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The Vaginal Microbiome: V. Therapeutic Modalities of Vaginal
Microbiome Engineering and Research Challenges

Pedro Vieira-Baptista, MD,1,2,3 Francesco De Seta, MD,4,5 Hans Verstraelen, MD, MPH, PhD,6,7

Gary Ventolini, MD, FACOG,8 Risa Lonnee-Hoffmann, MD, PhD,9,10 and Ahinoam Lev-Sagie, MD11,12

Objective: This series of articles, titled The VaginalMicrobiome (VMB),
written on behalf of the International Society for the Study of Vulvovaginal
Disease, aims to summarize the recent findings and understanding of the
vaginal bacterial microbiota, mainly regarding areas relevant to clinicians
specializing in vulvovaginal disorders.
Materials and Methods: A search of PubMed database was per-
formed, using the search terms “vaginal microbiome” with “treatment,”
“diagnosis,” and “research.” Full article texts were reviewed. Reference
lists were screened for additional articles.
Results: The currently available approaches for treating vaginitis or
attempting to modulate the VMB are often insufficient. It has traditionally
relied on the use of antibiotics, antiseptics, and antifungals. The fifth and last
article of this series discusses the new and/or alternative therapeutic modali-
ties. It addresses the role of probiotics, prebiotics and symbiotics, activated
charcoal, biofilm disrupting agents, acidifying agents, phage therapy, and
the concept of vaginal microbiome transplant. The challenges facing the re-
search of VMB, including the clinical impact of microbiome manipulation,
classification, and new diagnostic approaches are discussed.
Conclusions: Microbiome research has grown dramatically in recent
years, motivated by innovations in technology and decrease in analysis
costs. This research has yielded huge insight into the nature of microbial
communities, their interactions, and effects with their hosts and other mi-
crobes. Further understanding of the bacterial, fungal, phage, and viral
microbiomes in combination with host genetics, immunologic status, and
environmental factors is needed to better understand and provide personal-
ized medical diagnostics and interventions to improve women's health.

Key Words: vaginal microbiome, probiotics, prebiotics,
pH modifying agents, phage therapy, vaginal microbiome transplantation,
future research

(J Low Genit Tract Dis 2022;26: 99–104)

M icrobiome study has increased in recent years, driven by
technological advances and considerable reductions in the

cost of analysis. Research revealed a wealth of data, facilitating
understanding of the vaginal microbiome (VMB) and microbial-
host interactions. The previous articles in this series addressed the
current knowledge of the normal and abnormal VMB. Although
multiple data are accumulating on the VMB, there has not been
much progress in terms of treatment or modulation of the VMB.
Standard approaches, based on the use of antibiotics or antifungals,
are usually effective for acute episodes but are often insufficient in
recurrent conditions. In addition, there is a growing concern regard-
ing the widespread and often prolonged use of antibiotics, due to
the risk of bacterial resistance. With the understanding of specific
VMB characteristics and its impact on different conditions, such
as preterm labor, human papillomavirus infection and sexually
transmitted infections, there is a growing interest in changing the
VMB to a more favorable one as a therapeutic alternative. In addi-
tion, further understanding the role of microbiota, including their
interactions with the hosts and other microbes, can enable the en-
gineering of new interventional strategies as well as diagnostic
techniques that can be used to promote women's health. This fifth
and final manuscript in the series discusses alternative treatment
modalities as well as the challenges facing the field of microbiome
research to become relevant in clinical practice.

ENGINEERING THE VAGINAL MICROBIOME
As discussed in previous sections, modifying the VMB to one

dominated by lactobacilli1 may be associated with better health out-
comes. Vaginal microbiome modification may have impact on vag-
initis (including bacterial vaginosis [BV]), cervical intraepithelial
neoplasia, prevention of transmission of sexually transmitted infec-
tions, or preterm labor. Current available treatments (antibiotic and
antifungal medications) result in suboptimal cure levels and high
recurrence rates.2 Bacterial vaginosis biofilms are not penetrated
sufficiently by antibiotics,3 and antibiotic maintenance use for recur-
rent BV increases the probability of adverse effects, drug resistance,
and candidiasis. Different approaches aiming to therapeutically “ma-
nipulate” an existingVMBhave been described, including probiotics,
prebiotics, symbiotics, acidifying agents, activated charcoal, phage
therapy, and VMB transplantation. The following paragraphs
summarize these modalities and the current data obtained regard-
ing their effect.

