109). Another influence of BV is biofilm formation. Biofilm is a community of bacteria encapsulated in self-produced extracellular matrix that adheres to epithelium (110). Specifically, Gardnerella vaginalis is one of the predominant bacteria in BV-associated biofilm (111). The virulent property of biofilm is derived from its resistance to immune defense systems. In fact, Gardnerella vaginalis in biofilm is resistant to lactic acid and H2O2 produced by Lactobacillus (112). Moreover, biofilm reduces the efficacy of antibiotics, such as metronidazole (113). BV exhibits a high recurrence rate after antibiotic treatment (114). Thus, biofilm may contribute to BV recurrence.



The Vaginal Microbiome and Sexually Transmitted Infections

The human vagina is a portal of entry for a myriad of foreign pathogens. Particularly, the FRT are exposed to pathogens during sexual activity. Both bacteria (Chlamydia, Mycoplasma, Trichomonas, and Neisseria gonorrhoea etc.) and viruses (Herpes simplex virus; HSV, HIV, Human papilloma virus; HPV etc.) can be transmitted during sexual intercourse, and these infectious diseases are referred as STIs. Numerous epidemiological studies reported that BV and vaginal microbiome dysbiosis were corelated with STI risk (7, 8, 115, 116). However, there are no studies that demonstrate an underlying mechanism to clearly explain the relationship between BV and STI risk. In the absence of knowledge regarding an underlying mechanism, several studies have provided us with insights from which we can propose potential mechanistic explanations. As mentioned, BV-associated microbiome modulates host immune response (100–102). In our previous publication, we demonstrated that antibiotic-induced dysbiosis impairs antiviral response in a mouse HSV-2 model (117). In our report, vaginal microbiome dysbiosis markedly increased vaginal IL-33 secretion. IL-33 directly inhibited recruitment of effector CD4 and CD8 T cell and local interferon (IFN)-γ production during HSV infection. IL-33 is an alarmin released from the epithelium in response to tissue injury (118). Given some BV-related bacteria cause epithelial damage, IL-33 could be a potential candidate to explain the relationship between BV and viral infection. There was also a study suggested mechanistic explanation in HIV acquisition. Gosmann et al. prospectively followed 236 HIV-uninfected African women (119) and found women with a diverse microbial community are at 4-fold higher risk of HIV infection. Moreover, they also demonstrated participants with a diverse microbial community have more CD4 T cells, the primary target cell for HIV (120), in the vagina compared to participants with Lactobacillus dominated community. The author confirmed these findings in a mouse model and suggested that non-optimal vaginal microbiome increased HIV risk by inducing HIV target cell recruitment.

As with other STIs, the relationship between HPV and vaginal microbiota is complex. HPV infection is the most common viral infection in the FRT (121). Although more than 90% of HPV infection are spontaneously resolved (122), HPV infection (especially high-risk HPV 16, 18) can cause cervical intraepithelial neoplasia (CIN) that consequently develops into cervical cancer (123). Emerging evidence has begun to highlight the association between vaginal microbial community and HPV status. In a large meta-analysis study, vaginal microbiota dominated by non- Lactobacillus species or Lactobacillus iners were associated with HPV infection compared to Lactobacillus crispatus dominated community (9). In addition to HPV prevalence, another report demonstrated that vaginal microbiota can also contributes to CIN regression. Mitra et al. longitudinally followed young women between the ages of 16-26 who have been diagnosed with CIN2 (124). They found women with a Lactobacillus dominant community were more likely to have regression, whereas women with Megasphaera, Prevotella, Gardnerella, and BVAB1 tended to have persistent CIN2. Despite this result, the relationship between CIN and the vaginal microbiome seems to have a causality issue. In contrast to the idea that the vaginal microbiome modulates CIN progression, Kyrgiou et al. suggested a hypothesis in their review that CIN actually modulates the vaginal microbiome (125). Kyrgiou and colleagues tried to confirm their hypothesis, but they published that CIN treatment by surgical excision does not affect vaginal microbiome (126). On the contrary, another group reported that surgical treatment of CIN modulates the vaginal microbiome, resulting in an increased CST-I and concomitant decrease of CST-IV (127). To address this controversy, meta-analysis of the effect of CIN treatment on the vagina microbiome is currently in progress (128). There are also studies that reveal an association between other gynecologic cancers and the vaginal microbiome regardless of oncovirus. A recent study demonstrated that women with ovarian cancer were less likely to have a Lactobacillus dominated vaginal microbiome compare to those without cancer (10). This study also revealed that low abundance of Lactobacillus is closely related to BRCA mutation, which is a significant risk factor for ovarian cancer development (129). This result may indicate that host genetic factors regulate the composition of the vaginal microbiome. It also implies that the contribution of ovarian cancer or the BRCA mutation on the vaginal microbiome is still unclear.



Vaginal Microbiome and Pregnancy

Traditionally, intrauterine inflammation has been considered a risk factor for poor obstetric outcomes. Because pathogens may ascended from the vagina and cause intrauterine inflammation (130), numerous studies have attempted to determine whether vaginal microbiome dysbiosis contributes to obstetric diseases. These studies revealed that vaginal microbiome dysbiosis affected the entire course of pregnancy from conception to delivery. Among the broad spectrum of obstetric diseases, preterm birth (PTB) is one of the most well-known diseases associated with vaginal microbiome dysbiosis. In one study using 16r RNA sequencing-based analysis, DiGiulio et al. reported that CST-IV inversely related with gestational age at delivery (131). The Multi-Omics Microbiome Study: Pregnancy Initiative (MOMS-PI), one of the HMP studies, supported this result (11). The MOMS-PI results showed women who delivered at term were more likely to have a Lactobacillus crispatus dominant community. Whereas women with PTB had higher prevalence of specific taxa including BVAB1, Prevotella, and Sneathia amnii. In addition, PTB samples had elevated levels of proinflammatory cytokines, including eotaxin, IL-1β, IL-6, and MIP-1β. Also, early pregnancy loss was associated with the vaginal microbial community. One prospective case-controlled study reported that first trimester miscarriage was associated with reduced prevalence of Lactobacillus species and higher alpha diversity (132). There were also studies that showed an association between the vaginal microbiome and fertility. In one study profiling the vaginal microbiome of idiopathic infertile women, the vaginal microbiome of infertile women was more similar to that of BV women compared to a healthy control (12). Furthermore, the vaginal microbiome of idiopathic infertile women had a low prevalence of Lactobacillus species. In line with this result, Koedooder et al. suggested the composition of vaginal microbiome could be used as a predictor of successful in vitro fertilization (IVF) (133). In this report, women with a low abundance of Lactobacillus were less likely to have a successful implantation.

Because poor obstetric outcomes are thought to be related to intrauterine inflammation, the presence and role of the endometrial microbiome have also been considered. Because bacteria did not grow in endometrial tissue, as revealed in early cultivation method-based studies (134), it was been believed the uterine cavity was sterile. However, emerging molecular-based studies highlighted that the upper FRT harbor microbiome (135). Several studies reported that endometrial microbiome is also dominated by Lactobacillus and that reduced prevalence of Lactobacillus species in the endometrium is associated with poor pregnancy outcomes (136, 137). However, because most of these results were derived from transcervical sampling, contamination from the cervix or vagina cannot be excluded. A recent study analyzed the microbiome of endometrial tissue sampled during abdominal hysterectomy (138). In this report, the endometrial microbiome was dominated by Acinetobacter, Pseudomonas, and Cloacibacterium, whereas Lactobacillus species were rarely observed in the endometrium. Though the existence of an endometrial microbiome is agreed upon, the endometrial microbiome composition remains controversial. Moreover, it is unclear whether the vagina microbiome shapes the endometrial microbiome and whether the endometrial microbiome determines obstetric outcomes. Further studies are needed to elucidate the relationship between two milieus.




