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ABSTRACT. In medicine, the 20th century was marked by one of
the most important revolutions in infectious-disease management, the
discovery and increasing use of antibiotics. However, their
indiscriminate use has led to the emergence of multidrug-resistant
(MDR) bacteria. Drug resistance and other factors, such as the
production of bacterial biofilms, have resulted in high recurrence
rates of bacterial diseases. Bacterial vaginosis (BV) syndrome is the
most prevalent vaginal condition in women of reproductive age,
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leading to considerable discomfort. BV can be a consequence of
gynecological and obstetric complications, as well as sexually
transmitted diseases. Given the decrease in efficiency of antibiotic
therapy and high rates of recurrence, probiotics have become
promising alternatives for both prevention and treatment of BV, or as
an adjuvant to conventional therapy. Currently, Lactobacillus species
are the most extensively studied for use as probiotics. Probiotics act
through stimulation of the host immune system, competitive
exclusion and antimicrobial activity; the latter involves production of
substances such as lactic acid, hydrogen peroxide and bacteriocins.
Lactobacillus crispatus is considered to be a biomarker of a healthy
vaginal tract and is indicated for a probiotic approach to maintaining
and restoring of a healthy vaginal ecosystem. Some L. crispatus
probiotic strains are already commercially available with encouraging
results; however, control of BV syndrome still presents many
challenges.

Key words: Probiotic; Lactobacillus crispatus; Bacterial VVaginosis;
Antibiotic failure; Competitive exclusion

INTRODUCTION

Antibiatics kill or inhibit the growth of microorganisms, especially bacteria. These
drugs have been widely used in the prevention and treatment of bacterial infection (Gould,
2016). Since the discovery of the first antibiotic - penicillin in 1928, the increasing
indiscriminate use of antibiotics has led to the spread and accumulation of antibiotic
resistance genes. In recent years, inappropriate prescribing and use of these drugs has lead
to bacterial resistance, especially the multidrug-resistant (MDR) bacteria (Navon-Venezia et
al., 2017; World Health Organization, 2018). The high recurrence rates of bacterial diseases
due to antibiotic resistance and the production of bacterial biofilms (Senok et al., 2009) has
motivated current efforts into discovering and developing new alternatives to the use of
antibiotics. Within this context, probiotics are a promising new approach both for the
prevention and treatment of some diseases (Ghosh et al., 2019).

The term “probiotics” refers to microorganisms that confer a health benefit to the
host when administered in adequate amounts (Hill et al., 2014). The safety characteristics or
Generally Recognized as Safe (GRAS) status ensures that the probiotic is unable to transfer
resistance to antibiotics and pathogenicity and toxicity factors. The functional
characteristics are related to successful administration of the probiotic, stable permanence in
the host and beneficial health effects. Probiotic bacteria can stimulate the immune system or
act to suppress pathogens. However, these potential beneficial effects must be verifiable in
the host (reviewed by Kechagia et al., 2013; reviewed by Plaza-Diaz et al., 2018).

Lactic acid bacteria (LAB) are the most widely studied group of probiotics. Among
these, lactobacilli species have attracted considerable attention. They can play a dual role in
both production/conservation of foods and health promotion (Sanders et al., 2019).
Lactobacillus is an abundant and heterogeneous Gram-positive bacterial genus. Various
species of this genus occupy a wide variety of carbohydrate-rich niches, are found in
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diverse environments, including plants, animals and fermented foods, and are part of the
microbiota of the oral and nasal cavity, gastrointestinal tract and urogenital tract of
vertebrates (George et al., 2018).

The vaginal microbiome of healthy women generally has lactobacilli as the
predominant bacteria. Analysis of the healthy vaginal microbiome by sequencing of the
bacterial 16S rRNA gene revealed five community state types (CSTs), four of which were
dominated by Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners or
Lactobacillus jensenii; CSTs with the latter species had lower proportions of lactic acid
bacteria and higher proportions of strictly anaerobic organisms (Ravel et al., 2011).

Imbalances in the healthy vaginal ecosystem can result in increased growth of
anaerobic bacteria, leading to bacterial vaginosis (BV) syndrome (Eschenbach et al., 1988).
There are still many controversies concerning BV syndrome because its etiology and
evolution are not entirely clear. While some women are asymptomatic, others experience
great discomfort. Consequently, various nomenclatures have been assigned to BV. Several
studies suggest a relationship between BV and gynecological and obstetric complications
and diseases (Reid, 2018). Gardnerella vaginalis is an opportunistic anaerobic vaginal
pathogen that often exhibits a symbiotic relationship with other anaerobes (Castro et al.,
2017). Most BVs are characterized by bacterial biofilm formation, in which the usually
prevalent species is G. vaginalis (Marrazzo et al., 2008). Antibiotic treatment often fails to
fully eradicate the BV pathogenic biofilm. Consequently, there is a high rate of inefficiency
in antibiotic treatment, probably increasing bacterial resistance and recurrence of BV
(Swidsinski et al., 2005; Kim and Park, 2017).

L. crispatus is the most prevalent species of lactobacilli present in the vaginal
ecosystem; it is considered to be a protective agent and biomarker of a healthy vaginal tract
(Lepargneur, 2016). Here, we review current knowledge on probiotics with a focus on L.
crispatus in the prevention and treatment of BV. We discuss how competitive exclusion,
bacteriostatic and bactericidal factors allow L. crispatus to compete with other
microorganisms and occupy an ecologically stable vaginal niche.

Bacterial vaginosis
Etiology and evolution of bacterial vaginosis

Bacterial vaginosis is one of the most common causes of genital discomfort in
women (Kim and Park, 2017; Reid, 2018). Previously, the term bacterial vaginosis was
used to describe a syndrome characterized by the presence of malodorous discharge,
without apparent inflammation, resulting from complex alterations in the vaginal microbiota
(Eschenbach et al., 1988). With traditional diagnostic methods, many women are classified
as positive for BV even though they are asymptomatic. Only 50-60% of women diagnosed
with BV report symptoms such as a malodorous “fishy” vaginal discharge (Senok et al.,
2009). In the review of Mitchell and Marrazzo (2014), they concluded “BV is not the same
microbiologic syndrome in all women”, thus also describing BV as a “syndrome” (Mitchell
and Marrazzo, 2014). Due to a lack of consensus in the scientific community, Reid (2018)
guestioned whether BV is a disease. BV has been described as “a disease, a disorder, a
vaginal inflammation, an infection, a microbial dysbiosis, a condition, and in some women,
a normal situation”.
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Some bacteria that cause BV may be present as commensals in the vaginal
environment. For reasons not yet fully elucidated, this vaginal dysbiosis occurs as a result of
perturbation of the healthy vaginal microbiome (Reid, 2018). BV is characterized by an
increased bacterial diversity due to a decrease in beneficial bacteria and a concomitant over
proliferation of various other bacteria. Consequently, the commensal microbiota with a
prevalence of lactobacilli is replaced by various anaerobic genera. G. vaginalis is the most
frequent detected BV-causing anaerobic bacterium, being present in approximately 95% of
all cases (Marrazzo et al., 2008). Other anaerobic bacteria have also been associated with
BV, including Prevotella spp., Porphyromonas spp., Bacteroides spp., Peptostreptococcus
spp., Mycoplasma hominis, Ureaplasma urealyticum, Mobiluncus spp., Fusobacterium spp.,
and Atopobium vaginae (Marrazzo, 2004; Vaneechoutte et al., 2004; Fredricks and
Marrazzo, 2005; Javed et al., 2019). A relationship between prevalence of Prevotella spp.
and host genetics has been suggested. This bacterial genus has been strongly associated with
menopause, obesity, HPV infection and BV (Si et al., 2017).

Most cases of BV are characterized by the adherence of a bacterial biofilm to the
vaginal epithelium (Swidsinski et al., 2005). G. vaginalis develops in one of two
phenotypes: planktonic or sessile. These two lifestyles exhibit different patterns of gene
transcription and growth rate (di Luca et al., 2014; Castro et al., 2017). While the planktonic
phenotype allows for rapid growth under favorable conditions, the sessile phenotype
includes biofilm formation, which contributes significantly to treatment failure and high BV
recurrence rates (Senok et al., 2009; Ravel et al., 2011).

Briefly, the biofilm structure consists of a multitude of microbial cells associated
with a surface and enclosed in a matrix consisting of extracellular polymeric substances
(EPS) that they produce. This EPS matrix contributes to the antimicrobial-resistance
properties of biofilms (Donlan, 2002; Senok et al., 2009). Multi-species biofilm formation
can be complex and depends upon interactions between the species involved. As G.
vaginalis is usually the main component of the BV biofilm, this bacterium possibly initiates
biofilm formation and allows the successive adhesion and proliferation of other species. It
has been found that G. vaginalis growth increases in the presence of other species
(Machado et al., 2013). The biofilm forming microorganisms display a series of specific
mechanisms for the construction of the biofilm, with initial attachment to a surface,
development of a dynamic community structure with formation of a characteristic
microbiome, and detachment and dissolution of the biofilm for rapid growth of the
microorganisms under favorable conditions. The main line of communication between
microbial cells in a community, such as a biofilm, is through quorum sensing (Parsek and
Greenberg, 2005; Senok et al., 2009). Thus, under adverse conditions, a biofilm lifestyle
provides an ecological advantage over a planktonic phenotype in the vaginal environment
(Donlan, 2002; Senok et al., 2009; Machado et al., 2013).

With the advent and refinement of molecular techniques, hundreds of bacteria have
been identified in vaginal microbiota. Recent studies in this context have been shown that
BV is definitely not a disease as diagnosed clinically or based on normal laboratory
analyses (Reid, 2018). The vaginal microbiota is a dynamic community that seems to
change in response to hormonal fluctuations in the female body, race/ethnicity, use of
intrauterine devices, new sexual partners or multiple sexual partners, vaginal douching, and
low socioeconomic level, among other influences. The composition of the vaginal
microbiota and the dominant microbial species vary from woman to woman. In addition,
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recent reviews of studies on cellular immune parameters suggest that inflammation occurs
in some BV-positive women (Mitchell and Marrazzo, 2014; Borgdorff et al., 2016; Reid,
2018). Therefore, it appears that each woman can have a specific vaginal microbiota pattern
in response to different situations and unique adversities, justifying the differences in the
BV patterns observed. Considering that many cases are asymptomatic, other cases do not
respond to antibiotics and that even in cases that are responsive, the antibiotic may not
prevent recurrence (Kim and Park, 2017; Reid, 2018), many questions about the etiology
and evolution of BV syndrome persist.

