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Abstract

Bacterial vaginosis is more than a mild inconvenience for women and has been shown to
be an important cause of morbidity and mortality in women through sexually transmitted
infections, and in babies due to late miscarriage and preterm birth. The aetiology of bacterial
vaginosis remains unclear but there is increasing evidence to support sexual transmission
as a cause. Preterm birth is a major cause of neonatal and perinatal mortality and morbidity
worldwide and a huge cost on healthcare. The earlier bacterial vaginosis is detected in
pregnancy, the greater the risk of an adverse outcome like preterm birth. Bacteriophages
influence the vaginal microbiome, resulting in a eubiotic or dysbiotic state that may have
implications on the prediction and prevention of preterm birth. We have provided the
evidence to link vaginal dysbiosis in the form of bacterial vaginosis with the prediction
and prevention of preterm birth. We have also explored the role of bacteriophages in
bacterial vaginosis and the possibility of therapeutic interventions. Bacteriophages play an
important role in the aetiology of vaginal dysbiosis and novel therapeutic interventions
may help in the prediction and prevention of preterm birth through achieving vaginal
eubiosis.

Keywords: aetiology; birth; bacterial vaginosis; biochemistry; dysbiosis; microbiology;
phage virus; prediction; prevention; preterm; probiotics; sexual transmission; treatment;
vagina; virome

1. Background
The Importance of Bacteriophages

Bacteriophages are obligate intracellular bacterial parasites that employ the biosyn-
thetic machinery of the host to live and multiply. Bacteriophages are also very host-specific,
such that phage typing is used diagnostically to identify isolates of different bacterial
species [1] and therapeutically for specific bacterial infections [2]. This is particularly help-
ful in low- or medium-income countries where the development and introduction of new
antibiotics is too costly [3]. Bacteriophage specificity has additional advantages over tradi-
tional antimicrobials. By targeting specific pathogenic bacteria, dysbiotic microbiota and
secondary bacterial overgrowth and its sequelae can be prevented, e.g., Clostridium difficile
and pseudomembranous colitis or Gardnerella vaginalis, Lactobacillus iners, and bacterial vagi-
nosis (BV) [4,5]. Bacteriophage therapy has re-emerged to challenge bacterial resistance [6]
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and can be used naturally or as synthetic bacteriophage cocktails or in combination with
antibiotics. The specificity of bacteriophages permits the sparing of important co-existent
non-pathogenic commensals that contribute specifically to long-term vaginal eubiosis. Be-
cause of the inherent margin of safety, adverse effects are minimised, and nature’s response
is amplified with less frequency of dosage compared to antibiotics [7–9]. Bacteriophages
may also be used to investigate and treat biofilms [10], which is an important feature of
BV [11], with no side effects. The structure and function of bacteriophages, their use in
industry, and the life cycle of bacteriophages, as this pertains to the BV syndrome, has been
summarised elsewhere [12].

2. Vaginal Eubiosis and Dysbiosis
The vaginal microbiome is composed of a core and variable group of organisms [13],

which are influenced by transient community members and host factors, such as age, race,
lifestyle, physiology, genotype, immune status, environment, and sexual activity [14].

2.1. Vaginal Eubiosis

The vaginal mucosa is the first barrier of protection against pathogens. A healthy vagi-
nal microbiome (vaginal eubiosis) is an important component of this defence and provides
protection against several urogenital conditions, such as BV, candidiasis, urinary tract infec-
tions, and sexually transmitted infections (STIs), including viral infections such as human
papilloma virus (HPV), human immunodeficiency virus (HIV), and herpes simplex virus
(HSV) [15]. Much of our knowledge about the composition of the vaginal microbiota is
derived from semiquantitative and qualitative studies using culture-dependent techniques.
Culture and microscopy of the vaginal microbiota from healthy, asymptomatic women
is characterised by a predominance of lactic-acid-producing bacteria, mainly, though not
exclusively, from the genus Lactobacillus. Vaginal lactobacilli promote a healthy vaginal
milieu through several properties, such as providing numerical dominance, prevention of
adhesion, and production of antimicrobial compounds, such as lactic acid, H2O2, bacte-
riocins [16], and probiotics [17]. This helps to maintain the acid environment at a pH of
<4.5 that is inhospitable to many bacteria and negatively correlated with BV. This is vaginal
eubiosis. Prior to molecular-based techniques, and using only culture and microscopy with-
out fermentation tests, lactobacilli were only identifiable to the genus level. Accordingly,
it was not possible to identify a Lactobacillus to the species level and hence not possible to
assess species-specific antimicrobial properties. As lactobacilli are taxonomically complex
and composed of 170+ species that cannot be easily differentiated phenotypically, it is not
surprising that investigators thought that no two women had the same complement of
lactobacilli in the vagina [18]. With the introduction of the Human Microbiome Project
(HMP) [13], new information from molecular-based culture-independent techniques have
become available and our knowledge of the vaginal microbiome has been greatly expanded
and provided information that has changed the way we define the vaginal microbiota [19].
Using molecular technology, we now know that globally, a woman’s vagina is colonised by
one or two species of Lactobacillus from a short list of four: L. crispatus, L. gasseri, L. iners,
and L. jensenii, corresponding to community state types (CSTs) I, II, III, and V. The species
that belong to CST IV were dominated by non-lactobacillus bacterial spp., such as Prevotella,
Dialister, Sneathia, Megasphaera, Eggerthella, and Atopobium, a microbiota that is typically
associated with BV [20]. Though the application of phylogenetic taxonomic procedures
led to improvements in the classification of bacteria assigned to the phylum Actinobacteria,
further clarification and revision of this large phylum proved necessary. This led to the
reconstruction of phylogenetic trees and proposals for the recognition of two orders, ten
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families, and seventeen genera, as well as the transfer of over a hundred species to other
genera. As a result, Atopobium vaginae has now been renamed Fannyhessea vaginae [21].

2.2. Vaginal Dysbiosis

While CSTs IVa and IVb represent the dysbiotic types of vaginal microbiota, other
forms of vaginal dysbiosis are likely to exist. To distinguish between the different forms
of vaginal dysbiosis, henceforth in this review, the term vaginal dysbiosis will signify the
form of vaginal dysbiosis associated with BV rather than with candidiasis, STIs, or other
abnormal microbiota, such as trichomonas or organisms not commonly found in the vagina
like Staphylococcus aureus [22], Haemophilus influenzae [23], or virulent strains of bacteria
frequently found in vaginal eubiosis, such as E. coli [24] or G. vaginalis [25].

3. Bacterial Vaginosis
3.1. The Importance of BV

BV is a complex condition now often referred to as “the bacterial vaginosis syn-
drome”. It is an enigmatic and complex condition where the aetiology remains unex-
plained; the microbiology differs from case to case, and the antibiotic response with respect
to cured/improved, persistence or recurrence is unpredictable, and the phenotypic out-
comes differ between individuals. BV is the most common cause of vaginal discharge in
high-income countries and the primary cause of vaginal infectious morbidity worldwide.
BV is also associated with several sociodemographic variables, such as younger age, black
race, and cigarette smoking. Predisposing factors include sexual activity habits and vitamin
D deficiency; and aetiological factors include hormonal changes and phage viruses. The
mechanisms of BV may be due to a primary decrease in lactobacilli followed by a sec-
ondary increase in potentially pathogenic bacteria, or vice versa. BV is also associated with
several adverse sequelae in both obstetrics and gynaecology. Obstetrically, these include
pre-eclampsia, postpartum endometritis, preterm prelabour rupture of the membranes
(PPROMs), late miscarriage (LM), and preterm birth (PTB). In gynaecology, these sequelae
include early, late, and recurrent miscarriage, post-abortal sepsis, surgical site infections,
post-hysterectomy vaginal cuff infections, urinary tract infections, pelvic inflammatory
disease, and infertility [26]. How these factors interact with each other is shown in Figure 1.
BV has also been associated with the acquisition of STIs, such as trichomoniasis, gonor-
rhoea, chlamydia, high-risk HPV [27], and HSV [28]. In addition, BV is also independently
associated with seroprevalence of and increased susceptibility to sexual transmission of
HIV [29–31].

