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Objective: The antiretroviral-based dapivirine vaginal ring reduced HIV risk among
women in phase III clinical trials. However, limited data exists on the impact of
dapivirine on the vaginal microenvironment in adolescents.

Design: A comprehensive metaproteomics approach was used to assess host proteome
and microbiome changes in cervicovaginal mucus with dapivirine ring use in adoles-
cents enrolled in the MTN-023/IPM 030 (MTN-023) trial.

Methods: Participants were randomized 3 : 1 to use dapivirine or placebo vaginal rings
monthly for 6 months. Cervicovaginal samples from a subset of 35 participants (8
placebo, 27 dapivirine) were analyzed.

Results: Mass spectrometry analysis identified 405 human and 2467 bacterial proteins
belonging to 15 unique genera. The host proteome belonged to many functional
pathways primarily related to inflammation. When stratified by study treatment arm,
18 (4.4%) and 28 (6.9%) human proteins were differentially abundant (adjusted
P<0.05) between baseline and follow-up in the placebo and dapivirine arms, respec-
tively. The vaginal microbiome was predominantly composed of Lactobacillus, Gard-
nerella, and Prevotella. Although bacterial taxa did not differ by arm or change
significantly, Lactobacillus crispatus increased (P<0.001) and Lactobacillus iners
decreased (P<0.001) during the 6-month follow-up. There were no significant differ-
ences in bacterial functions by arm or time in the trial. Protected vaginal sex signifi-
cantly associated with decreased neutrophil inflammatory biomarkers and may be
associated with changes in bacterial taxa and metabolism.

Conclusion: Condom use may associate with differences to inflammation and bacterial
function but dapivirine ring use does not, thereby supporting the mucosal safety profile
of this vaginal ring for adolescents.
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Introduction

One million women are infected with HIV annually [1].
Young women (15–24 years old) are disproportionally
infected with HIV, with rates up to eight-fold higher [1]
and infection acquired 5–7 years earlier [2] than aged-
matched men. Young women represent a major target
population for HIV prevention strategies, yet clinical
trials rarely include adolescents.

Female-controlled HIV prevention technologies,
which could include antiretrovirals formulated as oral
tablets, or vaginal gels and rings, are critical for limiting
the HIV epidemic. Adherence to daily or coitally
dependent strategies has been low [3–5], indicating
longer acting approaches are warranted. Vaginal rings
provide sustained local release of drug, do not require
daily adherence and can be removed any time. The
safety and acceptability of rings for contraception and
estrogen replacement therapies support the use of a
vaginal ring for HIV prevention, and the technology
provides the option for co-formulating multiple active
ingredients for dual-purpose prevention of HIV and
pregnancy [6]. Two phase III clinical trials investigating
a vaginal ring containing the nonnucleoside HIV
reverse transcriptase inhibitor dapivirine reported HIV
risk was reduced by approximately 30% across both
trials [7,8]. A post hoc analysis of one study showed a
56% reduction in HIV risk among women over 21
years of age, likely because of more consistent ring use
[7,8]. Furthermore, open label extension studies have
reported HIV incidence decreased by an estimated 39%
(HOPE/MTN-025) [9] and 63% (DREAM-IPM 032)
[10] with dapivirine.

Although the dapivirine ring has been shown to be well
tolerated in adult women, studies in adolescents are
lacking. As the vaginal microenvironment differs
between adolescent and adult women, it is important
to investigate safety and efficacy in adolescents.
Biological changes associated with puberty and sexual
debut can influence both the immune responses and the
microbiome in the vaginal tract [11–18]. Some studies
have reported high levels of Lactobacillus in adolescent
girls, with compositional and structural similarity to
adults, whereas others have reported decreased Lacto-
bacillus, higher vaginal pH, and increased levels of
bacterial vaginosis-associated bacteria in adolescents,
particularly after sexual debut, all of which could
impact the safety or efficacy of the dapivirine ring
[15,18–26].

This is an exploratory analysis of MTN-023, a phase 2a
trial assessing product safety and acceptability in
adolescents [27]. A proteomics approach was used to
evaluate the influence of the dapivirine ring on the
mucosal proteome and microbiome in a substudy of
35 participants.
Methods

Study population
MTN-023 was a phase 2a study of dapivirine vaginal ring
in adolescents. The study enrolled 96 healthy, HIV-
uninfected adolescents aged 15–17 years. Participants
were randomized 3 : 1 to a 25 mg dapivirine or placebo
ring to be inserted once every 4 weeks for 24 weeks.
Participants were sexually experienced, nonpregnant and
using an effective method of hormonal contraception,
including intrauterine devices, implantable hormonal
contraceptives, or oral contraceptives. Screening for
sexually transmitted infections (STIs) was performed at
screening visits, and young women with STIs were
excluded from enrolment. Participants agreed to use
condoms and to refrain from inserting anything into the
vagina for 72 h before each sampling visit. Participants
provided written informed consent and obtained written
parental/guardian permission for screening and enrol-
ment. Thirty-five participants (36%) who reported
continuous ring use were selected for proteomic analysis
(n¼ 8 placebo, n¼ 27 dapivirine). This substudy was
approved by institutional review boards at the University
of Pittsburgh, the University of Alabama, and the
University of Manitoba.

