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Background. The impact of antiretroviral therapy (ART) initiation on the vaginal microbiome is unknown. This is of particular
importance among women living in sub-Saharan Africa. Understanding this relationship could help elucidate if and how the host
immune system interacts with the vaginal microbiome.

Methods. 'The vaginal microbiome of HIV-1/HSV-2-coinfected women (n = 92) in Uganda was evaluated from self-collected vag-
inal swabs 1 month pre-ART and at 4 and 6 months post-ART initiation. The vaginal microbiome was characterized by 16S rRNA gene-
based sequencing and quantitative polymerase chain reaction. Vaginal community state types (CSTs) were identified using proportional
abundance data. Changes in microbiome composition were assessed with permutational analyses of variance (PerMANOVA).

Results.  Five vaginal CSTs were identified, which varied significantly by bacterial load (P < .01): CST-1 was characterized by
Lactobacillus iners, CST-2 by Gardnerella, CST-3 by Gardnerella and Prevotella, CST-4 by Lactobacillus crispatus, and CST-5 was
highly diverse. Vaginal microbiome composition also did not change significantly after ART initiation (P = .985). Immune reconsti-
tution after ART initiation did not affect vaginal microbiome CST assignment (P =.722) or individual-level changes in bacterial load
(log response ratio [interquartile range], —0.50 [-2.75 to 0.38] vs —=0.29 [-2.03 to 1.42]; P = .40).

Conclusions. 'The vaginal microbiome of HIV-infected women was not affected by the initiation of ART or immune recon-
stitution in this observational study. Further research is needed to explore the long-term effects of ART treatment on the vaginal

microbiome.
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The vaginal microbiome is an important factor in women’s
health. It is also dynamic, with a bacterial composition that is
a function of various demographic and host factors, including
race, menarche, pregnancy, and menopause [1-4]. Typically,
Lactobacillus-dominated vaginal microbiomes have been asso-
ciated with better gynecological and reproductive health out-
comes [5-7]. In the absence of Lactobacillus dominance, the
vaginal microbiome is most often dominated by anaerobes such
as Gardnerella and Prevotella [8, 9], which are often associated
with bacterial vaginosis (BV) [10]. These BV-associated an-
aerobes are frequently prevalent in the vaginal microbiome of
African and African American women as compared with women
from other racial and ethnic backgrounds [11]. Overall, vaginal
microbiomes characterized by a low abundance of Lactobacillus
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spp. and high abundance of anaerobes are associated with nega-
tive gynecologic and obstetric outcomes. These outcomes include
pre-term birth and sexually transmitted infections, including
HIV [12-15]. Although oral pre-exposure prophylaxis (PrEP)
for HIV prevention does not appear to be affected by the vaginal
microbiome [16], Lactobacillus-deficient vaginal microbiomes
may reduce the efficacy of topical HIV PrEP [17]. Among
women living with HIV, vaginal microbiomes characterized by
a high abundance of anaerobes are associated with vaginal in-
flammation [18], higher genital HIV viral load [19], and greater
HIV shedding [20]. Among women who have not achieved HIV
virologic suppression, a high abundance of vaginal anaerobes is
associated with an increased risk of sexual transmission of HIV
to male partners [21]. Additionally, among women who are vi-
rologically suppressed on antiretroviral therapy (ART), the vag-
inal microbiome is associated with vaginal ART concentration.
Both low- and high-diversity microbiomes are associated with
reduced vaginal plasma ART concentrations, as compared with
intermediate-diversity microbiomes [22].

Sub-Saharan Africa represents an area of notably high HIV
prevalence and transmission, where it is particularly important
to understand the relationship between the vaginal microbiome
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and HIV disease [23]. Although there are few studies that have
characterized the vaginal microbiome in sub-Saharan African
women, existing evidence suggests that anaerobic taxa are com-
monly present [24, 25]—particularly anaerobic taxa associated
with BV [26]. Data on the vaginal microbiome of HIV-positive
women of African descent are especially limited. The vaginal
microbiome of Tanzanian women living with HIV shows a high
prevalence of Gardnerella vaginalis and Lactobacillus iners, and
a high proportional abundance of diverse BV-associated an-
aerobes [27]. A study of predominantly African American
and African women living with HIV in the United States and
Kenya found a high prevalence of Lactobacillus crispatus and
BV-associated anaerobes including Atopobium and Sneathia in
both populations [20].

