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BaCTerial vaginOsis

In 1882, Albert Döderlein was the first to describe a clear distinction between "normales 
Sekret", vaginal microbiota dominated by what are now known to be Lactobacillus spp., 
and “pathologische Sekret”, vaginal secretions characterised by an increased vaginal pH, 
and a plenitude of bacilli, cocci, epithelial cells, and leukocytes [1, 2]. Now, 130 years 
later, this is still a generally accepted paradigm, although the classification of vaginal mi-
crobiota has been extended. In research settings, vaginal microbiota are characterised 
by scoring Gram stained vaginal smears (Nugent scoring [3]). This involves determining 
abundance of Lactobacillus, Gardnerella/Bacteroides and Mobiluncus morphotypes, and 
classifying samples based on the resulting score: 0-3 are classified as normal microbiota, 
4-6 as intermediate microbiota, and 7-10 as bacterial vaginosis (BV). In clinical settings, 
BV is diagnosed using the Amsel criteria: abnormal vaginal discharge, clue cells on wet 
mount (epithelial cells with bacteria attached), an amine odour after adding KOH to the 
wet mount, and a vaginal pH>4.5; three positive criteria are needed for diagnosis [4].

Although 40% of women with BV are asymptomatic [5], BV is the most common cause 
of vaginal symptoms [6]. Moreover, BV (symptomatic and asymptomatic) is associated 
with an increased risk of adverse reproductive health outcomes, including increased risk 
of sexually transmitted infections (STIs) [7-10], and increased risk of preterm birth in 
pregnant women (reviewed in [11]).

Other infectious causes of vaginal discharge and/or vaginal discomfort include vaginal 
yeast infections (mostly caused by Candida spp. and therefore usually referred to as 
candidiasis; often characterised by white discharge and pruritus), and STIs (Trichomonas 
vaginalis, Neisseria gonorrhoeae, or Chlamydia trachomatis). Some clinicians additionally 
distinguish a form of vaginitis with macroscopic signs of inflammation that is associated 
with colonisation by streptococci, staphylococci and Escherichia coli (‘aerobic vaginitis’ 
[12, 13]).

vaginal miCrOBiOme

The use of molecular methods to characterise human microbiota enables approxima-
tion of the ‘microbiome’: the full set of microbial genomes, representing the complete 
collection of micro-organisms in a sample, and the surrounding environmental condi-
tions. Gut microbiome studies introduced the concept of the human microbiome as a 
complex ecosystem, which performs beneficial functions for the host (such as immu-
nomodulation and protection against disease), but can also increase the risk of disease 
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when the microbial balance gets disturbed (reviewed in [14]). This is in contrast with the 
classical concept of infectious diseases that are caused by a single pathogen. Since then, 
molecular studies have shown that most body sites, including the vagina, harbour a 
specific microbiome [15]. Most current molecular techniques focus on bacteria, and are 
based on quantification of the bacterial 16S ribosomal gene (16S rDNA). This bacterial 
gene includes highly conserved regions, which allow for identification and amplifica-
tion of the 16S DNA sequence, and nine variable regions, which permit assignment 
of species-specific taxonomy. The obtained list of bacteria is commonly referred to as 
the ‘microbiota’ or ‘microbiome’, although the first is preferred when no information on 
environmental factors is incorporated.

Molecular studies have shown that the vaginal microbiota is much more complex than 
previously expected [16]. A pioneering study using molecular methods to characterise 
vaginal bacteria showed that 32-89% of vaginal bacterial sample clones represented 
newly recognised species [17]. Furthermore, molecular epidemiological studies have 
shown that most asymptomatic women have a vaginal microbiota dominated by Lacto-
bacillus crispatus, L. iners, L. jensenii or L. gasseri, and BV is associated with a highly diverse 
mixture of tens of (facultative) anaerobic bacterial species in different compositions [18, 
19], also referred to as dysbiosis. However, large epidemiological studies generating 
comprehensive molecular microbiota data are scarce, especially in Sub-Saharan Africa.

