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ABSTRACT

BACKGROUND: Human papillomavirus (HPV) has become increasingly associated
with head and neck squamous cell carcinomas (HNSCC), particularly oropharyngeal
squamous cell carcinomas (OPSCC). Currently, the number of HPV-positive OPSCCs
has now surpassed cervical carcinoma (CC), and is expected to increase for the next
30 years, with one of the most prevalent subtypes, HPV-16, accounting for 87-96% of
cases. Unfortunately, there are currently no screening programmes for OPSCC, the
reticulated crypts of the palatine tonsils. Current NHS guidelines for determining HPV
status in OPSCC is p16INK4A (p16) immunohistochemistry (IHC), which has become
the widely accepted method of detection. However, despite its high sensitivity, the use
of p16 as a standalone marker for OPSCC has drawn criticism due to its lack of

specificity.

AIMS: To characterise HPV-positive and HPV-negative OPSCC tissues using
potential biomarkers believed to be indicators of HPV-mediated OPSCC development,
as well as develop multiplex immunofluorescent (mIF) assays and aptamers against

various HPV proteins.

METHODS: The study employed histological techniques including haematoxylin and
eosin (H&E) staining, IHC, and mIF techniques for characterisation of five OPSCC
tissues obtained from the Human Biomaterials Resource Centre (HBRC) at the
University of Birmingham. These OPSCC samples also underwent p16 and HPV DNA
in-situ hybridisation (ISH) as per NHS clinical guidelines for determination of HPV
status. Commercially-available HPV antibodies were tested in various tissue types,
with molecular screening for HPV confirmation performed by real-time polymerase
chain reaction (real-time PCR). Aptamers isolated against HPV proteins (HPV-16 E2,
HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7) were developed using systematic
evolution of ligands by exponential enrichment (SELEX), and post-SELEX

experiments, including comparison against commercially-available HPV antibodies.

RESULTS: Within our sample, both HPV-positive and HPV-negative OPSCCs

deviated from the typical tumour profiles. Three OPSCCs were determined to be HPV-
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negative, despite two of these exhibiting non-keratinising morphology which is typically
associated with p16/HPV DNA ISH positivity. The remaining two OPSCCs were
determined to be HPV-positive (p16-/HPV DNA ISH-positive), despite exhibiting
keratinising morphology which is commonly associated with HPV-negative OPSCCs.
Furthermore, staining with prognostic biomarkers using IHC and mIF mostly deviated
from the typical staining expected, with higher PD-L1 and CD8 expression observed
in HPV-negative OPSCCs, in comparison to HPV-positive OPSCCs. Commercially-
available HPV antibodies were unsuccessful, with non-specific staining observed in
normal tissues that were confirmed molecularly to be HPV-negative. Aptamers
isolated against HPV-16 E2, HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7 proteins
underwent successful selection by SELEX, and subsequent molecular docking and
computational modelling. This demonstrated that the interactions observed between
each HPV aptamer, and their corresponding HPV protein, have been observed in
nature, and are suggestive of real interactions. Cell immunofluorescence with HPV
aptamers demonstrated minimal background staining, and nuclear and endosomal

staining consistent with nuclear and endosomal localisation of E6 and E7 proteins.

CONCLUSIONS: The use of pl6 as a surrogate biomarker within HPV-mediated
OPSCCs is unsuitable. Using HPV proteins directly could pose as better biomarkers
for HPV-positive OPSCC,; therefore, we propose aptamers as a novel method for HPV

subtype detection.
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CHAPTER 1: INTRODUCTION

1.1 Head and neck squamous cell carcinoma

Head and neck squamous cell carcinoma (HNSCC) is a heterogeneous disease of the
oral cavity, nasopharynx, oropharynx, hypopharynx, and larynx (Figure 1) (Gillison et
al., 2000). Biologically, HNSCCs within these subsites are diverse, varying in
invasiveness, growth, and metastatic capabilities, due to the different clinical,
epidemiological, and molecular differences between these diseases, including tumour
origin and environmental factors such as tobacco and alcohol consumption (Tamas et
al., 2011, Gillison et al., 2012).

HNSCC is the sixth most common malignancy worldwide, with a 2022 reported global
incidence of over 940,000 new cases and over 480,000 deaths (Ferlay et al., 2024).
Approximately 75% of HNSCCs correlate with tobacco and alcohol consumption,
whilst 25% are caused by human papillomavirus (HPV) (Hashibe et al., 2009, Ndiaye
et al., 2014, Whiteman and Wilson, 2016, Chang et al., 2017, de Martel et al., 2017).
HPV is mostly known to cause cervical carcinomas (CC), however, it has now become
increasingly associated with HNSCCs, particularly oropharyngeal squamous cell
carcinomas (OPSCC) (Ndiaye et al., 2014, de Martel et al., 2017).

1.2 Oropharyngeal squamous cell carcinoma

1.2.1 Anatomy of the palatine tonsils

OPSCC, a subset of HNSCC occurring within the oropharynx, includes the soft palate,
uvula, palatine tonsils, base of tongue, lingual tonsils, and posterior pharyngeal wall
(Figure 1) (Tham et al., 2020, Lorenzoni et al., 2022). It is located posterior to the oral
cavity, extending from the soft palate to the hyoid bone, with most cancers occurring
within the palatine tonsils and base of tongue (Ndiaye et al., 2014, Fossum et al., 2017,
Tham et al., 2020).

The palatine tonsils are paired secondary lymphoid organs that are involved in
initiating immune responses against any foreign antigen that enters the oropharynx
(Nave et al., 2001). They are located between the palatoglossal and palatopharyngeal
arches (right and left sides) within the circular mucosal-associated lymphoid tissue
(MALT), known as the Waldeyer’s ring (Waldeyer, 1884, Fossum et al., 2017).
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Histologically, the outer surface of the palatine tonsil is covered by non-keratinising
stratified squamous epithelium, which invaginates into the lamina propria, forming 10-
30 tonsillar crypts (300 cm? surface area) (Figures 2 and 3A) (Howie, 1980, Dudas,
2023). These crypts have blind ends that branch out and are lined by reticulated
epithelium, which, unlike the surface epithelium, has a discontinuous basement
membrane that is densely infiltrated with lymphocytes (Figure 3B) (Stoéhr, 1882, Olah,
1978, Nave et al.,, 2001). This lymphoepithelium, where epithelial cells and
lymphocytes coexist, is known as lymphoepithelial symbiosis (Schmincke, 1921,
Fioretti, 1957). The reasoning for the abundance of lymphocytes may be due to the
depth of the crypts making them susceptible to bacteria and foreign antigens, thus
representing an immune-privileged site (Lyford-Pike et al., 2013). Beneath the palatine
tonsillar surface epithelium are lymphoid follicles surrounded by connective tissue
within the parenchyma (Figure 3C), which is supported by skeletal muscle (Fossum et
al., 2017, Dudas, 2023). Lymphoid follicles are spherical or oval in shape, containing
germinal centres composed of three zones: dark, light, and mantle where T and B

lymphocytes reside (Nave et al., 2001, Fossum et al., 2017).
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Figure 1: Anatomical sites of HNSCCs and OPSCCs.

HNSCCs arise from the mucosal epithelium of the oral cavity, hasopharynx, oropharynx (soft palate, uvula, palatine tonsils, base of tongue, lingual tonsils,
and posterior pharyngeal wall), hypopharynx, and larynx. The oropharynx is located posterior to the oral cavity, extending from the soft palate to the hyoid
bone, with most OPSCCs occurring within the palatine tonsils and base of tongue. Created with BioRender.com, 18/05/2024.
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Figure 2: Histology of the normal palatine tonsil.

The outer surface of the normal palatine tonsil is covered by non-keratinising stratified squamous
epithelium, which invaginates into the underlying tissue forming reticulated crypts. Within the
parenchyma reside lymphoid follicles which are spherical or ovoid in shape and contain B and T

lymphocytes. Image captured on NDP.view2 software at 0.44x magnification.
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Figure 3: Histology of the lymphoid follicle, surface epithelium, and reticulated epithelium of the
normal palatine tonsil.

A lymphoid follicle within the tonsil parenchyma, consisting of a germinal centre (light) in the centre and
the mantle zone (dark) surrounding it (A). The surface epithelium is non-stratified squamous epithelium,
with squamous cells present on the upmost surface, and basal cells towards the bottom resting on the
intact basement membrane. The lamina propria consists of connective tissue, which is located below
the basement membrane (B). The reticulated epithelium consists of an indistinct basement membrane,
which is obscured by the dense infiltration of lymphocytes admixed with squamous cells (C). Images
captured on NDP.view2 software at 40x (A and B), and 10x (C) magnification.
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1.2.2 Epidemiology and risk factors of OPSCC

The aetiology associated with OPSCC is multifactorial, with epidemiological studies
conducted by the International Agency for Research on Cancer (IARC) of the World
Health Organisation (WHO) publicising numerous risk factors including tobacco and
alcohol, alongside HPV as predominant risk factors (International Agency for

Research on Cancer, 2023).

1.2.2.1 Human papillomavirus

HPV was first described in CC tissue by zur Hausen et al., in 1983 (zur Hausen et al.,
1983). Globally, CC is both the fourth most commonly diagnosed cancer and the fourth
leading cause of cancer-related deaths in women, accounting for 662,301 new cases
and 348,874 deaths in 2022 (Ferlay et al., 2024). These statistics were highest in the
Asian and African populations with 397,082 new cases and 199,795 deaths and
125,699 new cases and 80,614 deaths respectively, compared to 3,235 new cases
and 1,154 deaths within the UK (Ferlay et al., 2024). This disparity between
geographical regions could be attributable to smoking, genetics, and ethnicity as well
as the absence or limited uptake of vaccination and screening programmes in some
parts of the world (Hull et al., 2020, Bruni et al., 2021, Bruni et al., 2022).

In 1983, Syrjanen et al., reported a link between HPV and oral carcinoma (OC), with
Gillison et al., establishing a link between HPV and OPSCC in 2000 (Syrjanen et al.,
1983, Gillison et al., 2000). It is hypothesised that HPV infection may establish within
the reticulated crypts of the palatine tonsil (Kim et al., 2007). In 2018, the estimated
number of new global cases of cancers of the oropharynx was 136,000, with 42,100
attributable to HPV infection (de Martel et al., 2020). Unlike CC, there are currently no
effective screening programmes for OPSCC (D'Souza et al., 2024) Explanations for
this include the inability to adequately sample the tonsillar crypts; precursor lesions
not yet being identified within the tonsils; and the justification for a cancer screening
programme (Fakhry et al., 2012, Palmer et al., 2014, Quabius et al., 2021, World
Health Organisation, 2022). Within the UK, for a cancer screening programme to be
implemented, it has to be appraised by the UK National Screening Committee (UK
NSC) (UK National Screening Committee, 2022). The criteria dictate that the condition
should be an important health problem and that all cost-effective primary prevention

interventions have been implemented as far as practicable. Additionally, the screening
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test should be safe, simple, precise, and validated, with the distribution of test values
and results acceptable to the target population. The screening programme should also
be effective in reducing mortality or morbidity, balance the benefits versus harm
regarding overdiagnosis and false positives; and be cost effective (UK National
Screening Committee, 2022, World Health Organisation, 2022). As no OPSCC
precursor lesions have been identified at present, this makes population screening
difficult (Timbang et al., 2019). Therefore, emphasis should be placed on raising public
awareness around HPV including risk factors, behavioural changes, and widespread
usage of the HPV vaccine in order to address the HPV-positive OPSCC epidemic
(Timbang et al.,, 2019). Indeed, HPV accounts for almost 5% of human cancers
globally; however, it is important to note that approximately 80% of oncogenic HPV
infections are transient, and do not progress to malignancy (Cuschieri et al., 2005,
Wood et al., 2017, Bray et al., 2018).

1.2.2.2 Tobacco, alcohol, and other carcinogens

Historically, OPSCC was associated with chewing and smoking tobacco, and alcohol
consumption (Goodman et al., 2015). Among never drinkers, smoking tobacco (ten or
more cigarettes per day) for ten years or more is associated with increased risk of
OPSCC. However, among never smokers of tobacco, alcohol consumption is only
associated with an increased risk of OPSCC when consumed at a high frequency
(more than 3 alcoholic drinks daily (Hashibe et al., 2007, Hashibe et al., 2009).
Together, tobacco and alcohol consumption (more than 3 alcoholic drinks daily) are
associated with HPV-negative OPSCC, with both increasing the risk over 35-fold (Blot
et al., 1988, Freedman et al., 2007, Hashibe et al., 2009, Gillison et al., 2012).
However, studies have shown that tobacco and alcohol can also increase the risk of
HPV-positive OPSCC (Smith et al., 2010, Auguste et al., 2020, Chen et al., 2020, Lai
et al., 2022). They can cause cellular alterations, deoxyribonucleic acid (DNA) damage
and breaks, HPV oncoprotein overexpression, and greater viral loads, thus promoting
HPV infection and persistence (Nakayama et al., 1985, Moore et al., 2001, Giuliano et
al., 2002, Torre et al., 2005, D'Souza et al., 2009, Wei et al., 2009, Xi et al., 2009).

Due to public health interventions and reduced tobacco smoking, HPV-negative
OPSCCs have declined by approximately 50% in high-income countries (Chaturvedi

et al., 2011, Schache et al., 2016). In comparison, tobacco smoking has increased in
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the Middle East and several low-income countries, with smokeless tobacco (for
example areca nut) highest in South-East Asia (Lee et al., 2018, Zhang et al., 2018,
World Health Organisation, 2021). Additionally, the adverse effects of electronic
cigarettes upon tumourigenesis remains currently unknown, and will only become

evident in years to come (Wilson et al., 2022).

1.2.2.3 Trends of disease

OPSCC is rapidly increasing worldwide in high-income countries including the USA
and UK (Chaturvedi et al., 2011, Louie et al., 2015, Mehanna et al., 2016b). Between
1988 and 2004 in the USA, the number of OPSCC cases increased by 225%
(Chaturvedi et al., 2011). It was projected that OPSCC incidence would increase by
239% in England between 2011 and 2025; however, this has not yet been realised
(Louie et al., 2015). Today, the number of OPSCCs in the USA and UK has now
surpassed CC within women, with this epidemic expected to increase for the next 30
years before the efficacy of the HPV vaccine becomes apparent (Lechner et al., 2022,
Ferlay et al., 2024).

The incidence of OPSCC is typically higher in men than women (Chaturvedi et al.,
2013). In England between 1995 and 2017, the age-standardised incidence rate (ASR)
of carcinomas of the oropharynx (palatine tonsils only) increased from 1.0/100,000 to
4.8/100,000 in men and 0.4/100,000 to 1.5/100,000 in women (Office for National
Statistics, 2019). Previously, HPV-positive OPSCC was typically seen in middle-aged
men with a median age of 53 years, versus a median age of 60 years in HPV-negative
OPSCC (Windon et al., 2018, Mahal et al., 2019). However, recent studies have
reported that the median age for HPV-positive OPSCC is increasing, with men born
after 1935-1940 affected (Chaturvedi et al., 2008, Gillison et al., 2015, Zumsteg et al.,
2016, Windon et al., 2018, Tota et al., 2019). This increase is likely related to changes
in sexual habits, including early sexual debut, number of oral and vaginal sexual
partners, casual sex, and infrequent use of condoms, as well as men generally having
more sexual partners (Gillison et al., 2008, D'Souza et al., 2009, Chaturvedi et al.,
2015). HPV is a sexually transmitted infection (STI), and it is estimated globally that
31% of men have a genital HPV infection at any one time, supporting the theory that
men are reservoirs of HPV infection (Reiter et al., 2010, de Martel et al., 2017, Bruni

et al., 2023). Additionally, it is suggested that women are more likely to seroconvert
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after a genital HPV-16 infection than men, reducing the risk against any subsequent
oral HPV infection by approximately 50%, thus maintaining their lower OPSCC
prevalence (Ho et al., 2002, Safaeian et al., 2010, Wilson et al., 2014, Windon et al.,
2019).

In 2024, it was reported that the global incidence of HPV-positive OPSCC was 42%;
however, the prevalence of HPV in OPSCC varies depending on the geographical
region, with 10% and 85% reported in Spain and Lesotho, in comparison to 71% and
51.8% reported in the USA and UK respectively (Schache et al., 2016, Faraji et al.,
2019, Maroun et al., 2020, Mena et al., 2020, Fonséca et al., 2024). This burden
corresponds with the higher incidence of HPV-positive OPSCC in White ethnicities, in
comparison to Black or Asian/Pacific Islander ethnicities, who are more associated
with HPV-negative OPSCC (Chaturvedi et al., 2008, Chaturvedi et al., 2011, Mahal et
al., 2019). Low prevalence of HPV-positive OPSCC has been reported in several
African countries, despite high incidences of CC, including Mozambique and
Cameroon, which may be explained by minimal oral sex behaviours, in comparison to
high-income countries (Ndiaye et al., 2013, Blumberg et al., 2015, Oga et al., 2016,
Kofi et al., 2019, Rettig et al., 2019). Although oral sex behavioural differences can
partially explain the epidemiological differences between different ethnicities; genetic
and epigenetic HPV variants may have a role in this, with Black ethnicities with OPSCC
having a lower HPV-16 versus higher HPV-18 incidence than White ethnicities (Ragin
et al., 2016).

1.3 HPVvirology

1.3.1 HPV classification

HPV is a member of the Papillomaviridae family which have an epitheliotropism within
various anatomic sites including the skin, genital regions, and oropharynx in both men
and women (de Villiers et al., 2004, Schiffman et al., 2016). Over 220 HPV types have
been classified, based on the L1 nucleotide sequence, into five genera: alpha, which
infect both mucosal and cutaneous epithelium, and beta, gamma, mu, and nu, which
infects cutaneous epithelium (Bernard et al., 2010, Van Doorslaer et al., 2016). It is
estimated that 54 HPV types are associated with genital infections, versus 19 HPV
types associated with HNSCC (de Sanjosé et al., 2010, Gillison et al., 2015, de Martel
et al., 2017).
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Mucosal Alphapapillomaviruses are classified into two types: low-risk HPVs (LR-HPV)
and high-risk HPVs (HR-HPV), based on their malignant potential (Bernard et al.,
2010, Doorbar et al., 2016). LR-HPVs for example, include HPV-6 and -11 infections
that can vary from genital warts to papillomas; however, whilst causing a wide range
of pathologies, LR-HPVs do not typically lead to cancer (Middleton et al., 2003, Major
et al., 2005).

Currently, the WHO has classified 14 HR-HPV subtypes: HPV-16, -18, -31, -33, -35, -
39, -45, -51, -52, -56, -58, -59, -66 and -68 (Kreimer et al., 2005). The most common
subtypes are HPV-16 and -18, which cause 70% (50% and 20%, respectively) of
cervical squamous cell carcinomas (SCC), and collectively 35% of cervical
adenocarcinomas, which are more strongly associated with HPV-18 (Mufioz et al.,
2003, Smith et al., 2007, Li et al., 2011). Comparatively, HPV-16 causes 87-96% of
OPSCCs, versus HPV-18 causing 1.5-3% (Kreimer et al., 2005, Schache et al., 2016).

1.3.2 HPV genome

HPVs are small double-stranded DNA (dsDNA) viruses with a circular genome of
approximately 8,000 base pairs (bp) (de Villiers et al., 2004, Rautava and Syrjanen,
2012). The virion consists of a lipoprotein-free membrane, a core, and a non-
enveloped icosahedral protein capsid with a diameter of 55 nm, and a molecular
weight of 5 x 108 Daltons (Syrjanen, 2018, Dong et al., 2021). Within the genome only
one DNA strand is used for transcription, which contains three genomic regions: an
early (E) region and a late (L) region which are separated by early (pAe) and late (pAL)
polyadenylation sites (essential for early and late viral protein expression). These
consist of approximately ten open reading frames (ORFs), that are expressed from
polycistronic messenger ribonucleic acids (mMRNAs) (Zheng and Baker, 2006, Harden
and Munger, 2017). The third region is the upstream regulatory region (URR) (also
known as the long control region (LCR) or non-coding region (NCR)), 500-1000 bp
long, containing the origin of replication (ori). It also contains the early promoter (Pg)
and regulatory sequences involved in viral transcription (Engel et al., 1983, Harden
and Munger, 2017) (Figure 4). Together, the virus encodes six early proteins and two
late proteins, with some reports of additional viral proteins of unknown function (E3,

E8) in some viral types (Table 1).
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Figure 4: HPV genome organisation.

Five early ORFs E1, E2 (in yellow), E5, E6, and E7 (in red) are expressed from the early promoter (p97)
at different stages of the HPV viral life cycle. The spliced early transcript EB"E2C (in green) is expressed
from the pE8 within the E1 ORF. E1"E4 (in green) and two late ORFs (L1 and L2; in blue) are expressed
from the late promoter (p670) in the upper epithelial layers. The pAe and pAL are essential for early and
late viral protein expression. The URR contains the ori and regulatory sequences involved in viral
replication and transcription. Created with BioRender.com, 31/07/2024.
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Table 1: Molecular sizes and functions of the proteins in HPV genome

Vlral_ Length C_eII . Function References
protein localisation
Nucleus and | ATPase-dependent DNA helicase with unique | (Castro-Mufioz et al., 2019, The UniProt Consortium,
El 649 AA . L L L
cytoplasm | enzymatic activity involved in viral replication 2022)
i . L - (Mohr et al., 1990, Chiang et al., 1992, Bouvard et al.,
E2 365 AA Nucleus and | DNA bln_dln_g protein _|nvolved_|r_1_V|raI tr{_;msc_:rlptlon 1994b, Davy et al., 2009, The UniProt Consortium.
cytoplasm | and replication. Recruits E1 to initiate replication 2022)
E3 Unknown Unknown Unknown function; present in only a few HPV types | (Rautava and Syrjanen, 2012)
Assemble into amyloid fibrils disrupting cellular | (P00rar etal., 1991, Wang et al,, 2004, McIntosh et
N EI"E4 | 92AA | Cytoplasm | >~ ylold disrupting al., 2008, Davy et al., 2009, The UniProt Consortium,
S eratin networks contributing to virion release 2022)
(0]
> Cytoplasm | Believed to induce EGFR signalling and lesser | (Bouvard et al., 1994a, Valle and Banks, 1995,
= E5 83 AA and oncoprotein possibly associated with enhancement | Fehrmann et al., 2003, Maufort et al., 2010, Wasson
| membrane | of E6 and E7 et al., 2017, The UniProt Consortium, 2022)
Nuclear and | Oncoprotein that degrades p53 tumour suppressor | (Scheffner et al., 1990, Lee et al., 2007, The UniProt
E6 158 AA ; .
cytoplasm protein Consortium, 2022)
E7 98 AA Nuclear and | Oncoprotein that degrades pRb tumour suppressor | (Dyson et al., 1989, Patrick et al., 1994, Knapp et al.,
cytoplasm protein 2009, The UniProt Consortium, 2022)
E8 Unknown Unknown Unknown function; present in only a few HPV types | (Rautava and Syrjanen, 2012)
ESME2C | 177 AA Nuclear Transcriptional repressor of viral replication (Hubert et al,, 1988, Straub et al,, 2015, The UniProt
Consortium, 2022)
. . . (Kirnbauer et al., 1992, Day et al., 2013, The UniProt
% .E L1 505 AA Cytoplasm Major capsid protein Consortium, 2022)
= . .
] L2 473 AA Nuclear and Minor capsid protein (KlrnbaL_ler et al., 1992, Day et al., 2004, The UniProt
cytoplasm Consortium, 2022)
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1.3.2.1 Early region

The early region encodes the proteins E1, E2, E4, E5, E6, and E7, an approximately
4,000 bp region transcribed from a Pe (p97 in HPV-16 and p105 in HPV-18), which
lies upstream from the E6 ORF (Engel et al., 1983, Schneider-Gadicke and Schwarz,
1986, Smotkin and Wettstein, 1986, Thierry et al., 1987, Romanczuk et al., 1990,
Grassmann et al., 1996). The Pe is responsible for almost all early protein expression,
and is tightly controlled within the URR (Smotkin and Wettstein, 1986, Zheng and
Baker, 2006). E1 and E2 are well-conserved ORFs and are necessary for viral
replication and transcription; E4 is believed to contribute to virion release and
transmission from the upper epithelial layers; and E5, E6, and E7 are oncoproteins
that are involved in malignant transformation (Mohr et al., 1990, Patrick et al., 1994,
de Villiers et al., 2004, Wang et al., 2004, Lee et al., 2007, Maufort et al., 2010, Egawa
et al., 2012).

1.3.21.1E1

E1l is a protein that possesses unique enzymatic activity and plays a vital role in viral
replication (Egawa et al., 2012, Castro-Mufioz et al., 2019). It localises within the
nucleus and cytoplasm of host cells and consists of 3 domains. The N-terminus
contains a nuclear localisation signal (NLS) and a nuclear export signal (NES); the
central portion contains a DNA-binding domain (DBD) and interacts with the ori in the
URR; and the C-terminus, which contains an adenosine 5'-triphosphatase (ATPase)-
dependant helicase (Castro-Mufioz et al., 2019). E1 recruits replication factors and
with E2, binds to E1- and E2-binding sites (E2BSs), within the ori of the URR (Egawa
et al.,, 2012, Nakahara et al., 2015). This interaction results in the formation of a
hexameric DNA helicase, which together with adenosine triphosphate (ATP),

hydrolyses and unwinds viral DNA (Castro-Mufioz et al., 2019).

1.3.21.2E2

E2 is a protein essential for viral genome replication with E1 protein as well as
transcriptional activation of E6 and E7 (Bernard et al., 1989, Mohr et al., 1990, Chiang
et al., 1992, Bouvard et al., 1994b). It consists of two domains which are connected
by a flexible linker sequence or “hinge”: an N-terminus which encodes a transactivation
domain (TAD) and a C-terminus, which encodes a DBD (Giri and Yaniv, 1988, McBride

et al., 1988, McBride et al., 1989). E2 proteins bind to four consensus palindromic
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E2BSs, three of which flank the E1 binding site within the ori of the URR and recruit
E1 (Mohr et al., 1990, Yasugi et al., 1997, Sanchez et al., 2008). The fourth E2BS
induces transcription from the Pg, leading to the production of the early viral proteins
(Sanchez et al., 2008).

The E2 DBD binds to E2BSs within the viral genome, whereas the TAD interacts with
cellular chromatin which tethers to the viral episomes during cell division, which is
essential for viral genome persistence and productive HPV infection (Androphy et al.,
1987, Skiadopoulos and McBride, 1998, llves et al., 1999, Bastien and McBride, 2000,
Abroi et al., 2004, Feeney and Parish, 2009). Bromodomain protein 4 (Brd4) is
involved in viral genome tethering to mitotic chromosomes in some papillomavirus
types, however this is not the case in Alphapapillomavirus, where they can interact
with mitotic chromosomes independently (You et al., 2004, McPhillips et al., 2006).
Nevertheless, Brd4 is still required for E2-mediated transactivation for all
papillomaviruses, and replication in HPV-16 (McPhillips et al., 2006, Wang et al.,
2013). E2 is expressed in the early stages of the HPV viral lifecycle within the host
nucleus and cytoplasm (Xue et al., 2010). It suppresses cellular growth by repressing
the Pg, resulting in inhibition of E6 and E7 expression (Bernard et al., 1989,
Romanczuk et al., 1990, Thierry and Howley, 1991, Dowhanick et al., 1995). E2 is
also frequently disrupted during viral integration, resulting in uncontrollable
overexpression of E6 and E7 oncoproteins during malignant transformation (Davy et
al., 2009, Xue et al., 2010).

1.3.2.1.3 E8"E2C

A nuclear spliced transcript, E8"E2, can also exist in some papillomavirus types, which
is formed from the E1 ORF (pES8) spliced into the E2 3’ exon containing the DBD
(Hubert et al., 1988, Wang et al., 2011). Because of this, it is unable to bind to E1
protein and transcriptional regulators that are bound to the full-length of E2 (Kurg et
al., 2010). Consequently, E8"EZ2 is a strong replicational and transcriptional repressor
by competing with and excluding E1 from the ori and preventing E2 activation (Straub
et al., 2015).
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1.3.2.1.4 E4 and E1"E4

E4 is encoded with the E2 ORF, but lacks an AUG initiation codon. Therefore, it is
translated from a spliced mRNA consisting of the first five amino acid (AA) residues
(including initiation codon) of E1 (Longworth and Laimins, 2004, Doorbar, 2013). This
cytoplasmic E1"E4 fusion protein, is the most abundantly expressed protein within the
productive stages of the viral lifecycle (Doorbar et al., 1986, Mcintosh et al., 2008,
Davy et al., 2009). It is considered a late protein, as its transcript is initiated from the
PL, before it is polyadenylated at the pAe site to encode the protein (Yu et al., 2022).
E1"E4 protein is believed to assemble into amyloid fibrils, disrupting cellular keratin
networks and inducing abnormalities of the cornified cell envelope, thus contributing
to virion release and transmission from the upper epithelial layers (Doorbar et al.,
1991, Wang et al., 2004, Brown et al., 2006, Mclintosh et al., 2008).

1.3.2.15E5

E5 is a small, hydrophobic transmembrane protein that localises to the Golgi,
endoplasmic reticulum, nuclear membrane, and to a lesser extent plasma membranes
(Fehrmann et al., 2003, Genther et al., 2003). It consists of three a-helical structures
known as transmembrane domains (TMD), with short regions at the N- and C-termini
(Barbaresi et al., 2010, Krawczyk et al., 2011). The functions of E5 are not well
understood, with studies suggesting that E5 proteins from different HPV types are
believed to have different functions during the productive phase of the viral lifecycle.
HPV-16, -18, and -31 models demonstrated that E5 proteins possess no apparent role
in viral genome maintenance or proliferation (Fehrmann et al., 2003, Genther et al.,
2003, Wasson et al., 2017). However, it was demonstrated within the HPV-18 raft
model that E5-induced epidermal growth factor receptor (EGFR) signalling contributed
to cell cycle progression and unscheduled DNA synthesis in differentiating suprabasal
cells, but not genome amplification or late viral protein expression (Wasson et al.,
2017). Nevertheless, it is considered as an oncoprotein, lesser so than E6 and E7, as
expression of E5 is not detected within HPV-positive tumours, suggesting that it may
enhance rather than initiate carcinogenesis (Bouvard et al., 1994a, Valle and Banks,
1995, Maufort et al., 2010).
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1.3.2.1.6 E6

E6 is an oncoprotein that is localised to both the nucleus and cytoplasm of the host
cell (Lee et al., 2007). It consists of N-terminal (E6N) and C-terminal (E6C) zinc-
binding domains, each consisting of two CXXC zinc-binding motifs (Barbosa et al.,
1989, Zanier et al., 2012, Zanier et al., 2013). Each domain is homologous and formed
from three a-helices and three B-sheets, except for the N-terminal regions of E6N and
E6C, which possess a flexible loop and an additional -sheet respectively (Zanier et
al., 2012). These domains are connected by a linker a-helix which forms a hydrophobic
binding pocket, allowing it to recruit the E3 ubiquitin ligase E6-associated protein
(E6AP) by binding to its LXXLL motif (Huibregtse et al., 1991, Huibregtse et al., 1993,
Scheffner et al., 1993, Chen et al., 1998, Zanier et al., 2013). The association between
E6 and E6AP forms a tertiary complex with the tumour suppressor protein, p53, a cell
cycle and DNA repair regulator, which is then ubiquitinated and degraded in HR-HPV
types, resulting in uncontrolled cell proliferation and tumourigenesis (Scheffner et al.,
1990, Huibregtse et al., 1993). This does not occur in LR-HPV types as they are unable
to degrade p53 (Mietz et al., 1992). Despite both LR- and HR-HPV EG6 can bind to the
p53 C-terminus; however, only HR-HPV E6 is capable of binding to the core region of
p53 (Crook et al., 1991, Li and Coffino, 1996). Additionally, p53 degradation can also
occur by targeting its coactivator p300/CREB-binding protein (CBP) via the formation
of the p53-E6-p300-CBP complex (Patel et al., 1999, Zimmerman et al., 1999).

Host-cell immortalisation is also driven by E6 protein, which upregulates human
telomerase reverse transcriptase (hTERT), a catalytic subunit of telomerase. This
interaction promotes increased hTERT activity resulting in subsequent lengthening of
telomeres and ultimately chromosomal instability and cellular immortalisation
(Klingelhutz et al., 1996, Veldman et al., 2001). Again, this is only achieved with HR-
HPV types, as LR-HPV EG6 proteins do not activate telomerase (Van Doorslaer and
Burk, 2012). Lastly, E6 proteins also contain PSD95/Discs Large/Z0O-1 (PDZ)-binding
motifs (PBM) within the C-terminus that binds to and degrades PDZ domains, which
are involved in cell polarity and adhesion, as well as mitotic control (Zhang et al., 2007,
Charbonnier et al., 2011, Zanier et al., 2013, Marsh et al., 2017). These PDZ domains
are only targeted by HR-HPV EB6 proteins; however, as LR-HPV EG6 proteins lack the

PBM, which is required for episomal maintenance and genome amplification, suggests
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their importance within the viral lifecycle (Lee and Laimins, 2004, Thomas et al., 2008,
Nicolaides et al., 2011, Delury et al., 2013).

1.3.2.1.7 E7

E7 is a multifunctional oncoprotein, like E6, which consists of three conserved regions:
CR1 and CR2 both within the N-terminus, and CR3 within the C-terminus (Patrick et
al., 1994). It also contains both NLS and NES, suggesting that it can traffic to and have
functions in both the nucleus and cytoplasm (Knapp et al., 2009). CR2 contains a
LXCXE motif which mediates high affinity binding with retinoblastoma protein (pRb),
as well as pocket proteins p107 and p130. CR3 however, is a homologous structure
containing two a-helices and two 3-sheets located within the C-terminus, as well as a
zinc-binding domain (two CXXC motifs), which also interacts with pRb via its C-
terminus (Barbosa et al., 1989, Dyson et al., 1989, Mlnger et al., 1989b, Dyson et al.,
1992, Patrick et al., 1994, Dahiya et al., 2000, Liu et al., 2006).

E7 proteins within HR-HPV types have a greater transformation potential than LR-
HPV, which is attributable to their ability to bind with high affinity to pRb (Scheffner et
al., 1992). This is because the amino acid preceding the LXCXE motif is different in
both LR- (glycine) and HR-HPV (aspartic acid) E7 proteins (Heck et al., 1992, Zhang
et al., 2006). pRb is a tumour suppressor protein that is an important regulator of the
cell cycle (Dyson et al., 1989). In normal cells, hypophosphorylated pRb binds to the
transcription factor E2F preventing S phase entry (Chellappan et al., 1991). However,
when pRb becomes hyperphosphorylated by the cyclin D/cyclin-dependent kinase
(CDK) 4-6 complex, E2F is released allowing for S phase re-entry (Ewen et al., 1993,
Flemington et al., 1993, Helin et al., 1993, Kato et al., 1994). This is tightly controlled
by the CDK inhibitor pl6INK4A (CDKN2A or pl6), which regulates cell cycle
progression via a negative feedback loop by binding to CDK 4-6, and preventing cyclin
D/CDK 4-6 complex formation (Serrano et al., 1993, Serrano, 1997). pRb remains
hypophosphorylated and binds to E2F ultimately leading to cell cycle arrest through
the G1 phase (Chellappan et al., 1991, Serrano, 1997). During infection, binding of E7
to pRb results in its degradation, dysregulation of E2F, and promotes G1/S phase
transition, thus resulting in cell cycle progression and increased cell proliferation
(Dyson et al., 1989, Minger et al., 1989b, Dyson et al., 1992). Phosphorylation of pRb

also causes overexpression of p16 which inhibits the cyclin D/CDK 4-6 complex, and
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prevents G1/S phase transition (Serrano et al., 1993, Kamb et al., 1994, Li et al., 1994,
Nobori et al., 1994, Fahraeus et al., 1996). This ultimately induces uncontrolled

proliferation and subsequent transformation to malignancy.

1.3.2.1.8 The synergistic relationship of E6 and E7

Both E6 and E7 proteins are encoded by a single bicistronic transcript, with splicing
allowing for oncoprotein expression. They work together synergistically which is
necessary for malignancy, as absence of either protein directly affects the other
proteins’ actions (Butz et al., 2003, Zheng et al., 2004, Downham et al., 2024).
Therefore, they have evolved numerous mechanisms to prevent this, with only a
handful discussed above. Dysregulation of pRb by E7 results in overexpression of
p53, and is counteracted by EG6 interacting with E6AP, resulting in ubiquitination of
p53, which are the main targets for transformation (Scheffner et al., 1993).
Additionally, both E6 and E7 are required to induce keratinocyte immortalisation and
resistance to terminal differentiation, as well as target host-signalling pathways and
mediate immune evasion (Munger et al., 1989a, Scarth et al., 2021). Together, the
cooperative activities of E6 and E7 oncoproteins are necessary for persistent infection

and subsequent malignant transformation.

1.3.2.2 Late region

The late region encodes the proteins L1 and L2, an approximately 3,000 bp region
transcribed from a P (p670 in HPV-16 and p811 in HPV-18) which is responsible for
all late protein expression, and lies within the E7 ORF (Engel et al., 1983, Grassmann
et al., 1996, Wang et al., 2011). L1 and L2 are well-conserved ORFs and structural
capsid proteins that are involved in assembly and trafficking of the virion (de Villiers et
al., 2004, Day et al., 2013, Van Doorslaer et al., 2016).

1.3.221L1

L1 is a major capsid protein that is arranged into 72 pentameric capsomeres, totalling
360 L1 molecules within a virion (Kirnbauer et al., 1992, Chen et al., 2000). Each of
these pentamers contains an eight stranded B-jellyroll core, which is supported by the
extended “invading arms” of the N- and C-termini (Chen et al., 2000, Modis et al.,
2002, Wolf et al., 2010). The C-terminus of L1 interacts with other capsomeres by

extending out and linking via calcium ions and disulphide bonds, stabilising the
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structure (Wolf et al., 2010). L1 is also involved in trafficking of the virion to the
endosomes, but is retained within the cytoplasm (Day et al., 2013). In all
papillomaviruses, the L1 protein is the most conserved protein, with sequence
differences of at least 10% between each genotype (Bernard et al., 2010). As the
primary structural protein, L1 can self-assemble into virus-like particles (VLPs), upon
which current prophylactic vaccines are based (Chen et al., 2000, Paavonen et al.,
2007).

1.3.222L2

L2 is a minor capsid protein with up to 72 proteins in one single capsid (Kirnbauer et
al., 1992, Buck et al., 2008). A sequence close to the N-terminus is exposed on the
virion surface during a confirmational change, whilst the remaining L2 sequence is
hidden within the viral capsid (Liu et al., 1997, Richards et al., 2006). The N-terminus
of L2 interacts with L1 via a disulphide hairpin loop (Buck et al., 2008, Campos and
Ozbun, 2009, Gambhira et al., 2009). Additionally, the C-terminus contains a peptide
which helps facilitate its exit from the late endosome (Kamper et al., 2006). L2 is also
involved in encapsidation and trafficking of the viral genome to the trans-Golgi network
(TGN) prior to entering the host nucleus (Buck et al., 2008, Day et al., 2013).

1.4 Biology of infection

1.4.1 HPV viral entry

HPV virions enter the epithelium via micro-abrasions or a discrete cell population and
bind to either the basement membrane or extracellular matrix (ECM) (Culp et al., 2006,
Roberts et al., 2007, Herfs et al., 2012, Cerqueira et al., 2016). In vivo and in vitro
models suggest that HPV uses retrograde filopodia transport to reach and bind to
heparin sulphate proteoglycans (HSPGs) on basal cells, via its L1 protein (Joyce et
al., 1999, Giroglou et al., 2001, Roberts et al., 2007, Schelhaas et al., 2008, Smith et
al.,, 2008b). Following attachment, cyclophilin (CyP) B facilitates conformational
changes in the capsid, exposing the L2 N-terminus which is subsequently cleaved by
furin (Richards et al., 2006, Bienkowska-Haba et al., 2012). This causes decreased
binding affinity of the capsid for HSPGs (Kines et al., 2009). Internalisation of the virus
occurs via endocytosis, with various studies detailing different endocytic pathways with
regards to HPV-16 including clathrin- and caveolin-mediated, and -independent
endocytosis (Spoden et al., 2008, Laniosz et al., 2009, Schelhaas et al., 2012).
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Trafficking of the viral genome into the nucleus is a critical step in HPV infection (Aksoy
et al., 2017). The virion localises to early endosomes, before transportation to late
endosomes/lysosomes via the cellular endosomal sorting complex required for
transport (ESCRT), whose interaction with L2 protein has been shown to be necessary
for viral infection (Spoden et al., 2008, Laniosz et al., 2009, Broniarczyk et al., 2014).
The use of an L1 antibody has been used to assess the dissociation of L1 from the
L2/DNA complex, which is facilitated by pH reduction as well as CyPs (Chen et al.,
2000, Bienkowska-Haba et al., 2012, DiGiuseppe et al., 2014). Leaving the majority
of L1 retained within the endosome, the L2/DNA complex traffics to the TGN, Golgi,
and endoplasmic reticulum, mediated by the retromer complex, before entering the
nucleus (Laniosz et al., 2009, Day et al., 2013, Lipovsky et al., 2013, DiGiuseppe et
al., 2014). The cell cycle must progress into mitosis to allow trafficking of the L2/DNA
complex into the host-cell nucleus, causing nuclear envelope disruption and L2-
mediated binding of viral DNA to mitotic chromosomes (Pyeon et al., 2009, Aydin et
al., 2014, Aydin et al., 2017). Following nuclear entry, the L2/DNA complex is delivered
to nuclear regions known as nuclear domain 10 (ND10) or promyelocytic leukaemia
(PML) bodies, a critical step for establishing infection and initiating viral transcription
(Day et al., 2004).

1.4.2 HPV viral lifecycle

Following delivery of the L2/DNA complex into the nucleus, the viral genome is
amplified to 50-100 copies per cell (Maglennon et al., 2011). This is achieved by E2
DBD binding to E2BSs within the ori of the URR which recruits E1 protein and DNA
replication machinery (Mohr et al., 1990, Yasugi et al., 1997, llves et al., 1999,
Sanchez et al.,, 2008, McKinney et al., 2016). E2 both induces and represses
transcription by targeting the Pe alongside Brd4, which results in subsequent
maintenance of low episomal copy number within the basal cells (Romanczuk et al.,
1990, Ozbun, 2002, McKinney et al., 2016). Brd4 also interacts with the E2 TAD in
most papillomavirus types and together with cellular chromatin, tethers to the viral
episomes, which is essential for viral genome persistence and productive HPV
infection (Androphy et al., 1987, Skiadopoulos and McBride, 1998, Bastien and
McBride, 2000, Abroi et al., 2004, You et al., 2004, McPhillips et al., 2006, Feeney and
Parish, 2009). However, this is not the case with HPV-16, as it can interact with mitotic

chromosomes independently, with the ATP-dependent DNA helicase ChiIR1,
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regulating chromatin attachment and maintaining episomal HPV-16 E2 (McPhillips et
al., 2006, Parish et al., 2006a, Parish et al., 2006b, Harris et al., 2017). As a result, E1
converts to a DNA helicase and displaces E2 from the URR, whilst both E6 and E7
oncoproteins are expressed at relatively low levels (Sanders and Stenlund, 1998,
Thomas et al., 1999, Oh et al., 2004).

During HPV infection, uninfected daughter cells undergo normal cell division and
become detached from the basement membrane, removing themselves from the cell
cycle (Doorbar et al., 1997, Li and Kirschner, 2014). However, infected daughter cells
containing episomal DNA partition evenly, either remaining within the basal layer or
migrating to the suprabasal layer and remaining active within the cell cycle, entering
into S phase whilst undergoing differentiation (Cheng et al., 1995, Doorbar et al., 1997,
Feeney and Parish, 2009). As mentioned above, both E6 and E7 oncoproteins are
expressed at relatively low levels; however, they are still able to bind to the cell cycle
regulators p53 and pRb, which ensures continuation to S phase (Dyson et al., 1989,
Scheffner et al., 1990, Thomas et al., 1999, Oh et al., 2004). The P. becomes
activated, which leads to increased production of E1 and E2, and E4 and E5, which
ensures both viral and productive replication (Hummel et al., 1992, Fehrmann et al.,
2003). The lifecycle terminates when the L1 and L2 capsid proteins are expressed and
encapsidate the viral genomes, before E4 facilitates progeny virion release from the
uppermost epithelial layers (Hummel et al., 1992, Florin et al., 2002, Wang et al.,
2004). Virion release may then help recapitulate a new HPV infection locally, or within

other individuals.

1.4.3 HPV-mediated carcinogenesis

Within the cervix, HPV infection occurs within the transformation zone (TZ) of the
squamocolumnar junction (SCJ), which consists of non-keratinising stratified
squamous epithelium (ectocervix) transitioning to simple columnar epithelium
(endocervix) (Figure 5) (Herfs et al., 2012, Dudas, 2023). Within the head and neck, it
is hypothesised that HPV infection may establish within the reticulated crypts of the
palatine tonsil (Kim et al., 2007). HPV pathogenesis within the oropharynx remains
poorly understood in comparison to the cervix; however possible explanations include
possession of transitional epithelium similar to the cervix; a discontinuous basement

membrane, which provides greater susceptibility to foreign antigens; the deep crypts
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possibly functioning as a reservoir for HPV; and the abundance of lymphocytes and
programmed cell death-ligand 1 (PD-L1) expression, representing an immune-
privileged site (Figure 6) (Lyford-Pike et al., 2013, Elrefaey et al., 2014, Chi et al.,
2015).

Most cervical and oral HPV infections are transient and clear within two years, but
failure to clear a persistent HR-HPV infection may result in malignant transformation
(Plummer et al., 2007, Kreimer et al., 2013, D'Souza et al., 2020, Bettampadi et al.,
2021). However, latency has been observed experimentally in rabbit models and the
cervix, suggesting that it may increase the likelihood of persistent HPV infection
(Maglennon et al., 2011, Hammer et al., 2019). Persistent infection can occur when
HPV is either episomal or integrated within the host genome; integration is often
related to uncontrollable overexpression of E6 and E7 oncoproteins, caused by E2
becoming continually disrupted during viral integration (Vinokurova et al., 2008, Xue
et al., 2010, Parfenov et al., 2014). This increases viral load amplification to more than

1000 copies per cell (Reinson et al., 2015).

Persistent HR-HPV infection within the cervix can lead to the development of the
precursor lesions known as cervical intraepithelial neoplasia’s (CINs), which can
progress to CC (Herfs et al., 2012, Lee et al., 2017). However, it is currently unknown
whether any precursor lesions exist within the palatine tonsils. This may be related to
OPSCCs possessing a rapid growth rate, making such lesions difficult to detect
(Tamas et al., 2011, Palmer et al., 2014, Quabius et al., 2021). HPV-16 appears to
persist longer than other HR-HPV types, and may contribute to higher cancer risk,
which is reflected in the high percentages of HPV-16-associated CC and OPSCC
(Mufioz et al., 2003, Koshiol et al., 2006, Schiffman et al., 2010, Schache et al., 2016).
Additionally, HPV-16 E6 seropositivity could be detected 20-30 years before OPSCC
presentation; therefore, detection of E6 and E7 oncoproteins in serum/plasma

samples could be useful for identifying pre-cancerous lesions (Kreimer et al., 2019).
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Figure 5: HPV-mediated progression to CC.

HPV virion infects basal cells resting on the basement membrane through micro-abrasions in the cervical epithelium (1). Following infection, E1 and E2 are
expressed, whilst E6 and E7 are expressed at relatively low levels (2). Basal cells containing episomal DNA replicate and migrate into the suprabasal layer
(3). In the suprabasal layer, the viral genome is replicated further and the late proteins L1 and L2 are expressed (4). E6 and E7 are still expressed at
relatively low levels (5). There is increased production of E1, E2, E4, and E5, ensuring viral and productive replication (6). L1 and L2 are expressed and
encapsidate the viral genome to form progeny virions within the nucleus. E4 is also expressed, which facilitates progeny virion release from the upper
epithelial layer (superficial layer) (7). The virus can then initiate a new infection (8). Untreated high-risk HPV infections can progress to invasive carcinoma,
which is associated with viral genome integration and subsequent uncontrollable overexpression of E6 and E7 oncoproteins (9). Created with
BioRender.com, 23/05/2024.

Page | 47



@ HPV virion
®T lymphocyte
@® B lymphocyte

. Lymphoid
follicle

}r Programmed cell
death-ligand 1 (PD-L1)

Figure 6: HPV-mediated carcinogenesis within the tonsillar crypt.
Tonsillar crypt believed to be the site for HPV infection within the oropharynx. The reticulated epithelium, discontinuous basement membrane, deep crypt,

and lymphocyte and PD-L1 abundance are factors that may help HPV infection establish. Created with BioRender.com, 23/05/2024.
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1.5 Clinical management of OPSCC

1.5.1 Clinical presentation, examination, and diagnosis

Both HPV-positive and HPV-negative OPSCC patients typically present with
symptoms including a neck mass, globus sensation (lump in throat), bleeding, weight
loss, otalgia (ear pain), change in voice/muffled voice/*hot potato
voice”/dysphonia/dysarthria, dysphagia (difficulty swallowing), and odynophagia
(painful swallowing). The presence of a neck mass and otalgia are more common in
HPV-positive OPSCCs, with dysphagia and odynophagia more commonly observed
in HPV-negative OPSCCs (Mcllwain et al., 2014). In HPV-positive OPSCC, as the
primary tumour is small and believed to originate within the reticulated crypts, this
makes diagnosis difficult as it may be missed during clinical examination and imaging
(Cianchetti et al., 2009).

As per the Head and Neck Cancer: UK National Multidisciplinary Guidelines (2024),
patients who present with suspected OPSCC should be seen within a dedicated ear,
nose, and throat (ENT), oral and maxillofacial surgery, or neck lump specialist clinic
within two weeks. A thorough head and neck examination is performed, alongside
fibre-optic nasopharyngolaryngoscopy, skin inspection (for enlarged lymph nodes),
ultrasound, and ultrasound-guided tissue sampling either by fine needle aspiration
(FNA) or core biopsy. Other imaging modalities are also performed including
computed tomography (CT) and magnetic resonance imaging (MRI) alongside
ultrasound imaging, which are essential for primary tumour staging, bone invasion,

and lymph node involvement (Homer and Winter, 2024).

1.5.2 Histopathology

Prior to 2022, the WHO International Classification of Diseases (ICD) 10™ revision,
classified cancers of the tonsil and oropharynx by their ICD codes; C09 Malignant
neoplasm of tonsil, and C10 Malignant neoplasm of oropharynx (World Health
Organisation, 2004). Now, in the ICD 11" revision, the codes have completely
changed, including separate codes for specific anatomy, histopathology, and
malignant neoplasm severity. Their ICD codes are now 2B69 Malignant neoplasms of
tonsil and 2B6A Malignant neoplasms of oropharynx, with both including codes for
SCCs (World Health Organisation, 2019/2021).
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Tissue biopsies and surgical resections of primary OPSCCs are reported according to
The Royal College of Pathologists (RCPath) guidelines (2021) for histopathological
reporting of carcinomas of the oropharynx and nasopharynx (Hunter et al., 2021).
Conventional OPSCCs are categorised into three subtypes based on their
morphological features: keratinising (KSCC) which are most-commonly associated
with HPV-negative OPSCC; non-keratinising (NKSCC) and non-keratinising with
maturation (partially keratinising/hybrid variant), which are most-commonly associated
with HPV-positive OPSCC (El-Mofty and Lu, 2003, EI-Mofty and Patil, 2006, EI-Mofty
et al., 2008). Other less common SCC variants include adenosquamous carcinoma,
basaloid SCC, lymphoepithelial carcinoma, papillary SCC, spindle cell (sarcomatoid)
carcinoma, and verrucous carcinoma (El-Mofty, 2014, Bishop, 2015). HPV-positive
OPSCC:s typically demonstrate non-keratinising morphology; however they may be
any histological variant (Helliwell and Giles, 2016).

1.5.2.1 Keratinising squamous cell carcinomas

Typically, KSCCs arise within the surface stratified squamous epithelium which can
demonstrate various severities of dysplasia and/or carcinoma in-situ (CIS) (Bishop,
2015). Dysplasia is graded 1-3 depending on the atypia of the surface epithelium:
grade 1 (lower one-third)-mild dysplasia; grade 2 (lower two-thirds)-moderate
dysplasia; and grade 3 (full thickness)-severe dysplasia/CIS (Pai and Westra, 2009).
KSCC can also be graded as well, moderately, and poorly differentiated (Bishop,
2015).

Well differentiated tumours have epithelium resembling that of the surface epithelium,
which invades through the basement membrane and infiltrates as nests and cords,
inducing a stromal desmoplasia (Figure 7). They contain polygonal cells with distinct
cell borders and eosinophilic cytoplasm. Diffuse squamous differentiation is present,
with cells arranging into layers with irregular keratinisation known as keratin pearls,
and intercellular bridges (EI-Mofty and Lu, 2003, El-Mofty and Patil, 2006, Bishop,
2015). Poorly differentiated tumours have immature cells demonstrating nuclear

pleomorphism, atypical mitoses, and little-to-no keratinisation (Bishop, 2015).
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1.5.2.2 Non-keratinising squamous cell carcinomas

Tumours infiltrate as sheets, nests, and trabeculae with sharply defined, smooth
borders, eliciting little stromal desmoplasia (Figure 8). They have basaloid
morphology, including monomorphic and ovoid to spindle shaped cells, with indistinct
borders, hyperchromatic nuclei, and prominent mitoses. There is also a high nuclear-
to-cytoplasmic ratio as well as apoptosis and comedonecrosis observed (El-Mofty and
Lu, 2003, El-Mofty and Patil, 2006, El-Mofty, 2014, Bishop, 2015). HPV-positive
OPSCC can also show involvement of the surface epithelium, which are classed as
an abrupt extension of the tumour (Kim et al., 2007, Bishop, 2015). Occasionally,
some tumours can exhibit morphological features that are seen in both KSCCs and
NKSCCs, such as focal squamous maturation and focal and partial keratinisation, with
these tumours referred to as either non-keratinising with maturation SCCs or hybrid
variant (EI-Mofty et al., 2008).
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Figure 7: Histology of keratinising squamous cell carcinoma.

Infiltrative nests (*) of tumour cells within the surface epithelium have infiltrated into the underlying
tissue, as well as an extension of the tumour (A). Tumour nests contain polygonal cells with distinct cell
borders and keratin pearls (>) (B). Stromal desmoplasia (*) is also present (C and D), as well as
demonstration of a poorly differentiated tumour (C) and intercellular bridges (+) (D). Images captured
on NDP.view2 software at 1.25x (A), 10x (B), and 20x (C and D) magnification.
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Figure 8: Histology of non-keratinising squamous cell carcinoma.

There is an area of moderate dysplasia (*) seen within the surface epithelium, with infiltrative nests of
tumour cells (>) within the underlying tissue (A and B). It appears the tumour has infiltrated into the
surface epithelium (-), giving this region a crypt-like phenotype. Tumour nests also contain poorly
differentiated cells and irregular borders (*), as well as comedonecrosis (+) (C). Morphology is
consistent with reticulated epithelium. Images captured on NDP.view2 software at 10x (A-C)

magnification.
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1.5.3 HPV testing

1.5.3.1 pl1l6 immunohistochemistry

The National Institute of Health and Care Excellence (NICE) (2016), Union for
International Cancer Control (UICC) 8™ edition (2016), American Joint Committee on
Cancer (AJCC) 8" edition (2017), College of American Pathologists (CAP) (2018),
International Collaboration on Cancer Reporting (ICCR) (2018), National
Comprehensive Cancer Network (NCCN) (2020), RCPath (2021) and the WHO
Classification of Tumours; Head and Neck Tumours 5™ edition, volume 9 (2024), have
advised that p16INK4A (p16) immunohistochemistry (IHC) be performed as part of
HPV testing on all OPSCC (Brierly et al., 2016, National Institute for Health and Care
Excellence (NICE), 2016, Amin et al., 2017, Lewis et al., 2018a, Lewis et al., 2018b,
National Comprehensive Cancer Network, 2020, Hunter et al., 2021, World Health
Organisation, 2024). HPV testing should be carried out using validated methods and
appropriate tissue controls within a diagnostic laboratory service which is accredited
and quality assured by an organisation such as International Organisation for
Standardisation (ISO) (1SO15189:2022) (Mehanna et al., 2016a, Homer and Winter,
2024).

Since 2003, p16 IHC has been used as the validated surrogate marker for HPV status
within OPSCC (Klussman et al., 2003, Sedghizadeh et al., 2016, Lewis et al., 2018b,
Hunter et al., 2021). Criterion for p16-positive IHC is based on the current guidelines
for moderate to intense nuclear and cytoplasmic staining in 70% or more of the tumour
cells (Lewis et al., 2018b, Hunter et al., 2021). It has become the widely accepted
method, largely due to low cost, simplicity and feasibility, as well as being considered
a sensitive technique for transcriptionally-active HR-HPV (EI-Naggar and Westra,
2012, Lewis et al., 2018b). However, the use of p16 as a standalone marker within
OPSCC has drawn criticism given its specificity, which ranges from 76-100% (Schlecht
et al., 2012, Shelton et al., 2017, Arsa et al., 2021).