HIV treatment is critical to improving clinical outcomes and
reducing HIV transmission [28]. However, the impact of ART
initiation on the vaginal microbiome of women living with
HIV is unknown. If the prevalence and abundance of vaginal
anaerobes are reduced by restoration of CD4 T-cell counts with
ART, this may suggest that the host immune system interacts
with the microbiome, possibly indicating strategies for HIV
transmission prevention. The aim of this study was to char-
acterize how ART initiation and CD4 T-cell reconstitution af-
fect the vaginal microbiome among women living with HIV in
Rakai, Uganda.

METHODS

Study Population and Sample Collection

Women aged 18 years and older coinfected with HIV and
herpes simplex virus type 2 (HSV-2) with CD4 T-cell counts of
300-400 cells/pL (n = 440) were included in a double-blind ran-
domized placebo-controlled trial examining the effect of acy-
clovir on HIV disease progression in Rakai, Uganda [29, 30].
ART was initiated in participants with a CD4 T-cell count <250
cells/pL or who developed World Health Organization stage 4
clinical disease, in accordance with the national clinical guide-
lines at the time of the trial. Women who initiated ART during
the trial and who provided at least 1 monthly self-collected
vaginal swab before and after initiating ART, from which DNA
was successfully extracted, were included in the current study
(n = 92). The method for self-collection of vaginal swabs has
been described elsewhere [31] and shown to be equivalent to
clinically collected swabs for the detection of sexually trans-
mitted infections (STIs) [32].

All participants provided written informed consent. The
trial was approved by the Uganda National Council for
Science and Technology (Kampala, Uganda), the Uganda
Virus Research Institute Research and Ethics Committee,
and the National Institute of Allergy and Infectious Diseases
Intramural Institutional Review Board. The trial was registered
at ClinicalTrials.gov (NCT00405821).

Vaginal Microbiome Characterization

The self-collected vaginal swabs were stored in 1000 pL of
Specimen Transport Medium (STM; Roche, Indianapolis IN).
Total DNA was extracted from vaginal swabs as previously
described [21]. Using the extracted DNA, the vaginal bac-
terial load was quantified with broad-coverage quantitative
PCR (qPCR) targeting the V3-V4 region, measured as 16S
rRNA gene copies per swab. The vaginal microbiome com-
position was characterized by sequencing the V3-V4 region
of the bacterial 16S rRNA gene as previously described [33],
yielding a total of 519 347 sequences. Taxonomic classification
of the resultant sequences was performed using the Ribosomal
Database Project Naive Bayesian Classifier (RDP release 10, up-
date 20) [34]. Lactobacillus species were additionally classified
to the species level at 97% confidence using an in-house trained
classifier. After filtering for taxa present at >0.025% of the total
reads, the vaginal microbiome data set contained 83 genera and
7 Lactobacillus species. The absolute abundance of each vaginal
bacterial taxon was calculated as: absolute abundance = vag-
inal bacterial load x proportional abundance of the given taxon
(measured as the number of 165 rRNA gene sequences assigned
to a taxon in a given sample, divided by the total number of 16S
rRNA sequences obtained for that sample) [33, 35].

Covariate Data

Baseline HSV-2 serostatus was determined using Focus
HerpeSelect-2 enzyme immunoassay (EIA; Cypress, CA); HIV-1
serostatus was determined by the Vironostika HIV-1 (Charlotte,
NC) and Organon Teknika (Cambridge Biotech, Worcester, MA)
EIAs at study enrollment. Discordant EIAs were confirmed with
HIV-1 Western blot using Bio-Merieux-Vitek (St. Louis, MO).
Plasma HIV viral load copies/mL was determined with the Roche
Monitor v1/5 assay (Indianapolis, IN). FACSCalibur (Becton
Dickenson, Franklin Lakes, NJ) was used to determine CD4 T
cells/pL at the study visit immediately before ART initiation and
the study visit closest to 6 months post-ART initiation. Immune
reconstitution was defined as a CD4 T-cell count increase of at
least 50 cells/uL from pre- to post-ART initiation [36].