The importance of BV is further manifested in the response to US legislation. In
2013, the CDC issued a report entitled “Antibiotic Resistance Threats in the United States,
2013.” This report introduced concerns in the USA about the growing threat of antibiotic-
resistant infections, stating that at least two million people in the US suffer a resistant
infection each year, resulting in ~23,000 deaths. The report categorised threats as “urgent,”
“serious,” and “concerning,” and highlighted the need for action to prevent infections
from becoming untreatable. Concerns were expressed about the lack of development and
introduction of new antibiotics. Similar concerns were expressed in the UK [32]. There
were an insufficient number of new drugs to replace ineffective antibiotics. The reason
given for this was that many large pharmaceutical companies were no longer developing
new antibiotics, and preferred to focus on new, more profitable long-term medications. In
2012, as an incentive for drug manufacturers to develop new antibiotics, legislation was
already signed into US law as a part of the FDA Safety and Innovation Act called the GAIN
Act (Generating Antibiotic Incentives Now). This act extended the exclusivity period to
market and sell their drug without competition from other pharmaceuticals by five years.
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This allowed for antibiotics that were used to treat serious or life-threatening infectious
conditions to be sold without generic competition. Drugs that qualified for the provisions
of the GAIN Act would have the advantage of an expeditious regulatory approval process
through the FDA and receive fast-track and priority-review status (see: The Pew Charitable
Trusts. GAIN: How a New Law is Stimulating the Development of Antibiotics (2013). Available
online: http://www.pewhealth.org/other-resource/gain-how-a-new-law-is-stimulating-
the-development-of-antibiotics-85899518481#sthash.mPWCEg9C.dpuf (accessed on 21
April 2014)).

Figure 1. The proposed interaction among the mechanisms, aetiology, predisposing factors, and
phenotypic outcomes in obstetrics and gynaecology of the bacterial vaginosis syndrome (with
permission from RF Lamont) [12]. GYN, gynaecological; Misc, miscarriage; OB, obstetric; PET, pre-
eclampsia/toxaemia; PID, pelvic inflammatory disease; PPROM, preterm prelabour rupture of the
membranes; PTL, preterm labour; STI, sexually transmitted infection; UTI, urinary tract infection.
↓: decreased and ↑: increased.

One such drug was secnidazole, which is a nitroimidazole structurally related to
metronidazole and tinidazole for the treatment of BV as a single oral dose and with a longer
serum half-life than metronidazole. While the initial result of a licencing application failed
to permit processing under the GAIN Act, discussions in the US Congress were held, and
consideration was given to the association between BV and HIV, and STIs and PTB, and the
potential for increased mortality and serious morbidity. As a result, the FDA subsequently
concluded that BV was a serious condition and accordingly, drugs developed to treat BV
merited consideration through the GAIN Act. Secnidazole was approved by the FDA on
15 September 2017, and is now one of the antibiotics recommended by the CDC for the
treatment of BV [33].

3.2. The Microbiology of Bacterial Vaginosis

In 1955, Gardner and Dukes from Baylor College, Texas published their seminal paper
‘A Newly Defined Specific Infection Previously Classified “Non-specific” Vaginitis’ [34].
Prior to that time, any vaginal discharge not due to gonorrhoea or chlamydia was labelled
non-specific vaginitis (NSV). Herman Gardner, an obstetrician and gynaecologist, in his
clinical practice, was seeing many women labelled as having NSV. They complained about

http://www.pewhealth.org/other-resource/gain-how-a-new-law-is-stimulating-the-development-of-antibiotics-85899518481#sthash.mPWCEg9C.dpuf
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the same grey, adherent, offensive vaginal discharge; and on Gram-stain microscopy,
Gardner was seeing the same small, pleomorphic, Gram-negative bacilli in most women.
However, microbial cultures varied in the isolation of a large, and unrelated group of
bacteria that included coliforms, diphtheroids, micrococci, and spp. of Staphylococci and
Streptococci. Gardner and Dukes could not believe that the same condition, with the
same consistent signs and symptoms and the same appearance on Gram-stain microscopy
could result in such a wide range of different culture results. Accordingly, Dukes, a
microbiologist was given the task of trying out various culture media under different
atmospheric conditions for different periods of time to identify the responsible organism.
After 48 h in 10% sheep agar and at low oxygen tension, numerous minute transparent
colonies, that were only visible in reflected light, were detected. Gram-stain microscopy
of the colonies showed bacilli like those identified by Gardner on the microscopy of
his previous patients. The identification was repeated with 13 of the next 14 specimens
that Dukes analysed for Gardner. As a result, Gardner and Dukes declared that this
microorganism, which they named Haemophilus vaginalis, was the monoetiologic agent
for NSV; it was then called H. vaginalis vaginitis. Now known as BV, this is considered
a polymicrobial condition characterised by a decrease in the amount of protective lactic
acid producing spp. of Lactobacillus and a 1000-fold increase in bacterial diversity among
potentially pathogenic organisms. These facultative and strict anaerobes include spp.
of Mobiluncus, Bacteroides, Peptostreptococcus, Gardnerella, Sneathea, Prevotella, Atopobium
vaginae, (now known as Fannyhessea vaginae), and others, referred to as BV-associated
bacteria (BVAB) [35].

3.3. Communication Between the Gut and the Vaginal Microbiome

Debates have been raised about the communication between the gut and the vaginal
microbiome, particularly about how this might apply to the use of oral probiotics and
whether these could change the vaginal microbiome. The microbiome of any anatomical
site is based upon abundance and diversity. The eubiotic gut microbiome is characterised
by a very diverse microbiota. In contrast, the eubiotic vaginal microbiota is characterised
by a limited diversity of the microbiota [19]. Because of their proximity, there is good
evidence to demonstrate that there is a close association between the rectal and vaginal mi-
crobiota. The microbiota of the gut and genital tract in women displays complex biological
ecosystems that continuously communicate with each other. The crosstalk between these
two ecosystems has an impact on the host’s physiological, immunological, and metabolic
homeostasis [36]. This is particularly relevant with respect to BV in black women [37,38].
Furthermore, using 16S rRNA gene sequencing, changes in the vaginal microbiota follow-
ing antimicrobial and probiotic therapy can be detected and provide a rationale for the use
of oral probiotics for the treatment of BV [39].

3.4. The Biochemistry of Bacterial Vaginosis

The major organic acid metabolite produced by spp. of Lactobacillus (lactic acid) has
antimicrobial, antiviral, and immunomodulatory properties and is primarily responsible
for the acidification of the vagina. At a pH < 4.5, Lactobacillu spp. are particularly efficient at
producing H2O2 which releases hydroxyl radicals and chloradinium ions, both of which are
toxic to bacteria. With increasing alkalinity, (menstruation, sexual intercourse, douching),
or due to antibiotic therapy or changes in endocrine status, the ability of Lactobicillus spp.
to produce H2O2 is diminished. This results in increased numbers of Mobiluncus spp.
and other anaerobes listed in Section 3.1 above. Through a process of synergism, these
organisms produce ketoacids such as succinic acid that blunt the chemotactic response of
polymorphonuclear leucocytes (hence vaginosis rather than vaginitis) and decrease their
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killing ability. This leads to further growth of Mobiluncus spp. and other anaerobes and leads
to a vicious circle of increased growth of potential pathogens. These potentially pathogenic
anaerobes, produce aminopeptidases and decarboxylases that break down peptides to
amino acids and then to amines, like putrescine, cadaverine, and trimethylamine. At low
vaginal pH, these amines remain stable but at a high vaginal pH as in BV, the amines
become volatile and give off an unpleasant odour [19].

The species specificity for H2O2 production by Lactobacillus spp. is inversely pro-
portional to the prevalence of BV. While 95% of L. crispatus and 94% of L. jensenii strains
produce H2O2, BV was only present in 9% and 7% of women, respectively. In contrast, only
71% of strains of L. gasseri and 9% of strains of L. iners produce H2O2, and BV was present
in 43% and 36% of women, respectively [40].

