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Bacterial vaginosis (BV) affects almost a quarter of US women, making it a condition of major public health relevance. Key questions
remain regarding the etiology of BV, mechanisms for its association with poor reproductive health outcomes, and reasons for high
rates of treatment failure. New model systems are required to answer these remaining questions, elucidate the complex host-microbe
and microbe-microbe interactions, and develop new, effective interventions. In this review, we cover the strengths and limitations of
in vitro and in vivo model systems to study these complex intercellular interactions. Furthermore, we discuss advancements needed
to maximize the translational utility of the model systems. As no single model can recapitulate all of the complex physiological and
environmental conditions of the human vaginal microenvironment, we conclude that combinatorial approaches using in vitro and in

vivo model systems will be required to address the remaining fundamental questions surrounding the enigma that is BV.
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Bacterial vaginosis (BV) is a clinical condition characterized
by a vaginal microbial community comprising diverse anaer-
obic species and a low abundance of most Lactobacillus species
[1]. BV affects >21 million US women and is associated with
significant health problems, such as preterm birth, miscar-
riage, and an increased risk of human immunodeficiency
virus acquisition [2-4]. This syndrome was first described
in the 1920s by Schréder, but its cause is still not known.
Treatment with antibiotics can provide transient success
but is associated with frequent failures, with up to 50% of
women experiencing recurrence within 1 year [5]. Longitudi-
nal studies that would better define the etiology of this condi-
tion are difficult and expensive, highlighting the potential for
innovative model systems to further our understanding of the
host-microbe and microbe-microbe interactions that underlie
BV acquisition and pathogenesis.

No model system recapitulates all of the complex biological,
chemical, and structural features of humans. The goal of a
model is to create a system that reflects biological reality but
can be perturbed and manipulated to illuminate relevant mech-
anisms and pathways. In the study of BV, there are 3 major
components that likely permit the vaginal microbiota to shift
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to a dysbiotic state: the microbes, their host, and the vaginal en-
vironment (Figure 1). In this review, we will examine the exist-
ing model systems for studying host-microbe and intercellular
interactions in the female lower genital tract, outlining the
strengths and limitations of each system with regard to their
physiological resemblance to the human tissue and their ease
of manipulation. In addition, we will identify gaps in the field
and suggest ways that model systems could be refined or ad-
vanced to help illuminate the enigma that is BV.

THE FEMALE LOWER GENITAL TRACT AND
BACTERIAL VAGINOSIS: WHAT IS BEING MODELED?

The microbiology of the human vagina has been well described
using both cultivation- and molecular-based methods. The
most common dominant microbes in US women are Lactoba-
cillus species, but ethnicity and age influence the composition of
the microbial community [6],and, in some African populations,
other microbes such as Gardnerella vaginalis or Prevotella spe-
cies are more often dominant [7]. BV is a heterogeneous syn-
drome characterized by a paucity of Lactobacillus species,
increased community diversity, and, in some cases, a biofilm
adherent to the vaginal epithelium [8]. The microbial commu-
nities observed in women with BV are heterogeneous, varying
from woman to woman and from episode to episode [9]. Several
publications have suggested that some women with BV have
bacterial biofilms coating the vaginal epithelium, possibly facil-
itating recurrence of BV after antibiotic therapy [8]. The factors
that prompt biofilm formation and dispersal in the vagina re-
main poorly characterized, and modeling studies could help
elucidate these mechanisms. The presence of a biofilm may
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also affect bacterial growth dynamics, interspecies interactions
(ie, metabolic syntrophies or genetic exchange may be facilitated
by positioning within biofilm scaffolds), and resistance to low
pH and antimicrobials.

The human vagina is characterized by a stratified squamous
mucosal epithelium with innate and adaptive immune cells
scattered throughout, with increased density in the basal layers
[10]. The vaginal epithelium is hormonally responsive—its
thickness and glycogen content decrease with less estrogen.
The glycogen that is produced by this mucosa serves as a crucial
carbon source to support the metabolism of the microbiome,
including the production of lactic acid by Lactobacilli, which
produces a vaginal pH of <4.5.