Modulation of the Vaginal Microbiome by Antibiotics and Probiotics

BV symptoms, which include vaginal discharge and odor, cause discomfort. Importantly, BV is a risk factor for various diseases. Though antibiotics have been the gold standard treatment for BV, BV has a high recurrence rate following antibiotic treatment (114). As an alternative to or combination treatment with antibiotics, several methods have been proposed to restore the vaginal microbiome into a Lactobacillus dominated community. Oral probiotics are considered a promising method because of crosstalk between the gut and vaginal microbiomes. Many Lactobacillus species including Lactobacillus rhamnosus GR-1 and Lactobacillus fermentum RC-14 were tested. These oral probiotics successfully modulated the vaginal microbiome effects in reproductive and postmenopausal women (139, 140). However, a recent study indicated that there was no effect in pregnant women (141). It is necessary to evaluate the long-term efficacy of probiotics in addition to the vaginal microbiome modulation effect in pregnant women. Vaginal microbiome transplantation is another approach that has been considered. A recent publication demonstrated a successful clinical transplantation of a healthy vaginal microbiota into intractable BV patients (142). Although no placebo control was included in this study, 4 out of 5 patients had long-term remission of up to 21 months. More recently, molecular targets that may modulate the vaginal microbiome have been proposed. Bloom et al. suggested that cysteine dependence of Lactobacillus iners could be a potential target for vaginal microbiome modulation (143). In this study, the authors found Lactobacillus iners requires cysteine to grow in vitro and that a cysteine uptake inhibitor selectively inhibits growth of Lactobacillus iners rather than other Lactobacillus species. Consequently, the combined supplementation of metronidazole and the cysteine uptake inhibitor in BV-like community cultured in vitro promoted a growth of Lactobacillus crispatus, but competitively suppressed Lactobacillus iners. Critically, it is necessary to evaluate the in vivo efficacy of the cysteine uptake inhibitor.



Conclusion

The host and microbiome exist in a mutual relationship. The host and microbiome constantly interact each other, especially in the complex and dynamic microenvironment of vagina. The introduction of molecular-based sequencing methods revealed that Lactobacillus dominated community represent reproductive health and that BV is related to various aspects of several diseases. However, most of our knowledge to date is based on cross-sectional or observational studies. Due to the lack of direct experimental evidence, there are frequently causality issues in vagina microbiome research. Paradoxically, this hurdle is derived from Lactobacillus dominancy of human vaginal microbiome. Due to this unique property, we cannot extend animal model results to humans. Recent advances using in vitro co-culture systems are expected to be a potential candidate for overcoming this hurdle. The development of suitable animal models or methodologic advances could resolve current debates discussed in this review. A better understanding of the relationship between host and microbiome could provide novel targets for diagnosis and treatment of microbiome-related diseases.



Author Contributions

MK and HL wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Research Foundation of Korea (NRF-2019R1A2C2087490 and NRF-2021M3A9H3015688) funded by the Ministry of Science and ICT of Korea.



Acknowledgments

The authors thank the members of the Laboratory of Host Defenses for discussion. Figures were created with BioRender.com



References

1. Doderlein, A. Das Scheidensekret Und Seine Bedeutung Für Das Puerperalfieber. Leipzig, Besold (1892).

2. Lash, AF, and Kaplan, B. A Study of Döderlein's Vaginal Bacillus. J Infect Dis (1926) 38(4):333–340. doi: 10.1093/infdis/38.4.333

3. Thomas, S. Döderlein's Bacillus: Lactobacillus Acidophilus. J Infect Dis (1928) 43(3):218–227. doi: 10.1093/infdis/43.3.218

4. Ravel, J, Gajer, P, Abdo, Z, Schneider, GM, Koenig, SS, McCulle, SL, et al. Vaginal Microbiome of Reproductive-Age Women. Proc Natl Acad Sci U S A (2011) 108(Suppl 1):4680–7. doi: 10.1073/pnas.1002611107

5. Gajer, P, Brotman, RM, Bai, G, Sakamoto, J, Schütte, P, Zhong, X, et al. Temporal Dynamics of the Human Vaginal Microbiota. Sci Trans Med (2012) 4(132):132ra52–132ra52. doi: 10.1126/scitranslmed.3003605

6. Srinivasan, S, Liu, C, Mitchell, CM, Fiedler, TL, Thomas, KK, Agnew, KJ, et al. Temporal Variability of Human Vaginal Bacteria and Relationship With Bacterial Vaginosis. PLoS One (2010) 5(4):e10197. doi: 10.1371/journal.pone.0010197

7. Lewis, FMT, Bernstein, KT, and Aral, SO. Vaginal Microbiome and Its Relationship to Behavior, Sexual Health, and Sexually Transmitted Diseases. Obstet Gynecol (2017) 129(4):643–54. doi: 10.1097/AOG.0000000000001932

8. Allsworth, JE, and Peipert, JF. Severity of Bacterial Vaginosis and the Risk of Sexually Transmitted Infection. Am J Obstetrics Gynecol (2011) 205(2):113.e1–6. doi: 10.1016/j.ajog.2011.02.060

9. Norenhag, J, et al. The Vaginal Microbiota, Human Papillomavirus and Cervical Dysplasia: A Systematic Review and Network Meta-Analysis. BJOG (2020) 127(2):171–80. doi: 10.1111/1471-0528.15854

10. Nené, NR, Reisel, D, Leimbach, NR, Franchi, D, Jones, A, Evans, I, et al. Association Between the Cervicovaginal Microbiome, BRCA1 Mutation Status, and Risk of Ovarian Cancer: A Case-Control Study. Lancet Oncol (2019) 20(8):1171–1182. doi: 10.1016/S1470-2045(19)30340-7

11. Fettweis, JM, Serrano, MG, Brooks, JP, Edwards, DJ, Girerd, PH, Parikh, HI, et al. The Vaginal Microbiome and Preterm Birth. Nat Med (2019) 25(6):1012–1021. doi: 10.1038/s41591-019-0450-2

12. Campisciano, G, Florian, F, D'Eustacchio, A, Stankovic, D, Ricci, G, De Seta, F, et al. Subclinical Alteration of the Cervical-Vaginal Microbiome in Women With Idiopathic Infertility. J Cell Physiol (2017) 232(7):1681–1688. doi: 10.1002/jcp.25806

13. France, MT, Ma, B, Gajer, P, Brown, S, Humphrys, MS, Holm, JB, et al. VALENCIA: A Nearest Centroid Classification Method for Vaginal Microbial Communities Based on Composition. Microbiome (2020) 8(1):166. doi: 10.1186/s40168-020-00934-6

14. Noyes, N, Cho, K-C, Ravel, J, Forney, LJ, and Abdo, Z. Associations Between Sexual Habits, Menstrual Hygiene Practices, Demographics and the Vaginal Microbiome as Revealed by Bayesian Network Analysis. PLoS One (2018) 13(1):e0191625. doi: 10.1371/journal.pone.0191625

