UNIVERSITY OF ™
KWAZULU-NATAL

INYUVESI
YAKWAZULU-NATALI

Longitudinal impact of PrEP use and BV treatment on vaginal microbiota in adolescent

girls and young women at high risk of acquiring HIV in KwaZulu-Natal

Presented by
Noluthando Mazibuko-Munonde (209502316)
Submitted in partial fulfillment of the requirements for the degree

of Doctor of Philosophy (Medical Microbiology)

Principal Supervisor: Dr Sinaye Ngcapu

School of Laboratory Medicine and Medical Sciences; Department of Medical Microbiology;
Nelson R. Mandela School of Medicine, College of Health Sciences; University of KwaZulu-
Natal; Durban, South Africa

2025



PREFACE

I, Noluthando Mazibuko-Munonde, declare that the experimental work in this dissertation is
conducted solely by myself unless otherwise detailed by reference or acknowledged. The
experimental work detailed in this thesis was conducted at the Centre for the AIDS Program of
Research in South Africa Laboratory, Doris Duke Medical Research Institute Building, Nelson
R Mandela School of Medicine, University of KwaZulu-Natal, South Africa, under the

supervision of Dr Sinaye Ngcapu.

This study represents the original work by the author and has not been otherwise submitted in
any form to any other University. Where use of the work by others has been made, it is duly

acknowledged in the text.

Noluthando Mazibuko-Munonde. Date: 25 August 2025
Candidate
Dr Sinaye Ngcapu Date:

Supervisor



DECLARATION 1-Plagiarism
I, Noluthando Mazibuko-Munonde declare as follows:
The research described in this dissertation, except otherwise specified, is my original work.

This dissertation has not been presented for degree purposes or examination by any other

academic institution.

This dissertation does not comprise other data, pictures, graphs, or information acquired from

other researchers unless purposely acknowledged as being obtained from other researchers.

This dissertation does not comprise writing that is obtained from other researchers unless
specifically acknowledged as being obtained from other researchers. Where other written

sources have been quoted, then:

Their words have been amended, but the overall information accredited to them has been
referenced. In cases where there are exact words were used, their writing has been located

inside quotation marks and referenced.

Where 1 have repeated a publication whereby, I am an author, co-author, or editor I specified
in detail which portion of the journal was written by me only and had completely referenced

the aforementioned publication.

This thesis does not contain texts, tables, or pictures copied and pasted from the internet unless
exclusively acknowledged, and the information is detailed in the thesis and the reference

section.

II



DECLARATION 2 - Publications
The journals presented in this dissertation have originated from the CAPRISA 082, CAPRISA
084 and CAPRISA 090 studies, and the research was carried out as part of the DSI-NRF Centre

of Excellence in HIV Prevention, which is sponsored by the Department of Science and

Innovation, and the National Research Foundation. This thesis constitutes work carried out by

myself and fulfils the requirements for the degree of Doctor of Philosophy by research

manuscripts.

The following contributions were made to the publications of the following manuscripts

1.

I

Noluthando Mazibuko-Motau!-*, Parveen Sobia'?f, Jiawu Xu’, Joseph, Ahmed
Elsherbini®, James E San® Lara Lewis!, Andile Mtshali'?, Gugulethu Mzobe!?,
Lungelo Ntuli!?, Salim S. Abdool Karim'?, Leila E. Mansoor!, Quarraisha Abdool

Karim'3, Douglas S Kwon*%7f, Derseree Archary'?, Sinaye Ngcapu'*’*. Vaginal
microbial shifts are unaffected by oral pre-exposure prophylaxis in South African
women. Scientific reports, Published. Contribution: Together with Dr Sinaye Ngcapu,
we conducted all laboratory experiments, analysed and wrote the manuscript which has
been published in the Scientific reports. Dr Parveen Sobia contributed as a co-author

and reviewed the draft manuscript.

Mazibuko-Munonde N'->*, Kama OA '*, Letsoalo M'*, Ngcobo S!, Radebe P3, Gumbi
P!3 Mehou-Loko C* Bunjun R, Mtshali A2, Mzobe GF!?, Magini SN!2, Ntuli L2,
Maphumulo N!, Mntambo N!, Radzey N*, Abrahams AG*, Sibeko S°, Harryparsad R,
Manhanzva MT#, Meyer B*, Ahmed N°, Potloane D,' Horsnell W#, Liebenberg LIP!-2,
Archary D!2, Sivro A'278 Abdool Karim Q!, Bekker LG*®, Passmore JS'3?,
Humphries H!%!! Masson L1314 Jaspan HB*!% Ngcapu S'**. Impact of Vaginal
Insertion Products, Sexual Activity, and Vaginal Microbiome Dynamics on Genital
Inflammation Markers Among South African Women. Submitted, Microbiome;
Under review. Contribution: Together with Dr Sinaye Ngcapu, we conceptualised the
study. Samukelisiwe Ngcobo and I conducted the assessment of T cells. Marothi
Letsoalo, Olona Kama, Sinaye Ngcapu and myself contributed to the analysis and wrote

the manuscript.



ETHICAL APPROVAL
This study was approved by the Biomedical Research Ethics Committee of the University of
KwaZulu-Natal (REF: BE603/18).

v



PRESENTATIONS EMANATING FROM THIS THESIS

1.1 Oral presentations

1.

Noluthando Mazibuko-Motau?%, Parveen Sobia'?!, Jiawu Xu’, Joseph, Ahmed
Elsherbini, James E San* Lara Lewis!, Andile Mtshali'?, Gugulethu Mzobe'?,
Lungelo Ntuli!?, Salim S. Abdool Karim'?, Leila E. Mansoor!, Quarraisha Abdool
Karim', Douglas S Kwon*®7f, Derseree Archary'??, Sinaye Ngcapu'?'". The

transient and persistent shifts in vaginal microbial communities not influenced by
PrEP.

School of Laboratory Medicine and Medical Science Research Symposium; oral
category; 26 November 2022; University of KwaZulu-Natal, South Africa

Noluthando Mazibuko-Motau'-*#, Parveen Sobial?f, Jiawu Xu’, Joseph, Ahmed
Elsherbini®, James E San® Lara Lewis!, Andile Mtshali'?, Gugulethu Mzobe'?,
Lungelo Ntuli!?, Salim S. Abdool Karim'?, Leila E. Mansoor!, Quarraisha Abdool
Karim'3, Douglas S Kwon*%’" Derseree Archary'?', Sinaye Ngcapu'?'*. The
transient and persistent states of cervicovaginal microbiota not influenced by PrEP.

The 2nd African Microbiome Symposium in Stellenbosch; Oral category; 7-9
December 2022; University of Stellenbosch, South Africa.



1.2 Poster presentations
Noluthando Mazibuko-Motau!-*!, Parveen Sobia'?#, Jiawu Xu?, Joseph, Ahmed Elsherbini®, James E San* Lara Lewis!, Andile Mtshali'-?,

Gugulethu Mzobe!?, Lungelo Ntuli'-?, Salim S. Abdool Karim'~, Leila E. Mansoor', Quarraisha Abdool Karim!*, Douglas S Kwon>%7f, Derseree
Archary'27, Sinaye Ngcapu'21". Oral PrEP does not alter the vaginal microbial communities. The 9" Federation of Infectious Diseases Societies
of South Africa (FIDSSA) Congress; best e-poster category; 3-5 November 2022; at the Elangeni & Maharani Hotel, Durban, South Africa.

Oral PrEP does not alter the vaginal microbial communities

Noluthando Mazibuko-Motau’2*, Parveen Sobial2*, Jiawu Xu3, Joseph, Ahmed Elsherbini3, James E San, Lara Lewis?, Andile Mtshali2, Gugulethu Mzobe'?, Lungelo Ntuli!2,

Salim S. Abdool Karim??, Leila E. Mansoor?, Quarraisha Abdool Karim', Douglas S Kwon*%7', Derseree Archary?', Sinaye Ngcapu®?"*.

2 , Durban, *Ragon , MIT, 3 General Hospital, Camixidge, United Research Innovats
Jnited States of A School, Boston. L

Centre for the AIDS Programme of Research in South Africa *, Durban, South Alfca; “Department of Medical University of
T o Medicine, Universty of KwaZuk Netal, Duban, Souh Afica; “Department of Epidemiclogy, Columbia Uriversity, New York G, NY, USA; “Division of Infectious Diseases, ospital, Boston,

% There was no difference in changes in the microbial communities overtime between PrEP
and non-PrEP groups (Fig. 2A). . BV-linked CTs had an increased probabilty of remaining

Introduction
s e rather than tol CTs (Fig. 2B).

The oral tenofovir-based treatment has shown marked reduction rates of HIV infection. s Kb Cple B

Despite )llgﬁ adherence, PrEP for women in the Southern Africa has ylelded mixed e -

results, underscoring a plausible role for other biological factors that mitigate PrEP I I § X X L PrEP or antibiotics did not influence spartial segregation

efficacy. atoccoes

Studies have suggested that the vaginal mi can i di the I I i 2

efficacy of topical tenofovir-based PrEP. However, no studies has characterized the I IoEtropt0 % No clustering was detected based on PrEP or antibiotic use (Fig. 3). no significant
2 BT . 2 : i i 1 i it h Prevotsta differences between the two study groups (PrEP and non-PrEP groups) at all timepoints

potential impact of oral P on the vaginal microbial communities of reproductive Tl (P=0.467, R2=0.0087, P = 0.080, R? = 0.0092 and P=0.344, R?=0.0108) respectively.

women in sub-Saharan Africa.

Methods

< Cervicovaginal swabs collected in 100 women from two CAPRISA study cohort:
CAPRISA 082 (non-PrEP: 36 and PrEP: 24) and CAPRISA 084 (PrEP: 40) were
selected at baseline, 3months and 6 months.
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Figure 1. Heat map of the most abundant vaginal m-d-m-mmuy 16S rRNA sequencing in 100
depicted

 Bioinformatics tool used: DADA 2 phyloseq R package, Naive Bayes classification
and SILVA
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each of the four CTs: L. crispatus (CT1), L. iners (CT2), G. vaginalis (CT3), and with BV and HIV risk, of PrEP use.
i % No major differences in vaginal microbial communities between oral PrEP and non-oral

mixed communities not dominated by other taxa. At baseline, 11% (11/100) of
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2.Similar cervicotype composition and transition patterns
among groups

% There was no difference in changes in the microbial communities overtime

topical tenofovir in preventing HIV infection in women, an effect not observed
with oral tenofovir-based pre-exposure prophylaxis (PrEP)

% It remains unclear whether PrEP can influence the vaginal microbiota
composition.

between PrEP and non-PrEP gmups BV-linked CTs had an increased probability
of not it tol i CTs.
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in South African women.
Methods

< Cervicovaginal swabs collected in 100 women from CAPRISA 082 (non-PrEP:
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3.PrEP & antibiotics did not influence spatial segregation

< No clustering was detected based on PrEP or antibiotic use. No significant
differences between the two study groups (PrEP and non-PrEP groups) at all
timepoints (P=0.467, R* =0.0087, P = 0.080, Rz = 0.0092 and P=0.344,
R2=0.0108) respectively.

< Bioinformatics tools used: DADA 2 and vegan R package.

1. Similar C ition of the | microbiota at

baseline

< The Majority of women with BV and STI's had high relative abundance of L.
iners and G. vaginalis dominant communities.
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Conclusion

4 Transitions between CTs in oral PrEP and non-oral PrEP users, with very few
women with stable L. crispatus over time.
MAAAA

% L. iners-dominant communities were most likely to be transitioning to communities
s6eiated with BV and i HIV risk, ive of PrEP use.

Figure 1. Heat map of the most abundant vaginal bacteria identified by 163 rRNA
sequencing in 100 women at baseline. Reiative stuundance of key taxa across sl of the
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< No major di in vaginal between oral PrEP and non-
oral PrEP groups, suggesting that oral PrEP initiation does not alter the vaginal
microbial communities of HIV-negative sub-Saharan African women.
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THESIS CONTEXT

Chapter 1 provides an overview of the study design, including its background, rationale, aims,
objectives, and methodologies. It also contains a comprehensive literature review exploring the
relationship between the vaginal microbiome, PrEP, and vaginal insertion products (VIPs). The
chapter highlights factors influencing the vaginal microbiome, the implications of dysbiosis,

and various strategies for managing or treating dysbiotic vaginal microbiota.

Chapter 2 investigates the interaction between daily oral tenofovir-based pre-exposure
prophylaxis (PrEP) and vaginal microbiota in a cohort of 100 South African women, of whom
64 were taking PrEP and 34 were not. This chapter examines whether bacterial vaginosis (BV)
modifies the efficacy of oral PrEP. The findings show similar vaginal microbial profiles
between women taking oral PrEP and those not using it. While some shifts in vaginal
microbiota were observed, these were not attributable to PrEP use. The results support the

continued provision of oral PrEP to women regardless of BV status.

Chapter 3 evaluates the influence of the vaginal microbiome on the efficacy of 1% tenofovir
gel, a topical antiretroviral used as PrEP in women. The study concludes that tenofovir
concentrations are not affected by the composition of the vaginal microbiota, reinforcing the

gel's consistent efficacy across diverse microbial profiles.

Chapter 4 Characterises the vaginal microbiome of South African adolescent girls and adult
women using VIPs and assesses the effects of sexual activity and VIP use on microbial
dynamics and markers of genital inflammation. The findings demonstrate that vaginal
microbiota diversity and the timing of sexual activity significantly influence immune
responses. However, VIP use did not affect microbiota composition or immune modulation.
These results underscore the importance of microbial diversity and the timing of sexual activity

in maintaining vaginal health and immune function.

Chapter 5 summarises the key findings of the thesis, integrating insights from each chapter
and discussing their broader implications for understanding the interplay between vaginal

microbiota, PrEP, VIPs, and genital health.
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ABSTRACT

Background: The HIV epidemic in South Africa, particularly in high-burden regions such as
KwaZulu-Natal, remains a significant public health challenge, with persistently high
prevalence and incidence rates, especially among young women. The vaginal microbiome
plays a crucial role in modulating HIV susceptibility and influencing the efficacy of pre-
exposure prophylaxis (PrEP). However, little is known about the longitudinal impact of oral
tenofovir disoproxil fumarate and emtricitabine (TDF-FTC) PrEP on the vaginal microbiome,
nor the mechanisms by which specific bacterial taxa may modulate the pharmacokinetics and
effectiveness of topical tenofovir gel. Additionally, the effects of vaginal insertion products
(VIPs) and recent sexual activity on microbial composition, genital inflammation, and HIV

susceptibility remain poorly understood.

Methods: Chapter 2 examined the longitudinal effects of daily oral PrEP on the vaginal
microbiota in 100 women enrolled in the CAPRISA 082 and 084 trials, with swabs collected
at baseline, 3 months, and 6 months for 16S rRNA sequencing. Chapter 3 evaluated the
relationship between cervicovaginal tenofovir (TFV) concentrations and microbial community
state types (CSTs) in 69 women from the CAPRISA 008 trial, where TFV levels were measured
by LC-MS/MS and microbiota composition was analyzed using 16S sequencing. In Chapter 4,
the vaginal microbiomes of 219 adolescent girls and 107 adult women from the MIST cohort
study were examined, with cytokine levels and immune activation assessed via multiplex bead
array and T-cell analysis. All data were analyzed using R and SAS, linking microbiome

composition, immune responses, and HIV prevention strategies.

Results: In Chapter 2, we observe that only 8% (3/36) of women in the non-PrEP group and
13% (8/64) in the PrEP group had L. crispatus-dominated microbial communities. We
investigate the dynamics of microbial community transitions over time, finding no significant
difference in the rate or pattern of these transitions between the PrEP and non-PrEP groups.
While Lactobacillus iners-dominated communities were less likely to transition, those that did
tended to shift towards communities associated with bacterial vaginosis (BV) and increased
HIV risk, independent of PrEP or antibiotic use. These findings suggest that microbial

community stability and shifts towards BV-associated states are significant in the context of
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HIV risk, irrespective of PrEP use. In Chapter 3, we extend this exploration by examining the
influence of vaginal microbiota on tenofovir (TFV) concentrations. We found that bacterial
taxa distributions and community state types (CSTs) were similarly represented in both high
and low TFV concentration groups. Additionally, there were no significant differences in the
median log TFV concentrations between women with CST IV or Lactobacillus-dominated
CSTs (p>0.005). This suggests that while vaginal microbiota composition influences several
aspects of vaginal health, it does not significantly impact TFV absorption or concentration in
this cohort. Chapter 4 shifts focus to the vaginal microbiome of South African adolescent girls
and adult women who use vaginal insertion products (VIPs). The study reveals regional
differences in hygiene practices, with women from the Western Cape predominantly using soap
and water, while a substantial proportion of women in KwaZulu-Natal utilised VIPs for both
hygiene and sexual enhancement. The vaginal microbiome of adolescent girls was
predominantly dominated by L. iners and BV-associated communities, a profile also observed
in adult women. Non-users of VIPs displayed higher levels of pro-inflammatory cytokines
(MIP-1B, MIP-1a, IFN-a, IL-6, G-CSF), while VIP users demonstrated elevated levels of IFN-
a and G-CSF, which could indicate an immune response to alterations in the vaginal

microbiome.

Conclusion:

This dissertation demonstrates that the initiation of PrEP does not significantly alter vaginal
microbiota or influence tenofovir concentrations, underscoring the critical role of adherence
and timely application in achieving effective HIV prevention. The study concluded that vaginal
microbiota diversity and sexual activity timing significantly influenced immune responses.
These findings highlight the complex interplay between microbiota composition, sexual
behaviour, and immune modulation in HIV susceptibility. Further investigation is warranted to
identify the underlying biological mechanisms mediating these effects, such as hormonal
fluctuations, mucosal repair processes following intercourse, and functional changes in the

vaginal microbiome.
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CHAPTER 1




1. INTRODUCTION
1.1 The Human Immunodeficiency Syndrome Virus (HIV) Epidemic in South Africa

In 2023, UNAIDS estimated that 39.9 million [36.1 million—44.6 million] people were living
with HIV, and 1.3 million [1 million—1.7 million] had new infections that occurred the same
year (1). South Africa, home to just 1% of the global population, bears a disproportionate 18%
of the global HIV burden, with approximately 1,000 new infections recorded daily (2). The
province of KwaZulu-Natal is at the epicentre of the epidemic, where four out of 11 districts
report HIV prevalence rates among pregnant women exceeding 40%, and the remaining
districts range between 30% and 40% (3). In one of KwaZulu-Natal's most heavily affected
rural districts, HIV prevalence among women utilizing antenatal services escalates from one in
ten by age 16 to one in three by age 20, and to one in two by age 24 (4). The community’s HIV
incidence rates are alarmingly high; in the placebo arm of the CAPRISA 004 trial, which
assessed the safety and efficacy of 1% tenofovir gel among urban and rural women in
KwaZulu-Natal, an incidence rate of 9.1% per 100 woman-years of follow-up was observed,
despite monthly HIV risk-reduction counselling and testing (5). Similarly, high HIV incidence
rates have been reported among postpartum women in peri-urban communities within the
province (6, 7). Addressing these challenges requires innovative, context-specific interventions
and sustained commitment to reducing the burden of HIV, particularly in high-prevalence

regions like KwaZulu-Natal.
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Figure 1.1: HIV prevalence by sex and age in South Africa, 2022. Adapted from Human
Sciences Research Council (HSRC, https://hsrc.ac.za, accessed November 2024).

1.2 Factors influencing HIV risk in women

The heightened vulnerability of young women to HIV infection arises from a combination of
behavioral, biological, and social factors. While the specific behavioral, physiological, and
immunological mechanisms rendering younger women more susceptible to HIV than older
women remain incompletely understood, certain key drivers have been identified. Behavioural
risks include engagement in new and potentially higher-risk sexual activities, often involving
multiple partners (8-16). Moreover, young women frequently experience domestic abuse and
sexual violence, with rape posing the greatest risk for those under 18 years old (17, 18).
Alarmingly, nearly one-third of adolescent girls in South Africa report forced sexual initiation,
highlighting the widespread nature of sexual violence in this region (17, 18). Intimate partner
violence (OR 1.48, 95% CI 1.15-1.89) and male-dominated relationship dynamics (OR 1.52,
95% CI 1.13-2.04) further exacerbate HIV risk (19). Practices like dry sex, aimed at sexual
enhancement and hygiene, also contribute to risk, as women use substances such as powders,
creams, herbs, or detergents to dry and tighten the vagina (20-23). Additionally, sexual debut
exposes young women to sexually transmitted pathogens, such as herpes simplex virus type-2
(HSV-2) and human papillomavirus (HPV), which are associated with a 2- to 3-fold increased
risk of HIV acquisition (24, 25).

Beyond behavioural factors, biological vulnerabilities significantly elevate HIV risk among
adolescent girls and young women in sub-Saharan Africa. Women are, on average, twice as
likely as men to contract HIV from a single sexual encounter due to several biological
mechanisms (26). The extensive mucosal surface of the vagina provides a pathway for viral
entry, while the female genital tract's high immune cell activation and elevated expression of
HIV co-receptors in cervical cells further enhance susceptibility compared to men (27, 28).
Genital trauma, often resulting from forced or unwanted sexual intercourse, also facilitates HIV
transmission (29). Young women’s developing reproductive systems must navigate a delicate
balance between tolerating semi-allogeneic male semen and mounting immune responses

against pathogens. However, genital inflammation, characterised by elevated pro-
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inflammatory cytokines, has been linked to a 3-fold increased risk of HIV acquisition, as
demonstrated in a recent microbicide trial of tenofovir gel (30). A key driver of such
inflammation is bacterial vaginosis (BV), a common microbial imbalance among reproductive-
age women. Non-optimal cervicovaginal microbiota, marked by low Lactobacillus abundance
and high bacterial diversity, contribute to increased genital inflammation, thereby heightening

HIV risk and leading to adverse reproductive outcomes (31, 32).

1.3 ARV-based pre-exposure prophylaxis (PrEP): Efficacy, Adherence, and the Role of
Vaginal Microbiota

Since 2010, the results of several clinical trials have demonstrated the preventative benefits of
antiretroviral (ARV) drugs, offering renewed hope in reducing sexually acquired HIV
infections. Pre-exposure prophylaxis (PrEP) trials using tenofovir alone or in combination with
emtricitabine (Truvada®) have shown both safety and efficacy in preventing HIV acquisition
among diverse groups, including men who have sex with men, transgender women, injecting
drug users, serodiscordant couples, and heterosexual individuals (33-38). Importantly, no major
safety concerns have been identified. A consistent finding across these trials is that PrEP
efficacy is highly dependent on adherence, emphasizing the importance of consistent use.
While PrEP trials in men report consistent protective benefits ranging from 44% to 96% with
both daily and intermittent dosing strategies (33-38), trials evaluating oral and topical PrEP
among women in southern Africa have produced mixed results (5, 39-41). While the CAPRISA
004 trial reported a 39% reduction in HIV incidence with topical tenofovir gel, subsequent trials
such as VOICE and FACTS 001 showed little to no protective effect, largely attributed to poor
adherence. Similarly, oral PrEP trials like FEM-PrEP and Partners PrEP showed divergent
outcomes, with efficacy highly dependent on adherence and possibly influenced by biological
factors such as vaginal microbiota composition and mucosal immunity. This variability in trial
outcomes underscores the need to investigate host, microbial, and behavioural factors that may

modulate PrEP efficacy, which forms a central premise of this thesis.

Recent research has proposed vaginal microbiota as a key factor in the reduced effectiveness

of topical tenofovir (TFV) in protecting women from HIV infection (42, 43), a limitation not



observed with oral TFV-based PrEP (44). Proteomics analyses from the CAPRISA 004 trial
revealed that 1% tenofovir gel significantly lowered the risk of HIV acquisition in women with
Lactobacillus-dominant vaginal microbiota compared to those with a non-Lactobacillus-
dominant microbiota (42). In contrast, reduced TFV levels were observed in vaginal specimens
from women with a Gardnerella vaginalis-dominant microbial community, suggesting rapid
drug depletion in the presence of high levels of G. vaginalis (42). Similar findings using Gram
stain techniques supported this observation (43). Cervical tissue tenofovir concentrations were
higher in women with Nugent scores <3 (indicative of Lactobacillus dominance) but were
lower in women diagnosed with bacterial vaginosis, which is associated with elevated
Gardnerella vaginalis levels (43). While both studies demonstrated a negative correlation
between TFV levels and BV-associated bacteria, they also highlighted several limitations that

warrant further investigation.

1.4 Rationale with Identified Research Gaps and Aims

The HIV epidemic in South Africa, particularly in high-burden regions like KwaZulu-Natal,
remains a significant public health challenge despite the availability of interventions such as
pre-exposure prophylaxis (PrEP) and risk-reduction counselling. Persistent high HIV
prevalence and incidence rates, especially among young women, underscore the need to
address unresolved vulnerabilities. Existing gaps in research highlight the limited
understanding of how oral tenofovir disoproxil fumarate and emtricitabine (TDF-FTC) PrEP
impacts the vaginal microbiome over time and the mechanisms by which vaginal microbiota
influence the efficacy of topical tenofovir gel. Additionally, the role of specific bacterial taxa
in modulating tenofovir levels and the impact of vaginal practices, such as the use of vaginal
insertion products (VIP), on microbial dynamics and genital inflammation remain poorly
understood. To address these gaps, longitudinal studies utilising 16S rRNA metagenomic
sequencing are essential to elucidate changes in vaginal microbiota associated with PrEP use
and to identify microbial contributors to drug efficacy. Furthermore, investigating the
correlation between microbial alterations, inflammatory markers, and HIV susceptibility will
provide critical insights to optimize PrEP strategies and design culturally relevant interventions
that account for host-microbiome interactions. In this dissertation, the following Aims and

objectives will be addressed:



Aim 1: To investigate the impact of longitudinal oral tenofovir disoproxil fumarate +

emtricitabine (TDF-FTC) PrEP on the vaginal microbiome of healthy South African women.

Hypothesis: Use of oral TDF-FTC PrEP alters the composition and diversity of the vaginal
microbiome in healthy South African women, with potential implications for microbial

stability, vaginal health, and PrEP efficacy.

Aim 2: To longitudinally evaluate the impact of the vaginal microbiota on concentrations of

genital tract tenofovir in vivo.

Hypothesis: BV-associated bacterial taxa, characterized by reduced Lactobacillus dominance
and increased diversity of anaerobic bacteria, are associated with lower concentrations of
topical tenofovir in the genital tract among women using tenofovir-based pre-exposure

prophylaxis (PrEP).

Aim 3: To assess whether intravaginal practices among these populations lead to alterations in
the vaginal microbiome and examined the correlation between these microbial changes and

cellular and cytokine markers of genital inflammation.

Hypothesis: Intravaginal practice use leads to alterations in the vaginal microbiome, and these
microbial changes influence concentrations of cellular and cytokine markers of genital

inflammation.



1.2. LITERATURE REVIEW
1.2.1. PREP AND HIV PREVENTION

Despite extensive prevention campaigns and scale-up of antiretroviral therapy (ART), South
Africa remains an epicentre of the HIV pandemic (1, 45). The province of KwaZulu-Natal is
the epicentre of the HIV-1 epidemic in South Africa (1, 46). In this region, 56% of all people
living with HIV are indeed women underscoring the gender-biased disparity of the HIV
infection dynamic. HIV occurs predominantly through unprotected sexual intercourse. Among
young women aged between 15-24 years (47), HIV infections were 44% higher than infections
in men of the same age. Young women remain vulnerable and acquire HIV about 5-7 years
earlier than men, emphasizing the need to find urgent and novel prevention technologies to

prevent and reduce incident infections in this key population.

Biological and behavioural factors make women particularly vulnerable to HIV acquisition.
Biological risk factors include the large surface area of the female genital tract (FGT) which
provides increased opportunities for target CD4+T cell infections (48-50), pre-existing genital
inflammation that can impact barrier function (51, 52), vaginal microbial dysbiosis (53), and
sexually transmitted infections (54). Behavioural factors can significantly alter HIV risk as
well. These include age-disparate sexual coupling (55, 56), age at sexual debut (57-59),
multiple concurrent sexual partners (60), low marriage rates (61), disesmpowerment of women,
the inability to negotiate safe sex practices leading to low or no condom use (62), gender-based
violence (63) and the use of vaginal insertion products (64) that further increases HIV risk

especially in women.

ARVs were first shown to reduce sexual HIV acquisition in the CAPRISA 004 Tenofovir Gel
Trial. The trial was conducted in 889 rural and urban South African women, and the results
showed that tenofovir gel used before and after sex reduced the acquisition of HIV infection in
women by 39% (95% Confidence Interval (CI): 6;60) overall, and by 54% in women who used
the gel consistently(5). Thereafter, the Pre-exposure Prophylaxis Initiative trial (iPrEX)
showed that daily oral tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC)
combination (Truvada) reduced HIV incidence by 44% (95% CI 15;63) among 2,499 men or

transgender women who have sex with men (35) (Figure 1). Further, the effectiveness of daily
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oral PrEP in heterosexual men and women was shown in the Partners PrEP trial (33) and the
Botswana TDF?2 trial (38). The Partners PrEP trial, which included 4,758 HIV discordant
couples from Kenya and Uganda showed that daily oral TDF and TDF/FTC reduced HIV
incidence by 67% (95% CI1 44; 81) and 75% (95% CI 55; 87) respectively, while the Botswana
TDF?2 trial, conducted among 1,200 heterosexual men and women from the general population,
found that daily oral TDF-FTC reduced HIV incidence by 62% (95% CI 22; 83) (Figure 1.2).
The use of ARVs for treatment of HIV-infected patients has also recently been shown in a
randomized clinical trial to prevent onward transmission of HIV to their uninfected partners
(TasP). The HIV Prevention Trials Network 052 trial (HPTN), conducted among 1,763 HIV-
discordant couples from 9 countries, showed that HIV transmission was reduced by 96% (95%
CI, 73;99.5) when antiretroviral therapy (ART) was initiated in patients with CD4 counts
between 350 and 550 cells/mm (65). This series of breakthroughs in HIV prevention, combined
with the recent approval of the first ARV drug (Truvada®) for reducing the risk of sexually
acquired HIV infection by the U.S. Food and Drug Administration (FDA) (66), has made the

use of ARV drugs, as part of a comprehensive HIV prevention package, a reality.



Figure 1.2: Results of placebo-controlled randomized control trials assessing the effectiveness
of ARV pre-exposure prophylaxis for the prevention of mother-to-child transmission
(pMTCT), as well as transmission through heterosexual and homosexual intercourse and in
injecting drug users (IDUs): (adapted from (67-72).

Although daily oral TDF-FTC has been demonstrated to be effective in MSM and transgender
women globally and heterosexual men and women in Africa, some clinical trials have failed to

show efficacy due to poor adherence to daily dosing. The lack of protective effect observed in



the FEM-PrEP (40) and the Vaginal and Oral Interventions to Control the Epidemic (VOICE)
trials (41) can partially be explained by suboptimal adherence. In the FEM-PREP trial (40),
only 24% of the women allocated to the daily oral TDF/FTC group had detectable drug levels.
Similarly, in the VOICE trial, only 25%, 29%, and 30% of women allocated to the daily
tenofovir gel, daily oral TDF/FTC and daily oral TDF groups respectively, had detectable drug
levels (41). The challenges and complexities of adherence to daily oral PrEP and coitally
dependent gel use are evident from the data emanating from the VOICE (41) and Follow on
African Consortium for Tenofovir Studies (FACTS 00) (73), as well as those from the open-

label extension studies.