Complications related to BV

One of the main concerns regarding BV is other diseases or complications that may
be related to this syndrome. BV can be associated with various potentially severe
gynecological and obstetric complications and sequels, and with sexually transmitted
infections (STls). Studies suggest that only the presence of BV-associated bacteria is not
sufficient to result in other diseases or complications (Mitchell and Marrazzo, 2014;
Borgdorff et al., 2016), which raises the hypothesis of the need for an inflammatory process.

In the case of infertility, an association between BV, pelvic inflammatory disease
and tubal factor infertility was suggested, but BV could not be distinguished as a cause or
effect (Wilson et al., 2002). In women undergoing in vitro fertilization, BV can result in
lower implantation rates and increased rates of early pregnancy loss (Eckert et al., 2003;
Verstraelen and Senok, 2005). Pregnant women with BV have a higher risk of adverse
outcomes, such as late miscarriage, chorioamnionitis, premature rupture of membranes,
preterm birth and postpartum endometritis (Marrazzo, 2004; DiGiulio et al., 2008; Peelen et
al., 2019). In the case of preterm birth, bacteria in the amniotic fluid without inflammation
may be benign (Cobo et al., 2014). Consequently, Lactobacillus-dominated vaginal
ecosystems appear to be beneficial for various obstetric outcomes.

Growing evidence shows that BV is a risk factor for STls. There is a correlation
between the absence of vaginal lactobacilli, BV and various common STIs caused by
bacteria, protozoa and viruses (Martin et al., 1999; Cherpes et al., 2003; Peipert et al., 2008;
Brotman et al., 2010). Studies have shown correlations between BV and STIs caused by the
bacteria Neisseria gonorrhoeae, Chlamydia trachomatis, and Mycoplasma genitalium, the
protozoan Trichomonas vaginalis, and viruses such as the human immunodeficiency virus
(HIV), human papilloma virus (HPV), and herpes simplex virus type 2 (HSV-2) (Brotman,
2011; Anahtar et al., 2018).

In particular, concerning HIV, evidence suggests that both women and men are at
increased risk for acquisition of the virus as a consequence of BV or in the absence of
vaginal lactobacilli (Adimora et al., 2008; Cohen et al., 2012; Gosmann et al., 2017
Eastment and McClelland, 2018). Apparently, BV can elevate these risks in several ways,
including upregulation of relevant T-cell populations, reducing protective factors,
increasing inflammatory factors, increasing viral replication and vaginal shedding of HIV.
Since the etiology of all such relationships involving BV, lactobacilli and STIs is still
potentially misinterpreted by common risk factors associated with STlIs, further studies on
BV-related cellular and immunological parameters are needed (Brotman, 2011; Anahtar et
al., 2018; Marrazzo, 2018).
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Conventional treatment of BV

Current guidelines for treatment of BV have been based on oral or intravaginal
administration of metronidazole and clindamycin. Other antibiotics that have been used
include nitroimidazole, secnidazole, and tinidazole, depending on the bacterial specificity
required (Marrazzo, 2004; Javed et al., 2019). In addition to antibiotics, other drugs used in
the attempt to treat BV include cellulose sulfate, polystyrene sulfinate and
policarbophilcarbopol acidic vaginal gel (Simoes et al., 2002; Javed et al., 2019). Although
antibiotics contribute to a decrease in the bacterial burden that causes vaginal infections,
their use is debatable due to adverse effects, recurrences, antibiotic resistance and lack of
selectivity, since antibiotics also reduce or eliminate beneficial bacteria. Up to 10-15% of
patients undergoing administration of metronidazole or clindamycin fail to respond to initial
antimicrobial therapy (Kim and Park, 2017). Additionally, BV recurrence rates among
patients who showed an initial response to antibiotic therapy also remain high, reaching up
to 80%, necessitating repeated administration of antibiotics. The need for long-term or
repeated antibiotic exposure increases the risk of emergence of resistant strains, alteration of
microbiota, and possible persistence of BV-associated pathogens (Kim and Park, 2017).

Probiotic therapy for BV

Due to the particularities of the vaginal microbiota in each woman and the high
recurrence rates associated with antibiotic therapy against BV, many questions about the
etiology, evolution and, consequently, about the treatment of this condition remain (Reid,
2018). Probiotic Lactobacillus strains have been shown to be the most promising
alternatives for both prevention and treatment of BV, which may or not be used
synergistically with the administration of antibiotics (Homayouni et al., 2014; Javed et al.,
2019).

Benefits of probiotic organisms

There is increasing evidence for the health benefits of probiotics, including
enhancement of the immune response (Khalesi et al., 2018), a protective role against allergy
(Sharma and Im, 2018; Szari and Quinn, 2019), removal of chemical contaminants and
ability to reduce the toxicity of contaminants (Feng et al., 2018; Wochner et al., 2018;
Wang et al., 2019), improving intestinal health by modulating the number and diversity of
beneficial gut microbiota, and reducing symptoms associated with various gastrointestinal
disorders (Ferrario et al., 2014; Ford et al., 2014; Feng et al., 2018; Irwin et al., 2018;
Vasquez et al., 2019), hepatoprotective effects (Meng et al., 2018), cardiovascular disease
prevention by improving blood cholesterol levels and blood lipid profile, reducing blood
pressure and hypertension (Guo et al., 2011; Khalesi et al., 2014; Sun and Buys, 2015;
Vasquez et al., 2019), improving blood glucose tolerance and diabetes control (Sun and
Buys, 2016; Plows et al., 2019), improved mental health (Inserra et al., 2018; Bruce-Keller
et al., 2018; Dutta et al., 2019), and cancer prevention (Nazir et al., 2018; Scott et al., 2018;
Ma et al., 2019). However, in order to improve the probability of these beneficial effects,
probiotic candidate strains should be submitted to selection assays, which can be crucial to
promulgate the therapeutic effect in the host.
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Criteria for selection of probiotic strains

Probiotic strains are selected for potential application based on particular
physiological and functional properties, some of which may be determined in vitro (Carmo
et al., 2017). Many studies suggest that probiotic effects are strain-specific. A beneficial
effect attributed to one strain may not be found in another, even though it belongs to the
same species. Therefore, in order to establish their suitability and performance for industrial
application, strain characterization is required (Ibnou-Zekri et al., 2003; Kechagia et al.,
2013; Abdelmaksoud et al., 2016).

Several aspects are relevant in the selection of probiotic microorganisms, including
safety, functional and technological characteristics. Safety is mainly related to concerns
about pathogenicity and disease, including not carrying transmissible antibiotic resistance
genes. Therefore, safe microorganisms cannot have a history of pathogenicity or an
association with diseases in the host, and they cannot disseminate genes related to antibiotic
resistance through horizontal gene transfer (Saarela et al., 2000).

It is expected that a potential probiotic strain displays certain desirable properties
and functional aspects. The functional aspects are mainly related to survival in the host and
beneficial effects provided. When administered orally, a probiotic should have the ability to
survive under adverse conditions suffered throughout the gastrointestinal tract. Once inside
the host, stable permanence is related to the ability to adhere to mucosal and epithelial
surfaces. Functional aspects related to these adaptive attributes that are currently determined
by in vitro tests are listed in Table 1 (Saarela et al., 2000; Kechagia et al., 2013).

Table 1. Functional aspects relevant to the selection of probiotic microorganisms.

Functional aspects Purpose

Acid and bile tolerance Probiotic survival in oral administration

Bile salt hydrolase activity Resistance to action of bile salts in oral administration
Effective colonization, which is an important feature for

Adhesion to mucosal and epithelial surfaces health benefits such as successful immune modulation and
competitive exclusion of pathogens

Antimicrobial activity against pathogenic bacteria such as Effective colonization and health benefits that avoid

production of lactic acid, hydrogen peroxide and complications and diseases caused by pathogenic

bacteriocins microorganisms

Technological aspects are mainly related to probiotic production and processing for
industrial application. These include phage resistance, viability during processing and
stability in production and during storage (Saarela et al., 2000). Viability is, by definition, a
prerequisite for probiotic functionality; however, certain studies (Salminen et al., 1999;
Lahtinen, 2012) have demonstrated that viability is not necessary for all probiotic effects.
Thus, in some cases, good viability during storage can be dispensed with if an optimal
growth rate has been obtained during the initial production steps. In addition, probiotic
encapsulation technology can ensure viability and stability (Salminen et al., 1999; Saarela et
al., 2000; Lahtinen, 2012; Kechagia et al., 2013).

Bacterial strains of Bifidobacterium and Lactobacillus have a long history of safe
and effective use as probiotics. The most commonly used yeast is Saccharomyces boulardii
(Sanders et al., 2019). Other genera have also been marketed as probiotics, although
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concerns remain regarding the safe use of these organisms for this purpose (Eaton and
Gasson, 2001; Holzapfel et al., 2001; Ishibashi and Yamazaki, 2001; Balakrishnan and
Floch, 2012; Sanders et al., 2019).

The use of lactobacilli in the treatment of Bacterial VVaginosis

Species of Lactobacillus vary in their stability and protective ability in the vaginal
environment (Tamrakar et al., 2007; Verstraelen et al., 2009; Abdelmaksoud et al., 2016).
Stability is related to permanence of the lactobacilli in the vaginal environment, with their
not being easily displaced, even in the face of various adversities, such as hormonal
changes, sexual activity and exposure to semen, altered nutrient sources, transient
fluctuations in pH, and exposure to non-resident bacterial species. Meanwhile, the
protective ability reflects the competitive features of the lactobacilli, which prevent vaginal
colonization by BV-associated anaerobes (Abdelmaksoud et al., 2016).

Probiotic lactobacilli have been administered through oral and vaginal routes to
attempt BV prevention and treatment. As reviewed by Homayouni et al. (2014) and Javed et
al. (2019), single and multiple strains have been evaluated in randomized clinical trials
alone and with antibiotic therapy. However, it is still unclear which route is most efficient
for each purpose. Since lactobacilli colonizing the rectum may be a reservoir for vaginal
lactobacilli (Antonio et al., 2005), the oral route has been suggested as more practical and
could both prevent BV and provide other health benefits for the consumer. On the other
hand, the vaginal route allows the introduction of probiotic bacteria directly into the vagina
through probiotic capsules, creams, gels or tampons filled with freeze-dried lactobacilli.
Lactobacillus strains that have been investigated for BV prevention and treatment include L.
reuteri, L. fermentum, L. gasseri, L. rhamnosus, L. brevis, L. acidophilus, L. plantarum and
L.crispatus (Reid et al., 2001, 2003; Homayouni et al., 2014; De Alberti et al., 2015; Recine
et al., 2016; Verdenelli et al., 2016; Javed et al., 2019).

