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ABSTACT

BACKGROUND: The presence of a highly diverse bacterial species in the cervicovaginal
niche is linked to a higher risk of contracting human immunodeficiency virus (HIV), persistent
infection with human papillomavirus (HPV) and consequently cervical cancer. It is unknown
how cervicovaginal bacterial species associate and interact with other viruses. This study
hypothesized that HIV/HPV co-infected women have an increased diversity of cervicovaginal

virome and bacteriome.

OBJECTIVES: The study’s primary objective was to characterize cervicovaginal HPV virome
and bacteriome in HIV-infected women from selected health care facilities in Northern South
Africa. Specific objectives were to determine the presence of HPV virome in HIV-infected
women and HIV-noninfected women, to determine the presence of bacteriome in HIV-infected
women and HIV-noninfected women, and to determine the relational occurrence of virome

and bacteriome according to HIV status.

METHODOLOGY: Cervical swabs from 50 HIV/HPV co-infected women; 50 HIV-infected,
HPV-noninfected women; and from 50 HPV-infected, HIV-noninfected women were used to
extract total deoxyribonucleic acid (DNA). To determine HPV virome, total DNA was enriched
by rolling circle amplification (RCA) using an illustra TempliPhi amplification kit. To determine
bacteriome, a two-round polymerase chain reaction (PCR) was employed targeting a bacterial
16S rRNA gene. Amplification products obtained from RCA and PCR were purified and
sequenced by Next Generation Sequencing (NGS) using a MiniSeq platform (lllumina). The
quality of the sequences was validated using the FastQC program. Sequences of good quality
were assigned to viral family and genera using the Dragen metagenomics online tool with
BaseSpace Sequence Hub. Bacterial sequences were assigned and categorised into vaginal
community state types (CSTs) using the Dragen metagenomics online tool with BaseSpace
Sequence Hub. The relational occurrence of virome and bacteriome according to HIV status
was assessed through Chi-square statistical analysis available in GraphPad Prism version

9.3.1. Differences in occurrence were expressed as probability (P)-values.

RESULTS: A diverse group of viral families was observed among HIV/HPV co-infected
women. Papillomaviridae (14/34; 41%) was the most prevalent (P<0.0001), followed by
Herpesviridae and Phycodnaviridae (12/34; 35%) each, Poxviridae (10/34; 29%), Mimiviridae
(7/34; 20%), Maiseilleviridae (3/34; 9%) and Anelloviridae (2/34; 6%) in order of decreasing
prevalence. A highly diverse group of bacteriophages was observed, with Myoviridae (31/34,
91%) being the most prevalent (P<0.0001). Among HPV-infected HIV-noninfected women,

iv
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Papillomaviridae (8/26; 31%) was the most prevalent (P<0.0001), followed by Anelloviridae
(4/26; 15%), Phycodnaviridae (4/26; 15%), Poxviridae and Herpesviridae (2/26; 8%) each in
order of decreasing prevalence. Myoviridae (6/26; 23%) was the most prevalent
bacteriophage family detected (P=0.0005). Among HIV-infected HPV-noninfected women, a
small group of viral families was observed, with Myoviridae (3/11,27%) and Siphoviridae (3/11,
27%) being the most prevalent viral families detected (P=0.0005 each). HPV 16 was the most
common high risk (hr) HPV type in HIV-infected women and HIV-noninfected women of this
study. This genotype co-existed with other hrHPV or probable hr types including HPV 54, HPV
53, and HPV 26. Overall, hrHPV types were more prevalent in HIV-infected women than in
HIV-noninfected women, although this difference was not statistically significant (P=0.2832).
When the occurrence of hrHPV types were considered individually, HPV 54 occurred more

significantly in HIV-noninfected women than in HIV-infected women (P<0.0003).

Bacteriome revealed the presence of community state types (CSTs) one, two, three, four and
five among study participants. Among HIV/HPV co-infected women, CST one (L. crispatus),
CST three (L. iners) and CST four (high bacterial diversity) were observed, with CST four
being the most prevalent. Among HPV-infected, HIV-noninfected women, CST one, three, four
and five (L. jensenni) were observed, with CST four, also being the most prevalent. Among
HIV-infected, HPV noninfected women, CST three and four were observed. CST three and
four were associated with viral infections. Gardnerella vaginalis (75%), Pretovella spp (54%),
Atopobium spp (50%), Bifidobacterium spp (27%), Porphyromonas spp (53%), Pseudomonas
spp (50%), Faecalibacterium prausnitzii (47%) and Bacteroides spp (35%) were the most
prevalent anaerobic bacterial species detected in CST four. A diverse group of bacterial
families occurred more significantly among HIV-infected women as compared to HIV-
noninfected women for NGS data of RCA products (P<0.0001) and NGS data of 16S
amplification products (P<0.0001).

CONCLUSION: In conclusion, this study showed a higher diversity of cervicovaginal virome
and bacteriome in women who were HIV/HPV co-infected than in those singly infected with
HIV or HPV. The relationship between viral infections and a high diversity of bacterial species
(CST four) observed herein may be a useful indicator of the individual’s disease state,
indicating the likelihood of developing cervical lesions and cervical cancer. As a result,
additional research is necessary to uncover the association between viral infections and CST
four with disease state. Vaccine development and antiviral research should also target

compounds that boost the cervicovaginal environment and maintain vaginal homeostasis.

KEYWORDS: Virome, Bacteriome, HPV, HIV, Cervical cancer, Northern South Africa.
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CHAPTER ONE: BACKGROUND AND LITERATURE REVIEW

1.1 BACKGROUND

The human microbiome is referred to as a collection of microorganisms including viruses,
bacteria, and fungus that colonize nearly every part of the human body in a symbiotic relationship
(Sigueira et al., 2019). This microbiome has distinct profiles in each of the body’s anatomical
region (Wylie et al., 2014; Costello et al., 2009). The bacterial and viral profiles in the female
anogenital tract are complex, resulting in significant interpersonal differences (Costello et al.,
2009; Wylie et al., 2014; Perez et al., 2016).

In healthy women, Papillomaviridae is regarded as the most frequent viral family and its
occurrence ranges from 38% to 100% (Santiago-Rodriguez et al., 2015; Siqueira et al., 2019).
Anelloviruses are also frequently detected, with herpesviruses, polyomaviruses, and
adenoviruses detected in small proportion of individuals (Swenson et al., 1995; Berntsson et al.,
2013; Siqueira et al., 2019). A similar diversity of viruses is found in HIV-infected women, with

papillomaviruses being more prevalent (Ameur et al., 2014; Madeddu et al., 2014).

The vaginal microenvironment is important for reproductive health. This is because it is believed
that resident vaginal Lactobacillus species (spp.) guard against pathogens and sexually
transmitted infections (STI) by maintaining a favourable pH and producing species-specific
metabolites called bacteriocins (Boskey et al., 2001; McMillan et al., 2011). However, activities
such as the use of vaginal hygiene products or sexual behaviours may disturb the vaginal
microbiome, potentially resulting in health consequences including premature birth and an
increased likelihood of contracting HIV, HPV and other STIs (Huang et al., 2014).

Cervical microbiome research using Next Generation Sequencing (NGS) has identified five well-
established bacterial community state types (CSTs one-five), which are classified based on their
frequency profiles (Ravel et al., 2011). Lactobacillus spp. dominate CSTs one, two, three and five
(L. crispatus, L. gasseri, L. iners, and L. jensenii, respectively), whereas CST four has a small
proportion of Lactobacillus spp. and a greater diversity of anaerobic bacteria such as Pretovella,

Dialister, Atopobium, and Gardnerella (Ravel et al., 2011; Forney et al., 2014).

© University of Venda
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1.2 LITERATURE REVIEW

1.2.1 BACTERIOME

1.2.1.1 Cervicovaginal microbiome classification

Based on 16S rRNA high-throughput sequencing data, the bacterial species present in the
cervicovaginal microbiome can be classified into five groups. These groups are termed
community state types (CSTs) (Ravel et al., 2011). CSTs were named from one to five based on
bacterial frequency profiles. Lactobacillus crispatus, L. gasseri, L. iners, and L. jensenni are the
dominant species in CSTs one, two, three, and five, respectively. CST four has a high bacterial
diversity, with anaerobic bacteria including Gardnerella, Megasphera, Atopobium, and Pretovella

present at high proportion of about 65%.

1.2.1.2 Healthy vaginal microbiome

The bacteria that make up the vaginal microbiome are inseparably linked to the acidity of the
vaginal environment. Lactobacillus spp. such as L. crispatus and L. gasseri dominate a balanced
cervicovaginal microbiota (Curty et al., 2017). By creating lactic acid, hydrogen peroxide (H20>),
and bacteriocins, these microorganisms are believed to maintain a healthy vaginal environment
(Aroutcheva et al., 2001; Lambert et al., 2013). These metabolites act supportively to prevent the
overgrowth of other, less favourable bacterial genera and viruses (Atassi and Servin, 2010;
Kyrgiou et al., 2016).

Hydrogen peroxide employs its protective bactericidal effects through oxidative stress, which
causes breaks in the DNA of the cells. These bactericidal effects are increased in the acidic
environment that is created by a Lactobacillus metabolite, known as lactic acid (Atassi and Servin,
2010; Martin and Suarez, 2010). According to Hawes and Colleagues (1996), women who have
a majority of H2O, producing Lactobacilli showed a lower prevalence of symptomatic vaginosis
when compared to women who were colonized by Lactobacilli that do not produce H2O-, or other

bacterial species.

Lactic acid present at an active level promotes a healthy vaginal environment by reducing the pH

of the vagina (O’Hanlonet al., 2013). Lactic acid production maintains vaginal pH at less than 4.5
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(<4.5); this forms an unfavourable environment for pathogenic bacteria and prevents the
overgrowth of anaerobic bacteria such as Gardnerella, Prevotella, and Atopobium through the

disruption of the cell membrane (Arouchteva et al., 2001; Huang et al., 2014).

Additional Lactobacillus metabolites which promote a healthy vaginal environment are
bacteriocins and biosurfactants. These antimicrobial peptides inhibit the growth and
establishment of closely related Lactobacillus spp. as well as the growth of a wide range of
anaerobic bacteria such as Gardnerella, Prevotella, Megasphaera, Streptococcus, and

Ureaplasma (Arouchteva et al., 2001).