Statistical Analysis

Vaginal community state types (CSTs) were identified using pro-
portional abundance data with Bray-Curtis distance and hier-
archal clustering by Ward’s method [37]. The CST number was
set to 5, consistent with prior work [2]. Data from all time points
were used in CST assignment (273 samples), which assumes that
the same CST classifications were present in the community at
both pre- and post-ART time points. CST assignments for each
individual were allowed to vary across time. Alpha diversity was
calculated using the Shannon diversity index. Nonmetric mul-
tidimensional scaling plots (nMDS) were used to visualize the
overall microbiome composition across CSTs. The dominant
bacterial taxa for each CST were characterized by prevalence
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(defined as the percentage of vaginal microbiome samples with a
given taxon present within each CST), proportional abundance,
and absolute abundance. Overall vaginal bacterial loads were
compared across CSTs using Wilcoxon rank-sum tests.

Graphical analyses and Wilcoxon rank-sum tests were used
to assess changes in vaginal bacterial load across time for each
CST. Differences in vaginal bacterial load over time were tested
using the Wilcoxon rank-sum test; resulting P values were ad-
justed for the false discovery rate of 0.05.

Changes in vaginal bacterial load after ART initiation were
evaluated using log response ratios (LRRs), defined as: In([vaginal
bacterial load 6 months post-ART]/[vaginal bacterial load 1 month
pre-ART]) [38]. LRRs were compared based on level of CD4
change and by immune reconstitution status using 2-tailed ¢ tests
with unequal variance at an a value of 0.05. A sensitivity analysis
was conducted using a linear mixed model to examine bacterial
load over time since ART initiation. The Shannon diversity index
was also examined over time using a linear mixed model. Overall
vaginal microbiome compositions were visualized by nMDS and
compared using permutational multivariate analysis of variance
(PerMANOVA) [39] at each time point, as well as for the post-ART
vaginal microbiome by immune reconstitution status.

Data analyses were conducted in R (version 3.5).

RESULTS

Participant Characteristics

The median age at enrollment for the 92 female participants
was 34.5 years (Table 1); 45.7% of participants were assigned to
the acyclovir trial arm and initiated HSV-2 treatment at study
enrollment. Before initiating ART, the median viral load (inter-
quartile range [IQR]) was 96 843 (20 559-251 379) copies per
mL, and 42.3% of the participants had a CD4 T-cell count <200
cells/uL. All participants received ART, with the majority of par-
ticipants (83.7%) receiving zidovudine/lamivudine/nevirapine
(AZT/3TC/NVP). After ART initiation, the median CD4 T-cell
increase (IQR) was 105 (43-159) cells/uL, with 73.9% of parti-
cipants having achieved immune reconstitution, defined as an
increase of at least 50 cells/pL.

Table 1. Baseline Characteristics of Female Study Population (n = 92)

Baseline Characteristics No. (%)
Age at enrollment, y

20-29 23 (25.0)

30-39 39 (42.4)

40-49 22 (23.9)

>50 8(8.7)
Acyclovir trial arm

Placebo 50 (54.3)

Acyclovir 42 (45.7)
ART regimen

AZT/3TC/NVP 77 (83.7)

CBV/EFV 5 (5.4)

d4T/3TC/NVP 6 (6.5)

TDF/3TC/NVP 3(3.3)

TVD/EFV 1(1.1)
Baseline CD4 count, cells/uL

<200 38 (42.3)

200-450 54 (568.7)
Baseline HIV viral load, copies/mL

<10000 14 (15.2)

10000-99 999 46 (50.0)

>100000 32 (34.8)
BMI, kg/m?