In 2017, major updates were made in the AJCC 8™ edition (2017) regarding staging of
OPSCCs (Amin et al., 2017). It includes important changes for OPSCC, separating it
into two entities: HPV-positive and HPV-negative, based on pl6 positivity using the
tumour, node, and metastasis (TNM) system (Brierly et al., 2016, Amin et al., 2017,

Lydiatt et al., 2017). These necessary changes have resulted in positive outcomes,
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with both the clinical and pathological staging system of the AJCC 8™ edition (2017)
performing better than the 7" edition (2010) with predicting 5-year overall survival
(Gupta et al., 2018).

Both the CAP (2018) and RCPath (2021) guidelines recommend that additional HR-
HPV-specific testing be performed on OPSCCs that have been determined as p16-
positive (Lewis et al., 2018b, Hunter et al., 2021).

1.5.3.2 HPV DNA in-situ hybridisation

Within the UK, HPV DNA in-situ hybridisation (ISH) is the current HR-HPV-specific
testing of choice; however, this is not widely available (Henley-Smith et al., 2020). UK
studies have recommended routine performance of HR-HPV-specific testing for p16-
positive IHC confirmation, as well as for cases where p16 IHC is equivocal; for
example, overexpression in KSCCs, negative in NKSCCs, or only nuclear or
cytoplasmic staining patterns (Thavaraj et al., 2011, Craig et al., 2019, Craig et al.,
2020, Shinn et al., 2021).

HPV DNA ISH detects the presence of the HPV viral genome and is identifiable as
blue dots within the host cell nucleus (Lewis et al., 2010, Schlecht et al., 2012). The
staining patterns can be identified as either episomal, which appears as large,
homogeneous and globular blue precipitate, or integrated, appearing as small, stippled
blue precipitate within the nuclei (Witt et al., 2014). This technique has a high
specificity, allowing for distinction between episomal and integrated DNA; however, it
has reduced sensitivity particularly with low viral loads, as well as it being technically
difficult to interpret (Lewis et al., 2012, Mirghani et al., 2015, Suresh et al., 2021).

1.5.3.3 Discordance of p16 and HPV DNA or RNA status in OPSCCs

Despite p16 being used as a surrogate marker for HPV in clinical practice, there are
issues surrounding its lack of specificity and false positives. Numerous studies have
reported that p16 staining within OPSCC formalin-fixed, paraffin-embedded (FFPE)
tissues were found to be discordant with HPV DNA and RNA testing including
polymerase chain reaction (PCR) and ISH, reporting overall sensitivities between 69-
100% and specificities between 76-100% (Schache et al., 2011, Jordan et al., 2012,
Pannone et al., 2012, Schlecht et al., 2012, Holzinger et al., 2013, Mirghani et al.,
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2015, Shelton et al., 2017, Arsa et al., 2021). It is suggested that inconsistencies in
the performance of different detection techniques may account for these discordant
pl6/HPV results (Guzman-Arocho and Nishino, 2022), with numerous studies
reporting 4-30% of cases showing discordance between p16 and HPV DNA or RNA
status (Smith et al., 2008a, Rischin et al., 2010, Ukpo et al., 2011, Bishop et al., 2012,
Holzinger et al., 2012, Rietbergen et al., 2013, Ndiaye et al., 2014, Rietbergen et al.,
2014, Kerr et al., 2015, Mirghani et al., 2016, Augustin et al., 2018, Randén-Brady et
al., 2019). This is problematic as 4-30% of discordant cases could be inaccurately
staged, including its insufficiency for determining suitable treatment de-escalation that
is suitable in the instance of HPV-mediated disease (Henley-Smith et al., 2020,
Wagner et al., 2021).

In 2023, a multicentre, multinational meta-analysis looked at the discordance and
prognostic implications between p16 and HPV DNA and RNA status (Mehanna et al.,
2023). OPSCC patients with discordant pl6-positive/HPV-negative or pl6-
negative/HPV-positive status had a worse prognosis than double-positive patients and
a better prognosis than double-negative patients. Discordant pl6-negative/HPV-
positive patients displayed poorer prognosis, survival, and recurrence rates than
double-positive patients; however, they had slightly better prognosis, survival and rate
of recurrence than double-negative patients. However, they should not be treated the
same as double-negative patients, as they would need to undergo an appropriate de-
intensified treatment regimen. This meta-analysis suggests that p16 alone for de-
escalation trial risk stratification may introduce bias, and harm ever smoker patients
who have pl16-positive/HPV-negative tumours. Therefore, they propose that p16 IHC
alone is not sufficient in routine clinical practice for predicting patient prognosis and

determining an appropriate treatment regimen (Mehanna et al., 2023).

1.6 Aptamers

1.6.1 History of aptamers

Aptamers are single-stranded (ss) RNA or DNA oligonucleotides, that were first
discovered independently by three research groups (Ellington and Szostak, 1990,
Robertson and Joyce, 1990, Tuerk and Gold, 1990). RNA aptamers were first
discussed in early 1990, where they were described using in vitro selection to modify

a group | ribozyme (RNA enzyme) to cleave DNA instead of ssSRNA (Robertson and
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Joyce, 1990). That same year, one group discussed the selection of RNA molecules
to the bacteriophage T4 DNA polymerase, naming this process systematic evolution
of ligands by exponential enrichment (SELEX), and another group, in quick
succession, reported on RNA molecules binding to an organic dye, naming them
aptamers (aptus (to fit) and meros (part)) (Ellington and Szostak, 1990, Tuerk and
Gold, 1990). Aptamers are capable of binding with high-affinity to specific targets
based on their three-dimensional structures (Ellington and Szostak, 1990, Robertson
and Joyce, 1990, Tuerk and Gold, 1990, Bock et al., 1992). Their three-dimensional
structures are characterised by loops, stems, bulges, triplexes, and quadruplexes,
allowing aptamers to bind via van der Waals forces, hydrogen bonds, and electrostatic
interactions to a large variety of targets (Hermann and Patel, 2000).

1.6.2 RNA and DNA aptamers

Prior to the isolation of DNA aptamers, RNA aptamers were considered the most
favourable option, as they were believed to fold into more varied three-dimensional
structures due to the absence of Watson-Crick base pairing and the presence of a 2’-
hydroxyl group (Wang et al., 2019b). This theory was quashed when the first DNA
aptamers were first isolated in 1992, demonstrating that it had similar binding
properties to RNA aptamers (Bock et al., 1992, Ellington and Szostak, 1992). In fact,
DNA aptamers are capable of forming more complicated structures, as the libraries
they are selected from contain longer randomised sequences (Zhu et al., 2015). They
are also simpler and cheaper to synthesise, in addition to being more stable than RNA
aptamers, as they lack a 2’-hydroxyl group present on the deoxyribose sugar (Savory
et al., 2010, Zhu et al., 2012). Furthermore, the RNA SELEX process requires reverse
transcription polymerase chain reaction (RT-PCR) for every selection round compared
to PCR in DNA SELEX, as well as initial transcription for conversion from a DNA library
(Tuerk and Gold, 1990, Bock et al., 1992).

1.6.3 Systematic evolution of ligands by exponential enrichment

Aptamers can be isolated using the in vitro process known as SELEX, which is
considered the gold-standard methodology for aptamer development. SELEX involves
the target molecule or protein pool undergoing alternate, multiple rounds of ligand
selection and amplification, to exponentially enrich the target and obtain the highest
affinity product (Tuerk and Gold., 1990).
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The SELEX process begins with obtaining a random ssDNA or ssRNA library and
incubating it with the target molecule on an immobilised surface (Figure 9)
(Rothlisberger and Hollenstein, 2018, DeRosa et al., 2023). Aptamer libraries contain
a random or wobble (N) region typically 15-70 nucleotides (nt) long, which is flanked
by constant primer regions for PCR amplification (Zhu et al., 2015). These libraries
can contain as many as 10410 random sequences (Zhang et al., 2019). The length
of the wobble region is important, as longer random sequences, for instance =230 nt,
allows for screening of more diverse libraries, thus better aptamer library development.
However, if a shorter wobble region is used, for example 15 nt, the copy number would
be in the thousands, even within a small input volume. Therefore, they cover a more
restricted sequence, contributing highly to primers during formation of the aptamer
structure (Blind and Blank., 2015). However, this is up for debate as it has been
regarded that libraries with random sequences longer than 25 nt contain the same
number of sequence variants as shorter libraries and identical aptamer structures
(Kulbachinskiy, 2007).

Next, unbound sequences are separated, and aptamers bound to the target are
retained, followed by determining the quantity of DNA or RNA, to measure the
progress of the selection before undergoing amplification with PCR (DNA) or RT-PCR
(RNA) (Stoltenburg et al., 2007, Blind and Blank, 2015, Réthlisberger and Hollenstein,
2018). The resulting dsDNA or dsRNA sequences after amplification are reverted back
to ssDNA or ssRNA sequences, with the new enriched pool then used for the
subsequent round of selection (Stoltenburg et al., 2007, Rothlisberger and Hollenstein,
2018). Through iterative rounds of SELEX, the bound target molecule is exposed to
different selection pressures with increased stringencies per round. The conditions are
chosen based on the nature of the target and the intended end-use of the aptamer, for
example temperature, pH and salinity (including binding and washing conditions)
(Stoltenburg et al., 2007, DeRosa et al., 2023). A negative selection step is also
included to minimise enrichment of unspecific sequences that have bound to the target
molecule (Stoltenburg et al., 2007, Réthlisberger and Hollenstein, 2018). The SELEX
process can be repeated for 8-16 rounds until no further DNA or RNA is detectable,
with the final SELEX round sequenced (for example next generation sequencing
(NGYS)) to identify suitable candidates for post-SELEX experiments (Blind and Blank,
2015, Rothlisberger and Hollenstein, 2018, Komarova and Kuznetsov, 2019).
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Figure 9: Overview of SELEX process.

The process begins with random ssDNA or ssRNA libraries which are flanked by constant primer regions
required for amplification (1). The library is incubated with the target molecule on a immobilised surface
(2), before unbound sequences are separated (3). Aptamers bound to the target are retained (4) and
undergo amplification by PCR (DNA) or RT-PCR (RNA) (5). The resulting dsDNA or dsRNA sequences
are reverted back to ssDNA or ssRNA (6), with the new enriched pool used for the subsequent cycle of
selection. This selection cycle can be repeated 8-16 times (2-6), to enrich the sequence pool which is
sequenced (NGS) (7) to identify suitable aptamer candidates. Created with BioRender.com, 31/07/2024.
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1.6.4 Aptamers in diagnostic and therapeutic applications

Aptamers are also known as ‘chemical antibodies’, as they bind specifically to target
molecules via an induced fit mechanism and have a similar binding-affinity compared
to monoclonal antibodies (Zhu et al., 2015, Bauer et al., 2019). Additionally, aptamers
are also capable of recognising a distinct epitope present on the target molecule
(Jenison et al., 1994). Aptamers have clinical and industrial advantages over
antibodies including non-immunogenicity, high penetration, unlimited targets, less
batch variation, short production times, and cost-effectiveness (Sun and Zu, 2015). It
has been previously calculated that it costs 0.002 USD per assay for an aptamer
versus 2 USD per assay for an antibody against CD4 (Zhang et al., 2010). This could
be useful in pathological techniques including histochemistry and fluorescent staining,
with aptamer-based histochemistry (aptahistochemistry) assays useful for biomarker
detection in clinical FFPE samples by making the process more cost-effective (Zeng
et al., 2010, Zamay et al., 2017).

Aptamers have been isolated against a varying range of targets including bacteria,
viruses, metal ions, antibiotics, proteins, cells, and tissue (Li et al., 2019, Wang et al.,
2019a, Wang et al., 2019b, Raducanu et al., 2020, Su et al., 2020, Zhang et al., 2020,
Gruenke et al., 2022). This also includes aptamer development against HPV proteins,
including RNA and DNA aptamers against HPV-16 L1, E6, and E7 proteins (Toscano-
Garibay et al., 2011, Gourronc et al., 2013, Leija-Montoya et al., 2014, Cesur et al.,
2015, Toscano-Garibay et al., 2015, Trausch et al., 2017, Valencia-Reséndiz et al.,
2018, Yang et al., 2024). Additionally, aptamers have also been tested for various
applications including bioanalysis, bioimaging, drug delivery and molecular
diagnostics (Liu et al., 2018, Yamada et al., 2019, Zhang et al., 2021, Hassiban et al.,
2024).

To date, only one aptamer has been developed for therapeutic use within the clinic. In
2004, the U.S. Food and Drug Administration (FDA) approved the therapeutic use of
pegaptanib sodium within the USA and Europe, marketed as Macugen® by Pfizer and
Eyetech (Gragoudas et al., 2004, VEGF Inhibition Study in Ocular Neovascularization
(V.1.S.1.O.N.) Clinical Trial Group, 2006). Pegaptanib was an RNA aptamer developed
against extracellular vascular endothelial growth factor (VEGF), which prevented
VEGF from binding with VEGFR1, VEGFR2, and all isoforms of VEGFA except
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VEGF121 (Ruckman et al., 1998, Gragoudas et al., 2004, Keefe et al., 2010). It was
proven to be an effective therapeutic treatment for neovascular age-related macular
degeneration and sold well after regulatory approval. However, after ranibizumab
(Lucentis®; Genentech), an antibody fragment which binds to all isoforms of VEGFA
came to market, Pegaptanib lost revenue and was discontinued in 2011 (Gragoudas
et al., 2004, Keefe et al., 2010, European Medicines Agency, 2011, U.S. Food and
Drugs Administration, 2011). Since the expiration of the original SELEX patents in the
early 2010s, there has been an increased academic and commercial interest in
aptamers (DeRosa et al., 2023). In March 2024, the aptamers market was estimated
at 1.48 billion USD, which is projected to reach 2.77 billion USD by the year 2030
(Research and Markets, 2024).

1.7 Aims and objectives
The aim of this study was to understand the pathogenesis of HPV within cancers of
the oropharynx, given this is poorly understood within the literature. To achieve this,

the objectives were as follows:

e Full histological characterisation of normal palatine tonsil and OPSCC tissues

e Confirm HPV positivity in OPSCC tissues using HPV DNA ISH

e Examine the expression of biomarkers believed to be prognostic indicators for the
development of HPV-mediated disease within normal palatine tonsil and HPV-
positive and HPV-negative OPSCC tissues using IHC

e Develop multiplex immunofluorescence (mlIF) assays using prognostic biomarkers
on HPV-positive and HPV-negative OPSCC tissues

e Confirm HPV protein detection in tissues by IHC, and use to determine the HPV
subtype of HPV-positive OPSCCs

e Design and develop aptamers against chosen HPV proteins and validate against

commercially-available HPV antibodies

Page | 61



CHAPTER 2: MATERIALS AND METHODS

2.1 Human tissue and ethical approval

All histopathology, automated histochemistry (chromogenic immunohistochemistry
(IHC) and multiplex immunofluorescence (mlIF)), slide scanning, and visualisations
were performed at HistologiX Ltd (Nottingham, UK); a Human Tissue Authority (HTA)
licensed and Good Laboratory Practice/Good Clinical Practice (GLP/GCP) compliant

ethically-approved laboratory.

Formalin-fixed, paraffin-embedded (FFPE) tissue blocks were provided by Tissue
Solutions (Glasgow, UK); a biobank who provide ethically sourced and fully consented
human tissue samples, which comply with HTA guidelines for use at HistologiX Ltd
(Table 2). These tissue samples were used for the optimisation stages to determine a

final working assay, as well as controls.

Pre-cut FFPE OPSCC tissue sections were obtained from the Human Biomaterials
Resource Centre (HBRC, University of Birmingham); an HTA-licensed ethically-
approved Research Tissue Bank that is authorised to release samples, and associated
data, to Chief Investigators whose research falls under the remit of that ethical
approval; for Dr Elizabeth Marsh’s study this work was granted approval from the
centre (21-374A1-HBRC) (Appendix 5).
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Table 2: FFPE tissue types sourced from Tissue Solutions with associated pathologies used for antibody optimisation and control staining

Tissue type Gender Age (years) Pathology
Normal tonsil 1 Female Not provided Normal
Normal tonsil 2 Female Not provided Normal
Normal tonsil 3 Female Not provided Normal
Normal tonsil 4 Male Not provided Normal
Cc!1 Female 56 Diseased
CC2 Female 54 Diseased
CC3 Female Not provided Diseased

Normal cervix 1 Female 46 Normal
CC4 Female Not provided Diseased
LC?1 Male 52 Diseased
LC 2 Male 55 Diseased

Normal spinal cord 1 Female 41 Normal
Prostate carcinoma 1 Male Not provided Diseased
Prostate carcinoma 2 Male 67 Diseased

Normal liver 1 Male 44 Normal
Normal liver 2 Male 61 Normal

Normal placenta 1 Female 21 Normal

ICervical carcinoma, ’Laryngeal carcinoma
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2.2 Histopathology

2.2.1 Tissue sectioning

FFPE blocks were sectioned at 4 um on a HistoCore BIOCUT manual rotary
microtome (Leica Biosystems, Leica Microsystems (UK) Ltd, Milton Keynes, UK), and
collected from a HistoCore water bath (Leica Biosystems, Leica Microsystems (UK)
Ltd, Milton Keynes, UK). Slides were dried on a hotplate at 37-40°C for 5 minutes (cat.
no: JAY-0100-00A-CellPath Ltd, Wales, UK), and stored in an incubator at 30-40°C
until fully dry.

2.2.2 Haematoxylin and eosin staining

Routine diagnostic haematoxylin and eosin (H&E) staining was performed on the Leica
ST4040 Linear Staining System (Leica Biosystems, Leica Microsystems (UK) Ltd,
Milton Keynes, UK), using sections placed on White Snowcoat slides (cat. no:
3808100GE-Leica Biosystems, Leica Microsystems (UK) Ltd, Milton Keynes, UK).

Each immersion step was 40 seconds.

Slides were deparaffinised in xylene (cat. no: XYLO50-Genta Medical, Genta
Environmental Ltd, York, UK) four times, before rehydration in 99% industrial
denatured alcohol (IDA) (cat. no: 199050-Genta Medical, Genta Environmental Ltd,
York, UK) twice, and then 95% IDA. Next, slides were immersed in Harris’s
haematoxylin (cat. no: PRC/R/51-Pioneer Research Chemicals Ltd, Essex, UK) five
times, before immersion in deionised water, and then 0.5% acid alcohol (2895 ml
deionised water, 50 ml hydrochloric acid (cat. no: 10053023-Fisher Chemical, Fisher
Scientific UK Ltd, Loughborough, UK) and 6965 ml 99% IDA). Subsequently, slides
were immersed in deionised water, followed by Scott’s tap water (cat. no: 3802901E-
Leica Biosystems, Leica Microsystems (UK) Ltd, Milton Keynes, UK), and then
deionised water again. Slides were then immersed and counterstained in 0.5%
aqueous eosin, followed by immersion in 1% aqueous eosin (cat. no: 3801590BBE-
Leica Biosystems, Leica Microsystems (UK) Ltd, Milton Keynes, UK) twice. Finally,
slides were immersed in deionised water, before dehydrating in 95% IDA, followed by

99% IDA twice, and cleared in xylene twice before mounting.

Slides were mounted using a Dako™ Coverslipper (Dako™, Agilent Technologies
LDA UK Ltd, Cheshire, UK), DPX (phthalate free) mounting medium (cat. no: SEA-
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1300-00A-CellPath Ltd, Wales, UK), and Menzel™ microscope coverslips (cat. no:
11778691-Epredia™, Fisher Scientific UK Ltd, Loughborough, UK). All visualisations
were performed with an Olympus BX51 Microscope (Olympus UK & Ireland,
Southend-on-Sea, UK), before using a NanoZoomer S360 Digital Slide Scanner and
NZAcquire Software to scan slides, and viewing in NDP.view2 Software (all
Hamamatsu Photonics UK Ltd, Hertfordshire, UK).

2.3 Automated immunostaining

2.3.1 Chromogenic immunohistochemistry

Chromogenic immunohistochemistry (IHC) was performed on the BOND™ RX Fully
Automated Research Stainer, using the BOND™ Polymer Refine Detection Kit (cat.
no: DS9800) (both Leica Biosystems, Leica Microsystems (UK) Ltd, Milton Keynes,
UK), which contained Peroxide Block, Post Primary, Polymer, 3,3’-diaminobenzidine
(DAB) Part 1, 2, and 3 (Mixed DAB Refine), and Haematoxylin reagents. Bulk reagents
used included BOND™ Dewax Solution (cat. no: AR9222), BOND™ Epitope Retrieval
1 (ER1) and 2 (ER2) Solutions (cat. no: AR9961 and AR9640), BOND™ Primary
Antibody Diluent (cat. no: AR9352), and BOND ™ Wash 10x Solution (diluted to 1x for
use) (cat. no: AR9590) (all Leica Biosystems, Leica Microsystems (UK) Ltd, Milton
Keynes, UK).

Sections were mounted on Superfrost Plus slides, to prevent them falling off the slide
due to high temperature exposure. Slide labels were generated using the BOND™ RX
Software, labelling slides appropriately, before loading onto trays with a covertile
placed on top before insertion into the platform. All reagents were dispensed at 150
pl. Each antibody used the standard Leica Biosystems IHC Protocol F, with changes
made only to the primary antibody incubation times. These steps are fully detailed in
Appendices 6-8. Each step except deparaffinisation, and antigen retrieval, were
performed at ambient temperature. Antigen retrieval, antibodies, dilutions, and

incubation times are detailed in Tables 3 and 4.

Slides were deparaffinised in BOND™ Dewax solution, and incubated at 72°C for 30
minutes, before immersion in 99% IDA. Slides were rinsed with BOND™ Wash
Solution, prior to heat-induced epitope retrieval (HIER) at 100°C for the appropriate

incubation time. Slides were rinsed again with BOND™ Wash Solution, before
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incubating in Peroxide Block for 5 minutes. Slides were rinsed in BOND™ Wash
Solution three times, and then incubated with primary antibody for the appropriate
incubation time. Slides were rinsed again in BOND™ Wash Solution three times, then
incubated in Post Primary for 8 minutes, before an extra rinse in BOND™ Wash
Solution for 6 minutes. Next, slides were immersed in Polymer for 8 minutes, and
rinsed in BOND™ Wash solution for 4 minutes. Slides were then rinsed in deionised
water, and incubated in Mixed DAB Refine for 10 minutes, before rinsing in deionised
water, and incubating further in Haematoxylin for 5 minutes. Slides were then finally
rinsed in deionised water, BOND™ Wash Solution, and deionised water, respectively.

Appropriate positive and negative tissue controls were used for each antibody.

Slides were dehydrated in 99% IDA followed by clearing in xylene, and hand mounting.
All visualisations were performed with an Olympus BX51 Microscope before using a
NanoZoomer S360 Digital Slide Scanner and NZAcquire Software to scan slides, and

viewing in NDP.view2 Software.
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Table 3: Primary antibodies used for automated chromogenic immunohistochemistry on BOND™ RX Fully Automated Research Stainer and
multiplex immunofluorescence on VENTANA DISCOVERY ULTRA Research Staining System

Primary Regulatory Host .
antibody status species Clone Class Isotype Supplier Product code
BOND™  |eica Biosystems, Leica Microsystems
6 ’ ’
pl6 IVD Mouse 6H12 Monoclonal 1gG2b (UK) Ltd, Milton Keynes, UK PA0016
1 . BOND™  |eica Biosystems, Leica Microsystems
PD-1 IVD Rabbit CAL20 Monoclonal 1gG1 (UK) Ltd, Milton Keynes, UK PA0216
. BOND™  |eica Biosystems, Leica Microsystems
_ 2 _ 1] 1]
PD-L1 IVD Rabbit 73-10 Monoclonal 19G (UK) Ltd, Milton Keynes, UK PA0832
Novocastra™, Leica Biosystems, Leica
3 il 1 - - -
CK7 IVD Mouse RN7 Monoclonal 1gG1 Microsystems (UK) Ltd, Milton Keynes, UK NCL-L-CK7-560
Novocastra™, Leica Biosystems, Leica
4 il il -l
EGFR IVD Mouse EGFR 113 | Monoclonal 1gG2a Microsystems (UK) Ltd, Milton Keynes, UK NCL-L-EGFR
™ i i
cD8 IVD Mouse | C8144B | Monoclonal | IgG1k Dako™, Agilent Technologies LDA UK Ltd, M710301-2
Cheshire, UK
™ i i
AE1/AE3 IVD Mouse | AEL/AE3 | Monoclonal | IgGik Dako™, Agilent Technologies LDA UK Ltd, M351501-2
Cheshire, UK
ERa® RUO’ Rabbit D6R2W Monoclonal IgG Cell Signalling Technology, London, UK 13258S
Ki67 RUO Rabbit SP6 Monoclonal 1gG Abcam PLC, Cambridge, UK ab16667
HPV-16 E2 RUO Mouse TVG-261 Monoclonal 1gG1 Abcam PLC, Cambridge, UK ab17185
HPV-16 E6 RUO Mouse HPV-13E2 | Monoclonal 1gG1 Neo Biotech, Nanterre, France NB-22-52681-100
HPV-16 E6 + .
HPV-18 E6 RUO Mouse C1P5 Monoclonal 1gG1 Abcam PLC, Cambridge, UK ab70
HPV-16 .
E6/HPV-18 E6 RUO Mouse C1P5 Monoclonal 1gG1 Santa Cruz Biotechnology, Texas, USA sc-460
HPV-16 E7 RUO Mouse ED17 Monoclonal 1gG1 Santa Cruz Biotechnology, Texas, USA sc-6981
Invitrogen™, Thermo Fisher Scientific, Fisher
HPV-16 E7 RUO Mouse TVG 701Y | Monoclonal 1gG2a Scientific UK Ltd, Loughborough, UK MA5-14132
HPV-18 E6 RUO Mouse HPV-4G3 | Monoclonal IgG1 Neo Biotech, Nanterre, France NB-22-52683-100
HPV-18 E7 RUO Mouse 8E2 Monoclonal IgG1 Abcam PLC, Cambridge, UK ab100953

!Programmed cell death protein-1, 2Programmed cell death-ligand 1, 3Cytokeratin 7, “Epidermal growth factor receptor, SEstrogen receptor alpha, ®In vitro

diagnostics, "Research use only
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Table 4: Primary antibody dilutions, antigen retrieval solutions, incubation times and staining patterns used for automated chromogenic
immunohistochemistry on BOND™ RX Fully Automated Research Stainer and multiplex immunofluorescence on VENTANA DISCOVERY ULTRA

Research Staining System

Primary BOND™ RX VENTANA DISCOVERY ULTRA
antibody Dilution Primary incubation Antlg_en retrl_eval Primary incubation Antlg_en retrlgval Staining pattern
and incubation and incubation
p16 RTUS 15 mins ER27 20 mins 60 mins CC2° 92 mins Nuclear and
cytoplasmic
PD-1! RTU 15 mins ER2 20 mins 60 mins CC2 92 mins Cytoplasmic and
membranous
PD-L12 RTU 15 mins ER18 20 mins 60 mins CC2 92 mins Membranous
CK73 1:100 30 mins ER2 20 mins 60 mins CC2 92 mins Cytoplasmic and
membranous
EGFR* 1:20 30 mins ER2 20 mins 60 mins CC2 92 mins Membranous
CD8 1:200 30 mins ER2 20 mins 60 mins CC2 92 mins Membranous
AE1/AE3 1:200 30 mins ER2 20 mins 60 mins CC2 92 mins Cytoplasmic
ERa® 1:100 60 mins ER2 40 mins 60 mins CC2 92 mins Nuclear
Ki67 1:400 60 mins ER2 92 mins 60 mins CC2 92 mins Nuclear
HPV-16 E2 1:50 60 mins ER2 92 mins N/A N/A N/A
HPV-16 E6 1:100 60 mins ER2 92 mins N/A N/A N/A
HPV-16 E6 + . . . . .
HPV-18 E6 1:100 60 mins ER2 92 mins 60 mins CC2 92 mins N/A
HPV-30 EE%’ HPV- 1:50 60 mins ER2 92 mins N/A N/A N/A
HPV-16 E7 1:50 60 mins ER2 92 mins N/A N/A N/A
HPV-16 E7 1:100 60 mins ER2 92 mins N/A N/A N/A
HPV-18 E6 1:50 60 mins ER2 92 mins N/A N/A N/A
HPV-18 E7 1:100 60 mins ER2 92 mins N/A N/A N/A

Programmed cell death protein-1, 2Programmed cell death-ligand 1, 3Cytokeratin 7, *Epidermal growth factor receptor, > Estrogen receptor alpha, *Ready-

to-use, "Epitope Retrieval 2 (pH 9-EDTA based), ®Epitope Retrieval 1 (pH 6-citrate based), °Cell Conditioning 2 (pH 6-citrate based)

Page | 68



2.3.2 Multiplex immunofluorescence

Multiplex immunofluorescence (mlF) was performed on the VENTANA DISCOVERY
ULTRA Research Staining System (Roche Diagnostics Ltd, West Sussex, UK). Bulk
reagents used included DISCOVERY Wash, (cat. no: 950-510), ULTRA Cell
Conditioning 2 (CC2) (cat. no: 950-223), Reaction Buffer 10x Concentrate (cat. no:
950-300), ULTRA Liquid Coverslip (LCS) (cat. no: 650-210), DISCOVERY Antibody
Diluent (cat. no: 760-108), and EZ Prep 10x Concentrate (cat. no: 950-102) (all Roche
Diagnostics Ltd, West Sussex, UK). Concentrates were diluted to 1x in bulk
containers, before adding to the platform. Sections were mounted on Superfrost Plus
slides to prevent sections falling off the slide due to high temperature exposure. Slide
labels were generated using the VENTANA Software, slides labelled appropriately,

and loaded onto heat plates in their own individual drawers on the platform.

Alexa Fluor™ 488 (rabbit) and 555 (mouse) Tyramide SuperBoost™ Kits (cat. no:
B40922 and B40913) (both Invitrogen™ Thermo Fisher Scientific, Fisher Scientific UK
Ltd, Loughborough, UK) were used according to the manufacturer’s protocol. The kits
contained 3% Hydrogen Peroxide, 1x Blocking buffer (10% Goat Serum), 20x
Reaction buffer, Reaction Stop Reagent, 1x Poly-horseradish peroxidase (HRP)-
conjugated secondary antibody (mouse and rabbit) and Alexa Fluor™ 444 and 555
tyramide reagents. Alexa Fluor™ 647 tyramide reagent (cat. no: B40958) and 4’, 6-
diamidino-2-phenylindole (DAPI) (cat. no: D3571) (both Invitrogen™, Thermo Fisher
Scientific, Fisher Scientific UK Ltd, Loughborough, UK) were purchased separately.
As the manufacturer protocol is designed for bench application, changes were made
to incubation times, temperatures and rinsing steps, to be appropriate for automated

application, which are detailed below.

Protocols were designed and optimised for use, with each mIF having two separate
protocols due to the vast number of steps within each protocol. The first protocol was
for the first two primary antibodies, with the second protocol following on from the first
for the third antibody and DAPI application. A dispenser and antibody number were
allocated to 3% Hydrogen Peroxide, 1x Blocking buffer, rabbit and mouse Poly-HRP-
conjugated secondary antibodies, and DAPI, with these becoming automated steps
within the protocol. The only differences with each automated step of the protocol was

the Poly-HRP-conjugated secondary antibody that was dispensed, as this is specific
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to the primary antibody species. Primary antibody, tyramide reagent working solutions
and Reaction Stop Reagent working solutions were manually applied. All reagents
were dispensed/manually applied at 100 pl.

Denaturation steps were introduced in between each sequential primary antibody
(except after the third antibody) to deactivate Poly-HRP-conjugated secondary
antibody, and allow visualisation of multiple antibodies of the same or different species
with different fluorophores at varying wavelengths. Rinsing of slides with Reaction
Buffer, EZ Prep and LCS were not controllable as they are built into the standard
research use only (RUO) DISCOVERY Universal protocol. These steps are fully
detailed in Appendices 9-13.

2.3.2.1 First primary antibody and Alexa Fluor™ 555 tyramide

Slides underwent extended deparaffinisation in DISCOVERY Wash solution at 72°C
for 16 minutes, before antigen retrieval with CC2 at 93°C for 92 minutes. Slide heaters
were disabled and slides incubated in 3% Hydrogen Peroxide for 16 minutes. Next,
slide heaters were disabled again, and slides incubated in 1x Blocking buffer for 28
minutes, before primary antibody manual application (Tables 3 and 4) and incubation
at 37°C for 60 minutes. Slide heaters were disabled and slides incubated in rabbit or
mouse 1x Poly-HRP-conjugated secondary antibody for 32 minutes. Slide heaters
were disabled again, before Alexa Fluor™ 555 tyramide stock solution manual
application and incubation for 8 minutes, before disabling slide heaters again, manual
application of Reaction Stop Reagent working solution and incubation for 8 minutes.

Lastly, slides underwent denaturation at 60°C for 32 minutes.

2.3.2.2 Second primary antibody and Alexa Fluor™ 488 tyramide

The above process was repeated again (except deparaffinisation and antigen
retrieval), following the antigen retrieval step. The primary antibody and Alexa Fluor ™
488 tyramide working solution were applied as appropriate. After the second
denaturation step, the protocol finished, and slides were removed and relabelled with
a different protocol for the final antibody application. The protocol resumed following

the denaturation step.
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2.3.2.3 Third primary antibody, Alexa Fluor™ 647 tyramide, and DAPI

Again, the above process was repeated again (except deparaffinisation and antigen
retrieval), following the denaturation step. The primary antibody and Alexa Fluor™ 647
tyramide working solution were applied as appropriate. After the last Reaction Stop
Reagent working solution step application, DAPI was applied, and the slides incubated
at 37°C for 32 minutes. This was the last step of the protocol.

2.3.2.4 Slide mounting and scanning

Once the final protocol was completed, slides were rinsed in EZ Prep twice for 5
minutes each before rinsing in water twice for 5 minutes each. Slides were then
mounted using ProLong™ Gold Antifade Mountant (cat. no: P36934-Invitrogen™,
Thermo Fisher Scientific, Fisher Scientific UK Ltd, Loughborough, UK) and Menzel™
Microscope Coverslips and stored in the dark at 4°C until required. All visualisations
were performed using an Olympus BX51 Microscope, before using a ZEISS Axio
Scan.Z1, with ZEN pro Microscopy Software to scan and view slides. Scans were also
viewable using ZEN lite Microscopy Software (all Carl Zeiss Ltd-Meditec, Microscopy

and Consumer Optics, Cambridge, UK).

2.4 Molecular pathology

2.4.1 HPV DNA in-situ hybridisation

HPV DNA in-situ hybridisation (ISH) was performed on the VENTANA BenchMark
ULTRA Advanced Staining System, using the VENTANA INFORM HPV Il Family 16
Probe (B) (cat. no 780-4295), in conjunction with the VENTANA ISH iVIEW Blue Plus
Detection Kit (cat. no: 760-097) and other accessory reagents (all Roche Diagnostics
Ltd, West Sussex, UK). The probe contains a cocktail of labelled HPV genomic probes
against the following genotypes: HPV-16, -18, -31, -33, -35, -45, -52, -56, -58 and -66.
The staining was undertaken at NovoPath, Cellular Pathology, Royal Victoria
Infirmary, Newcastle upon Tyne. All visualisations were performed with an Olympus
BX51 Microscope, before using a NanoZoomer S360 Digital Slide Scanner and

NZAcquire Software to scan slides, and viewing in NDP.view2 Software.

2.4.2 DNA FFPE extraction
For each FFPE block in Section 2.1 Table 2, up to 3.5 mm3was taken, through multiple

sections at 5 um depending on surface area according to the QIAamp DNA FFPE
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Advanced Kit (cat. no: 56604-Qiagen Ltd, Manchester, UK) manufacturer’s protocol.
No more than 4 mm? was to be taken for each block as too much starting material
could have led to insufficiency. Sections from each block were transferred to a 2 mi
ribonuclease (RNase)-free microfuge tube (cat. no: AM12425-Invitrogen™, Thermo
Fisher Scientific, Loughborough, UK), using a different part of, or a new, low profile
microtome blade (cat. no: 14035843497-Leica Biosystems, Leica Microsystems (UK)
Ltd, Milton Keynes, UK), with clean stainless-steel forceps between each block to

prevent cross-contamination.

DNA was extracted using the QlAamp DNA FFPE Advanced Kit, according to the
manufacturer’s protocol. Briefly, Deparaffinisation Solution was added to the sections,
before vortexing for 10 seconds, and briefly centrifuging. Tubes were incubated at
56°C for 3 minutes, and cooled to room temperature. Buffer FTB, RNase-free water
and Proteinase K were added, and vortexed, before incubation at 56°C for 60 minutes.
Tubes were briefly vortexed at 15-minute intervals. DNA extractions were then
incubated at 90°C for a further 60 minutes. To the lower aqueous lysate, RNase-free
water and RNase A were added, and vortexed, before incubation at room temperature
for 2 minutes. Next, Proteinase K was added, samples vortexed, and incubated at
65°C for 15 minutes. Buffer AL and 96-100% Industrial Methylated Spirit (IMS) (cat.
no: 10552904-Fisher Chemical, Fisher Scientific UK Ltd, Loughborough, UK) were
added, and samples vortexed. Lysate was transferred into a QlAamp UCP MinElute
column (in a 2 ml collection tube), and centrifuged at 15000 x g for 30 seconds.
Residual lysate was then transferred to the same column, and centrifuged at 15000 x
g for 1 minute. Buffer AW1 was added to each column, and centrifuged at 15000 x g
for 30 seconds, before repeating with Buffer AW2. IMS (96-100%) was added, and
centrifuged at 15000 x g for 30 seconds. Each column was placed into a new 2 ml
collection tube, and centrifuged at 16000 x g for 3 minutes to remove any residual
liquid, before placing into a clean 1.5 ml microcentrifuge tube. Buffer ATE was applied
to the centre of the membrane of each column, before incubation at room temperature
for 1 minute, and centrifugation at 16000 x g for 1 minute. This process was repeated

to increase DNA yield. DNA samples were stored at -20°C until required.
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2.4.3 Real-time polymerase chain reaction

Extracted DNA was quantified using a NanoDrop™ 2000 Spectrophotometer, and
NanoDrop™ 2000/2000c Software (both Thermo Scientific™, Thermo Fisher
Scientific, Fisher Scientific UK Ltd, Loughborough, UK) to check DNA concentration.
HPV-18 DNA plasmid (gift from Dr S Roberts, University of Birmingham), SiHa DNA
(extracted from the cell pellet of cat. no: HTB-35-ATCC, Virginia, USA), and molecular-
grade water (cat. no: J71786.AE-Thermo Scientific Chemicals, Thermo Fisher
Scientific, Fisher Scientific UK Ltd, Loughborough, UK) were analysed in triplicate. 25
ng/ul of DNA was added to each well alongside 2x PowerTrack™ SYBR Green Master
Mix (cat. no: A46109-Applied Biosystems™, Thermo Fisher Scientific, Fisher Scientific
UK Ltd, Loughborough, UK), 10 uM GP5+/6+ primers (both synthesised by Eurofins
Genomics GmbH, Germany) (de Roda Husman et al., 1995) and molecular-grade-

water (to a final volume of 20 pl).

The polymerase chain reaction (PCR) plate (cat. no: 72.1981-Sarstedt AGA & Co. KG,
Germany) was centrifuged on a Grant-bio LMC-3000 (Grant Instruments (Cambridge)
Ltd, Cambridgeshire, UK) at 140 x g for 2 minutes, and thermocycled on the
StepOnePlus™ Real-Time PCR System (Applied Biosystems™, Thermo Fisher
Scientific, Fisher Scientific UK Ltd, Loughborough, UK) with the following cycling
conditions: 95°C for 3 minutes, followed by 95°C for 20 seconds, 52°C for 30 seconds,
and 72°C for 10 seconds, in 40 cycles, followed by a melt curve. Data were analysed
using StepOnePlus™ Software (Applied Biosystems™, Thermo Fisher Scientific,
Fisher Scientific UK Ltd, Loughborough, UK).

2.5 Systematic evolution of ligands by exponential enrichment

2.5.1 Preparing the protein for targeting

The methodology for preparing the protein for targeting was adapted from ‘the physical
and functional behaviour of capture antibodies adsorbed on polystyrene’ (Butler et al.,
1992). This procedure involved preparing a separate positive and negative plate for
each recombinant protein. 1 pug/ml protein solution containing HPV-16 E2 (cat. no:
CSB-EP365852HML-Cusabio, Texas, USA), HPV-16 E7-E6 (cat. no: TP780004-
OriGene Technologies GmbH, Germany), HPV-18 E6 (cat. no: MBS157269-
MyBioSource, Inc., California, USA) or HPV-18 E7 (cat.no: CSB-EP361948HMN-

Cusabio, Texas, USA) recombinant protein was prepared in 0.1 M carbonate-

Page | 73



bicarbonate buffer (cat. no: S2127-500G and S8875-500G) (both Sigma Aldrich®,
Merck Life Science UK Limited, Dorset, UK). 100 ul 1 pg/ml protein solution was added
to each well of a 96-well plate (cat. no: 83-3924.005-Sarstedt AGA & Co. KG,

Germany) and incubated at 37°C for 24 hours.

After incubation, the protein solution was removed and blocking buffer (0.1% wi/v
instant dried skimmed milk in 1x Oxoid™ phosphate buffered saline (PBS)) (cat. no:
BR0014G-Thermo Scientific™, Thermo Fisher Scientific, Fisher Scientific UK Ltd,
Loughborough, UK) was added to each well and incubated at 37°C for 24 hours. The
blocking solution was removed, and the plate dried with nitrogen gas, and stored at
4°C until required. The same process was repeated for the four negative selection
plates, except that the recombinant protein was replaced with 1 pg/ml bovine serum
albumin (BSA) (cat. no: A7906-10G-Sigma Aldrich®, Merck Life Science UK Limited,
Dorset, UK) in 0.1 M carbonate-bicarbonate buffer. Each selection described is based
on one column of a 96-well plate at one time, undergoing different selection pressures
during each selection round of systematic evolution of ligands by exponential
enrichment (SELEX).

2.5.2 First round of positive selection

A DNA library pool containing 10 nM DNA random aptamer library

Content removed for copyright purposes
in binding buffer, pH 7.28 (25
mM Glucose (cat. no: G8270-100G), 4 uM transfer RNA (tRNA) (cat. no: R8759-
500UN), 15.15 uM BSA, 0.5 M magnesium chloride (MgCly) (cat. no: M8266-100G)
(all Sigma Aldrich®, Merck Life Science UK limited, Dorset, UK) in 1x PBS), was

combined in a 1.5 ml tube, vortexed, and heated to 95°C for 5 minutes, and snap

cooled on ice. 40 pl of this DNA library pool was added to each well of the first column

of the 96 well plate, and incubated at 4°C for 24 hours.

After incubation, the DNA library pool was removed, and retained in separate tubes
for each well of the first column. This step is only performed once throughout the whole
of the SELEX process. Next, each well was washed with 50 pl washing buffer (25 mM
glucose and 1 M MgCl in 1x PBS) three times, with washings retained, and added to

the same tubes as mentioned above. These were labelled as the negative positive
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selection control and stored at -20°C until required for use as the negative control
aptamers for binding assays and cell immunofluorescence (Sections 2.8 and 2.10).

In the positive selections, using a clean pipette tip, the protein was scraped from the
well surface and pipetted into a 1.5 ml tube (cat. no: 0030123328-Eppendorf UK Ltd,
Stevenage, UK). Using the same tip, 100 ul Nuclease-Free water (cat. no: 129115-
Qiagen Ltd, Manchester, UK) was added to the well, and aspirated off and collected
in the same tube. This was repeated for each well of the first column, and each tube
labelled appropriately. Each tube was then heated to 95°C for 10 minutes, and
suspended DNA recovered by centrifugation at 13,000 x g for 5 minutes. Supernatant
was discarded, and the pellet retained. Positive selection samples were stored at -
20°C in IMS for 2-3 hours, to allow DNA precipitation.

2.5.3 First round of negative selection

A DNA library pool containing 10 nM DNA random aptamer library in binding buffer,
pH 7.28 was combined in a 1.5 ml tube, vortexed, and heated to 95°C for 5 minutes,
and snap cooled on ice. 40 pl of this DNA library pool was added to each well of the
first column of the 96 well plate and incubated at 4°C for 24 hours. After incubation,
the DNA library pool was removed and retained in one tube for each well of the first
column. This was labelled as 1%t negative selection and stored at -20°C until required
for PCR.

2.5.4 Purification procedure

This process was carried out after each positive selection using the MinElute PCR
Purification Kit (cat. no: 28006-Qiagen Ltd, Manchester, UK), according to the
manufacturer’s protocol. IMS was removed and the sample resuspended in 100 pl
deoxyribonuclease (DNase)/RNase free water. Each sample was quantified using a
NanoDrop™ 2000 Spectrophotometer and NanoDrop™ 2000/2000c Software. 10 pl
was removed from each tube as detailed in Section 2.5.2 and consolidated into one
tube (80 pl in total).

Briefly, 1 volume of sample was added to 5 volumes of Buffer PB and vortexed. The
sample was applied to a MinElute column in a 2 ml collection tube, and centrifuged at

11,000 x g for 1 minute, before discarding flowthrough. Buffer PE was added to the

Page | 75



MinElute column, and centrifuged at 11000 x g for 1 minute, before discarding
flowthrough. The MinElute column was centrifuged again to remove any residual
Buffer PE at 11000 x g for 1 minute, before placing the column in a new 1.5 ml tube.
Buffer EB was added to the centre of the column membrane, and left for 1 minute,
before centrifugation at 11000 x g for 1 minute. Samples were quantified using a
NanoDrop™ 2000 Spectrophotometer and NanoDrop™ 2000/2000c Software to
check DNA concentration before proceeding to either PCR or next selection.

2.5.5 Polymerase chain reaction
100 M of DNA was added to each PCR tube (cat .no: TA531-Appleton Woods
Limited, Birmingham, UK), alongside 10x PCR buffer, 25 mM MgClz, 5 U/ul Tag DNA
polymerase (cat. no: M0320L-New England BioLabs, Hertfordshire, UK), 10 uM

Content removed for copyright purposes

synthesised by Eurofins Genomics Germany GmbH, Germany), 10 mM

deoxynucleoside triphosphate (ANTP) mix (cat. no: 201900-Qiagen Ltd, Manchester,

UK) and Nuclease-Free water to a final volume of 25 pl.

Samples were thermocycled on the Techne™ Flexigene PCR Thermal Cycler
(Techne™, Fisher Scientific UK Ltd, Loughborough, UK) with the following cycling
conditions: 95°C for 5 minutes followed by 25-33 cycles of 95°C for 30 seconds, 50°C
for 30 seconds and 72°C for 30 seconds, then 72°C for 5 minutes. Samples were
purified after each PCR reaction as per Section 2.5.4. 10 nM DNA library from each

purified PCR reaction was then used for the next round of selection.

2.5.6 Subsequent rounds of selection

For each subsequent round of positive and negative selection, Sections 2.5.2-2.5.5
are repeated moving along each column of the 96-well plate. Positive selections had
one selection pressure changed each subsequent SELEX round. Negative selections
only had to be performed every other positive selection therefore, some had one or
two selection pressures during each SELEX round. This is done as we are looking to
remove non-specific binding from the aptamers. Selection pressures involved
overnight incubation temperature, binding buffer pH, and MgCl. concentration which

are detailed in Table 5.
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Table 5: Positive and negative SELEX rounds and selection pressures introduced for each HPV aptamer pool

SELEX round _ _ Selection pressures _
Incubation temperature (°C) Binding buffer pH MgCl, concentration (M)
1 4 7.28 1.00
2 10 7.28 1.00
@ 3 24 7.28 1.00
IS 4 37 7.28 1.00
S 5 37 7.00 1.00
© 6 37 6.75 1.00
b 7 37 7.28 (6.5) 0.75
2 8 37 7.28 (6.25) 0.50
E 9 37 7.28 0.25 (0.75)
o 10 37 7.28 0.10 (0.50)
11° 37 7.28 0.25
12t 37 7.28 0.10
1 37 7.28 (7.26) 1.00
2 24 7.28 (7.26) 1.00
o g 3 10 7.24 (7.26) 1.00
=2 4 4 7.20 (7.24) 1.00
>3 5 37 7.28 0.75
z9 6 37 7.28 0.50
7 37 7.28 0.25
8 37 7.28 0.10

1Selections for HPV-16 E2 only

Numbers in brackets represent the selection pressures for HPV-16 E2 only
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2.6 Gel electrophoresis

This was performed at intervals throughout the SELEX process, to ensure that DNA
was retained between selections. 3 ul of each PCR product was electrophoresed
through 3% w/v agarose (cat. no: BIO-41025-Meridian Bioscience, London, UK) in 1x
UltraPure™ tris-borate-ethylenediaminetetraacetic acid (EDTA) (TBE) buffer, pH 8
(cat. no: 15581-044-Invitrogen™, Thermo Fisher Scientific, Fisher Scientific UK Ltd,
Loughborough, UK) alongside a Low Molecular Weight DNA Ladder (cat. no: N3233S-
New England Biolabs, Hertfordshire, UK).

Gels were run at 80V and 120mA for 70 minutes and post-stained with GelRed® (cat.
no: 41003-Biotium, Inc., California, USA) (eliminates smearing of ladder bands) for 30
minutes, before visualisation using the ChemiDoc™ XRS+ Molecular Imager® and
Image Lab™ Software (both Bio-Rad Laboratories Ltd, Hertfordshire, UK).

2.7 Aptamer development

2.7.1 Next generation sequencing

Next generation sequencing (NGS) was performed on the 10™ positive selections of
HPV-16 E7-E6, HPV-18 E6 and HPV-18 E7, and the 12" positive selection of HPV-16
E2 pools as these were the last selections performed, where no DNA was recovered

after the selection. Each prospective NGS sample underwent PCR with extended

Content removed for copyright purposes

primers (both

synthesised by Eurofins Genomics Germany GmbH, Germany) to extend the length
of the sequences, which were electrophoresed through a 3% gel as per Section 2.6.
NGS involves Adapter Ligation Technology that generates libraries for sequencing, by
utilising an enzyme to attach adaptors to both ends of the DNA fragments, generating
at least 5 million read pairs. This work was undertaken using an Illumina NovaSeq
(lumina, Inc., California, USA) at Eurofins Genomics Europe Sequencing GmbH,

Germany.
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Figure 10: Summary of aptamer development procedure.

Samples sent for NGS generated thousands of DNA reads, which were searched for the forward and reverse primer sequences and a length of 70
characters. Extracted sequences underwent thermodynamic stability prediction, which was used to select sequences with Gibbs free energy (AG) values
below -20 kcal/mol. The top 10 sequences selected underwent secondary DNA structure prediction and tertiary structure prediction. Here Thymine (T)
residues were converted to Uracil (U), before structural correction converting U residues back to T, and removing atoms to replace ribose with deoxyribose.
Natural ligands, control ligand 4TS2 and aptamer candidates were docked against their respective HPV protein, generating both output and prediction files.

Amino acids and nucleotides were colour coded appropriately and measurements and interactions recorded during computational modelling.
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2.7.2 Sequence extraction
NGS data for each HPV aptamer pool was received as FASTQ files. Each FASTQ file
was loaded into Notepad++ (https://notepad-plus-plus.org/) and searched for all lines

containing string A (known forward primer sequence). The results generated for that
search were searched again for all lines containing string B (opposite and reverse of
the known reverse primer sequence) and saved as a new text file. A new database

was created in Microsoft SQL Server (https://www.microsoft.com/en-GB/sql-

server/sql-server-downloads) and a table added for each results file. The contents of

each new text file was loaded into the database table using a SQL bulk insert. Using
structured query language (SQL), each database table for all rows containing a text
value was searched for sequences starting with string A, ending with string B and
being 70 characters long (70 nt long); comprising 21 nt for known forward primer, 19
nt for known reverse primer, and 30 nt for aptamer library wobble region. The values

generated were returned as query results, and copied into a new text file.

2.7.3 Thermodynamic stability and secondary DNA structure prediction
Each of the sequences generated at 70 nt long were inputted into DINAMelt server-

QuickFold web server (http://www.unafold.org/Dinamelt/applications/quickfold.php)

which predicted thermodynamic stability (Markham and Zuker, 2005). Sequences
were required to have negative Gibbs free energy (AG) values, using the following
folding parameters: Energy rules: DNA at 4°C, [Na*] = 1 M, [Mg**] = 0 M; Sequence
type: Linear; Structures: 5% at suboptimal, maximum of 1 folding; Maximum distance
between paired bases: no limit. Generation of secondary DNA structure prediction for
the top ten structures of each aptamer, based on their negative AG value, was

performed using mFold (http://www.unafold.org/mfold/applications/dna-folding-

form.php) using the same parameters that were used for QuickFold (Zuker, 2003).

2.7.4 Tertiary structure prediction and structural correction
The top ten aptamer candidate sequences for each HPV protein target were inputted

into RNAComposer (http://rnacomposer.ibch.poznan.pl/) to generate predicted tertiary

structures, with all Thymine (T) residues converted to Uracil (U) for folding purposes
(Popenda et al., 2012). Protein Data Bank (PDB) files generated were then modified
in PyMOL (https://pymol.org/2/) using the mutagenesis wizard to convert the U

residues to T, and commands inputted into the PyMOL command line to remove the
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ribose groups and replace them with deoxyribose groups (Schrédinger LLC, 2015).
Commands used were to remove the O’ and HO2’ atoms from each C2’ atom present
in each residue and add a hydrogen atom in their place. Structures generated were

saved as PDB files for fixed docking experiments.

2.7.5 Fixed docking experiments

PDB files generated for the top ten aptamer candidate sequences for each HPV
protein target were compared to see which three aptamer candidates per HPV protein
target were the most similar based on thermodynamic stability and the nature of free
hydrogen bonds (Liang et al., 2006). Fixed docking experiments using ZDOCK server
(https://zdock.umassmed.edu/) were used to determine predicted interactions, where

both the protein and ligand bond angles and atomic positioning were fixed (Nabuurs
et al., 2007, Pierce et al., 2014). PDB files of each of the respective HPV proteins
(HPV-16 E2, HPV-16 E6, HPV-18 E6 and HPV-18 E7), their natural ligands (Brd4, p53
and pRb) and the control ligand 4TS2 structures were downloaded from RCSB PDB

(https://www.rcsb.org/) with PDB file nhames and modifications made described in

Table 6 (Berman et al., 2000). 4TS2, a spinach RNA aptamer was chosen as a control

to dock against each target protein as it is a non-species target to HPV.

Each HPV protein underwent one docking experiment against 4TS2 (first experiment
only), and two docking experiments against their natural ligand and the three aptamer
candidate sequences per respective HPV protein target (36 in total). The first
experiment involved free-binding of the natural ligand, the control ligand 4TS2, and
each of the three aptamer candidate sequences per respective HPV protein target to
their respective HPV protein. The second experiment was performed two ways. For
the natural ligands, they were instructed to dock to the amino acid (AA) residues, that
were interacted with on their respective HPV protein within their PDB models.
However, for the three aptamer candidate sequences per respective HPV protein
target, they were instructed to dock to the AA residues that were interacted with on
their respective HPV protein within their first docking experiment with their natural
ligand. Each fixed docking experiment generated an output file and top ten predictions
files. In the output file, an average was taken for all the ZDOCK scores (last column)

as well as an average for the top three predictions (aptamer candidates only).
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Table 6: RCSB PDB files and modifications used for fixed docking experiments

PDB file name Modifications made to PDB file Reference
1BY9 (crystal structure of the E2 DNA-binding
domain from human papillomavirus type-16: | Water ions removed (Hegde and

implications for its DNA binding-site selection
mechanism

1BY9 docked with 2NNU

Androphy, 1998)

4XR8 (crystal structure of the HPV-16
E6/E6AP/p53 ternary complex at 2.25 A resolution)

Chain A-maltose-binding periplasmic protein and E6AP, Chain B-maltose-
binding periplasmic protein, Chain C-p53, Chain E-HPV-16 E6, Chains G
and H-alpha-D-glucopyranose-(1,4)-alpha-D-glucopyranose, Chains I, J, M
and Q-di(hydroxyethyl)ether, Chains K, L, N, O and R-zinc ions, Chain P-
1,2-ethanediol and water ions removed

Chain B containing E6AP sequence retained

Interactions recorded between p53 and E6 protein and p53 removed

4XR8 docked with 8F2I

(Martinez-
Zapien et
2016)

al.,

HPV proteins

6SJV (structure of HPV-18 E6 oncoprotein in
complex with mutant EGAP LXXLL motif)

Chain A-maltodextrin-binding protein, Chain B-alpha-D-glucopyranose-
(1,4)-alpha-D-glucopyranose, Chains C and D-zinc ions, and water ions
removed

E6AP LXXLL motif removed, saved as a separate PDB file and docked to
bind to HPV-18 E6

(Suarez et al,
Unpublished)

Chain A tyrosine-protein phosphatase non-receptor type 14, Chain C

6IWD (the PTP domain of human PTPN14 in a | chloride ions, Chains D and E phosphate ions, Chain F zinc ions and water | (Yun et al.,
complex with the CR3 domain of HPV-18 E7) ions removed 2019)
6IWD docked with 3POM
» | 2NNU (crystal structure of the papillomavirus DNA Chain A HPV-16 E2 and water ions removed (Abbate et al,
2 tethering complex E2:Brd4) Brdd4 sequence r_etalned 2006)
I ' 2NNU docked with 1BY9
= No modifications made (Solares et al
S 8F2I (p53 monomer structure) 8F2I docked with residues that were interacted with between HPV-16 E6 2022) "
= and p53 in 4XR8
g 3POM (crystal structure of the unliganded | Chain B pRb and water ions removed (Balog et al,
retinoblastoma protein pocket domain) 3POM docked with 6IWD 2011)
g ;% 4TS2 (crystal structure of the Spinach RNA | Magnesium, potassium and water ions removed (Warner et al.,
§ o | aptamer in complex with DFHBI, magnesium ions) 2014)
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2.7.6 Computational modelling

Every top ten prediction file for each natural ligand, the control ligand 4TS2, and each
of the three aptamer candidates per respective HPV protein target that were docked,
were extracted twice to generate ten PDB files. The top prediction for each natural
ligand and the control ligand 4TS2, and the top three predictions of the three aptamer
candidates per respective HPV protein target were opened in PyMOL. Using the
external GUI window, the display tab was selected, followed by the sequence tab,
which displayed the sequences in the PyMOL viewer window for each of the structures
present. Next, the display tab was selected again, followed by the sequence mode tab
and the residue names tab, which displayed the abbreviated AA names, instead of
their symbols. Within the PyMOL viewer window, each of the sequences was
highlighted individually, and the following steps performed. Using the object control
panel on the right-hand side of the screen, the action (A) and colour (C) command
buttons were selected to rename and change the colour of each sequence
respectively, which were shown in the drop-down menu. Next, the show (S) command
button was selected, followed by the sticks tab in the drop-down menu, which
displayed the sequence in stick view. Lastly, the hide (H) command button was
selected, followed by the cartoon tab in the drop-down menu, which removed the

cartoon view.

