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Abstract

This study investigated the prevalence of human papillomavirus (HPV) in different HPV-driven cancers in
Scotland, including cervical, oropharyngeal, and anal. The study found that 91.5% of cervical, 55% of
oropharyngeal and 88.6% of anal cancers are driven by HPV. Data has shown that most of these infections
could potentially be prevented by the HPV vaccines.

This research also investigated novel molecular methods for detecting HPV, such as droplet digital PCR
(ddPCR) and next-generation sequencing (NGS), which can provide more comprehensive data about the
virus and its various (sub)-lineages. ddPCR was used to determine the number of HPV 16 copies per cell
in anal cancers. It was found that the qualitative presence of HPV and high viral load was associated with
more prolonged survival in anal cancers, consistent with other HPV-driven cancers.

Prior to the sequencing, three different extraction methods were examined to identify which one could
be best for NGS downstream. Additionally, a bioinformatics pipeline was set up and validated by
comparing results with the International HPV Reference Centre.

NGS was used to analyse the genome of the HPV 16 detected in anal cancer samples and anal swabs from
an asymptomatic male population. By analysing the whole genome of the virus, HPV 16 sub-lineages were
identified. Lineages Al and A2 were the most prevalent in both groups, and only minimal differences were
detected for sub-linages B1, C1, and D1. Analysing sub-lineages and clinical data showed no overall
survival differences between Al and non-Al sub-lineages.

In addition, the potential of NGS for HPV diagnosis, compared with conventional HPV testing and how
NGS may be applied for the detection and risk stratification for HPV infection and associated diseases was
also described. Finally, a case scenario was presented for guidance in implementing direct sequencing in

an HPV reference laboratory.
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Lay Summary

Human papillomavirus (HPV) is the most frequent sexually transmitted infection; most humans will be
infected at some point in their life. However, not all infections are the same. Persistent HPV infections
could lead to pre-cancerous lesions and, if not cleared, cancer. There are more than 200 HPV types that
can infect humans. HPV type 16 (HPV 16) is the most associated HPV type with cancer. However, 13 other
high-risk types are also causative of cancer in different anatomical locations, including the cervix, head
and neck, anus, vulva, vagina, and penis. HPV vaccine programmes have been introduced in several

countries since 2007, effectively preventing infection and associated diseases.

Although HPV infections tend to clear after a couple of years, a persistent infection is the leading cause of
the lesion's malignancy. Thus, diverse screening programs have been established in different countries,

aiming to detect HPV before developing pre-cancer and cancer lesions.

Cervical cancer is an HPV-driven lesion with higher incidence worldwide, and most of the screening
programs available worldwide are focused on cervical cancer prevention. For the rest of HPV-driven
cancers, the lower incidence in the population, very few screening programs are in place, leading to a
shortage of knowledge about the HPV types present in oropharyngeal and anal cancers, including the

vaccine-preventable fraction.

In Scotland, anal cancer incidence has increased over the years. A cancer whose treatment has a
significant impact on a patient's life. However, HPV testing is not routinely performed in anal lesions, and
there is no screening program in place to detect HPV presence in anal lesions (pre-cancerous or cancer

lesions)
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This PhD thesis has analysed the positivity of HPV in cervical (2015 —2017), oropharyngeal (2013 to 2020),
and anal cancers (2009 to 2018) samples collected in Scotland. It was identified that HPV drives 91.5% of
cervical cancers and that the HPV vaccine could potentially prevent 87.7%. For the oropharyngeal cancer
group, almost 55% were potentially caused by HPV, with almost all vaccine-preventable. In anal cancers,
88.6% of samples were positive for at least 1 HPV type, 98% of the HPV-positive cases being potentially
vaccine-preventable. Additionally, thanks to the clinical information obtained from the anal cancer
patients, it was identified that those HPV-positive anal cancers had improved overall survival compared

with HPV-negative anal cancers.

The technology used to diagnose microorganisms in infections, including HPV, has dramatically evolved in
the last few years. PCR has been established as the gold standard test, but new molecular techniques like
droplet digital PCR (ddPCR) and next-generation sequencing (NGS) have recently been explored. The
increment in the use of NGS has been mainly associated with the reduction in cost and easier access to
sequencing instruments. Both technologies supplement the data/information obtained from a
conventional HPV test. The high sensitivity of droplet digital PCR allows the detection and quantification
of the number of copies of the HPV per cell, while next-generation sequencing allows one to "read" the

entire genome and identify minor differences within types, SNPs, or missing regions in the viral genome.

