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Abstract

Understanding the oral microbiome's interplay with Human Papillomavirus (HPV) and
Human Immunodeficiency Virus (HIV) is crucial for elucidating HPV-related disease
pathogenesis. However, over 90% of HPV-microbiome studies originate from high-income
countries. A Nigerian-specific microbial signature for HPV-associated dysbiosis is lacking,
limiting efforts to develop relevant biomarkers or understand unique disease progression in

this pgxgation.
This study aimed to identify oral microbial signatures associated with Hp%n ction,
hypothesizing distinct alterations due to immunomodulation, particularly wh@ tified by
HIV status. A nested case-control design was employed within the prosgec HOMINY
cohort in Edo State, Nigeria. Twenty oral rinse samples (10 HPV-positiye, 1 V-negative),
stratified by HIV status, were analyzed via full-length 16S rRNA cing on a PacBio
Revio platform. Bioinformatics analyses used QIIME 2 for divers rics, ANCOM-BC2
for differential abundance (adjusting for age, sex, and HIV ), and PICRUSt2 for
functional predictions. Oral HPV prevalence was higher a re diverse in HIV-positive
individuals. Alpha diversity showed greater Chaol ric = 4559, p = 0.050) and
Shannon diversity (B = 1.53, p = 0.033) in HIV-négative/HPV-positive individuals,
suggesting microbial expansion. Beta diversity s no significant community-wide
differences. Taxonomic richness was highest in H itive/HPV-positive individuals, with
enrichment of low-abundance phyla (Spirocha Mycoplasmatota). Bacillota dominated
overall, while Bacteroidota increased in ative/HPV-positive samples. HIV status
modified HPV-related microbial shifts: -positive/HPV-positive individuals showed
moderate changes (e.g., enriched N iomorbus, depleted Aggregatibacter), whereas
HIV-negative/HPV-positive  indivi %S' showed stronger effects (e.g., enriched
Nanosynbacter, depleted Moryell@f ctional predictions revealed nominal shifts, including
enrichment of CRISPR_aSSOC% systems and polysaccharide degradation enzymes and

depletion of nucleotide met pathways. These findings highlight the context-dependent
oral microbiome respous PV infection and potential biomarkers for HPV-related oral

pathologies.
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Chapter One
Introduction

1.1 Background to the Study

The term "papilloma" is derived from the Latin words "papilla," meaning a small, rounded
projection, and "oma," meaning an abnormal growth or tumor. This combination reflects the
characteristic appearance of papillomas as small, wart-like growths. Papillomavim& infect
mucosal and cutaneous epithelia in a wide variety of higher vertebrates in a —speciﬁc
manner and induce cellular proliferation!. Bovine Papillomaviruses (BQS and 2 are the
only BPVs known to infect mesenchymal tissues and show cross- @ transmission. They
have been documented to infect equids, buffaloes, and bison@man papillomavirus (HPV)
is a sexually transmitted infectious disease that is ende&@und the world?. It is a double-

stranded DNA virus, which belongs to the family @illomaviridae.

HPV infections can present with a variety B\&@nptoms, ranging from no noticeable signs to
benign growths, precancerous leSIO%%VaSIVe cancers. Although the majority of HPV
infections are transient and te& solve on their own, a minority of infections can cause
clinical diseases such as s\r cancers*. HPV encompasses over 200 variants, grouped into
high-risk and low '%ategories based on their potential to cause cervical cancer. Fifteen

types—incl i&l}\fl@ 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82—are

-risk, while low-risk HPV types are associated with benign growths, such as
wartbxfthe genitals and skin*. High-risk HPV types are linked to cancers in the oropharynx
(oral, tonsil, and throat areas) and anogenital regions, including cervical, anal, vulvar, vaginal,

and penile cancers®.

Human papillomavirus remains a leading cause of infection-related cancers globally,

responsible for 5% of malignancies worldwide, including 90% of cervical cancers and 70%



of oropharyngeal cancers (OPCs)®>’. While cervical cancer remains the most studied HPV-
associated malignancy, the rising incidence of HPV-driven OPCs in high-income countries
has shifted global attention to oral HPV epidemiology. Globally, it is estimated that between
30.8% and 42.7% of oropharyngeal cancers are attributable to human papillomavirus (HPV)
infection, indicating that approximately one-third to nearly half of these cancers are caused
by HPV?. In the United States, HPV-positive OPCs now exceed cervical cancer cases, with a
3% annual increase in incidence since 2015°. However, this trend obscures a cgi Qdisparity:
low- and middle-income countries (LMICs), particularly in sub-Saharan @QSA), face a
dual burden of high HPV prevalence and limited diagnostic i ure, leaving oral
HPV’s role in OPCs poorly understood!. Q%

In Africa, where cervical cancer mortality rates exceed&@ral HPYV remains understudied
despite its potential contribution to head and nec%@ers“. A systematic review found no
country-specific oral HPV prevalence da@nost sub-Saharan Africa SSA nations'.
Limited studies suggest oral HPV rat\\' ge from 2.3% to 6.5% in African populations,
lower than cervical rates but V@(%niﬁcant variability'?. A 2022 study of female sex
workers (FSWs) in Ibad .®geria, reported 24% oral HPV prevalence—the highest
recorded in SSA—wi &V% as the dominant high-risk type °. HIV coinfection further

amplifies risks‘ I—&fp sitive individuals exhibit higher oral HPV persistence and viral

loads 312, 6
O

Nigeh&!QHPV burden is among the world’s highest, yet oral HPV is underprioritized. A
2021 study of sexually active women in Ibadan found 16.1% oral HPV prevalence, with
HPV35 and HPV16 as prevalent genotypes'?. Among heterosexual men, oral HPV rates are
lower (7.8%), but penile HPV prevalence reaches 40.5%, highlighting site-specific

transmission dynamics'3. Risk factors include cohabiting with sexual partners (linked to



mucosal viral exchange), penile-anal HPV concordance and HIV coinfection, which triples

high-risk HPV odds!>13.

Southern Nigeria reports alarming cervical HPV rates (35.9% among unmarried women),
driven by low vaccine uptake (6%) and high-risk behaviors like smoking'. However, oral
HPV data are scarce. A 2023 study in the South-South geopolitical zone identified HIV
positivity as a key predictor of cervical HPV, a trend likely mirrored in oral in%ons”.
Structural barriers exacerbate risks, only 6 of 25 circulating HPV types Vered by

available vaccines and OPCs are rarely included in cancer registries, mg@l e incidence!?.

Beyond viruses, research has implicated bacterial involvement i%@hogenesis of various
human malignancies'®. This association appears to be eted, potentially involving
chronic bacterial-induced inflammation in specific anns as a contributing factor to
tumorigenesis. The oral cavity harbors one of tl% diverse microbial communities in the
human body, second only to the gut. Over@)acterial species colonize niches such as the
tongue, gingival sulcus, and palatine é@foming dynamic consortia that regulate immune
homeostasis, nutrient me}ab&@‘, and pathogen defense'”. Commensal bacteria
like Streptococcus saliv ﬁ@hd Rothia mucilaginosa secrete antimicrobial peptides that
inhibit viral replig%t&while others, such as Fusobacterium nucleatum and Porphyromonas

gingivalis, a:e &h}ionts linked to chronic inflammation and carcinogenesis'®.

Recent @ces in metagenomic sequencing have revealed that dysbiosis—a disruption of
microbial equilibrium—is associated with systemic diseases, including diabetes,
cardiovascular disorders, and cancers!®. In the oral cavity, dysbiotic shifts are hallmarked by
reduced microbial diversity, depletion of health-associated taxa (e.g., Lactobacillus), and
overgrowth of pro-inflammatory species. Fusobacterium nucleatum produces adhesins that

activate nuclear factor-kappa B (NF-kB) signaling, driving the production of cytokines like



IL-6 and TNF-a, which promote tumor angiogenesis and immune evasion®.

Similarly, Porphyromonas gingivalis secretes proteases that degrade tumor suppressor
proteins, facilitating genomic instability?!. The emerging evidence from these findings points
towards a crucial mechanism: the oral microbiome may function as a key mediator in the
process of HPV-induced carcinogenesis. The interplay between HPV and microbial
communities is a burgeoning area of research. Studies of the cervicovaginal microbigme have
demonstrated that Lactobacillus-dominant ecosystems are associated with Q% HPV
persistence, whereas dysbiotic communities enriched with Gardnerell \Qg}iq;zis correlate
with higher viral load and progression to cervical intraepithelial 1 sia?2. Despite the
availability of effective prophylactic HPV vaccines, equit. plementation remains a
global challenge. Over 80% of cervical and oropharyng@ancer cases occur in low- and
middle-income countries (LMICs), where vacci ef@ut is hindered by cost, logistical
barriers, and sociocultural stigma?®. This %c inequity leaves millions vulnerable to

preventable malignancies, underscori ergent need for complementary strategies to
]

mitigate HPV-related cancer risks i@rserved populations.

This study bridges a critica@ understanding how HPV and the oral microbiome interact
to drive carcinogenesis.™By characterizing microbial signatures in a high-risk Nigerian
. 5\'
cohort—a poleaM nderrepresented in existing research—we aim to uncover novel
biomarker@therapeutic targets that reflect region-specific host-microbe-viral dynamics.
Thes%&ings could inform interim prevention strategies (e.g., microbiome-modulating
therapies or risk stratification tools) for populations lacking vaccine access, while
simultaneously advocating for policy reforms to address the root causes of global health

disparities.



1.2 Statement of the Problem

Geographic bias dominates HPV-microbiome research, with >90% of studies concentrated in
high-income countries despite disproportionate disease burdens in sub-Saharan Africa. This
region faces a dual challenge: HPV prevalence exceeds 24%—the highest globally—and
oropharyngeal cancers (OPCs) are frequently underdiagnosed until advanced stages?:.
Although persistent high-risk HPV infection drives OPC pathogenesis, the b1d ectional

relationship between HPV and the oral microbiome remains unresolved. A 29 owledge

gap persists: Does HPV-induced immune modulation create dysbiotic m ia) niches, or do
pre-existing microbiome imbalances facilitate viral persistence an: € esm‘? This causal
ambiguity undermines efforts to identify conserved m1c ignatures predictive of

malignancy, particularly in African populations where@que sociodemographic factors,

ﬁ@ may influence host-microbe-viral

y investigates HPV-associated alterations

endemic pathogens, and underrepresented HPV g

dynamics. Focusing on a Nigerian cohort,
in oral microbiome composition, addr ing'a key barrier to translational applications in

regions bearing the highest HPV- at@hble cancer burdens.

1.3 Justification of the Stqé%*Q
Most studies hnkmg to the microbiome have focused on cervical or gut or anal
microbiota, wi % data on oral microbial dynamics in HPV infection. Furthermore,
African p Qﬂons—whlch face a disproportionate burden of HPV-associated cancers—are
undek&gented in existing research. This study addresses these gaps by analyzing the oral
microbiome of a Nigerian cohort using 16S rRNA sequencing. By comparing HPV-positive
and HPV-negative individuals, we aim to identify microbiome patterns that may serve as
biomarkers for HPV infection or persistence. Such insights could inform early detection

strategies or microbiome-targeted interventions to mitigate HPV-related oral carcinogenesis

in high-risk populations.



1.4 Aim and Objectives of the Study

To investigate whether HPV infection is associated with distinct alterations in the taxonomic

composition and functional profiles of the oral microbiome among individuals in South-

South Nigeria. This study will leverage 16S rRNA sequencing to analyze bacterial

communities in oral rinse samples from 10 HPV-positive and 10 HPV-negative individuals.

The goal is to identify microbial biomarkers, community shifts, and functional path&ays that

may contribute to HPV persistence and its potential role in carcinogenesis. QQ

The objectives of the study are to:

L

II.

1.

Perform 16S rRNA metagenomic sequencing on 20 o@ samples (10 HPV-
positive, 10 HPV-negative) to profile bacterial commuffities.

Analyze alpha/beta diversity metrics and differer@r abundant taxa between HPV

N\
groups. ’b
O

Predict functional metabolic pathwa@

1.5 Research Questions '@

i.

ii.

iil.

1v.

S

Does HPV infection in@bnce the overall taxonomic composition of the oral
microbiome in in i\@ls from South-South Nigeria?

Are there differeriCes in alpha and beta diversity indices (e.g., Shannon, Chaol,
Faith’s @ni rac) between HPV-positive and HPV-negative individuals?

Wihi acterial taxa are differentially abundant between HPV-positive and HPV-

\gegative groups after adjusting for relevant covariates?

Does HPV infection correspond to distinct functional metabolic profiles in predicted
pathways (e.g., KEGG Orthologs, MetaCyc pathways) inferred from PICRUSt2?
Can specific microbial signatures serve as potential biomarkers for HPV infection or

persistence within this population?



1.6 Hypotheses

To address the research questions, the study proposes the following hypotheses:

Null Hypotheses (Ho)

1. Hoi: There is no significant difference in the taxonomic composition of the oral

microbiome between HPV-positive and HPV-negative individuals.
ii.  Hoz: Alpha and beta diversity metrics do not differ significantly bet HPV-

O

iii.  Hos: No bacterial taxa are differentially abundant between @\gositive and HPV-

positive and HPV-negative groups.

negative individuals after adjusting for age, sex, and HIV%.

iv.  Hoesa: HPV-positive and HPV-negative groups d iffer in predicted functional

pathway profiles inferred from PICRUSt2. Q

v.  Hos: There are no microbial signa ﬂ@oma‘[ed with HPV infection or potential

persistence.

\
Alternative Hypotheses (H1) Aé

i.  Hu: HPV mfe@ associated with distinct alterations in the oral microbiome’s

taxonom: @@?smon
ii. év -positive individuals exhibit significantly different alpha and beta diversity

\1/%rics compared with HPV-negative individuals.

iii.  His: Certain bacterial taxa are differentially abundant between HPV-positive and

HPV-negative groups, even after adjusting for confounders.

iv.  Hia: HPV positivity corresponds to distinct predicted functional pathways in the oral

microbiome.



v.  His: Specific microbial signatures are associated with HPV infection and may serve

as biomarkers for HPV persistence or carcinogenesis.

1.7 Significance of the Study

The oral microbiome likely plays a key role in HPV-driven carcinogenesis, but its importance
has only recently been appreciated. Studies in the uterine cervix show that
Lactobacillus-dominant microbiota are linked to HPV clearance, whereas&sbiotic
communities (rich in Gardnerella, Fusobacterium, Prevotella, etc.) correlh higher
HPV persistence and progression. Similarly, oral dysbiosis has been st@gﬁsociated with
head and neck cancers. For example, key oral pathogens (like Fi erium nucleatum or
Porphyromonas  gingivalis) promote inflammation and @une evasion, creating a
tumor-favorable niche. Persistent oral HPV is the @shed primary risk factor for
oropharyngeal cancer, but HPV infection alo%%not sufficient for malignancy. By
characterizing how the oral microbiome s@lg the presence of high-risk HPV, we can
begin to uncover the additional co—fae‘{& at drive cancer. In summary, this study addresses
a critical gap by exploring HPV@Q(r?oiome interactions in a high-risk African cohort, with
the goal of identifying micr ; ignatures that may predict HPV persistence or carcinogenic
progression. &
1.8 Scope o th@}f

This stu%@§yzes oral microbiome differences between HPV-positive and HPV-negative
indi\Ns within the broader HOMINY cohort at the University of Benin Teaching Hospital
(UBTH) in Benin City, Nigeria. It is limited to baseline, cross-sectional data: 20 oral rinse
samples (10 HPV+ and 10 HPV—). All HPV status was determined by PCR (the Allplex™
HPV28 assay detecting 28 HPV genotypes). The microbial analysis is restricted to bacterial
16S rRNA gene sequencing using PacBio (full-length) and subsequent bioinformatic

pipelines (QIIME2 with DADA2 and the eHOMD reference database) as described above.

8



No other viruses (beyond HPV), fungi, or host transcriptomic data are assessed. Functional
predictions of the microbiome (KEGG, MetaCyc) come solely from PICRUSt2 inference, not

direct metagenomic or metatranscriptomic sequencing.

In practical terms, this means the study only examines bacteria in oral rinse samples, and only
in these 20 participants (a nested case-control design within HOMINY). Analyses focus on
taxonomic composition, alpha/beta diversity (Shannon, Chaol, Faith’s PD, UniE% etc.),
and differential abundance of taxa and predicted pathways between HPV grc@%he scope
does not include longitudinal changes (beyond baseline), other b%/ ites, or direct
functional/immune assays. All findings are specific to the H inclusion criteria

(specific HIV-exposure strata) and should not be extrad to different populations

without caution. QQ
1.9 Limitations of the Study (bb’b

Several methodological limitations shoul E‘ acknowledged. Sample size is small (n=20),
which limits statistical power and @iude detection of subtle differences or control of
all confounders (e.g. diet, ora@%ne). Cross-sectional design prevents any causal inference
— this study can identi@%ations but cannot determine whether HPV causes microbiome

shifts or vice v B@ study population is also specialized, so findings may not generalize

to other age @Jps or regions.

PCR\&’?Cation can introduce errors, chimeras, and uneven amplification of certain taxa.
The choice of 16S primers and full-length sequencing provides broader coverage, but some
bacteria (especially rare or uncharacterized oral taxa) may still be missed or misclassified.
Likewise, the Allplex HPV28 assay, while comprehensive for known types, cannot detect

novel or uncharacterized HPV genotypes, possibly underestimating true infection prevalence.



The PacBio platform produces high accuracy reads, yet any sequencing platform has finite

error rates and potential contaminants.

The use of predictive bioinformatics (DADA2 for ASV inference, PICRUSt2 for functional
profiling) also has limits. ASV methods resolve sequences to single nucleotide differences,
but multiple rRNA gene copies can exist within one bacterium, possibly inflating observed
diversity. PICRUSt2 infers metabolic pathways from 16S data, which is inherently.ptedictive
(based on reference genomes) rather than a direct measure of gene express@function;
thus, pathway results should be interpreted cautiously. Finally, I adjust&g{sex, and HIV
status in our models, but residual confounding (e.g. socioecon actors, recent diet,

undetected antibiotics or probiotics) may still influence resul

Q

16S rRNA gene sequencing: A method of i ing bacter1a by sequencing the 16S

1.10 Operational Definition of Terms

ribosomal RNA gene, which contains co\ged and variable regions. Primers 27F and

1492R amplify the full 16S gene fron@actenal genome.

Amplicon Sequence Var1ant-§&%’ A unique DNA sequence observed in the 16S data after

denoising (using DADA2 %ch ASV is assumed to represent a distinct bacterial strain or

species-level ta@
OTU (Oper%al Taxonomic Unit): A conventional term (not used here) referring to clusters
of IG&Jences grouped by similarity (often 97%). In contrast, ASVs distinguish single-

nucleotide differences.

Alpha diversity: A measure of microbial diversity within a single sample. It includes metrics
like Chaol (estimates species richness), Shannon index (accounts for both richness and

evenness of species), and Faith’s phylogenetic diversity (sums branch lengths of the
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phylogenetic tree of observed taxa). High alpha diversity means many different, evenly

distributed bacteria.

Beta diversity: A measure of diversity between samples. It quantifies how different the
microbial communities are across individuals. Common metrics include Jaccard index
(shared species presence/absence), UniFrac (phylogenetic distance; weighted UniFrac

accounts for abundance), etc. In this study, we compare beta diversity between HRV+ and

HPV— groups. QQ

ANCOM-BC2: A statistical method (“Analysis of Compositions of Miétobiomes with Bias
Correction”) used to identify taxa or pathways that are diff@ y abundant between

groups while accounting for compositional data bias and cowg

PICRUSt2: A bioinformatics tool (Phyloge tipb%estigation of Communities by

Reconstruction of Unobserved States) that cts functional gene content (KEGG

Orthology, MetaCyc pathways) from 16 iles by referencing known genome sequences.
5

It provides an inferred functional p@ ot a direct measurement.

HOMINY cohort: The pare ‘@y (“HPV, HIV, and Oral Microbiota in Nigerian Youth”) —

a longitudinal cohort 1gerian children/adolescents (9—18 years) and their mothers,

stratified by HI( ®t examines oral HPV incidence and microbiome changes over time.

HPV gen@g: Detection of HPV DNA and identification of its type. The Allplex™
HPV)&;ssay uses PCR to identify 19 high-risk (oncogenic) and 9 low-risk HPV genotypes
in each sample. A sample is HPV-positive if any HPV DNA is detected, and HPV-negative if

none of the 28 types are found.

High-risk (HR) vs. low-risk (LR) HPV: HR HPV types (e.g., HPV16, 18, 31, etc.) are those

epidemiologically linked to cancer development; LR types (e.g., HPV6, 11) typically cause
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benign warts or lesions. In this study, HR HPV types are the primary focus regarding cancer

risk.

Oral rinse sample: A method of collecting cells and microbes from the mouth. Participants
swish and gargle saline or buffer, and the expectorated fluid (oral rinse) is used for DNA

extraction, capturing bacteria from the oral cavity and oropharynx.

NanoDrop spectrophotometer: An instrument for measuring DNA concentratio purity

(A260/280 ratios) using a small (1 pL) sample. It ensures sufficient D@lity before
sequencing. :’\

QIME 2: A widely used, open-source bioinformatics platform\for microbial community
analysis. In this study, QIIME 2 (v2025.5.1 “Mariposa ’ release) handles diversity
analyses (alpha/beta metrics) and interfaces wiih ,@A2 for denoising and taxonomy

®%

eHomD (expanded Human Oral Mic;og&t Database): A curated reference database of 16S

assignment.

sequences from human oral bacterii(@e use its Version 16.02 taxonomy to assign taxonomy

to ASVs at species/genus 1@

Chaol index: An al 1versity metric estimating total species richness by accounting for

]
rare taxa (base@m er of singletons and doubletons).

O

Shanno@x: An alpha diversity metric combining richness and evenness; higher values

meaMe diversity and more evenly distributed taxa.

Faith’s phylogenetic diversity: An alpha diversity measure that sums the lengths of all

branches in a phylogenetic tree covered by the sample’s taxa (i.e., evolutionary diversity).

Pielou’s evenness: An alpha diversity measure (Shannon/In(richness)) indicating how

uniformly individuals are distributed across observed species (1 = perfectly even).

12



Jaccard index: A beta diversity measure based on presence/absence of species; it calculates

the fraction of shared species between two samples.

UniFrac distance: A beta diversity measure incorporating phylogeny; unweighted UniFrac
uses presence/absence of lineages, while weighted UniFrac also accounts for their relative

abundance.

Regularization (ANCOM-BC2): In ANCOM-BC2, a method to stabilize Variancq handle

sparse data in differential abundance tests. ( 0
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Chapter Two
Literature Review
2.1 Conceptual Review
The human papillomavirus targets epithelial cells and needs to reach the basal layer of the
epithelium to start a detailed series of processes. This infection process also depends on
particular host responses and interactions to effectively infect the basal keratinocyt'. {nfection
with high-risk (HR) HPV subtypes is well-established as a factor that signifi increases

the risk of developing cancers such as cervical, anal, penile, and oropha@arcinomaz.

Papillomaviruses are small, spherical DNA viruses that lack an gu elope. They have a
diameter of approximately 52-55 nanometers. The Virus'etlc material is a circular
double-stranded DNA molecule, which accounts for 1 %@of the viron mass (Figure 1.1).
The Papillomavirus structure does not contain an@mes, lipids or saccharides. The virus
exhibits stability within a pH range of 3 to @omes inactivated at temperatures of 70°C.
Exposure to temperatures exceeding°5& or 30 minutes or more results in the virus being
killed. Additionally, the virus de {i?ates resistance to solvents, acids and X-ray radiation’.
The viral particles are m d@of a single double-stranded DNA molecule that is associated
with cellular histone Q

-5

capsomers. This capsid is composed of two structural proteins: late protein L1 (55 kDa,

enclosed within a protein capsid consisting of 72 pentameric
accountin@o% of the total viral protein) and L2 (70 kDa), both of which are encoded by

the M he complete virion exhibits a density of 1.34 g/mL when analyzed in cesium

chloride and has a sedimentation coefficient (S20, W) of 300%.
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Q\J

Figure 2.1: Structure of the .Q§)article showing the L1 and L2 proteins, the genetic

material and the histon&b

R
@%6
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2.1.1 Genome of HPV
The HPV genome is approximately 8kb in size and contains around eight ORFs, all

transcribed from a single DNA strand. The HPV genome is structured into three main regions:

1. a long control region (LCR)/upstream regulatory region (URR), that contains
transcription factor-binding sites and regulates gene expression.