Sample collection
Cervicovaginal lavage (CVL) was performed at clinic
visits by bathing the cervical os with 10 ml of sterile
phosphate-buffered saline. CVL specimens were kept
cool and processed within 8 h. CVL was spun at 800�g
for 10 min, then supernatant was aliquoted and stored at
70 8C or less until use. Substudy samples were available
from a baseline time point, prior to ring use, and two
follow-up visits. All follow-up visits in the placebo arm
were at 3 and 6 months postenrolment. In the dapivirine
arm, 23 of 27 women (85%) had samples available at 3 and
6 months of follow-up. A total of three of 27 (11%)
participants had samples at 1 and 3 months postenrol-
ment, and one of 27 (4%) participants had samples at
months 3 and 4 postenrolment used for follow-up visits 1
and 2.

Sample preparation for mass spectrometry
Sample preparation was performed as previously
described [28–30]. Briefly, 50 mg of protein per sample
was denatured for 10 min at room temperature with urea
exchange buffer [8 mol/l urea (GE HealthCare, Mis-
sissauga, Ontario, Canada); 50 mmol/l HEPES pH 8.0
(Sigma, St. Louis, Misssouri, USA)], reduced with
25 mmol/l dithiothreitol (Sigma), alkylated with
50 mmol/l iodoacetamide (Sigma), and digested with
trypsin (Promega, Madision, Wisconsin, USA). Peptides
were eluted and dried via vacuum centrifugation.
Reversed-phase liquid chromatography (high pH RP,
Agilent 1200 series microflow pump, Water XBridge
column) was used for desalting and detergent removal of
peptides using a step-function gradient as described [31].
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Peptides were quantified using the FluoroProfile quanti-
fication kit (Sigma) following the Lava Pep quantification
protocol. Samples were randomized and aliquoted to a
final peptide concentration of 0.5 mg/ml in 15 ml LC
buffer (2% acetronitrile, 0.1% formic acid).

Mass spectrometry analysis
Samples were analyzed by label-free tandem mass
spectrometry as described [31]. Equal amounts of peptides
were injected into a nanoflow LC system (1200 Easy
nLC, Thermo Fisher) connected inline to a Q Exactive
Plus mass spectrometer (Thermo Fisher). Data-depen-
dent acquisition was used, and the 15 most abundant
precursor ions in the survey scan were selected for high
collision dissociation fragmentation.

Human proteome analysis
Protein levels were normalized to total ion current using
Progenesis QI (v21.38.1432, Nonlinear Dynamics,
Durham, North Carolina, USA). Mascot (Matrix
Science, v2.6.0) was used to search peptide sequences
against the UniProt SwissProt (2015) human database. A
decoy database was included to determine the rate of false
discovery. Protein identifications were confirmed using
Scaffold (v4.4.1, Proteome Software) with confidence
thresholds set at 95% protein identification confidence,
requiring at least two unique peptides and 80% peptide
identification confidence. Proteins underwent a log
transformation (base 2) before analysis. Only proteins
that had an average coefficient of variance less than 25%
(405 proteins), determined through measurements of a
standard reference sample run at 10 sample intervals (total
10 times) were used in downstream analysis. Proteins
associated with either dapivirine or placebo ring use
(adjusted P< 0.05) underwent pathway enrichment
analysis using Ingenuity Pathway Analysis (v.01–07,
IPA software).

Microbial proteome analysis
Protein database searches were initially conducted against
all bacterial proteins in the UniProt-TrEMBL database
(August 2015), from both reviewed and unreviewed
sources, using Mascot (v2.4.0, Matrix Science). Searches
for bacterial peptides were then performed a second time
using a manually curated database limited to the major
genera (�0.2% of the total protein) identified in the initial
search including (from most to least abundant): Lactoba-
cillus, Gardnerella, Ruegeria, Chlamydia, Prevotella, Nitro-
sospira, Mobiluncus, Escherichia, Azospirillum,
Bifidobacterium, Desulfovibrio, Ruminococcus, Megasphaera,
Atopobium, Clostridium, Pseudomonas, Hylemonella, Acid-
ovorax, Sneathia, Bradyrhizobium, and Congregibacter as well
as reviewed sequence data from Homo sapiens (Uni-
ProtKB/SwissProt, Sept 2015) to exclude potential
homologies. Scaffold was used to validate protein
identifications using the following criteria: 0.1% or less
FDR for peptide identification, 1% or less FDR for
protein identification, and at least two unique peptides
identified per protein. Microbial abundance was calcu-
lated by taking the sum of normalized total spectral counts
from Scaffold for all proteins associated with each genus.
Lactobacillus was analyzed at the species level. Nonho-
mologous bacterial proteins were mapped against the
KEGG ontology database using GhostKOALA (v.2.0,
Kyoto University Bioinformatics Center).