THe vaginal miCrOBiOme and sexually TransmiTTed infeCTiOns

In 2014, an estimated 25.8 million people in Sub-Saharan Africa were HIV-infected [20] 
and HIV has been the leading cause of death in these countries for the past two decades 
[21]. Epidemiological studies have shown that women with BV have increased risk of 
subsequent acquisition of HIV (reviewed in [10]) and other STIs [7-9]. Furthermore, 
HIV-positive women with BV have increased risk of HIV-shedding [22] and increased risk 
of transmitting HIV to their sexual partner(s) [23]. The association between BV and HIV 
seems to be bidirectional: women with BV have increased risk of HIV acquisition [10], 
and most studies show that women infected with HIV have higher prevalence of BV or 
lower abundance of lactobacilli [24-27].

Much remains unknown about the mechanisms through which dysbiosis of vaginal mi-
crobiota is associated with increased HIV risk. Although dysbiosis is not associated with 
macroscopic signs of inflammation, it has been hypothesised that dysbiosis induces 
low-grade inflammation, which in turn attracts CCR5+ CD4+ cells (target cells for HIV 
infection) to the vaginal mucosa and disrupts the epithelial barrier (reviewed in [28]). 
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Recent studies have indeed found an increase of the cervicovaginal pro-inflammatory 
cytokines interleukin (IL)-1β and IL-8 in women with dysbiosis (reviewed in [29]). Fur-
thermore, lactobacilli may directly inhibit pathogens including HIV by producing lactic 
acid and other antimicrobial products [30, 31], and some BV-associated bacteria have 
been shown to enhance HIV expression, translation and/or replication in vitro [32-34].

HOrmOnal COnTraCePTive use, Hiv risk, and vaginal miCrOBiOTa

Two recent meta-analyses concluded that women using depot medroxyprogesterone 
acetate (DMPA), a widely used injectable progestin hormonal contraceptive in Sub-
Saharan Africa, have an increased risk of HIV acquisition [35, 36]. Although possible 
confounding by sexual risk behaviour has made causality controversial [37], one of the 
proposed mechanisms for a biological relationship is a progestin-induced alteration of 
the vaginal microbiota. Other hypothesised biological mechanisms include a direct ef-
fect of progestins, causing epithelial thinning and genital immune modulation through 
stimulation of the glucocorticoid receptor [38, 39].

Several observational studies have investigated whether hormonal contraceptive use 
is associated with vaginal microbiota alterations, and these have been summarised 
recently in two systematic reviews [40, 41]. It was concluded that both DMPA and 
combined oral contraceptives (containing a progestin and an oestrogen) are associated 
with a decreased prevalence of BV and intermediate microbiota by Nugent scoring, and 
that combined oral contraceptives may increase vaginal candidiasis, which is also a risk 
factor for HIV acquisition due to its inflammatory nature. However, the number of stud-
ies investigating the association between use of progestins and vaginal microbiota as 
characterised by molecular methods was too small to draw conclusions.

aeTiOlOgy, PaTHOgenesis, and managemenT Of vaginal miCrOBiOTa 
dysBiOsis

The aetiology and pathogenesis of dysbiosis of vaginal microbiota remain largely un-
known. Unprotected sexual activity (especially with female and/or multiple partners, as 
reviewed in [42]), smoking [43], and vaginal cleansing practices (reviewed in [10]) have 
been identified as behavioural risk factors by epidemiological studies using Nugent or 
Amsel criteria to diagnose BV. Biological risk factors include HSV-2 and HIV infection [44, 
45] and hormonal status (women of reproductive age have a higher prevalence of BV 
compared to adolescent or postmenopausal women [46, 47], whereas use of hormonal 
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contraception is protective [40, 41]). Furthermore, being part of an ethnic minority and/
or having an African ethnic background are risk factors for BV, but whether this is bio-
logically mediated or confounded through behaviour and/or sexual networks remains 
to be elucidated [48-50].

Above-mentioned hormonal risk factors are in line with the general belief that colonisa-
tion by lactobacilli is dependent on the vaginal concentration of glycogen [51], and that 
availability of vaginal glycogen increases under influence of oestrogen [52]. Lactobacilli 
produce lactic acid, which lowers the vaginal pH and protects against colonisation by 
dysbiosis-associated bacteria (reviewed in [53]). How this microbial balance gets dis-
rupted is unknown, but may be provoked by the buffering capacity of semen deposited 
during sexual intercourse, vaginal cleansing practises, and/or menses [54-56]. Recent 
studies strongly suggest that women with BV have a polymicrobial biofilm consisting of 
BV-associated bacteria on their vaginal mucosal surface, and this biofilm formation may 
play a role [57-59]. There is also some indication that some uncircumcised men have a 
biofilm of similar bacterial species underneath their foreskin [60, 61]. As dysbiosis is re-
garded a polybacterial disturbance of the microenvironment instead of a classical infec-
tious disease, no single bacterial species can be regarded as causative. However, sexual 
transmission of (pieces of ) dysbiosis-associated biofilms may be involved in pathogen-
esis [61], as well as vaginal colonisation by dysbiosis-associated bacteria that are present 
in extravaginal reservoirs (predominantly the gut) [62]. The roles of G. vaginalis and L. 
iners in vaginal health are controversial, since they are both highly prevalent in women 
with and without dysbiosis [16].