The vagina is a microaerophilic environment, although men-
struation and insertion events transiently increase oxygen levels
[11]. The epithelium lining these sites is covered by cervicovaginal
fluid (a mixture of cervical mucus and vaginal secretions) that
forms a barrier to microbial insults and houses soluble immune
mediators. Hundreds of proteins are found in cervicovaginal fluid,
many with immunological functions, such as antimicrobial pep-
tides. Genetic polymorphisms in immune response pathways

have been shown to increase the risk of outcomes such as preterm
birth when BV is present [12], suggesting that host responses
to BV may be as important as the microbial composition of BV
in determining patient outcomes. The viscosity, pH, and bio-
chemical composition of cervicovaginal fluid changes with rou-
tine reproductive events, including hormonal cycling, menstrual
bleeding, sexual activity, and menopause [13]. Together these
environmental features comprise mechanical, physical, and
chemical barriers to invading microbes, including BV-associated
species, and are important to consider for model development,
advancement, and translational utility. Conversely, these host-
produced and -introduced components also are the carbon
sources used by the normobiotic and dysbiotic bacterial commu-
nities, adding to the complexity of interpretation of clinical studies
and the need for sophisticated and controlled modeling systems.

WHAT ARE THE STRENGTHS AND LIMITATIONS OF
AVAILABLE MIODELS OF THE VAGINAL
ENVIRONMENT?

The following sections describe existing model systems for
studying host-microbe and intercellular interactions for BV:
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monolayer cell culture models, cell culture insert multilayer
models, rotating wall vessel (RWV) bioreactor-derived 3-D
cell culture models, animal models, and mucosa-free/microflui-
dic models. Each highlights the strengths and limitations of the
respective system in the context of studying vaginal microbiota.

Monolayer Vaginal Epithelial Cell Culture Models

Both primary and immortalized vaginal epithelial cell lines have
been grown in standard tissue culture plates to generate a
monolayer model system of the vaginal epithelial surface. Im-
mortalized lines are transformed with human papillomavirus
E6/E7 [14] and express similar Toll-like receptors (TLRs) as pri-
mary cells [15], as well as the appropriate cytokeratin markers
for epithelial differentiation [14]. These cells have been cultured
aerobically and anaerobically, with 95% cell viability after 24
hours in both cases [16, 17]. The monolayer model has been
used to evaluate the epithelial immune responses and the im-
pact of substances such as microbicides and seminal plasma
on the epithelium. When bacteria are cocultured with vaginal
epithelial cells, both cells and bacteria maintain viability, but
bacterial growth is minimal [16, 17].

For evaluation of the mucosal innate immune response, the
monolayer model in general shows similar patterns to what
is seen in vivo. In culture with TLR agonists and individual
BV-associated bacterial species such as Gardnerella vaginalis,
Prevotella bivia, and Atopobium vaginae, vaginal epithelial
monolayers produce cytokines, chemokines, and antimicrobial
peptides similar to those reported in clinical samples from
women with BV, such as interleukin 1B (IL-1), interleukin 6,
and interleukin 8 (IL-8) [15-17]. Bacterial species associated
with the highest levels of clinical inflammation induced the
most interleukin 1o, IL-1f, and IL-8 in a monolayer model sys-
tem [7]. The model has also been used to evaluate microbicide
toxicity, and it showed limited inflammatory response when mi-
crobicides were applied to cells alone but significantly greater
upregulation of nuclear factor kB, RANTES, and IL-8 by cellu-
lose sulfate than by hydroxyethyl cellulose when bacteria were
also present, which is consistent with findings from clinical
studies [17]. The monolayer model represents parts of the vag-
inal mucosal immune response quite well, it is easy to use, and
experiments can be performed in a short time frame (24-48
hours). However, some immune analytes of interest (IL-1,
tumor necrosis factor o, and interleukin 10) are not produced
at high levels by these cells in all studies [16]. In other areas of
cell culture research, epithelial cells behave differently in culture
when stromal cells are present, suggesting that what is measured
in the monolayer culture model may only be part of the picture
of what is happening in vivo.