The biochemistry of lactic acid production by probiotic spp. of Lactobacillus in vaginal
eubiosis compared to dysbiosis has been explored. In vaginal eubiosis, the pH is low
(≤4.5) with high levels of lactic acid (~110 mM) compared to dysbiosis (>4.5 and <20 mM),
respectively. Short chain fatty acids, such as acetic, succinic, butyric, and propionic acids,
were low in vaginal eubiosis (<1–4 mM) compared to dysbiosis (2–120 mM). This led
investigators to conclude that “the association of high lactic acid levels with Lactobacillus-
dominated microbiota suggests that this organic acid metabolite contributes to the beneficial
properties ascribed to lactobacilli, such as decreased susceptibility of the human host to
urogenital pathogens, which would be a desirable characteristic for a vaginal probiotic” [41].

The study also showed that distinct species of Lactobacillus acidify the vagina to
different pH levels and that the acidity achieved by L. crispatus was greater than L. gasseri,
L. jensenii, and L. iners. In addition, the production of the D- and L-isomers of lactic acid
and the D:L ratio differed between species of Lactobacillus. Both L. gasseri and L. crispatus
produced the L- and D-isomer, whereas L. jensenii produced only the D-isomer. L. iners only
produced the L isomer. This suggests that the D-isomer of lactic acid has a protective role.
Furthermore, the lactic acid molecule exists as a protonated (neutrally charged) ion when
the H+ is non-dissociated or a lactate anion (negatively charged) when the H+ is dissociated.
The protonated form has immunomodulatory and antimicrobial properties compared to
the lactate anion and the protonated form of lactic acid predominates at a pH < 3.9 [41].

In conclusion, the more acid present in the vagina, the more efficient the immunomod-
ulatory and antimicrobial effect of probiotics and their metabolites. L. crispatus appears
to be the most efficient species of Lactobacillus to acidify the vagina through lactic acid.
Lactic acid, at the same vaginal pH as that achieved by acetic acid or hydrochloric acid, is
associated with a non-inflammatory cytokine profile. These properties vary according to
the L- or D-isomer of lactic acid and the lactic acid ion (protonated vs. anion). In contrast, a
dysbiotic, polymicrobial vaginal microbiota, such as BV, predisposes to a pro-inflammatory
milieu that increases the risk of acquisition of HIV/HSV and other STIs.

3.5. Molecular Methods of Diagnosing Bacterial Vaginosis

Historically, the diagnosis of BV relied upon non-molecular tests like the Amsel clinical
criteria, Nugent score on Gram-stain microscopy of vaginal smears, or commercial point-of-
care tests. However, these tests are not readily available, lack objectivity, may be unpleasant
to perform, and do not differentiate between the different CSTs and other subtypes of
vaginal dysbiosis. With new information from cultivation-independent, molecular-based
techniques, there is increasing interest in the use of molecular technology for the diagnosis
of BV. Currently, several commercially available molecular diagnostic tests are available,
many of which have CE-IVD (Conformité Européenne in vitro diagnostic) and/or FDA (US
Food and Drug Administration) approval [25]. These molecular tests perform well against
standard microscopy with respect to sensitivities and specificities. They also have the
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advantage of quantification, detection of fastidious organisms, objectivity, and validity for
self-obtained vaginal swabs. We still do not know whether dysbiosis due to BV is because
of the presence of potentially pathogenic bacteria or the absence of eubiotic bacteria, or a
combination of both. As users of the technology become better educated in its potential,
the importance of including bacteria that are positive predictors as well as those that are
negative predictors of BV has influenced the choice of candidate bacteria to be included in
the molecular test. Common choices of candidate bacteria that are positive predictors of BV
are F. vaginae [42], G. vaginalis, Megasphaera spp. (subtypes 1&2), and BVAB-2 (now known
as Oscillospiraceae bacterium strain CHIC02 [43]). The bacteria that are commonly used as
negative predictors of BV are L. acidophilus, L. crispatus, L. jensenii, and L. gasseri.

Using molecular techniques, when detection of L. crispatus was combined with G. vagi-
nalis, F. vaginae, or BVAB-2, their sensitivities and specificities for the diagnosis of BV were
99.3% and 97.8%, 98.9% and 98.7%, 98.2% and 98.5%, respectively [44]. This emphasises that
it is difficult to diagnose BV using only one species, yet using combinations of L. crispatus
with G. vaginalis or F. vaginae demonstrated a better diagnostic approach, particularly the
combination of L. crispatus and G. vaginalis (see Table 1). The use of quantitative assessment
of microbial abundance, the diversity of organisms present, specific primers for different
gene sequence regions, and the clades and biovars of target microbes should be recognised
and incorporated into future molecular diagnostic tests to differentiate between vaginal
eubiosis and dysbiosis.

Table 1. Bacteria and other microorganisms detected and used to diagnose BV and other causes of
vaginal dysbiosis (adapted from Lamont et al. [25]).

NuSwab ** SureSwab BD MAX Vaginal
Panel *** MDL BV Panel AmpliSens * Hologic

Aptima BV

Positive
Predictors of BV

Atopobium vaginae # + + + + + +

Gardnerella vaginalis − + + + + * +

Megasphaera spp.
(types 1 or 2) + + + + − −

BVAB-2 ## + − + − − −
Negative

Predictors of BV

Lactobacillus acidophilus − + _ − * −
Lactobacillus crispatus + + + − * +

Lactobacillus jensenii − + + − * +

Lactobacillus gasseri − − − − − +

BV, bacterial vaginosis; BVAB, bacterial vaginosis-associated bacterium; * The AmpliSens assay was set up to
detect the genus Lactobacillus rather than specific species of Lactobacilli. G. vaginalis clades 1 and 2 and A. vaginae
were detected, and total bacteria for the diagnosis of BV was used. ** An extended version also detects Candida
albicans, Candida glabrata, Chlamydia trachomatis, Neisseria gonorrhoea, and Trichomonas vaginalis. *** Also detects
(i) T. vaginalis, (ii) Candida Group (C. albicans, Candida tropicalis, Candida parapsilosis, and Candida dubliniensis),
(iii) C. glabrata, and (iv) Candida krusei. # Now known as Fannyhessea vaginae [42]. ## Now known as Oscillospiraceae
bacterium strain CHIC02 [43]. +: plus, −: minus.

3.6. Sexual Association or Sexual Transmission of BV

For many years, BV has been known to have a sexual association. The younger the age
at sexual debut, the greater the number of lifetime sexual partners; and a recent change in
sexual partner is associated with an increased risk of developing BV. In addition, in sexually
active women, the use of an intrauterine contraceptive device (IUCD) and vaginal douching
are also associated with BV. Historically, clinicians were reluctant to label BV as an STI
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because this might deter women with BV from seeking help for investigation and treatment.
One of the reasons given for the assumption that BV was not sexually transmitted was
that it was detected in a Virgo intacta. Another reason was that in women who have sex
with women (WSW), there was a 30% prevalence of BV; and finally, there appeared to
be no benefit of treating the male partner. However, these defences and assumptions
have been questioned. The veracity of claims of virginity has been doubted. Investigators
suggested that male partners of women with BV might have been less than conscientious
in taking high doses of metronidazole which caused sickness and necessitated abstinence
from alcohol. In addition, only a few such studies recorded observed consumption and/or
counted return of unused medications. Finally, Gram-staining of a vaginal smear identified
that in faithful couples of WSW, there was a high correlation in the vaginal microbiota of
both partners, which is likely to reflect the shared use of sex toys [45].

In their seminal paper in 1955, Gardner and Dukes were in no doubt that their detec-
tion of H. vaginalis as a cause of vaginitis was a sexually transmitted infection [34]. This has
been strengthened by anecdotal evidence from many practitioners experienced in the inves-
tigation and treatment of BV. Currently, there is now strong evidence to support treating the
sexual partner of women with BV because of sexual transmission of diseases [12,35,45–47]
and also continuing evidence of the association between BV and STIs [48], particularly HIV
acquisition and transmission [49].

