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Abstract
Background The role of the vulvar microbiome in the development of 
(pre)malignant vulvar disease is scarcely investigated. The aim of this explor-
atory study was to analyse vulvar microbiome composition in lichen sclerosus 
(LS) and vulvar high-grade squamous intraepithelial lesions (HSIL) compared 
to healthy controls.

Methods Women with vulvar LS (n=10), HSIL (n=5) and healthy con-
trols (n=10) were included. Swabs were collected from the vulva, vagina 
and anal region for microbiome characterization by metagenomic shotgun 
sequencing. Both lesional and non-lesional sites were examined. Biophysical 
assessments included trans-epidermal water loss for evaluation of the vulvar 
skin barrier function and vulvar and vaginal pH measurements.

Results Healthy vulvar skin resembled vaginal, anal and skin-like micro-
biome composition, including the genera Prevotella, Lactobacillus, Gardnerella, 
Staphylococcus, Cutibacterium and Corynebacterium. No significant differences 
were observed in diversity and richness between healthy and diseased vulvar 
skin. Compared to the healthy vulvar skin, vulvar microbiome composition 
of both LS and vulvar HSIL patients was characterized by significantly higher 
proportions of respectively Papillomaviridae (p=0.045) and Alphapapilloma-
virus (p=0.002). In contrast, the Prevotella genus (p=0.031) and Bacteroidales 
orders (p=0.038) were significantly less abundant in LS, as was the Actino-
bacteria class (p=0.040) in vulvar HSIL. While bacteria and viruses were most 
abundant, fungal and archaeal taxa were scarcely observed. Trans-epidermal 
water loss was higher in vulvar HSIL compared to healthy vulvar skin (p=0.043).  

Conclusions This study is the first to examine the vulvar microbiome 
through metagenomic shotgun sequencing in LS and HSIL patients. Dis-
eased vulvar skin presents with a distinct signature compared to healthy 
vulvar skin with respect to bacterial and viral fractions of the microbiome. 
Key findings include the presence of papillomaviruses in LS as well as in vul-
var HSIL, although LS is considered an HPV-independent risk factor for vulvar 
dysplasia. This exploratory study provides clues to the aetiology of vulvar 
premalignancies and may act as a steppingstone for expanding the knowl-
edge on potential drivers of disease progression.

Introduction
Vulvar squamous cell carcinoma (VSCC) occurs in 1 to 2 per 100.000 women 
and has an increasing incidence with age.1 VSCC is preceded by human 
papillomavirus (HPV)-related or HPV-independent precursor lesions.2⁻4 
Predominantly HPV type 16 and 18 can cause vulvar high-grade squamous 
intraepithelial lesions (HSIL), a premalignant condition responsible for 
approximately 20% of VSCC.2 These high-risk HPV (hrHPV) types are also 
notorious drivers of cervical dysplasia and carcinoma.5 Vulvar lichen sclero-
sus (LS) is a chronic inflammatory condition that may promote development 
of differentiated vulvar intraepithelial neoplasia (dVIN), a premalignancy pre-
ceding the remaining 80% of all VSCC.6,7 dVIN has low disease incidence and 
poses a diagnostic challenge for both clinicians and pathologists. The cen-
tral symptom in LS is pruritus, while scarring and anatomical changes of the 
labia minora and clitoral phimosis occur in severe cases. The aetiology of LS 
remains debated, with indications of a genetic or autoimmune root cause.6,8 
A considerable amount of taboo is associated with vulvar disease, resulting 
in delays in clinical recognition and treatment, adding to substantial physi-
cal, sexual and psychological morbidity.9⁻12

Changes in microbiome composition have been associated with several 
disease conditions, including cancer.13,14 The research field started off with 
recognition of single malignancy-driving micro-organisms (such as HPV for 
cervical cancer) and has expanded to include association of microbiome 
composition patterns to cancer development.15 In vaginal diseases, higher 
grades of HPV-driven cervical dysplasia are correlated with a non-Lactobacil-
lus dominated vaginal microbiome composition.16⁻18 Moreover, the presence 
of Sneathia spp. and Mycoplasma spp. has been correlated with co-infection 
with hrHPV types.16,19⁻23 These findings can expand our understanding of 
cervical diseases and serve as biomarkers and potential targets for drug de-
velopment to treat cervical (pre)malignant disease.

In contrast to the vaginal microbiome, the vulvar microbiome and its role 
in the development of (pre)malignant vulvar disease is scarcely investigated 
and current knowledge is inconclusive.24 The bacterial genera and species 
described on the healthy vulva include the genera Lactobacillus, Corynebacteri-
um, Staphylococcus and Prevotella, suggesting transfer from vaginal, cutaneous 
and intestinal origin. Current literature lacks longitudinal, case-controlled 
studies and elucidation of microbiome components other than bacteria, such 
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as viruses, fungi and archaea. Therefore, the aim of this study was to describe 
and compare the vulvar microbiome composition by metagenomic shotgun 
sequencing in patients with LS and vulvar HSIL compared to healthy con-
trols. Biophysical properties of the vulvar skin were additionally explored 
as the microbiome composition can influence the skin barrier function.25

Methods
Trial design and subjects

This study was part of an observational clinical trial to identify biomarkers 
for premalignant vulvar disease to increase the understanding of the aeti-
ology of VSCC.26 The trial was conducted at the Centre of Human Drug 
Research in Leiden (the Netherlands) from February 2021 to October 2021. 
The Declaration of Helsinki was the guiding principle for trial execution and 
the study was approved by the medical ethics committee ‘Medisch-Ethis-
che Toetsingscommissie Leiden Den Haag Delft’ prior to initiation. Written 
informed consent from all participants was obtained prior to any study-relat-
ed procedure. 