Statistical analysis
Follow-up visits were separated based on follow-up visit 1
and follow-up visit 2. Longitudinal differences in the
human proteome and in bacterial taxa levels were assessed
using one-way repeated measures ANOVA with Tukey’s
correction for multiple comparisons on paired data (n¼ 3
comparisons between sample visits). Four participants
were removed from the host proteome analysis (one
placebo, three dapivirine) as they either did not have
samples available at baseline and all follow-up visits or at
least one sample was identified as an outlier (above or
below 1.5 IQR). On the basis of conservative estimates of
variance (CV¼ 100%, adjusted alpha¼ 0.0167) and CVL
proteome coverage, the study was adequately powered
(80%) to detect 1.8-fold and 0.73-fold changes in protein
expression from baseline in the placebo and dapivirine
arms over time, respectively. Proteins significantly
associated with dapivirine or placebo ring use were
analyzed using hierarchical clustering analysis of median
centered protein abundances, using a Euclidean distance
with Fisher’s exact test or chi-square as appropriate (NMF
package in R v.3.5.1 [32,33]).

Metaproteome taxonomic diversity was assessed using
Shannon’s H diversity index. Using a conservative
estimate of 150% CV across all taxa, and a two-tailed
alpha¼ 0.05, adjusted for n¼ 17 taxa comparisons, the
study was adequately powered (80%) to detect changes of
2.9-fold and 1.1-fold between time points within women
using placebo and dapivirine rings, respectively.

A total of 18 bacterial functions were identified that could
be assessed at 80% power (CV¼ 144%, power¼ 0.80,
fold difference¼ 1, 20% sample coverage). Bacterial
functional composition profiles were calculated using
three zero replacement methods to ensure robustness of
findings: undetected pathways were assumed to be true
zeros, a pseudocount¼ 0.0001 was applied, or a half
minimum pathway-level replacement was applied;
statistical results from the true-zero estimates are reported.
Pathway differences were assessed using either propor-
tional data (two-tailed, Wilcoxon signed-rank tests) over
time or between women with above/below median levels
of each pathway (two-tailed Fisher’s exact test) between
treatment arms.

For the condom use sub-analysis, Mann–Whitney U test
and Kruskal–Wallis test with Dunn’s correction for
multiple comparisons were used to determine differences
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between groups whereas Spearman’s r value was used
for correlations.
Results

Participant characteristics
At enrolment, 4 (50%) and 18 (66.7%) participants in the
placebo and dapivirine arms of this substudy, respectively,
reported having a primary sexual partner (P¼ 0.69). At
follow-up visits, 50% of participants in the placebo arm
and 53% in the dapivirine arm reported having a primary
sexual partner (P> 0.99). Vaginal sex with a condom in
the previous 30 days was reported by 37.5–55% of
participants at study visits, whereas 25–31% of partici-
pants reported unprotected vaginal sex in the previous 30
days. There was no difference in reports of receptive oral
sex. All participants in the placebo arm reported ring use
at follow-up visits. One participant in the dapivirine arm
reported no ring use in the past 30 days at one follow-up
visit (Table 1). Ninety-five percent of returned vaginal
rings had levels of less than 23.5 mg of dapivirine, which is
indicative of adherence over the past month, and has been
associated with protection from HIV [27].

Cervicovaginal proteome alterations between
baseline and follow-up visits in dapivirine and
placebo arms
Mass spectrometry analysis of CVL samples identified 405
human proteins. In the dapivirine arm, 28 proteins (6.9%)
were differentially abundant (P adjusted P< 0.05)
between baseline and follow-up visits, with 21 proteins
(5.2%) differentially abundant between baseline and
follow-up visit 1, seven proteins (1.7%) between baseline
and follow-up visit 2, and two proteins (0.5%) between
follow-up visits 1 and 2 (Fig. 1a, Supplementary Table 1,
http://links.lww.com/QAD/B904). ANXA11 and
PSMB1 were differentially abundant compared with
baseline at both follow-up visits. Differentially abundant
proteins between baseline and follow-up visit 1 were
Table 1. Participant characteristics.