1.2.1.3 Risk factors of vaginal dysbiosis

Dysbiosis is characterized by an unbalanced cervicovaginal microbiome composition, which
includes a highly diverse microbial flora with low Lactobacillus abundance, such as CST four.
Certain women with dysbiosis exhibit vaginal discharge, irritation, and odour; and are identified
with a condition referred to as vaginal dysbiosis. Although some women exhibit symptoms, the
vast majority do not (Fettweis et al., 2014). However, both symptomatic and asymptomatic women
are at an increased risk of a preterm birth, pelvic inflammatory disease, and infection with HIV,
HPV, and other STIs (Sweet, 2000; van Schalkwyk and Yudin, 2015, Van de Wiigert and Jespers,
2017). The composition of the cervicovaginal microbiome is complex, fluctuating as a result of
hormonal changes during the menstrual cycle, oral contraceptive use, breastfeeding, vaginal
douching, diabetes mellitus, sexual activities and stress (Huang et al., 2014; Amabebe and
Anumba, 2018).

Certain sexual behaviours and health practices have been linked to vaginal abnormalities. Recent
sexual activities, multiple heterosexual sexual partners, vaginal intercourse following anal sex,
unprotected sexual intercourse, lack of hormonal contraception, inconsistent condom use, sexual
encounter with an uncircumcised partner, and use of intrauterine device are all examples of these
behaviours (Cherpes et al., 2008; Bradshaw et al., 2012).

Hawes and Colleagues (1996) documented that having a new sexual partner was linked to a 2.5
times risk of having vaginal imbalance. Sexual intercourse with a male partner is regarded to pose
a risk due to the semen’s alkaline nature, which leads to a decrease of vaginal acidity shortly after

sexual activity. Loss of acidity is likely to promote the proliferation of anaerobic bacteria and impair
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the maintenance of H,O, and Lactobacilli that produce lactic acid, resulting in an imbalanced
vaginal environment (Cherpes et al., 2008). Gardnerella vaginalis, an anaerobic bacterium,
produces vaginolysin, a pore-forming toxin that creates openings in the vaginal epithelium,
impairing vaginal integrity and favouring infectious diseases (Macklaim et al., 2011; Rampersaud
et al., 2011; Petrova et al., 2017).

Intravaginal applicants and practices such as feminine hygiene products, vaginal lubricant,
vaginal douching, and gels may change the microbial composition and present varying impacts
(Pyles et al., 2014; Li et al., 2014). Some douche products are comprised of surfactant detergents,
which are substances that may inhibit Lactobacilli or disrupt cell membrane within the vaginal
environment, resulting in the irritation of the mucosal surface, leading to an increased

susceptibility to genital tract infections (Brotman et al., 2008; Pavlova et al., 2008).

1.2.2 VIROME

Human microbiome is comprised of other microorganisms other than bacteria. Human virome is
a substantial and a complex human microbiome component that greatly influence a host
physiology (Norman et al., 2015). Viruses are referred to as biological organisms that replicate
only in the presence of a host cell (Abeles and Pride, 2014). They can be found everywhere as
they infect almost every cell type (Abeles and Pride, 2014). The genome of viruses comprises
RNA or DNA but not both, and the genome could be single or double stranded, contained within
a protein capsid. The genomes encode proteins that control cell cycle and host gene expression,
suppress, or disturb host immune response and encode microRNAs that control the processes of
the cell (Wylie et al., 2014).

These dependent microorganisms interact with genetic materials of almost all cells on earth,
including many bacteria found within human beings (Abeles and Pride, 2014). Regarding female
anogenital tract, a study conducted by Wylie and Colleagues (2014) showed that vaginal
specimens were dominated by papillomavirus, of which 37.5% of the specimens had one or more
alphapapillomavirus with oncogenic type HPV 16 and HPV 18 included. In addition, this group
proposed that viruses and bacteria may have a lively interaction within a microbiome. This is
because alphapapillomavirus was more prevalent in individuals with a diverse bacterial group,
with vaginal microbiome showing less than 85% of Lactobacillus-dominant bacteria and a high

proportion of anaerobic bacteria (Wylie et al., 2014).
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The virome population is extremely diverse like bacterial components of the microbiome (Wylie
et al., 2014). Although there is little information on the vaginal virome, there are several persistent
pathogenic viruses that are known to be present within female anogenital tract of some women

such as Cytomegalovirus, Herpes simplex virus, and HPV.

1.2.2.1 Cytomegalovirus (CMV)

Cytomegalovirus is a causative agent of congenital infections, an opportunistic pathogen that is
responsible for causing severe consequences in immunocompromised individuals (Ross et al.,
2005; Adler, 2011). CMV is a double-stranded DNA virus that belongs to Herpesviridae family
(Arvin et al., 2007; Azer and Limaiem, 2021). It is extremely complex and comprised of varying
strains that have been distributed into four different groups based on their genomic differences in
the amino-terminal region of the envelope glycogen (Ross et al., 2005). It can be detected in both
immunocompromised and immunocompetent individuals; however, literature has shown that

immunocompromised populations are more likely to harbour the viral infection (Dvorak, 2001).

This virus is present in approximately 40-100% of the population and can be found in the genital
tract of women irrespective of whether they have vaginal imbalance or not. A study conducted by
Ross and Colleagues (2005) documented that woman with vaginal imbalance have a higher
prevalence of CMV and alteration. Furthermore, women with vaginal imbalance are more likely to
have CMV than women without vaginal imbalance, irrespective of the infection being
asymptomatic. The occurrence of vaginal imbalance among women may trigger replication of
CMV within the genital tract (Ross et al., 2005).

An interaction between CMV and HPV also exists. The frequency of CMV in healthy women is 1-
2%, however, it is present in 30% and 53% of patients with low grade squamous intraepithelial
lesion (LSIL) and high grade squamous intraepithelial lesion (HSIL), respectively (Mougin et al.,
1995; Sekhon et al., 2004). Findings suggest that CMV is transmitted together with HPV or
successively, enabling it to encourage dysplastic changes in the cervix that is induced by HPV
(Sekhon et al., 2004). This is probably due to CMV replication involving the expression of
immediate-early (IE1 and IE2) proteins, early, and late genes (Sekhon et al., 2004; Adler, 2011).
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1.2.2.2 Herpes Simplex Virus (HSV)

Herpes simplex virus is a second most predominant sexually transmitted viral infection globally
and the most common causative agent of genital ulcers (Fife et al., 2006; Masase et al., 2013).
HSV-2 infection is estimated to affect 25% of women in the United States and more than 50% of
women in Sub-Saharan Africa, respectively. However, HSV-1 infection and prevalence are
increasing globally (Masase et al., 2013). HSV-2 infection relates to age, years of sexual
intercourse, number of sexual partners in one’s lifetime, and a history of STls (Fife et al., 2006).
Individuals with more than 10 sexual partners are at a higher risk of contracting genital herpes
(Steben et al., 2008). Women are more likely to be at a higher risk of genital herpes infections
(Masase et al., 2013; Alsamarai and Aljumaili, 2013). Furthermore, Women who are infected with
HSV-2 have an increased prevalence of vaginal imbalance compared to those that are uninfected.
It is assumed that vaginal microbiome is disturbed as a result of immune activation by HSV-2.
Vaginal microbial imbalance also increases the chance of transmitting and acquiring HSV-1 and

2 (Allsworth et al., 2008). Women infected with HSV-2 are more likely to acquire HIV.

1.2.2.3 Human Papillomavirus (HPV)

Human papillomaviruses are a group of non-enveloped, circular, double stranded DNA (dsDNA)
viruses with nearly 8 kilobases (kb) of genome in size (Morshed et al., 2014). HPV infects both
mucosal and cutaneous epithelia (Fernandes and de Medeiros Fernandes, 2012). To date, over
228 HPV types have been identified (Jee et al., 2021) and based on their genetic and oncogenic
potential, HPV is further stratified into two main groups: low risk (Ir) and high risk (hr) types (Alemi
et al., 2014).The most frequently encountered Ir types are 6, 11, 40, 42, 43, 44, 54, 61, 70, 72,
81. They are frequently linked with warts and are seldom isolated in cancerous lesions (Haedicke
et al., 2013; Lu et al., 2015). HPV 6 and 11 account for about 90% of genital warts. The most
common hrHPV types worldwide are 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68 and
they are associated with cervical cancer (CC) with hr types 16 and 18 being implicated in 70% of
CC cases (Meloni et al., 2014; Lu et al., 2015).

Once the hr-HPV types are incorporated into the host genome, they exert their oncogenic effect
by continuously expressing E4 and E5 HPV proteins (Haedicke et al., 2013). Persistent hrHPV
types have been reported to be the causative agent of CC, the second most prevalent type of

cancer among women in South Africa (Jemal et al., 2011). HPV has been defined as an AIDS
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associated malignancy (Vangipuram et al., 2019). South Africa has the highest burden of HIV
infection (20.6%) with women being the most infected population (Johnson et al., 2016; Simbayi
et al., 2019). Women living with HIV are at a higher risk of contracting HPV, with a high rate of
hrHPV persistence, which increases the chance of developing abnormalities in their cervix (Lima
et al., 2014).

1.2.3 THE SIGNIFICANCE OF STUDYING CERVICOVAGINAL VIROME AND
BACTERIOME

Arrival of novel sequencing methodologies such as the next generation deep sequencing has
greatly improved research in the microbiome. These studies which dig deep into the genetic
diversity of the human microbiome, collectively shed light on the complexity of cervicovaginal
virome and bacteriome in both health and sickness. This is crucial for HIV-infected persons, as
HIV/AIDS has been related to altered enteric and blood microbiomes (Li et al., 2013; Monaco et
al., 2016). Additionally, there also seem to be an interaction between cervicovaginal virome and

bacteriome of which we do not fully know.
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1.3 STUDY RATIONALE

It is estimated that approximately 604,000 women worldwide develop CC annually, with more
than 342,000 cases of death (Sung et al., 2020). In South Africa, 5,743 new cases of CC are
reported yearly, with 3,027 associated deaths (Nyangu and Moteane, 2021). Persistent hrHPV
infection is a principal risk factor for developing CC (Curty et al., 2017). Several risk factors
influence the persistence of HPV infection such as HIV, contraceptive use, smoking, and

cervicovaginal microflora imbalance (Mitra et al., 2016).