Criteria for inclusion were women aged between 25 to 95 years with BMI 
<30kg/m2. Patients with vulvar HSIL were required to have ≥1 demarcated 
lesion(s) ≥15 mm in diameter with confirmed histologic diagnosis. Patients 
with lichen sclerosus were considered eligible in case of a clinical and/or his-
tological diagnosis of LS. Exclusion criteria were significant concomitant 
diseases, pregnancy, immunodeficiency, sexually transmitted disease, AIDS 
or hepatitis. Furthermore, individuals with other dermatological conditions 
in the genital area were excluded. 

Lifestyle restrictions were incorporated to standardize vulvar conditions 
for microbiome sampling. A ≥28-day wash-out applied for systemic immu-
nomodulatory medication and antibiotic use (topical or systemic). Wash-out 
for topical medication on the vulvar area was ≥14 days. Participants were 
instructed to refrain from sexual intercourse, vigorous exercise, applying 
vulvar products and shaving, waxing or other depilatory treatments at least 
24 hours before every visit. Additionally, they were instructed not to wash 
the vulvar area from midnight onwards on every visit. In total, 10 healthy 
volunteers, 5 patients with HSIL and 10 patients with LS were enrolled in this 
observational study. Anal, vaginal and vulvar samples were obtained at a sin-
gle time point for vulvar HSIL and LS patients, as well as healthy volunteers. 

Microbiome characterisation
Sample collection

The vulvar microbiome was characterised in LS and HSIL patients as well as 
in the healthy volunteers. Microbiome samples were obtained using a 1 mL 
DNA/RNA Shield™ Collection Tube with Swab (Zymo Research, Freiburg, 
Germany). The pre-wetted swab with saline was rubbed along the vulvar skin 
for 30 seconds while slowly rotating the swab. Sampling locations on the 
vulva (i.e. labia minora, labia majora or perineum) depended on the location 
of the vulvar lesions (Supplementary Table 1). Healthy-appearing vulvar skin 
contralateral to the HSIL lesion was selected as non-lesional HSIL reference 
site where possible. Of note for LS, the non-hirsute vulvar skin should be con-
sidered affected, even if the skin appears healthy. Therefore, non-lesional LS 
sites were selected on the distal side of the labia majora towards the groin. 
Reference samples of the vaginal microbiome were obtained by introducing a 
dry swab mid-vaginally and once rotating 360 degrees along the vaginal wall, 
without touching the vulvar area upon introduction or removal. Another ref-
erence sample of the anal microbiome was obtained by rubbing a dry swab 
along the anus five times. Samples were stored in DNA/RNA shield at -80°C 
until DNA extraction was performed. 

DNA extraction

DNA of vulvar, vaginal and anal swabs was extracted with the Quick-DNA Fecal/
Soil Microbe Miniprep kit (Zymo Research; D6010). During DNA extraction, 
positive controls (D6300 ZymoBIOMICS Microbial Community standard, 
Zymo Research, USA) and negative controls (empty tubes) were included. 
In short, 600 µL BashingBead Buffer was added to the swabs and processed 
with Precellys 24 Homogenizer (Bertin Technologies) at 5500 rpm for three 
rounds of 60 seconds each. Subsequently, samples were centrifuged (10,00 
RCF; 1 minute), 800 µL supernatant was transferred to a Zymo-Spin III-F Fil-
ter and centrifuged again (8000 RCF; 1 minute). Next, 1200 µL Genomic Lysis 
Buffer was added to the filtrate. Of the resulting mixture, 800 µL was trans-
ferred to a Zymo-Spin IIC Column and centrifuged (10,000 RCF; 1 minute). 
After discarding the flowthrough, 200 µL of DNA Pre-Wash Buffer was added 
to the Zymo-Spin IIC Column and centrifuged (10,000 RCF; 1 minute). 500 
µL g-DNA Wash Buffer was added to the Zymo-Spin IIC Column and centri-
fuged (10,000 RCF; 1 minute) after which 50 µL DNA Elution Buffer was added 
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and centrifuged (10,000 RCF; 30 seconds). The eluted DNA was transferred 
over the same column and centrifuged (10,000 RCF; 30 seconds). Lastly, the 
eluted DNA was transferred to a prepared Zymo-Spin III-HRC Filter and cen-
trifuged (16,000 RCF; 3 minutes). The resulting DNA was quantified with a 
Qubit 4 fluorometer (Invitrogen). In total, 175 out 178 samples yielded mea-
surable concentrations of DNA.

Shotgun metagenomic sequencing

DNA and additional positive sequencing controls were analysed using shot-
gun metagenomic sequencing by GenomeScan (Leiden, the Netherlands). 
Upon sample entry, quality of samples was assessed by the Fragment Analyz-
er (Advanced Analytical Technologies) according to GenomeScan protocol. 
Given their low biomass, 118/175 (67%) samples passed quality control of >30 
pg/ml (of which 24/44 (55%) anal, 45/45 (100%) vaginal, 45/78 (58%) vulvar 
samples, 0/4 (0%) negative controls and 4/4 (100%) positive controls), yet all 
samples were included for shotgun metagenomic sequencing. 

Sequencing libraries were prepared using Illumina’s DNA PCR-Free Prep 
kit and checked on quality with the Fragment Analyzer. Libraries were 
sequenced with the Illumina NovaSeq6000 platform to a target depth of 3.3 
million reads per sample.