15. Brotman, RM, He, X, Gajer, P, Fadrosh, D, Sharma, E, Mongodin, EF, et al. Association Between Cigarette Smoking and the Vaginal Microbiota: A Pilot Study. BMC Infect Dis (2014) 14(1):1–11. doi: 10.1186/1471-2334-14-471

16. Jasarevic, E, Howard, CD, Misic, AM, Beiting, DP, and Bale, TL. Stress During Pregnancy Alters Temporal and Spatial Dynamics of the Maternal and Offspring Microbiome in a Sex-Specific Manner. Sci Rep (2017) 7:44182. doi: 10.1038/srep44182

17. Si, J, You, J, Yu, J, Sung, J, and Ko, G. Prevotella as a Hub for Vaginal Microbiota Under the Influence of Host Genetics and Their Association With Obesity. Cell Host Microbe (2017) 21(1):97–105. doi: 10.1016/j.chom.2016.11.010

18. Gliniewicz, K, Schneider, GM, Ridenhour, BJ, Williams, CJ, Song, Y, Farage, MA, et al. Comparison of the Vaginal Microbiomes of Premenopausal and Postmenopausal Women. Front Microbiol (2019) 10:193. doi: 10.3389/fmicb.2019.00193

19. Fettweis, JM, Brooks, MG, Serrano, MG, Sheth, PH, Girerd, PH, Edwards, DJ, et al. Differences in Vaginal Microbiome in African American Women Versus Women of European Ancestry. Microbiol (Reading) (2014) 160(Pt 10):2272–2282. doi: 10.1099/mic.0.081034-0

20. Mehta, SD, Nannini, DR, Otieno, F, Green, W, Agingu, W, Landay, A, et al. Host Genetic Factors Associated With Vaginal Microbiome Composition in Kenyan Women. mSystems (2020) 5(4):e00502–20. doi: 10.1128/mSystems.00502-20

21. Miller, EA, Beasley, DE, Dunn, RR, and Archie, EA. Lactobacilli Dominance and Vaginal Ph: Why Is the Human Vaginal Microbiome Unique? Front Microbiol (2016) 7:1936. doi: 10.3389/fmicb.2016.01936

22. Anderson, DJ, Marathe, J, and Pudney, J. The Structure of the Human Vaginal Stratum Corneum and its Role in Immune Defense. Am J Reprod Immunol (2014) 71(6):618–23. doi: 10.1111/aji.12230

23. Spear, GT, French, AL, Gilbert, D, Zariffard, MR, Mirmonsef, P, Sullivan, TH, et al. Human Alpha-Amylase Present in Lower-Genital-Tract Mucosal Fluid Processes Glycogen to Support Vaginal Colonization by Lactobacillus. J Infect Dis (2014) 210(7):1019–28. doi: 10.1093/infdis/jiu231

24. Mirmonsef, P, Mirmonsef, P, Mirmonsef, P, Mirmonsef, P, Mirmonsef, P, Mirmonsef, P, et al. Free Glycogen in Vaginal Fluids is Associated With Lactobacillus Colonization and Low Vaginal pH. PLoS One (2014) 9(7):e102467. doi: 10.1371/journal.pone.0102467

25. Boskey, E, Telsch, K, Whaley, K, Moench, T, and Cone, R. Acid Production by Vaginal Flora In Vitro is Consistent With the Rate and Extent of Vaginal Acidification. Infect Immun (1999) 67(10):5170–5. doi: 10.1128/IAI.67.10.5170-5175.1999

26. O'Hanlon, DE, Moench, TR, and Cone, RA. In Vaginal Fluid, Bacteria Associated With Bacterial Vaginosis can be Suppressed With Lactic Acid But Not Hydrogen Peroxide. BMC Infect Dis (2011) 11(1):1–8. doi: 10.1186/1471-2334-11-200

27. Barrientos-Duran, A, Fuentes-Lopez, A, de Salazar, A, Plaza-Diaz, J, Garcia, F, et al. Reviewing the Composition of Vaginal Microbiota: Inclusion of Nutrition and Probiotic Factors in the Maintenance of Eubiosis. Nutrients (2020) 12(2):419. doi: 10.3390/nu12020419

28. Wellenbach, BL. Normal Gynecologic Endocrinology of Childhood. Ann New York Acad Sci (1967) 142(3):592–596. doi: 10.1111/j.1749-6632.1967.tb14668.x

29. Gerstner, G, Grünberger, W, Boschitsch, E, Rotter, M, Gerstner, G, et al. Vaginal Organisms in Prepubertal Children With and Without Vulvovaginitis. Arch Gynecol (1982) 231(3):247–252. doi:–10.1007/BF02110125

30. Xiaoming, W, Jing, L, Yuchen, P, Huili, L, Miao, Z, Jing, S, et al. Characteristics of the Vaginal Microbiomes in Prepubertal Girls With and Without Vulvovaginitis. Eur J Clin Microbiol Infect Dis (2021) 40(6):1253–61. doi: 10.1007/s10096-021-04152-2

31. Mirmonsef, P, Modur, S, Burgad, D, Gilbert, D, Golub, ET, French, AL, et al. Exploratory Comparison of Vaginal Glycogen and Lactobacillus Levels in Premenopausal and Postmenopausal Women. Menopause (2015) 22(7):702–9. doi: 10.1097/GME.0000000000000397

32. Kaur, H, Merchant, M, Haque, MM, and Mande, SS. Crosstalk Between Female Gonadal Hormones and Vaginal Microbiota Across Various Phases of Women's Gynecological Lifecycle. Front Microbiol (2020) 11:551. doi: 10.3389/fmicb.2020.00551

33. Brotman, RM, Shardell, MD, Gajer, P, Fadrosh, D, Chang, K, Silver, MI, et al. Association Between the Vaginal Microbiota, Menopause Status, and Signs of Vulvovaginal Atrophy. Menopause (2014) 21(5):450–8. doi: 10.1097/GME.0b013e3182a4690b

34. Romero, R, Hassan, SS, Gajer, P, Tarca, AL, Fadrosh, DW, Nikita, L, et al. The Composition and Stability of the Vaginal Microbiota of Normal Pregnant Women is Different From That of non-Pregnant Women. Microbiome (2014) 2(1):1–19. doi: 10.1186/2049-2618-2-4

35. Serrano, MG, Parikh, HI, Brooks, JP, Edwards, DJ, Arodz, TJ, Edupuganti, L, et al. Racioethnic Diversity in the Dynamics of the Vaginal Microbiome During Pregnancy. Nat Med (2019) 25(6):1001–11. doi: 10.1038/s41591-019-0465-8

36. Roxby, AC, Fredricks, DN, Odem-Davis, K, Ásbjörnsdóttir, AC, Roxby, AC, et al. Changes in Vaginal Microbiota and Immune Mediators in HIV-1-Seronegative Kenyan Women Initiating Depot Medroxyprogesterone Acetate. J Acquired Immune Deficiency Syndromes (1999) (2016) 71(4):359–366. doi: 10.1097/QAI.0000000000000866

37. Song, SD, Acharya, KD, Song, SD, Zhu, JE, Deveney, CM, Walther-Antonio, MRS, et al. Daily Vaginal Microbiota Fluctuations Associated With Natural Hormonal Cycle, Contraceptives, Diet, and Exercise. mSphere (2020) 5(4):e00593‐20. doi: 10.1128/mSphere.00593-20