<18.5 8(8.7)

18.5-24.9 66 (71.7)

225 18 (19.6)

Abbreviations: 3TC, lamivudine; ART, antiretroviral therapy; AZT, zidovudine; BMI, body
mass index; CBV, zidovudine-lamivudine; d4T, stavudine; EFV, efavirenz; NVP nevirapine;
TDEF, tenofovir disoproxil fumarate; TVD, tenofovir disoproxil furminate-emtricitabine.

The 5 Vaginal Microbiome Community State Types

The vaginal microbiome profiles (n = 273 samples) of the 92
participants were clustered into 5 CSTs (Figure 1). Each CST
had a distinct microbiome composition (PerMANOVA P = .01)
(Supplementary Figure 1) characterized by a unique set of dom-
inant taxa. The most prevalent CST, CST-1 (30.4% of samples),
was dominated by L. iners based on both proportional abun-
dance (median [IQR], 78% [64%-92%]) and absolute abundance
(median [IQR], 7.30 [5.59-7.08] log,, 16S rRNA gene copies per
swab) (Table 2). CST-2 and CST-3 had similar prevalence rates
(26.7% and 27.5%, respectively), with CST-2 being dominated

CST-1 CST-2 CST-3 CST-4 CST-5
) ) n =283 n=73 n=75 n=15 n=27
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Figure 1. Pre- and post-ART vaginal microbiome samples (n = 273) from 92 women with HIV cluster into 5 distinct CSTs using proportional abundance data. The full analytic
data set (83 genera and 7 Lactobacillus species) was used to cluster samples into CSTs; the 10 most prevalent taxa are shown. Abbreviations: ART, antiretroviral therapy;

CST, community state type.
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Table 2. Prevalence and Abundance Characteristics of Key Taxa for Vaginal Microbiome Community State Types 1-5

CST1 CST-2 CST-3 CST4 CST5

Prev. PA, % AA Prev. PA, % AA Prev. PA, % AA Prev. PA, % AA Prev. PA, % AA
Lactobacillus iners 100 78 730 67 2 5.61 88 2 6.86 67 0 4.51 59 0 2.94
Lactobacillus crispatus 59 0 4.38 41 0.00 20 0 0.00 100 66 723 15 0 0.00
Gardnerella 76 2 5.70 100 71 761 99 32 8.03 100 6.18 70 3 4.44
Prevotella 78 0 4.75 85 0 5.76 100 16 793 73 0 4.14 74 2 4.36
Sample assignment, No. (%) 83 (30.4) 73 (26.7) 75 (275) 15 (5.5) 27 (9.9)
Shannon diversity 5.30 5.23 6.38 3.77 5.07
Total bacterial load® 7.38 (6.94-7.93) 7.90 (7.19-8.22) 8.65 (8.06-8.99) 7.45 (6.82-7.90) 6.49 (5.59-7.08)

Abbreviations: AA, median log-transformed absolute abundance of taxa; CST, community state type; PA, median proportional abundance of taxa as percentage; Prev., percentage of sam-

ples with taxa present.

“Total bacterial load was measured in log 16S rRNA gene copies. Data are median (interquartile range). Total bacterial load varies significantly by CST assignment (Kruskal-Wallis chi-

square, 93.05; P < .0001).

primarily by Gardnerella and CST-3 being dominated by both
Gardnerella and Prevotella. CST-4 and CST-5 were the least prev-
alent (5.5% and 9.9%, respectively), with CST-4 being uniquely
dominated by L. crispatus and CST-5 being highly diverse and
not dominated by any specific taxon (Figure 1).

The 5 CSTs also varied significantly in total bacterial load at
both baseline and follow-up (P < .01). Specifically, CST-3 had
the highest total bacterial load (median [IQR], 8.65 [8.06-8.99]
log,, 165 rRNA gene copies per swab), and CST-5 had the lowest
total bacterial load (median [IQR], 6.49 [5.59-7.08]) (Figure 2).