Monolayers have also been used for evaluation of bacterial in-
teraction with or adherence to vaginal epithelial cells (Figure 1).
In this model, G. vaginalis has been shown to form a biofilm,
Lactobacillus crispatus has been shown to decrease adherence

of G. vaginalis to epithelial cells, and Lactobacillus iners has
been shown to enhance attachment [18]. These models allow
characterization of surface interactions between cells and bacte-
ria and between bacterial species, but they are unable to assess
bacterial infiltration of a stratified epithelium or interactions
with intraepithelial or subepithelial immune cells.

Cell Culture Insert Multilayer Models

Cell cultures established on insert systems (commonly known as
Transwell inserts) have been used widely to produce polarized,
differentiated, 3-D multilayer cultures to model a variety of tis-
sues, including vaginal and cervical mucosa. The system uses a
plastic insert assembly that contains a porous membrane sup-
port with options for pore sizes and surface areas compatible
with standard 6-, 12-, 24-, or 96-well dishes. Cells of interest
are plated onto the membrane of the cup, which then is placed
into an appropriate culture chamber filled with relevant medi-
um. This format creates separated apical and basal chambers
that allow study of directional secretion of host products and
selective application of test materials. This separation also pro-
vides the opportunity for cell migration assays, including those
of immune cell types that extravasate via transepithelial migra-
tion along chemokine gradients produced in response to path-
ogenic or experimental insult (Figure 1).

Cells from both lower and portions of the upper female gen-
ital tract have been used to create insert system models, enhanc-
ing the usefulness of the cell types previously evaluated only as
monolayer cultures [19-21]. Culture inserts are a key compo-
nent of the commonly used commercial EpiVaginal cultures
that can be supplemented with additional immune cell types
[19]. These cultures are established with primary ectocervical
cells that are conditioned to form stratified squamous epitheli-
um to better model the vaginal mucosa. Like other primary cul-
ture approaches, these cells have a finite availability, reducing
opportunities for reproduction studies and expanded group
sizes. Additionally, primary cultures can be affected by the
same confounders that complicate clinical research interpreta-
tion, including environmental impacts experienced by the
donor, hormonal and inflammation state at the time of harvest,
and epigenetic alterations of gene expression, that are not tem-
pered through the finite passages in culture. As a result, we have
established multilayers of vaginal epithelial cells formed in
inserts that more accurately reflect stratified squamous epitheli-
um, with many crucial characteristics, including tight junctions
and basal progenitor cell layers [20, 21].

A recent advance in culture insert modeling of the vaginal
mucosa recognized that the vagina is a microaerophilic poten-
tial space in which the microbiome thrives under conditions
that support growth of both obligatory aerobic and anaerobic
bacterial species. To better model this aspect of the vaginal en-
vironment, after stabilization (for 12-24 hours) of plated im-
mortalized vaginal epithelial cells, the culture fluid is removed
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from the apical chamber, creating an air-interface. This inter-
face, with CO,-supplemented air, enhances the development
of differentiated cell layers that increase to normal tissue thick-
ness, form apically sloughed anucleate cells, and produce sub-
stantial levels of glycogen and mucous that gathers on the
apical surface of the culture upon maturation (after 7-10 days)
[21, 22]. This environment and the vaginal epithelia-produced
carbon sources support the growth of individual bacterial species
[21], as well as transplanted microbiomes, collected from women
during gynecological examinations [22]; this system represents
the first culture approach that allows for the controlled study of
intact human microbiomes with the associated host tissues. The
system is still being validated, but current data have illustrated
substantial consistency between the profile of the original micro-
biome community and that grown in the insert culture, including
microbiomes from women with symptomatic BV. Microbiomes
representing each of the major community state types have been
successfully transplanted and establish biofilms consistent with
those observed in vivo [22].

