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Introduction:

Bacterial vaginosis (BV) is one of the most prevalent vaginal disorders in women of reproductive age, affecting 10 to 20% of Caucasian women and 30 to 50% of African American women, although, estimates of its prevalence depend on the population studied (1, 2).  The normal, healthy vagina is populated mainly by hydrogen peroxide producing Lactobacilli, which are believed to help regulate the growth of other vaginal flora (3).  BV is characterized by a loss of these protective Lactobacilli, an increase in vaginal pH to >4.5, and an increased colonization by a variety of anaerobic species.  Symptoms of BV include a thin, grayish-white discharge and an unpleasant “fishy” smell, usually more noticeable after intercourse; however, over half of women with BV are asymptomatic (2).  Diagnosis of BV is by the Amsel criteria which include:  an adherent grayish-white discharge, a positive whiff test with addition of 10% potassium hydroxide, an elevated vaginal pH of >4.5 and the presence of clue cells (4).

BV has been consistently associated with adverse pregnancy outcomes such as preterm delivery, low birth weight, postpartum endometritis, as well as other gynecologic complications such as pelvic inflammatory disease (2,5).  It is also significant that BV enhances the risk of transmission and acquisition of the HIV retrovirus (5).  This may be due to the loss of lactobacilli seen with BV, which have been shown to have an inhibitory effect on the HIV virus (6), or to damage to the vaginal mucosa (7). 

Bacterial vaginosis is considered to be a synergistic polymicrobial disorder, with an increase in the quantity of vaginal anaerobic bacteria.  Gardnerella vaginalis has been found to be present in up to 95% of cases and is only rarely found and in low numbers in healthy women (8).  An enduring enigma associated with bacterial vaginosis research is whether G. vaginalis alone is capable of causing BV or whether the infection is due to the combined effects of a variety of anaerobic species.  Until recently, lactobacilli in the vagina were thought to be replaced by a very small group of anaerobes, namely G. vaginalis, Prevotella spp. and Mobiluncus spp. (9).  However, with advancement of molecular tools, it has been shown that the number and diversity of anaerobes associated with BV is high (9).  However, even this research showed only a single taxon found in all subjects with BV, the Bifidobacterium/Gardnerella taxon (9).  

G. vaginalis is a small, pleomorphic gram-positive bacteria that is equipped with a number of virulence properties (10, 11).  Swidsinski et al. recently showed that G. vaginalis was able to form an adherent biofilm on the vaginal epithelium of women with BV (12).  This Gardnerella biofilm incorporated other bacterial groups into its layers, suggesting that the biofilm may enable other anaerobes to colonize the vagina.  Gardnerella also produces a protein toxin, vaginolysin, which is a member of the cholesterol-dependent family of pore-forming toxins (13).  Vaginolysin has been hypothesized to be involved in the pathogenesis of BV.  Finally, it has been shown that G. vaginalis can adhere well to vaginal epithelial cells, and that Gardnerella attaches equally well to exfoliated vaginal epithelial cells as to tissue culture cells (14, 15).  

Not only does G. vaginalis have many virulence mechanisms that could be used in the pathogenesis of BV but Gardnerella has been found to cause infections outside of the reproductive tract.  G. vaginalis has been found to be associated with vertebral osteomyelitis and discitis in a 38 year old women with no predisposing factors, retinal vasculitis, acute hip arthritis in a renal transplant recipient, and bacteremia in a previously healthy man (16-19).  These infections outside of the reproductive tract could indicate that G. vaginalis is highly pathogenic and provide more evidence that G. vaginalis may be the most important anaerobe to the pathogenesis of BV.  

We hypothesize that G. vaginalis is adequately equipped with a number of virulence mechanisms that could make it the most important bacteria in the pathogenesis of BV.  The virulence properties associated with G. vaginalis allow it to adhere to the vaginal epithelium, produce a biofilm that allows for colonization by other anaerobes, and secret vaginolysin which leads to tissue destruction and the signs and symptoms of BV.

Our aims are to study and compare the virulence properties of other BV-associated anaerobes to G. vaginalis.  The properties to be tested include biofilm forming capacity, adherence, and cytotoxicity to vaginal epithelial cells.  The organisms tested will be organisms directly shown to be associated with BV, like G. vaginalis, Atopobium spp, Prevotella spp, and Mobiluncus spp., as well as bacteria we have isolated from BV specimens (9, 20, 21). 