Thanks to ddPCR, it was possible to determine the number of HPV 16 copies per cell (viral load) present
in the HPV 16-positive anal cancers. Access to a group of anal cancer on which clinical and survival
information was known allowed me to investigate the association between viral load and overall survival.
A high viral load has been associated with more prolonged survival in oropharyngeal cancer compared

with a low viral load. Furthermore, by analysing the association of viral load with survival in anal cancer
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patients, it was identified that this also applies to anal cancer. Those anal cancers with high viral load had

a more prolonged survival than those with a low number of virus copies.

Even if the HPV family is classified in types, within these types, there exist differences in the genome that
allow categorising them in lineages (differences between 1 — 10%) and sub-lineages (0.5 to 1%). Despite
this small difference, some of these lineages or sub-lineages have been associated with higher persistent
infections or higher risk of developing cancer, particularly cervical cancer. In the present work, NGS was
used to analyse the genome of the HPV 16 detected in anal cancer samples and compared it with the HPV

16 genome detected in anal swabs from an asymptomatic population.

However, before starting with the NGS, due to the novelty of NGS in HPV diagnosis, it was necessary to
distinguish what was the best nucleic acid extraction methods to obtain the highest quality and quantity
of DNA from the cancer specimens. Additionally, it was necessary to develop a protocol that fitted with
the capacity of the laboratory, sample type and the information we wanted to obtain. Also, it was

necessary to prepare and validate a protocol to analyse the data obtained from the sequencing.

Once the NGS protocol was defined, whole genome sequencing was performed using the MiSeq platform.
Analysing the whole genome of the HPV 16 in anal cancers identified the sub-lineages present in both anal
cancer and the asymptomatic cohort. Most of the sub-lineages detected belong to lineage A (A1 and A2
mainly), not detecting enough other sub-lineages to evaluate the sub-lineage influence on overall survival.
In the final part of this thesis, the potential applications for NGS for HPV diagnostics, and how they
compare with conventional HPV tests were described. In addition, a case study has been presented

describing step by step how to implement a direct sequencing approach into an HPV reference laboratory.
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In conclusion, this study has found that an 87% of cervical, 52% of oropharyngeal and 88%% of anal
cancers can be potentially prevented by the HPV vaccine. New technologies like ddPCR and NGS enhance
PCR diagnosis and offer an opportunity to not only look at the presence or absence of HPV but also to
determine viral load levels or identify minor differences in the viral genome that could impact the survival

of the patient or response to treatment.
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1. Introduction

Human papillomavirus (HPV) is one of the most common sexually transmitted infections (STI) in the world.
Depending on the virus type and the anatomical site, infection can cause different clinical manifestations,

from skin and genital warts to cancer'™3,

Estimated number of new and existing STl in the USA in 2018

0.146

Syphilis 0156

0.08
HBV 0.103

HIV (13 and older) .oogém

1.6
0.209

Chlamydia H 4
Trichomoniasis m 6.9
HSV I 0.572 L
Hy e s ssssss——— < 5
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Gonorrhrea

M Incidence M Prevalence

Figure 1. Estimated number of new and existing STI in the USA. Information collected from cdc.gov*

HPV isolates are described as types and classified taxonomically 2> and according to the association with
cancer. Those types frequently associated with cancer are classified as high-risk types and those which

are found mainly in genital warts are classified as low-risk HPV types®.
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Persistent infection with high-risk human papillomavirus (hr-HPV) has been identified as causative of
almost all cervical cancer cases (99%)’ as well as other anogenital and (a component of) head and neck
cancers. HPV type positivity varies among different anatomical locations, for example HPV type 16 (HPV
16) is causative for ~90 — 95% of HPV-driven oropharyngeal® and anal cancer, while in cervical cancer, HPV

16 has been detected over 60% of the cases.?

1.1 Papillomavirus

Papillomaviruses (PV) are small non-enveloped viruses with circular double-stranded deoxyribonucleic
acid (DNA) genomes composed of approximately 8000 nucleotides. Papillomaviruses are highly species-
specific viruses and have co-evolved with their host since their origin, for hundreds of millions of years.
Papillomaviridae viruses has been detected in skin and mucosa of a variety of animal groups, including
mammals, reptiles, and birds®. In humans, exposure to HPV is very common, and an estimated 65-100%
of sexually active adults are exposed to HPV at different anatomic sites (oral, genital, or anal) at some
point in their lifetime!®. The infection is transmitted through mucosa and cutaneous skin by skin-to-skin
contact. Age at first intercourse and number of sexual partners has been shown to influence acquisition

rates of HPV infection both in women and men?™.