Biophysical assessments
Trans-epidermal water loss

Measurement of the trans-epidermal water loss (TEWL) determines the skin 
barrier function in a non-invasive manner (AquaFlux AF200 System, Biox, Lon-
don, UK). The measurements were performed under standard environmental 
conditions and patients were acclimatized with removed clothing for ≥15 min-
utes before initiation of the measurements. All TEWL measurement condi-
tions were constant during the study, with mean probe temperatures of 24.3 
°C and average humidity of 39.2%. A measurement was considered valid at 
the settling of the flux curves at a final steady level, as described previously.27 

Vulvar and vaginal pH analysis

Vulvar skin pH was determined using an electronic pH probe (Skin-pH-Meter 
PH905, Courage and Khazaka, Cologne, Germany). The average of three con-
secutive readings was recorded. The vaginal pH was measured by collecting 

vaginal fluid using a sterile Puritan swab rotated once mid-vaginally and sub-
sequently applied to colour-coded pH paper (Macherey-Nagel, pH 4.0-7.0),  
as described previously.28

Bioinformatic processing
Metagenomics pre-processing

Raw data were pre-processed with an in-house workflow (online available  
at: https://git.lumc.nl/snooij/metagenomics-preprocessing). In short, the 
workflow removes the host genome reads and subsequently performs quali-
ty trimming of the reads. First, the host genome was removed using bowtie2 
(version 2.4.2) by mapping reads to the human reference genome.29 The 
parameters passed in bowtie2 included ‘very-sensitive-local’ and reference 
genome ‘GRCh38.p7’ [https://www.ncbi.nlm.nih.gov/assembly/GCF_00000 
1405.33/]. Unmapped, paired reads were filtered from the output using sam-
tools (version 1.11).30 Subsequent filtered reads were processed with fastp 
(version 0.20.1) performing quality trimming, adapter removal and low-com-
plexity filtering.31 Fastp parameters included trim ‘cut-right, cut_window_size 
4 cut_mean_quality 20’; minlen ‘-l 50’; adapter ‘detected_adapter_for_pe’; 
complexity ‘-y’. The mean total reads before processing, after filtering for 
human reads and after quality trimming, were calculated per study group and 
sample type (Supplementary Table 2).

Microbial community profiling

Pre-processed reads were analysed using MetaPhlAn (version 3.0.14) to profile 
the composition of the microbial communities and to predict read counts.32 
To profile the composition of the microbial communities, ‘add_viruses’ and 
‘unknown_estimation’ were added besides default parameters. The out-
puts were merged with ‘merge_metaphlan_tables.py’. For the predicted read 
counts, parameters ‘-t rel_ab_w_read_stats’, ‘add_viruses’ and ‘unknown_esti-
mation’ were included besides default parameters. Outputs were merged with 
an adapted version of the merge utility script. The pre-processed sequences 
mapped to 855 taxa (661 Bacteria, 152 Viruses, 33 Eukaryota and 9 Archaea). 

Data analysis and availability

The resulting abundance tables were analysed and visualized using R ver-
sion 4.1.2 (Vienna, Austria).33 For data analyses, samples of timepoint 1 were 
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selected resulting in 89 samples (LS, n=39; HSIL, n=20; healthy controls, 
n=30). Shannon diversity and Chao1 richness were computed with the phy-
loseq package (version 1.38.0) at ‘ASV’ level.34 The stat_compare_means from 
the ggpubr package (version 0.4.0) were used to compute overall significant 
differences with a Kruskal-Wallis test and to compare means between swab 
sites with the Wilcoxon Rank Sum Test.35 The abundance table was trans-
formed to compositional data with the microbiome package (version 1.16.0). 
Subsequently, the mean relative abundance of the ten most abundant genera 
was visualized with ggplot2 (version 3.3.6) for the bacterial and viral kingdoms 
on non-lesional and lesional skin of each study group.36,37 For Linear discrim-
inant analysis Effect Size (LEfSe), an object was created with the phyloseq2lefse 
function from the phyloseqCompanion package (version 1.1.).38

Subsequent LEfSe analyses were performed until species level with default 
parameters (except LDA score > 4.0) on the Huttenhower lab Galaxy server 
to assess differences in relative abundance between lesional skin of LS pa-
tients and healthy vulvar skin, as well as lesional skin of vulvar HSIL patients 
and healthy vulvar skin.39 Aitchison distance was calculated for the Prin-
cipal coordinate analyses (PCoA). On genus-level data, Centered Log Ratio 
(CLR) transformation was performed using the transform function of the mi-
crobiome package. The distance function of the phyloseq package was used to 
generate a distance matrix with Euclidean distance. The betadisper function 
from the vegan package (version 2.6-4) was used to assess differences in vari-
ation between swab sites, while adonis2 was used to assess differences in 
centroids of the swab sites and study groups with constrained permutations 
for each patient.40 Alluvial plots were generated by calculating the mean rel-
ative abundance of the ten most abundant genera in each swab site for LS and 
vulvar HSIL. Since each swab site amounted to a total relative abundance of 
100%, mean relative abundances for each swab site were normalized by di-
viding the relative abundances by the number of swab sites included. Alluvial 
plots were visualized using ggplot2 and ggalluvial (version 0.12.3).41

Quality control

Positive and negative controls were included during DNA extraction, and 
additional positive controls were included during sequencing. Positive and 
negative DNA extraction controls were compared for mean total reads. Mean 
total reads of the positive controls (4,742,574) were significantly higher (Wil-
coxon Rank Sum Test, p=0.03) compared to the mean total reads of the negative 

controls (12,565). Although having significantly lower number of reads, the 
negative controls contained skin-derived bacterium Cutibacterium acnes.