Lactobacillus spp. dominate the normal cervicovaginal flora and produces hydrogen peroxide
(H202) and lactic acids that inhibit the growth of pathogenic microbes (Curty et al., 2017). In an
imbalanced state, however, there is a significant decrease of Lactobacillus spp. and an increase
in bacterial diversity, with anaerobic bacteria present in high proportion (Ravel et al., 2011; Liu et
al., 2013; Borgdorff et al., 2016). This microbial imbalance increases the likelihood of premature

birth, sexually transmitted infections, and pelvic inflammation in women (Brotman et al., 2011).

The cervical microbiome has been shown to have five district community states (CSTs) spanning
from one to five, according to previous studies (Ravel et al., 2011). The Lactobacillus spp. (L.
crispatus, L. gasseri, L. iners, or L. jensenii, respectively) dominate CSTs one, two, three and five;
however, CST four is distinguished by a high diversity and prevalence of anaerobic bacteria, such
as Pretovella, Atopobium, Streptococcus, Gardnerella, and Ureaplasma (Ravel et al., 2011).
Brotman and Colleagues (2019) observed that women with a cervicovaginal microbiota that was
exceptionally diverse or dominated by L. iners were more likely to be HPV-infected, while women

with a microbiota dominated by L. gasseri cleared HPV infection more quickly.

Community state type four in the cervicovaginal niche has been linked with an increased likelihood
of developing persistent HPV infection and, as a result, cervical lesions (Mitra et al., 2016; Kyrgiou
et al., 2017). Gardnerella vaginalis, for instance, which is prevalent in CST four, can secrete
sealidase which degrades vaginal mucus by cleaving its glycoprotein (Amabebe and Anumba,
2018). The vaginal mucus contains a protein known as mucin that provides a physical barrier to
the mucosal vaginal surface and hinders bacterial-host interactions; nevertheless, its degradation
compromises the mucosal barrier and favours genital tract infections (Mitra et al., 2016; Amabebe
and Anumba, 2018).
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Additionally, Gossman and Colleagues (2017) demonstrated that women who have CST four
produce an increased number of inflammatory cytokines, that promotes the recruiting of
stimulated CD4+ CCR5+ cells to the vaginal mucosa, increasing the likelihood of HIV infection. It
has been found that women with CST four are more susceptible to HPV infection because of
cytokine production, such as TNF-alpha (Audirac-Chalifour et al., 2016). The relationship between

CSTs with other viruses, on the other hand, is poorly understood.

Thus, it is critical to screen and genotype HPV virome and bacteriome in HIV-infected women in
order to understand what is circulating and the relationship between HPV virome and bacteriome.
This could pave the way for the use of interacting microorganisms as diagnostic markers for

cytological abnormalities indicative of vaginal disease state.

© University of Venda



o
&5 ) ) University of Venda

1.4 RESEARCH QUESTIONS, HYPOTHESIS AND OBJECTIVES

1.4.1 RESEARCH QUESTIONS

The research questions arising from literature review comprised:
1. What is the burden and diversity of HPV virome in HIV-infected women?
2. What is the burden and diversity of bacteriome in HIV-infected women?

3. What is the relational occurrence of virome and bacteriome according to HIV status?

1.4.2 HYPOTHESIS

The current study hypothesized that HIV/HPV co-infected women have an increased diversity of

cervicovaginal HPV virome and bacteriome.

1.4.3 MAIN OBJECTIVE OF THE STUDY

The main objective of the study was to characterize cervicovaginal HPV virome and bacteriome

in HIV-infected women from selected health care facilities in Northern South Africa.

1.4.4 SPECIFIC OBJECTIVES
The specific objectives of the study were:
1. To determine HPV virome in HIV-infected women and HIV-noninfected women.

2. To determine bacteriome in HIV-infected women and HIV-noninfected women.

3. To determine the relational occurrence of virome and bacteriome according to HIV status.

10
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CHAPTER TWO: MATERIALS AND METHODS

2.1 ETHICAL CONSIDERATIONS

The ethical approval for the use of total DNA obtained from cervical specimens emanating from
a prior study was obtained from the Human and Clinical Trial Research Ethics Committee of the
University of Venda (Reference number SMNS/20/MBY/04/0104). No personal identifiers of the

individuals who provided specimens was used in the current study.

2.2 STUDY SITE AND STUDY POPULATION

A total of 150 archived cervical DNA specimens were used for this current study. Out of this,
three different study populations were designated namely: HIV/HPV co-infected women, HIV-
infected HPV-noninfected women, and HPV-infected HIV-noninfected women. Each of this study
population comprised DNA specimens from 50 women. The individuals who provided specimens
were recruited from four health centres namely: Rethabile Community Health Centre, Polokwane;
Seshego Clinic; Thohoyandou Integrated Health Centre; and Donald Frazer Hospital. These sites
are situated in Limpopo Province, in the northern part of South Africa. Figure 2.1 shows the spatial

location of these sites.

11
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Figure 2.1: A map showing spatial location of the four study sites (Rethabile community
health centre and Seshego clinic in Capricorn district; Thohoyandou Integrated Health
Centre, and Donald Frazer Hospital in Vhembe district) indicated with red asterisks. On
the left, the upper box indicates the location of Limpopo Province within South Africa,
and the middle map shows a reduced map of Limpopo Province with study sites. The

map legend is on the lower left corner while the map scale is on the lower left corner.
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2.3 DETERMINATION OF HPV VIROME IN HIV-INFECTED WOMEN AND HIV-
NONINFECTED WOMEN

APPROACH:
2.3.1 PROCESSING AND ISOLATION OF TOTAL DNA

Following the manufacturer’s instructions, the isolation of total DNA from cervical pellets was
performed using QlAamp DNA mini kit. The tubes were centrifuged and re-suspended into
phosphate-buffer saline (PBS). This was followed by adding QIAGEN Proteinase K. To obtain a
maximum yield of DNA, the tubes were incubated at 56°C for 10 minutes. The tubes were then
centrifuged to remove any remaining drips from the lid. Two hundred microlitres (200ul) of ethanol
(100%) was added and mixed for 15s. Following mixing, the tubes were centrifuged to remove
the drips from inside of the lid. After carefully applying the mixture to the QIAamp spin columns,
it was centrifuged for 1 min. The QlAamp spin column was then transferred to a clean 2ml
collection tube, and the filtrate was discarded. Five hundred microliters (500ul) of AW1 and AW2
were added subsequently to the DNA centrifugated at a speed of 8000 and 14000 rpm
respectively. One hundred and thirty microliters (130pl) of elution buffer (AE) were directly added
to a QIlAamp spin column, this was the only step that was adjusted; the tubes were then incubated

at room temperature and centrifuged to elute the trapped DNA.

2.3.2 ENRICHMENT OF DNA THROUGH ROLLING CYCLE AMPLIFICATION

To detect circular DNA molecules, DNA specimens from each of the study groups were exposed
to rolling cycle amplification (RCA) utilizing the illustra TempliPhi Amplification kit (GE Health Life
Science, Piscataway, NJ, USA) following the manufacturer’s protocol. One microliter (1pl) of the
starting material was added to 5ul of sample buffer. The mixture was heated at 95°C for 3 minutes.
After cooling to 4°C, the mixture was combined with a 5 pl of a master mix obtained from a premix
of 5ul reaction buffer and 0.2ul of enzyme mix, and thereafter incubated at 30°C for 18 hours.
Following incubation, DNA polymerase was deactivated by heating at 65°C for 10 minutes. The
amplification products were resolved electrophoretically on a 0.6% agarose gel, at 100V for 40

minutes and were visualized under UV transillumination.
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2.4 DETERMINATION OF BACTERIOME IN HIV-INFECTED WOMEN AND HIV-NON-
INFECTED WOMEN

2.3.2 BACTERIAL 16S rRNA POLYMERASE CHAIN REACTION

To detect bacterial species, a two-round conventional PCR was employed using the 338F(5’-
ACTYCTACGGRAGGCWGC-3’) and 1061R primers (5-CRRCACGAGCTGACGAC-3’) that
target the V3-V6 segment (~700bp-4500kb) of the bacterial 16S rRNA gene. In a total of 25 pl,
the PCR reaction contained 1x of buffer, 1.5 mM MgCl,, 0.2 mM dNTP mix, 0.12 puM of each
primer, and 0.03u/pl of Taq Platinum DNA polymerase. The cycle conditions used to amplify

bacteria are listed in Table 2.1.

Table 2.1: Cycling conditions for bacterial 16S rRNA gene amplification in the V3-V6 segment.

CYCLING CONDITIONS TEMPERATURE (°C) TIME (min/s)

Initial denaturation 95 5 min

Amplification 35 Cycles

Denaturation 95 30s
Annealing 59 30s
Elongation 72 1min
Final elongation 72 6 min

2.3.3 PURIFICATION AND QUANTIFICATION OF AMPLIFIED PRODUCTS

Purification of amplification products generated from rolling circle amplification and PCR was
performed following the manufacturer’s protocol using a Marchery Nagel NGS purification Kit.
Purified products were quantified following the manufacturer's procedure using a dsDNA high

sensitivity assay kit and Qubit 3.0 Fluorometer.
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2.3.4 NEXT GENERATION SEQUENCING

2.3.4.1 Library preparation and sequencing

The amplicons were diluted into a final concentration of 2ng of normalized genomic DNA and
were used as initial input for tagmentation. To fragment the individual amplicons, Nextera XT DNA
Sample Preparation kit comprising the transposon technology was used to randomly fragment
DNA and add the sequencing adapter in the process. Following tagmentation, amplification of
libraries was performed to add the molecular tags. To remove all the unadded tags, libraries were
cleaned up using Marchery Nagel NGS purification kit following the manufacturer’s protocol. This
was followed by quantification using Qubit ds high sensitivity kit. To verify the average size of the
fragmented amplicons, amplicons were subjected to a 1% E-gel electrophoresis. Depending on
the library size, all the specimens were manually pooled at an equimolar ratio of 1 nM per
specimen. The pooled libraries were denatured with 0.1 N NaOH and diluted to a final volume of
500 ul at 1.8 pM, following the lllumina MiniSeq instructions. As a control, 20% of the denatured
PhiX genome was added to the dilution. The libraries were then loaded into MiniSeq High Output
cartridge 300 cycles and sequenced using the Local Run Manager option on the MiniSeq

instrument.

