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1
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-



14 Chapter 1

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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aBsTraCT

We conducted a systematic review of the Medline database (U.S. National Library of 
Medicine, National Institutes of Health, Bethesda, MD, U.S.A) to determine if consistent 
molecular vaginal microbiota (VMB) composition patterns can be discerned after a de-
cade of molecular testing, and to evaluate demographic, behavioural and clinical deter-
minants of VMB compositions. Studies were eligible when published between 1 January 
2008 and 15 November 2013, and if at least one molecular technique (sequencing, PCR, 
DNA fingerprinting, or DNA hybridization) was used to characterize the VMB. Sixty three 
eligible studies were identified. These studies have now conclusively shown that lac-
tobacilli-dominated VMB are associated with a healthy vaginal micro-environment and 
that bacterial vaginosis (BV) is best described as a polybacterial dysbiosis. The extent of 
dysbiosis correlates well with Nugent score and vaginal pH but not with the other Amsel 
criteria. Lactobacillus crispatus is more beneficial than L. iners. Longitudinal studies have 
shown that a L. crispatus-dominated VMB is more likely to shift to a L. iners-dominated or 
mixed lactobacilli VMB than to full dysbiosis. Data on VMB determinants are scarce and 
inconsistent, but dysbiosis is consistently associated with HIV, human papillomavirus 
(HPV), and Trichomonas vaginalis infection. In contrast, vaginal colonization with Can-
dida spp. is more common in women with a lactobacilli-dominated VMB than in women 
with dysbiosis. Cervicovaginal mucosal immune responses to molecular VMB composi-
tions have not yet been properly characterized. Molecular techniques have now become 
more affordable, and we make a case for incorporating them into larger epidemiological 
studies to address knowledge gaps in aetiology and pathogenesis of dysbiosis, associa-
tions of different dysbiotic states with clinical outcomes, and to evaluate interventions 
aimed at restoring and maintaining a lactobacilli-dominated VMB.
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inTrOduCTiOn

It has been known for some time that most vaginal microbiota (VMB) consist predomi-
nantly of lactobacilli and that VMB alterations can cause symptomatic conditions [1]. 
The most familiar condition is bacterial vaginosis (BV), which has traditionally been 
characterized as a reduction of vaginal lactobacilli and an overgrowth of other (fac-
ultative) anaerobic bacteria. In clinical settings, BV is typically diagnosed using Amsel 
criteria (three of the following four criteria should be present: 1) clue cells on wet mount 
microscopy; 2) a ‘fishy’ odour after adding 10% KOH to vaginal secretions; 3) vaginal 
pH > 4.5; and 4) thin, homogenous vaginal discharge) [2]. In research settings, BV is also 
often defined by Gram stain Nugent scoring, which is based on microscopic visualiza-
tion of three bacterial morphotypes (a Nugent score of 0-3 is considered normal, 4-6 
intermediate microbiota, and 7-10 BV) [3]. BV is not highly inflammatory and is therefore 
often asymptomatic; this is why it is referred to as a vaginosis and not a vaginitis [1]. Two 
common types of microbiological vaginitis are vaginal candidiasis and trichomoniasis 
[1]. Vaginal candidiasis is often highly inflammatory and is typically diagnosed by wet 
mount microscopy and/or culture of Candida species. Trichomoniasis is caused by the 
sexually transmitted single-celled parasite Trichomonas vaginalis, which can be detected 
by microscopy, culture or PCR.

Other types of vaginitis have been described (such as aerobic vaginitis, desquamative 
inflammatory vaginitis, and atrophic vaginitis) but occur less frequently [4-6]. The term 
‘aerobic vaginitis’ is used by some clinicians to refer to vaginal inflammation believed to 
be caused by streptococci, staphylococci and Escherichia coli [4]. While the roles of vagi-
nal Streptococcus agalactiae (also known as Group B streptococcus) and E. coli in invasive 
maternal and neonatal infections have been well-documented [7], their potential roles 
in causing a vaginitis syndrome distinct from BV is not universally accepted.

Altered communities of micro-organisms in the vagina are not only implicated in septic 
postpartum and neonatal infections but also in pelvic inflammatory disease [8], miscar-
riage and pre-term birth [9], and increased HIV acquisition and onward transmission 
[10-12]. VMB alterations may therefore be of much greater public health importance 
than was previously assumed.

In the last decade, phylogenetic analyses of vaginal samples (mostly bacterial 16S ribo-
somal RNA gene sequencing) have shown that bacterial communities in the vagina are 
more complex than previously thought. The first study using molecular methods to char-
acterize the VMB was published in 2002 [13]. In a review of studies conducted between 
2002 and 2008, Srinivasan and colleagues concluded that BV is indeed associated with a 
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loss of lactobacilli and the introduction and/or overgrowth of other (facultative) anaero-
bic bacteria, and identified important VMB bacteria that had previously been missed by 
culture-based methods [14]. These bacteria included species in the Lactobacillus genus 
(e.g. L. iners) and bacteria associated with BV (e.g. Atopobium vaginae and three bacteria 
in the Lachnospiraceae family temporarily named BVAB1, 2 and 3) [13, 15, 16].

Since 2008, high throughput molecular techniques have become more affordable and 
accessible, and many more VMB characterization studies have been performed. We con-
ducted a systematic review of the published literature from 2008 to date, to synthesize 
current knowledge about the VMB and its determinants, and to identify research gaps.

meTHOds

We conducted a systematic review according to the PRISMA 2009 guidelines [17].

Our first objective was to determine if any consistent VMB composition patterns can be 
discerned after a decade of molecular testing, despite the fact that different groups have 
used different molecular techniques and/or operating procedures. Our second objective 
was to review correlations between molecular compositions, Amsel criteria, and Nugent 
scoring. Our third objective was to assess which determinants (sociodemographic, 
physiological, and behavioural risk factors, and the presence of pathogens in the genital 
tract) have been consistently associated with certain VMB composition patterns in dif-
ferent studies.

search strategy and selection criteria

Eligible studies included studies that used at least one molecular technique (sequenc-
ing, PCR, DNA fingerprinting, or DNA hybridization). We only included PCR and DNA 
hybridization studies if multiple bacterial species or genera were assessed (either by 
multiple individual assays or by multiplex assays). We excluded studies that focused on 
viral, archaeal, fungal, or protozoal diversity, or on development of diagnostic assays. 
We only considered randomized controlled intervention trials if the baseline data, prior 
to the intervention, could be used to address one of our objectives. Article selection 
was based on the first objective; not all articles also addressed the second and third 
objectives.

We searched the Medline database (U.S. National Library of Medicine, National Institutes 
of Health, Bethesda, MD, U.S.A.) for articles between 1 January 2008 and 15 November 
2013, limiting our search to articles written in English. We started our review in 2008 as 
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opposed to 2002 (when the first molecular VMB data were published) because Srinivasan 
and Fredricks published a review of the early studies in 2008 [14]. We searched titles and 
abstracts using the search term ‘vaginal micr*’. Two authors (JvdW and HB) assessed the 
articles for eligibility, and hand-searched the reference lists of eligible articles to identify 
additional articles. Five authors (JvdW, HB, RV, VJ, and TC) extracted data from all eligible 
articles using predefined data extraction tables, which included the data categories 
presented in tables 1 and 2, a description of the VMB compositions and correlates that 
the study had identified, and study strengths and weaknesses. Each article was reviewed 
independently by two authors.

resulTs

study selection

Our Medline database search yielded 475 results, of which 50 were eligible. We identi-
fied 20 additional eligible articles from the reference lists of the initial 50 articles. After 
data extraction, a further seven articles were rejected because they did not address our 
objectives appropriately (mostly because they focused on technical laboratory issues 
or diagnostic assay development). A total of 63 articles are therefore included in this 
review [18-80].

study characteristics

Table 1 shows characteristics of the 63 articles (references are included in the table and 
are not repeated here). It should be noted that one article could include data from more 
than one data extraction category, which is why some column totals exceed 63. Most 
of the articles reported data from North America (31 articles), followed by Europe (13), 
Africa (10), Asia (9), and Central America (3). Most sample sizes were small, with only 19 
articles reporting a sample size larger than 100. Most of the study populations were non-
pregnant adult women of reproductive age, with or without BV as the only diagnosed 
condition (28 articles). Other study populations included adolescents/virgins (3 articles), 
pregnant women (7), postmenopausal women (5), women attending a sexual health 
clinic (7) or with confirmed HIV, HPV or other infections (16), female sex workers (2), 
women who have sex with women (WSW; 3), and women undergoing in-vitro fertiliza-
tion (IVF) (2). Sequencing was the most commonly employed molecular technique; 
earlier studies tended to sequence DNA isolated from individual colonies obtained by 
bacterial culture (15 articles), whereas later studies extracted DNA directly from genital 
samples followed by next generation sequencing (18 studies used 454 sequencing (454 
Life Sciences Corporation, Branford, CT, US) and four used other platforms). PCR was also 
commonly used with 19 studies using quantitative PCR (qPCR) for individual species/
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Table 1. Characteristics of molecular vaginal microbiota articles published between 1 January 2008 and 15 
November 2013

number of 
articles references

year of
publication

2008 6 18-23

2009 11 24-34

2010 7 35-41

2011 13 42-54

2012 14 55-68

20131 12 69-80

TOTal 63

Country2 USA & Canada 31 19-21, 23-25, 27, 28, 30-32, 35-39, 42, 
44, 49, 59-61, 64-70, 77, 78

Belgium 6 26, 33, 34, 54, 62, 63

Europe – other3 7 18, 22, 43, 55, 72, 76, 79

China 6 29, 41, 47, 57, 74, 80

Asia – other4 3 35, 50, 71

South Africa 4 45, 46, 53, 73

East Africa5 4 25, 40, 48, 77

West Africa6 2 51, 58

Central America7 3 52, 56, 75

TOTal 66

sample size
(women)

≤10 4 28, 29, 56, 70

11-50 22 18-20, 22, 23, 25-27, 31, 36-38, 43, 44, 
48-50, 54, 59, 61, 69, 73

51-100 18 24, 30, 33, 41, 45-47, 52, 55, 57, 58, 62, 
63, 65, 66, 74, 78, 80

101-200 14 21, 32, 34, 35, 39, 40, 53, 67, 68, 71, 
75-77, 79

>2008 5 42, 51, 60, 64, 72

TOTal 63

study population Adults, healthy or with BV 28 19, 22, 23, 26, 28, 29, 35, 36, 38, 41-43, 
50, 54, 57, 59, 60, 62-64, 67, 68, 70, 72, 
73, 75, 79, 80

Adolescents/virgins 3 24, 25, 66

Pregnant women 7 33, 34, 52, 55, 58, 68, 78

Postmenopausal women 5 43, 49, 55, 57, 71

STD clinic attendees 7 19, 37, 38, 60, 62, 65, 76

Female sex workers 2 25, 48

WSW 3 21, 39, 61

By HIV status 11 20, 30, 40, 44-46, 48, 51, 53, 58, 77

By HPV/cytology status 5 46, 56, 66, 71, 74

Women undergoing IVF 2 18, 69

TOTal 78
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Table 1. Characteristics of molecular vaginal microbiota articles published between 1 January 2008 and 15 
November 2013 (continued)

number of 
articles references

molecular 
technique2

NGS sequencing 4549 18 20, 36, 41, 42, 44, 48, 56, 58-60, 64, 65, 
67, 68, 70-72, 76

NGS sequencing other9 4 40, 49, 56, 67

Culture & sequencing 15 18, 19, 23, 28, 29, 35, 50, 53, 54, 56, 57, 
69, 73, 75, 78

qPCR 19 21, 26, 30, 37-39, 41, 42, 47, 51, 55, 57, 
61, 62, 63, 66, 77, 79, 80

Multiplex PCR 4 27, 43, 51, 55

Fingerprinting10 13 20, 24, 31, 33-36, 41, 43, 47, 52, 55, 74

Hybridisation11 5 22, 25, 32, 45, 46

TOTal 78

main topic of 
research2

Clustering of VMB 17 24, 28, 31, 35, 36, 40, 42, 48, 50, 56, 58, 
60, 62, 65, 71, 72, 79

Improving BV diagnosis 5 30, 47, 76, 79, 80

Descriptive – other12 27 18, 21, 24, 28, 33, 35, 38, 39, 42, 48, 51, 
54-56, 59, 60, 62, 63, 66, 68-70, 72, 73, 
77-79

Longitudinal VMB changes 20 18, 21, 23, 25, 26, 33, 38, 39, 42, 49, 54, 
56, 59, 62, 63, 66, 67, 69, 77, 78

Extravaginal reservoirs13 6 34, 43, 47, 55, 56, 61

VMB associations with HIV 11 20, 30, 40, 44, 45, 46, 48, 51, 53, 58, 77

VMB associations with HPV 5 46, 56, 66, 71, 74

VMB associations with other STIs 4 51, 64, 72, 79

VMB associations with other infections14 5 27, 32, 47, 65

VMB associations with non-infectious 
reproductive health outcomes

4 32, 49, 69, 78

VMB associations with immune 
activation

1 22

TOTal 105

BV = bacterial vaginosis; DGGE =Denaturing Gradient Gel Electrophoresis; HIV = human immunodeficiency virus; HPV = hu-
man papillomavirus; IVF = in-vitro fertilisation; LH-PCR = Length Heterogeneity PCR; NGS = next generation sequencing; 
qPCR = quantitative polymerase chain reaction; Randomly Amplified Polymorphic DNA (RAPD); STD clinic = sexually trans-
mitted disease clinic; STI = sexually transmitted infection; TRLFP = Terminal Restriction Fragment Length Polymorphism; 
USA = United States of America; VMB = vaginal microbiota; WSW= women having sex with women.
1Until 15 November 2013;
2One article could include more than one category;
3Europe other: Sweden (4), Greenland (1), Estonia (1), Austria (1);
4Asia other: Japan (2), South Korea (1);
5East Africa: Kenya (3), Tanzania (1);
6West Africa: Burkina Faso (1), Ghana, Togo, Guinea and Mali (1);
7Central America: Mexico (2), Costa Rica (1);
85 publications representing only 3 studies;
9Genes sequenced: 16S rRNA gene V1–V2 (8), V2–V3 (2), V3 (2), V3–V5 (3), V4–V6 (2), V6 (2), V6–V9 (1), chaperonin gene (1), 
and not reported (1);
10Fingerprinting techniques used: TRFLP (5), DGGE (5), RAPD (2), and LH-PCR (1);
11Hybridisation techniques used: DNA microarray (4) and Luminex (oligonucleotides coupled to beads; 1);
12Descriptive other includes effects of race/ethnicity, pregnancy, menstrual cycle, menopause, tampon/pad use, vaginal 
douching, sexual debut and other sexual and contraceptive behaviours;
13Cervical or endometrial microbiota (3) and oral and/or rectal reservoirs (3);
14Other confirmed infections: Candidiasis (2), cervicitis (1), endometritis (1), and gingivitis (1).
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genera, and four studies using qualitative multiplex PCR. Other molecular techniques 
included DNA fingerprinting techniques (13), phylogenetic DNA microarrays (4), and 
hybridization to oligonucleotide probes coupled to beads (1). One of the main aims 
in all articles was to describe the VMB in a particular study population, and 20 articles 
included longitudinal data (indicated in Table 1 as longitudinal VMB changes); three ar-
ticles also described cervical and/or endometrial microbiota and three rectal and/or oral 
reservoirs of vaginal bacteria; and 17 employed a clustering technique to characterize 
bacterial communities.

definitions used for a healthy vmB and for Bv

Most of the 63 articles that we reviewed used a Nugent score of 0-3 to define a healthy 
VMB (26 articles), with an additional 12 using a Nugent score of 0-3 plus the presence of 
fewer than three Amsel criteria, and nine using a Nugent score of 0-6. Fourteen articles 
did not provide a definition, and the remaining 27 articles used a variety of definitions 
based on microscopy, vaginal pH, and clinical symptoms. In the 37 articles that described 
a comparison between a healthy VMB and BV, BV was mostly defined as a Nugent score 
of 7-10 (20 articles), with an additional nine using a Nugent score of 7-10 plus the pres-
ence of three or more Amsel criteria, and the remaining eight using a variety of other 
definitions based on microscopy and clinical symptoms.

vaginal bacterial communities by clustering

The 17 studies that used a clustering technique to characterize the composition of VMB 
bacterial communities can be subdivided into those that used comprehensive data 
based on next generation sequencing of DNA extracted from vaginal samples (10 ar-
ticles) [36, 40, 42, 48, 56, 58, 60, 65, 71, 72] and those that used less comprehensive data 
by sequencing DNA of bacterial culture colonies (2) [28, 50], fingerprinting (3) [24, 31, 
35], or qPCR (2) [62, 79] (Table 2). The articles included different study populations and 
employed a variety of molecular and clustering procedures, but consistent clustering 
patterns can be discerned nonetheless. A total of three to nine clusters were described. 
The majority of studies found one cluster dominated by L. iners (15 articles) and one 
dominated by L. crispatus (11) (Table 2). Clusters dominated by L. jensenii (2 articles), L. 
gasseri (5), or G. vaginalis (4) were less common. Clusters containing high proportions 
of multiple Lactobacillus spp., or Lactobacillus spp. combined with G. vaginalis, were 
described in eight articles.

All studies identified at least one cluster that was not dominated by a single taxon, but 
contained mixtures of anaerobes with or without Lactobacillus spp. (Table  2). These 
clusters typically contained L. iners (sometimes L. gasseri) and G. vaginalis, plus mixtures 
of other strict or facultative anaerobic bacteria. In the ten studies that employed next 
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generation sequencing of DNA extracted from vaginal samples, the 25 most abundant 
taxa consistently (in at least 50% of studies) included the following additional taxa: 
A. vaginae, Eggerthella spp., Mobiluncus spp., Lachnospiraceae (including the species 
BVAB1-3), Dialister spp., Megasphaera spp., Parvimonas (formerly Peptostreptococcus) 
spp., Veillonella spp., Streptococcus spp., Staphylococcus spp., Gemella spp., Prevotella 
spp., Porphyromonas spp., Bacteroides spp., Sneathia spp., Leptotrichia spp., Mycoplasma 
spp., Ureaplasma spp., and Escherichia/Shigella spp. Other bacterial taxa were often 
found but either in low abundance or not consistently. Most articles identified more 
than one cluster with mixed taxa; these clusters typically did not differ significantly in 

Table 2. Vaginal microbiota communities identified by clustering techniques in 17 articles.

Cluster molecular techniques1 references Total

Dominated by Lactobacillus crispatus All except qPCR2 24, 31, 35, 36, 40, 42, 
50, 56, 65, 71, 72

11

Dominated by L. iners All 24, 31, 35, 36, 40, 42, 
48, 50, 56, 58, 60, 65, 
71, 72, 79

15

Dominated by L. jensenii Direct sequencing and fingerprinting 35, 42 2

Dominated by L. gasseri Direct sequencing and fingerprinting 31, 35, 36, 42, 56 5

Dominated by lactobacilli but 
unspecified

Sequencing of culture colonies 28 1

Dominated by lactobacilli but 
multiple species

All 24, 35, 60, 62, 65 5

Dominated by Gardnerella vaginalis Direct sequencing and qPCR 40, 48, 56, 79 4

Mixture of lactobacilli and G. vaginalis Direct sequencing and sequencing of 
culture colonies

28, 40, 56 3

Mixture of lactobacilli, G. vaginalis and 
other anaerobes3

All except qPCR 28, 31, 42, 48, 56, 58, 
60, 65

8

Mixed anaerobes3 with few/no 
lactobacilli

All 24, 28, 35, 36, 40, 50, 
56, 58, 60, 62, 71, 
72, 79

13

Dominated by aerobes4 Direct sequencing and fingerprinting 35, 58, 65 3

qPCR = quantitative polymerase chain reaction.
1Includes direct sequencing (next generation sequencing) of DNA extracted from vaginal samples (10), 
sequencing of culture colonies (2), fingerprinting (3), and qPCR (2); the 5 studies using DNA hybridisation 
techniques did not employ data clustering and this technique is therefore not represented in this table.
2One qPCR study only assessed L. iners and the other qPCR study did not find clusters dominated by just 
one Lactobacillus species.
3Other than Lactobacillus spp., the 25 most abundant taxa in the 10 direct sequencing studies consistently 
(in at least 50% of studies) include: Phylum Actinobacteria: G. vaginalis, A. vaginae, Eggerthella spp., Mo-
biluncus spp.; Phylum Fermicutes: Lachnospiraceae (including BVAB1-3), Dialister spp., Megasphaera spp., 
Parvimonas (formerly Peptostreptococcus) spp., Veillonella spp., Streptococcus spp., Staphylococcus, spp., 
Gemella spp.; Phylum Sfingobacteria: Prevotella spp., Porphyromonas spp., Bacteroides spp.; Phylum Fuso-
bacteria: Sneathia spp., Leptotrichia spp.; Phylum Tenericutes: Mycoplasma spp., Ureaplasma spp.; Phylum 
Proteobacteria: Escherichia/Shigella spp.
4Includes Streptococcus spp., Staphylococcus spp., Escherichia/Shigella spp., Proteus spp.
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the total number or types of bacterial taxa present but they did differ in their relative 
proportions. We were not able to discern consistent patterns across studies. Only three 
of the 17 articles reported clusters dominated by streptococci, staphylococci, Proteus 
spp., or Escherichia/Shigella spp. (Table 2).

longitudinal vmB patterns

One of the conclusions of the Human Microbiome Project was that within-subject mi-
crobiota variation over time was lower than between-subject variation for all habitats, 
including the vagina [67]. Similarly, several longitudinal VMB studies showed that a 
majority of women have a stable VMB microbiome [23, 26, 54, 59, 62]. A study in post-
menopausal women showed that the VMB is usually stable in that group as well [49]. 
However, while one study suggests that an increased VMB diversity is associated with a 
decreased stability [23], others suggest that this is not necessarily the case: for example, 
a BV-associated VMB can be stable and persist for a long time [59]. The few articles that 
describe VMB transitions in molecular detail agree that women who have a L. crispatus-
dominated VMB at baseline are less likely to transition to a BV-associated VMB than 
women who have a L. iners-dominated VMB [33, 30, 59]. The study that evaluated VMB 
transitions in the greatest detail found that a L. crispatus VMB more often transitions to 
a L. iners-dominated or mixed lactobacilli VMB than to a BV-associated VMB, and that a 
L. iners-dominated VMB compared to a L. crispatus-dominated VMB is twice as likely to 
transition to a BV-associated VMB [59]. Data on transitions related to L. jensenii, L. gasseri, 
and L. vaginalis-dominated VMBs are rare [33, 59]. One study in women who had clinical 
BV showed that BV is more likely to be persistent when BVAB1-3, Peptoniphilus lacrimalis, 
or Megasphaera type 2 are present in the VMB [21].

extravaginal reservoirs of vmB bacteria

The Human Microbiome Project also concluded that vaginal microbial communities are 
relatively ‘simple’ at genus-level compared to oral and gut communities, but have a higher 
diversity of Lactobacillus spp. [67]. Solt et al. identified 673 genera in the rectum, 275 in 
the mouth, and 112 in the vagina [81]. Three studies assessed the presence of lactobacilli 
and other VMB taxa in rectal and oral specimens, as well as vaginal specimens, to test 
the hypothesis that the gut and mouth act as extravaginal reservoirs of VMB bacteria 
[34, 55, 61]. Lactobacilli and various BV-associated bacteria were indeed often found in 
the rectum, while lactobacilli were sometimes, and G. vaginalis consistently, found in 
the mouth. In one study, women who had high quantities of G. vaginalis in the mouth 
or rectum, or Megasphaera, Leptotrichia, or Sneathia spp. in the rectum, were more likely 
to develop clinical BV during follow-up; in contrast, women who had L. crispatus in the 
rectum were less likely to develop clinical BV [61].
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vmB associations with traditional Bv diagnostics

More than half of the articles (37) described molecular VMB data in relation to BV diag-
nosis by Amsel and/or Nugent criteria [19-23, 25-27, 30, 32, 33, 37, 38, 40-42, 45, 47, 48, 
50-54, 56, 59, 60, 62, 63, 65, 67, 72, 73, 75, 76, 79, 80]. Two important areas of consensus 
emerged. First, almost all women carry vaginal lactobacilli regardless of their BV status 
by Nugent or Amsel criteria [19, 20, 22, 23, 25, 26, 33, 37-42, 45, 47, 48, 54, 59, 60, 62, 63, 
73, 76, 80] but L. crispatus is predominantly found in BV-negative women [20, 22, 23, 25, 
32, 33, 37, 38, 40, 42, 48, 50, 54, 59, 60, 62, 63, 65, 73, 75, 76, 80] whereas L. iners (and to 
a lesser extent L. gasseri) is also found in women with intermediate microbiota or BV [21, 
23, 25, 33, 37, 38, 40-42,47, 50, 54, 59, 60, 62, 63, 65, 73, 76, 79, 80]. This is also reflected in 
correlation studies, in which L. iners correlates well with BV-associated bacteria but not 
with L. crispatus [56, 65]. A second area of consensus is that BV diagnosis is characterized 
by increased bacterial diversity and the presence of the multiple taxa of (facultative) an-
aerobes that were described in the previous paragraph [19-23, 25-27, 30, 32, 33, 37, 38, 
40-42, 45, 47, 48, 50-54, 56, 59, 60, 62, 63, 65, 67, 72, 73, 75, 76, 79, 80]. qPCR studies con-
sistently report a decline in overall Lactobacillus load in BV, and an increase in bacterial 
loads of BV-associated bacteria [26, 41, 47, 62, 76, 80]. It is not yet clear from the studies 
we reviewed whether BV is associated with a higher overall bacterial load than healthy 
lactobacilli-dominated microbiota. Importantly, several studies showed that G. vaginalis 
and Prevotella spp. are often found regardless of BV status by Nugent or Amsel criteria, 
but their abundances increase in BV; furthermore, a synergistic effect between them was 
noted [26, 37, 41, 42, 62, 79]. The role of streptococci, staphylococci, and enterococci is 
generally not well described; when present, they are usually present in low abundance. 
One study (using DNA hybridization) reported that their presence in the VMB did not 
differ by BV status [32], whereas another study (also using DNA hybridization) reported 
higher levels in women with intermediate microbiota by Nugent score [22].

Higher bacterial diversity and/or higher levels of individual BV-associated bacteria are 
consistently associated with a higher vaginal pH [30, 42, 60, 67, 72, 80] and Nugent score 
[42, 47, 51, 80]. Vice versa, increasing abundance of lactobacilli is consistently associ-
ated with a lower vaginal pH [30, 40, 67, 80] and Nugent score [80]. Associations with 
the other Amsel criteria have been less well studied, but one study found that only the 
Leptotrichia and Eggerthella genera were associated with all four Amsel criteria [60].

vmB associations with other clinical outcomes

Vaginal colonization with Candida spp. seems more common in women with a lactoba-
cilli-dominated VMB than in women with BV [26, 31, 72], as had been noted previously 
in epidemiological studies using traditional diagnostic methods [11]. In contrast, T. vagi-
nalis has often been strongly associated with BV in the past, and this was confirmed in a 
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study using 454 sequencing [64]. Convincing patterns of associations between bacterial 
sexually transmitted infections (STIs) and the molecular composition of the VMB did not 
emerge, most likely due to the fact that women with bacterial STIs were often excluded 
or the prevalence rates were low.

Eleven studies assessed the VMB by HIV status [20, 30, 40, 44-46, 48, 51, 53, 58, 77] and 
five studies by HPV status [46, 56, 66, 71, 74]. One study found no relationship between 
HIV and the VMB [53], but most found trends towards decreased lactobacilli (and par-
ticularly L. crispatus) [44, 46, 48] and increased bacterial diversity [45, 51], particularly in 
women who had both HIV as well as BV by Nugent score [20]. Similar trends were found 
related to HIV-1 RNA load in the genital tract [30, 77]. One study found an increased 
prevalence of E. coli-dominated VMB in HIV-positive women [48], and another one found 
increased HIV transmission from mother to child with increasing VMB diversity in the 
mother (although this did not reach statistical significance) [58]. HPV also seems to be 
associated with a reduction in lactobacilli [71] and increased VMB diversity [46, 71, 74]. 
In one study, Sneathia spp. were strongly associated with the presence of high risk HPV 
[71].

The cervical microbiota are similar to the VMB, except that bacterial loads are lower 
[47]. A comprehensive qPCR study showed that cervical bacterial diversity is highest 
in women with BV, followed by women with cervicitis and healthy women, with only 
small differences between the latter two; BV was associated with a dramatic reduction 
in lactobacilli in the vagina and cervix, whereas cervicitis with a reduction in the cervix 
only [47]. The authors conclude that the VMB does not play a large role in cervicitis. 
Another study found good agreement between PCR results of five BV-associated spe-
cies in cervical and endometrial samples of women with pelvic inflammatory disease, 
although this did not reach statistical significance [27].

BV and gingivitis were also reported to be associated, with counts of P. bivia, P. disiens, 
M. curtisii, and M. mulieris being particularly high in women with both BV and gingivitis 
[32]. Finally, a lactobacilli-dominated VMB was associated with a reduced risk of pre-
term birth, a higher likelihood of IVF resulting in a live birth, and a reduced risk of vaginal 
dryness in postmenopausal women in one study each [49, 69, 78].

We found only one study that correlated molecular VMB composition (using both 
culture and a DNA-DNA checkerboard including L. iners and 12 BV-associated species) 
with vaginal immune responses [22]. Total viable bacterial counts and the presence of 
BV-associated bacteria were positively associated with cervicovaginal IL-1α and IL-1β 
(and BV-associated bacteria also with IL-6 and IL-8), whereas L. iners was negatively as-
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sociated with IL-1α. The relationships with secretory leukocyte protease inhibitor (SLPI) 
were the other way around.

vmB associations with demographic and behavioural characteristics

Data on the association between the molecular VMB and age were inconsistent. Six 
studies did not find an association but four of these only included a narrow age range 
(exclusively reproductive age or postmenopausal women) [42, 49, 62, 72]; one study did 
not find a difference between reproductive age and postmenopausal women [76] and 
another one did not find a difference between adolescents and women of reproduc-
tive age [24]. However, three studies that quantified multiple Lactobacillus spp. found 
lower overall levels, as well as reduced L. crispatus levels and Lactobacillus diversity, in 
postmenopausal women compared to women of reproductive age [43, 55, 57].

Several articles report that Black African and African-American women compared to 
Caucasian or Asian women are less likely to carry L. crispatus, L. jensenii, L. gasseri and/or 
L. vaginalis and more likely to carry L. iners, and are more likely to have a higher bacterial 
diversity [35, 42, 60, 62, 77, 78]. One study found the same for U.S. Hispanic women [42].

Few studies found significant associations between the VMB at the molecular microbial 
level and sexual behaviour. However, detailed sexual behaviour data were mostly not 
collected, sample sizes were small, or analyses focused on risk factors for BV by Amsel 
or Nugent criteria even though bacterial molecular data were also available. One study 
found that the detection of prostate-specific antigen (as a marker of sexual activity 
within the last 48 hours) was negatively associated with L. crispatus and positively with 
L. iners and L. gasseri [62]. In another study, the prevalence of various BV-associated bac-
terial genera was increased with an increasing number of sexual partners [51]. Finally, 
a comprehensive study found a slight gain of G. vaginalis after sexual debut, but no 
significant gain of other BV-associated bacteria or loss of lactobacilli [66].

Even though most studies that evaluated the influence of the menstrual cycle were 
small, they consistently suggest that high levels of oestradiol (assessed by phase in 
the menstrual cycle or in serum of IVF patients) promote lactobacilli, and particularly 
L. crispatus [18, 59, 69, 70]. Studies also consistently suggest that menses is the larg-
est disturbing factor during the menstrual cycle, with sometimes large reductions in 
lactobacilli [38, 59, 62, 63], shifts from L. crispatus to L. iners [38, 70], or the appearance 
of BV-associated bacteria, streptococci or other Gram-positive cocci [54, 70]. Pregnancy, 
which is also accompanied by high oestradiol levels, is associated with high levels of 
lactobacilli, particularly L. crispatus, and low bacterial diversity [55, 68]. However, one 
study found an increasing bacterial diversity in late term pregnancies [68]. In another 
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study, a VMB dominated by L. iners or L. gasseri in the first trimester was more likely to 
evolve to BV later on during pregnancy; L. crispatus had the opposite effect [33].

disCussiOn

Despite the fact that many different molecular techniques and operating procedures 
with specific advantages and disadvantages have been used (reviewed in [14]) and 
despite the fact that these technical differences can result in under- or overrepresen-
tation of bacterial species [82], we found several areas of consensus about the VMB 
composition. Studies have now conclusively shown that lactobacilli-dominated VMB are 
associated with a healthy vaginal micro-environment, and that BV is best described as 
a polybacterial dysbiosis: the Lactobacillus load decreases, and both the diversity and 
bacterial load of other (facultative) anaerobic bacteria increase [24, 28, 31, 35, 36, 40, 
42, 48, 50, 56, 58, 60, 62, 65, 71, 72, 79]. Furthermore, the bacteria associated with this 
dysbiosis are now well described [24, 28, 31, 35, 36, 40, 42, 48, 50, 56, 58, 60, 62, 65, 71, 72, 
79]. Some are consistently found (G. vaginalis, A. vaginae, bacteria in the Lachnospiraceae 
family (including BVAB1-3), and species in the following genera: Prevotella, Eggerthella, 
Dialister, Megasphaera, Sneathia, Leptotrichia, Parvimonas (formerly Peptostreptococcus), 
Veillonella, Bacteroides, Mobiluncus, Porphyromonas, Mycoplasma, Ureaplasma, Strep-
tococcus, Staphylococcus, Gemella, and Escherichia/Shigella) whereas others are not 
consistently found but can be part of a long tail of minority species. G. vaginalis and Pre-
votella spp. are also often present in healthy women, but their bacterial loads increase 
significantly in dysbiosis. Consensus is also emerging about the relative importance of 
different Lactobacillus species: L. iners is present in almost all women worldwide includ-
ing those with dysbiosis; L. crispatus is mostly present in healthy women and might be 
less common in women of African or Hispanic descent; and L. jensenii, L. gasseri, and L. 
vaginalis are much less common [24, 28, 31, 35, 36, 40, 42, 48, 50, 56, 58, 60, 62, 65, 71, 
72, 79]. Furthermore, longitudinal studies have shown that a L. crispatus-dominated VMB 
might transition to a L. iners-dominated VMB but is less likely to transition directly to a 
dysbiotic state (and vice versa) [33, 59]. The gut, and to a lesser extent the mouth, serve 
as extravaginal reservoirs of common VMB bacteria [34, 55, 61].