Additionally, the taxonomic species composition of the positive controls 
was compared to each other and to the theoretical mock community compo-
sition. All species of the mock community could be identified in the positive 
controls, except Bacillus subtilis. Instead, Bacillus intestinalis was identified, 
which has previously been reported as expected misclassification of Bacillus 
subtilis using the MetaPhlAn taxonomy database.42 The bacterial species are 
present in equal ratio’s, indicating overrepresentation (>15% increase) of Lac-
tobacillus fermentum and underrepresentation (>15% decrease) of Pseudomonas 
aeruginosa, Enterococcus faecalis, Staphylococcus aureus, Listeria monocytogenes, 
Saccharomyces cerevisiae and Cryptococcus neoformans (Supplementary Figure 1). 

Data availability

All pre-processed metagenomics data have been deposited in the European 
Nucleotide Archive under accession number PRJEB61325.

Results
Cohort characteristics

In total, 25 women were included in the study. Baseline characteristics were 
comparable between groups (Supplementary Table 3). Menopausal status and 
age were equally distributed. Most (24/25) participants were of Caucasian 
descent, with one healthy volunteer of mixed Caucasian and Latin Ameri-
can descent. All LS and vulvar HSIL patients had previously undergone one 
or multiple treatments for their vulvar condition, while healthy volunteers 
were naïve to any treatments of the vulvar skin.

Vulvar microbial skin diversity of diseased skin 
resembles that of healthy skin
Diversity and richness of the bacterial and viral fraction were used to assess 
differences in microbial ecology between vulvar skin of healthy controls 
and of LS and HSIL patients. Healthy vulvar skin had a higher mean diversity 
compared to the non-lesional skin of LS patients (p=0.002), while other com-
parisons to healthy skin were not significant (Figure 1). Interestingly, within 
the patient groups, lesional vulvar skin showed a non-significant rise in mean 
diversity and richness compared to non-lesional skin.
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The bacterial fraction on diseased vulvar skin 
differs from healthy vulvar skin 

To further assess differences in the microbial ecology of healthy vulvar skin 
and vulvar skin of LS and vulvar HSIL patients, taxonomic profiles of the bac-
terial and viral fraction were generated (Figure 2, Supplementary Figure 2 and 3).  
The bacterial and viral fraction are considered separately below.

The main bacterial genera identified in non-lesional and lesional skin of 
LS and vulvar HSIL patients were similar as observed in healthy vulvar skin 
(Figure 2A). These bacterial genera included Prevotella, Lactobacillus, Staphylo-
coccus and Gardnerella. 

LEfSe analyses were used to identify differentially abundant taxa between 
healthy vulvar skin and skin lesions in LS and vulvar HSIL. Regarding the bac-
terial fraction, lesional vulvar skin of LS patients was characterized by a 
depletion by taxa from the Prevotella genus and Bacteroidales order compared 
to healthy skin (Figure 3A,C,D). Meanwhile, lesional skin of HSIL patients 
showed an increase in the Fusobacteria phylum and depletion in the Actino-
bacteria class (Figure 4A,C,D). 

Papillomaviridae are abundant both in LS and HSIL
For the viruses, various taxa were identified on the vulva of 6/10 healthy 
women, although predicted read counts were relatively low compared to the 
bacterial reads (565 ± 892 viral reads vs. 987,765 ± 1,140,330 bacterial reads) 
(Supplementary Figure 4). Viruses were more often identified in LS and vulvar 
HSIL patients (LS: 10/10, HSIL: 4/5). The non-lesional and lesional skin in LS 
and HSIL patients mainly comprised viruses within the Papillomaviridae fam-
ily, while these were present but not dominant in healthy vulvar skin (Figure 
2B). Although viruses were prevalent, the abundance of the total viral fraction 
on diseased skin was not significantly larger than on healthy vulvar skin (p = 
0.15, Wilcoxon Rank Sum Test).

LEfSe results for the viral fraction showed that Papillomaviridae and Alp-
hapapillomaviruses were significantly more abundant in vulvar lesional skin 
of LS and vulvar HSIL patients compared to healthy controls, respectively 
(Figure 3A,B and 4A,B). More specifically, various mucosal and cutaneous HPV 
types were identified in LS and vulvar HSIL (Supplementary Table 4). While 
non-lesional and lesional vulvar skin of HSIL patients mainly contained Al-
phapapillomaviruses 7 and 9 species (corresponding to clinical hrHPV types 

18/45 and 16/31/33, respectively), the HPV profile of LS was more diverse.5 
Alphapapillomaviruses 3, 6 and 13 were detected in both non-lesional and le-
sional vulvar LS skin. Clinically, these species correspond to several high- and 
low-risk HPV types, but not HPV type 16 or 18. 

Prevotella spp. are shared between vulvar lesion-
al skin, the vagina and anus in lichen sclerosus and 
vulvar high-grade squamous intraepithelial lesions

To further investigate the variation in the microbiome between (non-lesion-
al and lesional) vulvar skin and vagina and anus, a Principal Coordinates 
Analysis was performed. The non-lesional and lesional vulvar skin showed 
overlap with the anus, suggesting the microbiome in vulvar skin is similar 
to the anal environment (Figure 5). However, PERMANOVA indicated the vari-
ation between sampling sites was significantly different (p = 0.001). Yet, the 
non-homogenous dispersion among the swab sites may have affected these 
PERMANOVA results. 