1.2 Structure of the HPV genome

The HPV genome can be divided into 3 general regions: an upstream regulatory region (URR), an early
region (E) and a late region (L) (Figure 2). The URR is noncoding and contains sequences that control viral
transcription and replication. The early region, which contains open reading frames (ORFs) E1, E2, E4, ES5,
E6 and E7 is involved in multiple functions including the activation of transcription, transformation,
replication, and viral adaptation to different conditions. The late region ORFs, encodes for the L1 and L2

capsid proteins which form the structure of the virion and facilitate viral DNA packaging and maturation
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(Figure 2). However not all HPV types contain all these genes. Some HPV types (low risk types) do not have
E6/E7-like functions and therefore they are not involved in the development of neoplasic lesions!?4,

Over-expression of oncoproteins E6 and E7 is critical and necessary for HPV related progression to

cancer®.

Even though the HPV genome (including for high-risk types) is composed of 8 genes, in some cancer
samples some regions are not expressed or are lost. During the integration process of the viral genome
into the host, loss of genetic segments occurs frequently. This is more likely to be found in carcinogenic

lesions, as it is associated with higher risk of cancer?®.

Figure 2. Structure and organisation of HPV 16 genome. From RD Burk et al. 2009.

1.3 The biology and life cycle of HPV

The life cycle of HPV begins with the virus entering the body often through a cut in the epithelial basal
layer. The virus entry site seems to occur via binding to the heparan sulfate proteoglycans in the epithelial
basement membrane via L1 and the virus is then taken up by endocytosis. Once inside the human cell,
the viral genome enters to the cell nucleus through the nuclear pores or after the mitosis process’8,

Upon nuclear entry, E1 and E2 expression are associated with an initial phase of genome amplification,

keeping the level of viral episome low (free viral DNA within the cell nucleus)?®?. In this stage, HPV is
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capable of maintaining infection in the epithelial cells over time with a low expresion??, which could be

the explanation to the low immune response at this stage?2.

HPV viral expression is carried out while infected basal cells differentiate and move up within the tissue
layers?l. E7 protein expression disrupts the interaction between Rb (Retinoblastoma protein) and E2F,
resulting in the release of E2F factors in their transcriptionally active forms, stimulating the replication
and cell-division®. As described in the Graham et al., 2017, cells normally respond to any unexpected
proliferation event by activating the apoptosis route. The HPV E6 protein has the ability to attach itself to
two important proteins, E6-assocaited protein (E6AP) and p53, which plays a crucial role in apoptosis
regulation, perturbing the control of cell cycle progression, leading to an increase of tumour cell growth,
inhibition of the cell differentiation and induction of chromosomal instability, which may lead into

tumourigenesis?L.

In the late phase of the HPV cycle, E7, E1, E2, E4 and E5 proteins are expressed. E1 is a transcription factor,
helicase activity and mediates in the episomal DNA replication. E2 is a transcription factor, regulating the
viral copy number. E4 facilitates virion release. E5 stimulates cell proliferation and prevents
differentiation?’. When the epithelial cell is reaching the top layers, capsid proteins start to express L1 and
L2 proteins, associated with the capsid proteins and assembly of the viral genomes. When fully formed,
viral particles are released from the epithelial cell, infecting adjacent cells. In high grade lesions, viral gene
expression is deregulated (denominated abortive infection). The gene expression tends to occur in
disorder, detecting an abundant expression of E6, E7 through the epithelial layers and a low level of L1

and L2%.
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1.4 Host response to infection

As described in the life cycle section, HPV cell infection can cause imbalance in the cell cycle, which could
lead into carcinogenesis. To achieve this, HPV can evade the host immune system, remaining
undetectable for long periods due to low number of copies of the virus in the infected cell?>?¢. Proteins
E6 and E7 are the main proteins association with the evasion of the immune response, starting by
inhibiting the interferon synthesis?’. They are also responsible for modifying the expression of cytokines,
changing how antigens are presented, reducing the activity of IFN-pathways, and lowering the expression
of adherence molecules?’. This reduces the inflammatory response, reducing the presence of activated T-
cells?’. This ability of HPV to evade the immune response is crucial for the virus to successfully establish

an infection.

1.5 HPV classification attending to carcinogenic risk

HPV infections can cause different clinical manifestations, from warts to neoplastic lesions in the different
anatomical sites described before **2°_ Up to 90% of persons infected with HPV clear the infection within
about two years. However, the small part of the population that do not clear the infection are at a higher

risk of progression to malignancy *°.