Placebo

Baseline
(n¼8)

Follo
visitsa

Primary partner (n; % yes) 4 (50%) 8 (5
Vaginal sex last 30 days (all) (n; % yes) 3 (37.5%) 8 (5
Vaginal sex with condom last 30 days (n; % yes) 3 (37.5%) 7 (4
Vaginal sex without condom last

30 days (n; % yes)
2 (25%) 5 (3

Oral sex last 30 days (receptive) (n; % yes) 3 (37.5%) 3 (1
Anal sex last 30 days (n; % yes) 0 (0%) 0 (0
Ring use last 30 days (n; % yes) N/A 16 (1

aFollow-up visits were pooled for each treatment arm.
bFisher’s exact test comparing ring use between placebo and dapivirine arm
versus all follow-up visits in each arm.
related to necrosis, degranulation of cells, and quantity of
granulocytes (Table 2). Leukocyte extravasation signalling
and ILK signalling were canonical pathways associated with
proteins that were differentially abundant between baseline
and visit 1 (Table 3). Hierarchical cluster analysis of all
differentially abundant proteins trended to cluster by visit
(chi-square P¼ 0.068) (Fig. 1b). In the placebo arm, 18
proteins (4.4%) were differentially abundant (adjusted
P< 0.05) between baseline and follow-up visits, with 11
(2.7%) proteins differentially abundant between baseline
and follow-up visit 1, seven proteins (1.7%) between
baseline and follow-up visit 2, and two proteins (0.5%)
between follow-up visits 1 and 2 (Fig. 1a, Supplementary
Table 2, http://links.lww.com/QAD/B904). CALML3
was significantly different compared with baseline at both
follow-up visits. Cell movement and degranulation of
neutrophils were biofunctions significantly associated with
proteins differentially abundant between baseline and visit 1
in the placebo arm (Table 2). Canonical pathways associated
with differentially abundant proteins between baseline and
visit 1 were related to inflammation including fMLP
signalling in neutrophils and integrin signalling. Hierar-
chical clustering of differentially abundant proteins
indicated that the samples tended to cluster by visit (Fig. 1c).

To determine if background longitudinal proteome
variability contributed to proteins associated with
treatment arm proteome, differences in all substudy
participants was assessed. When both treatment arms were
combined, there were 29 (7.2%) proteins differentially
abundant between baseline and follow-up visits (adjusted
P< 0.05), with 23 (5.7%) differentially abundant between
baseline and visit 1, nine (2.2%) between baseline and visit
2, and two (0.5%) between visit 1 and visit 2
(Supplementary Figure 1a, http://links.lww.com/
QAD/B903 Supplementary Table 3, http://links.lww.-
com/QAD/B904). Four proteins were differentially
abundant compared with baseline at both follow-up
visits. There was no clustering of these proteins by
treatment arm (P¼ 0.615 Fisher’s exact test) but they
trended to cluster by time in trial (P¼ 0.066, chi-square)
(n¼8) Dapivirine (n¼27)

w-up
(n¼16) P value

Baseline
(n¼27)

Follow-up
visitsa (n¼54) P value

0%) >0.9999 18 (66.7%) 28 (52.8%) 0.2403
0%) 0.6792 15 (55.6%) 25 (47.2%) 0.4852
3.8%) >0.9999 14 (51.8%) 24 (45.3%) 0.6381
1.3%) >0.9999 8 (29.6%) 14 (26.4%) 0.7933