To further assess horizontal transfer of the vaginal and anal environment 
to (lesional) vulvar skin and vice versa, the distribution and flow of genera 
was visualized (Figure 6). In both LS and HSIL patients, the Lactobacillus and 
Gardnerella genera were predominantly detected in the vagina and in lower 
relative abundances on the non-lesional and lesional skin and anus. Addi-
tionally, genera including Campylobacter, Corynebacterium, Finegoldia and 
Gardnerella were shared between the anus and non-lesional and lesional vul-
var skin in LS and HSIL. Moreover, Alphapapillomavirus spp. were identified 
on all skin sites in vulvar HSIL patients. Interestingly, in LS patients Prevotel-
la spp. was scarcely present on non-lesional vulvar skin while being detected 
on lesional vulvar, anal and vaginal skin sites. 

Eukaryota and Archaea are rarely detected on 
vulvar skin
Compared to bacterial and viral taxa, Eukaryota and Archaea were rarely 
identified and in low abundance (Supplementary Table 5). The most observed 
fungus was Mallassezia globosa, which was detected in low relative abundance 
(up to 2%) on vulvar sites of 3/10 LS patients and 1/10 healthy volunteers while 
being absent in the vaginal or anal milieu. Methanobrevibacter smithii was the 
most frequently found Archaea, albeit in low relative abundance (up to 1%), in 
anal samples of 7 participants across groups.



Chapter 7 • The vulvar microbiome in lichen sclerosus and high-gradeons 147Taking a closer look – Non-invasive tools for in-depth characterisation of vulvar diseases146

The barrier function of lesional vulvar skin in 
vulvar HSIL is impaired

The barrier function of the vulvar skin was assessed with TEWL. A signifi-
cantly higher TEWL flux was observed between lesional vulvar HSIL (mean 
(SD) 79.2 g/m2/h (±44.9)) and healthy controls (mean (SD) 42.2 g/m2/h (±27.8); 
p=0.043) (Figure 7). No significant differences in TEWL flux were observed 
between lesional LS (mean (SD) 57.5 g/m2/h (±36.8)) and healthy controls , 
p=0.309, nor between the non-lesional and the lesional sites of HSIL, p=0.810. 
The lesional site of LS patients had a significant higher flux compared to the 
non lesional LS site, p=0.006. 

The mean vulvar pH of lesional LS and HSIL was 5.72 (SD 0.45) and 6.21 
(SD 0.8), respectively, with no significant changes over time (Supplementa-
ry Figure 5). Non-lesional vulvar skin and vaginal pH of patients and healthy 
volunteers did not display group differences or changes over time (data not 
shown). Menopausal status was the stratifying factor for observed differenc-
es in pH in the LS and healthy control group. 

Discussion
This exploratory study shows that the vulvar skin of patients with LS and 
HSIL— both non-lesional and lesional — differs from healthy vulvar skin, 
which was most prominent for the viral fraction. Notably, papillomavirus-
es were characteristic for LS, despite being considered an HPV-independent 
condition. In the bacterial fraction, Prevotella spp. were less abundant in LS 
than healthy vulvar skin, but shared between vulvar skin, vaginal and anal 
sites, indicating potential horizontal transfer between sites. This study is 
the first to compare the vulvar microbiome composition of LS and HSIL to 
healthy controls using metagenomic sequencing techniques. The distinct 
bacteria and viruses found in both LS and vulvar HSIL warrant further inves-
tigation and may aid in future identification of driving factors or biomarkers 
for vulvar (pre)malignant diseases.

The bacterial fraction of vulvar LS skin shared many taxa with healthy vul-
var skin, mainly comprising Lactobacillus, Prevotella and Gardnerella genera, 
which were also previously identified in LS and vulvodynia.24 Specifically 
in vulvar LS, depletion of Lactobacillus and gain of Prevotella species has pre-
viously been described in juvenile LS.43 The opposite was observed in this 

study, where taxa from the Prevotella genus were reduced in LS compared 
to healthy vulvar skin. Meanwhile within the LS group, Prevotella spp. were 
shared between anal, vaginal and lesional LS skin sites, but almost absent on 
non-lesional vulvar skin. Thus, the exact role of Prevotella in LS remains in-
conclusive.43,44 Relative abundance of Staphylococcus spp. seemed higher in 
non-lesional vulvar skin, which likely reflects the more skin-like sampling 
location toward the groin. Based on differential abundance analysis, a signif-
icant overrepresentation of papillomaviruses and an underrepresentation of 
taxa from the Prevotella genus and the Bacteroidales order were characteristic 
for LS compared to healthy controls. Interestingly, LS is considered a HPV-in-
dependent precursor of VSCC, although concurrent HPV-infections have been 
previously reported.45⁻47 Co-occurrence of LS and papillomaviruses may be 
coincidental, given the high prevalence (~10%) of both high- and low-risk gen-
ital HPV infections in the general female population.46,48 Alternatively, our 
results may point toward an etiological role of HPV in LS, in which a sub-
clinical HPV-infection could hypothetically induce LS in genetically and/or 
immunologically predisposed women. Such infection could occur through 
disruption of the skin barrier and local immune environment, known as 
the Koebner phenomenon.49 This could apply for both high- and low-risk 
HPV types as observed in LS patients of our cohort. However, no significant 
increase of TEWL — i.e. decrease in skin barrier function — in LS skin was ob-
served compared to healthy controls. Another explanation for the observed 
co-occurrence of HPV in LS could be that skin damage or immunosuppres-
sion from corticosteroid treatment in pre-existing LS facilitates colonisation 
with papillomaviruses. These observations in LS lead to the hypothesis that 
women who eventually develop VSCC may display immunological variations 
resulting in less effective viral clearance.