Novel PrEP agents and innovative delivery systems such as slow release formulations of ARV
monthly vaginal rings, LA parenteral agents and lenacapavir, investigated by the current
protocol, are needed to support adherence and offer independent and discreet use by vulnerable,
HIV uninfected young women, the key population under study. The Phase 3 PURPOSE 1 (74)
and 2 (75) trials assessed the efficacy and safety of lenacapavir, a long-acting HIV-1 capsid
inhibitor, for pre-exposure prophylaxis (PrEP) in high-risk populations. PURPOSE 1 included
adolescent girls and young women in South Africa and Uganda, while PURPOSE 2 targeted
cisgender men, transgender women, and nonbinary individuals who have sex with men across
multiple regions. In PURPOSE 1, no HIV infections occurred among 2134 participants
receiving twice-yearly subcutaneous lenacapavir (0 per 100 person-years; 95% CI, 0.00 to
0.19), whereas 39 infections were observed among 2136 participants in the daily oral
emtricitabine-tenofovir alafenamide (F/TAF) group (2.02 per 100 person-years; 95% CI, 1.44
to 2.76) and 16 infections among 1068 participants in the F/TDF group (1.69 per 100 person-
years; 95% CI, 0.96 to 2.74) (74) PURPOSE 2 reported similar efficacy, with lenacapavir
significantly reducing HIV incidence compared to oral PrEP options (75). Across both trials,
adherence to daily oral PrEP was low, but no significant safety concerns were identified.
Injection-site reactions were more common in the lenacapavir group, occurring in 68.8% of
participants compared to 34.9% in the placebo injection group, with only 0.2% discontinuing
due to these reactions. These results establish lenacapavir as a highly effective long-acting PrEP
option to address adherence challenges and reduce HIV incidence in diverse at-risk populations

(74, 75).
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Despite its proven efficacy in clinical trials, the real-world implementation of PrEP faces
significant challenges, particularly among women in high-burden regions like sub-Saharan
Africa. Adherence remains a critical barrier, with many studies reporting low levels of
consistent usage, undermining its protective potential (68, 71, 76). This challenge is
compounded by sociocultural factors, stigma, and structural inequalities that limit women's
agency in negotiating safer sexual practices (77, 78) or accessing healthcare services.
Moreover, biological complexities, such as variations in genital tract drug concentrations
influenced by vaginal microbiota (53) and inflammation (79), add layers of complexity to PrEP
efficacy. Long-acting formulations, such as injectable lenacapavir (74), offer a promising
solution to adherence challenges, simplifying the regimen and reducing reliance on daily
dosing. However, the successful rollout of such interventions requires addressing systemic
barriers, enhancing community engagement, and ensuring equitable access. PrEP remains a
cornerstone of HIV prevention, but its true potential will be realized only through integrated

strategies that combine biomedical innovation with a focus on social determinants of health.

1.2.2. VAGINAL MICROBIOME IN HEALTHY WOMEN

A genital environment not dominated by Lactobacillus species may facilitate transmission of
sexually transmitted infections (STIs), HIV, as well as increase the risk of urogenital disease,
miscarriages, preterm births and sepsis in pregnant women (80-82). Lactobacillus species (L.
crispatus, L. gasseri and L. jensenii), which are well established as healthy vaginal commensal
organisms, play a role in inhibiting the colonization and survival of reproductive tract
pathogens, such as Herpes simplex virus-2 (HSV-2), Neisseria gonorrhoeae, and
uropathogenic Escherichia coli as they produce lactic acid, H>O and bacteriocins (80, 83). This
may not be perfectly applicable to women of African descent (84). The predominance of
Lactobacillus spp is associated with healthy pregnancy outcomes, lack of abnormal vaginal
symptoms, urogenital disease and reduced risk for several STIs, including HIV (85).
Lactobacillus spp. are thought to provide protection by lowering the environmental pH of the
lower genital tract through production of lactic acid, by producing various bacteriostatic and
bacteriocidal compounds such as hydrogen peroxide (H20), and/or through competitive
exclusion of other organisms (86). A number of different Lactobacillus species have been
associated with genital health, with the most frequent and abundant being L. crispatus, L.
gasseri, and L. jensenii (86).
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and Lactobacillus mechanism of action against pathogens [adapted from Petrova et al, 2013

(85)].

1.2.3. NON OPTIMAL VAGINAL MICROBIOME: VAGINAL DYSBIOSIS

BV is the most common cause of vaginal discharge in women of reproductive age, although its
prevalence varies considerably between ethnic groups. In KwaZulu-Natal, the prevalence of
BV was reported to be >50% in Black pregnant women living in peri-urban communities (87,
88). The aetiology of BV is not known, although it has been associated with sexual activity
(89). BV is a microbial dysbiosis typified by the replacement of commensal Lactobacillus spp.
with commensal anaerobes, often resulting in vaginitis and discharge (88, 90). This depletion
is generally accompanied by the intense overgrowth of commensal vaginal anaerobic bacteria,
which can reach densities 100-1000 times higher than found in healthy vaginas and display

significantly increased bacterial diversity (90). Culture of organisms from the genital tract of
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women with BV typically yields a spectrum of facultative anaerobic commensals, including
Gardnerella vaginalis, Atopobium vaginae, Eggerthella spp., Prevotella spp., BVAB2
(Clostridia-like bacteria), Megasphaera type 1, Mobiluncus spp, Ureaplasma urealyticum and
Mycoplasma hominis (91). Absence of Lactobacillus species combined with the presence of
G. vaginalis, A. vaginae, and/or Prevotella spp. (91) have been suggested to be highly accurate
indicators of BV (92, 93). The diverse microbiota are reminiscent of bacterial communities
found associated with the condition known as bacterial vaginosis (BV), which is also
characterized by a lack of Lactobacillus species, can present clinically with vaginal discharge,
a fish-like odor, vaginal discomfort and urinary symptoms and colonization with a diverse
spectrum of primarily anaerobic bacteria (91) elevated genital inflammation and thus increased

HIV risk (6, 31, 84).

The presence and persistence of BV-associated bacteria, including Atopobium, Mobiluncus,
Bacteroides, Prevotella, Clostridiales, and Sneathia have been associated with recurrent BV
(94-97). A recent study found that higher concentrations of Megasphaera phylotype 2 and BV-
associated bacteria at initial diagnosis, as well as higher concentrations of Gardnerella
vaginalis posttreatment, were associated with recurrent BV (98). Atopobium vaginae is
frequently detected with G. vaginalis in patients with recurrent BV (99). The role of G.
vaginalis in BV is not without controversy, however. While actual causes of poor treatment
response rates are still being evaluated, the current model of the etiology of BV focuses on the
importance of Gardnerella species. It postulates that virulent strains of Gardnerella form an
adherent biofilm on the vaginal epithelium in which other species can proliferate, resulting in
a polymicrobial biofilm (100-104). This adherent biofilm is only weakly affected by the innate
immune response (105, 106), and the interplay with the host immune system is only partially
understood (107). BV development may be triggered by sexual transmission of a mix of
bacteria including Gardnerella, which can adhere to epithelial cells in the presence of
lactobacilli. It has been suggested that, unlike strictly anaerobic bacteria associated with BV,
Gardnerella, a facultative anaerobe, can tolerate the high redox potential created by the
Lactobacillus-dominated healthy vaginal microbiome (102, 105, 108). The metabolism of
Gardnerella spp., in turn, results in a local increase in pH and decrease of the redox potential,
favouring growth of iron-dependent anaerobes (109) and suppression of lactobacilli (110).

Recently, the species previously known as Gardnerella vaginalis was shown to comprise at
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least 13 different species of which four were named (111). Clinical studies indicated that
various Gardnerella species may contribute differently to the pathogenesis of BV. A higher
abundance of G. vaginalis and G. swidsinskii was found to be related with vaginal symptoms
of abnormal odor and discharge and the relative abundances of G. vaginalis, G. swidsinskii,

and G. piotii but not G. leopoldii were strongly associated with BV microbiome (112, 113).

1.2.3.1. Human vaginal community state types (CSTs) identification

The vaginal microbiota consists of a diverse community of microorganisms, including bacteria,
fungi, viruses, and protozoa. However, our knowledge of the relative abundance of non-
bacterial communities is still incomplete. One of the initial studies exploring the vaginal
microbiota analysed a cohort of 396 reproductive-aged women from North America,
representing four different ethnic backgrounds. The study categorized microbial communities
within the vagina into five distinct Community State Types (CSTs). CST-I is primarily
dominated by Lactobacillus crispatus. CST-II is characterised by a prevalence of L. gasseri.
CST-III is marked by L. iners as the dominant species. CST-V is primarily represented by L.
Jjensenii. While CST-IV, has a higher diversity and evenness comprises a diverse community of
facultative and anaerobic bacteria (114). Additionally, CST IV was further subdivided into
three subtypes: CST IV-A, characterized by high to moderate relative abundance of BVAB1
and Gardnerella vaginalis; CST IV-B, marked by the moderate to high relative abundance of
G. vaginalis and Atopobium vaginae; and CST IV-C which is characterised by the low relative
abundances of G. vaginalis, BVABI1, and Lactobacillus species. CST IV-C samples observed
either had relatively even distributions of Prevotella species or the dominance of Streptococcus
agalactiae. This classification has provided a valuable framework for understanding the

variations in vaginal microbiota composition among individuals.

1.2.3.2 The adverse effects of BV

The cervicovaginal microbiota plays a crucial role in maintaining gynecological health and
influencing disease outcomes. This complex ecosystem, dominated primarily by Lactobacillus
species, provides a protective barrier against pathogenic microorganisms by maintaining an
acidic environment and producing antimicrobial substances. Disruptions to this microbiota,

often referred to as dysbiosis, have been associated with adverse gynecologic outcomes,
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including bacterial vaginosis, increased susceptibility to STIs, and a higher risk of preterm birth
in pregnancy. Additionally, imbalances in the cervicovaginal microbiota are linked to
conditions such as pelvic inflammatory disease and cervical cancer progression. Understanding
the importance of this microbial community offers opportunities for targeted therapeutic
interventions, such as probiotics, prebiotics, and microbiota restoration therapies, to improve

women’s reproductive health and reduce disease burden.

1.2.3.3. Diverse vaginal microbiota causing inflammation and risk for HIV

The diverse microbial communities have been closely associated with elevated genital
inflammation and increased HIV risk, likely by increasing mucosal HIV target cell frequency
and T cell activation (6, 84, 115). Specific bacteria linked to bacterial vaginosis (BV), such as
Prevotella, G. vaginalis, Sneathia, Atopobium vaginae, and Mobiluncus-have been
significantly associated with genital inflammation and heightened HIV susceptibility in women
(84, 116, 117). Genital inflammation, defined by elevated levels of five or more pro-
inflammatory cytokines (e.g., MIP-1a, MIP-18, IP-10, IL-8, MCP-1, IL-1a, IL-1p, IL-6, TNF-
a) above the 75th percentile, is critical for mounting an immune response but can also
compromise the genital epithelial barrier, increasing access to HIV target cells (51). Masson et
al., (2015) in a sub-analysis of the CAPRISA 004 study, demonstrated that elevated pro-
inflammatory cytokines in genital inflammation were strongly associated with HIV infection
risk among South African women. Specifically, chemokines such as MIP-1a, MIP-1f, and IP-
10, which were independently linked to HIV seroconversion, were also elevated in women with
BV (51, 52, 118). These chemokines bind to the CCRS5 HIV co-receptor, facilitating the
recruitment of HIV target cells to the female genital tract (FGT) (6, 119). Similarly, Gosmann
et al., (2017) found that low-diversity Lactobacillus-dominated microbial communities were
linked to lower levels of genital inflammation, while diverse Lactobacillus-deficient
communities correlated with increased pro-inflammatory cytokine and chemokine levels,

thereby raising HIV infection risk (6, 84).

In vitro studies have confirmed the role of dysbiotic bacteria in increasing genital inflammation.
Co-cultures of G. vaginalis and L. iners with cervical and vaginal epithelial cells led to elevated

pro-inflammatory cytokine production (120) and weakened epithelial barrier
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integrity (121). Recognition of these bacteria by antigen-presenting cells through Toll like-
receptor 4 (TLR4) activation triggers the NF-kB pathway, promoting pro-inflammatory
cytokine release and potentially increasing HIV susceptibility (84). Additionally, mucosal
inflammation diminishes the efficacy of HIV prevention strategies, such as tenofovir gel, as
demonstrated by McKinnon et al., (2018) in the CAPRISA 004 study (79). High levels of
protection were observed in women without genital inflammation, whereas no protection was
evident in those with inflammation. Furthermore, Selhorst et al., (2017) showed that women
with genital inflammation were infected by less-fit HIV variants (122). Other factors
influencing genital cytokine levels include seminal fluid exposure (123) and genital infections
such as STIs (124). Collectively, these findings emphasize the importance of addressing genital

inflammation and vaginal dysbiosis to reduce HIV risk and enhance the efficacy of PrEP.

1.2.4. ADAPTIVE IMMUNE RESPONSES AGAINST VAGINAL BACTERIA

Adaptive immune responses against bacteria in the FGT remain largely unexplored. However,
in the gut there is significant evidence that these responses play an important role in mediating
disease pathogenesis and regulating microbial community composition. It is well established
that IgA is abundant in the human gut and functions to coat and regulate enteric commensal
bacteria (125-129). Few studies, however, have characterized B cell response against bacteria
in the FGT. In a recent study of White Dutch women with a high frequency of L. crispatus
dominant communities, a higher percentage of FGT bacteria were coated with IgA than women
with diverse anaerobe dominant communities (130). The study suggested IgA responses against
L. crispatus may help to maintain this taxon and suppress inflammation in the cervicovaginal
mucosa. Such studies have not been performed using samples from women in Low and Low
Middle Income Countries (LMICs). There is a large body of recent work that has identified
antigen-specific T cell responses directed toward multiple bacteria taxa from the enteric
microbiome in both mice and humans (129, 131-138). In mice it has been demonstrated that
specific enteric bacteria not only stimulate antigen-specific T cell responses, but also polarize
helper T cell differentiation (133, 136, 139, 140). Further, multiple studies show that enteric
bacteria-specific T cells play critical roles in driving or preventing disease in models of
intestinal inflammation and autoimmune disease, and the balance between inflammation and
protection is dependent on the phenotype of the relevant gut bacteria-specific T cell responses

induced (131, 132, 141, 142). Some of these T cell responses exacerbate mucosal inflammation
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while others have been shown to promote antigen-specific regulatory T cells (143-145). In a
study involving Kenyan sex workers, effective treatment of vaginal dysbiosis was linked to a
reduction in the numbers of CD4+CCR5+ and CD4+CD69+ T cells (146). Additionally, in a
cohort of healthy Belgian women, the presence of Lactobacillus crispatus and Lactobacillus
jensenii was associated with fewer CD3+HLA-DR+ and CD3+CD4+CCR5+ T cells (147).
These studies further supported a causative role for a BV-type vaginal microbiota in eliciting
genital inflammation and increasing the risk of HIV. Overall, characterization of antigen-
specific bacteria-directed T and B cell responses in the FGT provides an opportunity to better
understand how to effectively modulate vaginal microbiota composition and host genital

inflammation to devise strategies to mitigate adverse health outcomes for women globally.
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Figure 1.4: Lactobacillus-Dominated Vaginal Microbiome versus Diverse community
dominated by anaerobes. In a vaginal microbiome dominated by Lactobacillus species, such
as L. crispatus, these bacteria produce lactic acid, bacteriocins, and hydrogen peroxide (Hz0.).
These substances help protect against bacterial vaginosis (BV)-related bacteria and other
infections. (b) In a BV-associated microbiome, bacteria like Gardnerella induce inflammation
in the vaginal tract and form a biofilm on vaginal epithelial cells. This biofilm can increase
antibiotic resistance and make probiotic treatments less effective. BV-related bacteria also
produce short-chain fatty acids (SCFAs) that raise vaginal pH. Additionally, the breakdown of
amino acids and mucosal proteins by these bacteria results in the production of amines and a

thinner mucosal layer.
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1.2.3.4 Impact of Vaginal Dysbiosis on STIs

Vaginal dysbiosis is strongly linked to an elevated risk of sexually transmitted infections
(STIs), including Neisseria gonorrhoeae, Chlamydia trachomatis, Trichomonas vaginalis,
herpes simplex virus type 2 (HSV-2), and human papillomavirus (HPV) (148, 149). While
minimal genital inflammation is crucial for clearing infections, excessive inflammation can
disrupt the epithelial barrier, facilitating the entry and establishment of HIV and STI-associated
pathogens. For instance, HSV increases the risk of HIV acquisition by causing mucosal barrier
disruption through lesions, which subsequently induces chemokine production and the
recruitment of CCRS-expressing immune cells (118). Research has shown a significant
association between increased HIV acquisition and pre-existing HSV-2 infection in high-risk
Kenyan women (150). HPV, the most prevalent viral STI in the female genital tract, is linked
to various genotypes associated with cervical cancer and genital warts (151). Co-infections of
HIV with other STIs, such as gonorrhoea and chlamydia, exacerbate infectiousness and
transmission risks, complicating HIV treatment efforts (152). Furthermore, South African
women infected with C trachomatis, N gonorrhoeae, and T. vaginalis have been observed to
exhibit elevated levels of genital tract pro-inflammatory cytokines, including IL-12, IL-10,
TNF-a, and IFN-y (124). High STI prevalence has been documented among high-risk African
women in clinical studies such as the Partners PrEP trial (33), as well as in the prematurely
terminated VOICE (41) and FEM-PrEP (40) trials. These findings underscore the severe
consequences of STIs, particularly their role in undermining HIV prevention efforts by

compromising mucosal barriers in adolescent girls and young women.

1.2.5 MANAGEMENT OF VAGINAL DYSBIOSIS

BV, though not classified as an infection per se, is typically managed with either oral or topical
metronidazole (MTZ) or clindamycin as the standard of care. Emerging experimental
alternatives include antiseptic treatments, pro- and prebiotics, and vaginal microbiome
transplantation (153-157). BV treatment decreases the abundance of BV-associated microbes;
however, re-colonisation by Lactobacillus species (excluding L. iners) is often slow or
unlikely. Consequently, recurrence rates remain high, reaching up to 60% within six months of
treatment (156, 158, 159). Several studies report a modest reduction in BV-associated bacterial

abundances post-treatment, inversely correlated with increased Lactobacillus levels
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(160-162). While antibiotics effectively and rapidly alleviate symptoms, even in non-recurrent
cases, they are associated with significant recurrence rates (163). One factor contributing to
this recurrence is the presence of antibiotic-tolerant biofilms, which harbour reservoirs of
persister cells (156, 163). Antibiotic treatments often fail to eradicate these biofilms and can
lead to further vaginal dysbiosis and complications such as candidiasis (164). Additionally,
clindamycin use may trigger Clostridium difficile infections, antibiotic-associated diarrhoea, and
gastrointestinal side effects (165, 166). Resistance to metronidazole among Gardnerella strains

has also been documented (167, 168).

Probiotic and antibiotic combinations have shown promise in improving BV cure rates without
adverse events (169, 170). However, trial heterogeneity—differences in probiotic strains,
dosages, durations, delivery routes, and study populations—complicates interpretations. The
first clinical trial (2005) tested 100 mg clindamycin ovules for three days, followed by tampons
containing 108 CFU of L. gasseri, L. casei rhamnosus, and L. fermentum, compared to a
placebo. No significant difference was observed in cure rates (56% vs. 62%, placebo) (171).
BV cure was assessed by Amsel criteria and did not show a significant difference between the
two groups (56% probiotic versus 62% control group). In a second study 400mg of
metronidazole orally for seven days followed by vaginal pessary containing L.acidophilus (107
CFU) for twelve days also did not affect BV cure (72% vs. 73% in controls) (172). A seven day
course of two percent vaginal clindamycin cream directly followed by vaginal capsules
containing L.gasseri and L.rhamnosus (each 103- 10° CFU) for ten days with the probiotic
treatment repeated after each menstruation for ten days over three menstrual cycles resulted in
slightly greater BV cure rates in the probiotic group compared to the controls (65% versus
46%) (173). Similar results were seen in studies that administrated 500mg metronidazole orally
for seven days followed by oral administration of L. rhamnosus and L. reuteri (each 10° CFU)
for 30 days (88% versus 40% in the control group) (174) or when administering 300mg oral
clindamycin for seven days followed by vaginal capsules containing 10° CFU of L. casei
rhamnosus for seven days (83% vs. 35% in controls) (175). The latest clinical trial testing
combination treatment showed that administration of one probiotic capsule containing L.
plantarum, L. fermentum and L. gasseri (103 CFU in total) together with metronidazole twice
daily for 10 days followed by one probiotic capsule daily for 10 days lengthened the relapse of
BV symptoms up to 51% compared to placebo (176).
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Antiseptic treatments for BV have been less well studied than antibiotics but they are similar
with regard to their effectiveness and are also associated with high recurrence rates and
deterioration of the healthy vaginal microbiome (104, 177). Studies of probiotics and prebiotics
are generally inconclusive: they appear not to result in lasting benefits (156). Few probiotic
trials have been conducted on L. crispatus with promising results. Bohbot et al., (2018)
observed that the time to first recurrence was shorter, with a higher recurrence rate in the
placebo group compared to the treatment group (178). Additionally, recent double-blinded
clinical trials involving L. crispatus CTV-05 (LACTIN-V) have been shown to significantly
reduce recurrence rates of bacterial vaginosis (BV). Clinical trials found that women who
received LACTIN-V after antibiotic treatment experienced longer BV-free intervals compared
to placebo groups. Specifically, LACTIN-V improved the establishment of L. crispatus in the
vaginal microbiome, a key factor in preventing recurrence (179, 180). Another approach that
has been considered is vaginal microbiome transplantation after a course of antibiotic treatment
had a promising effect in one study of five patients, but relied on successful antimicrobial
treatment prior to the transplantation (181). An alternative or additional treatment of interest is
the investigational drug candidate, PM-477 (currently known as BNT331), an endolysin which
has previously shown its efficacy and specificity against G. vaginalis strains in a series of in
vitro and ex vivo experiments (182, 183). In addition, PM477 leads to efficient killing of several
other BV-associated species in vitro, such as L. iners, A. vaginae and P. bivia, but not the
beneficial lactobacillus strains (L. crispatus, L. jensenii or L. gasseri). However, the argument
is that PM477 cannot work alone but in combination with other antibiotics or probiotics/ live
biotherapeutic products to effectively eliminate BV-associated microbiomes and prevent a
recurrence. Therefore, there is a need for a combination treatment that can eliminate or disrupt
biofilm, treat BVAB, and probiotics that can colonise FGT and establish L. crispatus-

dominated communities to improve women’s genital health.

1.2.6. VAGINAL MICROBIOTA and AGE

Women undergo many physiological challenges, which are largely driven by hormonal
fluctuations. In every stage of life, from birth, including puberty, reproductive age, and

menopause, the composition of Vaginal microbiota is mainly impacted (184). In the early stages
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of life, the mother's vaginal microbiota predominantly colonises the exterior and interior
surfaces of a child delivered vaginally (185). At birth, infants experience increased oestrogen
levels, influenced by their mother's circulating hormones. However, these levels decline in the
first weeks of life, and they generally remain low until puberty begins. Fluctuations in oestrogen
play a key role in shaping the composition of vaginal microbiota. During periods of low
oestrogen, such as before puberty, the vaginal epithelium may be thinner, and glycogen
production, which is an energy source for beneficial bacteria like lactobacilli, may be
diminished. As oestrogen levels increase with the start of puberty, the vaginal environment
becomes more conducive to the growth of lactobacilli, aiding in the development of a balanced
and protective vaginal microbiota (186). During the reproductive years between 20—30 and 31—
43 years of age, the VMB of women is deemed to be stable. However, when Menopause occurs,
due to the decline in estrogen levels. For women aged between 55-75 years, it is believed
that Lactobacilli are either absent or present in low concentrations. Although several studies
suggested a stable bacterial community during puberty and reproductive age, it should be noted
that the studies were not performed in Africa. Therefore, there is a need to use 16S rRNA
metagenomic sequencing to determine longitudinal changes in vaginal bacterial communities

to determine normal or healthy vaginal microbiota in African populations.

1.2.7. THE ROLE OF VAGINAL MICROBIOTA IN MODULATING PREP EFFICACY

Tenofovir (TFV), a widely used antiretroviral drug in pre-exposure prophylaxis (PrEP)
strategies, has been extensively studied for its efficacy. Emerging evidence suggests that the
vaginal microbiota plays a pivotal role in modulating the protective efficacy of vaginally
administered TFV. Initial in vitro studies by Pyles et al., (2014) demonstrated that non-L. iners
species enhanced the protective effect of topical TFV against HIV in vaginal epithelial co-
cultures, whereas L. iners and highly diverse microbiota diminished its efficacy (187). Klatt et
al., (2017), in a retrospective analysis of the CAPRISA 004 trial, further corroborated this,
showing reduced TFV levels in women with G. vaginalis-dominated microbial communities.
They found that TFV was metabolized rapidly in the presence of G. vaginalis, while
Lactobacillus species did not metabolize the drug. Women with Lactobacillus-dominant
microbiota achieved 61% HIV prevention efficacy, compared to only 18% in those with diverse
vaginal microbiota (53). These findings were supported by studies showing higher cervical
tissue TFV levels in women with a Nugent score <3 (indicating Lactobacillus dominance)
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compared to those with bacterial vaginosis (BV) dominated by G. vaginalis (43). Further
investigations by Cheu et al., (2020) revealed that BV-associated bacteria (BVAB) could
extensively metabolize TFV, dapivirine (DPV), and tenofovir alafenamide (TAF), whereas
Lactobacillus-dominant samples did not metabolize these drugs (188). These findings
emphasize the importance of understanding vaginal microbiota's drug metabolism propensity
before offering PrEP. However, contrasting evidence from the ASPIRE study indicated no
significant difference in DPV efficacy between women with and without BV, suggesting that

DPYV efficacy might be microbiome-independent (189).

In contrast to vaginally applied TFV, oral PrEP (TDF/FTC) efficacy appears unaffected by the
vaginal microbiome. Heffron et al., (2017), in a secondary analysis of the Partners PrEP study,
demonstrated that oral PrEP efficacy remained consistent across women with normal
microbiota, intermediate microbiota, and BV, as assessed by Nugent scoring (44, 190).
Additionally, we recently conducted a longitudinal study in black South African women that
showed that oral PrEP did not impact temporal shifts in vaginal microbiota composition (190).
These findings suggest that the route of PrEP administration (oral versus topical) may influence
drug metabolism and efficacy (42). Overall, these studies highlight the need for further research
to optimize PrEP delivery methods and evaluate the impact of diverse vaginal microbiota on
PrEP efficacy, particularly as new PrEP drugs are developed for market introduction.
Longitudinal studies are critical to determining whether distinct vaginal microbial communities

influence the performance of current and emerging PrEP formulations.

1.2.8. THE IMPACT OF INTRAVAGINAL PRACTICES ON VAGINAL MICROBIOME

Various vaginal practices have been reported in Southern African countries, including the
insertion of herbal or non-herbal preparations, antiseptic cleansing, and the use of drying
agents, all of which can disrupt the vaginal microbiome (191). One notable practice, commonly
referred to as "dry sex," involves inserting drying agents such as herbs or dry cloth into the
vagina to create tightness, aiming to enhance male sexual pleasure. However, for women, this
practice can have adverse effects, including disruption of the vaginal microbiome, an increased
risk of bacterial vaginosis (BV), and a heightened susceptibility to HIV. Additionally, the

friction caused by these practices can lead to tearing of the delicate vaginal mucosa, increasing
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HIV acquisition risk. The use of harmful chemicals further exacerbates the problem by causing
inflammation, lesions, and alterations to the natural vaginal pH, all of which compromise

vaginal health and increase vulnerability to infections (12, 191, 192).

A meta-analysis pooling data from Indonesia, Thailand, Mozambique, and South Africa found
that women engaging in intravaginal practices had higher rates of BV and HIV acquisition
compared to those who only cleansed with water (64). Furthermore, Alcaide et al. demonstrated
that douching is linked to increased mucosal inflammation, potentially facilitating HIV
acquisition and transmission (193). High prevalence rates of these practices have been self-
reported in various African communities; for example, a Kenyan study among sex workers
reported 86% to 100% engagement in vaginal practices (194). In South Africa, a household
survey in KwaZulu-Natal Province found 90% of women reported using some form of vaginal
practice, whereas in Cape Town, Western Cape Province, significantly lower prevalence rates
(26%—-29%) were observed (195-197). Beyond intravaginal practices, many women use a range
of feminine hygiene products to cleanse the genital area, aiming to remove sweat, odor, or
discharge. Crann et al., (2018) found that women using such products had three times the odds
of experiencing adverse health conditions such as BV, urinary tract infections (UTIs), or

sexually transmitted infections (STIs) (198, 199).

Practices such as douching, using soaps or antiseptics, and inserting herbal or chemical
products can alter the vaginal pH, damage the epithelial barrier, and increase the likelihood of
inflammation. Studies have linked vaginal washing with a higher likelihood of detecting BV -
associated bacteria, including BVABI, A. vaginae, G. vaginalis, and Megasphaera spp. (200).
A meta-analysis of 13 cohort studies involving 14,874 women found that intravaginal practices,
such as using cloth, drying products, and soap, were associated with increased HIV acquisition
and the development of bacterial vaginosis. Intermediate vaginal flora and BV were also linked
to a higher risk of HIV acquisition (64). Six studies involving 6,503 women examined the
relationship between intravaginal practices and the development of bacterial vaginosis (BV) or
disturbance of vaginal flora (201-206). Unadjusted analyses from three studies suggested a
significant association between intravaginal douching or washing and BV in women with

normal vaginal flora at baseline (summary effect: 1.20, 95% CI 1.03—1.40, I? 0%) (204-206).
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However, this association was attenuated in adjusted analyses that included different studies
(summary effect: 1.12,95% CI1 0.82—1.54,1249.2%) (202-204, 206). In Zimbabwe and Uganda,
the insertion of substances to dry or tighten the vagina before intercourse was linked to incident
BV in univariable analyses, but this association was not significant in multivariable analyses
(201). Only two studies (201, 202) investigated the impact of intravaginal practices on
trichomoniasis and candidiasis. Hawes et al. found no significant association between douching
and trichomoniasis or candidiasis (201), while the insertion of substances to dry or tighten the
vagina was associated with vaginal candidiasis in univariable analyses (202). While the specific
impact of these practices on the vaginal microbiome is not fully understood, these findings
highlight the need for longitudinal studies to explore their temporal associations and causality,
as well as their potential influence on PrEP efficacy and HIV acquisition. Given the vagina's
natural self-cleansing properties, education and awareness about safe practices are essential to

safeguard women’s reproductive health.
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Vaginal microbial shifts are unaffected by oral pre-exposure prophylaxis in South

African women

Pre-exposure prophylaxis (PrEP) strategies, including tenofovir alone or in combination with
emtricitabine, have proven to be safe and effective in preventing HIV acquisition. Recent
research has proposed that vaginal microbiota may influence the effectiveness of topical
tenofovir in HIV prevention, although no such effect has been observed with oral tenofovir-

based PrEP. The impact of oral PrEP on vaginal microbiota remains unclear.