Next, within the PyMOL viewer window, the aptamer sequence was selected. Using
the object control panel, the action (A) command button was selected, then within each
subsequent drop-down menu, the following tabs were selected: find, polar contacts,
and to other atoms in object. This displayed any polar contacts occurring between
atoms. For the protein sequence, any AAs that had polar contacts with a DNA residue
were highlighted, with any bound DNA residue highlighted as appropriate (as shown
in Section 5.2.3, Figure 47). Once all the polar contacts had been identified, using the
object control panel, the hide (H) command button was selected, followed by selecting
the everything tab in the drop-down menu for each sequence. This hid the 3D model
within the PyMOL viewer window. Next, in the PyMOL viewer window, each of the
residues that had been highlighted a different colour from the original were selected,
and using the show (S) command button, the sticks tab was selected in the drop down.
Using the measurement wizard, each of the polar contacts was measured by selecting

one atom, followed by selecting the second interacting atom to give a measurement
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in Angstroms (A). Lastly, the label (L) command button in the object control panel was
selected, and using the drop-down menu, the atom name tab was selected. This
labelled all the atoms present in both the DNA nt and AAs. Each file was saved as

session files in pse format.

For each natural ligand, the control ligand 4TS2, and top three predictions for the three
aptamer candidates per HPV protein target, the DNA residue and AA that interacted
were noted down, as well as A measurement, output for the corresponding complex,
and a description of what was happening in each interaction. The A measurements
were only considered if they were in the range of 2.2-4.0 A, as there is a minimum
distance in between atoms due to intermolecular forces (Jeffrey, 1997). A candidate
for each aptamer was chosen based on ZDOCK score, interactions between protein
and aptamer, nature of the interactions, distances, structure and how the structure

was interacting with the protein.

2.8 Fluorescent-based binding assay

This methodology was adapted from AFBI assay-aptamer fluorescence binding and
internalisation assay for cultured adherent cells (Thiel and Giangrande, 2016). 96-well
plates were prepared as per Section 2.5.1 for the positive and negative plates, except
they were all blocked with 0.1% BSA in PBS.

Synthesised HPV-16 E2, HPV-16 E7-E6, HPV-18 E6 and HPV-18 E7 aptamers and
HPV-16 E2, HPV-16 E7-E6, HPV-18 E6 and HPV-18 E7 negative control aptamers
(negative positive selection controls) from Section 2.5.2 underwent PCR as per
Section 2.5.5, using a 5 Alexa Fluor™ 488 forward primer_

Content removed for copyright purposes (synthesised by Eurofins Genomics
Germany GmbH, Germany), for fluorescent labelling. These were then
electrophoresed through a 3% gel as per Section 2.5.5, to ensure integration of
fluorophore into the aptamer. A gel loading buffer (0.1 M EDTA, pH 8.0 (cat. no:
E9884-100G-Sigma Aldrich®, Merck Life Science UK Limited, Dorset, UK), 40% (w/V)
sucrose (cat. no: 10634932-Fisher Chemical, Fisher Scientific UK Ltd, Loughborough,
UK), and 0.5% (w/v) sodium lauryl sulphate (SDS) (cat. no: 10593335-Fisher
BioReagents, Fisher Scientific UK Ltd, Loughborough, UK), was made and used to

run with the fluorescently-labelled aptamers. As the original loading dye fluoresces,
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we wanted to run the aptamers without a visible dye front to show integration of the 5’

Alexa Fluor™ 488 fluorophore.

Aptamers and antibodies were prepared as per working concentrations detailed in
Table 7, in filter sterilised 1x binding buffer, pH 7.4 (1.5 M sodium chloride (cat. no:
10112640-Fisher Chemical, Fisher Scientific UK Ltd, Loughborough, UK), 20 mM
calcium chloride (cat. no: C1016-100G) and 200 mM N-2-hydroxyethylpiperazine-N-
2-ethane sulphonic acid (HEPES) (cat. no: H4034-100G) (both Sigma Aldrich®, Merck
Life Science UK Limited, Dorset, UK) and chilled on ice. Aptamer and antibody
concentration range was wide enough to cover both ends of a binding curve, with a

10-fold serial dilution carried out across the plate.

2.8.1 Antibody binding assay

Wells were washed with 200 uyl washing 1x binding buffer twice, and decanted
between washes. Wells were then blocked with 100 pl 1x binding buffer containing
10% normal donkey serum (NDS) (cat. no: ab7475-Abcam PLC, Cambridge, UK), to
decrease non-specific binding, for 10-20 minutes at 4°C. The wells were then
incubated with 25 pl of antibody or secondary antibody (negative control), which

allowed for equilibrium binding to be established.

A 10-fold serial dilution of antibody or secondary antibody (negative control) was
generated across the plate. Plates were incubated overnight at 4°C. Antibodies were
decanted from the plates, and wells washed twice with 200 yl washing 1x binding
buffer. Plates were incubated with 25 pl donkey anti-mouse Alexa Fluor® 488
secondary antibody (cat. no: ab150105-Abcam PLC, Cambridge, UK) for 60 minutes
at room temperature. Secondary antibody was decanted, and wells washed twice with
200 pl washing 1x binding buffer. After the final wash, plates were tilted for 30 seconds,
and decanted again to fully dry the wells. Fluorescence was measured using the green
fluorescent protein (GFP) protocol for fluorescence intensity with endpoint mode on a
FLUOstar Omega microplate reader using Omega Software to run fluorescence

measurement and Mars Software for data analysis (all BMG Labtech, Germany).
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2.8.2 Aptamer binding assay

Wells were washed twice with 200 pl washing 1x binding buffer, and decanted
between washes. Wells were then blocked with 100 pl 1x binding buffer containing 1
pMg/ml BSA, to decrease non-specific binding, for 10-20 minutes at 4°C. The wells were
then incubated with 25 pl of aptamer, or negative aptamer, which allowed for

equilibrium binding to be established.

Aptamer starting concentrations were based on the concentration used in IHC, with a
10-fold serial dilution generated across the plate. Plates were incubated overnight at
4°C. Aptamers and antibodies were decanted from the plates, and wells washed twice
with 200 pl washing 1x binding buffer. Aptamer plates did not require further incubation
or washes after this step. Fluorescence was measured using the GFP protocol for
fluorescence intensity with endpoint mode on a FLUOstar Omega microplate reader
using Omega Software to run fluorescence measurement and Mars Software for data

analysis (all BMG Labtech, Germany).

2.8.3 Statistical analysis

Binding assays were tested for statistical significance by Two-Way ANOVA (Geisser-
Greenhouse correction, matched values spread across a row; Bonferroni’s multiple
comparisons test, with individual variances computed for each comparison) using

Prism 10 (GraphPad Software Inc) https://www.graphpad.com/. P-values <0.05 were

taken to be significant.
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Table 7: Positive and negative HPV antibodies and aptamers and their working concentrations for fluorescent-based binding assays and cell

immunofluorescence

HPV target protein Stock concentration (ug/ml) Working concentration (ug/ml)
HPV-16 E2 1000 20
3 HPV-16 E6 100 1
o
-f:’ HPV-16 E7 200 2
< HPV-18 E6 100 2
HPV-18 E7 1000 10
53
S § Donkey anti-mouse Alexa Fluor™ 488 2000 4
S
G
HPV-16 E2 449.3 2
e HPV-16 E7-E6 337.8 1
I
g_ HPV-18 E6 412.2 2
HPV-18 E7 303.9 1
° HPV-16 E2 345.0 4
ZE HPV-16 E7-E6 439.0 4
I
§ 5 HPV-18 E6 395.2 4
HPV-18 E7 347.7 4
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2.9 Cell culture

2.9.1 General growth

All cell culture experiments were carried out in a Class Il Laminar flow cabinet. MCF7,
SiHa, Hela, VU-SCC-040T and VU-SCC-147T cell lines (Table 8) were grown in
Dulbecco’s modified eagle medium (DMEM) (cat. no: 10-013-CV-Corning, Scientific
Laboratory Supplies Ltd, Nottingham, UK) supplemented with 10% foetal bovine
serum (FBS) (cat. no: A4766801-Gibco™, Thermo Fisher Scientific, Fisher Scientific
UK Ltd, Loughborough, UK), 1% penicillin-streptomycin (cat. no: P4333-100ML) and
1% non-essential AA (NEAA) (cat. no: M7145-100ML) (both Sigma Aldrich®, Merck
Life Science UK Limited, Dorset, UK) (VU-SCC-040T and VU-SCC-147T only) in T75
flasks. These were all grown at 37°C in 5% CO.. Cell lines were passaged around

twice a week at 80% confluency.

2.10 Cell immunofluorescence

2.10.1 Fixation

19 x 19 mm coverslips (cat. no: 12323138-Fisherbrand™, Fisher Scientific UK Ltd,
Loughborough, UK), were sterilised in 70% IMS, dried and one coverslip placed in
each well of a 12-well plate (cat. no: 83.3921-Sarstedt AGA & Co. KG, Germany) (in
duplicate for each cell type). 1 ml of poly-D-lysine (cat. no: A38904-01-Gibco™,
Thermo Fisher Scientific, Fisher Scientific UK Ltd, Loughborough, UK) was added to
each coverslip for 20 minutes then removed. 4.8 x 10° cells in complete media were
added to each well and incubated overnight at 37°C in 5% CO..

After overnight incubation, plates were washed twice with 1x PBS, and then incubated
in 0.1 M glycine (cat. no: G8898-1KG-Sigma Aldrich® Merck Life Science UK Limited,
Dorset, UK) for 30 minutes. Glycine was removed and ice-cold acetone (cat. no:
10131560-Fisher Chemical, Fisher Scientific UK Ltd, Loughborough, UK), added, and
incubated for 10 minutes. Wells were washed three times with 1x PBS, then 900 ul 1x
PBS and 100 ul penicillin-streptomycin added to each well to prevent drying out and
fungal growth. Each plate was sealed with parafiim and stored in a cold room until

required.
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Table 8: Cell lines grown for cell immunofluorescence

Cell line

Growth
properties

Doubling
time

Gender

Age
(years)

Primary tumour

Cell type

Disease

HPV status
and type

Source

MCF7

Adherent

29 hours

Female

69

Breast:
Mammary gland

Epithelial

Adenocarcinoma

Negative

HTB-22 ATCCY,
Virginia, USA

SiHa

Adherent

2.6 days

Female

55

Uterus; Cervix

Epithelial

Squamous cell
carcinoma

HPV-16
Positive

HTB-35
ATCC,
USA

Virginia,

HelLa

Adherent

1.3 days

Female

31

Uterus: Cervix

Epithelial

Adenocarcinoma

HPV-18
Positive

CCL-2
ATCC,
USA

Virginia,

VU-SCC-
040T

Adherent

27+3
hours

Female

65

Tongue

Epithelial

Sqguamous cell
carcinoma

Negative

Gift from Professor
H Joenje, VU
Medical  Centre,
Amsterdam (via Dr
S Roberts,
University of
Birmingham)

VU-SCC-
147T

Adherent

2.2 days

Male

58

Floor of mouth

Epithelial

Sqguamous cell
carcinoma

HPV-16
Positive

Gift from Professor
H Joenje, VU
Medical  Centre,
Amsterdam (via Dr
S Roberts,
University of
Birmingham)

American Type Culture Collection
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2.10.2 Antibody immunofluorescence

Cells were permeabilised with 1x PBS with 0.1% Triton X-100 (cat. no: X100-100ML-
Sigma Aldrich®, Merck Life Science UK Limited, Dorset, UK) and incubated for 10
minutes. Coverslips were washed three times with 1x PBS and blocked with 10% NDS
in 1x PBS for 30 minutes. After incubation, primary antibodies were added in blocking
solution at dilutions provided in Table 7 and incubated at 4°C for 48 hours. Coverslips
were washed three times with 1x ice cold PBS, before adding secondary antibody in
10% NDS at room temperature for 60 minutes. Coverslips were dried and mounted
with Fluoroshield™ with DAPI mounting medium (cat. no: F6057-20ML- Sigma
Aldrich®, Merck Life Science UK Limited, Dorset, UK), and sealed with clear nail

varnish.

2.10.3 Aptamer immunofluorescence

Cells were washed three times with 1x PBS and blocked with 1% BSA for 30 minutes.
After incubation, aptamers were added in blocking solution (1% BSA in 1x PBS), at
dilutions provided in Table 7 and incubated at 4°C for 48 hours. Cells were washed
three times with 1x ice cold PBS. Coverslips were dried and mounted with
Fluoroshield™ with DAPI mounting medium, and sealed with clear nail varnish. As
aptamers were amplified by PCR using a 5’ Alexa Fluor™ 488 forward primer, they

did not require secondary antibody application.

2.10.4 Cell immunofluorescence imaging

Slides were visualised and imaged on the Nikon Eclipse Ti inverted microscope and
NIS-Elements AR imaging software (both Nikon Instruments Inc., New York, USA)
using the GFP channel at the University of Sheffield. Images were taken using a 60x
oil immersion lens, and saved in nd2 format. All images were viewed in ImageJ

software (https://imagej.net/ij/download.html) (Schneider et al., 2012).
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CHAPTER 3: HISTOLOGICAL CHARACTERISATION OF NORMAL PALATINE
TONSILS AND OROPHARYNGEAL SQUAMOUS CELL CARCINOMAS

3.1 Introduction

In cervical carcinoma (CC), high-risk (HR)-HPV infect the basal cells of the basement
membrane through traumatised epithelium within the transformation zone (TZ) of the
squamocolumnar junction (SCJ). The TZ consists of non-keratinising stratified
squamous epithelium (ectocervix) which transitions to simple columnar epithelium
(endocervix) (Herfs et al., 2012, Dudas, 2023). Persistent infection with HR-HPV can
lead to the development of precursor lesions known as cervical intraepithelial
neoplasia’s (CIN), which can progress to CC (Herfs et al., 2012, Lee et al., 2017). The
TZ is a site pre-disposed to HPV-mediated disease that stains positive for cytokeratin
7, a ductal, glandular, and transitional epithelial marker which is also present within
the reticulated crypt of the normal palatine tonsil (Lee et al., 2017, Woods et al., 2017,
Woods et al., 2022). In HPV-positive OPSCC, it is hypothesised that HPV infection
may establish within these reticulated crypts (Kim et al., 2007).

The surface epithelium of the normal palatine tonsil is covered by non-keratinising
stratified squamous epithelium, which invaginates into the lamina propria, forming 10-
30 tonsillar crypts (up to 300 cm? total surface area) (Howie, 1980, Dudas, 2023).
These crypts have branching blind ends that are lined by reticulated epithelium, which,
unlike the surface epithelium, has a discontinuous basement membrane that is
densely infiltrated with lymphocytes (Stéhr, 1882, Olah, 1978, Nave et al., 2001). This
lymphoepithelium, where epithelial cells and lymphocytes coexist, is known as
lymphoepithelial symbiosis (Schmincke, 1921, Fioretti, 1957). The depth of the crypts
makes them susceptible to bacteria and foreign antigens, with the abundance of
lymphocytes and programmed cell death-ligand 1 (PD-L1) expression within the crypts

representing an immune-privileged site (Lyford-Pike et al., 2013).

PD-L1 (transmembrane glycoprotein expressed on T and B lymphocytes,
macrophages, and dendritic cells as well as cancer cells) is capable of binding to
programmed cell death protein-1 (PD-1) (transmembrane protein receptor that is
expressed on activated T lymphocytes, B lymphocytes, and macrophages) (Dong et

al., 1999, de Vincente et al., 2019). Within the tumour microenvironment (TME), they
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bind and approach the tumour-infiltrating lymphocytes (TILs) which are positive for
CD8, a transmembrane glycoprotein also present on cytotoxic T lymphocytes which
increases antitumour immune responses (Lyford-Pike et al., 2013, de Vincente et al.,
2019, Atipas et al., 2023). Together, PD-L1 and PD-1 act as part of the immune
checkpoint pathway, and are cancer immunotherapy targets (for the monoclonals
Nivolumab and Pembrolizumab) to treat metastatic and recurrent HNSCC (Lyu et al.,
2019, Oliva et al.,, 2019). Epidermal growth factor receptor (EGFR) is a
transmembrane receptor tyrosine kinase that is also an approved targeted treatment
for HNSCC whose expression is most commonly-associated with HPV-negative
OPSCCs (Taberna et al., 2018, Deuss et al., 2020). The EGFR-targeting monoclonal
Cetuximab has low response rates (10-15%) compared to Pembrolizumab and is
associated with poor prognosis (Vermorken et al., 2008, Bonner et al., 2010,
Harrington et al., 2017, Cohen et al., 2019).

Unlike in the cervix, it is currently unknown whether any precursor lesions exist within
the tonsils prior to cancer (Palmer et al., 2014, Quabius et al., 2021). In diagnosing
disease, pl6INK4A immunohistochemistry (IHC) is a validated prognostic marker
used for testing HPV status within OPSCC within the UK (Klussman et al., 2003,
Sedghizadeh et al., 2016, Lewis et al., 2018b, Hunter et al., 2021). p16 is a surrogate
marker for HPV, which is overexpressed when the tumour suppressor protein and cell
cycle regulator, retinoblastoma protein (pRb), is degraded (Dyson et al., 1989, Li et
al., 1994, Klussman et al., 2003). Additional HR-HPV-specific tests are also available
including HPV DNA in-situ hybridisation (ISH); however there is no consensus on the

best methodology for HPV testing within the oropharynx (Hunter et al., 2021).

Cancers of the oropharynx particularly OPSCCs can be identified using the
pancytokeratin AE1/AE3, which identifies cytokeratins of simple and stratified
epithelial origin (Tseng et al., 1982, Woodcock-Mitchell et al., 1982, Sun et al., 1984,
Giotakis et al., 2023). CK7 can also be used to determine tumour origin, particularly
tumours of reticulated crypt origin (Woods et al., 2017). Other prognostic markers that
have also been associated with both HPV-positive and HPV-negative OPSCC include
Ki67, a proliferation marker, and ERa, a prognostic biomarker and therapeutic target
(Chatzkel et al., 2017, Kwon et al., 2020).
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This chapter therefore examines and characterises the histology of normal and
cancerous tonsil, in comparison with normal and cancerous cervix, using a variety of

biomarkers believed to be involved in the development of HPV-mediated disease.

3.2 Results

3.2.1 Histological characterisation of the normal cervix and CCs

HPV infection within the cervix has been well characterised. Unfortunately, normal
cervical tissue with the SCJ could not be sought for the study; therefore, an image was
sourced from the literature. The haematoxylin and eosin (H&E) showed normal cervix
(Figure 11A), with a discernible basement membrane, where non-keratinising stratified
squamous epithelium transitioned to simple columnar epithelium. These two epithelial
types formed the TZ within the SCJ. To characterise the normal cervix further, we
would have stained it with p16, as this is a biomarker of HPV status also identified in
CC and cervical precancerous lesions. Again, an example of p16 stained in normal
cervix was sourced from the literature. Staining of p16 was negative within the normal

cervical epithelium (Figure 11B).

Three CC tissues were also stained with H&E and pl16 (Figure 12). The pathology
showed invasive squamous cell carcinoma (SCC) for all three CCs; the tumours
resembled neoplastic squamous epithelium that infiltrated into the cervical stroma as
irregular nests and sheets. Additionally, they were tumour-positive for p16 staining,
which suggested that these were HPV-positive CCs. There was no glandular
appearance in any of the tumour nests confirming non-keratinising SCC (NKSCC)
origin rather than adenocarcinoma, therefore representing an excellent comparator for

OPSCC tissue characterisation.
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Figure 12: H&E and p16 of the squamocolumnar junction of the cervix.

The cervical squamocolumnar junction consisted of non-keratinising stratified squamous epithelium
(SSE) and simple columnar epithelium (SCE), where there is a clearly defined change between the two
epithelial cell types (A). Unlike the normal palatine tonsil, there is a discernible basement membrane.
pl6 expression was negative within the normal cervical epithelium and underlying tissue (B). Images
sourced from (Kurita et al., 2019) (A) and (Feng et al., 2007) (B) at unknown magnifications.

H&E

p16

Figure 11: H&E and p16 of three CC tissues.

Invasive CCs demonstrating NKSCC morphology. The tumours infiltrated as nests and sheets
throughout. No glandular morphology was present, therefore excluding the tumours as
adenocarcinomas. Invasive CCs exhibiting tumour-positive staining for p16. Images captured on
NDP.view2 software at 5x magnification.
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3.2.2 Histological characterisation of the normal palatine tonsil
Unlike in the normal cervix, HPV infection within the normal palatine tonsil has not
been well characterised. Firstly, H&E sections of normal palatine tonsil were observed

and described, in order to characterise the normal tissue.

The H&E showed two halves of the same tonsil, which appeared unremarkable and
morphologically normal (Figure 13). The surface epithelium showed invagination into
two crypts, with two further crypts apparent within the parenchyma. Also, within the
parenchyma, were numerous lymphoid follicles that were spheroid in shape, each
containing a germinal centre (light), surrounded by a mantle zone (dark) (Figure 14A).
The tonsil surface was covered in non-keratinising stratified squamous epithelium,
which had an intact basement membrane with basal cells resting on it, and the
underlying lamina propria below it (Figure 14B). Each crypt was lined with reticulated
epithelium consisting of squamous cells and lymphocytes coexisting together, with an
indistinct basement membrane present (Figure 14C). This demonstrated the
discontinuity that is seen between the surface and reticulated epithelium, with this
example showing an indistinct basement membrane, which could make this particular
tonsillar crypt an easier target for foreign antigens including HPV. As there is
transitional epithelium present in both tissue types, the normal cervix represents an

excellent comparator for further tissue characterisation of the normal palatine tonsil.
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Figure 13: H&E of the normal palatine tonsil.

Image was captured on NDP.view2 software at 0.42x magnification.
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Figure 14: H&Es of the lymphoid follicle, surface epithelium, and reticulated epithelium of the
normal palatine tonsil.

A lymphoid follicle within the tonsil parenchyma, consisting of a germinal centre (light) in the centre and
the mantle zone (dark) surrounding it (A). The surface epithelium was non-stratified squamous
epithelium, with squamous cells present on the upmost surface, and basal cells towards the bottom,
which rested on the intact basement membrane. The lamina propria consisted of connective tissue,
which was located below the basement membrane (B). The reticulated epithelium consisted of an
indistinct basement membrane, which was obscured by the dense infiltration of lymphocytes admixed
with squamous cells (C). Images were captured on NDP.view2 software at 10x (A), and 40x (B and C)

magnification.
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3.2.3 Biomarker optimisation within the normal palatine tonsil

To characterise the normal palatine tonsil further, nine biomarkers were selected from
the literature, that were identified as prognostic biomarkers for OPSCC: pl6, the
surrogate HPV marker; PD-1, a checkpoint receptor and its ligand, PD-L1; CD8, a
cytotoxic T lymphocyte marker; Ki67, a proliferation marker; ERa, a prognostic
biomarker and therapeutic target; CK7, a reticulated epithelial marker; AE1/AE3, a
pancytokeratin epithelial marker; and EGFR, a transmembrane receptor associated
with poor prognosis (Klussman et al., 2003, Lyford-Pike et al., 2013, Chatzkel et al.,
2017, Woods et al., 2017, Koenigs et al., 2019, Deuss et al., 2020, Atipas et al., 2023,
Giotakis et al., 2023).

Staining for all nine biomarkers was optimised within the same normal palatine tonsil
(Figures 15 and 16). Expression within the reticulated epithelium was observed with
staining of p16, PD-L1, CD8, Ki67, CK7, AE1/AE3, and EGFR. pl16 (nuclear and
cytoplasmic), PD-L1 (membranous), and CK7 (cytoplasmic and membranous)
demonstrated similar distribution of staining in the uppermost layers of the reticulated
epithelium, compared to stronger and more abundant staining of AE1/AE3
(cytoplasmic), which stains for numerous cytokeratins. Within the germinal centres,
staining of lymphocytes was observed with PD-L1, PD-1 (cytoplasmic and
membranous), CD8 (membranous), and Ki67 (nuclear). Lastly, expression of CD8,
Ki67, ERa (nuclear), and EGFR (membranous), was observed alongside AE1/AE3
within the surface epithelium. AE1/AE3 and EGFR are found within the surface
epithelium, with Ki67, ERa, and CD8 seen within the basal cells above the basement
membrane, where proliferating cells are found. With the normal palatine tonsil
histology and expression of the biomarkers characterised, we then turned our attention

to characterising OPSCCs.
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Figure 15: p16, PD-1, PD-L1, CD8, and Ki67 expression in normal palatine tonsil.
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pl16 and PD-L1 expression was observed mostly within the reticulated epithelium; however, PD-1 was negative. Some cells were positive for p16 within the

surface epithelium. All three were positive within the germinal centres. Some CD8 expression was observed close to the reticulated epithelium and within

the surface epithelium, but was mostly observed the germinal centres. Ki67 expression was observed in a scattered distribution within the reticulated

epithelium, and mostly within the germinal centres and basal cells of the surface epithelium. Images were captured on NDP.view2 software at 40x

magnification.
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Figure 16: ERa, CK7, AEL/AES, and EGFR expression in normal palatine tonsil.

Weak ERa expression was observed in a scattered distribution within the reticulated epithelium and surface epithelium. CK7 expression was observed only
within the reticulated epithelium, with no staining observed within the surface epithelium. AEL/AE3 expression was observed within the reticulated epithelium
and surface epithelium. Weak EGFR expression was observed within the reticulated epithelium, with moderate expression observed within the surface
epithelium. All four were negative within the germinal centres. Images were captured on NDP.view2 software at 40x magnification.
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3.2.4 Histological characterisation of OPSCCs

Five OPSCCs were obtained as unstained sections. An H&E was performed on each
OPSCC to allow for histological characterisation. The histopathological type for each
OPSCC was determined in consultation with Dr Amandeep Mann, Consultant
histopathologist, University Hospitals of Derby and Burton (UHDB).

OPSCC 1 was a conventional invasive keratinising squamous cell carcinoma (KSCC),
that showed surface epithelium involvement, where the tumour had invaded through
the basement membrane into the stroma (Figure 17). The tumour infiltrated as nests
and cords that were angulated, containing polygonal cells with eosinophilic cytoplasm,
distinct cell borders, and intercellular bridges. Keratin formation was also present
alongside stromal desmoplasia. This tumour was well differentiated, as it resembled

the surface epithelium.

OPSCC 2 and OPSCC 3 were NKSCC which infiltrated as sheets, nests, and
trabeculae into the stroma, eliciting very little stromal response (Figures 18 and 19).
The cell borders were indistinct and contained ovoid to spindled, hyperchromatic cells
lacking remarkable nucleoli. Frequent mitoses and comedonecrosis was also seen. In
OPSCC 2 some moderate dysplasia was seen which did not breach the basement
membrane of the surface epithelium. However, further along the surface epithelium, it
appeared that the tumour had infiltrated into the underlying tissue, giving this region a
crypt-like phenotype. OPSCC 3 showed extension of the tumour, extending beyond
the surface epithelium. Both OPSCC 2 and 3 were poorly differentiated, as they were
characterised by high nuclear pleomorphism and frequent atypical mitoses, as well as

minimum keratinisation and structural organisation.

Finally, OPSCC 4 and OPSCC 5 were conventional KSCCs (Figures 20 and 21). The
tumours infiltrated as nests and cords that were angulated, containing polygonal cells
with eosinophilic cytoplasm, distinct cell borders and intercellular bridges. Keratin
formation was also present alongside stromal desmoplasia. OPSCC 4 was moderately
differentiated, compared to OPSCC 5 which was poorly differentiated. Additionally,
OPSCC 5 showed the involvement of surface epithelium, where the tumour had
invaded through the basement membrane into the stroma, as well as extension of the

tumour, involving the surface epithelium.
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We made predictions based upon the morphology of the five OPSCCs as to HPV
status. Firstly, OPSCCs 1, 4, and 5 exhibited morphology that was consistent with
KSCC, which is predominantly linked with HPV-negative OPSCC, therefore, these
were predicted to be HPV-negative OPSCCs. Comparatively, OPSCCs 2 and 3
exhibited morphology that were consistent with NKSCC, which is predominantly linked
with HPV-positive OPSCCs, therefore, these were predicted to be HPV-positive
OPSCCs. To test these assumptions, we performed further immunohistochemical
investigations to determine which, if any, of these OPSCCs were HPV-positive and
HPV-negative disease.
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Figure 17: H&E of OPSCC 1 with keratinising morphology.
There were infiltrative nests of tumour cells within the surface epithelium infiltrating into the underlying
tissue (A), with stromal desmoplasia (*) (B). Tumour nests contained polygonal cells with distinct cell
borders, with keratin pearls (>) (C) and intercellular bridges (*) present (D). Images were captured on
NDP.view2 software at 2.5x (A), 10x (B), and 20x (C and D) magnification.

Figure 18: H&E of OPSCC 2 with non-keratinising morphology.
There was an area of moderate dysplasia (*) seen within the surface epithelium, with infiltrative nests of
tumour cells (>) within the underlying tissue (A and B). It appeared the tumour had infiltrated into the
underlying tissue (-), giving this region a crypt-like phenotype. Tumour nests also contained poorly
differentiated cells and irregular borders (*), as well as comedonecrosis (+) (C). Morphology was
consistent with reticulated epithelium. Images were captured on NDP.view2 software at 10x (A-C)

magnification.
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Figure 19: H&E of OPSCC 3 with non-keratinising morphology.
There was extension (*) of the tumour as the underlying tissue met and extended beyond the surface
epithelium (A). The tumour infiltrated as sheets and nests with indistinct borders; however, most of the
normal architecture was distorted and poorly differentiated (B and C). Images were captured on
NDP.view?2 software at 2.5x (A), 10x (B), and 20x (C) magnification.

Figure 20: H&E of OPSCC 4 with keratinising morphology.

There were infiltrative nests of tumour cells within the underlying tissue, with some keratinising
morphology (A), and keratin pearls present (*) with the tumour being moderately differentiated (B).
Intercellular bridges (>) were also present (C) as well as stromal desmoplasia (") (D). Images were
captured on NDP.view2 software at 10x (A and B), and 20x (C and D) magnification.
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Figure 21: H&E of OPSCC 5 with keratinising morphology.

Infiltrative nests (*) of tumour cells within the surface epithelium infiltrated into the underlying tissue, as
well as extension of the tumour (A). Tumour nests contained polygonal cells with distinct cell borders
and keratin pearls (>) (B). Stromal desmoplasia () was also present (C and D), as well as
demonstration of a poorly differentiated tumour (C) and intercellular bridges (+) (D). Images were
captured on NDP.view2 software at 1.25x (A), 10x (B), and 20x (C and D) magnification.
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3.2.5 Morphological type alone does not reliably inform of HPV status in
OPSCC

To confirm our observations and predictions of HPV status, we outsourced one section
of each OPSCC for HPV DNA ISH, which was performed by NovoPath, Cellular
Pathology, Royal Victoria Infirmary, Newcastle upon Tyne. Criteria for positive HPV
DNA ISH staining was identified as blue nuclear dots (Lewis et al., 2010).

Surprisingly, the results were not as we had predicted (Figure 22). We proposed that
OPSCC 1, 4, and 5 were HPV-negative based on their KSCC morphology, and that
OPSCC 2 and 3 were HPV-positive based on their NKSCC morphology via H&E
staining. Whilst OPSCC 1 was tumour-negative for HPV DNA ISH, which correlated
with the morphology and prediction we had made, incorrect predictions were made for
the rest of the OPSCCs. OPSCC 2 and 3 were also tumour-negative for HPV DNA
ISH, despite their NKSCC morphology. In contrast, OPSCC 4 and 5 were tumour-
positive for HPV DNA ISH, despite their KSCC morphology. OPSCC 4 demonstrated
focal staining, with positive cells spread out across the entirety of the tumour. In
comparison, OPSCC 5 mostly demonstrated fairly strong and diffuse positive staining
across the entire tumour. Therefore, in this small sample, this demonstrates that
diagnosis by H&E alone is poorly predictive of HPV status. We continued to

characterise the OPSCCs further, staining them with other biomarkers.
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Figure 22: HPV DNA ISH of OPSCCs determined that not all NKSCC are HPV-associated.

OPSCC 1 was tumour-negative for HPV DNA ISH, which correlated with the KSCC morphology (A).
However, OPSCC 2 and 3 were tumour-negative for HPV DNA ISH, despite their NKSCC morphology
(B and C). Surprisingly, OPSCC 4 and 5 were tumour-positive for HPV DNA ISH, regardless of their

KSCC morphology (D and E). Images were captured on NDP.view2 software at 40x magnification.
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3.2.6 HPV positivity correlates with pl6 overexpression, but not CK7
expression

As H&E staining alone is not reliable for determining HPV status, we decided to
characterise the OPSCCs further. We first stained the sections chromogenically with
pl16, the surrogate HPV marker; AE1/AE3, a pancytokeratin epithelial marker; and
CK7, a reticulated epithelial marker. Criterion for p16-positive IHC was based on the
current guidelines for moderate to intense nuclear and cytoplasmic staining in 70% or
more of the tumour cells (Lewis et al., 2018b, Hunter et al., 2021). Normal staining
observed with these biomarkers across the remainder of the tissue section acted as
internal positive controls. Across all five sections, normal expression of pl6 was
exhibited in the reticulated epithelium and germinal centres; AE1/AE3 was exhibited
in the surface, reticulated, and ductal epithelia, and mucinous acini; and CK7 was
exhibited within the reticulated and ductal epithelium, and mucinous acini (Figure 23).
Moreover, all five OPSCCs were tumour-positive for AE1/AE3, which in conjunction
with the morphology of each of the OPSCCs, demonstrated that they were all of

epithelial origin.

OPSCC 1 was tumour-negative for pl6 and CK7 (Figure 23), and had been
determined as KSCC via H&E staining. Together with the tumour-negative staining of
HPV DNA ISH, p16, and CK7, this was consistent with HPV-negative OPSCC.
OPSCC 2 was tumour-negative for p16 (Figure 23), though surprisingly, there was a
small dysplastic area within the surface epithelium that was p16-positive. Additionally,
OPSCC 2 was tumour-positive for the tonsillar reticulated epithelial marker CK7, with
some positivity seen within the surface epithelium, which was unusual. However, as
was observed in the H&E, this confirmed that the tumour had infiltrated the underlying
tissue, giving this region a crypt-like phenotype. OPSCC 2 was determined as NKSCC
via H&E staining, and together with the tumour-negative staining of HPV DNA ISH,
pl1l6, and CK7, this was not consistent with HPV-negative OPSCC.

OPSCC 3 was tumour-negative for p16 and CK7 (Figure 23). Like OPSCC 2, there
was surprisingly some small areas of pl6 staining within the surface epithelium.
OPSCC 3 was determined as NKSCC via H&E staining, and together with the tumour-
negative staining of HPV DNA ISH, p16, and CK7, this was consistent with HPV-
negative OPSCC. Conversely, OPSCC 4 and 5 were tumour-positive for p16, with
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strong, diffuse staining indicative of p16 overexpression within the tumour (Figure 23).
The pl16 positivity would also suggest that the tumours were HPV-positive, despite
their keratinising morphology; indeed, this was confirmed by HPV DNA ISH (Figure
22).

However, despite being positive for p16 and HPV DNA ISH, both OPSCC 4 and 5
were tumour-negative for CK7, which could suggest that they are not associated with
the reticulated epithelium (Figure 23). CK7 is expressed within the SCJ of the cervix,
which is the site pre-disposed to HPV-mediated disease (Woods et al., 2017).
However, CK7 expression is also observed within the reticulated epithelium of the
palatine tonsil, which is believed to be where HPV infection establishes, and was a
useful marker for determining whether HPV-positive OPSCCs arose within the
reticulated crypts (Kim et al., 2007, Woods et al., 2022). Therefore, in this small
sample, HPV positivity is shown to correlate with p16 overexpression, but not with CK7

expression.
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Figure 23: HPV positivity correlates with p16 overexpression, but not CK7 expression.

OPSCC 1 was tumour-negative for HPV DNA ISH, p16, and CK7. OPSCC 2 was tumour-negative for
HPV DNA ISH and p16, but tumour-positive for CK7. This could be as the tumour has breached into
the surface epithelium, giving it a crypt-like phenotype. OPSCC 3 are tumour-negative for HPV DNA
ISH, p16, and CK7. OPSCC 4 and 5 were tumour-positive for HPV DNA ISH and p16, but tumour-
negative, which was surprising. All five OPSCCs were tumour-positive for AE1/AE3, suggesting that all
are tumours of epithelial origin. Images captured on NDP.view2 software at 5x magnification.
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3.2.7 HPV-negative OPSCCs with non-keratinising morphology exhibit higher
expression of CD8

To characterise the tumours further, and permit comparisons to be made between
HPV-positive and HPV-negative disease, we used immunofluorescence and multiplex
immunofluorescence (mIF) techniques to examine the expression of eight disease-
relevant biomarkers selected from the literature, which we had characterised in normal
palatine tonsil tissue (Figures 15 and 16).

Firstly, CK7 expression was only positive in the tumour of OPSCC 2, a NKSCC, with
pl6 tumour-positive in OPSCCs 4 and 5, both KSCCs (Figure 24), which was
anticipated, as these results are consistent with the IHC performed earlier (Figure 23).
Surprisingly, all five OPSCCs were tumour-negative for the prognostic biomarker and
therapeutic target, ERa (Figure 24); with weaker expression of the checkpoint
receptor, PD-1, in all five OPSCCs (Figure 25), particularly in OPSCC 4 and 5, as
overexpression of both biomarkers are related to HPV-positive OPSCCs (Lyford-Pike
et al., 2013, Koenigs et al., 2019). Contrastingly expression of the PD-1 ligand, PD-
L1, was mostly seen within the tumour periphery in OPSCCs 1, a KSCC; OPSCC 3, a
NKSCC; and OPSCCs 4 and 5, with the strongest expression seen within OPSCC 3,
compared to weaker expression observed in OPSCC 2 (Figure 25). The most
surprising observation was that we observed overexpression of CD8, a cytotoxic T
lymphocyte marker, within the tumours of OPSCCs 2 and 3, in comparison to OPSCCs
1, 4, and 5 (Figure 25); both PD-L1 and CD8 overexpression are associated with HPV,
therefore, these observations were not predicted within HPV-negative disease.
Additionally, overexpression of EGFR, a transmembrane receptor associated with
poor prognosis, was only observed in OPSCC 3, and did not correlate with PD-L1 and
pl6 expression (Figure 26), as it is commonly seen in HPV-negative OPSCCs (Deuss
et al., 2020). Finally, overexpression of the proliferation marker Ki67 was observed in
OPSCCs 2, 3, 4, and 5, with weaker expression seen in OPSCC 1, which is associated
with rapid growth rate of OPSCC within the palatine tonsils (Figure 27). Therefore, in
this small sample, these data demonstrate that the expression of these biomarkers
has somewhat deviated from the typical profiles seen with HPV-positive and HPV-

negative OPSCCs within the literature.
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Figure 24: CK7/p16/ERa expression within five OPSCCs.

OPSCC 1 was tumour-negative for CK7, and p16. OPSCC 2 was tumour-positive for CK7, however, it
was tumour-negative for p16. OPSCC 3 was tumour-negative for CK7 and p16, with normal CK7
expression observed within the ductal epithelium. OPSCC 4 and 5 were tumour-negative for CK7, but
exhibited p16 overexpression within the tumours. All five OPSCCs were negative for ERa. Images were

captured on Zen Pro Microscopy software at 10x magnification, using the 488, 555, and 647 filters on
the ZEISS Axio Scan.Z1.
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Figure 25: PD-1/PD-L1/CD8 expression within five OPSCCs.
OPSCC 1 demonstrated weak PD-1 expression, in comparison to moderate PD-L1 expression and weak

CD8 expression within the tumour periphery. OPSCC 2 demonstrated weak PD-1 expression, in
comparison to moderate PD-L1 expression within the tumour periphery and stroma and strong CD8
expression within the tumour and stroma. OPSCC 3 demonstrated weak PD-1 expression, with strong
PD-L1 and CD8 expression within the tumour periphery, tumour, and stroma. OPSCC 4 and 5 exhibited
weak PD-1 expression, with moderate PD-L1 and CD8 expression within the tumour periphery and
stroma, with weak expression within the tumours. Images were captured on Zen Pro Microscopy
software at 10x magnification. Using the 488, 555, and 647 filters on the ZEISS Axio Scan.Z1.
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Figure 26: EGFR/p16/PD-L1 expression within five OPSCCs.

OPSCC 1 was tumour-negative for EGFR and p16; however, demonstrated some PD-L1 tumour
periphery staining. OPSCC 2 was tumour-negative for EGFR and pl6 (staining observed here is
autofluorescence). Weak PD-L1 expression was also observed within the tumour periphery. OPSCC
3 overexpressed EGFR, but was tumour-negative for pl6. Strong PD-L1 expression levels were
observed within the tumour periphery and stroma. OPSCC 4 and 5 were tumour-negative for EGFR,
but overexpressed pl16. Both demonstrated moderate PD-L1 expression within the tumour periphery
and stroma. Images were captured on Zen Pro Microscopy software at 10x magnification, using the
488, 555, and 647 filters on the ZEISS Axio Scan.Z1.
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Figure 27: Ki67 expression within five OPSCCs.

All five OPSCCs demonstrated Ki67 expression, with overexpression exhibited within OPSCCs 2, 3, 4
and 5. Weak Ki67 expression was exhibited in OPSCC 1. Images were captured on Zen Pro Microscopy

software at 10x magnification, using the 488 filter on the ZEISS Axio Scan.Z1.
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3.3 Conclusion

The OPSCCs were characterised morphologically, but this does not reliably inform
HPV status. Indeed, based on H&E examination alone, the Consultant
Histopathologist predicted OPSCC 3, a NKSCC, to be pl6-positive, and therefore
HPV-positive, whereas it is both p16- and HPV DNA ISH-negative. It is thought that
the majority of HPV-positive OPSCCs have non-keratinising morphology; however, it
is possible for HPV-positive OPSCCs to have keratinising morphology (in the region
of 20-35%) (El-Mofty and Lu, 2003, EI-Mofty and Patil, 2006, Chernock et al., 2009,
Gondim et al., 2016, Lewis et al., 2021, Shinn et al., 2021), and as seen in this study
for HPV-positive OPSCCs 4 and 5.

The surrogate marker pl16 is a reliable marker for HPV-positivity in cervical pre-
neoplastic and neoplastic lesions associated with HR-HPV infections, although
cervical screening protocol now determines HPV status molecularly (Ganesan et al.,
2021, Reed et al., 2021). Therefore, today, p16 IHC is only required for cases that are
not detected during screening (Ganesan et al., 2021). In comparison, during diagnosis,
OPSCCs undergo pl6 IHC as part of the World Health Organisation (WHO)
classification, with overexpression in 70% or more of the tumour cells suggestive of
HPV positivity (World Health Organisation, 2024). HPV-positive OPSCCs with non-
keratinising morphology have previously demonstrated 70-100% sensitivity of pl6-
positivity (Chernock et al., 2009, Gondim et al., 2016, Lewis et al., 2021, Shinn et al.,
2021). Due to this high sensitivity observed within such tumours, it has been
suggested that the morphology by H&E examination alone, being NKSCC, is enough
of an indicator for p16-positivity, removing the need for IHC at all (Chernock et al.,
2009, Lewis et al., 2010); these data dispute this.

Indeed OPSCC 4 and 5 in this study, both KSCC, would have been missed as HPV-
positive disease should this have been the diagnostic process. Furthermore, despite
the strong correlation with p16 and HPV DNA ISH positivity within this study, the
sample is limited to just two HPV-positive OPSCCs; other studies suggest that p16 is
not a reliable marker of HPV positivity within the head and neck. In some cases, p16
has been found to be discordant with HPV DNA and RNA testing including polymerase
chain reaction (PCR) and ISH, with meta-analyses reporting variations in specificity of
54-100% (Suresh et al., 2021) and a pooled specificity of 83% based on 23 studies
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(Prigge et al., 2017). Additionally, a multicentre study reported that of the 7654 patient
samples tested; 415 out of 3805 (10.9%) were p16-positive/HPV-negative and 289 out
of 3849 (7.5%) were pl6-negative/HPV-positive (Mehanna et al., 2023), which
guestions its validity as a surrogate marker. There are also caveats with other HPV
testing including the insufficient sensitivity of HPV DNA ISH which could produce false-
negatives, as well as excessive sensitivity of PCR, which may detect clinically
insignificant HPV types (Doxtader and Katzenstein, 2012). With the number of tests
available, and this emerging data, it is not surprising that there is not yet a consensus
for determining HPV status within OPSCC (Mena et al., 2022).

CK7 is a marker of the reticulated epithelium, and can be used to suggest the origin
of tumours. It is expressed within the SCJ of the cervix, which is the site pre-disposed
to HPV-mediated disease, as well as the reticulated crypt of the normal palatine tonsil
(Woods et al., 2017, Woods et al., 2022). Indeed, OPSCC 2 in this study, a HPV-
negative OPSCC, strongly expressed CK7 suggesting this tumour originated within
the reticulated crypt. HPV is believed to have a predilection for reticulated epithelium,
with possible explanations including: possessing transitional epithelium similar to the
cervix; a discontinuous basement membrane, which provides greater susceptibility to
foreign antigens such as HPV; the deep crypts possibly functioning as a reservoir for
HPV; and the abundance of lymphocytes, which represents an immune-privileged site
(Lyford-Pike et al., 2013, Elrefaey et al., 2014, Chi et al., 2015). Surprisingly, CK7
expression was not observed within the HPV-positive tumours (OPSCC 4 and 5) used
within this study, which could imply that these tumours did not originate from HPV
infections that had established within tonsillar crypts. However, CK7 expression may

be absent within HPV-positive OPSCCs for a number of reasons.

One explanation is that HPV-positive OPSCC may originate within the crypts, but that
CK7 expression may be lost as cells differentiate, where the tumour consists of
differentiated and undifferentiated components and possess a CK7-negative
phenotype (Pitiyage et al., 2015). Another explanation could be that CK7 expression
may be associated with viral DNA and not transcriptionally-active HR-HPV, which is
associated with E6 and E7 expression (Mehrad et al., 2018). Additionally, it may be
that it is related to episomal HPV DNA; not integrated, within both the cervix and
oropharynx (Lee et al., 2017, Mehrad et al., 2018, Roberts et al., 2019). It is also
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plausible that CK7 may only be expressed in NKSCCs, as they are typically p16- and
HPV DNA ISH-positive; based on clinicopathologic data it appeared that CK7 positivity
was more likely to be associated with non-keratinising morphology than keratinising in
OPSCC (Mehrad et al., 2018). However, the data also showed that non-keratinising
OPSCCs were just as likely to be CK7-negative than keratinising OPSCC. A study
reported that 87% of cervical SCCs vs 27% of HNSCCs were positive for CK7
expression, which may indicate that CK7 may not be as significant within HPV-positive
head and neck SCCs as itis in CC (Chu et al., 2000). As such, the clinical significance
of CK7 to HPV-positive OPSCC remains unknown.

With characterisation of the OPSCC tumours, it was surprising to observe that all
OPSCCs, particularly OPSCC 4 and 5 in this study, were negative for ERaq, as it can
be overexpressed in HPV-positive OPSCCs (Bristol et al., 2020, Kwon et al., 2020).
However, it appears that it is just as likely to be negative in HPV-positive OPSCCs,
with HPV-negative OPSCCs even less likely to be ERa-positive (Kwon et al., 2020).
This suggests that ER status is not a reliable marker of either CC or OPSCC. Another
observation we did not anticipate was weak PD-1 expression within any of the
OPSCCs, particularly OPSCC 4 and 5, as stronger PD-1 expression was observed
within HPV-positive OPSCCs due to the presence of tumour-infiltrating lymphocytes
(TILs) (Badoual et al., 2013, Concha-Benavente et al., 2016, Gameiro et al., 2018). In
support of this, others have observed no difference in PD-1 expression between HPV-
positive and HPV-negative OPSCCs (Oguejiofor et al., 2017). In this study, stronger
expression of PD-L1 and CD8 was observed within OPSCCs 2 and 3, HPV-negative
OPSCCs in comparison to OPSCCs 4 and 5, which are HPV-positive OPSCCs. This
observation was surprising, as these are expression patterns from the literature that
are mostly seen in HPV-positive OPSCCs (Lyford-Pike et al., 2013, Gameiro et al.,
2018, Pokryvkova et al., 2022). However, CD8-positive TILs are still observed within
HPV-negative OPSCC (Pokryvkova et al., 2022, Atipas et al., 2023). Contrastingly,
EGFR overexpression was observed in OPSCC 3, which is consistent with its p16-
negative status (Deuss et al., 2020). Finally, Ki67 overexpression was observed in
OPSCCs 2, 3, 4, and 5, which is consistent with their morphology as Ki67 expression
is significantly stronger in poorly differentiated OPSCCs, such as OPSCC 2, 3, and 5
compared to well differentiated OPSCCs such as OPSCC 1 (Yadav et al., 2019).
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Therefore, within our sample, both HPV-positive and HPV-negative OPSCCs deviated
from the typical tumour profiles described in the literature through both histological
characterisation and biomarker expression. Despite a limited sample number, together

this work highlights the complexity of HPV pathogenesis within OPSCC.
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CHAPTER 4: IMMUNOHISTOCHEMICAL EVALUATION OF COMMERCIALLY-
AVAILABLE HPV ANTIBODIES

4.1 Introduction

The links between HPV and cervical carcinoma (CC) and OPSCC were first described
in 1983 and 2000 respectively (zur Hausen et al., 1983, Gillison et al., 2000).
Consequently, HPV-negative OPSCCs have declined due to public health
interventions and smoking cessation in high income countries, in comparison to HPV-
positive OPSCCs which have increased rapidly, likely as a result of changes in sexual
habits (Gillison et al., 2008, D'Souza et al., 2009, Chaturvedi et al., 2011, Chaturvedi
et al., 2015, Louie et al., 2015, Schache et al., 2016). Unfortunately, the number of
HPV-positive OPSCCs has now surpassed CC, and is expected to increase for the
next 30 years (Lechner et al., 2022, Ferlay et al., 2024). In CC, HR-HPV-16 and -18
cause 70% of cervical squamous cell carcinomas (SCC), in comparison to 87-96%
and 1.5-3% of OPSCC respectively (Mufioz et al., 2003, Kreimer et al., 2005, Smith et
al., 2007, Schache et al., 2016).

The 8,000 base pair (bp) HPV viral genome expresses six early proteins during its life
cycle (Rautava and Syrjanen, 2012). E2 is expressed in the early stages of the HPV
viral life cycle, and is frequently disrupted during viral integration into host genome,
which results in uncontrollable overexpression of E6 and E7 oncoproteins during
malignant transformation (Xue et al., 2010). Expression of both E6 and E7 is
necessary for malignancy as they work synergistically, with absence of either protein
directly affecting the other proteins’ actions (Butz et al., 2003, Downham et al., 2024).
E2 expression is generally lost during viral integration, and is often not expressed in

cancerous tissues (Xue et al., 2010).

There are numerous antibodies targeting HPV proteins that are commercially-
available. However, they are for research use only (RUO) and not for in vitro diagnostic
(IVD) use in clinical settings. We wanted to test a number of HPV antibodies from
different suppliers in positive control tissue, ahead of optimisation in OPSCCs using
immunohistochemistry (IHC) to determine whether the expression of HPV proteins is

possible within tissue, and its relation to the pathogenesis of HPV within OPSCC.
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This chapter examines IHC in multiple tissue types using commercially-available HPV
antibodies from multiple suppliers, as well as multiplex immunofluorescence (mIF).
The antibodies chosen targeted HPV-16 and HPV-18 specifically, with E2, E6, and E7
being the proteins of interest. The various tissue types tested were also tested
molecularly by real-time polymerase chain reaction (real-time PCR) to verify HPV
status. The results of this chapter will determine if HPV proteins can be detected in
tissues by IHC, and potentially be used to determine the HPV subtype of HPV-positive
OPSCCs.

4.2 Results

4.2.1 Commercially-available HPV antibodies tested demonstrated positive
staining within CCs

Commercially-available HPV antibodies were purchased, targeting HPV-16 E2, HPV-
16 E6 and E7, and HPV-18 E6 oncoproteins: HPV-16 E2 (TVG-261) (Abcam), HPV-
16 E6 + HPV-18 E6 (C1P5) (Abcam), HPV-16 E6/HPV-18 E6 (C1P5) and HPV-16 E7
(ED17) (both Santa Cruz Biotechnology (SCBT)). These were optimised using three
CC tissue specimens, as these would be expected to demonstrate some staining,
except for HPV-16 E2; which was expected to be negative. However, staining with
these antibodies in CCs 1-3 gave somewhat anticipated results (Figure 28); there was
weak cytoplasmic staining of HPV-16 E2 within the tumours of CCs 1 and 3; with
cytoplasmic staining observed in CC 2, which would not express E2, as it is lost during
viral integration (Xue et al., 2010). The staining of HPV-16 E6 + HPV-18 E6 (Abcam)
exhibited cytoplasmic and membranous staining within the tumour of CC 1, with a
weaker intensity seen with the staining of HPV-16 E6/HPV-18 E6 (SCBT) and HPV-
16 E7. CC 2 was tumour-negative, showing cytoplasmic staining within the stroma
with all three antibodies. Finally, CC 3 exhibited weak cytoplasmic staining within the
tumour with HPV-16 E6 + HPV-18 E6 (Abcam); however, it was tumour-negative for
HPV-16 E6/HPV-18 E6 (SCBT) and HPV-16 E7.

Unexpectedly, the staining did not correlate between antibodies; however, nothing
seemed unusual about the staining observed, except for HPV-16 E2, which showed
staining in all three CC tissue specimens and will be discussed later on in Section
4.2.3. The other antibodies tested were only against two of the 14 HR-HPV subtypes,

therefore negative staining observed could be because the cervical tumours were
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caused by a different HPV type. Secondly, the antibodies are from two different
suppliers, therefore the antibody quality and staining was presumed to differ between
samples, which was observed between HPV-16 E6 + HPV-18 E6 (Abcam), where
staining was stronger in comparison to weaker staining in HPV-16 E6/HPV-18 E6
(SCBT), despite them being the same C1P5 clone. Thirdly, E6 and E7 work
synergistically, and would be expressed together, which was seen in CC 1 and 3,
despite weak staining observed with HPV-16 E6/HPV-18 E6 (SCBT) and HPV-16 E7
in comparison to HPV-16 E6 + HPV-18 E6 (Abcam). Therefore, the observed staining
for the E6 and E7 oncoproteins was determined as real at this point.
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CC 1 CC?2 CC3

HPV-16 E2

HPV-16 E6 +
HPV-18 E6
(Abcam)

HPV-16
E6/HPV-18 E6
(SCBT)

HPV-16 E7

Figure 28: HPV-16 E2, HPV-16 E6 + HPV-18 E6, HPV-16 E6/HPV-18 E6, and HPV-16 E7 staining in
three CC tissues.