The International Agency for Research on Cancer (IARC) evaluated the carcinogenic risk to humans of HPV
infection 1. The analysis considered results from more than 100 epidemiological studies, comprising case-
control and cohort studies. These studies encompassed research conducted in the general population, as
well as investigations targeting specific populations, such as transplant recipients and individuals with HIV,
to explore the association between HPV and cancer. The review of these studies strongly supports the
conclusion that certain types of HPV are responsible for causing cancer in humans. HPV types 16, 18, 31,

33, 35, 39, 45, 51, 52, 56, 58, 59 and 66 are considered as carcinogenic to humans and belong to Group 1.
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HPV 6 and HPV 11 are not carcinogenic to humans and belong to Group 2B. Classification and carcinogenic

risk assigned can be found in Table 1.

Table 1. Classification of the main HPV types according to their association with cancer, lineage, and

sub-lineage. Table prepared from data from De Villers et al. Vaccine, 2010 ** and Burk et al. Vaccine,

2013%.
Type Carcinogenic | Lineage Sub-lineage
6 Unlikely A
B B1, B2, B3
11 Unlikely A Al, A2
A A1, A2, A3, A4
16 Ves B B1, B2, B3, B4
C C1,C2,C3,Ca
D D1, D2, D3, D4
A A1, A2, A3, A4, A5
18 Yes B B1, B2, B3
C
26 Probably A
A Al, A2
31 Yes B B1, B2
C C1,C2,C3
A A1, A2, A3
33 Yes B
C
35 Yes A Al, A2
39 Yes A AL A2
B
40 Unlikely
42 Unlikely
43 Unlikely
44 Unlikely
45 Ves A A1, A2, A3
B B1, B2
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A Al, A2, A3, A4
51 Yes

B B1, B2

A Al, A2
52 Yes B B1, B2

C C1,C2

A

B
53 Probably

C

D D1, D2, D3, D4

A
54 Unlikely B

C
55 Unlikely

A Al, A2
56 Yes

B

A Al, A2, A3

B B1, B2
58 Yes

C

D D1, D2

A Al, A2, A3
59 Yes

B

A Al, A2
61 Unlikely B

C
62 Unlikely
64 Probably

A
66 Probably

B B1, B2

A Al, A2
67 Probably :

B

A Al, A2

B

C C1,C2
68 Probably

D D1, D2

E

F F1, F2
69 Probably A Al, A2, A3, Ad
70 Possibly A
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B
71 Unlikely
72 Unlikely
73 Probably A AL A2
B
74 Unlikely
81 Unlikely 3
A Al, A2, A3
82 Probably B B1, B2
C C1,C2,C3,C4,C5
83 Unlikely
84 Unlikely

1.6 HPV lineages, sub-lineages and oncogenic risk associated

1.6.1 HPV lineages and sub-lineages identification

As described before, Papillomavirus variants are genetically closely related, with above 99% nucleotide
identity’®. Nowadays, new data is emerging from epidemiological studies on the influence of various HPV
variants (mostly HPV 16 and 18) on persistence and oncogenic risk thanks to the use of next generation

sequencing technologies (NGS).

In the past, identification of lineages and sub-lineages was done by geographical location (European,
African, Asian-American)®. In 2013, Burk et al. published an extensive study presenting all the lineages and
sub-lineages of the main HPV types found in human samples and proposed a new way of
identification/classification based on nucleotide identity differences of 1.0-10.0% and 0.5-1.0% between
types, respectively®. The majority of the HPV types and lineages and sub-lineages associated with
carcinogenic lesions are described in Table 1. HPV type 16 can be divided into four main variant lineages
(A/B/C/D) and nine sub-lineages 3: A, including A1-A3 (previously named European) and A4 (Asian) sub-

lineages; B, including B1 (African-1, Afrla) and B2 (African-1, Afrlb) sub lineages; C (African-2, Afr2a); and
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D, including D1 (North American, NA1), D2 (Asian-American, AA2), D3 (Asian-American, AA1) and D4 sub-
lineages. HPV type 18 can be divided into three major lineages (A, B, and C) and additional sub lineages
(A1to A5 and B1 to B3) that can be translated to the previous nomenclature (A1 and A2, = Asian American;

A3 to A5, = European; and B/C, = African).