An increase of bacterial diversity and BV-associated bacteria is consistently associated 
with an increase in Nugent score and/or vaginal pH, but not with the other three Amsel 
criteria [30, 42, 47, 51, 60, 67, 72, 80]. This is reassuring because our current knowledge 
about the epidemiology of vaginal dysbiosis is mostly based on Nugent scoring. A 
recent study by Srinivasan and colleagues, however, questioned the microbial interpre-
tation of Nugent scoring [83]. This study showed that the Mobiluncus morphotype more 
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likely represents BVAB-1 than Mobiluncus spp., and the Bacteroides morphotype more 
likely represents Porphyromonas and Prevotella spp. than Bacteroides spp. While these 
are important observations, the clinical relevance is unclear because all of these bacte-
rial species are associated with vaginal dysbiosis. The composition and significance of 
the intermediate Nugent category remains unclear. One molecular study suggested 
that this category is a transition state from a lactobacilli-dominated VMB to dysbiosis 
or vice versa [40], but another study found an association with VMB clusters dominated 
by the facultative anaerobic bacteria that have been implicated in aerobic vaginitis [4, 
22]. While it is important to investigate this further to allow for the proper interpretation 
of epidemiological studies that have used/are using Nugent scoring to characterize 
the VMB, it is likely that future studies will replace Nugent scoring by molecular VMB 
characterization and quantification.

We found much less consensus on VMB associations with sociodemographic, behav-
ioural, and clinical characteristics, mostly because few studies were designed to evaluate 
these. Three areas of consensus stood out: vaginal colonization with Candida spp. was 
consistently more common in women with a lactobacilli-dominated VMB than women 
with bacterial dysbiosis [26, 31,72], infection with Trichomonas vaginalis is associated 
with vaginal dysbiosis [64], and a high level of oestradiol is consistently associated with 
lactobacilli [18, 59, 69, 70]. The latter is also supported by many studies that evaluated 
the VMB by microscopy (reviewed in [84]). The data on the associations between the 
VMB and HIV and HPV infection are not entirely consistent but also point in the direc-
tion of decreased lactobacilli and increased bacterial diversity when a STI is present. We 
recently confirmed this in a study in women at high risk of HIV and other STIs in Rwanda 
[85]. This study showed that women with L. crispatus-dominated VMB had the lowest 
prevalence of HIV, HPV and herpes simplex type 2 (and had no bacterial STIs), with a 
slight increase in women with a L. iners-dominated VMB, and a significant increase in 
women with vaginal dysbiosis. A similar trend was found for HIV-1 RNA shedding in the 
genital tract of HIV-positive women. Since the study was cross-sectional, the temporality 
of these relationships remains to be elucidated.

It is worth emphasizing that the molecular studies did not identify large VMB differences 
between adolescent, reproductive age, and postmenopausal women [24, 79], except 
in postmenopausal women with vaginal atrophy and dryness [49]. Postmenopausal 
women have lower oestrogen levels, which might lead to less protection from dysbiosis. 
However, they no longer menstruate, and are therefore protected from the potentially 
negative effects of menstrual blood and increased vaginal pH on the VMB.
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Our review also highlighted many research gaps. Most importantly, we still do not 
sufficiently understand how the VMB is established and maintained, and how bacterial 
dysbiosis develops and resolves. In particular, the roles of L. crispatus (which seems to 
inhibit dysbiosis), L. iners (which does not seem to inhibit dysbiosis), and G. vaginalis and 
Prevotella spp. (which are often present in healthy women in low abundance but greatly 
increase in abundance in the dysbiotic state) are not well understood. The role of L. iners 
is particularly controversial [9, 86, 87]. L. iners is well adapted to the vaginal niche, is 
present in many different types of VMBs, and often persists after antibiotic treatment. 
This could mean that L. iners easily tolerates the presence of other bacteria (which in 
turn could lead to dysbiosis), or that it helps to restore a lactobacilli-dominated VMB 
during and after dysbiosis and/or antibiotic treatment. One appealing hypothesis re-
garding the development of dysbiosis is the formation of a vaginal biofilm [88]. Current 
evidence suggests that G. vaginalis can be present in the vagina as dispersed bacteria or 
as biofilm-associated (cohesive) bacteria, with the former associated with a lower total 
bacterial load than the latter [89]. In-vitro studies suggest that when the concentration 
of G. vaginalis increases, it starts to adhere to the vaginal epithelium, providing a scaf-
folding to which other species adhere [90]. Initial human biopsy studies focused on A. 
vaginae as another potentially important biofilm member [91], and one study found that 
L. iners increases G. vaginalis adherence in-vitro (although this did not reach statistical 
significance) [92]. However, more research is needed to properly evaluate the potential 
role of all relevant lactobacilli and dysbiosis-associated bacteria in biofilm formation. 
Furthermore, it is not yet entirely clear whether the dispersed and cohesive forms of 
G. vaginalis represent different G. vaginalis strains. Recent studies revealed that differ-
ent G. vaginalis strains have different metabolic and virulence properties [93], encode 
different types of biofilm-associated proteins [94], and behave differently in in-vitro 
biofilm experiments [95]. The biofilm hypothesis might explain the high persistence and 
recurrence rates of dysbiosis because bacteria in the biofilm are dormant and therefore 
less susceptible to antibiotics [88]. In addition, the extracellular matrix surrounding the 
bacteria in the biofilm inhibits penetration of lactic acid, natural antimicrobial com-
pounds, and antibiotics [88]. However, other explanations, such as reinfection by sexual 
partners and spore formation, might also play a role [21]. The biofilm hypothesis might 
also explain why Candida spp. more commonly overgrow when only dispersed bacteria 
are present and epithelial cells are exposed: Candida needs to attach to epithelial cells 
to thrive in the vagina [96].

Whether bacterial dysbiosis is symptomatic or not most likely depends on the degree 
and nature of the dysbiosis, bacterial loads, type and quantity of virulence factors 
expressed by bacteria, and the intensity and nature of the host’s immune responses 
[97]. ‘Thresholds’ (in terms of bacterial loads and diversity) might exist. While most of 
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the above-mentioned dysbiosis-associated bacteria are never pathogenic in immune-
competent hosts, streptococci, staphylococci and E. coli can cause invasive disease 
when present in sufficiently high abundance. S. agalactiae has been particularly well 
studied in that regard, and studies have indeed shown that the greater the density 
of colonization, the greater the probability of invasive disease in postpartum women 
and their neonates [98]. Only three molecular studies included in our review reported 
VMB clusters dominated by streptococci, staphylococci, and/or E. coli [35, 58, 65] but 
many additional studies showed presence of these bacteria in low abundance; this is in 
agreement with studies using selective culture media [7]. In-vitro studies confirm that 
S. agalactiae only inhibits growth of other bacteria at concentrations higher than 109 
colony forming units per ml (but does not inhibit S. aureus and E. coli), and such high 
concentrations are rarely seen in vivo [98]. If aerobic vaginitis is defined as a VMB com-
position dominated by these bacteria, we conclude that it does exist but is not common. 
Future studies of invasive infections by streptococci, staphylococci, and E. coli should 
determine vaginal concentrations and not just vaginal presence.

We also do not yet sufficiently understand the metabolic synergies and dependencies of 
the various bacterial communities that are commonly found in the vagina. Recent stud-
ies have focused on L. iners, which is present in almost all women worldwide, in healthy 
and dysbiotic states. These studies suggest that L. iners is highly adapted to the vaginal 
compartment [9, 86], but it differentially expresses over 10% of its genome in dysbiotic 
compared to healthy states, with increased expression of a cytolysin, mucin, glycerol 
transport and related metabolic enzymes [87]. These changes likely result in the produc-
tion of succinate and other short-chain fatty acids as the end product of metabolism 
as opposed to lactic acid, leading to an increased vaginal pH. L. iners might also be the 
first Lactobacillus species to recover after dysbiosis [59], which suggests a bidirectional 
relationship between L. iners and vaginal pathogens or dysbiosis. Other studies have 
noted synergistic effects between G. vaginalis and Prevotella spp., perhaps due to meta-
bolic dependencies [91, 98]. At the moment, metagenomic studies of vaginal bacteria 
are ongoing but difficult to conduct because the public sequence databases do not yet 
contain all relevant bacterial genomes.

While molecular techniques have significantly improved our understanding of the VMB, 
some limitations should be noted. Molecular techniques detect viable as well as non-vi-
able organisms, some cannot reliably differentiate species within a genus, some cannot 
adequately detect minority species, and most are not fully quantitative. We have taken 
this into account in our data interpretations as much as possible. Furthermore, even 
when the same molecular techniques were used, different laboratories used different 
operating procedures. Not all of these are important, but some (such as DNA extraction 
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methods, amplification platform, choice of amplification target or of variable 16S region, 
choice or design of primers, and the presence or absence of proper negative controls to 
detect contamination) might result in significant inter-laboratory variation [14]. We were 
fully aware of these limitations and therefore focused this review on areas of consensus.

Now that the VMB of women with and without dysbiosis in different parts of the world 
have been well described, and molecular techniques have become more accessible 
and affordable, we believe that the time has come to incorporate these techniques into 
larger epidemiological studies with clinical outcomes. These studies should investigate 
the aetiology and pathogenesis research gaps that were outlined above, but also pos-
sible transmission patterns of VMB bacteria, and the temporal relationships between the 
VMB and adverse reproductive health outcomes, such as HIV/STIs, pelvic inflammatory 
disease, adverse pregnancy outcomes, and invasive infections in pregnant/postpartum 
women and their neonates. At the moment, most treatment guidelines only advise clini-
cians to treat symptomatic vaginal dysbiosis, but this might have to be re-evaluated in 
specific at risk population groups (such as pregnant women or women highly exposed 
to HIV) if dysbiosis is identified as a strong risk factor for adverse outcomes in sufficiently 
powered longitudinal studies. In parallel, interventions that prevent dysbiosis, disrupt 
biofilms, and restore and maintain lactobacilli-dominated microbiota, should continue 
to be optimized and tested. The VMB studies discussed in this review have provided 
us with the tools to properly evaluate the safety and efficacy of such interventions. If 
safe, efficacious and affordable interventions are identified, they could potentially have 
a significant public health impact.
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aBsTraCT

In many unsupervised learning problems, data can be available in different representa-
tions, often referred to as views. By leveraging information from multiple views we can 
obtain clustering that is more robust and accurate compared to the one obtained via 
the individual views. We propose a novel algorithm that is based on neighbourhood 
co-regularization of the clustering hypotheses and that searches for the solution, which 
is consistent across different views. In our empirical evaluation on publicly available 
datasets, the proposed method outperforms several state-of-the-art clustering algo-
rithms. Furthermore, application of our method to recently collected biomedical data 
leads to new insights, critical for future research on determinants of the cervicovaginal 
microbiome and the cervicovaginal microbiome as a risk factor for the transmission of 
HIV. These insights could have an influence on the interpretation of clinical presentation 
of women with bacterial vaginosis and treatment decisions.
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inTrOduCTiOn

The multi-view paradigm [1-3] is particularly suitable for learning on datasets having 
more than a single data representation. A classic example is a web document classifi-
cation task [1], where documents are represented via two different views - one that is 
based on the links and another one based on the text document. Complex, structured 
data with multiple representations are frequently encountered in the biomedical 
domain, making multi-view methods a natural application choice. Although in many 
circumstances the individual data representation can be sufficient for training a model, 
a combination of the multiple views can lead to more robust and accurate predictions 
compared to the ones obtained via the individual views.

The multi-view paradigm has been successfully applied to various learning problems 
such as semi-supervised classification e.g. [4], regression e.g. [5], preference learning e.g. 
[6] and clustering e.g. [3, 7]. Our work concerns an unsupervised multi-view learning al-
gorithm that builds upon the spectral clustering method [8, 9]. The proposed algorithm 
is conceptually different from the existing methods as it uses novel neighbourhood 
co-regularization technique to adapt cluster assignments for different views. Unlike in 
previous studies that consider aggregation of clusters based on the individual data rep-
resentations e.g. [10-13], our method promotes consistent cluster assignments across 
multiple views and penalizes solutions that differ significantly. The closest in spirit to our 
method is the recent work described in [7], where for the first time a co-regularization 
framework was successfully applied to a clustering task. However, our co-regularization 
approach is fundamentally different and is geared towards solutions that capture local/
neighbourhood-based relations in the dataset. Furthermore, the optimization problem 
in our work differs from [7] and leads to a simpler closed form solution with fewer terms 
involved.

We apply the proposed method to a recently collected biomedical dataset from a study 
aimed at investigating cervicovaginal microbiome compositions. As the determination 
of microbial community compositions is becoming increasingly complex due to new 
molecular laboratory methods, unsupervised learning techniques have become an es-
sential part of microbiome studies, e.g.[14, 15]. We demonstrate that, unlike in previous 
studies, the proposed neighbourhood co- regularized multi-view spectral clustering al-
gorithm (NCMSC) identifies distinct clusters within the group of women with a “healthy” 
cervicovaginal microbiome and within the group of women with bacterial vaginosis 
(BV). Our observation will aid the analysis of the determinants of the cervicovaginal mi-
crobiome and the cervicovaginal microbiome as risk factor for other adverse outcomes, 
such as transmission of sexually transmitted infections (STIs) and HIV.
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neigHBOurHOOd CO-regularized mulTi-view sPeCTral ClusTering

Consider we are given a dataset containing multiple representations. Let X(𝑣) = {x(𝑣)
i }n

i=1  
Note that here superscript 𝑣 denotes the representation for a single view. Let A(𝑣) de-
note an adjacency matrix of the graph constructed using the data representation in a 
view 𝑣. We can write the normalized Laplacian matrix as L(𝑣) = D(𝑣)-1/2A(𝑣)D(𝑣)-1/2, where 
D(𝑣) is the corresponding degree matrix. Following [8] the standard special clustering 
problem (or single view spectral clustering [7]) solves the optimization problem

 

min
!(!)∈ℛ!  ×  !

𝑡𝑡𝑡𝑡 𝑄𝑄 ! !𝐿𝐿(!)𝑄𝑄(!) ,	  	  s.t.    𝑄𝑄 ! !𝑄𝑄(!) = 𝐼𝐼  

	  
 

(1)

where 𝑄(𝑣) ∈ ℛ𝑛 × 𝑐 denotes the cluster assignment matrix and 𝑐 is number of predefined 
clusters. In spectral clustering the final cluster membership is obtained by applying the 
k-means algorithm on the rows of the matrix 𝑄(𝑣).The algorithm we propose extends the 
standard spectral clustering framework by using neighbourhood co-regularization tech-
niques that naturally allow to leverage information from multiple views. Let us denote 
the cluster assignment matrix 𝑄(𝑣) = (q(𝑣)

1 ,…, q(𝑣)
c )𝑇. Slightly overloading our notation, we 

denote the confidence that a data point 𝑥𝑗 belongs to the cluster 𝑐 as [qc]j. For simplicity, 
in the derivations below we omit the cluster index.

We define the 𝑘 neighbors of data point x(𝑣)
i  as 𝑁 (x(𝑣)

i ) = {x(𝑣)
i1

,…, x(𝑣)
ik

} or 𝑋(𝑣)
i  = (x(𝑣)

i1

,…, x(𝑣)
ik

)𝑇 ∈ ℛ𝑘× 𝑑 where 𝑑 is the dimensionality of the data point in a view 𝑣. Also, the 
corresponding cluster assignments can be written as q(𝑣)

i  = (q(𝑣)
i1

,…, q(𝑣)
ik

)𝑇 ∈ ℛ𝑘. Below 
we generalize local linear regularization [16, 17] to a multi-view setting. In our setting, 
for each data point x(𝑣)

i , projections 𝑊𝑖 = (𝐰(1)
i ,…, 𝐰(M)

i )𝑇 ∈ ℛ𝑀× 𝑑 are learned via min𝐰(𝑣)
i

 
𝐽(𝑊𝑖), where
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the rows of the matrix 𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣).The algorithm we propose extends the standard spectral clustering 
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promotes agreement among different views on the obtained clustering. Once the local predictors for 
all views have been constructed (see Appendix) we can compute the sum of the prediction errors for 
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(1) 

 

(2)

The first term in equation (2) stands for a multi-view version of the problem where we 
aim to find a weight vector that corresponds as closely as possible to the optimal cluster-
ing solution, the second term is the L2 regularization on the weight vector 𝐰(𝑣)

i , and the 
third term is a co-regularization that promotes agreement among different views on the 
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obtained clustering. Once the local predictors for all views have been constructed (see 
Appendix) we can compute the sum of the prediction errors for all clusters

31 
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𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣)∈𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛 × 𝑐𝑐𝑐𝑐

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿(𝑣𝑣𝑣𝑣)𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣)� ,  s.t.  𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣) = 𝐼𝐼𝐼𝐼 

 
where 𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣) ∈ ℛ𝑛𝑛𝑛𝑛 × 𝑐𝑐𝑐𝑐 denotes the cluster assignment matrix and 𝑐𝑐𝑐𝑐 is number of predefined clusters. 
In spectral clustering the final cluster membership is obtained by applying the k-means algorithm on 
the rows of the matrix 𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣).The algorithm we propose extends the standard spectral clustering 
framework by using neighbourhood co-regularization techniques that naturally allow to leverage 
information from multiple views. Let us denote the cluster assignment matrix  𝑄𝑄𝑄𝑄(𝑣𝑣𝑣𝑣) =
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 . Slightly overloading our notation, we denote the confidence that a data point 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 

belongs to the cluster 𝑐𝑐𝑐𝑐 as �q𝑐𝑐𝑐𝑐�𝑗𝑗𝑗𝑗. For simplicity, in the derivations below we omit the cluster index.  

 

We define the 𝑘𝑘𝑘𝑘 neighbors of data point x𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) as 𝑁𝑁𝑁𝑁 �x𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣)� = �x𝑖𝑖𝑖𝑖1
(𝑣𝑣𝑣𝑣), … , x𝑖𝑖𝑖𝑖𝑘𝑘𝑘𝑘

(𝑣𝑣𝑣𝑣)� or 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) =

�x𝑖𝑖𝑖𝑖1
(𝑣𝑣𝑣𝑣), … , x𝑖𝑖𝑖𝑖𝑘𝑘𝑘𝑘

(𝑣𝑣𝑣𝑣)�
𝑇𝑇𝑇𝑇
∈ ℛ𝑘𝑘𝑘𝑘×𝑑𝑑𝑑𝑑 where 𝑑𝑑𝑑𝑑 is the dimensionality of the data point in a view 𝑣𝑣𝑣𝑣. Also, the 

corresponding cluster assignments can be written as q𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) = �𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖1

(𝑣𝑣𝑣𝑣), … , 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖𝑘𝑘𝑘𝑘
(𝑣𝑣𝑣𝑣)�

𝑇𝑇𝑇𝑇
∈ ℛ𝑘𝑘𝑘𝑘. Below we 

generalize local linear regularization [16, 17] to a multi-view setting. In our setting, for each data 
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(1) 

where 𝐐 is a (𝑀n × 𝑐) matrix containing the cluster assignments for all views and 𝐇 
is a (𝑀n × 𝑀n) matrix containing predictions of the linear classifiers estimated via 
minimization of (2). Thus, the optimization problem we solve to determine cluster as-
signment matrices for all views is

 
min

𝐐𝐐∈ℛ!"×!
𝑡𝑡𝑡𝑡 𝐐𝐐! 𝐇𝐇− 𝐈𝐈 ! 𝐇𝐇− 𝐈𝐈 𝐐𝐐 ,   	  s.t.	      𝐐𝐐!𝐐𝐐 = 𝐈𝐈	  

	  
 

(3)

The above problem is closely related to the standard spectral clustering and the so-
lutions for all views are given by top-𝑐 eigenvectors of the matrix 𝐋=(𝐇−𝐈)𝑇(𝐇−𝐈). 
Similarly to [7] we can use any of the obtained cluster assignment matrices 𝑄(𝑣) in the 
final k-means step of the clustering algorithm. In our experiments, we observe no major 
dependence of the clustering performance on the choice of a particular 𝑄(𝑣).

related work

There have been a number of multi-view clustering algorithms proposed that build 
on the idea of leveraging information from different graphs/data representations. For 
example, in [10] the authors obtain a graph cut which on average is the most suitable 
for multiple graphs and provide a random walk formulation of the clustering problem. 
A clustering algorithm that constructs a graph based on nodes from two views and 
solves a standard spectral problem, is proposed in [11]. Other approaches for multi-view 
clustering fuse the information from multiple graphs based on matrix factorization [12] 
or consensus learning techniques [13].

The central idea behind all these methods is to construct clustering for the individual 
views and to reconcile them in the final solution. Our neighbourhood co- regularized 
multi-view clustering algorithm is conceptually different from these methods as the 
cluster assignments for the individual views are adapted based on neighbourhood 
co-regularization implemented via the third term in the equation (2). Informally, our 
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method promotes consistent cluster assignments across multiple views and penalizes 
solutions that differ significantly.

Recently an unsupervised learning algorithm using a co-regularization approach has 
been proposed in [7]. The co-regularization we propose here is notably different and 
is geared towards clustering that captures local/neighbourhood-based relations in the 
dataset. This in turn leads to a simpler closed form solution with fewer terms involved. 
Furthermore, our algorithm can be straightforwardly formulated as a kernel-based 
method, which can make it suitable for learning non-linear dependencies when estimat-
ing cluster assignments.

We also note that the co-regularization framework has recently attracted considerable 
attention in the machine learning community and proved to work well on a wide range 
of learning problems e.g. [2, 5, 6]. Moreover, theoretical investigations demonstrate that 
the co-regularization approach reduces the Rademacher complexity by an amount that 
depends on the “distance” between the views [18, 19]. We expect that a similar type of 
analysis can be applied to our algorithm and we aim to investigate this in the near future.

exPerimenTs On BenCHmark daTaseTs

To empirically validate the performance of the NCMSC algorithm, we compare the 
results of five algorithms on four benchmark datasets. Following [17] we select publicly 
available datasets, namely Newsgroup, UMIST, WebACE, and USPS.

To evaluate the performance of the algorithms, we compare the obtained clusters with 
the true class labels in each of the datasets. For this purpose we use two performance 
measures - clustering accuracy (ACC) and normalized mutual information (NMI) [13]. The 
clustering accuracy performance measure estimates the relationship between comput-
ed clusters and the class labels. Informally, it measures the extent to which data points 
contained in the clusters correspond to the class label and sums up matches between all 
class-cluster pairs. The normalized mutual information criterion reports mutual informa-
tion between the obtained clustering and the true clustering, normalized by the cluster 
entropies. NMI ranges between 0 and 1 with a higher value indicating a closer match to 
the true clustering.

In our experiments we compare the performance of the proposed NCMSC algorithm 
with four other clustering methods, namely k-means (K-Means), hierarchical clustering 
(HC), spectral clustering (SC), and co-regularized multi-view spectral clustering (CMSC) 
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[7]. For HC we use Euclidean distance. For NCMSC, CMSC and SC, the weights on data 
graph edges are computed by Gaussian functions. Similarly to [17] the variance is 
determined by local scaling. All regularization parameters in CMSC and our approach 
are determined by searching the grid {0.1, 1, 10}, and the neighbourhood size is set by 
searching the grid {20, 40, 80}. In the experiments we consider two views for the NCMSC 
and CMSC algorithms, which are created by partitioning of the feature vector into two 
parts (random partitioning has been successfully used in previous studies e.g. [5, 6]).

It can be observed from the Table 1 and Table 2 that the NCMSC algorithm performs bet-
ter compared to other clustering methods. We suggest that our algorithm outperforms 
CMSC due to the employed co-regularization procedure, which uses neighbourhood-
based cluster assignment models and, therefore, captures additional “local” relations in 

the data. Also, multi-view algorithms in general tend to perform better than their single 
view counterparts and k-means or hierarchical clustering tend to perform poorer than 
SC-based approaches.

exPerimenTs On a CerviCOvaginal miCrOBiOme daTaseT

We also apply the proposed NCMSC algorithm to a new biomedical dataset contain-
ing results from experiments on a single channel phylogenetic microarray designed to 
characterize cervicovaginal microbiota [20]. The dataset is from an ongoing study aimed 
at identifying groups of women with similar cervicovaginal microbial compositions, the 

Table 1. Clustering accuracy results

algorithm HC k-means sC CmsC nCmsC

UMIST 0.4127 0.4372 0.6432 0.6824 0.6914

USPS 0.7354 0.7399 0.9312 0.9561 0.9732

Newsgroup 0.3223 0.3234 0.5211 0.5734 0.5811

WebAce 0.3123 0.3131 0.4553 0.5625 0.5893

Table 2: Normalized mutual information results

algorithm HC k-means sC CmsC nCmsC

UMIST 0.6441 0.6481 0.7623 0.8121 0.8236

USPS 0.8231 0.8521 0.9732 0.9832 0.9917

Newsgroup 0.2114 0.2212 0.4962 0.5213 0.5283

WebAce 0.1323 0.1431 0.3842 0.5125 0.5298
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determinants of these compositions and their possible association with adverse repro-
ductive health outcomes.

dataset preparation

Data from microarray experiments are available for 196 cervical samples from women 
who participated in an observational prospective cohort study aimed at estimating 
the HIV-1 incidence in Kigali, Rwanda [21]. BV was diagnosed using Gram stain and 
microscopy using Nugent scoring [22], which is considered the golden standard. BV is a 
disruption of the cervicovaginal microbiome characterized by a reduction of lactobacilli 
and an increase of mostly anaerobic bacteria that leads to an increased risk of preterm 
birth and sexually transmitted infections [23-25]. A Nugent score of 0-3 was considered 
as BV negative, 4-6 as intermediate microbiota and 7-10 as BV positive.

We have followed standard microarray preprocessing strategies as described, for ex-
ample, in [26]. For each spot, signal over background ratios (S/B) are calculated. If the 
signal is not confidently above background [26], the S/B ratio is set at 1. Samples for 
which the positive controls (general bacterial probes) show a low S/B ratio, are discarded 
from the analysis. Lowess smoothing was performed for plate normalization.

The NCMSC algorithm is applied to the preprocessed dataset. The parameters and views 
are obtained as described in Section 3. We run NCMSC with predefined number of clus-
ters ranging from 3 to 10. Next, we compute the co-occurrence matrix [13] (see Figure 1) 
that reveals the true number of clusters in the data. For example, former research on 
the vaginal microbiome of asymptomatic American women described five clusters [15].

results

Based on the co-occurrence matrix six separate clusters are identified (see Figure 1). As 
would be expected, lactobacilli are present in most samples. The first cluster is dominat-
ed by Lactobacillus crispatus (all 3 probes targeted at L. crispatus/ L. kefiranofaciens give a 
positive signal in 8/11 samples), the second and largest by Lactobacillus iners (75-78/83 
samples have a positive signal for the three probes targeted at L. iners) and the third to 
sixth cluster by bacteria which are known to be associated with bacterial vaginosis, such 
as Gardnerella vaginalis, Atopobium vaginae, Mobiluncus mulieris, Prevotella spp., Dialister 
spp., Sneathia spp. and Megasphaera spp. Furthermore, comparing the obtained cluster-
ing to the diagnosis of BV by gram stain Nugent scoring shows that this diverse group 
is indeed associated with BV, while cluster I and II are associated with the absence of BV. 
Figure  1 shows the average Nugent score per cluster. Interestingly, the BV-associated 
group also divides into several clusters.
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Our analysis confirms the results of two recent studies, that is [14] in which 93% of women 
without BV had a vaginal microbial community dominated by either Lactobacillus crispa-
tus or Lactobacillus iners and [15] where clusters with low Nugent scores were dominated 
by respectively Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri and Lac-
tobacillus jensenii. Unlike in these studies, our approach clearly distinguishes between 
clusters within the lactobacilli-dominated group and within the BV-associated group.

Contrary to the benchmark datasets, there is no standardized way of comparing clus-
tering methods on this biomedical dataset. Although most of the methods were able 
to separate the BV-negative from the BV-positive group, only NCMSC is able to clearly 
identify and differentiate between six cluster groups. Other methods do not separate 
the Lactobacillus crispatus from the Lactobacillus iners cluster, even though scientific 
evidence increasingly shows that these should be separate clusters [14, 15].

figure 1. Co-occurrence matrix based on the clusters obtained by the NCMSC algorithm. Patients that 
often co-occur in different solutions receive a high co-occurrence score. I-VI: Number of the cervicovaginal 
microbiome community cluster. Average Nugent scoring per cluster based on gram stained microscopy 
denoted in coloured bar below the co-occurrence matrix. A Nugent score of 0-3 is considered negative for 
bacterial vaginosis (BV), 4-6 as an intermediate state and 7-10 as BV-positive.
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COnClusiOn

As the determination of microbial community compositions is becoming increasingly 
complex due to new molecular laboratory techniques, unsupervised learning methods 
have become an essential part of microbiome studies. In this paper we propose a novel 
algorithm for the analysis of complex microbiome data. Our work extends the spectral 
clustering method [8, 9] to a multi-view setting. We propose neighbourhood co-reg-
ularization approach to promote consistent cluster assignments across multiple views 
and to penalize the solutions that differ significantly. Our approach is fundamentally 
different from existing multi-view methods and is geared towards solutions that capture 
local/neighbourhood-based relations in the dataset.

We have evaluated the performance of the proposed algorithm on several publicly avail-
able datasets and applied our method to a recently collected microarray dataset. On all 
these datasets the NCMSC algorithm outperformed other clustering methods.

When applied to the microbiome data, besides confirming previous studies, the NCMSC 
algorithm identifies clusters within the lactobacilli-dominated group and within the 
BV-associated group. This observation will help to identify determinants of the cervi-
covaginal microbiome and cervicovaginal microbiome compositions associated with 
other adverse outcomes, such as transmission of STIs and HIV. BV is a difficult to treat 
condition and the separation of BV-positive women into clusters with different microbial 
compositions can potentially be important for clinical presentation and treatment deci-
sions.
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aPPendix

Given the matrix formulation of our optimization problem, we can find the following 
closed form for the solution. Taking the partial derivative of 𝐽(𝑊𝑖) with respect to w(𝑣)

i

we get
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Appendix  
Given the matrix formulation of our optimization problem, we can find the following closed form for 

the solution. Taking the partial derivative of 𝐽𝐽𝐽𝐽(𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖) with respect to w𝑖𝑖𝑖𝑖
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𝜕𝜕𝜕𝜕𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) 𝐽𝐽𝐽𝐽(𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖) = −2𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣) �𝐪𝐪𝐪𝐪𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) − 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣)� + 2λ𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣) 

− 4𝜈𝜈𝜈𝜈 � 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) �𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) − 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑢𝑢𝑢𝑢)𝑇𝑇𝑇𝑇𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(𝑢𝑢𝑢𝑢)� .

𝑀𝑀𝑀𝑀

𝑢𝑢𝑢𝑢,𝑣𝑣𝑣𝑣=1,𝑢𝑢𝑢𝑢≠𝑣𝑣𝑣𝑣

 

 

By defining 𝐺𝐺𝐺𝐺𝜈𝜈𝜈𝜈 = 2𝜈𝜈𝜈𝜈(𝑀𝑀𝑀𝑀 − 1)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇, 𝐺𝐺𝐺𝐺λ = λ𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇 and  𝐺𝐺𝐺𝐺 = 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑣𝑣𝑣𝑣)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣)𝑇𝑇𝑇𝑇, we can rewrite the above 

term as 
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) 𝐽𝐽𝐽𝐽(𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖) = 2�𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝜈𝜈𝜈𝜈 + 𝐺𝐺𝐺𝐺λ�𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
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(𝑣𝑣𝑣𝑣) 

 

By defining 𝐺𝜈=2𝜈(𝑀−1)𝑋(𝑣)
i 𝑋(𝑣)T

i ,𝐺λ=λ𝑋(𝑣)T
i  and 𝐺=𝑋(𝑣)

i 𝑋(𝑣)T
i , we can rewrite the above 

term as  
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−4𝜈𝜈𝜈𝜈 � 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(𝑢𝑢𝑢𝑢)𝑇𝑇𝑇𝑇𝐪𝐪𝐪𝐪𝑖𝑖𝑖𝑖
(𝑢𝑢𝑢𝑢).

𝑀𝑀𝑀𝑀
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At the optimum we have 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕w𝑖𝑖𝑖𝑖
(𝑣𝑣𝑣𝑣) 𝐽𝐽𝐽𝐽(𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖) = 0 for all views, thus we get the exact solution by solving  
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𝐺𝐺𝐺𝐺1 −2𝜈𝜈𝜈𝜈𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(1)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(2)𝑇𝑇𝑇𝑇 ⋯

−2𝜈𝜈𝜈𝜈𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(2)𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(1)𝑇𝑇𝑇𝑇 𝐺𝐺𝐺𝐺2 ⋯
⋮ ⋮ ⋱
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(1)
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𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
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⋮
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with respect to 𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖
(1), … ,𝐰𝐰𝐰𝐰𝑖𝑖𝑖𝑖

(𝑀𝑀𝑀𝑀). Note that the left-hand side matrix is positive definite and therefore 
invertible.  
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aBsTraCT

Cervicovaginal microbiota not dominated by lactobacilli may facilitate transmission of 
HIV and other sexually transmitted infections (STIs), as well as miscarriages, preterm 
births and sepsis in pregnant women. However, little is known about the exact nature 
of the microbiological changes that cause these adverse outcomes. In this study, cervi-
cal samples of 174 Rwandan female sex workers were analysed cross-sectionally using 
a phylogenetic microarray. Furthermore, HIV-1 RNA concentrations were measured in 
cervicovaginal lavages of 58 HIV-positive women among them. We identified six mi-
crobiome clusters, representing a gradient from low semi-quantitative abundance and 
diversity dominated by Lactobacillus crispatus (cluster R-I, with R denoting ‘Rwanda’) and 
L. iners (R-II) to intermediate (R-V) and high abundance and diversity (R-III, R-IV and R-VI) 
dominated by a mixture of anaerobes, including Gardnerella, Atopobium and Prevotella 
species. Women in cluster R-I were less likely to have HIV (P=0.03), herpes simplex virus 
type 2 (HSV-2; P<0.01), and high risk human papillomavirus (HPV; P<0.01) and had no 
bacterial STIs (P=0.15). Statistically significant trends in prevalence of viral STIs were 
found from low prevalence in cluster R-I, to higher prevalence in clusters R-II and R-V, 
and highest prevalence in clusters R-III/R-IV/R-VI. Furthermore, only 10% of HIV-positive 
women in clusters R-I/R-II, compared with 40% in cluster R-V, and 42% in clusters R-
III/R-IV/R-VI had detectable cervicovaginal HIV-1 RNA (Ptrend= 0.03). We conclude that L. 
crispatus-dominated, and to a lesser extent L. iners-dominated, cervicovaginal micro-
biota are associated with a lower prevalence of HIV/STIs and a lower likelihood of genital 
HIV-1 RNA shedding.
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inTrOduCTiOn

A healthy cervicovaginal microbiome consists predominantly of lactobacilli, which are 
thought to restrict growth of pathogenic bacteria by maintaining a low vaginal pH [1, 
2]. Clinical conditions associated with an altered cervicovaginal microbiome include 
bacterial vaginosis (BV) and vaginal candidiasis. BV is typically diagnosed using Amsel 
criteria [3] or Gram stain Nugent scoring [4] and vaginal candidiasis by microscopy and/
or culture of Candida species.