2. an early region that encodes six genes (E1-E7) responsible for Variou%lctions
(Table 2.1), including viral replication and cell transformation QQ

3. late region that encodes the L1 and L2 capsid proteins, which&f— mble to form

the virion. EQ

Common features shared by all papillomaviruses include sence of an URR, the early
proteins E1 and E2 (with the E4 gene possibly nested \@n 2), and the late proteins L1 and
" ,§§>

a) E1 Protein \:

This protein is essential for viral @%licaﬁon. Additionally, it acts as a repressor in

transcription and inhibits EN.Q lication, helping to maintain a consistent number of

&
episomal copies within%@ .
b) E2 protein(@

Protein E2 é&s a crucial role in the DNA replication process by partnering with the E1l
protéi glnitiate replication, particularly in HPV types 6, 11, and 16. It is responsible for
coding proteins that regulate viral DNA transcription. Additionally, E2 is significant in cell
transformation, where it can initiate or inhibit apoptosis, regulate transcription, and influence
the immortalization and transformation potential of HPV. When E2 is inactivated, it can lead

to the development of tumor lesions by promoting the expression of the oncogenes E6 and E7.
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Table 2.1: Papillomavirus Proteins and Functions®

Viral Protein  Function Host Protein
Interactions

El Helicase, interacts with PV E2. DNA polymerase alpha
and RPA.

E2 Transcriptional repressor, transcriptional enhancer.  Brd4, TopB&

E4 Association with the cellular keratin network. A Cellul ins?

likely role in virus release and transmission. /\
E5 Hydrophobic protein that can dimerize growth- Qacuolar ATPase, PDGF,

factor receptors, deregulate the autophagic ;@ss, zinc transporter ZnT1,
modulate epithelial-mesenchymal trar@nd protocadherin 1 (PCDH1),

reduce some host microRNA. gb and

@ AHNAK/desmoyokin,
-

&
R\

E6 Viral o c@e. A negative regulator of UV-DNA  p53 (alphaPVs), ECAP
N

YIP1 family member 4,
calpactin L.

dam air (betaPVs). (alphaPVs), histone

°
’\' acetyltransferase

C
rbb p300/CBP (betaPVs),
\/Q MAMLI (betaPVs), and
proteins containing PDZ
domains. 153 cellular

proteins.

E7 Viral oncogene. pRB, CENP-C.
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Table 2.1 Continued

L1 Major capsid protein. HSPG, L332,
cyclophylins.

L2 Minor capsid protein. PATZ, PLINP, PMSP,
dynein.

E8 E5-like protein in several animal papillomaviruses.  Zinc tranqu% ZnTl,

Not similar to the E8 protein fragment of many protoc 1 (PCDH1),

HPVs. JQ
%QHNAK/desmoyokin.
E8"E2C; Transcriptional repressor. (E9"E2C represe@e NCoR1 and TBLRI.
E9"E2C; equivalent spliced product in the CRP g@me).

ES*El; 6’6
EIM7E2C ®%
E6"E7 . @
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Conversely, active E2 suppresses the transcription of E6 and E7, resulting in increased

expression of p53 and enhanced apoptosis in infected cells.

¢) E4 Protein

The E4 protein is a cytoplasmic protein that disrupts the structural integrity of keratin.
Although it is primarily cytoplasmic, it can occasionally be found in the cell nucleus and
plays a role in the formation of nodules triggered by HPV-1. It may also haonle in
regulating the cell cycle. The activity of the E4 protein leads to the thickenin spinous
and cornified layers of the epidermis, as well as koilocytosis. E4 p teig\%! expressed at
higher levels in cells that support viral genome amplification, a presence in lesions
suggests its involvement in disease progression. This study c@ns the previously suggested
importance of the E4 biomarker in diagnosing and &g the disease, expanding its
application to confirm HPV causality. E4 protei%% observed during the later stages of
infection, coinciding with the initiation e amplification. Despite diversity at the
primary amino acid sequence levek \%roteins from various papillomaviruses share a
recognizable modular structure é(?an accumulate in high concentrations in the upper
epithelial layers, where Vir.@icles gather. Any analysis of E4 function should consider

this. Additionally, it@en suggested that E4's ability to disrupt the keratin network and

[ ]
contribute to c@

d) L1 aé)@

L1 aM proteins are the capsid proteins of the virus, with L1 serving as the major protein

enivelope formation may facilitate viral release and/or transmission.

and L2 as the minor capsid protein. L1 is composed of 360 copies arranged into 72 pentamers
on a T=7 icosahedral lattice, while L2 is present in smaller amounts. The interaction between
L1 and L2 is primarily hydrophobic and involves specific domains that facilitate their
assembly into virus-like particles (VLPs). L2 is crucial for efficient DNA packaging and
virion assembly, and it is synthesized before L1, being imported into the nucleus where L1
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proteins self-assemble into pentameric capsomeres. The L1 and L2 proteins interact closely,
with L2 likely incorporated into the centers of the capsomeres during assembly. This

interaction is essential for the proper formation and stability of the viral capsid.

2.1.2 Classification Human of Papillomavirus

Research on the classification and evolutionary history of papillomaviruses (PVs) indicates
that the diversification of new PV types from a primordial ancestor began with th-n gence
of hair and skin glands in early mammals over 200 million years ago'°. Cu y, species-
specific PVs are present in most mammals, birds, and several repti@f%hluding turtles and
snakes. In humans, more than 150 types of PVs have been co@ly sequenced, with an

additional 200 HPV genotypes partially sequenced, and re likely still to be identified

(Figure 2.2). Q

Papillomaviruses are initially categorized \@theu target sites of infection as cutaneous
or mucosal types. They are further cla&@ into three main genera: Alphapapillomaviruses
(mostly mucosotropic), %@zpillomaviruses (mostly cutaneous), and
Gammapapillomaviruses (\@h can infect both cutaneous and mucosal sites). Additionally,
there are other gene % as Mupapillomaviruses, which include types genetically related

to pap1llomav1®

as h1gh-r1§lb bably high-risk, or low-risk based on epidemiological data about the lesions

d in animals. Within these groups, HPV types are further classified

theyw%with 15 high-risk, three possibly high-risk, and 12 low-risk genotypes identified.

The L1 open reading frame (ORF) is utilized to identify new HPV types due to its high
conservation among the eight ORFs in the genome. If the DNA sequences of the L1 ORFs
vary by more than 10 percent from the nearest known HPV type, it is classified as a new

genotype. These genotypes are numbered according to the sequence of their discovery and
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characterization. Researchers have identified over 120 distinct HPV types based on the
isolation and sequencing of complete genomes. Furthermore, by comparing nucleotide
sequences of L1, the evolutionary relationships among papillomavirus types can be illustrated
through phylogenetic trees at three taxonomic levels: genus, species, and type. A new
papillomavirus is considered different from existing ones if its entire genetic code has been
sequenced and the gene for the L1 protein is more than 10% different from the most similar

known type. If the difference is between 2% and 10%, it's considered a sub@Qm if it's

2.1.3 Transmission of HPV $

Human papillomavirus (HPV) infections are thought t@tlate following injuries to the

less than 2%, it's considered a variant (Table 2.2).

epithelial layer, which allow the virus to access @helial cells and the components of
the basement membrane. This process is fagiliadted by the presence of micro-wounds or
]

abrasions in the skin or mucous mem ra%s, creating opportunities for infectious virions to

penetrate deeper layers. Experin@ studies have confirmed that wounding enhances

infection rates in preclinical 'IQ& .

Once the virus lzrg&s the epithelial barrier, it can bind to specific receptors, such as
heparan sul ateQr}éoglycans, on the surface of basal cells. This interaction is crucial for
viral ent&@ ubsequent infection. The virus then replicates within the basal epithelial cells,
and msions formed are maintained through the persistence of these infected cells. As the
infected basal cells undergo differentiation, they contribute to the mass of the lesions, leading

to the formation of warts in the upper layers of the epithelium.
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Family Genus Species

HPV Type (Strain)*

— Alpha-1

— Alpha-2

10 128 (29 |77 |78 |94 [117 | 125|160

— Alpha-3

114 |

— Alpha-4

— Alpha-5

— Alpha-6

— Alpha-7

— Alpha- —

papillomaviruses | || Alpha-8

— Alpha-9

— Alpha-10

—{ Alpha-11

— Alpha-12

[ Alpha-13

L Alpha-14

~
—

8 [12 )14 (19|20 |21 | 2223|2425 36|4793[98(99[105[118]124]1

&

152[174[195196]

15 | 17 | 37 | 38 | 80 |100 104 | 107 [ 110 | 111 [113[120{122[145{151]159|174| 182|198

75 |76 [115

150 [ 185 |

95 [ 158173 [205 |

o
[v2)

103 [ 108

123|134 [ 138 | 139 |14

=)

155 [ 170 [186 [189 [193 |

119 | 147 | 164 | 168 | 176

129

130 1133 [ 142 | 180 | 191

136 | 140 | 141 | 154 |16

o

171 [181 J202 |

132 148 | 157 [ 165 | 199

153

146 [179 192

162 | 166

183 [194

1905[1975

Pink=IARC group 1 (carcinogenic to humans) carcinogen

Orange = |ARC group 2A (probably carcinogenic to humans) carcinogen

Yellow = 1ARC group 2B (| bly carc toh ) carcinogen

Species Alpha-12 and Beta-6 are animal papillomaviruses.

*HPV types 46, 55, 64, and 79 have been reclassified and their numbers left vacant.

§Assignments are tentative
®HPV type 203 has been classified as a 1 1s and HPV 204 as a
mupapillomavirus but species designations have not yet been made.

Figure 2.2: Papillomavirus Genera and Species'!

25



Table 2.2: HPV Classification Criteria!?

Classification Criteria

A new HPV  <90% similarity with any known HPV strain.

type

Genus >60% similarity with other strains in the same genus (e.g., o, B, v, 1, V).
Species >70% similarity with other strains in the same species (e.g., al, a2, g1, B2).
Sub-Type 90% to 98% similarity with other strains in the same sub-typeOQ
Variants <2% difference in similarity with other variants. &Q/
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Natural transmission of cutaneous HPV infections likely occurs through direct contact, where
the upper keratinized layers of warts come into contact with normal skin, generating micro-
abrasions that allow virus-laden squames to be shed into the wounded areas. Environmental
contact between these virus-containing shed squames and skin surface wounds also serves as

a potential transmission mechanism.

In mucosal infections, mechanical wounding during sexual intercourse can facilit e entry
of the virus, particularly in vulnerable areas such as the cervix and ana @ own as
transition zones. These sites are particularly susceptible to persistent ﬂgﬁctions, which
can lead to malignant progression. Research suggests that virion so access basal cells
through a retro-transport mechanism, where they bi ellular filopodia and are

transported significant distances, potentially bypassing the need for direct mechanical
damage. (66’6

HPV infections are primarily transmi}tg&%%l close contact, with sexual contact being the
most common route. However, th Crgl\ can also spread vertically, such as during passage
through the cervical canal® @ng delivery, and through autoinoculation. Research has
detected HPV in place\@%S% positivity) and cord blood samples (3.5%), indicating a

potential risk fo(nﬁho s to become carriers of oral HPV at birth'3.

Horizonta mission among family members can occur later in childhood, with the mother
playing& more significant role than the father in this transmission. A mother's persistent HPV
infection may increase the infant's risk of developing oral HPV, with an odds ratio of 5.7

(95% confidence interval: 1.5-21.3)'4.

In addition to sexual contact, HPV can be transmitted through non-sexual means, including

skin-to-skin contact, hand-to-genital contact, and contaminated objects. Autoinoculation is
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also a documented route, particularly in cases involving children with genital warts who have

no history of sexual abuse.

The virus is resilient and can survive on surfaces, making it possible for transmission through

fomites and skin contact. Vertical transmission can occur through amniotic fluid, the placenta,

R

The HPV life cycle is somehow coupled to the host cell's differentiat'@&r%ram, but the

or contact with maternal genital mucosa during natural birth.

2.1.4 Life Cycle of HPVs

precise nature of this relationship remains to be elucidated (Figur@

a) Entry into Basal Epithelial Cells Q

The life cycle of HPV begins with the virus targetin& epithelial cells, which are the
proliferating cells located at the base of stratiﬁe@helia, including the skin, anogenital
tract, and oral cavity. These basal cells @%ally exposed through minor injuries or
abrasions. The initial step involves th\}%chment of the viral particles to heparan sulfate
proteoglycans (HSPGs) on the b%'@mbrane. This interaction facilitates the transfer of the
virions to specific receptor. . ratinocytes, allowing the virus to enter the cells. The entry
process is crucial bexg ensures that the virus targets the proliferating basal cells, which

are the only celec?}\ab

I of division in the epithelium.

b) Upt Endocytosis

Onc%ﬁched, the virus undergoes endocytosis, a process where the cell membrane engulfs
the virus, bringing it into the cytoplasm within a vesicle. The exact mechanisms of this
uptake are not fully understood, but it is believed that the virus may exploit cellular pathways

involved in wound healing to facilitate its entry.
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¢) Transport to the Nucleus and Uncoating

After endocytosis, the viral particles are transported to the nucleus of the host cell. This
transport is critical for the release of the viral DNA into the nucleus, where it can be
established as an episome. Uncoating refers to the process where the viral capsid is removed,

allowing the viral DNA to enter the nucleus and initiate the next steps of the life cycle.

d) E-Region Transcription \

In the nucleus, the early region (E-region) of the viral genome is tr@ ed. This
transcription is tightly regulated and occurs in the basal cells and tb%lge(ed suprabasal
epithelial cells. The early genes, including E1, E2, E6, and E7, pressed, setting the

stage for viral replication and manipulation of the host cell c

Q

e) Translation of E Proteins Q

Upon entering the nucleus, the viral DNA ad%é’%rcular, plasmid-like form. The viral
genome then begins the transcription of\ genes located in the E-region. The early
proteins are translated from the tr I % mRNA. These proteins play crucial roles in
regulating the host cell's me&c@o favor viral replication. E6 and E7 proteins interfere

with the host's cell cyc ®r01 mechanisms, promoting cell proliferation and survival,

which is essential fg& virus's lifecycle.

f) Steady-State*Viral DNA Replication
The Vil‘@A is maintained at a low copy number in the basal cells, replicating alongside
the host's cellular DNA during cell division. This maintenance phase allows the virus to

persist in the host without triggering a strong immune response.

g) Differentiation and Activation of the Productive Phase
As the infected basal cells divide, one daughter cell remains in the basal layer while the other

moves upward, initiating differentiation. This differentiation triggers the productive phase of
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the viral life cycle. In the terminally differentiated keratinocytes, the virus amplifies its

genome significantly, producing thousands of copies per cell.

h) Vegetative Viral DNA Replication
In the differentiating keratinocytes, vegetative viral DNA replication occurs, leading to the

amplification of the viral genome. This phase is characterized by a dramatic increase in the

A
S

Following the productive phase, the late region (L region) of the vir ome is transcribed.

number of viral genomes, which prepares the virus for assembly and release.

i) Transcription of the L Region

This region encodes the structural proteins L1 and L2, which a@ ial for the formation

of the viral capsid. QQ

j) Production of Capsid Proteins .1 and L2 ,bQ
The capsid proteins L1 and L2 are synthesized i upper layers of the epithelium. L1 is the
major capsid protein, while L2 is the min me. Their expression is crucial for the assembly

>

of new virion particles. {0

k) Assembly of Virion Pa@

Once sufficient caps'&teins are produced, they assemble into virion particles. This
assembly occuﬁ.l:\\eh terminally differentiated keratinocytes, where the viral DNA is

encapsulate@the L1 and L2 proteins.

1) l\m%r Breakdown

As the virion assembly is completed, the host cell undergoes nuclear breakdown, allowing the

newly formed virions to be released from the cell.
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m) Release of Virus
Finally, the mature virions are released from the infected keratinocytes, typically through
desquamation, where the cornified cells of the epithelium are shed. This release allows the

virus to spread to new hosts, continuing the cycle of infection.

2.1.5 Clinical manifestations of HPV
The clinical features of Human Papillomavirus (HPV) infections exhibit ii&iﬁcant
variability, influenced by the specific HPV type, the site of infection, and th@% immune

response. HPV is implicated in a spectrum of clinical manifes&rg,*anging from

asymptomatic infections to benign lesions, and in certdi stances, malignant
transformations. Q
a) Asymptomatic Infections D

QO

A substantial proportion of HPV infections remai&ptomatic, particularly in their initial
stages. It is estimated that most individua@ ed with HPV do not exhibit symptoms or
clinical disease, as the virus can pf{@\n a latent state within the basal layer of the
epithelium, remaining undetecte@\cpextended periods, sometimes years'>. Asymptomatic
infections are notably m: e@ent with high-risk HPV types, such as HPV 16 and HPV 18,
which are correlated Kth increased risk of progression to malignancy '6.

b) Cutaneous ’\'

HPV isre le for various types of warts, which are benign proliferative lesions affecting
the sk&;nd mucous membranes. Common warts (Verruca vulgaris) are primarily caused by
HPV types 1, 2, 4, 27, and 57, presenting as small, rough lesions on the hands, fingers, and
knees 7. Plantar warts (Verruca plantaris), associated with HPV types 1, 2, and 4, typically
develop on the soles of the feet and can be painful under pressure '®!°. Flat warts (Verruca

plana), caused by HPV types 3, 10, 28, and 49, are smaller and smoother, often appearing on
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the face and neck?®?!. Filiform warts, characterized by long, narrow projections, are

commonly found on the face and neck?>?>.

¢) Genital Warts

Genital warts, or condylomata acuminata, are among the most recognized manifestations of
HPV, primarily caused by low-risk HPV types 6 and 112*?°, These warts typically present as
soft, flesh-colored, or slightly pigmented growths in the genital and perianal regionsy varying
in size and morphology. Although generally benign, genital warts can lea ngniﬁcant
discomfort, itching, and psychosocial distress?6. ’\(J

d) Respiratory Papillomatosis 0

Respiratory papillomatosis, a rare condition characterized@t proliferation of HPV-
induced papillomas in the respiratory tract, is most comx@y associated with HPV types 6
and 11?7, This condition can manifest in both j%@mset and adult-onset forms, with
clinical features including hoarseness, chr QQ h, and respiratory distress due to airway
obstruction. Severe cases may ne.cs&e repeated surgical interventions to manage

obstructive papillomas?®. \(j\
Q

e) Cervical Intraepitheli&%lasia (CIN)

Cervical intraepithelial plasia (CIN) represents premalignant changes in the cervical
epithelium due @\ts nt infection with high-risk HPV types, particularly HPV 16 and 182°.
CIN is cat ed into three grades based on the severity of epithelial dysplasia: CIN 1 (low-
grad@\/&ll 2 (moderate-grade), and CIN 3 (high-grade), with the latter having the highest
risk of progression to invasive cervical cancer?’. While many cases of CIN are asymptomatic,

advanced stages may present with abnormal vaginal bleeding, discharge, and pelvic pain?°.

f) Cervical Cancer
Cervical cancer is a type of cancer that originates in the cervix, the lower part of the uterus

that connects to the vagina. It typically develops slowly over time, often starting with
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precancerous changes in the cervical cells known as dysplasia. If these abnormal cells are not
detected and treated, they can progress to cancer. Persistent infection with high-risk HPV
types, especially HPV 16 and 18, is the leading cause of cervical cancer®'. The progression
from CIN to cervical cancer can span years to decades, with squamous cell carcinoma being
the most prevalent type, followed by adenocarcinoma. Early clinical features of cervical

cancer may include postcoital bleeding, intermenstrual bleeding, and foul-smelliwaginal

discharge, while advanced disease may present with pelvic pain, weight loss@rinary or
rectal symptoms*2. ( )

g) Other HPV-associated Malignancies 6\
=

High-risk HPV types are also linked to several other maligr@ including oropharyngeal
cancer, anal cancer, penile cancer, and vulvar and Vagina@cers”. HPV 16 is a significant
contributor to oropharyngeal cancers, with sym %quch as persistent sore throat and
difficulty swallowing. Anal cancer is prin@ssociated with HPV 16, presenting with
rectal bleeding and pain. Similarly, %ypes 16 and 18 are implicated in penile cancer,
which may manifest as growths orﬁs% on the penis. Vulvar and vaginal cancers, although

) . . . .
less common, can present W1tl®51stent itching, pain, or ulceration.

h) Cutaneous Squamo\biell Carcinoma

Beta HPV typ{h}@\een associated with the development of cutaneous squamous cell
carcinoma ’S@C), particularly in immunocompromised individuals, such as organ transplant
recipi%@. These carcinomas typically arise on sun-exposed skin and may present as non-
healing ulcers, scaly patches, or nodules.

i) HPV-related Complications in Immunocompromised Individuals

Individuals with compromised immune systems, such as those with HIV or those undergoing

immunosuppressive therapy, face a heightened risk of developing HPV-related complications.
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These patients may experience more aggressive and recurrent warts, a higher incidence of

high-grade CIN, and an increased risk of HPV-associated cancers.

2.2 Diagnosis of HPV

The natural progression of cervical cancer is well documented, typically featuring a
detectable preinvasive stage that can be identified through screening. In contrast, this is not
true for HPV-associated oropharyngeal cancer (HPV-AOC). As a result, routine sc@ng for
HPV-AOC is not conducted, and patients often come forward with clini mptoms,
usually at an advanced stage of the disease. Because HPV has specif&&isy: and species
requirements, its complete viral cycle and infectivity are confined an epithelial tissues,
making it impossible to culture in vitro. As a result, the@ec ion of HPV has mainly
depended on serological, histological, and molecular biological techniques?>3.

>

Clinical examination alone is insufﬁciently@?ve for detecting latent or subclinical HPV

2.2.1 Clinical Examination and Colposcopy

infections. Colposcopy, particularly V’K‘Q ombined with acetic acid application, enhances
the visualization of HPV-inducéi?rvical lesions. However, colposcopy is both time-
consuming and costly®’. é\%poscopy-directed biopsies may miss high-grade lesions in
up to 3% of women with abnormal cytological findings*®. Therefore, while colposcopy plays

. 5\'
arole in the ev@n of abnormal smears, it is not an optimal primary screening tool.

2.2.2 C(Q%Qmal and Liquid-Based Cytology

The Nanicolaou (Pap) smear remains the cornerstone of cervical cancer screening.
Conventional cytology identifies cellular abnormalities suggestive of HPV infection, yet its
sensitivity can vary considerably—from 29% to 80% —necessitating repeated testing®.
Liquid-based cytology (LBC) has improved detection rates, particularly for high-grade

squamous intraepithelial lesions (HSIL), with reported sensitivities around 80%%.
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2.2.3 Microscopy and Histopathology

Microscopic evaluation for koilocytosis—characterized by perinuclear clearing, nuclear
atypia, hyperchromasia, and occasional double nucleation—provides evidence of productive
HPV infection. However, the subtlety and variability of these changes lead to reduced inter-
and intraobserver reproducibility compared with molecular methods. Moreover, the

sensitivity of microscopic detection is lower than that of nucleic acid—based assa}&miﬁng

its role to an adjunctive diagnostic modality. QQ

2.2.4 Direct Nucleic Acid Detection /\(/

Early direct hybridization techniques, including Southern blot Qt blot assays, once
considered the gold standard for HPV research, have la been supplanted by more
sensitive molecular methods. Direct hybridization is la (@ensive, requires large amounts

of sample DNA, and suffers from issues of interlat@y variability*!.