Chapter 2 investigates the longitudinal use of tenofovir disoproxil fumarate (TDF) combined
with emtricitabine (FTC) or Truvada® on vaginal microbiota composition in women enrolled
in the CAPRISA 082 and CAPRISA 084 daily PrEP demonstration projects. The study
emphasizes the importance of understanding the role of vaginal microbiota in HIV prevention,
particularly for high-risk populations such as South African women. Previous studies suggested
that vaginal microbiota might influence the efficacy of topical PrEP (Tenofovir gel), but this
study shows that oral PrEP does not alter vaginal microbiome composition. Therefore, oral
PrEP can be administered without concerns regarding its impact on vaginal microbial health.
The study also highlights the need for concurrent management of bacterial vaginosis (BV) and
other vaginal infections in HIV prevention efforts. Future research could focus on identifying
geographically relevant Lactobacillus crispatus strains that could be used in immunoregulatory
products and enhanced BV treatments, potentially improving sexual and reproductive health

worldwide.

This study was conceptualised and designed by Dr. Ngcapu and myself. I conducted DNA
extraction and PCR pooling of DNA amplicons for sequencing under the supervision of Dr.
Sinaye Ngcapu. Dr S Ngcapu and I contributed to the analysis and wrote the manuscript. The
manuscript has been published in Scientific Reports and can be accessed at

https://doi.org/10.1038/s41598-022-20486-z (Article number: 16187, 2022).
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Vaginal microbial shifts are
unaffected by oral pre-exposure
prophylaxis in South African
women

Noluthando Mazibuko-Motau%#, Parveen Sobia®2#, Jiawu Xu®, Joseph Ahmed Elsherbini®,
James E. San®, Lara Lewis?, Andile Mtshali*%, Gugulethu Mzobe'?, Lungelo Ntulit?,

Salim S. Abdool Karim®*, Leila E. Mansoor?, Quarraisha Abdool Karim**,

Douglas S. Kwon*®7# Derseree Archary*® & Sinaye Ngcapul%%*

Vaginal microbiota have been shown to be a modifier of protection offered by topical tenofovir in
preventing HIV infection in women, an effect not observed with oral tenofovir-based pre-exposure
prophylaxis (PrEP). It remains unclear whether PrEP can influence the vaginal microbiota composition.
This study investigated the impact of daily oral tenofovir disoproxil fumarate in combination with
emtricitabine for PrEP on the vaginal microbiota in South African women. At baseline, Lactobacillus
iners or Gardnerella vaginalis dominant vaginal communities were observed in the majority of
participants. In cross sectional analysis, vaginal microbiota were not affected by the initiation and use
of PrEP. Longitudinal analysis revealed that Lactobacillus crispatus-dominant “cervicotypes 1 (CT1)"
communities had high probability of remaining stable in PrEP group, but had a higher probability

of transitioning to L. iners-dominant CT2 communities in non-PrEP group. L. iners-dominant
communities were more likely to transition to communities associated with bacterial vaginosis

(BV), irrespective of PrEP or antibiotic use. As expected, BV-linked CTs had a higher probability of
transitioning to L. iners than L. crispatus dominant CTs and this shift was not associated with PrEP use.

Over the past decade, studies have demonstrated the efficacy of prophylactic antiretrovirals (ARVs) for the pre-
vention of HIV, with oral tenofovir-based treatment showing markedly reduced rates of HIV infection among
men who have sex with men, transgender women, injection drug users, serodiscordant couples, and heterosexual
men and women'*, Pre-exposure prophylaxis® for men using either daily or intermittent dosing strategies has
consistently demonstrated protective efficacy ranging from 44 to 96%' . Despite adherence, PrEP for women
in Southern Africa has yielded mixed results, underscoring a plausible role for other biological factors that
mitigate PrEP efficacy®*.

Previous studies have suggested that the vaginal microbiome can significantly modulate the efficacy of topi-
cal tenofovir-based PrEP'*!!, an effect not observed with oral tenofovir-based PrEP'%. In addition, proteomics
analyses of vaginal specimens of participants from the CAPRISA 004 1% tenofovir gel trial showed a significantly
reduced risk of HIV acquisition in women with Lactebacillus dominant compared to non-Lacfobacillus domi-
nant microbiota®'". Furthermore, the tenofovir levels were reduced in vaginal specimens from women with a
Gardnerella vaginalis dominant microbial community, suggesting that the depletion of tenofovir was secondary
to drug metabolism by G. vaginalis*'". These findings are supported by high tenofovir levels in cervical tissue of
women with a Nugent score of £ 3 (Lactobacillus dominant) and reduced tenofovir levels in women with bacterial
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vaginosis (BV) (G. vaginalis dominant''). However, none of these studies have characterized the potential impact
of PrEF on the vaginal microbial communities of healthy women in sub-Saharan Africa. To address this gap, we
investigated the impact of longitudinal oral tenofovir disoproxil fumarate + emtricitabine (TDF-FTC) PrEP on
the vaginal microbiome of healthy South African women.

Materials and methods

Study design, participants, and sample collection. This is a retrospective study within the CAPRISA
082" and CAPRISA 084 (https://www.caprisa.org/Pages/CAPRISAStudies) studies, CAPRISA 082 was a pro-
spective observational cohort study of HIV risk factors and prevention choices in young women aged 18-30 years
old from an urban and rural population in KwaZulu-Natal, South Africa. CAPRISA 084 was a PrEP demonstra-
tion project that assessed the feasibility, acceptability, uptake and patterns of daily oral TDF/FTC PrEP provided
as part of sexual reproductive health services to young women and men (aged 18 years and older) at risk of
acquiring HIV in eThekwini, Vulindlela and Umlazi in KwaZulu-Natal, South Africa. Women living with HIV
and those who had other factors contraindicated for PrEP use were excluded from both studies. Consenting par-
ticipants in both studies were followed monthly for up to 3 months, then quarterly for approximately 18 months.
Some CAPRISA (82 women agreed to take PrEP while others disagreed, and all were reimbursed for attending
clinic visits. All CAPRISA 084 participants were provided with PrEP at all visits and were not reimbursed for
attending clinic visits. For this study, we only included cervicovaginal swab samples collected at baseline, 3, and
& months. At each visit, cervicovaginal swabs collected from the posterior fornix and lateral vaginal walls from
each participant were tested for vaginal pH using pH indicator strips, and for Chlamydia trachomatis, Neisseria
gonarrhoeae, Mycoplasma genitalium and Trichomonas vaginalis using PCR. Gram staining was performed to
confirm a diagnosis of BV based on Nugent score=7. CAPRISA 082 and 084 participants were treated with
regimens recommended in the South African STI treatment guidelines for the following diagnoses: Chlamydia
trachomatis (azithromycin 1 g oral), Neisseria gonorrhoeae (ceftriaxone 250 mg intramuscular and azithromycin
1 g oral), Trichomonas vaginalis (metronidazole 2 g orally) and candidiasis (clotrimazole 500 mg pessary and
clotrimazole 1% cream). Women who had a Nugent score> 4 were treated with metronidazole (2 g oral single
dose). At follow-up visits, CAPRISA 082 participants were managed syndromically, however CAPRISA 084
participants were screened and treated for STIs and BV. All participants provided written informed consent. The
study was approved by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal (BREC
number: BE603/18). All the experimental procedures are in the accordance with the relevant ethical guidance
and regulations.

Bacterial DNA extraction, 168 rRNA gene sequencing, taxonomic assignment and CTs assignment.  Total nucleic
acid was extracted using phenol-chloroform from stored vaginal swabs and the V4 region of the 165 rRNA gene
was amplified and sequenced using the [llumina MiSeq as previously described'®. Divisive Amplicon Denois-
ing Algorithm (DADA) 2" was used to filter for quality, trim, and identify inference of amplicon sequence
variant (ASV). ASVs were taxonomically classified to genus or higher levels using a Naive Bayes classification
approach'® and SILVA ribosomal RNA database'®. The ASVs for Lactobacillus, Prevotella, Sneathia and Mobi-
luncus were further refined to the species level with speciatelT (version 1.0, http://ravel-lab.org/speciatelT). A
phyloseq object containing a phylogenetic tree, ASV table, taxonomic table, and sample metadata was created
using the phyloseq R package'”. Based on composition and diversity at species-level where possible and genus-
level, bacterial communities clustered into 4 basic groups, which we referred to as “cervicotypes™'.

Statistical analysis. Descriptive statistics for quantitative variables were summarized using medians and
interquartile ranges (IQRs) whilst categorical data were summarized with both frequency counts and percent-
ages. Mann-Whitney U test was used to compare continuous variables and Fisher's Exact test for categori-
cal comparisons. a-diversity including Richness (Chaol), evenness {Simpson’s E) and phylogenetic diversity
(Faith’s PD) estimates were calculated using the R vegan library. B-diversity between samples was estimated by
Bray-Curtis distances. Non-metric Multidimensional scaling (NMDS) was performed to assess differences in
taxonomy profiles among samples based on the Bray-Curtis distance of ASV relative abundance using the meta-
MDS function in the vegan R package. The transition probabilities are calculated as proportions of the samples
(stratified by antibiotic and PrEP use) shifting from one CT to the next. Permutational multivariate analysis of
variance (PERMANOVA) was performed with Adonis function in the vegan R package with a similarity index
using 9999 permutations to measure the differences in beta diversity between PrEP and non-PrEP groups. All
statistical calculations were carried out using R and SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

Data availability. The datasets generated or analysed during the current study are publicly available in
the NCBI BioProject respository, (http://www.ncbi.nlm nih.gov/bioproject/858949) under accession number
PRINAS58949.

Results

Study participants. A total of 100 women were included in this sub-study, of whom 60 (60%) were from
CAPRISA 082 and 40 (40%) from CAPRISA 084. All CAPRISA 084 participants were provided with PrEP. For
CAPRISA 082 participants, 24 (40%) were provided with PrEP and the other 36 (60%) were not (Table 1). Most
women were below 30 years (median age 24 years (IQR 21.5-28) of age, but compared with non-PrEP group,
PrEP group was older [median age 26.5 years (IQR 22.5-34) vs 22 years (20.5-25); p=<0.0001]. Although
majority of women reported having a stable partner (84/100, 84%], the proportion of women in the PrEF group
was lower than that of non-PrEP group [49/64 (76.6%) vs 35/36 (97.2%); p=0. 0087]. A greater proportion of
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CAPRISA 082 &l

CAPRISA 084 40

Median (IQR) 24 (21.5-28) 26.5(22.5-34) 22(20.5-25) =0.0001

=] | 25(25.0) 10 (15.6) 15{41.7) 0.0073
Age (years) 22-25 33 (33.0) 17 (26.6) 16 {44.4) 0.0796

26-30 22(22.0) 17 (26.6} 5{13.9) 0.2086

31-40 8(125) B(125) 0{0.0% 0.0479

40-68 12118.8) 127188} O 0.0y 0.0037
Living site Urban 36 (36.0) 19297} 17 (47.2) 0.0878

Rural 64 (64.0) 45 (T0.3) 19{52.8)

Liss than secondary | 30 (30.0) 22 (34.4) 8{22.2) 0.2581
Education Secondary or higher | 70 (70.0) 42 (85.6) 18(77.8)

Married 1201200 12{18.8) 0{0.0% 0.0037

Stahle 84 (84.0) 4% (Te.6) 35(97.2) 00087
Partner status Casual 5(5.00 4 (6.3) 1{2.8) 06514

Mo partner 3300 3(4.7) 0 {0.0) 0.5512

Yes 16 (16.0) 16 (26.2) 0{0.0% 0.0004
Partner HIV positive No 61 (61.0) 34(55.7) 27 {75.0) 00815

Don't know 20 {20.0) 110180} 9{25.0) D444l
Vaginal sex in last 30 days Yes A0 [80.0) 49 (77.8) 3L{B6.1) 04282

None 27 (27) 16 (25.0) 11 (30.6) 0.5954

Depo-Provera 49 (49.0) 31(48.4) 18 {50.0) 1

Oral contraceptive | 4 (4.0) 4(63) 0{0.0) 0.2936
Contraceptive Nur-isterate 50500 408.3) 1(2.8) [ULENE]

Implant 10 (1) & (94) 40101} 07438

wcD 3300 1018 2(5.6) 0.29035

Other 2(2.0) 203.1) 01(0.0} 0535

Table 1. Demographic and behavioural characteristics of study participants at baseline.

participants in the PrEF group were married (12/64, 18.8%) compared to those in the non-PrEP group (0/36;
p=0.0037). A high number of women in the PrEP group (16/64, 26.2%) reported having a partner who was
HIV positive compared to those in the non-PrEP group (0/36; p=0.001). Study site, education level, vaginal sex
within 30 days and contraceptive use were similar between PrEP and non-PrEP groups. Depo medroxyproges-
terone acetate (49%, 49/100) was the most common contraceptive used in both groups.

Prevalence of BV and STis in PrEP and non-PrEP group. In the 100 participants, three CAPRISA
084 women at baseline, two at 3 months and four at 6 months had missing BV data. For women in the CAPRISA
082 study, BV and STIs data were performed at baseline but not at follow-up visits. At baseline, 31.6% (31/97)
of women had intermediate BV (Nugent score 4-6) and 21.4% (21/97) had BV (Nugent score=7) (Table 2).
Compared with PrEP group, there was a trend for non-PrEP group to be more likely to have BV (p=0.0576).
The proportion with BV in the PrEP group was 14.8% compared to 36.1% in the non-PrEP group (p=0.0231)
At 3 months follow-up, 36.8% (14/38) of CAPRISA 084 women had intermediate BV and two of them 5.3%
{2/38) had BV, At 6 months, both intermediate BV rate 22.2% (&/36) and BV rate 16.7% (6/36) were almost the
same. For ST1s, 12% women (12/100) had C. trachomatis, 3.1% (3/98) had T. vaginalis and 2% (2/100) had N.
gonorrhoea at baseline, and no difference was observed between PrEP and non-PrEP group. At the 3-month
and 6-month visit, 38 and 37 of those in the PrEP group had ST1 data, respectively, of which 5.3% (2/38) were
infected with C. trachomatis at 3 months and remained the same 5.3% (2/38) at 6§ months. No women had T,
vaginalis and N. gonorrhoea at 3 months and at follow-up visits (Table 2).

Composition of the vaginal microbiota at baseline. Based on the composition and relative abun-
dance of bacterial species, we assigned bacterial communities into four CTs (CT1-4, Fig. 1)'*'%, Samples with
the relative majority of sequences (z 50%) assigned to non-iners Lactobacillus species were defined as CT1 and
more than >97% were Lactobacillus crispatus. The communities that had the highest relative abundance of Lac-
tobacillus iners and Gardnerella vaginalis were classified as CT2, and CT3, respectively. CT4 had a mixed domi-
nant bacterial taxon. Both PrEP and non-PrEP groups had similar vaginal microbial compaosition at all time-
points (Supplementary Fig. 1). At baseline, 11% (11/100) of women were assigned to CT1, 47% (47/100) to CT2,
26% (26/100) to CT3, and 16% (16/100) to CT4. Of women with intermediate BV (Nugent Score 4-6) and BV
(Mugent Score > 7), 18% (2/11) were found in CT1, 36% (17/47) in CT2, 73% (19/26) in CT3 and 88% (14/16) in
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Baseline® 3

No BV (0-3) 45 (46.4) 31 (508) 13 (36.1) 02063
Sl is (Nugent Iy ermediate BV (4-6) | 31 (320) 21 (344) 10 (27.8) 06527

BV (7-10) 21(216) 9(148) 13 36.1) 0.0231
Trichomoniasis Positive 303.0) 1(16) 2(56) 0.5524
Gonorrhoea Detected 2(20) 206.0) 0(0.0) 0.5345
Chlamydia Detected 12(12.0) 6(9.4) 6(16.7) 03416
Month 3 follow-up®

No BV (0-3) 22(57.9) 22 (57.9) z =
f;‘::)"” Vaginosis (Nugent Iy ediate BV (4-6) | 14(36.8) 14(36.8) N =

BV (7-10) 2(53) 2(53) - -
Trichomoniasis Positive 0(0.0) 0(0.0) - -
Gonorrhoea Detected 0(0.0) 0(0.0) - -
Chlamydia Detected 2(53) 2(5.3) z =
Month 6 follow-up*

No BV (0-3) 22(61.1) 22(611) - -
f;f::;i” Vaginosis (Nugent |5 o ediate BV (4-6) | 8 (222) 8(222) N -

BV (7-10) 6(167) 6(167) = =
Trichomoniasis Positive 0(0.0) 0(0.0) - -
Gonorrhoea Detected 0(0.0) 01(0.0) - -
Chlamydia Detected 2(53) 2(5.3) - -

Table 2. Prevalence of BV and STIs in PrEP and Non-PrEP groups. *Three participants missing BV data and
two missing Trichomoniasis data at baseline, “Two missing BV, Trichomoniasis, Gonorrhoea and Chlamydia
results at 3 months, “Four missing BV and Trichomoniasis and three missing Gonorrhoea and Chlamydia results
at 6 months. ®*< STI follow-up data not collected in CAP082.
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Figure 1. Heat map of the most abundant vaginal bacteria identified by 16S rRNA sequencing in 100 women at
baseline. Relative abundance of key taxa across all of the samples was used to determine each of the four CTs: L.
crispatus (CT1), L. iners (CT2), G. vaginalis (CT3), and mixed communities not dominated by other taxa (CT4).
BV and STI statuses were also depicted.

Alopobiur
Proviclasp

CT4 (Fig. 1); X* (3, N=100) =21.395, p=0.871. Of women with STI infection, 10% (1/11) were found in CT1,
13% (6/47) in CT2, 23% (6/26) in CT3 and 25% (4/16) in CT4; Fisher’s Exact test p=0.568.

Similar cervicotype composition and transition patterns among groups. We stratified the com-
position and structure of vaginal microbiota by PrEP use overtime (Fig. 2A). At baseline, among L. crispatus
dominated CT1, 8% (3/36) and 13% (8/64) were non-PrEP and PrEP groups, respectively. Of women who were
CT1 at baseline, 38% (3/8) transitioned to CT2 and 13% (1/8) to CT3 in the PrEP group while 67% (2/3) non-
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Figure 2. Composition and transitions between cervicotype in PrEP (n=64) and non-PrEP groups (n=36). (A)
Box plots showing CTs assigned to individual participants over 3 visits at baseline, 3 months and 6 months. Blue
colour depicts CT1, green CT2, pink CT3, and orange CT4. PID number that starts with 082 refers to women
enrolled in CAPRISA 082 and 084 refers to CAPRISA 084 cohort. (B) Transition probabilities between CT’s
from one visit to another in PrEP and non-PrEP groups who did not use or used antibiotics during the study.

PrEP group transitioned to CT2 and 33% (1/3) to CT4 at the next time point. In addition, of the four women in
the PrEP group who remained stable at 3 months, three women (38%, 3/8) transitioned to new CTs at 6 months.
The proportions of L. iners dominated CT2 were different between PrEP (n=32) and non-PrEP (n=15) groups
at baseline; X* (1, N=45) =0.188, p=0.665. At 3 months, 34% (11/32) of women with L. iners dominated CT2 in
the PrEP group transitioned between CTs, with 13% (4/32) to CT1, 19% (6/32) to CT3 and 3% (1/32) to CT4]
and 6 non-PrEP group transitioned to new CTs [7% (1/15) CT1, 27% (4/15) to CT3 and 7% (1/15) to CT4].
Furthermore, women with stable CT2 over two visits transitioned to new CTs at 6 months; PrEP group [14%
(3/21) transitioned to CT1 and 24% (5/21) to CT3] and non-PrEP group [22% (2/9) to CT3 and 22% (2/9) to
CT4]. More than a third of PrEP (33%, 8/24) and non-PrEP (50%, 9/18) groups with BV-associated at baseline
transitioned to Lactobacillus dominated CTs at 3 months. PrEP (46%, 6/13) and non-PrEP (50%, 3/6) groups
with stable BV-associated CTs over two visits transitioned to Lactobacillus dominated CTs at 6 months. No major
shifts in microbial communities were detected in PrEP compared to non-PrEP group.

We further assessed the transition probabilities between CTs in PrEP and non-PrEP groups, respectively
(Fig. 2B). CT1 had an increased probability of remaining stable (0.5) in PrEP groups while were more likely to
transition to CT2 (0.6) in non-PrEP group. In both groups, those with CT2 had a higher probability of remain-
ing (0.62, respectively) compared to those with other CTs. CT3 in PrEP group without using antibiotics were
less likely (0.47) to transition while those who used antibiotics were most likely to transition to CT2 (0.55). In
PrEP group, CT4 had an increased probability of remaining (0.56 and 1.00 in antibiotic and non-antibiotic
users, respectively) rather than transitioning to other states, while favours transitioning to CT2 (0.38) in non-
PrEP group. BV-linked CTs had an increased probability of remaining rather than transitioning to Lactobacillus
dominant CTs and the observed shifts were not associated with PrEP.

PrEP or antibiotics did not influence spartial segregation. To evaluate the possible impact of PrEP
on vaginal microbial communities, we perfomed Non-metric Multidimensional scaling (NMDS) on Bray-Cur-
tis distance at all timepoints. No clustering was detected based on PrEP or antibiotic use (Fig. 3). We further
explored the relative contribution of PrEP to the diversity relative to other unknown factors by perfoming a
permutational multivariate analysis of variance (PERMANOVA) in adonis. We found no significant differences
between the two study groups (PrEP and non-PrEPgroups) at all timepoints (P=0.467, R*=0.0087, P=0.080,
R*=0.0092 and P=0.344, R*=0.0108) respectively.

Discussion

The World Health Organization recommends offering PrEP as an additional prevention choice for persons at
increased risk of HIV infection as part of combination HIV prevention approaches'”. There is a paucity of data
on the impact of PrEP on the vaginal microbial communities of healthy women in sub-Saharan Africa. Here, we
longitudinally assessed vaginal microbiota in South African women to understand whether PrEP (TDF/FTC)
can influence the vaginal microbiome. We found fewer women with a high relative abundance of L. crispatus
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Figure 3. Non-metric Multidimensional scaling (NMDS) of Bray-Curtis showing no clustering dissimilarity
of species level relative abundances in PrEP and non-PrEP groups at baseline, 3 months and 6 months. The pink
colour represents non-PrEP group and green colour represents PrEP group. Open shape represents participants
on antibiotics.

compared to that of L. iners and G. vaginalis dominant communities. Furthermore, we also observed transitions
between CTs in PrEP and non-PrEP groups, with few women with stable L. crispatus over time.

Studies have revealed that European- American vaginal microbiota have high Lactobacillus abundance, while
those in women of African descent is more diverse in nature'*'**" %, In addition, Gosmann et al., (2017) dem-
onstrated that 10% of a cohort (N =236) of South African Black women aged 18-23 years lacked L. crispatus
dominance in their cervical vaginal microbiome over time'®. Another study found that only 37% of South
African women had Lacfobacillus-dominant communities®. However, these studies solely characterised vaginal
microbial communities in women residing in South Africa and no other part of Africa. Theretfore, there is a
need to understand geographical and lifestyle impact on vaginal microbiome. Consistent with these studies, we
demonstrate that only 8%, (3/36, non-PrEP) and 13% (8/64, PrEP group) of women had L. crispatus-dominated
communities and this number was reduced to one participants (PrEP group) at the 6 month visit. In agreement
with previous studies'"*'***, majority of South African women had vaginal community with high abundance
of L. iners. L. iners-dominated communities are known to be unstable with high probability of transitioning to
a high diversity community state associated with BV. Several factors have been posited to play a dominant role
in shaping the vaginal microbiota, including racial lines, vaginal hygiene practices, contraceptive use, sexual
behaviour, rectal colonization and host genetics. However, their individual or collective contributions to the
shifts in the vaginal microbiome remains unresolved'**,

We explored transition patterns between the observed microbial communities over time. There was no differ-
ence in changes in the microbial communities overtime between PrEF and non-PrEF groups. Although L. iners-
dominant communities were less likely to transition, once they did, they favoured communities associated with
BV and increased HIV risk, irrespective of PrEP or antibiotic use. This is consistent with previous studies that
showed women with L. iners-dominant communities transition more frequently to ecological niche with other
bacterial taxa, such as G. vaginalis, A. vaginae, and other strict and facultative anaerobes™ -, Furthermore,
Munoz et al.*” showed that transitions away from L. crispatus and towards L. iners-dominant communities are less
likely to revert to L. crispatus communities but most likely to further transition to BV-associated communities.
This is particularly concerning and may explain high rates of diverse microbial communities and BV occurrence
among women of African descent. These data affirm that there is a microbiome footprint that dictates the colo-
nization of certain bacteria together more strongly, perhaps due to the synergy and mutually beneficial effects
for these species to survive together. In addition, viable alternatives such as probiotics that shift transition from
L. iners to L. crispatus leading to curative or preventive vaginal dysbiosis interventions are needed.

We also observed that . vaginalis-dominant communities remained stable over time and more transitions
to L. iners than L. crispatus-dominant communities, irrespective of PrEP or antibiotic use. In this study, some
of the PrEP group participants diagnosed with BV were treated with metronidazole at baseline (CAPRISA 082
and CAPRISA 084), 3 months and 6 months (CAPRISA 084 only). Previous studies have demonstrated that BV
treatments were associated with temporal changes in the vaginal microbiota®*. Therefore, the observed shifts
away from BV-associated communities in this study is more likely attributed to BV treatment rather than PrEP
use***5*, This is confirmed by high numbers of observed transitions from BV associated CTs to L iners dominated
CT in women actively taking antibiotics.

One of the strengths of this study is the longitudinal follow-up and sampling before and after PrEF initiation
in at risk South African women. However, this study had limitations which could have influenced the composi-
tion of vaginal microbiota. Firstly, PrEP adherence data relied on pill count and self-reporting, and systemic or
genital PrEP levels were measured only in a sub-set of women. Secondly, the lack of longitudinal data for 5TI
and BV in the CAPRISA 082 trial that precluded a detailed analyses of the effect of PrEP and BV on the vaginal
microbiota. Additionally, we could not measure in detail the impact of BV treatment on vaginal microbiota,
instead BV scores (particularly in the CAPRISA 084 cohort- PrEP group) were used as a surrogate of treatment
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adherence. Furthermore, we did not investigate the impact of other potential co-factors such as 8TIs, human
papillomavirus, herpes simplex virus, hormonal contraceptives, diets, hormonal status, and other vaginal dis-
orders (e.g., aerobic vaginitis), although these may have different biological effects on microbial communities.

In conclusion, our results showed no major differences in vaginal microbial communities between PrEP and
non-PrEP groups, suggesting that PrEP initiation does not alter the vaginal microbial communities of HIV-
negative sub-Saharan African women. These findings reaffirm that PrEP rollout can be delivered in women with
optimal and/or sub-optimal vaginal microbiota. Regular screening for 5TIs and BV during PrEP care remains
an ideal option, particularly in regions with rates of HIV infection.
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Lactobacillus-Dominant and Polymicrobial Vaginal Microbiomes not associated with

High or Low levels of 1% Tenofovir Gel

Tenofovir is a commonly used component of antiretroviral therapy and has been thoroughly
studied in efficacy trials for PrEP. However, PrEP results in women have been inconsistent,
with some studies showing limited to no protection for HIV. Recent studies suggested that the
highly diverse vaginal microbiota may affect the mucosal concentrations of topically applied
tenofovir microbicides. The majority of African women consist of highly diverse vaginal
microbiota, which is also associated with an increased risk of HIV acquisition. This study
evaluated whether vaginal microbiota can diminish the prophylactic efficacy of topical
tenofovir.

Chapter 3: This study investigated whether vaginal microbiota influences the concentration of
tenofovir (TFV) in cervicovaginal fluid among HIV-uninfected women using 1% TFV gel in
the CAPRISA 008 cohort. The study found no significant differences in TFV levels between
women with Lactobacillus-dominated CSTs and those with polymicrobial communities. TFV
concentration was unaffected by specific bacterial taxa, including Gardnerella vaginalis or
Lactobacillus species. Factors such as days since gel use, age, and sexual frequency influenced
TFV levels. Overall, vaginal microbiota alone did not impact TFV concentrations or its
effectiveness, underscoring other factors in influencing TFV gel outcomes. This study is
relevant since several clinical trials are currently testing PrEP, including (CAB-LA, Dapiverine
ring, and an intravaginal ring containing TFV (IVR)) on African women. Therefore, this study
will provide a basis for PrEP rollout in women with both dysbiotic and optimal vaginal

microbiota.
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Abstract

Tenofovir, commonly used as a component of ARVs, has been studied extensively in efficacy
trials for PrEP, with studies in women showing inconsistent outcomes. Recent evidence
suggests that the vaginal microbiota may alter mucosal TFV concentrations of topically
delivered microbicides. This study aimed to determine whether the changes in the vaginal
microbiota could lower cervicovaginal fluid 1% TFV gel concentration. We utilised
cervicovaginal swabs and aspirates at 1 to 3 time-points from 69 HIV-uninfected women who
used 1% tenofovir gel in the CAPRISA 008 cohort and sequenced the V4 region of the 16S
rRNA gene. We measured the concentration of TFV in the cervicovaginal (CV) aspirate using
LC-MS/MS technique. The participants were stratified into two groups (High TFV: TFV
>100ng/ml and Low TFV: TFV <100ng/ml). Four major community state types (CSTs) were
identified based on predominant taxa, including Lactobacillus crispatus (CST 1, 18.3%),
Lactobacillus iners CST 1II, 38.2%), Gardnerella vaginalis (CST IV-B, 7.6%) and
polymicrobial (CST IV-C, 35.9%). The frequency of the bacterial taxa and CSTs was
distributed equally between high and low TFV groups. There was no significant difference in
the median log TFV concentration (ng/mL) between women with CST IV versus those with
Lactobacillus-dominated CSTs. The TFV concentration did correlate with the relative
abundances of any species, including Gardnerella vaginalis, Prevotella species, L. iners, L.
crispatus and L. jensenii. Although a slight increase in TFV concentrations was observed
among STI-negative women, this difference was not statistically significant (p > 0.05). Our
results suggest that TFV concentrations are associated with days since gel use, age and the
frequency of vaginal sex in the last 30 days. In conclusion, vaginal microbiota did not differ
women with either High TFV or Low TFV groups. Vaginal microbiota alone did not influence

TFV concentration or its effectiveness in vivo in the CAPRISA 008 trial.
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3.1. INTRODUCTION

Although the global incidence of new HIV infections has declined over recent years due to
advancements in prevention and treatment strategies, young women, particularly in sub-
Saharan Africa, continue to bear a disproportionate burden of the epidemic (1). In sub-Saharan
Africa, women and girls represent 62% of all new HIV infections. Each week, approximately
4,000 adolescent girls and young women (AGYW) aged 15-24 acquire HIV, with 3,100 of
these cases occurring in sub-Saharan Africa. AGYW in this region are three times more likely

to contract HIV than their male counterparts (2).