The human cervicovaginal microbiome has an important role in protecting women and 
neonates from diseases, such as pelvic inflammatory disease [5], preterm birth [6] and 
sepsis [7]. Current epidemiological evidence using the above-mentioned diagnostic 
methods also suggests that any deviation from a lactobacilli-dominated cervicovaginal 
microbiome increases women’s susceptibility to HIV and, in HIV-positive women, genital 
HIV shedding [8-10]. Furthermore, relationships between BV by Nugent scoring and 
herpes simplex virus type 2 (HSV-2; [11]), Neisseria gonorrhoeae, Chlamydia trachomatis 
[12] and Trichomonas vaginalis [13] have been described.

In the last decade, phylogenetic analyses of cervicovaginal samples (mostly bacterial 
16S ribosomal RNA gene sequencing) have shown that bacterial communities in the va-
gina are more complex than previously thought [14-18]. American studies identified five 
microbiome clusters (dominated by Lactobacillus iners, L. crispatus, L. gasseri, L. jensenii 
and a mixture of anaerobic bacteria, respectively) in asymptomatic women [16, 19] and 
multiple clusters consisting of mixtures of anaerobic bacteria, not dominated by a single 
taxon, in women with BV [18]. These studies have led to the view that BV is a condition 
characterized by polymicrobial dysbiosis [1].

Molecular methods to study the cervicovaginal microbiome have not yet been used 
in large epidemiological studies with clinical outcomes due to limited availability and 
high costs. A few exploratory studies have described differences between HIV-positive 
and HIV-negative women, and most found trends toward decreased lactobacilli and 
increased bacterial diversity [17, 20-25].

The long-term consequences of cervicovaginal dysbiosis are the most prevalent in 
resource-poor countries, African countries in particular, but comprehensive molecular 
microbiome data from these countries are scarce. We, therefore, sought to describe 
cervicovaginal microbiome compositions of women at high risk of HIV in Kigali, Rwanda, 
using a phylogenetic microarray, and to correlate these compositions with the presence 
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of HIV, other sexually transmitted infections (STIs), clinical signs and symptoms, and 
demographic and behavioural characteristics.

maTerials and meTHOds

study design

The Kigali HIV Incidence Study (KHIS) was a prospective cohort study conducted in 2007-
2008 at Rinda Ubuzima, a non-governmental research clinic in Kigali, Rwanda. The study 
was approved by the National Ethics Committee, Rwanda, and the Columbia University 
Medical Center Review Board, USA. All participants provided written informed consent. 
The study design and procedures were described elsewhere ([26]; Supplementary In-
formation). Briefly, 800 female sex workers were screened for HIV and 397 HIV-negative 
women were retested every three months for 1 year to determine the HIV incidence. All 
cohort participants, plus 141 women who tested HIV-positive at screening, were seen 
again once during the second year. Socio-demographic, behavioural and clinical data 
were collected by face-to-face interviewing at all visits. Pelvic examinations, including 
cervical sampling for microarray analyses, were done at the month-6 (M6) and year-2 
(Yr2) visits. Diagnostic tests for STIs, BV (Amsel and Nugent), candidiasis (microscopy), 
pregnancy and cervical cytology were conducted at regular intervals throughout the 
study (Supplementary Information). All participants received counselling and non-
spermicidal condoms free of charge. Women who tested positive for curable STIs were 
treated by study clinicians. Women who tested HIV-positive received a CD4 count. 
Women who tested positive for HIV or pregnancy, or had abnormal cervical cytology, 
were referred to public clinics providing appropriate care.

Cervical samples were taken from all women who attended the M6 and Yr2 visits, and 202 
of these 719 samples were selected for microarray testing. To increase our statistical power 
for comparing microbiota of women with and without genital pathogens, we oversampled 
women with HIV and other STIs, but we also included a random sample of women without 
genital pathogens. All women contributed one sample, except for 28 women who contrib-
uted two samples each. In total, 6 out of 202 samples did not show appropriate positive 
control signals, resulting in the availability of 196 samples of 174 women for analysis. All 
196 samples were used for the clustering and ecological analyses, but only one sample per 
participant (for a total of 174 samples) was used for all other analyses.

microarray design

The microarray contained 461 DNA hybridization probes targeting microorganisms and 
164 positive (16S conserved regions) and negative controls (Supplementary Information) 
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[22, 24]. Of the 251 probes that generated a consistent signal with a signal/background 
(S/B) ratio>5, 66 16S probes were species-specific, 56 16S probes targeted multiple bac-
terial species within one genus, 36 16S probes were specific at family or order level, 69 
targeted higher taxonomic levels, 5 were groEL probes, 16 were 18S probes and 3 were 
viral probes. We focused our clustering analyses on these 251 probes, and all additional 
analyses on the 122 16S probes generating species or genus-specific signals. A probe 
targeting a bacterium classified by the Ribosomal Database Project as an uncultured 
bacterium in the Lachnospiraceae family matched perfectly with a bacterium recently 
named BV-associated bacterium 1 (BVAB1) in Genbank (Genbank entry AY724739.1) 
[27]. We refer to it as BVAB1 and included it in the 122 species/genus-specific probes. We 
made a few other probe assumptions on the basis of existing knowledge about bacterial 
presence in the vagina (Supplementary Information).

We used normalized S/B ratios to estimate bacterial loads, referred to from here onward 
as ‘semi-quantitative abundance’ or ‘abundance’. For probes targeting different species 
within one genus, S/B ratios were summed to calculate genera-based microbial ecology 
parameters (see further). For probes targeting the same genus, we chose one probe 
that targeted the most species within that genus. For total abundance per sample, we 
summed genus-specific abundance of all genera present in that sample.

microarray testing and data processing

DNA was extracted using the AGOWA mag Mini DNA isolation kit (AGOWA GmbH, Berlin, 
Germany) and bead beating in a BeadBeater (BioSpec Products Inc., Bartlesville, OK, USA; 
Supplementary Information). Microarray sample preparation, labelling, amplification, 
and hybridization were described previously ([22]; Supplementary Information).

Imagene 5.6 software (BioDiscovery, Marina del Rey, CA, USA) was used to quantify the 
signal (S) by calculating the mean of all pixel values in the spot, as well as the back-
ground (B) surrounding the spot. If S was not confidently above B (S > B + 2*s.d. of B) 
[28], the S/B ratio was set at 1. Samples for which the positive controls showed a low 
S/B ratio (mean S/B ratio > 2*s.d. lower than the mean level of positive controls of all 
samples) were excluded from the analysis. Lowess smoothing was performed for slide 
normalization [28].

Hiv-1 rna in cervicovaginal lavages

The pelvic examination at the Y2 visit included a cervicovaginal lavage (CVL): the left 
and right fornix and cervical os were irrigated twice with 5 ml normal saline, which was 
aspirated after 30 s; a median volume of 5.5 ml (range 3.8-7.5 ml) was recovered. The 
CVL fluid was immediately placed on ice or at 2-8⁰C, and centrifuged at 1000 rpm for 
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10 min within 4 h of collection. Cell pellets and aliquots of supernatant were stored 
at -80⁰C until testing. Of the 64 HIV-positive women with a microarray result, 61 had 
a CVL supernatant sample for HIV-1 RNA viral load testing available, and 58 had valid 
test results. In addition, 50 HIV-positive women without a microarray result had a valid 
HIV-1 RNA test result. In total, 500 µL CVL fluid was mixed with 500 µL PBS and subjected 
to nucleic acid isolation, amplification and detection using COBAS AmpliPrep/COBAS 
Taqman v2.0 according to the manufacturer’s instructions (Roche Molecular Systems, 
Branchburg, NJ, USA).

statistical analysis

Statistical analyses were performed using Python 2.7 (Python Software Foundation, 
Beaverton, OR, USA), MATLAB (R2012a, The MathWorks, Natick, MA, USA), STATA release 
12 (StataCorp, College Station, TX, USA) and MS Excel (Microsoft, Redmond, WA, USA).

We used neighbourhood co-regularized multi-view spectral clustering of normalized 
log2 transformed S/B ratios to identify cervicovaginal microbiome clusters [29-31]. This 
modified spectral method generates and combines multiple clustering possibilities and 
leads to a result that is more robust compared with that of standard clustering tech-
niques. Furthermore, the method captures complex neighbourhood-based interactions 
in the dataset. We used Gaussian similarity measures to calculate a co-occurrence matrix 
and to identify the number of clusters in the dataset [32]. For additional analyses using 
the microbiome clusters as the outcome or main predictor, we only included women 
who had more than 70% probability of belonging to a cluster as determined by proba-
bilistic decomposition of the co-occurrence matrix (147 of 174 women).

We used previously described methods to determine microbial ecology parameters per 
sample: richness, defined as the median number of genera per sample [33]; the Shannon 
diversity index [34]; and evenness, expressed as a Co-value with 0 representing complete 
evenness and 100 as complete unevenness [35]. We focused the evenness calculations 
on the five most abundant bacteria in each cluster to reduce the influence of the long 
tail of minority species [35]. To compare cumulative Co-values per cluster, an average 
sample per cluster was generated by calculating median S/B ratios per genus across the 
samples in that cluster.

To assess positive and negative correlations between bacteria, we first determined 
Spearman correlation coefficients (with Bonferroni correction) between genera, fol-
lowed by those between species within the genera that were statistically significantly 
correlated plus species that are not yet classified at genus level, such as BVAB1. To cor-
relate microarray findings with Nugent scores, the S/B ratios of 12 Lactobacillus probes 
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(covering 70 species) were summed, the S/B ratios of one G. vaginalis probe and one 
Bacteroides fragilis probe were summed and one M. mulieris probe was used.

Characteristics of the total study population, women included in the microarray experi-
ments and women in each cervicovaginal microbiome cluster were described using the 
median and interquartile range (IQR) for continuous data and counts and percentages 
for categorical data. Women in clusters R-III, R-IV and R-VI (each characterized by a high 
diversity of anaerobic bacteria) were pooled in some analyses to increase statistical 
power. Differences in correlates between clusters, and between samples assigned and 
those not assigned to clusters, were assessed by two-sided Kruskal-Wallis test for con-
tinuous data, Fishers’ exact test for categorical data, and the ‘nptrend’ function in STATA, 
an extension of the Wilcoxon rank-sum test, for trends [36].

Determinants of detectable HIV-1 RNA in CVL samples, including microarray clusters, 
were assessed by logistic regression. In these analyses, women in clusters R-I and R-II 
were pooled because only one woman in cluster R-I was HIV-positive. All models were 
adjusted for plasma CD4 count because advanced HIV infection (characterized by low 
CD4 count) is associated with high plasma and genital viral load.

resulTs

study sample

The prevalence of HIV in the KHIS study at screening was 24%, and 19 participants 
seroconverted during follow-up [26]. Other viral and bacterial STIs, BV and candidiasis 
were common (Table 1). By design, the 174 women selected for microarray analyses had 
a higher prevalence of HIV, STIs and pregnancy than the original sample of 800 women. 
The prevalence of BV by Amsel criteria or Nugent scoring was not different between the 
microarray sample and the original sample.

Most of the selected women (median age 27, range 18-47) had never been married (75%) 
and did not complete primary school (66%) (Table 1). Although almost all women (99%) 
self-identified as sex worker and had worked as a sex worker for a median of 3 years 
(IQR=2-5), 14% left sex work during the follow-up [37]. Almost all women (92%) reported 
vaginal finger-cleansing using water or water and soap, and 37% reported consistent 
condom use. Twenty two women (13%) were pregnant at the time of sampling.
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Table 1. Participant characteristics: total study population versus microarray sample

 
Total study population  

at screening (n=800)
microarray 

sample (n=174)

demographics    

Median age (range); years 25 (18-45) 27 (18-47)

Marital status: Married or steady partner 278 (34.9) 68 (39.1)

Divorced/separated/widowed 210 (26.3) 40 (23)

Never married 584 (73.0) 131 (75.3)

Median income per week [IQR]; x1000 RWF1 15 [8-23] 12 [8-20]

Education level1: No education 166 (20.9) 43 (24.7)

Some primary school but not completed 326 (41.1) 71 (40.8)

Completed primary and/or started secondary 301 (38.0) 60 (34.5)

Currently pregnant 61 (7.6) 22 (12.6)

Median number of lifetime pregnancies [IQR]1 2 [1-3] 2 [1-3]

Recent change in reproductive intentions2 7 (1.8) 7 (4.0)

sexual risk taking

Median years in sex work1,3 [IQR] 3 [2-5] 3 [2-5]

Currently working as sex worker 787 (99.4) 148 (85.1)

Washed inside vagina in last 3 months2 355 (92.9) 160 (92)

Median frequency of washing inside vagina in week prior 
to enrolment [IQR]1

7 [7-12] 7 [7-7]

Median number of sex acts in past month [IQR] 40 [20-64] 20 [12-40]

Condom use at last sex act1 593 (74.1) 127 (73.0)

Consistent condom use2,4 173 (46.5) 60 (37.3)

Clinical characteristics

Genitourinary symptoms in month prior to enrollment1 155 (19.8) 39 (23.1)

Genitourinary symptoms in last 3 months2 50 (13.0) 33 (19.0)

Pelvic exam2: Abnormal vaginal discharge 44 (11.7) 23 (13.2)

Abundant cervical mucus 15 (4.0) 7 (4.0)

Vaginal pH>4.5 303 (81.7) 137 (79.2)

Antibiotics use during past 14 days 1 (0.1) 1 (0.6)

laboratory diagnoses

Any viral STI 510 (65.6) 154 (88.5)

HIV 192 (24.0) 64 (36.8)

HSV-2 485 (60.6) 137 (78.7)

HPV 183 (48.8) 83 (47.7)

Any bacterial STI (HIV-negative women only)2,5 105 (28.9) 38 (51.4)

Treponema pallidum 25 (6.6) 6 (8.7)

Neisseria gonorrhoeae 29 (7.9) 12 (16.7)

Chlamydia trachomatis 17 (4.6) 9 (12.3)

Trichomonas vaginalis 61 (16.2) 22 (26.5)

Abnormal cervical cytology2, 6 10 (2.8) 10 (6.2)

Wet mount2

Yeasts 17 (4.5) 11 (6.3)

Positive whiff test 25 (6.6) 8 (4.6)

Clue cells >20% 65 (17.2) 26 (14.9)
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microarray probe hybridization

The 122 species/genus-specific 16S probes represented 314 species from 51 genera, 32 
families and 17 orders. On average, samples contained species from 11 genera (range 
0-25). Most samples contained lactobacilli (98% of samples), including L. iners (74%), L. 
crispatus (16%), L. jensenii/L. salivarius/other (6%), L. gasseri/L. johnsonii/other (6%) and 
L. vaginalis/other (21%) (see Supplementary Information for other Lactobacillus spp. 
targeted by these probes). Leptotrichia (94%), Prevotella (91%), Corynebacterium (90%) 
and Gardnerella species (82%) were also present in most samples. However, lactoba-
cilli other than L. iners and L. crispatus, Leptotrichia and Corynebacterium species were 
present in low abundance, and did therefore not play a significant role in the clustering 
(see further). The overall presence of common BV-associated anaerobes was Atopobium 
(65% of samples), Dialister (61%), BVAB1 (50%), Mobiluncus (48%), Sneathia (47%) and 
Megasphaera (44%), but their presence was low in the lactobacilli-dominated clusters 
and approached 100% in BV-associated clusters (see further). No or low signals were ob-
tained for the Bifidobacteriaceae family other than Gardnerella, Bacteroides, Escherichia 
coli, Enterococcus, Streptococcus and Staphylococcus species.

Cervicovaginal microbiome clusters

We identified six cervicovaginal microbiome clusters by neighbourhood co-regularized 
multi-view spectral clustering, using data from 196 samples and 251 probes as described 
above (Figure 1a). The co-occurrence matrix (Figure 1b), which shows how often samples 
co-occur in multiple spectral clustering analysis runs, visualizes these six clusters. We refer 
to these clusters as R-I to R-VI (with the R denoting ‘Rwanda’). The probabilistic decomposi-
tion of this matrix (Figure 1c), which returns the probability of each sample belonging to 

Table 1. Participant characteristics: total study population versus microarray sample (continued)

 
Total study population  

at screening (n=800)
microarray 

sample (n=174)

Bacterial vaginosis by Nugent scoring2,7

Negative (0-3) 159 (44.8) 73 (42.4)

Intermediate (4-6) 53 (14.9) 19 (11)

Positive (7-10) 143 (40.3) 80 (46.5)

Abbreviations: HPV, human papillomavirus; HSV, herpes simplex virus; IQR, interquartile range; RWF, Rwan-
dan francs; STI, sexually transmitted infection. Cells represent number and percentage unless stated oth-
erwise.
1 Baseline values are reported;
2  Only assessed during follow-up; values reported for the HIV-negative cohort at M6 (n=387);
3  47/800 values of total population and 11/174 of microarray-tested women missing;
4  Sexually active women only;
5  Only tested in HIV-negative cohort at M6 (n=363, of which 83 microarray-tested);
6  12/174 values of microarray-tested women missing;
7 32/387 values missing.
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a specific cluster, confirms the presence of these six clusters. A total of 36 samples from 27 
women had a probability of <70% of belonging to one of these six clusters. Samples that 
were not assigned (shown in white on the top bar of Figure 1a) fell between any two clus-
ters and had little in common. The 27 women in the unassigned group had fewer lifetime 
pregnancies, and reported consistent condom use more often, but were otherwise similar 
to the 147 women in the other groups (Supplementary Table S1).

We used microbial ecological parameters (Figure 2) and a heatmap (Figure 3) to charac-
terize each cluster. Cluster R-1 was dominated by L. crispatus and cluster R-II by L. iners. 
Clusters R-III to R-VI were not dominated by one taxa, but contained several (facultative) 
anaerobes, with or without L. iners, in different compositions (see further). This was re-
flected in the evenness of the five most abundant genera, which was lower in clusters R-I 

figure 1. Co-occurrence matrix and microbiome clustering. (a) shows the six clusters obtained by neigh-
bourhood co-regularized multiview spectral clustering of microarray data. The white spaces between the 
clusters represent samples with less than 70% probability of belonging to a cluster (see also c). The co-
occurrence score reflects how many times samples co-occurred in different clustering configurations. The 
matrix (b) shows all 196 samples on both the x- and y-axis in the same order. Only samples with at least 70% 
probability of belonging to a cluster are assigned to a cluster (c).
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and R-II compared with the other clusters (cumulative Co-values of 47 and 63, compared 
with 12, 9, 23 and 22, respectively; Figure 2a). When comparing clusters R-I and R-II to 
clusters R-III, R-IV, R-V and R-VI, the total semi-quantitative abundances and richness 
were lower (a median of 5 and 6 genera per sample compared with 18, 18, 14 and 17 
genera, respectively; Figure 2b).

Clusters R-III to R-VI contained high abundances of Gardnerella, Prevotella and Atopobium 
species and lower abundances of Dialister, Megasphaera and Mobiluncus species and 
BVAB1 (Figures 2 and 3). BVAB1 was mostly present in clusters R-III and R-IV. Cluster R-III’s 
unique feature was the presence of a lower abundance of L. iners than the other mixed 
anaerobic clusters. Clusters R-IV and R-VI included the above-mentioned anaerobes and 
L. iners, but R-IV was the only cluster containing high abundance of an uncultured bac-
terium in the Gardnerella genus (see Supplementary Information) and R-VI contained 

figure 2. Distribution of the most abundant genera per cluster. (a) shows the cumulative Co-values for 
the most abundant genera in each cluster in descending order. Note that BVAB1 is not included because 
it is not yet described at genus level. Although the final cumulative Co-value of each cluster is around 60, 
clusters R-I and R-II have the most uneven distribution of their most abundant genera. (b) shows these most 
abundant genera per cluster, and highlights the dominance of lactobacilli in clusters R-I and R-II compared 
with a more even distribution of anaerobic genera in the other clusters. Also, large differences in richness 
and total S/B ratio (abundance) are apparent, with clusters R-I and R-II containing fewer genera and lower 
abundance than the other clusters.
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the highest levels of Prevotella species, including P. bivia. Cluster R-V had a lower total 
bacterial abundance than the other mixed anaerobic clusters.

Correlations between species and with diagnostic test results

Most anaerobic bacteria were positively correlated with each other but negatively corre-
lated with Lactobacillus species (Supplementary Figure S1; Supplementary Information).

The microarray clusters correlated poorly with the Amsel criteria (Table 2). Only 14-33% 
of women in the mixed anaerobic microbiome clusters had >20% clue cells present on 
wet mount, and 11-14% had a positive whiff test. Furthermore, while 97-100% of women 
in the mixed anaerobic clusters had a vaginal pH>4.5, 55-60% of women in lactobacilli-
dominated clusters also did. In contrast, the clusters correlated well with Nugent scores 
(Table  2). Clusters R-I and R-II were statistically significantly associated with a normal 

figure 3. Bacterial composition of the microbiome clusters. (a) shows the six clusters obtained by neigh-
bourhood co-regularized multiview spectral clustering of microarray data. The white spaces between the 
clusters represent samples with less than 70% probability of belonging to a cluster. (b) Heatmap, showing 
normalized S/B ratios on a log2 logarithmic scale of the most abundant species/genera per cluster, as well 
as species/genera that have traditionally been associated with BV and have been frequently reported in 
the literature. (c) BV-status of the women by Nugent score at the time of sampling. The colour key is on the 
right. (d) The Shannon diversity index for each sample. 1Abbreviated probe name; additional targeted spe-
cies in the same genus are listed in Supplementary Information.
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Nugent score of 0-3 and clusters R-III to R-VI with a BV Nugent score of 7-10. Women with 
intermediate microbiota (Nugent score 4-6) did not cluster together but were mostly 
included in clusters R-II and R-V. The probes representing the morphotypes included 
in Nugent scoring (G. vaginalis and Bacteroides fragilis combined, M. mulieris and 12 
lactobacilli probes covering 70 species) also correlated well with the Nugent scores (all 
P<0.001; Supplementary Figure S2).

socio-demographic, behavioural and Hiv/sTi correlates of cervicovaginal 
microbiome clusters

Women belonging to each of the six clusters had similar socio-demographic and be-
havioural characteristics, except that women in the lactobacilli clusters were more likely 
to ever having been married than women in the mixed anaerobic clusters (Table 3 and 
Supplementary Table S1). Women in the pooled cluster R-III/R-IV/R-VI were significantly 
more likely to report genitourinary symptoms on the day of sampling than women in 
the other clusters. No significant differences in pelvic exam findings were found.

Women in the L. crispatus-dominated cluster R-I were statistically significantly less likely 
to have HIV, HSV-2 any HPV, and high risk HPV than women in the other clusters, and 
had no bacterial STIs (Table 3; Figure 4). Only one woman in cluster R-I was HIV-positive 
(9%) compared with 33-56% of women in the other clusters (P=0.03). The percentages 
were 36% versus 78-88% for HSV-2 (P<0.01), 9% versus 42-60% for any HPV (P=0.02), 
0% versus 38-54% for high risk HPV (P<0.01), and 0% versus 38-61% for bacterial STIs (T. 
pallidum, N. gonorrhoeae, C. trachomatis and T. vaginalis combined; P=0.15). Statistically 
significant trends in prevalence of HIV and other STIs were found from low prevalence 
in cluster R-I to higher prevalence in clusters R-II and R-V, and highest prevalence in the 
pooled cluster R-III/R-IV/R-VI (Table 3; Figure 4).

Table 2. Amsel criteria and Nugent scores by cervicovaginal microbiome cluster

  r-i (n=11) r-ii (n=69) r-iii (n=9) r-iv (n=9) r-v (n=35) r-vi (n=14) p-value

amsel criteria

Clue cells >20% 0 (0) 5 (7.2) 2 (22.2) 3 (33.3) 5 (14.3) 2 (14.3) 0.105

Positive whiff test 0 (0) 0 (0) 1 (11.1) 1 (11.1) 1 (2.9) 2 (14.3) 0.018

Vaginal pH>4.5 6 (54.6) 41 (60.3) 9 (100) 9 (100) 34 (97.1) 14 (100) <0.001

nugent scores

Normal (0-3) 9 (81.8) 55 (80.9) 0 (0) 0 (0) 6 (17.1) 0 (0)

Intermediate (4-6) 1 (9.1) 10 (14.7) 0 (0) 0 (0) 8 (22.9) 0 (0)

BV (7-10) 1 (9.1) 3 (4.4) 9 (100) 9 (100) 21 (60) 14 (100) <0.001

Abbreviations: BV, bacterial vaginosis; R, Rwanda. Cells represent number and percentage. Differences be-
tween clusters were tested for statistical significance using Fishers’ exact test.
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Table 3. Cervicovaginal microbiome cluster correlates

r-i  
(n=11)

r-ii  
(n=69)

r-v  
(n=35)

r-iii/iv/ vi  
(n=32) P1 Ptrend

2

demographics

Median age (range); years 29 (23-37) 27 (19-47) 26 (18-42) 27 (20-44) 0.44 0.28

Marital status: Married or steady partner 5 (45.5) 30 (43.5) 18 (51.4) 7 (21.9) 0.07 0.1

Divorced/ separated/widowed 2 (18.2) 17 (24.6) 6 (17.1) 7 (21.9) 0.87 0.8

Never married 7 (63.6) 48 (69.6) 27 (77.1) 29 (90.6) 0.08 0.02

Median income/week [IQR]; x1000 RWF3 10.5 [4-17] 12 [7.5-22] 15 [8-20] 10 [6.5-15] 0.46 0.93

Education:3 No education 2 (18.9) 14 (20.3) 10 (28.6) 9 (28.1) 0.96 0.38

Some primary but not completed 5 (45.5) 30 (43.5) 13 (37.1) 13 (40.6)

Completed primary and/or 4 (36.4) 25 (36.2) 12 (34.3) 10 (31.3)

started secondary

Currently pregnant 0 (0) 12 (17.4) 4 (11.4) 2 (6.5) 0.33 0.47

Median # lifetime pregnancies [IQR]3 3 [2-4] 2 [1-3] 2 [1-3] 2 [1-3] 0.14 0.09

sexual risk taking

Median years in sex work [IQR]4 3 [2-3] 3 [2-5] 3 [2-5] 3 [2-4] 0.59 0.85

Currently working as sex worker 10 (90.9) 57 (82.6) 31 (88.6) 27 (84.4) 0.87 0.97

Washed inside vagina in last 3 months 9 (81.8) 62 (89.9) 33 (94.3) 31 (96.9) 0.31 0.09

Consistent condom use5 5 (45.5) 18 (28.6) 10 (29.4) 13 (46.4) 0.29 0.39

Clinical characteristics

Genitourinary symptoms in last 3 mo.:

Genital itching 3 (27.3) 7 (10.1) 3 (8.6) 6 (18.8) 0.23 0.87

Other specific genital complaints6 1 (9.1) 5 (7.3) 3 (8.6) 3 (9.4) 0.97 0.79

Dysuria 0 (0) 1 (1.4) 2 (5.7) 0 (0) 0.45 0.9

Genitourinary symptoms at day of 
sampling7

0 (0) 0 (0) 0 (0) 3 (12.5) 0.06 0.02

Pelvic exam: Abnormal vaginal discharge 1 (9.1) 9 (13) 5 (14.3) 4 (12.5) 1 0.87

Abundant cervical mucus 0 (0) 2 (2.9) 3 (8.6) 2 (6.3) 0.56 0.23

Antibiotics use during past 14 days 0 (0) 1 (1.5) 0 (0) 0 (0) 0.87 0.47

laboratory diagnoses

Any viral STI 4 (36.4) 62 (89.9) 33 (94.3) 30 (93.8) <0.01 <0.01

HIV 1 (9.1) 23 (33.3) 12 (34.3) 18 (56.3) 0.03 <0.01

HSV-2 4 (36.4) 54 (78.3) 29 (82.9) 28 (87.5) <0.01 <0.01

Any HPV type 1 (9.1) 29 (42) 21 (60) 17 (53.1) 0.02 0.02

High risk HPV 0 (0) 26 (37.7) 19 (54.3) 15 (46.9) <0.01 0.02

Any bacterial STI8 0 (0) 20 (60.6) 6 (37.5) 5 (55.6) 0.15 0.94

Treponema pallidum 0 (0) 4 (12.9) 1 (5.9) 1 (14.3) 0.79 0.95

Neisseria gonorrhoeae 0 (0) 5 (15.6) 2 (12.5) 2 (25.0) 0.86 0.47

Chlamydia trachomatis 0 (0) 6 (18.8) 2 (11.8) 1 (12.5) 0.93 0.82

Trichomonas vaginalis 0 (0) 9 (25) 2 (10.5) 4 (40) 0.28 0.45

Candidiasis by wet mount 1 (9.1) 6 (8.7) 3 (8.6) 0 (0) 0.29 0.15

Abnormal cervical cytology9 0 (0) 2 (3) 4 (13.3) 3 (10.3) 0.17 0.07
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microbiome clusters and Hiv-1 rna genital tract shedding

The prevalence of HIV-1 RNA in CVLs of HIV-positive women also increased with increas-
ing microbiome diversity: 10% (two women) in the pooled cluster R-I/R-II, 40% (four 
women) in cluster R-V and 42% (eight women) in the pooled cluster R-III/R-IV/R-VI 
(Ptrend=0.03). The adjusted odds of having detectable HIV-1 RNA (adjusted for CD4 count) 
was 8.78 (95% confidence interval (CI) =1.12-69.09) times higher for women in cluster R-V 
and 5.29 (95% CI=0.91-30.67) times higher for women in the pooled cluster R-III/R-IV/R-
VI compared with women in the pooled cluster R-I/R-II. After adjusting for CD4 count, 
positive correlations were found between HIV-1 RNA concentrations and abundance 

Table 3. Legends
Abbreviations: HPV, human papillomavirus; HSV, herpes simplex virus; IQR, interquartile range; RWF, Rwan-
dan francs; STI, sexually transmitted infection. Cells represent number and percentage unless stated oth-
erwise.
1 Kruskall–Wallis test for continuous data and Fishers’ exact test for categorical data;
2 Trends in the order R-I, R-II, R-V, R-III/R-IV/R-VI (see methods);
3 Baseline values reported;
4 10/147 values missing;
5 Sexually active women only;
6 Genital burning/ pain/ ulcers/ sores/ blisters/ unusual pain during sex;
7 Only reported at Yr2 (n=86);
8 Only tested at M6 in the HIV-negative cohort (n=58, 68, 59 and 60, respectively);
9 12/147 values missing.
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figure 4. Associations between microbiome clusters and HIV/ STI prevalence. Women in the Lactobacil-
lus crispatus-dominated cluster R-I had a lower prevalence of viral STIs than women in the other clusters 
(P<0.01) and had no bacterial STIs (P=0.15). A trend of increasing prevalence of viral STIs in clusters with 
increasing bacterial diversity was found, with the lowest prevalence in cluster R-I and increasing prevalence 
in clusters R-II, R-V and R-III/R-IV/R-VI, respectively (Ptrend<0.01). *No bacterial STIs were found in women as-
signed to cluster R-I. 1Only tested at M6 in the HIV-negative cohort; data available for 61 women.
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of several BV-associated probes and a negative association with a Lactobacillus genus 
probe (Supplementary Information).

In bi-variable logistic regression models using data from 108 HIV-positive women with 
an available HIV-1 RNA measurement, other factors associated with detectable genital 
HIV-1 RNA levels were genital itching (odds ratio (OR)=17.55, 95% CI=2.10-146.46), 
other specific genital symptoms (100 versus 31%, P<0.001), abundant cervical mucus 
on pelvic exam (OR=8.00, 95% CI=0.86-74.37), a BV Nugent score of 7-10 (OR=4.67, 95% 
CI=1.44-15.16), not using antiretroviral therapy (ART, data available for 101 women, 
OR=8.71, 95% CI=2.76-27.5) and HPV infection (OR=3.62, 95% CI=1.25-10.48), but not 
HSV-2 antibodies. Similar proportions of women in each cluster used ART (42%, 43% and 
31% of women in R-I/R-II, R-V and R-III/R-IV/R-VI, respectively; Ptrend 0.5) and clustering 
was not associated with ART.

disCussiOn

We identified six cervicovaginal microbiome clusters in Rwandan sex workers. To date, 
10 studies have described clusters on the basis of next generation sequencing data [14, 
16-18, 38-43]. Even though these studies included different study populations and em-
ployed a variety of molecular and clustering procedures, consistent clustering patterns 
can be discerned. The majority of studies, including ours, found one cluster dominated 
by L. crispatus and one by L. iners. Clusters dominated by L. jensenii or L. gasseri were 
reported less frequently, and we did not find them in our study. All studies identified 
at least one cluster that was not dominated by a single taxon, but contained mixtures 
of anaerobes with or without Lactobacillus species. Clusters dominated by facultative 
anaerobic organisms, including streptococci, staphylococci and E. coli/Shigella species, 
were rarely reported, but the above-mentioned next generation sequencing studies 
suggest that these taxa are present in up to 30% of women in low abundance. This is also 
in agreement with our findings. Based on the above, we consider BV (represented by 
our clusters III to VI) as a state of polymicrobial dysbiosis. We speculate that whether the 
dysbiosis is symptomatic or not depends on the degree and nature of the dysbiosis, total 
bacterial loads, and the intensity and nature of the host’s immune responses. Although 
most BV-associated bacteria are not pathogenic in immune-competent hosts, we also 
speculate that some (e.g., streptococci and E. coli) might lead to invasive disease when 
present at sufficiently high levels. However, none of this has been definitively shown in 
clinical studies to date.
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Our study showed that women in the L. crispatus cluster had the lowest prevalence of 
HIV/STIs, with a slight increase in the L. iners cluster and a significant increase in the 
dysbiotic clusters. A similar trend was found for HIV-1 RNA shedding in the genital tract 
of HIV-positive women. These findings are in agreement with the majority of studies that 
have also investigated these associations [17, 20-25], but we are the first to report these 
associations for multiple STI pathogens and to demonstrate a dose-response relation-
ship. It is important to note that the L. crispatus cluster only contained 11 women, and 
that the temporality of our findings is unclear because our study was cross-sectional. 
Our results, if confirmed in prospective studies, might imply that not only symptomatic 
dysbiosis should be treated, but also asymptomatic dysbiosis (defined here as a micro-
biome not dominated by lactobacilli) in certain risk groups. These risk groups might 
include women at high risk for HIV/STIs or adverse pregnancy outcomes and women 
with recurrent dysbiosis.

Laboratory studies also suggest that L. crispatus might protect against pathogens. L. cris-
patus is an efficient lactic acid producer [1], produces antimicrobial compounds [1, 2, 44, 
45] and inhibits inflammation [2, 46]. The latter is particularly important in the context 
of HIV transmission, as HIV infects CD4+ immune cells that are recruited to the genital 
mucosa when inflammation is present. In contrast, BV-associated bacteria could increase 
HIV-infection risk and HIV replication in the genital mucosa of HIV-infected women, by 
provoking local immune activation and/or disruption of the vaginal epithelium [2, 8, 25, 
47]. In vitro studies have indeed shown that some BV-associated bacteria can enhance 
HIV expression, translation and/or replication [48-50].