(o)

2.2.5 Signal Amplification Assays: The H Capture System

Signal amplification methods such as.t*@brid Capture II (HC-2) assay have revolutionized
HPV detection. HC-2 emplc:y@ ktail of RNA probes to detect a spectrum of high-risk
(and low-risk) HPV t ering high sensitivity (approximately 90% for high-grade

lesions) and repr(.)tg{q%ity with an intra-assay variation below 5%. Although HC-2 does not

offer genoty: ingy user-friendly format, resistance to interfering substances, and capability
f&)liated cervical cells make it a mainstay in clinical laboratories. Future

to proc%
iteraw such as the third-generation HC-3 system, promise improved specificity by

incorporating biotin-labeled oligonucleotide probes and blocker probes to minimize

background noise.
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2.2.6 Polymerase Chain Reaction (PCR) and Genomic Amplification

PCR has become the gold standard for HPV research, offering remarkable sensitivity and
specificity by amplifying even minute quantities of viral DNA. Consensus PCR methods—
using primer sets such as GP5+/GP6+, MY09/MY 11, PGMY09/PGMY11, and SPF1/SPF2—
enable the detection of a broad spectrum of HPV genotypes, including novel and variant

strains. Although PCR-based techniques may be more prone to contamination an&equire

strict quality control measures, they also allow for subsequent Varieéﬁyms and

quantitative viral load evaluation. Real-time PCR methods not only q% -DNA but

also assess the ratio of episomal to integrated viral genomes—a r hat may correlate

with lesion grade and oncogenic potential®?,

O

2.2.7 Detection of Integrated HPV Genome and Virz&g Evaluation

The integration of HPV DNA into the host é%ne is a critical event in cervical
carcinogenesis. Techniques such as Southes@\g and real-time PCR assays (targeting the
E2 and E6 genes) can help distin% between episomal and integrated viral states.
Moreover, quantitative real—tim@(? allows for the estimation of viral load, providing
insights into disease pro re@qﬁ—[owever, accurate viral load measurement must account for
cellular content to avo'(él

N

2.2.8 In Situ Hybridization (ISH)

pling bias.

ISH tec& s offer the advantage of correlating the presence of HPV-DNA with
histopXﬂ{ological changes directly on tissue sections. Although conventional ISH methods
may lack sensitivity—detecting only when more than 25 copies of HPV-DNA are present per
cell—advances in PCR in situ hybridization are showing promise in detecting lower viral

loads.
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2.2.9. HPV Variant Analysis

The intratypic diversity among HPV isolates can be significant. Variant analysis—using
methods such as single-strand conformation polymorphism (SSCP) or direct PCR
sequencing—can elucidate differences in oncogenic potential. Variants of HPV-16, have

been shown to influence immune recognition and may confer a higher risk for progression to

high-grade lesions. \

2.2.10. HPV Serology Q

Serological assays based on virus-like particles (VLPs) detect antibodi&g&ét HPV capsid
proteins, offering insight into both current and past infections. Alth erology is useful for
epidemiological studies and vaccine trials, its sensitivity isra ly lower (approximately
50-60%) than that of nucleic acid—based methods, §®roconversion may be delayed

relative to DNA detection. Additionally, crossrea%% etween certain HPV types (notably

HPV-6 and HPV-11) can complicate type—@ntemretations.
2.3 Epidemiology of Oral HPV Infe.q*

Human papillomavirus (HP}/&@gion is an established etiological factor in a subset of
oropharyngeal carcinon%@bwever, epidemiological data regarding oral HPV infection
remains limited, e.llsl&h research in this area is emerging. The more extensively researched
field of genital ﬁgy infection provides a valuable framework for understanding the dynamics

of oral ection.
a) (k(al Trends

Oral HPV infections are a growing public health concern, with an estimated global
prevalence of 7.5% in adults*. Although the global prevalence of oral HPV infections varies
widely, with studies indicating rates from approximately 2.4% to 7.5% in different

populations. A study by Giuliano and colleagues reported a prevalence of 7.0% for any oral
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HPV among a healthy adult population in the U.S., with higher rates observed in older
adults**. This increase in prevalence with age may be attributed to cumulative exposure to
HPV, potential loss of immune control, and reactivation of latent infections**. Additionally,
D’Souza found that oncogenic oral HPV infections often precede the diagnosis of
oropharyngeal cancer (OPC) by several years, emphasizing the importance of early
detection*®. Moreover, the prevalence of oral HPV is notably higher among men, wulaﬂy
those who engage in high-risk sexual behaviors. A study by Mistry highlighte men who
have sex with men (MSM) exhibit significantly higher rates of oral H rimarily due to
practices such as oral sex and rimming*. This aligns with findi @ ettampadi, which
indicated that clinical periodontitis may facilitate the acquisiti $

persistence of oral HPV

infections, further complicating the epidemiological lands

In high-income countries, HPV-driven oropharyn%’bancers (OPCs) now surpass cervical
cancers in some regions, with HPV-16 ae@g for 90% of HPV+ OPCs**, The U.S.
NHANES study reported a 6.9% or\ V prevalence, with high-risk HPV-16 detected
in 3.8% of adults®. In contrast, @g%ountries like Japan report lower rates (~2.4%) due to
differences in sexual behav@d vaccine coverage. Notably, HPV vaccination programs in

countries like Australi Qe reduced cervical HPV prevalence by 77%, but oral HPV data

remain limited (E""g\\"
b) Reg@sparities in Sub-Saharan Africa and Nigeria

Sub-Saharan Africa (SSA) bears the highest cervical cancer burden globally, yet oral HPV
data are sparse. A 2023 Nigerian study using next-generation sequencing (NGS) identified 44
HPV types in cervical samples, with high-risk HPV-16 and HPV-82 prevalent in 16% and
15% of cases, respectively*. However, oral HPV prevalence in Nigeria is understudied. A

2023 meta-analysis reported a pooled HPV prevalence of 32% in Nigerian women, but
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regional disparities were stark: South South Nigeria had the lowest prevalence (4.9%)
compared to 71% in the South East>®. This gap highlights the need for region-specific studies,
particularly in South South Nigeria, where socio-cultural practices and healthcare access

differ39-1!,

In Nigeria, the trends in oral HPV prevalence reflect a complex interplay of socio-cultural
factors, sexual behaviors, and health conditions. Recent studies have report%arying
prevalence rates of oral HPV among different populations. A study cond in [badan
found that the prevalence of oral HPV infections was significantly hig&a g female sex
workers compared to the general population, indicating that hi k sexual behaviors
contribute to increased HPV transmission®?. Additionally, a by Faneye and colleagues
reported a prevalence of 13.2% among dental clinic at‘@@ highlighting the importance of
oral health in the context of HPV infections™. %’bgh prevalence of HPV among HIV-
positive individuals in Nigeria is paﬁio\\@’bconceming. A study indicated that the
prevalence of oral HPV was significa igher in HIV-positive women compared to their

HIV-negative counterparts, with @g& 44.9% and 11.2%, respectively>.

2.4 Oral HPV and Hez%@ eck Cancers

Human papillomayirus, (HPV) is a significant etiological agent in head and neck cancers
(HNCs), p ic(),gdy oropharyngeal squamous cell carcinoma (OPSCC). Oropharyngeal
squamo& carcinoma (OPSCC) is a type of head and neck cancer that arises in the
oroph\ahﬁlx, which includes the base of the tongue, tonsils, soft palate, and the walls of the
pharynx. It is a subset of squamous cell carcinoma (SCC), which refers to malignancies
originating from the squamous epithelial cells lining these tissues®>. OPSCC typically
manifests with symptoms such as persistent sore throat, difficulty swallowing (dysphagia),
ear pain, voice changes, and, in advanced cases, a visible lump in the neck due to metastatic
lymph node involvement. Unlike traditional OPSCC cases linked to heavy tobacco and
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alcohol use, a significant proportion of modern OPSCC cases are driven by persistent
infection with high-risk human papillomavirus (HPV), particularly HPV-16°°. HPV-
associated HNCs now surpass cervical cancer as the most common HPV-related malignancy
in high-income countries, with HPV-16 accounting for 80-90% of cases’’*8. Oral HPV
infections are sexually transmitted through oral-genital or oral-anal contact, with risk factors
including multiple sexual partners, early sexual debut, and lack of HPV vaccination®%>°,
Unlike cervical HPV infections, oral HPV infections are often transient, but Qen high-
risk HPV (HR-HPV) can lead to malignant transformation, part1cu1ar13;<@nsﬂlar crypts

and base of tongue, which have single-layered epithelia prone to vira

Globally, HPV is detected in 10% of oral cavity squamou@l carcinomas (OSCCs) and
42% of OPSCCs, with significant regional Variati%gan reports the highest HPV
prevalence in OSCC (20-30%), while Finland andé%en lead in OPSCC (up to 89% HPV-
16 positivity)*’. The rising incidence of HP@CC is linked to changing sexual behaviors
and insufficient vaccination coverageﬁq'\nalesS6 38, Clinically, HPV+ HNCs present with
smaller primary tumors but a@ d nodal metastases, often diagnosed through pl6

immunohistochemistry (IH@( PV DNA/RNA testing®®6!,

Emerging non-inyq&aiomarkers, such as saliva-based HPV DNA detection and circulating
tumor HPV, D are under investigation for early diagnosis®*!. However, challenges
'@en‘[iating HPV-driven tumors from HPV-passenger infections, necessitating

remain Q
dual%ﬁhg for HPV DNA and E6/E7 mRNA to confirm transcriptional activity>%,

2.5 Role of HPV in Oropharyngeal and Head and Neck Cancers
HPV-positive OPSCC has distinct clinical and molecular characteristics compared to HPV-
negative OPSCC. The role of HPV in the pathogenesis of oropharyngeal and head and neck

cancers is multifaceted, involving complex interactions between viral oncogenes and host
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cellular mechanisms. HPV oncoproteins E6 and E7 drive carcinogenesis by degrading tumor
suppressors p53 and retinoblastoma (Rb), respectively, leading to uncontrolled cell
proliferation, genomic instability, and immune evasion®®>°, HPV integration into the host
genome occurs in 50-70% of cases, often disrupting the E2 gene and dysregulating E6/E7
expression®®. Episomal HPV may also contribute to carcinogenesis through epigenetic
modifications, such as promoter hypermethylation of tumor suppress& genes
(e.g., RASSFIA, PITX2) 336!, Recent studies have elucidated the epigeneti ifications
induced by HPV that contribute to its oncogenic potential. Modifications, in and histone
have been implicated in the regulation of viral gene express'od the host cellular
environment®»%*, Furthermore, the immune response to HPV=i &1 cells is also a crucial
factor; HPV-positive tumors often exhibit a unique im@ profile, which may influence

treatment responses and overall survival®+-, 2 be

HPV+ OPSCC patients exhibit superior suxyt tes (80-90% 5-year survival) compared to
HPV-negative counterparts (40—60%9,®uted to enhanced radiation sensitivity and robust
immune responses>®>®. This c%g?s sharply with HPV-negative cancers, which are
frequently linked to traditi(®1 factors such as tobacco and alcohol use®’. The 8th edition
AJCC staging syste classifies HPV+ OPSCC separately, reflecting its unique
prognosis’. H@ treatment de-escalation trials (e.g., reduced radiation doses or cisplatin
substitutiop&@ve shown mixed results, underscoring the need for risk stratification
biom&&is. Studies have shown that tumors with intact E2 or low PD-L1 expression may

resist de-intensified therapies>®.

The tumor microenvironment in HPV+ OPSCC is characterized by immune cell infiltration
(e.g., CD8+ T cells) and elevated PD-L1 expression, making immunotherapy a promising
adjunct. Pembrolizumab and nivolumab are FDA-approved for recurrent/metastatic HNSCC,
with ongoing trials exploring therapeutic HPV vaccines targeting E6/E7°6-38,

42



2.6 Comparison of HPV-Associated Cancers in Different Regions

The global landscape of human papillomavirus (HPV)-associated cancers reveals significant
regional variations in prevalence, types, and associated risk factors. HPV is a well-established
causative agent of cervical cancer, but its role extends to various other malignancies,
including oropharyngeal and anal cancers. The prevalence of HPV infection varies widely
across continents, with studies indicating that regions in Africa and Asia report higher rates
compared to Europe and North America. A recent systematic review highli % HPV
prevalence is notably high in Asia and Africa, with the highest ratw HPV-associated

cancers observed in these regions®®, 0

In high-income countries, the introduction of HPV Vaccinati®0grams has led to a decline
in cervical cancer rates, while HPV-related oropharyagancers have seen an increase,
particularly among men®. Conversely, in low- a\@idle—income countries, the burden of
HPV-related cancers remains significant, «@ted by limited access to healthcare and
vaccination. The World Health OrgaftZation (WHO) reports that HPV is responsible for
approximately 14.2% of all canc%{crgub—Saharan Africa, underscoring the critical need for

enhanced prevention and s@g strategies in these regions’.

The epidemiologjt&ﬁa suggest that while HPV-16 and HPV-18 are the most common
high-risk types ggyally, other types such as HPV-35 and HPV-45 show higher prevalence in
specific Q&, particularly in sub-Saharan Africa’'. This regional heterogeneity in HPV
type%&ibution has implications for vaccine development and cancer prevention strategies,

emphasizing the need for tailored approaches based on local epidemiological data.
a) HPV-Associated Cancers in Africa

In Africa, the burden of HPV-associated cancers is particularly pronounced, with cervical

cancer being the most common malignancy among women. Studies indicate that the
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prevalence of HPV in African women ranges from 7% to 60%, with significant regional
variations influenced by factors such as sexual behavior, access to healthcare, and the
presence of co-factors like HIV. A meta-analysis revealed that HPV-35 is among the top five
high-risk HPV genotypes in women with invasive cervical cancer in Africa, a trend not

observed in other continents.

The high prevalence of HPV in sub-Saharan Africa is compounded by the high ra‘%f HIV

co-infection, which significantly increases the risk of developing cervic er. HIV-

positive women are more likely to harbor multiple HPV infections and&a greater risk of

persistent infections with high-risk HPV types’®’!. This relation ghlights the critical

intersection of HPV and HIV in cancer epidemiology in @ca, necessitating integrated
Q

N\

Moreover, the lack of effective screening pr@s and vaccination coverage in many

approaches for prevention and treatment.

African countries contributes to the high iné@e of cervical cancer. Studies in South Africa
have shown that HPV prevalence &)@b women without cytological abnormalities is
alarmingly high, indicating a@‘for improved screening and vaccination efforts. The

introduction of HPV vaceihation programs has shown promise in reducing cervical cancer

rates, but disparitie,j(qkwcess and awareness remain significant.

b) HPV-A@ d Cancers in Nigeria

In Nﬁg&/%the prevalence of HPV and its association with cervical cancer is a pressing public
health concern. Research indicates that the age-specific prevalence of HPV infection is
highest among younger women, with a notable decline as age increases®. This pattern
reflects broader sexual behavior trends and highlights the importance of targeted

interventions for younger populations.
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A study conducted in Nigeria found that HPV-16 and HPV-18 are the most prevalent high-
risk HPV types among women with cervical lesions, consistent with findings from other
regions’?. However, the presence of other high-risk types, such as HPV-35, is also significant,
contributing to the overall burden of HPV-associated cancers in the country’?>. The high
prevalence of HPV in Nigeria is further complicated by the high rates of HIV infection,

which exacerbate the risk of cervical cancer among women’%"!, \

Despite the high burden of HPV-associated cancers, Nigeria faces @ nges in
implementing effective screening and vaccination programs. The 1 0 areness and
access to healthcare services significantly hampers efforts to reduc @ncidence of cervical
cancer’®’2, Furthermore, cultural factors and stigma associat ith sexual health can impede

the uptake of HPV vaccination and screening s@ , underscoring the need for

comprehensive public health strategies that addres%(é barriers’?.

)

The contrast between high-income countri&\\@CS) and low and medium-income countries
(LMICs) highlights urgent prioritie.®bal health equity. In HICs, declining cervical
cancer rates reflect success:ful \%\nation programs (e.g., Australia’s 90% coverage) and
advanced diagnostics. C @W, LMICs like Nigeria are making progress through recent
initiatives, such as @ctober 2023 introduction of HPV vaccination for girls aged 9—14 into
the nationa ir&ymization program, with phased rollouts across 16 states aiming for
nationw&gb§erage74. Despite this critical step, scalable solutions remain essential to
addr&*/persistent gaps—including expanding single-dose HPV vaccine regimens and
integrating low-cost screening methods like visual inspection with acetic acid (VIA) in
underserved regions. Regional research must also address rising non-cervical HPV cancers,
increasingly relevant as survival rates improve for HIV-positive populations’. By 2030,
targeted interventions in SSA could avert 1.4 million cervical cancer deaths, aligning with the

WHO’s elimination targets’®. Bridging these disparities demands not only funding but also
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culturally sensitive strategies to overcome stigma and misinformation, particularly in regions

where HPV remains shrouded in taboo.

2.7 The Oral Microbiome

The oral microbiome refers to the diverse community of microorganisms residing in the oral
cavity, including bacteria, viruses, fungi, and protozoa’”’®. Historically, the study of oral
microbes began with Antony van Leeuwenhoek’s observations of “animalcules’_in dental
plaque, but modern advancements in sequencing technologies, such as 16S @proﬁling
and metagenomics, have revolutionized our understanding of its di‘bﬁit d function”.
This complex ecosystem plays a crucial role in maintaining o Ith and influencing
systemic health. The oral cavity is one of the most densely p ted microbial habitats in the
human body, with estimates suggesting that it harbors (@700 distinct microbial species,
although only a fraction of these have been cultu characterized””%°. The composition

of the oral microbiome is influenced by factors, including age, diet, oral hygiene

practices, and the presence of systemic&%sesgl’gz.

The oral microbiome can be .di&@g‘nto several niches, including the tongue, buccal mucosa,
teeth, and saliva, each %@istinct microbial communities’””®. The dynamic interactions
among these micg@opulations and their host contribute to a balanced oral environment.
However, di rugq'y\s to this balance, often referred to as dysbiosis, can lead to oral diseases
such as Q%Bcaries, periodontal disease, and even systemic conditions like cardiovascular
diseeé%nd diabetes®>®3. Recent studies have highlighted the importance of the oral
microbiome in the pathogenesis of various diseases, including its role in the development of
oral squamous cell carcinoma (OSCC) and its association with human papillomavirus (HPV)

infections®284,
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The oral microbiome's composition is not static; it evolves throughout life, influenced by
factors such as diet, lifestyle, and environmental exposures®!#>. The transition from a milk-
based diet to a more diverse diet in early childhood is associated with significant changes in
the oral microbiome®’. Furthermore, the use of antibiotics and other medications can alter
microbial diversity, potentially leading to opportunistic infections or the overgrowth of

pathogenic species®?. Understanding the oral microbiome's composition and fupction is

essential for developing strategies to prevent and manage oral diseases and@Q systemic

N

Non-bacterial members of the oral microbiome including fungi andida and archaea

implications’®82,

such as Methanobrevibacter, contribute to this ecosystem’@ta olic and immunological
interactions’>%2. Viruses, particularly bacteriophages, @ modulate microbial dynamics
through predation and horizontal gene transfer®?. &feature of the oral microbiome is its
biogeography—spatial organization shape(\ roenvironmental gradients in pH, oxygen
levels, and nutrient availability. Thi&@ains why anaerobic taxa like Porphyromonas

gingivalis dominate subgingivaggices, while oxygen-tolerant Streptococcus species

prevail on the tongue dorsu@\g.

The oral microbio@resilience—its ability to resist and recover from perturbations like
antibiotic u eAQtyn\s from functional redundancy, where phylogenetically distinct taxa
perform pping metabolic roles. It has been shown that nitrate reduction, critical for
carndular health, is mediated by Actinomyces, Rothia, and Neisseria’. Dysbiosis, or
microbial imbalance, disrupts this equilibrium, fostering pathologies such as periodontitis and
dental caries while exacerbating systemic diseases like cardiovascular disorders and
diabetes’. Recent studies highlight the role of candidate phyla radiation (CPR) bacteria, such
as Saccharibacteria (TM7), which exhibit parasitic lifestyles dependent on host bacteria,
influencing biofilm stability and inflammatory responses’®%3.
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Microorganisms can inhabit both living and nonliving surfaces in the oral cavity, such as
teeth, gums, dental implants, and restorative materials. Over time, these microbes aggregate
into biofilms—structured microbial communities embedded within a matrix of extracellular
polymeric substances®. This matrix shields the microbes from threats like antimicrobial
treatments, environmental challenges, and the host’s immune defenses. While bacteria are the
main constituents of biofilms, fungi, viruses, and archaea may also be present. Under normal
conditions, oral biofilms contribute to a balanced microbiome, promoting ealth by
preventing the overgrowth of harmful pathogens. However, dysbiosis ( i&lp'a imbalance)
can shift the biofilm composition toward dominance by disease-ca acteria, triggering
chronic inflammation and compromising the biofilm’s benefieial functions. Such pathogenic
biofilms are central to the development of oral condit@h e periodontal disease, tooth

decay, and oral infections. &Q

Technological innovations, including singl\\@’genomics and multi-omics integration, are

unraveling the oral microbiome’s fu@al potential. Metatranscriptomics reveals active

metabolic pathways in caries—a%fged biofilms, such as upregulated sugar metabolism

in Streptococcus mutans, w. ¥ etaproteomics identifies biomarkers like arginine deiminase

in health-associated ¢ gﬁties&’“. These advances underscore the microbiome’s dual role
S

as a mediator o‘ digt%{

nd a reservoir for therapeutic targets.

2.71 M.Q Communities in the Oral Cavity

The W:avity hosts a mosaic of microbial communities, each adapted to specific anatomical
niches. These include the supragingival plaque, subgingival crevice, tongue dorsum, buccal
mucosa, and saliva, each exhibiting unique taxonomic and functional profiles. The Human
Microbiome Project (HMP) identified Firmicutes, Actinobacteria, Bacteroidetes,
Proteobacteria, Fusobacteria, and Spirochaetes as the dominant bacterial phyla, collectively
constituting 80-99.9% of oral taxa’®. At the genus
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level, Streptococcus, Veillonella, Prevotella, Fusobacterium, and Neisseria are prevalent,

though their abundances vary across sites®.

Biofilms, the structural backbone of these communities, are organized into spatially stratified
consortia. Early colonizers like Streptococcus sanguinis adhere to enamel pellicle proteins,
facilitating subsequent adhesion of late colonizers such as Porphyromonas gingivalis through
coaggregation’%3, These interactions are mediated by adhesins, extracellular poly harides,
and quorum-sensing molecules, creating a scaffold for polymicrobial synerg @petmon

Fusobacterium nucleatum for instance acts as a bridging species, bindi early and late

colonizers via its Fap2 lectin®. @

Saliva serves as a critical medium for microbial transpai v and nutrient exchange. It
contains antimicrobial peptides (e.g., defensins) and i@moglobulin A (IgA), which shape
community composition by suppressing pathog%®1le nurturing symbionts”. Despite this
regulatory role, saliva’s enzymatic act1v1t§\ h as amylase-mediated starch breakdown,

supplies fermentable carbohydrates @ acidogenic taxa like S. mutans, linking dietary

habits to dysbiosis®.

The concept of a co@oblome” highlights taxa conserved across individuals, such

as Streptococcu i @and Rothia mucilaginosa, which contribute to baseline metabolic

functions li e reduction and hydrogen peroxide production”. In contrast, the “variable
m1crobléb reflects host-specific factors, including genetics, diet, and hygiene practices.
Smoking, has been shown to enrich Prevotella and reduces Neisseria, altering pH and redox

potential 285, Emerging evidence also implicates host immune responses, such as interleukin-

1B secretion, in shaping microbial landscapes by promoting inflammation-tolerant taxa’®.

