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Bacterial vaginosis, a clinical syndrome caused by cervicovaginal microbiota dysbiosis, 
is the main cause of vaginal complaints in women of reproductive age [1]. Both symp-
tomatic as well as asymptomatic BV have been associated with increased HIV acquisition 
(reviewed in [2, 3]) and increased risk of other adverse reproductive health outcomes 
[4-8]. Observational studies estimate that 17% of new HIV infections in Sub-Saharan 
women can be attributed to BV [9, 10]. Despite the public health importance of BV, its 
aetiology, pathogenesis, and associations with adverse reproductive health outcomes 
are not well understood. Furthermore, BV recurrence after antibiotic treatment is high 
(up to 50% within 12 months), and development of more effective treatments is ham-
pered by insufficient knowledge of the vaginal microenvironment (reviewed in [11]).

An important advance in understanding BV and associated cervicovaginal microbiota 
dysbiosis has been the development of affordable high-throughput molecular methods 
to characterise the microbiota. The pioneering studies reviewed in Chapter 2, which 
employed a variety of molecular techniques, have shown that healthy microbiota gen-
erally are dominated by one or two Lactobacillus species, and that BV is characterised 
by polybacterial dysbiosis with high bacterial diversity and high overall bacterial load. 
However, Chapter 2 also concluded that the sociodemographic, behavioural, and clini-
cal correlates of microbiota compositions have been insufficiently studied to date, most 
likely because this requires the inclusion of molecular vaginal microbiota data into large 
epidemiological studies.

The studies reported in this thesis did incorporate vaginal microbiota data in traditional 
epidemiological models in order to link microbiota composition data to sociodemo-
graphic and behavioural predictors and clinically relevant outcomes. For this, we used 
a phylogenetic 16S rDNA microarray that was designed specifically for vaginal samples 
[12], which at the time of testing (2011) was the most comprehensive high-throughput 
molecular vaginal microbiota tool available in the Netherlands. In Chapters 3 to 5, the 
cervicovaginal microbiota compositions of women from different African countries 
and with various sexually transmitted infection (STI) risk profiles were characterised. In 
addition, sociodemographic, behavioural, and clinical correlates of microbiota clusters 
were described, with a focus on STI prevalence and genital HIV shedding (Chapters 4 
and 5), hormonal contraceptive use and pregnancy (Chapter 6), and markers of genital 
immune activation and mucosal barrier function (Chapters 5 and 7). Finally, the rela-
tive abundance of cervicovaginal Lactobacillus proteins in cervicovaginal lavages from 
women belonging to different microbiota groups were compared (Chapter 8).
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CerviCOvaginal miCrOBiOTa COmPOsiTiOns

Chapters 3 to 5 showed that cervicovaginal microbiota clusters in African women 
were dominated by Lactobacillus crispatus or L. iners, or contained a diverse mixture of 
anaerobic bacteria including Gardnerella vaginalis, Atopobium vaginae, and Prevotella 
spp. This is in line with previous general population studies in America, Asia, and Europe 
[13-15], studies of American STD clinic attendees [16, 17], and a study of HIV-positive 
Tanzanian women [18]. Taken together, we conclude that the cervicovaginal microbiota 
ranges from low-diverse compositions dominated by one or more Lactobacillus species, 
to highly diverse dysbiotic compositions not dominated by one taxon but containing 
several (facultative) anaerobic taxa including G. vaginalis and a long tail of minority spe-
cies, with or without L. iners. The microbiota compositions with intermediate bacterial 
diversity included those with high abundance of G. vaginalis with or without lactobacilli. 
Some studies described microbiota compositions dominated by facultative anaerobic 
bacteria, such as Escherichia coli and Streptococcus spp. [15, 17, 19], but the prevalence 
of these compositions was low. In contrast to American and Asian general population 
studies [13, 14, 20], microbiota clusters dominated by L. gasseri or L. jensenii were not 
identified in our studies. This is probably due to lower prevalence of these microbiota 
compositions in women from African descent in general [13, 14, 20-22], and in African 
female sex workers and African HIV-positive women in particular [18, 19, 23].