Our data support the hypothesis that L. iners is less efficient than L. crispatus in prevent-
ing BV and other adverse reproductive health outcomes [19, 51-54]. Recent genomic 
and transcriptomic studies suggest that L. iners is highly adapted to the vaginal com-
partment [55]. However, it differentially expresses over 10% of its genome in dysbiotic 
compared with healthy states, with increased expression of a cytolysin, mucin, glycerol 
transport and related metabolic enzymes [56]. These changes likely result in the produc-
tion of succinate and other short-chain fatty acids as the end product of metabolism 
as opposed to lactic acid, leading to an increased vaginal pH. L. iners might also be the 
first Lactobacillus species to recover after dysbiosis [19], which suggests a bidirectional 
relationship between L. iners and vaginal pathogens or dysbiosis. Like lactobacilli, G. 
vaginalis and Prevotella species are almost always present in the vaginal microbiome, 
but in much higher abundance in BV; some studies have noted a synergistic effect be-
tween them, perhaps due to metabolic dependencies [15, 16, 53, 57]. Several subspecies 
of G. vaginalis have been described, with different levels of epithelial adhesion capacity 
[58, 59]. The latter is the first step toward biofilm formation, which is thought to be an 
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important mechanism of BV persistence [60]. A. vaginae, which is also present in high 
abundance in BV, most likely has an important role in biofilm formation as well [60].

Some limitations of our study (such as its cross-sectional nature) and the field in general 
(heterogeneity in populations and methodology) have already been mentioned. Other 
limitations of our study include small sample sizes of some of the comparison groups 
(most notably the limited number of bacterial STI cases despite oversampling of these 
cases), imprecise timing of certain behaviours around the time of sampling, lack of a 
control group of women at low risk for HIV and STIs and the fact that we only used cervi-
cal samples (including endo- and ectocervix). Although small differences between the 
cervical and vaginal microbiome have been described, the types and relative quantities 
of the most abundant bacteria are similar between the two sampling sites and bacterial 
community compositions are also similar [16,41,61,62].

We used a microarray instead of next generation sequencing or quantitative PCRs for 
several reasons. First, microarrays can assess the presence of multiple bacteria in a semi-
quantitative manner. The number of probes included on the microarray can be reduced 
as knowledge about optimal and suboptimal vaginal microbiota increases, which may 
eventually result in a diagnostic tool. The main limitations of microarrays are their in-
ability to detect ‘new’ species that are not included a priori on the microarray and the 
fact that they are not fully quantitative. However, to obtain fully quantitative data, one 
would have to perform multiple qPCR assays, which is time-consuming and expensive.

Now that vaginal microbiota of women with and without BV in different parts of the 
world have been well described, and molecular techniques have become more accessible 
and affordable, we believe that the time has come to incorporate these techniques into 
larger epidemiological studies with clinical outcomes. These studies should investigate 
the temporal relationships between cervicovaginal microbiota and adverse reproduc-
tive health outcomes, including adverse pregnancy outcomes and invasive infections in 
women and their neonates. They should also address other unanswered clinical ques-
tions, such as the role of bacterial loads of different types of bacteria in these adverse 
outcomes. At the same time, laboratory studies should further investigate the functional 
characteristics of different microbiome communities to improve our understanding of 
the aetiology of dysbiosis and the pathogenesis of its clinical consequences. Eventu-
ally, interventions that restore and maintain lactobacilli-dominated microbiota, and 
particularly L. crispatus-dominated microbiota, should continue to be optimized and 
tested. If successful and affordable interventions are identified, they could potentially 
have a significant public health impact. For example, while studies have shown that the 
increased risk for HIV acquisition by cervicovaginal dysbiosis is only about 1.5-2.0 (com-
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pared to about 2.0-3.0 for STI pathogens), the overall population impact would be large 
because of the very high prevalence of dysbiosis (30-60%) in areas with generalized HIV 
epidemics [10]. Our study and other recent molecular vaginal microbiome studies have 
provided important new insights into the cervicovaginal microenvironment, and as a 
result, potential public health interventions can now be properly evaluated.
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aBsTraCT

Background

Sociodemographic, behavioural and clinical correlates of the vaginal microbiome (VMB) 
as characterized by molecular methods have not been adequately studied. VMB domi-
nated by bacteria other than lactobacilli may cause inflammation, which may facilitate 
HIV acquisition and other adverse reproductive health outcomes.

methods

We characterized the VMB of women in Kenya, Rwanda, South Africa and Tanzania (KRST) 
using a 16S rDNA phylogenetic microarray. Cytokines were quantified in cervicovaginal 
lavages. Potential sociodemographic, behavioural, and clinical correlates were also 
evaluated.

results

Three hundred thirteen samples from 230 women were available for analysis. Five VMB 
clusters were identified: one cluster each dominated by Lactobacillus crispatus (KRST-I) 
and L. iners (KRST-II), and three clusters not dominated by a single species but contain-
ing multiple (facultative) anaerobes (KRST-III/IV/V). Women in clusters KRST-I and II had 
lower mean concentrations of interleukin (IL)-1α (P  <  0.001) and Granulocyte Colony 
Stimulating Factor (G-CSF) (P= 0.01), but higher concentrations of interferon-γ-induced 
protein (IP-10) (P  <  0.01) than women in clusters KRST-III/IV/V. A lower proportion of 
women in cluster KRST-I tested positive for bacterial sexually transmitted infections (STIs; 
Ptrend=0.07) and urinary tract infection (UTI; P=0.06), and a higher proportion of women 
in clusters KRST-I and II had vaginal candidiasis (Ptrend=0.09), but these associations did 
not reach statistical significance. Women who reported unusual vaginal discharge were 
more likely to belong to clusters KRST-III/IV/V (P=0.05).

Conclusion

Vaginal dysbiosis in African women was significantly associated with vaginal inflam-
mation; the associations with increased prevalence of STIs and UTI, and decreased 
prevalence of vaginal candidiasis, should be confirmed in larger studies.
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BaCkgrOund

Lactobacilli-dominated vaginal microbiota (VMB) have traditionally been considered to 
promote reproductive health of women and their foetuses by maintaining a low vagi-
nal pH (< 4.5), which restricts the growth of other bacteria and yeasts [1]. The clinical 
conditions caused by an imbalanced VMB include bacterial vaginosis (BV) and bacterial 
vaginitis [2]. In addition, VMB-associated bacterial communities may be influenced by 
other micro-organisms in the vagina, such as Candida species, Trichomonas vaginalis, 
and other sexually transmitted pathogens [3-6].

BV has traditionally been characterized as a reduction of vaginal lactobacilli and an 
overgrowth of other (facultative) anaerobic bacteria. In clinical settings, BV is typically 
diagnosed using Amsel criteria (three of the following 4 criteria should be present: 1) 
clue cells on wet mount microscopy; 2) a ‘fishy’ odour after adding 10% KOH to vaginal 
secretions; 3) vaginal pH > 4.5; and 4) thin, homogenous vaginal discharge [2]. In 1991, 
Nugent and colleagues developed a method that could be repeated by scoring a Gram 
stained slide based on microscopic visualization of three bacterial morphotypes (a 
Nugent score of 0-3 is considered normal vaginal microbiota, 4-6 intermediate micro-
biota, and 7-10 BV-positive) [7]. Nugent scoring is considered the gold standard for BV 
diagnosis and is typically used in research settings.

Since 2002, an increasing number of VMB studies have used molecular characterization 
of vaginal bacterial communities, such as next generation sequencing, quantitative PCR 
or microarray analysis of bacterial 16S rRNA genes. A recent review of 63 molecular VMB 
studies conducted between 2008 and 2013 concluded that lactobacilli-dominated VMB 
are indeed associated with a healthy vaginal micro-environment (but that Lactobacillus 
crispatus is more beneficial than L. iners) and that BV is best described as a polybacterial 
dysbiosis [6]. In most studies, the extent of dysbiosis correlated well with Nugent score 
and vaginal pH but not with the other Amsel criteria [3, 6]. Some studies reported sys-
tematic VMB differences across ethnic groups, with Black and Hispanic American women 
being less likely to have a VMB dominated by L. crispatus, and having a higher aver-
age vaginal pH, than White and Asian American women [8-10]. However, data on VMB 
associations with genital immune responses and other potential sociodemographic, 
behavioural and clinical correlates are scarce and inconsistent [6].

The vaginal micro-environment is also important in the context of vaginal product de-
velopment, such as vaginal microbicides for HIV prevention. Candidate products should 
not disturb, and would ideally promote, a lactobacilli-dominated VMB, and should not 
induce vaginal inflammation [11, 12]. In vaginal microbicide safety trials, the VMB has 
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traditionally been assessed by Nugent scoring, and vaginal inflammation by visual in-
spection during pelvic examination with or without colposcopy and quantification of a 
select number of cytokines in cervicovaginal lavages (CVLs) [12-15]. However, these data 
have always been difficult to interpret due to insufficient understanding of the normal 
background variation in women of different ages, behaviours and clinical conditions.

Here, we describe the bacterial composition of the VMB of different groups of women 
in four African countries (Kenya, Rwanda, South Africa and Tanzania) using traditional 
VMB characterization methods (Amsel criteria and Nugent scoring) as well as molecular 
methods (16S rDNA phylogenetic microarray). Potential VMB correlates, including 
cytokine concentrations in CVLs, and sociodemographic, behavioural, and clinical char-
acteristics were also evaluated.

maTerials and meTHOds

study design and ethical approvals

Samples for phylogenetic microarray testing as well as data on potential VMB correlates 
were used from two studies [16, 17]. The study contributing most samples and data was 
a multi-country prospective observational cohort study aimed at characterizing novel 
safety biomarkers for vaginal HIV microbicide development in East and South Africa 
(referred to as the Vaginal Biomarkers Study). The study was conducted in 2011-2012 
with a cohort of 430 women from three African countries (Kenya, Rwanda and South 
Africa; Additional file 1). The participants included 109 HIV-negative adult women 
each in Kenya and South Africa, 30 HIV-negative adolescent women each in Kenya and 
South Africa, 30 HIV-negative pregnant women each in Kenya and South Africa, 31 HIV-
negative women using traditional vaginal practice in South Africa, 30 HIV-negative adult 
women at high risk for HIV (mostly female sex workers) in Rwanda, and 30 HIV-positive 
women in Rwanda.

The second study was an intensive longitudinal study cohort of women conducted in 
2009 for evaluating the impact of traditional vaginal practices on the vaginal micro-
environment in Northwest Tanzania (referred to as the Tanzania Study; Additional file 1). 
Study participants were 100 women working in bars, guest-houses and other food and 
recreational facilities located in three towns adjacent to large gold or diamond mines 
[17, 18].

Both studies were approved by all relevant institutional and national ethics committees 
(Additional file 1). All participants (or their guardians in the case of minors) provided 
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written informed consent and received a modest reimbursement for each study visit 
(Additional file 1).

study procedures

In the Vaginal Biomarkers Study, women were screened, and eligible consenting women 
were enrolled within four days of the last day of their menstrual period (visit 1). Most 
study groups described above included healthy, non-pregnant, HIV-negative women 
between 16 and 35 years of age. The pregnant women group included women who were 
at most 14 weeks into gestation as determined by abdominal ultrasound, and the HIV-
positive women group consisted of women on antiretroviral treatment (ART) for at least 
six months, currently asymptomatic and with a CD4 count above 350 cells/µl. Women 
were excluded from all groups if they had a history of hysterectomy or other genital 
tract surgery in the three months before the screening visit; never had had penetrative 
vaginal intercourse; were enrolled in an HIV prevention study involving investigational 
products; had internal and/or external genital warts at screening and/or enrolment; or 
were breastfeeding and less than six months postpartum at the time of enrolment. Once 
enrolled, women returned for six follow-up visits (visits 2 to 5 at biweekly intervals over 
two menstrual cycles, and visits 6 and 7 at three and six months after visit 5), but this 
paper focuses on the screening and enrolment (visit 1) visits. The median time between 
these visits was 25 days (interquartile range (IQR) 14 - 39 days). At screening, women un-
derwent face-to-face interviews, blood and urine sample collection with real-time HIV, 
pregnancy and urinary tract infection (UTI) testing, a pelvic examination with sample 
collection, and a general physical exam. Samples were subsequently tested for several 
sexually transmitted infections (STIs; see below), UTIs, BV by Amsel and Nugent criteria, 
and vaginal candidiasis. At enrolment, additional samples were collected for microarray 
testing and immunological assessments (see below).

In the Tanzania Study, participants were enrolled at any time during their menstrual 
cycle and followed every two to three days for four weeks (12 visits in total). For the 
microarray testing, two pairs of samples from 20 women (two to four weeks apart) were 
selected. At each visit women underwent a face-to-face interview, physical examination, 
pelvic examination, and sample collection for STI and BV by Nugent scoring. Samples for 
microarray analysis were collected either at enrolment (8 women) or visit 6 (12 women).

Participants in both studies received counselling and condoms free of charge. Women 
who tested positive for curable STIs, UTI, or symptomatic BV or vaginal candidiasis were 
treated by study clinicians using national treatment guidelines. All HIV-positive and 
pregnant women were linked to appropriate care in local public clinics.
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diagnostic and immunological testing

Cervicovaginal samples were collected in the following order: vaginal pH measure-
ment, vaginal samples, CVLs, and endocervical specimens. All diagnostic tests were 
conducted at the study sites in Africa, and similar tests were used in the two studies, 
unless otherwise stated (see Additional file 1 for diagnostic details). HIV status was 
determined by locally approved rapid testing algorithm. Plasma samples were tested 
for herpes simplex type 2 (HSV-2) antibodies and for syphilis by Rapid Plasma Reagin 
test with confirmation by a Treponema pallidum-specific test. Endocervical swabs were 
tested for Neisseria gonorrhoeae and Chlamydia trachomatis by PCR. Vaginal swabs were 
used to prepare a wet mount (detection of trichomonads and clue cells, and after KOH 
addition yeasts and amine smell), a Gram stain for Nugent scoring (done centrally at 
the Institute of Tropical Medicine in Antwerp), and to inoculate Trichomonas vaginalis 
cultures. UTIs were diagnosed by the presence of white blood cells on a urine dipstick 
test and pregnancy by urine hCG test. Vaginal pH was measured using pH paper strips 
(pH range 3.6-6.1).

CVLs were obtained by irrigating the cervix and lateral vaginal walls with 10 ml of sterile 
normal saline (5 ml of saline in Tanzania), immediately stored at 4-8 0C, and processed 
within two hours of collection. They were centrifuged for 10 minutes at 1,000 rpm (3,500 
rpm in Tanzania), and the resulting supernatant and pellet were stored separately at -80 
0C until shipment. Soluble markers of inflammation in CVLs were quantified by Bio-Plex 
(Bio-Rad Laboratories NV-SA, Nazareth, Belgium) or ELISA at the ITM in Antwerp in the 
Vaginal Biomarkers Study [19], and by an in house multiplex bead immunoassay at St. 
Georges University in London in the Tanzania Study as described previously [20, 21].

samples for microarray testing

Two sterile Copan vaginal swabs were collected per participant per visit. Copan vaginal 
swabs were shipped frozen to the ITM in Antwerp. Upon arrival, each swab tip was 
thawed at room temperature for 30 minutes, 1200 µl of diluted PBS (1 PBS: 9 saline, 
pH 7.4) was added, and the sample was vortexed for 15 seconds. An aliquot of 600 μl 
was sent on dry ice to TNO (Zeist, the Netherlands) for phylogenetic microarray analysis. 
We could not test all available samples by microarray due to funding constraints. In the 
Vaginal Biomarkers Study, only the samples from 216 women that were available in Oc-
tober 2011 were analysed. These 216 women each contributed one enrolment sample, 
34 women also contributed 61 follow-up samples, and two samples had missing clinical 
data. Tanzania Study participants contributed 20 enrolment and 20 follow-up samples. 
After excluding six poor quality samples, the total sample size was 313 samples from 232 
women. All 313 samples were used for phylogenetic clustering and ecological analyses, 
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but only one enrolment sample per woman with clinical data (N=230) was used for all 
other analyses.

microarray testing

The phylogenetic microarray (V-Chip, TNO, Zeist, The Netherlands) has been described 
previously [3, 22]. Briefly, it contained 283 DNA hybridization probes that generated a 
consistent signal with a signal/background (S/B) ratio>5, of which 74 16S probes were 
species-specific, 60 16S probes targeted multiple bacterial species within one genus, 42 
16S probes were specific at family or order level, 85 targeted higher taxonomic levels, 
five were groEL probes, 14 were 18S probes, and three were viral probes. We focused 
our clustering analyses on these 283 probes, and all additional analyses on the 134 16S 
probes generating species or genus-specific signals. A probe targeting a bacterium 
classified by the Ribosomal Database Project as an uncultured bacterium in the Lach-
nospiraceae family matched perfectly with a bacterium recently named BV-associated 
bacterium 1 (BVAB1) in Genbank (Genbank entry AY724739.1) [23]. We refer to it as 
BVAB1 and included it in the 134 species/genus-specific probes.

Microarray sample preparation and labelling, amplification and hybridization were 
described elsewhere [9, 22]. Imagene 5.6 software (BioDiscovery, Marina del Rey, USA) 
was used to read the scanned results and quantify the signal (S) and the background (B). 
Ratios for S and B were calculated and if S was not confidently above B (S > B+2*standard 
deviation (SD) of B), the S/B ratio was set to 1. Slide normalization was performed by 
Lowess smoothing [24]. We used normalized S/B ratios to estimate bacterial loads, 
referred to from here onwards as ‘abundance’.

statistical analysis

Clustering analysis was performed using Python 2.7.2 version (Python Software Founda-
tion, https://www.python.org/download/releases/2.7.2/). Other statistical analyses were 
performed using R 3.0.2 version (R Development Core Team, 2013), MATLAB (R2012a, The 
Math Works, Natick, USA), STATA release 12 (StataCorp, TX, USA) and MS Excel (Microsoft, 
Washington, USA).

Neighbourhood co-regularized multi-view spectral clustering of normalized S/B ratios 
was used to identify VMB clusters as described before [3, 25]. These clusters were named 
KRST-I to KRST-V (with KRST denoting Kenya, Rwanda, South Africa, and Tanzania). For 
each sample, the probability of belonging to a particular cluster was calculated by 
probability decomposition of the co-occurrence matrix. A cut-off probability of 70% was 
used to assign samples to a cluster. For each cluster, the following microbial ecology 
parameters were computed: richness (median number of genera), evenness (expressed 
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as a community organization value (Co-value) with 0 representing complete evenness 
and 100 complete unevenness [26], and the Shannon diversity index [27]. We focused 
the evenness calculations on the five most abundant bacteria in each cluster to reduce 
the influence of the long tail of minority species [26]. To compare cumulative Co-values 
per cluster, an average sample per cluster was generated by calculating median S/B 
ratios per genus across the samples in that cluster.

To assess associations between VMB clusters and potential correlates, we only included 
one sample per woman with clinical data (N=230) and excluded women who could not 
be assigned to a cluster with at least 70% probability (N=22). To improve statistical power, 
the three dysbiotic clusters (KRST-III, KRST-IV and KRST-V) were pooled, and the pooled 
cluster is referred to as KRST-pIII-V (p for pooled). In regression models, KRST-II and KRST-
pIII-V were each compared to KRST-I. VMB correlates were grouped into three groups: 1) 
sociodemographics, sexual behaviour and reproductive history; 2) self-reported symp-
toms, clinician-observed findings and antibiotic use; and 3) cervicovaginal immunology. 
Unadjusted associations were assessed by one way ANOVA for continuous variables and 
Fisher’s exact test for categorical variables; p-values were adjusted for false discovery 
using the linear step up Benjamini-Hochberg procedure, assuming a false discovery rate 
q = 0.1 and a significance level α = 0.1. An adjusted p-value of 0.01 (α = 0.1 * q=0.1) was 
considered statistically significant. Adjusted associations were assessed by multinomial 
logistic regression models with stepwise backward elimination using P ≤ 0.2 as the cut-
off in unadjusted models. The final model was selected based on the smallest Akaike 
Information Criteria (AIC). Microarray testing was done in two batches but we found no 
evidence for a batch effect in our analyses.

resulTs

vmB clusters

We identified five VMB clusters, which are visualized in a co-occurrence matrix (Addi-
tional file 1: Figure S1A-C). Thirty-five samples from 22 women had a probability of <70% 
belonging to one of the five clusters (Additional file 1: Figure S1A). These samples did 
not cluster together, and the sociodemographic, behavioural and clinical characteristics 
of the 22 women did not differ significantly from those of the 208 women who were 
assigned to a cluster (Additional file 1: Tables S1 and S2).

The VMB clusters were characterized using ecological parameters (below), Co-values 
(Figure 1), and a heatmap of S/B ratios of bacteria that were most abundant in this study 
or have been reported as important in previous studies [3] (Figure 2). Cluster KRST-I was 
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dominated by L. crispatus and did not contain other bacterial taxa in high abundance. 
Only 19 women (9%) were assigned to this cluster. Cluster KRST-II was dominated by L. 
iners, but some samples also had high abundance of Gardnerella vaginalis, Atopobium 
vaginae, and Prevotella spp. (Figure 2). Cluster KRST-II included the majority of women 
(n=136, 65.4%). Clusters KRST-III, IV and V each contained multiple anaerobic species 
in high abundance (most notably G. vaginalis, A. vaginae, and Prevotella spp.) but in 
different proportions, and a lower abundance of lactobacilli than clusters KRST-I and 
II. About a quarter (25.5%) of the women were assigned to the combined cluster KRST-
pIII-V. Cluster KRST-III had the highest abundance of Dialister, Megasphaera spp. and 
Mobiluncus spp. and the lowest abundance of L. iners. Cluster KRST-IV had the highest 
abundance of Prevotella spp. and the lowest abundance of BVAB1 and Megasphaera spp. 
Cluster KRST-V contained a higher abundance of L. iners and other Lactobacillus spp. 
than clusters KRST-III and IV.
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figure 1. Median abundance and evenness per cluster. (a) For each median sample per cluster, the cumula-
tive co-values for the five most abundant genera in descending order are plotted. In (b) the actual genera 
present in each cluster are shown; this clearly illustrates the dominance of lactobacilli in clusters KRST-I and 
II, and a more even distribution of the other 18 most abundant anaerobic genera in other clusters. Cluster 
KRST-II also contained Atopobium vaginae and Prevotella spp., but these are not visible in (b) because their 
abundance in most samples was low. They are visible in the heatmap in Figure 2.
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The bacterial diversity increased from cluster KRST-I (median Shannon index of 1.0) to 
cluster KRST-II (1.2) to clusters KRST-III, IV and V (2.1, 2.0, and 2.0, respectively; P <0.01). 
The evenness based on the five most abundant genera in each cluster was lower in 
clusters KRST-I and KRST-II compared to cluster KRST-pIII-V (Figure 1A). The richness in 
clusters KRST-I and KRST-II (a median of four and five genera per sample) was lower than 
in clusters KRST-III, IV and V (16, 14, and 14 genera per sample, respectively) (Figure 1B).

sociodemographic, behavioural and reproductive history correlates of vmB 
clusters

VMB clustering was not associated with sociodemographic, behavioural or reproductive 
history characteristics, with the exception of time elapsed since last delivery (Table 1). 
With every additional month since last delivery, women were less likely to be assigned 
to cluster KRST-II than cluster KRST-pIII-V (P=0.01). We did not conduct multivariable 
modelling with this group of variables because few of them were significant at P≤0.01 
in bivariable models.
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figure 2. Bacterial composition of the cervicovaginal microbiome clusters. (a) shows the five clusters iden-
tified by neighbourhood co-regularized multi-view spectral clustering of microarray data. The white space 
in between clusters represents samples with less than 70% probability of belonging to a cluster. (b) Heat-
map, showing normalized S/B ratios of 33 bacterial species/genera, including the most abundant species/
genera per cluster and those traditionally known to be associated with BV and frequently reported in litera-
ture. 1Abbreviated probe name: additional targeted species in the same genus are provided in supplemen-
tary information of previously published work [3]. 2Abbreviated for Prevotella.
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Table 1. Sociodemographic, behavioural, and reproductive history correlates of VMB clusters.

Correlates

krsT-i  
n (%)
n = 19

krsT-ii
n (%)  
n = 136

krsT-piii-v
n (%)  
n = 53 p-value1

sociodemographic characteristics at screening

Recruitment group:

Adult women, KE 9 (47.4) 60 (44.1) 21 (39.6) 0.69

Adolescent women, KE 1 (5.3) 14 (10.3) 4 (7.5)

Pregnant women, KE 3 (15.8) 9 (6.6) 2 (3.8)

Adult women, RSA 2 (10.5) 22 (16.2) 7 (13.2)

IVP users, RSA + TZ 2 (10.5) 10 (7.4) 8 (15.1)

HIV-positive and high risk women, RW 2 (10.5) 21 (15.4) 11 (20.8)

Country:

Kenya 13 (68.4) 83 (61.0) 27 (50.9) 0.69

RSA 2 (10.5) 22 (16.2) 8 (15.1)

Rwanda 2 (10.5) 21 (15.4) 11 (20.8)

Tanzania 2 (10.5) 10 (7.4) 7 (13.2)

Age (categorical):

16 -17 years 1 (5.3) 14 (10.3) 4 (7.5) 0.18

18 -24 years 3 (15.8) 50 (36.8) 20 (37.7)

25 -29 years 6 (31.6) 48 (35.3) 17 (32.1)

30 -35 years 9 (47.4) 24 (17.6) 12 (22.6)

Socio-economic status (composite)2:

Low 6 (31.6) 42 (30.9) 15 (28.3) 0.58

Medium 5 (26.3) 44 (32.4) 23 (43.4)

High 8 (42.1) 50 (36.8) 15 (28.3)

sexual behaviour

Sexual risk taking (composite)3:

Low 7 (36.8) 55 (40.4) 22 (41.5) 0.63

Medium 6 (31.6) 42 (30.9) 11 (20.8)

High 6 (31.6) 39 (28.7) 20 (37.7)

Self-acknowledged sex-worker:

No 16 (84.2) 115 (84.6) 43 (81.1) 0.88

Yes 3 (15.8) 21 (15.4) 10 (18.9)

Number of lifetime sexual partners4:

One 7 (38.9) 29 (21.6) 10 (20.8) 0.55

Two to three 7 (38.9) 55 (41) 20 (41.7)

More than three 4 (22.2) 50 (37.3) 18 (37.5)

Number of sexual partners last 3 months5:

Zero 3 (15.8) 11 (8.2) 1 (1.9) 0.24

One 12 (63.2) 101 (75.4) 42 (79.2)

> One 4 (21.1) 22 (16.4) 10 (18.9)

Vaginal sex previous morning/evening6:

No 18 (94.7) 97 (71.9) 40 (75.5) 0.09

Yes 1 (5.3) 38 (28.1) 13 (24.5)



Table 1. Sociodemographic, behavioural, and reproductive history correlates of VMB clusters. (continued)

Correlates

krsT-i  
n (%)
n = 19

krsT-ii
n (%)  
n = 136

krsT-piii-v
n (%)  
n = 53 p-value1

Frequency of sex last 3 months7:

≤ 10 times 7 (50.0) 45 (38.8) 20 (42.6) 0.21

11 - 30 times 6 (42.9) 36 (31.0) 19 (40.4)

> 30 times 1 (7.1) 35 (30.2) 8 (17.0)

Condom use last sexual contact7:

No 13 (81.2) 70 (60.3) 32 (68.1) 0.24

Yes 3 (18.8) 46 (39.7) 15 (31.9)

Freq of unprotected sex (last 3 months)8:

Never 0 (0.0) 36 (60.0) 12 (63.2) 0.06

< 10 times 2 (40.0) 13 (21.7) 4 (21.1)

≥ 10 times 3 (60.0) 11 (18.3) 3 (15.8)

Put something in vagina to dry/tighten vagina
before sex (enrolment)9:

No 17 (100.0) 125 (99.2) 46 (100.0) 1.00

Yes 0 (0.0) 1 (0.8) 0 (0.0) 1.00

Clean vagina after sex (enrolment):

No 7 (36.8) 67 (49.3) 28 (52.8) 0.50

Yes 12 (63.2) 69 (50.7) 25 (47.2)

Vaginal practice for washing:

No 7 (36.8) 51 (37.5) 21 (39.6) 0.88

Yes, but not the evening before visit 3 (15.8) 14 (10.3) 7 (13.2)

Yes, including evening before visit 9 (47.4) 71 (52.2) 25 (47.2)

Products used to wash/clean/dry vagina

No product 6 (31.6) 51 (37.5) 20 (37.7) 0.48

Water or fingers only 6 (31.6) 39 (28.7) 17 (32.1)

Water + soap 3 (15.8) 35 (25.7) 14 (26.4)

Cloth 4 (21.1) 11 (8.1) 2 (3.8)

reproductive history at screening
Median gravidity (IQR) 2 (1, 3) 2 (1, 3) 2 (1, 3) 0.78

Median parity (IQR) 2 (1, 2.5) 1.5 (0, 2) 1 (0, 2) 0.76

Currently pregnant

No 16 (84.2) 127 (93.4) 51 (96.2) 0.19

Yes 3 (15.8) 9 (6.6) 2 (3.8)

Breast feeding:

No 16 (84.2) 119 (87.5) 49 (92.5) 0.48

Yes 3 (15.8) 17 (12.5) 4 (7.5)

Median months since last delivery10,11 (IQR) 41 (28, 54) 33 (19, 48) 56 (28, 82) 0.01

Current contraceptive use:

None, pregnant 3 (15.8) 9 (6.6) 2 (3.8) 0.58

None, not pregnant 3 (15.8) 30 (22.1) 13 (24.5)

Combined oral contraceptives 3 (15.8) 19 (14.0) 9 (17.0)

Progestin-only injectables 5 (26.3) 44 (32.4) 11 (20.8)

Condoms + IUD 5 (26.3) 34 (25.0) 18 (34.0)
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associations between vmB clusters, nugent scores and amsel criteria

Diagnosis of BV by Nugent score and Amsel criteria were each strongly associated with 
VMB clustering (P<0.0001) (Table 2, Figure 3). The majority (> 88%) of women in clus-
ters KRST-I and II were diagnosed as BV-negative by Nugent score and Amsel criteria. 
However, while the majority of women (89.6%) in cluster KRST-pIII-V was diagnosed as 
BV-positive by Nugent score, only 30% were diagnosed as BV-positive by Amsel criteria. 
Only 9.6% of women were diagnosed with intermediate microbiota by Nugent score 
and approximately equal proportions were found in each VMB cluster (Figure 3).

Clinical correlates of vmB clusters

The proportions of women with laboratory-confirmed bacterial STIs (5.6% in KRST-I, 
14.7% in KRST-II and 22.6% in KRST-pIII-V), HSV-2 (21.1%, 37.5%, and 37.7%) and HIV (0%, 
5.2%, and 5.7%) increased from cluster KRST-I to KRST-pIII-V, indicating a trend although 
the evidence for an association was weak (Ptrend=0.07 for STIs, 0.34 for HSV2 and 0.44 
for HIV) (Table  2, Additional file 1: Figure  S2). No women in cluster KRST-I had an UTI 
compared to 55.6% in cluster KRST-II and 23.7% in cluster KRST-pIII-V (P=0.06; Table 2). 
Women with abundant cervical mucus upon speculum examination were more likely to 
belong to cluster KRST-I, but the total number of women with abundant cervical mucus 

Table 1. Legends
Abbreviations: IQR inter quartile range, IUD intra uterine device, IVP intravaginal practice, KE Kenya, KRST 
Kenya, Rwanda, South Africa and Tanzania, RSA Republic of South Africa, RW Rwanda, TZ Tanzania.
1  Kruskal-Wallis test for continuous data and Fisher’s exact test for categorical data.
2  The composite score ‘socio-economic-status’ was calculated as follows: income: no income (=1), up to the 

median (=2), median to 75th percentile (=3), and ≥ 75th percentile (=4); housing: informal dwelling (=1), 
room inside house or flat (=2), rented house or flat (=3), bonded/mortgaged house or flat (=4); and toilet: 
no facility/bush/field/traditional pit toilet (=1), ventilated improved pit latrine (=2), and flush toilet (=3). 
The total score was categorized in tertiles as low, medium, high.

3  The composite variable for sexual risk taking was constructed as follows: High risk: sex worker OR at least 
three sex partners last year OR had at least one sex partner (in the last 3 months) with HIV OR age first sex 
less than 15 yrs; Medium risk: at least two sex partners last year OR had at least one sex partner (in the last 
3 months) who had multiple partners; Low risk: one or no sex partners in last year AND did not have any 
sex partner (in the last 3 months) with multiple partners AND age first sex at least 15 years.

4  8/208 values missing.
5  2/208 values missing.
6  1/208 values missing.
7  30/208 values missing.
8  124/208 values missing.
9  19/208 values missing.
10  71/208 values missing.
11  For every one month increase in the time since last delivery, women were less likely to be assigned to 

cluster KRST-II than cluster KRST-pIII-V (OR  =  0.98; 95% CI 0.97, 0.99). Time since last delivery was not 
statistically significantly different between clusters KRST-I and KRST-II, and between clusters KRST-I and 
KRST-pIII-V. 
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Table 2. Clinical correlates of VMB clusters.