8.8%) 0.3618 10 (37.0%) 21 (38.9%) >0.999
%) N/A 1 (3.7%) 1 (1.9%) N/A
00%) N/A 53 (98.1%) >0.9999b

s. All other P values represent Fisher’s exact tests comparing baseline

http://links.lww.com/QAD/B904
http://links.lww.com/QAD/B904
http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B904
http://links.lww.com/QAD/B904
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Fig. 1. Host proteome changes in cervicovaginal mucus over time in adolescent girls using dapivirine and placebo vaginal rings.
Volcano plots displaying human cervicovaginal proteins differentially abundant between visits in both the dapivirine (a) and placebo
(b) arms using one-way repeated measures ANOVA with Tukey’s correction for multiple comparisons. (c) Hierarchical clustering of
differentially abundant (P adjusted<0.05) proteins in dapivirine arm and placebo (d) arm. Overabundant proteins are represented in
red and those that are underabundant are represented in blue. Baseline, follow-up visit 1, and follow-up visit 2 are shown.
(Supplementary Figure 1b, http://links.lww.com/QAD/
B903). Cell movement, apoptosis, and degranulation of
cells were biofunctions associated with baseline to visit 1
whereas degranulation of cells was also associated with
baseline to visit 2. Samples clustered by reported condom
use in the past 30 days (Fisher’s exact P¼ 0.0012,
Supplementary Figure 1b, http://links.lww.com/QAD/
B903), but not by reported unprotected vaginal sex
(Fisher’s exact P¼ 0.4715) or reported vaginal sex in the
past 30 days (Fisher’s exact P¼ 0.2083) (data not shown).
Condom use did associate with reported receptive oral
sex (Fisher’s exact P< 0.0001), but samples did not cluster
by oral sex (Fisher’s exact P¼ 0.5045).
Vaginal microbiome does not change with
dapivirine ring use
Mass spectrometry identified 2467 bacterial proteins from
15 genera. Lactobacillus was the most commonly identified
bacterium, followed by Gardnerella, Prevotella, Atopobium,
and Mobiluncus (Fig. 2a and b, Supplementary Figure 2,
http://links.lww.com/QAD/B903). Lactobacillus domi-
nance (>50% Lactobacillus proteins [29]) was not
associated with treatment arm (P¼ 0.3745) or time in
the trial (P¼ 0.7965). Overall, 7.8% of participants (8)
belonged to microbiome group 0 (other Lactobacillus),
28.4% (29) to microbiome group 1 (Lactobacillus crispatus),
41.2% (42) to microbiome group 2 (Lactobacillus iners),

http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
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Table 2. Biofunctions associated with dapivirine and placebo vaginal ring use.

Arm Comparison Pathway Proteins P value (z score)

Dapivirine Baseline versus visit 1 Necrosis ASAH1, BPI, CAMP, CAPN1, CAST,
CDH1, MMP8, MMP9, PEBP1, PSMB1,
SERPINB4, TF, TPD52

7.34E-06 (�2.035)

Dapivirine Baseline versus visit 1 Degranulation of cells ACTN1, ASAH1, BPI, CAMP, CAPN1,
CDH1, LTA4H, MMP8, MMP9, PEBP1,
PSMB1, TF

4.64E-13 (�1.025)

Dapivirine Baseline versus visit 1 Angiogenesis BPI, CAMP, CAPN1, CDH1, MMP8,
MMP9, TF

1.83E-04 (�0.798)

Dapivirine Baseline versus visit 1 Cell movement of leukocytes APBB1IP, CAMP, CAST, CDH1, MMP8,
MMP9

5.20E-04 (�0.865)

Dapivirine Baseline versus visit 1 Quantity of granulocytes ARHGDIB, CAMP, MMP8, MMP9, TF 3.64E-05 (1.89)
Dapivirine Baseline versus visit 1 Inflammation of body cavity CAMP, CDH1, MMP8, MMP9, PSMB1,

SERPINB13, TF
2.04E-04 (2.188)

Placebo Baseline versus visit 1 Cell movement ACTR2, ACTR3, ARPC2, ATP5F1B,
CALML3, IGLV3-1

4.56E-03 (�2.224)

Placebo Baseline versus visit 1 Degranulation of neutrophils ACTR2, CAND1, PRDX4, QSOX1 6.74E-05 (NA)
Placebo Baseline versus visit 1 Organization of cytoplasm ACTR2, ACTR3, ARPC2, ATP5F1B,

CALML3
4.10E-03 (�1.612)
16.7% (17) to microbiome group 3 (Gardnerella), and 6%
(6) were polymicrobial (Supplementary Figure 2, http://
links.lww.com/QAD/B903). These microbiome groups
were represented in both treatment arms (Fig. 2a). There
was no difference in proportion of bacterial genera
(Fig. 2b) or bacterial diversity (Shannon’s H) by treatment
arm (Fig. 2c). There were no significant changes in the
proportion of any bacterial genera between baseline and
all follow-up visits, or within each treatment arm (Fig. 2d,
e). However, the proportion of L. crispatus significantly
increased over time (paired data, baseline versus follow-
up 1, P¼ 0.0010; follow-up 1 versus 2, P< 0.001) and
this was accompanied by a significant decrease in L. iners
(paired data, follow-up 1 versus 2 P< 0.001) (Fig. 2f).