Since 2010, the outcomes of numerous clinical trials have highlighted the preventive benefits
of antiretroviral (ARV) drugs in reducing the risk of sexually acquired HIV infection, offering
renewed hope for HIV prevention. These PrEP trials, evaluating tenofovir alone or in
combination with emtricitabine (Truvada®), have consistently demonstrated safety and
efficacy in preventing HIV acquisition among diverse populations, including men who have
sex with men, transgender women, people who inject drugs, serodiscordant couples, and
heterosexual men and women (3-8). Importantly, no significant safety concerns have been
identified. A critical finding from these trials is that PrEP's effectiveness is strongly dependent
on adherence, consistent use is essential for achieving optimal protection. While data from men
across trials show a protective benefit ranging from 44% to 96% with both daily and
intermittent dosing strategies (3-8), results among women in southern Africa have been more
variable (9-16). Trials evaluating oral and topical PrEP in this population have produced mixed
outcomes, with effectiveness limited by low-risk perception and challenges with adherence to
the daily regimen, particularly among adolescent girls and young women (17). Recent evidence
suggests that vaginal microbiota may play a role in the reduced efficacy of topical tenofovir
(TFV) in protecting women from HIV infection (18, 19), a phenomenon not observed with oral

TFV-based PrEP (20, 21).

Proteomic analysis of vaginal specimens from participants in the CAPRISA 004 trial
demonstrated that 1% tenofovir gel significantly reduced the risk of HIV acquisition in women
with a Lactobacillus-dominant vaginal microbiota compared to those with a non-Lactobacillus-

dominant microbiota (18). Additionally, tenofovir levels were lower in vaginal specimens from
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women with a Gardnerella vaginalis-dominant microbial community, suggesting that high
levels of G. vaginalis may rapidly deplete tenofovir (18). Similar findings were observed
through Gram stain analysis, further corroborating this relationship (19). Women with a Nugent
score <3, indicative of Lactobacillus dominance, exhibited higher cervical tissue tenofovir
levels, while those diagnosed with bacterial vaginosis, reflecting increased G. vaginalis levels,
had reduced tenofovir concentrations (19). While tenofovir biodegradation by bacteria was
shown in vitro, these findings may not fully replicate in vivo conditions. Thus, this study aims
to longitudinally evaluate the impact of the vaginal microbiota on concentrations of genital
tract tenofovir in vivo. A deeper understanding of how the vaginal microbiome influences PrEP
efficacy could inform strategies to prevent bacterial vaginosis and enhance HIV prevention

efforts.

3.2. MATERIALS AND METHODS
3.2.1. Study design, participants, and sample collection:

This retrospective sub-study was conducted within the CAPRISA 008 trial (Ref: BFC237/010),
an open-label, randomized controlled trial aimed at evaluating the implementation
effectiveness and safety of 1% tenofovir gel provision through family planning services in
KwaZulu-Natal, South Africa, at both rural Vulindlela and urban eThekwini Research Clinics
(22). The study enrolled women aged 18 and older who were sexually active, HIV-uninfected,
had a negative urine pregnancy test and provided written consent to initiate non-barrier
contraception. Participants received single-use, prefilled applicators of 1% tenofovir gel, with
instructions to use the first dose within 12 hours before anticipated coitus and a second dose as
soon as possible, but no later than 12 hours after intercourse, with a maximum of two doses
within 24 hours. Women in the intervention arm (family planning clinics) attended monthly
visits during the first three months, after which gel provision and monitoring aligned with
routine family planning visits (typically every 2-3 months). Women in the control arm
(CAPRISA clinics) had monthly visits at either the CAPRISA urban or rural clinic for gel
provision. Participants were required to attend standard visits at enrollment, months 6, 12, 18,
24, and at study exit for blood and genital specimen collection. This sub-study included
cervicovaginal swabs and aspirates from 69 participants across one to three consecutive time

points. Swabs collected at each visit were tested for bacterial vaginosis (BV) using Gram stain
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based on Nugent's criteria (0-3 considered BV negative, 4-6 intermediate, and 7-10 BV
positive)(23). Common STI pathogens such as Chlamydia trachomatis, Neisseria gonorrhoeae,
Mycoplasma genitalium, and Trichomonas vaginalis were detected using Multiplex PCR
amplification with the Fast-track Diagnostics STD9 detection kit. The study was approved by
the Ethics Review Committee of the University of KwaZulu-Natal (BREC number: BE603/18).

3.2.2. Bacterial DNA extraction, sequencing, taxonomic assignment and CST assignment

Total nucleic acid was extracted from stored vaginal swabs collected from 69 participants using
the phenol-chloroform method. Bacterial 16S rRNA gene sequencing and analysis were
performed as described previously (24). The V4 hypervariable region of the 16S rRNA gene
was amplified using 515F/806 universal primers. The resulting amplicons were pooled into
libraries and sequenced on an Illumina MiSeq platform. The Divisive Amplicon Denoising
Algorithm (DADA) 2 (25), was used to filter, trim, and identify amplicon sequence variants
(ASVs). Only samples with >2000 reads were included in further analyses. A phyloseq object
was created, containing the ASV table, taxonomic table, and sample metadata, using the
phyloseq R package (26). ASVs were taxonomically classified to the genus or higher levels
using the SILVA ribosomal RNA database (27). Bacterial communities were categorized into
four major community state types (CSTs) using the VALENCIA algorithm (28), with reference
centroids available at github.com/ravel-lab/VALENCIA. Briefly, women were classified into
CST I if their genital microbiota was dominated by Lactobacillus crispatus, or CST III if
dominated by Lactobacillus iners. CST IV-B was characterised by a higher abundance of the
BV-associated bacterium Gardnerella vaginalis, and CST IV-C consisted of a wider range of

facultative and strictly anaerobic bacteria.

3.2.3. Detection of Tenofovir concentrations in CVL samples by LC-MS/MS

Sample analysis was conducted using an Agilent High-Pressure Liquid Chromatography
(HPLC) system coupled to an AB Sciex 5500 triple quadrupole mass spectrometer, equipped
with an electrospray ionization TurbolonSpray source. The LC-MS/MS method, adapted and
optimized for quantifying tenofovir was used (29). Cervicovaginal liquid (CVL) samples were

processed using a protein precipitation extraction method with methanol. To prepare the
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samples, 50 pl of internal standard (ISTD) solution was added to 50 pul of CVL, 50 pul of a blank
clinical sample, and 50 pl of a Quality Control (QC) sample. The mixture was briefly mixed,
and 200 pl of 70% methanol was added for protein precipitation. This was followed by
sonication and centrifugation at 16,000 rpm at 4°C for 10 minutes. The clear supernatant (300
ul) was transferred to a microcentrifuge tube and dried overnight using a SpeedVac at 35°C.
The dried samples were reconstituted in 50 pl of 70% acetonitrile in 0.1% formic acid water,
vortexed, sonicated, and centrifuged at 16,000 rpm at 4°C for 10 minutes. The clear supernatant
was transferred to an amber vial and placed in an auto-sampler rack, where 2 pl of each sample
was injected for LC-MS/MS analysis. Analytes were separated on a Luna Amino (NH2)
column (Phenomenex, Torrance, CA) at a flow rate of 0.2 mL/min using gradient elution. The
autosampler syringe and injection valve were washed with a water:acetonitrile (30:70, v/v)
solution post-injection to minimize carryover. Data acquisition and quantitative analysis were
performed using Analyst software, version 1.6.2. The assay's lower limit of quantification for

CVF (aspirate) tenofovir was 2 ng/mL.

3.2.4. Statistical analysis

Descriptive statistics for quantitative variables were summarized using medians and
interquartile ranges (IQRs), while categorical data were summarized with frequency counts and
percentages. The Wilcoxon rank sum test was used to compare continuous variables, and
Pearson's Chi-squared test and Fisher's Exact test were applied for categorical comparisons. o-
diversity, including Richness (Chaol) and Evenness (Simpson's E), was calculated using the R
vegan library. B-diversity between samples was estimated using Bray—Curtis distances. Non-
metric Multidimensional Scaling (NMDS) was performed to visualize differences in taxonomic
profiles among samples based on Bray—Curtis distances of ASV relative abundance, using the
metaMDS function in the vegan R package. Linear and logistic regression models were used
to estimate the unadjusted and adjusted effects of Lactobacillus dominance status, days since
the last gel insertion, age, and sexually transmitted infections on tenofovir concentration. All

statistical calculations were performed using R.
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3.3. RESULTS
3.3.1. Study participants

The study analyzed data from 69 women who had one to three follow-up visits during the
CAPRISA 008 vaginal microbicide trial, with 39/69 (57%) from the family planning arm
(intervention) and 30/69 (43%) from the CAPRISA arm (control). Among 131 samples with
detectable cervicovaginal (CV) aspirate tenofovir (TFV) levels (>2 pg/mL), 74/131 (56.5%)
were categorized as High TFV (>100 ng/mL) and 57/131(43.5%) as Low TFV (<100 ng/mL),
based on prior findings from the CAPRISA 004 study, which showed that a CV aspirate TFV
concentration of 100 ng/mL provided 65% protection against HIV-1 acquisition, while

concentrations above 1,000 ng/mL conferred 75% protection with TFV vaginal gel use(30, 31).

The overall median age of participants was 30 years (interquartile range [IQR]: 26—33 years).
There were no significant differences between the High TFV and Low TFV groups in terms of
age at sexual debut, age at first menstruation, educational attainment, partner HIV status,
partner circumcision, cohabitation with a regular partner, or lifetime number of sexual partners
at study enrollment (Table 3.1). Participants reported a median of 6 (IQR: 3—8) sex acts in the
past 30 days, with 91.3% indicating they were in stable relationships. The majority (57.1%,
32/56) reported consistent condom use, and Depo-Provera (DMPA) was the most commonly
used contraceptive method in both groups. The prevalence of bacterial vaginosis (BV) was
similar between the groups and only seven participants were diagnosed with at least one

sexually transmitted infection (STIs), such as Chlamydia, Gonorrhea, and Trichomonas.
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Table 3.1: Baseline Participant Characteristics and Prevalence of BV and STIs by TFV
Group

VARIABLE OVERALL HIGHTFV LOWTFV  P-VALUE
(N=69) (N=21) (N=48)
n (o/o)
STUDY ARM
CAP 30 (43.5%) 11 (36.7%) 19 (63.3%) -
FP 39 (56.5%) 11 (28.2%) 28 (71.8%) -
AGE (YEARS; Median (IQR) 30 (26-33) 30 (26-37) 28 (25-32) 0.191
VAGINAL SEX IN THE LAST 30 DAYS 6 (3-8) 4.5 (3-8) 6 (3-9) 0.523
NUMBER OF LIFETIME PARTNERS 2 (1-3) 3(1-3) 2 (1-3) 0.154
PARTNER HIV STATUS 0.999
Negative 63 (96.9%) 20 (100%) 43 (96.0%)
Positive 1 (1.5%) 0 (0.0%) 1 (2.2%)
Unknown 0 (0.0%) 0 (0.0%) 0 (0.0%)
Not Applicable 1(1.5%) 0 (0.0%) 1(2.2%)
CONDOM USE 0.452
Always 32 (57.1%) 9(47.0%) 23 (62.0%)
Sometimes 16 (28.6%) 6 (32.0%) 10 (27.0%)
Never 8 (14.3%) 4(21.0%) 4 (11.0%)
CONTRACEPTIVE USE 0.378
Depo-Provera 34 (50.0%) 9 (43.0%)  25(53.0%)
Oral Contraceptives 8 (11.8%) 4(19.0%) 4 (8.5%)
Nur-isterate 13 (19.1%) 3(14.0%) 10 (21.0%)
Other 12 (17.6%) 4(19.0%) 8 (17.0%)
Not Applicable 1 (1.5%) 1 (4.8%) 0 (0.0%)
BACTERIAL VAGINOSIS (Nugent Score) 0.556
No BV (0-3) 52 (76.5%) 18 (86.0%) 34 (72.0%)
Intermediate BV (4—6) 8 (11.8%) 2 (9.5%) 6 (13.0%)
BV (7-10) 8 (11.8%) 1 (4.8%) 7 (15.0%)
ANY STI (Chlamydia, Gonorrhoea and
Trichomononas) 0.334
At least one STI 7 (10.1%) 1 (4.8%) 6 (13.0%)
None 13 (18.8%) 6(29.0%) 7 (15.0%)
Not Assessed 49 (71.0%) 14 (67.0%) 35 (73.0%)

Imedian (IQR); n (%) *Wilcoxon rand sum test; Pearson’s Chi-square test; Fisher’s exact test. 3some participants
had missing demographics and clinical data.
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3.3.2. Characterisation of the vaginal microbiota in 131 samples

Hierarchical clustering of the cervical microbiota, based on the types and relative abundances
of bacterial taxa, identified three distinct community state types (CSTs): CST I, CST III, and
CST IV (Figure 3.1). CST 1, dominated by L. crispatus, was observed in 24 samples (24/131,
18.3%). CST 111, characterized by L. iners, was present in 50 samples (50/131, 38.2%). The
most prevalent CST, CST IV, occurred in 57 samples (57/131, 43.5%) and featured a diverse
and complex array of facultative and strictly anaerobic BV-associated bacteria, including.
Within CST IV, a continuum of bacterial taxa relative abundances was observed, revealing two
distinct sub-clusters: CST IV-B dominated by Shuttleworthia-dominant (10/57, 17.5%), and
CST IV-C dominated by Gardnerella-dominant (47/57, 82.5%), subsequently, metadata

associated with the women in each CST were compared.

69



I . ST EST
0.8

TFV levels I
BV n
Lactobacillus iners ~ IV-B
Lactobacillus crispatus 08 - -G
Gardnerella vaginalis 0.4 TFV levels

. : High
Atopobium vaginae B
Prevotella bivia 0.2

BV
Lactobacillus jensenii 0 BV
Prevotellaceae Family Intermediate
No BV

Prevotella amnii
Megasphaera Genus
Shuttleworthia Genus
Veillonella montpellierensis
Lactobacillus Genus
Streptococcus agalactiae
Sneathia amnii
Prevotella timonensis
Prevotella_6 Genus
Prevotella_9 Genus
Atopobium Genus
Prevotella Genus

Streptococcus anginosus

Figure 3.1. Vaginal community clusters in South African women using 1% tenofovir gel. Heat map of the most abundant vaginal bacteria
identified by 16S rRNA sequencing at 131 available samples. The samples were grouped by community state type (CST) into the most abundant
species in each CST (CST I: L. crispatus, CST III: L. iners, CST IV-B: G. Vaginalis and CST IV-C: mixed bacterial taxa). BV statuses represented
by (BV: lime green, intermediate BV: Yellow and No BV: grey) and Tenofovir levels are also depicted by (High TFV levels: Orange colour and
Low TFV levels: pink).
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3.3.3. Comparison of alpha diversity across CSTs,

Alpha diversity of the cervical microbiota was assessed using multiple indices, including
Shannon, Chaol and Inverse Simpson (Figure 3.2 A-C). CST I exhibited the lowest diversity
(Shannon index) in both high and low TFV groups [median (IQR): 0.23 (0.10 - 0.57) high vs
0.51 (0.33-0.70) low p=0.434], while CST III [median (IQR) 0.80 (0.55 - 1.18) high vs 0.77
(0.35-0.93) low, p=0.268] and CST IV-B [median (IQR) 1.28 (1.07 - 1.47) high vs 1.15 (0.92
- 1.41) low, p=0.314; Table S3.2 & Figure 3.2] found no significant differences. In contrast,
Group IV-C demonstrated the highest diversity, though the differences were not statistically
significance between samples that had high and Low TFV concentration levels in Shannon
index, Chaol index (species richness) and Inverse Simpson index (species evenness),
respectively [median (IQR):2.13 (1.93-2.51) high vs 2.23 (1.88 - 2.32) low, p=0.831; 49 (29 -
66) high vs 38 (31- 58) low, p=0.157; 5.50 (4.45 - 7.41) high vs 5.78 (4.46 - 6.27) low,
p=0.886); Table S3.2 & Figure 3.2: A-C]. Additionally, no significant differences were
observed in the InvSimpson index and Chaol index between high and low TFV levels for CST
I (p=603) and III (p=0.111) (Table S3.2 and Figure 3.2: B-C). However, after adjusting for the
effects of site and days, the Inverse Simpson diversity index showed a significant association
with TFV concentration [median (IQR) 2.56 (2.03-3.02) vs 2.23 (1.80 - 3.32), p=0.02; Table
S3.2, Table S3.3 and Figure 3.2], suggesting that higher diversity may be linked to either high
or low TFV levels. Additionally, TFV levels were significantly associated with species richness

in CST IV-B [median (IQR)18 (16 - 21) vs 13 (12 - 21), p=0.009: Table S3.3 and Figure 3.2].
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Figure 3.2: Alpha diversity indices: A-C. a subgroup analysis was performed within each CST, comparing Shannon, Chaol and InvSimpson
index of samples that had high conc to those with low concentration. Shannon diversity, Chaol richness, and Inverse Simpson indices were
calculated to assess the diversity and structure of microbial communities. The Shannon index reflects both species richness and evenness, with
higher values indicating a more diverse and balanced community. Chaol estimates total species richness, accounting for rare and potentially
undetected species. The Inverse Simpson index emphasizes evenness and dominance, with higher values when species are more evenly distributed.
Statistical comparisons between groups were performed using the Kruskal-Wallis test followed by post-hoc Dunn’s correction.
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3.3.4. The overall microbiota diversity not associated with tenofovir levels.

To evaluate the impact of vaginal microbiota on tenofovir (TFV) levels, bacterial diversity was
assessed using the Shannon diversity index (within-sample diversity) and Bray—Curtis
distances (between-sample diversity). First, we determined the number of days since the last
gel insertion. The samples ranged from 0 to 120 days after gel use, with most collected within
0-15 days. TFV concentration declined over time following the last gel application (Figure
S3.2). No significant association was observed between Prevotella bivia abundance and log10 TFV
concentration (R=—0.077, p=0.87). Similarly, no correlation was found between TFV levels and the
relative abundances of specific bacterial taxa (Lactobacillus crispatus; R= 0.0079, p=0.93;
Lactobacillus iners;, R =0.014, p=0.87; Lactobacillus jensenii; R = 0.015, p=0.87;
Gardnerella vaginalis; R=-0.019, p=0.83, and Veillonella montpellierensis,; p=0.74), nor with
diversity indices (R=<0.11, p=>0.23; Figure 3.3).
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Figure 3.3: Illustrates the association between Alpha diversity indices and the Relative abundance of the top 6 bacterial taxa with tenofovir
(TFV) levels. Panel (a) highlights alpha diversity indices, including Shannon, Inverse Simpson, and Chaol, which measure within-sample species
diversity. Linear regression analyses depict the relationship between bacterial taxa and TFV concentrations, with statistical significance determined

at a p-value threshold of 0.05.
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Additionally, there were no significant differences in log10 tenofovir concentrations between
CSTs [median (IQR): CSTI1: 2.55ng/ml (1.40ng/ml-3.08ng/ml); CST III: 2.21ng/ml
(0.93ng/ml-3.71ng/ml); CST IV-B: 2.64ng/ml (1.24ng/ml-3.73ng/ml); CST IV-C: 2.06ng/ml
(0.94ng/ml-3.55ng/ml); p=0.930; Table S3.4, Figure 3.4]. Furthermore, samples without STIs
had a slightly high vaginal TFV concentration [median (IQR): 3.75ng/ml (2.13ng/ml-
4.12ng/ml) in comparison to those that had at least one STI 2.23ng/ml (1.46ng/ml-3.55ng/ml),
p=0.201], however, it was not statistically significant (Figure 3.4, Figure S3.4 & Table S3.4).
Non-metric Multidimensional Scaling (NMDS) analysis of Bray—Curtis distances, based on
beta diversity across 131 samples, revealed no clustering associated with TFV levels
(F=0.3795, R? =0.0012, p=0.868) or sexually transmitted infections (F=1.1701, R? =0.00739,
p=0.300; Figure 3.4B).
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Figure 3.4: Overall microbiota diversity with use of tenofovir. (A) Demonstrate the
association between community state types (CSTs), and logl0-transformed tenofovir (TFV)
levels. The boxplots display the median, quartiles, and variability beyond the interquartile
range, revealing no significant differences across CSTs. Panel (B) presents Non-Metric
Multidimensional Scaling (NMDS) based on Bray—Curtis distances, illustrating no clustering
of species-level relative abundances between high (red) and low (orange) TFV groups. Shapes
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denote CSTs, while design patterns represent the presence of sexually transmitted infections
(STIs).

3.3.5. Impact of Cervicovaginal Tenofovir Concentrations on Vaginal Microbiota

Structure

Here, we examined the association between the structure of the vaginal microbiota, BV, and
STIs with cervicovaginal (CV) aspirate TFV concentrations. By analyzing the microbial CSTs
and their relation to BV and STIs, we aimed to understand how these factors influence TFV
levels in the vaginal environment. Among the 131 samples with detectable TFV in
cervicovaginal (CV) aspirates and microbiota data, the vaginal microbiota community state
types (CSTs) were grouped into Lactobacillus-dominant (LD; CST I and III) and non-
Lactobacillus-dominant (nLD; CST IV-B and IV-C) categories to align with previous TFV
pharmacokinetics (PK) and microbiota studies (18, 19). Of these samples, 74 exhibited
Lactobacillus-dominated microbiota, while 57 had CST IV microbiota (Table 3.2 & Table
S3.1). When CSTs were grouped as LD versus nLD, women with LD had slightly higher mean
[(2.423ng/ml:LD vs 2.307ng/ml:nLLD) and median (2.313 vs 2.100); p=0.7] of log-transformed
TFV concentrations, though it was not significantly different (Table 3.2). Similarly, combining
intermediate bacterial vaginosis and BV categories in comparison with No BV, revealed no
significant differences in CV aspirate TFV concentrations [mean; 2.278 vs 2.414 and median;
1.908 vs 2.382; p=0.6]. While the proportion of samples with sexually transmitted infections
(STIs) was similar between high and low TFV groups (Figure S3.4), women without STIs
demonstrated a marginally higher TFV concentration (median (IQR): 3.75 (2.13-4.12) than
those with at least one STI 2.23 (1.46-3.54), though this difference was not statistically
significant (p=0.2, Figure S3.4, Table 3.2 & Table S3.4).
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Table 3.2: Vaginal fluid TFV concentrations (ng/ml) based on BV status, Lacrobacillus

dominated (LD or non-LD) microbiota and STI status.
Tenofovir Concentration (ng/ml)

Characteristics N Mean (SD) Median (IQR) P value
Intermediate BV and BV 40 2.278 (1.574) 1.908 (2.610)
BV status
No BV 91 2.414 (1.408) 2.382 (2.593) 0.6
Lactobacillus dominant 74 2.423 (1.465) 2.313 (2.504)
Lactobacillus
status Non-Lactobacillus
dominant 37 2.307 (1.454) 2.100 (2.599) 0.7
At leat one STI 19 2.52 (1.48) 2.23 (2.08)
STIs status
None STI 20 3.20(1.34) 3.75 (1.99) 0.2

Wilcoxon rank sum test, ZWilcoxon rank sum exact test.

3.3.6. Clinical and Behavioural Factors Associated with TFV Concentrations

We evaluated the influence of clinical and behavioural factors on tenofovir (TFV)
concentrations. A significant decrease in TFV levels was observed with increasing time since
the last TFV use (p =-1.0, 95% CI: -1.4 to -0.71, p < 0.001), with women being more likely to
have low TFV levels as the interval increased (odds ratio [OR]: 0.34, 95% CI: 0.17-0.71,p =
0.004). Older women exhibited slightly higher TFV levels (OR: 1.09, 95% CI: 1.00-1.18, p=
0.040), while a higher frequency of vaginal intercourse was associated with lower TFV
concentrations (OR: 0.92, 95% CI: 0.85-1.00, p = 0.044) (Table 3.3). Although the presence
of sexually transmitted infections (STIs) appeared to influence TFV concentrations, this
association was not statistically significant (p = 0.080, Table 3.3). When categorized by
Lactobacillus-dominant (LD) or non-Lactobacillus-dominant (non-LD) microbiota, no
significant differences were observed in TFV concentrations or the likelihood of high/low TFV
levels. Similarly, the presence of Gardnerella vaginalis showed no significant association with
TFV concentration or the odds of high TFV levels (OR: 1.11, 95% CI: 0.14-8.92, p > 0.9).
Overall, there was no significant relationship between TFV concentration and the vaginal
microbiota, whether assessed by LD dominance, the presence of G. vaginalis, or bacterial

community state types (Table 3.3).
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Table 3.3: Clinical and Behavioral Factors Associated with TFV Levels

Linear regression (TFV Logistic Regression
concentration) (High/Low)
Characteristic N Beta 95% CI! P OR!  95% CI! p-value
value
Days since TFV administration -1.0 -1.4,-0.71 <0.001 034 0.17,0.71 0.004
site 0.079 0.5
eThekwini 0.00 — 1.00 —
Vulindlela 0.40 -0.05, 0.85 1.37  0.58,3.24
Age 0.05 0.01,0.09 0.011 1.09 1.00,1.18 0.040
Vaginal sex in the last 30 days -0.05 -0.08,-0.01  0.005 092 0.85,1.00 0.044
Any STI 0.001 0.080
At least one STI 0.00 — 1.00 —
None 0.65 -0.04, 1.3 277  0.68,11.3
Not assessed -0.48 -1.1,0.12 0.63 0.21,1.88
Frequency of condom use 0.2 0.3
Always 0.00 — 1.00 —
Never -0.09 -0.72,0.54 1.30  0.40,4.31
Sometimes -0.43 -0.90, 0.04 054 0.22,1.32
Lacto Dominance (Adjusted)
LD 0.00 — 1.00 —
Non-LD 0.01 -0.41,0.43 >09 0.89 0.39,2.00 0.8
CST (Adjusted) 131
I 0.00 — 1.00 —
I 0.10 -0.41,0.62 0.7 095 0.32,2.82 >0.9
IV-B 0.59 -0.26, 1.4 0.2 230 037,145 0.4
IvV-C 0.06 -0.43,0.55 0.8 082  0.26,2.59 0.7
Gardnerella vaginalis (Adjusted) 131 0.46 -0.66, 1.6 04 .11 0.14,8.92 >0.9

ICI = Confidence Interval, OR = Odds Ratio
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3.4. DISCUSSION

While it is recognized that vaginal microbiota can influence the pharmacokinetics of topical
antiretrovirals, particularly TFV in single-agent, peri-coitally dosed products (18, 32), the in
vitro biodegradation of TFV may not accurately reflect in vivo conditions. This study utilized
16S rRNA gene sequencing to investigate the impact of the vaginal microbiota on genital tract

TFV concentrations in vivo.

Our study revealed no differences in vaginal microbiota composition between women with
high and low genital tract TFV levels. This finding was further supported by the observation
that CSTs, categorized for this population, clustered similarly between the two groups,
suggesting that TFV use did not influence the vaginal microbiota composition. Consistent with
prior research (33), our study aligned with findings demonstrating high and comparable local
concentrations of TFV and TFV-DP among intravaginal ring users with Lactobacillus-
dominated microbiota compared to those with BV-related microbiota. Additionally, we
observed no correlation between genital TFV concentrations and any of the most abundant
individual bacterial strains, consistent with previous observations (33). In contrast, earlier
studies (18, 19) reported correlations between TFV-diphosphate (TFV-DP) levels in genital
tissues or TFV levels in plasma and markers of bacterial vaginosis, such as Nugent scores and
increased quantitative PCR detection of G. vaginalis and A. vaginae. Furthermore, we found
no significant differences in mean log-transformed TFV concentrations between women with
Lactobacillus-dominated microbiota and those with non-Lacfobacillus-dominated microbiota.
Although previous studies identified a negative correlation between tenofovir levels and
bacterial vaginosis-associated bacteria, their limitations included data collected at single,
random time points and the use of bacterial proteins (CAPRISA 004 study) or Nugent scores
(FAME program) to classify vaginal bacterial communities. In contrast, our analysis relied on
CST groupings. Our study, along with the FAME 04 sub-analysis (19) and the CONRAD A13-
128 (33), reutilized direct quantification of genital tract TFV-DP concentrations, a method not
feasible in the CAPRISA 004 cohort (18). Future studies with larger cohorts are necessary to
validate these findings, including investigations leveraging comparative genomic approaches

to identify subspecies associated with variations in TFV levels.
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Although not the primary focus of this study, our findings suggest that TFV concentrations are
associated with factors such as days since gel use, age, STIs, and the frequency of vaginal sex
within the last 30 days. These observations are consistent with prior studies demonstrating that
the timing of TFV gel application relative to sexual activity significantly affects drug level (34),
likely due to semen-induced leakage, displacement, and gel dilution. In contrast, Kashuba et
al., (2015) reported a poor correlation between the time of the last dose and drug levels in the
CAPRISA 004 trial, suggesting potential bias in self-reported timing of gel insertion (31).
Additionally, our study found that older women had increased odds of achieving high TFV
concentrations. This aligns with findings from the Depivirine ring studies, which showed
greater protective efficacy in older women compared to younger participants (14, 35). These
findings highlight the complexity of factors influencing TFV concentrations and suggest that
future studies should consider these variables, including the timing of gel use, age, and sexual

activity, to optimize the effectiveness of TFV-based interventions.

This study has several important limitations that should be considered when interpreting the
findings. First, the study was not designed to evaluate the primary outcomes of the parent study,
which could limit the scope and focus of our analysis. Additionally, since all participants used
the TFV gel and there was no placebo arm, we were unable to compare the effects of TFV gel
use against a non-treatment control, which could provide more robust conclusions about the
observed relationships. The study design also involved coitally dependent, unscheduled
application of the tenofovir gel, which may not have coincided with the timing of clinic visits
when PK samples were collected. This mismatch in timing could introduce variability in the
assessment of drug concentrations, as the pharmacokinetics of TFV may be influenced by the
time elapsed between gel use and sample collection. Moreover, due to the nature of the trial,
we were unable to assess the longitudinal impact of the vaginal microbiota on TFV
concentrations. While some participants had multiple visits, the vaginal microbiome can
change over time, and our cross-sectional approach did not capture these dynamic changes.
Longitudinal data would have allowed for a more comprehensive understanding of how
fluctuations in the vaginal microbiota might influence TFV concentrations over time. Another
limitation is the reliance on self-reported data for the timing and frequency of gel use. While
self-reporting is commonly used in clinical studies, it is subject to recall bias, and participants

may not accurately report the exact timing or frequency of gel application. This could lead to

81



inaccuracies in the assessment of the relationship between gel use and TFV concentrations.
Finally, there was limited availability of comprehensive STI data, which could have influenced
the accuracy of our correlations between TFV levels and the vaginal microbiome composition.
The presence of STIs can significantly alter the vaginal microbiota and may also affect the
pharmacokinetics of TFV. Without more detailed STI data, it is challenging to account for the
full range of factors that might influence the observed relationships between microbiome

composition and drug concentrations.