Like LS, the vulvar skin of HSIL shared bacterial genera with healthy vul-
var skin. The lesional skin of vulvar HSIL was characterized by significant 
increases in relative abundance of the Fusobacteria phylum and Alphapap-
illomavirus species, while the Actinobacteria class was significantly reduced 
compared to healthy controls. The presence of high-risk Alphapapillomavi-
ruses corroborates with the HPV-driven aetiology of vulvar HSIL. Although no 
data on vulvar skin sites in HSIL is available hitherto, cervical dysplasia closely 
relates to vulvar HSIL and has been studied extensively. In cervical dyspla-
sia, Sneathia, Mycoplasma and Prevotella species have been associated with 
co-infection and persistence of hrHPV types.16,19⁻23,50,51 Prevotella has been 
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designated as marker genus for cervical cancer, where it may influence HPV 
persistence through NOD-like receptor signalling.52 These findings indicate 
that functional processes, driven by the microbiome, potentially contribute 
to persistence or progression of cervical HPV-driven diseases. No significant 
overrepresentation of these taxa was identified in this study to vulvar HSIL. 
Furthermore, microbiome composition plays an integral role in the skin 
barrier, interacting with its other – physical, immunological and chemical - 
components.25 For example, TEWL can change upon topical application, in 
which Lactobacillus and Corynebacterium formulations led to increased and re-
duced TEWL, respectively.53⁻56 Our results show that TEWL was significantly 
increased in affected vulvar HSIL skin, indicating a disrupted skin barrier 
function.57,58 Whether these observed differences represent a disease-driv-
en disturbance of skin barrier function or are due to variability in sampling 
location will require confirmation in an expanded population.

Besides bacteria and viruses, metagenomic sequencing allowed for the 
identification of Archaea and Eukaryota. Solely two Archaea were identified 
in low prevalence and abundance. To date, no Archaeal taxa are associated 
with pathogenesis and are generally considered commensals.59,60 Eukary-
otic (i.e. fungal) Mallasezia globosa was also identified, albeit in low relative 
abundance, on non-lesional vulvar sites of LS patients, but not in healthy con-
trols or vulvar HSIL. Previously, Mallasezia globosa was the most identified 
fungal species on healthy labia majora.61 Candida taxa were detected once in 
this study, despite the reported C. albicans colonisation rate of 20% in the gen-
eral female population.62 

The main strengths of this study are the case-control trial design including 
patients and healthy controls with inter-participant lesional and non-lesion-
al control. Vaginal and anal samples allowed for intra-individual comparison 
and correlation of results with literature. Also, this study is the first to investi-
gate microbiome composition in vulvar HSIL. Limitations of this exploratory 
study mostly pertain to the low sample size. As such, future studies are need-
ed to confirm the findings described herein. In addition, our study did not 
include longitudinal analyses, although we assume that the vulvar and vag-
inal microbiome can be particularly subject to temporal changes. Factors 
dictating microbiome composition fluctuations may include cycle-related 
changes, demographic background and lifestyle choices including sexual ac-
tivity, hair removal practices and intimate hygiene routines.63⁻69 Lastly, the 
absence of certain taxa or inability to identify a proportion of the sequences 

may be attributed to the low biomass samples as well as the non-amplifica-
tion sequencing method.

The vulvar microbiome is a growing research field, with ongoing trials 
in LS (NCT05671263, NCT05147129), vulvar Paget’s disease (NCT03564483) 
and lichen planus (NCT05330572).70⁻73 Future studies should strive to in-
clude a variety of vulvar diseases, such as dVIN and VSCC (HPV-positive or 
HPV-negative) to capture the full disease spectrum from healthy vulvar skin 
to VSCC. Linking microbiome findings to changes in the tumour microen-
vironment may be further explored, as recently reported for VSCC.74 Novel 
treatments could be developed based on microbial targets, as previously at-
tempted for bacterial vaginosis and genitourinary symptoms.75⁻77 Studies to 
new treatment modalities, such as the current clinical trial applying the top-
ical JAK-inhibitor ruxolitinib in LS, could consider assessing the microbiome 
composition as exploratory biomarker.78⁻80 The vulvar research field to date 
has mainly identified presence of taxa without appraisal their involvement 
in biophysical or pathologic processes, which should be the focus for future 
studies to unravel.
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Figure 1 Diversity and richness of the bacterial and viral fraction of the vulvar skin 
microbiome. A) Diversity measured by the Shannon index. B) Richness measured by the 
Chao1 index. 

LS = lichen sclerosus, vHSIL = vulvar high-grade squamous intraepithelial lesions, NL = non-lesional 
(healthy appearing) vulvar skin, L = lesional vulvar skin. Only significant P-values are displayed.

Figure 2 Mean relative abundance on genus level of A) the bacterial fraction and 
B) the viral fraction of the microbiome in healthy controls, LS patients and HSIL 
patients. For each study group, the taxonomic profiles of non-lesional (NL) and lesional (L) 
vulvar skin are displayed. No viral taxa were detected in some individuals, (Supplementary 
Figure 1), therefore the bars do not accumulate to 100% in these summary graphs.

LS = lichen sclerosus, vHSIL = vulvar high-grade squamous intraepithelial lesions, NL = non-lesional 
(healthy appearing) vulvar skin, L = lesional vulvar skin.