Most relevant clinical trials have shown that oral or intravaginal administration of
L. acidophilus strains, or intravaginal administration of L. fermentum RC-14 combined with
L. rhamnosus GR-1 are able to increase the numbers of vaginal lactobacilli and restore a
healthy vaginal microbiota (Homayouni et al., 2014). Although these strains have been
extensively investigated as probiotics to help prevent urogenital infections, the use of
Lactobacillus species that are naturally more prevalent in the vagina of healthy women has
been a more promising option for the vaginal probiotic approach (Lepargneur, 2016; Javed
et al., 2019). The use of these species could ensure greater success in effective and lasting
colonization of lactobacilli in the vaginal environment, which is a determining factor for the
prevention, treatment and reduction of BV recurrence rates. L. crispatus is the most
prevalent species of lactobacilli present in the healthy vaginal ecosystem (Ravel et al., 2011;
Lepargneur, 2016).

Lactobacillus crispatus as a probiotic against Bacterial VVaginosis

Lactobacillus crispatus is one of the most frequent bacteria in the human
gastrointestinal and genitourinary microbiota that provides benefits to the host. This
bacterium can comprise more than 80% of all bacteria in the healthy vagina (Ravel et al.,
2011) and is considered to be one of the most active, stable and protective species in this
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environment (Macklaim et al., 2013; Abdelmaksoud et al., 2016). Verstraelen et al. (2009)
reported a five-fold decreased risk for developing BV in pregnant women colonized with L.
crispatus. A longitudinal analysis of the vaginal microbiota of 100 Caucasian pregnant
women suggested that L. crispatus promotes stability in the healthy vagina, whereas L.
gasseri and/or L. iners are more conducive to vaginal dysbiosis (Verstraelen et al., 2009). In
a study by Gajer et al. (2012), the stability and protective role of L. crispatus was also
observed. The temporal dynamics of the composition of vaginal bacterial communities in 32
healthy reproductive-age women revealed that some communities change markedly over
short time periods. Meanwhile, other communities are relatively stable, including
communities dominated by L. crispatus (Gajer et al., 2012).

An inverse association between L. crispatus and G. vaginalis has been reported; the
latter is one of the main bacteria associated with BV (Fredricks et al., 2007; Srinivasan et
al., 2012; Shipitsyna et al., 2013). However, the mechanisms involved in the protective role
of L. crispatus are not entirely clear. It is known that the roles of protective or pathogenic
vaginal bacterial species, in health or disease, can be influenced by genetic differences
between strains (Ojala et al., 2014; Abdelmaksoud et al., 2016; Borgdorff et al., 2016;
France et al., 2016; Salas et al., 2016).

The L. crispatus genome is about 2.0-2.7 Mb in size (Human et al., 2010; Ojala et
al., 2010) and is highly variable, with the core genome making up only ~60% (Ojala et al.,
2014; Abdelmaksoud et al., 2016). Compared to other more frequent vaginal lactobacilli, L.
crispatus has the largest genome size (Mendes-Soares et al., 2014). However, its genome is
still smaller than the genome of other Lactobacillus species that are non-host associated
(France et al., 2016). These characteristics may help explain the prevalence of L. crispatus
in the vaginal environment and its specialization to occupy the vaginal niche.

In silico insights about the role of L. crispatus in BV

A decrease of L. crispatus populations during the evolution of BV has been
proposed. Bacteriophages are natural inhibitors of bacteria and temperate phages are
common in vaginal lactobacilli (Pavlova et al., 1997; Kilic et al., 2001; Damelin et al.,
2011). In silico analyses allow us to identify prophage clusters, including defective
prophages that are retained in the bacterial chromosome, which are unable to excise,
replicate or lyse the bacteria. In a comparative genomic study of 10 strains, Ojala et al.
(2014) identified 31 prophage-like regions, comprising 1,636 CDSs and accounting for
more than a fifth of the ortholog groups in L. crispatus. Curiously, the prophage-like
clusters were enriched in all vaginal isolates of L. crispatus, but they were not found in the
chicken isolate ST1 (Ojala et al., 2014).

A high degree of lysogeny (77%) was observed for vaginal strains of L. crispatus
by Damelin et al. (2011) and confirmed by Ojala et al. through in silico analyses (Damelin
et al., 2011; Ojala et al., 2014). This suggests that transduction is an important mechanism
for genome evolution in these bacteria. Abdelmaksoud et al. (2016) performed in vitro
analyses to determine whether there is a correlation between phage inhibition of L. crispatus
and BV development. However, their analyses did not show a strong correlation between
phage induction and bacterial lysis. Moreover, no correlation was observed between phage
inhibition of L. crispatus and BV development since the degree of bacterial lysis did not
differ between the group of strains from lactobacilli-dominated microbiomes and strains
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from microbiomes containing BV-associated bacteria (Abdelmaksoud et al., 2016). Phages
may influence the stability of L. crispatus, but differences in stability are not simply
explained by the presence or absence of inducible phages. Thus, further studies should be
carried out to investigate the complex interactions between the L. crispatus strains, their
environment and the possibility of phage induction (Ojala et al., 2014; Abdelmaksoud et al.,
2016).

L. crispatus could contribute to the maintenance or restoration of urogenital health
through competitive exclusion and antimicrobial activity. In a probiotic approach, there
should be a specific focus on the molecular mechanisms involved in host-probiotic and
probiotic-pathogen interactions. These mechanisms involve genes implicated in the
production of adhesion-associated compounds, exopolysaccharides (EPS), surface-layer (S-
layer) proteins and antimicrobial substances (Ojala et al., 2014).

Adherence and competitive exclusion

Adhesion to host tissue has been considered a feature that enhances probiotic
activity (Carmo et al., 2017; do Carmo et al., 2018). In addition to being a prerequisite for
the effective colonization of the vaginal environment, adhesion of L. crispatus stimulates
the host's immune system and has antagonistic activity against pathogenic microorganisms
through competitive exclusion (Boris and Barbés, 2000; Ojala et al., 2014). In terms of
bacterial pathogenesis, adherence to host cells plays a crucial role in biofilm forming
bacteria and cell surface polysaccharides have an established role as virulence factors
(Hardy et al., 2017). In contrast, there is a lack of information about biofilm formation and
the probiotic feature of competitive exclusion performed by lactobacilli. Both biosynthesis
and the biological function of cell surface polysaccharides are poorly reported in probiotic
Lactobacillus spp. and their ability to inhibit adhesion and biofilm formation of other
species also has not yet been fully elucidated (Salas et al., 2016).

Analyzing the L. crispatus proteome, Ojala et al. (2014) identified 103 putative
adhesins related to the ability to colonize and interact with the host. In addition, they found
~30 putative S-layer proteins encoding genes that could potentially contribute to bacterial
adhesion and competitive exclusion (Ojala et al., 2014). Some studies have reported that S-
layer proteins are related to inhibition of adhesion, competitive exclusion and synergistic
action against various microorganisms in non-vaginal environments (Horie et al., 2002;
Chen et al., 2007; Sun et al., 2017; do Carmo et al., 2018).

It is well known that BV can form a multi-species biofilm in which G. vaginalis is
the most common dominant bacterial strain (Swidsinski et al., 2005). Curiously, a highly
variable genome region appears to be associated with EPS biosynthesis in L. crispatus.
Ojala et al. reported that the EPS gene cluster is comprised of 37 EPS biosynthesis genes,
five of which appear to be always present in the operon of all strains. The EPS genetic
variations may be related to adhesion, biofilm formation, and competitive exclusion of
pathogens (Ojala et al., 2014). It was reported that L. crispatus strains that are producers of
high levels of EPS can have probiotic potential, including cholesterol-reducing features
(Anandharaj et al., 2015; Khalil et al., 2018). Furthermore, Donnarumma et al. (2014)
observed that a specific L. crispatus EPS presents structural features and similarity to
exopolysaccharides produced by pathogenic strains; they also found that L. crispatus cells
strongly reduced adhesion of a pathogenic yeast strain. Using confocal laser scanning
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microscopy, Wu et al. (2015) showed that vaginal L. crispatus is also able to form a typical
biofilm, with distinct developmental phases and architecture characteristics. However,
phenotypic studies of L. crispatus strains by crystal violet assays revealed no or weak
biofilm formation, as well as very low levels of autoaggregation (van der Veer et al., 2019),
which shows a need for further studies on the possibility of formation of biofilm by L.
crispatus and all the factors involved (Donnarumma et al., 2014; Wu et al., 2015; van der
Veer et al., 2019).

Using adhesion competition assays in HelLa cell culture, Castro et al. (2013)
observed the ability of L. crispatus EX533959VCO06 to reduce the adhesion of G. vaginalis
to host cells. The larger size of L. crispatus cells may be one of the factors that interfere in
the adhesion of G. vaginalis. In addition, L. crispatus could inhibit adherence of BV-
causing G. vaginalis through steric hindrance or by masking receptors. The Lactobacillus
epithelium adhesin (LEA) of L. crispatus was characterized in the chicken-isolated strain
ST1, which is known for its strong adherence to chicken epithelia and to buccal and vaginal
cells of human origin (Edelman et al., 2002, 2003). The LEA protein displays specific
binding to both crop epithelium and epithelial cells in the human vagina (Edelman et al.,
2012). A comparative genomic study of Ojala et al. of 10 L. crispatus isolates found that the
core genome of this species includes genes that may play a role in competitive exclusion of
G. vaginalis. The study findings indicate that L. crispatus could interfere with fibronectin-
binding and pilus components of G. vaginalis, promoting reduction in the ability of G.
vaginalis to adhere to epithelial cells, which possibly helps in the prevention of BV (Ojala
et al., 2014). A microbiome study that focused on bactericidal and bacteriostatic features of
L. crispatus found that all of the eight analyzed strains from lactobacilli-dominated
microbiomes and strains from microbiomes containing BV-associated bacteria encoded the
LEA protein (Abdelmaksoud et al., 2016).

Antimicrobial activity

Vaginal lactobacilli play a key role in the inhibition of growth of other bacterial
species through the production of antimicrobial substances, such as lactic acid, hydrogen
peroxide, bacteriocins, bacteriocin-like substances and biosurfactants (Amabebe and
Anumba, 2018). It is believed that genes found to be exclusive to the Lactobacillus-
dominated microbiomes could play a role in the maintenance of vaginal health, while genes
found to be exclusive to BV-associated bacteria-containing microbiomes could play a role
in the development of BV (Abdelmaksoud et al., 2016).