There was cytoplasmic and membranous staining observed within the tumour and stroma with HPV-16
E6 + HPV-18 E6 (Abcam), with weak cytoplasmic staining with HPV-16 E2 (Abcam), HPV-16 E6/HPV-
18 E6 (SCBT) and HPV-16 E7 (SCBT) within parts of the tumour and stroma of CC 1. Cytoplasmic
staining was observed within the tumour and stroma with HPV-16 E2, with negative staining within the
tumour but cytoplasmic staining within the stroma with HPV-16 E6 + HPV-18 E6, HPV-16 E6/HPV-18
E6 and HPV-16 E7 in CC 2. Weak cytoplasmic staining was observed within the tumour and stroma
with HPV-16 E2 and HPV-16 E6 + HPV-18 E6 with negative staining within the tumour with HPV-16
E6/HPV-18 E6 and HPV-16 E7 in CC 3. Images captured on NDP.view2 software at 10x magnification.
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4.2.2 Commercially-available HPV-16 E6 + HPV-18 E6 antibody demonstrated
unexpected staining in HPV-positive and HPV-negative OPSCCs

As the staining with the afore-mentioned HPV antibodies was determined as real and
optimised in CC tissue, HPV-16 E6 + HPV-18 E6 (Abcam) was chosen to stain
OPSCC samples fluorescently. Unfortunately, HPV-16 E6/HPV-18 E6 (SCBT) and
HPV-16 E7 were not tested fluorescently, as the staining was already weak via IHC
despite using a low dilution, and when adding antibodies to the slides on the
VENTANA DISCOVERY, they were diluted even further. Therefore, it was deemed not
worthwhile testing any further.

Triplex staining using the biomarkers CK7 (a ductal, glandular, and transitional
epithelial marker that is expressed within the palatine tonsillar reticulated crypts), p16
(the surrogate marker for HPV status) and HPV-16 E6/HPV-18 E6, were performed
on five OPSCC specimens. Each of the five OPSCCs were positive for CK7
expression, with normal staining exhibited within the reticulated epithelium of OPSCCs
1, 4, and 5 (Figures 29, 32, and 33); ductal epithelium of OPSCCs 1 and 3 (Figures
29 and 31), and the tumour of OPSCC 2 (Figure 30). Additionally, p16 expression was
exhibited within the reticulated crypts of OPSCCs 1, 4, and 5 (Figures 29, 32, and 33),
and tumours of OPSCCs 4 and 5 (Figures 32 and 33). This fluorescent staining of CK7

and pl16 was consistent with the IHC results for these tumours (Section 3.2.6).

Surprisingly, HPV-16 E6 + HPV-18 E6 expression was observed within all five
OPSCCs (Figures 29-33), whose expression appeared to co-localise with CK7 most
of the time. This was not anticipated, as the CK7 staining was consistent with the IHC
data, so we believed the staining was real. However, no expression of CK7 was
exhibited within the germinal centres, unlike HPV-16 E6 + HPV-18 E6. This staining
was compared to the CK7/p16/ERa, PD-1/PD-L1/CD8, and EGFR/p16/PD-L1 mIF
staining in Section 3.2.7, which did not show any co-localisation issues. This further
supported that there were no co-localisation issues, and at this point, we believed that
each OPSCC was HPV-positive.

Overexpression of p16 was observed in OPSCCs 4 and 5 which was associated with
HPV, as determined by HPV DNA in-situ hybridisation (ISH) (Section 3.2.5). However,
HPV-16 E6 + HPV-18 E6 expression was not observed within these HPV-positive
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tumours and did not co-stain with p16. Surprisingly, HPV-16 E6 + HPV-18 E6 was
expressed within the tumour of OPSCC 2, which had already been identified as HPV-
negative, as well as being found in other structures within OPSCC 1 and 3. These
observations were questionable, given all the other data collected; therefore, further
commercially-available HPV antibodies were ordered from different suppliers to be

tested in these OPSCCs alongside a range of other tissue types.
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HPV-18 E6
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Tumour

Figure 29: Positive staining of HPV-16 E6 + HPV-18 E6 is found across different cell types in OPSCC 1.

Weak CK7 expression was observed within the reticulated epithelium, with strong expression observed within the ductal epithelium and acini. No CK7
expression was observed within the tumour. Weak p16 expression was observed in the reticulated epithelium, however it was negative within the ducts and
tumour. Surprisingly, HPV-16 E6 + HPV-18 E6 expression was observed within the germinal centres, and ductal epithelium; however, no expression was

observed within the tumour. Images captured on Zen Pro Microscopy Software at 10x magnification.
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HPV-16 E6 +
HPV-18 E6 Merged

DAPI

Figure 30: Positive staining of HPV-16 E6 + HPV-18 E6 is found within the tumour of OPSCC 2.
Strong CK7 expression was observed within the tumour. No p16 expression was exhibited. Surprisingly, HPV-16 E6 + HPV-18 E6 expression was observed

within the tumour. Images captured on Zen Pro Microscopy Software at 10x magnification.

HPV-16 E6 +
DAPI HPV-18 E6

Figure 31: Positive staining of HPV-16 E6 + HPV-18 E6 is found in ductal epithelium in OPSCC 3.
Strong CK7 expression was observed within the ductal epithelium, with no expression exhibited within the tumour. No p16 expression was observed.

Surprisingly, HPV-16 E6 + HPV-18 E6 expression was observed within the ductal epithelium; however, no expression was observed within the tumour.

Images captured on Zen Pro Microscopy Software 10x magnification.
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Figure 32: Positive staining of HPV-16 E6 + HPV-18 E6 is shown across different cell types in OPSCC 4.

CK7 expression was observed within the reticulated epithelium, with no expression observed within the germinal centres and tumour. Strong p16 expression
was observed in the reticulated epithelium and tumour, however it was negative within the germinal centres. Surprisingly, HPV-16 E6 + HPV-18 E6
expression was observed within the germinal centres, and reticulated epithelium; however, no expression was observed within the tumour. Images captured

on Zen Pro Microscopy Software at 10x magnification.
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Figure 33: Positive staining of HPV-16 E6 + HPV-18 E6 is shown across different cell types in OPSCC 5.
CKY7 expression was observed within the reticulated epithelium, with no expression observed within the tumour. Strong p16 expression was observed in the
reticulated epithelium and tumour. Surprisingly, HPV-16 E6 + HPV-18 E6 expression was observed within the reticulated epithelium, and reticulated

epithelium same as CK7 and p16; however, no expression was observed within the tumour. Images captured on Zen Pro Microscopy Software at 10x
magnification.
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4.2.3 Further commercially-available HPV antibodies demonstrated
unexpected staining results

Given the unexpected mIF staining observed above, we decided to test the HPV-16
E2 (TVG-261) (Abcam), HPV-16 E6 + HPV-18 E6 (C1P5) (Abcam), HPV-16 E6/HPV-
18 E6 (C1P5), and HPV-16 E7 (ED17) (both Santa Cruz Biotechnology (SCBT))
antibodies again through IHC in a range of other tissue types that were pathologically
normal (tonsil, cervix, spinal cord, liver, and placenta) or cancerous (CC, laryngeal
carcinoma (LC), and prostate carcinoma) (Section 2.1 Table 2). Varying degrees of
staining intensity were observed in all tissue types, with each of the HPV antibodies.

A negative buffer control was run for each tissue type (Figure 34). Each tissue type
had the primary antibody substituted for antibody diluent, which demonstrated
haematoxylin staining as the counterstain, with some observed background 3,3"-
diaminobenzidine (DAB) staining in a few tissue types, which appeared as precipitate
on the tissue section. This was important, as this allowed us to distinguish what was

precipitate on the section from the DAB, and what was real staining within the tissue.

Unexpectedly, staining with HPV-16 E2 (TVG-261) (Abcam), HPV-16 E6 + HPV-18
E6 (C1P5) (Abcam), HPV-16 E6/HPV-18 E6 (C1P5), and HPV-16 E7 (ED17) (both
SCBT) was observed within normal tonsils 1-4 and normal cervix 1 (Figures 35-38);
however, E2, E6, and E7 expression would not be present in normal tissue as they
are only expressed in precancerous and cancerous tissues (Dymalla et al., 2009, Xue
et al., 2010). CC 4 exhibited negative staining for three antibodies (except HPV-16 E6
+ HPV-18 E6) (Abcam), which was possible, as it could be caused by an alternate
HPV type (Figure 35, 37 and 38). Both LC 1 and 2 exhibited some staining, which was
surprising, although some LCs can be caused by HPV; however, again, expression of
E2 would likely be lost during viral integration (Figure 35-38) (Castellsagué et al.,
2016). Staining was also observed in normal spinal cord 1, prostate carcinoma 1,
normal liver 1, and normal placenta 1 tissues, which should not be HPV-positive
(Figures 35-38).
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Figure 34: Buffer negative staining in multiple tissue types.
Tissue sections (n=17) were stained without primary antibody. Normal tonsils 1-4 (A-D), CC 1-3 (E-G), normal cervix 1 (H), CC 4 (1), LCs 1 and 2 (J and
K), normal spinal cord 1 (L), prostate carcinomas 1 and 2 (M and N), normal livers 1 and 2 (O and P), and normal placenta 1 (Q). Images captured on

NDP.view2 software at 10x magnification.
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Figure 35: Positive staining of HPV-16 E2 is found across multiple tissue types.
Tissue sections (n=12) were stained with HPV-16 E2 (TVG-261) (Abcam) antibody. Very weak background staining within the tonsil parenchyma and
germinal centres of normal tonsils 1-3 (A-C), with staining also in the stroma. Strong background staining within the tonsil parenchyma and germinal centres
and some staining in the stroma of normal tonsil 4 (D). Weak staining within the stroma of normal cervix 1 (E); however, CC 5 was tumour-negative (F).
Weak cytoplasmic staining within the tumour and stroma of LCs 1 and 2 (G and H). Positive cytoplasmic staining within the nerve fibres in the white matter
and neuronal cells in the grey matter of normal spinal cord 1 (I). Cytoplasmic staining within the tumour and stroma of prostate carcinoma 1 (J). Weak
cytoplasmic staining within the hepatocytes of normal liver 1, with strong staining within the haemosiderin (K). Membranous and cytoplasmic staining in villi

of normal placenta 1 (L). Images captured on NDP.view2 software at 10x magnification.
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Figure 36: Positive staining of HPV-16 E6 + HPV-18 E6 is found across multiple tissue types.

Tissue sections (n=6) were stained with HPV-16 E6 + HPV-18 E6 (C1P5) (Abcam) antibody. Strong cytoplasmic and membranous staining within tonsil
parenchyma, germinal centres, reticulated crypt epithelium and endothelium of normal tonsils 1-4 (A-D), with some staining in the stroma. Strong
cytoplasmic and membranous staining within tumour and stroma of LC 2 (E). Cytoplasmic staining within the nerve fibres within in white matter and neuronal
cells within in grey matter of normal spinal cord 1 (F). Images captured on NDP.view2 software at 10x magnification.
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Figure 37: Positive staining of HPV-16 E6/HPV-18 E6 is found across multiple tissue types.

Tissue sections (n=12) were stained with HPV-16 E6/HPV-18 E6 (C1P5) (Santa Cruz Biotechnology) antibody. Strong membranous staining within tonsil
parenchyma, germinal centres, reticulated crypt epithelium and endothelium of normal tonsil 1 (A). Membranous staining within tonsil parenchyma, germinal
centres, reticulated crypt epithelium and endothelium of normal tonsils 2-4 (B-D). Weak membranous staining within the endothelium of normal cervix 1,
with no staining within the stroma (E), however, CC 4 is tumour-negative (F). Cytoplasmic staining within the tumour and stroma of LCs 1 and 2 (G and H).
Weak cytoplasmic staining within the nerve fibres within the white matter and neuronal cells within the grey matter of normal spinal cord 1 (I). Cytoplasmic
staining within the tumour and stroma of prostate carcinoma 1 (J). Normal liver 1 was negative, except for staining of haemosiderin (K). Membranous and
cytoplasmic staining within the villi and decidua of normal placenta 1 (L). Images captured on NDP.view2 software at 10x magnification.
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Figure 38: Positive staining of HPV-16 E7 is found across multiple tissue types.

Tissue sections (n=12) were stained with HPV-16 E7 (ED17) (Santa Cruz Biotechnology) antibody. Cytoplasmic and membranous staining within tonsil
parenchyma, germinal centres and reticulated crypt epithelium, as well as some staining within the stroma of normal tonsils 1-4 (A-D). Membranous staining
within the endothelium and stroma of normal cervix 1 (E), however, CC 5 is tumour-negative (F). Nuclear, cytoplasmic and membranous staining within the
tumour and stroma of LCs 1 and 2 (G and H). Weak cytoplasmic staining within the nerve fibres within the white matter and neuronal cells within the grey
matter of normal spinal cord 1 (I). Cytoplasmic staining within the tumour and stroma of prostate carcinoma 1 (J). Cytoplasmic staining within smooth
muscle, endothelium, Kupffer cells and haemosiderin of normal liver 1 (K). Cytoplasmic and membranous staining within the villi of normal placenta 1 (L).
Images captured on NDP.view?2 software at 10x magnification.
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Given these unexpected staining patterns, we purchased new commercially-available
antibodies from different suppliers: HPV-16 E6 (HPV-13E2) (Neo Biotech), HPV-16
E7 (TVG 701Y) (Thermo Fisher Scientific), HPV-18 E6 (HPV-4G3) (Neo Biotech), and
HPV-18 E7 (8E2) (Abcam). An alternative commercially-available antibody for HPV-
16 E2 was not purchased; we had not been able to find an antibody that was validated
for IHC use. These were also tested through IHC, using the same range of tissue types
as mentioned above as well as the three CC tissues tested previously; however, some
of the tested tissue types were not tested for with these new HPV antibodies (detailed
in each of the figure legends). This was because the tissue used had been cut through
the block and therefore there was no more tissue left. However, an alternative block
was found with the same pathology. Again, varying degrees of staining intensity were

observed in all tissue types, with each of the HPV antibodies.

Surprisingly, staining with HPV-16 E6 (HPV-13E2) (Neo Biotech), HPV-16 E7 (TVG
701Y) (Thermo Fisher Scientific), HPV-18 E6 (HPV-4G3) (Neo Biotech), and HPV-18
E7 (8E2) (Abcam), was also observed within normal tonsils 1-4 and normal cervix 1
(except HPV-18 E6) (Figures 39-42); however, E6 and E7 expression would not be
present in normal tissue as they are only expressed in precancerous and cancerous
tissues (Dymalla et al., 2009). Staining for HPV-16 E6 and HPV-16 E7 was exhibited
in CCs 1-4 (Figures 39 and 40). This was plausible if they are HPV-16-associated
cancers as they would express both E6 and E7 oncoproteins. However, there were
unexpected staining results for HPV-18 E6 and HPV-18 E7. CC 1 exhibited staining
for HPV-18 E7, with HPV-18 E6 staining observed in CC 4 (Figures 41 and 42). As
these had both already shown staining for HPV-16 E6 and HPV-16 E7, it is unlikely
that it is positive for two HR-HPV types. Again, this was the same for CCs 2 and 3,
which both exhibited staining for HPV-18 E6 and HPV-18 E7 (Figures 41 and 42).
However, HPV-18 E6 and E7 does cause CC (Mufioz et al., 2003, Smith et al., 2007).
Both LCs 1 and 2 exhibited some staining for all four antibodies. Again, some LCs can
be caused by HPV; however, it is unlikely that it would be positive for two HR-HPV
types. Finally, staining was also observed in normal spinal cord 1, prostate carcinoma
2, normal liver 2, and normal placenta 1; tissues, which should not be HPV-positive

(Figures 39-42), suggesting together that the staining was not real at all.
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We note that some of the tissue types, both normal and cancerous, were positive for
antibody staining for E6 and E7 in both HPV-16 and -18 viral types. This seemed highly
unlikely, as one HR-HPV type would be the likely cause of the oncogenic infection.
Additionally, some tissue types were positive for either E6 or E7 of one viral type,
which again should not be possible as both E6 and E7 work synergistically in
establishing an infection, and should therefore be present together. Together, all these
HPV antibodies have been rigorously tested, with the data shown suggesting that the

antibodies are staining non-specifically throughout the various tissue types tested.
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Figure 39: Positive staining of HPV-16 E6 is found across multiple tissue types.

Tissue sections (n=15) were stained with HPV-16 E6 (HPV-13E2) (Neo Biotech) antibody. Strong cytoplasmic and membranous staining within the tonsil
parenchyma, germinal centres and reticulated crypt epithelium of normal tonsil 1 (A), with some staining in the stroma. Cytoplasmic and membranous
staining within the tonsil parenchyma, germinal centres and reticulated crypt epithelium of normal tonsils 2-4 (B-D). Nuclear and cytoplasmic staining within
the tumour and stroma of CCs 1 and 2 (E and F), with cytoplasmic staining within the tumour of CC 3 (G). Weak membranous staining within the endothelium
of normal cervix 1 (H), with CC 4 (I) demonstrating occasional weak cytoplasmic staining within the tumour. Nuclear and membranous staining within the
tumour and stroma of LC 1 (J). Weak nuclear, membranous, and cytoplasmic staining within the tumour of LC 2 (K). Weak cytoplasmic staining within the
nerve fibres in the white matter and neuronal cells in the grey matter of normal spinal cord 1 (L). Strong cytoplasmic and membranous staining within the
tumour of prostate carcinoma 2 (M). Weak cytoplasmic staining within the hepatocytes of normal liver 2, with weak staining within the haemosiderin (N).

Cytoplasmic staining in villi and decidua of normal placenta 1 (O). Images captured on NDP.view2 software at 10x magnification.
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Figure 40: Positive staining of HPV-16 E7 is(ifouha‘across‘ multiple tis;Qe types.

Tissue sections (n=15) were stained with HPV-16 E7 (TVG 701Y) (Thermo Fisher Scientific). Nuclear and cytoplasmic staining within the tonsil parenchyma,
germinal centres and reticulated crypt epithelium of normal tonsils 1-3 (A-C). Strong nuclear and cytoplasmic staining within the tonsil parenchyma, germinal
centres and reticulated crypt epithelium of normal tonsil 4 (D). Nuclear, cytoplasmic and membranous staining within the tumour and stroma of CCs 1-3 (E-
G). Weak membranous staining within the endothelium and stroma of normal cervix 1 (H), with CC 5 (I) demonstrating nuclear and cytoplasmic staining
within the tumour. Nuclear, cytoplasmic and membranous staining within the tumour, surface epithelium and stroma of LCs 1 and 2 (J and K). Strong
cytoplasmic staining within the nerve fibres in the white matter and neuronal cells in the grey matter of normal spinal cord 1 (L). Weak cytoplasmic and
membranous staining within the tumour and stroma of prostate carcinoma 2 (M). Cytoplasmic staining within the hepatocytes of normal liver 2, with strong
staining within the haemosiderin (N). Cytoplasmic and membranous staining in the villi and decidua of normal placenta 1 (O). Images captured on NDP.view2

software at 10x magnification.
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Figure 41: Positive staining of HPV-18 E6 is found across multiple tissue types.

Tissue sections (n=15) were stained with HPV-18 E6 (HPV-4G3) (Neo Biotech) antibody. Membranous staining within the reticulated crypt epithelium of
normal tonsils 1-4 (A-D). CC 1 was negative (E). Cytoplasmic staining within the tumour and stroma of CC 2 (F). Cytoplasmic and membranous staining
within the tumour and stroma of CC 3 (G). Normal cervix 1 was negative (H), with cytoplasmic staining within the tumour of CC 5 (l). Cytoplasmic and
membranous staining within the tumour and stroma of LCs 1 and 2 (J and K). Weak cytoplasmic staining within the neuronal cells in the grey matter of
normal spinal cord 1 (L). Prostate carcinoma 2, normal liver 2, and normal placenta 1 were negative (M-O). Images captured on NDP.view?2 software at 10x

magnification.
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Figure 42: Positive staining of HPV-18 E7 is found across multiple tissue types.

Tissue sections (n=15) were stained with HPV-18 E7 (8E2) (Abcam) antibody. Very weak background staining within the tonsil parenchyma and germinal
centres of normal tonsils 1-4 (A-D). Cytoplasmic and membranous staining within the tumour and stroma of CC 1 (E), with weak cytoplasmic staining within
the tumour and stroma of CC 2 (F). Weak membranous staining within the tumour and stroma of CC 3 (G). Weak membranous staining within the
endothelium and stroma of normal cervix 1 (H); however, CC 4 was negative (I). Cytoplasmic staining within the tumour and stroma of LC 1 (J). Weak
nuclear and cytoplasmic staining within the tumour and stroma of LC 2 (K). Cytoplasmic and punctate staining within the nerve fibres in the white matter
and neuronal cells in the grey matter of Spinal Cord 1 (L). Prostate carcinoma 2 was negative (M). Cytoplasmic staining within the hepatocytes of normal
liver 2, with strong staining within the haemosiderin (N). Very weak cytoplasmic and membranous staining within the villi of normal placenta 1 (O). Images
captured on NDP.view2 software at 10x magnification.
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4.2.4 Molecular screening of tissues for HPV

Given the unexpected staining phenotypes described above we investigated the HPV
status of each of the tissues. This was examined molecularly on DNA extracted from
formalin-fixed, paraffin-embedded (FFPE) tissue using a real-time PCR method with
GP5+/6+ primers that recognise the L1 gene of over 20 mucosal types of HPV,
developed by our group (de Roda Husman et al., 1995, Whitton et al., 2024).

The first tissue types tested were normal tonsils 1-4 and CCs 1-3, and their melt curves
evaluated for HPV DNA (Figure 43, courtesy of M.A. Freckleton). It was anticipated
that Cervix 1-3 would be positive, as more than 99.7% of CCs are caused by HR-HPV
(Walboomers et al., 1999), whereas normal tonsils 1-4 were presumed to be negative
as there was no abnormal pathology present. Indeed, normal tonsils 1-4 peaks did not
align with either the SiHa or HPV-18 controls, and were determined as negative, with
the product peaks showing non-specific amplification. CCs 1-3 however did align with
the SiHa control, indicating that they were HPV-16-positive. The peak for CC 3
however is lower than those of CC 1 and 2, but this could be indicative of poor-quality

DNA or amount of DNA within the sample.

The second tissue types tested were normal cervix 1, CC 4, LCs 1 and 2, normal spinal
cord 1, prostate carcinoma 2, normal liver 2, and normal placenta 1, and their melt
curves evaluated for HPV DNA (Figure 44, courtesy of M.A. Freckleton). Based on the
antibody staining, it was anticipated that CC 4 would be positive, with the possibility of
LCs 1 and 2 also being positive, whereas the rest were anticipated to be negative.
Indeed, peaks for normal cervix 1, LCs 1 and 2, normal spinal cord 1, prostate
carcinoma 2, normal liver 2, and normal placenta 1 did not align with either the SiHa
or HPV-18 controls, and were all determined to be negative, with the product peaks
showing non-specific amplification. Only CC 4 aligned with the HPV-18 plasmid

control, indicating that it was HPV-18-positive.

This molecular data casts further doubt on the specificity of the commercially-available

HPV antibody staining. Together, the data suggest that they are inadequate.
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Figure 43: Screening for HPV positivity in first batch of multiple tissue types.

Melt curve analysis of real-time PCR products generated with GP5+/6+ consensus primers, designed
to amplify a region of HPV L1, a late protein. Peaks from DNA isolated from FFPE sections of normal
tonsils 1-4 did not align with either the SiHa or HPV-18 plasmid control, whereas CCs 1-3 did align with
SiHa at 77°C. NTC-non-template control. Data courtesy of my colleague, M. A. Freckleton.
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Figure 44: Screening for HPV positivity in second batch of multiple tissue types.

Melt curve analysis of real-time PCR products generated with GP5+/6+ consensus primers, designed to

amplify a region of HPV L1, a late protein. Peaks from DNA isolated from FFPE sections of normal cervix

1, LCs 1 and 2, normal spinal cord 1, prostate carcinoma 2, normal liver 2, and normal placenta 1 did

not align with either the SiHa or HPV-18 plasmid control, whereas CC 4 did align with HPV-18 plasmid

at 79°C. NTC-non-template control. Data courtesy of my colleague, M.A. Freckleton.
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4.3 Conclusion

To scrutinise the pathogenesis of HPV within the oropharynx further, a number of HPV
antibodies from different suppliers were tested in multiple tissue types, ahead of use
in OPSCCs. Unfortunately, they all showed non-specific staining to varying degrees
across the vastly different cell types that we confirmed to be HPV-negative through

molecular screening.

We were interested in the expression of E2, E6, and E7 proteins, particularly in HPV-
16 and HPV-18, as these are two of the most prevalent types in OPSCC (Kreimer et
al., 2005, Schache et al., 2016). E2 expression in the early stages of the HPV viral life
cycle, can become disrupted during viral integration, resulting in uncontrollable
overexpression of E6 and E7 oncoproteins (Xue et al., 2010). As such, we would only
expect E2 to be expressed in pre-cancerous tissue, and to be absent within HPV-
positive cancerous tissues such as CC, due to the integration event, and normal
tissue. However, staining was observed in both normal and cancerous tissues, which
is likely indicative of a poor antibody, rather than evidence to refute this activity of E2
in our samples. It is worth noting that we have not been able to find a commercially-
available HPV-16 E2 antibody that is validated for IHC use, despite extensive
searching and enquiries; this may account for the non-specific IHC staining observed
here. Additionally, both normal and cancerous tissues demonstrated E6 or E7 of either
HPV-16 or -18, with expression of both E6 and E7 oncoproteins required for malignant
transformation (Butz et al., 2003). As we did not observe this co-expression, the

staining cannot be considered as true positivity shown through HPV antibody staining.

This is supported by molecular data that shows these aforementioned normal tissue
types are HPV-negative. Together, these data suggest that the commercially-available
HPV antibodies do not stain the specific target protein within these tissues.
Interestingly, we returned to the supplier for HPV-16 E6 + HPV-18 E6 (Abcam) with
our observations, supported by our molecular analysis. The supplier retested the
antibody in their own lab and contacted us later with their results. Their investigation
demonstrated that they also found positive signals in non-specific and negative control
samples, as well as their Western blot demonstrating multiple bands even in negative
controls, validating our own findings. Subsequently the antibody was removed from

their catalogue, with the product discontinued 7 months later (Appendix 14).
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Unfortunately, this calls into question the data shown by (Lawson et al., 2009, Stiasny
et al., 2016, He et al., 2022, Zhang et al., 2022a, Zhang et al., 2022b, Huang et al.,
2023, Kumarasamy et al., 2023), who have used this antibody for IHC purposes,
staining in CC tissue, as well as head and neck, urothelial, and breast carcinomas.
Additionally, Stiasny et al., 2016, stated the possibility of using it for IHC evaluation in
routine pathology, which raises significant questions for diagnosis on the basis of the

data shown here.
As such, we were unable to progress our histological investigations into the

pathogenesis of HPV further. We therefore suggest that HPV markers need to be re-

evaluated for use in tissues to improve what is already present within the literature.
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CHAPTER 5: APTAMER DEVELOPMENT OF HPV PROTEINS

5.1 Introduction

In Chapter 4 we established that commercially-available HPV antibodies stain non-
specifically, and instead stain tissue that we know to be molecularly HPV-16 and -18
negative, as well as also staining tissue types that are not anticipated to be HPV-
positive. Although these antibodies are not for in vitro diagnostic (IVD) use, they are

still being used for research use only (RUO).

In the UK, p16INK4A (pl1l6) immunohistochemistry (IHC) is a validated prognostic
marker used for testing HPV status within OPSCC (Klussman et al.,, 2003,
Sedghizadeh et al., 2016, Lewis et al., 2018b, Hunter et al., 2021). However, using
pl16 IHC to detect HPV-positivity demonstrates limited sensitivity and specificity in the
oropharynx, and can result in false positives in OPSCC (Schache et al., 2011, El-
Naggar and Westra, 2012, Suresh et al., 2021, Mehanna et al., 2023). With the low
specificity of p16, and the non-specific and unexpected staining observed with HPV

antibodies, we aimed to develop novel, alternate HPV markers.

Aptamers are single-stranded (ss) DNA or RNA oligonucleotides which are able to
form unique three-dimensional structures, capable of binding with a high affinity to
specific target molecules (Navien et al., 2021). In 1990, three separate groups
discovered aptamers, which are generated using the in vitro process known as
systematic evolution of ligands by exponential enrichment (SELEX) (Ellington and
Szostak, 1990, Robertson and Joyce, 1990, Tuerk and Gold, 1990). The target
molecule is incubated on a suitable surface with a random ssDNA or ssRNA library
and exposed to a selection pressure before amplification by polymerase chain reaction
(PCR) or reverse transcription PCR (RT-PCR). This process is repeated as many as
8-16 times, exposing the target molecule to numerous selection pressures in order to

increase its specificity and affinity (Mayer, 2009, Blind and Blank, 2015).
This chapter examines the designing and development of DNA aptamers as alternate

HPV markers against the target proteins; HPV-16 E2, HPV-16 E7-E6, HPV-18 E6, and
HPV-18 E7.
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5.2 Results

5.2.1 DNA aptamers against selected HPV target proteins underwent
successful selection

HPV target protein SELEX process finished after the 10" positive selections for HPV-
16 E7-E6, HPV-18 E6, and HPV-18 E7, and the 12" positive selection for HPV-16 E2
pools. The difference between the number of positive selections was due to no DNA
being recovered after the selection, indicating that further selections were not possible.
HPV aptamers generated were 70 nucleotides (nt) in length, composed of a 30 nt
wobble region flanked by the forward (21 nt) and reverse (19 nt) primer sequences on
each end from the PCR amplification steps used within the SELEX process, with
extended forward (37 nt) and reverse primers (35 nt), increasing the total sequence
length to 102 nt, to assist with next generation sequencing (NGS). Agarose gel
analysis demonstrated that each HPV aptamer pool had undergone successful
selection, and subsequent extension of sequence length (Figure 45). The observed
smearing of each HPV aptamer pool represents misfolding of the sequences during
separation through the gel. Whilst the sequences were the same length in terms of nt,

resolution in the gel was based on shape as well as size.
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Figure 45: Confirmation agarose gel of HPV aptamers amplified with extended primers.

HPV-16 E2, HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7 aptamers underwent PCR amplification with
extended primers to increase sequence length. Distinct bands were visible at 100 bp, which indicated
successful sequence length extension. Smearing present for each HPV aptamer indicated misfolding
during the separation process. Bands at 25 bp and below were indicative of primer dimers. Image

captured on Image Lab™ Software.
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5.2.2 In silico secondary and tertiary aptamer structure prediction
After NGS, data was extracted from the generated FASTQ files for each HPV aptamer
pool, and loaded into Notepad ++ (https://notepad-plus-plus.org/), searching for the

known forward (21nt) primer sequence, with the results generated searched again for
the known reverse (19nt) primer sequence. The results generated from this step were
loaded into a Microsoft SQL server database (https://www.microsoft.com/en-GB/sql-

server/sgl-server-downloads), and using structured query language (SQL), searched

through all the text-containing rows for sequences 70 characters long beginning and
ending with the known forward and reverse primer sequences. A common approach
to select sequences for further characterisation is to predict thermodynamic stability
to generate Gibbs free energy (AG) values of both folded DNA and secondary DNA
structure, and use these to screen potential HPV aptamer candidates (Sabri et al.,
2018, Navien et al., 2021). Therefore, for each HPV aptamer sequence, AG values
were  predicted by the DINAMelt server-QuickFold web  server
(http://www.unafold.org/Dinamelt/applications/quickfold.php) and  vetted, with
anything above AG=-20 kcal/mol omitted (Markham and Zuker, 2005). The top ten

lowest AG values were chosen as candidates for further scrutiny (Table 9), as these
were predicted to be the most thermodynamically stable structures, with the observed
variation in AG due to the differences in GC content as well as presence of Watson-

Crick base-pairing (Navien et al., 2021).

Subsequently, the top ten aptamer candidate sequences for each HPV protein target

were inputted into mFold (http://www.unafold.org/mfold/applications/dna-folding-

form.php), to predict secondary DNA structure, followed by RNAComposer

(http://rnacomposer.ibch.poznan.pl/), to predict their tertiary structures (Zuker, 2003,

Popenda et al.,, 2012). There are few tertiary DNA structure prediction models
compared to those available for RNA (Navien et al., 2021); RNAComposer can also
be used to predict tertiary DNA structure by generating a tertiary RNA structure and
transforming it back to a tertiary DNA structure using programmes such as PyMOL
(https://pymol.org/2/) (Schrédinger LLC, 2015, Sabri et al., 2019, Wang et al., 2019Db,
Yarizadeh et al., 2019). It has been demonstrated previously that the folding of RNA

and DNA is very similar, validating the use of RNA modelling servers for DNA
purposes, with experiments performed in silico demonstrating that structural

conversion between RNA and DNA resulted in virtually identical hairpin structures
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(Zuker, 2003, Wang and Brown, 2006, Jeddi and Saiz, 2017). This is the approach
that we took.

The structures generated by RNAComposer were saved as Protein Data Bank (PDB)
files and underwent mutagenesis in PyMOL, whereby Uracil (U) residues were
converted to Thymine (T) residues, and the ribose sugar backbone was converted to
a deoxyribose sugar backbone. The methodology for changing backbone components
is comprehensively detailed in Section 2.7.4. The top ten aptamer candidate
sequences for each HPV protein target (40 structures in total), were saved as PDB
files for docking experiments. After structure correction, three aptamer candidates
were chosen for each HPV protein target (Figure 46), which were used for subsequent
fixed docking experiments and computational modelling, with the methodologies used
detailed in Sections 2.7.5 and 2.7.6. Across the three sequence candidates of each
HPV protein target, we observed similar binding motifs, including hairpin, bulge, and
internal loops. The presence of loops may provide flexibility to the structure, allowing
it to interact in a variety of ways with the target protein (Hayashi et al., 2014, Musafia
et al., 2014). The other seven secondary DNA structures for each HPV protein target

are detailed in Appendix 15.
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Table 9: HPV aptamer candidate sequences selected through lowest AG value

Content removed for copyright

purposes
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Figure 46: Secondary DNA structures of three aptamer candidates chosen from the top ten
sequence candidates based on AG predicted by mFold for each HPV protein target.
Energy rules: DNA sequence: linear; folding temp; 4°C; ionic conditions: [Na*] = 1 M, [Mg*™] = 0 M;

Percent suboptimality: 5; Foldings: 1; Maximum distance between paired bases: no limit.
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5.2.3 Fixed docking data and computational modelling
Fixed docking experiments using ZDOCK server (https://zdock.umassmed.edu/) were

further used to determine predicted polar contacts, such as hydrogen bonds,
electrostatic interactions, and Van der Waals forces, as well as the physicochemical
properties of amino acid (AA) residues and DNA nt, where both the protein and ligand
bond angles and atomic positioning were fixed (Nabuurs et al., 2007, Meng et al.,
2011, Pierce et al., 2014). The criteria for selection for the docking experiments was
based on the thermodynamic stability and the nature of free hydrogen bonds formed,
which would determine how the ssDNA would fold in on itself, as well as the presence
of any binding motifs (SantaLucia and Hicks, 2004, Liang et al., 2006). The ZDOCK
score generated from fixed docking is based on a combination of these factors as well

as the conditions that were specified during the experiment (Nguyen et al., 2013).

PDB files of each of the respective HPV proteins (HPV-16 E2, HPV-16 E6, HPV-18
E6, and HPV-18 E7), their natural ligands (Bromodomain protein 4 (Brd4), p53, and
retinoblastoma protein (pRb)), and the control ligand 4TS2 structures, were
downloaded from (https://www.rcsb.org/) with PDB file names and modifications made
described in Section 2.7.5 Table 6 (Berman et al., 2000). The methodologies for fixed

docking and computational modelling are comprehensively detailed in Sections 2.7.5
and 2.7.6. Briefly, the top prediction for each natural ligand and the control ligand
4TS2, and the top three predictions of the three aptamer candidates per respective
HPV protein target were opened in PyMOL. In total, 80 predictions underwent
computational modelling; each sequence/object as well as any interactions were
colour coded for interactions between each HPV protein, their natural ligands, the
control ligand 4TS2, and their three aptamer candidates per respective HPV protein

target.

For each docking experiment, the ZDOCK score, polar contacts observed, number
and length of polar contacts, and how it interacted with the corresponding HPV protein
were recorded. For each HPV protein and their natural ligand, the ZDOCK score, and
polar contacts generated for both the first and second fixed docking experiments were
identical; therefore, these data for the second experiment are not included in
Appendices 16-19. Similarly, the first and second fixed docking experiments yielded

similar ZDOCK scores and polar contacts for the docking of the HPV proteins with
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each of the three aptamer candidates per respective HPV protein target. A summary
of the ZDOCK Score and nature and length of polar contacts for the natural ligands,
the control ligand 4TS2, and the final candidate sequence for each HPV aptamer are
provided in Table 10. The final (selected) HPV aptamer candidates are HPV-16 E2
Sequence 324, HPV-16 E7-E6 Sequence 3271, HPV-18 E6 Sequence 2720, and
HPV-18 E7 5772 (Table 11 and Figure 47). The observed polar contacts and how the
aptamer interacted with the corresponding HPV protein for complex one for each of
the final (selected) HPV aptamer candidates are fully detailed below in Section 5.2.4.
However, details of each interaction for the other two aptamer complexes examined
can be found in Appendix 20.
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Table 10: Final HPV aptamer candidates selected based on ZDOCK Score and number and

length of polar contacts
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Figure 47: Computational modelling of HPV proteins with natural ligands, the control ligand
4TS2, and their corresponding HPV aptamer candidates.

HPV proteins docked with their natural ligands to determine binding sites, which were used for aptamer
docking. 4TS2 was also docked with each HPV protein, demonstrating binding that did not correspond
to natural ligand binding. HPV proteins-deep teal; E6AP-hot pink; ligand (natural, 4TS2 and HPV
aptamers)-orange; Adenine-red; Guanine-Blue; Thymine/Uracil-cyan; Cytosine-forest green; AA-
nucleotide interaction-magenta; AA-AA interaction via polar bond (HPV protein and natural ligand only)-
chartreuse; AA-AA interaction via peptide bond-white; nucleotide-nucleotide interaction via
phosphodiester bond (excluding nucleotides that have other interactions)-light blue; polar contact-warm

pink. Images captured using PyMOL.
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5.2.4 ldentification of HPV aptamer candidates based upon nature of the
observed interactions

The final (selected) candidate sequence for each HPV aptamer was chosen from the
ZDOCK Score, polar contacts observed, nature and length of polar contacts, and how
the aptamer interacted with the corresponding HPV protein (Table 10). The observed
polar contacts for complex one of the final (selected) HPV aptamer candidate are fully
detailed below. However, details of each interaction for complex 2 and 3 for each HPV
aptamer examined can be found in Appendix 20. Please note that, the AA residues for
HPV-16 E2 (UniPROT ID P03120), HPV-16 E6 (UniPROT ID P03126) and HPV-18
E6 (UniPROT ID P06463) proteins have two numbers; the first corresponds to the AA
residue number denoted within the sequence in PyMOL, and the second (in brackets)
corresponds to the AA residue number denoted within their sequence in UniPROT
(https://www.uniprot.org/) (The UniProt Consortium, 2022).

5.2.4.1 HPV-16 E2

Brd4 predicted two polar contacts at AA residues lysine (Lys) 290 (292) and tryptophan
(Trp) 319 (321) of the HPV-16 E2 protein only. In contrast, docking predicted eight
polar contacts between the HPV-16 E2 aptamer sequence 324 and HPV-16 E2 protein
in complex one. Predictions were predominantly observed between the side chains of
polar AA residues of HPV-16 E2 protein, including tyrosine (Tyr) 301 (303), Tyr310
(312), serine (Ser) 314 (316), threonine (Thr) 332 (334) and Thr334 (336). Interactions
predicted included the hydroxyl group of Tyr301 (303) (interacted twice), and Tyr310
(312) (Tyr OH), Ser314 (316) (Ser OG) and Thr332 (334) and Thr334 (336) (Thr OG1)
side chains, forming polar contacts with an oxygen atom (O4’, O3’, or OP1) within the
phosphate backbone of the aptamer. Other predicted interactions included the non-
polar AA residue amine group of Trp317 (319) (Trp NE1) side chain, forming a polar
contact with an oxygen atom (O3’) in the phosphate backbone of the aptamer,
whereas with the polar AA residues; hydroxyl group of Tyr301 (303) (Tyr OH) side
chain and oxygen atom (O) within the protein backbone of Ser362 (364), each formed
a polar contact with a nitrogen atom (N3 or N2), within the nucleotide base of the

aptamer.

Brd4 is only 22 AA residues, therefore it would be anticipated that Brd4 would have

few interactions with HPV-16 E2 protein. The control ligand 4TS2, formed six polar
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contacts with HPV-16 E2 protein, with two AA residues (Thr332 and Ser362) the same
AA residues that HPV-16 E2 aptamer 324 interacted with in HPV-16 E2 protein. As
only two interactions are the same, this shows that the control ligand 4TS2 does have

some specificity for HPV-16 E2 protein.

5.2.4.2 HPV-16 E6 and HPV-16 E7-E6

The natural ligand p53 was docked and formation of five polar contacts at AA residues
Ser82 (89), glutamine (GIn) 91 (98), Tyr92 (99), glycine (Gly) 130 (137) and glutamate
(Glu) 148 (155) with HPV-16 EG6 protein were predicted. Docking of HPV-16 E7-E6
aptamer sequence 3271 with HPV-16 E6 protein complex one predicted 14 polar
contacts. All polar contacts except one involved the side chain of each AA residue of
HPV-16 E6. Two recurrent predicted interactions occurred, involving the hydroxyl
groups and amine groups of side chains in polar AA residues. The hydroxyl group of
Ser80 (87) (Ser OG), and Tyr81 (88) (Tyr OH) side chains each formed a polar
contacts with an oxygen atom (O2) or nitrogen atom (N1 or N3), within the nucleotide
base of the aptamer. The hydroxyl group of AA residue Tyr84 (91) (Tyr OH) side chain
formed two polar contacts with an oxygen atom (OP2 or O5’) within the nucleotide
base of the aptamer. GIn6 (13) (GIn NE2) (interacted twice) and asparagine (Asn) 127
(134) (Asn ND2) side chains, as well as the basic AA residue arginine (Arg) 124 (131)
(Arg NH2) side chain formed polar contacts with an oxygen atom (O2 or O6) or
nitrogen atom (N3) within the nucleotide base of the aptamer. The amine group of
Asn93 (100) (Asn ND2) side chain also formed an polar contact with an oxygen atom
(O3’), within the nucleotide base of the aptamer. Other interactions observed included
basic AA residues, where the ammonium ion of Lys94 (101) (NZ) side chain and
nitrogen atom (N) of protein backbone of Argl24 (131) each formed a polar contact
with an oxygen atom (O3’ or OP2) of the phosphate backbone of the aptamer. The
acidic AA residue, Glul148 (135) formed three polar contacts, twice with its oxygen
atoms (Glu OE1) and once with its oxygen ion (Glu OE2) that are present within the

side chain, with a nitrogen atom (N1 or N6) within the nucleotide base of the aptamer.

HPV-16 E6 aptamer sequence 3271 has a similar binding motif to that predicted
between HPV-16 E6 protein and p53, with polar contacts observed at Try92 (99) and
Glul148 (155), suggesting that these AA residues are important for binding. The control
ligand 4TS2, formed 21 polar contacts with HPV-16 E7-E6 protein. Five AA HPV16 E6
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residues (Ser80, Tyr81 twice, Tyr92, Lys94, Asn127) formed polar contacts with 4TS2;
these same AA residues are seen in HPV-16 E6, when interacting with HPV-16 E7-
E6 aptamer sequence 3721. This suggests that these AA residues within HPV-16 E6
are important for binding, as well as showing that the control ligand 4TS2, does have
some specificity for HPV-16 E6 protein.

5.2.4.3 HPV-18 E6

For HPV-18 E6 aptamer sequence 2720, the natural ligand p53 was predicted to form
six polar contacts with HPV-18 EG6 protein, at the AA residues proline (Pro) 1007 (x2),
Tyr1012, Lys1092, leucine (Leu) 1098 and Gly1132 of HPV-18 EG6 protein. HPV-18 E6
aptamer sequence 2720 and HPV-18 E6 protein complex one predicted eight polar
contacts. All polar contacts, except Leul1102 (102), involved the side chain of each AA
residue of HPV-18 EG6, with hydroxyl groups and polar AA residues featuring heavily.
The hydroxyl group of polar AA residues Tyr1012 (12) and Tyr1134 (134) (Tyr OH),
Ser1082 (82) (Ser OG), and Thr1096 (96) (Thr OG1) (interacted twice) side chains
formed an polar contacts with an oxygen atom (O3’, OP1, or OP2) within the
phosphate backbone of the aptamer. Additionally, the oxygen atom of Asn1100 (100)
(Asn OD1) and ammonium ion of Lys1110 (110) (Lys NZ) polar side chains, formed a
polar contact with a nitrogen atom (N2) within the nucleotide base or an oxygen atom
(OP1) within the phosphate backbone of the aptamer. Polar interactions were also
predicted through non-polar AA residue Leul102 (102) nitrogen atom (N) within the
protein backbone of HPV-18 E6, which interacted with an oxygen atom (O4’) within
the phosphate backbone of the aptamer. This demonstrated that HPV18 E6 aptamer
2730 has a similar binding motif to that predicted between HPV-18 E6 protein and p53.

Ten polar contacts were predicted between the control ligand 4TS2, and HPV-18 E6
protein, with two interactions observed in one AA residue (Asn1100), which was also
observed in HPV-18 EG6 protein, when interacting with HPV-18 E6 aptamer sequence
2730. This suggests that these AA residues with HPV-16 E6 are important for binding,
as well as showing that the control ligand 4TS2, does have some specificity for HPV-
18 E6 protein.
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5.2.4.4 HPV-18 E7

The natural ligand pRb was predicted to form three polar contacts with HPV-18 E7
protein at AA residues Ser95, Trp100 and Ser103. Docking of HPV-18 E7 sequence
5772 with HPV-18 E7 protein complex one predicted 15 polar contacts, predominantly
between the side chains of polar AA residues. The hydroxyl group of polar AA residues
Thr93 (Thr OG1) side chain, which formed a polar contacts with an oxygen atom (OP1)
within the phosphate backbone of the aptamer, and Ser95 and Ser103 (Ser OG) (both
interacted twice) side chains, which formed polar contacts, with an oxygen atom (O4)
or nitrogen atom (N4, N6, or N7) within the nucleotide base of the aptamer. Polar
contacts were also predicted through the ammonium ion and nitrenium ion of basic AA
residues, Lys67 (Lys NZ) and Arg71 (Arg NH1) side chains respectively, formed a
polar contact with an oxygen atom (O5’ or O3’) within the phosphate backbone of the
aptamer. The amine group of the non-polar AA residue Trpl00 (Trp NH) side chain
predicted a polar contact with an oxygen atom (O5’) within the phosphate backbone
of the aptamer. Polar contacts were predicted with the oxygen atom (O) of polar AA
residues Thr93 and Ser95 (predicted twice) within their protein backbones interacting
with a nitrogen atom (N4) within the nucleotide base of the aptamer. Lastly, the
nitrogen atom (N) of acidic AA residue Glu69 and non-polar AA residues valine (Val)
97 and Trp100 within their protein backbones formed polar contacts with oxygen
atoms (OP2 or O4) within the nucleotide base and phosphate backbone of the
aptamer, whereas the oxygen atom (O) of alanine (Ala) 102 protein backbone, formed
a polar contact with a nitrogen atom (N4) within the nucleotide base of the aptamer.
This demonstrated that HPV-18 E7 aptamer 5772 has a similar binding motif to that
predicted for pRb.

Six polar contacts were formed between the control ligand 4TS2, and HPV-18 E7
protein, with four AA residues (Lys67, Thr93, Ser95 and Val97) the same as those
involved in HPV-18 E7 protein, when interacting with HPV-18 E7 aptamer sequence
5772. This suggests that these AA residues within HPV-18 E7 are important for
binding purposes, as well as showing that the control ligand 4TS2, does have some

specificity for HPV-18 E7 protein.

Common themes were observed between each of the HPV proteins and the respective

HPV aptamer candidates with both polar AA residues and hydroxyl groups within AA
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residue side chains of the HPV proteins forming polar contacts with a nt within the
HPV aptamer candidates. However, while there were similarities regarding the position
of the two molecules in all the complexes, the specific interacting residues varies

between complexes.

5.2.5 Alexa Fluor™ 488 fluorophore integration into HPV aptamers

Selected aptamer candidates (summarised in Table 11) were fluorescently labelled
via the use of a 5’ Alexa Fluor™ 488 fluorophore conjugated on to the original forward
primer sequence (Shigdar et al., 2016). Successful integration of the fluorophore was

shown by gel electrophoresis (Figure 48).

5.2.6 Binding assays of HPV antibodies and aptamers
Binding assays were performed to determine the binding affinity of both HPV aptamers
and HPV antibodies by measuring fluorescence intensity. Each of the plates were

prepared as detailed in Section 2.5.1.

No significant differences in absorbance were seen between all HPV aptamers and
their respective antibody counterparts (Figures 49 and 50), suggesting the aptamers
are comparable with respect to affinity to the commercially-available antibodies.
However, while there was no significant difference between the binding of either the
HPV-16 E2 antibody or the aptamer, there was a decrease in absorbance. No
significant difference in affinity was observed concerning the negative antibody and
aptamers (Figure 51). Conversely, the binding affinities for the negative aptamers and
negative antibody to the HPV target protein were not significantly different from each
other as the concentration decreased across the positive plates (Figures 49 and 50).
P-value >0.05 determined by Two-Way ANOVA. Again, the average absorbance
(fluorescence) did not decrease across the plate as would be expected due to the
serial dilution, suggesting that the initial starting concentration was too high. However,
low binding affinities would be expected as they are negative controls, suggesting that

there is non-specific binding present.
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Figure 48: Confirmation agarose gels of HPV-16 E2, HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7 aptamers with integrated Alexa Fluor™ 488.

All aptamer with integrated Alexa Fluor™ 488 and Alexa Fluor™ 488 only were visualised under the Alexa Fluor™ 488 filter of the ChemiDoc™ XRS+
Molecular Imager®, which showed that integration was successful and no autofluorescence was present (A, C, E and G). The same gels were post-stained
in GelRed® for 30 minutes before visualising under the GelRed filter. The molecular ladder became visible, as did all the aptamers only (B, D, F and H).
Bands at 70 bp and 50 bp were observed for all aptamers with Alexa Fluor™ 488 and all of the aptamers only, with smearing due to misfolding during

separation. Bands at 25 bp and below were indicative of primer dimers. Images captured on Image Lab™ Software.
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Figure 49: Binding affinities of positive HPV-16 E2 and HPV-16 E7-E6 antibody and aptamer
plates.

Variable absorbances were observed across the positive HPV-16 E2 and HPV-16 E7-E6 antibody and
aptamer plates. There was no significant difference between the binding of the antibody or aptamers,
P>0.05, determined by two-way ANOVA; however, it appeared that the results were comparable
between the antibodies and aptamer for both HPV-16 E6, HPV-16 E7 and HPV16 E7-E6. Data shown

are mean * standard deviation.
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Figure 50: Binding affinities of the positive HPV-18 E6 and HPV-18 E7 antibody and aptamer
plates.

Variable absorbances were observed across the positive HPV-18 E6 and HPV-18 E7 antibody and
aptamer plates. There was no significant difference between the binding of the antibody or aptamers,
P>0.05, determined by two-way ANOVA; however, it appeared that the results were comparable
between the antibody and aptamer for both HPV-18 E6 and HPV-18 E7. Data shown are mean +

standard deviation.
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Figure 51: Binding affinities of negative antibody and aptamer plates.
Variable absorbances were observed across the negative plates. There was no significant difference between the binding of the antibody or aptamers,

P>0.05, determined by two-way ANOVA; however, it appeared that the results were comparable between the negative antibody and aptamers. Data shown

are mean * standard deviation.
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5.2.7 Cell immunofluorescence using HPV antibodies and aptamers

Relevant cell lines were stained with HPV antibodies and HPV aptamers to examine
whether the aptamer bound with its target protein in vitro. The HPV-16-positive cell
lines SiHa (CC) and SCC-147T (OPSCC) were stained with the HPV-16 antibodies
and aptamers, whereas the HPV-18-positive HeLa (CC) cell line was used for the
HPV-18 antibodies and aptamer. The breast carcinoma cell line MCF7 and OPSCC
line SCC-040T are HPV-negative and used as controls.

The HPV antibodies showed a lot of background staining around the cells (Figures 52
and 53), indicating non-specific staining. The secondary-only antibody also exhibited
significant levels background staining (Figures 52 and 53). Similarly, intracellular
positive staining of the antibodies largely appeared to be endosomal and cytoplasmic,
and not nuclear, despite the nuclear localisation of HPV E6 and E7 proteins (Lee et
al., 2007, Knapp et al., 2009, Singh et al., 2021). The only HPV antibody that looked
somewhat promising was HPV-16 E6 within the SiHa cells. Surprisingly, we did not
find a positive signal for HPV-18 E7 within HeLa cells, despite the suggestion of some
HPV-18 EB6 staining in the same cells. Together, this corroborates our earlier data that
the commercially-available HPV antibodies are not suitable for IF within tissues, and

now cells, and supports our proposal for alternative markers.

All positive HPV aptamers were negative within the HPV-negative MCF7 cell line,
suggesting minimal non-specific binding (Figures 54 and 55). Nuclear body and
endosomal staining was observed with HPV-16 E7-E6 within the SiHa and SCC-147T
cells lines, and with HPV-18 E6 and HPV-18 E7 within the HelLa cell line, with some
staining of nuclear bodies and endosomes observed within the HPV-negative SCC-
040T cells. Negative HPV aptamers appeared to show positive staining within in each
cell line (Figures 54 and 55); however, as these represent the non-bound aptamer
library sequences from the selection process, each will contain a pool of sequences

that has the potential to bind to anything within the cell.
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SCC-147T

Figure 52: MCF7, SiHa, and SCC-040T cell lines stained with HPV-16 E6, HPV16-E7, and secondary-only antibodies.
Considerable non-specific staining was present with each of the HPV-16 antibodies and secondary-only antibody in each of the cell lines. Additionally,

positive staining observed was endosomal and cytoplasmic. Images captured on NIS-Elements AR imaging software at 60x magnification.
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Figure 53: MCF7 and HelLa cell lines stained with HPV-18 E6, HPV-18 E7, and secondary-only antibodies.
Considerable non-specific staining was present with each of the HPV-18 antibodies and secondary-only antibody in each of the cell lines. Additionally,

positive staining was endosomal and cytoplasmic. Images captured on NIS-Elements AR imaging software at 60x magnification.

Page | 169



Negative HPV-16
HPV-16 E7-E6 E7-E6

MCF7

SiHa

SCC-040T

SCC-147T

Figure 54: MCF7, SiHa, SCC-040T, and SCC-147T cell lines stained with positive HPV-16 E7-E6,
and negative HPV-16 E7-E6 aptamers.

HPV-16 E7-E6 aptamer was negative within the MCF7 cells, with some nuclear body and endosomal
staining observed within the SiHa and SCC-147T cells. Additionally, it appears that there is some
staining of nuclear bodies and endosomes within the HPV-negative SCC-040T cells. Positive staining

was observed within the negative aptamer. Images captured on NIS-Elements AR imaging software at
60x magnification.
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Figure 55: MCF7, SiHa, and HelLa cell lines stained with positive HPV-18 E6, HPV-18 E7, and negative HPV-18 E6 and HPV-18 E7 aptamers.
HPV-18 E6 and E7 aptamer were negative within the MCF7 cells, with some positive nuclear body and endosomal staining observed within the HelLa cells.
Additionally, SiHa cells were negative for HPV-18 E7 aptamer. Positive staining was observed with the negative aptamer in all cell types. Images captured

on NIS-Elements AR imaging software at 60x magnification.
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5.3 Conclusion

All four HPV aptamer pools underwent successful selection by SELEX and were
subsequently sequenced. Candidate selection and validation through molecular
docking, computational modelling, binding assays, and immunofluorescent

microscopy are discussed below.

Molecular docking is based on predicting intermolecular forces such as Van der Waals
forces, hydrogen bonds, and electrostatic interactions, as well as the physicochemical
properties of AA residues and nt (Meng et al., 2011). The ZDOCK score generated
from molecular docking is based on a combination of these factors as well as the
conditions that were specified during the experiment (Nguyen et al., 2013). The
interactions are predictions only; however, they can be argued based on known

interactions between AA residues and nucleotides.

The polar contacts observed included the protein side-chains and protein backbone
within the AA residues interacting with either the nucleotide base edge or phosphate
backbone within the aptamers (Mandel-Gutfreund et al.,, 1995). These were
predominantly hydrogen bonds, where atoms acted as H-bond donors (O-H---X and
N-H---X), with X being either an O or N atom, which acted as a H-bond acceptor (Kono
and Sarai, 1999, Park et al., 2014, Deepak and Sankararamakrishnan, 2016). Within
all four final HPV aptamer candidate complexes, there were three AA residues that
were consistently involved in some capacity; Thr, Ser and Tyr, which are tangible
within the literature. Thr interacts predominantly with the phosphate backbone of the
aptamers, which was observed within five out of the six polar contacts seen in all the
HPV aptamers (Kono and Sarai, 1999, Luscombe et al., 2001). As polar AA residues,
Thr and Ser, make a large number of hydrogen bonds (Luscombe et al., 2001). Highly
conserved Ser residues were observed in DNA binding domains (DBD) of Arabidopsis
thaliana basic domain-containing leucine-zipper (bZIP) transcription factors interacting
with DNA, specifically through their side chains, which was also observed within our
HPV aptamer structures in seven out of ten interactions (Kirchler et al., 2010). Ser
residues are also observed within 35% of DBDs of human bZIP transcription factors
(Deppmann et al.,, 2003). Additionally, highly conserved Tyr residues are also

observed in the DBD of animal bZIP factors (Amoutzias et al.,, 2006). Therefore,
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suggesting that these are real interactions that have been demonstrated and observed

within nature.