4. The Role of Bacteriophages in the Aetiology of Bacterial Vaginosis
Lactobacillus spp. are widely used in the dairy industry for their putative health value

and hence have been considered for their potential in healthy probiotic diets [50]; by 2009,
over 230 Lactobacillus phage viruses had been identified [51]. The majority of clinical trials
addressing the use of vaginal probiotics for the prevention of BV have exhibited clinical effi-
cacy. They have demonstrated comparable efficacy of intermittent metronidazole treatment
with a two-month course of probiotics containing several strains of Lactobacillus for the pre-
vention of BV [52]. However, one of the most common reasons for the failure of large-scale
industrial fermentation is attack from lytic bacteriophages. In a controversial study, a brand
of yoghurt containing a strain from the L. acidophilus complex colonised the vagina and was
successful in treating vaginal yeast infection [53]. Although promising for future use as a
probiotic, the strain disappeared and is no longer identifiable. The disappearance of the
strain was thought to have been due to natural causes, such as a virulent lytic phage. It was
postulated that this was released by a successor strain that eradicated its predecessor. This
would support the hypothesis that bacteriophages may parasitise and reduce the quality or
quantity of eubiotic species of Lactobacillus that may result in recurrent or resistant BV. An
elegant study evaluated the stability of dairy L. acidophilus cultures, and whether such Lac-
tobacillus spp. could be inhibited by bacteriocins or bacteriophages released by other dairy
spp. of Lactobacillus. The authors concluded that “such Lactobacillus probiotic products may
be unstable or unsafe because they could be inhibited by phages or bacteriocins or because
they release them to inhibit the lactobacilli of other dairy products” [54]. Phage-mediated
lysis of vaginal lactobacilli might result in a significant decrease in the quantity or quality
of lactobacilli and the subsequent growth of high numbers of anaerobic bacteria. In one
in vitro study, the rate of bacteriophage detection was less in healthy women and higher in
those women with BV or vulvovaginal candidiasis. Accordingly, it was postulated that the
bacteriophages detected might infect vaginal lactobacilli from the same or different women
and this has implications on the possible role of sexual transmission of bacteriophages. In
addition, bacteriophages isolated from a human intestinal strain of Lactobacillus were able
to lyse vaginal lactobacilli, which suggests that some of the vaginal bacteriophages may be
derived from the lower gastrointestinal tract [55].
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In a vaginal microbiome analysis of women undergoing in vitro fertilisation for male
factor infertility, a comparison between BV-positive and BV-negative women revealed
statistically significant viral β-diversity. This indicated a different viral community in
BV-positive and BV-negative samples [56]. An identifiable co-abundance pattern was
seen between bacterial and phage populations. This permitted analysis of the virome
and prediction of the bacterial CST together with the presence of BVAB that were either
pathogens or protective against BV. BV-negative samples had a greater abundance of
bacteriophages that targeted species of Lactobacillus compared to BV-positive samples.
A high abundance of anaerobic bacteria was negatively associated with the presence of
Lactobacillus-infecting bacteriophages. This suggested that a low abundance of Lactobacillus
resulted in fewer specific Lactobacillus bacteriophages and vice versa with a low abundance
of pathogenic BVAB and their associated bacteriophages.

The results suggested that it was not prophage induction that was responsible for
Lactobacillus-depleted populations but rather the introduction of novel, external, lytic
bacteriophages that may have been acquired from a sexual partner. Alternatively, this
might have been due to the absence of protective bacteriophages in the vaginal mucosa
which facilitated colonisation by pathogenic BVAB and subsequent vaginal dysbiosis. The
presence of bacteriophages specific to Lactobacillus in BV-negative samples could suggest
the protective role of these bacteriophages in developing Lactobacillus strains that are more
resilient to external lytic bacteriophages [56].

In a meta-transcriptomic study comparing thirty-one women with BV who responded
to metronidazole with six non-responders with persistent BV, post-metronidazole therapy
identified upregulated anti-phage genes in isolates of G. vaginalis [12]. This indicated
a possible vaginal bacteriophage attack [57]. The presence of lytic bacteriophages in
the vagina may reduce the effectiveness of metronidazole which conserves lactobacilli
that may be a host for these bacteriophages, and result in recurrence. This observation
was confirmed in a study in which microscopy and rRNA-sequencing analysis of the
vaginal microbiome was conducted before and after treatment with oral metronidazole
(500 mg, b.d) in Rwandan women with BV. A surprisingly low cure rate of only 54% was
observed with metronidazole and in many cases, a preserved and increased population of
Lactobacillus spp. [58].

This series of studies demonstrates that bacteriophages released from the vaginal
lactobacilli of some women can infect the lactobacilli of other women under in vitro con-
ditions [12]. Since intestinal strains of Lactobacillus lysed multiple isolates of vaginal
Lactobacillus spp. [55], it may be that the lower intestine is a reservoir for bacteriophages
that infect vaginal lactobacilli by the recto-vaginal route. Alternatively, the route may be
through sexual transmission. In a 1991 editorial, Dr Anona Blackwell found the concept of
bacteriophages causing BV interesting, but not consistent with the possibility that the con-
dition was sexually transmitted [59]. This highlights the possibility that vaginal lactobacilli
have bacteriophages [60] and that Lactobacillus-derived bacteriophages from dairy products
can lyse vaginal spp. of Lactobacillus [55] (see Section 6.1 below). However, she considered
that it was possible that temperate, diet-acquired bacteriophages induce bacteriophages to
become lytic by some other factor related to sexual activity. Alternatively, it may be that
Lactobacillus bacteriophages are directly inoculated into the vagina from male or female
partners [59,61]. Smoking is a risk factor for BV, and chemicals in cigarette smoke can be
found in vaginal secretions that induce lytic conversion of Lactobacillus bacteriophages [62].
This may help to explain the association between cigarette smoking and BV [63].
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4.1. Potential Beneficial Effects of Bacteriophages

The human gut microbiome has been shown to play a crucial role in maintaining
the delicate balance of human health. As in the vagina, disruption of the microbiome
can result inter alia in the development of inflammation and other disorders. The gut
phageome is still considered the “dark matter” of the gut, since more than 80% of viral
genomes remain uncharacterised and it is likely that the same applies to the vagina [64].
In contrast to phage-mediated lysis of lactobacilli that may lead to BV, bacteriophages
might also be therapeutic, sparing and protecting beneficial species of Lactobacillus and
promoting vaginal eubiosis [12]. There is no specific category of bacteriophages that are
inherently protective of lactobacilli. However, some phage-resistant spp. of Lactobacillus
are protective, and by selecting such bacteria that have developed resistance to damaging
bacteriophages, the probiotic function of these Lactobacillus spp. can be preserved. This is
evident in the food industry, in which virulent Lactobacillus bacteriophages can cause costly
spoilage. To control this natural phenomenon, the industry has tried several measures;
yet, despite these efforts, bacteriophages continue to evolve, and new variants emerge. To
keep up with this evolution of bacteriophages, continued research is necessary to better
understand bacteriophage diversity and host interaction. This might improve the selection
of lactic-acid-producing strains of Lactobacillus and optimise anti-phage mechanisms [65].

4.2. Bacteriophage Protection of Lactobacillus spp.

Phage viruses provide protection for Lactobacillus spp. through several mechanisms.
Firstly, they may provide immunity against superinfection by integrating their genome
into the host bacterium and entering a dormant, lysogenic, temperate state. Subsequently,
this integrated prophage can express genes that protect the bacterium from infection by
closely related bacteriophages. In the future, bacteriophages may be used as specific
modulators of the human microbiome in a variety of infectious and non-communicable
human diseases [66]. Bacteriophages also target and destroy pathogens like G. vaginalis
which indirectly protect the beneficial spp. of Lactobacillus by creating a less competitive
environment and preserving an environment favoured by lactobacilli. Bacteriophages may
also drive bacterial evolution [67]. As a result of constant attacks from bacteriophages,
bacteria evolve defence systems such as the CRISP-Cas system [68]. Such adaptive immune
systems provide “memory” and subsequent defence against specific bacteriophages. In this
way, resistant strains of Lactobacillus are better equipped to withstand bacteriophage attack.
Finally, “natural selection” may contribute to the development of robust bacteriophage-
resistant strains of Lactobacillus. As in higher-order organisms, Darwinian theory dictates
that the survival of the fittest is the law of nature and just as the most vulnerable of the
herd becomes the primary target of the predator, bacteriophages often specifically target
spp. of Lactobacillus by culling the most susceptible of strains, which creates a selective
pressure for only the strongest to survive. The context in which bacteriophages and
bacteria relate depends on the specificity of the bacteriophage and the host bacterium, as
well as the environmental conditions. Lytic bacteriophages rapidly replicate and destroy
their hosts, whereas temperate bacteriophages are dormant, integrate their host’s genome,
and confer protection. It should not be forgotten that while some bacteriophages are
protective, specific environmental stressors such as chemicals or cigarette smoking may
cause dormant, temperate bacteriophages in lactobacilli to become lytic and adversely affect
the population of Lactobacillus spp. and hence dysbiosis. While the food industry pursues
the commercial consequences of bacteriophages, the protective role of bacteriophages merits
further consideration for therapeutics in the healthcare system. Similarly, the combination
of bacteriophages with probiotics is an emerging strategy to reduce bacterial infections and
improve gut health. Finally, new bacteriophages are being engineered and developed to



Microorganisms 2025, 13, 2410 11 of 27

target harmful bacteria while sparing bacteria like lactic-acid-producing Lactobacillus spp.
that in certain niches provide beneficial effects [69].