Correlates

krsT-i
n (%)  
n = 19

krsT-ii
n (%)
n = 136

krsT-piii-v
n (%)
n = 53 p-value1

self-reported symptoms at screening

Vaginal discharge reported:

No 18 (8.9) 135 (66.5) 50 (24.6) 0.05

Yes 1 (20.0) 1 (20.0) 3 (60.0)

Clinician observed findings at screening

Cervical mucus2,3,4:

No 5 (4.2) 82 (69.5) 31 (26.3) 0.04

Mild 11 (14.1) 48 (61.5) 19 (24.4)

Abundant 2 (28.6) 3 (42.9) 2 (28.6)

Cervical and/or vaginal epithelial abnormalities:

No 15 (8.0) 124 (66.3) 48 (25.7) 0.26

Yes 4 (19.0) 12 (57.1) 5 (23.8)

Ectopy:

No 11 (9.4) 73 (62.4) 33 (28.2) 0.57

Yes 8 (8.8) 63 (69.2) 20 (22)

Any colposcopy finding?:

No 17 (9.4) 119 (65.7) 45 (24.9) 0.90

Yes 2 (7.4) 17 (63.0) 8 (29.6)

laboratory-confirmed reproductive and urinary tract infections

HIV serology

Negative 19 (100.0) 128 (94.8) 50 (94.3) 0.78

Positive 0 (0.0) 7 (5.2) 3 (5.7) Trend: 0.44

HSV-2 serology

Negative 15 (78.9) 85 (62.5) 33 (62.3) 0.36

Positive 4 (21.1) 51 (37.5) 20 (37.7) Trend: 034

Bacterial STI5

Negative 17 (94.4) 116 (83.3) 41 (77.4) 0.20

Positive 1 (5.6) 20 (14.7) 12 (22.6) Trend: 0.07

BV by Nugent score

0-3 15 (93.8) 93 (76.2) 2 (4.2) < 0.01

4-6 1 (6.2) 15 (12.3) 3 (6.3)

7-10 0 (0.0) 14 (11.5) 43 (89.6)

BV by Amsel criteria

Negative 18 (94.7) 128 (94.1) 37 (69.8) < 0.01

Positive 1 (5.3) 8 (5.9) 16 (30.2)

Candidiasis on wet mount6

Negative 16 (84.2) 113 (83.1) 50 (94.3) 0.11

Positive 3 (15.8) 23 (16.9) 3 (5.7) Trend: 0.09

Urinary tract infection by dipstick test

Negative 4 (100.0) 4 (44.4) 132 (76.3) 0.06

Positive 0 (0.0) 5 (55.6) 41 (23.7)
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was small (P=0.04; Table 2). Women who reported unusual vaginal discharge were more 
likely to belong to cluster KRST-pIII-V (P=0.05; Table  2). There was no evidence for an 
association between VMB clustering and any other clinical characteristics. We did not 
conduct multivariable modelling with this group of variables due to the fact that few of 
them were significant at P≤0.01 in bivariable models.

immunological correlates of vmB clusters

The bivariable models showed strong evidence for an increase of the pro-inflammatory 
cytokines and growth factors IL-1α, IL-1β, G-CSF, and GM-CSF, and a decrease of IP-10, 
when moving from cluster KRST-I to KRST-pIII-V (Table 3). The MIP-1β concentration was 

Table 2. Clinical correlates of VMB clusters. (continued)

Correlates

krsT-i
n (%)  
n = 19

krsT-ii
n (%)
n = 136

krsT-piii-v
n (%)
n = 53 p-value1

Treatment in the 14 days prior to enrolment

Any systemic antibiotics6:

No 18 (10.5) 115 (66.9) 39 (22.7) 0.10

Yes 1 (2.8) 21 (58.3) 14 (38.9)

Any vaginal antibiotics:

No 19 (9.2) 136 (66) 51 (24.8) 0.12

Yes 0 (0) 0 (0) 2 (100)

Bacterial vaginosis requiring treatment:

No 19 (9.7) 130 (66.3) 47 (24.0) 0.16

Yes 0 (0) 6 (50.0) 6 (50.0)

Candidiasis requiring treatment7:

No 17 (9.5) 116 (64.8) 46 (25.7) 0.10

  Yes 0 (0) 10 (100) 0 (0)  

Abbreviations: KRST Kenya, Rwanda, South Africa, and Tanzania.
1   Fisher’s exact test, Trend = Chi-squared test for trend.
2  4/208 values missing.
3  No association (P= 0.95) was found when the data were analysed with a binary outcome (i.e. clusters KRST-I 

and KRST-II combined vs. cluster KRST-pIII-V).
4  Women who had mild/moderate cervical mucus (OR = 0.27; 95% CI 0.09, 0.81) and women who had abun-

dant cervical mucus (OR = 0.09; 95% CI 0.01, 0.68) were more likely to belong to cluster KRST-II vs. KRST-I 
compared to women with no cervical mucus. Women who had mild cervical mucus compared to no cervi-
cal mucus were less likely to belong to cluster KRST-pIII-V vs. KRST-I (OR = 0.28; 95% CI 0.08, 0.93), while 
there was no statistically significant difference between having abundant cervical mucus and no cervical 
mucus.

5  Bacterial STIs includes syphilis (by serology), chlamydia and gonorrhoea (by PCR), and trichomoniasis (by 
InPouch culture test).

6  Stronger evidence of association was observed when data were analysed with a binary outcome (i.e. clus-
ters KRST-I and II combined vs. cluster KRST-pIII-V) (P= 0.06) and when pregnant women and Tanzanian 
women (phase in the menstrual cycle at the time of sampling not known) were excluded (P= 0.04).

7  19/208 values missing.
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highest in cluster KRST-II and lowest in cluster KRST-I. Six variables (IL-1α, IL-1β, G-CSF, 
GM-CSF, IP-10, and MIP-1β) qualified for inclusion in the multivariable model, but the 
final model (AIC=296) included only four of them (IL-1α, G-CSF, IP-10, and MIP-1β). IL-1β, 
which was highly significant in the bivariable analysis, was eliminated due to its high 
correlation with IL-1α (Pearson’s correlation coefficient = 0.65). The associations in the 
final model were in the same direction as in the bivariable models.

disCussiOn

We identified five vaginal microbiota clusters in a diverse group of women from four Af-
rican countries. Two of these clusters were dominated by L. crispatus or L. iners, while the 
other three clusters consisted of various combinations of other (facultative) anaerobic 
bacteria in addition to L. iners. Studies in the USA, Europe and Asia have also reported 
clusters dominated by L. crispatus and L. iners, but L. crispatus clusters were typically 
more common and L. iners clusters less common than in our study [8, 10, 28, 29]. Lon-
gitudinal studies have shown that L. crispatus protects women from vaginal dysbiosis 
more efficiently than L. iners (reviewed in [6]). We did not identify any clusters dominated 
by L. gasseri or L. jensenii. Such clusters have been reported in studies in the USA, Europe 
and Asia but were less common than clusters dominated by L. crispatus or L. iners [8, 10, 

figure 3. BV status distribution by Nugent score (a) and Amsel criteria (b) in the three VMB clusters. In Fig-
ure 3a, women were classified as BV-negative (BV-), BV intermediate (BVint), or BV-positive (BV+) based on 
Nugent score of 0–3, 4–6 and 7–10, respectively. In Figure 3b, women were classified as BV-positive if any 
three of the four Amsel criteria (i.e. clue cells > 20%, positive whiff test, vaginal pH > 4.5, and/or presence 
of unusual vaginal discharge) was positive. The error bars correspond to the 95% confidence interval of the 
proportions.
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28, 29]. We found that Nugent scoring correlated well with molecular VMB clustering but 
the Amsel criteria did not, as has been found by others (reviewed in [6]). This may have 
clinical relevance since the Amsel criteria are often used in clinic settings to diagnose BV.

Women in the pooled dysbiotic cluster KRST-pIII-V had higher concentrations of several 
pro-inflammatory factors than women in clusters KRST-I and II. In the past, BV has often 
been described as a non-inflammatory syndrome, but more recent data consistently 
show that vaginal dysbiosis is associated with subclinical cervicovaginal immune activa-
tion [19, 30]. The differences in inflammatory markers could also partially be explained 
by hormonal differences between the VMB clusters such as stage of the menstrual cycle, 
use of hormonal contraception and pregnancy. A recent systematic review showed 
that hormonal contraceptive use and pregnancy are negatively associated with 
vaginal dysbiosis [31], and it has been suggested that pregnancy is associated with a 
pro-inflammatory state [32]. However, in this study, hormonal contraceptive use and 
pregnancy were not associated with VMB clustering and a sensitivity analysis excluding 
the pregnant women and women from Tanzania (for whom we did not know the stage 
of the menstrual cycle at the time of sampling) did not change our results substantively 
(see footnotes Table 3). Inflammation related to vaginal dysbiosis is of concern because 
vaginal dysbiosis is very common (25.5% in this study) [33] and inflammation in the 
genital tract results in the attraction of CD4+ target cells for HIV [20] as well as shedding 
of HIV in HIV-positive women [34]. There was no evidence for an association between 
VMB clustering and HIV prevalence in this study (likely due to the small number of HIV 
infections) but we recently showed a strong association (using the same phylogenetic 
microarray as in this study) in female sex workers in Kigali, Rwanda [3].

There was some evidence that a lower proportion of women in cluster KRST-I tested 
positive for STIs (Ptrend=0.07) and UTIs (P=0.06) than in the other clusters, but the number 
of cases was small. These findings are, however, consistent with the findings of the 
above-mentioned study in female sex workers in Kigali that reported negative associa-
tions between a L. crispatus-dominated VMB and various STIs [3]. Other studies have also 
shown that lactobacilli-dominated VMB (reviewed in [6]) or a Nugent score 0-3 [4, 5, 35] 
are negatively associated with both viral and bacterial STIs. The relationship between 
the VMB and UTIs has not been adequately studied, but recent studies have shown 
that the urine microbiome in women resembles their VMB [36]. In contrast, a higher 
proportion of women in clusters KRST-I and II had vaginal candidiasis than women in the 
other clusters (Ptrend=0.09), and this is consistent with findings of several other studies 
(reviewed in [6]).
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We identified few additional correlates of VMB composition, perhaps due to limited 
statistical power. Women who had delivered a baby more recently were more likely to 
belong to clusters KRST-I and KRST-II (P=0.01), whereas women who reported unusual 
vaginal discharge were more likely to belong to clusters KRST-III/IV/V (P=0.05). The former 
could be explained by sex hormone levels but this seems unlikely since the median time 
period since the last delivery was at least 33 months in all three groups. Confounding 
by age or sexual behaviour might be more likely. There was some evidence that women 
in the KRST-I cluster were older, had fewer sexual partners in the last three months, but 
more unprotected sex with a steady partner, than women in the other clusters.

Our study used samples and data from two studies. While we used the same VMB as-
sessment methods in both studies, there were some differences in other assessments 
such as the way questions were asked, the test kits that were used for on-site diagnostic 
testing, and the platforms that were used in Antwerp and London for cytokine testing 
[37]. Other limitations include the cross-sectional nature of the study, the small sample 
sizes in some of the comparison groups (particularly the number of HIV and bacterial STI 
cases), and the imprecise timing of sexual behaviours (in the Vaginal Biomarkers Study), 
STI and UTI diagnoses (in the Vaginal Biomarkers Study) and stage of the menstrual cycle 
(in the Tanzania study) relative to microarray sampling.

COnClusiOns

Vaginal dysbiosis in African women was significantly associated with vaginal inflamma-
tion. The associations with increased prevalence of STIs (including HIV) and UTIs, and 
decreased prevalence of vaginal candidiasis, should be confirmed in larger studies.
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aBsTraCT

Background

The observed association between Depo-Provera injectable use and increased HIV ac-
quisition may be caused by hormone-induced increased susceptibility to other sexually 
transmitted infections (STIs) or changes in the cervicovaginal microbiota (VMB), accom-
panied by genital immune activation and/or mucosal remodelling.

methods

Rwandan female sex workers (n=800) were interviewed about contraceptive use and 
sexual behaviour and were tested for STIs, bacterial vaginosis by Nugent score and preg-
nancy, at baseline. A subset of 397 HIV-negative, nonpregnant women were interviewed 
and tested again at regular intervals for 2 years. The VMB of a subset of 174 women was 
characterized by phylogenetic microarray. Outcomes of STI and VMB were compared 
between women with hormonal exposures (reporting oral contraceptive or injectable 
use, or testing positive for pregnancy) and controls (not reporting hormonal contracep-
tion and not pregnant).

results

Oral contraceptive use was associated with increased human papilloma virus preva-
lence (adjusted odds ratio (aOR) =3.10; 1.21-7.94) and Chlamydia trachomatis incidence 
(aOR=6.13; 1.58-23.80), injectable use with increased herpes simplex virus-2 prevalence 
(aOR=2.13; 1.26-3.59) and pregnancy with lower HIV prevalence (aOR=0.45; 0.22-0.92) 
but higher candidiasis incidence (aOR=2.14; 1.12-4.09). Hormonal status was not associ-
ated with Nugent score category or phylogenetic VMB clustering, but oral contraceptive 
users had lower semiquantitative vaginal abundance of Prevotella, Sneathia/Leptotrichia 
amnionii and Mycoplasma species.

Conclusions

Oral contraceptive and injectable use were associated with several STIs but not with 
VMB composition. The increased herpes simplex virus-2 prevalence among injectable 
users might explain the potentially higher HIV risk in these women, but more research is 
needed to confirm these results and elucidate biological mechanisms.
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inTrOduCTiOn

Millions of women worldwide use hormonal contraception, the most widely used being 
oral contraceptives (OCs) and progestin-only injectables, such as depot medroxypro-
gesterone acetate (DMPA) [1]. The 150 mg aqueous injection of DMPA is marketed as 
Depo-Provera. A recent systematic review of 22 prospective studies, including studies on 
female sex workers, concluded that OCs do not increase HIV acquisition risk, but that the 
evidence for progestin-only injectables is conflicting [2]. Several biological mechanisms 
have been postulated, but it is unclear which, if any, are clinically relevant. The proposed 
mechanisms include direct effects of DMPA, or the lack of oestrogen induced by high 
levels of DMPA, on genital immune activation (including the attraction of CD4+/CCR5+ 
target cells for HIV) and/or epithelial and mucosal remodelling, or indirect effects: DMPA 
or lack of oestrogen might increase vulnerability to other sexually transmitted infections 
(STIs) or change the composition of the cervicovaginal microbiome (VMB), which in turn 
might cause genital immune activation or mucosal remodelling [3-5].

A 2009 review concluded that OC use is associated with an increased risk of Chlamydia tra-
chomatis, but the evidence for DMPA is weaker [4]. Furthermore, reports of OC use and Neis-
seria gonorrhoeae are inconsistent, and DMPA does not seem to increase risk [4-6]. Studies on 
hormonal contraception and Trichomonas vaginalis and syphilis are scarce, but most show 
(nonsignificant) trends toward protective effects [4]. Long-term use of OCs has been associ-
ated with an increased risk of cervical cancer, but there is no proven association between 
OCs and DMPA and human papillomavirus (HPV) acquisition [7]. Finally, herpes simplex virus 
type 2 (HSV-2) was identified as an important effect modifier of the relationship between 
DMPA and HIV acquisition in one pivotal study [8], but this has not been confirmed by others 
[9]. Prospective data on hormonal contraception and HSV-2 acquisition risk are scarce.

Two recent systematic reviews showed that hormonal contraception reduces bacterial 
vaginosis (BV; Nugent score 7-10) and intermediate microbiota (Nugent score 4-6), but 
that OC use may increase vaginal candidiasis [10, 11]. Only 4 studies were identified 
that had used molecular techniques to characterize the VMB [10]. These confirmed that 
high oestrogen levels favour a VMB composition dominated by “healthy” Lactobacillus 
species, but the effects of progesterone were not well studied. A similar association be-
tween pregnancy (i.e., a progesterone-dominated state) and a Lactobacillus-dominated 
VMB has been described [12].

Several epidemiological studies have shown an association between STIs and increased 
risk of HIV acquisition, with the highest population attributable risk for HSV-2 (reviewed 
in [13]). Similarly, several studies have shown associations between BV/intermediate Nu-
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gent score, candidiasis and HIV acquisition [13]. A 2014 systematic review of all 63 stud-
ies that had used molecular methods between 2008 and 2013 to characterize the VMB 
found 11 cross-sectional studies comparing the VMB of HIV-positive and HIV-negative 
women: most found trends toward decreased lactobacilli (and particularly L. crispatus) 
[14]. No prospective studies were identified.

The original aim of our study was to determine HIV and STI incidence in Rwandan female 
sex workers. In this secondary analysis, we evaluated the effects of hormonal state (i.e. 
hormonal contraception use or pregnancy) on the prevalence and incidence of STI patho-
gens, BV by Nugent score category, and phylogenetic VMB composition. We hypothesized 
that the presence of STI pathogens or VMB bacteria that activate the immune system is 
an intermediate step on the causal pathway between hormonal state and HIV acquisition.

meTHOds

study design

The Kigali HIV Incidence Study was a prospective cohort study conducted in 2007 to 
2008 at Rinda Ubuzima, a nongovernmental research clinic in Kigali, Rwanda [15]. The 
study was approved by the National Ethics Committee, Rwanda, and the Columbia Uni-
versity Medical Center Institutional Review Board, USA. All participants provided written 
informed consent.

Eight hundred adult female sex workers with unknown HIV status were tested for HIV, 
HSV-2, and pregnancy in a screening survey (Figure 1) [15]. Subsequently, a subset of 
397 HIV-negative nonpregnant women was enrolled in a prospective cohort study. 
Cohort participants visited the study clinic quarterly for 1 year (referred to as the month 
3 (M3), M6, M9, and M12 visits), and one additional time thereafter (the year 2 (Y2) visit; 
3.5-16 months after M12). An additional 141 women who tested HIV-positive in the 
screening survey attended the Y2 visit. At each visit, women were interviewed and coun-
selled (including family planning counselling and provision of condoms free of charge), 
provided blood samples, and were tested for HIV and pregnancy. Women self-sampled 
vaginal swabs for diagnostic STI testing at enrolment and M12, and a pelvic examination 
(including cervicovaginal sampling by a clinician) was performed at M6 and Y2.

diagnostic testing

Wet mounts and rapid tests were conducted in real time (see further); all other samples 
were processed the same day and stored at -80⁰C until testing. Women were tested for 
HIV and pregnancy at all visits; syphilis, N. gonorrhoeae, C. trachomatis at enrolment, M6, 
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M12; T. vaginalis, BV, and candidiasis at enrolment, M6, M12, Y2; HSV-2 at screening (and 
those who tested negative were tested again at M12 and Y2, with retroactive testing of 
stored samples if seroconverted); and HPV types at M6 and Y2 (Figure 1).

Testing was conducted on-site at Rinda Ubuzima in Kigali, Rwanda, unless stated otherwise. 
Whole blood was tested for HIV using the First Response rapid test (Premier Medical Corpo-
ration, Nani Daman, India), followed by Uni-Gold rapid test (Trinity Biotech Plc, Bray, Ireland) 
when the first test was positive, and the Capillus HIV-1/HIV-2 rapid test (Trinity Biotech Plc) as 
tie-breaker if needed. A serum pregnancy test (Fortress Diagnostics hCG serum pregnancy 
test, Antrim, UK) was used to screen for pregnancy. Plasma specimens were tested for HSV-2 
(HerpeSelect 2 ELISA; Focus Diagnostics Inc, Cypress, CA; with index ≥ 3.5 defined as positive) 
and syphilis serology (Spinreact Rapid Plasma Reagin test with confirmation by Spinreact 
T. pallidum Haemagglutination test, Girona, Spain). An endocervical swab was used for N. 
gonorrhoeae and C. trachomatis testing using the Amplicor CT/NG PCR test (PCR Roche 
Diagnostic Corp, Indianapolis, IN; testing done at the Institute of Tropical Medicine, Antwerp, 
Belgium), and a vaginal swab was used for T. vaginalis InPouch (Biomed Diagnostics, White 

Screening survey (n=800)

Excluded (n=403) Enrolled in prospective study 
(HIV-negative, non-pregnant) (n=397)

Month 3 (M3) visit (n=391)

M6 visit (n=387)

M9 visit (n=382)

M12 visit (n=381)

Year 2 (Y2) visit (n=479)

HIV-positive (n=198) Otherwise ineligible 
(n=83)

Eligible but 
target met (n=122)

Returned for Y2 visit (n=141)

HIV test

HSV-2 test

TP, CT, NG, and TV test

Nugent score and yeast

HPV test

Microbiome testing 
(196 samples of 174 women)

Lost to follow-up (n=6)

Lost to follow-up (n=3)

Lost to follow-up (n=6)

Lost to follow-up (n=1)

Lost to follow-up (n=43)

figure 1. Flow diagram of study design. Prospective cohort study of female sex workers in Kigali, Rwanda. 
The flow diagram depicts how many women were screened, enrolled, and returned for each study visit, and 
which diagnostic tests for STIs and cervicovaginal microbiome composition were performed at each visit.
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City, OR) testing. Vaginal swabs were also used to prepare a wet mount and Gram stain slide 
to determine the presence of more than 20% clue cells and trichomonads (a participant 
was considered positive for T. vaginalis if she tested positive on either the wet mount or the 
InPouch test), and for Gram stain Nugent scoring. KOH was added to the wet mount slide to 
detect an amine smell and visualize yeasts. The vaginal pH was measured by pressing a pH 
paper strip against the vaginal wall (pH range 2-9 with 0.5 increments). Spatulas and cyto-
brushes were rinsed in Preservcyt transport medium (ThinPrep Pap Test; Cytyc Corporation, 
Boxborough, MA), which was stored at -80ºC until batched testing at the end of the study 
in specialized laboratories for HPV genotyping (Linear Array HPV Genotyping Test, Roche 
Molecular Systems; testing done at the Institute of Tropical Medicine, Antwerp, Belgium) and 
phylogenetic microarray analysis (TNO, Zeist, the Netherlands).

microarray testing

M6 and Y2 Preservcyt samples of 174 women were analysed using a DNA hybridization 
microarray containing 251 probes targeting urogenital microorganisms. Women with 
HIV and STIs were overrepresented in this subsample by design. Microarray design, 
sample preparation, amplification, and hybridization were described elsewhere [16]. Of 
the 251 probes, 66 16S probes were bacterial species-specific, 56 16S probes targeted 
multiple bacterial species within one genus, 105 16S probes were specific at a higher 
bacterial taxonomic level, 5 were groEL probes, 16 were 18S probes, and 3 were viral 
probes. We focused our clustering analyses on all 251 probes, and we performed ad-
ditional analyses on 20 16S probes representing the most abundant bacterial species/
genera. Microarray data were normalized by calculating signal (S) over background 
(B) ratios per spot, setting the ratio to one when signals were not confidentially above 
background, and by Lowess smoothing [17]. Women were assigned to a VMB cluster if 
they had at least 70% probability of belonging to a cluster identified by neighbourhood 
co-regularized multiview spectral clustering.

statistical analysis

Data were double-entered and analysed using Stata version 12.0 (StataCorp, College 
Station, TX), MATLAB version R2012a (The MathWorks, Natick, MA) and R i386 (R Foun-
dation for Statistical Computing, Vienna, Austria). The hormonal status of all women 
was determined at each visit: currently pregnant by pregnancy test (regardless of 
self-reported use of contraception), self-reported current use of OCs or injectables, or 
nonexposed controls (women who did not report hormonal contraception and were not 
pregnant). When women reported to use a certain family planning method at a study 
visit during which an outcome of interest was measured, we assumed that they used the 
same method during the entire interval between this visit and the previous visit during 
which the same outcome was measured.
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Differences in baseline prevalence of outcomes by hormonal status were tested by 
multivariable logistic regression for STIs, Nugent score 7-10 or 4-6 (each compared to 
0-3), and candidiasis by wet mount; unadjusted Fisher exact tests for VMB clusters; and 
Kruskal-Wallis one-way analysis of variance tests for normalized S/B ratios of individual 
VMB species/genera. Differences in incidence were determined by multivariable logistic 
regression with random effects. This model was chosen over Cox or Poisson proportional 
hazards models due to the relatively low frequency of follow-up visits. Sensitivity analy-
ses with Cox or Poisson regression were conducted, showing similar results (not shown). 
In all multivariable prevalence and incidence analyses, adjustments were made for age, 
educational level, years worked as sex worker, and breast-feeding (to account for differ-
ences in endogenous hormone levels) as reported at baseline, consistent condom use 
as reported at the current or nearest visit, antibiotic use in the past 14 days, and ever 
having used antibiotics before the outcome assessment date. In all incidence analyses, 
an additional adjustment was made for the differences in the duration of the interval 
between repeated assessments. Missing data were imputed using the mode (binary 
variables) or median (categorical variables). When the use of antibiotics was unknown 
and no previous STIs were detected, we assumed no antibiotics were used.

resulTs

study participant characteristics

Of the 800 screening survey participants, 61 (7.6%) tested positive on the pregnancy 
test, 49 (6.1%) reported to use OCs, 97 (12.1%) injectables, and 3 a hormonal implant. 
Intrauterine devices or sterilization were not reported. Of the remaining 590 women, 
439 reported to use condoms only, 88 reported periodic abstinence or coitus interrup-
tus with or without condoms, 60 reported not to use family planning, and 3 had missing 
data. The women using a hormonal implant or having missing data (n=6) were excluded 
from all analyses, resulting in a control group of 587 women.

The age of the participants ranged from 18 to 49 years with no differences between 
hormonal status categories (Table 1). Most women were never married and had primary 
school or less education. Pregnant women were less likely to currently breastfeed, and 
injectable users had a slightly higher median number of lifetime pregnancies. All but 5 
women were working as a sex worker at the time of the survey with a median duration of 
3 years. Most women reported to wash inside the vagina at least once daily, and a total 
of 74.1% reported to use condoms. At screening, the HIV prevalence was 24.0% and the 
HSV-2 prevalence was 60.6%.
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Of the 397 HIV-negative, nonpregnant women who enrolled in the cohort study, 338 
attended all follow-up visits, 53 were lost to follow-up, 4 withdrew early, and 2 died [15] 
(Figure 1). The 59 women who were lost were not significantly different from the 338 
women who completed follow-up except that their median income was lower (8,000 
versus 12,000 RWF/month, respectively; data not shown). Contraceptive switching was 
common. Of the 49 women who reported to use OCs at screening, 24 were enrolled in 
the cohort: 12 consistently used OCs until study exit, but 5 switched to injectables, 1 to 
an implant, and 6 became pregnant. Of the 97 women who reported to use injectables 

Table 1. Baseline characteristics of study participants by hormone status.

Total 
(n=800)

Controls1 
(n=587)

OC use 
(n=49)

injectable 
use (n=97)

Pregnant 
(n=61) P

demographics

Age, y, median (range) 25 (18-49) 25 (18-49) 25 (18-41) 25 (20-46) 24 (19-44) 0.19

Marital status:

Married or steady partner2 278 (34.9) 210 (35.9) 14 (28.6) 36 (37.1) 17 (28.3) 0.50

Divorced/separated/widowed 210 (26.3) 155 (26.4) 10 (20.4) 30 (30.9) 13 (21.3) 0.46

Never married 584 (73.0) 428 (72.9) 38 (77.6) 66 (68.0) 48 (78.7) 0.45

Income/wk., median [IQR]; x 1000 RWF2 15 [8-23] 14 [8-21] 20 [10-30] 15 [10-23] 18 [10-29] 0.06

Highest level of education:3

No education 166 (20.8) 123 (21.0) 9 (18.4) 18 (18.6) 14 (23.0) 0.52

Some primary school 326 (40.9) 247 (42.2) 19 (38.8) 35 (36.1) 24 (39.3)

Completed primary school 207 (25.9) 149 (25.5) 10 (20.4) 31 (32.0) 15 (24.6)

Some secondary school/completed 99 (12.4) 66 (11.3) 11 (22.5) 13 (13.4) 8 (13.1)

Currently pregnant 61 (7.6) 0 (0) 0 (0) 0 (0) 61 (100) <0.01

Currently breastfeeding3 344 (43.1) 267 (45.5) 23 (46.9) 39 (40.2) 13 (22.0) <0.01

No. lifetime pregnancies, median [IQR]2 2 [1-3] 2 [1-3] 2 [1-3] 2 [2-3] 2 [1-3] <0.01

sexual risk taking

Years in sex work, median [IQR]4 3 [2-5] 3 [2-5] 3 [2-6] 3 [2-5] 3 [2-5] 0.65

No. of vaginal sex acts in past month, 
median [IQR]

40 [20-64] 40 [20-64] 40 [24-60] 32 [20-60] 40 [20-60] 0.76

Currently working as sex worker5 787 (99.4) 578 (99.5) 48 (100) 96 (100) 59 (96.7) 0.15

Times washed inside vagina in last 
week2, median [IQR]

7 [7-12] 7 [7-10] 7 [7-14] 7 [7-13] 7 [7-12] 0.99

Condom use at last vaginal sex 593 (74.1) 432 (73.6) 38 (77.6) 75 (77.3) 45 (73.8) 0.85

laboratory diagnoses

HIV 192 (24.0) 150 (25.6) 8 (16.3) 23 (23.7) 10 (16.4) 0.25

HSV-2 485 (60.6) 352 (60.0) 24 (49.0) 70 (72.2) 35 (57.4) 0.03

1 Controls are nonpregnant women not using hormonal contraceptives.
2 Three values missing.
3 Two values missing.
4 Forty-seven values missing.
5 Eight values missing.
IQR indicates interquartile range.
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at screening, 48 were enrolled in the cohort: 26 consistently used injectables until study 
exit, but 4 switched to OCs, 1 to an implant, and 17 became pregnant. Thirty-two women 
started using OCs, and 78 women injectables, after enrolment into the cohort study.

Prevalence of sTis

In multivariable logistic regression analysis, pregnancy was associated with a lower HIV 
prevalence (adjusted odds ratio (aOR) 0.45; 95% confidence interval 0.22-0.92), inject-
able use with a higher HSV-2 prevalence (aOR=2.13; 1.26-3.59), and OC use with a higher 
HPV (any type) prevalence (aOR=3.10; 1.21-7.94) (Table  2). No statistically significant 
associations between hormonal status and prevalence of bacterial STIs, Nugent score 
7-10/4-6, or candidiasis were found (Table 2).

incidence of sTis

In multivariable logistic regression analysis with random effects, OC use was associ-
ated with a significantly higher C. trachomatis incidence (aOR=6.1; 1.6-23.8; Table  3). 
Although T. vaginalis incidence was not associated with hormonal status in comparisons 
with controls, a significantly higher incidence was found during pregnancy than dur-
ing injectable use (aOR=0.29; 0.11-0.78). Pregnancy was also associated with a higher 
candidiasis incidence (aOR=2.1; 1.1-4.1).

Cervicovaginal microbiome

We previously described 6 VMB clusters in this study population (Figure  2; [16]). 
Briefly, clusters R-I and R-II had the lowest total bacterial load and diversity, and were 
dominated by L. crispatus and L. iners, respectively. Cluster R-V had an intermediate 
bacterial load and diversity, and clusters R-III, R-IV, and R-VI had the highest bacterial 
loads and diversity. Clusters R-III to R-VI were not dominated by any one species but 
consisted of different combinations of (facultative) anaerobic bacteria, including high 
abundance of Gardnerella, Prevotella and Atopobium spp. and lower abundance of 
Dialister, Megasphaera, Mobiluncus and BV-associated bacterium type I. Clusters R-III to 
R-VI had a varying abundance of L. iners, with the lowest abundance in cluster R-III. The 
association between hormonal status and VMB clusters was not statistically significant 
(Fisher exact P=0.72; Table 4). However, it is interesting to note that none of the OC-users 
and pregnant women were assigned to the R-I L. crispatus cluster (compared with 7.3% 
of controls and 7.9% of injectable users) and that a higher proportion of them were 
assigned to the R-II L. iners cluster (52.4%-57.1% vs. 29.0%-36.5%; Table 4).

Of the 20 microarray probes targeting the most abundant VMB bacteria in our study 
population, none showed an overall significant association with hormonal status 
(Figure 3). Of the 4 probes that were associated with hormonal status with an overall 
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P<0.1, Prevotella uncultured bacterium, Sneathia/Leptotrichia amnionii and Mycoplasma 
species showed lower normalized S/B ratios in the OC users compared with controls 
(P=0.03, P=0.05 and P=0.02, respectively).

figure 2. Association between hormonal status and cervicovaginal microbiome clusters. (a) The six cervi-
covaginal microbiome clusters identified using 196 samples from 174 participants. (B) Heatmap of the 20 
most abundant species and genera. 1Probe targeting 16 species in the Mycoplasma genus, including M. 
hominis. 2Probe targeting 8 species in the Veillonella genus, including V. atypica and V. parvula. C, Pregnancy 
or hormonal contraception use of the participants at the time of sampling. BVAB1 indicates BV-associated 
bacterium-1.

Table 4. Association between hormonal status and cervicovaginal microbiome clusters.

Controls (n=96) OC use (n=14) injectable use (n=38) Pregnant (n=21) P1

Cluster R-I 7 (7.3) 0 (0) 3 (7.9) 0 (0)

Cluster R-II 35 (36.5) 8 (57.1) 11 (29.0) 11 (52.4)

Cluster R-V 18 (18.8) 3 (21.4) 6 (15.8) 4 (19.1)

Cluster R-III/ R-IV/ R-VI 18 (18.8) 2 (14.3) 9 (23.7) 2 (9.5) 0.72

Not assigned2 18 (18.8) 1 (7.1) 9 (23.7) 4 (19.1)

1Fisher exact P without adjustments. Five of the 174 tested women used implants or an intrauterine device 
during microbiome testing and were not included in this analysis.
2These women could not be assigned to any of the clusters with at least 70% probability (see “Methods”).
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6

disCussiOn

In this population of African sex workers highly exposed to STIs, OC use was associated 
with increased HPV prevalence and C. trachomatis incidence and a lower semiquanti-
tative abundance of bacteria associated with BV (Prevotella, Sneathia/L. amnionii and 
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figure 3. Association between hormonal status and individual cervicovaginal bacteria. Normalized S/B ra-
tios of 4 abundant bacteria, indicating the semiquantitative abundance of bacteria per hormonal status 
group. All had a P value less than 0.1 using an unadjusted Kruskal-Wallis test. An (*) indicates a difference 
of P < 0.05 when comparing to only the control group. No association was found between hormonal status 
level and S/B ratios of L. crispatus, Gardnerella vaginalis_1, Gardnerella uncultured bacterium, Atopobium 
vaginae, Prevotella ruminicola/Prevotella timonensis/Prevotella bergensis/Prevotella buccalis, Prevotella bivia, 
Prevotella disiens, P. amnii, Mobiluncus mulieris, BVAB1 (BV-associated bacterium-1), Dialister propionicifa-
ciens, Dialister micraerophilus, Sneathia sanguinegens, Megaspaera uncultured bacterium, Porphyromonas 
uenonis/Porphyromonas asaccharolytica, and a probe targeting 8 Veillonella spp., including V. atypica and V. 
parvula. 1Probe targeting 16 species in the Mycoplasma genus, including M. hominis.
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Mycoplasma species). Injectable use was associated with an increased HSV-2 prevalence 
but no other clear differences with controls were identified. Pregnancy was associated 
with a lower HIV prevalence but a higher candidiasis incidence.

Our data confirm that OC use is associated with C. trachomatis and may also be associ-
ated with N. gonorrhoeae, although the evidence for the latter remains conflicting [4-6]. 
Furthermore, the evidence for a relationship between OCs and HPV is rapidly accumulat-
ing and should be carefully reviewed [7, 18-20]. We did not find an association between 
OC use and HPV incidence, perhaps due to inadequate statistical power. We therefore 
do not know whether the association between OCs and HPV prevalence in our study 
population can be explained by higher rates of acquisition or by infection persistence. 
Only one study has investigated the latter and found no association [21]. The dominant 
hypothesis to explain the relationships between OCs, cervical infections and HPV is 
that oestrogen facilitates cervical ectopy, thereby exposing a larger area of single-layer 
columnar epithelium to pathogens [22, 23].

We found an association between injectable use and HSV-2 prevalence, but not with 
HSV-2 incidence, in our study population. Although we did not record the type of 
injectable used, family planning programs in Rwanda mostly offer DMPA, and only oc-
casionally norethisterone enanthate [Association Rwandaise pour le Bien-Etre Familial, 
personal communication February 2013]. Cross-sectional epidemiological studies 
reporting on the relationship between hormonal contraception and HSV-2 have been 
inconclusive [4], but 2 studies have shown that DMPA increases HSV-2 genital shedding 
in those already infected [24, 25]. Furthermore, laboratory studies have shown that 
DMPA treatment resulted in a 100-fold increase in genital HSV-2 susceptibility in mice 
[26], and prevented a protective immune response in HSV-2-positive mice [27].