PrevalenCe Of vaginal miCrOBiOTa dysBiOsis

The prevalence of cervicovaginal microbiota dysbiosis in African women in our stud-
ies (23% in general populations and 32-46% in HIV-positive women and sex workers) 
was higher than the prevalence in Caucasian women from asymptomatic general 
populations in Europe and the US (4-15%; [13-15, 24]) but similar to the prevalence in 
African-American women in some American population studies (40-41%; [13, 14]). A 
recent systematic review concluded that African women have the highest BV prevalence 
worldwide [25]. It is still unknown whether the increased prevalence of dysbiosis in 
women from African descent is due to genetic, sociodemographic, environmental, or 
behavioural factors (including sexual networks), or is due to a combination of these fac-
tors [14, 26, 27]. The prevalence of a L. crispatus-dominated microbiota in African women 
in our studies (6-10% in general populations and 6-7% in HIV-positive women and sex 
workers) was similar to the prevalence in Kenyan sex workers (7%; [23]) and HIV-positive 
Tanzanian women (6%; [18]), but much lower than in the American and European gen-
eral populations for all ethnic groups (18-22% in African American women and 25-45% 
in Caucasian American and European women; [13-15]). However, most general popula-
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tion studies to date have excluded women with vaginal symptoms or STIs [13-15], and 
larger studies applying similar eligibility criteria to women from different continents are 
needed to confirm these findings.

aeTiOlOgy and PaTHOgenesis Of CerviCOvaginal miCrOBiOTa 
dysBiOsis

As described in the introduction, known risk factors for BV include unprotected sexual 
activity, particularly with a new sexual partner (reviewed in [28]), smoking [29], vaginal 
cleansing practices (reviewed in [3]), HSV-2 and HIV infection [30, 31], hormonal status 
[32-35], and being part of an ethnic minority and/or having an African ethnic background 
(reviewed in [25]). In our review of molecular studies until 2013, we found few studies 
that described risk factors of cervicovaginal microbiota compositions (Chapter 2).

In Chapters 4 and 5, we investigated the sociodemographic, behavioural, and clinical 
correlates of cervicovaginal microbiota compositions in African women. Besides the 
strong association with sexually transmitted infections as described below, we identi-
fied few statistically significant associations with sociodemographic and behavioural 
characteristics. In Chapter 4, women who had never been married were more likely to 
have dysbiosis, but there was no direct association with current self-reported sexual risk 
behaviour. However, in that particular study, most women engaged in high risk sexual 
behaviour: 85% worked as sex worker, 63% reported no or inconsistent condom use and 
the HIV incidence in the cohort was 3.5 per 100 person-years [36]. Chapter 5 included 
African women from different countries (Kenya, Rwanda and South Africa) with a range 
of STI risk profiles: adolescents, non-pregnant and pregnant women, women using tradi-
tional intravaginal practises, female sex workers, and HIV-positive women [37]. Although 
there was no association between microbiota composition and self-reported current 
sexual risk behaviour in that study either, the group with the highest sexual risk behav-
iour (sex workers) had a higher prevalence of BV by Nugent scoring [37] and dysbiosis 
by molecular methods (Chapter 5). The presence of prostate specific antigen (PSA; a 
biomarker of sexual intercourse within the last 48 hours) in the cervicovaginal lavages 
of these women was a better predictor of BV than any of the self-reported sexual risk 
variables [37], suggesting that self-reporting of sexual behaviour is often not accurate.