5. Cost of Preterm Birth
5.1. The Importance of Preterm Birth

The human impact of PTB was first brought to public attention about 25 years ago.
Up to that time, spontaneous preterm labour (SPTL) leading to PTB was somewhat of a
Cinderella subject because of doubts about aetiology, prediction, prevention, diagnosis,
interventions, mode of delivery, and in utero transfer [70]. In 2009, the March of Dimes
(MoD) Foundation, based on data from the World Health Organisation, produced a White
Paper on PTB [71], providing hitherto unavailable data about the extent of PTB worldwide
with respect to the numbers and percentages per population of PTB regionally and globally
(Table 2). Somewhat surprising to other high-income countries, North America (mainly the
USA) had a high rate of PTB, almost matching that of Africa. These data would influence
the US Congress to change their mind years later and grant an antibiotic for the treatment of
BV access to the GAIN Act to accelerate registration, etc., (see Section 3.1). The key messages
from the MoD were that (i) 28% of four million neonatal deaths annually are due to PTB;
(ii) 12.9 million PTBs occur annually worldwide (9.6% of births); (iii) 85% of PTBs occur in
Africa/Asia; (iv) the rate of PTB is increasing (by 36% in USA in the previous 25 years and
mostly due to late PTB [34–36 completed weeks of gestation]); (v) strategies to reduce death
and disability should be given priority under the UN Millennium Development Goals
(MDGs), specifically MDG 4 (child survival) and MGD 5 (improvement in women’s health).

Table 2. Numbers and percentages per population of PTB regionally and globally. Adapted from
March of Dimes Foundation’s White Paper on preterm birth [71].

Region Number of PTBs Annually PTB Rate (%)

Asia 6,907,000 9.1

Africa 4,047,000 11.9

Latin America/Caribbean 933,000 8.1

North America 480,000 10.6

Europe 466,000 6.2

Oceania 20,000 6.4

World Total 12,870,000 9.6

5.2. The Human Impact of PTB at the Extremes of Viability

In 2001, the EPICure study reported on all births between March and December 1995 at
less than 26 weeks of gestation from all maternity centres throughout the United Kingdom
and Ireland. Data were gathered on 843 infants who were admitted for neonatal intensive
care of whom only 321 survived to be discharged home. It was estimated that of babies born
around the limits of viability (22–26 completed weeks of gestation), around 65% died on
the delivery suite or the neonatal intensive care unit. Of those who survived to 30 months,
50% were disabled, and in 50% of these, the handicap was severe, such that by that age,
only ~12% were alive and intact [72]. In 2009, The EXPRESS Study reported on the one-year
survival of extremely preterm infants after active perinatal care in Sweden. This was a
population-based prospective observational study between 2004 and 2007, addressing the
1-year survival/morbidity of babies born between 22 and 26 completed weeks of gestation.
The study comprised 305,318 infants of which 1011 births occurred at 22–26 weeks of
gestation and 707 were liveborn. The mortality by gestational age for liveborn infants
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is shown in Table 3a,b. Babies born at 22, 24 or 26 completed weeks of gestation had an
infant mortality rate of 54%, 21%, and 2%, respectively, and a survival rate without major
morbidity at 1-year of 0.02%, 14.1%, and 45.9%, respectively [73].

Table 3. (a) Mortality by gestational age of liveborn infants [adapted from Fellman et al. [73]].
(b) Neonatal morbidity by gestational age among survivors [adapted from Fellman et al. [73]].

(a)

Outcome 22 w 23 w 24 w 25 w 26 w Total

Delivery Room Death 55% 16% 6.9% 2% 0% 8.2%

Early NND (<7 d) 80% 39% 21% 11% 9.2% 22%

NND (<28 d) 88% 46% 29% 14% 13% 26%

Infant Death (0–365 d) 90% 48% 33% 19% 15% 30%

(b)

Morbidity 22 w 23 w 24 w 25 w 26 w Total

IVH (>grade 2) 20% 19% 10% 12% 5.2% 10%

ROP (>grade 2) 80% 62% 48% 32% 19% 34%

Severe BPD 40% 26% 31% 29% 17% 25%

PVL 0% 9.4% 6.2% 5.4% 4.5% 5.6%

NEC 0% 1.9% 9.4% 6.0% 5.1% 5.8%

No Major Morbidity @ 365 days 2% 8.9% 21% 37% 54% 32%
w = completed weeks of gestation; d = days; NND = neonatal death; IVH = intraventricular haemorrhage;
ROP = retinopathy of prematurity; BPD = Bronchopulmonary Dysplasia; PVL = Periventricular Leucomalacia;
NEC = Necrotising Enterocolitis.

5.3. The Financial Cost of PTB

The data on the financial cost of PTB is limited and difficult to obtain. How-
ever, the cost of hospital readmissions in the UK in the first five to ten years of life is
20× greater for those babies born before 28 weeks’ gestation compared to those
born > 37 weeks [74]. In 2007, the Institute of Medicine (IOM) in the USA calculated
that the annual cost associated with PTB was $26.2 billion. This comprised (i) costs of
neonatal care ($16.9 billion); (ii) maternal delivery costs ($1.9 billion); (iii) programmes
for children up to age three with disabilities and developmental delays ($611 million);
(iv) special education services ($1.1 billion); and (v) loss of pay for parents whose babies
had been born preterm ($5.7 billion) [75].

5.4. The Psychosocial Cost of PTB

The human and financial costs of PTB above can be measured but they cast a long
shadow and the psychosocial costs of PTB remain incalculable.

5.5. The Aetiology of Preterm Birth

Historically, PTB was thought to be idiopathic because ~50% of women had no dis-
cernible risk factor. However, following detailed analysis of the fetus, mother, and placenta,
it was found that in 96% of women, one factor could be identified and in 58%, there were
two or more factors present with infection, which is the most common factor (38%) after
faulty placentation (Table 4) [76]. The earlier in pregnancy that PTB occurs, the more likely
this is to be due to infection [77], and this is the stage of pregnancy at which mortality and
morbidity is at its greatest (see Section 4.2).
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Table 4. The aetiology of preterm birth (adapted from Lettieri et al.) [76].

Factors %

Faulty placentation 50

Intrauterine infection 38

Immunological factors 30

Cervical incompetence 16

Uterine factors 14

Maternal factors 10

Trauma and surgery 8

Foetal anomalies 6

6. The Prediction and Prevention of Preterm Birth
6.1. Bacterial Vaginosis in the Prediction of Preterm Birth

Women with BV before 16 weeks of gestation have a higher risk of late miscarriage
(LM; birth < 24 weeks gestation) and early PTB (<34 weeks’ gestation) (16.7%) than women
who are BV-negative (3.4%) (Odds ratio = 5.35 [95% CI = 2.73–10.5]; Relative risk = 3.12
[95%CI = 2.23–4.37]; p-value = 0.000001) [78]. Only 2% of women who do not have BV in the
second trimester will develop BV by 34 weeks of gestation. In contrast, 50% of women who
have BV in the second trimester will still be BV positive at 34 weeks of gestation [79]. The
earlier in pregnancy at which an abnormal vaginal microbiota is detected, the greater the
risk of an adverse outcome like LM and PTB. A positive screening test for BV at 26–32 weeks
of gestation is associated with a two-fold increased risk of PTB. In contrast, a positive-BV
screen in the second trimester carries a near seven-fold increased risk of LM or PTB. In
summary, the earlier in pregnancy that vaginal dysbiosis is detected, the greater is the
subsequent risk of LM or PTB [80]. In a study to illustrate the frequency of occurrence of
LM or PTB, according to the grade of vaginal flora on the Gram-stain of vaginal secretions,
the conclusions were that an abnormal vaginal microbiota in early pregnancy, even if
this resolves spontaneously or post treatment, causes damage which occurs early and
persists [81].