Lactic acid production

Lactic acid at physiological concentrations acidifies vaginal secretions, enhances
the protective activities of H,O, and bacteriocins, and inhibits opportunistic infections
(Cadieux et al., 2009; Thoma et al., 2011; Amabebe and Anumba, 2018). It has been
postulated that proliferation of vaginal lactobacilli is supported by estrogen-driven glycogen
production and that the core genome of L. crispatus does not contain the necessary genes to
break down glycogen. Thus, it has even been suggested that L. crispatus relies on amylase
secretion by the host or other microbes for glycogen breakdown (Amabebe and Anumba,
2018). However, Van der Veer et al. (2019) provided the first evidence suggesting that L.
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crispatus human isolates can grow on extracellular glycogen and identified variation in a
gene correlated with this activity. Anaerobic metabolism of glucose and other sugars results
in the production of the isomers of lactic acid and energy production in the form of
adenosine triphosphate. The vaginal epithelium produces only L-lactic acid, and in small
amounts, while lactobacilli are the main source of both L- and D-lactic acid (Amabebe and
Anumba, 2018).

Lactobacillus crispatus encodes two L-lactate dehydrogenase genes and one D-
lactate dehydrogenase gene. Analyzing strain-to-strain differences in relation to total lactic
acid production in vitro, no consistent or significant difference were observed between L.
crispatus isolates from Lactobacillus-dominated vaginal microbiomes and isolates from
microbiomes containing bacterial vaginosis-associated bacteria (Ojala et al., 2014;
Abdelmaksoud et al., 2016; van der Veer et al., 2019). Compared to other species, L.
jensenii is similar to L. crispatus in harboring two D-lactate dehydrogenase genes and one
L-lactate dehydrogenase gene, whereas L. iners only harbors one D-lactate dehydrogenase
gene. The genomic differences related to lactic acid and the transcriptional control of these
genes may explain clinical observations in which L. jensenii and L. crispatus are associated
with a healthy vaginal microbiome, in contrast to L. iners, which is frequently found in
women with recurrent BV (Witkin et al., 2013; Ojala et al., 2014; Abdelmaksoud et al.,
2016).

It has been suggested that the relative proportion of L- to D-lactic acid isomers in
the vagina influences the role of L. crispatus and other lactobacilli such as L. jensenii,
against BV (Amabebe and Anumba, 2018). An increase in the concentration of D-lactic
acid relative to the L-lactic acid level correlated significantly to a decrease in extracellular
metalloproteinase inducer (EMMPRIN) concentration (Witkin et al., 2013). EMMPRIN is
the main inducer of matrix metalloproteinase (MMP-8), an enzyme that degrades the
extracellular matrix (lacono et al., 2007). EMMPRIN-induced MMP-8 has been strongly
implicated in controlling endometrial breakdown and regeneration during the menstrual
cycle (Braundmeier et al., 2006). In addition, EMMPRIN is an essential cofactor for protein
monocarboxylate transporter 1 (MCT-1) (Wilson et al., 2005). MCT-1 and EMMPRIN-
mediated mechanisms regulate only the intracellular concentration of the L-lactic acid
isomer, through active transport into and out of epithelial cells, for maintenance of acidity
compatible with cellular function (lacono et al., 2007). Lower levels of EMMPRIN-induced
MMP-8 may be related to increased integrity of the endocervical barrier that prevents
vaginal microorganisms from ascending to the upper genital tract (Rahkonen et al., 2009).
Thus, D-lactic acid may prevent BV-related complications and diseases by modulating the
L-lactic acid-induced production of EMMPRIN from vaginal epithelial cells and inhibiting
the production of MMP-8 (Witkin et al., 2013).

While D-lactic acid levels have been found to be strongly associated with the
predominance of L. crispatus in the vagina, reduced levels of D-lactic acid have been
associated with bacterial communities dominated by L. iners and G. vaginalis (Witkin et al.,
2013). Since L. crispatus strains harbor two L-lactate dehydrogenase genes and one D-
lactate dehydrogenase gene, further studies of transcriptional analyses should be conducted
to help explain the association of L. crispatus with a higher level of D-lactic acid compared
to L-lactic acid in the vaginal environment, (Witkin et al., 2013; Ojala et al., 2014;
Abdelmaksoud et al., 2016; Amabebe and Anumba, 2018).
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Hydrogen peroxide production

There is a controversy about the protective role ascribed to hydrogen peroxide
(H20,) producing Lactobacillus species. The protective role attributed to H,0, is related to
observations of epidemiological studies examining the presence of H,O,-producing versus
non-producing vaginal lactobacilli was compared. The H,0,-producing lactobacilli were
associated with a decreased risk for BV, sexually transmitted infections, and adverse birth
outcomes. However, the scientific literature does not support a clear antimicrobial role for
H,0, produced by vaginal lactobacilli (Tachedjian et al., 2018).

A comparative genomic study by Ojala et al. (2014) discovered hydrogen peroxide
producing enzymes (EC:1.2.3.3 and EC:1.1.3.15) in all of the 10 strains of L. crispatus that
they analyzed (Ojala et al., 2014), which confirms experimental observations that hydrogen
peroxide generation is common in vaginal L. crispatus (Antonio et al., 1999). However,
there is weak correlation between stability or protection conferred by a Lactobacillus strain
and the levels of hydrogen peroxide that it produces (Abdelmaksoud et al., 2016). Although
strains of L. vaginalis and L. jensenii are the largest producers of hydrogen peroxide on
vaginal microbiota, L. crispatus appears to be the most stable and protective species
(Tamrakar et al., 2007); even hydrogen peroxide-non-producing strains of L. crispatus
appear to play a protective role (Verstraelen et al., 2009). Unlike the other Lactobacillus
species, L. iners is unable to produce D-lactic acid and H,O,, which may help to explain
their frequent presence in women with recurrent BV (Petrova et al., 2017). Thus, the
production of hydrogen peroxide does not seem to be a determining factor for the protective
role of L. crispatus, but rather an enhancer when combined with other substances such as D-
lactic acid.

Bacteriocins

All of 18 strains characterized in genomic studies by Ojala et al. (2014) and
Abdelmaksoud et al. (2016) presented sets of putative bacteriocin gene clusters. In each
isolate, at least two regions encoding bacteriolysins (class Il bacteriocins) similar to
enterolysin A (Nilsen et al., 2003) and helveticin J (Joerger and Klaenhammer, 1990) were
revealed, except for one strain that lacked a gene similar to enterolysin A. Regions involved
in the production of class Il bacteriocins were also identified, such as a pediocin-like
bacteriocin, penocin A, which inhibits the growth of pathogenic Listeria and Clostridium
species (Diep et al., 2006), and bacteriocin LS2, which inhibits the growth of isolates
belonging to the genera Listeria, Shigella, and Yersinia (Busarcevic and Dalgalarrondo,
2012). Besides these bacteriocins, thermophilin A, durancin Q, coagulin A and
staphylococcin C55B were also found (Abdelmaksoud et al., 2016). The large number of
putative bacteriocin gene clusters suggests the importance of bacteriocins for the
antimicrobial potential of L. crispatus. However, no correlation was found between the
number or type of bacteriocins in Lactobacillus-dominated vaginal microbiomes or isolates
from dysbiotic vaginal microbiomes (Ojala et al., 2014; Abdelmaksoud et al., 2016; van der
Veer et al., 2019).
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Lactobacillus crispatus in the vaginal probiotic approach

The probiotic potential of the L. crispatus strains has been extensively studied.
However, few clinical studies have focused on the analysis of the probiotic role of a single
strain for prevention or treatment of BV (Table 2).

L. crispatus GAI 98332, L. crispatus CTV-05 (LACTIN-V) and L. crispatus IP
174178 (Physioflor®) were subjected to single strain clinical trials aiming at prevention and
treatment against BV or UTI, which has potential against BV as well. L. crispatus GAI
98332 was selected among three strains of vaginal origin as the most suitable strain for a
pilot study due to a higher level of hydrogen peroxide production. In addition, this strain
showed great stability when frozen (Uehara et al., 2006). So, vaginal suppositories
containing 1 x 10° CFU L. crispatus GAI 98332 were tested the safety and effectiveness in
women experiencing recurrent UTI. A significant reduction in the number of recurrences
was noted, without any adverse complication (Uehara et al., 2006). Ten years later, a report
was published of an on-going prospective phase 2 clinical trial performed to evaluate the
preventive effectiveness of Lactobacillus vaginal suppositories for prevention of recurrent
cystitis (Wada et al., 2016). Female outpatients with recurrent cystitis were instructed to
insert a vaginal suppository containing 1 x 108 CFU of L. crispatus GAI 98332 every two
days or three times a week for one year before going to bed (Wada et al., 2016), as
described in Uehara et al. (2006).

L. crispatus CTV-05 is the strain with the largest number of studies available for
prevention and treatment against BV or UTI, with a biotechnological product available, the
LACTIN-V developed by Osel, Inc. (Santa Clara, CA). Previously, L. crispatus strain CTV-
05, a vaginally derived H,O,-producing strain, showed high mean adherence to vaginal
epithelial cells in vitro (Kwok et al., 2006) and a high success rate in vaginal colonization
when given as a vaginal suppository (Antonio and Hillier, 2003), which qualified this strain
as a promising probiotic candidate. Furthermore, it was reported that this strain has a
specific DNA fingerprint that allows it to be distinguished from endogenous vaginal
lactobacilli, including other L. crispatus strains, and the success of colonization can be
measured (Antonio and Hillier, 2003).

Therefore, LACTIN-V was developed as a vaginal suppository at a dose of 5 x 10°
CFU administered in a gelatin capsule. A phase 1 trial was conducted in premenopausal
women with a history of recurrent urinary tract infection to further evaluate the safety of
this new formulation and its effect on the vaginal ecosystem. Only minimal side effects
were observed; however, L. crispatus CTV-05 colonization was lower than expected and
mild inflammation of the urinary tract was noted in some women (Czaja et al., 2007).

In another study, two different doses (10° and 10®° CFU) in gelatin capsules
containing L. crispatus CTV-05 in a desiccated state were evaluated for safety and vaginal
colonization ability in young women. Overall, it was observed that the factors that predict
failure in colonization by probiotic lactobacilli include vaginal intercourse, exposure to
semen, and the presence of lactobacilli of the same species. Sexual intercourse with the use
of condoms affected colonization, but unprotected sex affected it even more, possibly due to
the presence of seminal fluid. A higher success rate in vaginal colonization was found in
females not previously colonized by L. crispatus. Thus, the competition with endogenous L.
crispatus appears to preclude the successful colonization by an exogenous L. crispatus
strain (Antonio et al., 2009).
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Table 2. Clinical studies of single-strain Lactobacillus crispatus in a probiotic approach. UTI = urinary

tract infection.

Intervention

Health Condition

Results

Reference

Pilot study: Vaginal suppository
containing 10® CFU of L. crispatus
GAI 98332, every two days, for one
year

Female patients aged 37-80 years who
had experienced more than two
episodes of UTI in the preceding 12
months, and were suffering from
recurrent UT] for at least two years

A significant reduction in the number of
recurrences was noted, without adverse
complications

(Uehara et al., 2006)

Intravaginal capsule containing 10°
CFU of L. crispatus, twice daily for
three days, monthly for three months

‘Womens aged 18-45 years with BV
and treated with a single oral dose of
metronidazole (2.0 g) at the time of
enrollment

Adverse effects were rare. Report of
satisfaction with the capsule, belief that it
contained healthy bacteria, and belief that
its use improved vaginal health were
directly related to clinical cure and to
improved Nugent score.