Bacterial functional pathway differences with
ring use
Bacterial metabolic pathways were examined to deter-
mine if ring use was associated with any functional
differences. Sixty-four percent (64.7%) of the bacterial
proteins matched to one or more functions using KEGG
gene ontology. These bacterial functions were primarily
related to carbohydrate metabolism (43.9%), energy
metabolism (17.2%), and translation (10.2%) at the higher
level categorization of functions (b-level). At the lower
level of categorization (ko-level) 18 high-coverage
Table 3. Canonical pathways associated with dapivirine or placebo vagin

Arm Comparison Pathway

Dapivirine Baseline versus visit 1 ILK signaling
Dapivirine Baseline versus visit 1 Leukocyte extravasation s
Placebo Baseline versus visit 1 Remodeling of epithelial
Placebo Baseline versus visit 1 FcÎ3 receptor-mediated ph

in macrophages and m
Placebo Baseline versus visit 1 fMLP signalling in neutro
Placebo Baseline versus visit 1 CD28 signaling in T Help
Placebo Baseline versus visit 1 Integrin signalling
bacterial functions were identified (Fig. 3a). The most
abundant ko-level functions were glycolysis/gluconeo-
genesis (ko00010) (20.9%), carbon fixation (ko00710)
(12%), and pyruvate metabolism (ko00620) (9.5%). No
bacterial functions were differentially abundant between
treatment arm or between baseline and all follow-up visits
in each treatment arm (Fig. 3b–d). In a paired analysis
aminoacyl-tRNA biosynthesis (ko00970) was signifi-
cantly decreased at follow-up visit 1 compared with
baseline in the dapivirine arm, although this did not pass
correction for multiple comparisons (�0.56% decrease,
P¼ 0.077).

Sexual behaviours associated with the
cervicovaginal proteome and functional
microbiome
Although participants agreed to use condoms during the
trial, approximately a third of substudy participants
(31.3% placebo, 26.4% dapivirine) reported unprotected
vaginal sex in the previous 30 days during at least one
follow-up visit. Differentially abundant proteins between
baseline and follow-up visits clustered by reported
condom use (Fisher’s exact P¼ 0.0012), with proteins
associated with neutrophils (DEF1 P¼ 0.001, MMP8
P¼ 0.026, and PERM P¼ 0.021) increased in partici-
pants reporting no condom use (Fig. 4a, Supplementary
al ring use.

Proteins P value

ACTN1, CDH1, MMP9 5.89E-04
ignaling ACTN1, MMP8, MMP9 6.61E-04
adherens junctions ACTR2, ACTR3, ARPC2 4.17E-06
agocytosis

onocytes
ACTR2, ACTR3, ARPC2 1.10E-05

phils ACTR2, ACTR3, ARPC2 2.09E-05
er cells ACTR2, ACTR3, ARPC2 2.29E-05

ACTR2, ACTR3, ARPC2 1.26E-04

http://links.lww.com/QAD/B903
http://links.lww.com/QAD/B903
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Fig. 2. Vaginal microbial proteome in adolescents using dapivirine or placebo vaginal rings. (a) Taxa proportion plots of each
individual in dapivirine and placebo treatment arms. Lactobacillus is displayed to the species level for the two most abundant
species detected, Lactobacillus crispatus and Lactobacillus iners. Microbiome groups are indicated on top of the graphs. (b)
Summary of distribution of bacterial taxa by treatment arm. The average percentages for the top four bacterial taxa are shown. (c)
Shannon’s Diversity Index by treatment arm. (d/e) Bacterial proportion plots over time in the trial in the dapivirine arm and placebo
arms, respectively. Visits are grouped by baseline, first follow-up visit or second follow-up visit. All participants are included. (f)
Changes in the proportion of the major taxa groups over time in all participants with paired samples available regardless of
treatment arm (baseline and two independent follow-up visits, n¼30). Data points represent mean� SD. ���P less than 0.001.