Vaginal epithelial multilayers created on inserts have been es-
tablished with both primary and immortalized cells from vaginal
cuff tissue collected during hysterectomies or from surgical repairs
of prolapses. Immortalized vaginal epithelial cells illustrate an im-
pressive consistency in expression of TLRs and responses to path-
ogenic insult relative to primary cells [15, 20, 21]. More recently,
microarray, reverse transcription polymerase chain reaction
(PCR), and immunolabeling analyses of multilayer vaginal epithe-
lial cultures showed remarkably similar expression patterns of
molecular transporters, further supporting the usefulness of this
model system for study of the impact of BV [23]. Finally, to better
model the vaginal tissue of origin, vaginal epithelial multilayer
cultures have been successfully supplemented with immune
cells, including monocyte-derived macrophages, that further en-
hance the usefulness of the system to study tissue responses to in-
fection and BV [22]. At present, the vaginal multilayer cultures
lack the other cell types and underlying structures (eg, lamina pro-
pria and vasculature) associated with the vaginal mucosa.

RWV Bioreactor-Derived 3-D Cell Culture Models

The RWYV bioreactor has been used to create in vitro human 3-D
organotypic models of a variety of mucosal sites, including the
vaginal and endocervical epithelium, by providing the necessary
low fluid shear (eg, the biomechanical force known to influence
cellular differentiation and development) microenvironment to
form fully differentiated aggregates that display in vivo-like fea-
tures often not observed in standard 2-D culture formats [24-26].
These tissue-like aggregates form when human vaginal epithelial
cells are combined with collagen-coated microcarrier beads in
the fluid-filled RWYV bioreactor under constant low fluid shear
(the sedimentation of cells is offset by rotating fluid, creating a
constant, gentle fall of cells through the medium), allowing the
cells to attach, grow, and differentiate into 3-D vaginal aggregates

[25]. Once cellular differentiation is completed (in 28 days), the
3-D vaginal aggregates are removed from the bioreactor and
seeded into multiwell plate formats for experimental analyses
and downstream assays (eg, infection or toxicology studies, mi-
croscopy, RNA/protein analysis, and flow cytometry). The phys-
iologically relevant features exhibited by the RWV-derived 3-D
vaginal aggregates include cellular differentiation as determined
by tight junctions, mucin expression and mucus secretion, micro-
ridge formation (which serves to interlock mucus secretions and
has not been exhibited by any other in vitro model), immune me-
diator signaling and secretion (cytokines, chemokines, and anti-
microbial peptides), and authentic human responses to external
stimuli (Figure 1) [24, 26]. Vaginal aggregates are removed from
the bioreactor for downstream infection/colonization assays, as
studies have shown that culturing bacteria in the RWV bioreactor
can alter bacterial virulence, stress resistance, biofilm formation,
and protein expression. Studies are required to determine whether
BV-associated bacterial virulence factors and biofilm formation are
altered under low-fluid-shear culture conditions in the bioreactor.
Although much can be learned using 2-D formats, these
techniques do not provide models that appropriately reflect the
ultrastructural and morphological barrier features required for
predictive models (Figure 1). The RWV-generated vaginal ag-
gregates express membrane-associated mucins (MUCI, MUCS3,
MUC4, and MUCI6), as well as gel-forming mucins (MUC5AC,
MUC5B, and MUCE), that reflect the profile in human tissue
and cervicovaginal secretions [24, 27]. These mucins are ex-
pressed at low-to-undetectable levels in vaginal epithelial cells
grown in 2-D formats [24,27]. Notably, these well-characterized
human models are more resistant to microbicide toxicity (eg,
due to nonoxynol 9), cytotoxicity (eg, due to vaginal microbio-
ta), and microbial infection (eg, due to herpes simplex virus
type 2 and Mycoplasma genitalium), compared with 2-D mono-
layers, most likely because of enhanced barrier features (strati-
fied squamous epithelium, microridge formation, and mucus
secretion), and have been effectively used to study interactions
between the host and sexually transmitted pathogens and be-
tween the host and vaginal microbes [24, 25, 27]. Use of the
RWYV vaginal model revealed that vaginal microbiota, including
BV-associated bacteria, alter innate immune mechanisms and
epithelial barrier features in a species-specific fashion [27].
With this reductionist approach, a unique microbial signature
was induced by individual bacterial species (Lactobacilli and
BV-associated bacteria) [27]. Studies are underway to determine
the impact of polymicrobial communities and community states
on innate immune responses and epithelial barrier properties.
RWYV bioreactor-derived models of the vaginal epithelium
are excellent tools to dissect the innate immune mechanisms,
epithelial barrier function, and epithelial-specific responses to
commensal or pathogenic organisms. These 3-D vaginal aggre-
gates allow for the study of mucin and mucus-microbe interac-
tions in the context of the host epithelium, which is a benefit to
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using this well-characterized model system. Ongoing scanning
electron microscopy studies have shown that vaginal microbio-
ta, including G. vaginalis, colocalize with extracellular secretions
on the surface of these vaginal aggregates, possibly as a means of
adherence and biofilm formation. To date, these 3-D reproduc-
tive models have not incorporated immune cells or been used
for cellular migration assays, but cocultures have been estab-
lished using this RWYV approach (reviewed by Barilla et al
[28]). Drawbacks to this model system are the culture time
(28 days) required for full differentiation and the need for spe-
cialized bioreactors and associated rotation apparatus (Figure 1).
Despite requiring a RWV bioreactor system and extended culture
period, this advanced culture system allows for high-throughput,
flexible formats for a variety of downstream applications, includ-
ing “omics” technologies [25]. Since the 3-D aggregates accurate-
ly reflect many of the relevant features of the human vaginal
epithelium and BV, these models may be valuable tools for pre-
dicting the efficacy, toxicity, and pharmacokinetics of new bio-
logics, microbicides, and interventions for BV that can be
easily translated in humans.