Pregnant women had a significantly lower HIV prevalence in our study, but this may be 
due to reverse causality: HIV-positive women are known to be less fertile [28]. Pregnancy 
was also associated with vaginal candidiasis, as has been described before [29]. We 
found a slightly higher incidence of T. vaginalis during pregnancy, but this only reached 
significance when comparing to injectable use (which was associated with a lower T. 
vaginalis incidence than in controls) and not when comparing to controls.

Based on our recent review of the literature on hormonal contraception and the VMB 
[10], we expected to find more pronounced associations between hormonal status and 
VMB composition than we did. However, none of our findings contradict the conclusions 
of our review and of a recent molecular VMB study in pregnant women [30]: we found 
nonsignificant trends toward protection against incidence of BV or intermediate micro-
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biota by Nugent scoring in OC users and pregnant women, and OC users had significantly 
lower semiquantitative abundance of several BV-associated bacteria than controls. Our 
findings may have been biased towards the null due to nondifferential misclassification 
of hormonal exposure status (see below) or because other determinants of microbiome 
composition masked the hormonal effects in this group of women with high coital fre-
quency and high STI prevalence. In the case of pregnant women, reverse causality can-
not be ruled out. Clinical BV is known to be a risk factor for various adverse pregnancy 
outcomes, and it is therefore possible that women with a lactobacilli-dominated VMB 
are more fertile or better able to carry a pregnancy to term [31, 32].

Some limitations of our study should be noted. Selection bias is common in all obser-
vational studies and was likely present in our study as well. Although pregnancy was 
ascertained by serum hCG test at each visit, hormonal contraceptive (and condom) use 
was self-reported, switching between hormonal exposure groups was common, data on 
adherence and phase of the menstrual cycle were lacking, and timing of conception was 
imprecise, all of which could have resulted in nondifferential exposure misclassification. 
Sexually transmitted infections, BV, and VMB outcomes were laboratory confirmed, but 
the timing of STI or BV acquisition was imprecise. We could not control all analyses for 
potential confounders due to the small sizes of some hormonal exposure categories, 
and even when adjustments were made, residual confounding cannot be ruled out. 
Strengths and limitations of the phylogenetic microarray are described elsewhere [16]. 
Despite these limitations, our study does provide exploratory insights into relationships 
that have not been studied previously and cannot easily be investigated in study popu-
lations with lower STI rates.

In conclusion, use of OCs and injectables was associated with prevalence and incidence 
of several STIs in our study population, but not with hormone-related variations in the 
VMB that are likely to increase HIV risk. The increased HSV-2 prevalence in injectable 
users might explain a potentially higher HIV risk in these women but further research is 
needed to confirm these results and unravel biological mechanisms.
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aBsTraCT

Vaginal microbiome (VMB) dysbiosis is associated with increased acquisition of HIV. Cer-
vicovaginal inflammation and other changes to the mucosal barrier are thought to have 
important roles but human data are scarce. We compared the human cervicovaginal 
proteome by mass-spectrometry of 50 Rwandan female sex workers who had previously 
been clustered into four VMB groups using a 16S phylogenetic microarray; in order of 
increasing bacterial diversity: Lactobacillus crispatus-dominated VMB (group 1), L. iners-
dominated VMB (group 2), moderate dysbiosis (group 3), and severe dysbiosis (group 
4). We compared relative protein abundances among these VMB groups using targeted 
(abundance of pre-defined mucosal barrier proteins) and untargeted (differentially 
abundant proteins among all human proteins identified) approaches. With increasing 
bacterial diversity, we found: mucus alterations (increasing mucin 5B and 5AC), cyto-
skeleton alterations (increasing actin-organizing proteins; decreasing keratins and 
cornified envelope proteins), increasing lactate dehydrogenase A/B as markers of cell 
death, increasing proteolytic activity (increasing proteasome core complex proteins/
proteases; decreasing antiproteases), altered antimicrobial peptide balance (increasing 
psoriasin, calprotectin, and histones; decreasing lysozyme and ubiquitin), increasing 
pro-inflammatory cytokines, and decreasing immunoglobulins immunoglobulin G1/2. 
Although temporal relationships cannot be derived, our findings support the hypoth-
esis that dysbiosis causes cervicovaginal inflammation and other detrimental changes 
to the mucosal barrier.
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inTrOduCTiOn

The number of studies characterizing the vaginal microbiome (VMB) using molecular 
methods has increased rapidly in the past 10 years [1]. These studies have shown that a 
healthy VMB is dominated by one or more Lactobacillus species, and is associated with 
a low vaginal pH. Several dysbiotic VMB compositions have been described in which 
Gardnerella vaginalis, Atopobium vaginae, Prevotella species and/or several other (fac-
ultative) anaerobic bacteria are more abundant than lactobacilli. Although dysbiosis is 
asymptomatic in about 40% of affected women [2], some women develop symptomatic 
bacterial vaginosis (BV), a syndrome characterized by thin vaginal discharge and amine 
odor. BV has traditionally been diagnosed using microscopy of vaginal fluid and the 
presence of symptoms [3, 4], and both symptomatic and asymptomatic BV have been 
associated with adverse reproductive health outcomes, including acquisition of HIV and 
other sexually transmitted infections (STIs), pelvic inflammatory disease, and preterm 
birth [5, 6].

The vaginal mucosal barrier is dynamic and unique in the human body. It is under (cy-
clic) hormonal influence, has a lower pH than other mucosal barriers, and is frequently 
exposed to inflammatory stimuli. The mucosal immune system develops tolerance to 
several non-self antigens (semen, foetal antigens, and commensal bacteria), whereas 
at the same time protecting the woman from STIs and other pathogens. The mucosal 
barrier consists of a mechanical barrier (mucus and epithelium), factors associated with 
the innate immune system (such as antimicrobial peptides (AMPs) and enzymes), and 
the adaptive immune response. A lactobacilli-dominated VMB strengthens the mucosal 
barrier: Lactobacillus species thrive in the glycogen-rich acidic environment and help 
protect against pathogens by producing lactic acid and other antimicrobial compounds 
[7, 8].

It is not yet clear how dysbiosis increases the risk of HIV/STI acquisition and other 
adverse reproductive health outcomes but cervicovaginal inflammation and other 
changes to the mucosal barrier are thought to have important roles. BV was originally 
considered a non-inflammatory condition because it is not associated with an influx 
of neutrophils. However, recent clinical studies have shown increased cervicovaginal 
fluid concentrations of the pro-inflammatory cytokines interleukin (IL)-1β and IL-8, and 
decreased concentrations of the anti-inflammatory cytokine IL-10 and the antiproteases 
secretory leukocyte protease inhibitor (SLPI) and elafin (PI3) [9-14]. Furthermore, in vitro 
studies have shown that lactobacilli do not generally induce human AMPs whereas BV-
associated bacteria (such as G. vaginalis, A. vaginae and P. bivia) do [10, 12].
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The cervicovaginal proteome has been characterized by others before [15, 20], but never 
in the context of different VMB compositions. We hypothesized that VMB dysbiosis is 
associated with cervicovaginal inflammation and other changes to the mucosal barrier 
that might cause increased HIV acquisition and other adverse reproductive health out-
comes. To test this hypothesis, we compared the human cervicovaginal proteome (by 
mass-spectrometry) of 50 Rwandan female sex workers who had previously been clus-
tered into four VMB groups (using a 16S phylogenetic microarray) in order of increasing 
bacterial diversity: Lactobacillus crispatus-dominated VMB (group 1), L. iners-dominated 
VMB (group 2), moderate dysbiosis (group 3), and severe dysbiosis (group 4) [21]. We 
compared relative protein abundances among these VMB groups using targeted (abun-
dance of pre-defined mucosal barrier proteins) and untargeted (differentially abundant 
proteins among all human proteins identified) approaches.

resulTs

sociodemographic, behavioural and clinical characteristics

The median age of the women was 28 with no significant differences among VMB 
groups (Table 1). Women in group 1 were more likely to ever have been married than 
women in the other groups (Ptrend=0.03) but other sociodemographic and sexual risk tak-
ing characteristics, use of hormonal contraception and stage of the menstrual cycle did 
not differ significantly among VMB groups. None of the women used antibiotics in the 
past 14 days. The molecular VMB groups correlated well with BV diagnoses by Nugent 
score categories and with vaginal pH, but not with the other Amsel criteria. All women 
in groups 1 and 2 were BV-negative by Nugent score (Nugent score of 0-3), all women in 
group 4 were BV-positive (Nugent score 7-10), and the women in group 3 had a mixture 
of BV diagnoses. Women in group 1 had the lowest prevalence of viral STIs (HIV, herpes 
simplex virus type 2 (HSV-2) and human papillomavirus (HPV); Ptrend<0.01), as has been 
reported elsewhere in more detail [21]. Among HIV-positive women, the median CD4 
count was 557 cells/mm3 (interquartile range (IQR) 462-914 cells/mm3), and none had a 
CD4-count of <200 cells/mm3. Self-reported genitourinary symptoms, abnormal pelvic 
exam findings, abnormal wet mount findings, laboratory-confirmed bacterial STIs, and 
abnormal cervical cytology were rare in this sample and equally distributed among the 
VMB groups. Blood and leukocytes were commonly found in the cervicovaginal lavages 
(CVLs) but also equally distributed among the VMB groups.

Targeted hypothesis-driven analysis: the mucosal barrier

The median total protein concentration in CVLs was 194 μg/ml (interquartile range 
125-344 μg/ml) and was not associated with VMB composition (data not shown). Mass 
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Table 1. Sociodemographic, behavioural, and clinical characteristics of women from the selected microbi-
ome groups

 
group 1
(n=7)

group 2
(n=11)

group 3
(n=14)

group 4
(n=18) P1 Ptrend

2

demographics
Median age (range); years 30 [26-36] 32 [26-40] 30 [23-34] 27 [24-30] 0.27 0.07

Marital status:

Married 1 (14.3) 0 (0) 0 (0) 0 (0)

Divorced/separated/widowed 2 (28.6) 3 (27.3) 3 (21.4) 1 (5.6)

Never married 4 (57.1) 8 (72.7) 11 (78.6) 17 (94.4) 0.13 0.02

Education:3

No education 2 (28.6) 0 (0) 5 (35.7) 5 (27.8)

Some primary but not completed 2 (28.6) 4 (36.4) 4 (28.6) 9 (50.0)

Completed primary and/or started 
secondary

3 (42.9) 7 (63.6) 5 (35.7) 4 (22.2) 0.21 0.11

sexual risk taking
Currently working as sex worker 6 (85.7) 7 (63.6) 12 (85.7) 14 (77.8) 0.62 0.88

Washed inside vagina in last 3 months 5 (71.4) 9 (81.8) 13 (92.9) 17 (94.4) 0.31 0.09

Consistent condom use4 4 (57.1) 2 (22.2) 1 (7.7) 6 (42.9) 0.07 0.70

Median number of vaginal sex acts in past 
month [IQR]

24 [16-32] 12 [2-24] 12 [3-56] 14 [3-40] 0.52 0.45

Clinical characteristics
Hormonal contraception:

Oral contraceptive 0 (0) 1 (9.1) 1 (7.1) 2 (11.1)

Injectable use 2 (28.6) 2 (18.2) 3 (21.4) 7 (38.9)

Implant or IUD 1 (14.3) 1 (9.1) 2 (14.3) 0 (0)

None 4 (57.1) 7 (63.6) 8 (57.1) 9 (50.0) 0.84 0.37

Day of menstrual cycle5:

Day 6-11 0 (0) 1 (14.3) 1 (16.7) 2 (25.0)

Day 12-16 0 (0) 3 (42.9) 1 (16.7) 3 (37.5)

Day 17-35 3 (75.0) 2 (28.6) 3 (50.0) 3 (37.5)

Day >35 1 (25.0) 1 (14.3) 1 (16.7) 0 (0) 0.74 0.09

median [IQR] 31 [27-112] 15 [12-33] 19 [16-35] 16 [11-29] 0.21 0.09

Any genitourinary symptoms in last 3 
months

2 (28.6) 2 (18.9) 3 (21.4) 6 (33.3) 0.88 0.58

Genital itching 2 (28.6) 1 (9.1) 3 (21.4) 4 (22.2) 0.77 0.90

Other specific genital complaints6 1 (14.3) 1 (9.1) 3 (21.4) 3 (16.7) 0.95 0.69

Dysuria 0 (0) 0 (0) 1 (7.1) 2 (11.1) 0.86 0.18

Genitourinary symptom on day of sampling 0 (0) 0 (0) 1 (7.1)7 2 (11.1)8 0.86 0.18

Pelvic exam:

Abnormal vaginal discharge 1 (14.3) 0 (0) 2 (14.3) 2 (11.1) 0.68 0.76

Abundant cervical mucus 0 (0) 0 (0) 2 (14.3) 0 (0) 0.20 0.85

Antibiotics use during past 14 days 0 (0) 0 (0) 0 (0) 0 (0) 1.00 1.00

laboratory diagnoses
Any viral STI 1 (14.3) 9 (81.8) 12 (85.7) 16 (88.9) <0.01 <0.01

HIV 1 (14.3) 4 (36.4) 8 (57.1) 10 (55.6) 0.23 0.06

HSV-2 1 (14.3) 9 (81.8) 11 (78.6) 14 (77.8) 0.01 0.02

Any HPV type 0 (0) 2 (18.2) 5 (35.7) 9 (50.0) 0.07 0.01

High risk HPV 0 (0) 2 (18.2) 5 (35.7) 8 (44.4) 0.13 0.02
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Table 1. Sociodemographic, behavioural, and clinical characteristics of women from the selected microbi-
ome groups (continued)

 
group 1
(n=7)

group 2
(n=11)

group 3
(n=14)

group 4
(n=18) P1 Ptrend

2

Bacterial STI at M129:

Any 1 (16.7) 4 (50.0) 1 (12.5) 3 (25.0) 0.40 0.76

Treponema pallidum 0 (0) 2 (25.0) 1 (12.5) 2 (16.7) 0.79 0.61

Neisseria gonorrhoeae 0 (0) 1 (12.5) 0 (0) 0 (0) 0.65 0.49

Chlamydia trachomatis 0 (0) 0 (0) 0 (0) 0 (0) 1.00 1.00

Trichomonas vaginalis 1 (16.7) 1 (12.5) 0 (0) 1 (8.3) 0.87 0.49

Bacterial vaginosis

Nugent score 0-3 7 (100) 11 (100) 4 (28.6) 0 (0)

Nugent score 4-6 0 (0) 0 (0) 1 (7.1) 0 (0)

Nugent score 7-10 0 (0) 0 (0) 9 (64.3) 18 (100) <0.01 <0.01

Amsel criteria

Vaginal pH>4.5 4 (57.1) 6 (54.6) 14 (100) 18 (100) <0.01 <0.01

Positive whiff test on wet mount 0 (0) 0 (0) 2 (14.3) 3 (16.7) 0.50 0.10

Clue cells (>20%) on wet mount 0 (0) 0 (0) 0 (0) 3 (16.7) 0.21 0.06

Other findings on wet mount

Sperm cells 1 (14.3) 0 (0) 0 (0) 2 (11.1) 0.36 0.82

Yeasts 1 (14.3) 1 (9.1) 1 (7.1) 0 (0) 0.42 0.15

White blood  
cell count:

0/field 7 (100) 8 (72.7) 10 (71.4) 12 (66.7)

1-5/field 0 (0) 3 (27.3) 2 (14.3) 3 (16.7)

>5/field 0 (0) 0(0) 2 (14.3) 3 (16.7) 0.60 0.11

Abnormal cervical cytology10 0 (0) 0 (0) 1 (8.3) 3 (17.7) 0.50 0.09

Cervicovaginal lavage
Median volume in ml [IQR] 5.5

[5.2-6.0]
5.3
[5.0-5.5]

5.2
[5.0-5.5]

6.0
[5.5-6.0]

0.09 0.10

Dipstick:

Blood Negative or Trace (+/-) 0 (0) 1 (9.1) 4 (28.6) 6 (33.3)

Small or Moderate (+/++) 6 (85.7) 8 (72.7) 6 (42.9) 8 (44.4)

Large (+++) 1 (14.3) 2 (18.2) 4 (28.6) 4 (22.2) 0.40 0.32

Leukocytes Negative or Trace (+/-) 1 (14.3) 0 (0) 1 (7.1) 2 (11.1)

Small or Moderate (+/++) 5 (71.4) 10 (90.9) 11 (78.6) 8 (44.4)

Large (+++) 1 (14.3) 1 (9.1) 2 (14.3) 8 (44.4) 0.15 0.11

Abbreviations: HPV, human papillomavirus; HSV, herpes simplex virus; IQR, interquartile range; IUD, intra 
uterine devices; STI, sexually transmitted infections. Cells represent number and percentage unless stated 
otherwise.
1  Two-sided Kruskal–Wallis test for continuous data and Fishers’ exact test for categorical data.
2  Trends from groups 1 to 4 (using ‘‘nptrend’’ in STATA).
3  Assessed at baseline only—baseline values reported.
4  Sexually active women only.
5  Only women not using hormonal contraception (n=28).
6  Genital burning/pain/ ulcers/sores/blisters/unusual pain during sex.
7  Itching, burning, and ulcers/sores/blisters.
8  Both reported itching and burning, one woman also reported pain during sex.
9  Women from HIV-negative cohort only (n=34).
10  Four values missing.
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spectrometry identified 549 human proteins. In the targeted hypothesis-driven analy-
sis, we compared the relative abundances of pre-defined proteins of the mucus layer, 
epithelial layer, and immune system (AMPs, cytokines and immunoglobulins) among 
the VMB groups, using pairwise comparisons and tests for trend without correction for 
multiple comparisons.

mucus layer

Four mucins were detected: mucin 5AC (MUC5AC), mucin 5B (MUC5B), mucin 6 (MUC6), 
and mucin 16 (MUC16). The relative abundance of MUC5B increased significantly from 
groups 1 to 4 (Figure 1; Ptrend<0.01) and the relative abundance of MUC5AC was higher 
in group 4 than in groups 1 and 3 (P=0.03 and P=0.05, respectively). MUC6 and MUC16 
were not associated with VMB groups.

figure 1. Relative abundance of mucins (MUC) among the four VMB groups. Of the four mucins identified, 
MUC5AC and MUC5B were increased in the dysbiotic groups. Box plots represent median (black line), first 
and third quartiles (box) and range within 1.5 times the interquartile range from the box (whiskers). Outliers 
are plotted as points. 2Ptrend<0.01; *p-value<0.05.
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epithelial layer

Of the 13 identified keratins (KRT), KRT1, 4, 5, 6A, 10, and 13 were the most abundant, 
and KRT4, 5, 6A, 13, 19 and 76 decreased significantly from groups 1 to 4 (Figure  2; 
Ptrend<0.01). Cell death was assessed using the biomarkers lactate dehydrogenase (LDH) 
subunits A and B. The relative abundance of LDHA was higher than LDHB in all groups, 
and both subunits showed a significant increasing trend from groups 1 to 4 (Figure 3; 
Ptrend<0.01).

amPs and cytokines

Of the more than 30 AMPS in the cervicovaginal environment that have been described 
by others [10, 12], 19 were identified in our CVLs (Figure  4). These were bactericidal 
permeability-increasing protein (BPI), cathelicidin antimicrobial peptide (CAMP or LL-
37), cystatin A (CSTA), neutrophil defensin 1 (DEFA1 or HNP1), lactoferrin (LTF), lysozyme 
C (LYZ), PI3, ubiquitin (RPS27A), psoriasin (S100A7), calprotectin (S100A8 and S100A9), 
SLPI, and six histones (HIST2H3A/C/D, HIST4H4, H2AFZ, HIST2H2AA3/4, HIST3H2A 
and HIST2H2BF). CSTA, LYZ and RPS27A decreased significantly from groups 1 to 4 (all 
Ptrend<0.001), and HIST3H2A, HIST2H3A/C/D, HIST4H4, S100A7, and S100A9 increased 
from groups 1 to 4 (Ptrend<0.001, Ptrend<0.01, Ptrend 0.02, Ptrend<0.001, Ptrend 0.01, respective-
ly). Furthermore, eight cytokines were identified: interleukin-36α (IL36A), interleukin-
36γ (IL36G), complement C5 (C5), glucose-6-phosphate isomerase (GPI), macrophage 

figure 2. Relative abundances of keratins (KRT) among the four VMB groups. Six keratins decreased signifi-
cantly from groups 1 to 4. Box plots represent median (black line), first and third quartiles (box) and range 
within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as points. 2Ptrend<0.01; 
3Ptrend<0.001. *p-value<0.05; **p-value<0.01; ***p-value<0.001.
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receptor antagonist (IL36RN), and interleukin-1 receptor antagonist (IL1RN). The pro-
inflammatory cytokines IL36A, C5, GPI, and MIF, and the anti-inflammatory cytokine 
IL36RN, showed a significantly increasing trend from groups 1 to 4 (all P<0.001; Figure 5). 
IL36G, IL1RN, and TIMP1 were not associated with VMB groups.

Humoral immune response

Immunoglobulin (Ig) heavy chain constant regions IgA, IgG, IgM, and IgD were iden-
tified, as well as the J-chain that is required for IgA and IgM to be secreted into the 
mucosa. IGHG1 showed the highest relative abundance, followed by IGHA1 and IGHG2 
(Figure 6). The relative abundances of IGHG1 and IGHG2 decreased from groups 1 to 4 
(Ptrend 0.03 and Ptrend<0.01, respectively). Other heavy chain constant regions were not 
associated with VMB groups.

figure 3. Relative abundances of lactate dehydrogenase (LDH) subunits A and B as biomarkers for cell 
death among the four VMB groups. Both subunits increased significantly from groups 1 to 4. Box plots 
represent median (black line), first and third quartiles (box) and range within 1.5 times the interquartile 
range from the box (whiskers). Outliers are plotted as points. 2Ptrend<0.01; 3Ptrend<0.001. *p-value<0.05; **p-
value<0.01.
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untargeted analysis: differentially abundant human proteins

In addition to the hypothesis-driven analysis, we conducted an untargeted analysis to 
identify all human proteins differentially abundant among the VMB groups. Eighty two 
of the 549 proteins were differentially abundant as determined by ANOVA with Bonfer-
roni correction (resulting in a p-value cut-off of 9.1*10-5). Most differentially abundant 
proteins either increased or decreased from groups 1 to 4 (Figure 7). Proteins increasing 
from groups 1 to 4 included proteasome core complex proteins and proteases (calpain-2 
catalytic subunit (CAPN2), protein DJ-1 (PARK7), endoplasmic reticulum aminopeptidase 
1 (ERAP1), calpain small subunit 1 (CAPNS1), transmembrane protease serine 11A (TM-

figure 4. Relative abundances of antimicrobial peptides (a) and histones (b) among VMB groups. CSTA, LYZ 
and RPS27A decreased significantly from groups 1 to 4, and HIST3H2A, HIST2H3A/C/D, HIST4H4, S100A7, 
and S100A9 increased from groups 1 to 4. Box plots represent median (black line), first and third quartiles 
(box) and range within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as 
points. 1Ptrend<0.05; 2Ptrend<0.01; 3Ptrend<0.001. *p-value<0.05; **p-value<0.01; ***p-value<0.001.
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PRSS11A), and bleomycin hydrolase (BLMH)) and other proteins involved in catabolism 
(including ubiquitously expressed proteins such Rab GDP dissociation inhibitor beta 
(GDI2) and ubiquitin-conjugating enzyme E2 L3 (UB2L3)). Proteins decreasing from 
groups 1 to 4 included the protease-inhibitors CSTA, inter-alpha-trypsin inhibitor (ITIH4), 
serine protease inhibitor Kazal-type 5 (SPINK5), and serpin B3 (SERPINB3). Several cyto-
skeletal proteins were differentially abundant, with actin-organizing proteins increas-
ing from group 1 to 4 (including a few actin capping proteins), and epithelial proteins 
including cornified envelope proteins (small proline rich proteins, repetin, and CSTA) 
and keratins (KRT4, KRT5, KRT6A) decreasing from groups 1 to 4. Similarly, some proteins 

figure 5. Relative abundances of cytokines among the four VMB groups. Four of six pro-inflammatory cy-
tokines (a) and one of two anti-inflammatory cytokines (b) that were identified using mass spectrometry 
showed an increasing trend from groups 1 to 4. Box plots represent median (black line), first and third quar-
tiles (box) and range within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as 
points. 3Ptrend<0.001. *p-value<0.05; **p-value<0.01; ***p-value<0.001.
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involved in the inflammatory and immune response increased from group 1 to 4 (such 
as complement factor 3 (C3) and MIF) and some decreased (the antiproteases ITIH4 and 
SPINK5, ubiquitin (RPS27A) and thioredoxin (TXN)).

sensitivity analysis: hormonal contraception

We hypothesized a priori that hormonal contraception could be a confounder or effect 
modifier of the relationship between the VMB and the human cervicovaginal proteome. 
We therefore repeated all analyses stratified by hormonal contraception (women not 
using hormonal contraception (n=28) and women using hormonal pills, injectables or 
implants (n=21); Supplementary File). The results were similar to the original analysis. 
However, women using hormonal contraception who were in VMB group 3 (moderate 
dysbiosis) had a more similar protein profile to women in VMB groups 1 and 2 (lactoba-
cilli-dominated) than to women in VMB group 4 (severe dysbiosis; Figure 8).

figure 6. Relative abundances of immunoglobulins (Ig) among the four VMB groups. IGHG1 showed the 
highest relative abundance, followed by IGHA1 and IGHG2. IGHG1 and IGHG2 decreased significantly from 
groups 1 to 4. Box plots represent median (black line), first and third quartiles (box) and range within 1.5 
times the interquartile range from the box (whiskers). Outliers are plotted as points. 1Ptrend<0.05; 2Ptrend<0.01. 
*p-value<0.05; **p-value<0.01.
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sensitivity analysis: Hiv status

Similarly, we hypothesized that HIV status could be a confounder or effect modifier. 
We therefore repeated all analyses stratified by HIV status (HIV-negative women (n=23) 
and HIV-positive women (n=27); Supplementary File). Again, the results were similar to 
the original analysis. Furthermore, when directly comparing the abundances of all 549 

figure 7. Hierarchical clustering, heatmap, and classification of differentially abundant proteins among 
VMB groups. (a) Using hierarchical clustering on the range-scaled relative abundances of the differentially 
abundant proteins, two groups of proteins could be distinguished: proteins increasing from VMB groups 
1 to 4 (in red), and proteins decreasing from VMB groups 1 to 4 (in green). (b) Each row of the heatmap 
represents a protein and the colour indicates the range-scaled (0–1) ion intensity per sample as indicated in 
the colour bar below the heatmap. Each column represents a sample, with samples being ordered on VMB 
composition as indicated on the top. (c) Shows molecular functions and biological processes represented 
in the group of differentially abundant proteins. A black box indicates that the protein is assigned to that 
particular classification.
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proteins between HIV-negative and HIV-positive women using the Student’s t-test with 
Bonferroni correction, none of them were statistically significantly different (results not 
shown).
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figure 8. Association between the range-scaled ion intensities of the differentially abundant proteins and 
VMB groups, stratified by hormonal contraception (HC) use. Range-scaled ion intensities ranged from 0 to 
1, representing the lowest and highest observed ion intensity per protein, respectively. (a) Range-scaled 
ion intensities of proteins that decreased from groups 1 to 4 (n=27) as shown in green colour in Figure 7. (b) 
Range-scaled ion intensities of proteins that increased from groups 1 to 4 (n=55) as shown in red colour in 
Figure 7. Box plots represent median (black line), first and third quartiles (box) and range within 1.5 times 
the interquartile range from the box (whiskers). Outliers are plotted as points.
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disCussiOn

Using a systems biology approach, this study shows that a strong relationship exists 
between the VMB and cervicovaginal human proteome in a cohort of Rwandan women 
at high risk of HIV and other STIs. With increasing bacterial diversity, we found: mucus 
alterations, cytoskeleton alterations, increasing cell death, increasing proteolytic activ-
ity, altered AMP balance, increasing pro-inflammatory cytokines, and decreasing IgG1/2.

Cervical mucus consists predominantly of glycoproteins called mucins, the most impor-
tant ones being the gel-forming mucins MUC5B, MUC5AC, and MUC6 [22]. These likely 
exert a protective effect against pathogens by physically capturing microbes and by 
facilitating binding of antibodies [23]. Our study showed an increase of MUC5B, and to a 
lesser extent MUC5AC, but not of MUC6 and MUC16, with increasing bacterial diversity. 
This is consistent with another cervicovaginal proteome study that found a 3.9-fold 
increase of MUC5B in women with BV by Amsel criteria, and a decrease of MUC5B and 
MUC5AC after the BV had been treated [16]. The increase of MUC5B/AC proteins in CVLs 
could be caused by increased degradation of the polymer gels formed by these proteins 
or increased mucin production by epithelial cells. The former mechanism is well-known: 
BV-associated bacteria produce proteases that degrade cervical mucus and produce a 
watery vaginal discharge [12, 24]. Evidence for the latter comes from an in vitro study 
that showed increased mucin secretion by endocervical epithelial cells when microbial 
products were added to the cell culture [25], but was not confirmed by another in vitro 
study showing no effect when BV-associated bacteria were added to vaginal epithelium 
[26]. Another possibility is that increased levels of mucins act in favour of dysbiosis. 
MUC1, the most ubiquitously expressed cell-associated mucin across mucosal tissues, 
has been shown to cause mechanical blockage and anti-inflammatory modification of 
the immune response in in vitro studies [27, 28]. Whether an increase in MUC5B and/or 
MUC5AC increases tolerance of the cervicovaginal mucosal immune system for dysbio-
sis remains to be studied.

Our data show evidence of cytoskeleton alterations (increasing actin-organizing pro-
teins; decreasing keratins and cornified envelope proteins) in women with moderate 
or severe dysbiosis, and an increase of cell death using LDHA/B as biomarkers of cell 
death. This most likely reflects epithelial damage, desquamation and/or remodelling 
due to bacterial cytotoxic enzymes and/or bacteria-induced inflammation [29, 30]. This 
is in concordance with a vaginal metabolomics study by Yeoman et al, in which women 
with BV had altered concentrations of cell wall associated proteins suggesting loss of 
epithelial integrity [31], and a recent metatranscriptomics study that found an increase 
of vaginolysin expression by G. vaginalis and of cholesterol-dependent cytolysin by L. in-
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ers in women with BV by Nugent scoring [32]. However, in our study, these cytoskeleton 
alterations could also be due to viral replication and virus-induced inflammation (the 
viral STIs were more common in VMB groups 3 and 4 than in groups 1 and 2; Table 1). 
Furthermore, we considered the possibility that skin contamination from specimen han-
dlers might have influenced our results. However, this seems unlikely given the linear 
relationship between bacterial diversity and epithelial proteins, and the fact that KRT4 is 
only expressed by mucosal stratified squamous epithelium [33].

Our data also show an increase in proteolytic activity (increasing proteasome core 
complex proteins and proteases; decreasing antiproteases) with increasing bacterial 
diversity. In fact, proteasome core complex proteins (including subunit beta 9, which is 
part of the immunoproteasome) and proteases made up a substantial proportion of the 
differentially abundant proteins that increased with increasing bacterial diversity. An in-
crease of extracellular proteasomes has been noted in other inflammatory and infectious 
conditions before, and it is unclear whether they are released by cells that are damaged 
or dead as a result of these conditions or are actively excreted as a defence mechanism to 
help clear the conditions [34]. There is some evidence for both hypotheses. For example, 
inflammation attracts antigen-presenting cells that use (immuno)proteasomes for the 
breakdown of proteins for presentation in the major histocompatibility complex-I [35], 
whereas in vitro studies have shown that T-cells excrete proteasomes using exosomes and 
that this excretion is enhanced when T-cells are activated [36]. In contrast, antiproteases 
were least abundant in the dysbiotic VMB groups. A delicate balance between proteases 
and antiproteases most likely allows for combating infections, whereas at the same 
time minimizing tissue damage and inflammation. Studies have indeed shown negative 
associations between the antiprotease CSTA and known BV complications in pregnant 
women [17-19], and between the antiproteases CSTA and SPINK5 and HIV acquisition in 
African sex workers [15]. The authors hypothesized that the latter is likely due to reduced 
cervicovaginal inflammation and therefore a reduced influx of CD4+ CCR5+ target cells 
for HIV to mucosal surfaces that are exposed to HIV. This is in agreement with our own 
finding that women in the lactobacilli-dominated VMB groups have a higher abundance 
of antiproteases in their CVLs and a lower prevalence of HIV infection [21].

Although an association between dysbiosis and AMPs has been shown repeatedly, 
the mechanisms are complex and the findings between studies are not consistent [10, 
12]. Most AMPs are secreted constitutively to exert immune modulatory functions and 
protection against pathogen invasion, but are significantly up- or downregulated in 
case of infection or inflammation [10, 12]. In our study, the AMPs CSTA (which is also an 
antiprotease), LYZ, and RPS27A decreased from groups 1 to 4, whereas S100A7, several 
histones, and to a lesser extent S100A8 and S100A9, increased from groups 1 to 4. Other 
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clinical studies have found a decrease of S100A9 and LYZ (the latter non-significant) in 
women with BV by Amsel criteria, and a non-significant increase of LYZ and significant 
decrease of S100A8 and S100A9 when the BV was treated [16, 37]. The roles of S100A7, 
histones, and RPS27A have not been studied before in the context of vaginal dysbiosis. 
However, in vitro studies have shown that S100A7 has strong anti-Escherichia coli activity 
[38] and is expressed by epithelial cells when they are exposed to microbial products 
[12]. Furthermore, histones and RPS27A are known to have pivotal functions in the in-
nate immune system [39, 40]. We did not find associations between dysbiosis and some 
AMPs (LL-37, SLPI, PI3, and LTF) that have been associated with BV by others [10, 12]. This 
could be due to the fact that most AMPs have additional functions over and above their 
antibacterial properties, and processes other than the innate immune response might 
also alter their expression levels. Finally, we did not detect β-defensins, which have been 
associated with BV in in vitro studies, but are present in the vagina in low concentrations 
[20].

Our cytokine findings are consistent with previous studies that reported an increase 
of cervicovaginal pro-inflammatory cytokines in women with BV [11, 13, 14]. However, 
some cytokines that have frequently been studied in this context (such as IL-1β, IL-6, and 
IL-8) were not identified in our study, probably due to relatively low concentrations that 
fall outside the dynamic range of the mass spectrometer [41]. The cytokines that we did 
detect (IL36A, IL36G, IL36RN, MIF, GPI, C5, TIMP1) have not been studied in the context 
of vaginal dysbiosis before. They increased with increasing bacterial diversity, except for 
IL36G and TIMP1. In contrast to the cytokines, immunoglobulins (particularly IgA and 
IgG) were present in high abundance in our CVLs. IGHG1 and IGHG2 levels decreased 
with increasing bacterial diversity, which is in agreement with a previous study that 
found decreased IgG levels in CVLs of HIV-positive women with BV by Amsel criteria [42]. 
However, two other clinical studies found no difference in IgG levels between women 
with and without BV by Nugent scoring [43, 44]. The decline in IgG levels is most likely 
due to increased degradation by human and/or bacterial proteases and/or by dilution 
owing to the increased volume and thinning of mucus [44, 45].