Fig. 3. Functional microbiome differences associated with dapivirine and placebo vaginal ring use in adolescent girls. (a) Curated
ko-level bacterial functions present in the dapivirine and placebo arms using KEGG gene ontology. (b) Summary of ko-level
bacterial functional proportions between dapivirine and placebo arms. (c) Summary of ko-level bacterial functional proportions
over time in the trial. Samples are grouped by baseline, first follow-up visit, and second follow-up visit. Both treatment arms have
been combined. (d) Principal component analysis of ko-level bacterial functions.
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Fig. 4. Host and functional microbiome differences based on reported condom use in the past 30 days. (a) Relative abundance of
neutrophil-associated proteins DEF1, MMP8, PERM based on reported condom use in the past 30 days. Statistics were calculated
using Mann–Whitney test. (b) Relative abundance of neutrophil-associated proteins DEF1, MMP8 and PERM based on reported
condom use and reported acts of vaginal sex. No reported sex indicates no vaginal sex was reported in the past 30 days and no
condom use was reported in the past 30 days. Unprotected sex indicates the participant reported vaginal sex with inconsistent
condom use (reported both condom use and unprotected vaginal sex in the past 30 days). Protected sex indicates the participant
reported vaginal sex with no acts of unprotected vaginal sex in the past 30 days. Statistics were calculated using Kruskal–Wallis test
with Dunn’s correction for multiple comparisons. (c) Volcano plot displaying differences in bacterial taxa between women
reporting condom use and those reporting no condom use using Mann–Whitney U-test. P less than 0.05 and family wise error rate
(FWER, Bonferroni-corrected P value) are indicated. Boxplot of ko00970 Aminoacyl-tRNA biosynthesis (d) and ko00051 fructose
and mannose metabolism (g) in the microbiome based on reported condom usage in the past 30 days, as well as contributing
microbial taxa to these functions (e and h). (f and i) Relationship between host proteins associating with altered functional
pathways. Spearman’s r values are shown for significant (P<0.05) correlations. Neutrophil proteins that independently associated
with the host proteome are indicated with asterisk.
Figure 1b, http://links.lww.com/QAD/B903). When
stratified by condom use and reported vaginal sex, these
neutrophil factors remained lowest in adolescents
reporting both vaginal sex and condom use (’protected
vaginal sex’), and highest in those reporting vaginal sex
without condom use (’unprotected vaginal sex’) (Fig. 4b).
Condom use in the past 30 days was associated with a
significant increase in Mobiluncus (P¼ 0.0053, fold
change¼ 8.09E-03) and a significant decrease in Pseudo-
monas (P¼ 0.0206, fold change¼ -4.52E-03), although
this did not pass multiple comparisons correction
(Fig. 4c). There was no significant difference in
Mobiluncus based on oral sex in the previous 30 days.
The fold change of these bacteria between adolescent girls
reporting condom use and those with no reported
condom use were small and these bacterial species were
present at low levels (<0.5% of microbiome). The
identified neutrophil factors were negatively correlated
with Mobiluncus counts (DEF1 Spearman’s r¼ -0.348,
P¼ 0.00039; MMP8 r¼�0.209, P¼ 0.037; PERM r¼ -
0.300, P¼ 0.0024) but not with Pseudomonas. In
adolescents reporting no condom usage, the bacterial
function ko00051 fructose and mannose metabolism was
significantly increased (abundance 3.6 versus 2.7%,
P¼ 0.0255) and ko00970 aminoacyl-tRNA biosynthesis
was significantly decreased (1.4 versus 1.9%, P¼ 0.0255)
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(Fig. 4d and g), although these did not pass multiple
comparisons correction. Proteins involved in aminoacyl-
tRNA biosynthesis were primarily derived from Lactoba-
cillus in adolescents who did not report condom use
[83.4% of proteins from Lactobacillus (L. crispatus, L. iners),
16.1% from Gardnerella] and equally from Lactobacillus and
Gardnerella in those reporting condom use [47.8% from
Lactobacillus (L. iners, L. crispatus), 52.1% from Gardnerella]
(Fig. 4e). Fructose and mannose metabolism proteins
were primarily derived from Lactobacillus (predominantly
L. iners) in both groups (89.9% of condom users, 97.6%
noncondom users), although reported condom users did
have low levels of Prevotella (relative abundance¼ 6%) and
Atopobium (relative abundance¼ 2%) that contributed to
this pathway (Fig. 4h). Proteins from these two functional
pathways did not cluster by reported condom use
(Supplementary Figure 3, http://links.lww.com/QAD/
B903). When total bacterial count for each of these
pathways was correlated to host proteins that were
differentially abundant between baseline and follow-up
visits, several proteins were significantly correlated (Fig. 4f
and i, Supplementary Table 4, http://links.lww.com/
QAD/B904). In particular, several proteins related to
immune system functioning (LKHA4, MMP8, PSB1)
were negatively correlated with each bacterial function
whereas proteins related to nucleotide sugar metabolism
(NUDT5), protein kinase binding (PEBP1), and
glycosaminoglycan biosynthesis (UGDH) were positively
correlated with these bacterial functions.
Discussion

Although the dapivirine ring was seen in clinical trials to
be well tolerated and reduce HIV risk in adult women, it
is important to evaluate this product in adolescents.
MTN-023 was conducted in American adolescents and
demonstrated the ring was acceptable and well tolerated
over 6 months of use [34]. This substudy examined
cervicovaginal inflammation and the microbiome in a
subset of participants and showed dapivirine ring use did
not associate with any large changes to host inflammatory
pathways or the vaginal microbiome over time. Reported
condom usage was associated with changes in inflamma-
tion and functional metabolic pathways in vaginal
bacteria. Overall, this trial supports the safety of a
dapivirine ring for use in adolescents.