Other molecular studies have confirmed that unprotected sexual activity is associated 
with an increase in cervicovaginal bacterial diversity and/or a decreased abundance 
of lactobacilli [24, 38-40]. Sexual activity is thought to increase the risk of dysbiosis by 
the buffering effect of semen, and through the transfer of penile, rectal, perineal, and 
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oral bacteria into the vagina (reviewed in [41]). A vaginal microbiota study of women 
with BV showed that women who have sex with women had lower abundance of A. 
vaginae and Parvimonas spp. and higher abundance of Prevotella spp. than women who 
have sex with men [42]. The authors hypothesised that the reservoir of A. vaginae and 
Parvimonas spp. is in the male genital system, whereas the reservoir of Prevotella spp. 
is in the mouth. Furthermore, a recent study comparing the seminal and the vaginal 
microbiota of heterosexual couples found that sexual partners share genital bacteria 
including A. vaginae [40].

Since our systematic review in Chapter 2, several descriptive molecular studies were con-
ducted that focused on changes in the cervicovaginal microbiome during a women’s life 
time. This research has shown that most adolescent girls have a Lactobacillus-dominated 
microbiota, but the Lactobacillus load increases and vaginal pH decreases as girls reach 
adulthood [43, 44]. Research also shows that risk of colonisation by G. vaginalis increases 
after sexual debut [45-48]. Throughout the reproductive years, microbiota composition 
is not associated with age (Chapter 4, Chapter 5, [14, 15, 24]), but is associated with 
pregnancy. In pregnancy, the cervicovaginal microbiota is more likely to be Lactobacil-
lus-dominated, but the risk of dysbiosis rapidly increases during the postpartum period 
[20, 22, 49]. Contrary to common belief, a Lactobacillus-dominated microbiota remains 
highly prevalent among postmenopausal women [50, 51]. However, after menopause, 
the bacterial load of Lactobacillus spp., especially L. crispatus, decreases [51-54].

As described in the introduction, the pathogenesis of dysbiosis has remained largely 
unclear, although biofilm formation, vaginal pH increases (due to semen, intravaginal 
cleansing or menses), and (sexual) transmission of dysbiosis-associated bacteria or 
pieces of biofilm may be involved. To enhance our understanding of how lactobacilli 
protect against dysbiosis, we characterised the cervicovaginal Lactobacillus proteome 
of women with different cervicovaginal microbiota compositions in Chapter 8. L. iners 
GAPDH, GPI, and ferritin were significantly decreased in women with dysbiosis, inde-
pendent of L. iners abundance and vaginal pH. The high abundance of proteins with 
conserved intracellular functions in the cervicovaginal lavage supernatant suggested 
a ‘moonlighting’ function. Moonlighting of proteins refers to the ability of proteins to 
perform multiple (unrelated) functions. Little is known about the function of these 
proteins in L. iners, but they have been shown to be beneficial for bacterial colonisation 
and/or survival in other bacteria [55-58]. Therefore, it is likely that these proteins are in-
volved in establishing and maintaining a L. iners-dominated microbiota. The number of 
women with a L. crispatus-containing dysbiotic microbiota was too small to compare the 
response to microbiota changes between L. iners and L. crispatus, but a similar negative 
trend between L. crispatus glycolysis enzymes and dysbiosis was seen. Future studies are 
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needed to further investigate the function and secretion of moonlighting proteins by 
different vaginal Lactobacillus strains, and whether strains with high expression and/or 
secretion of these proteins are suitable candidates to use as vaginal probiotics.