Figure 3 Differentially abundant features in lesional vulvar skin of lichen sclerosus 
patients compared to healthy controls. A) LEfSe analysis histogram of LDA scores 
(log10) showing overrepresented taxa (pink) and underrepresented taxa (green) in lesional 
vulvar skin of lichen sclerosus patients. Taxa with LDA scores above 4.0 were selected and 
unclassified taxa were excluded for viewing purposes. Bold taxa were differential abundant 
features classified to the lowest taxonomic level and used for figure B, C and D. B + C + D) 
Distribution of differential abundant features in of individual samples per skin site with B) 
showing overrepresented family Papillomaviridae, C) the underrepresented genus Prevotella 
and D) the underrepresented order Bacteroidales in lesional vulvar skin of lichen sclerosus 
patients. 

LS = lichen sclerosus, NL = non-lesional (healthy appearing) vulvar skin, L = lesional vulvar skin.
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Figure 4 Differentially abundant features in lesional skin of vulvar HSIL patients 
compared to healthy controls. A) LEfSe analysis histogram of LDA scores (log10) showing 
overrepresented taxa (red) and underrepresented taxa (green) in lesional vulvar skin of 
vulvar HSIL patients. Taxa with LDA scores above 4.0 were selected and unclassified 
taxa were excluded for viewing purposes. Bold taxa were differential abundant features 
classified to the lowest taxonomic level and used for figure B, C and D. B + C + D) 
Distribution of differential abundant features in individual samples per skin site. with B) 
showing the overrepresented genus Alphapapillomavirus, C) showing the overrepresented 
phylum Fusobacteria and D) showing the underrepresented class Actinobacteria in lesional 
vulvar skin of vulvar HSIL patients. 

vHSIL = vulvar high-grade squamous intraepithelial lesions, NL = non-lesional (healthy appearing) vulvar 
skin, L = lesional vulvar skin.

Figure 5 Principal Coordinates Analysis (PCoA) of Aitchison distances between 
bacterial and viral communities associated to the swab sites including the vagina, 
non-lesional (NL) and lesional (L) vulva and anus. Betadisper p = 0.000; PERMANOVA p = 
0.001 and r2 = 0.196.
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Figure 6 Alluvial plots showing distribution of genera over the different sampling 
sites. A) Lichen sclerosus and B) vulvar high-grade squamous intraepithelial lesions (HSIL) 
patients.

Figure 7 Bar graph showing the trans-epidermal water loss at baseline level for 
all groups on de non-biopsy site. The mean and standard deviations are displayed for 
each group. Trans-epidermal water loss in g/m2/h (y-axis) plotted against measurements 
clustered per patient group (x-axis). 

LS = lichen sclerosus, vHSIL = vulvar high-grade squamous intraepithelial lesions, NL = non-lesional 
(healthy appearing) vulvar skin, L = lesional vulvar skin; TEWL = trans-epidermal water loss.
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Supplementary Table 1 Vulvar sampling locations were dependent on the location 
of the LS and vulvar HSIL lesions. 

Non-lesional vulvar sample Lesional vulvar sample

Healthy volunteers 1 labia majora -

2 labia majora -

3 labia majora -

4 labia majora -

5 labia majora -

6 interlabial fold -

7 labia majora -

8 interlabial fold -

9 interlabial fold -

10 interlabial fold -

vHSIL 11 interlabial fold  
(contralateral to lesion)

interlabial fold

12 labia minora  
(1 cm ipsilateral to lesion)

labia minora

13 labia minora  
(contralateral to lesion)

labia minora

14 labia majora  
(contralateral to lesion)

labia majora 

15 peri-anal  
(1 cm ipsilateral to lesion)

peri-anal

Lichen sclerosus 31 labia majora perineum

32 labia majora labia minora

33 labia majora labia minora

34 labia majora labia minora

35 labia majora labia minora

36 labia majora labia minora

37 labia majora perineum

38 labia majora labia minora

39 labia majora labia minora

40 labia majora labia minora

LS=lichen sclerosus, vHSIL = vulvar high grade squamous intraepithelial lesion 

Supplementary Table 2 Mean reads per study group and sample type.

Study 
group

Swab 
site

Total reads Human filtered reads Quality trimmed reads

HV anal 4,209,498 ± 776,337 2,913,801 ± 1,123,795 2,624,800 ± 1,050,992

HV NL 3,802,528  ±  374,790 1,167,062 ± 1,024,775 1,020,421 ± 951,046

HV vaginal 6,776,845  ±  6,049,009 232,400 ± 330,589 182,748 ± 292,229

LS anal 4,432,395 ± 1,043,317 1,866,656 ± 1,247,402 1,577,247 ± 1,088,727

LS L 4,449,482 ± 2,084,004 1,626,948 ± 2,757,321 1,446,201 ± 2,585,809

LS NL 3,720,294 ± 278,923 813,266 ± 604,561 642,854 ± 501,359

LS vaginal 7,441,991 ± 5,742,836 668,779 ± 1,079,685 615,314 ± 1044,238

vHSIL anal 3,642,566 ± 301,661 2,503,325 ± 569,821 2,270,303 ± 573,176

vHSIL L 11,677,054 ± 9,431,292 6,850,613 ± 6,663,251 6,273,799 ± 5,913,120

vHSIL NL 3,764,903 ± 320,388 1,488,305 ± 1,410,656 1,244,571 ± 1,191,460

vHSIL vaginal 5,293,525 ± 526,267 298,871 ±  475,807 253,227 ± 427,368

HV = healthy volunteer, LS = lichen sclerosus, vHSIL = vulvar high-grade squamous intraepithelial lesion, 
NL = non-lesional, L = lesional
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Supplementary Table 3 Baseline characteristics. 