In conclusion, our study found no significant differences in vaginal microbiota composition
between women with high and low genital tract TFV levels, suggesting that TFV use does not
influence the vaginal microbiome. These findings align with prior research demonstrating high
and comparable local concentrations of TFV and TFV-DP in users with Lactobacillus-
dominated microbiota compared to BV-related microbiota. Furthermore, we observed no
correlation between genital TFV concentrations and individual bacterial strains, consistent with
earlier studies. However, our results contrast with studies that reported correlations between
TFV levels and markers of bacterial vaginosis, highlighting differences in study design and
analytical methods. These findings underscore the need for future studies with larger cohorts
and advanced methodologies to further elucidate the relationships between TFV

pharmacokinetics, vaginal microbiota, and other influencing factors.
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Figure S3.1: Community state types (CSTs) by tenofovir levels. Lactobacillus crispatus

dominant; CST1, L. iners dominant; CST III, Gardnerella vaginalis dominant; CST IV-B and
mix bacterial taxa; CST IV-C

89



Table S3.1: BV, intermediate BV and no BV in 131 visits dominated with Lactobacillus

and non-Lactobacillus

Lactobacillus dominance, N=74 Non-Lactobacillus dominance, N= 57
CST,N=24 CST III, N =50 CSTIV-B,N=10 CSTIV-C,N =47
Characteristic
Visit code
1280 1 (10%)
2040 1 (10%)
2060 1 (10%)
2100 2 (20%)
2110 1 (10%)
2130 2 (20%)
2150 1 (10%)
2170 1 (10%)
TFV Conc ng/ml
Median (IQR) 2,090 (1,273,2,110) 2,080 (1,260, 2,100) 2,080 (1,240, 2,105)
BV category
Intermediate 1 (4.2%) 7 (14%) 3 (30%) 13 (28%)
No BV 23 (96%) 40 (80%) 5 (50%) 23 (49%)
BV 3 (6.0%) 2 (20%) 11 (23%)
strt
population 24 (100%) 50 (100%) 10 (100%) 47 (100%)
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Table S3.2: Bacterial diversity was assessed using the Shannon diversity index between

samples that had high and low TFV concentration.

Median (IQR)
Characteristics CST1 CST III CSTIV.B __ CSTIVC
. 0.23(0.10- 0.80(0.5.5- 1.28(1.07- 2.13(1.93-
AlpL LR 0.57) 1.18) 1.47) 2.51)
IS:;‘:‘;” Low TEV 0.51(0.33- 0.77(0.35- 1.15(0.92- 2.23(1.88-
0.70) 0.93) 1.41) 2.32)
p-value 0.238 0.249 0914 0.858
High TEV 32(14-44) 41(22-53) 18(16-21) 49(29-66)
Chaol Low TEV 26(25-61) 27(18-54) 13(12-21) 38(31-58)
p-value 0.550 0.366 0.285 0.221
. 1.08(1.03- 152(1.21- 2.56(2.03- 5.50(4 45-
SUEL Y 1.36) 2.30) 3.02) 7.41)
InvSimpson 122(1.11- 1.79(1.13- 2.23(1.80- 5.78(4 46-
Lol 1.50) 1.99) 3.32) 6.27)
p-value 0.238 0.612 0914 0.891

Table S3.3: Association of TFV concentrations with days since TFV administration

Characteristic OR 95% CI vsflﬁm OR 95% Cl1 p-value
Chaol InvSimpson
Chaol/InvSimpson 1.01 1.0-1.02 0.3 0.94 0.82-1.09 04
Days since the TFV 0.40 0.20 - 0.006 0.38 0.19-0.73 0.004
administration 0.77
Site 0.6 0.7
eThekwini 1.00 — 1.00 ----
Vulindlela 0.84 0.40 - 0.86 0.41-1.80
1.76

10R = Odds Ratio, Cl = Confidence Interval
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Figure S3.2: Individual measurements of TFV concentration at various times since the
last gel insertion. Line: A smooth line fitted through the data points, showing the trend in TFV
concentration over time. TFV concentration decreases over time after the last gel insertion.
There is an initial rapid decrease followed by a more gradual decline. The shaded area
represents the confidence interval, indicating the variability of the data around the smooth line.
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Figure S3.3: Correlation of tenofovir (TFV) vaginal fluid concentration with the relative
abundance of Gardnerella vaginalis, Atopobium vaginae, Lactobacillus crispatus,
Lactobacillus iners and Prevotella bivia.
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Table S3.4: Association between CSTs and STIs with logo transformed tenofovir

concentrations.
N Tenofovir Concentration (ng/ml)
Characteristics P
' 131 Median (IQR) value
CSTI 24 2.55(1.40-3.08)
CST III 50 2.21(0.93-3.71)
CSTs 0.930
CSTIV-B 10 2.64(1.24-3.73)
CSTIV-C 47 2.06(0.94-3.55)
At least one STI 19 2.23(1.46-3.54)
STIS None 20 3.75(2.13-4.12) 0.017
presence
Not assessed 92 2.08(0.80-3.34)
p& Q.203 p=0472
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Figure. S3.4: Association of STIs with log10 TFV concentrations (ng/ml)
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Impact of Vaginal Insertion Products, Sexual Activity, and Vaginal Microbiome

Dynamics on Genital Inflammation Markers Among South African Women

The preceding chapters established that PrEP does not affect the vaginal microbiota and that
vaginal dysbiosis does not compromise the efficacy of PrEP. However, a thorough
investigation into the impact of intravaginal practices (IVPs) on the vaginal microbiota remains
critical, particularly due to the widespread use of vaginal insertion products (VIPs) and their
potential associations with altered vaginal microbiota and increased HIV susceptibility among
women in sub-Saharan Africa. In Chapter 4, we hypothesised that VIP use would lead to
alterations in the vaginal microbiome and that these microbial changes would influence
concentrations of cellular and cytokine markers of genital inflammation. Contrary to our
hypothesis, the findings revealed that VIP use did not affect the vaginal microbiota or immune
modulation. This manuscript, entitled Effects of Sexual Activity and Vaginal Insertion Product
Use on Vaginal Microbiota and Genital Inflammation Markers, has been submitted for peer

review in BioMed Central: Microbiome

Contribution: For this study, I was centrally involved in the conception and design of the
analysis, working closely with Dr. Sinaye Ngcapu. I led and participated in the data analyses
alongside Dr. Ngcapu, Dr. Olona Asavela Kama, and Dr. Marothi Letsoalo, performing
microbiome data processing, statistical analyses, and integration with clinical metadata. The
CAPRISA 090 study was overseen by principal investigators LGB, JSP, LM, and HBJ, who
provided oversight and access to study samples. All other co-authors, including SN, PR, PG,
CML, NR, AGA, SS, RH, MTM, BM, HA, DP, WH, LJPL, DA, AS, QAK, LGB, JSP, HH,
LM, HBJ, and SN, contributed to the interpretation and discussion of results and provided
critical input during manuscript preparation. I drafted the initial manuscript and coordinated
revisions with all co-authors, incorporating feedback to finalize the publication. In summary,
my primary contributions encompassed study conceptualization, analysis, interpretation of
findings, and manuscript drafting, forming a substantial and independent component of my
PhD training, while co-authors provided complementary guidance, supervision, and critical

review throughout the study.
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Abstract

The use of vaginal insertion products (VIPs) is widespread among women in Southern Africa,
with many seeking a dry, tight vaginal environment during sexual intercourse. Research
suggests that certain VIPs can shift the Lactobacillus-dominant vaginal microbiota toward a
more diverse, anaerobic community associated with bacterial vaginosis. This study aimed to
characterise the vaginal microbiome in South African adolescent girls and adult women,
focusing on the effects of sexual activity and VIP use on microbial dynamics and genital
inflammation markers using 16S rRNA gene sequencing, multiplex bead arrays, and flow
cytometry. This study found that while all women at the Western Cape (WC) site primarily
used soap and water for genital hygiene, a significant proportion of participants at the
KwaZulu-Natal (KZN) site used a variety of VIPs for both hygiene and sexual enhancement,
with 58% (68/117) of adolescent girls and 65% (38/56) of adult women reporting VIP use. The
vaginal microbiome of adolescent girls was primarily dominated by Lactobacillus iners and
BV-associated communities, similar to adult women. VIP users had significantly higher levels
of Sneathia and L. iners over time compared to non-users. Non-users had higher concentrations
of pro-inflammatory cytokines (MIP-1B, MIP-la, IFNa, IL-6, G-CSF) and lower
concentrations of [IP-10, GM-CSF, and immune cell markers. Sexual activity timing influenced
immune responses, with a significant decrease in cytokines (MIP-1p, IL-8, IL-17, TRAIL, IL-
1B, IL-6, IL-10) 10 days post-coitus. VIP users showed increased levels of [IFN-a and G-CSF.
The study concluded that vaginal microbiota diversity and sexual activity timing significantly
influenced immune responses, while VIP use had a subtle effect on microbiota or immune
modulation. These findings highlight the importance of microbial diversity and sexual activity

timing in shaping vaginal health and immune function.
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4.1. Introduction

Vaginal practices are common among women worldwide for various purposes, including
cleansing, tightening, drying, or warming the vaginal area, often aimed at enhancing hygiene,
health, or sexual pleasure (1). The World Health Organisation (WHO) categorizes these
practices into seven classifications: external washing, intravaginal cleansing, external
application, intravaginal insertion, oral ingestion, vaginal streaming or smoking, and
anatomical modification. Intravaginal practices specifically include intravaginal cleansing,
utilizing cloth or fingers to clean the interior of the vagina; and intravaginal insertion, which
involves placing substances such as powders, creams, herbs, antiseptics, detergents, or tissues
inside the vagina (1, 2). Understanding these practices is crucial, particularly in the context of

their prevalence and potential health implications in various regions, including Africa.

Research from Africa indicates that these intravaginal practices are widespread in areas with
high HIV prevalence (3-10), especially in South Africa, where approximately 60-90% of
female sex workers in KwaZulu-Natal province reported using intravaginal substances to
achieve a dry and tight vagina, prevent unintended pregnancies, and address sexually
transmitted infections and vaginal discharge (7, 8). Studies conducted among women attending
family planning clinics in Zambia and Zimbabwe further demonstrate a preference for
intravaginal practices aimed at sexual enhancement and hygiene, with participants utilizing
leaves and powders for drying and tightening (9, 10). Additionally, a cross-sectional study
among Malawian women identified the use of traditional substances to tighten the vagina prior
to sexual intercourse, with the intention of enhancing the partner’s sexual enjoyment and
treating vaginal discharge and itching (5). While the use of certain vaginal cleansing products,
particularly after sexual intercourse, has been associated with the clearance of transmitted HPV
and a reduction in infection risks (11), intravaginal practices have been informally associated
with an increased susceptibility to HIV infection (12-14). However, the precise mechanisms

by which vaginal practices may influence women's susceptibility to HIV remain unclear.

Studies demonstrate that the intravaginal insertion of certain products can lead to increased
inflammatory responses in the vaginal and cervical mucosa (6, 10, 13, 15). Additionally,
specific intravaginal practices may cause physical abrasions or disrupt the vaginal epithelium

(16). Research has hypothesized that the use of soaps, detergents, and antiseptics for internal
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vaginal washing can disrupt the vaginal protective microenvironment, resulting in a vaginal
flora with a reduced proportion or abundance of lactobacilli (17, 18). This alteration can lead
to vaginal dysbiosis, characterized by colonization by a diverse spectrum of primarily
anaerobic bacteria (1, 9, 19-23). Clinically, this dysbiosis may present with symptoms such as
vaginal discharge, a fish-like odor, vaginal discomfort, and urinary symptoms, along with
elevated genital inflammation that is linked to an increased risk of HIV and higher incidences
of preterm birth and cervical dysplasia (24-31). While the literature indicates significant
associations between vaginal practices and BV, some studies report no significant associations

(32, 33), underscoring the complexity of this relationship.

Given the widespread use of vaginal practices, particularly vaginal insertion products (VIP),
and the anecdotal associations with altered vaginal microbiota and increased susceptibility to
HIV infection among women, there is a critical need for a comprehensive investigation into
the impact of these intravaginal practices on vaginal microbiota. The aim of this study was to
longitudinally characterize the composition of the vaginal microbiome in South African
adolescent girls and adult women. Additionally, we assessed whether intravaginal practices
among these populations lead to alterations in the vaginal microbiome and examined the
correlation between these microbial changes and cellular and cytokine markers of genital
inflammation. Furthermore, we investigated the influence of sexual activity on the composition

and stability of the vaginal microbiota over time.

4.2. METHODS
4.2.1. Study design, participants and sample collection:

This study was conducted as part of the MIST (Mucosal Injury from Sexual Trauma)
longitudinal cohort study, which enrolled HIV-uninfected adolescent girls (14-19 years) and
adult women (25-35 years) from two sites in South Africa: the first site was located at the
Vulindlela Clinical Research Site (VCRS) at the Centre for the AIDS Programme of Research
in South Africa (CAPRISA) in Mafakathini, KwaZulu-Natal (KZN), and the second site was
within the Desmond Tutu Health Foundation (DTHF) Adolescent Clinic in Philippi East,
Western Cape (WC). The MIST study aimed to investigate socio-behavioural, anatomical, and
biological characteristics related to sexual debut in adolescent girls, focusing on factors such

as early sexual exposure, exposure to male semen, mucosal trauma, and wound healing,
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comparing these with data from adult women. Participants were instructed to abstain from
using vaginal insertion products (VIPs) and refrain from sexual activity for at least two weeks

prior to their baseline visit.

The study collected the following genital samples: cervicovaginal fluid obtained by placing a
disposable menstrual cup (Softcup) over the cervix for one hour, vaginal swabs for sexually
transmitted infection (STI) testing, pH, Nugent scoring, and microbiota analysis. Additionally,
the cervical cytobrushes were collected exclusively at the VCRS-CAPRISA site to isolate
cervical T cells for flow cytometry analysis. Written informed consent was obtained from all
participants, and for minors aged 14-17 years, both assent and parental informed consent were
sought. Ethical approval for the study protocol was obtained from the Biomedical Research
Ethics Committee (BREC) of the University of KwaZulu-Natal (BF504/17), the Human
Research Ethics Committee (HREC) at the University of Cape Town (HREC/REF 696/2017),
and the Institutional Review Board of the Seattle Children’s Research Institute (REF
STUDY00000462).

4.2.2. Testing for STIs and BV:

At the Vulindlela Clinical Research Site (VCRS-CAPRISA), urine samples were analyzed for
Chlamydia trachomatis (CT) and Neisseria gonorrhoeae (NG) infections using the Cepheid
Xpert CT/NG assay. Meanwhile, at the Desmond Tutu Health Foundation (DTHF) site, vaginal
swabs were utilized to test for CT, NG, and Trichomonas vaginalis (TV) infections using
PrimerdesignTM genesig® kits at the Bio Analytical Research Corporation (BARC) reference
laboratory located in Johannesburg, South Africa. Gram staining was employed to detect the
presence of yeast and fungal hyphae, as well as to diagnose bacterial vaginosis (BV) using the

Nugent score criterion of >7.

4.2.3. Cytokine measurements in Softcup supernatants

Stored cervicovaginal Softcup supernatants were thawed overnight on ice and subsequently
filtered using Spin X filter columns (Merck KGaA, Darmstadt, Germany). The filtered samples
were then use to quantify the concentrations of 28 different cytokines by Human XL Cytokine
Luminex® Performance Panel Premixed Kit (R&D systems Inc, Minneapolis, MN, USA) and
ran on Bio-Plex MagPix Array Reader (Bio-Rad Laboratories, CA, USA) multiplex bead array.
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These include Monocyte Chemoattractant Protein-1 (MCP-1), Macrophage Inflammatory
Protein-1beta (MIP-1P), Macrophage Inflammatory Protein-3alpha (MIP-3a) , Interferon
Gamma-Induced Protein-10 (IP-10), Granulocyte-macrophage Colony-stimulation Factor
(GM-CSF), Interferon-gamma (INF-y), Interleukin-lbeta (IL-1pB), Interleukin-2 (IL-2),
Interleukin-5 (IL-5), Interleukin-8 (IL-8), Interleukin-12p70 (IL-12p70), Interleukin-17 (IL-
17), Transforming Growth Factor-alpha (TGF-a), Vascular Endothelial Growth Factor
(VEGF), Macrophage Inflammatory Protein-1alpha (MIP-1a), Eotaxin, CXC motif chemokine
ligand-1 (CXCL-1), Granulocyte Colony-stimulating Factor (G-CSF), Interferon alpha (INF-
a), Interleukin-1alpha (IL-1a), Interleukin-1 Receptor Antagonist (IL-1Ra), Interleukin-4 (IL-
4), Interleukin-6 (IL-6), Interleukin-10 (IL-10), Interleukin-13 (IL-13), Platelet Derived
Growth Factor AA (PDGF-AA), Tumor Necrosis Factor-alpha (TNF-a), Chemokine Ligand-5
(CCL5). The data generated by the Bio-Plex system were used to calculate sample
concentrations based on standard curves. Cytokine levels that fell below the lower limit of
detection of the assay were reported as the midpoint between the lowest measurable

concentration for each cytokine and zero.

4.2.4. Cervical cytobrush Staining and flow cytometry

Cervical cytobrush cell pellets were used for evaluation of T cell immune activation status
using a BD LSRFortessa™ X-20 Cell Analyzer (BD Immunocytometry Systems). The cells
were stained with antibodies by incubating with antibody cocktail containing CD3-
Allophycocyanin-H7 (APC-H7), CD4-Phycoerythrin cyanine 5.5 (PECyS5.5), CD8-Brilliant
Violet 711 (BV711), HLA-DR-Alexa-fluor-700, CD38-Phycoerythrin cyanine 7 (PE-Cy7),
CCRS5-Alkaline Phosphatase Conjugate (APC), CD14-Pacific Blue (Monocyte for exclusion),
CD19 -Pacific Blue (B-cell for exclusion), and Live/Dead cells-Pacific Blue. The cells were
washed with 2% FBS/PBS and at least 500000-1000000 events were acquired. Gates
differentiating negative and positive populations were set by Fluorescence Minus One (FMO)
staining(34). Cell doublets were excluded using forward scatter-area versus forward scatter-
height parameters and dead cells were excluded from the analyses. FMO controls were used to

set gates and data were analyzed using FlowJo version 10.7.1 (Treestar; Ashland, OR).
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4.2.5. Amplification and sequencing of the V3-V4 region of the 16S rRNA gene
Genomic DNA was extracted from each vaginal swab using a 96-well PowerSoil DNA

Isolation kit. A fragment of the 16S rRNA gene spanning the V3-V4 variable region was
amplified using universal primers 319F (forward) and 806R (reverse) and purified libraries
consisting of ~120 pooled samples will be sequenced with Illumina MiSeq platform (paired-
end with v3 chemistry). FastQC was used to perform data quality control of raw sequences and
infer parameters for downstream processing. Divisive Amplicon Denoising Algorithm
(DADA) 2 was employed to infer amplicon sequence variants (ASVs) (35) Taxonomic
assignment was performed using a reference taxa file obtained from the Silva database which
contained both genus and species-level annotations. The ASV table, and taxonomic table
combined with relevant metadata were consolidated into a phyloseq object using the phyloseq
R package (36). Community state types were inferred using VALENCIA (VAginal. community
state typE Nearest Centrold clAssifier)(37), a nearest centroid classification method for vaginal
microbial communities based on composition, implemented in python (version 3.6) and has the
pandas module as a dependency (38). VALENCIA uses distance matrices to classify similarity
of bacterial community structures between individual samples based on species proportions to

each reference centroid were calculated using the Yue-Clayton 6 (39).

4.2.6. Statistical Analysis

All downstream statistical analyses were performed using R software version 4.3.1 (www.r-
project.org). Descriptive statistics were used to compare demographic characteristics. The
fishers exact test was used to compare characteristics between age groups within each site.
Clinical characteristics that were assessed include STI, and Bacterial vaginosis status. Age,
usage of enhancers and vaginal hygiene information was also compared across age classes
within each site. These comparisons were tabulated and Mann-Whitney U test was applied for
non-parametric independent sample comparisons. Alpha diversity measures, Chaol, Shannon’s
and inverse simpson’s index were calculated using the R-vegan package. Beta diversity was
measured using bray-curtis distances using the same package. To visualise the spatial
segregation of CSTs, Non-metric multidimensional scaling (NMDS) was used. We used linear
mixed models (LMMs) and generalized estimating equation (GEE) models to analyze the
clustered outcomes of this study. For alpha diversity measures (using LMM) and cytokines
with logarithm transformation of continuous outcomes (using GEE), we employed a Gaussian
link function. For cytokine binary outcomes and cell frequency proportions, we used a GEE

with a logit link function. Post-modeling comparisons were conducted, and multiple
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comparisons were adjusted using the false discovery rate (FDR) method. Results for alpha
diversity models are presented as mean differences. For models with a logarithm of continuous
outcome, results are presented as geometric means and as percentage change relative to the
reference group. Binary outcome models are presented as odds ratios. All comparisons include

95% confidence intervals and p-values. Statistical significance was defined as p < 0.05.

4.3. RESULTS
4.3.1. Baseline participant demographic and clinical characteristics

A total of 326 adolescent girls and adult women from South Africa participated in the MIST
study. Among these, 153 participants (102 adolescents aged 17-19 years and 51 adult women
aged 25-29 years) were recruited from the peri-urban communities of Philippi, Cape Town,
WC South Africa. Additionally, 173 participants (117 adolescents aged 16-18 years and 56
adult women aged 27-31 years) were recruited from the rural communities of Vulindlela, KZN,
South Africa. Baseline demographic and clinical characteristics for the participants are
provided in Table 4.1 and detailed in Mkhize et al., 2024 (40). At the WC site, adolescent girls
and adult women reported using only soap and water to wash their female genital tracts (FGTs),
both internally and externally, solely for hygiene reasons. In contrast, at the KZN site,
adolescent girls and adult women reported using a variety of VIP to wash their FGTs, both
internally and externally, for both hygiene and sexual enhancement purposes. The different
types of VIP utilized by adolescent girls and adult women in KZN are outlined in Gumbi et al.,
2024 (40). There were no significant differences in the prevalence of BV and intermediate BV
between adolescent girls and adult women at either the Western Cape or KZN sites. There was
a significant difference in the prevalence of STIs between age groups, with higher rates of C.
trachomatis observed in adolescent girls compared to adult women at both sites (p<0.001). In
the WC, there was a trend towards a higher prevalence of N. gonorrhoeae in adolescents

compared to adult women, but this trend was not observed in KZN.
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Table 4.1: Baseline participant demographic and clinical characteristics

Cape Town Kwa-Zulu Natal
N=153 N=173

Adolescent Girls  Adult Women p- Adolescent Girls  Adult Women )
Characteristic N N = 102! N=51! value? N N=117 N = 56! value?
Age (Years) 153 18.0 (17.0, 19.0) 28.0 (25.0, <0.001 173 18.0 (16.0, 18.0) 28.0 (27.0, <0.001

29.0) 31.0)
Using Sexual Enhancers 153 0 (0%) 3 (5.9%) 0.036 173 68 (58%) 38 (68%) 0.2
Vaginal Hygiene Use- 153 102 (100%) 51 (100%) >0.9 173 24 (21%) 15 (27%) 0.4
Inside
Using Vaginal Hygiene- 153 100 (98%) 51 (100%) 0.6 173 115 (98%) 54 (96%) 0.6
Outside
Any Vaginal Product 153 102 (100%) 51 (100%) >0.9 173 116 (99%) 55 (98%) 0.5
BV by Nugent Score 134 0.5 173 0.6
BV 41 (46%) 24 (55%) 50 (43%) 24 (43%)
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Cape Town Kwa-Zulu Natal
N=173
Adolescent Girls  Adult Women p- Adolescent Girls  Adult Women )
Characteristic N N = 102! N =51! value? N N=117! N = 56! value?
Intermediate 15 (17%) 4(9.1%) 24 (21%) 8 (14%)
No BV, NS 34 (38%) 16 (36%) 43 (37%) 24 (43%)
Neisseria Gonorrhoeae 130 14 (16%) 2 (4.4%) 0.053 173 10 (8.5%) 2 (3.6%) 0.3
Chlamydia Trachomatis 150 52 (51%) 10 (21%) <0.001 173 40 (34%) 4 (7.1%) <0.001
Trichomonas Vaginalis 147 11 (11%) 5 (10%) >0.9 171 10 (8.7%) 3 (5.4%) 0.5
At least one STI 152 62 (61%) 14 (28%) <0.001 173 50 (43%) 8 (14%) <0.001

"Median (IQR); n (%),?Fisher's exact test
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4.3.2. Microbial Community Structures Across Age Groups

To characterise the vaginal community state types (CSTs), we sequenced the V3-V4 region
of the 16S rRNA gene from bacterial DNA extracted from swabs collected from adolescents
and adult women from KZN and CT. This analysis yielded a total of 329 OTUs, which were
assigned to 123 different taxa. Utilizing the VALENCIA tool, we identified five distinct CSTs
based on the composition and relative abundance of bacterial species (Figure 4.1). Our results
indicated that at baseline, the population was primarily dominated by either diverse anaerobic
bacteria (CST IV, n = 172/326; 52.76%) or Lactobacillus iners (CST III, n = 106/326;
32.51%). Additionally, we observed a modest representation of Lactobacillus crispatus (CST
I,n=47/326; 14.41%). One adult was dominated by Lactobacillus gasseri (CST II) at baseline
(n=1, 0.3%). CST 1V was further subdivided into three subtypes: CST IV-A, characterized by
high to moderate relative abundance of BVABI1 and Gardnerella vaginalis; CST IV-B, marked
by the moderate to high relative abundance of G. vaginalis and Atopobium vaginae; and CST
IV-C, which is characterised by the low relative abundances of G. vaginalis, BVABI1, and
Lactobacillus species. CST IV-C samples observed either had relatively even distributions of
Prevotella species or the dominance of Streptococcus agalactiae. The distribution of CSTs
was consistent among adolescents from KZN and CT compared to adult women, suggesting
that the microbial community structures may remain stable across different age groups, with

no significant differences detected among the cohorts.
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Figure 4.1: Heat map showing the 20 most abundant vaginal bacteria identified by 16S rRNA
gene sequencing in South African adolescent girls and adult women. The relative abundance of
key bacterial taxa across the samples was used to categorize them into five community state types
(CSTs): Lactobacillus crispatus (CST 1), Lactobacillus gasseri (CST 11), Lactobacillus iners (CST 111),
BVABI and G.vaginalis (CST IV-A), Gardnerella vaginalis and Atopobium vaginae (CST IV-B), and
a diverse mixture of species (CST IV-C). Additional information, including age class (top bar), study
site (upper middle bar), and BV status based on Nugent scoring (lower middle bar), is also displayed.
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Next, we assessed the alpha diversity of the microbiome at the species level using the Shannon
Diversity Index and examined the effects of age class (adolescent vs. adult) and visit event
(baseline, 72 hours, and 10 days post-sexual intercourse) using a linear mixed-effects model,
including random intercepts for subject ID and site to account for potential clustering effects.
At baseline, no significant differences in alpha diversity were observed between adolescents
and adults (mean difference = -0.023, 95% CI [-0.16, 0.11], p = >0.305), indicating that
microbiome diversity was comparable across these age groups, regardless of location (Figures
4.2b-c). In addition, alpha diversity did not significantly change over time within either age
group (B = 0.53, 95% CI [-0.41, 1.5], p = >0.11), and there was no significant interaction
between age class and time (Figures 4.2A-C). However, a marginal decrease in alpha diversity
was observed 10 days post-sexual intercourse in adolescent compared to adult (p = 0.078),

suggesting a temporal reduction in microbiome diversity at this time point (Figure 4.2C).
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Figure 4.2: Alpha diversity indices of vaginal microbial communities across different age groups and

time points relative to sexual activity. Microbial diversity was assessed among adolescent girls and adult
women at baseline, 72 hours post-sex (B), and 10 days post-sex. Alpha diversity was quantified using
three complementary indices: Shannon diversity, which accounts for both species richness and
evenness; Chaol richness, which estimates the total number of species including rare or potentially
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undetected taxa; and Inverse Simpson diversity, which emphasizes species evenness and dominance.
Higher values of Shannon and Inverse Simpson indicate greater diversity and more balanced
communities, while higher Chaol values reflect greater species richness. Statistical comparisons across
groups were performed using the Kruskal-Wallis test with post-hoc Dunn’s correction.

4.3.3. Post-Coital Changes in BVAB1 Dominance Among Adults

To assess the potential impacts of geography and sexual activity on vaginal microbial
communities, we conducted Non-metric Multidimensional Scaling (NMDS) using Bray—Curtis
distance metrics across all time points. Our analysis did not reveal any clustering patterns based
on age, geography, or sexual activity (see Figure 4.3). To further explore the relative
contribution of age to microbial diversity in relation to other unidentified factors, we performed
a Permutational Multivariate Analysis of Variance (PERMANOVA) employing the Adonis
method. The results showed that the effect of age class was not significant in the overall
distances between samples (F = 1.4814, R>=0.0021, p = 0.182), explaining only 0.21% of the
variance in the community composition. In contrast, significant differences in bray curtis
distances were observed between samples, due to differences in geography (F = 8.8229, R* =

0.01261, p=10.001). The tests were based on 999 permutations.
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Figure 4.3: Non-metric Multidimensional Scaling (NMDS) of Bray-Curtis dissimilarity showing
no distinct clustering of species-level relative abundances in adolescent girls and adult women at
baseline, 72 hours, and 10 days post-sex. Samples are colour-coded by Community State Types (CSTs),
with study sites represented by different shapes.
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4.3.4. Transitions in CSTs Following Sexual Activity in Adult Women and Adolescent
Girls

We investigated whether sexual activity induced transitions between CSTs in both adult women
and adolescent girls, focusing on shifts toward BV-related CSTs. This analysis was performed
using 164 individuals who had microbiome data at all three time points (baseline, within 72h
after sex, and 7-10 days after sex). In adult women, 34% (23/67) maintained their baseline

CSTs over time, including CST I (6%, 4/67), CST II (1.5% 1/67) CST III (6%, 4/67),CST IV-

A (9%, 6/67) and CST IV-B (12%, 8/67). Moderate shifts in CST distribution were observed
between baseline and 7-10 days post-coitus. Specifically, women initially classified as CST V-
B at baseline predominantly transitioned to CST III (24%,10/41). Women with CST I showed
stability, as no transitions were observed between baseline and 72 hours post-coitus. In contrast,
over half of the women with CST III transitioned to either CST I (23%, 5/22) or CST IV-B
(27%, 6/22).0Once women transitioned to CST IV-B, their microbiota remained relatively stable
between 72 hours and 7-10 days post-coitus, with few transitions to other CSTs: CST I (10 %,
2/20), CST III (10%, 2/20), CST IV-A (5%, 1/20), or CST IV-C (5%, 1/20, Figure 4.4).