Spatial mapping using fluorescence in situ hybridization (FISH) and Raman spectroscopy has

revealed microniches within biofilms, such as oxygen-depleted zones favoring Treponema
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denticola in periodontal pockets®’. These techniques, combined with metabolomics, illustrate
how localized metabolite exchange (e.g., lactate cross-feeding

between Streptococcus and Veillonella) sustains community stability”%,

In individuals with human papillomavirus (HPV) infection, emerging evidence indicates that
the oral microbial community undergoes measurable alterations. Studies employing high-
resolution sequencing have observed shifts in beta diversity—that is, differénces in
community composition between individuals—when comparing HPV—posith HPV-
negative subjects. Such compositional changes include not only a reo;%ri f the relative
abundance of dominant phyla but also an enrichment or deple Q specific functional
pathways, like those related to immune modulation and mmatory responses. These
differences may be critical because the altered mic&@andscape can affect the local
immune environment, potentially influencing H@quisition, persistence, and even the

early stages of viral carcinogenesis®’. @

Technical advances over the past fewéy;RSu; ave allowed researchers to probe deeper into the
community-level interaction§ th&@gracterize the oral cavity. Novel bioinformatic tools now
enable the reconstructi%@%robial networks and the prediction of metabolic interactions
between species, }l&oviding insights into how interbacterial communication may regulate
biofilm ho eo@ Network analyses have revealed that cooperative interactions among
certain Q ensals enhance resistance against pathogens, while disruption of these
netw}h{—often through poor oral hygiene or environmental stress—can predispose to
dysbiosis. This dysbiotic state not only increases susceptibility to oral diseases such as

periodontitis and dental caries but may also contribute to a permissive environment for HPV

persistence by modifying epithelial barrier function and local cytokine profiles*.
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2.7.2 Key Bacterial Species and Their Functions

Within the diverse oral microbiome, a subset of bacterial species plays pivotal roles in
maintaining both health and disease states. Among the key players, several genera have
emerged as particularly influential due to their metabolic functions, interactions with host
tissues, and potential to modulate immune responses. Certain Streptococcus species
(including S. mitis and S. sanguinis) act as early colonizers that not only establish the initial
biofilm but also produce enzymes and signaling molecules that facilitate th@hment of
later colonizers. Their production of extracellular polysaccharides is crit'<&o) e structural

integrity of dental plaque, while secreted metabolic by-product,
$

thereby influencing the growth of aciduric bacteria implicatedsi

alter the local pH,

al caries®®.

Fusobacterium nucleatum, another frequently encour&@pecies in the oral cavity, has
garnered significant attention in recent studies du%’b dual role as both a commensal and a
potential pathobiont. As a Gram-negative, a@% bacterium, F. nucleatum is known for its
strong coaggregation abilities, which @it to serve as a “bridge” organism linking early
and late colonizers in the bioﬁlm&%l—surface adhesins facilitate binding to epithelial cells
and other bacterial specie@x its metabolic activity leads to the production of pro-
inflammatory mediat Qese properties are particularly significant in the context of HPV-
related carcin@%as chronic inflammation is a known risk factor for malignant
transformati the oropharynx®’. Recent evidence suggests that an increased abundance of
F. nk&m may promote an inflammatory microenvironment that, in concert with HPV

infection, could predispose to neoplastic progression®,

Prevotella species, such as Prevotella melaninogenica, are also notable for their role in the
oral ecosystem. These Gram-negative anaerobes contribute to the degradation of complex
carbohydrates and the production of short-chain fatty acids, which can modulate local
immune responses. In HPV-positive individuals, shifts in the relative abundance of
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Prevotella have been observed, suggesting that these bacteria may influence viral persistence
through the modulation of epithelial barrier function and cytokine secretion. Their ability to
ferment dietary substrates and produce metabolic end-products has implications for both oral
health and systemic conditions, reinforcing the concept that metabolic cross-talk between

microbes and the host is a critical determinant of disease risk®’.

Actinomyces species are another important group in the oral microbiome, knowu&r their
filamentous growth and role in the initial colonization of the dental surfac@gse Gram-
positive bacteria are involved in the formation of complex multispeeies biotilms and are
capable of producing extracellular polymeric substances that con Q to plaque stability.
Recent investigations have highlighted that certain Actinommay interact synergistically
with HPV, possibly by influencing local immune surve&e or by creating micro-niches
that favor viral persistence. Their metabolicb%tility—ranging from carbohydrate

fermentation to the synthesis of bioactive p@positions them as key modulators of the

oral ecosystem?®®, . &
5

Other taxa, such as Veillon.ellﬁénribute by utilizing lactate produced by Streptococcus
species, thereby helpir%fQ\egulate the pH of the biofilm. This interspecies metabolic
cooperation is esgeﬁn preventing the excessive acidification of the oral cavity, which is a
risk factor O\'@l dental caries and inflammatory conditions. The delicate balance
maintai\é these microbial interactions is often disrupted in dysbiotic states, which may
thenm downstream effects on HPV infection dynamics. In the context of HPV, a disrupted
balance among these key bacterial species might influence the epithelial cell turnover and
local cytokine milieu, thereby altering the susceptibility of the mucosa to viral infection and

subsequent transformation*®.
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2.8 Impact of HPV on the Oral Microbiome

Human Papillomavirus (HPV) has been increasingly recognized for its role not only in
cervical cancer but also in various head and neck cancers, particularly oral squamous cell
carcinoma (OSCC). Recent studies have highlighted the intricate relationship between HPV
infection and the oral microbiome, suggesting that HPV may induce significant alterations in
microbial composition, which in turn could influence disease progression and immune
responses. The oral cavity, as a complex ecosystem, hosts a diverse range of 'Qrganisms

that interact with each other and with the host, playing crucial roles in maintaining oral health

and preventing disease. 0

Research indicates that HPV-positive individuals exhibit dist@nicrobial profiles compared
to their HPV-negative counterparts. Studies have s o@that the presence of HPV is
associated with an increase in pathogenic bacteri%’é as Fusobacterium nucleatum, which
is known for its role in periodontal diseas@as been implicated in the progression of
OSCC?!, Notably, increased abundmﬁ\\' Fusobacterium species has been linked to HPV-
related cancers across multipleé{%, including the oral cavity, vagina, and anus®*%*
Furthermore, the dysbiosi@sgrved in HPV-positive individuals may contribute to an
inflammatory microe \Qment conducive to cancer development®'. The alteration of the
oral microbio@

changes it}&él immune responses and the production of viral proteins that may modulate

nse to HPV infection can be attributed to several factors, including

micrb&nteractions and the formation of pathogenic biofilms that shield HPV from

immune surveillance®>-%.

The mechanisms by which HPV alters the oral microbiome are multifaceted. HPV can
influence the host's immune system, leading to a shift in microbial composition. The viral
infection may induce a state of chronic inflammation, which can disrupt the balance of the
oral microbiome, favoring the growth of pathogenic species while suppressing beneficial
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ones””%, Chronic  inflammation  driven = by  pro-inflammatory  bacteria
like Prevotella spp., Porphyromonas spp., and Fusobacterium spp. leads to the release of
cytokines (IL-1, IL-6, TNF-a, IFN-y), activating signaling pathways that generate reactive
oxygen species (ROS), contributing to tumor migration and aggressive phenotypes %1%,

Additionally, HPV's interaction with host cells can result in the secretion of cytokines that

further modulate microbial communities, creating a feedback loop that perpetuates

dysbiosis!®!. Persistent inflammation depletes antioxidants, increasing oxidat@nage and

N

HPV infections can exist in a latent state and reactivate und @nunosuppression or

genetic mutations, thereby promoting malignancy.

microbiota dysbiosis, increasing cancer risk. This dysbiotic ss not merely a byproduct of
HPV infection but may actively contribute to the @nic process by promoting an
environment that facilitates tumor growth and me@%is%m. Pathogenic oral bacteria, such

as P. gingivalis and F. nucleatum, impair ixa\r@esponses by interfering with macrophages

and dendritic cells, facilitating HPV pet&ce and malignant transformation',

N
The oral microbiome plays a c&@j\c?le in maintaining oral health and modulating systemic
immunity. A healthy oralgh \biome is characterized by a diverse array of microbial species
that work synergisq& to prevent the colonization of pathogenic organisms. This balance is
essential for, theintegrity of the oral mucosal barrier and the overall immune response!®,
Beneﬁci@ ra like Corynebacterium and Kingella are associated with a decreased risk of
HNS}S,/ highlighting their potential protective role. Dysbiosis, often characterized by a
reduction in microbial diversity, can lead to various oral diseases, including periodontitis and
dental caries, and has been linked to systemic conditions such as cardiovascular disease and

diabetes!04105,
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Moreover, the oral microbiome interacts with host tissues through various mechanisms,
including the production of metabolites that can influence local immune responses '%. Short-
chain fatty acids produced by beneficial bacteria can enhance epithelial barrier function and
modulate inflammatory responses, thereby contributing to oral and systemic health®>!03,
Conversely, pathogenic bacteria can produce virulence factors that disrupt epithelial integrity
and promote inflammation, further exacerbating dysbiosis and disease progression®®”’.
Pathogens like S. salivarius, S. mitis, and P. aeruginosa generate carcinogenic \aietabolites

1q107-110

such as nitrite, NO, and acetaldehyde (ACH), which are linked to oral Cj<i&g91651s

1. Changes in Microbial Composition in HPV-Positive Indivi
The microbial composition of the oral cavity in HPV—positi\@iwduals has been shown to
differ significantly from that of HPV-negative individuals. This shift in microbial diversity is
characterized by an increase in pathogenic bact@’bhd a decrease in beneficial species,
leading to a state of dysbiosis that may fa%@e development of oral diseases, including
OSCC. Recent studies have utilized ﬁ%nced sequencing techniques to elucidate these

compositional changes, revealin%(c?ic microbial signatures associated with HPV infection.

Q

One of the most notable 1hgs is the increased abundance of Fusobacterium nucleatum in
HPV-positive incli@s. This bacterium is not only a key player in periodontal disease but
has also be iggucated in the pathogenesis of OSCC*’!, Its association with HPV-related
cancers multiple anatomical sites underscores its oncogenic potential®>®*. The
prese%lof F. nucleatum has been linked to inflammatory responses that can promote tumor
progression, suggesting that its overrepresentation in HPV-positive individuals may
contribute to the oncogenic process’®. Additionally, other pathogenic species such as
Porphyromonas gingivalis and Treponema denticola have also been found to be more
prevalent in HPV-positive oral microbiomes, further indicating a shift towards a more
1

pathogenic microbial community
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Conversely, beneficial bacteria such as Streptococcus and Lactobacillus, which are known to
play protective roles in oral health, are often found in reduced abundance in HPV-positive

individuals'®

. Protective genera like Corynebacterium and Kingella are also diminished,
increasing susceptibility to HNSCC!%? This loss of beneficial microbes can compromise the
oral microbiome's ability to maintain homeostasis and protect against pathogenic invasion,

thereby increasing the risk of disease!*»!%, The interplay between HPV and (the oral

microbiome is complex, as the viral infection may not only alter microbial c@sitlon but

,\(/

The functional implications of these compositional changes are icant. Dysbiosis in

also influence the functional capabilities of the microbial community.

HPV-positive individuals is associated with increased inf@;atory markers and altered
immune responses, which can further exacerbate the ri gral diseases’”!°!, The presence
of pathogenic bacteria can trigger the release (@wlnﬂammatory cytokines, creating a
microenvironment that is conducive to c@%velopmentmlm. P. gingivalis promotes
tumor progression by recruiting myeloi@{ived suppressor cells via chemokines like CCL2
and CXCL2, and cytokines like I%\(zgd IL-8'!2, Moreover, the altered microbial community
may produce different m X *c byproducts that can influence host health, potentially

leading to systemic effectsbeyond the oral cavity!'%3104,

i n&))\/licrobiome Alteration by HPV

i Mecha
The mecéﬁ;c§s by which HPV alters the oral microbiome involve interactions between the
Virustt immune responses, and microbial communities. HPV can influence the oral
microbiome through several pathways, including the modulation of local immune responses,

the production of viral proteins, and the alteration of the oral environment.

One of the primary mechanisms by which HPV affects the oral microbiome is through the

induction of chronic inflammation. HPV infection can lead to the activation of the host
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immune system, resulting in the release of pro-inflammatory cytokines that can disrupt the
balance of the oral microbiome®”!°!. Chronic inflammation driven by pathogens like P.
gingivalis and F. nucleatum generates ROS, which deplete antioxidants, cause DNA damage,
and disrupt cell cycle regulation, promoting malignancy. This inflammatory response may
favor the growth of pathogenic bacteria while inhibiting beneficial species, leading to a state
of dysbiosis®>»!'!3, Studies have shown that inflammatory cytokines such as IL-6 and TNF-
alpha can promote the proliferation of Fusobacterium nucleatum, further con@ng to the

dysbiotic state observed in HPV-positive individuals®®®!. (J

N
Additionally, HPV can produce viral proteins that directly influe @crobial interactions,
the E6 and E7 oncoproteins of HPV have been shown @ﬁlte host cell signaling
pathways, which can impact the local microbial envir n@tgom. These viral proteins may
alter the expression of host receptors involved@%icrobial adhesion and colonization,
thereby facilitating the establishment of p c bacteria while hindering the growth of
commensal species® 3. This manipul@)f host-microbe interactions underscores the role
of HPV as an active participant i@?ﬂg the oral microbiome. HPV integration into the host

genome, a key step in car@nesis, may be facilitated by biofilms that shield the virus

from immune detection.

.
Moreover, \(L;c\sct'ion can lead to changes in the oral environment that favor the growth
of speci&f;gobial communities. As a matter of fact, the presence of HPV may alter the pH
and oxXygen levels in the oral cavity, creating conditions that are more conducive to the
proliferation of pathogenic bacteria®”!!. Fungal co-infections, such as Candida albicans,
exacerbate this process by producing cytolytic toxins like candida lysin, which damage

114

epithelial barriers and facilitate HPV infection''®. This environmental shift can further

exacerbate dysbiosis and promote the development of oral diseases, including OSCC*1,
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Co-infections with viruses like Epstein—Barr virus (EBV) and herpes simplex virus (HSV)
may synergize with HPV to promote carcinogenesis. EBV, has been found to enhance
cellular invasion in HPV-infected cells, as demonstrated in in vitro models'!®. Additionally,
microbial dysbiosis influences cancer treatment outcomes; for example, Pseudomonas
viridiflava is linked to improved survival in HNSCC patients, while Yersinia

R

2.9 Oral Microbiota as a Biomarker for HPV-Related Cancers Q

pseudotuberculosis correlates with poorer prognosis!'!®.

Oral squamous cell carcinoma (OSCC) is the predominant form of oral @gﬁﬁccounting for
roughly 90% of cases. The prognosis for advanced OSCC is gri h five-year survival
rates reported between 30% and 41% —yet early detection ca@sh hese rates above 85%!!7-
19 Given that nearly half of OSCC cases are dia @at advanced stages, there is a

pressing need for reliable, non-invasive biomark@at can both detect early disease and

help predict its progression, particularly in s@lriven by human papillomavirus (HPV)!%°.

Historically, clinicians have relied o@rkers such as HPV DNA, overexpression of the
p16 protein, and antibodies a.g@ral oncogenes like E6 and E7 to assess cancer risk!?!"122,
Recent developments, h , suggest that the composition of the oral microbiota could
provide additione.ll&able insights into the presence and progression of HPV-associated
cancers. Saliva,which mirrors the complex ecosystem of the oral cavity, has become a focus
for these@'@g By analyzing salivary samples, researchers can now detect subtle shifts in
micr%d communities that occur during the early stages of dysbiosis associated with HPV

infection!%3:124

Investigations into the oral microbiome have revealed that while overall microbial richness
(alpha diversity) may not differ drastically between healthy individuals and those with HPV-

related cancers, the overall community composition (beta diversity) does. In HPV-positive
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patients, there is a notable enrichment of certain bacterial families—such as
Actinomycetaceae, Prevotellaceae, Veillonellaceae, and Campylobacteraceae—as well as a
higher relative abundance of Bacteroidetes. Conversely, beneficial or commensal groups,
including members of Gemellaceae, Neisseria, and Lactobacillus, are less common in these
patients!?>126 Additional analyses have further highlighted that specific genera (like
Actinomyces, Granulicatella, Oribacterium, and Campylobacter) and species like Veillonella
dispar, Rothia mucilaginosa, and Haemophilus parainfluenzae tend to be el Qin HPV-
associated cancers, whereas others such as Streptococcus anginosus nd%coplasma are
diminished. These distinct microbial signatures not only differentiat ’gsites from normal

mucosa but also appear to evolve with disease progression an@a ent!?’,

The clinical promise of these microbial markers is multi&@irst, by pairing traditional HPV
biomarkers with oral microbiota profiling, clini@could develop more comprehensive
screening protocols that improve early dete@%e use of salivary sampling is particularly
appealing due to its non-invasive natc\\' d its ability to capture dynamic changes in the
microbial ecosystem. Advances 'Q%(g—generation sequencing and metagenomic techniques
have made it feasible to é@ even subtle microbial shifts, offering the potential for

predictive models th, Qﬁcate whether an HPV infection may clear or progress to

malignancy*®. CI:\\'

Beyond %c on, alterations in the oral microbiome are thought to actively contribute to
carcibgenesis. An imbalance in the microbial community—commonly termed dysbiosis—
can lead to chronic inflammation, which in turn promotes oxidative stress and DNA damage.
Pathogenic bacteria that flourish during dysbiosis may secrete pro-inflammatory mediators,
such as interleukin-6 (IL-6), and produce reactive oxygen species that damage host DNA. In

animal models, co-infection with periodontopathic bacteria like Porphyromonas gingivalis
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and Fusobacterium nucleatum has been shown to worsen tumor severity, suggesting that

these pathogens may work together with HPV to drive cellular transformation'!!.

Several hypotheses have been proposed to explain how shifts in the oral microbiota might
facilitate HPV persistence and the onset of malignancy. One idea is that a loss of protective,
commensal bacteria weakens mucosal immunity, allowing HPV to evade immune clearance.
Additionally, dysbiotic communities may alter the metabolic landscape—red,;&lg the
production of beneficial compounds such as short-chain fatty acids whil sing the
generation of DNA-damaging substances. Furthermore, the formation Qgsﬂal biofilms in
the oral cavity might create physical niches that protect the virus fr: t immune responses,

thereby prolonging its residence time and increasing the risk iral integration into the host

genome*®, Q
N\

The interaction between the oral microbiota and &t immune system is also a key factor
in this process. Bacterial components are\\&nized by pattern recognition receptors like
Toll-like receptors (TLRs) on epithe ] immune cells, triggering the release of cytokines
and other mediators. While .sux@‘xvation is essential for fighting off infections, persistent
stimulation in a dysbiot Q\sﬁonmen‘[ can lead to chronic inflammation, impair effective

antiviral response.s,&ﬂtimately facilitate HPV persistence and oncogenesis'"”.

N\

Recent rese@ ggests that the oral microbiota offers a promising and non-invasive
biomaﬂ%’g HPV-related oral cancers'?>"'?4, Changes in the microbial community—both in
composition and metabolic function—mirror the presence of oncogenic HPV and actively
contribute to the inflammatory and immunological processes that drive cancer development.
Future longitudinal and multi-omics studies will be critical to validate these microbial
signatures and to integrate them into clinical practice, potentially leading to earlier detection

and more tailored therapeutic approaches for patients with HPV-associated oral malignancies.
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2.10 Geographic and Population-Specific Gaps in Oral HPV-Microbiome Interaction
Studies

The interplay between oral human papillomavirus (HPV) infection and the oral microbiome
is a critical yet understudied area, particularly in sub-Saharan Africa (SSA). Recent studies
highlight that oral HPV infections are linked to oropharyngeal cancers and are influenced by
microbial dysbiosis, with shifts in bacterial taxa such as Prevotellaceae, Veillonellaceae,
and Campylobacteraceae associated with HPV persistence'?>. However, m@ ta derive
from high-income countries, leaving significant gaps in understa’ni rggion-specific

microbial-HPV dynamics in SSA, where HPV prevalence is

cervical cancer remains a leading cause of mortality’!-1?8, Q

onately high and

In SSA, HIV co-infection amplifies HPV susceptibili& h studies reporting a 3.2-fold
higher prevalence of high-risk HPV (hrHPV) amo%%‘\/—positive women compared to HIV-
negative individuals’!. This intersection of @1 HPV underscores the need to investigate
how immunosuppression alters oﬁ\&nd cervicovaginal microbiomes, potentially
exacerbating HPV oncogenicityéclgs been found that HIV-positive individuals in SSA
exhibit higher rates of non&%ﬂe hrHPV genotypes (e.g., HPV-56, HPV-31), which may
correlate with uniq chobial biomarkers not yet identified in regional studies’".
Furthermore, @/’\\%robiome diversity in HPV-positive individuals shows reduced
Xenobioti%Qegradation pathways, suggesting impaired metabolic detoxification that could
heigﬁiqn,%mcer risk!?. These findings emphasize the need for region-specific studies to
unravel how local microbial communities modulate HPV  persistence in

immunocompromised populations.

The oral microbiome’s role as a biomarker for HPV-related cancers is another under-explored
frontier in SSA. Fusobacterium and Porphyromonas—pathogens linked to periodontal
disease—are enriched in oral and vaginal microbiomes of cervical cancer patients, indicating
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systemic microbial crosstalk!'?’. However, African microbiomes are distinct due to genetic,
dietary, and environmental factors, as highlighted by the limited representation of African
datasets in global microbiome repositories'*. A 2024 study in China demonstrated that oral
microbial markers (e.g., Streptococcus, Lactobacillus) could predict cervical cancer with high
accuracy, suggesting similar potential in SSA if regionally validated'?. Without localized
data, public health strategies cannot leverage microbial biomarkers for early cance&ection

or probiotic interventions tailored to African populations. QQ

Finally, the lack of longitudinal studies in SSA limits understandingqgﬁd'obiome—HPV
temporal dynamics. Cross-sectional data from Nigeria revead @1 oro-genital HPV
concordance (10% of women harbor HPV in four anato ites) but fail to track how
microbial shifts precede or follow HPV acquisition’?. Séch sights are critical for designing

microbiome-modulating therapies. Regional r@%h must prioritize cohort studies

integrating multi-omics (metagenomics,\\@%lomics) to map microbial pathways

influencing HPV clearance or persistm@

2.11 16S rRNA Analysis in.H@'lcrobiome Research

16S ribosomal RNA «@)\ gene sequencing remains a gold standard for microbiome
profiling due to i X&ffectiveness, scalability, and ability to resolve bacterial communities
at the genu species levels. Recent advancements in full-length 16S sequencing using
thir -ge@on platforms like Oxford Nanopore Technology (ONT) have enhanced
taxonomic resolution, enabling discrimination of closely related species such
as Streptococcus oralis versus S. mitis, which are misclassified by short-read Illumina
sequencing3!. This precision is critical for HPV research, where specific taxa

like Veillonellaceae (enriched in HPV-positive individuals) may serve as biomarkers'?>.
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The choice of hypervariable regions and reference databases significantly impacts results. For
oral microbiome studies, the V3-V4 and V4 regions paired with Greengenes2 achieve
optimal genus-level accuracy, while the V1-V2 region with the Human Oral Microbiome
Database (HOMD) improves species-level resolution!*?. These technical considerations are
vital in HPV studies, where subtle microbial shifts (e.g., reduced Gemellaceae abundance)
correlate with viral persistence!?. Additionally, bioinformatics pipelines like Emuxnbined

with HOMD, reduce false positives in noisy Nanopore data, ensuring reliable @ca ion of

low-abundance taxa'3!. ’\(J

16S sequencing also facilitates functional pathway prediction ¥ Is like PICRUSt2,
revealing metabolic shifts in HPV-associated microbio nterestingly, HPV-positive
individuals exhibit decreased xenobiotic biodegrada '(@athways, suggesting impaired
detoxification mechanisms that may synergize WB%al oncogenesis'?. Such insights are
unattainable with culture-based methods wrgn metagenomics, which are prohibitively
expensive for large cohorts. In resource@ed SSA settings, 16S analysis offers a pragmatic

balance between depth and co%’:é?oling population-scale studies to identify microbial

signatures of HPV progress®

However, method al standardization is critical. A 2024 study highlighted that DNA
extraction ot%a and primer biases can skew microbial profiles, particularly in saliva
samples”%éas been reported that robot-extracted DNA from biobanks may underrepresent
gram-peSitive bacteria due to inefficient lysis, necessitating protocol optimization for oral
samples'3!. These nuances underscore the importance of adhering to validated workflows,
such as those outlined in the Human Microbiome Project, to ensure cross-study

comparability—a gap noted in SSA research!3’.