Interactions observed between the HPV proteins and respective HPV aptamers
involved functional motifs/domains within the HPV protein structures. Within HPV-16
E2, interactions occurred at AA residues Tyr303, Tyr312, Ser316, Trp319, Thr334,
Thr336, and Ser364. These are all located within 285-365 AA residues (UniPROT ID
P03120) of the DNA-binding domain (DBD), which is essential for interacting with E1
protein (Hegde and Androphy, 1998, The UniProt Consortium, 2022). Additionally,
interactions with HPV-16 E6 occurred at Argl31 and Asnl134, which are within the
110-146 AAresidues (UniPROT ID P03126) that make up the zinc-finger motif of HPV-
16 E6, located near the C-terminus (Zanier et al., 2012, The UniProt Consortium,
2022). Interestingly, interactions also occurred at AA residues Ser87, Tyr88, Tyr91,
Tyr99, Asn100, and Lys101 located between the two zinc-finger motifs of HPV-16 E6,
which together with the linker helix form a hydrophobic pocket. This motif is used to
recruit E6-associated protein (E6AP), and subsequently, p53 (Zanier et al., 2013, The
UniProt Consortium, 2022). This is similar in HPV-18 E6, where interactions occurred
at AAresidues Lys110 and Tyr134, which are located within the C-terminus zinc-finger
motif (105-141 AA) (UniPROT ID P06463), and Ser82, Thr96, Asn100, and Leul02,
which are situated between two zinc-finger motifs of HPV-18 E6 (Zanier et al., 2013,
The UniProt Consortium, 2022). Again, this is a hydrophobic pocket that recruits
E6AP, and subsequently, p53 (Zanier et al., 2013). Lastly, interactions occurred at AA
residues Lys67, Glu69, Arg71, Thr93, Ser95, Val97, and Trp100 of HPV-18 E7, which
are within the zinc-finger motif (65-101 AA) located near the C-terminus (UniPROT ID
P06788) (Liu et al., 2006, The UniProt Consortium, 2022). The zinc-finger motif is
within the CR3, a region which is necessary for interacting with the C-terminal of pRb
(Patrick et al., 1994, Liu et al., 2006, Aarthy et al., 2018). Observing these predictions
within functional motifs/domains demonstrates that they have been observed in

nature, suggesting that these interactions are real.

With each docked HPV protein, the most common observations between aptamer and
natural ligand were that both polar AA residues and hydroxyl groups within AA residue
side chains were the most likely to form polar contacts with a nucleotide within each

HPV aptamer. Similarities in binding motifs between all three structures and their
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corresponding natural ligands suggests these are important for binding in both
scenarios. The presence of loops within the chosen structures for each HPV aptamer
provide structural flexibility. This flexibility, combined with the smaller size allows
binding to protein regions without causing conformational changes, something which
larger structures such as antibodies cannot achieve (Gelinas et al., 2016, Autiero et
al., 2018). This was demonstrated previously, with an RNA aptamer binding to S8
ribosomal proteins, where the aptamer was shown to change its structure but also
improve its binding efficiency (Autiero et al., 2018). The structural motifs not only
provide flexibility to the aptamer, but they also have unique binding properties, allowing

for aptamer-protein interactions.

In cell immunofluorescence, the HPV antibodies presented extensive non-specific
staining, as well as a lot of background, as per our findings within tissues (Chapter 4).
In comparison to the HPV antibodies, the HPV aptamers demonstrated minimal
background staining. HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7 aptamers
demonstrated some staining of nuclear bodies and endosomes, which is consistent
with the nuclear and endosomal localisation of HPV E6 and E7 proteins (Lee et al.,
2007, Knapp et al., 2009, Cesur et al., 2015, Ganti et al., 2016, Singh et al., 2021).
HPV-16 E2 aptamer staining could not be shown within any of these cell lines;
however, this was not surprising. E2 is an early protein whose expression is frequently
lost in cancers due to integration to the host chromosome, and needs to be reviewed
within cells with an early HPV-16 infection such as an S12 or W12 cell line (Lehman
and Botchan, 1998, Bechtold et al., 2003, Xue et al., 2010), or atrtificially through
transfection of HPV-16 E2 into a cell line such as HEK293.

The proposed next steps to take this work forward, would be to return to the final
positive selection pool for each HPV aptamer and perform cell-SELEX. This would be
run as a comparison on a non-specific cell line to help select out the non-HPV
containing cell types. Additionally, if this work was successful, these would progress

forward to be tested in tissues.

There has been advancement in aptamer development in recent years and through
this work, we have managed to develop four potential HPV aptamer candidates, which

have demonstrated similar binding affinity for the target molecules compared to their
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respective HPV antibody proteins. Despite the molecular interactions described here
being predictions only, the information gathered from molecular docking including the
polar contacts observed, as well as the binding affinity, has been useful in determining
the suitability of each of the sequences chosen for each HPV aptamer candidate. The
data presented here, particularly when combined with the preliminary cellular
immunofluorescence, is promising, suggesting a need for further development of the
technology to refine the aptamer specificity, as the generated aptamers could be a

viable alternative to antibody approaches moving forward.
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CHAPTER 6: DISCUSSION

The aims of this study were to characterise the histology of normal and cancerous
palatine tonsil as HPV-mediated disease is not well understood within the oropharynx.
We used normal and cancerous cervix as comparators, as HPV infection within the
cervix has been well established. Additionally, prognostic biomarkers associated with
OPSCC were characterised, including developing aptamers against various HPV
proteins, which were to be tested and compared against commercially-available
antibodies. OPSCCs were characterised morphologically using haematoxylin and
eosin (H&E) staining and predictions made on HPV status based on H&E examination
alone. Subsequently, HPV DNA in-situ hybridisation (ISH) was performed prior to
staining with the NHS gold standard p16INK4A (p16) immunohistochemistry (IHC), to
confirm our predictions. To characterise the tumours further, and permit comparisons
to be made between HPV-positive and HPV-negative OPSCCs, we used IHC,
immunofluorescence and developed multiplex immunofluorescence (mIF) techniques
to examine the expression of eight disease-relevant biomarkers selected from the
literature, which we had characterised in normal palatine tonsil tissue. Additionally,
commercially-available HPV antibodies targeting E2, E6, and E7 proteins, were also
tested to be used to determine the HPV subtype of HPV-positive OPSCCs. This work
highlighted the complexity of HPV pathogenesis within the oropharynx; however, it
also identified the inadequacy of HPV antibody staining within tissues. This presented
the idea of using a novel approach for HPV protein detection by designing and
developing aptamers, which if ultimately successful, could be used as an alternative
to commercially-available antibodies in the future. The following chapter will discuss
the current methodology used for OPSCC diagnosis, biomarkers associated with
OPSCC, and aptamer development, and their potential impact with reference to the

literature, limitations, and future work.

6.1 HPV testing within OPSCC

6.1.1 The utilisation of p16 for determining HPV status

Determination of HPV status in OPSCC is important regarding staging of the disease.
In 2017, major updates were made to the American Joint Committee on Cancer
(AJCC) 8™ edition (2017), which included separating OPSCC into two entities: HPV-
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positive and HPV-negative, based on pl16 positivity (Amin et al., 2017). This has
resulted in improved outcomes, with the new clinical and pathological staging systems
demonstrating improved risk stratification and prognosis in patients with HPV-positive
OPSCC (Gupta et al., 2018). Since 2003, p16 IHC has been used as the surrogate
marker for HPV status within cancers of the oropharynx (Klussman et al., 2003). It is
a validated prognostic marker used for testing HPV status within OPSCC (Klussman
et al., 2003, Sedghizadeh et al., 2016, Lewis et al., 2018b, Hunter et al., 2021).
Criterion for p16-positive IHC is based on the current College of American Pathologists
(CAP) (2018) and The Royal College of Pathologists (RCPath) (2021) guidelines for
moderate to intense nuclear and cytoplasmic staining in 70% or more of the tumour
cells (Lewis et al., 2018b, Hunter et al., 2021). It has become the widely accepted
diagnostic method, largely due to low cost, simplicity and feasibility (EI-Naggar and
Westra, 2012).

The World Health Organisation (WHO) Classification of Head and Neck Tumours 5™
edition (2017) states that p16 alone is a suitable marker for HPV status, which is
sensitive for transcriptionally-active high-risk (HR)-HPV (Lewis et al., 2018b, World
Health Organisation, 2024). In HR-HPV types, E7 proteins have a greater
transformation potential than in low-risk (LR)-HPV. This is attributable to their ability to
bind to retinoblastoma protein (pRb) with high affinity, ultimately resulting in its
degradation and the subsequent overexpression of pl6 (Scheffner et al., 1992,
Mooren et al.,, 2014). However, this only seems to apply to HPV-positive non-
keratinising squamous cell carcinomas (NKSCC) of the oropharynx as they are the
most common morphological type of OPSCC (EI-Mofty and Lu, 2003, El-Mofty and
Patil, 2006, Chernock et al., 2009, Gondim et al., 2016). Indeed, HPV-positive
OPSCCs with non-keratinising morphology have demonstrated 70-100% sensitivity of
pl6- and/or HPV-positivity (Chernock et al., 2009, Gondim et al., 2016, Lewis et al.,
2021, Shinn et al., 2021). Due to this high sensitivity observed within such tumours, it
has been further suggested that the morphology by H&E examination alone is enough
of an indicator for p16-positivity, removing the need for IHC and offer a HPV status as
part of the diagnosis (Chernock et al., 2009, Lewis et al., 2010). However, 12-26.2%
of HPV-positive OPSCCs are keratinising SCC (KSCC) (Chernock et al.,, 2009,
Gondim et al., 2016, Lewis, 2017, Lewis et al., 2021, Shinn et al., 2021), and would

therefore be missed in such a diagnostic approach. Previously, it has been observed
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that 20-35% of KSCC of the oropharynx are p16- and/or HPV-positive (Chernock et
al., 2009, Gondim et al., 2016, Lewis et al., 2021, Shinn et al., 2021).

In Chapter Three, we showed that two OPSCCs used in this study overexpressed pl16
via IHC despite demonstrating KSCC morphology, which is most-commonly
associated with HPV-negative OPSCC (El-Mofty and Lu, 2003). Additionally, two other
OPSCCs demonstrated NKSCC morphology; however, they were tumour-negative for
p16, challenging the proposal from Chernock et al., (2009), and Lewis et al., (2021),
that HPV status could be determined by morphology alone. Therefore, our
observations raise concerns regarding determination of p1l6/HPV status based on
morphology alone.

6.1.2 Discordance of p16 and HPV status

One major caveat of p16 as a prognostic marker for HPV is that it does not fully
correlate with HPV status, nor does it differentiate HPV subtype, unlike HR-HPV-
specific tests (Singhi and Westra, 2010, Lewis et al.,, 2012, Hong et al., 2013).
Overexpression of pl6 may occur via HPV-independent mechanisms causing
inactivation of pRb, such as gene deletion, mutation, or other mechanisms causing
pRb pathway degradation (Smeets et al., 2007, Rietbergen et al., 2013, Sgaramella
et al., 2015). We showed that two OPSCCs had some small areas that were pl6-
positive within the surface epithelium, which appeared to be dysplastic. HPV-
independent mechanisms that cause pl6 overexpression may explain this positive
staining observed as approximately 7.7% of pl6-positive/HPV-negative OPSCCs
have shown pRb loss (Holzinger et al., 2013, Plath et al., 2018). Surprisingly, p16
expression has also been observed in non-neoplastic palatine tonsils. A study
performed pl6 IHC on benign palatine tonsil tissue sections of 262 patients
(Klingenberg et al., 2010); overexpression of pl6 was considered as moderate to
strong nuclear and cytoplasmic staining in a small area of the normal palatine tonsil
tissue. In the same study, DNA extracted from these tissues were also tested for HPV
via polymerase chain reaction (PCR) analysis. Surprisingly, 28% of the patient tissues
showed pl6 overexpression, with staining observed within the reticulated crypt
epithelium and germinal centres. However, HPV-16 and -18 were detected by PCR
analysis in just 2/195 (1%) cases, which were negative with fluorescent ISH (FISH) for
HPV DNA, and discordant with p16 IHC (Klingenberg et al., 2010). Similar p16
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expression was observed within the four normal palatine tonsils obtained as part of
the current study (only one palatine tonsil shown in Section 3.2.3). However, these
would not meet the requirement for the current CAP (2018) and RCPath (2021)
guidelines and criterion for p16 staining (moderate to intense nuclear and cytoplasmic
staining in 70% or more cells) as this is solely based on staining observed within
tumour cells (Lewis et al., 2018b, Hunter et al., 2021). These tissues also
demonstrated negativity for HPV DNA via real-time PCR analysis (Chapter Four). p16
staining could be interpreted incorrectly and suggest evidence of an HPV-mediated
precancer. One explanation for p16 overexpression in normal palatine tonsils could be
related to cellular senescence which protects the cells from various forms of stress
(Romagosa et al., 2011). As the palatine tonsils are paired secondary lymphoid
organs, they initiate immune responses against any foreign antigen (Nave et al.,
2001); therefore, prolonged activation of lymphocytes may contribute to this

phenomena.

Within the UK, HPV DNA ISH is the current HR-HPV-specific testing of choice;
however, this is not widely available (Henley-Smith et al., 2020). It detects the
presence of the HPV viral genome and is identifiable as blue dots within the host cell
nucleus (Lewis et al., 2010, Schlecht et al., 2012). In Chapter Three, we demonstrated
that two OPSCCs demonstrated positivity for HPV DNA ISH, which were consistent
with p16 overexpression observed. However, despite the strong correlation with p16-
positivity and HPV DNA ISH observed within this study, the sample is limited to just
two HPV-positive OPSCCs.

It is recommended that additional HR-HPV-specific testing be performed on OPSCCs
that have been determined as p16-positive (Lewis et al., 2018b, Hunter et al., 2021).
Additional HR-HPV-specific testing is not common practice within the US and is only
performed in limited circumstances where p16-positive samples should be followed by
HR-HPV-specific testing; for example cancers of unknown primary (CUP) that are
metastatic to cervical lymph nodes (Lewis et al., 2018b, Guzman-Arocho and Nishino,
2022). Comparatively, UK and USA studies and the RCPath guidelines (2021) have
recommended routine performance of HR-HPV-specific testing for p16-positive IHC
confirmation, as well as for cases where pl6 IHC is equivocal; for example,

overexpression in KSCCs or negative in NKSCCs (Craig et al., 2019, Craig et al.,
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2020, Shinn et al., 2021). The study performed by Shinn et al., (2021) reported that
discordance appeared to arise in patients that deviated from the typical tumour
profiles, accounting for approximately 5% of test results. The explanation for this low
discordance rate is that it is a USA-based cohort, which has a high HPV prevalence
rate (Faraji et al., 2019, Shinn et al., 2021). This is further supported by Mehanna et
al., (2023), who reported that North America have a high HPV prevalence rate but a
low rate of pl6-positive/HPV-negative patients in comparison to Southern Europe,
which has a low HPV prevalence rate and a high p16/HPV discordance rate. The
biological reason for high p16/HPV discordance within the latter region is attributable
to a higher population of smokers, which increases the probability of p16 inactivation
by gene deletion, mutation, and promoter methylation (Ai et al., 2003, The Cancer
Genome Atlas Network, 2015, Mehanna et al., 2023). Therefore, given that the
discordance rate varies geographically, p16 IHC alone is not sufficient for risk

stratification and prognostication of survival in patients.

6.1.3 Sensitivity and specificity of p16

Approximately 4-30% of pl16-positive OPSCCs that lack transcriptionally-active HR-
HPV, are considered false-positives (Smith et al., 2008a, Rischin et al., 2010, Ukpo et
al., 2011, Bishop et al., 2012, Holzinger et al., 2012, Rietbergen et al., 2013, Ndiaye
et al., 2014, Rietbergen et al., 2014, Kerr et al., 2015, Mirghani et al., 2016, Augustin
et al., 2018, Randén-Brady et al., 2019). It is suggested that inconsistencies in the
performance of different detection techniques may account for false-positives, with
numerous studies suggesting that discordant p16/HPV DNA ISH results are not
reliable markers of HPV-positivity within the head and neck. The use of pl6 as a
standalone marker within the head and neck has drawn criticism given its specificity
issues. Numerous studies have reported that p16 staining within OPSCC formalin-
fixed, paraffin-embedded (FFPE) tissue were found to be discordant with HPV DNA
and RNA testing including PCR and ISH. These studies collectively reported overall
sensitivities between 69-100% and specificities between 76-100% for pl6 IHC
(Schache et al., 2011, Jordan et al., 2012, Pannone et al., 2012, Schlecht et al., 2012,
Holzinger et al., 2013, Mirghani et al., 2015, Shelton et al., 2017, Arsa et al., 2021).
Within these studies, various pl6 clones, cut-offs, and scoring systems for pl6
expression within positive cells were used, as well as manual or automated staining

which are all factors that can contribute to the sensitivity and specificity of p16 staining
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(Hong et al., 2013, Deutsch et al., 2022). The majority of OPSCCs are defined as
positive or negative based on the current CAP (2018) and RCPath (2021) guidelines
for p16 staining (Lewis et al., 2018b, Hunter et al., 2021). However, in clinical practice
equivocal staining patterns are occasionally observed in less than 5% of cases which
can hinder interpretation (Thavaraj et al., 2011). Some of these studies used cut-offs
that deviated from the clinical guidelines for p16, introducing ambiguity regarding
which samples are considered positive and negative based on both sides of cut-offs.
The CAP (2018) guidelines detail that there is no gold standard p16 antibody, platform,
or methodology for clinical practice in the head and neck (Lewis et al., 2018b). This is
due to the variability in HPV prevalence and implemented methodologies that has
been observed worldwide, particularly in North America where there is low p16/HPV
discordance and high oral HPV prevalence in comparison to Southern Europe where
there is a high p16/HPV discordance and low oral HPV prevalence (Mehanna et al.,
2023).

Furthermore, seven of these eight studies used either DNA and/or RNA molecular
techniques which can be highly sensitive, but are at risk of contamination and possible
overestimation of HPV positivity (Schache et al., 2011, Jordan et al., 2012, Pannone
et al., 2012, Schlecht et al., 2012, Holzinger et al., 2013, Mirghani et al., 2015, Arsa et
al., 2021). Therefore, the sensitivities and specificities that they have reported for p16
may not be accurate given the reference techniques they have used, highlighting the

inaccuracy of p16 IHC as a surrogate for HPV oncogenic transformation.

6.1.4 Sensitivity and specificity of HPV DNA ISH

Besides pl6, there are also issues with HPV DNA ISH. In comparison to p16 IHC, it
has high specificity, allowing for distinction between episomal and integrated DNA;
however, it has reduced sensitivity particularly with low copy number/viral load, as well
as it being technically difficult to interpret (Lewis et al., 2012, Mirghani et al., 2015,
Suresh et al., 2021). It has been previously stated that staining assessments made at
low magnification can result in false-negative results (Fatima et al., 2013, Miller et al.,
2017). Given the issues surrounding p16 IHC and its specificity, additional testing with
HPV DNA ISH is the HR-HPV-specific testing of choice despite its increased costs
and turnaround times (Schache et al., 2011, Thavaraj et al., 2011, Robinson et al.,
2012, Henley-Smith et al., 2020).
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Numerous studies have reported that HPV DNA ISH in OPSCC FFPE tissue have
been found to be discordant with p16 IHC and HPV DNA and RNA PCR testing. These
studies collectively reported overall sensitivities between 38-88% and specificities
between 27-100% for HPV DNA ISH (Schache et al., 2011, Jordan et al., 2012,
Pannone et al., 2012, Schlecht et al., 2012, Mirghani et al., 2015, Randén-Brady et
al., 2019, Craig et al., 2020). Within these studies, three different HPV DNA ISH probes
were tested; VENTANA INFORM HPV IIl Family 16 Probe (B) (Roche Diagnostics Ltd,
West Sussex, UK), HPV-16-type specific DNA probe, and HPV-16/-18-type specific
DNA probe (both Dako™, Agilent Technologies LDA UK Ltd, Cheshire, UK).
Interestingly, Pannone et al., (2012) reported low specificity for the VENTANA
INFORM HPV IIl Family 16 Probe (B) in comparison to the HPV-16/-18-type specific
DNA probe, which demonstrated 100% specificity. They also reported lower
sensitivities for the HPV-16/-18-type specific DNA probe compared to the VENTANA
INFORM HPV lll Family 16 Probe (B). The reason for this may be due to interpretation,
where the staining patterns stated for both probes were different. Positivity was
described as specific nuclear localisation for the HPV-16/-18-type specific DNA probe,
whereas positive, nuclear staining was required for the VENTANA INFORM HPV Il
Family 16 Probe (B). However, these were performed on tissue microarrays, which
are not typically used within the clinical laboratory and may differ from FFPE tissue
sections, therefore this may account for the stark difference in sensitivity and

specificity observed in comparison to the other published research.

Both the VENTANA INFORM HPV Il Family 16 Probe (B) and HPV-16/-18-type
specific DNA probe are reported to detect copy numbers as low as 10-50 whereas the
copy number detection limit of HPV-16-type specific DNA probe is a single-copy
(Montag et al., 2011, Jordan et al., 2012, Roche Diagnostics, 2024). To account for
their supposed low detectability, these probes use signal amplification techniques
which is suggested to increase sensitivity; however, this is surprising given that HPV
DNA ISH is known to have reduced sensitivity to low copy numbers which can account
for false-positive results (Guo et al., 2008, Montag et al., 2011, Mirghani et al., 2015,
Suresh et al., 2021). It has also been suggested that HPV DNA ISH may not detect
transcriptionally-active HR-HPV. This is because viral DNA can be detected by HPV
DNA ISH after viral integration, and once it has progressed to viral transcription, viral
DNA is transcribed to RNA and subsequently mRNA which is detectable by HPV RNA
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ISH (Bishop et al., 2012, Suresh et al., 2021). These two techniques are highly
sensitive and specific and can be used to detect both integrated and transcriptionally-
active HR-HPV (Bishop et al., 2012, Randén-Brady et al., 2019, Henley-Smith et al.,
2020, Suresh et al., 2021). Therefore, the use of HPV RNA ISH could be a feasible
alternative and replacement for HPV DNA ISH for clinical testing.

The combination of both p16 IHC and HPV DNA ISH together were compared by
Schache et al., (2011) and Jordan et al., (2012), who reported sensitivities of 88% and
74%, and specificities of 88% and 90% respectively. Combining the two techniques
together demonstrated some notable differences with Schache et al., (2011) reporting
worsened sensitivity of p16 by 6% but not HPV DNA ISH which remained the same,
and improved specificity of both p16 and HPV DNA ISH which increased by 2-8%.
Surprisingly, the opposite was seen by Jordan et al., (2012), who stated that the
sensitivity of both techniques decreased by 11% for p16 and 2% for HPV DNA ISH.
They also observed increased specificity for both p16 and HPV DNA ISH to 97%.
Again, it is difficult to make a comparison between the two studies given that they used
different HPV DNA ISH probes; however, together with the data discussed above, this
calls into question the validity of this as a technique for HPV detection within clinical

samples.

In these studies discussed above, HPV DNA ISH probe, automated or manual
application as well as methodologies, supplier and sample size, all need to be taken
into consideration with regards to variations in discordance, as these are all factors
that can contribute to the sensitivity and specificity of HPV detection techniques (Hong
et al., 2013, Deutsch et al., 2022). Furthermore, the reference technigues observed
within these studies are highly sensitive and useful, particularly E6/E7 mRNA PCR
which is considered the gold standard for frozen tissue (Mirghani et al., 2015).
However, due to the expense, expertise, and requirement of frozen tissue, as well as
issues with mRNA extraction from both FFPE and frozen tissue specimens, these
techniques would not be viable within the clinical setting (Lewis et al., 2010, Robinson
et al., 2012).

With the limitations of the work presented in this thesis due to the small sample size,

together with the conclusions drawn from these studies, the validity of pl6 as a
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surrogate marker for HPV is questioned. With the small number of HR-HPV-specific
tests available, and the data discussed above, it is not surprising that there is not yet
a consensus for determining HPV status within OPSCC (Mena et al., 2022).

6.1.5 Patient impact

The lack of specificity and false-positives for p16 is problematic for the 5% of patients
who are inaccurately staged (Henley-Smith et al.,, 2020, Shinn et al., 2021).
Additionally, it is also insufficient for determining suitable treatment de-escalation that
is suitable in instance of HPV-mediated disease (Wagner et al., 2021). Discordant p16-
negative/HPV-positive patients have worse recurrence rates than pl16-positive/HPV-
positive patients and have a poorer chance of survival. Despite this, they had slightly
better prognosis, survival, and rate of recurrence than pl6-negative/HPV-negative
patients. However, they should not be treated the same, with patients needing to
undergo an appropriate de-intensified treatment regimen (Mehanna et al., 2023).
However, despite HPV-positive OPSCCs having a better survival prognosis than their
HPV-negative counterparts, the post-operative treatment guidelines are identical. This
may be attributable to the critical clinical trials defining the standard adjuvant therapy,
before HPV-positive and HPV-negative OPSCCs were defined as two separate
entities (Bernier et al., 2004, Cooper et al., 2004, Ang et al., 2010).

Based on our results, discordance was observed between pl16 IHC and morphology,
despite our small sample size. Given the distinctiveness of HPV-positive OPSCCs and
their increasing incidence, the need for standardised HPV testing is urgent and
compelling, highlighting the importance of reliable and accurate clinical biomarkers for
appropriate staging and stratification of disease. To develop this study further, further
testing using more specific and sensitive techniques could be performed, as well as
including more OPSCC tissue samples would be performed, at cost. However, it would
not be viable within a clinical pathology laboratory, if the prerequisites of developing a
valid, reliable clinical test are not fulfilled. Therefore, it would be pertinent to develop

a more suitable biomarker against HPV that could be used in a clinical NHS laboratory.

The requirements for this would be to first determine if a new biomarker can transition
from research to clinical use. Pre- and post-analytical considerations need to be

considered within the research laboratory, where it has to be identified if there is a
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demand or unmet clinical need that needs to be addressed. This would also include
determining its cost-effectiveness and ease of use as well as the sensitivity, specificity,
and reproducibility of the assay. Once the biomarker has passed analytical testing
within a research laboratory, the assay would need to be validated for use on control
tissues and tested against other validated assays within the clinical laboratory.
Assessment of the impact of the biomarker on patient outcome would also need to be
performed, as well as pre-and post-analytical considerations to determine whether it
is feasible and cost-effective within the clinical setting (Lazzari, 2009, Sturgeon et al.,
2010, Goldsmith et al., 2024). Therefore, research to investigate new and improved
biomarkers targeting HPV will hopefully help have a significant impact on patient

treatment and outcome.

6.2 Other biomarkers associated with HPV-positive OPSCC

In Chapter Three, we discussed biomarker expression in OPSCC using other
prognostic biomarkers besides p16, that have been associated with both HPV-positive
and HPV-negative OPSCCs.

6.2.1 Immune biomarker expression in OPSCC

Within our study, expression of programmed cell death protein-1 (PD-1), programmed
cell death-ligand 1 (PD-L1), and CD8 were investigated. Weak expression of PD-1,
PD-L1, and CD8 were observed in the two OPSCCs identified as p16- and HPV DNA
ISH-positive in comparison to two of the HPV-negative OPSCCs. These results were
not expected as strong expression of PD-1, PD-L1, and CD8 are usually observed
within HPV-positive OPSCCs suggesting that they are biologically relevant and play
an important role in immune surveillance escape of HPV-mediated disease (Badoual
et al., 2013, Lyford-Pike et al., 2013, Concha-Benavente et al., 2016, Gameiro et al.,
2018, Pokryvkova et al., 2022, Atipas et al., 2023). However, based on our results,
despite our small sample size, it is possible that there is no correlation between p16

and HPV status and expression of these immune biomarkers.

There have been reports of no correlation between these immune biomarkers and p16
or HPV status (Badoual et al., 2013, Kim et al., 2016, Steuer et al., 2018, Atipas et al.,
2023). However, the observations made by Kim et al., (2016), and Atipas et al., (2023)

have limitations given that they were performed on Asian cohorts who typically have
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low HPV prevalence and pl16/HPV discordance, and would not therefore be
comparable to a high HPV prevalent geographical region (Mehanna et al., 2023).
Surprisingly, it has also been demonstrated that high levels of PD-1 and PD-L1
expression have been observed in HPV-negative tumours, which are consistent with
our results (Malm et al., 2015). Despite this, the limitations of these studies include
different interpretation criteria, antibodies, and ancillary reagents as well as
methodology and scoring criteria.

Within the tumour microenvironment (TME) of OPSCC, CD8-positive T lymphocytes
enhance antitumour immune responses and PD-L1-positive tumour cells bind to PD-
1 present on activated T lymphocytes that are approaching the tumour (de Vincente
et al., 2019, Atipas et al., 2023). Overexpression of these immune biomarkers would
be expected in HPV-positive tumours as HPV foreign antigens would elicit an immune
response; however, HPV can also avoid immune clearance (Lyford-Pike et al., 2013).
HPV infection is believed to establish within the reticulated crypts of the palatine tonsil
which normally express PD-L1 and together with HPV E7 oncoprotein also driving PD-
L1 overexpression, this may represent an viral-privileged site where viral-specific T
lymphocytes are downregulated allowing HPV to establish and induce malignant
transformation (Kim et al., 2007, Lyford-Pike et al., 2013, Liu et al., 2017).

Despite this, CD8-positive TILs as well as PD-1 and PD-L1 expression are still
observed within HPV-negative OPSCC (Lyford-Pike et al., 2013, Malm et al., 2015,
Pokryvkova et al.,, 2022, Atipas et al., 2023). Like HPV-positive OPSCCs, HPV-
negative OPSCC have an immune-rich TME (Fialova et al., 2020, Succaria et al.,
2021). This may be because the tonsils are secondary lymphoid organs that consist
of lymphoid follicles composed of T and B lymphocytes as well as possessing
reticulated crypt epithelium densely infiltrated with lymphocytes (Olah, 1978, Nave et
al., 2001, Fossum et al., 2017). Therefore, you would still expect there to be expression
of PD-1, PD-L1, and CD8. This is supported by others who have observed no
difference in these biomarker expressions in HPV-positive and HPV-negative
OPSCCs (Oguejiofor et al., 2017, Succaria et al., 2021). Our observations showed
that these biomarkers were not in keeping with the literature and would be considered
inadequate prognostic biomarkers given that HPV-positive OPSCCs have better

prognosis and survival than HPV-negative OPSCCs. Therefore, based on the
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observations we have made, and the literature discussed above, this highlights the
complexity of both HPV-positive and HPV-negative OPSCCs.

6.2.2 Prognostic biomarkers of OPSCC

In Chapter Three, we observed high expression levels of Ki67 in the majority of our
OPSCC cohort, which was consistent with the literature. Ki67 overexpression is
typically associated with poorly differentiated OPSCCs in comparison to well
differentiated OPSCCs (Yadav et al., 2019). This was observed within our HPV-
positive OPSCCs, which are typically not histologically graded based on conventional
grading schemes. Their appearance does appear poorly differentiated which is
typically associated with poor prognosis and aggressive tumour growth; however,
despite this HPV status is related to good prognosis (Bishop, 2015).

Currently, Ki67 is not used as a prognostic or predictive marker in head and neck
squamous cell carcinoma (HNSCC), with some studies reporting inconclusive results
(Kropveld et al., 1998, Lavertu et al., 2001, Couture et al., 2002, Silva et al., 2004,
Chatzkel et al., 2017). Numerous studies have reported varying conclusions regarding
Ki67 expression and its relation to HPV. Studies have reported that Ki67 expression
was highest in p16-positive cases, with a combination of Ki67 and HPV status possibly
improving prognostic information with regards to patient survival (Liu et al., 2015, de
Perrot et al., 2017, Sivakumar et al., 2021). Contrarily, others observed that Ki67
expression was increased in HPV-negative cases, and that there was no prognostic
difference between HPV-positive and HPV-negative tumours (Bu et al., 2015,
Tsuchida et al., 2017). In the cervix, Ki67 and pl16 together have demonstrated good
performance as a triage test for HPV infection clearance in cytology samples (Rossi
et al., 2021). Therefore, Ki67 expression could be used to assess patients who have
suspected oral HPV infections in the future. However, oral swabs and sampling of the

tonsils requires further research.

Furthermore, patients with a high Ki67 proliferative index within tumours may benefit
from more aggressive treatment, particularly those who are HPV-negative; however,
this is yet to be validated (Gerdes et al., 1984, Liu et al., 2015, Yadav et al., 2019).
Currently, it is unknown if any precursor lesions exist within the tonsils, which may be

related to OPSCCs possessing a rapid growth rate, making such lesions difficult to
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detect (Tamas et al., 2011, Palmer et al., 2014, Quabius et al., 2021). Overall, the use
of Ki67 as a prognostic and predictive marker within OPSCC requires further

investigation.

6.2.3 Cytokeratin 7 expression does not correlate with HPV status in OPSCC
In our study, one OPSCC expressed CK7 within its tumour cells, whilst the rest were
tumour-negative. It was determined as a NKSCC and HPV-negative OPSCC, which
does not correlate with the literature. It has been previously observed that HPV-16 E7
protein directly interacts with CK7 (Kanduc, 2002). This is also supported by other
studies that have investigated CK7 expression within OPSCC; of which there are very
few. They reported that increased CK7 expression is associated with HPV-positive
OPSCCs (Morbini et al., 2015, Woods et al., 2017, Woods et al., 2022). It is also
plausible that CK7 may only be expressed in NKSCCs, as they are typically p16- and
HPV DNA ISH-positive; based on clinicopathologic data it appeared that CK7-positivity
was more likely to be associated with non-keratinising morphology than keratinising in
OPSCC (Morbini et al., 2015, Mehrad et al., 2018). However, they support the theory
that HPV-positive OPSCCs arise within the tonsillar reticulated crypts.

However, Chu et al., (2000), reported that 87% of cervical SCCs vs 27% of HNSCCs
were positive for CK7 expression, which may indicate that CK7 may not be as
significant within HPV-positive HNSCCs as it is in CC. Surprisingly, CK7 expression
was not observed within the HPV-positive OPSCCs within this study, which could
imply that these tumours did not originate from HPV infections that had established
within tonsillar crypts. However, CK7 expression may be absent within HPV-positive
OPSCCs for a number of reasons. One explanation is that HPV-positive OPSCC may
originate within the crypts, but that CK7 expression may be lost as cells differentiate,
where the tumour consists of differentiated and undifferentiated components and
possesses a CK7-negative phenotype (Pitiyage et al., 2015). The limitation with this
is it appears to be the only case where this has been described within the literature to

our knowledge.

Another explanation is that CK7 expression may be associated with viral DNA and not
transcriptionally-active HR-HPV, which is associated with E6 and E7 expression
(Mehrad et al., 2018). However, it has been shown that HPV E7 interacts with CK7

Page | 188



and therefore this theory may not be plausible. Additionally, it may be that it is related
to episomal HPV DNA; not integrated, within both the cervix and oropharynx (Lee et
al., 2017, Mehrad et al., 2018, Roberts et al., 2019). Our HPV DNA ISH data showed
both episomal and integrated staining patterns within both p16-positive OPSCCs and
would be expected based on the literature that there would be some CK7 positivity
within the tumour. It has been postulated that there may be a viral-human hybrid
episome that occurs within HPV-positive OPSCC; however, this is yet to be elucidated
(Morgan et al., 2017, Roberts et al., 2019). It has also been observed that there is no
significant difference between anatomical site and HPV status (Mehrad et al., 2018).
Therefore, this data and the observation of 27% of HNSCC being CK7-positive
suggests that CK7 has no clinical significance within the head and neck in determining

tumour origin, and currently still remains unknown.

Based on the findings of our work, it is possible that these tumours did not originate
within the reticulated crypts as they have keratinising tumour morphology that is typical
of HPV-negative OPSCC, and are CK7-negative; however, both KSCC and CK7
expression can be HPV-positive. Additionally, CK7 expression may only be associated
with NKSCC; however, only one of our two non-keratinising OPSCCs was CK7-
positive. Therefore, based on our results, despite limited sample size, it is difficult to
determine the significance of CK7 in OPSCC.

The limitations with our study are largely associated with a limited sample size. Based
on the uncertainty within the literature, our data clearly highlights the complexity of
HPV pathogenesis within OPSCC, which is yet to be fully elucidated. Although further
research is warranted to fully understand HPV-mediated disease within the
oropharynx, to develop this study further it would be interesting to look at HPV proteins

directly which could pose as better biomarkers for HPV-positive OPSCC.

6.3 Biomarkers against HPV proteins

6.3.1 HPV antibodies were unsuccessful in IHC

Since 1941, the use of IHC to detect target antigens using antibodies has become a
valuable tool for both diagnostic and research use (Coons et al.,, 1941, Tan et al.,
2020). Today, IHC is commonly performed on automated systems within the clinical

setting, as these are less labour-intensive than manual IHC (Tan et al., 2020). This
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includes the performance of p1l6 IHC on cancers of the oropharynx to determine
whether they are HPV-positive or HPV-negative. However, there are numerous issues
related to the use of p16 as a surrogate marker, discussed above. Alternatively, there
are commercially-available HPV antibodies on the market, but these are for research
use only (RUO), and cannot be used within clinical testing.

Rigorous testing of HPV antibodies performed as part of this study resulted in varying
degrees of non-specific staining across the vastly different cell types that we confirmed
to be HPV-negative through molecular screening. The automated staining that was
performed had steps and reagents in place to reduce this staining from occurring. We
used the BOND™ Polymer Refine Detection Kit (Leica Biosystems, Leica
Microsystems (UK) Ltd, Milton Keynes, UK), which included a Peroxide Block reagent
containing hydrogen peroxide which quenches endogenous peroxidase activity and
avoids the use of streptavidin and biotin, eliminating non-specific staining related to
endogenous biotin (Ramos-Vara, 2005, Leica Biosystems, 2024). Additionally, various
epitope retrieval solutions, incubation times, and antibody dilutions were tested with
the final parameters selected detailed in Section 2.3.1 Table 4. The antibody dilutions
chosen were the lowest dilution that could be applied before no staining was visible,
which was also observed when performing antigen retrieval for a shorter incubation
time. However, despite having these in place we still achieved variable staining. Buffer
negative controls were also performed for each tissue type with the same epitope
retrieval solution and incubation time performed as for the HPV antibodies to achieve
continuity, except for where the primary antibody was substituted for antibody diluent.
In Section 4.2.3 Figure 34, there was some observed background 3,3
diaminobenzidine (DAB) staining in a few tissue types, which appeared as precipitate
on the tissue section. This allowed us to distinguish what was precipitate on the section
from the DAB, and what was real staining within the tissue. As there was no
comparison between the buffer negative controls and the HPV antibody staining, we
knew that the non-specific staining we had observed was not due to the automated
staining system, the BOND™ Polymer Refine Detection Kit or the tissue blocks used.
This is supported by the staining observed using other primary antibodies as

demonstrated in Chapter 3.
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The are numerous issues with antibodies that can complicate IHC including batch-to-
batch variation, the way antibodies are produced, and non-specificity. We primarily
used monoclonal antibodies that are less likely to have these issues; however, they
are still capable of them. With batch-to-batch variations, each new batch requires
validation, and it is advised for projects to buy in bulk to prevent this. Additionally, the
QC data generated years ago may be still published on the product sheet and the
newer batches produced may not be able to generate the same data as they may have
been immunised in a different animal species (Voskuil, 2014). Depending on the
animal immunised, this can cause variations in antibody dilutions and batch-to-batch
variation (Ramos-Vara, 2005). On the other hand, non-specific staining may occur if
the antibody binds to unintended proteins. The affinity of an antibody is determined by
the epitope’s amino acid (AA) sequence and therefore, it is difficult to find antibodies
that react with one protein only when there are other proteins with similar sequences.
This could ultimately result in cross-reactivity (Voskuil, 2014), and may have been the
case with our HPV staining results. However, this does not explain why we observed
non-specific staining within HPV-negative tissues. Of the eight HPV antibodies tested,
the epitope AA sequences were only available for three HPV antibodies: HPV-16 E2
(Abcam), HPV-16 E6 (Neo Biotech), and HPV-18 E7 (Abcam). Additionally, these
antibodies may have only been optimised and validated for use in CC tissue or cell
lines; therefore, they may not work in other tissue types that can be infected with HPV.
The antibody’s affinity would then be lower for the specific epitope and thus result in
non-specific staining (Voskuil, 2014). This was also observed in the Western blot for
HPV-16 E6 + HPV-18 E6 (Abcam) which showed positive staining in non-specific and
negative controls (Appendix 14). Therefore, these data suggest that HPV markers
need to be re-evaluated for use in tissues, and instead we propose a novel approach

for targeting HPV proteins which could replace the current methodology.

6.3.2 Novel approach for targeting HPV proteins

To address our observed issues of p16 and HPV DNA ISH discordance, coupled with
the non-specific staining of HPV antibodies within tissue, we designed and developed
DNA aptamers against HPV-16 E2, HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7. This
approach allows for identification of HPV subtypes that has not been achievable up
until this point, as current HPV testing using pl16 IHC and HPV DNA ISH cannot
differentiate between HR-HPV subtypes.
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Based on molecular docking and computational modelling, our HPV aptamers
demonstrated interactions with their respective HPV proteins within functional
motifs/domains which have been observed in nature. This suggested that these
interactions were real. We also found that the presence of loops within the chosen
structures for each HPV aptamer provided structural flexibility and combined with their
smaller size allowed them to bind to protein regions without causing conformational
changes, something which larger structures such as antibodies cannot achieve
(Gelinas et al., 2016, Autiero et al., 2018). The angstrom (A) measurements were only
considered if they were in the range of 2.2-4.0 A, as there is a minimum distance in
between atoms due to intermolecular forces (Jeffrey, 1997). However, the limitation
with this is that we do not know exactly what each intermolecular interaction is within
our aptamer-protein complexes. Therefore, we would need to carry out further work to
determine this such as X-ray crystallography, which generates crystal structures of the
aptamer-protein complexes and can provide detailed information on the nature of the
interactions (Ruigrok et al., 2012).

There is limited HPV aptamer data within the literature as only a few groups have
isolated aptamers against HPV proteins; HPV-16 E6 and E7 RNA aptamers (Toscano-
Garibay et al., 2011, Gourronc et al., 2013, Nicol et al., 2013, Cesur et al., 2015), HPV-
16 L1 RNA and DNA aptamers (Leija-Montoya et al., 2014, Trausch et al., 2017,
Valencia-Reséndiz et al., 2018), HPV L1 DNA aptamers targeting various HR-HPV
subtypes (Yang et al., 2024), and HPV-16 E6/E7 DNA aptamers (Graham and Zarbl,
2012). The majority of these were tested in CC cell lines or lysates including SiHa and
HeLa, with Gourronc et al., (2013) using HPV-16 E6/E7 transformed primary human
tonsillar epithelial cells (HTECSs). Aptamers isolated by Graham and Zarbl, (2012),
Gourronc et al., (2013), and Cesur et al., (2015) were tested within the relevant cell
lines and demonstrated positive staining by immunofluorescence. This was similar to
our approach where HPV-16 E7-E6, HPV-18 E6, and HPV-18 E7 aptamers
demonstrated both nuclear and endosomal localisation, which was also observed by
Graham and Zarbl, (2012), Gourronc et al., (2013), and Cesur et al., (2015). These
were all in keeping with the literature where E6 and E7 expression is seen within the
nucleus, cytoplasm, and endosomes (Lee et al., 2007, Knapp et al., 2009, Ganti et al.,
2016). However, there were limitations with these studies as Graham and Zarbl,

(2012) demonstrated higher levels of aptamer expression within non-cancerous
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revertant cell lines of HeLa and SiHa cells than cancerous cells, whereas Gourronc et
al., (2013) identified aptamers that bound to both primary HTECs and HPV-16 E6/E7
transformed HTECs. Therefore, these studies have demonstrated aptamers that
would be insufficient for use within cancerous cells, unlike our aptamers which
demonstrated expression within HPV-positive cell lines. These groups primarily
focussed on the HPV-16 subtype only; therefore, our work would be the first to design
and develop DNA aptamers against HPV-16 E2, and HPV-18 E6 and E7 proteins and

test them in HNSCC cell lines which has not been discussed before.

As there are issues surrounding p1l6 specificity, the development of aptamers that
detect HPV proteins within HNSCC and OPSCC could have a significant impact on
disease stratification, prognosis, and treatment in HPV-positive patients (Ang et al.,
2010, Gupta et al., 2018). It could also help contribute to the United Nations (UN)
sustainability development goals (SDG), particularly goal three-good health and well-
being (United Nations, 2015, United Nations Development Programme, 2015). The
use of aptamers could widen the access to healthcare for millions of people in less-
developed countries where healthcare is expensive and inaccessible as well as
provide new strategies for disease detection. Unlike antibodies, aptamers are
chemically synthesised from their known aptamer sequence and easily reproducible;
therefore, removing the animal model and batch-to-batch variation. They can also be
produced fairly quickly reducing time, cost, and labour (Zhang et al., 2010, Bauer et
al., 2019, Zhang et al., 2019, Li et al., 2021). Antibodies on the other hand have a
limited shelf-life and have to be kept at a suitable temperature (-20°C or -80°C) for
transportation as repeated freeze/thaw cycles can make them susceptible to
deterioration and irreversible denaturation (Stoltenburg et al., 2007, Keefe et al., 2010,
Voskuil, 2014, Bauer et al., 2019). Conversely, aptamers are thermally stable and
have a long shelf-life, allowing them to be stored and transported easily (Sun and Zu,
2015, Zhang et al., 2019, Li et al., 2021). This will be advantageous particularly in
warmer climates and less-developed countries where there is limited access to
healthcare. Additionally, aptamers have clinical and industrial advantages over
antibodies including non-immunogenicity, high penetration, and unlimited targets (Sun
and Zu, 2015). In comparison to antibodies, aptamers are non-immunogenic and non-
toxic and therefore do not elicit an immune response (Sun and Zu, 2015). Due to their

small size, aptamers are capable of crossing the blood-brain barrier and penetrating
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tissues (Keefe et al., 2010, Cheng et al., 2013, Sun and Zu, 2015, Li et al., 2021).
Therefore, aptamers could be used as an alternative to antibodies in IHC.

Since the expiration of the original SELEX patents in the early 2010s, there has been
an increased academic and commercial interest in aptamers (DeRosa et al., 2023). In
March 2024, the aptamers market was estimated at 1.48 billion USD, which is
projected to reach 2.77 billion USD by the year 2030 (Research and Markets, 2024).
The increased interest in aptamers highlights their potential use for diagnostic and
therapeutic approaches. In this instance, the development of aptamers against HPV
proteins could potentially allow for differentiation between LR- and HR-HPV types
based on changes in their protein structure and provide a more specific technique for
determining HPV status.

6.4 Future work

This study has provided a basis for undertaking aptamer development of HPV proteins
further, which could be used to help determine the HPV subtype within tissues. Firstly,
we would need to run proof of principle testing by returning to the final positive
selection pool for each HPV aptamer and performing cell-SELEX. This is similar to the
SELEX process we carried out as part of this study; however, the target protein is
unknown, and the selection process is carried out on live cells expressing non-specific
proteins (Pleiko et al., 2019). This would be run as a comparison on a non-specific cell
line to help select out the non-HPV containing cell types. As we could not demonstrate
HPV-16 E2 staining, it would need to be reviewed in cells with an early HPV-16
infection such as an S12 or W12 cell line, or artificially through transfection of HPV-16
E2 into a cell line such as HEK293. Ultimately, if this work was successful, the

development of staining protocols could progress forward to be tested in tissues.
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CHAPTER 7: CONCLUSION

In this thesis, we described that the morphology of OPSCC does not reliably inform
HPV status, if diagnosis was based solely on H&E examination. Despite the strong
correlation with p16 and HPV DNA ISH positivity observed in this study, others have
guestioned the validity of p16 as a surrogate marker for HPV within the head and neck.
Additionally, other prognostic biomarkers tested deviated from the typical tumour
profiles of both HPV-positive and HPV-negative OPSCCs and would therefore be
inadequate for prognosis. Together, these observations highlight the complexity of
OPSCC development, and the difficulty in identifying suitable biomarkers to diagnose
and stratify HPV-mediated disease. Furthermore, we found that HPV antibodies were
unsuccessful within tissues and would not be adequate in determining HPV subtype,
which were confirmed by molecular testing. We proposed a novel approach to
targeting HPV proteins which could replace the current methodology of p16 testing for
HPV status, with promising results. In conclusion we find that aptamer development
could be a useful tool for determining HPV status, as well as be beneficial to less
developed countries. The data we present is encouraging; therefore, further work is

required to determine if aptamers can be tested and used in aptahistochemistry.
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Appendix 6: BOND™ RX IHC protocol F-standard

Jeica

BIBSTETEMSE

Protocol: *THC F

BOND RX

Full name: *IHC Protocel F
ID: 1242
Type: [HC staining

Created by: Leica

Creation time: 7/13/2023 2:55:22 AM

Facility: Histolozix

Staining method: Single

Step Reagent

1 *Peroxide Block

Supplier: Leica Microsystems

Step type: Feagent Inc. (min): 5:00 Temperature: Ambient Diispense type: 150 ul
Step Reagent Supplier: Leica Microsystems
2 *Bond Wash Solution
Step type: Wash Inc. {pain): 0200 Temperamre: Ambient Dispense type: 150 ul
Step Reagent Supplier: Leica Microsystems
3 *Bond Wash Solution
Step type: Wash Inc (pain): 0:00 Temperamre: Ambient Diispense type: Open
Step Reagent Supplier: Leica Microsystems
4 *Bond Wash Solution
Step type: Wash Inc. (min): 0:00 Temperature: Ambient Diispense type: 150 ul
Step Reagent Supplier: Not applicable
5 Primary
Step type: Feagent Inc_ (min): 15:00 Temperature: Ambient Diispense type: 150 ul
Step Reagent Supplier: Leica Microsystems
6 *Bond Wash Solution
Step type: Wash Inc (pain): 0:00 Temperamre: Ambient Diispense type: 150 ul
Step Reagent Supplier: Leica Microsystems
T *Bond Wash Solution
Step type: Wash Inc. (min): 0:00 Temperature: Ambient Diispense type: 150 ul
Step Reagent Supplier: Leica Microsystems
£ *Bond Wash Solution
Step type: Wash Inc. {min): 0:00 Temperature: Ambient Diispense type: 150 ul

1/31/2024 9:12 AM

For research use only. Mot for use in clinical procedurss
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Jeica

BIBSTETEMSE

Protocol: *IHC F

Full name: *IHC Protocol F

ID: L.242
Type: [HC staining

Created by: Leica

Creation time: 7/13/2023 2:35:22 AM

Facility: Histologix

Staining method: Single

Step Reagent Supplier: Leica Microsysiems
9 *Post Primary
Step type: Feagent Inc. {min): 8:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Leica Microsystems
10 *Bond Wash Solution
Step type: Wash Inc. {min): 2:00 Temperamre: Ambient Dispense type: 150 ul
Step Reagent Supplier: Leica Microsysiems
11 *Bond Wash Selution
Step type: Wash Inc. {min): 2:00 Temperamme: Ambient Diispense type: 150 uL
Step Reagent Supplier: Leica Microsysiems
12 *Bond Wash Soluticn
Step type: Wash Inc. {min): 2:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Leica Microsysiems
13 *Polymer
Step type: Feagent Inc {min): 8:00 Temperature: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsysiems
14 *Bond Wash Solution
Step type: Wash Inc. {min): 2:00 Temperamme: Ambient Diispense type: 150 uL
Step Reagent Supplier: Leica Microsysiems
13 *Bond Wash Solution
Step type: Wash Inc. {min): 2:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable
16 *Deionized Water
Step type: Wash Inc. {min): 0:00 Temperature: Ambient Dispense type: 150 pL

17312024 9:12 AM

For research use only. Mot for use in clinical procedurss
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Full name: *THC Protocol F
J elLca ID: L2472

BIBSTETEME Type: [HC staining
Created by: Leica
Creation time: 7/13/2023 2:55:22 AM
Protocol: *IHC F Facility: Histologix
Staining method: Single

Step Reagent Supplier: Leica Microsystems

17 *Mixed DAB Fefine
Step type: Feagent Inc {min): 0:00 Temperamure: Ambient Dispense rype: 150 pL

Step Reagent Supplier: Leica Microsystems

18 *Mixed DAB Fefine
Step type: Feagent Inc. {min): 10:00 Temperamumre: Ambient Dispense type: 150 pl

Step Reagent Supplier: Not applicable

19 *Detonized Water
Step type: Wash Inc. {min): 0:04 Temperamumre: Ambient Dispense type: 150 pl

Step Reagent Supplisr: Not applicable

20 *Deionized Water
Step type: Wash Inc. {min): 0:04 Temperature: Ambient Dispense type: 150 pl

Step Reagent Supplisr: Not applicable

21 *Deionized Water

Step type: Wash Inc. {puin); 0:00 Temperanme: Ambient Dispense type: 150 uL
Step Reagent Supplier: Leica Microsystems
22 *Hematoxylin
Step type: Reagent Inc. (muin): 5:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable

23 *Deionized Water
Step type: Wash Inc. {min): 0000 Temperamre: Ambient Dispense rype: 150 pL

Step Reagent Supplier: Leica Microsystems

24 *Bend Wash Solution
Step type: Wash Inc. {min): 0000 Temperamre: Ambient Dispense rype: 150 pL

17312024 9:12 AM 3i4
For research use only. Mot for use in clinical procedurss
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Full name: *THC Protocol E
J eLca ID: L242

BIBSTETEMS Type: IHC staining
Created by: Leica
Creation time: 7/13/2023 2:55:22 AM
Protocol: *THC F Facility: Histologix
Staining method: Single

Step Reagent Supplisr: Not applicable
25 *Detomzed Water
Step type: Wazh Inc (poim): Q000 Temperature: Ambient Dispense type: 150 pul
1/312024 9:12 AM 4/4

For rasearch nse only. Wot for use in clinical procedurss.
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Appendix 7: BOND™ RX IHC protocol F 30 min primary antibody incubation

Jeica

BIBSTYSTEME

Protocol: THCF 30

Full name: [HC Protocol F 30 min
ID: 1163
Type: [HC staining
Created by: rebecca

Creation time: 5202022 11:16:42 AM

Facility: Histologix

Staining method: Single

BOND RX
Step Reagent Supplier: Leica Microsystems
1 *Peroxide Block
Step type: Feagent Inc. (min): 5:00 Temperature: Ambient Dispense type: 150 puL
Step Reagent Supplier: Leica Microsystems
2 *Bond Wash Solution
Step type: Wash Inc_ (min): 0:00 Tempersture: Ambient Dispense type: 150 L
Step Reagent Supplier: Leica Microsystems
3 *Bond Wash Solution
Step type: Wash Inc. (min): 0:00 Temperature: Ambient Dispanse type: Open
Step Reagent Supplisr: Leica Microsysiems
4 *Bond Wash Solution
Step type: Wash Inc_ (min): 0:00 Tempersture: Ambient Dispense type: 150 L
Step Reagent Supplier: Not applicable
5 Primary
Step type: Feagent Inc. (min): 30:00 Tempersture: Ambient Dispense type: 150 L
Step Reagent Supplisr: Leica Microsysiems
& *Bond Wash Solution
Step type: Wash Inc_ (min): 0:00 Tempersture: Ambient Dispense type: 150 L
Step Reagent Supplier: Leica Microsysiems
7 *Bond Wash Solution
Step type: Wash Inc_ (min): 0:00 Tempersture: Ambient Dispense type: 150 L
Step Reagent Supplisr: Leica Microsysiems
2 *Bond Wash Solution
Step type: Wash Inc_ (min): 0:00 Tempersture: Ambient Dispense type: 150 L

1/31/2024 9:13 AM
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Jeica

Full name: THC Protocol F 30 pun

ID: U165

BIBSTETEMSE Type: IHC staining
Created by: rebecca
Creation time: 5/20/2022 11:16:42 AM
Protocol: IHCF 30 Facility: Histologix
Staining method: Single
Step Reagent Supplisr: Leica Microsystems
9 *Post Primary
Step type: Feagent Inc. {main): 8:00 Tempersmre: Ambient Dispense type: 150 pL
Step Reagent Supplisr: Leica Microsystems
10 *Bond Wash Solution
Step type: Wash Inc. (i) 2:00 Tempersmre: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
11 *Bond Wash Solution
Step type: Wash Inc. (i) 2:00 Tempersmre: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
12 *Bond Wash Solution
Step type: Wash Inc. {pin): 2:00 Tempersmure: Ambient Diispence type: 150 pl
Step Reagent Supplisr: Leica Microsystems
13 *Polymer
Step fype: Fesgant Inc. {min): 8:00 Tempersmme: Ambien: Diispense type: 150 pL
Step Reagent Supplisr: Leica Microsystems
14 *Bond Wash Solution
Step type: Wash Inc. (i) 2:00 Tempersmre: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
15 *Bond Wash Solution
Step type: Wash Inc. {pin): 2:00 Tempersmre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable
16 *Detonized Water
Step type: Wash Inc. {min): 0:00 Temperamure: Ambient Diispense type: 150 pl