38. Mitchell, CM, McLemore, L, Westerberg, R, Astronomo, K, Smythe, K, Gardella, C, et al. Long-Term Effect of Depot Medroxyprogesterone Acetate on Vaginal Microbiota, Epithelial Thickness and HIV Target Cells. J Infect Dis (2014) 210(4):651–5. doi: 10.1093/infdis/jiu176

39. Mehta, FF, Son, J, Hewitt, SC, Jang, E, Lydon, JP, Korach, KS, et al. Distinct Functions and Regulation of Epithelial Progesterone Receptor in the Mouse Cervix, Vagina, and Uterus. Oncotarget (2016) 7(14):17455–67. doi: 10.18632/oncotarget.8159

40. Mirmonsef, P, Hotton, AL, Gilbert, D, Gioia, CJ, Maric, D, Hope, TJ, et al. Glycogen Levels in Undiluted Genital Fluid and Their Relationship to Vaginal Ph, Estrogen, and Progesterone. PLoS One (2016) 11(4):e0153553. doi: 10.1371/journal.pone.0153553

41. Kindinger, LM, Bennett, PR, Lee, YS, Marchesi, JR, Smith, A, Cacciatore, S, et al. The Interaction Between Vaginal Microbiota, Cervical Length, and Vaginal Progesterone Treatment for Preterm Birth Risk. Microbiome (2017) 5(1):6. doi: 10.1186/s40168-016-0223-9

42. Saraf, VS, Sheikh, SA, Ahmad, A, Gillevet, PM, Bokhari, H, and Javed, S. Vaginal Microbiome: Normalcy vs Dysbiosis. Arch Microbiol (2021) 203(7):3793–802. doi: 10.1007/s00203-021-02414-3

43. David, LA, Maurice, CF, Carmody, RN, Gootenberg, DB, Button, JE, Wolfe, BE, et al. Diet Rapidly and Reproducibly Alters the Human Gut Microbiome. Nature (2014) 505(7484):559–63. doi: 10.1038/nature12820

44. De Filippo, C, Cavalieri, D, Di Paola, M, Ramazzotti, M, Poullet, JB, Massart, S, et al. Impact of Diet in Shaping Gut Microbiota Revealed by a Comparative Study in Children From Europe and Rural Africa. Proc Natl Acad Sci U S A (2010) 107(33):14691–6. doi: 10.1073/pnas.1005963107

45. Cotillard, A, Kennedy, SP, Kong, LC, Prifti, E, Pons, N, Le Chatelier, E, et al. Dietary Intervention Impact on Gut Microbial Gene Richness. Nature (2013) 500(7464):585–8. doi: 10.1038/nature12480

46. Costabile, A, Klinder, A, Fava, F, Napolitano, A, Fogliano, V, Leonard, C, et al. Whole-Grain Wheat Breakfast Cereal has a Prebiotic Effect on the Human Gut Microbiota: A Double-Blind, Placebo-Controlled, Crossover Study. Br J Nutr (2008) 99(1):110–20. doi: 10.1017/S0007114507793923

47. Marchesi, JR, Adams, DH, Fava, F, Hermes, GD, Hirschfield, GM, Hold, G, et al. The Gut Microbiota and Host Health: A New Clinical Frontier. Gut (2016) 65(2):330–9. doi: 10.1136/gutjnl-2015-309990

48. El Aila, NA, Tency, I, Saerens, B, De Backer, E, Cools, P, dos Santos Santiago, GL, et al. Strong Correspondence in Bacterial Loads Between the Vagina and Rectum of Pregnant Women. Res Microbiol (2011) 162(5):506–13. doi: 10.1016/j.resmic.2011.04.004

49. Marrazzo, JM, Fiedler, TL, Srinivasan, JM, Thomas, KK, Liu, C, Ko, D, et al. Extravaginal Reservoirs of Vaginal Bacteria as Risk Factors for Incident Bacterial Vaginosis. J Infect Dis (2012) 205(10):1580–8. doi: 10.1093/infdis/jis242

50. Antonio, MAD, Rabe, LK, and Hillier, SL. Colonization of the Rectum by Lactobacillus Species and Decreased Risk of Bacterial Vaginosis. J Infect Dis (2005) 192(3):394–8. doi: 10.1086/430926

51. Neggers, YH, Nansel, TR, Andrews, WW, Schwebke, K-F, and Yu, RL. Dietary Intake of Selected Nutrients Affects Bacterial Vaginosis in Women. J Nutr (2007) 137(9):2128–33. doi: 10.1093/jn/137.9.2128

52. Thoma, ME, Klebanoff, MA, Rovner, AJ, Nansel, TR, Neggers, Y, Andrews, WW, et al. Bacterial Vaginosis is Associated With Variation in Dietary Indices. J Nutr (2011) 141(9):1698–704. doi: 10.3945/jn.111.140541

53. Tohill, BC, Heilig, CM, Klein, RS, Rompalo, A, Cu-Uvin, S, Piwoz, EG, et al. Nutritional Biomarkers Associated With Gynecological Conditions Among US Women With or at Risk of HIV Infection. Am J Clin Nutr (2007) 85(5):1327–34. doi: 10.1093/ajcn/85.5.1327

54. Tuddenham, S, Ghanem, KG, Caulfield, LE, Rovner, AJ, Robinson, C, Shivakoti, R, et al. Associations Between Dietary Micronutrient Intake and Molecular-Bacterial Vaginosis. Reprod Health (2019) 16(1):151. doi: 10.1186/s12978-019-0814-6

55. Bodnar, LM, Krohn, MA, and Simhan, HN. Maternal Vitamin D Deficiency is Associated With Bacterial Vaginosis in the First Trimester of Pregnancy. J Nutr (2009) 139(6):1157–61. doi: 10.3945/jn.108.103168

56. Hensel, KJ, Randis, TM, Gelber, SE, and Ratner, AJ. Pregnancy-Specific Association of Vitamin D Deficiency and Bacterial Vaginosis. Am J Obstet Gynecol (2011) 204(1):41.e1–9. doi: 10.1016/j.ajog.2010.08.013

57. Dunlop, AL, Taylor, RN, Tangpricha, V, Fortunato, S, and Menon, R. Maternal Vitamin D, Folate, and Polyunsaturated Fatty Acid Status and Bacterial Vaginosis During Pregnancy. Infect Dis Obstet Gynecol (2011) 2011:216217. doi: 10.1155/2011/216217

58. Jefferson, KK, Parikh, HI, Garcia, EM, Edwards, DJ, Serrano, MG, Hewison, M, et al. Relationship Between Vitamin D Status and the Vaginal Microbiome During Pregnancy. J Perinatol (2019) 39(6):824–836. doi: 10.1038/s41372-019-0343-8

59. Turner, AN, Reese, PC, Fields, KS, Anderson, J, Ervin, M, Davis, JA, et al. A Blinded, Randomized Controlled Trial of High-Dose Vitamin D Supplementation to Reduce Recurrence of Bacterial Vaginosis. Am J Obstetrics Gynecol (2014) 211(5):479.e1–9.e13. doi: 10.1016/j.ajog.2014.06.023

60. Taheri, M, Baheiraei, A, Foroushani, AR, Nikmanesh, B, and Modarres, M. Treatment of Vitamin D Deficiency is an Effective Method in the Elimination of Asymptomatic Bacterial Vaginosis: A Placebo-Controlled Randomized Clinical Trial. Indian J Med Res (2015) 141(6):799. doi: 10.4103/0971-5916.160707