Methods, Results, and Conclusions:

1. Analyze biofilm forming capacity of G. vaginalis strains and other BV-associated anaerobes.

Methods: All species analyzed were streaked from freezer stock cultures onto Brucella blood agar plates (Oxyrase, Mansfield, OH) and anaerobically incubated at 37°C for 2-4 days. Liquid cultures were anaerobically grown overnight in supplemented BHI (sBHI); Brain Heart Infusion broth containing 5% yeast extract, 1% glucose, 1% starch and 2% gelatin (Sigma-Alderich, St. Louis, MO). Overnight liquid cultures were diluted with sBHI, added to two columns of a 96-well plate as 200μl/well, and incubated anaerobically for 24 hours. To assess biofilm capacity, the supernatant was removed from 8 wells, the wells were washed twice with 200μl phosphate buffered saline (PBS), and air-dried for 1 hour. The biofilms were stained with safranin, washed to remove excess stain, and assessed visually. For quantitative analysis, 100μl 33% acetic acid was added to each well to solubilize the safranin, and the absorbance was read with a plate reader at an optical density of 562nm. A higher absorbance reading indicates a good biofilm-producing bacterial species. Growth was confirmed by resuspension of the remaining 8 wells and reading optical density at 595nm. Experiments were performed in triplicate for each species.
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Results: All four G. vaginalis strains tested formed dense biofilms, although G. vaginalis 14018 formed a less thick biofilm. Fusobacterium formed a sporadic biofilm. None of the other BV-associated species formed biofilms. See Figure 1.

Conclusions: G. vaginalis forms the most dense biofilm, as determined from this assay. None of the other species formed as robust a biofilm. These results support the idea that G. vaginalis is the most virulent BV-associated anaerobe. We could also speculate that perhaps the G. vaginalis biofilm in BV harbors these other less virulent BV-associated anaerobes and aids in the formation of the polymicrobial disease. 
Figure 1: Safranin-stained biofilms of BV-associated species. G. vaginalis was the only species to form a dense biofilm. Fusobacterium formed a sporadic biofilm.







2. Analyze cytotoxicity potential of G. vaginalis strains and other BV-associated anaerobes when used to challenge vaginal epithelial cells.

Methods: In 96-well plates, ME180 vaginal epithelial cells were cultured at 37°C in 5% CO2 in McCoy’s 5A medium (CellGro, Manassas, VA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotic. Bacteria were standardized at an optical density of 600nm in PBS with a nanodrop spectrophotometer (Thermo Scientific, Pittsburgh, PA). 200μl bacterial culture was added directly to a confluent monolayer of ME180 cells, incubated in 5% CO2 at 37°C, and observed every hour for 4 hours. Pictures were taken at the four-hour mark with an inverted light microscope (Zeiss, Chester, VA).  To assess changes in the monolayer, a scoring system was used: 0 = normal cells, 1 = almost normal cells with <25% rounded, 2 = 50% rounded, no breaks in the monolayer, 3 = >50% rounded, with possible breaks in the monolayer, 4 = all rounded and large breaks in the monolayer, and 5 = complete lysis of monolayer, cells floating. Experiments were performed in triplicate.

Results: All G. vaginalis strains were extremely cytotoxic. After only one hour, the whole monolayer was lysed and only cell debris remained. None of the other BV-associated anaerobes showed any significant visible signs of cytotoxicity. Peptoniphilus aggregates are visible on the monolayer, suggesting good adherence. See Figure 2.
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Figure 2: Confocal images of confluent ME180 vaginal epithelial cells after a four hour incubation with various BV-associated anaerobe bacteria cultures. Only G. vaginalis strains showed extreme cytotoxicity with scores of 5. All other strains were not significantly different from the PBS control well. Aggregates of Peptoniphilus bacteria adhering to the vaginal cells are visible as dots around the vaginal cells.

Conclusions: G. vaginalis is known to produce vaginolysin, a cytotoxin, which explains its cytotoxicity. Since none of the other anaerobes tested displayed cytotoxicity, it points to the importance of G. vaginalis in how BV-associated organisms affect the human body. Indeed, one aspect of BV diagnosis are clue cells, which are cells that have broken off the epithelial lining and are coated in anaerobic organisms, usually including G. vaginalis.