1/31/2024 9:13 AM

For research use only. Mot for use in chnical procedures

Page | XXVIII



Jeica

BIDEYETEME

Protocol: THCF 30

Full name; [HC Protocol F 30 nun

ID: 11165
Type: [HC staining

Created by: rebecca

Creation fime: 5/20/2022 11:16:42 AM

Facility: Histologix

Staining method: Single

Step Reagent
17 *Mixed DAB Fefine

Supplier: Leica Microsystems

Step type: Feagent Inc. {mim): 0:00 Temperature: Ambient Dispense type: 150 uL
Step Reagent Supplisr: Leica Microsystems
12 *Mixed DAB Fefine
Step type: Feagent Inc_ {min): 10:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable
19 *Dieionized Water
Step type: Wash Inc {min): 0:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable
20 *Dietonized Water
Step type: Wash Inc (min): :00 Temperature: Ambient Dispense type: 150 pl
Step Reagent Supplizr: Not applicable
21 *Deetonized Water
Step type: Wash Inc. (min): 00 Temperature: Ambient Dispense type: 150 pL
Step Reagent Supplisr: Leica Microsystems
22 *Hematoxylin
Step type: Feagent Inc. {min): 5:00 Temperamre: Ambient Dispense type: 150 uL
Step Reagent Supplier: Not applicable
23 *Deromzed Water
Step type: Wash Inc. (min): 0:00 Temperature: Ambient Dizpanze type: 150 pL
Step Reagent Supplier: Leica Microsystems
24 *Bond Wash Solution
Step type: Wash Inc. (min): 00 Temperature: Ambient Dispense type: 150 pL

15312024 9:13 AM

For research use only. Mot for use in clinical procedurss
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Full name: [HC Protocal F 30 min
J eica ID: U163
BIBETETEMSE Type: [HC staining
Created by: rebecca
Creation time: 5202022 11:16:42 AM
Protocol: IHCF 30 Facility: Histologix
Staining method: Single

Step Reagent Supplisr: Not applicable

23 *Deiomzed Water
Step type: Wash Inc. {muin): Qo000 Temperamre: Ambient Dispense type: 150 pL

17312024 9:13 AM 414
For research use only. Mot for use in chinical procedures.
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Appendix 8: BOND™ RX IHC protocol F 60 min primary antibody incubation

Full name: [HC Protocol F 60 mun
J eica ID: U.151
BIBS¥ETEME Type: IHC stainmg
Created by: rebecca
Creation time: 12/62021 10:05:24 AM
Protocol: THCF 60 Facility: Histologix
Staining method: Single

BOND RX

Step Reagent Supplier: Leica Microzystems

1 *Peromde Block

Step type: Fesgent Inc. (min): 5:00 Temperamume: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
2 *Bond Wash Solution
Step type: Wash Inc (min): 000 Temperamume: Ambient Dispense type: 150 pl
Step Reagent Supplier: Leica Microsystems
3 *Bond Wash Solution
Step type: Wash Inc. (min): 0:00 Temperamme: Ambient Dispense type: Open
Step Reagent Supplier: Leica Microsystems
4 *Bond Wash Solution
Step type: Wash Inc. {moim): 000 Temperamoe: Ambient Dispanse type: 150 uL
Step Reagent Supplier: Not applicabls
5 Primary
Step type: Fesgent Inc_ (min): §0:00 Temperamme: Ambient Dispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
6 *Bond Wash Solution
Step type: Wash Inc. (min): 0:00 Temperamme: Ambient Dispense type: 150 pl
Step Reagent Supplier: Leica Microsystems
7 *Bond Wash Solution
Step type: Wash Inc. (min): 000 Temperamre: Ambient Dispanse type: 150 pl
Step Reagent Supplier: Leica Microsystems
£ *Bond Wash Solution
Step type: Wash Inc (min): 000 Temperamme: Ambient Diispense type: 150 pl
13172024 914 AM 14
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Jeica

BIDSYETEMSE

Protocol: IHCF 60

Full name: THC Protocol F 60 mun

ID: 17151
Type: IHC staining

Created by: rebecca

Creation time: 12/62021 10:05:24 AM

Facility: Histologix

Staining method: Single

Step Reagent Supplier: Leica Microsystems
9 *Post Pnmary
Step type: Fesgent Inc (min): 8:00 Temperature: Ambient Diispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
10 *Bond Wash Solution
Step type: Wash Inc. (muin): 2:00 Temperamre: Ambient Dispenze type: 150 uL
Step Reagent Supplier: Leica Microsystems
11 *Bond Wash Solution
Step type: Wash Inc (min): 2:00 Temperature: Ambient Diispense type: 150 pL
Step Reagent Supplier: Leica Microsystems
12 *Bond Wash Solution
Step type: Wash Inc. (muin): 2:00 Temperamre: Ambient Dispenze type: 150 uL
Step Reagent Supplier: Leica Microsystems
13 *Polymer
Step type: Feagent Inc (min): 8:00 Temperature: Ambient Dicpenze type: 150 uL
Step Reagent Supplier: Leica Microsystems
14 *Bond Wash Solution
Step type: Wash Inc. (muin): 2:00 Temperamre: Ambient Dispenze type: 150 uL
Step Reagent Supplier: Leica Microsystems
15 *Bond Wash Soluticn
Step type: Wash Inc. (muin): 2:00 Temperamre: Ambient Dispenze type: 150 uL
Step Reagent Supplier: Not applicabls
16 *Detomized Water
Step type: Wash Inc. {muin): 0:00 Temperamre: Ambient Dispenze type: 150 uL

1/312024 9:14 AM

For research use only. Mot for use in chnical procedurss
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Jeica

BIDSTSTEMS

Protocol: THCF 60

Full name: IHC Protocol F 60 nun
ID: 17151
Type: [HC stainmg

Created by: rebecca

Creation time: 12762021 10:05:24 AM

Facility: Histologix

Staining method: Single

Step Reagent
17 *Mixed DAB Fefine

Supplier: Leica Microsystems

Step rype: Feagent Inc. {min): 000 Temperamre: Ambient Dispense rype: 150 L
Step Reagent Supplier: Leica Microsystems
18 *Mixed DAB Fefine
Step rype: Feagent Inc. {min): 10:00 Temperamre: Ambient Dispanse rype: 150 L
Step Reagent Supplier: Not applicable
19 *Detonized Water
Step type: Wash Inc. (min): 200 Temperamme: Ambient Dispense type: 150 pul
Step Reagent Supplier: Not applicable
20 *Detomized Water
Step type: Wash Inc. {min): 000 Temperamre: Ambient Dispense rype: 150 L
Step Reagent Supplier: Not applicable
21 *Deionized Water
Step type: Wash Inc. {min): 200 Temperaure: Ambient Dispense type: 150 pul
Step Reagent Supplier: Leica Microsystems
12 *Hematoxylin
Step fype: Feagent Inc. (min): 5:00 Temperaure: Ambient Dispense type: 150 pul
Step Reagent Supplier: Not applicable
23 *Detonized Water
Step type: Wash Inc. {min): 000 Temperamre: Ambient Dispanse rype: 150 uL
Step Reagent Supplier: Leica Microsystems
24 *Bond Wash Solution
Step type: Wash Inc. {min): 200 Temperaure: Ambient Dispense type: 150 pul

1/31/2024 9:14 AM

For research use only. Mot for use in chinical procedurss
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Full name: THC Protocal F 60 min
J eica m: U151
BIBEYETEME Type: [HC staining
Created by: rebecca
Creation time: 12/62021 10:05:24 AM
Protocol: IHCF 60 Facility: Histologix
Staining method: Single

Step Reagent Supplier: Not applicable
25 *Deionized Water

Step type: Wash Inc. {min): 0:00 Temperature: Ambient Dispense type: 150 ul

1/31°2024 9-14 AM 444
For rasearch use only. Wot for use in clinical procedunss.
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Appendix 9: VENTANA DISCOVERY ULTRA RUO universal protocol: mouse
and mouse first and second primary antibodies

Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)
Version: 6 Validated: No Active: Yes

Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

[ wersion 20]
[ For Research Use Only. Mot intended for diagnostic purposes. |
Enable Mixers
Warmup Slide to 37 Deg C
[ Delay refers to a time delayed start: Select time until run start ]
Dizable Mixsrs
[ 72%C is the standard temperature |
Warmup Slide to [72 Deg C] from Medium Temperatures | Deparaffinization }
Incubate for 4 Minutes
Apply EZPrep Volume Adjust
Rinse Slide With EZ Prep
Apply EZPrep Volume Adjust
Apply Coverslip
Rinse Slide With EZ Prep
Apply EZPrep Volume Adjust
Apply Coverslip
Enable Mixers
Apply EZPrep Volume Adjust
Rinse Slide With EZ Prep
Apply Coverslip
Apply EZPrep Volume Adjust
Rinse Slide With EZ Prep
Apply Coverslip
Apply EZPrep Volume Adjust
Rinse Slide With EZ Prep
Apply Depar WVolume Adjust
Apply Coverslip
Warmup Slide to 37 Deg C
Rinse Slide With EZ Prep
Apply Long Cell Conditioner #2
Apply CC Coverslip Long
[ 81°C is the standard temperature |
‘Warmup Slide to [83 Deg C], and Incubate for 4 Minutes | Cell Conditioner #2 )
Incubate for 4 Minutes
Incubate for 8 Minutes
Apply Cell Conditioner #2
Apply CC Medium Coverslip No BB
Incubate for 8 Minutes
Incubate for 8 Minutes
Apply Cell Conditioner #2
Apply CC Medium Coverslip No BB
Incubate for 8 Minutes
Incubate for 8 Minutes
44 Apply Cell Conditioner #2
* one drop is one reagent dispense Printed 31/01/2024 10:58:55
Histologix Ltd Page 1of T
V35 w12.5.4 Build 20234.1
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

45  Apply CC Medium Coverslip No BB
43  Incubate for 8 Minutes
47 Incubate for 8 Minutes
48  Apply Cell Conditioner #2
48  Apply CC Medium Coverslip No BB
50  Incubate for 8 Minutes
51 Incubate for 8 Minutes
52  Apply Cell Conditioner #2
53  Apply CC Medium Coverslip No BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Disable Slide Heater
61  Apply Cell Conditioner #2
62  Apply CC Medium Coverslip No BB
Warmup Slide to 37 Deg C
Rinse Slide With Reaction Buffer
Adjust Shide Volume With Reaction Buffer
Apply Coverslip
[ Inhibitor Solution will not be applied |
Rinse Slide With Reaction Buffer
68 Adjust Slide Volume With Reaction Buffer
70 Apply Coverslip
71 Rinse Slide With Reaction Buffer
T2 Adijust Slide Volume With Reaction Buffer
T3  Apply Coverslip
T4  Incubate for 4 Minutes
75  Disable Slide Heater
T8  Apply One Drop of [ANTIBODY 15] ( Antibody ), and Incubate for [0 Hr 16 Min]
T7  Rinse Slide With Reaction Buffer
78  Adijust Slide Volume With Reaction Buffer
T8  Apply Coverslip
B0 [ Inhibitor Solution will not be applied after the primary ]
EB1 Disable Slide Heater
B2 Warmup Slide to 37 Deg C
B3  Disable Slide Heater
Warmup Slide to 37 Deg C
B5 [ DISC Inhibitor will not be applied ]
Rinse Slide With Reaction Buffer
BT Adijust Slide Volume With Reaction Buffer
B8  Apply Coverslip
* one drop is one reagent dispense Printed 31/01/2024 10:58:55
Histologix Ltd Page 2of 7
V35 w12.5.4 Build 202341
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal { v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

88  Rinse Slide With Reaction Buffer
80  Adjust Slide Volume With Reaction Buffer
81 Apply Coverslip
82 Disable Slide Heater
Apply One Drop of [ANTIBODY 60] ( DS Antibody ), and Incubate for [0 Hr 28 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Warmup Slide to 37 Deg C
Dizable Slide Heater
1 Warmup Slide to 37 Deg C
101 [DISC Inhibitor will not be applied ]
102  Rinse Slide With Reaction Buffer
103 Adjust Slide Volume With Reaction Buffer
104  Apply Coverslip
105  Disable Slide Heater
108 Disable Mixers
107 Wait For Button [ D5 Primary Antibody )
108 Enable Mixers
108 Warmup Slide to 37 Deg C
110 Rinse Slide With Reaction Buffer
111 Adjust Slide Vaolume With Reaction Buffer
112 Apply Coverslip
113 Warmup Slide to [37 Deg C] from Very Low Temperatures | TS Primary Antibody )
114 Hand Apply [ TS Primary Antibody ), and Incubate for [60 Minutes]
115  Rinse Slide With Reaction Buffer
118 Adjust Slide Volume With Reaction Buffer
117 Apply Coverslip
118 Disable Slide Heater
118 Warmup Slide to 37 Deg C
120  Disable Slide Heater
121 Warmup Slide to 37 Deg C
122 [ DISC Inhibitor will not be applied ]
123  Rinse Slide With Reaction Buffer
124 Adjust Slide Vaolume With Reaction Buffer
125  Apply Coverslip
1268  Rinse Slide With Reaction Buffer
127 Adjust Slide Vaolume With Reaction Buffer
128 Apply Coverslip
128 Disable Slide Heater
130 Apply One Drop of [ANTIBODY 78] { QuS Antibody ), and Incubate for [0 Hr 32 Min]
131  Rinse Slide With Reaction Buffer
132 Adjust Slide Volume With Reaction Buffer
* one drop is one reagent dispense Printed 31/01/2024 10:58:55
Histologix Ltd FPage 3 of T
V35 w1254 Build 20234.1
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Version: 6

Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

133
134
135
136
137
138
139
140
141
142
143
144
145
148
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
i62
163
164
165
166
167
168
169
170
171
172
173
174
175
78

Apply Coverslip

Dizable Slide Heater

Warmup Slide to 37 Deg C

[ Requires DETECTION dispensers |
Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Incubate for 4 Minutes

Dizable Slide Heater

Dizable Mixers

'Wait For Button | QuS 2nd Antibody §
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer

Apply Coverslip

Hand Apply | QuS 2nd Antibody ), and Incubate for [0 Hr & Min]

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Incubate for 4 Minutes

Dizable Slide Heater

Dizable Mixers

Wait For Button | QuS 3rd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer

Apply Coverslip

Hand Apply | QuS 3rd Antibody ), and Incubate for [0 Hr 8 Min]

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer
Apply Coverslip

Dizable Slide Heater

" one drop is one reagent dispense
Histologix Ltd
V35 w12.5.4 Build 20234.1

Printed 31/01/2024 10:58:55
Page 4 of 7
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUQ DISCOVERY Universal { v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

177 Wamup Slide to 37 Deg C

178 Wamup Slide to [80 Deg C]. and Incubate for [32 Minutes] { Denaturation #5 )

178 Wamup Slide to 37 Deg C

180 [ DISC Imhibitor will mot be applied ]

181  Rinse Slide With Reaction Buffer

182  Adjust Slide Volume With Reaction Buffer

183  Apply Coverslip

184 Rinse Slide With Reaction Buffer

185  Adjust Slide Volume With Reaction Buffer

1868  Apply Coverslip

187 Disable Slide Heater

188  Apply One Drop of [ANTIBODY 15] { QnS Antibody ), and Incubate for [0 Hr 16 Min]

188 Rinse Slide With Reaction Buffer

190  Adjust Slide Volume With Reaction Buffer

181 Apply Coverslip

182 Disable Slide Heater

183  Wamup Slide to 37 Deg C

184 Disable Slide Heater

185  Warmup Slide to 37 Deg C

186 [ DISC Inhibitor will mot be applied ]

187  Rinse Slide With Reaction Buffer

188  Adjust Slide Volume With Reaction Buffer

188  Apply Coverslip

200 Rinse Slide With Reaction Buffer

201 Adijust Slide Volume With Reaction Buffer

202 Apply Coverslip

203 Disable Slide Heater

204 Apply One Drop of [ANTIBODY 80] ( Sx5 Antibody ). and Incubate for [0 Hr 28 Min]

205 Rinse Slide With Reaction Buffer

208  Adjust Slide Volume With Reaction Buffer

207  Apply Coverslip

208 Disable Slide Heater

208  Warmup Slide to 37 Deg C

210 [ Requires DETECTION dispensers |

211 Rinse Slide With Reaction Buffer

212 Adijust Slide Volume With Reaction Buffer

213 Apply Coverslip

214 Rinse Slide With Reaction Buffer

215  Adijust Slide Volume With Reaction Buffer

218  Apply Coverslip

217  Disable Slide Heater

218 Disable Mixers

218  Wait For Button { SxS 2nd Antibody )

220  Enable Mixers
* one drop is one reagent dispense Printed 31/01/2024 10:58:55
Histologix Ltd Page 5of 7
V55 w1254 Build 202341
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Active: Yes

Version: & Validated: No
Procedure: RUO DISCOVERY Universal | v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

221

22
223
224
235
228
237
228
29
230
e

232
233
M4
235
238
237
238
238
240
24

242
243
244
245
248
247
248
249
250
251

252
253
254
255
258
257
258
258
260
261

262
283
264

Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer

Apply Coverslip

Warmup Slide to [37 Deg C] from Very Low Temperatures | 5x5 2nd Antibody )

Hand Apply { Sx5 2nd Antibody ). and Incubate for [1 Hour]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Dizable Slide Heaatar

Warmup Slide to 37 Deg C

[ DISC Imhibitor will not be applied ]

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Disable Slide Heater

Apply One Drop of [ANTIBODY 75] { SpS Antibody ), and Incubate for [0 Hr 32 Min]

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Dizable Slide Heaatar

Warmup Slide to 37 Deg C

[ Requires DETECTION dispensers |
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Disable Slide Heater

Dizable Mixers

‘Wait For Button ( SpS 2nd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Hand Apply { SpS 2nd Antibody ). and Incubate for [0 Hr 8 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer

" one drop is one reagent dispense
Histologix Ltd
V55 w1254 Build 202341

Printed 31/01/2024 10:58:55
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Protocol # 519 : 2x TSA Ms Ms 1Ab 60m (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

285  Apply Coverslip

2668  Disable Slide Heater

287  Dizsable Mixers

268  Wait For Button { SpS 3rd Antibody )

288  Enable Mixers

270 Rinse Slide With Reaction Buffer

271 Adjust Slide Volume With Reaction Buffer

272 Apply Coverslip

273 Hand Apply { SpS 3rd Antibody ). and Incubate for [0 Hr 8 Min]
274  Rinse Slide With Reaction Buffer

275 Adjust Slide Volume With Reaction Buffer

278 Apply Coverslip

277  Disable Slide Heater

278 Warmup Slide to 37 Deg C

278 Warmup Slide to [B0 Deg C). and Incubate for [32 Minutes] [ Denaturation B )
280  Warmup Slide to 37 Deg C

281 [ DISC Inhibitor will mot be applied ]

282  Disable Slide Heater

283  Disable Slide Heater

284  Warmup Slide to 37 Deg C

" one drop is one reagent dispense Printed 31/01/2024 10:58:55
Histologix Ltd Page 7 of 7
V55 vi2.5.4 Build 202341
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Appendix 10: VENTANA DISCOVERY ULTRA RUO universal protocol: rabbit
and rabbit first and second primary antibodies

Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)
Version: 4 Validated: No Active: Yes

Procedure: RUQ DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

[ wersion 20]
[ Fer Research Uise Only. Mot intended for diagnostic purposes. |
Enable Mixers
Warmup Slide to 37 Deg C
[ Dielary refers to a time delayed start: Select time until run start |
Disable Mixers
[ 72°C is the standard temperature |
Warmup Slide to [72 Deg C] from Medium Temperatures | Deparaffinization }
Incubate for 4 Minutes
Apply EZPrep Violume Adjust
Rinse Slide With EZ Prep
Apply EZPrep Violume Adjust
Apply Coverslip
Rinse Slide With EZ Prep
Apply EZPrep Violume Adjust
Apply Coverslip
Enable Mixers
Apply EZPrep Violume Adjust
Rinse Slide With EZ Prep
Apply Coverslip
Apply EZPrep Violume Adjust
Rinse Slide With EZ Prep
Apply Coverslip
Apply EZPrep Violume Adjust
Rinse Slide With EZ Prep
Apply Depar Volume Adjust
Apply Coverslip
Wamup Slide to 37 Deg C
Rinse Slide With EZ Prep
Apply Long Cell Conditioner #2
Apphy CC Coverslip Long
[ 81°C is the standard temperature |
Warmup Slide to [83 Deg CJ. and Incubate for 4 Minutes | Cell Conditioner #2 )
Incubate for 4 Minutes
Incubate for 8 Minutes
Apply Cell Conditioner #2
Apply CC Medium Coverslip No BB
Incubate for 8 Minutes
Incubate for 8 Minutes
Apply Cell Conditioner #2
Apply CC Medium Coverslip No BB
Incubate for 8 Minutes
Incubate for 8 Minutes
44 Apply Cell Conditioner #2
* one drop is one reagent dispense Printed 31/01/2024 10:58:17

Histologix: Ltd Page 1 of 7
V5SS vi2.54 Build 202341
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Version: 4 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

45  Apply CC Medium Coverslip No BB
48  Incubate for 8 Minutes
47 Incubate for 8 Minutes
48  Apply Cell Conditioner #2
48  Apply CC Medium Coverslip No BB
A0 Imcubate for 8 Minutes
51 Incubate for 8 Minutes
§2  Apply Cell Conditioner #2
53  Apply CC Medium Coverslip No BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Apply Cell Conditioner #2
Apply CC Medium Coverslip Mo BB
Dizable Slide Heater
61  Apply Cell Conditioner #2
62  Apply CC Medium Coverslip No BB
Wamup Slide to 37 Deg C
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
[ Inhibitor Solution will not be applied |
Rinse Slide With Reaction Buffer
68  Adjust Slide Volume With Reaction Buffer
T0  Apply Coverslip
71 Rinse Slide With Reaction Buffer
72  Adjust Slide Volume With Reaction Buffer
T3  Apply Coverslip
T4  Incubate for 4 Minutes
75 Disable Slide Heater
78  Apply One Drop of [ANTIBODY 15] ( Antibody ), and Incubate for [0 Hr 16 Min]
77 Rinse Slide With Reaction Buffer
T8  Adjust Slide Volume With Reaction Buffer
T8  Apply Coverslip
B0 [ Inhibitor Solution will not be applied after the primary |
B1 Disable Slide Heater
B2  Warmup Slide to 37 Deg C
B3 Disable Slide Heater
Wamup Slide to 37 Deg C
B5 [ DISC Imhibitor will mot be applied ]
Rinse Slide With Reaction Buffer
B7  Adjust Slide Volume With Reaction Buffer
B8  Apply Coverslip
* one drop is one reagent dispense Printed 31/01/2024 10:58:17

Histologix Ltd Page 2of T
VSS w1254 Build 20234.1
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Version: 4 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

B8 Rinse Slide With Reaction Buffer
B0 Adjust Slide Volume With Reaction Buffer
81 Apply Coverslip
02 Disable Slide Heater
83  Apply One Drop of [ANTIBODY 60] ( DS Antibody ], and Incubate for [0 Hr 28 Min)
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Warmup Slide to 37 Deg C
Dizable Slide Heater
1 Warmup Slide to 37 Deg C
101 [DISC Inhibitor will not be applied ]
102 Rinse Slide With Reaction Buffer
103  Adjust Slide Volume With Reaction Buffer
14  Apply Coverslip
105 Disable Slide Heater
108 Disable Miwers
107 Wait For Button ( DS Primary Antibody |
108 Enable Mixers
108 Warmup Slide to 37 Deg C
110  Rinse Slide With Reaction Buffer
111 Adjust Slide Volume With Reaction Buffer
112 Apply Coverslip
113 Warmup Slide to [37 Deg C] from Very Low Temperatures | TS Primary Antibody }
114  Hand Apply { TS Primary Antibody ), and Incubate for [S0 Minutes]
115  Rinse Slide With Reaction Buffer
118 Adjust Slide Volume With Reaction Buffer
117 Apply Coverslip
118  Disable Slide Heater
118 Warmup Slide to 37 Deg C
120 Disable Slide Heater
121 Warmup Slide to 37 Deg C
122 [ DISC Inhibitor will not be applied ]
123  Rinse Slide With Reaction Buffer
124 Adjust Slide Volume With Reaction Buffer
125 Apply Coverslip
128 Rinse Slide With Reaction Buffer
127 Adjust Slide Volume With Reaction Buffer
128  Apply Coverslip
128 Disable Slide Heater
130  Apply One Drop of [ANTIBODY 70] ( QuS Antibody ), and Incubate for [0 Hr 32 Nin)
131 Rinse Slide With Reaction Buffer
132 Adjust Slide Volume With Reaction Buffer
* one drop is one reagent dispense Printed 31/01/2024 10:58:17
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Active: Yes

Version: 4 Validated: No
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

133
134
135
136
137
138
138
140
141

142
143
144
145
146
147
148
149
150
151

152
153
154
155
156
157
158
159
160
161

162
163
164
185
166
187
168
160
170
171

172
173
174
175
176

Apply Coverslip

Disable Slide Heater

Warmup Slide to 37 Deg C

[ Requires DETECTION dispensers |
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adijust Slide Volume With Reaction Buffer
Apply Coverslip

Incubate for 4 Minutes

Disable Slide Heater

Disable Miosrs

Wait For Button (| QuS 2nd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Hand Apply { QuS 2nd Antibody ), and Incubate for [0 Hr & Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Incubate for 4 Minutes

Disable Slide Heater

Disable Mixers

Wait For Button (| QuS 3rd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adijust Slide Volume With Reaction Buffer
Apply Coverslip

Hand Apply { QuS 3rd Antibody ). and Incubate for [0 Hr 8 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Disable Slide Heater

" one drop is one reagent dispense
Histologix Ltd
V35 v12.54 Build 20234.1

Printed 31/01/2024 10:58:17
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Version: 4 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

177 Warmup Slide to 37 Deg C
178 Warmup Slide to [B0 Deg C]. and Incubate for [32 Minutes] [ Denaturation #5 )
178 Warmup Slide to 37 Deg C
180 [ DISC Inhibitor will not be applied ]
181  Rinse Slide With Reaction Buffer
182 Adjust Slide Volume With Reaction Buffer
183 Apply Coverslip
184  Rinse Slide With Reaction Buffer
185 Adjust Slide Volume With Reaction Buffer
188  Apply Coverslip
187  Disable Slide Heater
188  Apply One Drop of [ANTIBODY 15] ( @nS Antibody ), and Incubate for [0 Hr 16 Min]
188  Rinse Slide With Reaction Buffer
180  Adjust Slide Volume With Reaction Buffer
181  Apply Coverslip
182  Disable Slide Heater
183 Warmup Slide to 37 Deg C
184  Disable Slide Heater
185 Warmup Slide to 37 Deg C
186 [ DISC Inhibitor will not be applied ]
187  Rinse Slide With Reaction Buffer
188 Adjust Slide Volume With Reaction Buffer
188  Apply Coverslip
200 FRinse Slide With Reaction Buffer
201 Adjust Slide Volume With Reaction Buffer
202 Apply Coverslip
203 Disable Slide Heater
204  Apply One Drop of [ANTIBODY 60] | Sx5 Antibody ), and Incubate for [0 Hr 28 Min]
205 Rinse Slide With Reaction Buffer
206  Adjust Slide Volume With Reaction Buffer
207 Apply Coverslip
208 Disable Slide Heater
208 Warmup Slide to 37 Deg C
210 [ Reguires DETECTION dispensers |
211 Rinse Slide With Reaction Buffer
212 Adjust Slide Volume With Reaction Buffer
213 Apply Coverslip
214  Rinse Slide With Reaction Buffer
215 Adjust Slide Volume With Reaction Buffer
218  Apply Coverslip
217 Disable Slide Heater
218  Disable Mixers
218 Wait For Button { S5x5 2nd Antibody )
220 Enable Mixers
* one drop is one reagent dispense Printed 31/01/2024 10:58:17

Histologix Ltd Page Sof 7
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Version: 4 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

221 Rinse Shide With Reaction Buffer
222 Adjust Slide Violume With Reaction Buifer
223 Apply Coverslip
224  Warmup Slide to [37 Deg C] from Very Low Temperatures | Sx5 2nd Antibody )
225 Hand Apply ( 5x5 2nd Antibody ), and Incubate for [1 Hour]
223  Rinse Slide With Reaction Buffer
227 Adjust Slide Violume With Reaction Buifer
228 Apply Coverslip
220 Disable Slide Heater
230 'Wamup Slide to 37 Deg C
231 [ DISC Imhibitor will not be applied |
232 Rinse Slide With Reaction Buffer
233 Adjust Slide Violume With Reaction Buifer
23 Apply Coverslip
235 Rinse Slide With Reaction Buffer
238  Adjust Slide Violume With Reaction Buffer
237 Apply Coverslip
238  Disable Slide Heater
238 Apply One Drop of [ANTIBODY 70] { SpS Antibody ). and Incubate for [0 Hr 32 Min]
240  Rinse Slide With Reaction Buffer
241 Adjust Slide Violume With Reaction Buffer
242  Apply Coverslip
243  Disable Slide Heater
244 Warmmup Slide to 37 Deg C
245 [ Requires DETECTION dispensers ]
243  Rinse Slide With Reaction Buffer
247 Adjust Slide Volume With Reaction Buffer
248 Apply Coverslip
243  Rinse Slide With Reaction Buffer
250 Adjust Slide Violume With Reaction Buifer
251  Apply Coverslip
252  Disable Slide Heater
263 Disable Mixers
254  Wait For Button | SpS 2nd Antibody )
255 Enable Mixers
253  Rinse Slide With Reaction Buffer
257 Adjust Slide Violume With Reaction Buifer
258  Apply Coverslip
260 Hand Apply ( 5pS 2nd Antibody ). and Incubate for [0 Hr 8 Min]
260 Rinse Slide With Reaction Buffer
2681 Adjust Slide Violume With Reaction Buifer
262 Apply Coverslip
283  Rinse Slide With Reaction Buffer
264  Adjust Slide Violume With Reaction Buffer
* one drop is one reagent dispense Printed 31/01/2024 10:568:17

Histologix Ltd Page Bof 7
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Protocol # 520 : 2x TSA Rb Rb 1Ab 60m (31/01/2024)

Version: 4 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

265 Apply Coverslip

268 Disable Slide Heater

267  Disable Mixers

268 Wait For Button { S5pS 3rd Antibody )

268 Enable Mixers

270 Rinse Slide With Reaction Buffer

271 Adjust Slide Volume With Reaction Buffer

372 Apply Coverslip

273  Hand Apply { 5p5 3rd Antibody ). and Incubate for [0 Hr 8 Min]
274 Rinse Slide With Reaction Buffer

275  Adjust Slide Volume With Reaction Buffer

278  Apply Coverslip

277  Disable Slide Heater

278  Warmup Slide to 37 Deg C

278 Warmup Slide to [80 Deg C], and Incubate for [32 Minutes] | Denaturation 8 )
280 Warmup Slide to 37 Deg C

281 [ DISC Inhibitor will mot be applied |

282 Disable Slide Heater

283 Disable Slide Heater

284 Warmup Slide to 37 Deg C

* one drop is one reagent dispense Printed 31/01/2024 10:58:17
Histologix Ltd Page 7 of T
V35 w1254 Build 20234.1
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Appendix 11: VENTANA DISCOVERY ULTRA RUO universal protocol: mouse
and rabbit first and second primary antibodies

Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)
Version: 2 Validated: No Active: Yes

Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

[ wersion 20 ]
[ For Research Use Only. Mot intended for diagnostic purposes. |
Enable Mixers
Warmup Slide to 37 Deg C
[ Delay refers to a time delayed start: Select time until run start ]
Disable Mixers
[ 72%C is the standard temperature |
Warmnup Slide to [72 Deg C] from Medium Temperatures | Deparaffinization }
Incubate for 4 Minutes
10 Apply EZPrep Violume Adjust
11 Rinse Slide With EZ Prep
12 Apply EZPrep Violume Adjust
13 Apply Coverslip
14  Rinse Slide With EZ Prep
15  Apply EZPrep Violume Adjust
16 Apply Coverslip
17 Enable Mixers
18  Apply EZPrep Violume Adjust
19 Rinse Slide With EZ Prep
20 Apply Coverslip
21 Apply EZPrep Violume Adjust
22  Rinse Slide With EZ Prep
23 Apply Coverslip
24  Apply EZPrep Violume Adjust
25  Rinse Slide With EZ Prep
26 Apply Depar Volume Adjust
27  Apply Coverslip
28 Warmup Slide to 37 Deg C
20 Rinse Slide With EZ Prep
30  Apply Long Cell Conditioner #2
3 Apply CC Coverslip Long
32 [91°Cis the standard temperature |
33 Warmmup Slide to [93 Deg C]. and Incubate for 4 Minutes [ Cell Conditioner #2 )
34 Incubate for 4 Minutes
35 Incubate for 8 Minutes
36 Apply Cell Conditioner #2
37 Apply CC Medium Coverslip No BB
38 Incubate for 8 Minutes
39 Incubate for 8 Minutes
40  Apply Cell Conditioner #2
41 Apply CC Medium Coverslip No BB
42 Incubate for 8 Minutes
43 Incubate for 8 Minutes
44 Apply Cell Conditioner #2
* one drop is one reagent dispense Printed 31/01/2024 10:50:43

Histologix Ltd Page 1of T
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Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)

Version: 2 Validated: No Active: Yes
Procedure: RUQ DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

45  Apply CC Medium Coverslip Mo BB
48  Imcubate for 8 Minutes
47 Imcubate for 8 Minutes
43  Apply Cell Conditioner #2
48 Apply CC Medium Coverslip Mo BB
50  Imcubate for 8 Minutes
51 Imcubate for 8 Minutes
52  Apply Cell Conditioner #2
53  Apply CC Medium Coverslip Mo BB
Apply Cell Condiioner #2
Apply CC Medium Coverslip No BB
Apply Cell Condiioner #2
Apply CC Medium Coverslip No BB
Apply Cell Condiioner #2
58  Apply CC Medium Coverslip Mo BB
G0 Disable Slide Heater
61  Apply Cell Conditioner #2
62  Apply CC Medium Coverslip Mo BB
Warmup Slide to 37 Deg C
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
[ Inhibitor Solution will not be applied |
Rinse Slide With Reaction Buffer
68  Adjust Slide Volume With Reaction Buffer
70  Apply Coverslip
71 Rinse Slide With Reaction Buffer
T2  Adjust Slide Volume With Reaction Buffer
T3  Apply Coverslip
T4  Imcubate for 4 Minutes
75 Disable Slide Heater
T8  Apply One Drop of [ANTIBODY 15] ( Antibody ), and Incubate for [0 He 16 Min]
77  Rinse Slide With Reaction Buffer
T8  Adjust Slide Volume With Reaction Buffer
T8  Apply Coverslip
80 [ Inhibitor Solution will not be applied after the primary |
81 Disable Slide Heater
82 Warmup Slide to 37 Deg C
Disable Slide Heater
Warmup Slide to 37 Deg C
[ DISC Imhibitor will mot be applied ]
Rinse Slide With Reaction Buffer
87  Adjust Slide Volume With Reaction Buffer
88  Apply Coverslip
" one drop is one reagent dispense Printed 31/01/2024 10:58:43

Histologix Ltd Page 2 of 7
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Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)

Version: 2 Validated: No Active: Yes
Procedure: RUQ DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

BY  Rinse Side With Reaction Buffer
B0 Adjust Slide Volume With Reaction Buffer
91 Apply Coverslip
B2  Disable Slide Heater
83  Apply One Drop of [ANTIBODY 60] ( DS Antibody ), and Incubate for [0 Hr 28 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Disable Slide Heater
Wamup Slide to 37 Deg C
Dizable Slide Heatar
1 Wamup Slide to 37 Deg C
101 [DISC Inhibitor will mot be applied ]
102 Rinse Slide With Reaction Buffer
103  Adjust Slide Volume With Reaction Buffer
104 Apply Coverslip
105 Disable Slide Heater
108 Disable Mixers
107  Wait For Button | DS Primary Antibody )
108 Enable Mixers
108 Warmup Slide to 37 Deg C
110  Rinse Slide With Reaction Buffer
111 Adjust Slide Volume With Reaction Buffer
112 Apply Coverslip
113 Wamup Slide to [37 Deg C] from Very Low Temperatures | TS Primary Antibody )}
114  Hand Apply ( TS Primary Antibody ), and Incubate for [50 Minutes]
115 Rinse Side With Reaction Buffer
118 Adjust Slide Volume With Reaction Buffer
117 Apply Coverslip
118  Disable Slide Heater
118 Warmup Slide to 37 Deg C
120 Disable Slide Heater
121 Warmup Slide to 37 Deg C
122 [ DISC Imhibitor will mot be applied ]
123  Rinse Slhde With Reaction Buffer
124 Adjust Slide Volume With Reaction Buffer
125  Apply Coverslip
128 Rinse Shde With Reaction Buffer
127 Adjust Slide Volume With Reaction Buffer
128  Apply Coverslip
128  Disable Slide Heater
130  Apply One Drop of [ANTIBODY 75] ( QuS Antibody ), and Incubate for [0 Hr 32 Min]
131 Rinse Slide With Reaction Buffer
132 Adjust Slide Volume With Reaction Buffer
" one drop is one reagent dispense Printed 31/01/2024 10:50:43
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VSS w1254 Build 20234.1

&R

BEBE S

Page | LI



Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)

Active: Yes

Version: 2 Validated: No
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

133
134
135
136
137
138
138
140
141
142
143
144
145
148
147
148
148
150
151
152
153
154
155
158
157
158
158
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
178

Apply Coverslip

Disable Slide Heater

Warmup Slide to 37 Deg C

[ Requires DETECTION dispensers ]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Incubate for 4 Minutes

Disable Slide Heater

Disable Mixers

Wait Faor Button | QuS 2nd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Hand Apply { QuS 2nd Antibody ), and Incubate for [0 Hr 8 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volumes With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Resction Buffer
Apply Coverslip

Incubate for 4 Minutes

Disable Slide Heater

Disable Mixers

Wait Faor Button { QuS 3rd Antibody )
Enable Mixers

Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Hand Apply { QuS 3rd Antibody ), and Incubate for [0 Hr 8 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer
Apply Coverslip

Disable Slide Heater

* one drop is one reagent dispense
Histologix Lid
W35 v12.5.4 Buid 20234.1

Printed 31/01/2024 10:55:43
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Page | LII



Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)

Version: 2 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

221  Rinse Slide With Reaction Buffer
222 Adjust Slide Volume With Reaction Buffer
223 Apply Coverslip
224  Warmup Slide to [37 Deg C] from Very Low Temperatures | Sx5 2nd Antibody )
235  Hand Apply [ SxS 2nd Antibody ), and Incubate for [1 Hour]
228  Rinse Slide With Reaction Buffer
227 Adjust Slide Volume With Reaction Buffer
228 Apply Coverslip
228 Disable Slide Heater
230 Warmup Slide to 37 Deg C
231 [ DISC Inhibitor will not be applied ]
232  Rinse Slide With Reaction Buffer
233 Adjust Slide Volume With Reaction Buffer
234 Apply Coverslip
235  Rinse Slide With Reaction Buffer
238 Adjust Slide Volume With Reaction Buffer
237 Apply Coverslip
238  Disable Slide Heater
238 Apply One Drop of [ANTIBODY T0O] [ SpS Antibody ). and Incubate for [0 Hr 32 Min]
240 Rinse Slide With Reaction Buffer
241 Adjust Slide Volume With Reaction Buffer
242 Apply Coverslip
243  Disable Slide Heater
244 Warmup Slide to 37 Deg C
245 [ Requires DETECTION dispensers ]
248  Rinse Slide With Reaction Buffer
247 Adjust Slide Volume With Reaction Buffer
248  Apply Coverslip
248 Rinse Slide With Reaction Buffer
250 Adjust Slide Volume With Reaction Buffer
251  Apply Coverslip
252  Disable Slide Heater
253 Disable Mixers
254  Wait For Button | SpS 2nd Antibody )
255 Emable Mixers
256  Rinse Slide With Reaction Buffer
257 Adjust Slide Volume With Reaction Buffer
258  Apply Coverslip
258 Hand Apply | 5p5 2nd Antibody ). and Incubate for [0 Hr 8 Min]
260 Rinse Slide With Reaction Buffer
281  Adjust Slide Volume With Reaction Buffer
262  Apply Coverslip
263  Rinse Slide With Reaction Buffer
264  Adjust Slide Volume With Reaction Buffer
* one drop is one reagent dispense Printed 31/01/2024 10:58:43

Histologix Ltd Page Bof T
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Protocol # 521 : 2x TSA Ms Rb 1Ab 60m (31/01/2024)

Version: 2 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

285  Apply Coverslip

2668  Disable Slide Heater

267  Disable Mixers

288  Wait For Button { 5pS5 3rd Antibody )

288  Enable Mixers

270 FRinse Slide With Reaction Buffer

271 Adjust Slide Volume With Reaction Buffer

272 Apply Coverslip

273 Hand Apply [ SpS 3rd Antibody ), and Incubate for [0 Hr 8 Min]
274  FRinse Slide With Reaction Buffer

275 Adjust Slide Volume With Reaction Buffer

278 Apply Coverslip

277 Disable Slide Heater

278 Warmup Slide to 37 Deg C

278 Warmup Slide to [B0 Deg C], and Incubate for [32 Minutes] [ Denaturation 8 )
280 'Warmwup Slide to 37 Deg C

281 [ DISC Inhibitor will not be applied ]

282 Disable Slide Heater

283  Disable Slide Heater

284  Warmup Slide to 37 Deg C

* one drop is one reagent dispense Printed 31/01/2024 10:55:43
Histologix Ltd Page 7 of T
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Appendix 12: VENTANA DISCOVERY ULTRA RUO universal protocol: rabbit
third primary antibody and DAPI

Protocol # 522 : 1x TSA Rb 1Ab 60m + DAPI (31/01/2024)
Version: 3 Validated: No Active: Yes

Procedure: RUO DISCOVERY Universal { v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

[ wersion 20
[ For Research Use Only. Mot intended for diagnostic purposes. |
Enable Mixers
Warmmup Slide to 37 Deg C
[ Delay refers to a time delayed start: Select time until run start |
[ Inhibitor Saolution will not be applied |
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Incubate for 4 Minutes
Disable Slide Heater
Apply One Drop of [ANTIBODY 15] { Antibody ), and Incubate for [0 Hr 16 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
[ Inhibitor Salution will not be applied after the primary |
Dizable Slide Heater
Wamup Slide to 37 Deg C
Disable Slide Heater
Wamwup Slide to 37 Deg C
[ DISC Inhibitor will not be applied |
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Apply One Drop of [ANTIBODY 60] ( DS Antibody ), and Incubate for [0 Hr 28 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Warmup Slide to 37 Deg C
Dizable Slide Heater
Wamup Slide to 37 Deg C
[ DISC Inhibitor will not be applied |
Rinse Slide With Reaction Buffer
Adjust Side Volume With Reaction Buffer
Apply Coverslip
44 Disable Slide Heater
* one drop is one reagent dispense Printed 31/01/2024 11:00:02
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Protocol # 522 : 1x TSA Rb 1Ab 60m + DAPI (31/01/2024)

Version: 3 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

45  Disable Mixers
43  Wait For Button ( DS Primary Antibody |
47 Enable Mixers
48 Warmup Slide to 37 Deg C
43  Rinse Slide With Reaction Buffer
60 Adjust Slide Volume With Reaction Buffer
A1 Apply Coverslip
52 Warmup Slide to [37 Deg C] from Very Low Temperatures | TS Primary Antibody }
A3  Hand Apply ( TS Primary Antibody ), and Incubate for [60 Minutes]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Warmup Slide to 37 Deg C
53  Disable Slide Heater
80 Warmup Slide to 37 Deg C
81 [ DISC Inhibitor will not be applied |
62 Rinse Slide With Reaction Buffer
63  Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
67 Apply Coverslip
68 Disable Slide Heater
63  Apply One Drop of [ANTIBODY 70] ( QuS Antibody . and Incubate for [0 Hr 32 Nin]
70 Rinse Slide With Reaction Buffer
71 Adjust Slide Volume With Reaction Buffer
T2  Apply Coverslip
73 Disable Slide Heater
T4 Warmup Slide to 37 Deg C
75 [ Requires DETECTION dispensers |
T3  Rinse Slide With Reaction Buffer
77 Adjust Shide Volume With Reaction Buffer
78  Apply Coverslip
T8 Rinse Slide With Reaction Buffer
B0  Adjust Slide Volume With Reaction Buffer
B1  Apply Coverslip
B2 Rinse Slide With Reaction Buffer
B3 Adjust Slide Volume With Reaction Buffer
Apply Coverslip
B5  Incubate for 4 Minutes
Dizable Slide Heater
B7 Disable Mixers
B3 Wait For Button ( QuS 2nd Antibody )
* one drop is one reagent dispense Printed 31/01/2024 11:00:03
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Protocol # 522 : 1x TSA Rb 1Ab 60m + DAPI (31/01/2024)

Version: 3 Validated: No Active: Yes
Procedure: RUQ DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

B9  Enable Mixers
80 Rinse Slide With Reaction Buffer
81 Adjust Shide Volume With Reaction Buffer
82 Apply Coverslip
Hand Apply { QuS 2nd Antibody ), and Incubate fior [0 Hr 2 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
1 Rinse Slide With Reaction Buffer
101 Adjust Slide Volume With Reaction Buffer
102  Apply Coverslip
103  Incubate for 4 Minutes
104 Disable Slide Heater
105  Disable Mixers
106 Wait For Button { QuS 3rd Antibody )
107  Enable Mixers
108 Rinse Slide With Reaction Buffer
108  Adjust Slide Volume With Reaction Buffer
110 Apply Coverslip
111 Hand Apply | QuS 3rd Antibody ). and Incubate for [0 Hr 8 Min]
112  Rinse Slide With Reaction Buffer
113 Adjust Slide Volume With Reaction Buffer
114  Apply Coverslip
118  Disable Slide Heater
118 Warmup Slide to 37 Deg C
117 [ DISC Inhibitor will mot be applied ]
118  Rinse Slide With Reaction Buffer
118 Adjust Slide Volume With Reaction Buffer
120 Apply Coverslip
121  Rinse Slide With Reaction Buffer
122 Adjust Slide Volume With Reaction Buffer
123 Apply Coverslip
124 Warmup Slide to [37 Deg C] from Very Low Temperatures | QnS Primary Antibody }
125  Apply One Drop of [ANTIBODY BO0] [ @nS Antibody ). and Incubate for [32 Minutes]
128  Rinse Slide With Reaction Buffer
127 Adjust Slide Volume With Reaction Buffer
128  Apply Coverslip
128  Disable Slide Heater
130 Warmup Slide to 37 Deg C
131  Disable Slide Heater
132 Warmup Slide to 37 Deg C
* one drop is one reagent dispense Printed 31/01/2024 11:00:03
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Protocol # 622 : 1x TSA Rb 1Ab 60m + DAPI (31/01/2024)

Version: 3 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

133 Rinse Slide With Reaction Buffer
134  Rinse Slide With Reaction Buffer

* one drop is one reagent dispense Printed 31/01/2024 11:00:03
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Appendix 13: VENTANA DISCOVERY ULTRA RUO universal protocol: mouse

third primary antibody and DAPI

Protocol # 523 : 1x TSA Ms 1Ab 60m + DAPI (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd
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44

[ wersion 20]

[ For Research Lse Only. Not intended for diagnostic puposes. |
Enable Mixers

Warmup Slide to 37 Deg C

[ Dielay refers to a time delayed start: Select time until run start |
[ Inhibitor Solution will not be applied |

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer

Apply Coverslip

Rinse Side With Reaction Buffer

Adijust Slide Volume With Reaction Buffer

Apply Coverslip

Incubate for 4 Minutes

Disable Slide Heater

Apply One Drop of [ANTIBODY 15] ( Antibody ). and Incubate for [0 He 16 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer

Apply Coverslip

[ Inhibitor Solution will not be applied after the primary |
Disable Slide Heater

‘Warmup Slide to 37 Deg C

Disable Slide Heater

Warmup Slide to 37 Deg C

[ DISC Inhibitor will mot be applied ]

Rinse Side With Reaction Buffer

Adijust Slide Volume With Reaction Buffer

Apply Coverslip

Rinse Slide With Reaction Buffer

Adijust Slide Volume With Reaction Buffer

Apply Coverslip

Disable Slide Heater

Apply One Drop of [ANTIBODY 601 ( DS Antibody ), and Incubate for [0 Hr 28 Min]
Rinse Slide With Reaction Buffer

Adjust Slide Volume With Reaction Buffer

Apply Coverslip

Disable Slide Heater

Warmup Slide to 37 Deg C

Disable Slide Heater

Warmup Slide to 37 Deg C

[ DISC Inhibitor will mot be applied ]

Rinse Slide With Reaction Buffer

Adijust Slide Volume With Reaction Buffer

Apply Coverslip

Disable Slide Heater

* one drop is one reagent dispense Printed 31/01/2024 11:00:33
Histologix Ltd Page 1 of4
V35 v12.54 Build 202341
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Protocol # 523 : 1x TSA Ms 1Ab 60m + DAPI (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

45  Disable Mixers
48  Wait For Button | DS Primary Antibody |
47  Enable Mixers
48  Warmup Slide to 37 Deg C
48  Rinse Slide With Reaction Buffer
50 Adjust Slide Volume With Reaction Buffer
51 Apply Coverslip
82 Warmup Slide to [37 Deg C] from Very Low Temperatures | TS Primary Antibody )}
£3 Hand Apply { TS Primary Antibody ), and Incubate for [60 Minutes]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Dizable Slide Heater
Warmup Slide to 37 Deg C
58 Disable Slide Heater
80 Warmup Slide to 37 Deg C
81 [ DISC Inhibitor will mot be applied ]
62 Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Disable Slide Heater
68  Apply One Drop of [ANTIBODY 75] ( QuS Antibody ), and Incubate for [0 Hr 32 Min]
70  Rinse Slide With Reaction Buffer
71 Adjust Slide Volume With Reaction Buifer
72 Apply Coverslip
73 Disable Slide Heater
T4 Warmup Slide to 37 Deg C
75 [ Reguires DETECTION dispensers |
78 Rinse Slide With Reaction Buffer
77 Adjust Slide Volume With Reaction Buffer
78 Apply Coverslip
78 Rinse Slide With Reaction Buffer
BD  Adjust Slide Volume With Reaction Buffer
B1  Apply Coverslip
B2 Rinse Slide With Reaction Buffer
B3 Adjust Slide Volume With Reaction Buffer
Apply Coverslip
B5  Incubate for 4 Minutes
Disable Slide Heater
EB7 Disable Mixers
B8  Wait For Button | QuS 2nd Antibody )
* one drop is one reagent dispense Printed 31/01/2024 11:00:33

Histologix Ltd Page 2of 4
VSS w1254 Build 202341
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Protocol # 523 : 1x TSA Ms 1Ab 60m + DAPI (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

89 Enable Mixers
B0 Rinse Slide With Reaction Buffer
81 Adjust Slide Volume With Reaction Buffer
82  Apply Coverslip
Hand Apply | QuS 2nd Antibody ), and Incubate for [0 Hr 8 Min]
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
Rinse Slide With Reaction Buffer
Adjust Slide Volume With Reaction Buffer
Apply Coverslip
1 Rinse Slide With Reaction Buffer
101 Adjust Slide Volume With Reaction Buiffer
102  Apply Coverslip
103  Incubate for 4 Minutes
14 Disable Slide Heater
105 Disable Mixers
108  Wait For Button | QuS 3rd Antibody )
107  Enable Mixers
108 Rinse Slide With Reaction Buffer
108  Adjust Slide Volume With Reaction Buffer
110 Apply Coverslip
111 Hand Apply { QuS 3rd Antibody ), and Incubate for [0 Hr 8 Min]
112  Rinse Slide With Reaction Buffer
113 Adjust Slide Volume With Reaction Buffer
114 Apply Coverslip
1156 Disable Slide Heater
118 Warmup Slide to 37 Deg C
117 [ DISC Inhibitor will not be applied ]
118  Rinse Slide With Reaction Buffer
118 Adjust Slide Volume With Reaction Buffer
120 Apply Coverslip
121 Rinse Slide With Reaction Buffer
122 Adjust Slide Volume With Reaction Buffer
123 Apply Coverslip
124 Warmup Slide to [37 Deg C] from Very Low Temperatures | QnS Primary Antibody }
125 Apply One Drop of [ANTIBODY B0] ( @nS Antibody )., and Incubate for [32 Minutes]
128 Rinse Slide With Reaction Buffer
127 Adjust Slide Volume With Reaction Buffer
128  Apply Coverslip
128 Disable Slide Heater
130 Warmup Slide to 37 Deg C
131  Disable Slide Heater
132 Warmmup Slide to 37 Deg C
* one drop is one reagent dispense Printed 31/01/2024 11:00-33

Histologix Ltd Page 3of 4
VSS w254 Build 202341
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Protocol # 523 : 1x TSA Ms 1Ab 60m + DAPI (31/01/2024)

Version: 6 Validated: No Active: Yes
Procedure: RUO DISCOVERY Universal ( v0.00.0408 )
DISCOVERY ULTRA
Histologix Ltd

133  Rinse Slide With Reaction Buffer
124  Rinse Slide With Reaction Buffer

* one drop is one reagent dispense Printed 31/01/2024 11:00-33

Histologix Ltd Page 4 of 4
VSS vi2.54 Build 20234.1
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Appendix 14: Non-specific staining retesting and discontinuation emails

Subject HPV 16 E6 + HPV 18 Eé antibody (C1P5) ab70

Qur reply By E-mail Tussdoy, Oct 25, 2022 - 14:54
Hello Rebecca,

Thank you for your patience with this inquiry.

Our lab informed me that we also found positive signals in non-specific and negative control samples when retesting the Anti-HPV16 E6 + HPV18 ES antibody [C1P5] (ab70).
1 apologise for the inconvenience caused. Feel free to get in touch if you have any questions.
Thank you!

Kind regards,
Azme

Azme Aneez

Scientific Support Specialist
www.abcam.com

[ LY

=2 44(0)1223 696000

We are contacting you because we have very recently reviewed our information on Anti-HPV16 E6 + HPV18 Eé antfibody [C1P5] (ab70)
which you had previously purchased from us.

Recent retests of ab70 in western blot has shown this antibody detects multiple bands, even in negative controls. Due to the high background obtained, we have decided to remove ab70 from our catalogue since does not
meet our quality criteria.

We realize your experiments may have been affected, and we sincerely apologize for the inconvenience. If you have had difficulty with this antibody, please contact me and | will arrange an immediate refund or credit

note. Alternatively, we can offer you a replacement with a different antibody against HPV16 like Mouse monaclonal [HPV16L1/1058] to HPV16 - BSA and Azide free (www.abcam.com/ab?234030). Please let me know if this
product is suitable for your experiments.

The quality of cur antibodies is very important to us, and so we appreciate any feedback or data customers provide to us regarding their usage of our products. Therefore, please do not hesitate to share with us your own
experience with this product by replying to this e-mail, contacting us at technical@abcam.com or by using the “contact us" information on our homepage.

I look forward to hearing from you which resolution you would prefer and any suggestions you might have.