2.3.5 SEQUENCE ANALYSIS
2.3.5.1 Sequence quality evaluation

The lllumina MiniSeq platform demultiplexed the sequences automatically during data processing
and end pairing. For each specimen, FastQ files containing the two paired end reads were

created. The FastQC tool was used to ensure the sequences were of high quality.

2.3.5.2 Virome and bacteriome sequence data analysis

The sequences were assigned to viral families and genera using Dragen metagenomics online
tool with BaseSpace Sequence hub. Bacteriome sequence data were assigned and classified
according to the vaginal community state types using Dragen metagenomics with BaseSpace

Sequence hub tool.

15
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2.9 DETERMINATION OF THE RELATIONAL OCCURRENCE OF VIROME AND
BACTERIOME ACCORDING TO HIV STATUS

APPROACH:
2.9.1 STATISTICAL ANALYSIS

Graph pad prism version 9.3.1, an online tool was utilized to determine the relational occurrence
of virome and bacteriome according to HIV status. Statistical significance was defined as a P-
value of <0.05.

16
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CHAPTER THREE: RESULTS

3.1 THE STUDY POPULATION’S CHARACTERISTICS

This study enrolled a total of 150 women, with 50 participants each from HIV/HPV co-infected
women; HIV-infected, HPV-noninfected women; and HPV-infected, HIV-noninfected women.
Complete demographic data was available for 147/150 (98%) of the study participants. Of note,
some participants were not comfortable in disclosing some of the required information. The age
range of the participants was 18-84 years. More than half of the participants reported to be single
(51%), while widows were the least represented group (3%). Additionally, nearly all the study
participants (95%) were not vaccinated against HPV infection. Sixty percent (60%) reported to
have had their sexual debut at between 12-18 years old. Characteristics of the study participants

are shown in table 3.1.
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Table 3.1: Demographic and clinical characteristics of the study participants.

o]
&5 ) ) University of Venda

Characteristics Distribution (%)
HIV/HPYV co-infected HIV+/HPV- (n=50) | HIV-/HPV+ (n=50)
(n=47)
Age (years)
Range 24-63 18-84 19-68
Mean 41,9 38,2 442
Median 42 40 46
Marital status
Single 25 (53%) 20 (40%) 31 (62%)
Married 19 (40%) 23 (46%) 16 (32%)
Divorced 2 (4%) 2 (4%) 3 (6%)
Widow 0 5 (10%) 0
No response 1 (2%) 1 (2%)
Highest level of education
Grade 1-7 9 (19%) 7 (14%) 3 (6%)
Grade 8-12 29 (61%) 32 (64%) 42 (84%)
Varsity/college 9 (19%) 7 (14%) 5 (10%)
Not educated 0 4 (8%) 0
Occupation
Employed 23 (49%) 27 (54%) 18 (36%)
Unemployed 24 (51%) 22 (44%) 31 (62%)
No response 0 0 1 (2%)
Smoking status
Smokers 2 (4%) 3 (6%) 0
Non-smoker 44(94%) 47 (94%) 50 (100%)
No response 1 (2%) 0 0
Age of first sexual intercourse
13-18 23 (49%) 29 (58%) 37 (74%)
19-24 14 (30%) 14 (28%) 13 (26%)
>25 3 (6%) 5 (10%) 0
No response 10 (21%) 2 (4%) 0
Number of sexual partners (s)
0 5 (11%) 2 (4%) 0
1 30 (64%) 41 (82%) 50 (100%)
2-4 4 (9%) 3 (6%) 0
Celibate 2 (4%) 1 (2%) 0
No response 9 (19%) 3 (6%)
HPV vaccination status
Never vaccinated 42 (89%) 48 (96%) 49 (98%)
No response 5 (11%) 2 (4%) 0
18
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3.2 DETERMINATION OF HPV VIROME IN HIV-INFECTED WOMEN AND HIV-
NONINFECTED WOMEN

3.2.1 ENRICHMENT OF CIRCULAR DNA MOLECULES USING RCA

Rolling circle amplification (RCA) was performed for all 150 DNA specimens. Of these, 95
specimens (63%) were successfully enriched. Out of 95 specimens, 40 (42%) were from HIV/HPV
co-infected women, 38 (40%) from HPV-infected, HIV-noninfected women; and 17 (18%) were
from women who were HIV-infected, HPV-noninfected. Figure 3.1 shows a representative gel

picture of the amplified products.

~ 40kb

Figure 3.1: Representation of electrophoresed RCA amplicons loaded in a 0.6% ethidium
bromide agarose-stained gel. M: molecular marker- 1 kb extend, 1-9 are test specimens, P:

positive control (E-coli plasmid-pUC19), N: negative control (nuclease-free water).

3.2.2 SEQUENCING AND SEQUENCE READ QUALITY CONTROL

Of the 95 enriched DNA specimens, 74 (78%) were successfully sequenced. Quality control (QC)
of the sequence reads is important to have reliable sequences for analysis. FASTQC assists in
determining the quality score, the length of the reads, and how good the sequence reads are.

Sequence reads are referred to as short fragments of genetic information, stored in a FASTQ file.
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FASTQ reports QC metrics, with a traffic light warning system: normal (green), abnormal (orange),
or bad (red). These can be used to quickly identify common problems with NGS data and QC
individual sequencing runs before starting a biological analysis. In figure 3.2, the X-axis shows

the individual bases for the reads, while the Y-axis shows the quality scores, which should be

above 20%.
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Figure 3.2: Sequence quality of the samples after sequencing using FastQC platform

The sequenced specimens (n=74) had reads that were above the threshold of > 100,000 reads
per specimen, which is considered sufficient for metagenomics survey by lllumina. The average

number of reads that were obtained per specimen was 308,584 (Range:100,920 - 536,522).
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3.2.3 CHARACTERIZATION OF VAGINAL VIROME

The vaginal virome was characterized and reported as per the three study groups (HIV/HPV co-
infected women; HIV-infected, HPV-noninfected women; and HPV-infected, HIV-noninfected

women).

3.2.3.1 HIV/HPV co-infected study group

Reliable reads for analysis were available for 34 women who were HIV/HPV co-infected. Among
this group, seven eukaryote-infecting viral families were detected: Papillomaviridae,
Herpesviridae, Anelloviridae, Poxviridae, Phycodnaviridae, Mimiviridae, and Maiselleviridae. The
prevalence of the eukaryote-infecting viral families among this study group are shown in table 3.2.
Papillomaviridae was the most prevalent, and this was statistically significant (P<0.0001),
followed by Herpesviridae, Phycodnaviridae, Poxviridae, and Mimiviridae. Maiselleviridae and

Anelloviridae were the least prevalent viral families.

Table 3.2: The prevalence of the eukaryote-infecting viral families detected among HIV/HPV co-

infected study group.

VIRAL FAMILIES PREVALENCE (%)
Papillomaviridae (14/34; 41%)
Herpesviridae (12/34; 35%)
Phycodnaviridae (12/34; 35%)
Poxviridae (10/34; 29%)
Mimiviridae (7/34; 20%)
Maiseilleviridae (3/34; 9%)
Anelloviridae (2/34; 6%)

In Papillomaviridae family, the most prevalent genotypes detected in order of decreasing
frequency were HPV 16 (8/14; 57%), HPV 32 (7/14; 50%), HPV 53 and 85 (6/14; 43%), HPV 26
(5/14; 36%), and HPV 34 (4/14; 29%); all belonging to genus alphapapillomavirus.

In Herpesviridae family, only two human herpesviruses were detected: Herpes simplex virus type
2 (2/12; 17%) and Epstein Barr virus (1/12; 8%).
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In Anelloviridae family, multiple Anellovirus types belonging to genus Alphatorquevirus were
detected; this includes Torque teno virus types 2, 3, 4, 10,11,12, 17, 19, 22, 29 in one participant
(ORHC-005) while the other participant (ORHC-055) had Torque teno virus types 6, 10, 11, 17.

Orphovirus IHUMI-LCo2 (3/12; 25%), Tokyovirus (3/3; 100%), Christoneura blennis virus (2/10;
20%) and Cafeteria roenbergensis virus (2/7; 28%) were the most frequently detected viral
species in Phycodnaviridae, Maiselleviridae, Poxviridae and Mimiviridae family, respectively. The
viral/species of the eukaryote-infecting viral families that were detected among this study group

are shown in table 3.3.
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Table 3.3: The viral species/types of the eukaryote-infecting viral families detected among

HIV/HPV co-infected study group.

EUKARYOTE-INFECTING VIRAL FAMILIES

SPECIES

Papillomaviridae

HPV 16 (8/14; 57%), HPV 32 (7/14; 50%), HPV 53 and
85 (6/14; 43% each), HPV 26 (5/14; 36%), HPV 34 (4/14;
29%), HPV 6, HPV 10; and HPV 90 (3/14; 21% each);
HPV 7 and HPV 92 (2/14; 14% each); HPV 5, HPV 54,
HPV 71, HPV 131, HPV 129, HPV 154, HPV 156, and
HPV 166 (1/14; 14% each)

Herpesviridae

Herpes simplex virus type 2 (2/12; 17%)
Epstein Barr virus (1/12; 8%)

Anelloviridae

Torque teno virus types 2, 3, 4, 6, 12, 19, 22, 29 (1/2;
50% each) and Torque teno virus types 10, 11, 17 (2/2;
100% each)

Phycodnaviridae

Orphovirus IHUMI-LCo2 (3/12; 25%), Phaeocystis
globosa virus, Ostrecoccus virus, Micromonas virus,
Chrysochromulina ericina virus, and Heterosigma
akashiwo virus 01 (1/12; 8% each)

Maiseilleviridae

Tokyovirus (3/3; 100%)

Poxviridae Christoneura blennis virus (2/10; 20%), Swine poxvirus,
Fowl pox virus, Variola virus, and Ny-014 pox virus
(1/10; 10% each)

Mimiviridae Cafeteria roenbergensis virus (2/7; 28%), Acanthoeba

polyphoga, Mimivirus, Moumouvirus, and Megavirus
chiliensis (1/7; 14% each)

Four Prokaryote-infecting viral families referred to as bacteriophages were identified: Myoviridae
(31/34, 91%,) Siphoviridae (27/34, 79%) and Podoviridae (17/34, 50%), with Myoviridae being

the most prevalent, and this was statistically sign

of the Myoviridae and Siphoviridae family were d

ificant (P<0.0001). More than one viral species
etected per participant of this study group. The

viral species of the prokaryote-infecting viral families that were frequently detected among

HIV/HPV co-infected study group are shown in table 3.4.
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Table 3.4: The viral species of the prokaryote-infecting viral families detected among HIV/HPV

co-infected study group.