3. Analyze adherence of G. vaginalis strains and other BV-associated anaerobes to vaginal epithelial cells.

Methods: Confluent monolayers of ME180 cells were grown on 6-well plates and stained with 5μl of Vibrant Cell Wall stain (Invitrogen, Carlsbad, CA) per well. Bacteria were standardized at OD600 in 1ml PBS, stained with 5μl of BacLight green bacterial stain (Invitrogen), and added to the ME180 cells. The 6-well plates were centrifuged at 400rpm for 2 minutes to maximize contact between bacteria and ME180 cells, incubated 15 minutes at 37°C in 5% CO2, and washed twice with PBS to remove non-adherent bacteria.  The wells were visualized by confocal microscopy using a multiphoton confocal scanning laser microscope (Zeiss LSM 510; Microscopy Core Facility, Neuroscience Department, VCU, Richmond, VA).  Adherence was scored qualitatively: (–) = no adherence, (+/- )= varying and low adherence, slight differences between experiments, (+) = some adherence, <10 bacteria adhering in picture, (++) = moderate adherence, >10 bacterial cells adhering in picture, (+++) = great adherence, >50 bacterial cells adhering to ME180 cells and each other. Experiments were done two or three times, depending on the species.

Results: The results varied depending on the species. G. vaginalis and Peptoniphilus adhered greatly. G. vaginalis adhered in large clumps around a few ME180 cells, while Peptoniphilus adhered in small clumps to most ME180 cells.  Fusobacterium adhered somewhat, and Atopobium displayed moderate adherence. Mobiluncus and Prevotella had little to varying adherence depending on the day of the assay, and both Peptostreptococcus and Veillonella did not show any adherence. See Figure 3.
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Figure 3: Adherence of BV-associated bacteria to ME180 vaginal epithelial cell monolayer. Note that if bacteria adhered to ME180 cells, some green dye transferred and stained the ME180 DNA. With this in mind, disregard the intracellular green circle artifact and pay more attention to the extracellular clumps, which are the adhering bacteria. Qualitative adherence score ratings are in upper left corner of each image.

Conclusions: Only G. vaginalis and Peptoniphilus displayed hearty adherence to the vaginal epithelial cells, indicating potential roles of initial colonization in polymicrobial biofilm formation. The low levels and lack of adherence in Veillonella, Prevotella, Mobiluncus, and Peptostreptococcus indicate smaller roles of these species in vaginal cell adherence in vivo.

Summary:

Gardnerella vaginalis seems to be the most virulent BV-associated anaerobe with regard to biofilm-producing capacity, adherence to vaginal cells, and cytotoxicity towards vaginal cells. These combined virulence factors suggest that G. vaginalis plays a more important role in the manifestation of BV than the other relatively less virulent anaerobes. Its great ability to adhere to vaginal epithelial cells and produce a biofilm may help to initiate infection as well as facilitate the adherence and growth of other BV-associated anaerobes such as A. vaginae, M. mulieris, P. bivia, and Fusobacterium. Its cytotoxicity capability would help explain some BV symptoms, such as the sloughing of clue cells coated in bacteria that aid in diagnosis. Peptoniphilus, which was recently characterized in 2001, should be investigated further as to its role in BV pathogenesis (22). It displayed excellent adherence to vaginal epithelial cells, indicating a role in colonization of the epithelium. It is of unique interest, as a recent paper cited Peptoniphilus spp. as being present in 80% of BV samples (23). In the same study G. vaginalis was identified in 96% of BV samples. In future studies, it may be useful to elucidate the interactions between BV-associated anaerobes, such as co-aggregation, co-adherence to vaginal cells, and growth in a multi-species biofilm. Another future project may be to investigate why heat-inactivated human serum seems to compromise G. vaginalis 5-1 virulence. When grown in the presence of serum, G. vaginalis 5-1 was less cytotoxic and did not produce as dense a biofilm. Perhaps the varying levels of serum in the vagina over the menstrual cycle play an important role in susceptibility to BV-associated anaerobe virulence factors.
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