61. Cherpes, TL, Hillier, SL, Meyn, LA, Busch, JL, and Krohn, MA. A Delicate Balance: Risk Factors for Acquisition of Bacterial Vaginosis Include Sexual Activity, Absence of Hydrogen Peroxide-Producing Lactobacilli, Black Race, and Positive Herpes Simplex Virus Type 2 Serology. Sexually Transmitted Dis (2008) 35(1):78–83. doi: 10.1097/OLQ.0b013e318156a5d0

62. Nelson, TM, Borgogna, JC, Michalek, RD, Roberts, TM, Rath, JM, Glover, ED, et al. Cigarette Smoking is Associated With an Altered Vaginal Tract Metabolomic Profile. Sci Rep (2018) 8(1):852. doi: 10.1038/s41598-017-14943-3

63. Nansel, TR, Riggs, MA, Yu, KF, Andrews, WW, Schwebke, JR, Klebanoff, MA, et al. The Association of Psychosocial Stress and Bacterial Vaginosis in a Longitudinal Cohort. Am J Obstetrics Gynecol (2006) 194(2):381–6. doi: 10.1016/j.ajog.2005.07.047

64. Culhane, JF, Rauh, V, McCollum, KF, Hogan, VK, Agnew, K, Wadhwa, PD, et al. Maternal Stress is Associated With Bacterial Vaginosis in Human Pregnancy. Maternal Child Health J (2001) 5(2):127–34. doi: 10.1023/A:1011305300690

65. Wrenn, T, Wood, JR, Bitman, J, and Brinsfield, T. Vaginal Glycogen Assay for Oestrogen: Specificity and Application to Blood and Urine. Reproduction (1968) 16(2):301–4. doi: 10.1530/jrf.0.0160301

66. Fethers, KA, Fairley, CK, Hocking, JS, Gurrin, LC, and Bradshaw, CS. Sexual Risk Factors and Bacterial Vaginosis: A Systematic Review and Meta-Analysis. Clin Infect Dis (2008) 47(11):1426–35. doi: 10.1086/592974

67. Lokken, EM, Manguro, GO, Abdallah, A, Ngacha, C, Shafi, J, Kiarie, J, et al. Association Between Vaginal Washing and Detection of Lactobacillus by Culture and Quantitative PCR in HIV-Seronegative Kenyan Women: A Cross-Sectional Analysis. Sexually Transmitted Infect (2019) 95(6):455–61. doi: 10.1136/sextrans-2018-053769

68. Sabo, MC, Balkus, JE, Richardson, BA, Srinivasan, S, Kimani, J, Anzala, O, et al. Association Between Vaginal Washing and Vaginal Bacterial Concentrations. PLoS One (2019) 14(1):e0210825. doi: 10.1371/journal.pone.0210825

69. Hesham, H, Mitchell, AJ, Bergerat, A, Hung, K, and Mitchell, CM. Impact of Vaginal Douching Products on Vaginal Lactobacillus, Escherichia Coli and Epithelial Immune Responses. Sci Rep (2021) 11(1):1–8. doi: 10.1038/s41598-021-02426-5

70. Asscher, A, Turner, C, and De Boer, CH. Cornification of the Human Vaginal Epithelium. J Anat (1956) 90(Pt 4):547.

71. Odeblad, E. The Discovery of Different Types of Cervical Mucus and the Billings Ovulation Method. Bull Natural Family Plann Council Victoria (1994) 21(3):3–35.

72. Yarbrough, VL, Winkle, S, and Herbst-Kralovetz, MM. Antimicrobial Peptides in the Female Reproductive Tract: A Critical Component of the Mucosal Immune Barrier With Physiological and Clinical Implications. Hum Reprod Update (2015) 21(3):353–77. doi: 10.1093/humupd/dmu065

73. McNeely, TB, Shugars, DC, Rosendahl, M, Tucker, C, Eisenberg, SP, and Wahl, SM. Inhibition of Human Immunodeficiency Virus Type 1 Infectivity by Secretory Leukocyte Protease Inhibitor Occurs Prior to Viral Reverse Transcription. Blood (1997) 90(3):1141–1149. doi: 10.1182/blood.V90.3.1141

74. Novak, RM, Donoval, BA, Graham, PJ, Boksa, LA, Spear, G, Hershow, RC, et al. Cervicovaginal Levels of Lactoferrin, Secretory Leukocyte Protease Inhibitor, and RANTES and the Effects of Coexisting Vaginoses in Human Immunodeficiency Virus (HIV)-Seronegative Women With a High Risk of Heterosexual Acquisition of HIV Infection. Clin Vaccine Immunol (2007) 14(9):1102–1107. doi: 10.1128/CVI.00386-06

75. Draper, DL, Landers, DV, Krohn, MA, Hillier, SL, Wiesenfeld, HC, and Heine, RP. Levels of Vaginal Secretory Leukocyte Protease Inhibitor are Decreased in Women With Lower Reproductive Tract Infections. Am J Obstetrics Gynecol (2000) 183(5):1243–8. doi: 10.1067/mob.2000.107383

76. Nakashige, TG, Zhang, B, Krebs, C, and Nolan, EM. Human Calprotectin is an Iron-Sequestering Host-Defense Protein. Nat Chem Biol (2015) 11(10):765–71. doi: 10.1038/nchembio.1891

77. Wiesner, J, and Vilcinskas, A. Antimicrobial Peptides: The Ancient Arm of the Human Immune System. Virulence (2010) 1(5):440–64. doi: 10.4161/viru.1.5.12983

78. Lehrer, RI, and Lu, W. α-Defensins in Human Innate Immunity. Immunol Rev (2012) 245(1):84–112. doi: 10.1111/j.1600-065X.2011.01082.x

79. Pommerenke, WT. Cyclic Changes in the Physical and Chemical Properties of Cervical Mucus. Am J Obstetrics Gynecol (1946) 52:1023–31. doi: 10.1016/0002-9378(46)90420-6

80. Mestecky, J, and Fultz, PN. Mucosal Immune System of the Human Genital Tract. J Infect Dis (1999) 179:S470–4. doi: 10.1086/314806

81. Safaeian, M, Falk, RT, Rodriguez, AC, Hildesheim, A, Kemp, T, Williams, M, et al. Factors Associated With Fluctuations in IgA and IgG Levels at the Cervix During the Menstrual Cycle. J Infect Dis (2009) 199(3):455–63. doi: 10.1086/596060

82. Oh, JE, Iijima, N, Song, E, Lu, P, Klein, J, Jiang, R, et al. Migrant Memory B Cells Secrete Luminal Antibody in the Vagina. Nature (2019) 571(7763):122–6. doi: 10.1038/s41586-019-1285-1

83. Wang, YY, Kannan, A, Nunn, KL, Murphy, MA, Subramani, DB, Moench, T, et al. IgG in Cervicovaginal Mucus Traps HSV and Prevents Vaginal Herpes Infections. Mucosal Immunol (2014) 7(5):1036–44. doi: 10.1038/mi.2013.120

84. Gong, Z, Luna, Y, Yu, P, and Fan, H. Lactobacilli Inactivate Chlamydia Trachomatis Through Lactic Acid But Not H2O2. PloS One (2014) 9(9):e107758. doi: 10.1371/journal.pone.0107758

85. Graver, MA, and Wade, JJ. The Role of Acidification in the Inhibition of Neisseria Gonorrhoeae by Vaginal Lactobacilli During Anaerobic Growth. Ann Clin Microbiol Antimicrobials (2011) 10(1):1–5. doi: 10.1186/1476-0711-10-8