BACTERIOPHAGE VIRAL FAMILIES VIRAL SPECIES

Myoviridae Flavobacterium virus (11/31; 35%), Tequatrovirus
(9/31; 29%), Clostridium phage (3/31; 10%), Bacillus
virus B (2/31; 6%).

Siphoviridae Rhodobacter virus RcCronus (10/27; 37%),
Lactobacillus phage (5/27; 18%), Gordonia phage
(4/27; 15%), Streptococcus phage (4/27; 15%),
Escherichia phage (3/27; 11%); Salmonella phage
(3/27; 11%).

Podoviridae Uncultured crAss phage (4/17; 23%)

3.2.3.2 HPV-infected, HIV-noninfected women

Reliable reads for analysis were available for 26 women who were HPV-infected, HIV-
noninfected. Among this group, four eukaryote-infecting viral families were detected:
Papillomaviridae, Anelloviridae, Phycodnaviridae, Poxviridae, and Herpesviridae. The prevalence
of the eukaryote-infecting viral families among HPV-infected, HIV-noninfected study group are
shown in table 3.5. Papillomaviridae was the most prevalent, and this was statistically significant
(P<0.0001), followed by Anelloviridae, and Phycodnaviridae. Poxviridae and Herpesviridae were

the least prevalent viral families detected.

Table 3.5: The prevalence of the eukaryote-infecting viral families detected among HPV-infected,

HIV-noninfected study group.

EUKARYOTE-INFECTING VIRAL FAMILIES PREVALENCE (%)
Papillomaviridae 31% (8/26)
Anelloviridae 15% (4/26)
Phycodnaviridae 15% (4/26)
Poxviridae 8% (2/26)
Herpesviridae 8% (2/26)
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In Papillomaviridae family, the most prevalent HPV types were HPV 16 (5/8, 62%), HPV 26 (3/8,
37%) followed by HPV 32, 34, 53 and 54 (2/8, 25% each), all belong to genus

alphapapillomavirus.

In Anelloviridae family, Torque teno virus (types 11, 12, 13 and 19) belonging to genus
Alphatorquevirus and torque teno midi virus 8 belonging to genus gamma torgue virus were

detected.

In Herpesviridae family, Herpes simplex virus type 2 (2/2; 8%) and Human cytomegalovirus (1/2;
4%) were detected, with Human cytomegalovirus detected in one participant (ORHC-195) with a
relative abundance of 55%.

In Phycodnaviridae and Poxviridae families, viral species such as Chrysochromulina ericina virus
(1/4; 25%) and Vacunia virus (1/2; 50%) were detected respectively. The viral species/types of
the eukaryote-infecting viral families that were detected among HPV-infected, HIV-noninfected

study group are shown in table 3.6.

Table 3.6: The viral species/types of the eukaryote-infecting viral families detected among HPV-

infected, HIV-noninfected study group.

EUKARYOTE-INFECTING VIRAL FAMILIES VIRAL SPECIES/TYPES

Papillomaviridae HPV 16 (5/8; 62%), HPV 26 (3/8; 37%) followed by
HPV 32, 34, 53, 54 and 90 (2/8; 25% each), HPV
7, 30, 54, 66, 87, and 144 (1/8; 13% each).
Anelloviridae Torque teno virus types 11, 12,13, 19 and

Torque teno midi virus 8 (1/4; 25% each)

Herpesviridae Herpes simplex virus type 2 (2/2; 8%)

Human cytomegalovirus (1/2; 4%)

Phycodnaviridae Chrysochromulina ericina virus (1/4; 25)
Only Syngin Nebraska (1/4; 25%)

Ostrecoccus lucimarinus virus (2/4; 50%)

Poxviridae Vacunia virus (1/2; 50%)

Murmansk poxvirus (1/2; 50%)
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Prokaryote-infecting viral families detected were Myoviridae (6/26; 23%), Siphoviridae (5/26;
19%), and Podoviridae (4/26; 15%); with Myoviridae being the most prevalent (P=0.0005). The
viral species of the prokaryote-infecting viral families that were frequently detected among HPV-

infected, HIV-infected study group are shown in table 3.7.

Table 3.7: The viral species of the prokaryote-infecting viral families detected among HPV-

infected, HIV-noninfected study group.

Prokaryote-infecting viral families | Viral Species (%)

Shigella phage (1/6; 17%)
Flavobacterium (1/6; 17%)
Myoviridae Arthrobacter virus Sonny (1/6; 17%)
Klebsiella virus Matisse (1/6; 17%)
Lactobacillus phage S40 (1/6; 17%)
Shigella phage (1/6; 17%)

Rhodobacter virus RcCronus (3/5; 60%)
Flavobacterium virus FCV1 (1/5; 20%)

Siphoviridae
Caulobacter phage CcrColossus (1/5; 20%)
Streptomyces virus Bing (1/5; 20%)
E-coli pallock (1/4; 25%)
. . .
Podoviridae Dinoroseobacter virus (1/4; 25%)

unclassified crAss-like virus (1/4; 25%)
Rosenblumvirus (1/4; 25%)

3.2.3.3 HIV-infected, HPV-noninfected women

Reliable reads for analysis were available for 11 women who were HIV-infected, HPV-
noninfected. Among this group, a small group of viral families was detected: Herpesviridae,
Phycodnaviridae, Mimiviridae, Siphoviridae and Myoviridae. The prevalence of the prokaryote
and the eukaryote-infecting viral families among HIV-infected, HPV-noninfected study group are

shown in table 3.8.
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Table 3.8: The prevalence of the viral families detected among HIV-infected, HPV-noninfected

study group.
EUKARYOTE-INFECTING VIRAL FAMILIES PREVALENCE (%)
Herpesviridae 9% (1/11)
Phycodnaviridae 9% (1/11)
Mimiviridae 9% (1/11)
PROKARYOTE-INFECTING VIRAL FAMILIES
Siphoviridae 27% (3/11)
Myoviridae 27% (3/11)

In Herpesviridae, Phycodnaviridae and Mimiviridae families; Herpes simplex virus type 2 (1/1;
100%), Orpheovirus IHUMI-LCC2 (1/1; 100%) and Megavirus chiliensis (1/1; 100%) were
detected respectively.

In Siphoviridae, viral species such as Caulobacter virus roque (1/3; 33%), Lactobacillus phage
LV-1 (1/3; 33%) and Rhodobacter phage RcRhea (1/3; 33%) were detected. In Myoviridae family,
Flavobacterium virus FCV1 (1/3; 33%), Escherichia virus VR20 (1/3; 33%), Morganella phage Vb-
MmoM-MP1 (1/3; 33%) were some of the viral species that were detected in the family. The viral
species/types of the eukaryote and the prokaryote-infecting viral families that were detected

among HIV-infected, HPV-noninfected study group are shown in table 3.9.
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Table 3.9: The viral species/types of the eukaryote and prokaryote-infecting viral families

detected among HIV-infected, HPV-noninfected study group.

EUKARYOTE-INFECTING VIRAL FAMILIES VIRAL SPECIES/TYPES
Herpesviridae Herpes simplex virus type 2 (1/1; 100%)
Phycodnaviridae Orpheovirus IHUMI-LCC2 (1/1; 100%)
Mimiviridae Megavirus chiliensis (1/1; 100%)

PROKARYOTE-INFECTING VIRAL FAMILIES

Siphoviridae Caulobacter virus roque (1/3; 33%)
Lactobacillus phage LV-1 (1/3; 33%)
Rhodobacter phage RcRhea (1/3; 33%)
Streptococcus phage 5093 (1/3; 33%)
Vibrio phage (1/3; 33%)

Myoviridae Flavobacterium virus FCV1 (1/3; 33%)
Escherichia virus VR20 (1/3; 33%)

Morganella phage Vb-MmoM-MP1 (1/3; 33%)
Aeromas phage (1/3; 33%)

Citrobacter virus merlin (1/3; 33%)

Tequatrovirus (1/3; 33%)

3.2.3.4 The prevalence of high risk/probable hrHPV types according to HIV status

More than one high risk or probable hrHPV types were detected in 34% of the study participants.
HPV 16 was the most predominant type in both HIV-infected women and HIV-noninfected women
(Figure 3.3). Overall, the hrHPV types were more prevalent in HIV-noninfected women when
compared to HIV-infected women, however, this was not statistically significant (P=0.2832;
¥x?=3.80). When the hrHPV or probable hrHPV types were analyzed individually, only the
occurrence of HPV 54 was statistically significant in HIV-noninfected women as compared to HIV-
infected women (P<0,0003; x>=12.981; Figure 3.3).
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Figure 3.3: A bar graph showing a mean prevalence of hrHPV and probable hrHPV types
according to HIV status. HPV 16 and 54 are hrHPV types and HPV 26 and 53 are probable
hrHPV types. Only HPV 54 occurred significantly in HIV-infected women as compared to HIV-
noninfected women (P<0,0003). Purple bars indicate HIV-infected women, and blue bars

indicate HIV-noninfected women.
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3.3 DETERMINATION OF BACTERIOME FROM HIV-INFECTED AND HIV-
NONINFECTED WOMEN

3.3.1 AMPLIFICATION AND SEQUENCING OF BACTERIAL 16S rRNA GENE

A total of 79/150 (53%) specimens screened for 16S rRNA fragment were successfully amplified.

Out of the 79 specimens, 24 (30%) were from HIV/HPV co-infected women, 21 (27%) from HPV-

infected, HIV-noninfected women; and 34 (43%) from HIV-infected HPV-noninfected women.

v

~800bp-4500kb

Figure 3.4: Amplification of bacterial 16S rRNA gene using a two-round PCR protocol (338F

and 1061R universal primers) from cervical specimens. A red box shows the fragment size

between approximately 800bp-4500kb of amplicons obtained and subjected to downstream
analysis. M: molecular weight marker (1 kb), 1-3 refers to the test specimens, P: positive control

(E-coli) N: negative control (nuclease-free water).

3.3.2 SEQUENCING AND PRE-PROCESSING OF THE SEQUENCE READS

Out of the 79 DNA specimens amplified, 60 (78%) amplicons were successfully sequenced. The
sequence reads were assessed for quality using FastQC tool as was done for the virome. Ninety-
eight percent (98%, 59/60) of the sequenced libraries had a threshold of >100,000 reads per
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specimen. The average number of reads obtained was 258,268 (range: 127,124-888,232). Of

note, 8/60 (13%) sequences were of bad quality and thus, were excluded from the final analysis.