diagnOsis and TreaTmenT Of vaginal dysBiOsis

Chapters 4 and 5 showed that cervicovaginal microbiota composition correlated well 
with Nugent scores and vaginal pH. However, many women with DNA microarray-proven 
dysbiosis were BV-negative by Amsel criteria and were asymptomatic. Others have also 
shown low sensitivity of the Amsel criteria (other than vaginal pH), and particularly the 
presence of symptoms, for the detection of BV and dysbiosis [16, 59]. In most African 
countries including Rwanda, treatment of vaginal infections and/or dysbiosis is in ac-
cordance with the World Health Organisation (WHO) syndromic management of STIs 
guidelines [60], which means that women with vaginal discharge are treated for all 
common causes of vaginal discharge (BV, vaginal candidiasis, and Trichomonas vagi-
nalis). Also in Europe and the US, most physicians treat vaginal discharge empirically, 
or only treat BV by Amsel criteria (which includes the presence of vaginal discharge 
as one of the four criteria). Therefore, asymptomatic BV is never treated in Africa, and 
only occasionally treated in Europe and the US when the Amsel criteria are used for 
diagnosis. Whether treatment of asymptomatic vaginal dysbiosis is clinically relevant 
will depend on whether such treatment will reduce the risk of adverse reproductive 
health outcomes. If so, guidelines for diagnosis of BV need to be revised. Nugent scoring 
of gram-stained microscopy slides is labour-intensive, requires expertise, and doesn’t 
differentiate between microbiota compositions underlying ‘intermediate microbiota’ 
or BV. New diagnostics may include molecular methods such as qPCR for Lactobacillus 
spp. and dysbiosis-associated bacteria [61-63], a DNA microarray chip with a reduced 
number of probes [12, 64], and/or detection of bacterial metabolites [65, 66]. However, 
in resource-limited settings, these techniques are not readily available and not afford-
able, and cheap, easy-to-perform point-of-care tests are therefore needed. In a recent 
study, Masson and colleagues proposed the development and use of a point-of-care test 
that quantifies two cytokines (interleukin 1β and IFN-inducible protein 10) in vaginal 
fluids to identify women with asymptomatic STIs and BV [67]. Although this may be a 
useful tool for quick initial screening of women for STIs and BV, it does not differentiate 
between the various conditions that cause vaginal inflammation and will likely lead to 
antibiotic overtreatment. More studies will be needed to evaluate different (combina-
tions of ) point-of-care tests in various settings.
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THe CerviCOvaginal miCrOBiOme and sexually TransmiTTed 
infeCTiOns

In our studies described in Chapters 4 and 5, women with a L. crispatus-dominated 
cervicovaginal microbiota, and to a lesser extent women with a L. iners-dominated 
microbiota, had the lowest prevalence of viral STIs, and women with severe dysbiosis 
had the highest prevalence. Similar, but nonsignificant, trends were seen for bacterial 
STIs. While previous studies have shown associations between BV by Nugent score and 
STI prevalence [5, 68-71], and between molecularly proven dysbiosis and STI prevalence 
[38, 72, 73], our study was the first to report ‘dose-response’ relationships with the extent 
of dysbiosis. Similarly, the association between BV or dysbiosis with increased risk of 
cervicovaginal HIV-1 RNA genital shedding has previously been shown by others [21, 
74], but our study was the first to show a relationship with the extent of dysbiosis. An 
association between the level of HIV-1 RNA genital shedding and subsequent HIV trans-
mission has been shown in a prospective study of HIV-1 discordant couples [75], and 
our finding therefore suggests that HIV-positive women with BV or dysbiosis have an 
increased risk of transmitting HIV-1 to their sexual partner(s). However, in a similar study 
by Cohen and colleagues, the observed BV-associated increase in female-to-male HIV 
transmission could only partially be explained by increased genital viral load, and they 
hypothesised that BV additionally increases HIV transmission risk by altering the penile 
microbiome of the male sexual partner [76].

Due to the cross-sectional nature of our analyses in Chapters 4 and 5, we cannot de-
rive temporal and causal relationships. This means that we cannot conclude whether 
cervicovaginal microbiota dysbiosis increase the risk of STIs, STIs increase the risk of 
dysbiosis, or other factors, such as changes in sexual activity or mucosal immunology, 
increase vulnerability for both. However, based on results from previous longitudinal 
studies that incorporated repeated BV assessments by Nugent scoring, the association 
between BV and STIs is most likely bidirectional. These studies showed that women 
with BV have increased risk of acquiring HIV (reviewed in [2, 3]), HSV-2 [6], HPV [77, 
78], Neisseria gonorrhoeae, Chlamydia trachomatis, and T. vaginalis infection [5, 8, 79]. 
Furthermore, women with HSV-2 have increased risk of developing BV (reviewed in [30]) 
and women with HIV have an increased prevalence and persistence of BV [31, 69, 80]. 
Because unprotected sex is a risk factor for BV, sexual activity may be a confounder of 
the association between BV and STIs. Furthermore, the increased risk of STIs in women 
with BV may cause an overestimation of the direct association with other STIs. For in-
stance, BV is associated with an increased risk of HSV-2 [6], which in turn increases the 
risk of HIV infection [81]. However, an individual participant meta-analysis showed that 
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BV increased the risk of HIV infection with 24-89%, after controlling for HSV-2 status, age, 
marital status, and number of partners in the last three months [3].