Although BV can be self-limiting without intervention [63], a large proportion of women 
has persistent or frequently recurring BV [64]. Women with symptomatic BV are gener-
ally treated with oral metronidazole or clindamycin vaginal cream, which cures approxi-
mately 80% of cases [65, 66]. However, BV recurrence is up to 50% by 12 months [67]. 
Several hypotheses for this high recurrence rate have been postulated: women could 
be re-colonised with dysbiosis-associated bacteria from extra-vaginal reservoirs or by 
their sexual partner(s); antibiotic treatment may not sufficiently penetrate dysbiosis-
associated biofilms; or insufficient quantities of beneficial Lactobacillus species are avail-
able to re-establish a Lactobacillus-dominant microbiota [62, 68].

New treatments that try to overcome these obstacles are being developed and/or are 
currently being studied in clinical trials, such as biofilm disrupting agents, antibiotic 
treatment of sexual partners, and addition of probiotics, hormonal contraception, or 
lactic acid to the antibiotic treatment regimen to facilitate the re-establishment of a 
Lactobacillus-dominant microbiota [68]. However, obstacles include insufficient under-
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standing of the aetiology and pathogenesis of vaginal dysbiosis and vaginal biofilms, 
suboptimal vaginal colonisation by probiotics, difficulty disrupting mucosal biofilms 
without causing mucosal inflammation; and lack of consensus about how best to moni-
tor the safety of new vaginal products.

aims Of THis THesis

The aims of this thesis are to provide an overview of vaginal microbiome epidemiology 
with a focus on women in Sub-Saharan Africa; to investigate the association between 
the vaginal microbiota, STI prevalence and HIV genital shedding; to study the associa-
tion between hormonal contraceptive use, the vaginal microbiota, and STI risk; and to 
explore possible mechanisms through which the vaginal microbiota interacts with the 
host immune system and vaginal mucosal barrier.

Chapter 2 is a systematic review of molecular vaginal microbiome studies, summarising 
available data on the prevalence of vaginal microbiota compositions and their asso-
ciations with sociodemographic, behavioural and clinical determinants. In Chapter 3, a 
new bioinformatic unsupervised clustering method will be introduced that categorises 
women based on their cervicovaginal microbiota composition by phylogenetic 16S 
rDNA microarray. We used this method to study the range of cervicovaginal microbiota 
compositions in a cohort of Rwandan female sex workers and the sociodemographic, 
behavioural, and clinical correlates (including the presence of STIs) of specific micro-
biota compositions as we will describe in Chapter 4. In Chapter 4 we will also describe 
the association between cervicovaginal microbiota composition and HIV-1 RNA shed-
ding among HIV-infected women. Similarly, vaginal microbiota compositions and their 
correlates of African women from four different countries will be described in Chapter 
5, but this time, study participants with a range of different STI risk profiles are included, 
and relationships between vaginal microbiota compositions and cervicovaginal cyto-
kine profiles were also explored. In Chapter 6, we will focus on the association between 
hormonal contraceptive use on the one hand, and prevalence and incidence of cervico-
vaginal microbiota dysbiosis and STIs on the other hand in a cohort of Rwandan female 
sex workers.

In Chapter 7, we will describe the association between the full cervicovaginal human 
proteome (the complete set of cervicovaginal human proteins) and the cervicovaginal 
microbiota, in order to explore how the vaginal microbiota interacts with the host im-
mune system as well as potential mechanisms by which dysbiosis may increase the risk 
of adverse reproductive health outcomes. The association between cervicovaginal mi-
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crobiota composition and the Lactobacillus proteome will be investigated in Chapter 8. 
Finally, findings presented in this thesis, as well as their implications for future research, 
will be synthesised and discussed in Chapter 9.
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