6.2. Treatment of BV in the Prevention of PTB

The use of antibiotics for the treatment of BV and prevention of infection-related PTB,
the controversies surrounding the heterogeneity of the antibiotic studies, the flaws of the
subsequent systematic reviews, the putative errors of further studies that used dubious
methodology to produce counterintuitive results that continue to lend support to the myth
that no antibiotic used at any time in pregnancy can prevent PTB have been extensively
addressed [80] and will be the subjects of a subsequent report (Lamont RF, Joergensen JS.
Historical Perspectives and Recent Advances in the Influence of the Vaginal Microbiome
on the Prediction and Prevention of Preterm Birth. BJOG [In Press]). In the view of the co-
authors, (i) the appropriate antibiotics (in our view, clindamycin) (ii) given to the appropriate
women (in our view, those with objective evidence of vaginal dysbiosis due to BV) (iii) at
the appropriate time during pregnancy to prevent infection and inflammatory tissue damage
(in our view, at <22 weeks’ gestation) significantly reduces the risk of LM (80%) and PTB
(40%) [82]. Secondary outcomes from the same systematic review demonstrated that, of
those babies born preterm, low birth weight (<2500 g) occurred in 20% of those given
antibiotics compared to 80% of those who received no treatment or placebo (p < 0.009).
Furthermore, there was a 32.5-day difference in mean gestational age at birth in those
given antibiotics (p < 0.024) compared to those who received no treatment. This delay in
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delivery is significant because each day gained between 23- and 26 weeks of gestation, is
associated with a 3% increase in survival [83]. Of those women given antibiotics, there was
a statistically significant reduction (86%) in those who delivered before 33 completed weeks
of gestation. In addition, in women with the worst degree of BV (Nugent Score = 10), the
incidence of PTB and LM was 5.4% in those who were given antibiotics compared with
35.7% for those who received no treatment/placebo. There was also a ~3-fold increase in
the rate of LM or PTB in women with persistent BV compared to women cured of BV (28%
vs. 10%) (OR = 2.9; 95% CI = 1.3–5.2). Furthermore, there was a ~10-fold increase in the
rate of LM or PTB in women with cured but recurrent BV compared to women with cured
BV and no recurrence (15% vs. 2%) (OR = 9.3; 95% CI = 1.6–5.35) [84].

In the words of Aldous Huxley (1894–1963; Proper Studies [1927]), “Facts do not cease
to exist because they are ignored”.

7. Bacteriophages in the Treatment of Bacterial Vaginosis and the
Prevention of Preterm Birth
7.1. The Vaginal Virome

While the vaginal bacterial microbiome (bacteriome) is the best-studied component of
the vaginal microbiome for some years [19]; until recently, application to molecular-based
cultivation-independent methods concerning the vaginal viral microbiome (virome) was
limited [56,85–88]. However, using next-generation sequencing, there has currently been a
significant increase in the number of manuscripts that address the vaginal virome and the
impact it has on women’s health [89–98]. For further information about the vaginal virome,
the reader is directed to a recent review [99].

The vaginal virome comprises viruses that infect human cells (eukaryotic viruses) and
those that infect bacteria (bacteriophages). The majority of vaginal virome studies focus on
eukaryotic DNA viruses, which usually comprise <5% of viral sequences found in the hu-
man vagina [100] and bacteriophages are the most abundant vaginal viral group. Indirectly,
bacteriophages can stimulate the host immune response by the release of bacterial products
such as endotoxins during bacterial lysis [100]. Approximately, 20% of bacteriophage genes
produce peptidoglycan lyase/hydrolase-related genes, which may facilitate bacterial cell
wall degradation and destruction during phage infection [97].

Bacteriophages demonstrate either lysogenic or lytic life cycles. Lytic bacteriophages
invade and hijack the bacterial replication machinery to produce thousands of viral progeny
which result in lysis and death of the host cell. In contrast, lysogenic bacteriophages
integrate the host genome, lie dormant, and replicate when the host replicates. Lysogenic
bacteriophages also produce virulence factors that may provide survival advantages to the
bacterial host. This is achieved by conferring tolerance to ecological stressors, immunity
to infection, increased pathogenicity, and antibiotic resistance [101,102]. However, in an
unfavourable environment, lysogenic phages can change their life cycle from lysogenic
to lytic, subsume bacterial functions, and cause death of the host bacterium [103]. This
change in life cycle can be triggered by bacteriophage “quorum sensing” mechanisms
that permit bacteria to coordinate their behaviour based on population density [103,104].
There is an increased prevalence of lysogenic bacteriophages in women with BV. This may
provide survival value to their hosts to improve persistence [89]. Lysogeny is also common
in L. crispatus in up to 77% of clinical isolates [105]. In addition, the range of clinical
Lactobacillus phages is broad and includes several species of Lactobacillus. Accordingly, since
phages that are lysogenic in one species may be lytic in another, this may be the mechanism
by which lactobacilli maintain the stability of the vaginal microbiome [60].
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7.2. The Vaginal Virome in Health and Disease

The vaginal virome is associated with several adverse events in both obstetrics and
gynaecology. These include BV and PTB that have already been detailed in the sections
above. Historically, an increase in the diversity of the vaginal bacteriome was found to be
correlated with PTB [80,100,106] and animal and human studies have demonstrated that
an increase in the vaginal eukaryotic DNA virome also increases the risk of PTB [107–109].
However, the vaginal phageome was not assessed and this should be addressed in future
studies. Communities within the vaginal phageome differ according to whether women
have BV or not [56,89], with either decreased Lactobacillus phages [56] or higher levels of
phages from Bacillus spp. and Escherichia spp. [89]. There is recent evidence to support a
well-documented role that the vaginal virome plays in vaginal health and disease with
respect to infertility and the risk of cervical cancer. These are covered in depth elsewhere
and not directly associated with the title of this review, but in summary may contribute to
the conclusions of the review.

7.2.1. The Indirect Role of Phages in Preterm Birth

Bacteriophages contribute indirectly to PTB and other adverse outcomes in obstetrics
and gynaecology through several pathways, such as altering the maternofetal microbiomes,
affecting bacterial virulence, modulating the immune system, and driving bacterial evo-
lution [110–112]. Bacteriophages can modulate innate immunity through phagocytosis
and/or cytokine response. Using a computer model to predict complex and dynamic
interactions, the phageome may play important roles in shaping mammalian–bacterial
interactions [113].

Unlike eukaryotic viruses, bacteriophages do not infect human cells, but through their
bacteriophage properties, they have an indirect impact on the human host. This being
the case, they have a significant effect on pregnancy outcomes. While vaginal eubiosis is
typically achieved by lactic-acid-producing Lactobacillus spp. that maintain a low vaginal
pH, bacteriophages can modulate the vaginal microbiome by infecting and destroying these
beneficial Lactobacillus spp. This shifts the microbial balance towards a higher diversity
of anaerobic bacteria, which is BV. A loss of Lactobacillus dominance and an increase in
potentially pathogenic or opportunistic anaerobic bacteria is strongly associated with a
higher risk of PTB. The presence of these harmful bacteria and vaginal dysbiosis provides a
mechanism by producing pro-inflammatory cytokines and chemokines in vaginal fluid,
which cause inflammation and contribute to PTB [114] and other adverse outcomes in
obstetrics and gynaecology (see Figure 1). Finally, since temperate or lysogenic bacterio-
phages integrate their genome into a bacterium without killing it, they can sometimes
transfer genes to the bacterium, which increase their virulence and their ability to cause
disease [115]. This horizontal gene transfer by bacteriophages can donate genes for antibi-
otic resistance and increase virulence between bacteria. This can lead to more aggressive
bacterial strains, which may be more difficult to eradicate and more likely to cause an
inflammatory response that can lead to PTB.