(Marrazzo et al., 2006)

Phase 1 clinical trial: Vaginal
suppository containing 5 x 108 CFU
of L. crispatus CTV-05 (LACTIN-
V) in a gelatin capsule, once daily
for five days

Premenopausal womens aged 18-35
years with a history of three or more
uncomplicated UTIs diagnosed

in the past year, or two uncomplicated
UTIs diagnosed in the past six months

L. crispatus CTV-05 was well tolerated
and minimal side effects was observed,
but the colonization was lower than

expected and mild inflammation of the
urinary tract was noted in some women

(Czajaetal., 2007)

Vaginal gelatin capsules containing
two potencies (10° or 10° CFU) of L.
crispatus CTV-05 in a desiccated
state, twice daily for 3 days

Sexually active females aged 14-21
years and free of genital infections

No statistically significant difference was
found between the two potency groups
with respect to vaginal colonization by
L.crispatus CTV-05. The factors that
predict colonization failure include
exposure to semen, vaginal intercourse,
and the presence of lactobacilli
endogenous of the same species

(Antonio et al., 2009)

Phase 1 clinical trial
(ClinicalTrials.gov NCT00537576):
Vaginal applicators prefilled with
three doses (5 x 10°, 1 x 10° or 2 x
10° CFU/dose) of L. crispatus CTV-
05 (LACTIN V), once daily for five
consecutive days

Sexually experienced healthy females
aged 18-40 years, sexually-abstinent
(sexually abstinent 72 hours prior to
enrollment and until the last clinical
visit)

All three dose levels of LACTIN-V
appeared to be safe and acceptable in pre-
menopausal healthy women

(Hemmerling et al., 2009)

Phase 2a clinical trial:
(ClinicalTrials.gov NCT00635622)
Vaginal applicator prefilled with 2 x
10° CFU/dose of L. crispatus CTV-
05 (LACTIN V), once daily for five
days followed by once weekly for
two weeks

‘Women aged 18-50 years,
premenopausal, diagnosed with BV
and treated with 0.75% topical
metronidazole (MetroGel) for five
consecutive days before enroliment

LACTIN-V colonized well, and was safe
and acceptable

(Hemmerling et al., 2010)

In continuation of the
Hemmerling et al. phase 1
clinical trial (Hemmerling et
al., 2009)

Phase 2 clinical trial
(ClinicalTrials.gov NCT00635622):
Vaginal applicator prefilled with 2 x
10° CFU/dose of L. crispatus CTV-
05 (LACTIN V), once daily for five
days followed by a weekly
application over two weeks

‘Women aged 18-44 years,
premenopausal, diagnosed with BV
and treated with 0.75% topical
metronidazole (MetroGel) for five
consecutive days before enroliment

Vaginal concentration of certain BV-
associated bacteria, vaginal intercourse
during treatment, and the presence of
endogenous L. crispatus at enrollment
predict colonization with probiotic
lactobacilli

(Ngugi et al., 2011)

In continuation of the
Hemmerling et al. phase 1
and phase 2a clinical trials
(Hemmerling et al., 2009,
2010)

Phase 2 clinical trial
(ClinicalTrials.gov NCT00305227):
Vaginal suppository (gelatin
capsules with no applicator)
containing 10® CFU/dose of L.
crispatus CTV-05 (LACTIN V),
daily for five days and then once
weekly for 10 weeks

Women aged 18-40 years with history
of at least one prior symptomatic UTI
treated within the

past 12 months prior to the current UTI
(the participants were treated for acute
UT]I at visit 1)

The administration of LACTIN-V, after
treatment for cystitis, provided an
apparent treatment advantage over natural
recovery of the vaginal microbiota and
was associated with a reduction in
recurrent UTI

(Stapleton et al., 2011)

In continuation of the Czaja
et al. phase 1 clinical trial
(Czaja et al., 2007)

Phase 2 clinical trial: Vaginal
suppository containing 10° CFU of
L. crispatus GAI 98332, every two
days or three times a week for one
year

Female outpatients, less than 80 years
old, with two or more episodes of
uncomplicated/complicated cystitis in
the past year (the UTI is treated and
cured at entry)

An on-going prospective phase

(Wada et al., 2016)

In continuation of the
Uehara et al. pilot study
(Uehara et al., 2006)

Phase 3 clinical trial: L.crispatus IP
174178 (Physioflor®), administered
at a dose 10° CFU per gram in
vaginal capsules once a day, for 14
days over the first two menstrual
cycles and another 14 days for the
following two menstrual cycles

Women with at least two documented
episodes of BV in the previous year
who had been clinically cured after oral
metronidazole treatment (1 g/day x 7
days)

In women with recurrent BV after
antibiotics, Physioflor® could reduce the
rate of recurrence and increase the time to
recurrence

(Bohbot et al., 2018)

To improve vaginal colonization by LACTIN-V, Osel Inc. increased the product
dose and designed a novel applicator to facilitate delivery of the powder formulation
directly into the vagina. A phase 1 dose-ranging safety trial (ClinicalTrials.gov
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NCTO00537576) tested the safety, tolerability and acceptability of three different doses of
this new LACTIN-V formulation using the new vaginal delivery device in healthy
volunteers. All three dose levels of LACTIN-V (5 x 10°, 1 x 10° and 2 x 10° CFU/dose)
administered by vaginal applicator appeared to be safe and acceptable in healthy volunteers
(Hemmerling et al., 2009).

Posteriorly, a phase 2a clinical trial (ClinicalTrials.gov NCT00635622) assessed
colonization efficiency, safety, tolerability, and acceptability of LACTIN-V administered at
a dose of 2 x 10° CFU by a vaginal applicator in women diagnosed with BV and treated
with 0.75% topical metronidazole (MetroGel). LACTIN-V promoted satisfactory
colonization of the vaginal environment with safety, tolerability and acceptability. Due to
the small sample size, the study was not effective to evaluate recurrence of BV
(Hemmerling et al., 2010). Although the influence of semen exposure on colonization was
not an initial aim of the study, a negative effect of unprotected intercourse on lactobacilli
colonization was also found, which supports the conclusions made by Antonio et al. (2009)
and Hemmerling et al. (2010). In the same clinical trial (ClinicalTrials.gov NCT00635622),
a phase 2 study investigated whether the vaginal concentration of certain BV-associated
bacteria could affect colonization with exogenous L. crispatus CTV-05. LACTIN-V at 2 x
10° CFU/dose was administered vaginally via a pre-filled applicator in women with BV
previously treated with MetroGel®. L. crispatus CTV-05 colonization status inversely
correlated with vaginal concentrations of BV-associated bacteria DNA, especially those
known to create a biofilm (Ngugi et al., 2011).

As previously mentioned in the literature, vaginal intercourse and endogenous L.
crispatus seems to negatively influence the success of colonization by L. crispatus CTV-05.
It has been suggested that the high pH of seminal fluid or one of its components may affect
the adherence of CTV-05 to vaginal epithelial cells and/or its survival in the vaginal
environment (Antonio et al., 2009; Hemmerling et al., 2010; Ngugi et al., 2011). The
presence of endogenous L. crispatus at enrollment was found to be significantly associated
with a reduced probability of colonization with L. crispatus CTV-05, which supports the
hypothesis of competition between endogenous and exogenous L. crispatus (Antonio et al.,
2009; Ngugi et al., 2011).

Posteriorly, considering the clinical trial published by Czaja et al. (2007), a phase 2
trial (ClinicalTrials.gov NCT00305227) was conducted among women with recurrent
urinary tract infection. LACTIN-V was administered as an intravaginal suppository, at a
dose of 10° CFU/mL in a gelatin capsule, for prevention of recurrent urinary tract infection
in premenopausal women. The administration of LACTIN-V after treatment for cystitis was
associated with a reduction in recurrent urinary tract infection. Using quantitative gPCR of
16S ribosomal ribonucleic acid, a robust and prolonged colonization with L. crispatus CTV-
05 was found, which resulted in a trend of reduction in the incidence of recurrent urinary
tract infection by ~50%. Furthermore, the protective effects appeared to be proportional to
increased colonization, since the protective effects were even greater in those women who
achieved the most robust colonization with L. crispatus CTV-05. Therefore, after an
episode of recurrent urinary tract infection, the administration of LACTIN-V provided an
apparent treatment advantage over natural recovery of the vaginal microbiota (Stapleton et
al., 2011).

L. crispatus IP 174178 was also analyzed to prevent BV. Women with recurrent BV
after use of antibiotics were treated with L. crispatus IP 174178 (Physioflor®), administered
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at a dose 10° CFU per gram in vaginal capsules. Despite the limitations of the study,
Physioflor® slightly reduced the recurrence rate and increased the time to recurrence. The
authors emphasized that the use of Physioflor may be a factor that assists in the prevention
of BV, and that in order to sustain a long-term benefit, the known risk factors of BV should
be considered (Bohbot et al., 2018).

CONSIDERATIONS AND PERSPECTIVES

The increasing number of studies correlating BV with other diseases and
complications highlights the importance of further research on this syndrome. An
ineffective initial response to antimicrobial therapy and high rates of BV recurrence in
responsive patients can be controlled with a L. crispatus probiotic approach. The
competitive exclusion and antimicrobial potential of L. crispatus is mediated by strain-
specific genetic and transcriptional factors. Some L. crispatus probiotic strains are already
commercially used, but other factors related to BV recurrence should also be considered
concomitantly with the use of probiotics. L. crispatus CTV-05 is the most widely studied
probiotic strain for treatment of BV. Despite the promising results of the use of LACTIN-V
(L. crispatus CTV-05) as a probiotic, the inability of constant recolonization of the vaginal
environment due to the presence of domestic L. crispatus signals a need for further
genomic, transcriptome, proteomic and interatomic studies to help understand the host-
probiotic and probiotic-probiotic interactions. Next-generation sequencing technology has
increased knowledge about the vaginal microbiota and genomics of L. crispatus. More
functional studies should be made to understand the performance of these probiotic bacteria
in vaginal environment and to contribute to the screening of strains with the greatest
potential for probiotic effects. Posteriorly, the best probiotic strains can still be further
improved by genetic engineering techniques, acquiring new attributes to enable them to
enhance their beneficial characteristics.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Abdelmaksoud AA, Koparde VN, Sheth NU, et al. (2016). Comparison of Lactobacillus crispatus isolates from
Lactobacillus-dominated vaginal microbiomes with isolates from microbiomes containing bacterial vaginosis-
associated bacteria. Microbiology. 162: 466-475.