Animal Models

A robust animal model of BV could advance our understanding
of BV pathogenesis, especially with regard to factors such as the
role of biofilms, transmission mechanisms, enhancement of
other infections, and adverse pregnancy outcomes. In addition,
such a system could provide a platform for testing candidate
preventive and therapeutic measures. An ideal animal model
would combine ease of use, genetic tractability, and a back-
ground vaginal microbiota closely resembling that of humans.
Such a model does not exist at present.

Prior approaches to in vivo models of BV have been reviewed
[29]. Since the original description of the association between
G. vaginalis (then called Haemophilus vaginalis) and “non-
specific vaginitis” (BV), there have been several attempts to
study G. vaginalis-host interactions in vivo. Early human chal-
lenge studies [30] yielded conflicting data regarding the pathoge-
nicity of G. vaginalis in vivo. Significant discrepancies in rates of
BV following inoculation with pure cultures of G. vaginalis or
clinical samples, with the latter being substantially more efficient,
foreshadowed later concepts of BV as a polymicrobial or dysbi-
otic entity. Several attempts to model BV in nonhuman primates
have been reported. Johnson et al [31] initiated G. vaginalis vag-
inal colonization in pig-tailed macaques, but neither clue cells
nor alteration of pH was detected, and neither chimpanzees
nor tamarins were susceptible to colonization. In grivet monkeys
[32], vaginal discharge and prolonged colonization were induced
by coadministration of G. vaginalis and long, curved rod-shaped
bacteria, presumed to be Mobiluncus. It is notable that the com-
munity composition of primate vaginal microbial communities is
highly host specific, with that of humans characterized by a rel-
atively low-diversity, Lactobacillus-dominant microbiota. Some

nonhuman primates have detectable Lactobacillus species in
their vaginal microbiota, but these species are at low abundance
and are present as part of a more diverse community [33]. These
more recently recognized factors may pose significant limitations
to the use of nonhuman primates as model systems to investigate
vaginal dysbioses, such as BV.