Probiotics
The concept of using exogenous microorganisms as a means

of inducing health benefits intrigued humans for centuries. Possi-
ble mechanisms by which exogenous lactobacilli strains might af-
fect the VMB include vaginal recolonization, increased produc-
tion or release of lactic acid and other antimicrobial compounds,
and modulation of local mucosal immune response.2

Probiotics are defined as “live microorganisms that confer a
health benefit when consumed in adequate amounts.”4 Probiotics
are commonly used for treatment or prevention of vaginal disor-
ders or as a complement to the standard, antimicrobial or antifun-
gal, treatment. Probiotics are usually considered safe, but adverse
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effects and complications may range from gastrointestinal effects to
sepsis and transferring of antibiotic resistance genes to host bacteria.

Probiotic VMB therapy has mostly focused on BV and less
commonly on candidiasis and other forms of dysbiosis. The stud-
ies have commonly reported on a small study sample with huge
differences in terms of: (1) studied population (symptomatic ver-
sus asymptomatic; acute or recurrent episodes, diagnostic
criteria), (2) clinical entity evaluated (BV, abnormal microbiome,
candidiasis, any “vaginitis”), (3) type and number of strains of
lactobacilli administered, (4) routes of administration (oral and/
or vaginal), (6) dosage, (7) duration of use, (8) antibiotic cotreatments,
(9) primary outcome measures (clinical cure, microscopic cure, pH,
self-perception), and (10) evaluation time points.

Given these variations, there are several challenges in study
interpretation. First, different probiotic products contain a wide
variety of Lactobacillus and non-Lactobacillus species. Second,
there is little evidence to date that administration of probiotics re-
sults in vaginal colonization by these strains, and most studies did
not distinguish endogenous lactobacilli from probiotic strains.
Third, there is a lack of quality control in manufacturing probiotic
products, which means that the purity and potency of the products
may not be consistent.5

In a systematic review of 34 eligible studies evaluating vagi-
nal probiotics (of 2949 articles), van de Wijgert and Verwijs2 re-
ported that many clinical trials evaluating probiotics had subopti-
mal designs, many had considerable bias, andmost were too small
to have adequate statistical power to detect differences between
study arms. Their results suggest that vaginally applied lactobacilli-
containing probiotics may hold promise for BV cure and prevention,
but much less so for cure and prevention of candidiasis. Given that
molecular studies have shown that Candida species often coexist
with lactobacilli (see part III) and that epidemiological studies have
shown negative associations between BVand vulvovaginal candidia-
sis, these findings are not surprising. It was also found that prolonged
antibiotic use was more efficient in reducing BV recurrence than
probiotic use.6–8 In addition, there was consistent evidence that
vaginal detection of probiotic strains does not last long beyond
the treatment period, suggesting that none of the evaluated probi-
otic strains colonized the vagina.2

Lactobacillus crispatus—CTV-05 LACTIN-V
A L. crispatus dominated vaginal environment exhibits the

lowest vaginal pH, lowest proinflammatory cytokine levels, and
lowest risk of gynecologic and obstetric complications and is
therefore considered the predominant species associated with vag-
inal health.Most studies of probiotics did not evaluate L. crispatus
strains and used strains obtained from the gut or from traditional
fermented foods.

The L. crispatus CTV-05 was originally isolated more than
26 years ago from the vagina of a healthy woman.9,10 The probi-
otic product was preserved in a gelatin capsule, and a series of
studies were conducted to evaluate its colonization potential,9 to
develop a fingerprinting method to distinguish the probiotic strain
from endogenous lactobacilli10 and evaluate its role in the preven-
tion of recurrent BV. These studies demonstrated that CTV-05 did
not effectively colonize women who already had L. crispatus,9 that
unprotected sex decreased the likelihood of successful coloniza-
tion,9 and that there was no overall benefit in preventing recurrent
BV (unpublished data, Sharon Hillier, personal communication).
The product (LACTIN-V) continues under development, as an
Investigational New Drug application with the Food and Drug
Administration (FDA), aimed as adjuvant therapy to prevent
recurrent BVand recurrent urinary tract infections (rUTIs), after
antimicrobial treatment. Because the capsule formulation dissolved
poorly in the vagina, possibly hamperingCTV-05 colonization, a spe-

cially designed vaginal applicator was developed to deliver a powder
formulation to the vagina.11