7.2.2. Phage Viruses in Infertility

Few studies have examined the role of the vaginal virome in infertility. In women
undergoing in vitro fertilisation (IVF), there was a tendency towards a higher diversity
in a eukaryotic DNA virome in women whose IVF procedure failed to achieve a clinical
pregnancy [116]. In women with infertility, irrespective of whether this was due to male or
female factor, a higher prevalence of a specific phage virus (anellovirus) was found [94].
These are small DNA viruses that were thought to be commensals but are often used
as markers of immunosuppression. The authors of this study found that in infertility,
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individuals colonised by this L. crispatus phage virus were less likely to have a L. crispatus-
dominated bacteriome.

7.2.3. Viruses in Cervical Cancer

The most common sexually transmitted virus is HPV. It is also the most prevalent
vaginal eukaryotic virus worldwide, and the causative agent of cervical cancer [27]. HPV
infects squamous epithelial cells and often spontaneously resolves within 6–18 months.
However, in those cases where the infection persists, certain high-risk HPV genotypes carry
a high risk of progression to oropharyngeal and anogenital cancers [117]. High diversity
bacteriomes and co-infection with other STIs, such as HIV, HSV, and Epstein–Barr virus
(EBV), are associated with decreased clearance of vaginal HPV and persistent infection
with high-risk oncogenic HPV. Compared to HPV infection alone, co-infection with HPV
and HSV also increases the risk of cervical squamous cell carcinoma or adenocarcinoma
by nearly 10-fold [118]. HPV release of oncoproteins downregulates several antimicrobial
host defence peptides normally secreted in response to bacterial lipopolysaccharides [119].
Accordingly, HPV colonisation may permit overgrowth of more pathogenic bacteria due to
the downregulation of host defence mechanisms. Some species of Lactobacillus are immune
to the antibacterial effects of these peptides and cleave them to provide an amino acid nutri-
ent source for growth [119]. In vitro, L. crispatus and L. gasseri downregulate the expression
of HPV oncoproteins [120], and may play a direct role in preventing HPV virulence.

8. Therapeutic Interventions to Induce Vaginal Eubiosis
8.1. Probiotics

The influence of probiotics on the vaginal microbiome in the prediction and prevention
of PTB has been covered elsewhere (Lamont RF, Joergensen JS. Historical Perspectives
and Recent Advances in the Influence of the Vaginal Microbiome on the Prediction and
Prevention of Preterm Birth. BJOG [In Press]). Those species of Lactobacillus that are not
adapted to grow and survive in the vagina, such as L. plantarum, L. brevis and L. fermentum,
should be excluded as a suitable candidate probiotic. It follows that those species of
Lactobacillus that are adapted to grow and thrive in the vagina, such as L. crispatus, L. jensenii,
and L. gasseri, should be chosen and suggests that L. crispatus is an excellent prospect for
the development of a vaginal probiotic.

There is a rationale behind the consideration of using probiotics: (i) the aetiol-
ogy of BV remains unknown though there is increasing evidence to implicate sex-
ual transmission [35,45–47], (ii) the microbiology differs between women using both
cultivation-dependent and molecular methods, (iii) therapeutic options are limited be-
cause the response to antibiotics is inconsistent and recurrence and reinfection are common,
(iv) while the clinical cure rate is 80–90%, recurrence at 6–12 months is ~50%, (v) new
drugs are not forthcoming, (vi) phenotypic outcomes differ between women, (vii) a better
understanding of “the BV syndrome” as a major form of vaginal dysbiosis is necessary. In
a recent systematic review of the efficacy and safety of different drugs for the treatment
of BV, both vaginally applied sucrose and probiotics, resulted in a better clinical response
than metronidazole [121]. Used in combination with other novel agents, such compounds
may help to prevent recurrence.

A phase II study of the treatment of women with ongoing urogenital problems using
the L. crispatus probiotic (CTV-05) found that out of 40 participants who lacked L. crispatus
colonisation at enrollment, 36 (90%) were successfully colonised by L. crispatus at the follow-
up [122]. In a later randomised controlled trial, L. crispatus (CTV-05) was applied for two
weeks after an initial course of metronidazole gel. Vaginal colonisation with L. crispatus
occurred in 61% of cases at day 10 but decreased after applications were stopped [123].
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Two recent systematic reviews have provided supporting evidence. In the first of
these, women given antibiotics followed by intravaginal probiotics were compared with
those treated with antibiotics alone. The results showed a lower recurrence rate of BV at
three months, and prolonged cure rates at 24 weeks [124]. The other systematic review
found that women treated with probiotics experienced a significant increase in BV cure
rates and a significant reduction in recurrence rates of BV [125].

Probiotics have also been used to facilitate eradication of female genital tract high-risk
HPV (HR-HPV) infection and progression to dysplasia/neoplasia. A hundred women with
HR-HPV infection were randomised to receive either intravaginal L. crispatus probiotic
strain (chen-01) for five months or placebo [126]. At the 6-month follow-up, women who
received the intravaginal probiotic had significantly lower HPV viral loads. In addition,
these women had decreased cytological abnormalities together with higher carriage of
L. crispatus and lower bacteriome diversity. This was similar than in uninfected HPV sub-
jects [126]. These examples illustrate the need for further well-designed large-scale clinical
trials to validate the impact of adjunctive intravaginal therapies to restore vaginal health.

8.2. Antibiofilm Agents

More than 50% of women will experience recurrent BV within six months of treatment
and by one year, this figure is ~80% [127,128]. This is partly due to biofilm formation by
BVABs, particularly the species of Gardnerella and Prevotella [129]. The microenvironment
of a biofilm is created by biofilm-forming organisms that make it difficult for antibiotics
and host antimicrobial compounds to penetrate. A good example of a biofilm is plaque on
teeth and on prosthetic joints. For a comprehensive review of the pathogenesis of biofilm
vaginosis, the reader is referred to Swidsinski et al. [11]. The inability of antimicrobials to
penetrate the biofilm renders it difficult to eradicate bacteria. In vitro and in vivo studies
have tested single-agent compounds to reduce or eradicate biofilms, but antibiotics alone
are not sufficient. Some antiseptics in vitro, such as iron sulphide and in vivo octenidine (a
cationic surfactant), have shown promise, but resistance with repeated exposure remains
a problem.

The use of cationic peptides, that are short chains of amino acids that carry a positive
electrical charge due to the presence of positively charged amino acids like lysine and
arginine, have shown promise in vitro. Their positive charge allows them to disrupt the
negatively charged membranes of bacteria, fungi, and some viruses and their antimicrobial
properties play a role in the innate immune system of many organisms. Similarly, the
synthetic phage endolysin enzyme PM-477 which is engineered to target and eliminate
Gardnerella spp., without harming eubiotic vaginal bacteria, has shown promise. In addition,
plant extracts, such as Thymbra capitata essential oil, (also known as Spanish oregano),
demonstrates antibacterial and anti-inflammatory properties and has shown promise in
biofilm reduction including polymicrobial biofilms and ex vivo biofilms [129,130]. The
pursuit of future treatment continues [131].

8.3. Oleic Acid Treatment

The use of unsaturated long-chain fatty acids such as oleic acid have demonstrated
antimicrobial activity against Gram-positive organisms and can modulate the composi-
tion of vaginal lactobacilli. Similarly, long-chain fatty acids selectively inhibit L. iners,
including strains resistant to metronidazole; at the same time, they promote the growth
of L. crispatus. The mechanism functions through the upregulation of gene products in
L. crispatus, L. jensenii, and L. gasseri, that do not exist in L. iners and BVABs. The therapeutic
potential of oleic acid in the treatment, prevention, and recurrence of BV requires further
investigation [132].
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8.4. Phage Lysins

Phage lysins are lytic bacteriophage enzymes. Their function is to cleave bacterial
cell wall peptidoglycan to stimulate phage progeny release. Their effectiveness lies in
their ability to control bacterial populations on mucosal surfaces by lysis and destroy
Gram-positive bacteria. They act synergistically with antibiotics and control pathogenic
bacteria in several conditions [133]. Pathogenic strains of Group B streptococcus (GBS)
carry prophages whose genes enhance bacterial growth and biofilm formation [134]. This
may help GBS to adapt to the vaginal environment and increase pathogenicity in newborns.
Recently, EN534-C, which is a new therapeutic recombinant endolysin derived from a GBS
prophage, has been shown in vitro to lyse clinical isolates of GBS while sparing eubiotic
vaginal lactobacilli [135].