It is important to evaluate potential inflammatory changes
associated with topical agents as previous vaginal products
have demonstrated an increase in vaginal inflammation,
resulting in increased susceptibility to HIV [35–38].
Tenofovir gel, a microbicide that provided significant
reduction in HIV acquisition in the CAPRISA 004 trial
[39], has been reported to have some immunoregulatory
properties [40–42]. Although cluster analysis showed
enrichment for pathways relating to neutrophil
degranulation and cell movement that differed over
time, this was observed in both treatment arms, and only
between baseline and the first follow-up visit suggesting
that ring use and not treatment arm was responsible for
these observed changes. Quantity of granulocytes and
leukocyte extravasation signalling were uniquely associ-
ated with dapivirine use between baseline and follow-up
visit 1, which suggests that any differences in inflamma-
tion with dapivirine use could be transient. However,
because of the low number of participants in the placebo
arm, we may not have had the power to observe similar
effects in the placebo arm. Taken together, these results
should be validated in a larger study.

Although there have been concerns about differences in
the microbiome between adolescents and adults, several
studies examining the microbiome in girls prior to the
onset of puberty and into adolescence and sexual debut
have found similarities to the microbiome of adults, with
similar rates of bacterial vaginosis between adolescents
and adults [12,15,19–22,24,43,44]. As women with
bacterial vaginosis are at increased risk for acquisition of
several STIs including HIV [45–53], it is important to
determine if topical agents change the vaginal microbiota.
Previous vaginal products including nonoxynol-9 and
cellulose sulfate significantly altered the vaginal micro-
biome, increasing bacteria associated with bacterial
vaginosis and shifting the microbiome towards a
community lacking Lactobacillus [18,54,55]. Furthermore,
studies have found that vaginal bacteria modify tenofovir
gel efficacy [29]. Phase 1 studies of dapivirine vaginal
rings found that the prevalence of pigmented anaerobic
Gram-negative rods increased significantly during ring
use, Escherichia coli levels decreased, and there were no
significant changes in Nugent score, or Lactobacillus
[56,57]. In our study, Lactobacillus was the most common
bacterium identified. Although there were no significant
changes in bacterial genera over time, there were
significant increases in L. crispatus when both treatment
arms were combined, which was accompanied by a
significant decrease in L. iners within this study. As L. iners
has been associated with cervical inflammation [58–61]
and increased susceptibility to STIs including HIV and
Chlamydia trachomatis [62–65], these results may represent
a shift to a healthier microbiome with either dapivirine or
placebo ring use. Indeed, studies using vaginal rings for
contraception have found that the mean Nugent score
decreased significantly with ring use and Lactobacillus
prevalence increased [66]. Although those results are
likely because of the estrogen contained in the
contraceptive ring, promoting Lactobacillus colonization,
our observation may indicate that enrolment in a clinical
trial could have positive influences on the microbiome
because of enhanced awareness regarding safe
sex practices.

Alterations to functional pathways were observed in the
microbiome with reported condom use. These functions
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were related to protein translation and fructose and
mannose metabolism, predominantly from L. iners.
Fructose and mannose metabolism are important path-
ways for energy production by Lactobacillus. These
functional pathways were negatively correlated with host
proteins associated with neutrophils, suggesting a
relationship between condom use, changes in bacteria
metabolic activity, and inflammation. When these
neutrophil proteins were stratified by vaginal sex (no
sex, unprotected sex, protected sex), we found the lowest
levels of the neutrophil factors in adolescents reporting
protected vaginal sex. Follow-up studies investigating
soluble metabolites may help better understand these
relationships between sexual behaviours, neutrophils, and
bacteria metabolism.

There were several limitations of this study. As the sample
size in this study allowed us to detect protein level changes
above 1.8-fold with 80% power, smaller effects may have
gone unnoticed. The data on condom use and vaginal sex
were self-reported, which may lead to over-reporting of
condom use. Microbiome results were reported using
mass spectrometry. Although we have previously dem-
onstrated good concordance between 16S rRNA
sequencing and mass spectrometry to identify bacterial
taxa, 16S rRNA sequencing tends to detect greater
bacterial diversity, which may be a result of the increased
dynamic range of the proteome compared with the
genome as well as limitations in available databases for
proteomics [29,30]. Although we have previously shown
mass spectrometry has high sensitivity to identify bacterial
species that were present at 0.1% of the population [30]
we cannot discount that low abundance bacterial species
were not identified in this study. However, mass
spectrometry provides species-level identification of
bacteria as well as information on functional and
metabolic activity, which is not readily available from
16S-based approaches.

The availability of well tolerated and acceptable HIV
prevention options are of critical importance for
adolescent girls to protect themselves from HIV infection.
This study supports the safety profile of dapivirine rings
in adolescents.
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