Characterisics Healthy control  
(N=10)  

Vulvar high  
grade squamous  
intraepithelial 

lesion   (N=5) 

Lichen sclerosus 
(N=10) 

AGE in years – mean (range) 46.5 (25-73) 46.6 (32-66) 50.3 (25-72) 

Pre-menopausal 5 3 5 

Post-menopausal 5 2 5 

Body mass index (BMI)  
in kg/m2 – mean (range) 

22.8 (19.6-27.6) 26.6 (21.6-30.0) 25.7 (18-30) 

ETHNICITY – N (%)    

White 9 (90%) 5 (100%) 10 (100%) 

Other 1 (10%) * 0 (0%) 0 (0%) 

SMOKING – N (%)    

No  9 (90%) 1 (20%) 8 (80%) 

Yes  1 (10%) 4 (80%) 2 (20%) 

DISEASE DURATION  
in years – median (range) 

N/A 8 (7-25) 5.5 (1-12) 

Vulvar squamous cell  
carcinoma in medical history 

0 0 1 (10%) 

FITZPATRICK skin type – N (%)    

I 1 (10%) 1 (20%) 3 (30%) 

II 4 (40%) 1 (20%) 4 (40%) 

III 5 (50%) 3 (60%) 3 (30%) 

HPV GENOTYPE BIOPSY - N (%)   

HPV16 0 4 (80%) 0 

HPV53 0 1 (20%)** 1 (10%) 

Negative 10 (100%) 1 (20%) 9 (90%) 

PREVIOUS VULVAR TREATMENTS – N (%) 

None 10 (100%) 0 0 

Yes, 1 previous treatment 0 1 (20%) 7 (70%) 

Yes, 2 previous treatments 0 1 (20%) 3 (30%) 

Yes, 3 previous treatments 0 1 (20%) 0 

Yes, 4 previous treatments 0 1 (20%) 0 

Yes, 5 previous treatments  1 (20%)  

Topical treatment  0 5*** 9**** 

Surgical 0 5 2***** 

Coagulation 0 1 0 

Laser 0 3 0 

HPV vaccination (Gardasil) 0 2 0 

Estriol/estradiol (vaginal) 0 0 2 

*Mixed Latin American and Caucasian descent. **One HSIL patient was both HPV 16 and 53 positive; 
***5x imiquimod, 1x 5-FU; ***2x triamcinolonacetonide, 8x dermovate;  ***** Surgical treatment 
encompassed vulvectomy and introitus plasty  

Supplementary Table 4 Observed Papillomaviruses detected per subgroup

Genus + species Clinical type Risk type Tissue  
preference 

LS vHSIL HV

NL L NL L NL

Alphapapillomavirus 10 HPV6, HPV11 Low-risk Mucosal/ 
cutaneous 

 x  x  

Alphapapillomavirus 13 HPV32, HPV54 Low-risk Mucosal x x    

Alphapapillomavirus 14 HPV3, HPV10 Low-risk Mucosal      

Alphapapillomavirus 3 HPV3, HPV10 Low-risk Mucosal x x    

Alphapapillomavirus 6 HPV51, HPV56, HPV34 High-risk Mucosal x x    

Alphapapillomavirus 7 HPV18, HPV45 High risk Mucosal   x x  

Alphapapillomavirus 9 HPV16, HPV31,  
HPV33, HPV52, HPV58 

High risk Mucosal   x x  

Betapapillomavirus 1-5 HPV 5,HPV 8 Mostly low risk Cutaneous x x x

Gammapapillomavirus 
7, 8, 9, 11, 19 

HPV 4, HPV 60 Low-risk Cutaneous x x x
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Supplementary Table 5 Archaean and Fungal species identified across groups

 Identified taxa
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Healthy anal 10 - - - - 5 -

Healthy vulva non-lesional 10 - 1 - - - -

Healthy vaginal 10 - - - - - -

vHSIL anal 5 - - - - 1 1

vHSIL vulva-lesional 5 1 - - - - -

vHSIL vulva non-lesional 5 - - - - - -

vHSIL vaginal 5 - - - 1 - -

Lichen sclerosus anal 10 - - - - - -

Lichen sclerosus vulva-lesional 10 - 2 - - 1 -

Lichen sclerosus vulva non-lesional 9 - 1 1 - - -

Lichen sclerosus vaginal 10 - - - - - -

vHSIL = vulvar high-grade squamous intraepithelial lesion

Supplementary Figure 1 Positive controls, total reads and relative abundance.
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b
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Supplementary Figure 2 Individual bacterial compositions.

LS = lichen sclerosus, NL = non-lesional, L = lesional, vHSIL = vulvar high-grade squamous intraepithelial 
lesion

Supplementary Figure 3 Individual viral compositions.

LS = lichen sclerosus, NL = non-lesional, L = lesional, vHSIL = vulvar high-grade squamous intraepithelial 
lesion
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Supplementary Figure 4 Predicted read counts for vulvar samples.

LS = lichen sclerosus, NL = non-lesional, L = lesional, vHSIL = vulvar high-grade squamous intraepithelial 
lesion

Supplementary Figure 5 Vulvar and vaginal pH.

NS = not significant, vHSIL = vulvar high-grade squamous intraepithelial lesion
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