Before ART initiation, vaginal microbiome CST assignment
was not significantly associated with the participants’ age, body
mass index, CD4 count, or HIV viral load at study baseline
(Table 3). It is notable that before ART, all participants with
CST-4 had CD4 counts >200 cells/uL, and by contrast, 72.7%
of women with CST-5 had CD4 counts <200 cells/puL; however,
this difference was not statistically significant, and power was
limited by the small sample sizes.

Changes in Vaginal Bacteria After ART Initiation and Association With
Immune Reconstitution

The majority of women (66.3%) switched from their baseline
CST over the 3 time points: 31.5% of women shifted once, and
34.8% shifted twice. Baseline CST assignment was not associ-
ated with CST assignment stability. Additionally, acyclovir trial
arm status was not associated with overall microbiome compo-
sition (PerMANOVA P = .139) (Supplementary Figure 2).
Overall microbiome composition did not vary significantly
with ART initiation (PerMANOVA P = .985) (Supplementary
Figure 3). ART initiation was not associated with changes in
overall bacterial load, regardless of immune reconstitution
status at month 6 (Figure 2A). No differences were found in
Shannon diversity (beta [95% confidence interval {CI}], 0.02
[-0.08 to 0.09]) over time from pre-ART initiation through to
6 months post-ART initiation. After ART initiation, the varia-
tion in total bacterial load across CSTs was attenuated compared
with baseline (from 6 significant pairwise differences at baseline

to 3 significant pairwise differences at month 6) (Supplementary
Figure 4). Although there were no differences in CST preva-
lence before vs after ART initiation, there were changes in the
characteristics of women in specific CSTs post-ART. In partic-
ular, the vaginal microbiomes of women assigned to CST-2 at
6 months after ART initiation showed a significantly lower total
bacterial load than the vaginal microbiomes of women assigned
to CST-2 at baseline (P < .01) (Figure 2B).

Further, the participants immune reconstitution status
post-ART was not associated with any changes in vaginal
microbiome composition or total bacterial load (P =.40) (Figure
3; Supplementary Figure 5). The participants’ immune reconsti-
tution status post-ART was also not associated with significant
changes in the absolute abundance of the dominant vaginal
bacterial taxa, including L. iners, L. crispatus, Gardnerella, and
Prevotella. When following individuals over time, no statisti-
cally significant changes were observed in total vaginal bacterial
load (beta [95% CIJ, -0.15 [-0.35 to 0.05]).

DISCUSSION

To our knowledge, this is the first study that has examined the
vaginal microbiome during ART initiation. In this study, ART
initiation and subsequent immune reconstitution did not appear
to modify the vaginal microbiome. There was no significant
change in the overall vaginal microbiome composition after ART
initiation, regardless of CD4 T-cell reconstitution. However, the
bacterial load in Gardnerella-dominated CST-2 decreased sig-
nificantly after ART initiation. Vaginal microbiome character-
istics before ART, such as vaginal bacterial load and absolute
abundance of specific taxa, were not associated with subsequent
immune reconstitution after ART initiation.

Microbiomes at certain body sites, including the gut
microbiome, are known to be affected by HIV infection [40-43].
By contrast, the vaginal microbiomes observed in women living
with HIV in the present study did not appear to differ vastly from
the vaginal microbiomes that have previously been reported in
HIV-negative women of African descent [24, 25, 44]. We identified
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Figure 2. Vaginal bacterial load overall and by CST before and after ART initiation. Total bacterial load is log-transformed. Horizontal bars represent significance of P< .05
from pairwise FDR-adjusted Wilcoxon rank-sum tests. Abbreviations: ART, antiretroviral therapy; CST, community state type.

5 vaginal microbiome community state types among the women
living with HIV, each with a distinct dominant taxon/taxa, overall
composition, and total bacterial load. The composition of the
vaginal microbiomes observed in this present study were sim-
ilar to those previously reported in women of African descent.
A study that examined 1268 vaginal microbiome samples from
HIV-negative African American women similarly found 4 vag-
inal CSTs that are dominated by L. iners, Gardnerella, L. crispatus,
and multiple anaerobic taxa [45]. A study of Rwandan female
sex workers found high prevalence rates of vaginal microbiomes
dominated by L. iners and by multiple anaerobes (eg, Prevotella,
Gardnerella, etc.), irrespective of HIV status [19]. However, the
difference we observed in vaginal bacterial load by CST within
this HIV-positive population has never before been reported.