86. Valore, EV, Park, CH, Igreti, SL, and Ganz, T. Antimicrobial Components of Vaginal Fluid. Am J Obstet Gynecol (2002) 187(3):561–8. doi: 10.1067/mob.2002.125280

87. Lai, SK, Hida, K, Shukair, S, Wang, YY, Figueiredo, A, Cone, R, et al. Human Immunodeficiency Virus Type 1 is Trapped by Acidic But Not by Neutralized Human Cervicovaginal Mucus. J Virol (2009) 83(21):11196–200. doi: 10.1128/JVI.01899-08

88. Alakomi, H-L, Skyttä, E, Saarela, M, Mattila-Sandholm, T, Latva-Kala, K, and Helander, IM. Lactic Acid Permeabilizes Gram-Negative Bacteria by Disrupting the Outer Membrane. Appl Environ Microbiol (2000) 66(5):2001–5. doi: 10.1128/AEM.66.5.2001-2005.2000

89. HILLIER, SL, KROHN, MA, KLEBANOFF, SJ, and ESCHENBACH, DA. The Relationship of Hydrogen Peroxide-Producing Lactobacilli to Bacterial Vaginosis and Genital Microflora in Pregnant Women. Obstetrics Gynecol (1992) 79(3):369–73. doi: 10.1097/00006250-199203000-00008

90. Kim, YH, Kim, CH, Cho, MK, Na, JH, Song, TB, Oh, JS, et al. Hydrogen Peroxide-Producing Lactobacilli in the Vaginal Flora of Pregnant Women With Preterm Labor With Intact Membranes. Int J Gynaecol Obstet (2006) 93(1):22–7. doi: 10.1016/j.ijgo.2006.01.013

91. Strus, M, Brzychczy-Wloch, M, Gosiewski, T, Kochan, P, and Heczko, PB. The In Vitro Effect of Hydrogen Peroxide on Vaginal Microbial Communities. FEMS Immunol Med Microbiol (2006) 48(1):56–63. doi: 10.1111/j.1574-695X.2006.00120.x

92. Tachedjian, G, O'Hanlon, DE, and Ravel, J. The Implausible "In Vivo" Role of Hydrogen Peroxide as an Antimicrobial Factor Produced by Vaginal Microbiota. Microbiome (2018) 6(1):29. doi: 10.1186/s40168-018-0418-3

93. Hill, DR, Brunner, ME, Schmitz, DC, Davis, CC, Flood, JA, Schlievert, PM, et al. In Vivo Assessment of Human Vaginal Oxygen and Carbon Dioxide Levels During and Post Menses. J Appl Physiol (1985) (2005) 99(4):1582–91. doi: 10.1152/japplphysiol.01422.2004

94. O'Hanlon, DE, Lanier, BR, Moench, TR, and Cone, RA. Cervicovaginal Fluid and Semen Block the Microbicidal Activity of Hydrogen Peroxide Produced by Vaginal Lactobacilli. BMC Infect Dis (2010) 10(1):120. doi: 10.1186/1471-2334-10-120

95. Witkin, SS, Mendes-Soares, H, Linhares, IM, Jayaram, A, Ledger, WJ, and Forney, LJ. Influence of Vaginal Bacteria and D- and L-Lactic Acid Isomers on Vaginal Extracellular Matrix Metalloproteinase Inducer: Implications for Protection Against Upper Genital Tract Infections. mBio (2013) 4(4):e00460–13. doi: 10.1128/mBio.00460-13

96. France, MT, Mendes-Soares, H, and Forney, LJ. Genomic Comparisons of Lactobacillus Crispatus and Lactobacillus Iners Reveal Potential Ecological Drivers of Community Composition in the Vagina. Appl Environ Microbiol (2016) 82(24):7063–73. doi: 10.1128/AEM.02385-16

97. Rampersaud, R, Planet, PJ, Randis, TM, Kulkarni, R, Aguilar, JL, Lehrer, RI, et al. Inerolysin, a Cholesterol-Dependent Cytolysin Produced by Lactobacillus Iners. J Bacteriol (2011) 193(5):1034–41. doi: 10.1128/JB.00694-10

98. Macklaim, JM, Gloor, GB, Anukam, KC, Cribby, S, and Reid, G. At the Crossroads of Vaginal Health and Disease, the Genome Sequence of Lactobacillus Iners AB-1. Proc Natl Acad Sci U S A (2011) 108(suppl):4688–95. doi: 10.1073/pnas.1000086107

99. Macklaim, JM, Fernandes, AD, Di Bella, JM, Hammond, J-A, Reid, G, and Gloor, GB. Comparative Meta-RNA-Seq of the Vaginal Microbiota and Differential Expression by Lactobacillus Iners in Health and Dysbiosis. Microbiome (2013) 1(1):1–11. doi: 10.1186/2049-2618-1-12

100. Laniewski, P, and Herbst-Kralovetz, MM. Bacterial Vaginosis and Health-Associated Bacteria Modulate the Immunometabolic Landscape in 3D Model of Human Cervix. NPJ Biofilms Microbiomes (2021) 7(1):88. doi: 10.1038/s41522-021-00259-8

101. Masson, L, Barnabas, S, Deese, J, Lennard, K, Dabee, S, Gamieldien, H, et al. Inflammatory Cytokine Biomarkers of Asymptomatic Sexually Transmitted Infections and Vaginal Dysbiosis: A Multicentre Validation Study. Sexually Transmitted Infect (2019) 95(1):5–12. doi: 10.1136/sextrans-2017-053506

102. Lennard, K, Dabee, S, Barnabas, SL, Havyarimana, E, Blakney, A, Jaumdally, SZ, et al. Microbial Composition Predicts Genital Tract Inflammation and Persistent Bacterial Vaginosis in South African Adolescent Females. Infect Immun (2018) 86(1):e00410-17. doi: 10.1128/IAI.00410-17

103. Petrou, G, and Crouzier, T. Mucins as Multifunctional Building Blocks of Biomaterials. Biomater Sci (2018) 6(9):2282–97. doi: 10.1039/C8BM00471D

104. Lewis, WG, Robinson, LS, Gilbert, NM, Perry, JC, and Lewis, AL. Degradation, Foraging, and Depletion of Mucus Sialoglycans by the Vagina-Adapted Actinobacterium Gardnerella Vaginalis. J Biol Chem (2013) 288(17):12067–79. doi: 10.1074/jbc.M113.453654

105. Briselden, AM, Moncla, BJ, Stevens, CE, and Hillier, SL. Sialidases (Neuraminidases) in Bacterial Vaginosis and Bacterial Vaginosis-Associated Microflora. J Clin Microbiol (1992) 30(3):663–6. doi: 10.1128/jcm.30.3.663-666.1992

106. Wiggins, R, Hicks, SJ, Soothill, PW, Millar, MR, and Corfield, AP. Mucinases and Sialidases: Their Role in the Pathogenesis of Sexually Transmitted Infections in the Female Genital Tract. Sexually Transmitted Infect (2001) 77(6):402–8. doi: 10.1136/sti.77.6.402

107. Santiago, GL, Deschaght, P, El Aila, N, Kiama, TN, Verstraelen, H, Jefferson, KK, et al. Gardnerella Vaginalis Comprises Three Distinct Genotypes of Which Only Two Produce Sialidase. Am J Obstet Gynecol (2011) 204(5):450.e1–7. doi: 10.1016/j.ajog.2010.12.061