Adimora AA, Smith JS, Atashili J, et al. (2008). Bacterial vaginosis and HIV acquisition: a meta-analysis of published
studies. Aids. 22: 1493-1501.

Amabebe E and Anumba DOC (2018). The Vaginal Microenvironment: The Physiologic Role of Lactobacilli. Front.
Med. 5: 181.

Anahtar MN, Gootenberg DB, Mitchell CM and Kwon DS (2018). Cervicovaginal Microbiota and Reproductive Health:
The Virtue of Simplicity. Cell Host Microbe. 23: 159-168.

Anandharaj M, Sivasankari B, Santhanakaruppu R, et al. (2015). Determining the probiotic potential of cholesterol-
reducing Lactobacillus and Weissella strains isolated from gherkins (fermented cucumber) and south Indian
fermented koozh. Res. Microbiol. 166: 428-439.

Antonio MAD, Hawes SE and Hillier SL (1999). The Identification of Vaginal Lactobacillus Species and the
Demographic and Microbiologic Characteristics of Women Colonized by These Species. J. Infect. Dis. 180: 1950-
1956.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br

M.O. Almeidaet al. 18

Antonio MAD and Hillier SL (2003). DNA fingerprinting of Lactobacillus crispatus strain CTV-05 by repetitive
element sequence-based PCR analysis in a pilot study of vaginal colonization. J. Clin. Microbiol. 41: 1881-1887.

Antonio MAD, Meyn LA, Murray PJ, et al. (2009). Vaginal Colonization by Probiotic Lactobacillus crispatus CTV-05
Is Decreased by Sexual Activity and Endogenous Lactobacilli. J. Infect. Dis. 199: 1506-1513.

Antonio MAD, Rabe LK and Hillier SL (2005). Colonization of the Rectum by Lactobacillus Species and Decreased
Risk of Bacterial Vaginosis. J. Infect. Dis. 192: 394-398.

Balakrishnan M and Floch MH (2012). Prebiotics, probiotics and digestive health. Curr. Opin. Clin. Nutr. Metab. Care.
15: 580-585.

Bohbot JM, Darai E, Bretelle F, et al. (2018). Efficacy and safety of vaginally administered lyophilized Lactobacillus
crispatus IP 174178 in the prevention of bacterial vaginosis recurrence. J. Gynecol. Obstet. Hum. Reprod. 47: 81-
86

Borgdorff H, Gautam R, Armstrong SD, et al. (2016). Cervicovaginal microbiome dysbiosis is associated with proteome
changes related to alterations of the cervicovaginal mucosal barrier. Mucosal Immunol. 9: 621-633.

Boris S and Barbés C (2000). Role played by lactobacilli in controlling the population of vaginal pathogens. Microbes
Infect. 2: 543-546.

Braundmeier AG, Fazleabas AT, Lessey BA, et al. (2006). Extracellular matrix metalloproteinase inducer regulates
metalloproteinases in human uterine endometrium. J. Clin. Endocrinol. Metab. 91: 2358-2365.

Brotman RM (2011). Vaginal microbiome and sexually transmitted infections: An epidemiologic perspective. J. Clin.
Invest. 121: 4610-4617.

Brotman RM, Klebanoff MA, Nansel TR, et al. (2010). Bacterial Vaginosis Assessed by Gram Stain and Diminished
Colonization Resistance to Incident Gonococcal, Chlamydial, and Trichomonal Genital Infection. J. Infect. Dis.
202:1907-1915.

Bruce-Keller AJ, Salbaum JM and Berthoud H-R (2018). Harnessing Gut Microbes for Mental Health: Getting From
Here to There. Biol. Psychiatry. 83: 214-223.

Busarcevic M and Dalgalarrondo M (2012). Purification and genetic characterisation of the novel bacteriocin LS2
produced by the human oral strain Lactobacillus salivarius BGHO1. Int. J. Antimicrob. Agents. 40: 127-134.

Cadieux PA, Burton JP, Devillard E and Reid G (2009). Lactobacillus by-products inhibit the growth and virulence of
uropathogenic Escherichia coli. J. Physiol. Pharmacol. 60: 13-18.

Carmo FLR Do, Rabah H, Cordeiro BF, et al. (2017). Applications of Probiotic Bacteria and Dairy Foods in Health. In:
Current Research in Microbiology, 1st edn. Open Access eBooks, Wilmington.

Castro J, Franca A, Bradwell KR, et al. (2017). Comparative transcriptomic analysis of Gardnerella vaginalis biofilms
vs. planktonic cultures using RNA-seq. npj Biofilms Microbiomes 3: 0-1.

Castro J, Henriques A, Machado A, et al. (2013). Reciprocal interference between Lactobacillus spp. and Gardnerella
vaginalis on initial adherence to epithelial cells. Int. J. Med. Sci. 10: 1193-1198.

Chen X, Xu J, Shuai J, et al. (2007). The S-layer proteins of Lactobacillus crispatus strain ZJ001 is responsible for
competitive exclusion against Escherichia coli O157:H7 and Salmonella typhimurium. Int. J. Food Microbiol. 115:
307-312.

Cherpes TL, Meyn LA, Krohn MA, et al. (2003). Association between Acquisition of Herpes Simplex Virus Type 2 in
Women and Bacterial Vaginosis. Clin. Infect. Dis. 37: 319-325.

Cobo T, Kacerovsky M and Jacobsson B (2014). Amniotic fluid infection, inflammation, and colonization in preterm
labor with intact membranes. Am. J. Obstet. Gynecol. 211: 708.

Cohen CR, Lingappa JR, Baeten JM, et al. (2012). Bacterial vaginosis associated with increased risk of female-to-male
HIV-1 transmission: A prospective cohort analysis among African couples. PLoS Med. 9: 18.

World Health  Organization (2018). WHO Report on Surveillance of antibiotic ~Consumption.
https://www.who.int/medicines/areas/rational_use/who-amr-amc-report-20181109.pdf. Accessed July 10, 2019.
Czaja CA, Stapleton AE, Yarova-Yarovaya Y and Stamm WE (2007). Phase | trial of a Lactobacillus crispatus vaginal

suppository for prevention of recurrent urinary tract infection in women. Infect. Dis. Obstet. Gynecol. 2007:

Damelin LH, Paximadis M, Mavri-Damelin D, et al. (2011). Identification of predominant culturable vaginal
Lactobacillus species and associated bacteriophages from women with and without vaginal discharge syndrome in
South Africa. J. Med. Microbiol. 60: 180-183.

De Alberti D, Russo R, Terruzzi F, et al. (2015). Lactobacilli vaginal colonisation after oral consumption of
Respecta®complex: a randomised controlled pilot study. Arch. Gynecol. Obstet. 292: 861-867.

di Luca M, Maccari G and Nifosi R (2014). Treatment of microbial biofilms in the post-antibiotic era: Prophylactic and
therapeutic use of antimicrobial peptides and their design by bioinformatics tools. Pathol. Dis. 70: 257-270

Diep DB, Godager L, Brede D and Nes IF (2006). Data mining and characterization of a novel pediocin-like bacteriocin
system from the genome of Pediococcus pentosaceus ATCC 25745. Microbiology. 152: 1649-1659.

DiGiulio DB, Romero R, Amogan HP, et al. (2008). Microbial prevalence, diversity and abundance in amniotic fluid
during preterm labor: A molecular and culture-based investigation. PLoS One. 3: 1-10.

do Carmo FLR, Rabah H, De Oliveira Carvalho RD, et al. (2018). Extractable Bacterial Surface Proteins in Probiotic—
Host Interaction. Front. Microbiol. 9.

Donlan RM (2002). Biofilms: Microbial Life on Surfaces. Emerg. Infect. Dis. 8: 881-890.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br
https://www.who.int/medicines/areas/rational_use/who-amr-amc-report-20181109.pdf.

Lactobacillus crispatus controls bacterial vaginosis 19

Donnarumma G, Molinaro A, Cimini D, et al. (2014). Lactobacillus crispatus L1: High cell density cultivation and
exopolysaccharide structure characterization to highlight potentially beneficial effects against vaginal pathogens.
BMC Microbiol. 14: 1-12.

Dutta SK, Verma S, Jain V, et al. (2019). Parkinson’s Disease: The Emerging Role of Gut Dysbiosis, Antibiotics,
Probiotics, and Fecal Microbiota Transplantation. J. Neurogastroenterol. Motil. 25: 363-376.

Eastment MC and McClelland RS (2018). Vaginal microbiota and susceptibility to HIV. AIDS. 32: 687-698.

Eaton TJ and Gasson MJ (2001). Molecular Screening of Enterococcus Virulence Determinants and Potential for
Genetic Exchange between Food and Medical Isolates. Appl. Environ. Microbiol. 67: 1628-1635.

Eckert LO, Moore DE, Patton DL, et al. (2003). Relationship of vaginal bacteria and inflammation with conception and
early pregnancy loss following in-vitro fertilization. Infect. Dis. Obstet. Gynecol. 11: 11-17.

Edelman S, Leskeld S, Ron E, et al. (2003). In vitro adhesion of an avian pathogenic Escherichia coli O78 strain to
surfaces of the chicken intestinal tract and to ileal mucus. Vet. Microbiol. 91: 41-56.

Edelman S, Westerlund-Wikstrém B, Leskeld S, et al. (2002). In vitro adhesion specificity of indigenous Lactobacilli
within the avian intestinal tract. Appl. Environ. Microbiol. 68: 5155-9.

Edelman SM, Lehti TA, Kainulainen V, et al. (2012). Identification of a high-molecular-mass Lactobacillus epithelium
adhesin (LEA) of Lactobacillus crispatus ST1 that binds to stratified squamous epithelium. Microbiol. (United
Kingdom). 158:; 1713-1722.

Eschenbach DA, Hillier S, Critchlow C, et al. (1988). Diagnosis and clinical manifestations of bacterial vaginosis. Am. J.
Obstet. Gynecol. 158: 819-828.

Feng P, Ye Z, Kakade A, et al. (2018). A Review on Gut Remediation of Selected Environmental Contaminants:
Possible Roles of Probiotics and Gut Microbiota. Nutrients. 11: 22.

Ferrario C, Taverniti V, Milani C, et al. (2014). Modulation of Fecal Clostridiales Bacteria and Butyrate by Probiotic
Intervention with Lactobacillus paracasei DG Varies among Healthy Adults. J. Nutr. 144: 1787-1796.

Ford AC, Quigley EMM, Lacy BE, et al. (2014). Efficacy of prebiotics, probiotics, and synbiotics in irritable bowel
syndrome and chronic idiopathic constipation: systematic review and meta-analysis. Am. J. Gastroenterol. 109:
1547-1562.