Recently, investigators have looked at sub-lineages present in distinct groups and their association with
pre-cancer/cancer lesions. Mirabello et al. (2015) evaluated the association between HPV 16 lineages and
risk of precancer/cancer in 3200 women from a US cohort3!, using a whole genome sequencing (WGS)
assay optimized for HPV genome sequencing®2. This study confirmed the early observation of a higher risk
of cervical precancer/cancer associated with B/C/D as a group compared to A lineages. They performed a
case-control analysis (controls being HPV 16-positive women <CIN2 and cases being CIN2, CIN3, SCC, AlS,
and adenocarcinoma). They found an overall association between HPV 16 lineage/sub-lineage and cervical
pre-cancer/cancer risk. In addition, this study confirmed the earlier observation that some variants
present a higher carcinogenic effect in women whose genetic background corresponds to that of the virus.
In 2019, Clifford et al presented a study where they sequenced the whole genome of 7116 HPV 16
positives cervical samples from international epidemiological studies®*. They used NGS for the
identification of the variants and sub-lineages present in different global locations. They found that Al
sub-lineage was the most globally widespread and that sub-lineages had a strong regional specificity (A3
and A4 for East Asia, B1-4 and C1-4 for Africa, D2 for North and South America and B4, C4 and D4 for
North Africa). Additionally, an increased cancer risks was detected for A3, A4 and D (sub) lineages (when
compared with A1) in regions where they were common: A3 in East Asia; A4 in East Asia and North
America and D in North and South/Central America where D lineages were also more frequent in ADC
than SCC. Additionally, there was detected a variability in the cancer risk associated with different sub-

lineages of HPV 16. Specifically, within lineage A, the A3 and A4 sub-lineages exhibited a greater risk of
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cancer compared to Al. Similarly, among the BCD lineages, only D, and potentially only D2/D3, was linked

to a higher likelihood of developing cancer.

In 2017 van der Weele et al. analysed the whole genomes of HPV 16 obtained from vaginal swabs with
the aim of assessing whether particular variants were associated with integration in the context of
persistent infection®*. They found that out of the 17 HPV 16 A1-3 isolates, 47% were integrated into the
host genome, while 48% of the A4 isolates were integrated. Additionally, there was no notable
discrepancy in the prevalence of A1-3 and A4 sub-lineages among the groups with cervical intraepithelial
CIN 1, CIN 2/3, and cervical cancer (p = 0.936). A year later, the same group published a similar study with
HPV 18 isolates obtained from self-collected cervical swabs*. They obtained the whole genome for 25
HPV 18 persistent infections and 26 transient HPV18 infections. According to their results, sub-lineage A3

was predominant in the population under study.

It has been proposed that some lineages may be associated with certain morphologies. Mirabello et al.
(2015), looked at the different sublineages of HPV 16 and their association with SCC and adenocarcinomas.
They found that variants A1/A2, D2 have a stronger risk of SCC, while D2/D3 and A4 sublineages were
associated with glandular lesions®!, B and C lineages were not associated with adenocarcinomas. Parraga
et al. (2017) also found HPV 16 sublineages A1-3 were more prevalent in SCC and HPV 16 D, mainly D3,

were increased in glandular cancer lesions®®.

Differences in sub-lineage prevalence in different anatomical regions has also been investigated. In 2016,

Parraga et al. analysed HPV 16 positive samples collected from different anatomical sites (cervix, vulva,

vagina, penis, and anus) to determine differences in prevalence of the sub-lineages. However, the study
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could not find significant differences in sub-lineage prevalence between the different anatomical

regions®.

1.6.2 Other genome variations and their association with cancer risk

Recent analysis of the whole genome of human papillomavirus has revealed variations on specific
locations linked to risk of progression to cancer and persistence of infection. In particular, the T350G
polymorphism in the E6 gene has been associated with infection persistence and risk of progression to
precancerous cervical lesions. The T350G substitution is non-lineage specific and corresponds to a single
nucleotide change in the HPV 16 E6 gene. Cornet et al. (2013) looked at the type 16 variants focusing on
E6 in France®. They found that both T and G at position 350 in the E6 gene are common in pre-cancer and
cervical cancer in Northern Europe and that those infections containing 350T appeared to be more
persistent vs 350G. Cornet et al. (2013) also looked at the incidence of variant lineages in Europe/Central
Asia and South/Central America and found that distribution of HPV 16 350 SNP variants worldwide varies.
European 350G isolates were less common in cervical cancer in East Asia and Europe/Central Asia),

whereas the opposite was true in South/Central America®.