2.12 Research Gaps Specific to Nigeria and Sub-Saharan Africa
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Despite bearing the highest global burden of HPV-related cancers, SSA remains
underrepresented in microbiome and HPV research. In Nigeria, a 2021 study found 68%
prevalence of genital HPV and 16% oral HPV among women, with HPV-35 as the dominant
hrHPV genotype—distinct from the global HPV-16/18 paradigm’2. This genotype divergence
suggests region-specific viral evolution and microbiome interactions that are poorly
characterized. Furthermore, HIV co-infection in Nigeria alters HPV genotype d&)ution,

with HPV-56 and HPV-51 more prevalent in HIV-positive women, yet n&ies have

explored how this affects microbial communities’!”2, ’\(J
A critical gap is the lack of multi-site microbiome-HPV studies. ervical microbiome

dysbiosis (e.g., Lactobacillus depletion) is linked to H@persistence, oral and anal
microbiomes are rarely analyzed concurrently in SSA l@onsn’m. A 2024 Chinese study
identified synergistic vaginal-oral microbial netw%% cervical cancer patients, but similar

data are absent in African cohorts’. This @e development of holistic screening tools

leveraging microbial biomarkers acros&\Q&?mic sites.

Additionally, socioeconomig &@&uctural barriers impede HPV-microbiome research in
SSA. Vaccine hesitan%‘@‘equate healthcare infrastructure, and competing infectious
disease priorities.(g&ﬂ\f, malaria) divert attention from microbiome studies'?®. Only 12%
of SSA co tr&}we implemented national HPV vaccination programs, and fewer have
integrateé&obiome profiling into cancer screening'?®. Cultural stigma around sexual
healt}Mther complicates participant recruitment, as seen in Nigeria, where oral HPV studies

face low enrollment due to misconceptions about transmission routes’.

Finally, there is a paucity of translational research. While probiotic interventions
(e.g., Lactobacillus crispatus) show promise in enhancing HPV clearance in Western cohorts,

their efficacy in  African microbiomes—which ~ harbor  unique taxa
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like Prevotella and Bacteroides—remains untested ''%!2°. Addressing these gaps requires
collaborative frameworks to build regional biobanks, standardize 16S protocols, and

prioritize microbiome-centric interventions in national cancer control plans.
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Chapter Three
Methodology

3.1 Research Design

This study examines baseline cross-sectional differences in oral microbiota between HPV
positive and negative individuals within the HOMINY framework conducted at the
University of Benin Teaching Hospital (UBTH), Nigeria!. The HOMINY study i%ﬁtigates
oral HPV incidence, persistence, and microbiome interactions in children/ad@&gts living
with HIV (CALHIV), HIV-exposed uninfected (HEU), and HIV- d uninfected
(HUU) groups. From this cohort, 20 oral rinse samples were se compare taxonomic
and functional microbiome differences between HPV-infe ;%umnfected individuals.

The design aligns with the parent study’s longitudina@nework but focuses on cross-

sectional microbiome profiling at baseline. E’b

3.2 Population of the Study ®%

The study population derives from® OMINY cohort!, which enrolled mother-child

pairs (HIV-infected [HI], HEU @ in South-South Nigeria. Inclusion criteria for youth

participants: QQA

i. Age:9-18
e

ii. HIV@us: Confirmed via PCR (HI/HEU) or rapid testing (HUU).

iii. &lusion: Recent antibiotic use (within 3 months), immunocompromised status

(non-HIV), or severe systemic illness.

These participants, recruited from UBTH’s specialized HIV care and general outpatient
clinics, represent a diverse sample of urban and semiurban residents in South—South Nigeria.

HIV status is a known significant modulator of the oral immune environment and
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stratification is necessary to isolate the independent effect of HPV infection on the

microbiome.

3.3 Study Area

The study was conducted at UBTH, Benin City, Nigeria, a tertiary hospital serving the South-
South region. This area is characterized by high HIV prevalence, tropical climate, and diverse
ethnic groups. Environmental and socio-cultural factors (e.g., oral hygiene praa%, diet)
were documented in the parent study and controlled for in analyses. The stu@gu benefits
from a stable patient referral network and offers a diverse demographi@gvﬁich is critical

for understanding regional differences in oral HPV epideni and microbiome

composition. Q

2

3.4 Sampling Methods

3.4.1 Parent Cohort Recruitment

Participants were consecutively recruite \ab ;;BTH’S dental, specialized HIV care, and

general practice clinics between @b@r 022 and May 2023. The recruitment strategy
included participants exposed&@ﬂ’ perinatally but uninfected (HEU), participants infected

with HIV and on highh@%e antiretroviral therapy (HI), HIV uninfected (HU) and HIV-

unexposed and {@d (HUU) participants. Sampling involved;

i. Scre@g of children aged 9—18 years (and their mothers) for eligibility.

ii. \;%e-matching and sex-matching of HI and HEU subjects with HUU controls (6

months).
iii.  Obtaining written informed consent/assent before enrollment.

3.4.2 Sub-Study Sample Selection
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After baseline oral rinse specimens were collected and tested for HPV, 10 HPV-positive
samples were identified. To form the control group, 10 HPV-negative samples were
randomly selected from the remaining pool using simple random sampling. This approach
minimizes selection bias and ensures the control group is representative of the HPV-negative
segment within the larger cohort. Oral rinse samples were stored at -80 degrees, for transport,
samples were stored in DNA/RNA Shield (Zymo Research, Irvine, USA) to st&ze the
nucleic acid and transported on dry ice. Q

3.4.3 Sample Size Determination QJQ

A formal prospective sample-size calculation for high-dimensio ®Obiome outcomes
(e.g., alpha/beta diversity metrics and feature-wise differenti ﬁlance) requires precise
assumptions about expected effect sizes, variance and m@a-testing correction that are not
well-established for oral HPV-associated microbi f@s in this population. Therefore, this
investigation was conducted as a nested pilo %study within the HOMINY cohort, with
selection driven primarily by the nur.nb }HPV-positive oral rinse specimens available at
baseline and feasibility considerati@he study population is highly specific, consisting of
adolescents (ages 9—18) in '@%outh Nigeria with defined HIV and HPV co-infection
statuses. This populati@erently difficult to recruit, and research on this group in Sub-
Saharan Africa C’:@

This sample@e 1s therefore exploratory and intended to provide effect-size estimates and
iden%@ idate taxa and functional features for future, adequately powered studies. Prior
microbiome investigations of HPV- and cancer-associated oral microbiomes have been
successfully reported from pilot datasets of similar or slightly larger sizes, supporting the
utility of small, hypothesis-generating studies in this field'®.

Where possible, statistical analyses were chosen or interpreted with awareness of limited

statistical power. Results are presented primarily as exploratory and hypothesis-generating; p-
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values are reported with effect sizes and, where appropriate, false-discovery-rate adjusted g-
values. Findings that are nominally significant but do not survive multiple testing are
interpreted cautiously and recommended for validation in larger cohorts.

3.5 Ethical Clearance

This study was approved by the Ethics Review Committee of the University of Benin
Teaching Hospital (ADM/E22/A/VOL. VII/14813674). Written informed consent/assent was

obtained from parents/guardians and participants. Data anonymized per Nai %n Health

3.6 HIV Serostatus Determination 0

Status of HIV infection among adolescents in this cohort han determined at infancy for

Research Ethics guidelines.

all the HIV-infected (HI) and HIV exposed uninfected (HEUY participants in compliance with
the World Health Organization (WHO) and Nig%{bFederal Ministry of Health (FMoH)
Early Infant Diagnosis (EID) guidelines. @fg research, adolescents and their mothers
were reconfirmed for HIV serostatus \ ordance with the Nigerian FMoH national HIV
testing algorithm, which follows @chd approach of rapid testing. A total of three rapid test
kits were used in a sequ n@he Determine™ (Abbott Diagnostics, Japan) was used as the
first tier screening §$nd was followed by a second line confirmation with the Uni-
Gold™ (Trinit Bi’\'c':h, Ireland) and the third test as the Stat-Pak® (Chembio Diagnostics,

USA) use onfirmation of discordant results.

3.7 lk)(Extraction

DNA was extracted from oral rinse samples using Quick-DNA™ Miniprep Plus kit (Zymo
Research; Cat. No. D4068). Briefly, 2 ml of each sample was centrifuged at 3,000 x g for 15
minutes at room temperature. The supernatant was discarded the pellet resuspended in 200 pl
of DNA Elution Buffer and then treated with proteinase K. The digested samples were bound
to Zymo-Spin™ [IC-XLR Columns, washed and then eluted in 50 pl DNA Elution. The
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quality and quantity of the extracted DNA were measured using a NanoDrop (Thermo
Scientific™ NanoDrop™ One Microvolume UV-Vis Spectrophotometer). The system was
blanked using lul of DNA Elution Buffer. Afterwards lul of the DNA was placed on the
pedestal and measured. The concentration (ng/ul), A260/280 ratio and A260/230 ratio of the

sample was subsequently recorded'.

3.8 HPV Genotyping

HPV genotyping was performed at Inqaba Biotec West Africa (Ibadan, Nigeria) using the
Allplex™ HPV28 Detection assay (Seegene Inc., South Korea), a multiplex real-time PCR
kit that detects and differentiates 28 human papillomavirus genotypes (19 high-risk types and
9 low-risk types) in a single assay. The Allplex™ HPV28 Detection assay consists of two
multiplex primer-mix reactions (A-MOM and B-MOM). A-MOM targets 14 high-risk HPV
(HR-HPV) types: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68. B-MOM targets 5
additional HR-HPV types (26, 53, 69, 73, 82) and 9 low-risk HPV (LR-HPV) types (6, 11, 40,
42, 43, 44, 54, 61, 70). An internal control (IC), based on a human housekeeping gene, is
included to monitor DNA extraction efficacy, specimen adequacy, and the presence of PCR
inhibitors. For each sample, aliquots of extracted 5 uL. DNA were combined with the
A-MOM or B-MOM master mix, enzyme mix (EM4, which contains DNA polymerase and
uracil-DNA glycosylase to avoid carryover contamination), buffer, dNTPs, primers and
probes, to the final assay volume of 20 uL as per manufacturer’s protocol. Each run included
positive controls (PC1, PC2, PC3 provided in the kit) and a no-template negative control to
detect contamination. Amplification and detection were carried out on a Bio-Rad CFX96
(Bio-Rad, Hercules, California, USA) real-time PCR instrument. Fluorescence signals were
monitored across multiple channels (FAM, HEX, Cal Red 610, Quasar 670, Quasar 705)

depending on the target probes. Raw fluorescence data and Ct values were analyzed using
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Seegene Viewer software (Seoul, South Korea). Genotype calls were reported for each HPV

type detected.

3.9 16S rRNA Gene Sequencing

The genomic DNA was sent to Inqaba Biotechnical Industries, a commercial NGS service
provider, for sequencing. The full-length 16S rRNA gene was amplified via PCR with the
primer pair 27F (AGRGTTTGATYNTGGCTCAGQG) and 1492R
(TASGGHTACCTTGTTASGACTT), with each primer modified to inclu @%w—speciﬁc
PacBio barcodes. This barcode tagging facilitates the multiplexi f samples during

sequencing. After PCR, the individual amplicons were quanti nd pooled in equal

proportions to create a composite sample for library prepa%@

SMRTbell libraries were constructed from the %Q&, barcoded amplicons using the
SMRTbell Express Template Prep Kit 2.0, fdlB g the manufacturer’s guidelines. The
prepared libraries was sequenced on a Pa &Vio platform using the binding kit 3.2. Raw
subreads obtained from the sequen&&n ere processed by generating circular consensus

sequences (CCS) with SMRT\IQ%ersion 8.0, which enhances the accuracy of the reads.

Following sequencing,@% reads were demultiplexed using Lima software (version 1.7.0)
by assigning thc..\\:\&ﬁh ir corresponding samples based on the barcode information. Primer
sequences w%subsequently trimmed from the reads using Cutadapt software (version 1.9.1),
with%@:%tering applied to retain only the desired amplicon regions. Finally, any chimeric
sequences that may have been generated during PCR were identified and removed using
UCHIME (version 8.1), resulting in a final set of high-quality, non-chimeric CCS sequences

ready for further bioinformatic analysis*.
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3.10 Bioinformatics Analysis

High-quality circular consensus sequences (CCS) generated from the PacBio Revio platform
were processed using the HiFi-16S-workflow developed by Pacific Biosciences?. Raw CCS
reads were subjected to quality filtering to remove low-quality sequences, followed by primer
sequence removal using Cutadapt to retain only the target full-length 16S rRNA gene
regions®. Chimeric sequences—artefacts introduced during PCR—were de d and
removed with UCHIME, producing a curated set of non-chimeric CCS mplicon
sequence variants (ASVs) were inferred using the DADA?2 algorith igfthe QIIME 2
framework, preserving single-nucleotide resolution and avoi%@ loss of fine-scale
sequence variation inherent in OTU clustering. Taxonom@ssiﬁcation was performed
using the expanded Human Oral Microbiome Database &Q/ID) 16S rRNA RefSeq Version
16.02 taxonomy file in conjunction with the C(&nding reference sequence database,

O

enabling accurate taxonomic resolution of h\K@ncrobial communities at the phylum, genus,
Q)

Diversity analyses were cond%%n QIIME2 (Posit Software, PBC, version 2025.5.1.513,

and species levels’.

release Mariposa Orch@lpha diversity was quantified using indices such as Chaol,
Shannon, Faith’s.pb&eny and Pielou’s evenness. Beta diversity was assessed using Jaccard
index and b géghted and unweighted UniFrac distances to compare microbial community

structur@%veen samples, particularly between HPV-positive and HPV-negative groups.

A

Differential abundance analyses were performed in RStudio (v4.5.1) using the ANCOM-BC2
package, with models adjusted for potential confounders (age and sex) and, where applicable,
stratified by HIV status. Taxonomic richness of various groups, low (below 1%) and high
(above 1%) abundance distribution of various phyla were determined. Functional potential

was inferred using PICRUSt2 (run via the Galaxy platform), with KEGG Orthology (KO),
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Enzyme Commission (EC), and MetaCyc pathway predictions annotated for biological
interpretation '*'2. All downstream visualization, statistical modelling, and figure preparation

were carried out in R using tidyverse, ggplot2, and related packages'*!4.

3.11 Statistical Analysis
Statistical analyses were performed in RStudio (v4.5.1. Alpha diversity differences between
HPV-positive and HPV-negative groups were assessed using the Mann—Whitney W‘. Beta

diversity differences were evaluated via PERMANOVA, applied to Bray—Cu@ UniFrac

distance matrices. ,\

Differential abundance testing was conducted with ANCOM-B(% rporating univariable
and multivariable models®. Univariable analyses were use itial screening, followed by
multivariable models adjusting for age, sex, and ere relevant—HIV status. False
Discovery Rate (FDR) correction was applied %@tfg)l for multiple testing, and statistical

significance was set at p < 0.05 (two-sided).\Q

Functional profiling results from {@2 were analyzed in R to identify significantly
different KOs, ECs, and MetaQ&athways between study groups. KEGG pathway mapping
and annotation were 1@% for biological interpretation. Data visualization included bar
plots of relative a@me, volcano plots for effect size vs. significance, and heatmaps to
depict patten%)gfﬂnctional enrichment!!,

O
\/QJ
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Chapter Four

Results and Discussion of Findings
4.1 Results

4.1.1 Study Population

The study included 21 individuals, with samples collected from oral sites to assess HPV
infection. Of these, 14 individuals (66.7%) were living with HIV (HIV+), and 7 (33.3%) were
HIV-negative (HIV-), including HIV-uninfected (HUU), HIV- unexposed ( % HIV-
exposed uninfected (HEU) individuals. Among the 14 HIV+ individuals, rbored HPV
infections (HIV+/HPV+), including high-risk and low-risk HP &types while the
remaining 7 were HPV-negative (HIV+/HPV-), serving trols. Of the 7 HIV-
individuals, 3 had oral HPV infections (HIV-/HPV+), an(@ere HPV-negative (HIV-/HPV-
), representing the respective controls. The chara mQOf the four study groups, stratified
by HIV status and oral HPV infection, a e arized in Table 4.1. Among the HIV+
individuals, the HIV+/HPV+ group (n— ded 4 children (Under 18, 3 males, 1 female)
and 3 mothers (Over 18, all female Cj\lﬁ\e HIV+/HPV- group (n=7) comprised 5 children
(Under 18, 4 males, 1 feni and 2 mothers (Over 18, all female). Among the HIV-
individuals, the HIV-/ goup (n=3) consisted entirely of children (Under 18, all female),
and the HIV-/ ~group (n=4) included 2 children (Under 18, 1 male, 1 female) and 2
mothers (O%l , all female). The study population was predominantly female among
mo‘d{/ er 18, n=6, all female), reflecting the mother-child pair design, with a mix of
males (n=9) and females (n=6) among children (Under 18). Most HIV+ individuals were
under 18 (9/14) and HIV- individuals split between children (5/7) and mothers (2/7). The

absence of males in the Over 18 group (mothers) is a noted limitation of the study design.

Additional clinical variables, such as cART status, CD4+ T-cell counts, or behavioral factors,
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were not available for this analysis but would be relevant for further characterizing group

differences.

Table 4.1: Demographic Distribution of Participants by HIV Status and Oral HPV Infection,
Highlighting Age and Sex Composition

Characteristic HIV+/HPV+ HIV+/HPV- HIV-/HPV+ HIV-/HPV-
(n=7) (n=7) (n=3) (n=4)

Age Category
Under 18 4 (57.1%) 6 (85.7%) 3 (100.0%) %)
(Children)
Male (Children) 3 (42.9%) 5(71.4%) 0 (0.0%) ,\(-1'(25.0%)
Female (Children) 1 (14.3%) 1 (14.3%) 3 (100 3 (75.0%)
Over 18 3 (42.9%) 1 (14.3%) 0,0.0 2 (50.0%)
(Mothers)

<\
Laboratory Work, 2025 N

Key: ’bQ
HIV+/ HIV—: Indicates participants who tested Qre or negative for HIV.

HPV+ / HPV—: Indicates participants who &\\@positive or negative for HPV
Under 18 (Children): Participants aged below 18 years.

Over 18 (Mothers): Adult female parfi f% aged 18 years and above.

Male (Children): Male participants 18 years of age.

Female (Children): Female parti s below 18 years of age.

n: Number of participants in
Values in parentheses (Yo): sent the proportion of individuals within each subgroup
relative to the total number in'that category.

R
x@b
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4.1.2 HPV Genotypes in Oral Infections

Among the 7 HIV+/HPV+ subjects, the following HPV genotypes were detected in oral
samples: HPV16 (1, 14.3%), HPV39 (1, 14.3%), HPV59 (1, 14.3%), HPV35 (1, 14.3%),
HPV52 (1, 14.3%), HPV53 (1, 14.3%), HPV40 (1, 14.3%), HPV42 (1, 14.3%), and HPV82
(1, 14.3%) (Figure 4.1). Of these, high-risk HPV genotypes (HPV16, HPV35, HPV39,
HPV52, HPV53, HPV59) were present in 6 subjects (85.7%), with one subject harboring
both high-risk and low-risk genotypes (HPV35 and HPV82). Among the Q\/- PV+
individuals, the following genotypes were found: HPVS51 (1, 33.3%), HPV Q,3.3%), and
HPV61 (1, 33.3%). Of these, high-risk HPV (HPV51) was dete t@ subject (33.3%),

with the remaining 2 subjects harboring low-risk genotypes (HRV40, HPV61).

4.1.3 Alpha Diversity Q

)
4.1.3.1 Chaol Richness Estimator 6
(6)

Chaol richness estimates were compared }&\@ HIV/HPV categories using a linear model
adjusted for age and sex (Figure 4.2).%ﬁ odel explained ~40% of the variation in richness
(R? = 0.398), though this w.as&%‘gatistically significant (F(5,14) = 1.85, p = 0.168). The
HIV-/HPV" group had thehi \est adjusted mean richness (emmean = 896.0, 95% CI: 510.1—
1281.9), followed @V*/HPV (676.98, 95% CI: 503.9-850.0), HIV*/HPV™ (664.1, 95%
CL 506.3—8% d the HIV/HPV™ reference group (440.1, 95% CI: 205.4-674.8). The
HIV/H}begroup had significantly higher Chaol richness compared to the HIV-/HPV~
group\$ = 4559, 95% CI: 0.98-911, p = 0.050). The differences observed for the

HIVY/HPV- (f = 236.9, p = 0.11) and HIV'/HPV* (f = 224.0, p = 0.11) groups were not

statistically significant.
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Distribution of HPV Genotype in Oral Infections by HIV Status
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HIV4+/HPV+ HIV-/HPV+

M HPV16 M HPV35 M HPV39 & HPV51 M HPV52 M HPV53 M HPV59 B HPV40 M HPV42 B HPV61 B HPV82

&V
Figure 4.1: Distribution of HPV Genotype in Oral Infections by HIVs
Author’s Laboratory Work, 2025 %
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Participants under 18 years had lower Chaol richness compared to those over 18 (f =—-328.5,
95% CI. —671 to 14, p = 0.059), approaching statistical significance. No significant
association was observed for sex (p = 0.63). Tukey-adjusted pairwise comparisons showed no
statistically significant differences between group pairs (p > 0.18 for all). Likewise, a

Kruskal-Wallis test found no overall significant difference across groups (y>=1.97,df=3, p

Q\

4.1.3.2 Shannon Diversity and HIV/HPV Status Q

Model-estimated mean Shannon diversity was highest in the HIV/HJ&&A (8.13, 95%
CI: 6.95-9.32), followed by HIV*/HPV* (7.21, 95% CI: 6.73— 7% HPV~ (7.15, 95%
CI: 6.62-7.68), and lowest in the HIV/HPV~ group (6 95% CI: 5.88-7.32). After
adjusting for age and sex, individuals in the HIV~/ Qroup had significantly higher
Shannon diversity compared to the HIV-/HPV- re%be group (B =1.53, 95% CI: 0.14-2.9,
p = 0.033). No statistically significant di were observed between the HIV/HPV~-

group and either the HIVY/HPV~ (B-%& 95% CI: -0.37-1.5, p = 0.22) or HIV*/HPV*

groups (B =0.61, 95% CI: —0. 26@ =0.15).

Neither age category no Q\vas significantly associated with Shannon diversity. However,

individuals under @rs had slightly lower diversity (B = —0.76, 95% CI: —1.8-0.28, p =

0.14), and€§(@slightly higher diversity (B = 0.25, 95% CI: -0.71-1.2, p = 0.58), though

these efo
\/

Pairwise comparisons between HIV/HPV groups showed no statistically significant

ere not statistically significant (Figure 4.3).

differences after multiple testing correction. The largest adjusted mean difference was
observed between the HIV-/HPV* and HIV-/HPV~ groups (p = 0.13), but this did not reach

statistical significance after Tukey adjustment. A non-parametric Kruskal-Wallis test
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supported the overall model trend but was not statistically significant (y> = 4.36, df =3, p =

0.225).
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A. Observed Shannon Diversity (Unadjusted)
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4.1.3.3 Shannon Diversity and HIV/HPV Status

Model-estimated mean Shannon diversity was highest in the HIV-/HPV™ group (8.13, 95%
CI: 6.95-9.32), followed by HIV*/HPV* (7.21, 95% CI: 6.73-7.70), HIV*/HPV~ (7.15, 95%
CI: 6.62-7.68), and lowest in the HIV/HPV~ group (6.60, 95% CI. 5.88-7.32). After
adjusting for age and sex, individuals in the HIV-/HPV* group had significantly higher
Shannon diversity compared to the HIV/HPV™ reference group ( = 1.53, 95% CI&4—2.9,
p = 0.033). No statistically significant differences were observed between QV/HPV
group and either the HIV*/HPV~ (B = 0.55, 95% CI: -0.37-1.5, p = &&IV*/HPV*

groups (f =0.61, 95% CI: —0.26-1.5, p = 0.15).