France MT, Mendes-Soares H and Forney LJ (2016). Genomic Comparisons of Lactobacillus crispatus and
Lactobacillus iners Reveal Potential Ecological Drivers of Community Composition in the Vagina. Appl. Environ.
Microbiol. 82: 7063-7073.

Fredricks DN, Fiedler TL, Thomas KK, et al. (2007). Targeted PCR for detection of vaginal bacteria associated with
bacterial vaginosis. J. Clin. Microbiol. 45: 3270-3276.

Fredricks DN and Marrazzo JM (2005). Molecular methodology in determining vaginal flora in health and disease: Its
time has come. Curr. Infect. Dis. Rep. 7: 463-470

Gajer P, Gajer P, Brotman RM, et al. (2012). Temporal Dynamics of the Human Vaginal Microbiota. Sci. Transl. Med.
4:132ra52.

George F, Daniel C, Thomas M, et al. (2018). Occurrence and dynamism of lactic acid bacteria in distinct ecological
niches: A multifaceted functional health perspective. Front. Microbiol. 9: 2899.

Ghosh C, Sarkar P, Issa R and Haldar J (2019). Alternatives to Conventional Antibiotics in the Era of Antimicrobial
Resistance. Trends Microbiol. 27: 323-338.

Gosmann C, Anahtar MN, Handley SA, et al. (2017). Lactobacillus-Deficient Cervicovaginal Bacterial Communities
Are Associated with Increased HIV Acquisition in Young South African Women. Immunity. 46: 29-37.

Gould K (2016). Antibiotics: From prehistory to the present day. J. Antimicrob. Chemother. 71: 572-575.

Guo Z, Liu XM, Zhang QX, et al. (2011). Influence of consumption of probiotics on the plasma lipid profile: A meta-
analysis of randomised controlled trials. Nutr. Metab. Cardiovasc. Dis. 21: 844-850.

Hardy L, Cerca N, Jespers V, et al. (2017). Bacterial biofilms in the vagina. Res. Microbiol. 168: 865-874.

Hemmerling A, Harrison W, Schroeder A, et al. (2009). Phase 1 dose-ranging safety trial of Lactobacillus crispatus
CTV-05 for the prevention of bacterial vaginosis. Sex. Transm. Dis. 36: 564-569.

Hemmerling A, Harrison W, Schroeder A, et al. (2010). Phase 2a study assessing colonization efficiency, safety, and
acceptability of Lactobacillus crispatus CTV-05 in women with bacterial vaginosis. Sex. Transm. Dis. 37: 745-750.

Hill C, Guarner F, Reid G, et al. (2014). Expert consensus document: The international scientific association for
probiotics and prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev.
Gastroenterol. Hepatol. 11: 506-514.

Holzapfel WH, Haberer P, Geisen R and Schillinger U (2001). Taxonomy and important features of probiotic
microorganisms in food and nutrition. Am. J. Clin. Nutr. 73: 365S.

Homayouni A, Bastani P, Ziyadi S, et al. (2014). Effects of probiotics on the recurrence of bacterial vaginosis: A review.
J. Low. Genit. Tract Dis. 18: 79-86.

Horie M, Ishiyama A, Fujihira-Ueki Y, et al. (2002). Inhibition of the adherence of Escherichia coli strains to basement
membrane by Lactobacillus crispatus expressing an S-layer. J. Appl. Microbiol. 92: 396-403.

Human T, Jumpstart M, Strains R, et al. (2010). RESEARCH ARTICLE A Catalog of Reference Genomes from the
Human Microbiome. Genome. 328: 994-999.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br

M.O. Almeidaet al. 20

lacono KT, Brown AL, Greene MI and Saouaf SJ (2007). CD147 immunoglobulin superfamily receptor function and
role in pathology. Exp. Mol. Pathol. 83: 283-295.

Ibnou-Zekri N, Blum S, Schiffrin EJ and Von der Weid T (2003). Divergent patterns of colonization and immune
response elicited from two intestinal Lactobacillus strains that display similar properties in vitro. Infect. Immun. 71:
428-436.

Inserra A, Rogers GB, Licinio J and Wong ML (2018). The Microbiota-Inflammasome Hypothesis of Major Depression.
BioEssays. 40: 1-11.

Irwin C, Khalesi S, Cox AJ, et al. (2018). Effect of 8-weeks prebiotics/probiotics supplementation on alcohol
metabolism and blood biomarkers of healthy adults: a pilot study. Eur. J. Nutr. 57: 1523-1534.

Ishibashi N and Yamazaki S (2001). Probiotics and safety. Am. J. Clin. Nutr. 73: 1-6.

Javed A, Parvaiz F and Manzoor S (2019). Bacterial Vaginosis: An insight into the prevalence, alternative regimen
treatments and it’s associated resistance patterns. Microb. Pathog. 127: 21-30.

Joerger MC and Klaenhammer TR (1990). Cloning, expression, and nucleotide sequence of the Lactobacillus helveticus
481 gene encoding the bacteriocin helveticin J. J. Bacteriol. 172; 6339-6347.

Kaewsrichan J, Peeyananjarassri K and Kongprasertkit J (2006). Selection and identification of anaerobic lactobacilli
producing inhibitory compounds against vaginal pathogens. FEMS Immunol. Med. Microbiol. 48: 75-83.

Kechagia M, Basoulis D, Konstantopoulou S, et al. (2013). Health Benefits of Probiotics: A Review. ISRN Nutr. 2013:
1-7.

Khalesi S, Bellissimo N, Vandelanotte C, et al. (2018). A review of probiotic supplementation in healthy adults: helpful
or hype? Eur. J. Clin. Nutr. 1-14.

Khalesi S, Sun J, Buys N and Jayasinghe R (2014). Effect of Probiotics on Blood Pressure. Hypertension. 64: 897-903.

Khalil ES, Manap MYA, Mustafa S, et al. (2018). Probiotic properties of exopolysaccharide-producing Lactobacillus
strains isolated from tempoyak. Molecules. 23: 1-20.

Kilic AO, Pavlova Sl, Alpay S, et al. (2001). Comparative Study of Vaginal Lactobacillus Phages Isolated from Women
in the United States and Turkey: Prevalence, Morphology, Host Range, and DNA Homology. Clin. Diagn. Lab.
Immunol. 8: 31-39.

Kim J-MM and Park YJ (2017). Probiotics in the Prevention and Treatment of Postmenopausal Vaginal Infections:
Review Article. J. menopausal Med. 23: 139-145.

Kwok L, Stapleton AE, Stamm WE, et al. (2006). Adherence of Lactobacillus crispatus to VVaginal Epithelial Cells From
Women With or Without a History of Recurrent Urinary Tract Infection. J. Urol. 176: 2050-2054.

Lahtinen SJ (2012). Probiotic viability — does it matter? Microb. Ecol. Heal. Dis. 23: 10-14.

Lepargneur JP (2016). Lactobacillus crispatus, biomarqueur de I’écosystéme vaginal sain. Ann. Biol. Clin. (Paris). 74:
421-427.

Ma W, Mao Q, Xia W, et al. (2019). Gut Microbiota Shapes the Efficiency of Cancer Therapy. Front. Microbiol. 10:
1050.

Machado A, Jefferson KK ay and Cerca N (2013). Interactions between Lactobacillus crispatus and bacterial vaginosis
(BV)-associated bacterial species in initial attachment and biofilm formation. Int. J. Mol. Sci. 14: 12004-12012.
Macklaim JM, Fernandes AD, Di Bella JM, et al. (2013). Comparative meta-RNA-seq of the vaginal microbiota and

differential expression by Lactobacillus iners in health and dysbiosis. Microbiome. 1: 12.

Marrazzo JM (2004). Evolving issues in understanding and treating bacterial vaginosis. Expert Rev. Anti. Infect. Ther. 2:
913-922

Marrazzo JM (2018). Biomedical prevention of HIV in women: challenges and approaches, with particular reference to
the vaginal microbiome. Trans. Am. Clin. Climatol. Assoc. 129: 63-73.

Marrazzo JM, Cook RL, Wiesenfeld HC, et al. (2006). Women’s Satisfaction with an Intravaginal Lactobacillus Capsule
for the Treatment of Bacterial Vaginosis. J. Women’s Health. 15: 1053-1060.

Marrazzo JM, Thomas KK, Fiedler TL, et al. (2008). Relationship of Specific Vaginal Bacteria and Bacterial Vaginosis
Treatment Failure in Women Who Have Sex with Women. Ann. Intern. Med. 149: 20.

Martin HL, Richardson BA, Nyange PM, et al. (1999). Vaginal Lactobacilli, Microbial Flora, and Risk of Human
Immunodeficiency Virus Type 1 and Sexually Transmitted Disease Acquisition. J. Infect. Dis. 180: 1863-1868.
Mendes-Soares H, Suzuki H, Hickey RJ and Forneya LJ (2014). Comparative functional genomics of Lactobacillus spp.
reveals possible mechanisms for specialization of vaginal lactobacilli to their environment. J. Bacteriol. 196: 1458-

1470.

Meng X, Li S, Li Y, et al. (2018). Gut microbiota’s relationship with liver disease and role in hepatoprotection by dietary
natural products and probiotics. Nutrients. 10

Mitchell C and Marrazzo J (2014). Bacterial Vaginosis and the Cervicovaginal Immune Response. Am. J. Reprod.
Immunol. 71: 555-563.

Navon-Venezia S, Kondratyeva K and Carattoli A (2017). Klebsiella pneumoniae: A major worldwide source and shuttle
for antibiotic resistance. FEMS Microbiol. Rev. 41: 252-275.

Nazir Y, Hussain SA, Abdul Hamid A and Song Y (2018). Probiotics and Their Potential Preventive and Therapeutic
Role for Cancer, High Serum Cholesterol, and Allergic and HIV Diseases. Biomed Res. Int. 2018: 1-17.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br

Lactobacillus crispatus controls bacterial vaginosis 21

Ngugi BM, Hemmerling A, Bukusi EA, et al. (2011). Effects of bacterial vaginosis-associated bacteria and sexual
intercourse on vaginal colonization with the probiotic Lactobacillus crispatus CTV-05. Sex. Transm. Dis. 38: 1020-
1027.

Nilsen T, Nes IF and Holo H (2003). Enterolysin A, a cell wall degrading bacteriocin secreted from Enterococcus
faecalis LMG 2333. Appl Environ Microbiol. 69: 2975-2984.

Ojala T, Kankainen M, Castro J, et al. (2014). Comparative genomics of Lactobacillus crispatus suggests novel
mechanisms for the competitive exclusion of Gardnerella vaginalis. BMC Genomics. 15: 1-21.