Mirabello et al. also studied the genetic conservation of the E7 gene and its link to carcinogenesis®.
Authors evaluated genetic variants within HPV 16 and determined the associations between SNPs and risk
of cervical pre-cancer/cancer. They discovered that the E7 gene from HPV 16 positive, but disease-free
group, had an increased number of genetic variants compared to the E7 protein in pre-cancer/cancer
samples. This demonstrates that the conservation of the 98 amino acids of E7, which act by disrupting the
Rb function, is essential for HPV 16 carcinogenesis. This highlights the possibility of targeting this specific

region for both etiological and therapeutic research.
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1.7 Persistent HPV lesions and pathology classification

Most HPV infections are asymptomatic and will clear over time (90%), the other 10% will have an infection
not cleared by the host (with an increased risk of developing pre-cancerous or cancer lesions “°.

These lesions are termed depending on the region they appear and classified through histology and

cytology study, by analysing the anatomy of tissues and organs and cells respectively.

The pre-invasive intraepithelial lesions are graded 1, 2 or 3 according to the level of dysplasia detected in
the sample, with 3 being the most severe. Pre-cancerous lesions located in the cervix are designed as
cervical intraepithelial neoplasia (CIN), For anal lesions, histology denomination is anal intraepithelial
neoplasia (AIN). Similarly, preinvasive lesions of the penis, vagina and vulva are termed PelN, VAIN and
VIN, respectively. In the oropharynx, however, a pre-invasive/precursor lesion phase does not exist or has

not been found .

Intraepithelial neoplasia (both low grade and high grade) can clear without intervention; even with high-
grade lesions and there is evidence that 47% of CIN3 lesions of lesions will regress naturally*?. However, a
component of persistent untreated lesions can progress to cancer, so in countries which have screening
programmes, treatment of lesions is performed to prevent this. Given that lesions can regress without
treatment, the ability to predict which lesions will progress vs regress would help in avoiding unnecessary

treatment and associated morbidity*?.

Cancers are also classified in distinct stages according to size and the extent of lesion-spread®.
Classifications vary by anatomical site and world regions. The FIGO (International Federation of
Gynaecology and Obstetrics) staging system is used most often for cancers of the female reproductive

organs, including cervical cancer 4. This classification has 4 levels: I, Il, Il and IV however | has 7 distinct
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levels, stage Il 4 levels, stage Il 3 levels, and stage IV 2 levels. These stages reflect the size of the tumour,

spread into lymph nodes, and spread into distant sites.

For other cancers, the staging system most used is the American Joint Committee on Cancer

(AJCC) TNM system #°, having 5 distinct levels according to size, lymph nodes affections and spread into

distant sites: 0, I, 11, Ill, and IV.

In addition to the cancer stage classification, lesions can also be classified attending to the type or

morphology of cells involved in the lesion. There are several different types of cancer defined according

to the nature of the affected cells:

Squamous cell carcinoma (SCC): A type of cancer that originate from flat, skin-like cells that form
the outer layer of the cervix, (known as the ectocervix). These types of cancer constitue the

|46

majority, around 70 and 80 out of every 100 cervical®. Almost all the oropharyngeal cancers are

SCC while 9/10 anal cancers are SCC%'.

Adenocarcinoma (ADC): Adenocarcinoma is a form of cancer that begins in glandular cells
responsible for producing mucus. Within the cervix, glandular cells are distributed along the inner
lining of the channel connecting the cervix to the uterus (known as the endocervical canal).
Although less frequent than squamous cell carcinoma, the incidence of adenocarcinoma has
increased in recent years. More than 10 in every 100 cervical cancers (more than 10%) are
adenocarcinomas®. In the anal regions, adenocarcinomas are very rare, reported in 5 to 10% of
all anal cancers®.

Adenosquamous carcinoma (ASC): Type of cancer that involves both squamous and glandular
cancer cells. This variant of cervical cancer is relatively uncommon, accounting for only about 5%
to 6% of all cervical cancer cases. Adenosquamous carcinoma is managed using similar treatment

approaches to those utilized for squamous cell carcinoma of the cervix.
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1.8 HPV detection — conventional tests

Like in other areas of microbiology diagnosis, there are several methods that can be used to detect HPV.
The majority of commercially available tests rely on the amplification of HPV and the detection of its
nucleic material (either DNA or mRNA). Other tests use a hybridization approach, where HPV is captured
and results in fluorescence emission or a change in colour, but due to a higher in sensitivity, specificity,
and robustness, most of the tests used these days are based on an amplification approach.