3.3.3 BACTERIAL COMMUNITY STATE TYPE CHARACTERIZATION

To characterize bacterial species, the sequence reads from NGS data of 16S amplification
products and RCA products were classified into five bacterial community state types (CSTS)
based on previous description of the vaginal microbiome. Briefly, CSTs one, two, three, and five
comprises L. crispatus, L. gasseri, L. iners, and L. jensenni as the prevailing species, respectively.
CST four presents high bacterial diversity, with anaerobic bacterial species including Gardnerella,
Megasphera, Atopobium, and Pretovella present in high proportion. The classification was carried
out as per the three study groups (HIV/HPV co-infected women; HPV-infected, HIV-noninfected
women; and HIV-infected, HPV-noninfected women).

3.3.3.1 Bacterial community state type characterization from NGS data of 16S

amplification products.

3.3.3.1.1 HIV/HPV co-infected study group

Reliable reads for analysis were available for 22 women who were HIV/HPV co-infected. Among
this group, CST one, three, and four were observed. In CST one, the relative abundance of L.
crispatus was 14% (3/22), while the relative abundance of L. iners in CST three was 59% (13/22).
In CST four, Gardnerella vaginalis was the most predominant anaerobic bacterial species (16/22;
73%) and this was statistically significant (P<0.0001), followed by Pretovella spp (12/22; 54%),
Pseudomonas spp (11/22; 50%), Atopobium parvum (11/22; 50%) as shown in table 3.10.
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Table 3.10: Bacterial community state types and their bacterial species detected among HIV/HPV

co-infected study group.

BACTERIAL COMMUNITY STATE TYPES (CSTs) BACTERIAL SPECIES

CST one L. crispatus (3/22; 14%)

CST three L. iners (13/22; 59%)

CST four Staphylococcus spp (22/22; 100%)

Gardnerella vaginalis (16/22; 73%)
Pretovella spp (16/22; 73%)
Pseudomonas spp (11/22; 50%)
Atopobium parvum (11/22; 50%)
Bifidobacterium spp (6/22; 27%)
Porphyromonas spp (5/22; 23%)
Polynucleobacter spp (4/22; 18%)

Staphylococcus spp was detected in all participants although with varying relative abundance.
Lactobacillus vaginalis was highly prevalent in one of the participants (ORHC-086), constituting
88% of relative abundance. Additionally, Lactobacillus vaginalis also co-existed with L. plantarum,
in the absence of anaerobic bacteria such as Gardnerella vaginalis, Pretovella, and
Prophyromonas spp as shown in figure 3.5. Pseudomonas was also highly prevalent in one
participant (ORHC-095), with a relative abundance of 90%.
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Figure 3.5: A pie chart showing the relative abundance of bacterial species that were detected
in one of the study participants (ORH-036-2017). Lactobacillus vaginalis was the most
abundant species in this study participant. Additionally, Lactobacillus vaginalis also co-existed
with L. plantarum, in the absence of anaerobic bacteria such as Gardnerella vaginalis,
Pretovella, and Prophyromonas spp. However, this was not the case for all study participants of
this study group. Gardnerella vaginalis was the most predominant anaerobic bacterial species

among participants of this study group.

3.3.3.1.2 HPV-INFECTED, HIV-NONINFECTED STUDY GROUP

Reliable reads for analysis were available for 15 women who were HPV-infected, HIV-
noninfected. Among this group, CST three and CST four were observed. Bacterial community
state types (CSTs) and their bacterial species that were frequently detected among women of this
study group are shown in table 3.11. In CST three, the relative abundance of L. iners was 31%

(5/15). In CST four, Gardnerella vaginalis was the most predominant anaerobic bacterial species
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(10/15; 66%) and this was statistically significant (P<0.001), followed by Polynucleobacter spp
(7/15; 47%), Pseudomonas spp (6/15;40%) and Pretovella spp (5/15; 31%).

Table 3.11: Bacterial community state types and their bacterial species frequently detected

among HPV-infected, HIV-noninfected study group.

BACTERIAL COMMUNITY STATE TYPES (CSTs) BACTERIAL SPECIES
CST three L. iners (5/15; 33%)
CST four Klebsiella spp (13/15; 87%)

Staphylococcus spp (11/15; 73%)
Xanthomonas citri (11/15; 73%)
Gardnerella vaginalis (10/15; 66%)
Polynucleobacter spp (7/15; 47%)
Pseudomonas spp (6/15; 40%)
Pretovella spp (5/15; 31%)
Porphyromonas spp (3/15; 20%)
Bifidobacterium spp (2/15; 13%)

One participant (OSHC-198) had a high relative abundance of L. iners (CST three) co-existing
with other Lactobacillus spp. such as L. acidophilus and L. delbrueckii and L. acetotolerans as

shown in figure 3.6.
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Figure 3.6: A pie chart showing the relative abundance of bacterial species that were present in
one of the study participants (OSHC-198-2017). Lactobacillus iners (CST three) was the most
predominant bacterial species detected in this participant, co-existing with other Lactobacillus
spp. such as L. acidophilus and L. delbrueckii and L. acetotolerans. However, this was not the

case for all the study participants. Gardnerella vaginalis was the most predominant bacterial

species detected among participants of this study group.

3.3.3.1.3 HIV-infected, HPV non-infected study group

Reliable reads for analysis were available for 15 women who were HIV-infected, HPV-
noninfected. Among this group, CST three and four were observed. Bacterial community state
types and their bacterial species that were detected in this study group are shown in table 3.12.
In CST three, the relative abundance of L. iners was 40% (6/15). In CST four, Gardnerella
vaginalis (66%; 10/15) was the most predominant anaerobic bacterial species detected (as shown
in figure 3.7 in one of the study participants-ODF-014-2017) and this was statistically significant
(P< 0.0001), followed by Porphyromonas asaccharolytica (8/15; 53%), Pretovella (6/15; 40%),
Polynucleobacter (4/15; 27%).
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Table 3.12: Bacterial community state types and their bacterial species frequently detected
among HIV-infected, HPV non-infected study group.

BACTERIAL COMMUNITY STATE TYPES (CSTs) BACTERIAL SPECIES

CST three L. iners (6/15;40%)

CST four Gardnerella vaginalis (10/15; 66%)
Porphyromonas asaccharolytica (8/15; 53%)
Pretovella spp (6/15; 40%)
Polynucleobacter spp (4/15; 27%),

Sneathia spp (4/15; 27%)

Bifidobacterium spp (3/15; 20%).

Thirty percent of the participants (30%; 3/10) presented Gardnerella vaginalis in moderate
amount. In CST three, L. iners was predominately detected in two participants (13%; 2/15) but

had a moderate relative abundance in three participants (20%; 3/15).

B tell Klebsiella
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Figure 3.7: A pie chart showing the relative abundance of bacterial species that were detected

in one of the study participants (ODF-014-2017). Gardnerella vaginalis was the most abundant

bacterial species detected in this participant as was observed among other participants of this
study group.
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3.3.4.1 Bacterial community state type characterization from NGS data of RCA

products

3.3.4.1.1 HIV/HPV co-infected study group

Reliable sequence reads for analysis were available for 34 women who were HIV/HPV co-
infected. Among this group, CST one, three and four were observed. Bacterial CST and their
species that were detected among this study group are shown in table 3.13. In CST one, the
relative abundance of L. crispatus was 9% (3/34), while in CST three, the relative abundance of
L. iners was 35% (12/34) as shown in table 3.13. In CST four, Gardnerella vaginalis had a relative
abundance of 44% (15/34).

Table 3.13: Bacterial community state types and their bacterial species detected among HIV/HPV
co-infected study group.

BACTERIAL COMMUNITY STATE TYPES BACTERIAL SPECIES

CST one L. crispatus (3/34; 9%)

CST three L. iners (12/34; 44%)

CST four Polynucleobacter (17/34; 50%)

Faecalibacterium Prausnitzii (16/34; 47%)
Gardnerella vaginalis (15/34; 44%)
Bacteroides spp (15/34; 44%)

Pretovella spp (12/34; 35%)
Bifidobacterial spp (9/34; 26%)
Clostridium spp (5/34; 15%)

E. coli (5/34; 15%)

Streptococcus spp (4/34; 12%)

Six participants (such as ODF-004-2017 shown in figure 3.8) provided an exception since
microbiome was characterised by a massive colonization of Bifidobacterial spp, classified as B
group (6/34; 18%). CST four, as expected showed a higher bacterial heterogeneity, including
colonization by a higher rate of gram-positive microorganisms dominated by Faecalibacterium
Prausnitzii (16/34; 47%) and by gram-negative microorganisms such as Bacteroides spp. (12/34;
35%) and Pretovella spp (12/34; 35%), which are compatible with a status of dysbiosis and biofilm

production.
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Figure 3.8: A pie chart showing the relative abundance of different bacterial species that were
present in one of the study participants (ODF-004-2017). Bifidobacterium spp were the most
predominant bacterial species detected in this participant. However, in other members of this
study group, Faecalibacterium Prausnitzii, Bacteroides spp and Pretovella spp were the most

prevalent bacterial species detected.

3.3.4.1.2 HPV-infected, HIV-noninfected study group

Reliable sequence reads for analysis were available for 26 women who were HPV-infected, HIV
-noninfected. Among this group, CST one, three, four and five were observed. Bacterial
community state types and their bacterial species that were frequently detected among women
of this study group are shown in table 15. In CST one, the relative abundance of L. crispatus was
19% (5/26), while in CST three, the relative abundance of L. iners was 42% (11/26) as shown in
table 3.14. In CST four, the relative abundance of Gardnerella vaginalis was 75% (18/26). In CST

five, the relative abundance of L. jensenni was 8% (2/26).
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Table 3.14: Bacterial community state types and their bacterial species detected among HPV-

infected, HIV-noninfected study group.