Although a limited number of women in CST III (41%, 9/22) remained in their baseline CST
after 72 hours post-coitus, a significant proportion transitioned to CST IV-A, (5%, 1/22), CST
IV-B (27%, 6/22) and CST IV-C (5%, 1/22). Some women transitioned from CST III to CST I
(23%, 5/22). Within 7-10 days after sex, women in CST III mostly transitioned towards CST
IV-A (17%, 4/23) and CST IV-B (22%, 5/23), and only 9% (2/23) transitioned to CST I,
highlighting the relative difficulty of returning to a more stable and lactobacillus-dominant
microbiota after dysbiosis. Similar trends were observed in adolescent girls, although there
were some key differences. In adolescents, CST III was the most prevalent and stable CST
throughout the study.Some girls maintained their CST III status (14%,14/97) throughout all
visits. Girls showed a tendency to transition to CST III with increasing percentages of CST 111
prevalence over time (Baseline :29.9%, Within 72h after sex: 35.1% and 7-10 days after sex:
36.1%). Within 72 hours after sex, minimal transitions were observed towards CST I (10%,
3/29),IV-A (7%, 2/29) and IV-B (10%,3/29). Similarly, within 7-10 days after sex, transitions
from CST III to CST I (3%, 1/34), CST IV-A(12%, 4/34), and CST IV-B (12%, 4/34) were
observed. In adolescents, CST IV-B showed an increase in prevalence within 72 hours after
sex, followed by a decline within 7—10 days after sex. This may highlight instability in this

cervicotype or a faster restoration of other CSTs after temporary shifts (Figure 4.4).
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Transitions were mostly observed from CST IV-B towards CST III within 72h of sex (20%,
5/25) which is greater than the 10% transition observed in adults at this timepoint. Within 7-10
days a moderate shift from CST IV-B to III was also observed (17%,5/30). Some CST IV-B
transitions were towards to CST IV-A (1/25), CST IV-C (1/25) and CST I (1/25) within 72
hours of sex. Within 7-10 days after sex, other CST IV-B were towards CST IV-A (37%, 11/30)
and CST I (7%, 2/30). Furthermore, adolescent girls showed flactuations in CST IV-A
prevalence over time (Baseline (29.9%) 72 hours post sex (16.55 %) and 7-10 days post sex
(28.9%)) Similarly, the same decrease in CST IV-A pattern of prevalence was noted in adults
(Baseline (22.4%),72 hours post sex (14.9%) and 7-10 days post sex (19.4%)). This may
indicate sensitivity of this community group towards external factors. At baseline, adolescent
girls with CST I were more likely to transition to CST III (31%, 4/13) than to CST IV (7%,
1/13).While adult women exhibited greater stability after transitioning to CST IV-B, adolescent
girls demonstrated a more dynamic pattern of shifts between CSTs, particularly from CST IV-
B to CST III.
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Figure 4.4: Sankey diagram illustrating transitions between Community State Types (CSTs) over
time in (A) Adult women and (B) Adolescent girls. CST I (green) represents L. crispatus dominance,
CST Il (teal) represents L. iners dominance, CST IV-A (yellow) includes diverse bacterial communities
characterised by moderate to high abundances of BVABI1, CST IV-B is characterized by moderate to
high abundances of G. vaginalis and Atopobium vaginae, and CST IV-C represents a mixed BV-related
community.
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4.3.5. Impact of VIP Use on Vaginal Microbiota

Since no significant differences in species diversity or microbial community clustering were
observed between KZN adolescent girls and adult women, these age groups were combined to
evaluate the impact of VIP use on the vaginal microbiota over time. At baseline, no significant
differences were observed in the relative abundances of bacterial species between women using
VIP and non-VIP users. Over time, VIP users demonstrated significantly higher abundances of
Sneathia and Lactobacillus iners compared to non-VIP users (Figure 4.5). In contrast, the
abundances of Megasphaera lornae, Gardnerella vaginalis, Eggerthella T1, and Atopobium
vaginae were significantly reduced in VIP users relative to non-VIP users throughout the study

period.
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Figure 4.5: Differential abundance of the 20 most abundant bacterial species found in women
using any VIP and non-VIP users. Log2 fold change of significant differentially abundant species
between any VIP and non-VIP users at baseline.
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4.3.6. Elevated MIP-30 concentrations in adult women compared to adolescent Girls,

irrespective of the vaginal microbiota status

We investigated how the composition of vaginal microbiota (Lactobacillus-dominant vs. non-
dominant) influences cytokine expression and immune cell activation in adult women
compared to adolescent girls, and to examine the role of sexual activity timing in modulating
these immune responses. Overall, the mean concentrations of MIP-3a were significantly higher
by 127% in adult women with a Lactobacillus-dominant vaginal microbiota (geometric mean
= 2.27; CI: (1.13,4.54) p = 0.021) in comparison to adolescent girls with a Lactobacillus-
dominant vaginal microbiota. Similarly, although not statistically significant, the adult women
with a non-Lactobacillus-dominant microbiota exhibited mean concentrations of MIP-3a
which was higher by 93% (GM = 1.93; CI: (0.96,3.90) p = 0.065) compared to adolescent girls
with a non-dominant vaginal microbiota (Figure 4.6). Futhermore, the non-Lactobacillus-
dominate adult women had significantly higher MIP-3a by 162% (GM = 2.63 CI: (1.04,6.65),
p = 0.041) compared to adolescent girls 72 hours post-coitus (Figure 4.7). Regardless of the
vaginal microbiota status, adults had consistently higher MIP-3a (compared to any of the
cytokines) concentrations at each visit than adolescents, notwithstanding the statistical
significance. Once more, regardless of the vaginal microbiota status, but in contrast to MIP-
3a, IL-1P was shown to be lower in adults than in adolescents (ranging from -17% to -61%) at

any visit, with the exception of Lactobacillus-dominant women 0-3 days post-sex.
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Figure 4.6: Effect of vaginal microbiota composition on relative abundance changes of dominant
and non-dominant bacterial taxa over the study period. The left panel represents dominant taxa, and
the right panel represents non-dominant taxa. Blue bars indicate relative changes in bacterial abundance
in the reference group, while red bars indicate relative changes in the comparison group. The numeric
values inside or adjacent to each bar represent the relative abundance change (as a percentage) and the
corresponding 95% confidence intervals (shown in parentheses). The vertical red line at 0% represents
no change in relative abundance. Bars extending to the right of the line indicate an increase in relative
abundance, whereas bars extending to the left indicate a decrease. Statistical analyses were performed
to assess differences between groups; odds ratios and 95% confidence intervals are displayed for each
taxa. Only taxa with measurable relative abundance in >1% of samples are shown. This figure highlights
taxa-specific shifts in microbial composition, illustrating differences in dynamics between dominant
and non-dominant vaginal bacteria.

Despite the significance, adults in the Lactobacillus dominant group continuously had greater
cytokine concentrations than adolescents at 0—3 days post-sex (Figure 4.7). In contrast, the
majority of the cytokines in adult women exhibited reduced amounts compared to adolescents

in the same microbial community group (Lactobacillus dominant) 7-10 days after intercourse.
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The cytokine concentrations in adult women throughout all visits, however, did not show any

age-specific patterns in the non-dominant group (Figure 4.7).

Figure 4.7. Effect sizes (Odds Ratios [OR] and 95% Confidence Intervals [CI]) for muscle activity
during various tasks, separated by dominant and non-dominant limbs. This heatmap presents the odds
ratios (ORs) and corresponding 95% confidence intervals (Cls) for muscle activity across various tasks
and muscle groups for both dominant and non-dominant limbs. Each cell shows the percentage
difference in muscle activation (top value), followed by the OR and CI (in parentheses). Cells are color-
coded based on the magnitude and direction of the effect size: green shades indicate reductions and red
shades indicate increases in muscle activity. Darker shades reflect greater deviations from the null effect
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(OR = 1). Bold text indicates statistically significant findings (p < 0.05), with double asterisks (**)
denoting more robust significance. Muscle groups are listed along the vertical axis, while different task
conditions or comparisons are represented along the horizontal axis. The left panel shows data for the
dominant limb, and the right panel shows data for the non-dominant limb. Color bar at the bottom
denotes the scale of ORs, from 0.3 (green) to 3.0 (red), with white representing neutral or no effect (OR
~ 1.0).

We further assessed whether similar effects could be observed in other immune markers. Adult
women demonstrated higher odds of having high CD8+HLA-DR frequency compared to
adolescent girls, regardless of Lactobacillus status (Lactobacillus dominant: OR= 1.55, CI:
(0.99, 2.44), p=0.057, Non-Lactobacillus dominant: OR=2.88, CI: (1.54, 5.38), p = 0.001)
(Table 4.2). Similarly, adult women had significantly higher odds of having high CD4+04p7
frequency relative to adolescent girls, regardless of microbiota status (Lactobacillus dominant:
OR=2.94, CI: (1.08, 8.03), p=0.036, Non-dominant: OR=4.58, CI: (1.05,19.93), p=0.043).
Although not significant, other cells which showed increased odds were CD4+HLA-DR and
CD8+04p7. Lower odds of having high cell frequency in adults relative to adolescents were
observed in CD4+CCRS, irrespective of Lactobacillus status (Lactobacillus dominant: OR:
0.62, CI: (0.39,0.97), p=0.039, Non-dominant: OR=0.61, CI: (0.31, 1.17), p=0.133). Similar
trends were observed in other cells such as CD4+CCR10, CD4+ CCR6, CD4+ CD38, CD8+
CCR5 and CD8+ CD38 in both dominant and non-dominant microbial communities.
Interestingly, under Lactobacillus dominant conditions, higher odds of increased frequencies
of CD8+ CCR10 (OR=2.37, CI: (0.97, 5.75), p=0.055), and CD8+CCR6 (OR=1.61, CI: (0.90,
2.86), p=0.104) in adults relative to adolescents. Whereas lower odds of increased frequencies

in adults compared to adolescents were observed under Non-dominant conditions.

Four types of immune cells were found at significantly higher frequencies in adults at specific
time points. At baseline, adult women had significantly more CD4+04p7 (OR = 8.87, CI:
(3.68,21.41), p<0.001) and CD8+04p7 (OR = 6.03, CI: (1.43,25.40), p=0.015) cells, essential
for mucosal immunity, compared to adolescents. This translates to adult women being
approximately 9 times and 6 times more likely to have higher frequencies of these cells,
respectively. A few days after sex (72 hours), adults continued to show significantly higher
frequencies of CD8+CCR10 (OR = 4.18, CI: (1.19,14.72), p=0.027), involved in tissue-
resident memory, and CD8+04p7 (OR=37.33, CI: (6.08, 229.06), p<0.001). These elevated

odds ratios suggest a strong likelithood of these cells being more abundant in adult women at
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these specific times. Conversely, three immune cell types were significantly
lower in Lactobacillus-dominant 72 hours after sex: CD4+CD38 (OR=0.42 CI: (0.23,0.77),
p=0.006), CD8+CCRS5 (0.22 CI: (0.12,0.42), p<0.001), and CD8+CD38 (OR=0.33

CI: (0.17,0.63), p=0.001). This indicates that adolescent girls are more likely to have higher

frequencies of these cells at this time point.

Interestingly, at least 7-10 days after sex, a different set of immune cells showed significant
differences in the non-Lactobacillus dominant group. Adults had higher frequencies of
CD4+04p7 (11.07 CI: (1.25,97.89), p=0.031), CD8+HLA-DR (5.24 CI: (1.88,14.62),
p=0.002), and CD4+CCRS5 (21.90 CI: (1.61,297.47), p=0.021). Be that as may, the resulting
estimates had wide confidence intervals, particularly for some post-sex findings, indicating the

need for further research with a larger sample size to obtain more precise estimates.
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4.3.7. Impact of non-Lactobacillus-Dominated Microbiome on cytokine concentrations in

Women Using and Not Using VIPs

Given the absence of strong, age-specific differences in immune responses related to
microbiota composition and sexual activity in our analysis, we concluded that combining
adolescent girls and adult women in this study may be a more appropriate approach for
examining the influence of microbiota composition, VIP use and sexual activity on immune
responses. To explore this further, we investigated the impact of a non-Lactobacillus-dominated
microbiome on the levels of chemokines, growth factors, and inflammatory cytokines in
women not using VIPs, comparing these to levels in women with Lactobacillus-dominated
microbiota. Among the 17 markers assessed, 8 (%) exhibited significantly higher mean
concentrations in women with a non-Lactobacillus-dominated microbiome who were not using
VIPs, but not in users, after adjusting for age and timing post-sexual activity (Figure 4.8). These
elevated markers included several chemokines MIP-1a at 27%: (GM=1.27, p=0.013), MIP-1f3
at 23%: (GM=1.23, p=0.035), hematopoietic growth factors G-CSF at 24%(GM=1.24, p =
0.044), the innate cytokine IFNa at 27%(GM=1.27, p=0.008), and the pro-inflammatory
cytokines TRAIL at 226%: (GM= 3.26, p<0.001), IL-6 at 27%: (GM=1.27, p=0.021), IL-1a at
90%: (GM=1.90, p<0.001), and IL-1B at165% (GM=2.65,p= <0.001). TRAIL, IL-1p and IL-
la showed a percentage increase of approximately 50% and more in both users and non-users
(Figure 4.8). A non-Lactobacillus-dominated microbiome was associated with significantly
lower mean concentrations of GM-CSF by -52% (GM=0.48, p<0.001), IL-1Ra by 29%
(GM=0.71, p=0.008), and IP-10 by -73% (GM=0.27, p<0.001) (Figure 4.8). In all these
markers, there was a decrease in the users, although not statistically significant. In VIP users,
VEGF was significantly higher in those with a non-Lactobacillus-dominated microbiome

(122%, p =0.015), but no such association was found in non-users.
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Table 4.2: Odds Ratios for Immune Cell Frequencies within groups of Women’s Lactobacillus-

vaginal microbiota status by age group and time since intercourse

Visit-specific

estimates
72 hours 10 days
Cells Sub-group Overall Baseline after sex after sex
CD4+CCR10 Dominant 0.96 (0.51,1.81) 0.79 (0.28,2.24) 1.26 (0.54,2.96) 0.89 (0.34,2.34)
p=0.901 p=0.660 p=0.594 p=0.811
Non- 0.77 (0.39,1.49) 1.25 (0.54,2.90) 0.68 (0.25,1.87) 0.58 (0.18,1.92)
dominant p=0.427 p=0.604 p=0.446 p=0.367
CD4+CCR5 Dominant 0.62 (0.39,0.97) 0.69 (0.33,1.43) 0.59 (0.30,1.20) 0.58 (0.32,1.02)
p=0.039 p=0.309 p=0.143 p=0.060
Non- 0.61 (0.31,1.17) 0.86 (0.33,2.27) 0.75 (0.30,1.92) 0.39 (0.16,0.97)
dominant p=0.133 p=0.760 p=0.545 p=0.042
CD4+CCR6 Dominant 0.93 (0.52,1.65) 1.21 (0.49,2.96) 0.52 (0.23,1.17) 1.43 (0.49,4.16)
p=0.798 p=0.674 p=0.114 p=0.504
Non- 0.53 (0.25,1.11) 0.81 (0.30,2.14) 0.38 (0.12,1.18) 0.51 (0.21,1.22)
dominant p=0.090 p=0.661 p=0.092 p=0.127
CD4+CD38 Dominant 0.93 (0.59,1.45) 1.63 (0.98,2.71) 0.42 (0.23,0.77) 1.35 (0.65,2.80)
p=0.734 p=0.057 p=0.006 p=0.418
Non- 0.67 (0.41,1.10) 0.67 (0.29,1.58) 0.82 (0.40,1.68) 0.56 (0.28,1.10)
dominant p=0.112 p=0.359 p=0.589 p=0.090
CD4+HLA-DR  Dominant 1.34 (0.76,2.37) 1.40 (0.62,3.14) 1.49 (0.62,3.56) 1.14 (0.53,2.47)
p=0.304 p=0.412 p=0.367 p=0.731
Non- 1.54 (0.86,2.75) 0.95 (0.36,2.55) 2.07 (0.82,5.21) 1.78 (0.64,4.90)
dominant p=0.143 p=0.921 p=0.120 p=0.261
CD4+04p7 Dominant 2.94 (1.08,8.03) 8.87 (3.68,21.41)  2.66 (0.38,18.72) 0.56 (0.11,2.94)
p=0.036 p<0.0018 p=0.321 p=0.489
Non- 4.58 (1.05,19.93) 3.61 (0.64,20.47) 0.45 (0.06,3.27) 11.07 (1.25,97.89)
dominant p=0.043 p=0.144 p=0.426 p=0.0318
CD8+CCR10 Dominant 2.37 (0.98,5.75) 1.97 (0.37,10.60)  4.18 (1.19,14.72) 1.76 (0.47,6.63)
p=0.055 p=0.425 p=0.027 p=0.397
Non- 0.97 (0.28,3.37) 2.53 (0.31,20.44) 0.14 (0.02,1.08) 2.90 (0.38,21.88)
dominant p=0.958 p=0.379 p=0.059 p=0.296
CD8+CCR5 Dominant 0.53 (0.30,0.93) 0.75 (0.30,1.88) 0.22 (0.12,0.42) 0.89 (0.41,1.93)
p=0.027 p=0.541 p<0.001 p=0.758
Non- 0.86 (0.46,1.63) 1.10 (0.48,2.52) 0.97 (0.35,2.70) 0.59 (0.24,1.48)
dominant p=0.645 p=0.819 p=0.952 p=0.258
CD8+CCR6 Dominant 1.61 (0.90,2.86) 2.21 (0.80,6.14) 0.72 (0.27,1.92) 2.92 (0.84,10.16)
p=0.104 p=0.125 p=0.511 p=0.091
Non- 0.88 (0.34,2.32) 1.13 (0.31,4.13) 0.62 (0.10,3.84) 0.91 (0.27,3.11)
dominant p=0.800 p=0.848 p=0.599 p=0.884
CD8+CD38 Dominant 0.67 (0.40,1.10) 1.07 (0.37,3.12) 0.33 (0.17,0.63) 0.90 (0.46,1.77)
p=0.113 p=0.902 p=0.001 p=0.760
Non- 0.54 (0.32,0.90) 0.53 (0.24,1.18) 0.54 (0.22,1.32) 0.54 (0.22,1.36)
dominant p=0.018 p=0.119 p=0.171 p=0.190
CD8+HLA-DR  Dominant 1.55 (0.99,2.44) 1.17 (0.48,2.88) 1.71 (0.73,4.00) 1.99 (0.91,4.36)
p=0.057 p=0.726 p=0.212 p=0.082
Non- 2.88 (1.54,5.38) 2.28 (0.79,6.58) 2.67 (0.91,7.85) 5.24 (1.88,14.62)
dominant p=0.001 p=0.126 p=0.074 p=0.0028
CD8+04p7 Dominant 3.83 (1.08,13.55) 6.03 (1.43,25.40) 37.33 0.32 (0.03,3.13)
p=0.038 p=0.0158 (6.08,229.06) p=0.322
p<0.0018
Non- 4.35 (0.72,26.34) 3.96 (0.26,59.86) 0.01 (0.00,6.10)  21.90 (1.61,297.47)
dominant p=0.107 p=0.314 p=0.143 p=0.0218

§ - indicating extremely wide confidence interval; Estimates presented as GM (95% CI)
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Figure 4.8: Comparison of odds ratios (ORs) and percentage differences in outcome measures
between users and non-users. This figure presents odds ratios (ORs) with 95% confidence
intervals (CIs) and percentage changes in a series of outcomes, stratified by user status: non-
users (left panel, blue bars) and users (right panel, red bars). Each row corresponds to a specific
outcome or condition. OR values are displayed within parentheses beside the respective bars,
with asterisks (*) denoting statistically significant findings (p < 0.05). Percentage values to the
right of each bar indicate the relative difference from baseline. Blue bars represent negative
effects (reduction), while red bars indicate positive effects (increase). The length of the bars
visually reflects the magnitude of the percentage change. Statistically significant ORs are
marked with asterisks, and values with confidence intervals that do not cross 1.00 are
emphasized. This visualization highlights key differences in the relationship between the
outcome variables and user status, with particularly notable differences in measures such as
those marked with high percentage changes (e.g., 90%, 85%) and statistically significant ORs.

4.3.8. Interactions Between VIP Use, Cytokine Profiles, and Sexual Activity Over Time

Here, we seek to identify whether the timing of sex (72 hours vs. 10 days post-sex) modulates
the immune response, and whether this effect differs between individuals with a non-
Lactobacillus-dominant microbiome compared to those with other microbiome profiles.
Within non-VIP users (Figure 4.9A), TRAIL (72 hours: GM=4.01~301%, 10 days:
GM=1.75~75%), IL-1B (72 hours: GM=2.69~169%, 10 days: GM=2.02~102%) and IL-1a (72
hours: GM=1.89~89%, 10 days GM=1.54~54%) were significantly increased in the non-

Lactobacillus dominant women relative to Lactobacillus dominant women, regardless of
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timing of sex.The oppositre effect was observed in IP-10 (72 hours: GM=0.27~ -75%, 10 days:
GM=0.21~ -79%), and GM-CSF (72 hours: GM=0.34~ -66%, 10 days: GM=0.45~ -55%) as
they were significantly reduced. The timing of sexual activity influenced the relationship
between Lactobacillus status and immune markers, as significant changes were observed at 72
hours but not at 10 days post-sex in non-VIP users. MIP-1 (72 hours: GM=1.47~47%, 10 days
GM=0.86~-14%) and MIP-1a (72 hours: GM=1.38~38%, 10 days GM=1.95~95%) at 72 hours
after sex, however, it reduced after 10 days post sex showing no significant difference.IL-1R
(72 hours: GM=0.63~ -37%, 10 days: GM=0.77~ -33%) was reduced only at 72 hours. In Vip-
users (Figure 4.9B), there were no markers that were consistently increased or reduced
throughout the visits. However, two immune markers showed significant changes at 72 hours
but not at 10 hours post sex; TRAIL (72 hours: GM=3.22~222%, 10 days: GM=1.40~ 40%)
and MIP-3a (72 hours: GM=13.92~1292%, 10 days: GM=0.34~ 66%)).
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Figure 4.9: Geometric mean with 95% CI of the effect of non-Lactobacillus-dominated relative to
Lactobacillus-dominated on cytokine expressions given visits (A. VIP non-users and B. VIP users).
This forest plot presents odds ratios (ORs) with 95% confidence intervals (Cls) for various outcomes,
stratified by user status: non-users (Panel A, left) and users (Panel B, right). Each row represents a
distinct outcome, with ORs shown for three different conditions, color-coded as red, blue, and green.
The vertical dashed red line represents the null value (OR = 1.0), with values to the left indicating
decreased odds and those to the right indicating increased odds. For each condition, horizontal lines
denote the 95% confidence interval, and asterisks indicate statistical significance (p < 0.05, p <0.01, p
< 0.001). The figure reveals several significant reductions in odds among non-users, particularly for
outcomes in the middle section of the panel, whereas users show a broader range of effects, including
some markedly increased odds for certain outcomes. This visual summary facilitates direct comparison
of the impact of each condition between user groups.
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4.3.9. Impact of Lactobacillus status on Immune Cell Expression and the Influence of

Timing After Sex in VIP Users and non-users

Here, we investigated the impact of Lactobacillus status on immune cell frequency,
highlighting the across and within visit effect for non-VIP and VIP users, while controlling for
age and sexual activity as well as the number of days of last sexual intercourse. Women with a
non-Lactobacillus-dominant microbiome exhibited significantly lower expression of
CD4+CD38 (OR=0.70 CI: (0.51,0.96), p=0.026), CD8+HLA-DR (OR=0.54 CI: (0.36,0.80),
p=0.002) in non-VIP users, with no such effects observed in VIP users. Whereas, the non-
Lactobacillus-dominant microbiome was associated with significantly a higher CD4+HLA-DR
(OR=2.13 CI: (1.06,4.27), p=0.035) frequency in VIP users, but had no significant impact in
non-users (Table 4.3). In vip-users, two immune markers [CD4+CD38 (72 hours: OR=0.51,
p=0.047; 10 days: OR=3.60, p=0.001) and CD8+CCR6 (72 hours: OR=0.05, p=0.001; 10 days:
OR=5.89, p=0.012)] showed a significant increase in non-Lactobacillus dominant participants
at 72 hours relative to Lactobacillus dominant participants, whereas, at 10 days, a reduction
was observed. Contrary to the effect observed at 10 days after sex, non-lactobacillus dominant
participants showed a significant increased cell frequency for markers; CD4+HLA-DR (OR=
3.62, p=0.038), CD8+CD38 (OR=6.36, p=0.002), and CD8+HLA-DR (OR=5.26, p=0.001).
This same effect was observed at 72 hours after sex but it was not statistically significant.

(Table 4.3)
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Table 4.3: The impact of lactobacillus status on immune cell frequency in non-VIP and VIP users

72 hours 10 days
Cells Sub-group Overall Baseline after sex after sex

CD4+CCR10 Non-user 1.02 (0.68,1.52) 0.86 (0.46,1.62) 1.27 (0.66,2.44) 0.97 (0.41,2.29)
p=0.921 p=0.634 p=0.480 p=0.949

User 0.77 (0.34,1.75) 0.44 (0.15,1.34) 2.47 (0.63,9.63) 0.50 (0.12,2.09)
p=0.517 p=0.140 p=0.181 p=0.325

CD4+CCR5 Non-user 0.89 (0.68,1.16) 0.89 (0.55,1.44) 0.80 (0.48,1.34) 1.00 (0.64,1.57)
p=0.389 p=0.636 p=0.389 p=1.000

User 0.69 (0.39,1.23) 0.41 (0.14,1.15) 0.71 (0.30,1.69) 1.15 (0.49,2.68)
p=0.196 p=0.086 p=0.418 p=0.738

CD4+CCR6 Non-user 0.92 (0.65,1.30) 0.70 (0.39,1.24) 0.77 (0.40,1.48) 1.48 (0.72,3.02)
p=0.633 p=0.221 p=0.431 p=0.282

User 0.74 (0.41,1.35) 0.58 (0.21,1.60) 0.38 (0.23,0.63) 1.85(0.80,4.28)
p=0.312 p=0.280 p=0.001 p=0.144

CD4+CD38 Non-user 0.70 (0.51,0.96) 0.91 (0.54,1.53) 0.52 (0.30,0.91) 0.72 (0.45,1.16)
p=0.026 p=0.708 p=0.021 p=0.180

User 0.95 (0.58,1.54) 0.53 (0.26,1.06) 0.51 (0.26,0.99) 3.60 (1.78,7.32)
p=0.818 p=0.071 p=0.047 p=0.001

CD4+HLA-DR Non-user 1.00 (0.72,1.40) 0.97 (0.56,1.67) 1.16 (0.63,2.13) 0.89 (0.49,1.63)
p=0.985 p=0.901 p=0.633 p=0.706

User 2.13 (1.06,4.27) 1.83 (0.54,6.20) 1.72 (0.88,3.35) 3.62 (1.08,12.09)
p=0.035 p=0.312 p=0.107 p=0.038

CD4+04p7 Non-user 1.04 (0.42,2.58) 0.70 (0.31,1.58) 1.48 (0.43,5.12) 1.86 (0.28,12.29)
p=0.924 p=0.384 p=0.536 p=0.514

User — — —

CD8+CCR10 Non-user 0.79 (0.29,2.14) 0.93 (0.21,4.16) 1.35(0.30,6.14) 0.30 (0.09,1.01)
p=0.644 p=0.926 p=0.694 p=0.052

User 1.80 (0.44,7.34) 3.73 (0.45,31.00) 0.98 (0.16,6.00) 0.39 (0.06,2.39)
p=0.393 p=0.209 p=0.981 p=0.294

CD8+CCR5 Non-user 0.98 (0.63,1.51) 0.94 (0.51,1.73) 0.92 (0.48,1.77) 1.09 (0.55,2.16)
p=0.920 p=0.840 p=0.801 p=0.794

User 1.61 (0.66,3.93) 2.02 (0.66,6.22) 0.86 (0.19,3.81) 1.96 (0.59,6.51)
p=0.282 p=0.206 p=0.832 p=0.258

CD8+CCR6 Non-user 0.84 (0.49,1.43) 0.83 (0.35,1.99) 0.83 (0.33,2.10) 0.85(0.33,2.24)
p=0.516 p=0.680 p=0.691 p=0.747

User 1.33(0.48,3.69) 1.25(0.32,4.88) 0.05 (0.01,0.25) 5.89 (1.54,22.61)
p=0.564 p=0.734 p=0.001 p=0.012

CD8+CD38 Non-user 0.92 (0.61,1.40) 1.13 (0.56,2.32) 0.70 (0.38,1.29) 1.06 (0.56,2.00)
p=0.705 p=0.727 p=0.249 p=0.863

User 0.86 (0.48,1.54) 0.33 (0.14,0.73) 1.19 (0.73,1.96) 6.36 (2.20,18.34)
p=0.590 p=0.009 p=0.470 p=0.002

CD8+HLA-DR Non-user 0.54 (0.36,0.80) 0.46 (0.22,0.99) 0.79 (0.36,1.73) 0.42 (0.17,1.02)
p=0.002 p=0.048 p=0.558 p=0.054

User 1.60 (0.53,4.78) 2.06 (0.44,9.54) 1.40 (0.58,3.36) 5.26 (2.15,12.88)
p=0.384 p=0.337 p=0.432 p=0.001

CD8+adp7 Non-user 2.06 (0.42,10.02) 2.70 (0.55,13.29) 0.15 (0.02,1.10) 3.26 (0.30,35.65)
p=0.367 p=0.219 p=0.062 p=0.329

User — — — —

Estimates presented as GM (95% CI), cell presented as — indicates that the model failed to converge
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4.4. DISCUSSION

The use of VIPs is common among women in Southern Africa, with many seeking to achieve
a dry, tight vaginal environment during sexual intercourse (3-10). Although these practices are
culturally ingrained, research suggests that certain VIPs can alter the Lacfobacillus-dominant
vaginal microbiota, shifting it towards a more diverse, anaerobic bacterial community
associated with BV (17, 18). This study sought to longitudinally characterise the vaginal
microbiome composition in South African adolescent girls and adult women, with a specific
focus on the influence of sexual activity and intravaginal practices on microbial dynamics and
cytokine and cellular markers of genital inflammation. This study found that, at the WC site,
both adolescent girls and adult women reported using only soap and water for washing their
FGTs, primarily for hygiene purposes. This practice highlights a more basic and minimalistic
approach to FGT hygiene in this population. In contrast, at the KZN site, participants reported
using a variety of VIPs for FGT hygiene, including those intended for both hygiene and sexual
enhancement (7-10). The use of VIPs at the KZN site aligns with broader trends documented
in other African studies, which report widespread use of intravaginal practices in regions with
high HIV prevalence (3-10), often aimed at enhancing sexual experiences, maintaining vaginal
dryness and tightness, preventing unintended pregnancies, and addressing STIs and vaginal
discharge (5, 7-14). In many African cultures, the use of natural products to promote "dry sex"
is a socially ingrained norm, with vaginal wetness often being associated with unfaithfulness,
promiscuity, and perceived sexual inadequacy (41, 42). Despite these regional and cultural
differences in hygiene practices, the study found significant differences in STI prevalence
between the age groups, with adolescent girls exhibiting a higher prevalence of Chlamydia
trachomatis compared to adult women at both sites. This finding is consistent with existing
literature that highlights the increased susceptibility of adolescent women to STIs, particularly
Chlamydia (43-45), due to a combination of biological factors (such as lower production of
cervical mucous and increased cervical ectopy) (46-48) and sexual behaviours (such as higher
rates of unprotected sex and multiple partners) (49, 50). These results underscore the need for
targeted health interventions addressing both the regional cultural practices, the widespread use
of vaginal products in high HIV prevalence areas, and the increased STI vulnerability of

adolescent girls.