This study has several limitations. The generalizability of these
findings is limited due to all participants being co-infected with
HIV and HSV-2. Additionally, the majority of women (83.7%)
were administered AZT/3TC/NVP per national clinical guide-
lines at the time of the trial, which have subsequently changed
to include TDF- and DTG-containing regimens [46]. The blood
and vaginal samples were collected at separate time points, with
CD4 being measured every 6 months, whereas vaginal swabs
were collected monthly. However, the median time between pre-
ART and final post-ART assessment of CD4 counts and vaginal
microbiomes was 6 months. As most women in this study were
started on the same ART regimen, microbiome changes associ-
ated with different ART regimens could not be assessed. Given
the limited follow-up, only the short-term impact of ART could
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Table 3. Participant Characteristics by Pre-antiretroviral Therapy Initiation Community State Type Assignment

CST1 CST2 CST3 CST4 CST5
26 (28.3) 28 (30.4) 24 (26.1) 3(3.3) 11 (12.0) P
Baseline age, y .275
20-29 5(19.2) 7 (25.0) 8(33.3) 1(33.3) 2(18.2)
30-39 14 (53.8) 11 (39.3) 9 (375) 2 (66.7) 3(27.3)
40-49 6(23.1) 8(28.6) 7(29.2) 0(0.0) 1(9.1)
50+ 1(3.8) 2(7.1) 0(0.0) 0(0.0) 5 (45.5)
Baseline BMI, kg/m? 645
<18.5 3(11.5) 3(10.7) 0(0.0) 0(0.0) 2 (18.2)
18.5-24.9 18 (69.2) 19 (67.9) 20 (83.3) 2 (66.7) 7 (63.6)
25+ 5(19.2) 6 (21.4) 4(16.7) 1(33.3) 2(18.2)
Baseline CD4 count, cells/uL .098
<200 8(30.8) 13 (46.4) 10 (41.7) 0(0.0) 8(72.7)
200-450 18 (69.2) 15 (563.6) 14 (58.3) 3(100.0) 3(27.3)
Baseline HIV viral load, copies/mL 486
<10000 2(77) 6 (21.4) 3(12.5) 1(33.3) 1(9.1)
10000-99 999 12 (46.2) 9(32.1) 10 (41.7) 0(0.0) 2 (18.2)
100000+ 12 (46.2) 13 (46.4) 11 (45.8) 2(66.7) 8(72.7)

Data are presented as No. (%). P values from the Fisher exact test.
Abbreviations: BMI, body mass index; CST, community state type.

be evaluated. We did not collect data on contraceptive use, vag-
inal hygiene, sexual behaviors, or menstruation. However, the
effect of menstruation in this study is likely to be accounted for
as random noise, as there is no reason to believe it would vary

Change in Bacterial Load (Log Response
Ratio) After 6 Months on ART
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Figure 3. Associations of CD4 T-cell recovery and immune reconstitution with
within-person changes in bacterial load from baseline pre-ART to 6 months post—
ART initiation. Log response ratio defined as: In([bacterial load at month 6]/[bac-
terial load at baseline]). No significant differences were found between immune
reconstitution groups by ¢ test (P=.40). Abbreviations: ART, antiretroviral therapy;
CST, community state type.

in proportion between the visits before and after ART initia-
tion. Lastly, the vaginal microbiome outcome data could not be
linked with bacterial vaginosis diagnoses, as the relevant clin-
ical and microscopic data were not collected.

In summary, these observational findings suggest that the
vaginal microbiome of women living with HIV were not im-
pacted by the initiation of ART nor by subsequent immune re-
constitution. However, further research is needed to explore the
long-term impacts of ART and immune reconstitution on the
vaginal microbiome.
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