The majority of these test are based on nucleic acid amplification and not only detect the presence or
absence of HPV but also provide information about the type or group (hr-HPV or Ir-HPV) present. Most of
the tests normally target a small region of L1 (mainly used for type differentiation) but some other target
E6/E7 region, like Aptima (Hologic) and Xpert (Cepheid). Most service laboratories use commercial kits),
however some labs (often but not always research) use in-house tests, developed by the laboratory, or

translated from published research.

Types included in the commercial tests vary between kits. Some kits only identify high-risk types as one
group and do not provide type specific information. Others provide type information for 16 and 18/45
and aggregate the rest of high-risk types in one group. Other tests provide HPV status for all types included
in the kit. As an example, the Anyplex Il HPV28 (Seegene) provides presence/absence information of 28
types including all established high-risk types. Moreover, tests also differ in the turnaround time and
sample capacity. There are tests that can provide a result in less than an hour and others in approximately
3 hours, some of them also performing DNA extraction and genotyping in 6-8 hours. In terms of sample
capacity, there are tests that can test 1 sample individually to several hundred. Choice of test will clearly
depend on desired application, but high throughput testing is clearly attractive for population-based

applications including screening.
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There are a number of HPV tests including those used for cervical screening that are well established and
evidenced in terms of their performance tests®® . However, existing tests indicate presence or absence of
the virus rather than activity or capacity for transformation. More specific tests that can delineate
clinically significant from transient HPV infection is a key aspiration on the HPV scientific community. We
know now that there are some variations in the HPV genome that have been associated with higher risk
of cancer®! or persistent infection®!. Detecting these variations/mutations could result in better handling
of the infection management of the disease. But the majority of the conventional tests won’t be able to
detect these variations in the HPV genome. Thanks to the development of new sequencing technologies,
deep interrogation (identification of each base of the DNA) of the HPV genome or analysis of the
integration regions of the HPV in the human genome are now possible and will be possible to identify

these variations and use them as biomarkers.

1.9 Next generation sequencing and whole genome sequencing

NGS is a technology based on massively parallel sequencing or “deep sequencing” of nucleic acid
sequences. The target nucleic acid is fragmented in small pieces and each fragment is read thousands of
times, providing a depth of information which can deliver accurate data at the nucleotide level.
Additionally, NGS allows to sequence the entire genome of HPV or can be limited to specific areas of

interest3%°2>4,

1.9.1 NGS applications for other fields

Due to the reduction of cost associated with NGS over the years, better understanding of the applications
for microbiology diagnostics and the large investment and capital purchase performed by governments
during the covid pandemic, service and diagnostic labs are increasingly adapting NGS as a diagnostic tool.

NGS allows discovery of new viruses or bacteria, variants/lineages/serotypes, identification of organisms
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difficult to culture®®, mutations in the genome and detection of resistance to antimicrobials. It may also
be used as a rapid response to outbreaks of pathogens®®°’. For example, during the SARS-CoV-2 outbreak
in the United Kingdom, sequencing technology was used to identify the entry route of the virus in
Scotland®®, different variants present in the community®® and investigate outbreaks®’.

All the recent advantages in next generation sequencing (NGS) have opened new perspectives in the field
of clinical diagnostics by providing a better and personalised diagnosis and having a broader diagnostics

repertoire.

1.9.2 NGS and HPV

While NGS has been used in HPV research for some time, its use in screening and clinical diagnosis is not
yet widespread due to a lack of standardization and quality guidelines, as well as high costs and
requirements for specialized laboratory infrastructure. However, the use of NGS could provide clinicians
with additional information about HPV-driven lesions, improving diagnosis and management. This
includes more sensitive detection of HPV, accurate quantification of HPV identification of HPV sub-
lineages associated with increased risk®!, and detection of circulating HPV DNA in oropharyngeal cancer

cases®.

Unlike many molecular diagnostic assays/instruments, where it is possible to get a result straight from the
machine, NGS requires the processing and analysis of large amounts of raw data using bioinformatic tools
before genotypes can be assigned. Bioinformatics is the discipline that has developed methods and
software tools to help interrogate and organize the data obtained from NGS instruments, including
aligning the genome using a reference (mapping) or without (de novo) when sequence is unknown,

organism identification, analysis of mutations, SNPs variations and phylogenetic analysis.
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1.9.3 Next generation sequencing and HPV applications

NGS has several potential research and diagnostic applications and is also seen as is a promising method
for HPV typing due to his high sensitivity even for types at low copy number within multiple infections, its
potential ability to detect a broad spectrum of HPV types including novel types and its capacity to
determine lineages and sub-lineages with accuracy. NGS alleviates many of the issues that are associated
with PCR-based methods for detecting HPV, including false-positives due to cross-reactivity between
different HPV types and false-negatives associated with low viral loads®*®2, In addition, NGS can also be
used to look at SNPs associated with higher risk of persistent infection or to identify viral integration in

the human genome by looking at the whole genome of the virus.