BACTERIAL COMMUNITY STATE TYPES (CSTs) BACTERIAL SPECIES

CST one L. crispatus (5/26; 19%)

CST three L. iners (11/26; 42%)

CST four Staphylococcus spp (26/26; 100%)

Klebsiella varicola (19/26; 73%)
Xanthomonas Citri (19/26; 73%)
Gardnerella vaginalis (18/26; 75%)
Pseudomonas spp (16/26;61%)
Polynucleobacter necessarius (17/26; 65%)
Burkholderia spp (14/26; 54%)

Pretovella spp (10/26; 38%)

Serratia spp (10/26; 38%)

Sneathia spp (6/26; 23%)

CST five L. Jensenni (8%; 2/26)

In the presence of L. crispatus (CST one), a diverse group of Lactobacillus spp. was also detected
in high proportion as shown in figure 3.9. The presence of Gardnerella vaginalis was mostly

associated with the presence of L. iners.
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Figure 3.9: A pie chart showing the relative abundance of bacterial species that were present
in one of the study participants (OSHC-075-2017). Lactobacillus iners was the most abundant
species in this participant, However, in other members of this group, Staphylococcus aureus

and Gardnerella vaginalis were the most prevalent species detected.

3.3.4.3 HIV-INFECTED, HPV-NONINFECTED STUDY GROUP

Reliable sequence reads for analysis were available for 11 women who were HIV-infected, HPV-
noninfected. Among this group, CST three, four and five were observed. Bacterial community
state types and their bacterial species that were frequently detected among women of this study
group are shown in table 3.15. In CST three, the relative abundance of L. iners was 45% (5/11)
while in CST four, Gardnerella vaginalis was the most predominant anaerobic bacterial species
(8/11; 73%), and this was statistically significant (P< 0.001), followed by Pretovella (4/11; 36%),
and Corynebacterium spp (4/11; 36%). In CST five, L. Jensenni was only detected in one
participant (1/11; 11%) (ORHC-019), which was also colonized by a diverse group of other
Lactobacillus spp.
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Table 3.15: Bacterial community state types and their bacterial species detected among HIV-

infected, HPV-noninfected study group women.

BACTERIAL COMMUNITY STATE TYPES (CSTs)

BACTERIAL SPECIES

CST three

L. iners (5/11; 45%))

CST four

Gardnerella vaginalis (8/11; 73%
Corynebacterium spp (4/11; 36%)
Mobiluncus Curtisii (4/11; 36%)
Pretovella spp (4/11; 36%)
Schaalia cardiffensis (3/11; 27%)
Pseudomonas spp (3/11; 27%)
Atopobium parvum (3/11; 27%)
Schaalia spp (3/11; 18%)

CST five

L. jensenni (3/11; 11%)

3.4 DETERMINATION OF THE RELATIONAL
BACTERIOME ACCORDING TO HIV STATUS.

OCCURRENCE OF VIROME AND

The relational occurrence of cervicovaginal virome and bacteriome according to HIV status was

assessed through Chi-square statistical analysis available in GraphPad Prism version 9.3.1.

Differences in occurrence were expressed as probability (P)-values.

3.4.1 OCCURRENCE OF VIROME ACCORDING TO HIV STATUS

Overall, a higher prevalence of viral families was detected in HIV-infected women compared to

HIV-noninfected women, and this was statistically significant (P<0,0001; x2=28.18). However,

when the viral occurrence was considered individually, only Mimiviridae family occurred more

significantly in the HIV-infected women as compared to the HIV-noninfected women (P= 0.0047;

X?= 7.973).

41

© University of Venda




V'S
>

) (&

University of Venda

mm  H|V-infected women

100 = mm  HIV-noninfected women
80—
=
o 60—
(%]
=
=
L]
; 40—
o
20—
0-
=] 2 > 2 2 e @
. {\ e * @"b ‘_‘\b‘b ) * @E‘u {\b@ . {\b'b . {\sb ‘}b'b o o ‘;\b@
A 4° ¥ A AV LAY A 4¥ 4%
<& (Qgc; a}\c Gbo-a Qo"‘” & é\\e‘ Q‘_\c ' <F obo
EE S S T & o 2

Viral families

Figure 3.10: A bar graph of mean prevalence of viral families that were detected according to
HIV status. The viral families occurred more significantly in the HIV-infected women as
compared to HIV-noninfected women (P<0.0001). Blue bars indicate HIV-infected women, and

red bars indicate HIV-noninfected women.

3.4.2 OCCURRENCE OF BACTERIOME ACCORDING TO HIV STATUS.

In this study, two amplification methods were used to detect bacterial species from total nucleic
acid namely, rolling circle amplification (RCA) and conventional PCR with generic primers to
amplify the 16S rRNA gene. Amplification products obtained from the two methods were
sequenced by Next Generation Sequencing (NGS). The sequences obtained were analysed
using Dragen metagenomics tool and bacterial families with varying relative abundance were
obtained. To determine the relational occurrence of bacteria according to HIV status, bacterial
families with at least a relative abundance of >1% were used for the analysis. NGS data of RCA
products revealed a wide variety of bacterial families with a relative abundance of >1% as
compared to that of 16S amplification products. Overall, bacterial families occurred more
significantly in HIV-infected women than in HIV-noninfected women for NGS data of RCA
products (P<0.0001; x2=177.5) and for NGS data of 16S amplification products (P< 0.0001;
x2=130.8). However, when the bacterial families were considered individually, only the occurrence
of Rickenellanceae (P=0.0472;x2=3.938), Atopobiaceaea (P=0.0083;x%=6.964),
Erysinelotrichaceae  (P=0.0472;42=0.0472), Leuconostoaceae (P<0.001;x¥%*=2.049) and
Veillonellaceae (P=0,0261;x%=4.950) obtained from NGS data of RCA products and
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Porphyromonadaceae(P=0,0004;x%=12.48),Lachnospiraceae(P=0.0036;x2=8.471),Clostridiacea
e (P=0.0472;x?=3.938),Selenomonaceae (P=0.0350;x%=4.444) obtained from NGS data of 16S
amplification products occurred significantly in HIV-infected women than in HIV-noninfected
women. Streptococcaceae (P=0.0146; x2=5,958) obtained from NGS data of 16S amplification

products occurred significantly in HIV-noninfected women than in HIV-infected women.
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Bacterial families

Figure 3.11: A bar graph of mean prevalence of bacterial families obtained from NGS data of
rolling circle amplification (RCA) products according to HIV status. In RCA, total nucleic acid
was enriched and sequenced by Next Generation Sequencing (NGS). Bacterial families
occurred more significantly in HIV-infected women than in HIV-noninfected women (P<0.0001).

Blue bars indicate HIV-infected women, and red bars indicate HIV-noninfected women.
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Bacterial families

Figure 3.12: A bar graph of mean prevalence of bacterial families obtained from NGS data of
16S amplification products. Generic primers were used to amplify the 16S rRNA gene from total
nucleic acids and sequenced by NGS. Bacterial families occurred more significantly in HIV-
infected women than in HIV-noninfected women. Blue bars indicate HIV-infected women, and

red bars indicate HIV-noninfected women.

Bacteria families that were only detected from RCA NGS data includes Rickenellanceae
(P=0.0472;x2=3.938), Acidaminococcaceae (P=0.2482; x2=1.333), Akkermansiaceae (P=0.7154;
x2=0.7154), Bacillaceae (P=0.1213; x2=2.400), Enterococcaceae (P=0.1213; x2=2.400,
Erysinelotrichaceae (P=0.0472; x2=3.938), Fusobacterioceaea (P=0.4945; x2=0.4667),
Leptotrichiceae (P=0.1551;  x2=0,3556), Pasterellaceae (P=0.2482;  x2=0.1333),
Cellulomonadaceae (P=0.7154; x2=0.7154), Mycoplasmataceae (P=0.2482; x2=1.333) whereas
bacteria families that were only detected from 16S NGS data includes Cytophagaceae (P=0.0877;
X2=2.917), Flavobacteriaceae (P=0.0877; x2=2.977), Hymenobactereceae (P=0.1709; x2=1.875),
Brachyspiraceae (P=0.1709; x2=1.875), Propionibacteriaceae (P=0.1305; x2=2.287),
Chitinophagaceae (P=0.1709; x2=1.875), and Dermabacteraceae (P=0.1709; x2=1.875).
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CHAPTER FOUR: DISCUSSION, STUDY LIMITATIONS AND
CONCLUSION

The microbial community is highly dynamic and its function in the wellbeing of an individual is only
starting to be uncovered. Numerous recent research has unravelled the interaction between
human virome and bacteriome, however, the relationship between the two microbiome
components has received little attention or evaluation. In this study, DNA viruses and bacterial
species obtained from the female genital tract of HIV-infected women and HIV-noninfected
women were characterised by next generation sequencing (NGS), enabling the evaluation of their
mutual relationship. Majority of the viral reads (34%) were assigned to Papillomaviridae family
irrespective of whether the participants were HIV-infected or not. Papillomaviruses have been
found to be the most prevalent (86%) eukaryote-infecting viruses colonising the female genital
tract (Siqueira et al., 2019; Happel et al., 2020).
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Multiple high risk (hr) HPV types were also prevalent in the two study groups. Human
papillomavirus type 16, which has been connected to more than 50% cases of cervical cancer,
was the most prevalent HPV type detected in the current study. This genotype co-existed with
other hrHPV or probable hr types such as HPV 54, HPV 53, and HPV 26 in this study. Concurrent
infection with multiple HPV types have been linked to a higher likelihood of cervical lesions (Datta
et al., 2012; Adler et al.,2016; Kim et al., 2021). A study conducted by Siqueira and Colleagues
(2019) found that women with at least three hr or probable hrHPV types had a higher risk of
cervical abnormalities. Thus, these results could imply that participants in whom these hrHPV
types were detected may be at risk of developing cervical abnormalities. Therefore, HPV health
education, and continuous screening for HPV DNA may be of great importance for early diagnosis
of cancer risks. Human papillomavirus type 18 is one of the most frequent hr HPV types in South
Africa, following HPV 16 (Mbulawa et al., 2021). Seventy percent (70%) of cervical cancer cases
are caused by HPV 16 and 18 (Clifford et al., 2006; Schwarz et al., 2008) with HPV 18 accounting
for 10-15% of cervical cancer cases (Borch and de Sanjose, 2003; Clifford et al., 2003). However,
among participants of this study, HPV 18 was not detected. Therefore, administration of HPV
vaccines containing HPV 18 such as Gardacil-9 may provide protection against future infection

with HPV 18 and thereby reduce the likelihood of cervical cancer development.