A phase II rUTI trial was conducted in 100 women who re-
ceived antibiotic treatment for uncomplicated cystitis, followed
by LACTIN-V or placebo capsules daily for 5 days, then once
weekly for 10 weeks.12 The rUTI incidence in the LACTIN-V
arm (15%) was approximately half of that in the placebo arm
(27%), a result which was not statistically significant.

A recently published randomized, double-blind, placebo-
controlled, phase II-b trial evaluated the ability of LACTIN-V to
prevent the recurrence of BV after a course of vaginal metronida-
zole.13 The presence of symptoms was not required for recruitment,
nor was it reported whether treatment affected the symptoms in those
who had them. After 11 weeks of treatment, follow-up occurred
through week 24. Recurrence of BV by week 12 occurred in 30%
in the LACTIN-V group and in 45% in the placebo group (risk ratio
= 0.66, 95%CI = 0.44–0.87, p= .01). The risk ratio for recurrence by
follow-up week 24 was 0.73 (95% CI = 0.54–0.92). Lactobacillus
crispatus CTV-05 was detected in 79% of participants in the
LACTIN-V group at the treatment termination 12-week visit and in
only 48% of participants at follow-up week 24.

Overall, these studies demonstrate that although this inter-
vention has a substantial effect, its attenuation at follow-up week
24 suggests that continued administration may be needed to main-
tain this effect, and the lack of colonization among women having
unprotected sex9 may be a serious limitation of this probiotic use.

Use of Probiotics in Various Conditions
The theoretical potential of probiotics being able to favorably

modulate the dysbiotic milieu of the genital tract has been tested as
a possibility to reduce the risk of preterm labor. A meta-analysis
found no evidence that taking probiotics during pregnancy either
increases or decreases the risk of preterm birth or other infant and
maternal adverse pregnancy outcomes.14

Two studies have addressed the role of probiotics in the re-
gression of human papillomavirus infection at 6 months: one
found no differences between the groups (29.2% vs 19.2%,
p = .41), whereas the second showed higher rate of regression
in the treatment group (31.2% vs 11.6%, p = .044).15,16

Although there is a strong consumer demand for probiotics
to improve vaginal health, most probiotics are sold without mak-
ing specific medical claims, resulting from significantly low level
and quality of evidence supporting patient benefit. In recent years,
the regulatory situation for vaginal probiotics has changed consider-
ably, and since 2016, the US FDA and Europe's EMEA (European
Medicines Agency) has required human drug approval when health
claims are made.2 This means that a significantly higher level and
quality of evidence supporting usage benefit will be required for a
biologic product containing Lactobacillus species to be approved
as a therapeutic product.5 The LACTIN-V is an example of probi-
otic being developed as a drug for human use; it shows only a mod-
est effect and has not been commercialized yet.

Prebiotics
In terms of microbiome, “prebiotics” refers to nutraceutical

compounds that induce the bacterial growth or activity of probiotics
or beneficial endogenous microorganisms.

Because prebiotic consumption has been a highly effective
approach in improving intestinal health, it was evaluated whether
these compounds could stimulate vaginal lactobacilli.17 Monocultures
of L. crispatus, L. vaginalis, L. gasseri, L. johnsonii, L. jensenii,
and L. iners, BV-associated bacteria, and Candida albicans were
tested in vitro for their capability to utilize prebiotics consisting
of lactitol, lactulose, raffinose, and oligofructose. The disaccharide
lactulose was found to most broadly and specifically stimulate
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vaginal lactobacilli, including L. crispatus, while not stimulating
BV-associated bacteria or C. albicans.17 In a randomized clinical
trial (N = 39), placebo was compared with galacto-oligosaccharides
and Trifolium pratense (red clover) extract, following standard treat-
ment with metronidazole for BV. In the treatment group, the Nugent
score was consistently 3 or less, 16 days after treatment; in the pla-
cebo group, it was greater than 3 in 24% (p = .016). Recurrence at
day 84 was similar in both arms (11% and 19%, respectively).
No adverse effects were reported.18