Neither age category nor sex was significantly associated w@hannon diversity. However,
individuals under 18 years had slightly lower diversity (BQ—O.%, 95% CI: —1.8-0.28, p =

0.14), and males had slightly higher diversity (B = 5% CI: -0.71-1.2, p = 0.58), though

these effects were not statistically signiﬁca@e 4.3).

Pairwise comparisons between H@ groups showed no statistically significant

differences after multiple Ees@rrection. The largest adjusted mean difference was
observed between the H @V* and HIV/HPV~ groups (p = 0.13), but this did not reach
statistical signiﬁ.c%&after Tukey adjustment. A non-parametric Kruskal-Wallis test

supported t o(gr,a model trend but was not statistically significant (y*> = 4.36, df =3, p =

0.225). Q:b

4.1.3>{aith’s Phylogenetic Diversity

Faith’s Phylogenetic Diversity (PD) was evaluated across four HIV/HPV co-infection
categories, using a linear regression model adjusted for age and sex (Figure 4.4). The model
explained approximately 42% of the variance in Faith’s PD (R? = 0.42), though the overall

effect was not statistically significant (F(5,14) = 2.06, p = 0.13).
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The HIV/HPV" group exhibited the highest estimated mean Faith’s PD (emmean = 24.78,
95% CI: 16.90-32.66), followed by HIV*/HPV* (17.87, 95% CI: 14.65-21.10), HIV*/HPV~
(17.65, 95% CI: 14.11-21.18), and HIV/HPV~ (15.84, 95% CI: 11.05-20.63). Compared to
the reference group (HIV/HPV"), the HIV/HPV™ group had a notably higher PD (B = 8.94,
95% CI: —0.35 to 18.0, p = 0.058), which approached statistical significance. Differences for
the HIV/HPV* (B = 2.03, p = 0.46) and HIV/HPV~ (B = 1.81, p = 0.54) groups were smaller
and not statistically significant. Among the covariates, age showed a signi t inverse
association with diversity: participants under 18 years had significantly 1 WQFJI h’s PD than
those over 18 (B =-7.91, 95% CI: —15.0 to —0.92, p = 0.029). No si @:agn effect of sex was
observed (B =2.77, p = 0.37). Pairwise comparisons using T, ~adjusted emmeans did not
identify any statistically significant differences between g Q > (.20 for all comparisons),
although the contrast between HIV/HPV™ and H@ showed the largest difference in

magnitude (A = 8.94, p = 0.21). A non-par i skal-Wallis test supported the lack of

>
4.1.3.5 Pielou’s Evenness &

[ ]
Pielou’s Evenness, a meas@ community evenness, was assessed across four HIV/HPV

overall group differences (y*> = 1.96, df % 0.58).

status categories usin Qar regression adjusted for age and sex (Figure 4.5). The model
explained appr@%él 21% of the variability in evenness (R?= 0.21), but the overall model
was not @cally significant (F(5,14) = 0.76, p = 0.593). Adjusted mean evenness
estinh&ﬁdicated the highest value in the HIV-/HPV* group (emmean = 0.837, 95% CI:
0.751-0.923), followed by HIV*/HPV* (0.786, 95% CI: 0.751-0.821), HIV*/HPV~ (0.774,
95% CI: 0.736-0.813), and HIV/HPV~ (0.768, 95% CI: 0.715-0.820). Although the
HIV-/HPV* group showed a trend toward higher evenness compared to the reference group
(HIV-/HPV"), the difference was not statistically significant ( = 0.069, 95% CI: —0.03 to

0.17, p = 0.166). None of the other comparisons reached statistical significance.
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Neither age category nor sex had a significant impact on evenness. Participants under 18
years had slightly lower evenness compared to those over 18 (B = —0.022, p = 0.552), and
males had slightly higher evenness compared to females (B = 0.013, p = 0.708), but both
effects were minimal and non-significant. Pairwise comparisons among groups using Tukey
adjustment showed no statistically significant differences (p > 0.42 for all contrasts).

Similarly, a non-parametric Kruskal-Wallis test revealed no significant difference in Pielou’s

Evenness across groups (y*> = 1.64, df =3, p = 0.651). QQ
4.1.4 Beta Diversity /\(/

4.1.4.1 Beta Diversity Analysis using Bray—Curtis dissimilarit

To assess differences in overall microbial community @position across HIV/HPV
categories, beta diversity was analyzed using Bray&@dissimilarity. A permutational
multivariate analysis of variance (PERMANOV/%’QJusted for age and sex, revealed no
statistically significant differences betwee@PV categories (R?=0.154, F =097, p =
0.658). Similarly, neither age (R’ = 0 @g = 0.491) nor sex (R? = 0.055, p = 0.345) were

significantly associated with dif; %g?es in community composition. The model explained

N

approximately 26% of S@ence in beta diversity, with the majority (74%) attributed to
P

residual variation. Principal Coordinates Analysis (PCoA) was used to visualize Bray—Curtis
dissimilarity ac%&m les (Figure 4.6). The first two axes explained a moderate proportion
of the tot nce (PCoAl: 8.6% %, PCoA2: 8.2%). Although some group-wise clustering
was W%ed, 95% confidence ellipses showed considerable overlap between HIV/HPV

categories, consistent with the non-significant PERMANOVA results.

4.1.4.2 Jaccard Index
To evaluate microbial community composition based on presence—absence data, beta

diversity was analyzed using the Jaccard distance metric.
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A permutational multivariate analysis of variance (PERMANOVA) was performed to assess
differences between HIV/HPV categories while adjusting for age and sex. The analysis
revealed no statistically significant differences in community structure among HIV/HPV
groups (R?= 0.155, F = 0.98, p = 0.819). Similarly, neither age category (R? = 0.053, p =
0.424) nor sex (R? = 0.053, p = 0.421) were significantly associated with variation in beta
diversity. The model accounted for approximately 26% of the total Variance&th the

majority (74%) attributed to unexplained residual variation (Figure 4.7). QQ

To visualize community patterns, Principal Coordinates Analysis (Pc&gﬁfconducted on
the Jaccard distance matrix. The first two principal coordinate a plained a moderate
portion of the variation in community composition (PCoA , PCoA2: 6.4%). Although
slight visual clustering of samples was observed, 95% c I@nce ellipses showed substantial

overlap between HIV/HPV categories, consisten&h the non-significant PERMANOVA

findings. ®%
4.1.4.3 Unweighted UniFrac Beta Dé%{ﬁ'

To assess phylogenetic-bas.ed &@unity composition using presence/absence data, beta
diversity was computed 0si \weighted UniFrac distance. A PERMANOVA test adjusting
for age and sex §hK~§ no significant differences in microbial community structure across
HIV/HPV ¢ te&g}s (R?=0.127, F = 0.76, p = 0.933). Neither age (R?= 0.052, p = 0.517)
nor sex ®§
4.8).\!

model explained approximately 22% of the total variance, with most variation (78%)

.040, p = 0.872) significantly contributed to variation in beta diversity (Figure

attributed to residual effects.
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Principal Coordinates Analysis (PCoA) based on the unweighted UniFrac distance matrix
revealed moderate separation between groups on the first two principal coordinate axes,
which explained 20.6% and 12.7% of the variance, respectively. However, 95% confidence
ellipses displayed substantial overlap among HIV/HPV categories, consistent with the non-

significant PERMANOVA findings.

4.1.4.4 Weighted UniFrac Beta Diversity \

Beta diversity analysis using weighted UniFrac distance, which incorporates @ Xxonomic
abundance and phylogenetic relatedness, did not reveal significant dij@e in microbial
community composition across HIV/HPV groups. PERMANOV ts adjusting for age
and sex showed no statistically significant effect of HIV/HP tegory (R =0.14, F = 0.85,
p = 0.539), age category (R? = 0.05, p = 0.351), or s )@ = 0.03, p = 0.631). Principal
Coordinates Analysis (PCoA) indicated that the ﬁ%% axes explained 63.0% and 12.1% of
the variation, respectively. Visual inspecti@ PCoA plot, with 95% confidence ellipses
overlaid, showed substantial oveﬂ\%tween HIV/HPV categories, supporting the
PERMANOVA findings and su%stag no distinct clustering among the groups based on

phylogenetic community st@ weighted by abundance (Figure 4.9).

4.1.5 Differentigﬂ,&ndance Analysis

4.1.5.1 Tax ogtiJ\Richness Across HIV and HPV Infection Groups

Across @’bﬂ study groups, variations in microbial richness were observed at all taxonomic
levels (Table 4.2). At the species level, the highest number of observed taxa was found in the
HIV*/HPV* group (n = 360 species), followed by HIV//HPV™ (n = 335), HIV/HPV* (n =
299), and HIV/HPV- (n = 272). Similarly, genus-level richness ranged from 112
(HIV-/HPV") to 126 (HIV*/HPV™), while phylum-level richness ranged from 10 to 12.

Taxonomic richness was highest in the HIV*/HPV™ group at all levels except phylum.
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Table 4.2: Number of Phyla, Genera, and Species Identified Across Study Groups

HIV/HPV Category No. of Phyla No. of Genera No. of Species
HIV-/HPV- 12 118 272
HIV-/HPV* 10 112 299
HIV*/HPV- 11 115 335
HIV*/HPV* 11 126 360

Author’s Laboratory Work, 2025
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4.1.5.2 Distribution of Low-Abundance Phyla by HIV/HPV Co-Infection Status

Analysis of 42 oral bacterial phyla identified six taxa with mean relative abundance <1% in
either HIV* or HIV™ groups: Chloroflexota, Mycoplasmatota, Spirochaetota, Synergistota,
unclassified Bacteria, and Verrucomicrobiota (Figure 4.10). These low-abundance phyla
exhibited distinct distribution patterns across HIV/HPV co-infection categories.
Spirochaetota demonstrated the highest overall abundance among low-abundance phyla
(0.13% in HIV*/HPV"), with a 2.5-fold enrichment in HIV*/HPV* women (0. compared
to HIVY/HPV-  (0.05%), HIV/HPV* (0.05%), and HIY/HPY  (0.03%).
Mycoplasmatota showed marked elevation exclusively in HIV?/ &amples (0.020%),
exceeding other categories by 2.7-14.4 fold (HIV/HPV™: 06 ; HIV/HPV™: 0.0071%;
HIV/HPV~: 0.0088%). Unclassified bacteria were uniqu@ietected in HIV-/HPV~ women
(0.11%), with complete absence in all other grou %%gistota exhibited minimal variation
across groups, maintaining consistently low,a nce (0.0049-0.0072%) without category-
specific trends (Figure 4.10) Chlf)ro % showed marginally higher abundance in
HIV/HPV~ women (0.0065%) COK@d to other categories (0.0018—0.0045%), though all

values were <0.01%. Verruc‘o@&iota was undetectable in HIV/HPV* samples, with peak

abundance in HIV/HP@ omen (0.0053%) and trace levels in HIV* groups (0.0002—
0.0009%). (@

4.1.5.3 T%bmic Composition at the Phylum Level in Relation to HIV and HPV
Statﬁ\/%

Six phyla exceeded 1% mean relative abundance threshold in at least one group and were
included in the analysis: Bacillota, Actinomycetota, Bacteroidota, Fusobacteriota,
Patescibacteria, and Pseudomonadota. Across all groups, Bacillota was the most dominant

phylum, representing 71.3—75.4% of the oral microbiome (Figure 4.11).
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The relative abundance of Actinomycetota was highest in the HIV*/HPV~ group (16.8%) and
lowest in the HIV/HPV™* group (9.3%). A notable increase in Bacteroidota was observed in
the HIV/HPV™* group (14.1%), compared to 5.4-6.9% in the other groups. Fusobacteriota,
Patescibacteria, and Pseudomonadota were present in lower abundances (<3%), with minor

variations across infection.

4.1.5.4 Differential Abundance of Bacterial Genera Associated with HPV, St:@ﬁed by
HIV Status QQ
Genus-level differential abundance analysis was conducted to assessQa s in the oral
microbiome associated with HPV infection among HIV-positive '@hals. A total of 70
genera were detected in this group. No genera passed %conected significance
threshold (¢ <0.1), indicating the absence of statistica I}Qust associations after multiple
§ant differences in abundance at a

testing correction. However, eight genera showeﬁb

nominal p <0.05 threshold, with two of tl@@ sing a more stringent p <0.01 level (Fig.

4.12). . @
Among the significantly alt.eF& era, Nanoperiomorbus (log2FC=2.71, p=0.004) was

more abundant in H ndividuals compared to HPV— controls. In contrast,

Aggregatibacter §}s<<a§ significantly lower abundance in the HPV+ group (log2FC=-3.16,

p=0.0059), u&eﬁlng potential depletion with HPV infection. Other genera significantly
reduced é@V+ individuals included Nanogingivalis, Abiotrophia, Desulfobulbus, and
Veillbsﬂa, while Selenomonas and Shuttleworthia were more abundant among those with
HPV infection. All eight genera exhibited nominal significance (p <0.05), although their
corresponding FDR-adjusted g-values were above 0.3. Genus-level differential abundance

analysis was performed to assess the association between oral bacterial composition and HPV

status among HIV-negative individuals. A total of 56 genera were detected across the
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samples in this stratum. No genera passed the FDR-adjusted significance threshold of

g <0.05, indicating no statistically robust findings after multiple testing correction.
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Nevertheless, 20 genera demonstrated significant differences in relative abundance between
HPV+ and HPV- individuals at a nominal p <0.05 threshold (Figure 4.13), with 4 of these
passing the more stringent p <0.01 level. Among the genera significantly enriched in HPV+
individuals were Nanosynbacter, Mogibacterium, Peptostreptococcus, Oribacterium, and
Parvisynbacter, the majority of which are members of the Firmicutes and Actinobacteria
phyla. Notably, Nanosynbacter exhibited the highest effect size (log2 fold change: 11.0;
p=0.0028), suggesting a substantial increase in HPV+ individuals. In contra era such
as Moryella, Lachnospiraceae [G3], Absconditicoccaceae [G1], Shuttle hig, Rothia, and
Haemophilus were significantly depleted in HPV+ individuals r 1@ HPV~— controls.
=

These depleted genera also predominantly belonged to the Fizmai phylum.

Analysis of the HIV-positive stratum revealed 8 genera W®0minal significance (p < 0.05),
including 2 strongly associated genera (p < 0.01) periomorbus (log~2~FC =2.71, p =
0.0044) was enriched in HPV+ individual@ Aggregatibacter (log~2~FC = —-3.16, p =
0.0059) was depleted (Table 4.3). No &Aﬁ reached FDR-corrected significance (q < 0.05).
In contrast, the HIV-negative str@ncqhowed more pronounced differences, with 20 genera
at p < 0.05 and 4 at p < @ Notably, Nanosynbacter (log~2~FC = 11.0, p = 0.0028)
and Moryella (log~2~ = —6.15, p = 0.0096) exhibited large effect sizes.

Shuttleworthia ‘sh&%’d divergent trends, it was enriched in HPV+ (HIV+: log~2~FC =

1.51,p= Q@but depleted in HPV— (HIV—: log~2~FC =—10.5, p = 0.034).

Q

4.1.5. fferential Abundance of Bacterial Species Associated with HPV Status

After merging taxonomy with feature tables, a total of 143 microbial species were detected.
Among the 143 bacterial species identified, marked differences in both the magnitude and
direction of associations when stratifying by HIV status was observed. In HIV-positive
individuals, thirty-one species demonstrated nominally significant associations with HPV
status (p < 0.05), though none survived false discovery rate correction.

115



Unclassified

Bulleidia
Nanosynbacter
Ruminococcaceae [G2]
Nanoperiomorbus
Parvisynbacter
Mogibacterium
Hoylesella
Solobacterium
Oribacterium
Peptostreptococcus
Lancefieldella
Tannerella

Rothia

Haemophilus
Ruminococcaceae [G1]
Moryella

Shuttleworthia
Absconditicoccaceae [G1]
Lachnospiraceae [G3]

Direction

[T Depleted in HPV+
[ Enriched in HPV+

Oy ),

10

1
Y
[=]

e,

0
Log2 Fold Change

Note: Asterisk (*) indicates FDR q < 0.05 significance §< >
Figure 4.13: Bar Plot of HIV Negative Genera with p < 0.05, £eloreéd by
Enrichment/Depletion in HPV+.
Author’s Laboratory Work, 2025 Q



Table 4.3: Comparative Overview of HPV-Associated Genera by HIV Status.

Metric HIV-Negative Cohort HIV-Positive Cohort
Genera (p < 0.05) 20 8
Genera (p <0.01) 4 2
Largest log~2~FC Nanosynbacter (+11.0) Nanoperiomorbus (+2.7~\
Shuttleworthia Depleted in HPV+ Enriched in HP <+O
A
Author’s Laboratory Work, 2025 N\
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The most prominent increases among HPV-positive participants include Streptococcus
koreensis (log2 fold change [LFC] = 3.85, p = 0.00044), Lachnoanaerobaculum
saburreum (LFC = 2.84, p = 0.00048), and Nanoperiomorbus periodonticus (LFC = 3.35,p =
0.0017). Conversely, Veillonella rogosae (LFC = -522, p = 0.0029) and an
unclassified Porphyromonas species (LFC = -5.84, p = 0.016) showed the most substantial

decreases in HPV-positive individuals. \

The HIV-negative stratum exhibited a contrasting profile, with thirty-seven reaching
nominal significance. Notably, this group demonstrated more e;% fold-changes,
including a 12.7-fold increase in Nanosynbacter sp. (p = 0.0016 21.9-fold increase
in Hoylesella shahii (p = 0.014) among HPV-positive in@ua s. Several streptococcal
species showed divergent associations by HIV status: whil&\8treptococcus sinensis increased
in HPV-positive/HIV-positive participants (LFC :@, Streptococcus intermedius (LFC = -

6.79) and Streptococcus australis (LF@.D were markedly depleted in HPV-

positive/HIV-negative individuals. « @

Visualization of effect sizes; r fundamental differences between HIV strata (Figure
4.14). HIV-positive partiei \ predominantly showed moderate fold-changes ([LFC| < 4),
whereas HIV-nega{K' individuals exhibited several species with dramatic effect magnitudes
(ILFC| > 10)&&2}1&61‘11 persisted when examining abundance-significance relationships: in

HIV-pos t%

abun%wes (0.1-1%), while HIV-negative participants showed large effect sizes even among

individuals, significant taxa typically demonstrated moderate relative

low-abundance species (<0.5%). The volcano plots further highlighted this dichotomy, with

HIV-negative individuals displaying a broader distribution of effect sizes compared to the

more concentrated cluster observed in HIV-positive participants.
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Notably, some taxa demonstrated HIV-dependent reversal of association directions.
Shuttleworthia satelles increased in HPV-positive/HIV-positive individuals (LFC = 1.81) but
decreased in HPV-positive/HIV-negative participants (LFC = -10.2).
Similarly, Nanoperiomorbus periodonticus showed positive associations in both strata but
with markedly different effect sizes (HIV+: LFC = 3.35; HIV-: LFC = 8.50). These findings

underscore the importance of HIV status as an effect modifier in HPV-related &icrobial

dysbiosis. QQ

The abundance-filtered analysis (mean relative abundance > 0.1%) p&&( these overall
patterns while removing potentially spurious signals from ultra-lo @:dance taxa. Among
these more prevalent species, the HIV-negative group maint stronger effect magnitudes,

suggesting that the observed differences are not m@rﬁfacts of differing microbial

biomass or sequencing depth between strata. b’b

4.1.5.6 Differential Abundance of KEGG&Qologs Associated with HPV Status

A total of 4,612 KEGG Ortholog Wéﬁrms were analyzed for differential abundance
between HPV-positive and .H@ative samples after adjusting for age and sex. No KO
terms met the stringent scovery rate (FDR) threshold of q<0.05. However, 31 KO
terms exhibited Jg&lal significance (q<0.1), and 458 KO terms showed nominal

signiﬁcanceggux 0.05 level, including 200 that passed the p <0.01 threshold (Table 4.3).

A volc ot was used to visualize the distribution of KO-level associations with HPV
statuk/ig. 4.15). While most KO terms clustered around zero, several features demonstrated
large effect sizes. The estimated log-fold changes (LFC) for HPV-positive versus HPV-
negative groups ranged from —5.12 to +3.18, indicating both enriched and depleted functions

in the HPV-positive microbiome.
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Figure 4.14: Differential Abundance of Oral Microbiotarig HPV+ Individuals Stratified by
HIV Status (p < 0.05)

HIV+ Panel: Shows 15 Species with Strongest Inc
and Decrease in Veillonella Rogosae (-5.22
Featuring Nanosynbacter Sp. (+12.7) and
Author’s Laboratory Work, 2025

in Streptococcus Koreensis (+3.85)
anel: Displays 12 Species
coccus Australis (-10.2)
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Table 4.4: Summary of the Number of KO Features Reaching Various Significance

Thresholds

Significance Threshold Number of KOs

q<0.05 0

q<0.1 31 \
p<0.01 200 Q

&
p<0. 6\

p<0.1 681 %

Author’s Laboratory Work, 2025
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The top 20 KO features with p <0.05 and the largest absolute effect sizes are shown in Figure
4.16. Among the KO terms enriched in HPV-positive samples were K01729 (poly(B-D-
mannuronate) lyase), K09957 (uncharacterised protein), and K05375 (MbtH protein), with
log-fold changes of +3.18, +2.92, and +2.65, respectively. Several components of CRISPR-
associated systems (e.g., KO7016, K19138) and transport systems (e.g., K10201, K10200)

were also more abundant in HPV-positive individuals (Figure 4.16). \

Conversely, 319 KO terms were more abundant in HPV-negative samples at @5. These
included enzymes involved in carbon and nitrogen metabolispngl( as KO01483

(ureidoglycolate lyase), K14581 (naphthalene dioxygenase%@ase), and K10710

(fructoselysine 6-kinase), with log-fold changes ranging fro@. to —3.58 (Figure 4.16).
Notably, transcriptional regulators (e.g., K07663, KO &gand two-component signaling

proteins were frequently depleted in the HPV—posi@oup.

)

4.1.5.7 Enzyme Commission (EC) Featur@iiction and Differential Abundance
Analysis E;\\.

Analysis of 1,575 Enzyme.C@?sion (EC) features revealed significant differences in
microbial metabolic pot @etween HPV-positive (HPV+) and HPV-negative (HPV—-)
groups. While no g‘&es met the threshold for statistical significance after multiple testing
correction (< @ 141 EC features showed nominally significant differential abundance (p
<0.05), K§ features surviving a more stringent threshold (p < 0.01). The effect sizes for
thesea\lociations ranged from —3.33 to +3.17 log-fold change (LFC), indicating substantial
shifts in enzymatic pathway abundance related to HPV status (Figure 4.17).