In vitro experiments have shown that vaginal lactobacilli may protect against HIV and 
other STIs in several ways. First, vaginal lactobacilli are efficient producers of lactic acid, 
which contributes to a low vaginal pH [82]. Lactic acid has been shown to inactivate 
and/or inhibit HIV, HSV-2, and dysbiosis-associated bacteria in a pH-dependent manner 
[83-86]. Second, lactobacilli directly inhibit the growth of N. gonorrhoeae, C. tracho-
matis, uropathogens, and dysbiosis-associated bacteria in cultures [87-91], and inhibit 
adhesion of C. trachomatis, N. gonorrhoeae, Candida spp., uropathogens, and dysbiosis-
associated bacteria through exclusion, competition, and displacement [87, 88, 92-96]. 
A newly recognised class of extracellular Lactobacillus adhesins are proteins that also 
have conserved intracellular functions and are therefore called ‘moonlighting’ proteins 
(reviewed in [97, 98]). We measured high relative abundance of Lactobacillus proteins 
that are known to have adhesive moonlighting functions in related species in cervico-
vaginal lavage supernatants of Rwandan female sex workers in Chapter 8. Of these, the 
L. iners proteins glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glucose-6-
phosphate isomerase (GPI) were decreased in women with dysbiosis independent of 
the L. iners abundance and vaginal pH. This suggests that the ability of L. iners to inhibit 
adhesion of other bacteria is enhanced in a Lactobacillus-dominated vaginal environ-
ment, but more research is needed to support this hypothesis. Third, lactobacilli have 
been shown to modulate the immune response in vitro. Pro-inflammatory changes to 
the epithelium are thought to increase the risk of HIV-1, as described below. The addi-
tion of L. crispatus to TLR agonist-treated epithelial cells or C. trachomatis-infected HeLa 
cells caused a decreased secretion of pro-inflammatory cytokines [96, 99].

Cervicovaginal dysbiosis may increase risk of HIV acquisition through several mecha-
nisms. First, dysbiosis is associated with an increase of cervicovaginal pro-inflammatory 
cytokines (Chapter 5, Chapter 7, [100, 101]). It has been hypothesised that dysbiosis-
induced genital inflammation attracts CD4+ cells, the target cells for HIV, and disrupts 
the integrity of the epithelial barrier (reviewed in [102]). Recent studies confirmed that 
women with elevated levels of pro-inflammatory cytokines in cervicovaginal lavages had 
an increased number of CD4+ cells in the endocervix [103] and an increased risk of HIV 
acquisition [104]. In Chapter 7, we described proteome changes associated with dysbio-
sis that may be indicative of mucosal inflammation and impaired mucosal barrier func-
tion. Dysbiosis was associated with increased relative abundance of pro-inflammatory 
cytokines, proteases, actin-organising proteins, lactate dehydrogenase (as marker for 
cell death), and mucins 5B/5AC. Furthermore, dysbiosis was associated with an altered 
antimicrobial peptide balance, and a decrease in keratins, cornified envelope proteins, 
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and immunoglobulins G1/G2. The potential influence of epithelial barrier dysfunction 
on HIV transmission was shown by an in vitro study that described facilitated HIV entry 
after an HIV-induced pro-inflammatory immune response disrupted the vaginal epithe-
lial barrier [105]. Whether this also applies to dysbiosis-induced inflammation remains to 
be studied. Second, in vitro studies have suggested that cervicovaginal dysbiosis might 
influence other early events of HIV infection, including the initial uptake of HIV by den-
dritic cells and its subsequent transfer to CD4+ T cells [106, 107], and HIV replication in 
macrophages [108]. However, more laboratory studies are needed to explore the latter 
hypotheses, and clinical studies are needed to determine whether any of the above in 
vitro findings are clinically relevant and might provide opportunities for intervention.