Lactoferrin, an iron-binding glycoprotein, has been used as a
possible treatment for BV and for preterm labor reduction.19 Its
proposed mechanisms of action include anti-inflammatory and
anti-infectious effects, as well as sequestration of iron, thus mak-
ing it unavailable for bacterial metabolism.20 It was found that
with vaginal dysbiosis, the levels of lactoferrin increase markedly;
this can represent a defensive response, by reducing the available
iron.20 The problemwith using lactoferrin in dysbiosis is that most
lactobacilli species are also dependent on iron for their metabolism. In
a case series of 6 women with refractory BV, lactoferrin significantly
improved the VMB after 1-month therapy, with gradual increase
in lactobacilli dominance.21 Lactoferrin has also been success-
fully combined with lactobacilli (see hereinafter. Symbiotics).22

The route of delivery of prebiotics is still a matter of debate;
vaginal use, including pessaries, creams, and douches have been
the most frequent. Prebiotics are usually considered safe; their un-
desirable effects (diarrhea, bloating, flatulence) are attributed to an
intestinal osmotic effect.23

Symbiotics
One of the limitations of prebiotics use is its dependence on

the presence of lactobacilli, which are absent or nearly absent in
situations of dysbiosis. Symbiotics are combinations of prebiotics
and probiotics, based on the concept that the former nutraceutical
may improve the bacterial growth and function of the latter.24 In a
randomized controlled trial involving 48 women with recurrent
BV, it was shown that the association of a probiotic (Lactobacillus
acidophilus GLA-14 and Lactobacillus rhamnosus HN001) and
bovine lactoferrin as an adjuvant to metronidazole, led to an im-
provement in terms of recurrences of BV.22

pH Modifying Agents
Lactic acid, a metabolite of lactobacilli activity, is believed

to participate in the regulation of bacterial growth. Given that
lactobacilli thrive in a low pH milieu, while the growth of poten-
tially pathogenic bacteria is limited in this environment, acidifying
agents have been suggested to restore a normal VMB in women
with BV. A recent systematic review described the effect of
intravaginal lactic acid–containing products on BV cure and their
effect on VMB composition.25 Of 1,883 articles, 57 were eligible
for review; the authors identified 7 different lactic acid–containing
products that were evaluated in these studies, which differed re-
garding excipients, lactic acid concentration, and pH. Most studies
had medium or high risk of bias. Three trials compared the effi-
cacy of a lactic acid–comprising product to metronidazole for
BV cure. One study found lactic acid to be equivalent to metroni-
dazole, whereas 2 studies found it significantly inferior. Two dif-
ferent studies included a control group receiving a placebo or no
treatment. One reported lactic acid to be superior to no treatment
and the other reported lactic acid to be equivalent to placebo. Lac-
tic acid–containing products did not significantly impact the vag-
inal microbiota composition. The authors concluded that there is
a lack of high-quality evidence to support the use of lactic acid–
containing products for BV cure or VMB modulation.

Activated Charcoal
Tominaga et al.26 compared the use of activated charcoal to

chloramphenicol for BV. Both groups showed improvement in
malodor and diminished discharge. Activated charcoal usage signif-
icantly reduced pH with minimal reduction of lactobacilli. The use
of activated charcoal was based on the concept that this porous sub-
stance has lower capacity to bind lactobacilli than other bacteria.

Phage Therapy
More than a century ago, and almost a decade before the dis-

covery of penicillin, the practice of bacteriophage (phage) therapy
was being developed as a treatment for bacterial infections, such
as Shigella dysenteriae.27 Rise of the antibiotic period led the sup-
pression of phage therapy; however, the emergence of antibiotics
resistance increased the attention on phages' therapeutic potential
for bacterial infections.