Although several studies have shown that the vaginal microbiota of adolescents resembles
those of reproductive-age women of non-African descent (51, 52), our understanding of the

microbial composition differences between adolescent girls and adult women of African
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descent remains limited, primarily due to the lack of targeted research addressing these age-
related and ethnogeographic variations. In this study, we found that microbial diversity, both
alpha and beta diversity, did not significantly differ based on age. The vaginal microbiome of
adolescent girls in our cohort was predominantly dominated by Lactobacillus iners and BV-
associated communities, mirroring the microbiota profiles observed in adult women.
Furthermore, both adolescent girls and adult women exhibited transitions toward BV -related
CSTs. However, adolescent girls demonstrated more dynamic and frequent shifts between
CSTs, particularly between CST IV-B and CST III, whereas adult women exhibited more
stability, particularly after transitioning to CST IV-B. These findings suggest that while the
vaginal microbiome of adolescent girls may resemble that of adult women, there is greater
microbial flux and instability in younger women. This may reflect developmental factors,

hormonal fluctuations, or other contextual influences (53).

Several studies have suggested that intravaginal practices may be associated with an increased
prevalence of bacterial vaginosis and other disruptions in the vaginal microbiome, including
shifts from a beneficial Lactobacillus-dominant flora to more diverse microbial communities
(1, 3, 9, 19-23). We observed that, at baseline, there were no significant differences in the
relative abundances of bacterial species between women using VIPs and non-VIP users.
However, over the study period, VIP users exhibited significantly higher abundances of
Sneathia and Lactobacillus iners compared to non-users. These findings are consistent with
previous research, which has shown that VIP use is associated with a shift from a Lactobacillus-
dominant vaginal microbiota to a less protective microbial community, characterized by a
broader diversity of primarily anaerobic bacteria (1, 9, 19-23). In contrast, the abundances of
several bacterial species commonly linked to BV, including Megasphaera lornae, Gardnerella
vaginalis, Eggerthella T1, and Atopobium vaginae, were significantly reduced in VIP users
relative to non-users throughout the study period. These findings suggest that while VIP use
may initially lead to microbial shifts towards species typically associated with dysbiosis, over
time it appears to be linked with a reduction in the abundance of key BV-associated pathogens.
Additionally, these findings suggest a complex, dynamic interaction between VIP use and the
vaginal microbiome, highlighting the need for further research to elucidate the long-term

implications for vaginal health and the clinical significance of VIP use in microbial modulation.
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The study examined the relationship between vaginal microbiota composition and immune
markers of genital inflammation in both VIP and non-VIP users. The results align with previous
studies (25, 54) linking non-Lactobacillus-dominated microbiota to elevated inflammatory
cytokine levels, which are associated with increased susceptibility to HIV infection due to
immune activation and facilitation of viral entry (55). Specifically, women with non-
Lactobacillus-dominated microbiota who did not use VIPs had significantly higher
concentrations of several cytokines (MIP-1B, MIP-1a, IFNa, IL-6, TRAIL, IL-1p, and IL-1a
and G-CSF). Conversely, MIP-3a, an important chemokine for immune cell recruitment (56,
57), was—lower in non-VIP users, suggesting impaired immune recruitment despite
inflammation. Both VIP and non-VIP users with non-Lactobacillus microbiomes exhibited
higher levels (approximately >50%) of IL-la, IL-1B,—and TRAIL, indicating ongoing
inflammation and immune cell recruitment(58-60). However, both groups showed moderately
lower levels of IP-10 and GM-CSF, which are involved in lymphocyte trafficking (61, 62) and
immune cell activation (63), respectively. These reduced levels of IP-10 are consistent with
previous findings in women with BV, suggesting a dysregulated immune response in the
context of vaginal dysbiosis (61, 64, 65). The lower expression of immune markers such as
CD4+CD38 and CDS8+HLA-DR further supports this, suggesting a suppressed immune
response despite the presence of inflammation. Overall, these results highlight that while non-
Lactobacillus-dominated microbiota is associated with immune activation, VIP use may have
a less pronounced impact on immune responses, indicating that other biological factors may

play a role in modulating how VIPs interact with the vaginal immune environment.

Next, we assessed how the timing of sexual activity (72 hours vs. 10 days post-coitus)
influences immune responses in women with different vaginal microbiota compositions, and
whether these effects are modulated by the use of VIPs. At 10 days post-sex, there was a
significant decrease in several cytokines IP-10 and GM-CSF, indicating a resolution of
inflammation and a return to immune homeostasis (66-68). This decrease aligned with
increased CD4+HLA-DR expression, suggesting that the immune system is attenuating the
initial inflammatory response over time. However, in VIP users, there were notable increases
in IFN-a and G-CSF at the same time points, implying that VIP use may prolong or enhance
certain immune activation markers, potentially affecting the resolution of inflammation.

Overall, these findings highlight how vaginal microbiota composition, sexual activity timing,
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and VIP use influence immune responses, with implications for infection risk and vaginal

health.

Several limitations should be considered when interpreting the findings of this study. First,
while the longitudinal design allows for the examination of temporal changes in vaginal
microbiota composition and immune markers, the duration of follow-up may not have been
long enough to fully capture the long-term impacts of VIP use on microbiota stability and
immune response. Second, the study's sample size and focus on a specific population
(adolescent girls and adult women from South Africa) may limit the generalizability of the
findings to other regions or populations with differing microbiome profiles, sexual behaviors,
and hygiene practices. Additionally, self-reported data on the use of VIPs and sexual behaviors
may be subject to recall bias or underreporting, which could affect the accuracy of these
measurements, particularly when addressing sensitive topics such as sexual activity and
intravaginal product use. Finally, while the findings suggest a complex interaction between
microbiota composition, sexual activity, and VIP use, other unmeasured factors (e.g., STIs,
presence of semen exposure, hormonal fluctuations, diet, or genetic predispositions) may also

influence the results, warranting further investigation to disentangle these variables.

In conclusion, this study demonstrated that the vaginal microbiota of adolescent girls may
closely resemble that of adult women, though with more dynamic microbial flux and instability
in younger women. Additionally, non-dominated microbiota were found to modulate immune
responses, while the use of VIPs did not exhibit the same effect, suggesting that other biological
factors may contribute to immune modulation. Moreover, the timing of sexual activity
significantly influenced immune responses, with changes observed 10 days post-coitus, while
VIP use appeared to sustain immune activation. These findings highlight the complex interplay
between microbial composition, sexual activity, and VIP use in shaping vaginal health and
immune function, underscoring the need for future studies with larger cohorts, longer follow-

up periods, and comprehensive clinical data.
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4.5. Supplementary Tables and Figures

Table S4.1: Descriptive statistics of cytokine expression by age class based on Lactobacillus status

Non Lactobacillus-dominant, N = 167

Lactobacillus Dominant, N = 158

Characteristic Adult, N =72 Adolescent, N =95 Adult, N =63 Adolescent, N =95
MIP-1p

Mean (SD) 1,763 (1,107) 1,976 (1,514) 1,533 (1,167) 1,518 (1,299)

Median (IQR) 1,506 (1,209, 2,025) 1,721 (1,134, 2,409) 1,378 (1,027, 1,949) 1,357 (916, 1,729)
IP-10

Mean (SD) 3,824 (8,097) 4,518 (9,456) 6,355 (9,386) 10,872 (13,340)

Median (IQR) 1,500 (371, 3,373) 994 (203, 4,125) 3,498 (913,7,776) 5,875 (2,100, 12,635)
GM-CSF

Mean (SD) 214 (310) 228 (283) 300 (265) 328 (284)

Median (IQR) 65 (16, 333) 68 (16, 353) 299 (16, 491) 289 (53, 506)
IL-1a

Mean (SD) 6,428 (8,002) 8,274 (9,706) 3,050 (3,762) 3,303 (3,759)

Median (IQR) 3,802 (1,295, 9,375) 5,485 (1,793, 11,880) 1,437 (723, 3,827) 1,676 (801, 4,437)
IL-1Ra

Mean (SD) 167,036 (436,459) 127,078 (334,154) 314,650 (630,059) 143,875 (291,234)

Median (IQR) 55,567 (41,286, 80,513) 52,461 (39,941, 83,542) 72,312 (51,836, 104,682) 77,578 (57,186, 106,295)
IL-8

Mean (SD) 14,008 (18,781) 12,990 (10,944) 17,798 (26,229) 17,013 (24,648)

Median (IQR) 9,679 (4,487, 16,207) 10,630 (3,549, 17,229) 9,018 (2,893, 17,075) 10,863 (5,614, 17,324)
IL-17

Mean (SD) 243 (203) 352 (428) 209 (201) 330 (686)

Median (IQR) 203 (81, 383) 237 (95, 448) 150 (70, 292) 195 (44, 338)
TRAIL

Mean (SD) 443 (623) 489 (622) 210 (321) 191 (324)

Median (IQR) 302 (106, 531) 297 (95, 754) 100 (10, 274) 57 (10, 232)
MIP-10.

Mean (SD) 114 (184) 150 (482) 92 (160) 79 (105)

Median (IQR) 68 (42, 99) 74 (48, 116) 55(32,97) 65 (40, 91)
MIP-30.

Mean (SD) 2,692 (5,990) 1,298 (1,557) 4,411 (17,493) 1,823 (2,253)

Median (IQR) 1,036 (104, 4,656) 740 (100, 1,751) 1,060 (333, 4,304) 937 (160, 2,619)
G-CSF

Mean (SD) 3,549 (3,264) 4,366 (4,794) 3,009 (3,215) 3,672 (4,887)

Median (IQR) 2,645 (1,024, 4,838) 2,746 (1,547, 4,991) 1,866 (694, 4,347) 1,956 (956, 3,794)
IFN-a

Mean (SD) 183 (100) 186 (99) 149 (86) 163 (95)

Median (IQR) 166 (110, 237) 175 (101, 265) 147 (83, 201) 150 (92, 228)
IL-1p

Mean (SD) 3,177 (5,034) 5,395 (13,191) 1,290 (3,324) 1,574 (3,042)

Median (IQR) 1,099 (234, 3,927) 2,477 (536, 5,036) 382 (70, 1,178) 456 (180, 1,232)
IL-6

Mean (SD) 2,073 (3,336) 2,252 (2,896) 1,246 (1,312) 1,649 (2,559)

Median (IQR) 1,037 (449, 1,898) 1,130 (682, 3,202) 812 (337, 1,625) 938 (465, 1,707)
IL-10

Mean (SD) 1,983 (2,030) 2,670 (6,595) 1,968 (1,442) 2,348 (3,233)

Median (IQR) 1,345 (690, 2,650) 1,559 (611, 2,783) 1,839 (645, 2,967) 1,918 (1,127, 2,902)
TNF-a

Mean (SD) 175 (211) 196 (199) 137 (163) 132 (214)

Median (IQR) 105 (51, 219) 151 (49, 272) 81 (33, 186) 81 (42, 156)
VEGF

Mean (SD) 12,248 (11,681) 13,283 (12,025) 10,492 (9,709) 12,919 (14,579)

Median (IQR) 9,130 (4,745, 14,404) 9,909 (5,393, 17,104) 8,968 (3,636, 15,174) 8,620 (5,268, 14,361)

Range 337, 56,669 542, 70,809 122, 56,620 147, 89,644
IFN-$ 21 (29%) 15 (16%) 11 (17%) 16 (17%)
RANTES 53 (77%) 75 (84%) 47 (80%) 69 (79%)
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Table S4.2: Descriptive statistics of cell frequencies by age class based on Lactobacillus status.

Non-Lactobacillus dominant, N = 36 Lactobacillus Dominant, N = 43

Characteristic Adult, N=19 Adolescent, N =17 Adult, N =24 Adolescent, N =19
CD4+adp7

Mean (SD) 12 (17) 8 (21) 12 (13) 49

Median (IQR) 2 (0, 20) 2 (0, 6) 10 (3, 14) 1(0,2)
CD4+CCR5

Mean (SD) 22 (17) 31(12) 27 (14) 36 (16)

Median (IQR) 18 (9, 30) 30 (20, 42) 24 (17, 35) 32 (26, 50)
CD4+CCR6

Mean (SD) 43 (23) 56 (25) 51 (24) 49 (26)

Median (IQR) 45 (32, 57) 60 (46, 73) 59 (33, 68) 57 (30, 64)
CD4+CCR10

Mean (SD) 38 (24) 39 (21) 34 (206) 35(24)

Median (IQR) 32 (20, 50) 37 (25, 50) 31 (14, 43) 27 (18, 50)
CD4+CD38

Mean (SD) 39 (22) 36 (12) 44 (15) 42 (19)

Median (IQR) 36 (28, 51) 37 (25, 45) 46 (33, 55) 37 (32, 60)
CD4+HLA-DR

Mean (SD) 59 (23) 55 (19) 54 (24) 48 (21)

Median (IQR) 63 (41, 75) 57 (40, 68) 54 (39, 70) 43 (34, 64)
CD8+adp7

Mean (SD) 50 6 (19) 5.8 (11.1) 1.3(3.9)

Median (IQR) 1(0,5) 0(0,1) 0.9 (0.0, 4.7) 0.0 (0.0, 0.9)
CD8+CCR5

Mean (SD) 58 (20) 59 (23) 51(25) 66 (22)

Median (IQR) 61 (45, 74) 61 (36, 80) 55 (31, 74) 68 (48, 81)
CD8+CCR6

Mean (SD) 18 (20) 24 (27) 25(22) 17 (19)

Median (IQR) 11(3,23) 11 (6, 33) 18 (7, 45) 13(2,22)
CD8+CCR10

Mean (SD) 7(13) 13 (27) 12 (22) 5(8)

Median (IQR) 2 (0, 6) 2(1,3) 5(0,12) 2(1,5)
CD8+CD38

Mean (SD) 65 (21) 64 (21) 64 (19) 71 (18)

Median (IQR) 65 (51, 78) 71 (48, 78) 66 (53, 80) 70 (66, 86)
CDS8+HLA-DR

Mean (SD) 34 (24) 27 (25) 33(19) 29 (18)

Median (IQR) 29 (19, 50) 20 (12, 26) 34 (18, 49) 34 (14, 41)
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Table S4.3: Descriptive statistics of cytokine expression by age class based on Lactobacillus status

Non-Lactobacillus dominant,

Lactobacillus Dominant,

N=167 N=158
Characteristic Adult, Adolescent, Adult, Adolescent,
N=72 N=95 N=63 N=95

MIP-1p

Mean (SD) 1,763 (1,107) 1,976 (1,514) 1,533 (1,167) 1,518 (1,299)

Median (IQR) 1,506 (1,209, 2,025) 1,721 (1,134, 2,409) 1,378 (1,027, 1,949) 1,357 (916, 1,729)
IP-10

Mean (SD) 3,824 (8,097) 4,518 (9,456) 6,355 (9,386) 10,872 (13,340)

Median (IQR) 1,500 (371, 3,373) 994 (203, 4,125) 3,498 (913,7,776) 5,875 (2,100, 12,635)
GM-CSF

Mean (SD) 214 (310) 228 (283) 300 (265) 328 (284)

Median (IQR) 65 (16, 333) 68 (16, 353) 299 (16, 491) 289 (53, 506)
IL-1a

Mean (SD) 6,428 (8,002) 8,274 (9,706) 3,050 (3,762) 3,303 (3,759)

Median (IQR) 3,802 (1,295, 9,375) 5,485 (1,793, 11,880) 1,437 (723, 3,827) 1,676 (801, 4,437)
IL-1Ra

Mean (SD) 167,036 (436,459) 127,078 (334,154) 314,650 (630,059) 143,875 (291,234)

Median (IQR) 55,567 (41,286, 80,513) 52,461 (39,941, 83,542) 72,312 (51,836, 104,682) 77,578 (57,186, 106,295)
IL-8

Mean (SD) 14,008 (18,781) 12,990 (10,944) 17,798 (26,229) 17,013 (24,648)

Median (IQR) 9,679 (4,487, 16,207) 10,630 (3,549, 17,229) 9,018 (2,893, 17,075) 10,863 (5,614, 17,324)
1L-17

Mean (SD) 243 (203) 352 (428) 209 (201) 330 (686)

Median (IQR) 203 (81, 383) 237 (95, 448) 150 (70, 292) 195 (44, 338)
TRAIL

Mean (SD) 443 (623) 489 (622) 210 (321) 191 (324)

Median (IQR) 302 (106, 531) 297 (95, 754) 100 (10, 274) 57 (10, 232)
MIP-10.

N 72 95 63 95

Mean (SD) 114 (184) 150 (482) 92 (160) 79 (105)

Median (IQR) 68 (42, 99) 74 (48, 116) 55(32,97) 65 (40, 91)
MIP-3a.

Mean (SD) 2,692 (5,990) 1,298 (1,557) 4,411 (17,493) 1,823 (2,253)

Median (IQR) 1,036 (104, 4,656) 740 (100, 1,751) 1,060 (333, 4,304) 937 (160, 2,619)
G-CSF

Mean (SD) 3,549 (3,264) 4,366 (4,794) 3,009 (3,215) 3,672 (4,887)

Median (IQR) 2,645 (1,024, 4,838) 2,746 (1,547,4,991) 1,866 (694, 4,347) 1,956 (956, 3,794)
IFN-a

Mean (SD) 183 (100) 186 (99) 149 (86) 163 (95)

Median (IQR) 166 (110, 237) 175 (101, 265) 147 (83, 201) 150 (92, 228)
IL-1p

Mean (SD) 3,177 (5,034) 5,395 (13,191) 1,290 (3,324) 1,574 (3,042)

Median (IQR) 1,099 (234, 3,927) 2,477 (536, 5,036) 382 (70, 1,178) 456 (180, 1,232)
IL-6

Mean (SD) 2,073 (3,336) 2,252 (2,896) 1,246 (1,312) 1,649 (2,559)

Median (IQR) 1,037 (449, 1,898) 1,130 (682, 3,202) 812 (337, 1,625) 938 (465, 1,707)
IL-10

Mean (SD) 1,983 (2,030) 2,670 (6,595) 1,968 (1,442) 2,348 (3,233)

Median (IQR) 1,345 (690, 2,650) 1,559 (611, 2,783) 1,839 (645, 2,967) 1,918 (1,127, 2,902)
TNF-a

Mean (SD) 175 (211) 196 (199) 137 (163) 132 (214)

Median (IQR) 105 (51, 219) 151 (49, 272) 81 (33, 186) 81 (42, 156)
VEGF

Mean (SD) 12,248 (11,681) 13,283 (12,025) 10,492 (9,709) 12,919 (14,579)

Median (IQR) 9,130 (4,745, 14,404) 9,909 (5,393, 17,104) 8,968 (3,636, 15,174) 8,620 (5,268, 14,361)
IFN-B 21 (29%) 15 (16%) 11 (17%) 16 (17%)
RANTES 53 (77%) 75 (84%) 47 (80%) 69 (79%)
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Table S4.4: Descriptive statistics of cell frequencies by age class based on Lactobacillus status

Non-Lactobacillus dominant, N = 36 Lactobacillus Dominant, N = 43

Characteristic Adult, N=19 Adolescent, N =17 Adult, N =24 Adolescent, N =19
CD4+adp7

Mean (SD) 12 (17) 8 (21) 12 (13) 49

Median (IQR) 2 (0, 20) 2 (0, 6) 10 (3, 14) 1(0,2)
CD4+CCR5

Mean (SD) 22 (17) 31(12) 27 (14) 36 (16)

Median (IQR) 18 (9, 30) 30 (20, 42) 24 (17, 35) 32 (26, 50)
CD4+CCR6

Mean (SD) 43 (23) 56 (25) 51 (24) 49 (26)

Median (IQR) 45 (32, 57) 60 (46, 73) 59 (33, 68) 57 (30, 64)
CD4+CCR10

Mean (SD) 38 (24) 39 (21) 34 (206) 35(24)

Median (IQR) 32 (20, 50) 37 (25, 50) 31 (14, 43) 27 (18, 50)
CD4+CD38

Mean (SD) 39 (22) 36 (12) 44 (15) 42 (19)

Median (IQR) 36 (28, 51) 37 (25, 45) 46 (33, 55) 37 (32, 60)
CD4+HLA-DR

Mean (SD) 59 (23) 55 (19) 54 (24) 48 (21)

Median (IQR) 63 (41, 75) 57 (40, 68) 54 (39, 70) 43 (34, 64)
CD8+adp7

Mean (SD) 50 6 (19) 5.8 (11.1) 1.3(3.9)

Median (IQR) 1(0,5) 0(0,1) 0.9 (0.0, 4.7) 0.0 (0.0, 0.9)
CD8+CCR5

Mean (SD) 58 (20) 59 (23) 51(25) 66 (22)

Median (IQR) 61 (45, 74) 61 (36, 80) 55 (31, 74) 68 (48, 81)
CD8+CCR6

Mean (SD) 18 (20) 24 (27) 25(22) 17 (19)

Median (IQR) 11(3,23) 11 (6, 33) 18 (7, 45) 13(2,22)
CD8+CCR10

Mean (SD) 7(13) 13 (27) 12 (22) 5(8)

Median (IQR) 2 (0, 6) 2(1,3) 5(0,12) 2(1,5)
CD8+CD38

Mean (SD) 65 (21) 64 (21) 64 (19) 71 (18)

Median (IQR) 65 (51, 78) 71 (48, 78) 66 (53, 80) 70 (66, 86)
CDS8+HLA-DR

Mean (SD) 34 (24) 27 (25) 33(19) 29 (18)

Median (IQR) 29 (19, 50) 20 (12, 26) 34 (18, 49) 34 (14, 41)
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5.1 SUMMARY AND DISCUSSION OF THE MAIN FINDING

The vaginal ecosystem is a dynamic and complex microbial environment that plays a critical
role in women’s reproductive and overall health. An optimal (“healthy”) vaginal microbiome
is typically dominated by Lactobacillus species, which contribute to vaginal health by
producing lactic acid, maintaining a low pH, and inhibiting the growth of pathogenic organisms
(1, 2). However, shifts in the microbiome away from Lactobacillus dominance, often towards
a diverse community of polymicrobial anaerobes, are associated with increased susceptibility
to sexually transmitted infections (STIs), including HIV (3-7). These shifts are also implicated
in reduced efficacy of HIV PrEP, likely due to increased inflammation, reduced epithelial
barrier integrity, and altered drug pharmacokinetics in the vaginal environment (8-11). Various
factors influence the vaginal microbiota, including hormonal fluctuations, sexual behaviour,
menstrual hygiene practices, and the use of vaginal insertion products (12, 13). These products,
which are common among women in Southern Africa, have been linked to an increased
prevalence of bacterial vaginosis (BV), a condition characterised by dysbiotic microbiota and

associated inflammation (14-17).

This dissertation systematically investigates the impact of oral and topical PrEP on the vaginal
microbiome and explores additional factors such as sexual activity and intravaginal practices
that may contribute to microbial dynamics and genital inflammation. The research is divided
into four distinct but interrelated components: (i) Introduction and Literature Review
(CHAPTER 1): This chapter highlights the significance of the study, focusing on the high HIV
incidence among adolescent girls and young women (AGYW) in South Africa, with rates as
high as 7.8%-8.6% in high-burden areas. It reviews the interplay between the vaginal
microbiome, genital inflammation, and HIV susceptibility, emphasizing the role of
Lactobacillus-dominant microbiota in reducing STI risks and enhancing PrEP efficacy. The
chapter also outlines the study's design and methodologies. (ii) Impact of Oral TDF/FTC PrEP
on Vaginal Microbiota: A longitudinal analysis evaluates the effects of daily oral PrEP on the
vaginal microbiome composition in healthy South African women (CHAPTER 2). A
longitudinal analysis evaluates whether daily oral TDF/FTC PrEP alters the composition of the
vaginal microbiota in healthy South African women. The findings indicate that oral PrEP does
not significantly disrupt microbial community structure or Lactobacillus dominance, reassuring
its compatibility with microbiome health in high-risk populations. (iii) Influence of Vaginal

Microbiota on Cervicovaginal Tenofovir Levels (CHAPTER 3): This chapter examines
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how microbiome composition affects local tenofovir pharmacokinetics. It explores the
potential interactions between vaginal microbial communities, drug metabolism, and tissue
drug penetration, which may impact PrEP efficacy. (iv) Effects of Intravaginal Practices and
Sexual Activity on vaginal microbiota, cytokine and immune markers of genital inflammation
(CHAPTER 4): This component explored the role of cultural and behavioural practices,
including intravaginal cleansing, the use of insertion products, and sexual activity, on the
composition of the vaginal microbiota in adolescent girls and young women. It also examines
the relationship between these practices, cytokine and immune markers of genital
inflammation, which are critical for understanding the biological mechanisms underlying

increased STI susceptibility.

A. Exploring the Impact of Oral PrEP on the Vaginal Microbiome

While PrEP has been shown to be highly effective in preventing HIV acquisition in men who
have sex with men (MSM), studies in women have yielded suboptimal outcomes. Previous
research suggests that the vaginal microbiome can significantly influence the efficacy of topical
tenofovir-based PrEP (8, 18), but this effect has not been observed with oral tenofovir-based
PrEP (19). Oral tenofovir disoproxil fumarate/emtricitabine (TDF/FTC) PrEP was found to be
equally effective among women with normal and abnormal vaginal microbiota. However, these
studies relied on Gram stain and qPCR testing to characterise vaginal dysbiosis, which are

limited in their ability to detect the full range of microbial species.

To address this gap, we investigated the longitudinal effects of oral TDF/FTC PrEP on the
vaginal microbiome of healthy South African women, using 16S rRNA gene amplicon
sequencing for molecular characterisation. This study represents the first to assess the impact
of oral PrEP on the composition of the vaginal microbiota with this level of precision. Our data
revealed that fewer women in both the PrEP and non-PrEP groups had increased relative
abundance of Lactobacillus crispatus. Instead, the cervicovaginal microbiota was
predominantly dominated by Lactobacillus iners and Gardnerella vaginalis communities,
consistent with prior findings showing a lack of L. crispatus dominance in the vaginal
microbiota of young Black South African women aged 18-23 years (1, 5). We further explored
the temporal dynamics of microbial communities over time. No significant differences in
microbial community transitions were observed between PrEP and non-PrEP groups. However,

communities dominated by L. iners were less likely to transition to other states, and when

146



transitions occurred, they often shifted toward bacterial vaginosis (BV)-associated
communities associated with an increased risk of HIV. This aligns with recent findings
indicating that transitions from L. crispatus dominance to L. iners communities are less likely
to revert to L. crispatus but more likely to progress to BV-associated states (20). The role of L.
iners in vaginal ecology remains unclear. It is uncertain whether L. iners merely reflects
transitional changes or actively contributes to BV risk and impacts the mucosal immune
environment. Understanding the resilience and ecological role of L. iners is critical for
addressing vaginal dysbiosis and improving interventions. Additionally, BV treatments have
been shown to induce temporal changes in the vaginal microbiota (21-23). Our findings
revealed that after antibiotic treatment for BV, G. vaginalis-dominant communities often
transitioned to L. iners. This highlights the need for supplementary treatments, such as
probiotics, aimed at fostering a transition from L. iners to L. crispatus, a state associated with
vaginal health. Effective probiotic therapies could potentially enhance BV treatment outcomes
and reduce the risk of HIV acquisition by promoting the restoration of a healthy vaginal

microbiome.

B. Impact of Vaginal Microbiota on Topical Tenofovir Gel Efficacy

Recent studies have highlighted that vaginal microbiota may influence the efficacy of topical
tenofovir (TFV) gel through several potential mechanisms, including the proteolytic
degradation of TFV by microbial enzymes (8, 18). These enzymes, produced by BV-associated
bacteria such as Gardnerella vaginalis and Prevotella spp., may alter the stability and
bioavailability of TFV, potentially reducing its efficacy in preventing HIV infection (8, 11,
18). Proteomic analyses have identified bacterial-associated proteins involved in the
degradation process; however, these analyses are often limited in their sensitivity to low-
abundance species, particularly when using mass spectrometry-based approaches (8). While in
vitro studies have demonstrated TFV biodegradation in the presence of specific BV-associated
bacteria, these findings may not fully capture the complexity of in vivo conditions. The vaginal
environment is influenced by factors such as pH, host immune responses, and the presence of
mucus, which can modulate microbial activity and drug bioavailability (24-26). Furthermore,
the interactions between bacterial communities and TFV, including potential competitive or

synergistic effects among microbial species, remain poorly understood.
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To address these gaps, we conducted a comprehensive investigation into how vaginal
microbiota composition affects TFV pharmacokinetics (PK) in women participating in the
CAPRISA 008 1% tenofovir gel study (Chapter 3). This study utilized culture-independent
bacterial 16S rRNA gene sequencing and community profiling to characterize the
cervicovaginal microbiota. These advanced molecular methods enabled us to capture the
diversity and relative abundance of bacterial taxa without the limitations of traditional culture
techniques. Our analysis revealed that most participants exhibited vaginal microbiomes
dominated by Lactobacillus iners (CST III), a community type associated with a less stable
and more dynamic microbial environment compared to Lactobacillus crispatus-dominated
microbiota. L. iners is known for its ability to adapt to a wide range of vaginal conditions, but
it is also more prone to transitioning into diverse microbial states linked to bacterial vaginosis
(BV). This instability could potentially influence TFV gel efficacy by altering the vaginal
environment, including pH and mucosal barrier integrity. Interestingly, the prevalence of L.
crispatus, a species associated with more stable and protective vaginal conditions, was low
among participants. This observation aligns with findings from other sub-Saharan African
cohorts (5-7, 27-29), where L. iners and BV-associated communities are more common. These
microbiota profiles are thought to reflect a combination of genetic, environmental, and

behavioural factors prevalent in these regions.