HOrmOnal COnTraCePTive use, Hiv risk, and THe CerviCOvaginal 
miCrOBiOme

Two recent meta-analyses including thousands of women and ± 1520-1830 incident 
HIV infections concluded that the use of depot medroxyprogesterone acetate (DMPA), a 
widely used injectable progestin hormonal contraceptive, but not the use of combined 
oral contraceptives (COC) or the injectable contraceptive norethisterone enanthate 
(NET-EN), is associated with an increased risk of HIV acquisition [109, 110]. In contrast, 
previous systematic reviews concluded that the results of prior observational studies 
were inconsistent and studies had not been able to adequately control for sexual behav-
iour [111-113]. While the public health debate about the continued unrestricted use of 
DMPA by all women and the ethics of a randomised controlled trial rages on [114-116], 
the biological mechanisms that might be responsible for causing this increased risk 
receive very little attention.

COC, NET-EN, and DMPA all cause systemic release of progestins, however, the type of 
progestins differs: the most widely used COC contains levonorgestrel, NET-EN contains 
norethisterone, and DMPA medroxyprogesterone acetate (MPA). Furthermore, combined 
oral contraceptives contain oestrogen, which generally strengthens the mucosal barrier 
(reviewed in [117]). Although a causal association between DMPA use and increased 
HIV acquisition has not been proven, several biological mechanisms have been hypoth-
esised through which DMPA might increase susceptibility. These include direct effects, 
such as progestin-induced epithelial thinning and mucosal immunomodulation, and in-
direct effects, through an increased risk of other STIs and/or cervicovaginal microbiome 
changes. In observational studies, the use of DMPA has indeed been associated with an 
increased cervicovaginal concentration of the chemokine RANTES [118-120], a decrease 
of cervicovaginal IFN-α [121], and an increased risk of STIs (reviewed in [122], [123]), 
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which in turn may increase the risk of HIV infection. Also, progestins cause epithelial 
thinning in macaques [124] but this was not confirmed in women [125]. In vitro, MPA has 
anti-inflammatory effects, inhibits downregulation of HIV co-receptors, and increases 
HIV-1 replication in blood-derived immune cells through stimulation of glucocorticoid 
receptor [121, 126, 127].

In Chapter 6 we reported that the use of oral combined hormonal contraception is 
associated with a lower cervicovaginal abundance of dysbiosis-associated bacteria 
(Prevotella spp., Sneathia/ Leptotrichia amnionii, and Mycoplasma spp.) by microarray, 
but not with cervicovaginal microbiota clustering. Use of DMPA was not associated with 
any changes in the microbiota. Molecular studies to date have reported inconsistent 
effects of progestins on the microbiota [32, 33], but epidemiological studies using BV by 
Nugent scoring as the outcome have consistently found a protective effect [32, 33]. The 
findings in Chapter 6 do not contradict the results of these previous studies, but we had 
expected a larger beneficial effect of hormonal contraceptive use. Our measures of ef-
fect may have been biased towards the null because of non-differential misclassification 
of hormonal status, masking of the modest effects of hormonal contraception by high 
levels of sexual risk behaviour and STI prevalence in our study cohort, or by insufficient 
statistical power.