There are important potential benefits of small-animal model
systems to study BV. In addition to logistical advantages over
larger animals, a genetically tractable small-animal system
might allow for studies of the influence of specific host genes
on BV pathogenesis. Dukes and Gardner [34] attempted unsuc-
cessfully to model systemic infection with G. vaginalis in several
small-animal systems (ie, mice, guinea pigs, rats, and rabbits).
In pregnant rabbits, G. vaginalis induced amnionitis and decid-
uitis and led to the development of histopathologic lesions in
the fetal brain [35]. A 4-day murine model of G. vaginalis
colonization was used to test both a potential probiotic and a can-
didate therapy for BV, with bacterial density and local myeloper-
oxidase accumulation used as end points [36]. Hymes et al [37]
used DNase as an antibiofilm strategy to decrease murine vaginal
colonization, and Gilbert et al noted both exfoliation of vaginal
epithelial cells with adherent bacteria and increased sialidase ac-
tivity in G. vaginalis—colonized mice [38]. The murine vaginal
microbiota remains incompletely described but is not Lactobacil-
Ius predominant, posing difficulties for the development of bio-
logically meaningful models of BV. Teixeira et al used gnotobiotic
mice either monoassociated or diassociated with G. vaginalis and
Lactobacillus to model carriage, histologic lesions, and potential
interbacterial competition [39]. Such models, especially if com-
bined with more-complex bacterial combinations (either defined
culture-based mixtures or human samples), represent an intrigu-
ing future direction for the field and a potential route to over-
come some limitations of the existing systems.

Mucosa-Free and Microfluidic Modeling

Cultivation of microbes in the absence of host cells creates op-
portunities to investigate their dynamics and interactions under
controlled conditions. While most cultivation studies of vaginal
bacteria have focused on individual species grown in monocul-
ture, a number of bacterial coculture studies have helped define
the antimicrobial properties of vaginal lactobacilli [40] and the
metabolic interdependencies among a handful of BV-associated
bacteria [41]. However, our knowledge of these and other im-
portant aspects of vaginal microbial communities, such as
their propensity to form biofilms, survive environmental stress,
and exchange genetic material, are far from complete. One of
the reasons community cultivation work has progressed slowly
is the lack of a suitable culture medium. Although efforts have
been made to formulate chemically defined media that simulate
vaginal secretions [42], robust growth of most fastidious BV-
associated species requires supplementation with undefined
components, such as crude mucin preparations, peptone, or
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serum [41, 42]. Metabolic predictions coming from today’s bur-
geoning metabolomic, metagenomic, and whole-genome se-
quence data could point the way to a more universal culture
medium. Another approach that was recently successful for
the oral niche is the use of empirical testing to guide medium
development. Growth of oral bacterial community members
was monitored in different media, using PCR-based approaches
and next-generation sequencing [43]; favorable conditions were
combined to yield a universal growth medium for synthetic and
host-derived oral microbial communities.

Another note the BV research community might take from
investigations of the oral niche is the use of microfluidics mod-
els in our experimental repertoire. The vagina is a sloping fibro-
muscular tube with its walls in frequent contact due to
squeezing forces (compliant pressure from neighboring organs
and contraction of pelvic floor musculature). Vaginal secretions
thus spread and flow across the mucosal surface, creating shear
stress at the fluid-epithelial interface [44]. Consequently, organ-
isms that adhere to the epithelium experience hydrodynamic
forces that could alter their biofilm-forming behaviors, growth
dynamics, and survival strategies. Microfluidics technology has
been used to model oral and bronchial biofilms formed in shear
flow conditions for over a decade, but to our knowledge, this
technology has not yet been used to the study of vaginal bio-
films, likely because of a number of technical challenges. One
major challenge for the BV research community is the lack of
genetic tools that allow for the creation of mutant bacterial
strains, including those that stably express fluorescent proteins.
The availability of fluorescently tagged strains would enable di-
rect observation of individual species’ growth and contribution
to the biofilm during live video microscopy experiments.

A second challenge is the choice of which species and strains
to target for microfluidic biofilm inquiries and the development
of critical genetic tools. Most of our knowledge of the compo-
sition of vaginal biofilms comes from fluorescence in situ hy-
bridization studies with probes that detect multiple species
within a given family or genus [8], leaving the precise species-
level composition of the biofilm an open question. Indeed, one
recent study found that many vaginal bacteria displayed some
propensity for in vitro biofilm formation but in a manner
that was highly dependent on the choice of growth medium
[45]. Although there is little question that G. vaginalis is the spe-
cies that dominates the biofilm in most women [8], its biofilm-
forming properties are highly variable among strains, and there
currently is no consensus on which strains or genetic factors are
critical for BV recurrence or development of sequelae.