Ojala T, Kuparinen V, Koskinen JP, et al. (2010). Genome sequence of Lactobacillus crispatus ST1. J. Bacteriol. 192:
3547-3548.

Parsek MR and Greenberg EP (2005). Sociomicrobiology: The connections between quorum sensing and biofilms.
Trends Microbiol. 13: 27-33.

Pavlova SI, Kilig AO, Mou SM and Tao L (1997). Phage infection in vaginal lactobacilli: An in vitro study. Infect. Dis.
Obstet. Gynecol. 5: 36-44.

Peelen MJ, Luef BM, Lamont RF, et al. (2019). The influence of the vaginal microbiota on preterm birth: A systematic
review and recommendations for a minimum dataset for future research. Placenta. 79: 30-39.

Peipert JF, Lapane KL, Allsworth JE, et al. (2008). Bacterial vaginosis, race, and sexually transmitted infections: Does
race modify the association? Sex. Transm. Dis. 35: 363-367.

Petrova MI, Reid G, Vaneechoutte M and Lebeer S (2017). Lactobacillus iners: Friend or Foe? Trends Microbiol. 25:
182-191.

Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M and Gil A (2018). Immune-mediated mechanisms of action of probiotics
and synbiotics in treating pediatric intestinal diseases. Nutrients. 10: 1-20.

Plows JF, Reynolds CM, Vickers MH, et al. (2019). Nutritional Supplementation for the Prevention and / or Treatment
of Gestational Diabetes Mellitus. Curr Diab Rep 19: 73.

Rahkonen L, Rutanen EM, Unkila-Kallio L, et al. (2009). Factors affecting matrix metalloproteinase-8 levels in the
vaginal and cervical fluids in the first and second trimester of pregnancy. Hum. Reprod. 24: 2693-2702.

Ravel J, Gajer P, Abdo Z, et al. (2011). Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. 108:
4680-4687.

Recine N, Palma E, Domenici L, et al. (2016). Restoring vaginal microbiota: biological control of bacterial vaginosis. A
prospective case—control study using Lactobacillus rhamnosus BMX 54 as adjuvant treatment against bacterial
vaginosis. Arch. Gynecol. Obstet. 293: 101-107.

Reid G (2018). Is bacterial vaginosis a disease? Appl. Microbiol. Biotechnol. 102: 553-558.

Reid G, Beuerman D, Heinemann C and Bruce AW (2001). Probiotic Lactobacillus dose required to restore and
maintain a normal vaginal flora. FEMS Immunol. Med. Microbiol. 32: 37-41.

Reid G, Charbonneau D, Erb J, et al. (2003). Oral use of Lactobacillus rhamnosus GR-1 and L. fermentum RC-14
significantly alters vaginal flora: Randomized, placebo-controlled trial in 64 healthy women. FEMS Immunol. Med.
Microbiol. 35: 131-134.

Saarela M, Mogensen G, Fondén R, et al. (2000). Probiotic bacteria: Safety, functional and technological properties. J.
Biotechnol. 84: 197-215.

Salas-Jara, M., llabaca, A., Vega, M., and Garcia, A. (2016). Biofilm Forming Lactobacillus: New Challenges for the
Development of Probiotics. Microorganisms. 4: 35.

Salminen S, Ouwehand A, Benno Y and Lee YK (1999). Probiotics: How should they be defined? Trends Food Sci.
Technol. 10: 107-110.

Sanders ME, Merenstein DJ, Reid G, et al. (2019). Probiotics and prebiotics in intestinal health and disease: from
biology to the clinic. Nat. Rev. Gastroenterol. Hepatol. doi: 10.1038/s41575-019-0173-3

Scott AJ, Merrifield CA, Younes JA and Pekelharing EP (2018). Pre-, pro- and synbiotics in cancer prevention and
treatment—a review of basic and clinical research. Ecancermedicalscience. 12: 1-11.

Senok AC, Verstraelen H, Temmerman M and Botta GA (2009). Probiotics for the treatment of bacterial vaginosis.
Cochrane Database Syst. Rev. 59: 3-12.

Sharma G and Im SH (2018). Probiotics as a potential immunomodulating pharmabiotics in allergic diseases: Current
status and future prospects. Allergy Asthma Immunol. Res. 10: 575-590.

Shipitsyna E, Roos A, Datcu R, et al. (2013). Composition of the Vaginal Microbiota in Women of Reproductive Age -
Sensitive and Specific Molecular Diagnosis of Bacterial Vaginosis Is Possible? PLoS One. 8: 1-10.

Si J, You HJ, Yu J, et al. (2017). Prevotella as a Hub for Vaginal Microbiota under the Influence of Host Genetics and
Their Association with Obesity. Cell Host Microbe. 21: 97-105.

Simoes JA, Citron DM, Aroutcheva A, et al. (2002). Two novel vaginal microbicides (polystyrene sulfonate and
cellulose sulfate) inhibit Gardnerella vaginalis and anaerobes commonly associated with bacterial vaginosis.
Antimicrob. Agents Chemother. 46: 2692-2695.

Srinivasan S, Hoffman NG, Morgan MT, et al. (2012). Bacterial communities in women with bacterial vaginosis: High
resolution phylogenetic analyses reveal relationships of microbiota to clinical criteria. PLoS One. 7: e37818.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br

M.O. Almeidaet al. 22

Stapleton AE, Au-Yeung M, Hooton TM, et al. (2011). Randomized, placebo-controlled phase 2 trial of a Lactobacillus
crispatus probiotic given intravaginally for prevention of recurrent urinary tract infection. Clin. Infect. Dis. 52:
1212-1217.

Sun J and Buys N (2015). Effects of probiotics consumption on lowering lipids and CVD risk factors: A systematic
review and meta-analysis of randomized controlled trials. Ann. Med. 47: 430-440.

Sun J and Buys NJ (2016). Glucose- and glycaemic factor-lowering effects of probiotics on diabetes: a meta-analysis of
randomised placebo-controlled trials. Br. J. Nutr. 115: 1167-1177.

Sun Z, Li P, Liu F, et al. (2017). Synergistic antibacterial mechanism of the Lactobacillus crispatus surface layer protein
and nisin on Staphylococcus saprophyticus. Sci. Rep. 7: 1-12.

Swidsinski A, Mendling W, Loening-Baucke V, et al. (2005). Adherent biofilms in bacterial vaginosis. Obstet. Gynecol.
106: 1013-1023.

Szari S and Quinn JA (2019). Supporting a Healthy Microbiome for the Primary Prevention of Eczema. Clin Rev Allergy
Immunol. 57: 286-293.

Tachedjian G, O’Hanlon DE and Ravel J (2018). The implausible “in vivo™ role of hydrogen peroxide as an
antimicrobial factor produced by vaginal microbiota. Microbiome. 6: 29.

Tamrakar R, Yamada T, Furuta I, et al. (2007). Association between Lactobacillus species and bacterial vaginosis-
related bacteria, and bacterial vaginosis scores in pregnant Japanese women. BMC Infect. Dis. 7: 128.

Thoma ME, Gray RH, Kiwanuka N, et al. (2011). Longitudinal Changes in Vaginal Microbiota Composition Assessed
by Gram Stain Among Never Sexually Active Pre- and Postmenarcheal Adolescents in Rakai, Uganda. J. Pediatr.
Adolesc. Gynecol. 24: 42-47.

Uehara S, Monden K, Nomoto K, et al. (2006). A pilot study evaluating the safety and effectiveness of Lactobacillus
vaginal suppositories in patients with recurrent urinary tract infection. Int. J. Antimicrob. Agents. 28: 30-34.

van der Veer C, Hertzberger RY, Bruisten SM, et al. (2019). Comparative genomics of human Lactobacillus crispatus
isolates reveals genes for glycosylation and glycogen degradation: implications for in vivo dominance of the
vaginal microbiota. Microbiome. 7: 49.

Vaneechoutte M, Claeys G, Temmerman M, et al. (2004). Culture-independent analysis of vaginal microflora: The
unrecognized association of Atopobium vaginae with bacterial vaginosis. Am. J. Obstet. Gynecol. 191: 1130-1132.

Vasquez EC, Pereira TMC, Peotta VA, et al. (2019). Probiotics as Beneficial Dietary Supplements to Prevent and Treat
Cardiovascular Diseases: Uncovering Their Impact on Oxidative Stress. Oxid. Med. Cell. Longev. 2019: 1-11.

Verdenelli MC, Cecchini C, Coman MM, et al. (2016). Impact of Probiotic SYNBIO® Administered by Vaginal
Suppositories in Promoting Vaginal Health of Apparently Healthy Women. Curr. Microbiol. 73: 483-490.

Verstraelen H and Senok AC (2005). Vaginal lactobacilli, probiotics, and IVF. Reprod. Biomed. Online. 11: 674-675.

Verstraelen H, Verhelst R, Claeys G, et al. (2009). Longitudinal analysis of the vaginal microflora in pregnancy suggests
that L. crispatus promotes the stability of the normal vaginal microflora and that L. gasseri and/or L. iners are more
conducive to the occurrence of abnormal vaginal microflora. BMC Microbiol. 9: 116.

Wada K, Uehara S, Ishii A, et al. (2016). A phase 11 clinical trial evaluating the preventive effectiveness of Lactobacillus
vaginal suppositories in patients with recurrent cystitis. Acta Med. Okayama. 70: 299-302.

Wang N, Wu W, Pan J and Long M (2019). Detoxification Strategies for Zearalenone Using Microorganisms: A Review.
Microorganisms. 7: 208.

Wilson JD, Ralph SG and Rutherford AJ (2002). Rates of bacterial vaginosis in women undergoing in vitro fertilisation
for different types of infertility. BJOG An Int. J. Obstet. Gynaecol. 109: 714-717.

Wilson MC, Meredith D, Fox JEM, et al. (2005). Basigin (CD147) Is the Target for Organomercurial Inhibition of
Monocarboxylate Transporter Isoforms 1 and 4. J. Biol. Chem. 280: 27213-27221.

Witkin SS, Mendes-soares H, Linhares IM, et al. (2013). Influence of Vaginal Bacteria and D - and L -Lactic Acid
Isomers on Vaginal Extracellular Matrix Metalloproteinase Inducer: Implications. MBio. 4: 1-7.

Wochner KF, Becker-Algeri TA, Colla E, et al. (2018). The action of probiotic microorganisms on chemical
contaminants in milk. Crit. Rev. Microbiol. 44: 112-123.

Wu L jie, Wang B, Liao Q ping and Zhang R (2015). Confocal laser scanning electron microscopy for assessment of
vaginal Lactobacillus crispatus biofilm. Beijing Da Xue Xue Bao. 47: 933-938.

Genetics and Molecular Research 18 (4): gmr18475 ©FUNPEC-RP www.funpecrp.com.br


http://www.funpecrp.com.br