It is unlikely that consensus will be reached in the debate around DMPA use and risk of 
HIV acquisition. Meanwhile, DMPA remains the most widely used hormonal contracep-
tion method in Sub-Saharan Africa (reviewed in [128]). Answering the question whether 
DMPA use increases the risk of HIV is beyond the scope of this thesis, but from our study 
and previous studies we conclude that it is highly unlikely that DMPA increases HIV 
acquisition risk via the cervicovaginal microbiota dysbiosis route. An alternative expla-
nation might be the association between DMPA use and increased prevalence of HSV-2. 
This was observed in our study (Chapter 6) and also in another recent study [123]. The 
HSV-2 and HIV epidemics are known to fuel one another (reviewed in [81]). The influence 
of the above-mentioned direct effects of progestins on the mucosal barrier and on glu-
cocorticoid receptors also merits further investigation. Taken together, we emphasize 
the need for 1) more mechanistic studies of the effects of DMPA on the mucosal barrier, 
preferably in women; and 2) intervention studies to evaluate the feasibility and effects 
(on the mucosal barrier, and eventually the incidence of HSV-2 and HIV) of switching 
from DMPA to other long-acting hormonal methods of contraception such as the inject-
able NET-EN and hormone-releasing intrauterine devices.
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COnClusiOns and furTHer direCTiOns

In this thesis, we have shown that cervicovaginal microbiota compositions dominated 
by Lactobacillus species can be considered healthy because they are not associated with 
HIV prevalence, HIV shedding, prevalence of other STIs, or markers of cervicovaginal 
inflammation or mucosal barrier disruption. In contrast, cervicovaginal dysbiosis is as-
sociated with these outcomes in a severity-dependent manner. We also showed that 
L. iners is likely less beneficial than L. crispatus, because it often occurs together with 
dysbiosis-associated bacteria as well as STIs. The studies described in this thesis also 
identified human and Lactobacillus proteins in cervicovaginal lavages of women with 
different microbiota compositions that could potentially serve as biomarkers for vaginal 
health or as targets for potential interventions.

During the time period of this thesis research, molecular characterisation of the cervi-
covaginal microbiota using next generation sequencing methods became even more 
accessible and affordable. The range of microbiota compositions in healthy, asymp-
tomatic women of reproductive age is now sufficiently characterised. However, studies 
incorporating a range of age groups, and women with (infectious or non-infectious) 
vaginitis, STIs, and (recurrent) urinary tract infections are still scarce. Furthermore, we 
highly recommend incorporating molecular methods in longitudinal studies on a much 
wider scale to allow for the proper investigation of temporal relationships between 
the microbiota, host immune response, and adverse reproductive health outcomes. 
Moreover, laboratory-based studies are needed to further elucidate functional proper-
ties of different Lactobacillus species and dysbiosis-associated bacteria, increase our 
understanding of the development and resolution of dysbiosis and dysbiosis-associated 
biofilms (including the role of Lactobacillus species), and to allow for the development of 
evidence-based pre- and probiotics.

Interventions that effectively and sustainably support a Lactobacillus-dominated cer-
vicovaginal microbiome are urgently needed. Potential interventions could include: 
reduction of behaviours that are associated with dysbiosis, antibiotic treatment, biofilm 
disruption, treatment of patients as well as their sexual partners, and restoration of a 
Lactobacillus-dominant microbiota using pre- and/or probiotics. Given the lack of suc-
cess of many of these interventions in previous studies, a combination of interventions 
will likely be required. Well-designed randomised controlled trials in a large group of 
low-risk women of reproductive age with sufficient follow-up time (≥  6 months) that 
evaluate such combinations (for instance the combination of antibiotics and probiotics) 
are a top priority. The effect of these treatments on the vaginal microbiome (including 
markers of vaginal inflammation) should be carefully monitored. Since a L. crispatus-
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dominated vaginal microbiota is most beneficial, L. crispatus-containing probiotics are 
promising, and were shown to be safe and effective in phase I and phase II clinical trials 
[129, 130].

When effective interventions are identified, their effect on the prevention of HIV/STI 
acquisition, urogenital complications, and other adverse reproductive health outcomes 
should be determined in populations at high risk of these outcomes, such as female 
sex workers, pregnant women, and postmenopausal women. Considering the high 
prevalence of cervicovaginal dysbiosis, and the high number of new HIV infections that 
can be attributed to microbiome dysbiosis, such interventions could have substantial 
public health impact.
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