The most pronounced differences were observed in carbohydrate metabolism and nucleotide

processing pathways.
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Figure 4.16: Top 50 KO Features Ranked b te Effect Size Among Features with
P <0.05. Positive Values Indicate Enrlchme PV-Positive Samples; Negative Values

Indicate Depletion.
Author’s Laboratory Work, 2025 \
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Among the top differentially abundant features, polysaccharide degradation enzymes,
including mannuronate-specific alginate lyase (EC:4.2.2.3; LFC = +3.17, p = 0.008) and [-
1,4-mannosyl-glycoprotein 4--N-acetylglucosaminyltransferase (EC:2.4.1.144; LFC = +1.89,
p = 0.0003), were significantly enriched in HPV+ samples. Conversely, enzymes involved in
nucleotide metabolism such as deoxyribonuclease V (EC:3.1.21.7; LFC = —3.33, p = 0.0001)
and cyanase (EC:4.2.1.104; LFC = -2.95, p = 0.0003) were depleted in HPV&mples,
indicating these pathways are more prominent in HPV— microbiomes. Q

Notable functional patterns emerged from these associations. HPV+ s m&lgmonstrated
enrichment of glycosyltransferases and carbohydrate-active en uggesting altered
glycan metabolism in these microbial communities. In coatrasty, HPV— samples showed
higher abundance of enzymes related to cofactor biosyns and detoxification pathways,
including thiamine kinase (EC:2.7.1.89; F%Q: -3.20, p = 0.001) and
phosphonoacetaldehyde hydrolase (EC:3.11,1 & —2.26, p = 0.003). These differential
patterns suggest distinct metabolic p.rig&s\n the microbiomes associated with each HPV
status group. \C.)\

A focused analysis of the to])QQmost discriminatory features (by absolute effect size at p <
0.05) further illustrated’@%ltrasting enrichment patterns between groups. The directional
consistency of %@cts, with carbohydrate metabolism enzymes consistently elevated in
HPV+ and gnucleotide processing enzymes in HPV— samples, supports biologically
mea@%fferences in microbial community function.

4.1.5.8 Differential Abundance of Predicted MetaCyc Pathways

A total of 316 MetaCyc pathways were assessed using ANCOM-BC2, no pathways reached
statistical significance at a false discovery rate (FDR) threshold of q < 0.05. 26 pathways
showed nominal significance at p < 0.10, of which 18 pathways were significant at p < 0.05,

and 6 pathways met a more stringent cutoff of p < 0.01.
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The estimated log-fold changes (logFC) for pathway abundance between HPV-positive and
HPV-negative participants ranged from —3.19 to +1.66 (Figure 4.18). Among pathways with
p < 0.05, 11 pathways were enriched in HPV-positive individuals, while 7 pathways were
more abundant in HPV-negative individuals. Notably, pathways enriched in the HPV-positive
group include toluene degradation I and II (aerobic), Peptidoglycan biosynthesis II
(staphylococci), protein N-glycosylation (bacterial) Pyrimidine deoxyribonucleotide
biosynthesis (de novo and from CTP), CMP-pseudaminate biosynt Q P-N-
acetylglucosamine-derived o-antigen biosynthesis, dTDP-N-acetylviosa 'r:gosynthesis,
Demethylmenaquinol-6 biosynthesis and mannan degradation (Fi &.18). Conversely,
pathways depleted in HPV-positive individuals (i.e., m %ant in HPV-negative
participants) include 4-hydroxyphenylacetate degradatio@terobacterial common antigen
biosynthesis, ketogluconate metabolism, 3-phe l[t@mate degradation, methyl ketone

biosynthesis, methylphosphonate degradatm{b@ superpathway of L-threonine metabolism.

4.2 Discussion of Findings . %
N

4.2.1 HPV Genotype Distri.bl&@‘x-d Oral HPV Prevalence

This study examined o \crobiome and HPV genotype profiles across four distinct
groups—HIV+/H.P$lIV+/HPV—, HIV-/HPV+, and HIV-/HPV——within a mother—child
pair framewgk. design reflects a strong female representation among mothers (over 18),
and a l@ed mix among children. A limitation remains the absence of adult males,
poten\tlhﬁy affecting generalizability across age—sex strata. In HIV+ individuals (n=7), we
detected a wide array of HPV genotypes: HPV16, 35, 39, 52, 53, 59, 40, 42, and 82—six
being high-risk types (85.7%), and one individual carrying both high- and low-risk types (35
+ 82). Among HIV- participants, three had HPV: one with high-risk HPV51 and two with

low-risk types (40, 61).
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Figure 4.18: A Barplot Depicting the Top Dlscn@ny Pathways (p < 0.05)
Author’s Laboratory Work, 2025
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This distribution underscores increased oral HPV prevalence and diversity in HIV+
individuals, resonating with prior observations of elevated oral HPV carriage among people

living with HIV (PLWH) and especially those with high-risk sexual behaviors!.

4.2.2 Alpha Diversity

Our study assessed alpha diversity of the oral microbiome across HIV and HPV status using
four complementary metrics—Chaol richness, Shannon diversity, Faith’s Pm&genetic
Diversity (PD), and Pielou’s Evenness. Consistently, the HIV/HPV* grou ibited the
highest diversity estimates, followed by HIV*/HPV™ and HIV*/HPV/Q&JM]S, with the
lowest diversity observed in HIV'/HPV™ controls. While most d ces did not achieve
statistical significance, likely due to the modest sample sie trends observed provide
important biological insights. Chaol richness and Sh@@diversity revealed significantly
higher microbial diversity in HIV/HPV* indiv%% compared to HIV'/HPV~ controls,
suggesting that oral HPV infection may beed with an expansion of microbial taxa (8
=4559,p=0.050; p=1.53,p= 0.033)\@%ectively). Faith’s PD further supported this trend,

with HIV/HPV* participants sho reater phylogenetic breadth, approaching significance
(p = 0.058). QQ\A

These findings rgsg& with studies in the cervical and vaginal microbiome, where HPV
infection h bgg/hnked to increased richness and evenness, often reflecting a shift away
from L Cillus dominance toward more diverse, polymicrobial communities>® In
partiéM, Lee and colleagues observed that HPV-positive women in a Korean twin cohort
exhibited higher alpha diversity compared to HPV-negative individuals, consistent with our
oral data®. Interestingly, Zhang and colleagues found similar alpha diversity between HPV

positive and HPV negative participants’.
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4.2.3 Beta Diversity

In this study, we assessed oral microbial B-diversity using Jaccard, unweighted UniFrac, and
weighted UniFrac distance metrics, thereby capturing both taxonomic presence—absence and
phylogenetic abundance-weighted information. Across all three measures, we observed no
statistically significant differences in community structure between HIV/HPV groups, nor
were age or sex significant contributors to variation. These findings indicate that, v&ile HPV

status appeared to influence a-diversity, broader community-level compositi@ifts were

,\(/

My results partly align with previous studies but also highli Qonsistencies across

not evident at the B-diversity level.

different cohorts and analytical approaches. Zhang and agues reported significant,
though modest, differences between HPV-positive a&g’—negaﬁve oral rinse samples
using Bray—Curtis and weighted UniFrac metr%{bray—Curtis P = 0.009, R? = 0.5%;
weighted UniFrac P = 0.05, R? = O.S@eas no differences were detected with
unweighted UniFrac, consistent Wilﬁ\@ findings’. Conversely, Escobar Marcillo and

colleagues, found no signiﬁcan@%taences between hrHPV and HPV-unaffected groups

using Jaccard and weighte@%ac, but observed significant separation with unweighted

UniFrac-. . @

Several facters explain these discrepancies. First, methodological differences—including
sample ral rinse versus site-specific swabs), sequencing depth, and diversity metric
selec%d—may influence the detection of community-level differences. Second, the effect
sizes reported in prior studies were small, suggesting that HPV-associated alterations in the
oral microbiome are subtle and not consistently detectable across cohorts. Finally, our
relatively modest sample size may have limited statistical power to detect subtle shifts in -

diversity.
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4.2.4 Taxonomic Richness Across HIV and HPV Infection Groups

At all taxonomic levels, richness was consistently highest among HIV*/HPV™ individuals,
suggesting that co-infection may promote expansion of microbial diversity. Notably, species-
level richness increased progressively from HIV/HPV™ (n = 272) to HIV//HPV™ (n = 360),
with intermediate richness in the singly infected groups. This pattern aligns with prior
observations that HIV infection, through chronic immune suppression and gystemic
inflammation, destabilizes mucosal microbial communities and promotes co Qtion by a
broader range of taxa®®. The additional burden of oral HPV infection m&gﬁacerbate this

effect by altering local epithelial immunity and facilitating microbial %iversiﬁcation 10,

The enrichment of low-abundance phyla in the HIV+/HPV+p further supports the idea
that co-infection may open ecological space for opport ®or rare taxa. Spirochaetota and
Mycoplasmatota were most enriched in HIVVH@mples, with 2.5-fold and >2.7-fold
increases, respectively, compared to other@ Both phyla include organisms linked to
mucosal inflammation and dysbiosi@rochaetota members have been implicated in
periodontal disease and epithelia&er disruption!!, while Mycoplasmatota are known for
immune evasion and pat@c synergy in co-infected hosts'?. Interestingly, Escobar
Marcillo and his colle ggalso reported significant modulation of less abundant phyla with
hrHPV infecti@

Graciliba@(GNOD, particularly in HIV-negative individuals?. The parallel observation

g reductions in Saccharibacteria (TM7) and enrichment of

that }{&infection impacts rare phyla across studies reinforces the importance of low-

abundance taxa as sensitive markers of viral-microbial interactions.

At the phylum level, the oral microbiome in our study was dominated by Bacillota, consistent
with the core microbiome structure reported by both Zhang and Escobar Marcillo where
Firmicutes  (=34-37%),  Bacteroidetes  (=28-33%), Proteobacteria  (=14-21%),
Actinobacteria (<8—11%), and Fusobacteria (=3—6%) consistently comprised the majority of

131



oral communities®’. Despite these similarities, subtle group-specific shifts were apparent. In
our dataset, Actinomycetota peaked in HIV*/HPV™ individuals (16.8%), echoing Zhang and
colleagues’ (2022) report of higher abundance of Actinomycetaceae and Actinomyces in
HPV-positive oral rinse samples. Similarly, my observation of elevated Bacteroidota in
HIV/HPV* individuals (14.1%) is consistent with findings from both Zhang and Escobar-
Marcillo who reported enrichment of Prevotellaceae, Lachnospiraceae, and ;multiple
Bacteroidetes species in oral HPV-positive individuals >»’. The convergence s studies
suggests that Bacteroidota taxa may represent a shared ecological skﬁQrej of oral HPV

infection, potentially driven by their ability to thrive in inﬂame@u ologically altered

mucosa. Q

4.2.5 Differential Abundance in HIV-Positive Partici 2@

In HIV-positive individuals, the analysis revealed&\ally significant associations between
HPV status and the abundance of eight gen\ 0.05), with two reaching p < 0.01, though
none passed the False Discovery .@)Hected significance threshold. Among these,
Nanoperiomorbus was notably e@&& in HPV+ individuals, while Aggregatibacter showed
a significant depletion. Ot@nera such as Selenomonas and Shuttleworthia were more
abundant, whereas Na &ivalis, Abiotrophia, Desulfobulbus, and Veillonella were reduced.
At the specie@

increases @PV—positive HIV-positive individuals included Streptococcus koreensis,

1 nominally significant associations were identified. Prominent

Lach%@%erobaculum saburreum, and Nanoperiomorbus periodonticus. Conversely,
Veillonella rogosae and an unclassified Porphyromonas species exhibited the most

substantial decreases.

These findings align with the broader understanding that HIV infection significantly impacts

the oral microbiome, leading to distinct microbial compositions compared to HIV-negative

13,14

individuals'>-'%. The observed shifts, even if moderate in fold-change, suggest a specific
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microbial perturbation in HIV-positive individuals co-infected with HPV. While direct
comparisons for some genera like Nanoperiomorbus in this specific context are limited in
existing literature, the depletion of Aggregatibacter is noteworthy given its known roles in
periodontitis and host interactions!>!6. Previous research on oral HPV has also indicated a
general dysbiosis characterized by higher abundance of certain bacterial families (e.g.,
Actinomycetaceae, Prevotellaceae, Veillonellaceae, Campylobacteraceae, Bacteroid&s) and
lower abundance of commensals like Gemellaceae in HPV+’. Our results i -positive

individuals, though specific to genera and species, generally fit t}& tt of altered
i

community structure, potentially driven by the compromised immu, ronment in HIV.

In contrast, the HIV-negative cohort exhibited more pronoualterations in oral microbial
composition associated with HPV status. While Qnera reached FDR-corrected
significance, 20 genera showed nominal signiﬁcar%’b< 0.05), with four demonstrating p <
0.01. Genera significantly enriched 1@ + HIV-negative individuals included
Nanosynbacter, Mogibacterium, quﬁ\\' tococcus, Oribacterium, and Parvisynbacter,
primarily members of the Fim@fe? and Actinobacteria phyla. Notably, Nanosynbacter
exhibited a particularly @\ ffect size (12.7-fold increase for Nanosynbacter sp.).
Conversely, genera il{g\lmyelkl, Lachnospiraceae [G3], Absconditicoccaceae [G1],
Shuttleworthia,@, nd Haemophilus were significantly depleted. The substantial effect
magnitudgsbrved in HIV-negative participants suggest a more robust and discernible

micrb&ysbiosis linked to HPV infection in an immunocompetent setting.

These patterns resonate with findings from other studies on oral HPV, which consistently
report a shift in microbial community structure and composition”!”!®, For instance, the
general trend of certain anaerobic or pro-inflammatory bacteria increasing, and commensals
decreasing, is a recurring theme in HPV-associated oral dysbiosis’. The strong enrichment of
Nanosynbacter in this cohort represents a significant finding, warranting further investigation
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into its potential role in HPV pathogenesis in HIV-negative individuals. The depletion of
Haemophilus is also interesting, as some studies have identified specific Haemophilus species
as part of multi-marker signatures in HPV-positive head and neck cancer'®. The pronounced
shifts observed in this group suggest that, in the absence of HIV-induced immunomodulation,

the HPV infection might exert a more direct and potent influence on the oral microbial

environment. \

A pivotal finding of this study is the compelling demonstration that HIV acts as a
critical effect modifier in HPV-related oral microbial dysbiosis. This is{exemplified by taxa
like Shuttleworthia satelles, which showed divergent trends, bein de in HPV-positive
HIV-positive individuals but significantly depleted ilgﬁositive HIV-negative

participants. Similarly, Nanoperiomorbus periodonticus sh@ed positive associations in both

strata but with markedly different effect sizes (HI@FC = 3.35; HIV-: LFC = 8.50). These

findings explicitly highlight how the host’s@ status, particularly as influenced by HIV

infection, profoundly shapes the oral t@ome's response to HPV.

This observation is consistet.lt &'@Sﬂe established understanding that HIV infection leads to
significant immunologi Q\ahges that can alter mucosal environments and microbial
communities '+, b%differential responses of specific bacteria underscore that the
pathogenesigﬁw infection in the oral cavity is not uniform but is instead heavily

influenc ((bg

miche contributes to or is affected by HPV infection may differ substantially between

o-morbidities like HIV. This suggests that the mechanisms by which the oral

immunocompetent and immunocompromised individuals.

The distinct microbial signatures identified in HPV-positive individuals, stratified by HIV
status, offer valuable insights into the complex pathogenesis of HPV-related oral diseases.

The presence of specific enriched genera and species in each cohort could serve as potential
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biomarkers for HPV infection or progression within these specific populations, particularly
given the known link between oral dysbiosis and head and neck pathologies?!?. Identifying
these distinct profiles could inform targeted prophylactic strategies or adjunctive therapies
tailored to the specific immune status of the individual. A primary limitation of this analysis
is that many of the observed associations reached only nominal significance (p < 0.05) and
did not withstand FDR-correction, especially at the genus level across both strata, and for
some species within the HIV-positive group. This indicates that while str rends are
apparent, the statistical robustness for many individual taxa requires,{r&ey validation in

larger, more diverse cohorts. 0

4.2.6 Differential Abundance of KEGG Orthologs Associ HPYV Status
The analysis of 4,612 KEGG Ortholog terms revealed @minally significant associations
(p <0.05), with 200 reaching p < 0.01. Key KOs %’ibed in HPV-positive samples included

K01729 (poly(B-D-mannuronate) lyase), @ (uncharacterized protein), and K05375,

along with components of CRISPR—asK'h%ed systems (e.g., KO7016, K19138) and transport

N

systems (e.g., K10201, K10200)®\ ersely, KOs more abundant in HPV-negative samples
included enzymes invol n carbon and nitrogen metabolism (e.g., K01483:
ureidoglycolate lyas@é%l: naphthalene dioxygenase reductase; K10710: fructoselysine

6-kinase), trans<rip§é%ﬁ

al regulators, and two-component signaling proteins.

The enr&%@ t of CRISPR-associated systems in HPV-positive individuals is particularly
intrig\uhog. Clustered Regularly Interspaced Short Palindromic Repeats-Cas systems are
bacterial adaptive immune systems that defend against foreign genetic elements, including
phages and plasmids?’. The oral cavity is known to harbor a high diversity of prokaryotic
species with active CRISPR-Cas systems and oral habitats show a high CRISPR load
compared to other body sites?*?*. Increased abundance of CRISPR-related KOs might
suggest a heightened bacterial defense response, potentially against increased phage activity
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or other invading genetic elements, which could include interactions with HPV or other
viruses. Furthermore, CRISPR-Cas systems in oral pathogens have been implicated in

modulating virulence, suggesting a potential link to disease progression?>.

The enrichment of poly(B-D-mannuronate) lyase, an enzyme involved in polysaccharide
degradation, aligns with the broader understanding of altered carbohydrate metabolism in
dysbiotic oral microbiomes®®. Polysaccharides play diverse roles in bacteria%lesion,
biofilm formation, and host interaction. Changes in their degradation or synathways
could impact the structural integrity of the oral biofilm and its interacti&v ost epithelial
cells. or instance, sulfated polysaccharides have been shown to in with HPV's binding

to host cells, and enzymes breaking down such compounds therefore be relevant in the

context of HPV infection?’. QQ

The depletion of KOs related to carbon and nitmetabolism, transcriptional regulation,
0
and two-component signaling in HPV-pos&Qamples suggests a functional suppression or
) . x . )
shift away from these fundamental b&%rocesses. These systems are crucial for bacterial
growth, adaptation, and res‘p(@ environmental cues. Their reduced abundance could
reflect a less metaboli 1®liverse or active microbial community in HPV-positive

environments, pqts&y linked to altered nutrient availability or host-mediated immune

responses ch&w(gey\stic of a dysbiotic state 282,

4.2.7 Di tial Abundance of Enzyme Commission Features

Analysis of 1,575 EC features further delineated metabolic potential shifts, with 141
nominally significant associations (p < 0.05). HPV-positive samples showed enriched
polysaccharide degradation enzymes, including mannuronate-specific alginate lyase
(EC:4.2.23) and  B-1,4-mannosyl-glycoprotein  4-B-N-acetylglucosaminyltransferase

(EC:2.4.1.144), as well as general glycosyltransferases and carbohydrate-active enzymes.
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This enrichment suggests altered glycan metabolism, possibly favoring the breakdown of host
or microbial carbohydrates. Carbohydrate-active enzymes are critical for microbial adaptation
and nutrient acquisition, and their increased activity can contribute to changes in the oral
environment that favor certain bacterial populations?®. This is consistent with previous
findings indicating shifts in functional potential and metabolic pathways in oral microbiomes

associated with HPV and oral carcinogenesis’>%3!. Specifically, studies on oral cancer have

indicated that microbiota can metabolically reprogram the tumor microenvir t through
onco-metabolites, linking microbial metabolism to carcinogenesis3?3. (J
Conversely, enzymes involved in nucleotide metabolism, such oxyribonuclease V

(EC:3.1.21.7) and cyanase (EC:4.2.1.104), were depleted in a@ positive samples, alongside
those related to cofactor biosynthesis and detoxificatio @ thiamine kinase (EC:2.7.1.89)
and phosphonoacetaldehyde hydrolase (EC:3.1 1.1@i5 is in line with other studies®’. The
depletion of nucleotide metabolism enzymindicate reduced bacterial proliferation or
a shift toward dormancy in the HPV.@@ microenvironment, or a dominance of bacteria
with different metabolic prioritieéhcg functional shift might reflect a microbial community

less geared towards rapid @ and replication, or one where specific metabolic pathways

are inhibited.
b

4.2.8 Differen undance of Predicted MetaCyc Pathways

Investig&%§3l6 MetaCyc pathways revealed 18 nominally significant associations (p <
0.05).\&hways enriched in HPV-positive individuals included toluene degradation I and II
(aerobic), Peptidoglycan biosynthesis II (staphylococci), protein N-glycosylation (bacterial),
pyrimidine deoxyribonucleotide biosynthesis, and mannan degradation. The enrichment of
peptidoglycan biosynthesis pathways suggests an increased bacterial cell wall synthesis
activity in HPV-positive individuals, potentially driven by the proliferation of specific
bacterial taxa, such as staphylococci, which are known commensals that can become
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opportunistic pathogens and are involved in biofilm formation®*33. The presence of toluene
degradation pathways, while not extensively studied in the context of oral HPV, indicates the
potential for microbial xenobiotic metabolism within the oral cavity. Some studies have noted
a decrease in xenobiotic biodegradation pathways in oral HPV+ individuals, suggesting a

complex and potentially varied landscape of metabolic responses’.

Conversely, pathways depleted in HPV-positive individuals included 4-hydroxyphenylacetate
degradation, enterobacterial common antigen biosynthesis, and met sphonate
degradation I. The depletion of enterobacterial common antigen bio&h {S pathways is
notable. ECA is a surface antigen characteristic of Enterobacter @, a group of Gram-
negative bacteria that are typically transient in the oral ca but can be associated with
inflammatory conditions*®38, Its reduced presence mi t@cate a shift in the composition

or metabolic activity of certain Gram-negative bac%al the HPV-positive oral environment.

O

The distinct functional signatures identiw HPV-positive individuals offer valuable
insights into the complex pathogene%%ﬂ PV-related oral diseases. The observed shifts in
metabolic potential, particul.arl related to carbohydrate metabolism, bacterial defense
mechanisms, and genera @ial growth processes, suggest a microenvironment conducive
to or resulting frgﬁv infection. These functional changes in the oral microbiome could
contribute t thﬁghered host-microbe interactions that may influence HPV persistence and
potentia@
anal\/

ysis#is that none of the identified KOs, EC features, or MetaCyc pathways reached

gression to oral pathologies®**°. A significant limitation of this functional

statistical significance after FDR-correction. This indicates that while there are discernible
trends and biologically plausible shifts, their statistical robustness at a highly corrected level
is not met within this dataset, highlighting the inherent variability and complexity of
microbiome data and the need for larger studies. Despite this, the presence of numerous
nominally significant features with considerable effect sizes warrants further investigation.
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Chapter Five
Conclusion

5.1 Summary of Findings

This study investigated the complex relationship between the oral microbiome, Human
Papillomavirus infection, and Human Immunodeficiency Virus status within a specific cohort
from Edo State, Nigeria. Our comprehensive analysis, spanning taxonomic @sition,

diversity, and functional potential, revealed several key findings. ( Q

5.1.1 HPV Genotype Distribution and Oral HPV Prevalence ’\

The study found a diverse array of HPV genotypes in oral sa%, with high-risk types
present in both HIV-positive and HIV-negative individu bly, there was an increased
prevalence and diversity of oral HPV genotypes in I—,‘b@ositive individuals, consistent with

global observations of elevated HPV carriage in% opulation.

5.1.2 Alpha Diversity \

Across all alpha diversity metrics @01 richness, Shannon diversity, Faith’s Phylogenetic
Diversity, and Pielou’s Even@) the HIV-/HPV* group consistently exhibited the highest
diversity estimates. S ally, the HIV-/HPV* group showed significantly higher Chaol
richness (f = A(J%p 0.050) and Shannon diversity (B = 1.53, p = 0.033) compared to
HIV-/HPV~- @rols suggesting an association between oral HPV infection and an expansion
of m{/r%’ug taxa in immunocompetent individuals. Faith’s Phylogenetic Diversity also

trended higher in this group, approaching statistical significance (p = 0.058).

5.1.3 Beta Diversity
Despite observed trends in alpha diversity, beta diversity analyses using Bray—Curtis
dissimilarity, Jaccard index, unweighted UniFrac, and weighted UniFrac distances did not

reveal statistically significant differences in overall microbial community structure across
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HIV/HPV categories. This indicates that while HPV status might influence the breadth and
evenness of microbial communities (alpha diversity), broader compositional shifts at the
community level were not statistically distinct in this cohort, possibly due to sample size or

the subtle nature of these shifts.