Phages are bacteria-specific viruses, dependent on a bacterial
host for survival, and play a crucial role in regulating bacterial
populations. They typically bind to specific receptors on the bac-
terial cell surface and insert their genetic material into the host cell.
The phage mechanistically operates through 1 of 2 paths. “Tem-
perate” phages integrate genetic material into the bacterial genome
and reproduce vertically from mother-to-daughter cell. “Lytic”
phages takeover the bacterial replication machinery to produce
the next generation of phage progeny and in so doing, lyse the cell.
Upon reaching a critical mass of phage progeny, the lytic proteins
become active and hydrolyze the peptidoglycan cell wall, releas-
ing phages to restart the lytic cycle.28 Most phages are virulent
only to the bacteria that carry their matching receptor, which, in
turn, determines phage-host range.28 As a therapeutic modality,
phages have several major advantages over antibiotics such as host
specificity, self-amplification, biofilm degradation, and low toxic-
ity to humans.29,30 The genome of the phages can be manipulated
by using biotechnological approaches for a better delivery and
treatment of bacterial infections. Two strategies of phage ther-
apy are used: natural phage therapy and engineered or synthetic
phage therapy.

The vaginal phagome (the community of bacteriophages)
may participate in dysbiotic conditions, although little is known
about such a relationship. A recent study found that the vaginal
virome was clearly linked with bacterial community structure and
BV status.31 One of the theories regarding BVetiology suggests in-
volvement of sexually transmitted phages that specifically target
lactobacilli and allow the proliferation of anaerobic bacteria.32 Data
indicate that lytic phages can target lactobacilli,33,34 thereby contrib-
uting to dysbiosis in BV.

The same concept can be used in the future to treat dysbiosis,
by producing specific phages targeting the microorganisms that
are causing imbalance. To date, several investigators are de-
signing phage-based therapy to treat BV by selectively targeting
Gardnerella vaginalis.35

Biofilm Disruptive Agents
Other promising therapies against BVor VMB dysbiosis in-

clude a novel boric acid–based vaginal anti-infective enhanced
with ethylenediaminetetraacetic acid, with antibiofilm activity
(TOL-463).36 A phase II clinical trial (n = 106) demonstrated that
TOL-463 treatment is safe and well tolerated and led to a 59% and
50% clinical cure rate of BV for insert and gel, respectively, at
days 9–12. Boric acid has been shown to offer additional benefit
in recurrent BV when given after conventional oral metronida-
zole,37,38 and it was postulated to result from biofilm disruption,
although the exact mechanism was not explored. Ethylenedi-
aminetetraacetic acid has been shown to enhance the antimicrobial

Journal of Lower Genital Tract Disease • Volume 26, Number 1, January 2022 Vaginal Microbiome Engineering

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the ASCCP. 101



activity of boric acid and provide increased antibiofilm potency
against G. vaginalis and Candida while sparing lactobacilli.36

The fact that these products affect both the biofilms associ-
ated with BV and candidiasis,36 may be an advantage, as the
proper diagnosis is often not made.

Vaginal Microbiome Transplantation
The success of fecal microbiota transplant in treatingClostridium

difficile infection has led to interest in the potential of using transplanted
humanmaterial as a treatment for awide range of conditions related to
microbial dysbiosis or infection. A 2019 pilot study (n = 5) demon-
strated the feasibility of using vaginal microbiome transplantation
(VMT) from healthy donors as treatment for symptomatic, intracta-
ble, recurrent BV.39 Four of the 5 women who received VMT had
long-term remission, defined as marked improvement of symp-
toms, Amsel criteria, microscopic vaginal fluid appearance, and re-
constitution of a Lactobacillus-dominated VMB. Notably, remis-
sion in 3 patients necessitated repeated VMT, including a change
of donor in 1 patient, to elicit a long-standing clinical response.
The cure lasted up to 5–21 months of follow-up, and patients' con-
dition did not require additional treatment or repeated VMTs to pre-
serve a normal VMB, and no adverse effects were noted.