Kind regards,

Andrea

Andrea Gonzalez, PhD

Senior Scientific Support Specialist
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Appendix 15: mFold secondary structures for other aptamer candidate
sequences for each HPV protein target

Content removed for copyright

purposes

Figure 56: Secondary DNA structures of seven aptamer candidates chosen from the top ten

sequence candidates based on AG predicted by mFold for HPV-16 E2
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Content removed for copyright

purposes

Figure 57: Secondary DNA structures of seven aptamer candidates chosen from the top ten
sequence candidates based on AG predicted by mFold for HPV-16 E7-E6

Page | LXV



Content removed for copyright

purposes

Figure 58: Secondary DNA structures of seven aptamer candidates chosen from the top ten
sequence candidates based on AG predicted by mFold for HPV-18 E6
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Content removed for copyright

purposes

Figure 59: Secondary DNA structures of seven aptamer candidates chosen from the top ten
sequence candidates based on AG predicted by mFold for HPV-18 E7
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Appendix 16: ZDOCK scores and polar contacts between HPV-16 E2 and the control ligand 4TS2, natural ligand BRD4,

Table 12: ZDOCK score, and polar contacts between HPV-16 E2 protein and the control ligand 4TS2

and HPV-16 E2 aptamer candidates

Amino acid | Actual amino . Polar contact length ZDOCK . .
Complex residue acid residue Nucleotide and average (A) score Polar contact information

His288 His290 C34 2.8 02' (C2 OH) within sugar group and NE2 (+NH2) of His228 side chain

Ser315 Ser317 C34 35 OP1 (P=0) within phosphate backbone and OG (OH) of Ser315 side chain

Trp319 Trp321 A69 3.1 02' (C2 OH) within sugar group and O (C=0) of Trp319 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A35 (O-) and OG1

1 Thr3s2 Thr3s4 c34 2.1 2.88 1435.638 | (OH) of Thr332 side chain

OP2 (O-) within phosphate backbone and N within peptide bond between Gly359 (COO-

Phe360 Phe362 G63 24 ) and Phe360 (+NH3)

Ser362 Ser3ea G60 28 02' (C2 OH) within sugar group and N within peptide bond between Met361 (COO-) and
Ser362 (+NH3)

Table 13: ZDOCK score, and polar contacts between HPV-16 E2 protein and the natural ligand Brd4

Protein amino

Actual amino

Ligand amino

Polar contact length

Complex . ) . ; . } ZDOCK score Polar contact information
acid residue acid residue acid residue and average (A)
1 Lys290 Lys292 lle1345 2.7 295 1127.953 NZ (+NH3) of Lys290 side chain and O (C=0) of 1le1345 carboxy! group
Trp319 Trp321 Asnl1348 3.2 ) ) NEZ1 (NH) of Trp319 side chain and O (C=0) of Asn1348 side chain
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Table 14: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 4995 aptamer candidate-experiment one

Amino acid | Actual amino . Polar contact length ZDOCK . .
Complex residue acid residue Nucleotide and average (A) score Polar contact information
His288 His290 G34 2.4 N2 (NH2) of nucleotide base and ND1 (NH) of His288 side chain
1 Thr334 Thr336 C37 35 270 1348.197 OP1 (P=0) within phosphate backbone and OG1 (OH) of Thr334 side chain
Phe360 Phe362 T6 29 ’ ’ 02 (C2 C=0) of nucleotide base and N within peptide bond between Gly359 (COO-) and
) Phe360 (+NH3)
Thra20 Thra22 G31 26 (l\4|_3,\|(|_l:|3))of nucleotide base and N within peptide bond between Trp319 (COO-) and Thr320
2 Thraz?2 Thraza 133 29 2.75 1347.188 03' (C3 OH) within sugar group within phosphodiester bond between G34 (O-) and OG1
) (OH) of Thr330 side chain
) 04' (O between C1' and C4') within sugar group and N within peptide bond between
3 Ser362 Ser364 G63 3.3 1340.671 Met361 (COO-) and Ser362 (+NH3)

Table 15: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 4995 aptamer candidate-experiment two

Complex Amln_o acid AcFuaI amino Nucleotide Polar contact length ZDOCK score Polar contact information
residue acid residue and average (A)
His288 His290 G34 2.4 Polar contact between N2 (NH2) of nucleotide base and ND1 (NH) of His288 side chain
Polar contact between OP1 (P=0) within phosphate backbone and OG1 (OH) of Thr334
1 Thr334 Thr336 c3r 35 2.7 1348.197 | side chain
Polar contact between O2 (C2 C=0) of nucleotide base and N within peptide bond
Phe360 Phe362 6 22 between Gly359 (COO-) and Phe360 (+NH3)
) Polar contact between O4' (O between C1' and C4') within sugar group and N within
2 Ser362 Ser364 G63 33 1340.671 peptide bond between Met361 (COO-) and Ser362 (+NH3)
His318 His320 T6 3.2 Polar contact between N3 (N) of nucleotide base and O (C=0) of His318 carboxyl group
Thr332 Thr334 cs 31 Er?;?rr\ contact between O2 (C2 C=0) of nucleotide base and OG1 (OH) of Thr332 side
3 Thraz2 Thraza G34 33 3.15 1337.086 Er?;?rr\ contact between N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr332 side
Polar contact between O3' (C3 OH) within sugar group within phosphodiester bond
Thras4 Thr3sé A9 3.0 between G10 (O-) and OG1 (OH) of Thr334 side chain
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Table 16: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 324 aptamer candidate-experiment one

Amino acid

Actual amino

Polar contact length

Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Tyr301 Tyr303 A24 2.3 N3 (N) of nucleotide base and OH (OH) of Tyr301 side chain
Tyr301 Tyr303 G25 2.4 04' (O between C1' and C4") within sugar group and OH (OH) of Tyr301 side chain
03' (C3 OH) within sugar group within phosphodiester bond between G56 (O-) and OH
Tyr310 Tyrs12 G55 22 (OH§ of Tyrs)‘lo side chgaing P Prosp ©)
Ser3ia Ser316 cs 3.4 03' (C3 OH) within sugar group within phosphodiester bond between A9 (O-) and OG
1 270 1577154 (OH) of Ser314 S|‘de chain _ _
Trp317 Trp319 cs 29 03' (C3 0OH) W|th_|n sugar group within phosphodiester bond between A9 (O-) and NE1
(NH) of Trp317 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A9 (O-) and OG1
Thr3s2 Thr3s4 c8 2.4 (OH§ of Thr%32 sido chain " Prosp ©)
Thr334 Thr336 G10 2.9 OP1 (P=0) within sugar group and OG1 (OH) of Thr334 side chain
Ser362 Ser364 G10 3.1 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser362 carboxyl group
2 Ser357 Ser359 T60 35 - 1431.306 OP1 (P=0) within nucleotide base and OG (OH) of Ser357 side chain
Val313 Val315 C20 2.8 N4 (C4 NH2) of nucleotide base and O (C=0) of Val313 carboxyl group
Thraz?2 Thraza c48 3.4 03'(C30H) With@n sugar group within phosphodiester bond between C49 (O-) and OG1
3 398 1426.811 (OH) of Thr332 side cha_un _ _
Phe360 Phe362 T31 33 02 (C2 C=0) of nucleotide base and N within peptide bond between Gly359 (COO-) and
) Phe360 (+NH3)
Phe360 Phe362 T31 3.6 N3 (N) of nucleotide base and O (C=0) of Phe360 carboxyl group
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Table 17: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 324 aptamer candidate-experiment two

Amino acid | Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
1 Ser357 Ser359 T60 35 - 1431.307 OP1 (P=0) within phosphate backbone and OG (OH) of Ser357 side chain
03' (C3 OH) within sugar group within phosphodiester bond between G26 (O-) and OH
Tyr301 Tyr303 G25 33 (OH) of Tyr301 side chain
Thr308 Thr310 A54 3.3 OP1 (P=0) within phosphate backbone and OG1 (OH) of Thr313 side chain
Val313 Val315 A57 29 OP2 (O-) within phosphate backbone and N within peptide bond between Ala312 (COO-
2 313 1413.374 ) and Val313 (+NH3)
Thra20 Thra22 T6 3.0 ’ ’ 02 (C2 C=0) of nucleotide base and N within peptide bond between Trp319 (COO-) and
) Thr320 (+NH3)
Thr332 Thr334 Cc8 2.9 03' (C3 OH) within sugar group between A9 (O-) and OG1 (OH) of Thr332 side chain
N1 (N) of nucleotide base and N within peptide bond between Met361 (COO-) and
Ser362 Ser364 A62 3.4 Ser362 (+NH3)
03' (C3 OH) within sugar group within phosphodiester bond between A9 (O-) and OG
Ser3l4 Ser316 c8 33 (OH) of Ser314 side chain
Ser3i5 Ser317 A9 35 03' (C3 0OH) Wlth}n sugar group within phosphodiester bond between G10 (O-) and OG
(OH) of Ser315 side chain
04' (O between C1 and C4) within sugar group and N within peptide bond between
3 Ser31s serstv A9 3.2 3.16 1375.259 | Ser314 (COO-) and Ser315 (+NH3)
His318 His320 All 3.5 OP1 (P=0) within phosphate backbone and NE2 (+NH) of His318 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between His318 (COO-
Trp319 Trp321 G56 3.4 ) and Trp319 (+NH3)
Trp319 Trp321 G56 2.3 O5' (O) within phosphate backbone and NE1 (NH) of Trp319 side chain
Trp319 Trp321 A57 2.9 OP2 (O-) within phosphate backbone and NE1 (NH) of Trp319 side chain
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Table 18: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 5709 aptamer candidate-experiment one

Amino acid | Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Arg341 Arg343 C20 2.8 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg341 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A21 (O-) and NH1
1 Arg3al Arg343 €20 27 3.05 1378542 | (+NH2) of Arg341 side chain
Arg341 Arg343 A21 34 OP1 (P=0) within phosphate backbone and NH1 (+NH2) of Arg341 side chain
Thr358 Thr360 A21 3.3 OP2 (O-) within phosphate backbone and OG1 (OH) of Thr358 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between Ser337 (COO-
Glu338 Glu340 A21 2.8 ) and Glu338 (+NH3)
OP2 (O-) within phosphate backbone and N within peptide bond between Glu338 (COO-
Trp339 Trp341 A21 25 ) and Trp339 (+NH3)
GIn340 GIn342 C20 2.9 OP2 (O-) within phosphate backbone and NE2 (NH2) of GIn340 side chain
Thr358 Thr360 G45 25 N2 (C2 NH2) of nucleotide base and O (C=0) of Thr358 carboxyl group
Thr358 Thr360 G45 2.8 N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr358 side chain
2 Thr358 Thr360 G45 3.3 2.79 1360.132 N3 (N) of nucleotide base and OG1 (OH) of Thr358 side chain
Thr358 Thr360 G46 1.9 04' (O between C1' and C4") within sugar group and OG1 (OH) of Thr358 side chain
04' (O between C1 and C4) within sugar group and N within peptide bond between
Phe360 Phe362 G34 2.2 Gly359 (COO-) and Phe360 (+NH3)
0O3' (C3 OH) within sugar group within phosphodiester bond between C35 (O-) and N
Ser362 Ser364 G34 31 within peptide bond between Met361 (COO-) and Ser362 (+NH3)
O5' (O) within phosphate backbone and N within peptide bond between Met361 (COO-)
Ser362 Ser364 C35 3.0 and Ser362 (+NH3)
Lys290 Lys292 G10 21 0O3' (C3 OH) within sugar group within phosphodiester bond between A1l (O-) and NZ
3 275 1347.031 (+NH3) of Lys290 side chain
Thr320 Thra22 G58 34 OP2 (O-) within phosphate backbone and N within peptide bond between Trp319 (COO-

) and Thr320 (+NH3)
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Table 19: ZDOCK scores, and polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 5709 aptamer candidate-experiment two

Amino acid | Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
OP2 (O-) within phosphate backbone and N within peptide bond between Ser337 (COO-
Glu338 Glu340 A21 2.8 ) and Glu338 (+NH3)
OP2 (O-) within phosphate backbone and N within peptide bond between Glu338 (COO-
Trp339 Trp341 A21 25 ) and Trp339 (+NH3)
GIn340 GIn342 C20 2.9 OP2 (O-) within phosphate backbone and NE2 (NH2) of GIn340 R group
Thr358 Thr360 G45 25 N2 (C2 NH2) of nucleotide base and O (C=0) of Thr358 carboxyl group
Thr358 Thr360 G45 2.8 N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr358 side chain
1 Thr358 Thr360 G45 3.3 2.79 1360.133 N3 (N) of nucleotide base and OG1 (OH) of Thr358 side chain
Thr358 Thr360 G46 1.9 04' (O between C1' and C4") within sugar group and OG1 (OH) of Thr358 side chain
04' (O between C1' and C4') within sugar group and N within peptide bond between
Phe360 Phe362 G34 2.2 Gly359 (COO-) and Phe360 (+NH3)
03' (C3 OH) within sugar group within phosphodiester bond between C35 (O-) and N
Ser362 Ser364 G34 31 within peptide bond between Met361 (COO-) and Ser362 (+NH3)
05' (O) within phosphate backbone and N within peptide bond between Met361 (COO-)
Ser362 Ser364 C35 3.0 and Ser362 (+NH3)
Lys290 Lys292 G10 21 03 (033 Cf)H) vglgém _zugar: group within phosphodiester bond between A1l (O-) and NZ
2 2.75 1347.032  |-GNH3) of Lys290 side chain ___
Thra20 Thra22 G58 34 OP2 (O-) within phosphate backbone and N within peptide bond between Trp319 (COO-
) ) and Thr320 (+NH3)
Ser357 Ser3s9 T14 31 03' (C3 OH) Wlth_ln sugar group within phosphodiester bond between C15 (O-) and OG
(OH) of Ser357 side chain
0O4' (O between C1' and C4") within sugar group and N within peptide bond between
3 Phe360 Phe362 C13 2.9 3.00 1320.256 Gly359 (COO-) and Phe360 (+NH3)
Ser362 Ser36a T12 3.0 02 (C2 C=0) of nucleotide base and N within peptide bond between Met361 (COO-)

and Ser362 (+NH3)
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Appendix 17: ZDOCK scores and polar contacts between HPV-16 E6 and the control ligand 4TS2, natural ligand p53, and
HPV-16 E7-E6 aptamer candidates

Table 20: ZDOCK score, and polar contacts between HPV-16 E6 protein and the control ligand 4TS2

Complex ATe'gi%Sg'd ggga:lei?;'gg Nucleotide chg; Z?,gﬁ‘;gfﬂ?th ZDOCK score Polar contact information
Argl10 Argl7 G70 24 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg10 side chain
Tyr79 Tyr86 A83 35 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr79 side chain
Ser80 Ser87 us2 3.2 02' (C2 OH) within sugar group and O (C=0) of Ser80 carboxyl group
Ser80 Ser87 G19 3.0 02' (C2 OH) within sugar group and OG (OH) of Ser80 side chain
Tyr81 Tyr88 G19 2.0 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 G19 2.8 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
GIn91 GIn98 C80 2.7 02' (C2 OH) within sugar group and OE1 (C=0) of GIn91 side chain
GIn91 GIn98 C80 3.0 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn91 side chain
GIn9l GIn98 u21 2.9 02' (C2 OH) within sugar group and O (C=0) of GIn91 carboxyl group
GIn91 GIn98 G20 2.9 N3 (N) of nucleotide base and NE2 (NH2) of GIn91 side chain
GIn91 GIn98 G20 3.3 02 (C2 OH) (bound to Tyr 92) within sugar group and NE2 (NH2) of GIn91 side chain
Tyr92 Tyr99 u21 3.1 02' (C2 OH) within sugar group and O (C=0) of Tyr92 carboxyl group
1 Lys94 Lys101 G22 3.3 2.99 1392.416 OP1 (P=0) within phosphate backbone and NZ (+NH3) of Lys94 side chain
Asnl27 Asnl34 G20 3.6 0O4' (O between C1' and C4") within sugar group and ND2 (NH2) of Asn127 side chain
0O3' (C3 OH) within phosphate backbone between G20 (O-) and N within peptide bond
Gly130 Gly137 G19 23 between Arg129 (COO-) and Gly130 (+NH3)
03' (C3 OH) within phosphate backbone between G20 (O-) in phosphate backbone and
Gly130 Gly137 G19 28 CA ((central )C) of GlSlsop (0 n phosp
Trpl32 Trp139 G20 3.4 02' (C2 OH) (bound to Tyr 92) within sugar group and NE1 (NH1) of Trp132 side chain
Arg146 Arg153 A83 2.3 02' (C2 OH) within sugar group and NH2 (NH?2) of Arg146 side chain
Argl146 Argl153 A83 2.5 02' (C2 OH) within sugar group and NE (NH) of Arg146 side chain
Argl46 Argl53 A83 2.0 N3 (N) of nucleotide base and NH2 (NH2) of Arg146 side chain
Arg146 Arg153 A83 2.9 N3 (N) of nucleotide base and NH1 (+NH2) of Arg146 side chain
Argl46 Argl53 A84 35 04' (O between C1' and C4") within sugar group and NH2 (NH2) of Arg146 side chain
Arg147 Argl54 A84 34 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
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Table 21: ZDOCK score, and polar contacts between HPV-16 E6 protein and the natural ligand p53

Protein amino Actual amino Ligand amino Polar contact length . .
Complex acid residue acid residue acid residue and average (A) #DOCK score Polar contact information
OH (OH) of Tyr81 side chain and N within peptide bond between Pro98
Tyr81 Tyr88 Ser99 21 (COO0-) and Ser99 (+NH3)
Ser82 Ser89 Tyrl03 1.9 OH (OH) of Tyr103 side chain and O (C=0) of Ser82 carboxyl group
Serg? Sergo Tyr103 29 OH (OH) of Tyr103 side chain and N within peptide bond between Tyr81
1 282 1127.953 (COO-) and Ser82 (+NH3)
GIn91 GIn98 Val97 2.8 ’ ’ NE2 (H2N) of GIn91 side chain and O (C=0) of Val97 carboxyl group
Tyr92 Tyr99 Val97 3.0 OH (OH) of Tyr92 side chain and O (C=0) of Val97 carboxyl group
O (C=0) of Gly130 carboxyl group and N within peptide bond between Leu93
Gly130 Gly137 Ser94 2.9 (COO0-) and Ser94 (+NH3)
Glu148 Glul55 Lys370 25 OE1 (C=0) of Glu148 side chain and NZ (+NH3) of Lys370 side chain
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Table 22: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 6045 aptamer candidate-experiment one

Complex ATe'Qi%Sg'd ggge:lei?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between A65 (O-) and OH
Tyr76 Tyr83 G64 2.4 (OH§ of Tyr7)6 side chagi]n o Phosp ©)
Arg77 Arg84 C68 3.1 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Ser80 Ser87 G19 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxyl group
Tyr81 Tyr88 A21 3.2 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 A21 25 05' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 C20 2.7 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 A21 2.3 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
1 Asn127 Asn134 G19 25 284 1381.706 (ONaH(Z():ifc;)AHS)I’]\]I_V;?IQi(?:%i;?;OUF) within phosphodiester bond between C20 (O-) and ND2
04' (O between C1' and C4') within sugar group and N within peptide bond between
Arg129 Arg136 G19 31 IIe12(8 (COO0-) and Arg129 (+l)\IH3) ger aromp i
Argl29 Arg136 G70 2.2 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Argl29 Arg136 G70 2.9 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Arg129 Arg136 G70 3.2 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg129 side chain
Argl146 Arg153 G64 3.4 04' (O between C1' and C4") within sugar group and NH1 (+NH2) of Arg146 side chain
Argl146 Arg153 G63 3.0 N3 (N) of nucleotide base and NH2 (NH2) of Arg146 side chain
Argl47 Argl54 G63 2.0 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
Ser80 Ser87 G25 31 03' (C3 OH) wi_thin sugar group within phosphodiester bond between A65 (O-) and OH
(OH) of Tyr76 side chain
Tyr81 Tyr88 G56 2.0 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Tyr81 Tyr88 Cc27 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxyl group
Tyr84 Tyrol C17 3.1 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr84 Tyr9l C16 35 O5' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
GIn91 GIn98 Cc27 2.4 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
GIn91 GIn98 G56 3.1 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
2 2.98 1349.532 03’ (C3 OH) within sugar group within phosphodiester bond between C20 (O-) and ND2
Tyro2 Tyro9 car 3.0 (NH(Z) of As)r1127 side chan Prosp ©)
04' (O between C1' and C4") within sugar group and N within peptide bond between
Argl2a Argl3l c16 3.1 IIe12(8 (COO-) and Arg129 (+l)\lH3) 9r o i
Argl24 Argl31l C17 3.4 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Asnl27 Asnl34 Cc27 2.9 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Arg146 Arg153 T14 2.6 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg129 side chain
Argl46 Argl53 T14 2.2 04' (O between C1' and C4") within sugar group and NH1 (+NH2) of Arg146 side chain
Argl46 Argl53 C15 1.9 N3 (N) of nucleotide base and NH2 (NH2) of Arg146 side chain
Tyr81 Tyr88 G53 25 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A65 (O-) and OH
Tyr8l Tyre8 €52 28 (OH)( of Tyr7)6 side chafci]n 9o Prosp ©)
3 GIn91 GIn98 G53 2.7 2.83 1346.698 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Argl24 Argl31 A3l 35 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxy! group
Argl24 Arg131 G32 24 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Arg147 Argl54 G34 3.1 0O5' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
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Table 23: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 6045 aptamer candidate-experiment two

Complex ATe'Qi%Sg'd ggge:lei?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between A65 (O-) and OH
Tyr76 Tyr83 G64 2.4 (OH§ of Tyr7)6 side chagi]n o Phosp ©)
Arg77 Arg84 C68 3.1 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Ser80 Ser87 G19 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxyl group
Tyr81 Tyr88 A21 3.2 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 A21 25 05' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 C20 2.7 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 A21 2.3 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
1 Asn127 Asn134 G19 25 284 1381.706 (ONaH(Z():ifc;)AHS)I’]\]I_V;?IQi(?:%i;?;OUF) within phosphodiester bond between C20 (O-) and ND2
04' (O between C1' and C4') within sugar group and N within peptide bond between
Arg129 Arg136 G19 31 IIe12(8 (COO0-) and Arg129 (+l)\IH3) ger aromp i
Argl29 Arg136 G70 2.2 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Argl29 Arg136 G70 2.9 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Arg129 Arg136 G70 3.2 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg129 side chain
Argl146 Arg153 G64 3.4 04' (O between C1' and C4") within sugar group and NH1 (+NH2) of Arg146 side chain
Argl146 Arg153 G63 3.0 N3 (N) of nucleotide base and NH2 (NH2) of Arg146 side chain
Argl47 Argl54 G63 2.0 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
Ser80 Ser87 G25 31 03' (C3 OH) wi_thin sugar group within phosphodiester bond between A65 (O-) and OH
(OH) of Tyr76 side chain
Tyr81 Tyr88 G56 2.0 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Tyr81 Tyr88 Cc27 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxyl group
Tyr84 Tyrol C17 3.1 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Tyr84 Tyr9l C16 35 O5' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
GIn91 GIn98 Cc27 2.4 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
GIn91 GIn98 G56 3.1 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
2 2.98 1349.532 03’ (C3 OH) within sugar group within phosphodiester bond between C20 (O-) and ND2
Tyro2 Tyro9 car 3.0 (NH(Z) of As)r1127 side chan Prosp ©)
04' (O between C1' and C4") within sugar group and N within peptide bond between
Argl2a Argl3l c16 3.1 IIe12(8 (COO-) and Arg129 (+l)\lH3) 9r o i
Argl24 Argl31l C17 3.4 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Asnl27 Asnl34 Cc27 2.9 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Arg146 Arg153 T14 2.6 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg129 side chain
Argl46 Argl53 T14 2.2 04' (O between C1' and C4") within sugar group and NH1 (+NH2) of Arg146 side chain
Argl46 Argl53 C15 1.9 N3 (N) of nucleotide base and NH2 (NH2) of Arg146 side chain
Tyr81 Tyr88 G53 25 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A65 (O-) and OH
Tyr8l Tyre8 €52 28 (OH)( of Tyr7)6 side chafci]n 9o Prosp ©)
3 GIn91 GIn98 G53 2.7 2.83 1346.698 OP1 (P=0) within phosphate backbone and NE (NH) of Arg77 side chain
Argl24 Argl31 A3l 35 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser80 carboxy! group
Argl24 Arg131 G32 24 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr81 side chain
Arg147 Argl54 G34 3.1 0O5' (O) within phosphate backbone and OH (OH) of Tyr81 side chain
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Table 24: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 6362 aptamer candidate-experiment one

Amino acid

Actual amino

Polar contact length

Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between T51 (O-) and OH
Tyr79 Tyrs6 €50 35 (OH§ of Tyr7)9 side chagi]n group Prosp ©)
Tyr 81 Tyr88 G31 2.7 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr 81 Tyr88 G31 3.0 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
1 Tyr92 Tyr99 T32 25 3.04 1426.703 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
Tyr92 Tyr99 T32 3.0 OP2 (O-) within phosphate backbone and OH (OH) of Tyr92 side chain
Asn127 Asn134 G31 3.2 g:nﬁg g:e) \évig:qn sugar group within phosphodiester bond T31 (O-) and ND2 (NH2) of
Asnl27 Asnl34 T32 34 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn117 side chain
03' (C3 OH) within sugar group within phosphodiester bond between G44 and C45 and
Tyr70 Tyrr? Ga4 31 OH (OH) of Tyr70 side chain
Tyr70 Tyr77 C45 3.3 OP2 (O-) within phosphate backbone and OH (OH) of Tyr70 side chain
Tyr76 Tyr83 A54 3.0 N3 (N) of nucleotide base and OH (OH) of Tyr76 side chain
2 Tyr76 Tyr83 G55 2.0 3.10 1393.935 04' (O between C1' and C4") within sugar group and OH (OH) of Tyr76 side chain
03" (C3 OH) within sugar group within phosphodiester bond between A28 and G29 and
Argr7 Arg4 A28 31 NHl((+NH2)) of Arg77 gidegchaipn Prosp
Arg77 Arg84 G29 2.8 04' (O between C1' and C4") within sugar group and NH2 (NH2) of Arg77 side chain
Argl47 Argl54 G56 3.3 O5' (O) within phosphate backbone and NH1 (+NH2) of Arg147 side chain
Tyr81 Tyr88 G31 2.4 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 G31 3.2 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 T33 2.4 0O4' (O between C1' and C4") within sugar group and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 T32 3.2 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
3 Argl24 Arg131 T51 2.2 266 1387.724 OP1 (P=0) within phosphate backbone and NH1 (+NH2) of Arg124 side chain
Arg124 Arg131 c50 28 0O3' (C3 OH) within sugar group_within phosphodiester bond between C50 and T51 and
) NH1 (+NH2) of Arg124 side chain
03" (C3 OH) within sugar group within phosphodiester bond between G31 and T32 and
Asn127 Arg13l G31 2.6 ND2((NH2) Lf nenlo7 adochan Y
Asnl127 Arg131 T32 2.5 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn127 side chain
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Table 25: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 6362 aptamer candidate-experiment two

Complex ATe'Qi%Sg'd ggge:lei?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between T51 (O-) and OH
Tyr79 Tyrs6 €50 35 (OH§ of Tyr7)9 side chagi]n group Prosp ©)
Tyr81 Tyr88 G31 2.7 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 G31 3.0 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
1 Tyr92 Tyr99 T32 25 3.04 1426.701 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
Tyr92 Tyr99 T32 3.0 OP2 (O-) within phosphate backbone and OH (OH) of Tyr92 side chain
Asn127 Asn134 G31 3.2 g:nﬁg g:e) \évilt;:qn sugar group within phosphodiester bond T32 (O-) and ND2 (NH2) of
Asnl27 Asnl34 T32 34 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn117 side chain
Tyr81 Tyr88 G31 2.4 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 G31 3.2 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 T33 2.4 04' (O between C1' and C4") within sugar group and OH (OH) of Tyr92 side chain
Tyr92 Tyr99 T32 3.2 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr92 side chain
5 Argl24 Arg131 T51 2.2 266 1387.723 OP1 (P=0) within phosphate back_bo_ne and NHl_(+NH2) of Arg124 side chain
Arg124 Arg131 c50 28 03' (C3 OH) within sugar group within phosphodiester bond between T51 (O-) and NH1
(+NH2) of Arg124 side chain
03' (C3 OH) within sugar group within phosphodiester bond between T32 (O-) and ND2
Asn127 Asn134 G31 26 (NHg) of As)r1127 side chain Prosp ©)
Asnl27 Asnl34 T32 2.5 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn127 side chain
Ser80 Ser87 G19 2.9 04' (O between C1' and C4") within sugar group and OG (OH) of Ser80 side chain
Tyr81 Tyr88 G19 2.9 N3 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr81 Tyr88 G19 2.8 N2 (C2 NH2) of nucleotide base and OH (OH) of Tyr81 side chain
3 GIn91 GIn98 A21 2.7 3.03 1383.313 04' (O between C1' and C4") within sugar group and NE2 (NH2) of GIn91 side chain
Arg146 Arg153 G64 31 ’ ’ 03' (C3 OH) Withir) sugar group within phosphodiester bond between A65 (O-) and NH2
) (NH2) of Arg146 side chain
Argl147 Argl54 A65 3.3 OP1 (P=0) within phosphate backbone and NH1 (+NH2) of Arg147 side chain
Argl147 Argl54 A65 35 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg147 side chain
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Table 26: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 3271 aptamer candidate-experiment one

Complex ATe'Qi%Sg'd ggg?lez?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
GIn6 GIn13 T48 34 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn6 side chain
GIn6 GIn13 A54 34 N3 (N) of nucleotide base and NE2 (NH2) of GIn6 side chain
Ser80 Ser87 Cc8 2.9 C2 (C2 C=0) of nucleotide base and OG (OH) of Ser80 side chain
Tyr81 Tyr88 A9 25 N1 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr84 Tyr91 G3 2.4 OP2 (O-) within phosphate backbone and OH (OH) of Tyr84 side chain
Tyr84 Tyr9l G2 25 05' (O) within phosphate backbone and OH (OH) of Tyr84 side chain
Tyr92 Tyr99 G10 2.0 N3 (N) of nucleotide base and OH (OH) of Tyr92 side chain
Asn93 Asn100 T12 25 03' (C3 OH) within sugar group and ND2 (NH2) of Asn93 side chain
1 291 1398.289 03' (C3 OH) within sugar group within phosphodiester bond between A11 and T12 and
Lys94 Lys101 All 33 NZ ((+NH3) C)Jf Lys94 si%e c?minp Prosp
Argl24 Argl131 G2 2.9 06 (C6 C=0) of nucleotide base and NH2 (NH2) of Arg124 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between GIn 123 (COO-
Argl24 Arg131 G2 3.1 ) and(Arg);124 (+IF\)IH3)p pep (
Asn127 Asn134 A9 34 N3 (N) of nucleotide base and ND2 (NH2) of Asn127 side chain
Glu148 Glul55 G3 2.2 N1 (NH) of nucleotide base and OE1 (C=0) of Glu148 side chain
Glu148 Glul55 A4 3.0 N6 (C6 NH2) of nucleotide base and OE1 (C=0) of Glu148 side chain
Glu148 Glul55 A4 3.3 N6 (C6 NH2) of nucleotide base and OE2 (O-) of Glu148 side chain
GIn35 Gln42 T25 3.2 04 (C4 C=0) of nucleotide base and NE2 (NH2) of GIn35 side chain
Arg55 Arg62 Cc23 3.3 OP1 (P=0) within phosphate backbone and NE (NH) of Arg55 side chain
Tyr70 Tyr77 G22 2.7 OP2 (O-) within phosphate backbone and OH (OH) of Tyr70 side chain
Tyr70 Tyr77 A21 3.2 O5' (O) within phosphate backbone and OH (OH) of Tyr70 side chain
Arg77 Arg84 G43 3.0 N2 (C2 NH2) of nucleotide backbone and O (C=0) of Arg77 carboxyl group
Tyr79 Tyr86 G58 2.4 N2 (C2 NH2) of nucleotide backbone and O (C=0) of Tyr79 carboxyl group
Ser80 Ser87 T45 2.8 04' (O between C1' and C4") within sugar group and OG (OH) of Ser80 side chain
Arg129 Arg136 caa 29 0O3' (C3 OH) within sugar group within phosphodiester bond between C44 and T45 and
2 297 1333.033 NE (NH) of Ar'g129 side chain ' .
Arg129 Arg136 T45 2.8 OP1 (P=0) within phosphate backbone and NE (NH) of Arg129 side chain
Arg129 Arg136 T45 3.0 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg129 side chain
Thr145 Thrl52 A62 2.8 N6 (C6 NH2) of nucleotide base and O (C=0) of Thr145 carboxyl group
Arg146 Arg153 C59 2.9 02 (C2 C=0)) of nucleotide base and NH1 (+NH2) of Arg146 side chain
Argl47 Argl54 T60 2.1 OP1 (P=0) within phosphate backbone and NH1 (+NH2) of Arg147 side chain
03' (C3 OH) within sugar group within phosphodiester bond between C59 and T60 and
Arglar Argl54 €59 32 NH1 (+NH2) of Arg147 side chain
Argl47 Argl54 T60 3.1 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg147 side chain
Argl47 Argl54 C59 3.3 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg147 side chain
Tyr81 Tyr88 C15 25 02 (C2 C=0) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 C15 2.1 04' (O between C1' and C4") within sugar group and OH (OH) of Tyr92 side chain
Tyrg2 Tyr99 T14 34 03' (C3 OH) within sugar group within phosphodiester bond between T15 and C15 and
3 299 1331.377 OH (OH) of Tyr92 side chain _ _ '
Asnl27 Asnl34 T14 3.0 04' (O between C1' and C4") within sugar group and ND2 (NH2) of Asn127 side chain
Asn127 Asnl134 T14 3.0 02 (C2 C=0) of nucleotide base and ND2 (NH2) of Asn127 side chain
Serl43 Ser150 A4 3.1 OP2 (O-) within phosphate backbone and OG (OH) of Ser143 side chain
Serl43 Serl50 G3 3.0 0O5' (O) within phosphate backbone and OG (OH) of Ser143 side chain
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OP2 (O-) within phosphate backbone and OG (OH) of Ser143 side chain

Serl43 Ser150 G3 3.3
Argl44 Argl51 G3 25
Argl147 Argl54 T7 3.1

OP2 (O-) within phosphate backbone and N within peptide bond between Ser133 (COO-

) and Arg144 (+NH3)

04 (C4 C=0) of nucleotide base and NH2 (NH2) of Arg147 side chain
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Table 27: ZDOCK scores, and polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 3271 aptamer candidate-experiment two

Complex ATe'Qi%Sg'd ggg?lez?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
GIn6 GIn13 T48 34 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn6 side chain
GIn6 GIn13 A54 34 N3 (N) of nucleotide base and NE2 (NH2) of GIn6 side chain
Ser80 Ser87 Cc8 2.9 C2 (C2 C=0) of nucleotide base and OG (OH) of Ser80 side chain
Tyr81 Tyr88 A9 25 N1 (N) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr84 Tyr91 G3 2.4 OP2 (O-) within phosphate backbone and OH (OH) of Tyr84 side chain
Tyr84 Tyr9l G2 25 05' (O) within phosphate backbone and OH (OH) of Tyr84 side chain
Tyr92 Tyr99 G10 2.0 N3 (N) of nucleotide base and OH (OH) of Tyr92 side chain
Asn93 Asn100 T12 25 03' (C3 OH) within sugar group and ND2 (NH2) of Asn93 side chain
1 291 1398.288 03' (C3 OH) within sugar group with phosphodiester bond between A11 and T12 and NZ
Lys94 Lys101 All 33 (+N|S|3) of L)ysQ4 side%haign i PRosP
Argl24 Argl131 G2 2.9 06 (C6 C=0) of nucleotide base and NH2 (NH2) of Arg124 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between GIn123 (COO-
Argl24 Arg131 G2 3.1 ) and(Arg);124 (+£H3)p pep (
Asnl127 Asnl34 A9 3.4 N3 (N) of nucleotide base and ND2 (NH2) of Asn127 side chain
Glu148 Glul55 G3 2.2 N1 (NH) of nucleotide base and OE1 (C=0) of Glu148 side chain
Glu148 Glul55 A4 3.0 N6 (C6 NH2) of nucleotide base and OE1 (C=0) of Glu148 side chain
Glu148 Glul55 A4 3.3 N6 (C6 NH2) of nucleotide base and OE2 (O-) of Glu148 side chain
Tyr81 Tyr88 C15 2.5 02 (C2 C=0) of nucleotide base and OH (OH) of Tyr81 side chain
Tyr92 Tyr99 C15 2.1 0O4' (O between C1' and C4") within sugar group and OH (OH) of Tyr92 side chain
Tyr92 Tyr99 T14 3.4 03' (C3 O_H) With_in sugar group within phosphodiester between C15 (O-) and OH (OH)
of Tyr92 side chain
Asnl27 Asnl34 T14 3.0 02 (C2 C=0) of nucleotide base and ND2 (NH2) of Asn127 side chain
2 Asnl127 Asnl34 T14 3.0 2.99 1331.378 04' (O between C1' and C4") within sugar group and ND2 (NH2) of Asn127 side chain
Serl43 Serl50 G3 3.3 OP2 (O-) within phosphate backbone and OG (OH) of Ser143 side chain
Serl43 Serl50 G3 3.0 O5' (O) within phosphate backbone and OG (OH) of Ser143 side chain
Serl43 Serl50 A4 3.1 OP2 (O-) within phosphate backbone and OG (OH) of Ser143 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between Ser143 (COO-
Argl44 Argl51 G3 25 ) and(Arg))144 (+£H3)p pep (
Ser80 Ser87 T7 2.5 02 (C2 C=0) of nucleotide base and OG (OH) of Ser80 side chain
Ser80 Ser87 T7 3.1 04' (O between C1' and C4") within sugar group and OG (OH) of Ser80 side chain
Ser82 Ser89 A4 2.8 N6 (C6 NH2) of nucleotide base and O (C=0) of Ser82 carboxyl group
GIn91l GIn98 G10 1.9 N2 (C2 NH2) of nucleotide base and O (C=0) of GIn91 carboxy! group
3 GIn91 GIn98 A9 3.3 269 1329.755 N1 (N) of nucleotide base and NE2 (NH2) of GIn91 side chain
Tyr92 Tyr99 A9 2.2 ’ ’ N3 (N) of nucleotide base and OH (OH) of Tyr92 side chain
Argl24 Argl31 G2 2.2 06 (C6 C=0) of nucleotide base and NH1 (+NH2) of Arg124 side chain
Argl24 Argl31 G3 24 06 (C6 C=0) of nucleotide base and NH1 (+NH2) of Arg124 side chain
Asnl27 Argl54 Cc8 2.6 02 (C2 C=0) of nucleotide base and ND2 (H2N) of Asn127 side chain
Glul148 Glul55 G3 3.1 N2 (C2 NH2) of nucleotide base and OE1 (O-) of Glu148 side chain

Page | LXXXII




Appendix 18: ZDOCK outputs and polar contacts between HPV-18 E6 and the control ligand 4TS2, natural ligand p53, and
HPV-18 E6 aptamer candidates

Table 28: ZDOCK score, and polar contacts between HPV-18 E6 protein and the control ligand 4TS2

Amino acid Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Ser1024 Ser24 C79 2.2 02' (C2' OH) of sugar group and OG (OH) of Ser1024 side chain
03' (C3' OH) of sugar group within phosphodiester bond between C80 (O-) and N within
Ser1024 Ser24 C79 32 peptide bond between Thr1023 (COO-) and Ser1024 (+NH3)
Ala1048 Ala48 A23 3.2 02' (C2' OH) of sugar group and O (C=0) of Ala1048 carboxyl! group
Arg1049 Arg49 A23 3.1 OP1 (P=0) of phosphate backbone and NH1 (+NH2) of Arg1049 side chain
Tyr1099 Tyr99 G25 3.3 02' (C2' OH) of sugar group and OH (OH) of Tyr1099 side chain
OP2 (O-) of phosphate backbone and N within peptide bond between Leu1098 (COO-)
1 Tyr1099 Tyr99 u62 3.1 3.03 1298.337 and Tyr1099 (+NH3)
OP2 (O-) of phosphate backbone and N within peptide bond between Tyr1099 (COO-)
Asn1100 Asn100 u62 2.8 and Asn1100 (+NH3)
Asn1100 Asn100 A27 3.5 OP1 (P=0) of phosphate backbone and ND2 (NH2) of Asn1100 side chain
0O3' (C3' OH) of sugar group within phosphodiester bond between U66 (O-) and ND2
Asn1113 Asn113 G65 33 (NH2) of Asn1113 side chain
His1139 His139 A67 2.6 N6 (C6 NH2) of nucleotide base and ND1 (NH1) of His1139 side chain

Table 29: ZDOCK score, and polar contacts between HPV-18 E6 protein and the natural ligand p53

Complex Prqteln amino AcFuaI amino L|g.and amino Polar contact length ZDOCK score Polar contact information
acid residue acid residue acid residue and average (A)

Pro1007 Pro7 Thr329 2.6 O (C=0) of Pro1007 carboxyl group and OG (OH) of Thr329 side chain
O (C=0) of Pro1007 carboxyl group and N within peptide bond between

Pro1007 pro7 Thr329 3.0 Phe328 (COO-) and Thr329 (+NH3)
OH (OH) of Tyr1012 side chain and N within peptide bond between Phe328

1 Tyri012 Tyrl2 Thra29 35 2.95 1324.301 (CO0-) and Thr329 (+NH3)

Lys1092 Lys92 Val147 2.8 NZ (+NH3) of Lys1091 side chain and O (C=0) of Val147 carboxyl group
N within peptide bond of Gly1097 (COO-) and Leu1098 (+NH3) and OD2

Leu1098 Leu9s Asp228 3.2 (O-) of Asp228 side chain

Gly1132 Gly132 Arg363 2.6 O (C=0) of Gly1132 carboxyl group and NH1 (+NH2) of Arg363 side chain
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Table 30: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 12797 aptamer candidate-experiment one

Amino acid | Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Aspl1016 Aspl6 G39 2.6 N2 (C2 NH2) of the nucleotide base and OD1 (C=0) of Asp1016 side chain
OP1 (P=0) within the phosphate backbone and N within peptide bond between Thr1023
Serl024 Ser24 A57 35 (COO0-) and Ser1024 (+NH3)
GIn1026 GIn26 G55 3.3 N2 (C2 NH2) of the nucleotide base and OE1 (C=0) of GIn1026 side chain
1 Arg1049 Arg49 C8 3.0 3.05 1389.297 OP1 (P=0) within the phosphate backbone and NH2 (NH2) of Arg1049 side chain
Asp1051 Asp51 G19 3.1 ’ ’ N2 (C2 NH2) of the nucleotide base and OD1 (C=0) of Asp1051 side chain
His1066 His66 T7 3.2 OP1 (P=0) within the phosphate backbone and NE2 (NH2) of His1066 side chain
. . 03' (O-) within the sugar group within phosphodiester bond between T7 (O-) and NE2
His1066 His66 6 32 (NH2) of His1066 side chain
Tyr1099 Tyr99 C16 25 02 (C2 C=0) of the nucleotide base and OH (OH) of Tyr1099 side chain
GIn1026 GIn26 A5 3.0 OP2 (O-) within the phosphate backbone and NE2 (NH2) of GIn1026 side chain
GIn1026 GIn26 T6 3.1 OP2 (O-) within the phosphate backbone and NE2 (NH2) of GIn1026 side chain
Arg1049 Arg49 T7 3.3 OP1 (P=0) within the phosphate backbone and NH1 (+NH2) of Arg1049 side chain
03' (C3 OH) within the sugar group within phosphodiester bond between C8 (O-) and
Arg1049 Arg49 7 38 NH1 (+NH2) of Arg1049 side chain
Tyrl072 Tyr72 A21 2.7 OP2 (O-) within the phosphate backbone and OH of Tyr1072 side chain
Tyrl072 Tyr72 A21 3.0 O5' (O) within the phosphate backbone and OH of Tyr1072 side chain
Arg1074 Arg74 ca0 3.0 cor?aiﬁo between C1' and C4') within the sugar group and NH1 (+NH2) of Arg1074 side
Arg1079 Arg79 C23 2.7 OP1 (P=0) within the phosphate backbone and NH2 (NH2) of Arg1079 side chain
2 Tyr1086 Tyr86 C59 2.8 2.99 1378.423 OP1 (P=0) within the phosphate backbone and OH (OH) of Tyr1086 side chain
Arg1119 Argl119 C69 2.6 OP2 (O-) within the phosphate backbone and NH2 (NH2) of Arg1119 side chain
Argl1119 Argl119 C68 3.4 O5' (O) within the phosphate backbone and NH2 (NH2) of Arg1119 side chain
Glul1123 Glul23 G56 2.3 N2 (C2 NH2) of the nucleotide base and OE1 (C=0) of Glu1123 side chain
Glul123 Glul23 G56 2.7 N2 (C2 NH2) of the nucleotide base and OE2 (O-) of Glu1123 side chain
Lys1124 Lys124 G63 3.1 O5' (O) within the phosphate backbone and NZ (+NH3) of Lys1124 side chain
Argl1126 Arg126 C59 3.2 OP2 (O-) within the phosphate backbone and NH1 (+NH2) of Arg1126 side chain
Argl1126 Arg126 G58 35 OP1 (C=0) within the phosphate backbone and NH1 (+NH2) of Arg1126 side chain
03' (C3 OH) within the sugar group within phosphodiester bond between G58 (O-) and
GIn1137 GIn137 AS7 3.4 NE2 (NH2) of GIn1137 side chain
Asnl143 Asnl43 C69 2.2 02 (C2 OH) of the nucleotide base and ND2 (NH2) of Asn1143 side chain
Serl024 Ser24 T6 2.8 04' (O between C1' and C4") within the sugar group and OG (OH) of Ser1024 side chain
Tyrl099 Tyr99 G39 2.4 N3 (N) of nucleotide base and OH (OH) of Tyr1099 side chain
OP1 (P=0) within the phosphate backbone and N within peptide bond between Leu1101
3 Leul102 Leul02 AS7 2.4 2.65 1359.978 (COO-) and Leu1102 (H3N+)
Asnl129 Asnl129 C59 2.0 OP1 (P=0) within the phosphate backbone and ND2 (NH2) of Asn1129 side chain
Tyr1134 Tyr134 G58 30 OP1 (P=0) within the phosphate backbone and N within peptide bond between His1133

(COO-) and Tyr1134 (H3N+)
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Table 31: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 12797 aptamer candidate-experiment two

Complex ATe'Qi%Sg'd ggge:lei?;':g Nucleotide P?alr?; (;?Igtrzztelfggth ZDOCK score Polar contact information
Asp1006 Asp6 Al 3.6 N6 (C6 NH2) of nucleotide base and OD2 (O-) of Asp1006 side chain
Thr1008 Thr8 Al 2.3 N6 (C6 NH2) of nucleotide base and OG1 (OH) of Thr1008 side chain
Thr1008 Thr8 G2 2.6 N1 (NH) of nucleotide base and O (C=0) of Thr1008 carboxyl group
Arg1009 Arg9 G3 25 N2 (C2 NH2) of nucleotide base and O (C=0) of Arg1009 carboxyl group
Arg1010 Argl0 G3 3.6 N2 (C2 NH2) of nucleotide base and O (C=0) of Arg1010 carboxyl group
Thr1089 Thrao G56 29 03' (C3 0H) withir) sugar group within phosphodiester bond between A57 (O-) and OG1
1 289 1355.813 (OH) of Thr1Q89 side chain _ _
Thr1096 Thro6 A9 3.0 OP1 (P=0) within phosphate backbone and OG1 (HO) of Thr1096 side chain
Thr1096 Thro6 A9 3.0 OP2 (O-) within phosphate backbone and OG1 (HO) of Thr1096 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond of Gly1097 (COO-)
Leul098 Leu98 A4l 2.6 and Leu1098 (+NH3)
03' (C3 OH) within sugar group within phosphodiester bond between G43 (O-) and ND2
Asn1100 Asn100 A4z 2.6 (NH(Z) of As)nllOO sidgl chgin i Phosp ©)
Asn1100 Asn100 G43 3.1 OP1 (P=0) within phosphate backbone and ND2 (NH2) of Asn1100 side chain
Thr1094 Thro4 C67 3.3 N4 (C4 NH2) of nucleotide base and O (C=0) of Thr1094 carboxyl group
Asn1095 Asn95 G51 34 06 (C6 C=0) of nucleotide base and ND2 (NH2) of Asn1095 side chain
Asnl1095 Asn95 C68 3.2 N4 (C4 NH2) of nucleotide base and O (C=0) of Asn1095 carboxy! group
Asn1095 Asn95 C67 2.6 N4 (C4 NH2) of nucleotide base and O (C=0) of Asn1095 carboxyl group
Thr1096 Thro6 C67 3.6 N4 (C4 NH2) of nucleotide base and OG1 (OH) of Thr1096 side chain
2 Thr1096 Thr96 G56 2.6 3.11 1332.657 06 (C6 C=0) of nucleotide base and OG1 (OH) of Thr1096 side chain
Thr1096 Thro6 A57 2.5 N6 (C6 NH2) of nucleotide base and OG1 (OH) of Thr1096 side chain
Thr1096 Thr96 T66 3.0 04 (C4 C=0) of nucleotide base and OG1 (OH) of Thr1096 side chain
Asnl1100 Asnl100 G56 3.4 O5' (O) within phosphate backbone and ND2 (NH2) of Asn1100 side chain
Asnl1100 Asnl100 A57 2.1 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn1100 side chain
Asn1100 Asn100 C59 3.5 N4 (C4 NH2) of nucleotide base and O (C=0) of Asn1100 carboxy! group
03' (C3 OH) within sugar group within phosphodiester bond between T34 (O-) and NE
Arg1003 Arg3 A33 31 (NH)( of Arg1)003 o ohain. Prosp ©)
Thr1008 Thr8 C56 3.2 OP2 (O-) within phosphate backbone and OG1 (OH) of Thr1008 side chain
3 Arg1009 Arg9 G35 2.9 3.00 1229.720 N7 (N) of nucleotide base and NH2 (NH2) of Arg1009 side chain
Arg1009 Arg9 G35 2.6 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg1009 side chain
Arg1009 Arg9 G35 3.2 O5' (O) within phosphate backbone and NH1 (+NH2) of Arg1009 side chain
Asn1095 Asn95 G10 2.1 OP2 (O-) within phosphate backbone and ND2 (NH2) of Asn1009 side chain
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Table 32: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 2720 aptamer candidate-experiment one

Amino acid

Actual amino

Polar contact length

Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between G70 (O-) and OH
Tyr1012 Tyr12 ce9 3.4 (OH§ of Tyr1)012 side chain Phosp ©)
Ser1082 Ser82 T31 3.1 OP2 (O-) within phosphate backbone and OG (OH) of Ser1082 side chain
03' (C3 OH) within sugar group within phosphodiester bond between T66 (O-), and OG1
Thr1096 Thro6 ABS 33 (OH) of Thr1096 side chain
1 Thr1096 Thro6 T66 2.7 2.99 1389.297 OP1 (P=0) within phosphate backbone and OG1 (OH) of Thr1096 side chain
Asn1100 Asn100 G63 2.8 N2 (C2 NH2) of nucleotide base and OD1 (C=0) of Asn1100 side chain
04' (O between C1 and C4) within sugar group and N within peptide bond between
Leu1102 Leu102 66 25 Leu1101 (COO-) and Leu1102 (+NH3)
Lys1110 Lys110 Ad4 2.7 OP1 (P=0) within phosphate backbone and NZ (+NH3) of Lys1110 side chain
Tyrl134 Tyrl34 T31 3.4 OP1 (P=0) within phosphate backbone and OH (OH) of Tyr1134 side chain
Thr1008 Thr8 G36 3.5 N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr1008 side chain
Ser1024 Ser24 T14 2.9 OP1 (P=0) within phosphate backbone and OG (OH) of Ser1024 side chain
Leul093 Leu93 G63 3.5 N2 (C2 NH2) of nucleotide base and O (C=0) of Leu1093 carboxyl group
Ad3 04' (O between C1 and C4) within sugar group and N within peptide bond between
2 Asn1095 Asn95 3.2 314 1378.423 Thr1094 (COO0-) and Asn1095 (+NH3)
T30 ’ ’ 03' (0O) within phosphate backbone within phosphodiester bond between T31 (O-) and
Tyr1099 Tyr99 3.1 OH (OH) of Tyr1099 side chain
Tyr1099 Tyr99 T31 1.9 OP2 (O-) within phosphate backbone and OH (OH) of Tyr1099 side chain
Tyr1099 Tyr99 T31 2.8 O5' (O-) within phosphate backbone and OH (OH) of Tyr1099 side chain
Lys1117 Lys117 T32 3.0 OP2 (O-) within phosphate backbone and NZ (+NH3) of Lys1117 side chain
0O3' (C3' OH) within sugar group within phosphodiester bond between A21 (O-) and N of
Phel071 Phe71 C20 2.7 Phel071 amine group
Tyrl072 Tyr72 C20 2.2 N3 (N) of nucleotide base and OH (OH) of Tyr1072 side chain
Tyrl072 Tyr72 C20 2.5 N4 (C4 NH2) of nucleotide base and OH (OH) of Tyr1072 side chain
Argl1074 Arg74 A21 3.3 OP1 (P=0) within phosphate backbone and NE (NH) of Arg1074 side chain
Arg1079 Arg79 T14 2.7 04 (C4 C=0) of nucleotide base and NH1 (+NH2) of Arg1079 side chain
3 His1080 His80 T14 3.1 2.74 1359.978 OP1 (P=0) within phosphate backbone and NE2 (+NH) of His1080 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between His1080
Tyrlosl Tyr8l 13 3.0 (coo(-) anc)i Tyr108r:JL (+l\§)H3) i
Arg1107 Arg107 A35 2.3 N1 (N) of nucleotide base and NH2 (NH2) of Arg1107 side chain
Argl1107 Argl07 A35 2.9 N3 (N) of nucleotide base and NH1 (+NH2) of Arg1107 side chain
Cysl1141 Cysl141 G36 3.2 N2 (C2 NH2) of nucleotide base and O (C=0) of Cys1141 carboxyl group
Asnl143 Asnl43 G36 2.2 N2 (C2 NH2) of nucleotide base and O (C=0) of Asn1143 carboxyl group
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Table 33: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 2720 aptamer candidate-experiment two

Amino acid

Actual amino

Polar contact length

Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Thr1008 Thr8 G36 35 N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr1008 side chain
Ser1024 Ser24 T14 2.9 OP1 (P=0) within phosphate backbone and OG (OH) of Ser1024 side chain
Leul093 Leu93 G63 35 N2 (C2 NH2) of nucleotide base and O (C=0) of Leu1093 carboxyl group
04' (O between C1 and C4) within sugar group and N within peptide bond between
. Asn1095 Asn95 A43 32 a14 1425395 |_Thrl094 (COO-) and Asn1095 (+NH3)
Tyr1099 Tyr99 T30 31 ’ ’ 03' (C3 OH) within sugar group within phosphodiester bond between T31 (O-) and OH
(OH) of Tyr1099 side chain
Tyr1099 Tyr99 T31 1.9 OP2 (O-) within phosphate backbone and OH (OH) of Tyr1099 side chain
Tyr1099 Tyr99 T31 2.8 05' (O) within phosphate backbone and OH (OH) of Tyr1099 side chain
Lys1117 Lys117 T32 3.0 OP2 (O-) within phosphate backbone and NZ (+NH3) of Tyr1117 side chain
Val1054 Val54 G19 1.9 N2 (C2 NH2) of nucleotide base and O (C=0) of Val1054 carboxyl group
OP1 (P=0) within phosphate backbone and N within peptide bond between Thr1094
2 Asn1095 Asn95 G10 2.9 3.17 1332.035 (coo(-) angl ASHL095 (+IF\)IH3) i
Asn1100 Asnl100 A35 3.1 N6 (C6 NH2) of nucleotide base and OD1 (C=0) of Asn1100 carboxy! group
His1133 His133 G23 3.5 04' (O between C1 and C4) within sugar group and NE2 (+NH) of His133 side chain
03' (C3 OH) within sugar group within phosphodiester bond between A62 (O-) and NZ
Lys1013 Lys13 Cc61 35 (+NIE|3) of |_3)/51013 side chain Prosp ©)
Lys1013 Lys13 A62 2.4 OP1 (P=0) within phosphate backbone and NZ (+NH3) of Lys1013 side chain
3 Aspl016 Aspl6 T60 2.6 2.96 1173.236 N3 (N) of nucleotide base and OD2 (O-) of Asp1016 side chain
03' (C3 OH) within sugar group within phosphodiester bond between C46 (O-) and OG1
Thr1096 Thro6 A4S 3.4 (OH§ of Thr:)LOQG side ohain Phosp ©)
Asnl1113 Asnl13 G64 2.9 06 (C6 C=0) of nucleotide base and ND2 (NH2) of Asn1113 side chain
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Table 34: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 10017 aptamer candidate-experiment one

Amino acid | Actual amino . Polar contact length . .
Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
Pro1007 Pro7 C52 2.9 N4 (C4 NH2) of nucleotide base and O (C=0) of Pro1007 carboxyl group
Lys1013 Lys13 G56 2.8 N3 (N) of nucleotide base and NZ (+NH3) of Lys1013 side chain
Ser1024 Ser24 A34 3.3 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser1024 side chain
Aspl1051 Asp51 G56 2.1 N2 (C2 NH2) of nucleotide base and OD2 (O-) of Asp1051 side chain
Thr1096 Thr96 C48 3.1 OP2 (O-) within phosphate backbone and OG1 (OH) of Thr1096 side chain
03' (C3 OH) within sugar group within phosphodiester bond between C48 (O-) and
Thr1096 Throg 47 3.5 0G1 (OH) of Thr1096 side chain
1 Tyr1099 Tyr99 T60 3.1 298 1446.35 04' (O between C1 and C4) within sugar group and OH (OH) of Tyr1099 side chain
Tvri099 Tyroo c59 35 ’ ’ 03' (C3 OH) within sugar group within phosphodiester bond between T60 (O-) and OH
Y Y : (OH) of Tyr1099 side chain
Asn1100 Asn100 G58 24 N2 (C2 NH2) of nucleotide base and OD1 (C=0) of Asn1100 side chain
04' (O between C1 and C4) within sugar group and N within peptide bond between
Leu1102 Leu102 C48 25 Leu1101 (COO-) and Leu1102 (+NH3)
05' (O) within phosphate backbone and N within peptide bond between Leull01
Leu1102 Leu102 c48 35 (CO0-) and Leu1102 (+NH3)
Asnl1113 Asnll3 C59 3.1 OP1 (P=0) within phosphate backbone and ND2 (NH2) of Asn1113 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between Pro1011
Tyrl012 Tyrl2 A62 2.9 (COO0-) and Leu1012 (+NH3)
2 2.60 1407.050 03' (C3 OH) within sugar group within phosphodiester bond between T66 (O-) and OH
Tyr1099 Tyro9 AB5 2.6 (OH) of Tyr1099 side chain
Asn1100 Asn100 T35 2.3 04' (O between C1 and C4) within sugar group and ND2 (NH2) of Asn1100 side chain
3 Aspl016 Aspl6 G29 3.2 - 1358.217 N2 (C2 NH2) and OD2 (O-) of Asp1016 side chain
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Table 35: ZDOCK scores, and polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 10017 aptamer candidate-experiment two