108. Gelber, SE, Aguilar, JL, Lewis, KL, and Ratner, AJ. Functional and Phylogenetic Characterization of Vaginolysin, the Human-Specific Cytolysin From Gardnerella Vaginalis. J Bacteriol (2008) 190(11):3896–903. doi: 10.1128/JB.01965-07

109. Roselletti, E, Sabbatini, S, Perito, S, Mencacci, A, Vecchiarelli, A, and Monari, C. Apoptosis of Vaginal Epithelial Cells in Clinical Samples From Women With Diagnosed Bacterial Vaginosis. Sci Rep (2020) 10(1):1978. doi: 10.1038/s41598-020-58862-2

110. Høiby, N, Ciofu, O, Johansen, HK, Song, ZJ, Moser, C, Jensen, PØ, et al. The Clinical Impact of Bacterial Biofilms. Int J Oral Sci (2011) 3(2):55–65. doi: 10.4248/IJOS11026

111. Swidsinski, A, Mendling, W, Loening-Baucke, V, Ladhoff, A, Swidsinski, S, Hale, LP, et al. Adherent Biofilms in Bacterial Vaginosis. Obstetrics Gynecol (2005) 106(5 Part 1):1013–23. doi: 10.1097/01.AOG.0000183594.45524.d2

112. Patterson, JL, Girerd, PH, Karjane, NW, and Jefferson, KK. Effect of Biofilm Phenotype on Resistance of Gardnerella Vaginalis to Hydrogen Peroxide and Lactic Acid. Am J Obstet Gynecol (2007) 197(2):170.e1–7. doi: 10.1016/j.ajog.2007.02.027

113. Swidsinski, A, Mendling, W, Loening-Baucke, V, Swidsinski, S, Dorffel, Y, Scholze, J, et al. An Adherent Gardnerella Vaginalis Biofilm Persists on the Vaginal Epithelium After Standard Therapy With Oral Metronidazole. Am J Obstet Gynecol (2008) 198(1):97.e1–6. doi: 10.1016/j.ajog.2007.06.039

114. Bradshaw, CS, Morton, AN, Hocking, J, Garland, SM, Morris, MB, Moss, LM, et al. High Recurrence Rates of Bacterial Vaginosis Over the Course of 12 Months After Oral Metronidazole Therapy and Factors Associated With Recurrence. J Infect Dis (2006) 193(11):1478–86. doi: 10.1086/503780

115. Klatt, NR, Cheu, R, Birse, K, Zevin, AS, Perner, L, Noël-Romas, NR, et al. Vaginal Bacteria Modify HIV Tenofovir Microbicide Efficacy in African Women. Science (2017) 356(6341):938–45. doi: 10.1126/science.aai9383

116. Cherpes, TL, Melan, MA, Kant, JA, Cosentino, LA, Meyn, LA, and Hillier, SL. Genital Tract Shedding of Herpes Simplex Virus Type 2 in Women: Effects of Hormonal Contraception, Bacterial Vaginosis, and Vaginal Group B Streptococcus Colonization. Clin Infect Dis (2005) 40(10):1422–8. doi: 10.1086/429622

117. Oh, JE, Kim, B-C, Chang, D-H, Kwon, M, Lee, SY, Kang, D, et al. Dysbiosis-Induced IL-33 Contributes to Impaired Antiviral Immunity in the Genital Mucosa. Proc Natl Acad Sci (2016) 113(6):E762–71. doi: 10.1073/pnas.1518589113

118. Mehraj, V, Ponte, R, and Routy, JP. The Dynamic Role of the IL-33/ST2 Axis in Chronic Viral-Infections: Alarming and Adjuvanting the Immune Response. EBioMedicine (2016) 9:37–44. doi: 10.1016/j.ebiom.2016.06.047

119. Gosmann, C, Anahtar, MN, Handley, SA, Farcasanu, M, Abu-Ali, G, Bowman, BA, et al. Lactobacillus-Deficient Cervicovaginal Bacterial Communities Are Associated With Increased HIV Acquisition in Young South African Women. Immunity (2017) 46(1):29–37. doi: 10.1016/j.immuni.2016.12.013

120. Douek, DC, Brenchley, JM, Betts, MR, Ambrozak, DR, Hill, BJ, Okamoto, Y, et al. HIV Preferentially Infects HIV-Specific CD4+ T Cells. Nature (2002) 417(6884):95–8. doi: 10.1038/417095a

121. Kreisel, KM, Spicknall, IH, Gargano, JW, Lewis, FMT, Lewis, RM, Markowitz, LE, et al. Sexually Transmitted Infections Among US Women and Men: Prevalence and Incidence Estimates, 2018. Sexually Transmitted Dis (2021) 48(4):208–14. doi: 10.1097/OLQ.0000000000001355

122. Moscicki, A-B, Shiboski, S, Broering, J, Powell, K, Clayton, L, Jay, N, et al. The Natural History of Human Papillomavirus Infection as Measured by Repeated DNA Testing in Adolescent and Young Women. J Pediatr (1998) 132(2):277–84. doi: 10.1016/S0022-3476(98)70445-7

123. Narisawa-Saito, M, and Kiyono, T. Basic Mechanisms of High-Risk Human Papillomavirus-Induced Carcinogenesis: Roles of E6 and E7 Proteins. Cancer Sci (2007) 98(10):1505–11. doi: 10.1111/j.1349-7006.2007.00546.x

124. Mitra, A, MacIntyre, DA, Ntritsos, G, Smith, A, Tsilidis, KK, Marchesi, JR, et al. The Vaginal Microbiota Associates With the Regression of Untreated Cervical Intraepithelial Neoplasia 2 Lesions. Nat Commun (2020) 11(1):1999. doi: 10.1038/s41467-020-15856-y

125. Kyrgiou, M, Mitra, A, and Moscicki, AB. Does the Vaginal Microbiota Play a Role in the Development of Cervical Cancer? Transl Res (2017) 179:168–82. doi: 10.1016/j.trsl.2016.07.004

126. Mitra, A, MacIntyre, DA, Paraskevaidi, M, Moscicki, AB, Mahajan, V, Smith, A, et al. The Vaginal Microbiota and Innate Immunity After Local Excisional Treatment for Cervical Intraepithelial Neoplasia. Genome Med (2021) 13(1):176. doi: 10.1186/s13073-021-00977-w

127. Caselli, E, D'Accolti, E, Santi, I, Soffritti, I, Conzadori, S, Mazzacane, S, et al. Vaginal Microbiota and Cytokine Microenvironment in HPV Clearance/Persistence in Women Surgically Treated for Cervical Intraepithelial Neoplasia: An Observational Prospective Study. Front Cell Infect Microbiol (2020) 10:540900. doi: 10.3389/fcimb.2020.540900

128. Janicka-Kosnik, M, Sarecka-Hujar, B, Jakiel, G, and Slabuszewska-Jozwiak, A. Cervicovaginal Microbiome After Cervical Intraepithelial Neoplasia Treatment. A Protocol for Systematic Review and Meta-Analysis. Int J Environ Res Public Health (2021) 18(17):9050. doi: 10.3390/ijerph18179050

129. Miki, Y, Swensen, D, Shattuck-Eidens, D, Futreal, Y, Harshman, K, Tavtigian, S, et al. A Strong Candidate for the Breast and Ovarian Cancer Susceptibility Gene Brca1. Science (1994) 266(5182):66–71. doi: 10.1126/science.7545954