ADVANCING CURRENT MODEL SYSTEMS TO
BETTER UNDERSTAND INTERCELLULAR
INTERACTIONS IN THE FEMALE GENITAL TRACT

Current model systems for BV could be advanced and refined to
ask more-complex research questions; however, the best model

system depends on the question or hypothesis being tested. For
example, while all of the models described here could be used to
evaluate candidate antimicrobials, a small-animal model may be
best suited to address BV recurrence rates following treatment.
Similarly, although each model could be used to evaluate bacte-
rial growth and adherence, the human cell culture and animal
models would be appropriate for linking these factors to the
host response, whereas the mucosa-free/microfluidic models
may be ideal for dissecting the role of microbe-microbe interac-
tions. Some questions can be addressed using the existing mod-
els alone or in combination, whereas others will require model
advancement and refinement. We can envision advancing the
current in vitro model systems to include physiologically rele-
vant immune cells that are both spatially and temporally incor-
porated to faithfully mimic host responses of the female genital
tract. An optimal BV model system must allow for the con-
trolled evaluation of host genetics and host proteomic and me-
tabolomic contributions, as well as controlled introduction of
external factors (eg, diet, douching, and sexual contact), that
are reported to impact the vaginal microbiome. Such a model
system must also consistently support the development of re-
producible bacterial communities that represent normobiotic
and dysbiotic states in different host genetic backgrounds.

Continued experimentation with simplified microbial com-
munities is needed to better understand the interactions
among bacterial species and strains in the context of a shifting
vaginal environment. Further standardization of growth condi-
tions, identification of the relevant strains/strain-types for BV
and its sequelae, and development of genetic tools will advance
our ability to interrogate vaginal bacterial communities in mu-
cosa-free models. Use of microfluidics technology to model the
low shear flow of fluid (vaginal secretions mixed with mucus) at
the mucosal surface, will improve the physiological relevance of
multi-species vaginal biofilm models. Ideally, microfluidic or
flow cell devices will one day be used to study the formation
of adherent biofilms in a host-free context, as well as on sin-
gle-cell and/or multiple-cell-layer models of the cervicovaginal
mucosa. However, several technological advancements, includ-
ing fluorescent labeling and genetic modification of bacterial
strains, are needed before these experiments would be optimally
informative and cost-effective.

In vivo models have had limited success in modeling the
complex clinical entity of BV. Most attempts have relied upon
single bacterial species (generally G. vaginalis) inoculation of
hosts with vaginal microbiota that do not resemble those of hu-
mans. Characterization of the specific vaginal microbial com-
munities of model hosts such as mice is a technically feasible
next step that would help deepen our understanding of such
colonization models and potentially identify naturally occurring
dysbioses with similarity to BV. The availability of gnotobiotic
mice and the potential to associate such animals with complex
bacterial communities corresponding to BV or non-BV states is
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an exciting frontier in this field. Combining the genetic tracta-
bility of the mouse with the potential to humanize the vaginal
microbiota may finally provide a system to address lingering
questions of BV pathogenesis. Work with new in vivo models
should strive to recapitulate complex vaginal microbiota com-
munity states observed in humans, in addition to single micro-
bial agents, to advance our understanding of these complex
interactions. Effectively modeling the polymicrobial biofilm in
vitro will aid in development of new and effective biofilm dis-
ruptors and antimicrobials or combinations. Likewise, model-
ing polymicrobial biofilms in vivo will allow for preclinical
evaluation of new biofilm disruptors, antimicrobials, or combi-
nations of the two to allow for translation to clinical trials.

CONCLUSIONS

As described herein, each of the systems currently available to
model the vaginal microbiota has both strengths and limita-
tions. The most powerful approach to studying the pathogenesis
of BV may require use of multiple models, as has been necessary
with other complex diseases. The appropriate model will vary
depending on the clinical question being addressed: in vitro
models may work well to study the effect of new topical antimi-
crobials or probiotics on bacterial colonization, but animal
models may be better suited to evaluation of the pathogenesis
of adverse reproductive health outcomes. In addition, combin-
ing these in vitro and in vivo models or using advanced versions
of these model systems to tackle the difficult remaining ques-
tions may be required to advance the BV field and translational

impact of new interventions.
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