Several limitations of our study should be mentioned. The study only included Rwandan 
female sex workers at high risk of HIV and other STIs and the results may not be gener-
alizable to other women. The data were cross-sectional, and temporal relationships can 
therefore not be established. Owing to the limited number of samples available in some 
of the VMB groups, we did include women regardless of their HIV status and their use of 
hormonal contraception, even though these two factors may be confounders or effect 
modifiers of the VMB-human proteome relationship. We conducted sensitivity analyses 
to assess this. The VMB-human proteome relationships were not significantly different in 



146 Chapter 7

HIV-positive and HIV-negative women, but women with moderate dysbiosis who were 
using hormonal contraception had a protein profile that was more similar to women 
with a lactobacilli-dominated VMB than to women with severe dysbiosis (see Supple-
mentary File). These findings should, however, be interpreted with caution because the 
sample sizes in the sensitivity analyses were small. The advantages and disadvantages 
of using a microarray for microbiome characterization were discussed previously [21]. 
As is the case in all proteomics research, some of our results may be spurious owing to 
the many statistical comparisons made, or incomplete because of our dependence on 
evolving publicly available protein annotation and expression databases. Furthermore, 
we normalized the amount of total protein in each sample prior to mass-spectrometry, 
which means that we can only report relative protein abundances instead of absolute 
concentrations. However, we did measure CVL volume and total protein concentration 
for each sample, and neither one of these was associated with VMB composition.

In conclusion, we have shown a strong relationship between the VMB and cervicovaginal 
human proteome in a cohort of Rwandan women at high risk of HIV and other STIs. Our 
findings support the hypothesis that dysbiosis causes cervicovaginal inflammation and 
other detrimental changes to the mucosal barrier that are thought to lead to BV compli-
cations. We believe that systems biology approaches should be incorporated into larger 
epidemiological studies to address knowledge gaps in aetiology and pathogenesis of 
VMB dysbiosis, associations of different dysbiotic states with clinical outcomes, and to 
evaluate interventions aimed at restoring and maintaining lactobacilli-dominated VMB.

meTHOds

study design

The Kigali HIV Incidence Study estimated the incidence and prevalence of HIV and 
other STIs in a cohort study of Rwandan female sex workers between 2006 and 2009 
[46]. The study was approved by the National Ethics Committee, Rwanda, and the Co-
lumbia University Medical Center Review Board, USA. All participants provided written 
informed consent. The study design and procedures were described elsewhere [46]. 
In brief, 800 women were tested for HIV at baseline, and 24% tested HIV-positive. Two 
groups of women returned for follow-up: a subset of the HIV-negative women (n=397) 
and HIV-positive women (n=141). They regularly underwent interviewing about so-
ciodemographic characteristics, HIV/STI risk behaviour, and clinical symptoms, pelvic 
examinations, and testing for HIV, other STIs, BV, candidiasis, pregnancy, and cervical 
cytology [46]. The presence of BV was assessed by Gram stain Nugent scoring (score 
of 7-10 representing BV; [4]) and by the presence of three out of four Amsel criteria 
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(elevated pH, clue cells on wet mount and positive whiff test; [3]). The cervical swabs 
and CVLs that were used for the microbiome and proteome analyses described in this 
paper were collected at the final study visit. Women received treatment for curable STIs 
and symptomatic BV and candidiasis at the study clinic, and were referred to other local 
clinics for care related to HIV, pregnancy, and abnormal cervical cytology. Women also 
received HIV counselling and condoms free of charge.

microbiome analysis

Cervical spatulas and cytobrushes were rinsed in Preservcyt medium (ThinPrep Pap Test; 
Cytyc Corporation, Boxborough, MA). The Preservcyt specimens were stored at -80⁰C 
until batched testing at the end of the study for phylogenetic microarray analysis (TNO, 
Zeist, the Netherlands) as described previously [21, 47]. DNA was extracted using the 
AGOWA magMini DNA isolation kit (AGOWA, Berlin, Germany) and bead beating in a 
BeadBeater (BioSpec Products, Bartlesville, OK). The microarray, designed for VMB analy-
sis, contained 461 DNA hybridization probes targeting microorganisms and 164 control 
probes. Clustering analysis was performed using the signal/background (S/B) ratio of 
the 251 probes which generated consistent results. Using an unsupervised clustering 
algorithm, six microbiome clusters were identified [21], but for the purposes of this 
analyses we used four VMB groups as described below.

Cvl collection, processing, and selection for proteomics analysis

The left and right fornix and cervical os were irrigated twice with 5 ml normal saline, 
which was aspirated after 30 s; a median volume of 5.5 ml (range 3.8-7.5 ml) was recov-
ered. The CVL fluid was immediately placed on ice or at 4⁰C. The colour and volume was 
recorded, and the presence of blood and leukocytes was assessed using a urine dipstick 
(Urine-10, Cypress Diagnostics, Langdorp, Belgium). The CVLs were centrifuged at 1000 
rpm for 10 minutes within 4 h of collection. Supernatants were filtered using a sterile 
0.2 μm cellulose acetate membrane (VWS International, Lutterworth, UK). In total, 15% 
of supernatants were not filtered owing to logistic problems. Cell pellets and aliquots of 
supernatant were stored at -80⁰C until testing.

We selected CVL supernatants for proteomic analysis from four pre-defined VMB groups: 
Lactobacillus crispatus-dominated VMB (group 1), L. iners-dominated VMB (group 2), 
moderate dysbiosis (group 3), and severe dysbiosis (group 4). Women from groups 3 
and 4 had mixed microbiota with high abundance of Gardnerella vaginalis, Prevotella 
spp., and Atopobium vaginae. However, richness and diversity were lower in group 3 
than group 4 (median richness of 13 and 17, respectively, and median Shannon diversity 
of 1.9 and 2.2, respectively), and women in group 3 had lower prevalence of STIs [21]. 
Only one sample per woman was included and all samples had to meet the following 
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additional conditions: the woman was younger than 45 years, not pregnant, and the 
supernatant was filtered and not macroscopically bloody. Furthermore, in group 2 we 
only selected samples with high S/B ratios for L. iners but low S/B ratios for G. vaginalis. 
This resulted in 7 samples in group 1, 11 samples in group 2, and 14 samples in group 3. 
Eighteen samples were selected at random from group 4 to end up at a total of 50 CVL 
samples from 50 women.

Protein extraction and mass spectrometry

CVL supernatants were heat inactivated for 30 min at 56°C before further process-
ing. Total protein concentrations were determined using the Pierce Coomassie Plus 
(Bradford) Protein Assay (Thermo Scientific, Rockford, IL). Sample protein content and 
volume were normalized with 25mM ammonium bicarbonate. Soluble proteins were 
precipitated using an equal volume of ice-cold 30% (w/v) trichloroacetic acid in acetone 
and incubated at -20⁰C for 2 h. Samples were centrifuged at 12,000 g for 10 min (4⁰C) to 
pellet proteins. Pellets were washed three times with ice-cold acetone and allowed to 
air dry. Further sample processing was performed as previously described with minor 
modifications [48]. In brief, protein pellets were resuspended in 25 mM ammonium 
bicarbonate, 0.05% (w/v) rapigest (Waters, Elstree, UK), reduced, and alkylated. Diges-
tion was performed with proteomic-grade trypsin (Sigma-Aldrich, St Louis, MO) at a 
protein:trypsin ratio of 50:1. Rapigest was precipitated by addition of trifluoroacetic acid 
to a final concentration of 0.5% (v/v). Peptide mixtures were analysed by on-line nano-
flow liquid chromatography using the nanoACQUITY-nLC system (Waters) coupled to 
an LTQ-Orbitrap Velos (ThermoFisher Scientific, Bremen, Germany) mass spectrometer 
equipped with the manufacturer’s nanospray ion source. The gradient of the analytic 
column (nanoACQUITY UPLCTM BEH130 C18 15cm x 75µm, 1.7µm capillary column) 
consisted of 3-40% acetonitrile in 0.1% formic acid for 90 min then a ramp of 40-85% 
acetonitrile in 0.1% formic acid for 5 min.

Runs were time aligned using default settings of Progenesis LC–MS (version 4.1, Nonlin-
ear Dynamics, Newcastle, UK) and using an auto-selected run as reference. Peaks were 
picked by the software and filtered to include only peaks with a charge state of between 
+2 and +7. Peptide intensities were normalized against the reference run. Throughout 
this paper, these normalized ion intensities are referred to as “relative abundance”. 
Peptide identification was performed using the Mascot (version 2.3.02, Matrix Science, 
London, UK) search engine. Tandem MS data were searched against a human database 
(Uniprot 2013_06 release containing 20,255 entries) and RefSeq databases of 28 vaginal 
bacterial species, Trichomonas vaginalis, Candida albicans, and Candida glabrata to rule 
out bacterial origin of proteins. Search parameters were as follows; precursor mass toler-
ance set to 10ppm and fragment mass tolerance set to 0.6 Da. The false discovery rate 
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was <1%. Individual ion scores >13 indicated identity or extensive homology (P<0.05). 
Only human proteins with >2 unique peptides were used in further analyses. The mass 
spectrometry proteomics data have been deposited in the PRIDE partner repository of 
the ProteomeXchange Consortium with the dataset identifier PXD001435 and 10.6019/
PXD001435 [49].

statistical analyses

Statistical analyses were performed using STATA release 12 (StataCorp, College Sta-
tion, TX) and R release 3.1.0 (R Foundation for Statistical Computing, Vienna, Austria). 
In the targeted hypothesis-driven analysis, we compared the relative abundance of 
pre-defined cervicovaginal mucosal barrier proteins of interest as identified by mass 
spectrometry among VMB groups without correcting for multiple comparisons. The 
predefined proteins of interest included proteins from the mucus layer, epithelial layer, 
and immune system (AMPs, cytokines, and immunoglobulins) that have been described 
in the literature before. We assessed all mucins and keratins in the data set; LDHA and B 
as markers of cell death [50]; AMPs that were described in recent review articles [10, 12]; 
cytokines using the GO-term “GO:0005125 cytokine activity” (see below) and interleukin 
1 receptor antagonist (IL1RN); and all heavy chain constant regions of immunoglobulins. 
In the untargeted analysis, each of the 549 identified proteins were tested for differential 
abundance among VMB groups using one-way ANOVA on log-transformed ion intensi-
ties. We used Bonferroni correction with an alpha of 0.05, resulting in a p-value cut-off 
of 9.1*10-5.

Information on molecular function and associated biological processes was retrieved 
from the Gene Ontology website using AmiGO [51] and UniProt [52]. The GO-terms that 
were used are “GO:0005839 proteasome core complex”; “GO:0008233 peptidase activ-
ity”; “GO:0030414 peptidase inhibitor activity”; “GO:0005856 cytoskeleton”; “GO:0030036 
actin cytoskeleton organization”; “GO:0001533 cornified envelope”; “GO:0045095 
keratin filament”; “GO:0009056 catabolic process”; “GO:0006955 immune response”; 
“GO:0006954 inflammatory response”. Minor modifications were made to GO-term 
GO:0030414 (excluding complement factor 3 and serpin B5), and GO:0005856 (exclud-
ing proteasome subunit beta type-3), because the functions of the excluded proteins 
are better described by other terms according to the published literature [53-55]. An 
annotated heatmap was drawn using the “Heatplus” package in R and hierarchical 
clustering with Euclidean distance and complete linkage was performed on the range-
scaled ion intensities of the differentially abundant proteins.

Differences in correlates between VMB groups were assessed by two-sided Kruskal–
Wallis test for continuous data and Fishers’ exact test for categorical data. Paired-wise 
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comparisons in protein relative abundance between microbiome groups were tested 
using the two-sided Mann-Whitney test. The “nptrend” function in STATA, an exten-
sion of the Wilcoxon rank-sum test [56], was used for trends in correlates and protein 
relative abundance among microbiome groups. Sensitivity analyses were performed 
by stratifying women according to their HIV status and their use of hormonal contra-
ception. Furthermore, a separate pairwise comparison of proteome compositions was 
performed between HIV-negative and HIV-positive women using the Student’s t-test on 
log-transformed ion intensities with Bonferroni correction.
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Supplementary files are available on Mucosal Immunology’s website:
http://www.nature.com/mi/journal/vaop/ncurrent/suppinfo/mi201586s1.html
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aBsTraCT

Background

A Lactobacillus-dominated cervicovaginal microbiome (VMB) protects women from 
adverse reproductive health outcomes, but the role of L. iners in the VMB is controversial. 
In this study we explored changes in the L. iners and L. crispatus cervicovaginal proteome 
associated with vaginal dysbiosis.

methods

The vaginal proteomes of 50 Rwandan women at high HIV risk, grouped into four VMB 
groups (based on 16S rDNA microarray results), were investigated by mass-spectrometry 
using cervicovaginal lavage (CVL) samples. Only samples with positive 16S results for L. 
iners and/or L. crispatus within each group were included in subsequent comparative 
protein analyses: Lactobacillus crispatus-dominated VMB cluster (with 16S-proven L. 
iners (ni) =0, and with 16S-proven L. crispatus (nc) =5), L. iners-dominated VMB cluster 
(ni=11, nc=4), moderate dysbiosis (ni=12, nc=2); and severe dysbiosis (ni=8, nc=2). The 
relative abundances of proteins that were considered specific for L. iners and L. crispatus 
were compared among VMB groups.

results

44 Lactobacillus proteins were identified of which five were specific for L. iners and 12 for 
L. crispatus. The relative abundances of L. iners ferritin (FT), and the glycolysis enzymes 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glucose-6-phosphate isom-
erase (GPI), were significantly decreased in women with L. iners-containing dysbiosis 
compared to women with a L. iners-dominated VMB, independent of vaginal pH and L. 
iners abundance. Furthermore, L. iners FT, GAPDH, GPI, and fructose-bisphosphate aldol-
ase (ALDO) were significantly negatively associated with vaginal pH. Glycolysis enzymes 
of L. crispatus showed a similar negative, but nonsignificant, trend related to dysbiosis.

Conclusions

Most identified Lactobacillus proteins were proteins with conserved intracellular func-
tions, but their high abundance in CVL supernatant might imply a moonlighting role. 
Our findings suggest that moonlighting proteins can be important in maintaining a 
Lactobacillus-dominated VMB. More dedicated studies are needed to investigate their 
roles in vaginal bacterial communities and whether they can be used to prevent vaginal 
dysbiosis.



157

8

Cervicovaginal microbiota and the cervicovaginal Lactobacillus proteome

inTrOduCTiOn

A Lactobacillus-dominated cervicovaginal microbiome (VMB) is generally considered 
healthy, and is associated with low bacterial diversity and low vaginal pH [1]. VMB dys-
biosis, defined by high bacterial diversity and presence of a mixture of (facultative) an-
aerobic bacteria, is associated with adverse reproductive outcomes, including increased 
HIV risk [2], and increased risk of preterm birth in pregnant women [3]. The golden 
standard of detecting dysbiosis has long been the diagnosis of bacterial vaginosis (BV), 
a clinical syndrome diagnosed by microscopy of Gram-stained vaginal smears (Nugent 
scoring [4]), or wet mount microscopy and clinical criteria (Amsel criteria [5]). Molecular 
methods have improved the resolution of VMB dysbiosis detection in research settings: 
it is now possible to distinguish between Lactobacillus species, and identify subtypes of 
dysbiosis [1]. Despite these advances in characterising the VMB, it still remains unknown 
how dysbiosis develops and how it can be treated effectively and sustainably [6].

The most prevalent vaginal lactobacilli are Lactobacillus crispatus and L. iners. A L. 
crispatus-dominated VMB is considered more beneficial than a L. iners-dominated VMB, 
because it is less likely to shift to dysbiosis and is associated with lower prevalence of 
sexually transmitted infections (STIs) [1, 7, 8]. Additionally, in contrast to other vaginal 
lactobacilli, L. iners is frequently found in dysbiotic VMB compositions and its beneficial 
role has therefore been debated. However, one could argue that the tolerance of L. in-
ers to a changing VMB and vaginal pH also reflects its adaptation to the vaginal niche 
and L. iners may be the pioneer bacterium to shift a dysbiotic VMB to a Lactobacillus-
dominated VMB. Its ability to adapt to a changing VMB has been emphasised by a study 
comparing the vaginal metatranscriptome between women with and without dysbiosis 
that found differential expression of 10% of L. iners genes [9]. The authors hypothesised 
that L. iners is able to adapt to dysbiosis by modifying its gene expression of metabolism, 
cytolysis and antibacteriophage defence genes. However, no studies have investigated 
the association between the VMB and the Lactobacillus proteome.

In this study, we compared the relative abundance of L. crispatus and L. iners proteins in 
cervicovaginal lavages (CVLs) among 50 Rwandan women with different VMB composi-
tions. Our aim was to explore how L. crispatus and L. iners adapt to or influence the VMB, 
and may influence the risk of adverse outcomes.
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maTerial and meTHOds

study design

For this study, stored samples from the Kigali HIV incidence study (KHIS) were analysed. 
The KHIS study estimated the HIV prevalence and incidence in Rwandan female sex 
workers (n=800) between 2006 and 2009 [10]. The study was approved by the National 
Ethics Committee, Rwanda, and the Columbia University Medical Center Review Board, 
USA. All participants provided written informed consent. Briefly, after a screening sur-
vey, a selection of participants (397 HIV negative and 141 HIV-positive participants) was 
followed for two years at regular intervals. During screening and follow-up visits, women 
were interviewed about sociodemographics and sexual risk behaviour, and tested for 
HIV, pregnancy, (bacterial and viral) STIs, BV, and vaginal yeasts [10, 11]. Women received 
treatment for curable STIs, symptomatic BV and candidiasis at the study clinic, and were 
referred to other local clinics for care related to HIV, pregnancy, and abnormal cervical 
cytology. Women also received HIV counselling and condoms free of charge.

Previously, the VMB compositions of KHIS participants were characterised and clustered 
cross-sectionally using a phylogenetic microarray [7]. Subsequently, a selection was 
made of 50 participants based on their VMB composition as described below, for further 
cervicovaginal human (as described in [12]) and bacterial proteomics analyses (this 
study) of CVLs taken during the same pelvic exam. Selected women were 18-45 years, 
not pregnant, and their CVLs were not macroscopically bloody. The sociodemographic, 
behavioural, and clinical characteristics of these 50 women were described previously 
[12].

sample collection

During pelvic examination, the vaginal pH was measured by pressing a pH paper strip 
against the vaginal wall (pH range 2-9 with 0.5 increments). CVLs of 5 mL were collected 
as described previously [12] and centrifuged at 1,000 x g for 10 min within 4 h of col-
lection. Supernatants were filtered using a sterile 0.2 mm cellulose acetate membrane 
(VWS International, Lutterworth, UK) and stored at -80°C prior to testing. Cervical 
samples were collected using cervical spatulas and cytobrushes, and were stored at 
-80°C in Preservcyt medium (ThinPrep Pap Test; Cytyc Corporation, Boxborough, MA) 
until microbiome analyses.

selection of participants

Previously, cervicovaginal microbiome analysis was performed using a phylogenetic 
microarray (TNO, Zeist, the Netherlands [7]). Briefly, semi-quantitative abundance of 
vaginal bacteria was determined by quantifying 16S rDNA amplicon hybridization to 
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the phylogenetic microarray, and was expressed as normalized signal/background (S/B) 
ratios [7]. We refer to this semi-quantitative abundance as “abundance” throughout this 
manuscript. The normalized S/B ratio of 251 probes that returned consistent results were 
used for unsupervised clustering analyses [13]. The resulting clusters were categorised 
into four groups as described previously [7, 12]: Lactobacillus crispatus-dominated VMB 
(group 1), L. iners-dominated VMB (group 2), moderate dysbiosis (group 3), and severe 
dysbiosis (group 4). Groups 1 and 2 were characterised by low bacterial diversity and 
low abundance of dysbiosis-associated bacteria. Most women from group 1 had a L. 
crispatus-dominated microbiome, and women from group 2 had a L. iners-dominated 
microbiome or co-dominance of L. iners and G. vaginalis. Women from groups 3 and 4 
had mixed microbiota with high abundance of G. vaginalis, Prevotella spp., and Atopo-
bium vaginae. However, bacterial richness and diversity were lower in group 3 compared 
to group 4, and group 3 women had lower prevalence of STIs [7]. Therefore, we refer to 
group 3 as ‘moderate dysbiosis’ and group 4 as ‘severe dysbiosis’.

For this study, 50 participants from the VMB groups were selected as follows: seven 
women from the L. crispatus-dominated cluster, 11 women from the L. iners-dominated 
cluster who had low abundance of G. vaginalis (S/B ratio < 5), 14 women from the mod-
erately dysbiotic group, and 18 women from the severely dysbiotic group.

Protein extraction and mass spectrometry

Protein extraction and mass spectrometry were performed as described previously 
[12]. Briefly, CVL supernatant protein content and volume were normalized before mass 
spectrometry analyses. Mass spectrometry was performed using the nanoACQUITY-nLC 
system (Waters) coupled to an LTQ-Orbitrap Velos (ThermoFisher Scientific, Bremen, 
Germany) mass spectrometer. Runs were time aligned using default settings of Progen-
esis LC–MS (version 4.1, Nonlinear Dynamics, Newcastle, UK) and using an auto selected 
run as reference. Peaks were picked by the software and filtered to include only peaks 
with a charge state between +2 and +7. Peptide intensities were normalized against the 
reference run. Throughout this paper, these normalized total ion intensities are referred 
to as ‘relative abundance’.

Peptide identification was performed using Mascot search engine (version 2.3.02, 
Matrix Science, London, UK). Tandem mass spectrometry data were searched against 
three databases: a human proteins database (UniProt reviewed, version February 2014, 
containing 20,276 sequences) and two micro-organism protein databases that we 
compiled ourselves as follows: one database containing all NCBI reference sequences 
(March 2015) of L. iners, L. crispatus, L. jensenii, L. gasseri, L. vaginalis and ‘Lactobacillus 
multispecies’, and one database containing sequences (reference sequences where 
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possible; March 2013) of 23 non-Lactobacillus vaginal bacterial species (based on [1]), 
Trichomonas vaginalis, Candida albicans, and Candida glabrata (see S1 Table  for the 
complete list of reference genomes). Search parameters were as follows: precursor 
mass tolerance 10 ppm, fragment mass tolerance 0.6 Da, false discovery rate <1%, and 
individual ion scores  >13 (indicating identity or extensive homology at P<0.05). Only 
bacterial proteins for which at least one unique peptide and at least two peptides overall 
(including non-unique peptides) were identified were included in further analyses, as has 
been done in previous cervicovaginal studies [14-16]. Furthermore, L. iners or L. crispatus 
proteins for which only one unique peptide was identified were checked for consistent 
differential abundance among VMB groups (Progenesis ANOVA p-value <0.05). The mass 
spectrometry proteomics data have been deposited in the PRIDE partner repository of 
the ProteomeXchange Consortium with the dataset identifiers PXD003176 and 10.6019/
PXD003176 [17].

data analyses

Statistical analyses were performed using STATA (release 12, StataCorp, College Station, 
TX, USA) and R (release 3.1.3, R Foundation for Statistical Computing, Vienna, Austria).

In view of redundancy and homology in the Lactobacillus peptide databases, we applied 
additional criteria based on 16S rDNA microarray data to ensure species specificity of 
Lactobacillus proteins. These criteria were based on the assumption that proteins with 
high relative abundance in samples with only one highly abundant Lactobacillus sp. 
originated from that Lactobacillus species. Taken together, the strict criteria to classify 
proteins as L. iners proteins were: 1) the best match in the Mascot search was a L. in-
ers or ‘Lactobacillus multispecies’ protein, 2) the mean ion intensity in women with a L. 
iners-dominated VMB was at least 2-fold higher, and the median ion intensity was equal 
to or higher than in women with no L. iners as determined by 16S rDNA microarray (i.e. 
women with a L. crispatus-dominated VMB and women with VMB dysbiosis without L. 
iners). Similar criteria were used for classification of L. crispatus proteins, with the differ-
ence that women without L. crispatus were used as a reference group (i.e. women with 
a L. iners-dominated VMB or women with VMB dysbiosis without L. crispatus). Proteins 
initially identified as ‘Lactobacillus multispecies’ proteins were thus used in the classifica-
tion of both L. iners and L. crispatus proteins, but could only be classified as a protein 
from one out of both Lactobacillus species.

Only samples with positive 16S results for L. iners and/or L. crispatus within each group 
were included in subsequent comparative L. iners/L. crispatus protein analyses. The L. 
crispatus-dominated VMB cluster (n=7) included 5 women with positive 16S rDNA 
microarray results for L. crispatus and 2 samples that had negative results for L. crispa-
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tus- and L. iners 16S rDNA (but had L. jensenii or L. gasseri, and similarly low bacterial 
diversity and low abundance of dysbiosis-associated bacteria to be clustered together 
with women with a L. crispatus-dominated VMB [13]). In the L. iners-dominated cluster 
(n=11), 7 women had positive results for L. iners and 4 positive results for L. iners and L. 
crispatus. In the moderately dysbiotic cluster (n=14), 10 women had positive results for 
L. iners, 2 for L. iners and L. crispatus, and 2 tested negative for Lactobacillus 16S rDNA. 
In the severely dysbiotic cluster (n=18), 7 women had positive results for L. iners, 1 for L. 
crispatus, 1 for L. iners and L. crispatus, and 9 tested negative for lactobacilli.

Relative protein abundance for each identified L. iners and L. crispatus protein was 
compared among VMB groups and among vaginal pH categories, using two-sided 
Mann-Whitney pairwise tests. We used three vaginal pH categories (4-5, 5-6, and >6, re-
spectively) in the L. iners protein analyses, but only two (4-5 and >5, respectively) in the 
L. crispatus protein analyses due to the small sample sizes. Analyses of L. iners proteins 
were also stratified for L. iners abundance (using two categories: below or above the 
median S/B ratio) to differentiate between changes in L. iners protein abundance due to 
changes in L. iners abundance or for other reasons. For L. iners proteins that were statisti-
cally significantly associated with dysbiosis in bivariable analyses, multivariable regres-
sion models adjusted for L. iners abundance (log-transformed microarray S/B ratio) and 
vaginal pH categories were fitted. Linear regression or ordered logistic regression was 
performed, depending on whether the residuals of the linear regression model were 
normally distributed as tested using the Shapiro-Wilk test. In case of the latter, relative 
protein abundance was categorised into three categories: an ion intensity of 0, and posi-
tive ion intensities below or above the median positive ion intensity, respectively.

resulTs

Classification of identified Lactobacillus proteins

Using mass spectrometry, 44 Lactobacillus proteins were identified in 50 CVLs. Of these 
44 proteins, 19 were matched to L. crispatus, 16 to L. iners, and 9 to Lactobacillus ‘mul-
tispecies’. Five of the 25 L. iners/L. ‘multispecies’ proteins passed the strict criteria (see 
Methods section) and were therefore classified as specific L. iners proteins (Table  1): 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), fructose-bisphosphate aldolase 
(ALDO), glucose-6-phosphate isomerase (GPI), pyruvate kinase (PK), and ferritin (FT). 
Twelve of the 28 L. crispatus/L. ‘multispecies’ proteins passed the criteria to be classified 
as specific L. crispatus proteins (Table 1): glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), enolase (ENO), two fructose-bisphosphate aldolases (ALDO_1, ALDO_2, 
matching different L. crispatus strains; Table  1), two glucose-6-phosphate isomerases 
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(GPI_1, GPI_2, matching different L. crispatus strains; Table 1), pullulanase, type I (PulA), 
cell division protein (CDP), hydrolase (HL), and three hypothetical proteins (HP_1, HP_2, 
HP_3). All L. iners/L. crispatus/L. ‘multispecies’ proteins that were not classified as specific 
L. iners or L. crispatus proteins were considered nonspecific at species level because 
they were not more abundant in women with a L. iners or L. crispatus-dominant VMB by 
16S rDNA microarray compared to women without L. iners or L. crispatus by 16S rDNA 
microarray, respectively.

Table 1. Lactobacillus iners and L. crispatus proteins.

  Protein accession
Peptide 
count

unique 
peptides

mascot 
confidence 
score

abbreviation 
given

L. iners proteins

glyceraldehyde-3-phosphate dehydrogenase WP_006729586.1 12 6 1670.19 GAPDH

fructose-bisphosphate aldolase WP_006728980.1 4 1 461.24 ALDO

glucose-6-phosphate isomerase WP_006731908.1 3 1 204.05 GPI

pyruvate kinase WP_006729992.1 2 1 171.14 PK

ferritin WP_006730124.1 2 1 178.39 FT

L. crispatus proteins

glyceraldehyde-3-phosphate dehydrogenase WP_005718691.1 19 6 2377.1 GAPDH

enolase WP_005718938.1 5 4 374.1 ENO

fructose-bisphosphate aldolase
(strain 214-1 and MV-3A-US)

WP_005725669.1 5 3 225.92 ALDO_1

fructose-bisphosphate aldolase
(strains 2029, CTV-05, SJ-3C-US, FB077-07, 
FB049-03)

WP_005728047.1 5 2 700.01 ALDO_2

glucose-6-phosphate isomerase (strain ST1) WP_013086104.1 3 1 188.44 GPI_1

glucose-6-phosphate isomerase
(strains 214-1, 2029, JV-V01, 125-2-CHN, MV-
3A-US, CTV-05, SJ-3C-US, FB077-07, FB049-03, 
MV-1A-US)

WP_013437574.1 2 1 168.5 GPI_2

pullulanase, type I WP_020992981.1 3 3 382.22 PulA

cell division protein WP_035450284.1 4 3 328.18 CDP

  hydrolase WP_035163526.1 2 2 172.06 HL

hypothetical protein WP_043884492.1 6 6 755.41 HP_1

hypothetical protein WP_005718484.1 2 2 59.44 HP_2

hypothetical protein WP_005719810.1 2 2 306.62 HP_3

All specific L. iners and L. crispatus proteins that were identified in cervicovaginal lavages of 50 women 
with different cervicovaginal microbiome compositions. Classification was based on Mascot search results 
(reference databases in S1 Table) and consistency with 16S rDNA microarray results, as described in the 
Methods section. Homologous proteins from different strains within the same species are numbered.
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Bivariable and multivariable associations between L. iners proteins, dysbiosis 
and vaginal pH

GAPDH was the most highly abundant L. iners protein in the CVLs, followed by ALDO and 
GPI (Figure 1). The relative abundance of GADPH, GPI, ALDO, and FT was significantly 
higher in women with a L. iners-dominated VMB than in women with moderate or severe 
dysbiosis (Figure 1); the negative association between GAPDH, GPI, and FT and moder-
ate dysbiosis remained statistically significant when limiting the analysis to women with 
high abundance of L. iners (S/B ratio >70, n=16; S1 Figure). The median vaginal pH of 
participants was 5, with a range of 4-7. GADPH, GPI, ALDO, and FT were negatively as-
sociated with vaginal pH categories (Figure 2), also when limiting the analysis to women 
with a L. iners-dominated VMB (S2 Figure). In multivariable analyses, moderate dysbiosis 
was independently associated with decreased relative abundance of GAPDH, GPI, and 
FT, and severe dysbiosis with decreased relative abundance of GAPDH (Table  2). Fur-
thermore, increasing vaginal pH was independently associated with decreasing relative 
abundance of GADPH, GPI, ALDO, and FT.

figure 1. Relative abundances of L. iners proteins in cervicovaginal lavages of women with positive L. iners 
16S rDNA microarray results (n=31) among three cervicovaginal microbiome groups. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), fructose-bisphosphate aldolase (ALDO), glucose-6-phosphate isom-
erase (GPI), and ferritin (FT) were significantly decreased in women with moderate or severe dysbiosis, com-
pared to women with a L. iners-dominant cervicovaginal microbiome. Box plots represent median (black 
line), first and third quartiles (box) and range within 1.5 times the interquartile range from the box (whis-
kers). Outliers are plotted as points. *p-value<0.05; ** p-value<0.01; ***p-value<0.001.
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figure 2. Relative abundances of L. iners proteins in cervicovaginal lavages of women with positive L. in-
ers 16S rDNA microarray results (n=31) among three vaginal pH categories. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), fructose-bisphosphate aldolase (ALDO), glucose-6-phosphate isomerase (GPI), 
and ferritin (FT) were significantly decreased in women with a vaginal pH >5, compared to women with 
a vaginal pH between 4 and 5. Box plots represent median (black line), first and third quartiles (box) and 
range within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as points. *p-
value<0.05; ** p-value<0.01; ***p-value<0.001.

Table 2. Multivariable analyses of L. iners proteins.

independent variables

dependent variables

gaPdH1 aldO1 gPi1 fT2

n beta 95% Ci beta 95% Ci beta 95% Ci odds ratio 95% Ci

Microbiome group

L. iners dominated 11 ref ref ref ref

Moderate dysbiosis 12 -0.48 (-0.85,-0.11) -0.26 (-0.61,0.09) -0.42 (-0.76,-0.09) 0.05 (0.00,0.69)

Severe dysbiosis 8 -0.46 (-0.88,-0.04) -0.26 (-0.66,0.13) -0.24 (-0.62,0.13) 0.23 (0.02,2.39)

Vaginal pH

4-5 7 ref ref ref ref

5-6 18 -0.43 (-0.84,-0.02) -0.45 (-0.83,-0.07) -0.59 (-0.96,-0.23) 0.01 (0.00,0.21)

>6 6 -0.52 (-1.02,-0.02) -0.37 (-0.84,0.1) -0.68 (-1.13,-0.23) 0.01 (0.00,0.46)

S/B ratio L. iners1   0.31 (-0.19,0.81) -0.26 (-0.73,0.22) 0.04 (-0.41,0.49) 3.78 (0.06,236.55)

Multivariable linear regression analyses (for L. iners GAPDH, ALDO, and GPI), and multivariable ordered lo-
gistic regression analysis (for L. iners FT).
1Log10-transformed values.
2Three categories: 0) ion intensity of 0 (n=18); 1) ion intensity of 1-550 (n=6); 2) ion intensity of > 550 (n=7).
Abbreviations: S/B: signal/background, CI: confidence interval, GAPDH: glyceraldehyde-3-phosphate dehy-
drogenase, ALDO: fructose-bisphosphate aldolase, GPI: glucose-6-phosphate isomerase, FT: ferritin
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association between L. crispatus proteins, dysbiosis and pH

Of the 12 specific L. crispatus proteins, only ALDO_1 was significantly decreased in 
moderate/severe dysbiosis (Figure  3). However, the glycolysis proteins GAPDH, ENO, 
and GPI_2 also showed a lower relative abundance in women with dysbiosis compared 
to in women with a L. crispatus-dominated VMB, but this was not statistically significant. 
ALDO_2 was not associated with dysbiosis, but was negatively associated with vaginal 
pH (Figure 4), and GPI_1 was positively associated with vaginal pH. However, no overall 
trends between L. crispatus proteins and vaginal pH could be discerned.

disCussiOn

We identified five specific L. iners and 12 specific L. crispatus proteins in CVL superna-
tants of Rwandan women at high HIV risk. L. iners GAPDH, GPI and FT were negatively 
associated with VMB dysbiosis, independent of L. iners abundance and vaginal pH. Few 
women with dysbiosis had detectable levels of L. crispatus by 16S rDNA microarray 
[7], but a trend towards a similar negative association between L. crispatus glycolysis 
proteins and dysbiosis could be discerned.

figure 3. Relative abundances of L. crispatus proteins in cervicovaginal lavages of women with positive L. 
crispatus 16S rDNA microarray results (n=13) among three cervicovaginal microbiome groups. Homolo-
gous proteins from different strains are numbered (Table 1). Box plots represent median (black line), first 
and third quartiles (box) and range within 1.5 times the interquartile range from the box (whiskers). Outliers 
are plotted as points. *p-value<0.05.
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Expression and/or secretion of L. iners and L. crispatus proteins has only been addressed 
by few others [9, 18-22]. GAPDH, ENO, and GPI were previously identified in the L. crispa-
tus ST1 exoproteome in vitro [19, 21]. Furthermore, genomics and metatranscriptomics 
analyses predicted high expression of all L. iners proteins that we identified in this 
study in women with and without BV [9, 23]. The metatranscriptomics study reported 
no differential expression of L. iners glycolysis genes in women with and without BV, 
but did show a non-significant decrease in L. iners ferritin expression in women with BV 
[9]. However, the study included only four women and may not be representative for 
women with different VMB compositions and different L. iners strains.