Amino acid

Actual amino

Polar contact length

Complex residue acid residue Nucleotide and average (A) ZDOCK score Polar contact information
03' (C3 OH) within sugar group within phosphodiester bond between T42 (O-) and NZ
Lys1013 Lys13 c41 3.1 (+NIE|3) of Li/SlOlB aide chain Prosp ©)
03' (C3 OH) within sugar group within phosphodiester bond between C49 (O-) and
Asn1095 Asnos cas 3.0 ND2((NH2) gf AsnlOQSgsidg ch;i)n Prosp ©)
Tyr1099 Tyr99 T38 1.9 02 (C2 C=0) of nucleotide base and OH (OH) of Tyr1099 side chain
1 Asn1100 Asn100 G58 2.7 3.00 1293.622 OP1 (P=0) within phosphate backbone and ND2 (NH2) of Asn1100 side chain
OP2 (O-) within phosphate backbone and N within peptide bond between Leu1102
lle1103 1le103 G40 3.2 (coo(-) gnd ||e11%3 (+pNH3) i
Pro1111 Pro111 A34 3.2 N6 (C6 NH2) of nucleotide base and O (C=0) of Pro1111 carboxyl group
Ala1131 Alal131 A54 2.6 N6 (C6 NH2) of nucleotide base and O (C=0) of Ala1131 carboxyl group
Ala1131 Alal31 G53 3.2 N2 (C2 NH2) of nucleotide base and O (C=0) of Ala1131 carboxyl group
Lys1013 Lys13 G63 3.0 OP1 (P=0) within phosphate backbone and NZ (+NH3) of Lys1013 side chain
Ser1024 Ser24 C8 34 N3 (N) of nucleotide base and OG (OH) of Ser1024 side chain
Ser1024 Ser24 C8 2.7 N4 (C4 NH2) of nucleotide base and OG (OH) of Ser1024 side chain
2 Serl024 Ser24 T7 3.2 294 1281.251 04 (C4 C=0) of nucleotide base and OG (OH) of Ser1024 side chain
GIn1026 GIn26 C8 3.3 ’ ’ N4 (C4 NH2) of nucleotide base and OE1 (C=0) of GIn1026 side chain
Tyr1099 Tyr99 C67 2.7 02 (C2 C=0) of nucleotide base and OH (OH) of Tyr1099 side chain
Asn1100 Asn100 T35 2.3 04' (O between C1 and C4) within sugar group and ND2 (NH2) of Asn1100 side chain
His1133 His133 G43 1.9 04' (O between C1 and C4) within sugar group and NE (+NH) of His1133 side chain
Arg1003 Arg3 T18 3.0 OP1 (P=0) within phosphate backbone and NH2 (NH2) of Arg1003 side chain
Tyrl012 Tyrl2 C69 3.3 OP2 (P=0) within phosphate backbone and OH (OH) of Tyr1012 side chain
Aspl016 Aspl6 C67 2.2 N4 (C4 NH2) of nucleotide base and OD2 (O-) of Asp1016 side chain
Aspl016 Aspl6 T33 3.2 N3 (N) of nucleotide base and OD1 (C=0) of Asp1016 side chain
Serl059 Ser59 G70 3.4 N1 (NH) of nucleotide base and OG (OH) of Ser1059 side chain
Asn1095 Asn95 G10 2.1 N2 (C2 NH2) of nucleotide base and O (C=0) of Asn1095 carboxyl group
3 Thr1096 Thro6 G10 3.2 2.97 1083.764 N2 (C2 NH2) of nucleotide base and OG1 (OH) of Thr1096 side chain
Thr1096 Thr96 All 1.9 04' (O between C1' and C4") within sugar group and OG1 (OH) of Thr1096 side chain
Tyr1099 Tyr99 G64 3.2 06 (C6 C=0) of nucleotide base and OH (OH) of Tyr1099 side chain
Tyrl099 Tyr99 G63 2.2 N7 (N) of nucleotide base and OH (OH) of Tyr1099 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between Leu1101
Leu1102 Leul02 A1l 3.0 (coo(-) ané Leulng (+?\IH3) pep
Lys1117 Lys117 G64 1.9 OP2 (O-) within phosphate backbone and NZ (+NH3) of Lys1117 side chain
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Appendix 19: ZDOCK outputs and polar contacts between HPV-18 E7 and the control ligand 4TS2, natural ligand pRb, and
HPV-18 E7 aptamer candidates

Table 36: ZDOCK score, and polar contacts between HPV-18 E7 protein and the control ligand 4TS2

Amino acid . Polar contact length . .
Complex residue Nucleotide and average (A) ZDOCK score Polar contact information
Glu55 uU59 3.3 02' (C2 OH) within sugar group and OE2 (O-) of Glu55 side chain
Arg58 uU59 35 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg58 side chain
Lys67 Al6 3.5 02' (C2 OH) within sugar group and O (C=0) of Lys67 carboxyl group
Thro3 c76 3.2 Sige(ghgaicr)\H) within sugar group within phosphodiester bond between C77 and OG1 (OH) of Thro3
1 3.08 1344.035 02' (C2 OH) within sugar group and N within peptide bond between Leu94 (COO-) and Ser95
Ser95 A75 2.1 (+NH3)
Ser95 A75 2.6 02' (C2 OH) within sugar group and O (C=0) of Ser95 carboxyl group
Val97 G74 21 8?%%2 OH) within sugar group and N within peptide bond between Phe96 (COO-) and Val97
Val97 G74 2.4 02' (C2 OH) within sugar group and O (C=0) of Val97 carboxyl group

Table 37: ZDOCK score, and polar contacts between HPV-18 E7 protein and the natural ligand pRb

Amino acid L_|gand_ Polar contact length . .
Complex . amino acid ZDOCK score Polar contact information
residue residue and average (A)
Ser95 GIn444 3.0 O (C=0) of Ser95 carboxyl group and NE2 (NH2) of GIn444 side chain
1 Trp100 Thr502 3.3 3.07 1073.481 NE1 (NH) of Trp100 side chain and OG1 (OH) of Thr502 side chain
Serl02 Tyr498 2.9 OG (OH) of Ser102 side chain and O (C=0) of Tyr498 carboxyl group
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Table 38: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 820 aptamer candidate-experiment one

Complex ATe'Qi%Sg'd Nucleotide Po;gg cac\)/netrzt;tele(%]th ZDOCK score Polar contact information
Lys67 T28 2.9 04' (O between C1'and C4") and NZ (+NH3) of Lys67 side chain
Arg71 C69 3.3 04' (O between C1' and C4") and NH2 (NH2) of Arg71 side chain
Arg84 A65 2.9 N3 (N) of nucleotide base and NH2 (NH2) of Arg84 side chain
1 Arg84 G45 2.2 2.93 1399.341 N3 (N) of nucleotide base and NH2 (NH2) of Arg84 side chain
GIn87 T44 3.1 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn87 side chain
GIn87 T66 3.1 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn87 side chain
Thr93 All 3.0 N3 (N) of nucleotide base and OG1 (OH) of Thr93 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between GIn57 (COO-) and
Arg58 G58 2.7 Arg58( (+NI)-|3) phosp pep ( )
Arg58 G58 3.3 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg58 side chain
Ser78 G43 3.0 OP1 (P=0) within phosphate backbone and OG (OH) of Ser78 side chain
2 Th 3.12 1379.164 03' (C3 OH) within sugar group within phosphodiester bond between G70 (O-) and OG1 (OH) of
ro3 C69 2.1 ) .
Thr93 side chain
Sergs c68 3.4 o3 _(CS OH) within sugar group within phosphodiester bond between C69 (O-) and N within
) peptide bond between Leu94 (COO-) and Ser95 (+NH3)
Trp100 All 3.2 N6 (C6 NH2) of nucleotide base and O (C=0) of Trp100 carboxyl group
3 Glu77 c63 3.2 ) 1335.645 OP1 (P=0) within phosphate backbone and N within peptide bond between Val76 (COO-) and

Glu77 (+NH3)

Table 39: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 820 aptamer candidate-experiment two

Amino acid

Polar contact length

Complex ) Nucleotide ZDOCK score Polar contact information
residue and average (A)
Lys67 T28 2.9 0O4' (O between C1' and C4") and NZ (+NH3) of Lys67 side chain
Arg71 C69 3.3 04' (O between C1'and C4") and NH2 (NH2) of Arg71 side chain
Arg84 A65 2.9 N3 (N) of nucleotide base and NH2 (NH2) of Arg84 side chain
1 Arg84 G45 2.2 2.93 1399.341 N3 (N) of nucleotide base and NH2 (NH2) of Arg84 side chain
GIn87 T44 3.1 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn87 side chain
GIn87 T66 3.1 02 (C2 C=0) of nucleotide base and NE2 (NH2) of GIn87 side chain
Thro3 All 3.0 N3 (N) of nucleotide base and OG1 (OH) of Thr93 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between GIn57 (COO-) and
Arg58 G58 2.7 Arg5é (+Ng|3) phosp pep ( )
Arg58 G58 3.3 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg58 side chain
Ser78 G43 3.0 OP1 (P=0) within phosphate backbone and OG (OH) of Ser78 side chain
2 3.12 1379.164 03' (C3 OH) within sugar group within phosphodiester bond between G70 (O-) and OG1 (OH) of
Thro3 C69 21 . .
Thr93 side chain
Seros ces 34 o3 §C3 OH) within sugar group within phosphodiester bond between C69 (O-) and N within
) peptide bond between Leu94 (COO-) and Ser95 (+NH3)
Trp100 All 3.2 N6 (C6 NH2) of nucleotide base and O (C=0) of Trp100 carboxyl group
3 Glu77 G63 3.2 ) 1335.645 OP1 (P=0) within phosphate backbone and N within peptide bond between Val76 (COO-) and

Glu77 (+NH3)
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Table 40: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 392 aptamer candidate-experiment one

Complex ATe'Qi%Sg'd Nucleotide Po;gg t;?/r;trzt;tele(gg]th ZDOCK score Polar contact information
M 04' (O between C1'and C4') within sugar group and N within peptide bond between Cys63 (COO-
et64 A9 3.4
1 3.30 1634.326 ) and Met64 (+NH3) : :
GIn87 Cc8 3.2 OP2 (O-) within phosphate backbone and NE2 (NH2) of GIn87 side chain
Cys101 G44 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Cys101 carboxyl group
Arg58 All 3.1 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg58 side chain
Arg58 A9 35 N6 (C6 NH2) of nucleotide base and O (C=0) of Arg58 carboxyl group
N6 (C6 NH2) of nucleotide base and C (C=0) within peptide bond of Arg58 (COO-) and His59
Arg58 A9 3.8 (+NH3)
Thr60 A9 3.0 N1 (N) of nucleotide base and OG1 (OH) of Thr60 side chain
Thr60 A9 3.2 N6 (C6 NH2) of nucleotide base and OG1 (OH) of Thr60 side chain
2 Thr60 G64 3.1 314 1542.659 04' (O between C1' and C4") within sugar group and OG1 (OH) of Thr60 side chain
Leu62 G64 26 ’ ’ OP1 (P=0) within phosphate backbone and N within peptide bond between Met61 (COO-) and
) Leu62 (+NH3)
Arg71 A57 3.4 N1 (N) of nucleotide base and N within peptide bond between Ala70 (COO-) and Arg71 (+NH3)
Arg71 C59 3.4 02 (C2 C=0) of nucleotide base and NH1 (+NH2) of Arg71 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between Leu74 (COO-) and
val7s G33 32 Val75( (+N2|3) phosp pep (
GIn87 G63 2.2 OP1 (P=0) within phosphate backbone and NE2 (NH2) of GIn87 side chain
Lys67 G10 2.5 N7 (N) of nucleotide base and NZ (+NH3) of Lys67 side chain
Lys67 G64 3.4 N2 (C2 NH2) of nucleotide base and O (C=0) Lys67 carboxyl group
3 Val75 C46 2.5 2.93 1465.278 N4 (C4 NH2) of nucleotide base and O (C=0) of Val75 carboxyl group
Ser95 G10 3.3 0O4' (O between C1 and C4) within sugar group and OG (OH) of Ser95 side chain
Pro99 G47 2.0 N1 (NH2) of nucleotide base and O (C=0) of Pro99 side chain
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Table 41: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 392 aptamer candidate-experiment two

Amino acid

Polar contact length

Complex residue Nucleotide and average (A) ZDOCK score Polar contact information
M 04' (O between C1' and C4') within sugar group and N within peptide bond between Cys63
et64 A9 3.4
1 3.30 1634.325 (COO-) and Met64 (+NHS3) : :
GIn87 C8 3.2 OP2 (O-) within phosphate backbone and NE2 (NH2) of GIn87 side chain
Cys101 G44 3.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Cys101 carboxyl group
Lys67 G10 25 N7 (N) of nucleotide base and NZ (+NH3) of Lys67 side chain
Lys67 G64 3.4 N2 (C2 NH2) of nucleotide base and O (C=0) of Lys67 carboxyl group
2 Val75 C46 25 2.93 1465.278 N4 (C4 NH2) of nucleotide base and O (C=0) of Val75 carboxyl group
Ser95 G10 3.3 04' (O between C1' and C4") within sugar group and OG (OH) of Ser95 side chain
Pro99 G47 2.0 N1 (HN) of nucleotide base and O (C=0) of Pro99 carboxyl group
Leu62 G64 3.1 N2 (C2 NH2) of nucleotide base and O (C=0) of Leu62 carboxyl group
Met64 A9 35 04' (O between C1 and C4) within sugar group and N within peptide bond between Cys63
) (COO0-) and Met64 (+NH3)
Glu69 G10 3.5 N1 (NH) of nucleotide base and OE2 (O-) of Glu69 side chain
3 GIn87 T7 2.0 3.23 1411.166 OP1 (P=0) within phosphate backbone and NE2 (NH2) of GIn87 side chain
Gl 03' (C3 OH) within sugar group within phosphodiester bond between C8 (O-) and NE2 (NH2)
n87 T7 3.4 . .
of GIn87 side chain
Cys101 G44 3.6 N2 (C2 NH2) of nucleotide base and O (C=0) of Cys101 carboxyl group
Serl03 G44 2.3 N2 (C2 NH2) of nucleotide base and O (C=0) of Ser103 carboxyl group
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Table 42: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 5772 aptamer candidate-experiment one

Complex ATe'Qi%Sg'd Nucleotide Po;s& t;?/r;trzt;tele(ggth ZDOCK score Polar contact information
Lys67 G40 3.4 05' (O) within phosphate backbone and NZ (+NH3) of Lys67 side chain
Gl OP2 (O-) within phosphate backbone and N within peptide bond between Cys68 (COO-) and
u69 G39 2.8
Glu69 (+NH3)
Arg71 G37 2.1 OP2 (O-) within phosphate backbone and NH1 (+NH2) of Arg71 side chain
A 03' (C3 OH) within sugar group within phosphodiester bond between G37 (O-) and NH1 (+NH2)
rg71 A36 2.2 . ;
of Arg71 side chain
Thro3 C69 2.7 OP2 (O-) within phosphate backbone and OG1 (OH) of Thr93 side chain
Thr93 C68 3.1 N4 (C4 NH2) of nucleotide base and O (C=0) of Thr93 carboxyl group
Ser95 C69 3.0 N4 (C4 NH2) of nucleotide base and OG (OH) of Ser95 side chain
Ser95 T38 3.1 04 (C4 C=0) of nucleotide base and OG (OH) of Ser95 side chain
1 Ser95 G39 2.1 2.87 1436.474 06 (C6 C=0) of nucleotide base and OG (OH) of Ser95 side chain
Ser95 C66 3.1 N4 (C4 NH2) of nucleotide base and O (C=0) of Ser95 carboxyl group
Ser95 C67 2.4 N4 (C4 NH2) of nucleotide base and O (C=0) of Ser95 carboxyl group
Valg7 Te6 27 (?-All\lf-% C=0) of nucleotide base and N within peptide bond between Phe96 (COO-) and Val97
OP2 (0-) within phosphate backbone and N within peptide bond between Pro99 (COO-) and
Trp100 G63 3.2 Trp1c§0 (lNHS) phosp pep ( )
Trpl100 C61 3.3 O5' (O) within phosphate backbone and NE1 (NH) of Trp100 side chain
Alal02 C44 2.5 N4 (C4 NH2) of nucleotide base and O (C=0) of Ala102 carboxyl group
Serl03 A62 2.6 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser103 side chain
Serl03 A62 3.0 N7 (N) of nucleotide group and OG (OH) of Ser103 side chain
Arg58 C68 3.3 OP2 (O-) within phosphate backbone and NH2 (NH2) of Arg58 side chain
Leu62 G64 27 OP2 (O-) within phosphate backbone and N within peptide bond between Met61 (COO-) and
2 2.82 1302.250 Leu62 (+NH3) : :
Arg71 A62 2.2 N7 (N) of nucleotide base and NH1 (+NH2) of Arg71 side chain
Arg71 A62 3.3 N7 (N) of nucleotide base and NH2 (NH2) of Arg71 side chain
Glu73 A4l 2.6 N6 (C6 NH2) of nucleotide base and OE2 (O-) of Glu73 side chain
Leu62 G58 3.5 N7 (N) of nucleotide base and N within peptide bond between Met61 (COO-) and Leu62 (+NH3)
Met64 AS7 3.0 OP2 (0O-) within phosphate backbone and N within peptide bond between Cys63 (COO-) and
3 3.18 1291.008 Met64 (+NH3) .
Val75 C44 3.4 N4 (C4 NH2) of nucleotide base and O (C=0) of Val75 carboxyl group
GIng7 G58 28 (s)ig'e(gr?a%H) within sugar group within phosphodiester bond C59 (O-) and NE2 (NH2) of GIn87
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Table 43: ZDOCK scores, and polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 5772 aptamer candidate-experiment two

Complex ATe'Qi%Sg'd Nucleotide Po;gg cac\)/netrzt;tele(%]th ZDOCK score Polar contact information
OP1 (P=0) within phosphate backbone and N within peptide bond between Ser78 (COO-) and
Lys67 G40 34 Ser7S() (+N?—|3) Prosp Py ( :
Glu69 G39 28 03 {C3 OH) within sugar group within phosphodiester bond between T25 (O-) and N within
) peptide bond between Phe96 (COO-) and Val97 (+NH3)
OP2 (O-) within phosphate backbone and N within peptide bond between Pro99 (COO-) and
Arg71 A36 2.2 TrpléO (lNH3) PSP PP ( :
Arg71 G37 2.1 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser103 side chain
Thr93 C69 2.7 06 (C6 C=0) of nucleotide base and OG (OH) of Ser103 side chain
OP1 (P=0) within phosphate backbone and N within peptide bond between Ser78 (COO-) and
Thro3 C68 31 Ser79 (+NH3)
Ser9s T38 31 o3 (CS OH) within sugar group within phosphodiester bond between T25 (O-) and N within
) peptide bond between Phe96 (COO-) and Val97 (+NH3)
Sergs C69 3.0 OP2 (0-) within phosphate backbone and N within peptide bond between Pro99 (COO-) and
1 2.87 1436.474 Trp100 (+NHS) : : :
Ser95 G39 2.1 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser103 side chain
Ser95 C68 3.1 06 (C6 C=0) of nucleotide base and OG (OH) of Ser103 side chain
Seros c67 24 OP1 (P=0) within phosphate backbone and N within peptide bond between Ser78 (COO-) and
Ser79 (+NH3)
valg7 T66 27 o3 (CS OH) within sugar group within phosphodiester bond between T25 (O-) and N within
) peptide bond between Phe96 (COO-) and Val97 (+NH3)
OP2 (O-) within phosphate backbone and N within peptide bond between Pro99 (COO-) and
Trp100 Cc61 3.3 Trp100 (+NH3)
Trpl00 G63 3.2 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser103 side chain
Alal02 C44 2.5 06 (C6 C=0) of nucleotide base and OG (OH) of Ser103 side chain
Ser103 A62 26 OP1 (P=0) within phosphate backbone and N within peptide bond between Ser78 (COO-) and
Ser79 (+NH3)
Ser103 A62 3.0 o3 (CS OH) within sugar group within phosphodiester bond between T25 (O-) and N within
) peptide bond between Phe96 (COO-) and Val97 (+NH3)
OP2 (O-) within phosphate backbone and N within peptide bond between Pro99 (COO-) and
Ser79 c1s 3.4 TrplO(O ()+NH3) phosp pep ( )
Val97 C24 2.6 N6 (C6 NH2) of nucleotide base and OG (OH) of Ser103 side chain
2 Trpl100 G3 3.2 298 1290.698 06 (C6 C=0) of nucleotide base and OG (OH) of Ser103 side chain
s ’ ’ OP1 (P=0) within phosphate backbone and N within peptide bond between Ser78 (COO-) and
erl03 A4 2.3
Ser79 (+NH3)
Ser103 G3 34 o3 (03 OH) within sugar group within phosphodiester bond between T25 (O-) and N within
) peptide bond between Phe96 (COO-) and Val97 (+NH3)
val75 A1 33 o3 §C3 OH) within sugar group within phosphodiester bond between G22 (O-) and N within
3 ) 3.25 1281.106 peptide bond petween Leu74 (COO-) and VaI7_5 _(+NH3)_
GIu77 A5 3.2 ’ ’ OP1 (P=0) within phosphate group and N within peptide bond between Val76 (COO-) and

GIu77 (+NH3)
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Appendix 20: Final HPV aptamer candidates and observed polar contacts

Table 44: ZDOCK scores, and observed polar contacts between HPV-16 E2 protein and HPV-16 E2 sequence 324 aptamer candidate

Polar
. Actual contact
Amino .
Complex acid agl'igo Nucleotide Ie:ngc}h chcg?eK Polar contact information Additional information
residue residue average
A)
. . Protein side-chain-DNA base edge interaction. A N3 acts
Tyr301 Tyr303 A24 2.3 N3 (N) of nucleotide base and OH (OH) of Tyr301 side as H-bond acceptor and Tyr OH acts as H-bond donor. O-
chain
H---N H-bond
Protein side chain-DNA backbone interaction. G O4' acts
04' (O between C1' and C4') within sugar group and OH as H-bond acceptor and Tyr OH acts as H-bond donor. G
Tyr301 Tyr303 G25 2.4 (OH) of Tyr301 side chain 04' has lone electron pair that can form a H-bond. O-H--O
H-bond
03' (C3' OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. G O3' acts
Tyr310 Tyr312 G55 2.2 bond between G56 (O-) and OH (OH) of Tyr310 side as H-bond acceptor and Tyr OH acts as H-bond donor. O-
chain H---O H-bond
03' (C3' OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. C O3' acts
Ser314 Ser316 C8 3.4 bond between A9 (O-) and OG (OH) of Ser314 side as H-bond acceptor and Ser OH acts as H-bond donor. O-
chain H---O H-bond
1 2.70 | 1577.154 | O3' (C3 OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. C O3' acts
Trp317 Trp319 C8 2.9 bond between A9 (O-) and NE1 (NH) of Trp317 side as H-bond acceptor and Trp NE1 acts as H-bond donor.
chain N-H:--O H-bond
03' (C3' OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. C O3' acts
Thr332 Thr334 C8 2.4 bond between A9 (O-) and OG1 (OH) of Thr332 side as H-bond acceptor and Thr OG1 acts as H-bond donor.
chain O-H:--O H-bond
_ . Protein side chain-DNA backbone interaction. G OP1 acts
Thr334 Thr336 G10 2.9 opP1 (P_Q) W'th'.n phosphate backbone and OG1 (OH) of as H-bond acceptor and Thr OG1 acts as H-bond donor.
Thr334 side chain
0O-H---O H-bond
Protein backbone-DNA base edge interaction. G N2 acts
. _ as H-bond donor and backbone O of Ser carboxyl group
Ser362 | Ser364 G10 31 (CC;erl(\Jl)l(-llz) ;);Sucleotlde base and O (C=0) of Ser362 acts as H-bond acceptor. Also, G N2 acts as H-bond
ylgroup donor as seen in Watson-Crick base pairing, with C=0 as
H-bond acceptor. N-H---O H-bond
_ o Protein side chain-DNA backbone interaction. T OP1 acts
2 Ser357 | Ser359 T60 35 - 1431.306 OP1 (P_Q) W'th'.n phosphate backbone and OG (OH) of as H-bond acceptor and Ser OG1 act as H-bond donor.
Ser357 side chain
0O-H---O H-bond
Protein backbone-DNA base edge interaction. C N4 acts
as H-bond donor and backbone O of Val carboxyl group
3 val3i3 val3is c20 28 | 328 | 1426.811 N4 (C4 NH2) of nucleotide base and O (C=0) of Val313 acts as Hjbond accepto_r. Also, C Né} acts as H—b(ind donor
carboxyl group as seen in Watson-Crick base pairing, with C=0 as H-
bond acceptor. Val can only participate in H-bonds only
through backbone atoms. N-H--O H-bond
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03' (C3' OH) within sugar group within phosphodiester
bond between C49 (O-) and OG1 (OH) of Thr332 side
chain

Protein side chain-DNA backbone interaction. G O3' acts
as H-bond acceptor and Thr OG1 acts as H-bond donor.
O-H--O H-bond

Thr332 | Thr334 G48 34
Phe360 | Phe362 T31 3.3
Phe360 | Phe362 T31 3.6

02 (C2 C=0) of nucleotide base and N within peptide
bond between Gly359 (COO-) and Phe360 (+NH3)

Protein backbone-DNA base edge interaction. T O2 acts
as H-bond acceptor and backbone N of Phe amide group
acts as H-bond donor. N-H---O H-bond

N3 (NH) of nucleotide base and O (C=0) of Phe360
carboxyl group

Protein backbone-DNA base edge interaction. T N3 acts
as H-bond donor as seen in Watson-Crick base pairing
with backbone O of Phe carboxyl group as H-bond
acceptor. N-H---O H-bond
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Table 45: ZDOCK scores, and observed polar contacts between HPV-16 E6 protein and HPV-16 E7-E6 sequence 3271 aptamer candidate

Polar
. Actual contact
Amino .
Complex acid a;?:'igo Nucleotide Ie:ngc}h Z?c(z?eK Polar contact information Additional information
residue residue average
A)
_ . Protein side-chain-DNA base edge interaction. T O2 acts
GIn6 GIn13 T48 34 Sige((éﬁa(i:n_O) of nucleotide base and NE2 (NH2) of GIn6 as H-bond acceptor and GIn NE2 acts as H-bond donor.
N-H:--O H-bond
. . Protein side-chain-DNA base edge interaction. A N3 acts
GIn6 GIn13 A54 3.4 ?ﬁagrl:l) of nucleotide base and NE2 (NH2) of GIn6 side as H-bond acceptor and GIn NE2 acts as H-bond donor.
N-H---N H-bond
_ . Protein side-chain-DNA base edge interaction. C O2 acts
Ser80 Ser87 c8 2.9 0.2 (c2 Q—O) of nucleotide base and OG (OH) of Ser80 as H-bond acceptor and Ser OG acts as H-bond donor. O-
side chain
H---O H-bond
. . Protein side-chain-DNA base edge interaction. A N1 acts
Tyr8l Tyr88 A9 25 l;l:agrl:l) of nucleotide base and OH (OH) of Tyr81 side as H-bond acceptor as seen in Watson-Crick base pairing,
with Tyr OH as H-bond donor. O-H---N H-bond
- Protein side chain-DNA backbone interaction. G OP2 acts
Tyr84 Tyrol G3 2.4 oP2 (O._) W'th".‘ phosphate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
Tyr84 side chain
H---O H-bond
\ L Protein side chain-DNA backbone interaction. G O5' acts
Tyr84 Tyrol G2 25 05'(0) .W'thm phosphate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
Tyr84 side chain
H---O H-bond
. . Protein side-chain-DNA base edge interaction. G N3 acts
1 Tyr92 Tyr99 G10 2.0 2.9 | 1398.289 ’c\lr?agr’:‘) of nucleotide base and OH (OH) of Tyr92 side as H-bond acceptor and Tyr OH acts as H-bond donor. O-
H---N H-bond
03' (C3' OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. T O3' acts
Asn93 Asn100 T12 25 bond between C13 (O-) and ND2 (NH2) of Asn93 side as H-bond acceptor and Asn ND2 acts as H-bond donor.
chain N-H:---O H-bond
03' (C3' OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. A O3' acts
Lys94 Lys101 All 3.3 bond between T12 (O-) and NZ (+NH3) of Lys94 side as H-bond acceptor and Lys NZ acts as H-bond donor. N-
chain H---O H-bond
Protein side-chain-DNA base edge interaction. G O6 acts
as H-bond acceptor and Arg NH2 acts as H-bond donor.
06 (C6 C=0) of nucleotide base and NH2 (NH2) of Also, G 06 acts as H-bond acceptor as seen in Watson-
Argl24 | Argl3l G2 29 Arg124 side chain Crick base pairing, with NH2 as H-bond donor. N-H---O H-
bond. Arg contains multiple NH groups that have the
potential of forming H-bonds
OP2 (O-) within phosphate backbone and N within Protein backbone-DNA backbone interaction. G OP2 acts
Argl24 | Argl3l G2 31 peptide bond between GIn123 (COO-) and Arg124 as H-bond acceptor and backbone N of Arg amide group
(+NH3) acts as H-bond donor. N-H---O H-bond
. . Protein side-chain-DNA base edge interaction. A N3 acts
Asn127 | Asnl34 A9 34 ’(;lr?agr’:l) of nucleotide base and ND2 (NH2) of Asn127 side as H-bond acceptor and Asn ND2 acts as H-bond donor.
N-H---N H-bond
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N1 (NH) of nucleotide base and OE1 (C=0) of Glu148

Protein side-chain-DNA base edge interaction. A N1 acts
as H-bond donor as seen in Watson-Crick base pairing,

Glul48 | Glu155 G3 22 side chain with backbone O of Glu carboxyl group as H-bond
acceptor. N-H---O H-bond
Protein side-chain-DNA base edge interaction. A N6 acts
: _ as H-bond donor and Glu OE1 acts as H-bond acceptor.
Glul48 | Glul55 A4 3.0 (sz?u(l(flg :I;g)cz;?nucleonde base and OE1 (C=0) of Also, A N6 acts as H-bond donor as seen in Watson-Crick
base pairing, with C=0 as H-bond acceptor. N-H---O H-
bond
. Protein side-chain-DNA base edge interaction. A N6 acts
Glul48 | Gluls5 A4 3.3 ls\lige(%ﬁal\ilr:m of nucleotide base and OE2 (O-) of Glu148 as H-bond donor and Glu OE2 acts as H-bond acceptor.
N-H:--O H-bond
Protein side-chain-DNA base edge interaction. T O4 acts
_ . as H-bond acceptor and GIn NE2 acts as H-bond donor.
GIn35 GIn42 T25 3.2 8&;%15;2212{””“‘:'%“% base and NE2 (NH2) of Also, T O4 acts as H-bond acceptor as seen in Watson-
Crick base pairing, with H2N as H-bond donor. N-H---O H-
bond
Protein side chain-DNA backbone interaction. C OP1 acts
Aras5 Ara62 c23 33 OP1 (P=0) within phosphate backbone and NE (NH) of as H-bond acceptor and Arg NE acts as H-bond donor.
9 9 ’ Arg55 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H---O H-bond.
- Protein side chain-DNA backbone interaction. G OP2 acts
Tyr70 Tyr77 G22 2.7 ?ﬁ%g;&:’gg;?nph%phate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
y H--O H-bond
\ S Protein side chain-DNA backbone interaction. A O5' acts
Tyr70 Tyr77 A21 3.2 $5r7(§ii\(/jvghclir]1ari):osphate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
y H--O H-bond
Protein backbone-DNA base edge interaction. G N2 acts
. _ as H-bond donor and backbone O of Arg carboxyl group
Arg77 Arg84 G43 3.0 | 297 | 1333.033 ’c\lazrtggf :\ll-:izjofnucleotlde base and O (C=0) of Arg77 acts as H-bond acceptor. Also, G N2 acts as H-bond
ylgroup donor as seen in Watson-Crick base pairing, with C=0 as
H-bond acceptor. N-H:-O H-bond
Protein backbone-DNA base edge interaction. G N2 acts
. _ as H-bond donor and backbone O of Tyr carboxyl group
Tyr79 Tyr86 G58 24 ’c\lazrlggf :\ll—:’gzjofnucleotlde base and O (C=0) of Tyr79 acts as H-bond acceptor. Also, G N2 acts as H-bond
ylgroup donor as seen in Watson-Crick base pairing, with C=0 as
H-bond acceptor. N-H---O H-bond
Protein side chain-DNA backbone interaction. T O4' acts
Serso Serg? T45 28 04' (O between C1' and C4") within sugar group and OG as H-bond acceptor and Ser OG acts as H-bond donor.
' (OH) of Ser80 side chain O4' has a lone electron pair that can form a H-bond. O-
H---O H-bond
s s . Protein side chain-DNA backbone interaction. C O3' acts
03' (C3' OH) within sugar group within phosphodiester ) )
Arg129 | Argl36 ca4 2.9 bond between T45 (0-) and NE (NH) of Arg129 side as 1 bond acceptor and Arg NE acts as 'j]b°”d d‘.’”|°'f'
chain rg contains multiple NH groups that have the potential o
forming hydrogen bonds. N-H---O H-bond
Arg129 | Arg136 145 28 OP1 (P=0) within phosphate backbone and NE (NH) of Protein side chain-DNA backbone interaction. T OP1 acts

Arg129 side chain

as H-bond acceptor and Arg NE acts as H-bond donor.
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Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H:--O H-bond

OP1 (P=0) within phosphate backbone and NH2 (NH2)

Protein side chain-DNA backbone interaction. T OP1 acts
as H-bond acceptor and Arg NH2 acts as H-bond donor.

Arg129 | Arg136 45 3.0 of Arg129 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H:--O H-bond
Protein backbone-DNA base edge interaction. A N6 acts
. _ as H-bond donor and backbone O of Thr carboxyl group
Thr145 | Thrl52 A62 2.8 Ela?rlggf :\”-:21 of nucleotide base and O (C=0) of Thr145 acts as H-bond acceptor. Also, A N6 acts as H-bond donor
ylgroup as seen in Watson-Crick base pairing, with C=0 as H-
bond acceptor. N-H:--O H-bond
Protein side-chain-DNA base edge interaction. C O2 acts
02 (C2 C=0) of nucleotide base and NH1 (+NH2) of as H-bond acceptor and Arg NH1 acts as H-bond donor.
Argl46 | Arg153 €59 2.9 Arg146 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H::-O H-bond
Protein side chain-DNA backbone interaction. T OP1 acts
OP1 (P=0) within phosphate backbone and NH1 (+NH2) | as H-bond acceptor and Arg NH1 acts as H-bond donor.
Argl4r | Argl54 T60 21 of Arg147 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H:--O H-bond
. - . Protein side chain-DNA backbone interaction. C O3' acts
03' (C3' OH) within sugar group within phosphodiester i )
Arg147 | Argis4 C59 3.2 bond between T60 (O-) and NH1 (+NH2) of Arg147 side | 2> bond acceptor and Arg NHiL acts as i bond d‘.’”lor];
chain rg contains multiple NH groups that have the potential o
forming hydrogen bonds. N-H---O H-bond
Protein side chain-DNA backbone interaction. T OP2 acts
OP2 (O-) within phosphate backbone and NH1 (+NH2) of | as H-bond acceptor and Arg NH1 acts as H-bond donor.
Argl47 | Argl54 T60 31 Arg147 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H---O H-bond
Protein side chain-DNA backbone interaction. C OP1 acts
OP1 (P=0) within phosphate backbone and NH2 (NH2) as H-bond acceptor and Arg NH2 acts as H-bond donor.
Argl47 | Argl54 €59 33 of Argl47 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H---O H-bond
_ . Protein side-chain-DNA base edge interaction. C O2 acts
Tyr81 Tyr88 C15 25 0.2 (c2 (.:_O) of nucleotide base and OH (OH) of Tyr81 as H-bond acceptor and Tyr OH acts as H-bond donor. O-
side chain
H---O H-bond
Protein side chain-DNA backbone interaction. C O4' acts
Tvro2 Tvro9 cis 21 04' (O between C1' and C4") within sugar group and OH as H-bond acceptor and Tyr OH acts as H-bond donor.
y y ' (OH) Tyr92 side chain O4' has a lone electron pair that can form a H-bond. O-
H---O H-bond
s e . Protein side chain-DNA backbone interaction. T O3' acts
03' (C3 OH) within sugar group within phosphodiester i - ~
Tyr92 Tyr99 T14 3.4 | 299 | 1331.377 bond between C15 (O-) and OH (OH) of Tyr92 side chain asm}gt:_(')_rg)clﬁgceptor and Tyr OH acts as H-bond donor. O
Protein side chain-DNA backbone interaction. T O4' acts
04' (O between C1' and C4') within sugar group and as H-bond acceptor and Asn ND2 acts as H-bond donor.
Asnl27 | Asnl34 T4 3.0 ND2 (NH2) of Asn127 side chain O4' has a lone electron pair that can form a H-bond. N-
H---O H-bond
_ . Protein side-chain-DNA base edge interaction. T O2 acts
Asn127 | Asnl34 T14 3.0 02 (C2 C=0) of nucleotide base and ND2 (NH2) of as H-bond acceptor and Asn ND2 acts as H-bond donor.

Asnl127 side chain

N-H---O H-bond
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OP2 (O-) within phosphate backbone and OG (OH) of
Ser143 side chain

Protein side chain-DNA backbone interaction. A OP2 acts
as H-bond acceptor and Ser OG acts as H-bond donor. O-
H---O H-bond

05' (O) within phosphate backbone and OG (OH) of
Serl143 side chain

Protein side chain-DNA backbone interaction. G O5' acts
as H-bond acceptor and Ser OG acts as H-bond donor. O-
H---O H-bond

OP2 (O-) within phosphate backbone and OG (OH) of
Serl143 side chain

Protein side chain-DNA backbone interaction. G OP2 acts
as H-bond acceptor and Ser OG acts as H-bond donor. O-
H---O H-bond

OP2 (O-) within phosphate backbone and N within
peptide bond between Ser133 (COO-) and Arg144
(+NH3)

Protein backbone-DNA backbone interaction. G OP2 acts
as H-bond acceptor and backbone N of Arg amide group
acts as H-bond donor. Arg contains multiple NH groups
that have the potential of forming hydrogen bonds. N-
H---O H-bond

Serl43 Serl50 A4 3.1
Serl43 | Serl50 G3 3.0
Serl43 | Serl50 G3 3.3
Argl44 | Argl51 G3 2.5
Arg147 | Argl54 T7 3.1

04 (C4 C=0) of nucleotide base and NH2 (NH2) of
Arg147 side chain

Protein side-chain-DNA base edge interaction. T O4 acts
as H-bond acceptor and Arg NH2 acts as H-bond donor.
Also, T O4 acts as H-bond acceptor as seen in Watson-
Crick pairing, with NH2 as H-bond donor. N-H:--O H-bond.
Arg contains multiple NH groups that have the potential of
forming hydrogen bonds
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Table 46: ZDOCK scores, and observed polar contacts between HPV-18 E6 protein and HPV-18 E6 sequence 2720 aptamer candidate

Polar
. Actual contact
Amino .
Complex acid a;?:'igo Nucleotide Ie:ngc}h Z?c(z?eK Polar contact information Additional information
residue residue average
A)
03' (C3 OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. C O3' acts
Tyr1012 Tyrl2 C69 34 bond between G70 (O-) and OH (OH) of Tyr1012 side as H-bond acceptor and Tyr OH acts as H-bond donor. O-
chain H---O H-bond
- Protein side chain-DNA backbone interaction. T OP2 acts
Ser1082 Ser82 T31 3.1 g;zlc()gé)svivc;tehg\hgihnosphate backbone and OG (OH) of as H-bond acceptor and Ser OG acts as H-bond donor.
O-H:--O H-bond
03' (C3 OH) within sugar group within phosphodiester Protein side chain-DNA backbone interaction. A O3' acts
Thr1096 Thro6 A65 3.3 bond between T66 (O-) and OG1 (OH) of Thr1096 side as H-bond acceptor and Thr OG1 acts as H-bond donor.
chain O-H:--O H-bond
_ o Protein side chain-DNA backbone interaction. T OP1 acts
Thr1096 Thro6 T66 2.7 ?ﬁiégggi)d?‘t;lgir?hosphate backbone and OG1 (OH) of as H-bond acceptor and Thr OG1 acts as H-bond donor.
O-H:--O H-bond
Protein backbone-DNA base edge interaction. G N2 acts
1 2.99 | 1389.297 . _ as H-bond donor and backbone O of Asn acts as H-bond
Asnl1100 | Asnl00 G63 2.8 Egn(flzogl:ﬁ)eocfhnalijrt]:leotlde base and OD1 (C=0) of acceptor. Also, G N2 acts as H-bond donor as seen in
Watson-Crick base pairing, with backbone O of Asn
carboxyl group as H-bond acceptor. N-H---O H-bond
04' (O between C1 and C4) within sugar group and N Protein backbone-DNA backbone interaction. T O4' acts
Leul102 | Leul02 T66 25 within peptide bond between Leu1101 (COO-) and as H-bor|1_|d sccgpdtor andob4allcrl]<bone|N of Lleu amide grohup
Leu1102 (+NH3) acts as H-bond donor. as a lone electron pair that
can form a H-bond. N-H---O H-bond
_ s Protein side chain-DNA backbone interaction. A OP1 acts
Lys1110 | Lys110 Ad4 2.7 OOfPLl SH% ;\i/ljt:lghpat;rc])sphate backbone and NZ (+NH3) as H-bond acceptor and Lys NZ acts as H-bond donor. N-
Y H--O H-bond
_ . Protein side chain-DNA backbone interaction. T OP1 acts
Tyrl134 | Tyrl34 T31 34 ?ﬁifg;g)s"i\gg]g]hgrn%phate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
y H--O H-bond
. Protein side-chain-DNA base edge interaction. G N2 acts
Thr1008 Thr8 G36 35 ‘Il\'lr?éLCOSSN:ng (():Lr;il:]cleotlde base and OG1 (OH) of as H-bond donor and Thr OG1 acts as H-bond acceptor.
N-H---O H-bond
_ . Protein side chain-DNA backbone interaction. T OP1 acts
Serl024 Ser24 T14 2.9 ggiég;gi)d‘g'tcmgir?h%phate backbone and OG (OH) of as H-bond acceptor and Ser OG acts as H-bond donor.
2 3.14 | 1378.423 O-H:-O H-bond . .
Protein backbone-DNA base edge interaction. G N2 acts
as H-bond donor and backbone O of Leu carboxyl group
N2 (C2 NH2) of nucleotide base and O (C=0) of acts as H-bond acceptor. Also, G N2 acts as H-bond
Leul093 Leuds G63 35 Leul1093 carboxyl group donor as seen in Watson-Crick base pairing, with
backbone O of Leu carboxyl group as H-bond acceptor.
N-H---O H-bond
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04' (O between C1' and C4') within sugar group and N

Protein backbone-DNA backbone interaction. A O4' acts
as H-bond acceptor and backbone N of Asn amide group

Asn1095 | Asn95 A43 3.2 vAv;t:llnoggp(tlc'!\leH%c)md between Thr1094 (COO-) and acts as H-bond donor. O4' has a lone electron pair that
can form a H-bond. N-H---O H-bond
03' (C3 OH) within phosphate backbone within Protein side chain-DNA backbone interaction. T O3' acts
Tyr1099 Tyr99 T30 3.1 phosphodiester bond between T31 (O-) and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
Tyr1099 side chain H---O H-bond
- Protein side chain-DNA backbone interaction. T OP2 acts
Tyr1099 Tyr99 T31 19 ?PZ (©) ywthm phosphate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
yr1099 side chain H---O H-bond
, - Protein side chain-DNA backbone interaction. T O5' acts
Tyr1099 Tyr99 T31 2.8 ?5 (©) w|th|n ph.osphate backbone and OH (OH) of as H-bond acceptor and Tyr OH acts as H-bond donor. O-
yr1099 side chain H--O H-bond
- Protein side chain-DNA backbone interaction. T OP2 acts
Lys1117 | Lys117 T32 3.0 E)PZ (©) V.V'thm phosphate backbone and NZ (+NHS3) of as H-bond acceptor and Lys NZ acts as H-bond donor. N-
ys1117 side chain H--O H-bond
Phe 03' (C3' OH) within sugar group _WiFhin phpsphodiester Protein side chain-DNA backbone interaction. C 03' acts
1071 Phe 71 bond between A21 (O-) and N within peptide bond as H-bond acceptor and backbone N of Phe amide group
C20 2.7 between Asp1070 (COO-) and Phel071 (+NH3) acts as H-bond donor. N-H---O H-bond
. . Protein side-chain-DNA base edge interaction. C N3 acts
Tyr 1072 | Tyr72 ,(:Ir?agrl:l) of nucleotide base and OH (OH) of Tyr1072 side as H-bond acceptor as seen in Watson-Crick base pairing.
C20 2.2 Tyr OH acts as H-bond donor. O-H---N H-bond
. Protein side-chain-DNA base edge interaction. C N4 acts
Tyr 1072 | Tyr72 "Fl;r:(L%;lzN:dze) gagﬁ]cleotlde base and OH (OH) of as H-bond donor and Tyr OH acts as H-bond acceptor. N-
C20 25 H---O H-bond
Protein side chain-DNA backbone interaction. A OP1 acts
Arg Arg 74 A21 33 OP1 (P=0) within phosphate backbone and NE (NH) of as H-bond acceptor and Arg NE acts as H-bond donor.
1074 ' Arg1074 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H---O H-bond.
Protein side-chain-DNA base edge interaction. T O4 acts
Arg Arg 79 T14 27 04 (C4 C=0) of nucleotide base and NH1 (+NH2) of as H-bond acceptor and Arg NH1 acts as H-bond donor.
1079 ’ 2.74 | 1359.978 | Argl079 side chain Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H---O H-bond
Protein side chain-DNA backbone interaction. T OP1 acts
as H-bond acceptor and His NE2 acts as H-bond donor.
. . OP1 (P=0) within phosphate backbone and NE2 (+NH) His R group has a positive charge, allowing it to form
His 1080 | His 80 T4 31 of His1080 side chain electrostatic interactions with the phosphate group of the
nucleotide. Also contains multiple N atoms that are
involved in hydrogen bonds. N-H:--O H-bond
OP1 (P=0) within phosphate backbone and N within Protein backbone-DNA backbone interaction. C OP1 acts
Tyr 1081 | Tyr81 C13 3.0 peptide bond between His1080 (COO-) and Tyr1081 as H-bond acceptor and backbone N of Tyr amide group
(+NH3) acts as H-bond donor. N-H---O H-bond
Protein side-chain-DNA base edge interaction. A N1 acts
. as H-bond acceptor as seen in Watson-Crick base pairing.
1'?.2?7 Arg 107 A35 2.3 ls\li(:ge(%)hgifnnucleotlde base and NH2 (NH2) of Arg1107 Arg NH2 acts as H-bond donor. Arg contains multiple NH

groups that have the potential of forming hydrogen bonds.
N-H:--N H-bond
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N3 (N) of nucleotide base and NH1 (+NH2) of Arg1107
side chain

Protein side-chain-DNA base edge interaction. A N3 acts
as H-bond acceptor and Arg NH1 acts as H-bond donor.
Arg contains multiple NH groups that have the potential of
forming hydrogen bonds. N-H--‘N H-bond

Arg

1107 Arg 107 A35 2.9
Cys Cys

1141 141 G36 32
Asn Asn
1143 143 G36 22

N2 (C2 NH2) of nucleotide base and O (C=0) of
Cys1141 carboxyl group

Protein backbone-DNA base edge interaction. G N2 acts
as H-bond donor and backbone O of Cys carboxyl group
acts as H-bond acceptor. Also, G N2 acts as H-bond
donor as seen in Watson-Crick base pairing, with
backbone O of Cys carboxyl group as H-bond acceptor.
N-H:--O H-bond

N2 (C2 NH2) of nucleotide base and O (C=0) of
Asn1143 carboxyl group

Protein backbone-DNA base edge interaction. G N2 acts
as H-bond donor and backbone O of Asn carboxyl group
acts as H-bond acceptor. Also, G N2 acts as H-bond
donor as seen in Watson-Crick base pairing, with
backbone O of Asn carboxyl group as H-bond acceptor.
N-H---O H-bond
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Table 47: ZDOCK scores, and observed polar contacts between HPV-18 E7 protein and HPV-18 E7 sequence 5772 aptamer candidate

Polar
Amino contact ZDOCK
Complex acid Nucleotide | length and score Polar contact information Additional information
residue average
A)
, - Protein side chain-DNA backbone interaction. G O5' acts as
Lys67 G40 34 0.5 ©) vynhm phosphate backbone and NZ (+NH3) of Lys67 H-bond acceptor and Lys NZ acts as H-bond donor. N-H:--O
side chain H-bond
- - . Protein backbone-DNA backbone interaction. G OP2 acts as
Glu69 G39 2.8 E;i,ﬁm';?,'%ngzp(hc%%? gﬁ%og?uzgd(ﬂﬂﬁ?m peptide H-bond acceptor and backbone N of Glu amide group acts as
Y H-bond donor. N-H--O H-bond
Protein side chain-DNA backbone interaction. G OP2 acts as
Ara71 G37 21 OP2 (O-) within phosphate backbone and NH1 (+NH2) of H-bond acceptor and Arg NH1 acts as H-bond donor. Arg
9 ' Arg71 side chain contains multiple NH groups that have the potential of forming
hydrogen bonds. N-H:--O H-bond
Protein side chain-DNA backbone interaction. A O3' acts as
Ara71 A36 29 03' (C3' OH) within sugar group within phosphodiester bond H-bond acceptor and Arg NH1 acts as H-bond donor. Arg
g ' between G37 (O-) and NH1 (+NH2) of Arg71 side chain contains multiple NH groups that have the potential of forming
hydrogen bonds. N-H---O H-bond
- Protein side chain-DNA backbone interaction. G OP2 acts as
Thr93 C69 2.7 opP2 (O.') W'th".‘ phosphate backbone and OG1 (OH) of H-bond acceptor and Thr OH acts as H-bond donor. O-H:--O
Thr93 side chain H-bond
Protein backbone-DNA base edge interaction. C N4 acts as
) _ H-bond donor and backbone O of Thr carboxyl group acts as
Thr93 C68 3.1 'C\l;t()g; :\”_:gzjm nucleotide base and O (C=0) of Thr93 H-bond acceptor. Also, C N4 acts as H-bond donor as seen in
1 2.87 | 1436.474 ylgroup Watson-Crick base pairing, with backbone O of Thr carboxyl
group as H-bond acceptor. N-H::-O H-bond
. . Protein side-chain-DNA base edge interaction. C N4 acts as
Ser95 C69 3.0 ’c\l:aSE‘l NH2) of nucleotide base and OG (OH) of Ser95 side H-bond donor and Ser OG acts as H-bond acceptor. N-H:--O
H-bond
_ . . Protein side-chain-DNA base edge interaction. T O4 acts as
Ser95 T38 31 (cjr?ai(r?él C=0) of nucleotide base and OG (OH) of Serd5 side H-bond acceptor and Ser OG acts as H-bond donor. O-H:--O
H-bond
_ . . Protein side-chain-DNA base edge interaction. G O6 acts as
Ser95 G39 21 (c)hﬁai(rcm:ﬁ C=0) of nucleotide base and OG (OH) of Serd5 side H-bond acceptor and Ser OG acts as H-bond donor. O-H:--O
H-bond
Protein backbone-DNA base edge interaction. C N4 acts as
. _ H-bond donor and backbone O of Ser carboxyl group acts as
Ser95 C66 31 ’c\l:rtggf :\"—:,gLOf nucleotide base and O (C=0) of Ser95 H-bond acceptor. Also, C N4 acts as H-bond donor as seen in
ylgroup Watson-Crick base pairing, with backbone O of Ser carboxyl
group as H-bond acceptor. N-H:--O H-bond
Protein backbone-DNA base edge interaction. C N4 acts as
. _ H-bond donor and backbone O of Ser carboxyl group acts as
Ser95 ce7 24 El:rég: :\"—:,gLOf nucleotide base and O (C=0) of Ser95 H-bond acceptor. Also, C N4 acts as H-bond donor as seen in
ylgroup Watson-Crick base pairing, with backbone O of Ser carboxyl
group as H-bond acceptor. N-H:--O H-bond
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04 (C4 C=0) of nucleotide base and N within peptide bond

Protein backbone-DNA base edge interaction. T O4 acts as
H-bond acceptor and backbone N of Val amide group acts as

valgr 66 2.1 between Phe96 (COO-) and Val97 (+NH3) H-bond donor. Val can only participate in H-bonds only
through backbone atoms. N-H---O H-bond
- - . Protein backbone-DNA backbone interaction. G OP2 acts as
OP2 (O-) within phosphate backbone and N within peptide :
Trp100 G63 3.2 k H-bond acceptor and backbone N of Trp amide group acts as
bond between Pro99 (COO-) and Trp100 (+NH3) H-bond donor. N-H--O H-bond
, - Protein side chain-DNA backbone interaction. C O5' acts as
Trp100 Cc61 3.3 0.5 ©) vynhm phosphate backbone and NE1 (NH) of Trp100 H-bond acceptor and Trp NE1 acts as H-bond donor. N-H:--O
side chain H-bond
Protein backbone-DNA base edge interaction. C N4 acts as
H-bond donor and backbone O of Ala carboxyl group acts as
Ala102 caa 25 N4 (C4 NH2) of nucleotide base and O (C=0) of Alal02 H-bond acceptor. Also, C N4 acts as H-bond donor as seen in
' carboxyl group Watson-Crick base pairing, with backbone O of Ala carboxyl
group as H-bond acceptor. Ala can only participate in H-bonds
only through backbone atoms. N-H:--O H-bond
) Protein side-chain-DNA base edge interaction. A N6 acts as
Serl03 A62 2.6 N.6 (cé NHZ) of nucleotide base and OG (OH) of Ser103 H-bond donor and Ser OG acts as H-bond acceptor. N-H:--O
side chain H-bond
Protein side-chain-DNA base edge interaction. A N7 acts as
Serl03 A62 3.0 N7 (N) of nucleotide base and OG (OH) of Ser103 side chain | H-bond acceptor and Ser OG acts as H-bond donor. O-H-*N
H-bond
Protein side chain-DNA backbone interaction. C OP2 acts as
Aro58 ces 33 OP2 (O-) within phosphate backbone and NH2 (NH2) of H-bond acceptor and Arg NH2 acts as H-bond donor. Arg
9 ' Arg58 side chain contains multiple NH groups that have the potential of forming
hydrogen bonds. N-H---O H-bond
- s . Protein backbone-DNA backbone interaction. G OP2 acts as
Leu62 G64 2.7 (t?oizd(t?e- E\Nv;';?]'r:wzr:gﬁg%%%a ;Ezo[]:uzrzld(ﬂ\mg)“n peptide H-bond acceptor and backbone N of Leu amide group acts as
H-bond donor. N-H---O H-bond
Protein side-chain-DNA base edge interaction. A N7 acts as
Arg71 A62 22 | 282 | 1302.250 N7 (N) of nucleotide base and NH1 (+NH2) of Arg71 side H-bond acceptor and Arg NH1 acts as H-bonq donor. Arg
chain contains multiple NH groups that have the potential of forming
hydrogen bonds. N-H---N H-bond
Protein side-chain-DNA base edge interaction. A N7 acts as
N7 (N) of nucleotide base and NH2 (NH2) of Arg71 side H-bond acceptor and Arg NH2 acts as H-bond donor. Arg
Arg71 A62 3.3 ) . : - ;
chain contains multiple NH groups that have the potential of forming
hydrogen bonds. N-H---N H-bond
. . Protein side-chain-DNA base edge interaction. A N6 acts as
Glu73 A4l 2.6 ’c\lr?aggﬁ NH2) of nucleotide base and OE2 (O-) of Glu73 side H-bond donor and Glu OE2 acts as H-bond acceptor. N-H:--O
H-bond
. - ) Protein backbone-DNA base edge interaction. G N7 acts as
Leu62 G58 35 E‘;V(v’:)egf,\?:tcéio(tgggisgn%ngeﬁgt(hlaEe;))t'de bond H-bond acceptor and backbone N of Leu amide group acts as
H-bond donor. N-H---N H-bond
- s . Protein backbone-DNA backbone interaction. A OP2 acts as
Met64 A57 3.0 3.18 | 1291.008 EOF;Zd(&t)w\’é'g:rz:p2g;i%%%?f;ﬁ%o&igzd(ﬂmvﬂg;'n peptide H-bond acceptor and backbone N of Met amide group acts as
Y H-bond donor. N-H:-‘N H-bond
val75 caa 34 N4 (C4 NH2) of nucleotide base and O (C=0) of Val75 Protein backbone-DNA base edge interaction. C N4 acts as

carboxyl group

H-bond donor and backbone O of Val carboxyl group acts as

Page | CVI



GIn87

G58

2.8

H-bond acceptor. Also, C N4 acts as H-bond donor as seen in
Watson-Crick base pairing, with backbone O of Val carboxyl
group as H-bond acceptor. Val can only participate in H-bonds
only through backbone atoms. N-H:--O H-bond

03' (C3' OH) within sugar group within phosphodiester bond
C59 (O-) and NE2 (NH2) of GIn87 side chain

Protein side chain-DNA backbone interaction. G O3' acts as
H-bond acceptor and GIn NE2 acts as H-bond donor. N-H:--O
H-bond
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