Anelloviruses are commonly detected in the female cervical region independent of the cervix’s
abnormalities (Calcaterra et al., 2001, Wells et al., 2020). Torque teno viruses (Anelloviridae) are
prevalent in HIV-infected women, with significant viral loads seen in the blood of
immunocompromised patients (Christensen et al., 2000; Touinssi et al., 2001; Focosi et al.,2010).
With AIDS progression in the individual, the viral load of these viruses increases, and this
suggests a negative relationship with the host immune response (Thom and Petrik, 2007; Li et
al., 2013; Siqueira et al., 2019). In the current study, multiple torque teno virus types were
observed in participants that were infected with HPV irrespective of HIV status. This suggests its

association with HPV regardless of HIV status.

Herpesviridae (HSV-2, CMV and EBV) have been linked to a variety of adverse health outcomes
such as cervical cancer, genital ulcers (HSV-2), postnatal herpes (HSV-2) and liver disease
(hepatitis B) (Si et al., 2019; Spicknall et al., 2019; Happel et al., 2020). Herpes simplex virus type
2 (HSV-2), Human cytomegalovirus (HCMV), and Epstein-bar virus (EBV) were detected in this

study, with HSV-2 detected in all three study groups. The literature demonstrates a solid biological
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link among HIV and HSV-2 infections, most notably because HSV-2 infections speed up HIV
acquisition. In addition, as HIV and HSV-2 increase the transmission of each other, HSV-2
disease has been observed to be more severe among individuals with HIV-related
immunosuppression (Van de Perre et al., 2008; Schiffer et al., 2019). This shows that women
who are not infected with HIV but are infected with HSV-2 and other viruses may be at an
increased risk of contracting HIV. This is because ulcerative episodes and recurrent HSV-2
infection disrupt the epithelial barrier, allowing HIV to enter. In addition, by recruiting immune cells
to regulate early HSV-2 infections and reactivations, HIV target cells are concentrated in the
vaginal area (Zhu et al., 2009; Looker et al., 2020). As a result, HSV-2 monitoring could be a

valuable additional tool in efforts for the control of HIV infection.

Human cytomegalovirus (CMV) was detected among HPV-infected, HIV-noninfected women.
Literature suggests that CMV is transmitted together with HPV or successively, enabling it to
encourage dysplastic changes in the cervix that is induced by HPV (Sekhon et al., 2004;
Paradowska et al., 2019). This is probably due to CMV replication involving the expression of
immediate-early, early, and late genes (Adler, 2011). As a result, these women are likely to be at
an increased risk of cervical intraepithelial changes which may lead to cervical cancer if not
monitored or treated.

Epstein-Barr virus (EBV) is a mucosal pathogen that can remain latent within a host for a lifetime,
which may play a role in modulating the immune system of the host (Djaoud et al., 2017). In this
current study, Epstein-Barr virus (EBV) was observed among HIV/HPV co-infected women.
Several studies have established a relationship concerning EBV infections and aberrant cervical
cytology, an increase in EBV positivity with lesion severity, and increased incidence of cervical
cancer in EBV infected women compared to EBV noninfected women (Feng et al., 2021).
Cameroon and Colleagues (2020) found that HIV-infected women who had both cervical EBV
and hrHPV had a fourfold greater probability of aberrant cytology compared to women who only
had hrHPV. This shows that among women who are HIV/HPV co-infected, cervical EBV infection

may be associated with an increased risk of cervical dysplasia.

Bacteriophages (prokaryote-infecting viruses) are also the largest and the most predominant
cervicovaginal viral group; and have been found to regulate bacterial composition and abundance
(Cadwell, 2015; Parmar et al., 2017). In this study, Myoviridae, Siphoviridae, and Podoviridae

were detected from all three study groups, with Myoviridae and Siphoviridae highly prevalent
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among HIV/HPV co-infected women. These results are in line with a University of Cape Town
HIV/HPV study that also documented a high number of sequences assigned to Myoviridae,
Siphoviridae, and Podoviridae (Madere et al., 2021). Jakobsen and Colleagues in 2019 also
revealed the presence of dsDNA bacteriophages of the family Myo-, Podo- and Siphoviridae, with
only 4% of eukaryote-infecting viruses identified, supporting the high prevalence of prokaryote-
infecting viruses in the female genital tract. Bacteriophage may be temperate towards some
bacteria while lytic towards others, rapidly depleting important bacterial species. This contributes
to the inexplicable reduction of Lactobacillus spp that occurs favouring the overgrowth of
anaerobic bacteria characteristic of bacterial vaginosis (BV) (Kilic et al., 2001; Madere et al.,
2021). Future research is required to fully comprehend the role of bacteriophages in health and

diseases in the South Africa population.

The bacteriome has been identified as a significant factor that may influence the increase or
decrease of viral infection (Vyshenska et al., 2017). The lower reproductive tract of a female
carries a complex community of microorganisms that are critical for sustaining and providing
protection against viral infections. As previously stated, bacterial cervical populations are grouped
into five CST. Lactobacillus spp. predominate in community state type one, two, three and five
(L. crispatus, L. gasseri, L. iners and L. jensenni, respectively), whereas CST four has a highly
diverse bacterial community and a high proportion of multiple anaerobic bacteria (Ravel et al.,
2011; Kyrgiou et al., 2017). In the current study, CST one, three, four and five were detected.
Herein also, viral families were linked to CST three and CST four. Furthermore, multiple hrHPV
types were found to be associated with CST three and CST four. These findings are in line with
studies that have linked CST three and four to an increased incidence of HIV, HPV, and HSV-2
infections (Cherpes et al., 2003; Borgdorff et al., 2014). The Siqueira and Colleagues (2019) study
among HIV/HPV co-infected women reported a higher frequency of samples with Herpesviridae
family in CST four, with a 47% increased probability of getting the virus. These concurrent
infections may contribute to vaginal dysbiosis, resulting in chronic cervicovaginal inflammation

and an increased risk of cervical cancer development.

A high prevalence of CST four was observed among HPV-infected, HIV-noninfected women in
the present study. This is in line with a study conducted by Dareng and Colleagues (2016) that
also reported a higher prevalence of CST four among women who were infected with HPV but
HIV noninfected. Additionally, Dareng and Colleagues (2016) reported insignificant variation in

the bacteriome irrespective of HPV status. This was also observed in the current study. This data
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agrees with previous reports indicating HIV-infected women maintain a stable microbial
community with a high diversity of bacteria that is unaffected by the presence of cervical

intraepithelial neoplasia status or HPV infection (Dareng et al., 2016; Gossman et al., 2017).

Anaerobic bacteria that were highly prevalent in CST four were Gardnerella vaginalis, Pretovella,
Atopobium, Bifidobacterium spp, Porphyromonas spp, Pseudomonas, Faecalibacterium
prausnitzii and Bacteroides in this study groups. Carrying Atopobium vaginae, Gardnerella
vaginalis, and L. iners in the absence of L. crispatus (CST one) elevated the incidence of cervical
intraepithelial lesions (CIN) about sixfold in Korean women with and without CIN. Additionally,
they found a symbiotic microbiological pattern and an oncogenic HPV infection associated with
an increased incidence of CIN (34.1 odd ratio) (Brodman et al., 2011). According to these studies,
high bacterial diversity is associated with HPV status and varying degree of cervical dysplasia,

implying that it may be useful for cervical dysplasia prediction.

The 16S rRNA gene sequence has been the most frequently employed housekeeping hereditary
marker in studies of bacterial phylogeny and classification. This is because of its presence in
almost all bacteria, where it is frequently found as a multigene family with a function that has not
changed overtime (Patel, 2001; Janda and Abbott, 2007). In this study, NGS data of 16S
amplification products and rolling circle amplification (RCA) products were used to characterize
cervicovaginal bacteria and were compared against each other. The two molecular targets
generated a surprisingly similar microbial profile, with only a minor difference in the proportion of
species found. For example, Streptococcus spp, Bacteroides spp, and Bifidobacterium spp were
observed in higher proportions in NGS data of the RCA generated products than in NGS data of
16S PCR amplification products. Some studies have demonstrated that 16S rRNA sequencing is
less likely to detect some microorganisms, for example Streptococcus, Proteobacteria, and
Actinobacteria. This may explain why some elements of the vaginal microbiome have received
little attention. Mollicutes, for example, are commonly missed in 16S rRNA-based studies due to
bias in the use of universal primer sets (Hummelen et al., 2010) and have been missed in the
vaginal microbiome using cpn60 UT (a sequence universal target), because the target sequences
are absent in almost all Mollicutes species (Hill et al., 2005; Schellenberg et al., 2009;
Schellenberg et al., 2011). In this case, RCA can be of great importance in the detection of such

microorganisms since no specific primers are required during the amplification process.

49

© University of Venda



V'S
>

) (&

University of Venda

LIMITATIONS OF THE STUDY

The strengths of this study included the use of sensitive approaches and technologies such as
rolling circle amplification (RCA) and metagenomic Next Generation Sequencing (NGS). These
are highly appropriate in the description of the microbiota in a particular compartment. In the
current study, a highly diverse group of viral and bacterial species from cervical specimens were
observed. However, despite these strengths, the findings described here must be seen in the
context of some limitations. Firstly, proinflammatory cytokines, such as IL-8, IL-1a and TNFa
which have been shown to influence microbial diversity (Mirmosef et al., 2012; Sabo et al., 2020)
were not investigated. Therefore, it is challenging to provide some of the reasons for the diversity
observed. Secondly, the presence of fungi such as the abundance of Candidaceae,
Sporidiobalaceae and Malasseziaceae known to be associated with hrHPV infections and
microbial diversity (Godoy-Vitorino et al., 2018) was not investigated. Therefore, future studies
focusing on the detection of fungi from cervical specimens may provide an insight in the
occurrence of fungi in relation to highly diverse bacterial species and viral infections. It will also
be important in future to look at the characteristics of the full genomes that were identified in this

compartment.

CONCLUSION AND RECOMNMENDATIONS

In conclusion, this study showed a higher diversity of cervicovaginal virome and bacteriome in
women who were HIV/HPV co-infected. The relationship between viral infections and a high
diversity of bacterial species (CST four) observed herein may be a useful indicator of an
individual’s disease state, indicating the likelihood of developing cervical lesions and cervical
cancer. As a result, additional research is necessary to uncover the association between viral
infections and CST four with disease state. Vaccine development and antiviral research should
also target compounds that boost the cervicovaginal environment and maintain vaginal

homeostasis.
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