Most of the L. iners and L. crispatus proteins identified in this study are proteins with 
highly conserved intracellular functions. Their presence in CVL supernatant may be 
the result of either lysis of Lactobacillus spp. during collection or handling of the CVLs, 
or their pre-existent abundance in the Lactobacillus exoproteome, where they may 
have additional, ‘moonlighting’, functions. In case of the former, the increased relative 
abundance of glycolysis enzymes could reflect an increase in Lactobacillus metabolic 
activity in VMB communities that are dominated by these lactobacilli. However, the 

figure 4. Relative abundances of L. crispatus proteins in cervicovaginal lavages of women with positive L. 
crispatus 16S rDNA microarray results (n=13) among two vaginal pH categories. Homologous proteins from 
different strains are numbered (Table 1). Box plots represent median (black line), first and third quartiles 
(box) and range within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as 
points. *p-value<0.05.
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moonlighting hypothesis is more likely for the following reasons. Firstly, dilution of lac-
tobacilli in physiological saline (CVL procedure) causes no to minimal cell lysis, and cell 
lysis during or after centrifugation has not affected our results due to separate storage 
of supernatants from cell pellets. Secondly, high abundance of the glycolysis enzymes 
GAPDH, ENO, and GPI in the L. crispatus exoproteome is supported by previous in vitro 
studies [19, 21].

Many proteins with conserved intracellular functions are known to have moonlighting 
functions in bacteria, including (competitive) adhesion, plasminogen binding, and 
immune modulation (as reviewed in [24-26]). Although the presence of moonlighting 
proteins is a relatively new concept, for all Lactobacillus glycolysis proteins identified 
in this study, moonlighting functions have been described in closely related bacterial 
species (GAPDH, ALDO, GPI, PK and ENO; as reviewed in [25]).

L. iners GAPDH, GPI, ALDO, and FT were significantly decreased in women with dysbio-
sis. For the glycolysis enzymes GAPDH, GPI, and ALDO, in vitro studies have provided 
compelling evidence of moonlighting functions in related species including adhesion 
to the bacterial cell wall, mucin, plasminogen, and/or epithelial cells [19, 21, 27-29]. 
Furthermore, GAPDH has been found to be involved in competitive exclusion of patho-
gens in vitro [30] and immunomodulation in mice [31]. L. iners FT, a ferritin-like protein, 
has a dps (DNA protection during starvation) region, which in in vitro studies has been 
shown to protect bacteria, including Streptococcus spp., from iron overload and H2O2 
[32,33], and to be involved in biofilm formation and tolerance against bacteriophages in 
E. coli [34]. However, moonlighting properties for ferritin-like-proteins have not yet been 
described, and more research is needed to clarify their role in lactobacilli. Based on these 
and our data, we hypothesise that increased abundance of glycolysis enzymes and FT 
in the Lactobacillus exoproteome might benefit the survival, persistence, and resilience 
of lactobacilli. However, other potential explanations for our observation of increased 
abundance of these proteins in a Lactobacillus-dominated VMB are the presence of dif-
ferent L. iners strains in different VMB states, strain-independent adaptation of protein 
regulation in different VMB states, and/or a dysbiosis-associated increase in protein 
breakdown due to an increased concentration of bacterial and human proteases. For 
example, the secretion of L. iners moonlighting proteins might be downregulated dur-
ing dysbiosis as a survival strategy to retain valuable enzymes intracellularly. However, 
this might lead to a reduction in L. iners fitness as its chances of outcompeting other 
bacteria and re-establishing a Lactobacillus-dominated VMB are curtailed.

The present study shows that in vivo, L. iners GAPDH, GPI, ALDO, and FT were signifi-
cantly decreased at a vaginal pH range associated with dysbiosis (>4.5 [5]). This might 
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reflect a decline in metabolic activity of L. iners with a subsequent decrease of lactic 
acid production (causing a pH elevation) and insufficient energy production to perform 
energy-consuming activities such as the secretion moonlighting proteins. Alternatively, 
L. iners moonlighting proteins may have detached from the bacterial cell wall during 
the pH increase associated with the transition to dysbiosis, as was described in vitro for 
L. crispatus GAPDH and GPI [20,21], and might have been diluted or washed away with 
vaginal secretions.

The number of women with detectable L. crispatus was low, especially in the dysbiotic 
groups. Therefore, in the analysis of L. crispatus proteins, no adjustments for L. crispatus 
abundance or pH could be performed. However, relative abundance of ALDO_1 was 
significantly lower in women with dysbiosis than women with a L. crispatus dominated 
VMB, and the glycolysis proteins GAPDH, ENO, LLDH, and GPI_2 also showed lower, but 
non-significant, relative abundance in women with dysbiosis. The function of moon-
lighting proteins and the adaptation to dysbiosis may thus be similar as in L. iners. 
However, many epidemiological studies have shown that L. crispatus is, in contrast to 
L. iners, strongly negatively associated with dysbiosis (as reviewed in [1]). We may not 
have found a strong association between L. crispatus proteins, dysbiosis, and vaginal pH 
in this study because of L. crispatus’ failure to adapt to dysbiosis. However, studies with a 
larger group of women with L. crispatus-containing dysbiosis are needed to investigate 
this further.

As mentioned above, sample sizes were small, especially for the L. crispatus analyses. 
Furthermore, as in all bacterial proteomics studies, we were dependent on publicly 
available protein annotation databases and our list of Lactobacillus proteins may there-
fore be incomplete. However, we minimised the risk of misidentifying a protein lacking 
correct annotation as a Lactobacillus protein by applying additional criteria for protein 
identification based on microbiome composition by 16S rDNA microarray (Material and 
Methods). Lastly, due to sample loading normalisation, we report relative abundance 
instead of absolute concentration, but total protein concentrations in CVLs were not 
associated with VMB composition (data not shown).

Our Lactobacillus proteome analyses identified proteins that are likely to be involved 
in survival strategies of L. iners and L. crispatus in Lactobacillus-dominant and dysbiotic 
VMB compositions. The association between the relative abundance of potential L. iners 
moonlighting proteins and dominance of L. iners, independent of L. iners abundance, 
implies their importance in establishing and maintaining a L. iners-dominated microbi-
ome. We recommend that future studies further investigate the function and secretion 
of moonlighting proteins by different vaginal Lactobacillus strains. Strains with high 
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expression and/or secretion of these proteins could perhaps be used as vaginal probiot-
ics to prevent vaginal dysbiosis and dysbiosis-associated adverse reproductive health 
outcomes.
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suPPlemenTary files

s1 figure. Relative abundances of L. iners proteins in cervicovaginal lavages of women with high L. iners 
abundance (signal/background ratio >70, n=16) among three cervicovaginal microbiome groups. GAPDH, 
GPI, and FT were significantly decreased in women with dysbiosis, compared to women with a L. iners-dom-
inant cervicovaginal microbiome. Box plots represent median (black line), first and third quartiles (box) and 
range within 1.5 times the interquartile range from the box (whiskers). Outliers are plotted as points. *p-
value<0.05; ** p-value<0.01. Abbreviations: GAPDH: glyceraldehyde-3-phosphate dehydrogenase, ALDO: 
fructose-bisphosphate aldolase, GPI: glucose-6-phosphate isomerase, FT: ferritin.
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s2 figure. Relative abundances of L. iners proteins in cervicovaginal lavages of women with a L. iners-
dominated cervicovaginal microbiome (n=11) among three vaginal pH categories. Relative abundances 
of L. iners proteins in cervicovaginal lavages of women with a L. iners-dominated cervicovaginal microbi-
ome (n=11) among three vaginal pH categories. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
fructose-bisphosphate aldolase (ALDO), glucose-6-phosphate isomerase (GPI), and ferritin (FT) were sig-
nificantly decreased in women with a vaginal pH >5, compared to women with a vaginal pH between 4 
and 5. Box plots represent median (black line), first and third quartiles (box) and range within 1.5 times the 
interquartile range from the box (whiskers). Outliers are plotted as points. *p-value<0.05.
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s1 Table. Reference databases used for peptide identification by Mascot search engine

dataset 1: Human,
version february 2014

dataset 2: non-lactobacillus vaginal bacterial proteins
nCBi, march 2013

dataset 3: all 
reference sequences 
from the following 
vaginal lactobacilli
nCBi, march 2015

UniProt reviewed, 
20,276 sequences 

Atopobium vaginae DSM 15829 RefSeq Genome Lactobacillus crispatus

Candida albicans WO-1 Lactobacillus iners

  Candida glabrata CBS 138 Lactobacillus jensenii

  Chlamydia trachomatis 434/Bu RefSeq Genome Lactobacillus gasseri

  Clostridium perfringens ATCC 13124 RefSeq Genome Lacobacillus vaginalis

  Dialister micraerophilus DSM 19965 RefSeq Genome ‘Lactobacillus 
multispecies’

  Gardnerella vaginalis 409-05  

  Gardnerella vaginalis ATCC 14019  

  Gardnerella vaginalis HMP9231  

  Megasphaera elsdenii DSM 20460  

  Megasphaera sp. UPII 199-6 RefSeq Genome  

  Mobiluncus mulieris ATCC 35239 RefSeq Genome  

  Mycoplasma hominis str. PG21.  

  Neisseria gonorrhoeae NCCP11945 RefSeq Genome  

  Parvimonas micra ATCC 33270 RefSeq Genome  

  Porphyromonas asaccharolytica DSM 20707 RefSeq Genome  

  Porphyromonas uenonis 60-3 RefSeq Genome  

  Prevotella amnii CRIS 21A-A RefSeq Genome  

  Prevotella bivia DSM 20514 RefSeq Genome  

  Prevotella disiens FB035-09AN RefSeq Genome  

  Prevotella timonensis CRIS 5C-B1 RefSeq Genome  

  Staphylococcus aureus 04-02981 RefSeq Genome  

  Streptococcus agalactiae 2603V/R RefSeq Genome  

  Streptococcus pyogenes MGAS10750 RefSeq Genome  

  Veillonella atypica KON RefSeq Genome  

  Veillonella parvula DSM 2008 RefSeq Genome  

  Escherichia coli str. K-12 substr. MG1655 RefSeq Genome  

  Escherichia coli UTI89  

  Trichomonas vaginalis G3  
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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).



180 Chapter 9

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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summary

THe vaginal miCrOBiOme

associations with sexually transmitted infections  
and the mucosal immune response

Chapter 1 - introduction

A Lactobacillus-dominated vaginal microbiota is generally considered healthy and 
stable. Disturbance of this microbial balance, also called dysbiosis, is characterised by a 
depletion of lactobacilli and an overgrowth of (facultative) anaerobic bacteria. Bacterial 
vaginosis (BV; clinically or microscopically diagnosed dysbiosis) is the most common 
cause of abnormal vaginal discharge, and is associated with an increased risk of adverse 
reproductive health outcomes, including increased risk of HIV and other sexually trans-
mitted infections (STIs), and preterm birth in pregnant women. Since 2002, pioneering 
studies using novel molecular methods have greatly advanced our knowledge of the 
‘vaginal microbiome’: the complete vaginal environment, including the full set of vaginal 
microbiota. These studies have shown that vaginal microbiota are much more complex 
than previously thought. They have also provided the first data on the prevalence of 
different microbiota compositions and the sociodemographic, behavioural and clini-
cal factors associated with them. However, the aetiology and pathogenesis of vaginal 
microbiota dysbiosis, and the mechanisms by which dysbiosis might increase the risk 
of adverse reproductive health outcomes, are still not well understood. Furthermore, 
although antibiotic treatment cures vaginal dysbiosis in most women in the short term, 
recurrence rates are high.

This thesis provides an overview of vaginal microbiome epidemiology, and focuses on 
demographic, behavioural, clinical, and proteomic correlates of microbiota composi-
tions in women from sub-Saharan Africa.

Chapter 2 – systematic review of molecular vaginal microbiota studies

We systemically reviewed molecular vaginal microbiota studies that were published be-
tween 2008 and 2013 (a total of 63 studies). We concluded that a healthy vaginal micro-
biota is dominated by one or more Lactobacillus spp., and that dysbiosis is characterised 
by a mixture of (facultative) anaerobic bacteria including (among others) Gardnerella 
vaginalis, Atopobium vaginae, and Prevotella spp., with or without Lactobacillus iners. In 
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these studies, it was consistently shown that vaginal microbiota dysbiosis is strongly 
associated with BV by Nugent scoring and with vaginal pH, but not with BV by Amsel 
criteria. It was also consistently shown that a L. iners-dominated microbiota is associated 
with an increased risk of dysbiosis and can therefore be considered less beneficial than 
a L. crispatus-dominated microbiota, which has not been associated with dysbiosis or 
any adverse outcomes to date. Finally, a few studies showed that dysbiosis is associated 
with an increased prevalence of STIs (HIV, HPV, and Trichomonas vaginalis infection), but 
a decreased prevalence of vaginal colonisation by Candida spp.

Chapter 3 – multi-view spectral clustering of dna microarray microbiota data

In Chapter 3 we introduced a new data clustering method: neighbourhood co-regula-
rised multi-view spectral clustering. This method leverages information of several clus-
tering hypotheses into one clustering solution. We used this method on publicly avail-
able datasets, and our cervicovaginal microbiota data. We collected the cervicovaginal 
microbiota data by testing cervical samples from Rwandan women with a phylogenetic 
DNA hybridisation microarray. We showed that the clustering method was more accu-
rate than other frequently applied clustering methods, such as hierarchical clustering, 
K-means, and regular spectral clustering, in clustering publicly available datasets. We 
also showed that our method clustered samples by microbiota composition with high 
confidence.

Chapter 4 – cervicovaginal microbiota, sTis, and genital Hiv shedding of 
rwandan female sex workers

The cervicovaginal microbiota of 174 Rwandan female sex workers were characterised 
using a phylogenetic DNA hybridisation microarray. Six cervicovaginal microbiota clus-
ters were identified using the clustering method described in Chapter 3: a L. crispatus-
dominated microbiota cluster, a L. iners-dominated microbiota cluster, a moderate 
dysbiotic microbiota cluster, and three severely dysbiotic clusters. Moderate and severe 
dysbiosis were characterised by a mixture of (facultative) anaerobic bacteria, of which G. 
vaginalis, Atopobium vaginae, and Prevotella spp. were the most abundant. Women with 
severe dysbiosis had higher total bacterial abundance and diversity than women with 
moderate dysbiosis. Women with a L. crispatus-dominated microbiota had the lowest 
prevalence of bacterial and viral STIs, and prevalence of viral STIs including HIV increased 
significantly with increasing bacterial diversity. Furthermore, HIV-positive women with 
a Lactobacillus-dominated microbiota had the lowest risk of cervicovaginal HIV-1 RNA 
shedding, and this risk increased with increasing bacterial diversity.
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Chapter 5 – vaginal microbiota, sTi prevalence, and cervicovaginal cytokines in 
african women

We characterised the vaginal microbiota and its correlates of 230 women with various 
STI risk profiles from four different Sub-Saharan African countries. Women were divided 
into three groups according to their vaginal microbiota: a L. crispatus-dominated mi-
crobiota, a L. iners-dominated microbiota, or moderate or severe dysbiosis. Women 
with a L. crispatus-dominated microbiota, and to a lesser extent women with a L. iners-
dominated microbiota, had a lower prevalence of viral and bacterial STIs than women 
with dysbiosis, but this did not reach statistical significance. Women with a L. crispatus-
dominated microbiota also had a non-significantly lower prevalence of urinary tract 
infections and a higher prevalence of vaginal Candida spp. Furthermore, women with 
a Lactobacillus-dominated microbiota had the lowest cervicovaginal concentration of 
the pro-inflammatory cytokines interleukin 1 alpha and granulocyte colony stimulating 
factor, and the highest cervicovaginal concentration of interferon-γ-induced protein.

Chapter 6 – hormonal contraception use, sTi risk, and cervicovaginal 
microbiota

Observational studies have reported an increased risk of HIV acquisition in women using 
the injectable hormonal contraceptive depot medroxyprogesterone acetate (DMPA). We 
explored whether DMPA use is associated with changes in cervicovaginal microbiota or 
STI risk, which in turn may increase HIV risk. We performed a secondary analysis of an HIV 
incidence cohort study conducted among Rwandan female sex workers. Women were 
divided into groups based on their hormonal status (pregnancy status and hormonal 
contraceptive use). The incidence of STIs in these groups were compared longitudinally, 
and the prevalence of STIs and cervicovaginal microbiota compositions cross-sectionally. 
Compared to controls (non-pregnant women who were not using hormonal contracep-
tion), oral contraceptive users had higher HPV prevalence and C. trachomatis incidence, 
and a lower abundance of dysbiosis-associated cervicovaginal bacteria. Pregnancy was 
associated with decreased HIV prevalence and increased candidiasis incidence. DMPA 
use was associated with increased HSV-2 prevalence, but not with changes in the micro-
biota composition.

Chapter 7 – cervicovaginal microbiota and the cervicovaginal human proteome

One of the ways in which cervicovaginal microbiota dysbiosis may increase HIV acquisi-
tion risk is via cervicovaginal mucosal inflammation and/or weakening of the mucosal 
barrier. Cervicovaginal lavages of 50 Rwandan female sex workers in the microbiota 
clusters described in Chapter 4 were selected for exploratory proteome analysis (which 
characterises the full set of proteins in a sample). Differentially abundant human pro-
teins among the microbiome groups were either lowest or highest in the L. crispatus-
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dominated group and increased or decreased gradually with increasing bacterial 
diversity. Dysbiosis was associated with increased mucin 5B and 5AC, actin-organizing 
proteins, lactate dehydrogenase A/B, proteases, proinflammatory cytokines, and an 
altered antimicrobial peptide balance. Furthermore, cervicovaginal antiproteases, kera-
tins, cornified envelope proteins, and immunoglobulins G1 and G2 were decreased in 
women with dysbiosis.

Chapter 8 – cervicovaginal microbiota and the cervicovaginal Lactobacillus 
proteome

In the same sample of women as described in Chapter 7, we also determined the pres-
ence of proteins produced by L. iners and L. crispatus in the cervicovaginal lavages. The 
L. iners proteins ferritin, glyceraldehyde-3-phosphate dehydrogenase, and glucose-6-
phosphate isomerase were significantly decreased in women with L. iners-containing 
dysbiosis compared to women with a L. iners-dominated microbiota, independent of 
vaginal pH and L. iners abundance. L. crispatus glycolysis enzymes showed a similar nega-
tive trend, but the number of women with L. crispatus-containing dysbiosis was small. 
Although most Lactobacillus proteins that we identified are known for their intracellular 
functions, high abundance in the supernatant of the lavages suggests additional ex-
tracellular, ‘moonlighting’, functions, which might have survival benefits for lactobacilli.

Chapter 9 – conclusions, discussion, and future directions

We conclude that moderate and severe dysbiosis of the vaginal microbiota are highly 
prevalent in women from Sub-Saharan Africa, and are strongly associated with the preva-
lence of HIV and other STIs, HIV shedding in the genital tract of HIV-positive women, and 
markers of mucosal inflammation and impaired mucosal barrier function. Furthermore, 
our studies confirmed that L. iners is less beneficial than L. crispatus, because it often 
occurred together with dysbiosis-associated bacteria and with STIs. We and others did 
not find an association between DMPA use and vaginal microbiota dysbiosis, and there-
fore argue that the increased HIV incidence in DMPA users is likely due to other causes. 
Finally, we identified cervicovaginal human and Lactobacillus proteins associated with 
cervicovaginal microbiota dysbiosis that might be involved in the pathogenesis of dys-
biosis and/or dysbiosis-associated complications such as increased STI risk.

We strongly recommend the incorporation of systems biology methods in properly 
designed longitudinal clinical epidemiological studies to clarify temporal relationships 
between the vaginal microbiota, mucosal barrier dysfunction, and adverse reproductive 
health outcomes. Clinical trials that investigate new interventions aimed at establishing 
and maintaining a healthy Lactobacillus-dominated microbiota are also needed. Inter-
ventions that are effective against vaginal dysbiosis and associated adverse reproduc-



Summary 205

a

tive health outcomes including increased HIV risk, have the potential to substantially 
impact public health.
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nederlandse samenvaTTing

THe vaginal miCrOBiOme

associations with sexually transmitted infections  
and the mucosal immune response

Hoofdstuk 1 - introductie

Een vaginale microbiota, in de volksmond ook wel 'vaginale flora' genoemd, die wordt 
gedomineerd door lactobacillen, wordt over het algemeen als gezond en stabiel gezien. 
Verstoring van deze microbiële balans, ook wel dysbiose genoemd, wordt gekenmerkt 
door een sterke vermindering van lactobacillen en een overgroei van (facultatieve) 
anaerobe bacteriën. Bacteriële vaginose (BV; dysbiose gediagnosticeerd met behulp 
van klinische criteria en microscopie), is de meest voorkomende oorzaak van abnor-
male vaginale afscheiding, en is geassocieerd met een verhoogd risico op seksueel over-
draagbare aandoeningen (soa) inclusief hiv, en vroeggeboorte bij zwangere vrouwen. 
Sinds 2002 hebben studies, door gebruik te maken van moleculaire technieken, onze 
kennis vergroot van het 'vaginale microbioom': het gehele vaginale milieu, inclusief de 
complete verzameling micro-organismen. Deze studies hebben laten zien dat vaginale 
microbiota veel complexer zijn dan eerder werd gedacht. In de studies zijn ook voor het 
eerst data verzameld over de prevalentie van verschillende microbiotasamenstellingen 
en de geassocieerde sociodemografische, gedrags- en klinische factoren. De etiologie 
en pathogenese van vaginale microbiota dysbiose, en de mechanismen waardoor dysbi-
ose het risico op nadelige gevolgen zoals soa en vroeggeboorte zou kunnen vergroten, 
worden echter nog niet goed begrepen. En hoewel bij de meeste vrouwen antibiotica 
vaginale dysbiose op de korte termijn geneest, is het risico op een recidief hoog.

Dit proefschrift geeft een overzicht van vaginale microbioom epidemiologie, toe-
gespitst op de associatie tussen demografische, gedrags-, en klinische factoren, het 
cervicovaginale proteoom, en cervicovaginale microbiotasamenstellingen van vrouwen 
uit Sub-Sahara Afrika.

Hoofdstuk 2 – systematische review van moleculaire vaginale microbiota 
studies

We hebben 63 moleculaire vaginale microbiota studies die tussen 2008 en 2013 zijn 
gepubliceerd systematisch beoordeeld. We concludeerden dat een gezonde vaginale 
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microbiotasamenstelling wordt gedomineerd door één of meer Lactobacillus spp., en 
dat dysbiose wordt gekenmerkt door aanwezigheid van (facultatieve) anaerobe bacteri-
en in diverse samenstellingen, inclusief (onder andere) Gardnerella vaginalis, Atopobium 
vaginae, en Prevotella spp., met of zonder Lactobacillus iners. Studies hebben daarnaast 
consistent laten zien dat dysbiose sterk geassocieerd is met BV volgens de Nugent score 
en met vaginale pH, maar niet met BV volgens de Amsel criteria. Ook werd consistent 
beschreven dat een L. iners-gedomineerd microbiota is geassocieerd met een verhoogd 
risico op dysbiose en daardoor als minder gunstig beschouwd kan worden dan een L. 
crispatus-gedomineerd microbiota, welke tot dusver niet geassocieerd is geweest met 
dysbiose of andere ongunstige uitkomsten. Ten slotte lieten enkele studies een associ-
atie tussen dysbiose en een verhoogde prevalentie van soa (hiv, HPV, en Trichomonas 
vaginalis), maar een lagere prevalentie van vaginale kolonisatie door Candida spp., zien.

Hoofdstuk 3 – ‘multi-view spectral clustering’ van dna microchip microbiota 
data

In Hoofdstuk 3 introduceerden we een nieuwe methode om data te clusteren: 'neigh-
bourhood co-regularised multi-view spectral clustering'. Deze methode gebruikt de 
informatie van verschillende clusteringshypothesen om tot een clusteringsoplossing 
te komen. We hebben deze methode op publiekelijk beschikbare datasets, en onze 
cervicovaginale microbiota data gebruikt. De cervicovaginale microbiota data hebben 
we verzameld door cervicale monsters van Rwandese vrouwen te testen met een fylo-
genetische DNA hybridisatie microchip. We toonden aan dat onze clusteringsmethode 
accurater was dan andere frequent toegepaste methoden, zoals hiërarchische clus-
tering, k-means, en reguliere spectrale clustering, in het clusteren van de publiekelijk 
toegankelijke datasets. Ook lieten we zien dat de methode monsters met hoge betrouw-
baarheid kon clusteren op basis van microbiota compositie.

Hoofdstuk 4 – cervicovaginale microbiota, soa, en genitale hiv uitscheiding in 
rwandese sekswerkers

We hebben de cervicovaginale microbiota van 174 Rwandese sekswerkers gekarak-
teriseerd met een fylogenetische DNA hybridisatie microchip. Met behulp van de 
clusteringsmethode beschreven in Hoofdstuk 3 werden zes cervicovaginale microbiota 
clusters geïdentificeerd: een L. crispatus-gedomineerd microbiota cluster, een L. iners-
gedomineerd microbiota cluster, een matig dysbiotisch microbiota cluster, en drie ern-
stig dysbiotische microbiota clusters. Matige en ernstige dysbiose werden gekenmerkt 
door een variëteit aan (facultatieve) anaerobe bacteriën, waarbij G. vaginalis, Atopobium 
vaginae, en Prevotella spp. overheersten. Vrouwen met ernstige dysbiose hadden een 
hogere totale bacteriële load en diversiteit dan vrouwen met matige dysbiose. Vrou-
wen met een L. crispatus-gedomineerd microbiota hadden de laagste prevalentie van 
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bacteriële en virale soa. De prevalentie van virale soa, inclusief hiv, steeg significant met 
toenemende bacteriële diversiteit. Daarnaast hadden hiv-positieve vrouwen met een 
L. crispatus-gedomineerd microbiota het laagste risico op cervicovaginale uitscheiding 
van hiv-1 RNA, en dit risico nam toe met toenemende bacteriële diversiteit.

Hoofdstuk 5 – vaginale microbiota, soa prevalentie, en cervicovaginale 
cytokines in afrikaanse vrouwen

We hebben de vaginale microbiota gekarakteriseerd van 230 vrouwen met verschillende 
soa risicoprofielen uit vier verschillende Sub-Sahara Afrikaanse landen. Vrouwen werden 
ingedeeld in drie groepen op basis van hun vaginale microbiota: een L. crispatus-gedomi-
neerd microbiota, een L. iners-gedomineerd microbiota, of matig tot ernstige dysbiose. 
Vrouwen met een L. crispatus-gedomineerd microbiota, en in mindere mate vrouwen 
met een L. iners-gedomineerd microbiota, hadden een lagere prevalentie van virale en 
bacteriële soa dan vrouwen met dysbiose, hoewel deze associaties geen statistische 
significantie bereikte. Vrouwen met een L. crispatus-gedomineerd microbiota hadden 
ook een niet-significant lagere prevalentie van urineweginfecties en hogere prevalentie 
van vaginale Candida spp. Verder hadden vrouwen met een Lactobacillus-gedomineerd 
microbiota de laagste cervicovaginale concentratie van de pro-inflammatoire cytokines 
interleukin 1 alpha en granulocyte colony stimulating factor, en de hoogste cervicovagi-
nale concentratie van interferon-γ-induced protein.

Hoofdstuk 6 –hormonale anticonceptie, soa risico, en cervicovaginale 
microbiota

Observationele studies hebben gerapporteerd dat vrouwen die de prikpil ‘depot 
medroxyprogesteronacetaat’ (DMPA) gebruiken een verhoogd risico hebben op het 
krijgen van hiv. We onderzochten of gebruik van DMPA is geassocieerd met verande-
ringen in cervicovaginale microbiota of in het risico op een soa, welke beide het risico 
op een hiv infectie kunnen vergroten. Hiervoor voerden we een secundaire analyse uit 
van een hiv incidentie cohort studie onder Rwandese sekswerkers. Vrouwen werden 
ingedeeld in groepen gebaseerd op hun hormonale status (zwangerschap en gebruik 
van hormonale anticonceptie). De prevalentie van microbiotasamenstellingen en soa 
werd cross-sectioneel vergeleken tussen de groepen, en de incidentie van soa longitu-
dinaal. Vergeleken met controles (vrouwen die niet zwanger waren en geen hormonale 
anticonceptie gebruikten), hadden vrouwen die orale anticonceptie gebruikten een 
hogere HPV prevalentie en hogere Chlamydia trachomatis incidentie, en lagere semi-
kwantitatieve concentratie van dysbiose-geassocieerde bacteriën. Zwangerschap was 
geassocieerd met een lagere hiv prevalentie en een hogere incidentie van Candida 
infecties. Gebruik van DMPA was geassocieerd met een hogere HSV-2 prevalentie, maar 
niet met veranderingen in de microbiotasamenstelling.
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Hoofdstuk 7 – cervicovaginale microbiota en het cervicovaginale humane 
proteoom

Eén van de manieren waarop cervicovaginale microbiota dysbiose het risico op hiv 
infectie zou kunnen vergroten, is door cervicovaginale mucosale inflammatie en/
of verzwakking van de mucosale barrière. Cervicovaginale lavages van 50 Rwandese 
sekswerkers uit de microbiotaclusters beschreven in Hoofdstuk 4 werden geselecteerd 
voor exploratieve proteoom analyse (waarbij de volledige samenstelling van proteïnen 
in een monster wordt bepaald). De relatieve concentratie van humane proteïnen die 
significant geassocieerd waren met cervicovaginale microbiotaclustering was ofwel 
het laagst, ofwel het hoogst in het L. crispatus-gedomineerde microbiota cluster en 
nam geleidelijk toe dan wel af met toenemende bacteriële diversiteit. Dysbiose was 
geassocieerd met een verhoogde relatieve concentratie van mucine 5B en 5AC, actine-
organiserende proteïnen, lactaat dehydrogenase A/B, proteasen, pro-inflammatoire 
cytokines, en een veranderde antimicrobiële peptide balans. Verder was de relatieve 
concentratie van cervicovaginale antiproteasen, keratines, proteïnen van de 'cornified 
envelope', en immunoglobulinen G1 en G2 verlaagd in vrouwen met dysbiose.

Hoofdstuk 8 - cervicovaginale microbiota en het cervicovaginale Lactobacillus 
proteoom

In dezelfde selectie van vrouwen als beschreven in Hoofdstuk 7, hebben we de aanwe-
zigheid van proteïnen in cervicovaginale lavages gemeten die geproduceerd worden 
door L. iners en L. crispatus. De relatieve concentratie van de L. iners proteïnen ferritine, 
glyceraldehyde-3-fosfaat-dehydrogenase, en glucose-6-fosfaat-isomerase waren sig-
nificant lager in vrouwen met een dysbiotisch microbiota met aanwezigheid van L. 
iners dan in vrouwen met een L. iners-gedomineerd microbiota. Deze associatie was 
onafhankelijk van vaginale pH en semi-kwantitatieve concentratie van L. iners. Glycolyse 
enzymen geproduceerd door L. crispatus lieten eenzelfde negatieve trend zien, maar het 
aantal vrouwen dat een dysbiotisch microbiota met aanwezigheid van L. crispatus had 
was klein. De meeste Lactobacillus proteïnen die in deze studie waren geïdentificeerd 
zijn bekend vanwege hun intracellulaire functies. De hoge concentratie van deze prote-
inen in het supernatant van de lavages suggereert echter aanvullende, 'moonlighting', 
functies, die overlevingsvoordelen kunnen hebben voor lactobacillen.

Hoofdstuk 9 – conclusies, discussie, en aanbevelingen

We concluderen dat matige en ernstige dysbiose van de vaginale microbiota veel-
voorkomend zijn in vrouwen in Sub-Sahara Afrika, en sterk geassocieerd zijn met de 
prevalentie van hiv en andere soa, cervicovaginale hiv uitscheiding in hiv-positieve 
vrouwen, en markers van mucosale inflammatie en een verstoorde mucosale barrière-
functie. Daarnaast bevestigen onze studies dat L. iners minder gunstig is dan L. crispatus, 
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omdat L. iners vaak samen met dysbiose-geassocieerde bacteriën en samen met soa 
voorkwam. Net als anderen vonden wij geen associatie tussen het gebruik van DMPA 
en vaginale microbiota dysbiose en daarom stellen we dat de verhoogde hiv incidentie 
onder DMPA gebruikers waarschijnlijk door andere oorzaken komt. Ten slotte hebben 
we cervicovaginale humane en bacteriële proteïnen geïdentificeerd die geassocieerd 
zijn met cervicovaginale microbiota dysbiose en die betrokken zouden kunnen zijn 
in de pathogenese van dysbiose en/of dysbiose-geassocieerde complicaties zoals het 
verhoogde risico op soa.

We raden het opnemen van moleculaire methoden in goed ontworpen longitudinale 
epidemiologische studies sterk aan, om de temporele relaties tussen vaginale micro-
biota, mucosale barrière dysfunctie, en andere ongunstige uitkomsten zoals nieuwe 
soa infecties duidelijk te maken. Daarnaast zijn klinische trials die nieuwe interventies 
onderzoeken gericht op het creëren en onderhouden van een gezond Lactobacillus-
gedomineerd microbiota hard nodig. Interventies die effectief zijn tegen vaginale 
microbioom dysbiose en geassocieerde ongunstige uitkomsten zoals het verhoogde 
risico op hiv infectie, hebben de potentie om een substantiële invloed te hebben op de 
volksgezondheid.
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