8.5. Vaginal Microbiota Transplantation

Another proposed therapeutic intervention for recurrent BV is vaginal microbiota
transplantation (VMT). This involves vaginal transplantation of donor vaginal secretions
that are of low diversity, including a significant abundance of species of Lactobacillus,
such as L. crispatus, L. jensenii, or L. gasseri [20], transvaginally into recipients with BV or
other vaginal dysbiosis [136]. In one study, four out of five VMT recipients successfully
achieved remission of their BV at follow-up with no adverse effects. While VMT is a
promising prospect for the treatment and prevention of recurrence of BV, it is not without
its drawbacks. Firstly, donors should be thoroughly screened for STIs and other dysbioses
to prevent the transfer of pathogens, resistant fungi, or other undesirable vaginal dysbiotic
microbiota [137,138]. Bacteriophages may also be transplanted using donor VMT and these
have also been used inter alia in faecal microbiota transfer (FMT) to treat inflammatory
bowel disease [139]. This could result in the transfer of undesirable genes that promote
antimicrobial resistance (AMR) [140] with potentially serious consequences [141]. This
is less likely with VMT compared to FMT because of the reduced mucosal surface area
and rigid screening protocols. In ~50% of cases, Lactobacillaceae genomes from commercial
strains contain an integrated prophage with at least four potential AMR genes encoded
within the phage genomes [142]. This supports the recommendation to include AMR
screening in VMT [136]. Cost and the need for rigorous donor screening to prevent adverse
effects may be a challenge for VMT as a potential intervention, and larger clinical trials will
be required.

9. Conclusions and Future Research
The detection of BV in early pregnancy is significantly associated with LM and early

PTB at which stage perinatal and neonatal mortality and morbidity is at its greatest. For
women at risk of infection-related PTB, giving them the appropriate antibiotics before
22 completed weeks of gestation significantly reduces the risks of LM and PTB. There
remains a debate about whether metronidazole or clindamycin should be the antibiotic of
choice, albeit that both are recommended for the treatment of BV [33]. Those who support
the use of metronidazole often do so because metronidazole conserves lactobacilli which,
due to their protective properties listed above, are perceived as an advantage. In contrast,
clindamycin does not spare lactobacilli, and this may be perceived as disadvantageous.
However, if the lactobacilli were parasitized by bacteriophages, clindamycin may eradicate
the source of recurrent and/or resistant BV. While the vagina may recolonise naturally,
it makes the case for combining antibiotic treatment like clindamycin with a probiotic-
containing eubiotic species of Lactobacillus, that is adapted to grow and thrive in the vagina.

There remains a lack of clarity over the microbiology of BV. Does BV occur due to the
presence potentially pathogenic BVABs or the absence of eubiotic species of Lactobacillus
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or a combination of the two? If so, which comes first and what are the stimuli that favour
one mechanism over the other (see Figure 1)? Similarly, bacteriophages can be lysogenic in
some bacteria and lytic in others and may affect bacteria that induce eubiosis or those that
induce dysbiosis. Molecular tests for the diagnosis of BV have identified the need to include
bacterial candidate organisms from both BVABs such as Sneathia, Fannyhessea, Gardnerella,
and eubiotic species of Lactobacillus such as L. crispatus [25]. Ravel’s community state types
(CSTs) I, II, III, V correspond, respectively, to L. crispatus, L. gasseri, L. iners, and L. jensenii.
Ravel also listed two other CSTs, namely IVa and IVb. CST IVa contains a non-Lactobacillus-
dominated microbiota whereas CST IVb is characterised by bacteria that are typically
associated with BV such as Gardnerella spp. and Sneathia sanguinegens. New information
from molecular-based, cultivation-independent techniques [19] has demonstrated that BV
may have several subtypes over and above CST-IVa and IVb, cited by Ravel et al. [20],
and this might help explain the difference in aetiology, microbiology, and response to
antibiotics and phenotypic outcomes among women with BV. In this age of metagenomics,
the HMP started with the bacteriome of the oral cavity, nasal cavity, gastriointerinal tract,
genito-urinary tract, and skin. The intention was to study the physiology and pathology
of the microbiome in health and disease, and to find ways of manipulating the human
microbiome to influence physiology and introduce therapy [13]. Only recently have we
seen publication of reviews relating to the vaginal virome, which may go on to study the
vaginal phageome in health and disease, [99] and possibly also the virulome of different
organisms that may change the virulence of an organism by upregulating genes that code
for certain virulence factors.

Furthermore, we have seen how viruses either directly or through bacteriophages
contribute to morbidity in women. We have also addressed the contribution of vaginal
viruses to infertility, cervical dysplasia/cancer, and STIs, such as HIV, HSV, HPV, and
EBV. However, steps can be taken to reduce the risks of infectious morbidity such as
antibiofilm agents, phage lysins, and the use of long-chain fatty acids, such as oleic acid,
and these should be studied further in future research. Finally, bearing in mind current
challenges and future landscapes for FMT [139], the role of VMT appears to show promise.
In addition, like many scientific discoveries, VMT has brought us full circle to complete
the cycle initiated by Gardner and Dukes in 1955 in their seminal paper on H. vaginalis
vaginitis, now known as BV. To satisfy Koch’s postulates, they carried out a form of
VMT. Of 13 volunteers who were inoculated with pure cultures of H. vaginalis, only one
developed clinical signs and symptoms of BV. In contrast, 11 out of 15 volunteers who were
inoculated vaginally with the vaginal secretions of symptomatic donors (screened for other
genital tract infections) developed disease [34]. A PubMed search using the term Faecal
Microbiome Transplantation demonstrated that in 2012, there were only 22 publications
rising to a peak of 1348 in 2024 and 1093 so far in 2025, with a total of 7969 from 2012 to the
present. In contrast, a PubMed search using the term vaginal microbiome transplantation
demonstrated that between 2003 and 2018, there were only 15 publications on VMT rising
to a peak of 25 in 2024 and 13 so far in 2025, with a total of 125 from 2003 to the present. We
have a long way to go compared to FMT research, but we feel that VMT will provide a rich
vein of research to mine for future investigators.

Research into the vaginal microbiome has increased exponentially in recent years,
largely due to technical innovations and a decrease in analytical costs. The results of this
research have provided details of microbial communities, their interactions, and the effects
on their hosts and other microbes. However, molecular studies of bacteriophages have con-
centrated on understanding mechanisms by which bacteriophages exploit the intracellular
environment of their hosts, but these are binary interactions of how bacteriophage infect
bacteria and bacteria infect eukaryotic host cells. Recent studies have demonstrated how
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tripartite interactions between bacteriophages, bacteria, and the eukaryotic host affect the
dynamics and outcome of each component. What becomes evident is that bacteriophages
modulate bacterial infections along a spectrum from positive to negative impacts on the
mammalian host [143]. Pregnant women and their unborn children are particularly vulner-
able to bacterial infection. The physiological changes in pregnancy affect the way women
respond to such infections and the treatment options available to clinicians. Antibiotics
are still considered the best option for active infections and prophylaxis for the prevention
of potential infections, such as recto-vaginal colonisation by Streptococcus agalactiae coloni-
sation prior to birth, and the risk of early-onset group B streptococcal disease [38]. The
effect of such antibiotic use on the developing fetus, however, is still largely unknown and
may cast a long shadow throughout childhood and beyond due to atopy, asthma, allergy,
and obesity [144]. An ideal antibacterial therapy for administration during pregnancy
would be one that is highly specific for its target, leaving the surrounding microbiota intact.
This raises and explores the potential for use of bacteriophage therapy as an alternative to
antibiotics during the antenatal period. However, information on the potential for the use of
phage therapeutics in pregnancy is lacking [145]. Accordingly, further research is necessary
to understand the interaction between bacterial, fungal, phage, and viral microbiomes,
together with host genetics, immune status, and environmental factors if we are to provide
personalised medical diagnostics and interventions that will improve women’s health [69].
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