Themain risks inVMTare transfer of pathogens from the donor
to the recipient, including transfer of antimicrobial-resistant microor-
ganisms and pathogens that are undetectable by current screening
methods. In addition, inadvertent transfer of sperm in vaginal fluid
can result in unintended pregnancy. Long-term consequences of
VMT remain unknown. Thus, stringent inclusion/exclusion criteria
and extensive testing of donor samples are imperative to minimize
risks. Such screening approach for universal VMT donors has been
described.40 Future studies with larger cohorts and randomized,
placebo-controlled design are required to determine the efficacy
and durability of VMT. Given the risk of human-to-human patho-
gen transfer, future trials will expectantly define specific bacterial
strain mixtures that confer health benefits with the goal of eventu-
ally producing “purified” versions of these microbial cocktails for
clinical use. Another theoretical treatment option in microbiome
transplantation may include manipulation and bioengineering of
microorganisms to confer them specific characteristics that allow
health benefits, including specific drug production capability.41

Summary
Probiotics are widely used as an alternative or as an adjuvant

to antibiotics and antifungals, despite the lack of good quality evi-
dence sustaining it. The concept that lactobacilli cannot thrive in an
already unfavorable milieu led to the idea of using prebiotics and
symbiotics, in an attempt to favor the colonization by lactobacilli.
However, even this approach seems to be insufficient, and for that
reason, more complex approaches may be needed—being vaginal
microbiome transplantation one of the most promising fields of
research in the area.

In the future, existing antimicrobials, vaginal probiotics, live
bacterial therapeutics, novel antimicrobials, biofilm disruptors, and
VMThave the potential to be used alone or in combination tomodify
the VMB. Given the paucity of solid data, it is not clear what the best
treatment strategies would be: as a stand-alone treatment, as an ad-
junct treatment to antibiotics, as a treatment for episodic BV or
maintenance therapy for recurrent BV. In addition, dosing should
be defined, as well as frequency and treatment duration.

THE RESEARCH OF VAGINAL MICROBIOME IN
THE FUTURE

Much of the research done on vaginitis and vaginal dysbiosis
was performed before the introduction of molecular technologies,

relying on microscopy, culture, and clinical features. Apparently,
the clinical significance of the VMB in various gynecological
states, health, and illness, has just begun to be discovered. Recent
studies suggest that the traditional model of vaginal health does
not apply to all women, and Lactobacillus species do not predom-
inate in a substantial proportion of asymptomatic women, suggest-
ing an existence of multiple “vagitypes.”42 These findings should
be validated in large-cohort longitudinal studies, to understand
their potential clinical use. More studies are essential to determine
the extent to which genital bacteria are causal factors, bystanders,
or consequence of disease. Large, cross-sectional studies may allow
for the identification of bacteria or groups of bacteria that distin-
guish VMB profiles of healthy, asymptomatic women who have
lactobacilli-deficient microbiome from women with clinically rele-
vant dysbiosis. Studies that will characterize specific contributions
of genetic and environmental effects on the formation and preser-
vation of VMBmay lead to better diagnostics and treatments for a
variety of conditions affecting women's health. Such studies must
include women of different races, ethnicities, and socioeconomic
backgrounds, as substantial differences have been reported in VMB
compositions among women of different ethnic origins. Future
studies should include genetic, environmental, behavioral, and so-
cioeconomic data, which may further allow identification of pos-
sible associations and confounders between VMB and medical
conditions. Better understanding of the VMB may not only pro-
vide insights into microorganism-mediated mechanisms contrib-
uting to various disorders development and/or progression but
may also further assist in classification, diagnosis, and treatment
of female reproductive tract conditions.

Classification
Current classification of vaginal disorders evolved during the

past decades and is based on symptoms, physical findings, micros-
copy, and cultures. In many cases, experienced clinicians do not find
a defined entity based on these tools, resulting in either a diagnosis of
“nonspecific vaginitis,” “vulvodynia,” or “normal” diagnoses. An-
other obstacle is the definition of disorders based on a cluster of find-
ings, such as BV or desquamative inflammatory vaginitis/aerobic
vaginitis, leaving a gray zone of undefined vaginal conditions, which
do not completely meet currently available diagnostic criteria.