The highlight of our findings is that the composition of the vaginal microbiota, including the
presence of BV-associated bacteria and Lactobacillus-dominated communities, does not
significantly influence tenofovir (TFV) gel pharmacokinetics or its concentration levels in the
vaginal environment. Specifically, we observed no correlation between the relative abundance
of bacterial species such as Gardnerella vaginalis, Prevotella spp., or Lactobacillus spp.
(including L. iners, L. crispatus, and L. jensenii) and TFV concentrations. Additionally,
microbial diversity (both alpha and beta) and community state types (CSTs) were not
associated with differences in TFV levels. Most participants exhibited CST III microbiota
dominated by L. iners, a less stable microbial community prone to transitioning to BV-
associated states. Despite this, TFV concentrations remained unaffected, suggesting that TFV
gel efficacy is robust against variations in vaginal microbiota composition. This is particularly
significant for populations in high HIV-prevalence regions where BV is common, as our

findings support the use of TFV-based PrEP regardless of vaginal microbial profiles.
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C. Lack of Correlation Between Microbiota and TFV Levels

Our results showed no correlation between the relative abundance of BV-associated bacteria
(G. vaginalis, Prevotella spp.) and Lactobacillus spp. (L. iners, L. crispatus, L. jensenii) with
TFV concentrations. In contrast, Hillier et al. and Klatt et al. demonstrated significantly lower
TFV concentrations in cervical-vaginal aspirates from users of TFV 1% gel and film who
exhibited CST IV microbiota (8, 30). Similarly, other studies have found that participants with
diverse anaerobic CST IVA/B microbiota exhibited higher in vivo TFV release compared to
those with Lactobacillus-dominated microbiota. While a sub-analysis of CAPRISA 004
samples suggested reduced TFV gel efficacy in women with non—Lactobacillus-dominated
microbiomes (31), our findings do not support this role. Additionally, no significant differences
in microbial diversity or community state types were observed between women with high and
low TFV concentrations. These findings align with a recent study of TFV-based rings, which
observed no changes in mucosal TFV concentrations in the presence of BV-associated
microbiota (32-34). Overall, our results do not indicate significant interactions between vaginal

microbiota composition and in vivo TFV concentrations.

D. Implications of Vaginal Microbiota on Tenofovir Gel Efficacy and the Importance of

PrEP Accessibility for BV-Positive Women

The key takeaway from our study (Chapter 2 and 3) is that vaginal microbiota composition,
including BV-associated bacteria and Lactobacillus-dominated communities, does not
significantly modulate TFV pharmacokinetics or gel efficacy. This underscores that TFV gel
remains a robust and effective PrEP strategy, even in the presence of BV-associated or diverse
microbiota. Continuing PrEP use in BV-positive women is essential to ensuring equitable and
effective HIV prevention, particularly in high-burden regions like sub-Saharan Africa, where
BV is highly prevalent. BV disrupts the protective vaginal microbiota, increasing HIV
susceptibility due to inflammation, immune activation, and compromised epithelial barriers (7,
35, 36). Providing PrEP to BV-positive women addresses this heightened vulnerability, as
studies, including our findings, demonstrate that TFV-based PrEP remains effective regardless
of vaginal microbiota composition. Excluding BV-positive women from PrEP access would
disproportionately impact a large segment of women in these regions, exacerbating health
disparities. Furthermore, BV is often linked to sociocultural and behavioural practices, such as
intravaginal practices, making it critical for prevention strategies to accommodate real-world

conditions (37, 38). By including BV-positive women in PrEP programs, public health efforts
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can significantly reduce HIV incidence at the population level, ultimately contributing to

epidemic control and reinforcing the importance of equitable healthcare access.

E. Age-Related Differences in STI Prevalence and Microbiota

Our study also reveals significant age-related differences in STI prevalence and vaginal
microbiome dynamics, highlighting the unique vulnerabilities of adolescent girls compared to
adult women. Adolescent girls exhibited a higher prevalence of Chlamydia trachomatis,
attributed to biological factors such as an immature cervical epithelium that is more susceptible
to infection, and behavioural risks like inconsistent condom use and limited access to STI
prevention services (39-46). While microbial diversity (both alpha and beta) was comparable
across age groups, adolescent girls displayed greater microbial instability and flux,
characterized by frequent shifts in the vaginal microbiome. Their microbiomes were
predominantly dominated by L. iners and bacterial vaginosis-associated communities, patterns
that reflect developmental and hormonal changes during puberty. The reduced resilience
associated with L. iners and the increased presence of BV-associated bacteria suggest a higher
risk for microbial dysbiosis and STI susceptibility. These patterns likely reflect the influence
of developmental, hormonal, and contextual factors (47). These findings underscore the critical
role of developmental, hormonal, and contextual factors in shaping adolescent vaginal health
and emphasise the need for targeted public health interventions to address their heightened

vulnerability.

F. Impact of Vaginal Practices on Microbiota Composition, Immune Profiles, and Health

Risks in High HIV-Prevalence Regions

Microbial composition and dynamics in the vaginal environment are influenced by a range of
factors, including VIPs, sexual activity, and hygiene practices (48-50). These factors can alter
the balance of vaginal microbiota, which plays a crucial role in maintaining vaginal health and
modulating immune responses. Intravaginal practices, including the use of VIPs, have been
shown to be widespread in regions with a high prevalence of HIV, particularly in South Africa,
where such practices are influenced by cultural, social, and economic factors (16, 17, 49-54).
In Chapter 3, we conducted a longitudinal evaluation of the effects of VIP use and sexual
activity on vaginal microbiota composition and stability in South African adolescent girls and

adult women. Our findings revealed that participants frequently used a variety of VIPs, often
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for purposes such as hygiene or sexual enhancement. Notably, the prevalence of VIP use was
higher at the KwaZulu-Natal (KZN) site, consistent with trends reported in other African
studies (16, 17, 49-54). These practices are important to investigate given their potential to
disrupt vaginal microbiota and impact reproductive and sexual health. Analysis of microbial
composition demonstrated that VIP users had increased abundances of Sneathia and L. iners,
a pattern previously linked to shifts from Lactobacillus-dominated microbiota, which are
protective, to less protective and more diverse anaerobic communities (49, 55-60). Such shifts
are often associated with bacterial vaginosis (BV) and other dysbiotic states that can increase

the risk of sexually transmitted infections (STIs), including HIV.

In addition to microbial shifts, our study identified distinct immune profiles associated with
VIP use and non-Lactobacillus-dominated microbiota. Both VIP users and non-users with
disrupted microbiota exhibited elevated levels of inflammatory markers, including IL-1a, IL-
1B, VEGF, and TRAIL (61-63). These markers are indicative of an activated immune state,
which may reflect an inflammatory response to microbial imbalance or external irritants.
Concurrently, there were reductions in key immune markers, such as IP-10 and GM-CSF,
suggesting an impaired ability to mount a robust immune defence (64, 65). The combination
of heightened inflammation and diminished immune signalling creates an environment that

may increase susceptibility to infections.

Further supporting this, reduced expression of immune activation markers, such as
CD4+CCR10, CD4+HLA-DR, and CD8+HLA-DR, was observed. This finding indicates a
paradoxical dampening of adaptive immune responses, even in the context of inflammation
(66). Such immune suppression could compromise the body’s ability to effectively counteract
pathogens, potentially exacerbating vulnerability to STIs, including HIV. Interestingly, while
non-Lactobacillus-dominated microbiota was clearly associated with immune activation, the
impact of VIP use on immune responses appeared more nuanced. VIP-related disruptions to
the microbiota were not uniformly associated with severe immune consequences, suggesting
that other biological factors may influence the interplay between VIP use, microbial
composition, and immune activity. These factors could include the specific types of VIPs used,
frequency and duration of use, individual genetic and hormonal variations, and co-existing

health conditions.
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Overall, our findings highlight the complex relationships between intravaginal practices,
microbial dynamics, and immune function. While VIP use is associated with shifts in microbial
composition and immune responses, the full extent of its impact likely depends on a
combination of individual behaviours, environmental influences, and biological factors.
Further research is needed to disentangle these interactions and to develop interventions that

promote vaginal health while reducing risks associated with intravaginal practices.

G. E%ects of Intravaginal Practices and Sexual Activity on vaginal microbiota,

cytokine and immune markers of genital inflammation

The timing of sexual activity in relation to immune responses provides critical insights into the
interplay between inflammation and immune regulation within the female reproductive tract.
This study identified distinct temporal variations in cytokine levels and immune markers,
shaped by the timing of coitus and the composition of vaginal microbiota. At 10 days post-
coitus, a significant reduction in IP-10 and GM-CSF levels was observed, indicative of the
resolution of the early inflammatory response. This reduction aligns with prior studies (67-69)
which associate declines in these cytokines with the re-establishment of immune homeostasis
(64, 65). IP-10, a chemokine that facilitates T-cell recruitment, and GM-CSF, a cytokine
essential for dendritic cell and macrophage activation, are key players in the inflammatory
cascade (64, 68). Their downregulation at the later time point reflects a well-regulated transition
from immune activation to a homeostatic state, critical for preserving reproductive health.
Additionally, the observed increase in CD4+HLA-DR expression supports the hypothesis of
immune modulation over time. HLA-DR expression on CD4+ T cells serves as an indicator of
antigen presentation and immune activation (70). Its elevation at the 10-day mark suggests an
adaptive regulatory phase of the immune response, potentially balancing inflammation to

maintain tissue integrity and prevent excessive immune activation.

Although the vaginal microbiota did not exhibit any clustering based on sexual activity, its role
in immune dynamics remains a crucial avenue for further investigation. Differences in immune
responses may be influenced by the dominance of lactobacilli compared to dysbiotic microbial
communities, which could modulate the inflammatory environment and its resolution.
Furthermore, the impact of VIPs on these immune trajectories highlights the need for focused

studies to understand their influence on inflammatory resolution. This research underscores the
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significance of temporal dynamics in immune responses following sexual activity and
highlights the intricate interactions between host immunity, microbial composition, and
external modulators. These insights are fundamental for developing targeted interventions to

enhance reproductive health and mitigate risks associated with unresolved inflammation.

5.2. STUDY LIMITATIONS

This thesis revealed several limitations that may impact the reliability and applicability of its
findings. Firstly, PrEP adherence data relied on pill count and self-reporting, and systemic or
genital PrEP levels were measured only in a sub-set of women. Secondly, The CAPRISA 082
trial lacked longitudinal data on STIs and BV, while CAPRISA 084 had missing BV treatment,
this hindered a detailed analysis of the effects of PrEP and BV and BV treatment on the vaginal
microbiota. Additionally, the study was conducted with a coitally dependent, unscheduled
application of tenofovir gel, which may not align with clinic visits when pharmacokinetic (PK)
samples were collected. Due to the nature of the trial, we could not assess the longitudinal
impact of vaginal microbiota on TFV concentration even though some participants had more
than one visit, as the vaginal microbiome can change over time. Participants self-reported the
timing and frequency of gel use, which could not be fully reliable, as self-reports may not
accurately reflect actual usage patterns. Previous studies have suggested that genital
inflammation is associated with an increased risk of HIV (27, 35, 71) and also undermines
PrEP efficacy (9), however, we did not include genital cellular and cytokines data, and further
studies are required to determine the relationship between TFV levels, microbiome
composition alterations, genital cytokines and the frequency of HIV target cells. Chapter 4;
While the longitudinal design allows for the examination of temporal changes in vaginal
microbiota composition and immune markers, the duration of follow-up may not have been
long enough to fully capture the long-term impacts of VIP use on microbiota stability and
immune response. Additionally, self-reported data on the use of VIPs and sexual behaviours
may be subject to recall bias or underreporting, which could affect the accuracy of these
measurements, particularly when addressing sensitive topics such as sexual activity and
intravaginal product use. Overall, we did not investigate the impact of other potential co-factors
such as STIs, human papillomavirus, herpes simplex virus, hormonal contraceptives, diets,
hormonal status, semen exposure, genetic predispositions, and other vaginal disorders (e.g.,

aerobic vaginitis), these factors may have different biological effects on microbial
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communities, ultimately contributing to more refined and comprehensive knowledge in this

field.

5.3 STRENGTHS

Pre-Exposure Prophylaxis (PrEP) has proven to be a highly effective HIV prevention strategy,
particularly among women with high adherence. However, questions remain about the potential
influence of abnormal vaginal microbiota on PrEP efficacy. Previous studies using Nugent
scoring to assess bacterial vaginosis (BV) concluded that BV does not compromise the
effectiveness of oral PrEP. Building on this, our study focused on understanding how PrEP
impacts vaginal microbial communities longitudinally, particularly in South African women
who face a disproportionately high burden of BV and HIV. A major advancement of this study
is the use of high-throughput 16S rRNA gene sequencing, which provides a more accurate and
comprehensive characterisation of the vaginal microbiome compared to traditional methods
like Nugent scoring, Gram staining, or qPCR. By capturing bacterial species and genera with
greater precision, this approach allowed us to evaluate temporal dynamics of the vaginal
microbiota before and after initiating PrEP. Additionally, the inclusion of participants who were

not taking PrEP facilitated a comparative analysis, enhancing the robustness of our findings.

Our thesis also explored the impact of vaginal microbiota on the effectiveness of 1% TFV gel.
Unlike previous studies that relied on proteomic analyses, which are limited in detecting low-
abundance bacterial species, we utilized 16S rRNA gene sequencing to provide a more detailed
understanding of microbial composition. Furthermore, by quantifying TFV levels, we were
able to stratify participants based on these levels and identify bacterial species and genera
associated with TFV concentration. These insights significantly advance our knowledge of how
vaginal microbiota may influence microbicide efficacy, forming a foundation for developing
localized HIV prevention methods. South Africa, as a region with high rates of BV and HIV
among young women, offered a critical context for this research. Sociocultural practices such
as VIP are prevalent in this region and are known to promote a diverse, anaerobic bacterial
community associated with BV. Leveraging this context, our study longitudinally evaluated the
impact of VIP on vaginal microbiota using 16S rRNA sequencing. Additionally, by recruiting
participants from two provinces, we accounted for geographic variations in microbiota
composition. The inclusion of adolescent girls alongside young and older women further

allowed us to investigate age-related differences in vaginal microbiota profiles.
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This thesis's longitudinal design stands out as a key strength, enabling us to capture the
temporal dynamics of vaginal microbiota and their interplay with immune markers. By
integrating microbial and immune analyses, we gained valuable insights into the complex
interactions between vaginal microbiota and immune responses, contributing to a more
comprehensive understanding of reproductive health. Importantly, our findings demonstrate
that oral PrEP remains effective across diverse vaginal microbiota profiles, reinforcing its
potential as a robust HIV prevention strategy for high-risk populations. These results not only
confirm the efficacy of PrEP but also provide critical data for refining HIV prevention strategies

tailored to the unique microbial and sociocultural contexts of vulnerable populations.

54. ENHANCING VAGINAL HEALTH AND HIV  PREVENTION:
RECOMMENDATIONS FOR FUTURE RESEARCH ON MICROBIOME DYNAMICS
AND PREP EFFICACY

To address these gaps and advance our understanding, several recommendations for future
research are proposed. First, longitudinal studies are needed to clarify the role of Lactobacillus
iners in vaginal ecology, particularly its association with BV and susceptibility to HIV. These
studies should explore whether L. iners actively promotes dysbiosis or serves as an indicator
of transitional microbial states. Experimental models and metagenomic analyses could provide
valuable insights into its metabolic pathways and ecological interactions. Second, future
research should prioritise integrating microbiome studies with immunological assessments to
better understand how vaginal microbiota influence the mucosal immune environment and the
efficacy of tenofovir-based and other novel PrEP strategies. Advanced molecular techniques,
such as transcriptomics and proteomics, can illuminate functional relationships between
microbial communities, host immune responses, and drug bioavailability. Third, studies should
account for individual-level factors, such as hormonal contraceptive use, diet, genetic
predispositions, co-infections with STIs, sexual activity and VIP use. These variables may play
a critical role in shaping the vaginal microbiome and influencing PrEP outcomes. Stratified
analyses and multi-variable models could help disentangle these complex interactions.
Additionally, more objective measures of adherence to PrEP and other intravaginal products
are necessary to overcome the limitations of self-reported data. Wearable technologies, drug-

level monitoring, and digital adherence tools may provide more accurate insights into user
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behaviours and product effectiveness. Finally, intervention-based studies should assess
whether tailored approaches, such as probiotics, prebiotics, or microbiome-targeted therapies,
can stabilise vaginal microbiota and improve PrEP efficacy. These studies should prioritise
women in high HIV-prevalence regions, with an emphasis on community engagement and
culturally sensitive approaches to ensure relevance and acceptance. By addressing these
research priorities, future studies can provide a more comprehensive understanding of vaginal
microbiome dynamics, refine PrEP interventions, and improve reproductive health outcomes

for women worldwide.

5.5. CONCLUSIONS

Our findings indicate that the initiation of PrEP does not result in significant changes to vaginal
microbial communities in HIV-negative women from sub-Saharan Africa, suggesting that PrEP
use does not disrupt vaginal microbiota. Additionally, vaginal microbiota composition did not
significantly affect tenofovir levels, though adherence to PrEP and timing of application remain
critical for effective HIV prevention. Minor variations in tenofovir levels were observed across
groups defined by BV status, Lactobacillus dominance, and STI presence; however, these
differences were not statistically significant. These results support the feasibility of PrEP
implementation in women with both optimal and suboptimal vaginal microbiota. Nevertheless,
routine STI and BV screening during PrEP care is recommended, particularly in high HIV-
prevalence regions. The thesis also revealed that while the vaginal microbiota of adolescent
girls resembles that of adult women, younger individuals exhibit greater microbial flux and
instability. Furthermore, non-Lactobacillus-dominated microbiota was associated with
modulation of immune responses, an effect not observed with the use of vaginal insertion
products (VIPs), suggesting other biological factors may drive immune modulation. Timing of
sexual activity was found to influence immune responses, with notable changes occurring 10

days post-coitus, whereas VIP use appeared to sustain immune activation.

These findings emphasize the intricate relationships between vaginal microbiota composition,
sexual behaviour, and VIP use in shaping genital health and immune responses. They highlight
the need for further research involving larger cohorts, extended follow-up periods, and
comprehensive clinical data. This research contributes to our understanding of how vaginal

microbiota, PrEP use, and vaginal insertion products impact genital inflammatory profiles,
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microbiome dynamics, and HIV susceptibility, providing a foundation for optimizing HIV
prevention strategies. Our findings indicate that the initiation of PrEP does not result in
significant changes to vaginal microbial communities in HIV-negative women from sub-
Saharan Africa, suggesting that PrEP use does not disrupt vaginal microbiota. Additionally,
vaginal microbiota composition did not significantly affect tenofovir levels, though adherence
to PrEP and timing of application remain critical for effective HIV prevention. Minor variations
in tenofovir levels were observed across groups defined by BV status, Lactobacillus
dominance, and STI presence; however, these differences were not statistically significant.
These results support the feasibility of PrEP implementation in women with both optimal and
suboptimal vaginal microbiota. Nevertheless, routine STI and BV screening during PrEP care
is recommended, particularly in high HIV-prevalence regions. The study also revealed that
while the vaginal microbiota of adolescent girls resembles that of adult women, younger
individuals exhibit greater microbial flux and instability. Furthermore, non-Lactobacillus-
dominated microbiota was associated with modulation of immune responses, an effect not
observed with the use of vaginal insertion products (VIPs), suggesting other biological factors
may drive immune modulation. Timing of sexual activity was found to influence immune
responses, with notable changes occurring 10 days post-coitus, whereas VIP use appeared to

sustain immune activation.

These findings highlight the intricate relationships between vaginal microbiota composition,
sexual behaviour, and VIP use in modulating genital health and immune responses. They
underscore the need for additional studies with larger sample sizes, extended follow-up
durations, and more comprehensive clinical data to further elucidate these interactions. This
research contributes to a deeper understanding of how vaginal microbiota, PrEP use, and VIP
use influence genital inflammatory profiles, microbiome dynamics, and susceptibility to HIV,

providing a basis for optimising HIV prevention strategies and therapeutic interventions.
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APPENDICES

Appendix A: Detailed methodologies

6.1. Processing of genital specimens
A. Processing of genital SoftCup specimens

Cervicovaginal fluid for genital tract tenofovir detection was collected using SoftCup
menstrual cups (SoftCup, San Diego, CA). SoftCup specimens were collected in 50 ml conical
tubes and processed upon arrival at the laboratory. The tubes were first centrifuged at 2000 rpm
for 10 minutes at 22°C to separate the CVL content, after which the SoftCup was discarded
with forceps. A second centrifugation was performed under the same conditions. If supernatant
separation occurred, 50 ul of the supernatant was aspirated into a cryovial, and 200 ul of PBS
was added. The sample was then vortexed and divided into four cryovials, with the pellet

transferred into a fifth cryovial. Specimens were stored at -80°C.

B. Processing of vaginal swab specimens

Dry vaginal swabs from -80°C were thawed at room temperature for 10 minutes and
resuspended into the 1ml PBS and the e swabs were thawed on ice prior to Total nucleic Acid

(TNA) extraction.

6.2. Genital Microbiome Characterisation by 16S rRNA sequencing
A. Total nucleic acid (TNA) extraction

We used both dry and wet swabs. The e-swab was thawed on ice and the dry vaginal swab was
thawed, resuspended into 1 ml PBS, and allowed to sit on ice for 30 minutes. The samples (e-
swab and dry swab) were vortexed for 15 seconds at high speed and 500 pl was transferred into
a sarstedt 2 ml DNase-free tube containing beads. 500 ul buffer A, 210 pl of 20% sodium
dodecyl sulfate (SDS) and 500 pl of phenol-chloroform: isoamyl alcohol (IAA- pH 7.9,

Ambion) were added, and samples were homogenised using a bead beater for 2 min, and
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centrifuged at 8000 rpm for 3 minutes at 4 °C. After centrifugation, the top layer was transferred
into a new DNase free tube containing 600 pl phenol-chloroform, mixed briefly by vertexing
and span down at 13,000 rpm (16,000 rcf) for 5 minutes at 4 °C. The top layer was transferred
mnto a new 2 ml tube and 600 pl of isopropanol and 60 pl of 3MSodium Acetate (NaOAc, pH
5.5) were added. The mixture was briefly mixed and incubated at -20 °C for overnight
precipitation (12-24 hrs). On the second day of the experiment, tubes were centrifuged at the
maximum speed (16,000 rpm) for 30 minutes, and once the spin was complete, the supernatant
was discarded, leaving the pellet in the tube. The pellet was washed with 500 pl of 100% ethanol
(EtOH) and spun down at 16,000 rpm for 15 minutes, followed by discarding the ethanol and
allowing the pellet to dry for 15 minutes. The pellet was resuspended by 20 ul of TE buffer and
stored at -80 °C until used.

Buffer A was prepared as follows:

Initial Final
Concentration | Concentration 100 mL 500 mL
Na(Cl SM 200 mM 4 mL 20 mL
Tris-HCI1 1M 200 mM 20 mL 100 mL
EDTA 0.5M 20 mM 4 mL 20 mL
UltraPure
H20 72 mL 360 mL

B. DNA quantification: Qubit

DNA quantification was performed using the Qubit 2.0 Fluorometer (Invitrogen, USA). To
prepare the Qubit working solution, 1 pl of Qubit reagent was added to 199 pul of Qubit buffer.
Standards 1 and 2 were prepared by adding 10 pl of each standard to 190 pl of the working
solution. For each sample, 2 pl of DNA was added to 198 pl of the Qubit working solution.
Both samples and standards were briefly vortexed and incubated for 2 minutes at room
temperature. The standards and double-stranded DNA (dsDNA) high-sensitivity

concentrations (ng/ml) were then measured using the fluorometer.

C. 16S rRNA gene V4 region Amplification

DNA samples were removed from the freezer and allowed to thaw at room temperature. 2 pl

of DNA was plated in a 96-well plate. The mastermix was prepared for the appropriate number
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of samples by adding 16.25 pl PCR clean water, Sul 5X QS5 reaction buffer, 0.5 pul dANTP
(10mM), 0.5ul 515Forward prime (10 uM), 0.25 ul Q5 polymerase. 22.5 pl of the Master mix
was added into each reaction followed by 0.50 pl of 806Reverse primer. PCR was performed
in a thermal cycler using the following program: 98°C for 30 seconds, 30 cycles of (98°C for
10 seconds, 60°C for 30 seconds, 72°C for 20 seconds), 72°C for 2 minutes and holding at 4°C.

The amplicons were stored at 4°C.

Master Mix preparation:

Master Mix Per well (uL)
PCR-Clean Water 16.25
5X Q5 Reaction buffer 5.00
10mM dNTPs (each at 10mM) 0.50
10uM forward primer 0.50
QS polymerase 0.25

D. Gel electrophoresis and Library pooling and preparation for sequencing

To confirm PCR amplification, we prepared 1.5 % agarose gel by adding 2 tablets into 50 ml
of 1X TAE buffer, then microwaved the mixture to allow the tablet to dissolve. Once the was
loaded the gel, we added the mixture of (1.5 pl of loading [6X Iml Loading dye with 10 ul of
gelred] and 5 pl of each sample) and (1.5 pl loading dye and 2ul DNA Ladder). The gel ran at
120V for 40 minutes, followed by visualisation under UV to confirm band size at 300-350bp.
Samples amplified successfully were pooled into libraries using 7 pl for a faint band, 5 pl for
a medium band and 3l for a bright band. The libraries were cleaned up using the UltraClean
PCR Clean-Up kit per the manufacturers protocol. Qubit™ dsDNA HS Assay Kit was used to
determine the concentration of each library. Purified libraries consisting of 300 pooled samples

were sequenced from both ends with the [llumina MiSeq platform
E. 16S data analysis

Divisive Amplicon Denoising Algorithm (DADA) 2 was used to filter for quality, trim, and
identify inference of amplicon sequence variant (ASV). ASVs were taxonomically classified
to genus or higher levels using a Naive Bayes classification approach and SILVA ribosomal
RNA database. The ASVs for Lactobacillus, Prevotella, Sneathia and Mobiluncus were further

refined to the species level with speciatelT (version 1.0, http://ravel-lab.org/speciatelT). A
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phyloseq object containing a phylogenetic tree, ASV table, taxonomic table, and sample
metadata was created using the phyloseq R package. a-diversity including Richness (Chaol),
evenness (Simpson’s E) and phylogenetic diversity (Faith’s PD) estimates were calculated
using the R vegan library. B-diversity between samples was estimated by Bray—Curtis
distances. Non-metric Multidimensional scaling (NMDS) was performed to assess differences
in taxonomy profiles among samples based on the Bray—Curtis distance of ASV relative

abundance using the metaMDS function in the vegan R package.

6.3. Detection of Tenofovir concentrations in CVL samples by Ion-pair (IP) hydrophilic
interaction chromatography (HILIC) coupled to mass spectrometry

Tenofovir and deuterated labelled tenofovir (d6-TFV) was purchased from Clearsynth
laboratories (Mumbai, India). Ion-pairing reagents; diethylamine (DEA) and hexafluoro-2-
propanol (HFIP) were obtained from Sigma-Aldrich Chemical Co (St. Louis, MO, US).
Acetonitrile, methanol, and formic acid was LC-MS grade purchased from Sigma-Aldrich (St.
Louis, MO, USA). Ultrapure water was obtained using the Millipore Direct-Q water
purification system (Billerica, MA, USA).

A. Instrumentation

Sample analysis was performed using an Agilent high pressure liquid chromatography (HPLC)
system coupled to an AB Sciex 5500, triple quadrupole mass spectrometer equipped with an
electrospray ionization (ESI) TurbolonSpray source. Analyst software, version 1.6.2 was used

for data acquisition and quantitative data analysis.

B. Sample preparation

Methanol was used as protein precipitation solvent to extract analytes from clinical samples.
The CSs, QCs and CVL clinical samples were thawed, and vortex mixed prior to processing.
A volume of 50 pl of CVL/CS/QC sample was mixed with 50 pl of ISTD solution and 200 pl
of 70% MeOH was added to precipitate the proteins, the sample was then vortex mixed,
sonicated (to facilitate analyte extraction) and centrifuged at 16000 rpm at 4°C for 10 minutes.
A volume of 300 pl of the clear supernatant was transferred to a microcentrifuge tube and dried
down in a SpeedVac at 35°C, overnight. The dried samples were reconstituted in 50 pl of 70%
acetonitrile in 0.1% formic acid water, vortex mixed, sonicated and centrifuged at 16000 rpm
at 4°C for 10 minutes then the entire volume was transferred to an amber vial and placed in

auto-sampler rack and 2 pl of each sample was injected for subsequent LC-MS/MS analysis.
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Each sample analysis batch included a ‘blank’ sample which was a processed drug-free or
control CVL sample (no TFV) but included ISTD, and a ‘double blank’ sample, which was a
processed drug-free or control CVL sample without any spiked TFV or ISTD. A processed
blank CVL sample, spiked with TFV at a concentration of 500 ng/ml was used as a system
performance verification sample (SPVS) for monitoring instrument stability throughout sample

analytical runs.

C. Method validation

The method was validated for extraction efficiency, linearity, accuracy, precision and matrix
effects using the USFDA guidelines for bioanalytical methods. Standard calibration curves
were constructed using peak area ratio of the analyte to that of their corresponding ISTD peak
area with a weighted (1/x) least-squares quadratic regression analysis. Precision (expressed as
percent relative standard deviation, % RSD) and accuracy (expressed as percent error) were
calculated for replicate CS and QC samples (in each batch), and a set limit of 15 % deviation

from the nominal concentration was deemed acceptable for a successful analytical run.

D. Liquid chromatographic and mass spectrometric conditions

For the IP-HILIC-MS/MS method, chromatographic separations were performed at a flow rate
of 0.2 mL/min on a Luna Amino (NH2) column (Phenomenex, Torrance, CA) 100 mm x 2.0
mm, packed with 3.0 um particles. Mobile phase A consisted of 100 mM HFIP and 0.5% DEA
(v/v) in water, and mobile phase B consisted of 0.1 M HFIP and 0.5% DEA (v/v) in acetonitrile.
A sample volume of 5.0 ul was injected onto the HPLC column and the analytes were separated
using a gradient elution. The column eluent was delivered into an AB Sciex 5500 mass
spectrometer electrospray ionization spray (ESI) source. The autosampler syringe and the
injection valve were washed with a water:acetonitrile (30:70, v/v) solution, post sample
injection, to reduce carryover. The system was operated in negative-ion multiple reaction
monitoring (MRM) mode set to detect parent [M+H]"— product ion transitions for TEV1 (mz
285.8 — mz 133.9), TFV2 (mz 285.8— mz 151.0) and the internal standard; d6-TFV (mz
292.0— mz 133.8). Optimized ESI source dependent parameters were set as follows; ion spray

voltage (ISV): 5500V, temperature (TEM): 350°C, gas 1 (N2) and gas 2 (N>): 40 psi.
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Preparation of standards and quality control (QC) samples

The main stock solutions of TFV and d6-TFV were prepared at a concentration level of 100
pg/ml in methanol: 0.1% formic acid-water (1:1, v/v) and stored at —80°C until use. Further
stock solutions of TFV, were prepared at 50, 10, 1 and 0.1 ug/ml. The calibration standards
(CSs) were prepared by spiking the calculated amounts of the specific stock solution to 2 ml of
methanol: 0.1% formic acid-water (1:1, v/v). The CSs covered a concentration range of 2 —
2000 ng/ml for TFV. The highest concentration quality control samples (HQC) were prepared
at 800 ng/ml, medium quality controls (MQC) at 500 ng/ml and low-quality controls (LQC) at
5 ng/ml. The internal standard solution containing 5 ng/mL d6-TFV in water with 0.2% formic

acid, was freshly prepared every day, prior to sample preparation.

A 7-point standard calibration concentration curve for tenofovir.
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