130. Goldenberg, RL, Culhane, JF, Iams, JD, and Romero, R. Epidemiology and Causes of Preterm Birth. Lancet (2008) 371(9606):75–84. doi: 10.1016/S0140-6736(08)60074-4

131. DiGiulio, DB, Callahan, BJ, McMurdie, PJ, Costello, EK, Lyell, DJ, Robaczewska, A, et al. Temporal and Spatial Variation of the Human Microbiota During Pregnancy. Proc Natl Acad Sci U S A (2015) 112(35):11060–5. doi: 10.1073/pnas.1502875112

132. Al-Memar, M, Bobdiwala, S, Fourie, H, Mannino, R, Lee, YS, Smith, A, et al. The Association Between Vaginal Bacterial Composition and Miscarriage: A Nested Case-Control Study. BJOG (2020) 127(2):264–74. doi: 10.1111/1471-0528.15972

133. Koedooder, R, Singer, M, Schoenmakers, S, Savelkoul, PHM, Morre, SA, de Jonge, JD, et al. The Vaginal Microbiome as a Predictor for Outcome of In Vitro Fertilization With or Without Intracytoplasmic Sperm Injection: A Prospective Study. Hum Reprod (2019) 34(6):1042–1054. doi: 10.1093/humrep/dez065

134. Butler, B. Value of Endometrial Cultures in Sterility Investigation. Fertility Sterility (1958) 9(3):269–73. doi: 10.1016/S0015-0282(16)33070-9

135. Chen, C, Song, X, Wei, W, Zhong, H, Dai, J, Lan, Z, et al. The Microbiota Continuum Along the Female Reproductive Tract and its Relation to Uterine-Related Diseases. Nat Commun (2017) 8(1):875. doi: 10.1038/s41467-017-00901-0

136. Moreno, I, Codoner, FM, Vilella, F, Valbuena, D, Martinez-Blanch, JF, Jimenez-Almazan, J, et al. Evidence That the Endometrial Microbiota has an Effect on Implantation Success or Failure. Am J Obstet Gynecol (2016) 215(6):684–703. doi: 10.1016/j.ajog.2016.09.075

137. Kyono, K, Hashimoto, T, Nagai, Y, and Sakuraba, Y. Analysis of Endometrial Microbiota by 16S Ribosomal RNA Gene Sequencing Among Infertile Patients: A Single-Center Pilot Study. Reprod Med Biol (2018) 17(3):297–306. doi: 10.1002/rmb2.12105

138. Winters, AD, Romero, MT, Gervasi, MT, Gomez-Lopez, N, Winters, V, Tran, MR, et al. Does the Endometrial Cavity Have a Molecular Microbial Signature? Sci Rep (2019) 9(1):9905. doi: 10.1038/s41598-019-46173-0

139. Reid, G, Charbonneau, D, Erb, J, Kochanowski, B, Beuerman, D, Poehner, R, et al. Oral Use Oflactobacillus rhamnosusGR-1 andL. fermentumRC-14 Significantly Alters Vaginal Flora: Randomized, Placebo-Controlled Trial in 64 Healthy Women. FEMS Immunol Med Microbiol (2003) 35(2):131–4. doi: 10.1016/S0928-8244(02)00465-0

140. Petricevic, L, Unger, FM, Viernstein, H, and Kiss, H. Randomized, Double-Blind, Placebo-Controlled Study of Oral Lactobacilli to Improve the Vaginal Flora of Postmenopausal Women. Eur J Obstet Gynecol Reprod Biol (2008) 141(1):54–7. doi: 10.1016/j.ejogrb.2008.06.003

141. Husain, S, Allotey, J, Drymoussi, Z, Wilks, M, Fernandez-Felix, BM, Whiley, A, et al. Effects of Oral Probiotic Supplements on Vaginal Microbiota During Pregnancy: A Randomised, Double-Blind, Placebo-Controlled Trial With Microbiome Analysis. BJOG (2020) 127(2):275–84. doi: 10.1111/1471-0528.15675

142. Lev-Sagie, A, Goldman-Wohl, D, Cohen, Y, Dori-Bachash, M, Leshem, A, Mor, U, et al. Vaginal Microbiome Transplantation in Women With Intractable Bacterial Vaginosis. Nat Med (2019) 25(10):1500–4. doi: 10.1038/s41591-019-0600-6

143. Bloom, SM, Mafunda, NA, Woolston, BM, Hayward, MR, Frempong, JF, Abai, SM, et al. Cysteine Dependence of Lactobacillus Iners is a Potential Therapeutic Target for Vaginal Microbiota Modulation. Nat Microbiol (2022) 7(3):434–50. doi: 10.1038/s41564-022-01070-7




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.


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 © 2022 Kwon and Lee. 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/fimmu.2022.919728_cover.jpg
’ frontiers l Frontiers in Immunology

Host and Microbiome Interplay
Shapes the Vaginal
Microenvironment





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Host and Microbiome Interplay Shapes the Vaginal Microenvironment

      

        		

          Introduction

        



        		

          Vaginal Microbial Community

        



        		

          Host Factors Determining Vaginal Microbial Community

        

          		

            Race, Ethnicity, and Genetic Factors

          



          		

            Hormonal Changes and Pregnancy

          



          		

            Crosstalk Between the Gut Microbiome and Diet

          



          		

            Other Life Style Factors

          



        



        



        		

          Influence of the Vaginal Microbiome on Host Health and Disease

        

          		

            Host Immune System and Modulation by the Vaginal Microbiome

          



          		

            The Vaginal Microbiome and Sexually Transmitted Infections

          



          		

            Vaginal Microbiome and Pregnancy

          



        



        



        		

          Modulation of the Vaginal Microbiome by Antibiotics and Probiotics

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-919728-g001.jpg
Race & Ethnicity

DA

Genetic factor

Vaginal
microbiome

CSTIV
(Diverse)

Gut microbiome

— Estrogen level
<= Lactobacillus
°s Glycogen

Other factors

- Sexual behavior

- Hygienic practice
- Contraceptives

- Smoking

- Stress

- Obesity

Newborn Pre-puberty Reproductive age Pregnancy Menopause





OEBPS/Images/fimmu-13-919728-g002.jpg
A B
Lactobacillus dominant community Bacterial vaginosis

Associated with
-STls
- Gynecologic cancer

Protection against pathogens

I—L|—|

- Preterm birth
- Early pregnancy loss
- Infertility

AMPs 5

(SLPIs, elafin, HZO?‘_ _ Lactic acid
calprotectin, D-lactic acid L-lactic acid . . . H,0,
lysozyme, L-lactic acid Inerolysin Vaginolysin  Sialidase Antibiotics
defensins)

19G.IgA

dnveginal...............‘..........

[ Cervical an

epithelial ce
IL-33
CD4 T cell
recruitment
- Proinflammatory response t
(e.g.IL-6, IL-8, IP-10, MCP-1, MIP-1B, Effector CD4,
B cell Innate immune cells MIP-3a, IL-1B) CD8 T cells
(e,g,Neutrophil, -Muct & P
Macrophage, Dendritic cell)
" Lcrispatus @  Gardnerella Impaired anti -HSV :";ku?sfl t?cl\r:
immune response
@ Liners Prevotella






OEBPS/Images/crossmark.jpg
©

2

i

|