Microbiome research includes not only identification of mi-
crobial communities and particular bacterial species but also use
of “omic” technologies to identify the functional products of the
microbes, such as metaproteomics for proteins, metatranscriptomics
(the research of genes that are transcribed under certain environmen-
tal conditions, as measured by the abundance of mRNA transcripts)
for gene expression, and metabolomics for small molecules. Current
advances in microbiome research may allow investigation of the
clinical significance of relevant bacteria and their activity and be
used to better define, in association with patient's symptoms,
physical findings, and health outcomes, various conditions that
are currently undefined.

In syndromes that are currently classified based on physical
and microscopic criteria, such as BV, the growing data showing
different microbial composition and activity may allow subclassi-
fication by combining symptoms, clinical presentation, and spe-
cific bacterial consortia. This may further allow targeting specific
treatments to these different subgroups, according to bacteria
identity and its metabolic features.

Diagnosis
Previous studies showed that the mere presence or absence of

specific bacterial species, such as G. vaginalis, is not indicative
of the disease state, but more importantly, it is the genetic and
metabolic potential of specific bacterial species that defines a
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commensal from a pathogenic strain. Thus, metagenomics and
computational biology approaches providing the biological, tech-
nological, and reference genome resources may enable significant
advances in the understanding of health and disease, rather than
using bacterial strains as indicators or mediators of pathology.43

A thorough knowledge of the relationship between themicrobiome
composition and biological processes within the host will hope-
fully allow using the microbiome as a robust, low-cost diagnostic
tool to quickly detect dysfunction in biological processes and to
remediate problems earlier than we otherwise could. Identifica-
tion of microbial and host signatures, such as bacterial communi-
ties and/or species, immune mediators, proteins, and metabolites,
may be used to exploit as biomarkers for various gynecologic con-
ditions, and their potential progression to clinically relevant con-
ditions, that is, obstetric complications or malignancy.

A genomic catalog of the VMB, termed VIRGO, has been re-
leased as a freely available resource that can be used in microbiome
studies (https://virgo.igs.umaryland.edu/).44 VIRGO presents a
central reference database and analytical framework that enables
an efficient and precise characterization of the microbial gene
content of the VMB. VIRGO provides an accessible tool to com-
prehensively characterize the structure and function of vaginal
metagenome and metatranscriptome data sets.

Treatment
The implication that therapeuticmodulation of VMBmaymod-

ify mucosal inflammation suggests that future ability to manipulate
VMBmay represent emerging targets to modulate obstacles of fertil-
ity, pregnancy, infectious (such as HIVacquisition), and malignancy.

The Center for Biologics Evaluation and Research at the FDA,
drafted a guidance document in 2012, addressing the early develop-
ment of live biotherapeutic products (LBPs), thus establishing a
new class of biologic drugs.45 Live biotherapeutic product was de-
fined as a biological product that contains live microorganisms,
such as bacteria, is applicable to the prevention, treatment or cure
of a disease or condition of human beings, and is not a vaccine.

The VMB represents an interesting case study for the advance-
ment of microbiome-based therapeutics. Compared with the gut, the
VMB is relatively simple and optimally dominated by 1 or several
species of bacteria. Nevertheless, studies evaluating use of single bac-
teria to remodulate VMBwere disappointing, aswas discussed previ-
ously. The preliminary encouraging results of VMTmay suggest that
the whole microbiome, rather than a single bacterial species, may be
necessary for an effective modulation of the VMB, as was previously
shown in the opposite direction by Gardner and Dukes. Designing
effective interventions to revise the VMB requires improved un-
derstanding of how the VMB communities are established and
maintained across the individual's lifetime and within different
populations. Advancing microbiome-based therapeutics will also
necessitate considering differences in the baseline composition
and function of the microbiome across populations with different
ancestry and socioeconomic nature.

Summary
Microbiome research has grown dramatically in recent years,

motivated by innovations in technology and significant decrease
in the cost of analysis. This research has revealed a large quantity
of data, which has yielded immense insight into the nature of mi-
crobial communities, their interactions, and effects with their hosts
and other microbes.

Further understanding of the bacterial, fungal, phage, and vi-
ral microbiomes in combination with host genetics, immunologic
status, and environmental factors is needed to better understand
and provide personalized medical diagnostics and interventions
to improve women's health.
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