5.1.4 Taxonomic Richness and Composition

Taxonomic richness (number of phyla, genera, and species) was consistently hig% at all
levels among HIV*/HPV* individuals, with species-level richness showing Q’. ogressive
increase from HIV/HPV™ to HIV*/HPV" groups. This suggests that ngeﬁon with HIV
and HPV may create an ecological space that promotes the expansi microbial diversity.
Low-abundance phyla, such as Spirochaetota and Mycoplas@a, were notably enriched in
HIV*/HPV* samples. At the phylum level, Bacillota d r@ed the oral microbiome across
all groups. Actinomycetota peaked in HIV*/HPB%iViduals, and a notable increase in

Bacteroidota was observed in the HIV™ %group, suggesting that these phyla may

represent shared ecological signatures @rl HPV infection.

S

5.1.5 Differential Abundan.ce &@‘&Nerial Genera and Species

Stratification by HIV revealed distinct patterns of differential abundance.
In HIV-positive jn@uals, Nanoperiomorbus was enriched in HPV+ individuals, while
Aggregatib te(y\as depleted, alongside reductions in Nanogingivalis, Abiotrophia,
Desulfob , and Veillonella. Prominent species-level increases included Streptococcus
kore%u‘ﬁ, Lachnoanaerobaculum saburreum, and Nanoperiomorbus periodonticus, while
Veillonella rogosae and an unclassified Porphyromonas species decreased. These shifts were
generally of moderate fold-change.
In HIV-negative individuals, more pronounced alterations were observed. Genera such as
Nanosynbacter, Mogibacterium, Peptostreptococcus, Oribacterium, and Parvisynbacter were
significantly enriched in HPV+ individuals, with Nanosynbacter showing a particularly high
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effect size. Conversely, Moryella, Lachnospiraceae, Absconditicoccaceae, Shuttleworthia,
Rothia, and Haemophilus were depleted. Species-level changes included dramatic increases
in Nanosynbacter sp. and Hoylesella shahii.
Crucially, HIV status acted as a significant effect modifier, as exemplified by Shuttleworthia
satelles and Nanoperiomorbus periodonticus, which showed divergent or markedly different

trends depending on the HIV status of the individual.

5.1.6 Differential Abundance of KEGG Orthologs QQ

Functional analysis of KOs revealed nominal, but not FDR-corrected ificance for several
features. Enriched KOs in HPV-positive samples included p -mannuronate) lyase,
uncharacterized proteins, and components of CRISPR ted systems and transport

systems. Depleted KOs in HPV-positive samples inle\d enzymes involved in carbon and
nitrogen metabolism, transcriptional regulators, ’@t@o-component signaling proteins. The
enrichment of CRISPR-associated systems\\'&rticularly noteworthy, suggesting an active

bacterial defense response. ) \\o
&

5.1.6 Differential Abundanc zyme Commission Features

Similar to KOs, EC featu Qlalysis showed nominal, but not FDR-corrected, significance.

HPV-positive st‘;&xfmonstrated enrichment of polysaccharide degradation enzymes (e.g.,
ecitic

mannuronate@

acetylgl minyltransferase) and other carbohydrate-active enzymes, suggesting altered

alginate lyase, B-1,4-mannosyl-glycoprotein 4-B-N-

glycan metabolism. Conversely, enzymes involved in nucleotide metabolism (e.g.,

deoxyribonuclease V, cyanase) and cofactor biosynthesis/detoxification were depleted in

HPV-positive samples.
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5.1.7 Differential Abundance of Predicted MetaCyc Pathways

MetaCyc pathway analysis also yielded nominally significant associations. Pathways
enriched in HPV-positive individuals included toluene degradation, Peptidoglycan
biosynthesis Il  (staphylococci), bacterial protein  N-glycosylation, pyrimidine
deoxyribonucleotide biosynthesis, and mannan degradation. Pathways depleted in HPV-

positive individuals included 4-hydroxyphenylacetate degradation, enterobacterial common

antigen biosynthesis, and methylphosphonate degradation I. QQ

5.2 Conclusion /\

This study provides a nuanced understanding of oral microbior%erations in response to
HPV infection, critically highlighting the modifying ¢ HIV status. Our findings
demonstrate that while oral HPV infection is assoc with an expansion of microbial
diversity, particularly in HIV-negative individ & specific taxonomic and functional
shifts within the microbial community are %cantly shaped by the host's HIV status. The
distinct microbial signatures and mete%’én athway dysregulations observed in HPV-positive
individuals, stratified by HIV, &%score that the interplay between the oral microbiome and
HPV infection is high @xt-dependent. These results point towards specific microbial

taxa and function s%ablhtles that may contribute to HPV persistence or progression in

diverse 1mnBQy1ronments

5.3 @ndations

Based on the findings of this study, the following recommendations are put forth:

1. Validate Findings in Larger Cohorts: The nominal significance of many findings
necessitates validation in larger, independent cohorts to confirm the statistical

robustness of the observed microbial and functional shifts.
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2. Focus on Specific Taxa and Pathways: Future research should prioritize
mechanistic investigations into the roles of specific enriched/depleted genera (e.g.,
Nanosynbacter, Aggregatibacter, Nanoperiomorbus) and functional pathways (e.g.,
CRISPR-associated systems, polysaccharide degradation, nucleotide metabolism,

peptidoglycan biosynthesis) in HPV pathogenesis.

3. Consider HIV Status as a Critical Modifier: All future studies examiniq%le oral
microbiome in the context of HPV should rigorously account f@V status,

recognizing its profound influence as an effect modifier on michQ munities.

4. Explore Biomarker Potential: The identified distin@;obial and functional
signatures hold potential as biomarkers for oral ction, progression, or even

therapeutic response. Further research should lore their utility in diagnostic or

prognostic applications. b’b

5. Inform Targeted Interventw% nderstandlng the specific microbial shifts
associated with HPV in dlf mune contexts could pave the way for targeted

prophylactic strategw&g&%unctlve therapies that modulate the oral microbiome to

influence HPV @nstory.
5.4 ContributiQﬁ@wledge

This stud @(es several significant contributions to the existing body of knowledge

regaﬁ@/gﬂle oral microbiome and HPV infection:

1. First Stratified Functional Analysis: To our knowledge, this is one of the first
studies to provide a detailed functional metagenomic analysis of the oral microbiome
in HPV-positive individuals, specifically stratified by HIV status in Edo State, Nigeria.

This provides a granular view beyond taxonomic composition.
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2. Elucidation of HIV as an Effect Modifier: The study explicitly demonstrates and
quantitatively highlights the critical role of HIV status as a profound effect modifier
on the oral microbiome's response to HPV infection, revealing distinct microbial and

functional signatures that would be obscured in non-stratified analyses.

3. Identification of Novel Microbial and Functional Associations: We identified

specific genera (e.g., Nanosynbacter, Nanoperiomorbus) and functional abilities

(e.g., enriched CRISPR-associated systems, specific polysacchariradation

enzymes, depleted nucleotide metabolism) associated with HP)Z status] with varying

magnitudes and directions dependent on HIV co—infection%O

: @ sing on a cohort from Edo

4. Contextualization within a Unique Population:
State, Nigeria, the study contributes to underst ing regional differences in oral HPV

epidemiology and microbiome composit &hng valuable data from a population

that is often underrepresented in glo&@lcmblome research.

b

Foundation for Mechanistj @s The comprehensive taxonomic and functional
profiling provides a q&%‘f foundation for future mechanistic studies aimed at

elucidating the @oles of specific microbial elements in HPV persistence and

disease @on.

5.5 Suggest@or Further Studies

To bMpon the findings of this research and address its inherent limitations, we suggest the

following avenues for further studies:

1. Longitudinal Cohort Studies: Conduct longitudinal studies with larger sample sizes
to establish temporal relationships and potential causality between specific microbial

shifts and HPV acquisition, persistence, clearance, or progression to oral lesions.
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2. Multi-Omics Integration: Integrate multi-omics approaches (e.g.,
metatranscriptomics, metaproteomics, metabolomics) to directly assess gene
expression, protein production, and metabolic activities of the oral microbiome. This
would provide a more dynamic and mechanistic understanding of the microbial

functions in relation to HPV and HIV.

[98)

Targeted Mechanistic Investigations: Perform in vitro and in vivo ﬁwies to
experimentally validate the functional roles of specific identiﬁe«@gera (e.g.,
Nanosynbacter, Aggregatibacter) and pathways (e.g., CQ as systems,

polysaccharide degradation) in modulating HPV infection a t immune responses.

4. Host-Microbe Interaction Studies: Investigate @iﬁc molecular mechanisms
of interaction between key differentially abun%oral bacteria and HPV, as well as
with host epithelial cells and immune @ particularly in the context of HIV-

mediated immunomodulation.

Impact of Antiretroviral ’\% Future studies in HIV-positive cohorts should

5.
incorporate detailed A&%imen and adherence data, as ART is known to impact the
microbiome an@ﬂher modify HPV-microbiome interactions.

6. Virom@gi Analysis: Expand the scope to include virome and mycobiome

anal as these components of the oral ecosystem also interact with both bacteria

\&host immunity and could play significant roles in HPV infection.

7. Geographical and Ethnic Diversity: Conduct similar studies in diverse geographical
regions and ethnic populations to assess the generalizability of these findings and

identify population-specific microbial signatures.
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8. Clinical Correlation: Directly correlate microbial and functional profiles with
clinical outcomes, such as the development of oral pre-malignant lesions or oral

squamous cell carcinoma, to identify predictive biomarkers.
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Appendices

Appendix I: Questionnaire

HOMINY Participant’s Demographic Information and Medical History Form-Youth

Study ID:

Hospital Study Group: Number:

(select one)

HI

HEU

HUU

Visit number: Indicate V1~ V4

Name of Interviewer/Study Staff Initials:

A. General/ Demographic Information

Date of Birth: years

Day / Month / Year

Child’s Gender: DMale DFemale

Date of HIV Diagnosis
(If child is in HI group): please ask the mother when her child

Age:

months

QQ

)

(e

Day / Month / %
°

Educational background

4

ation is missing from the child’s case note,

% nosed)

,\(J

N\
Q;\")

1. Have you ever been enrolled in school? ® * o Yes
N aN o No
2 If yes to Q1, \‘ o  Yes
Are you currently enrolled in school? o No
3.0fyestoQlorQ2, PRIMARY 1
What is your current leyel u@sa n? ISS 2 I:I
< SSS 3
CERTIFICATE/DIPLOMA
UNIVERSITY 5
fb Others [
N Specify:

4. If no to Q1 or Q2,
Why are you not in school?

1.Parents have no money
2.Parents not interested
3.1 am not interested

4.1 am too busy
5.0ther, specify

B. Labor and Delivery History
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1. | Delivery method 1. Vaginal
2. C section
3. Assisted vaginal
4. Emergency C section
5. Unknown

Baseline and Follow-up Dietary Questionnaire- Mother

s [F[O[M[[N] Y] (T UTT VR0 T e

ID Assignment:

HM 1 Q\
ID: (select one only) Q
4

HI
Hospital Number: I
Name of Interviewer/Study Staff Initi%
A. Food frequency chart Q
Food items ‘AWrequency
Do you Daily | 4-5 ‘%" | Once |Less |Oncea | Rarely
eat/drink times imesa | a than | month
this item? wee $Z>week week | once
0- No \ a
(skip to week
next item) .K%
1- Yes e \™
A
)
a. Bread I:I @ I:I I:I | || || | | |
. ===
@ il .
C. Beans and soybean « | r_| am | | r
[ ] 2
d. Eba/Amala/Fufu (\ — —_—
7 L L T
€. Maize/other al —
f. Other Cereals(and D |:| L[ [] 11 [ ] | | | |
grain prod
indomie,\spaghetti . Lo | .
‘ et ] C
g. Nuts and seeds — ]
h. Meat and e
poultry/chicken ! ! ! ! | | | | | | | | I:I I:I
i. Milk and related
products (yoghurt, fura) I:I | | | | |
C 1 1) L
j. Fish and products | || | I:I n — U
k. Eggs ] ] | L] [l [ —

1L
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I. Starchy roots and
tubers (Yam/yam
pottage, cassava,
potatoes)

m. Fruits (fresh or canned)

U

n. Vegetables (fresh,
canned or in soup)

0. Cake/Buns/Puff-
buff/Donut

JUL

p. Sweets/
Candy/Chocolate

g. Biscuits/Cookies

oo O

r. Other snacks like
chips, popcorn, pies
and pastries

i
JU gt

U 0o0din

S. lce-cream

t. Sugary beverages

u. Carbonated beverages
(soda/coca-cola)

100

v. Caffeinated beverages

|

w. Alcoholic beverages

U 00|00
IBESEGE

-
e

X. Other drinks like Kunu

0000 00 JO000L
100 g § oh00og

y. Other solids

Ag]000

0oocon

N0000%) 0000 O

AN
Food items £+ Frequency

Do you @dy’ 4-5 Once Once a | Rarely
eat/drink \\ times a a month
this ite week week
0_
(skip t
1 next item)

o X Myes

O

@

FOR OFFICE USE ONLY

~ Ll

Data Tech:

[T 1]
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Appendix II: Informed consent document

Title of Study: Oral Microbiome Alterations Associated with HPV Infection in Edo State,
Nigeria: A 16S rRNA Metagenomic Study

Principal Investigator: Kilsi Borgbara

Department: Biological Sciences

Institution: Lead City University
Contact Information: kilsi.borgbara@outlook.com, 08067771119

1. Introduction and Invitation Q\
dl

You are invited to participate in a research study conducted by Kilsi B o@ a and the
research team at Lead City University. Before deciding, please read this form carefully to

understand the study's purpose, procedures, potential risks and benefits, ‘and your rights as a
participant. Feel free to ask any questions. $

2. Purpose of the Study

This research aims to understand the relationship betw an Papillomavirus (HPV),
Human Immunodeficiency Virus (HIV), and the oral microbidme in young people in Nigeria.
We seek to explore how these factors interact and ;éo%' y affect oral and overall health.

3. Procedures: What Will Happen If You Parfb e?

If you agree to participate, you will: @

e Provide a Saliva Sample: Off ?@nall saliva sample into a sterile collection tube.
This process is simple and @ss.

e Undergo an Oral Exa,m@r A trained researcher will visually examine your mouth,
including gums, @p , and cheeks. This brief examination is generally
comfortable.

o Complete, Qﬁjﬁonnaire: Answer questions about your general health, medical
history %\da any known HIV or HPV status, if comfortable sharing), lifestyle
habits, (e*g«smoking, diet), and oral hygiene practices. You may skip any questions
yo s% er not to answer.

®
4.P ti%ation of Minors

If you are under 18 years old, your participation requires consent from your parent or legal
guardian, in accordance with Nigerian research ethics guidelines. Additionally, if you are
between 12 and 17 years old, your assent (agreement) is also required. This means that both
you and your parent or guardian must agree to your participation. For children under 12, only
parental or guardian consent is necessary.

5. Voluntary Participation and Withdrawal
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Your participation is entirely voluntary. You may choose not to participate or withdraw at
any time without penalty or loss of benefits. If you withdraw, any data collected up to that
point may still be used in an anonymized form unless you request otherwise, where feasible.

6. Risks and Discomforts
Participation involves minimal risks:
e You might experience slight, temporary discomfort during the oral examination.

e Some questionnaire questions might be sensitive or personal. You have the right to
skip any questions you do not wish to answer.

7. Potential Benefits \

There may be no direct benefit to you. However, the information gath 1l enhance
understanding of health issues affecting young people in Nigeria, potenti ding to better
prevention or treatment strategies in the future.

8. Confidentiality and Data Handling @
We are committed to protecting your privacy:

e Your name or identifying information will no linked to your samples or
questionnaire answers in any reports or public B@s

e A unique code will be assigned to your sa and data. The list linking your name
to this code will be kept securel eparately from research data. Only the
Principal Investigator and authorize@arch staff will have access to this list.

e All electronic data will be stot assword-protected computers, and paper records
will be kept in locked cabi m'the researcher's office.

e Research data mlght-b zéwed by authorized personnel from Lead City University
Ethics Review e or regulatory agencies for monitoring purposes, but your
identity will re\ﬁ% nfidential.

e Anonymiz ta (data with all identifiers removed) may be shared with other
researchers or“deposited in scientific databases for future research, but it will not be
possi dentify you from this data.

9. Com%% ion

YouMnot receive any payment for participating in this study.
10. Contact Information for Questions or Concerns

If you have any questions about the research study, please contact:
Principal Investigator: Kilsi Borgbara

Phone: 08067771119

Email: kilsi.borgbara@outlook.com

11. Consent Statement
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I have read (or have had read to me) the information provided in this consent form. I have
had the opportunity to ask questions, and all my questions have been answered to my
satisfaction. I understand that my participation is voluntary and that I can withdraw at any
time without penalty. I understand the procedures, risks, and benefits involved in this study. I
understand how my confidentiality will be protected. I voluntarily agree to participate in this
research study.

Participant's Printed Name Participant’s Si&ature

Date Q
O

N

Printed Name of Person @ature of Person
Date %

(Investigator or Designee) (Investigator or Desi%b
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Appendix III: Ethical Approval

UNIVERSITY OF BENIN
TEACHING HOSPITAL
P.M.B. 1111 BENIN CITY NIGERIA

Telephone: 052-600418
Telex: 41120 NG
Website: ubth.org

CHAIRMAN, BOARD OF MANAGEMENT: CHIEF ADEDOJA ADEWOLU, MFR
CHIEF MEDICAL DIRECTOR: PROF. DARLINGTON E. OBASEKI
MBBS (Benin), FMCPath
[E-mail: darlobaseki@gmail.com
DIRECTOR OF ADMINISTRATION: M.O. JIMOH-KADIRI

B. S¢, (Hons)FIPMD, Dip. Theo. AHAN

HEALTH RESEARCH ETHICS COMMITTEE
APPROVAL

PROTOCOL NUMBER: ADM/E 22/A/VOL.VII/14831674

PROPOSAL TITLE:  “HPV, HIV, AND ORAL MICROBIOTA INTERPLAY IN NIGERIAN YOUTH (HOMINY)”
SITE INVESTIGATOR(S): PROF OZOEMENE OBUEKWE, PROF AUGUSTINE OMOIGBERALE
DEPARTMENT/INSTITUTION: UNIVERSITY OF BENIN TEACHING HOSPITAL, BENIN CITY, NIGERIA

DATE CONSIDERED: OCTOBER 7™, 2022

DECISION OF THE COMMITTEE: APPROVED

THIS APPROVAL DATES 7/10/2022 TO 7/10/2023. IF THERE IS DELAY IN STARTING THE RESEARCH, PLEASE
INFORM THE HREC 50 THAT THE DATES OF APPROVAL CAN BE ADJUSTED ACCORDINGLY T

REMARK: VS N

CHAIRMAN: PROF. (MRS) A.N. OFILI FSIGNATURE & DATE....".-J o Al I
-\“ "‘..”"” PRTP—— ,//‘. A

SUPERVISOR (S): & o

DECLARATION BY INVESTIGATOR(S):

PROTOCOL NUMBER (please quote in all enquiries)

Note that no participant accrual or activity related to this research may be conducted outside of these dates. All informed
consent forms used in this study must carry the HREC assigned number and duration of HREC approval of the study. In
multiyear research, endeavor to submit your annual re-port to the HREC early in order to obtain renewal of your approval
and avoid disruption of your research. No changes are permitted in the research without prior approval by the HREC
except in circumstances outlined in the Code. The HREC reserves the right to conduct compliance visit your research site
without previous notification.

Signature & Dat
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Bio-data

A. Personal Information

Full Name: Kilsi Borgbara

Address: 25 Barika Street, Opp. UI Second gate, Ibadan, Nigeria
E-mail Address: kilsi.borgbara@outlook.com

Phone Number: +2348067771119

Nationality: Nigerian Q\

Date of Birth: 37 April 1992 ’\QJ
Place of Origin: Gokana, Rivers State 0

Place of Birth: Kpor, Rivers State Q s

Languages: English, Gokana Q

Name of Next of Kin: ~ Barine BorgErde

Address of Next of Kinn: 161 V% ort Harcourt, Nigeria

B. Educational Background Q
School Attended \(—) Date Qualifications

Sea Bird Nursery ar@w School  1998-2004  School Leaving Certificate

Emarid Collfg@ 2003-2009  SSCE

Universiéf Calabar 2012-2015 B.Sc. Genetics and
Biot&&h/%bgy

Lead City University, Ibadan 2023-(date) M.Sc. Molecular Biology and

Genomics

C. Work Experience
a. Laboratory Manager - Inqaba Biotec West Africa Ltd [31 May 2021 —

Current]
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f.

Area Sales Manager - Inqaba Biotec West Africa Ltd [1 Apr 2019 —27
Feb 2021]

Graduate Intern - International Institute of Tropical Agriculture  [30 Jun
2018 — 30 Mar 2019]

National Blood Transfusion Service - Donor Recruiter [31 May 2013 —
27 Mar 2014]

University of Ibadan (Ibadan Journal of Agricultural Research) @orial

assistant [1 Jun 2017 — 29 Jun 2018] (J

Kues Systems Enterprise - Head, IT Unit  [7 Feb §(@’S9 Apr 2017]

D. Trainings and Certifications

a.

\/QJ

f.

Sanger Sequencing Training - Inqgaba Biote@cal Industries (Pty) Ltd [ 30
Jun 2021 — 30 Aug 2021] (bQ
Next Generation Sequencing (P, Training (2022) - Inqaba Biotechnical
Industries (Pty) Ltd [ 1 —30 Sep 2022]
Basic laboratory tra\ﬁ@\)n GMO analysis (2019) - International Centre for
Genetic Engifi Br&g and Biotechnology [ 15 Sep 2019 — 19 Sep 2019]
Basic ﬁﬁ@%d CPR Basic first aid and CPR (2019) [ 24 Nov 2019 —
({@19]

ukaryotic Genome Assembly: How to use Blobtoolkit For Quality
Assessment Wellcome Connecting Science
Business Etiquette and Communication for Impact Masterclass Eminence

Corporate Solutions [ 13 Sep 2022 — 13 Sep 2022]

g. 2023 Genome Sequencing Bioinformatics Course - WELLCOME Connecting

Science [ 15 Sep 2023 — 10 Oct 2023]
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h.

Laboratory Quality Management System and Preparation for International
Accreditation Koukouvayia Consults and Inqaba Biotec West Africa [ 27 Nov
2023 — 29 Nov 2023]

Introduction to Bioinformatics Pan African Bioinformatics Network for

H3Africa [ 16 Apr 2024 — 15 Jul 2024]

E. PUBLICATIONS \
f bitter

a.

\/QJ

Comparative assessment of annual wormwood and local accessi

leaf for antioxidant composition and activity Chukwura%&rij1 e, E.,
Ekwere, L., Ekerette, E. and Borgbara, K. 0
What's in (y)our food? — Occurrence of GM-c@&foods on the Nigerian
market and compliance with national regus Authors: Amedu, J., Adediji,
A., Miracle, N., Anthony, A., Adey Ahmed, R., Atsumbe, S., Costly,
M., Majekodunmi, A., Balo inpelu, O., Borgbara, K., Olufowobi,
O., Tahir, H. J., Arowc.)ra o,’L., & Asagbra, A. | Volume, Issue and Pages:
Journal of Genetic F&@ering and Biotechnology, 23(2), 100481.

Unlocking Afr@%oeconomy through biodiversity genomics and

bioinforﬁs%%’\uthors: Hayah, I., Ezebuiro, V., Kagame, P., Kuja, J. O.,

-

O
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University Compliance Certification
This is to certify that the thesis by Kilsi Borgbara with Matric no LCU/PG/005745 in the
department of Biological Sciences (Molecular Biology and Genomics), Basic Medical and
Applied Sciences, Lead City University, is in full compliance with the approved university

format and style.

Signature \) Date
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