There are multiple NGS protocols and tools that can be used for HPV sequencing, including short read,
and long read sequencing, different library prep kits etc. But, as the majority of cancer samples tested for
HPV are preserved as formalin-fixed paraffin embedded (FFPE), quality and quantity of the DNA available

for testing could be impacted. The preservation process can have a negative impact on the sample DNA.

As it is a novel technology in the HPV field, there is a lack of consensus in the HPV diagnostic community
about the protocols/approaches required to ensure a robust end to end process including interpretation
of results. Consequently, it is necessary to explore the best approaches for validation and quality

assurance procedures at each step of the NGS workflow would be of value.

1.10 Burden of diseases driven by HPV

1.10.1 Worldwide
As mentioned before, HPV infection is one of the most common infections in the world. However, the

distribution and burden of disease varies depending on location and affluence of the countries. De Martel
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et al. (2017) published an article where they looked at the worldwide burden of cancer attributable to
HPV by site, country, and viral type. They found that 4.5% (AF) of all cancers worldwide (630,000 new
cancer cases per year) are attributable to HPV, being 8.6% in women and 0.8% in men®. This value also
varies between countries, from 2% in high-income countries (HIC) like Australia and the USA to >20% in

India and sub-Saharan Africa.

The number of cases attributable to HPV varies depending on the anatomical site, described in Table 4.
For cervical, anal, and vulvar cancers, the AF is high, 99%, 88% and 78% respectively. For penile, vaginal,
and oropharyngeal cancers, AF is much lower with 50%, 34.9% and 30.8% respectively. Moreover, these
values vary depending on world locations, Table 5. Cervix cancer accounts for 83% of HPV-associated
cancer and 2/3 occurring in the low and middle-income countries (LMIC). However, oropharyngeal HPV-
attributable cancer has a higher presence in the HIC countries, with 2.5 times high prevalence than LMIC.
Data from 2017, for anal cancer, indicates that the estimated number of cases per year is 40000, while
35000 (88%) are attributed to HPV with similar distribution between males and females (17000 and 18000

respectively) and a higher incidence in those >50 years old than in the younger population (Table 2)
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Table 2. Number of all cancer cases attributable to HPV and corresponding attributable fraction (AF) for
all cancers, cancer site(s) and sex. Table prepared from data presented at de Martel et al. International

Journal of Cancer, 2017%, data GLOBOCAN 2012.

Number .
Worldwide attributL;bIbeeto HPV Num:er attributable to HPV
by gender - world y age group world
Number
Cancerste. | of cases FHrbutable  AF(A) | Male female | 2 TR O
to HPV
Cervix 530000 530000 99.0 0 5300000 | 250000 220000 58000
Anus 40000 35000 88.0 17000 18000 6600 17000 12000
Vagina 34000 8500 24.9 0 8500 2600 3400 2500
Vulva 15000 12000 78.0 0 12000 2500 5200 3900
Penis 26000 13000 50.0 13000 0 2700 5800 4400
Oropharynx 96000 29000 30.8 24000 5500 5400 18000 6000

Table 3. Number of different cancer cases attributable to HPV for various locations. Table prepared from
data presented at de Martel et al. International Journal of Cancer, 2017%® (using data collected from

GLOBOCAN 2012). Data for Scotland obtained from Information Service Division (ISD) Scotland® (Year

2017). Accessed 10/01/19. Numbers were rounded to two significant digits.

Number of cases per year
Cervix Head & Neck Anus
Region Female Female Male | Female Male
Low-income countries | 370000 2100 8600 7600 10000
High income countries | 160000 5500 22000 10000 6800
Scotland 275 360 910 90 50
Europe 58000 2800 11000 4200 2700
North America 14000 1900 7000 2700 1800
Australia 940 80 290 190 150

1.10.2 Burden and epidemiology of disease in Scotland
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The Information Service Division (ISD) of National Services Scotland, part of NHS Scotland, has been
collecting national data on cancer since the 1980s ®* Figure 3 to Figure 5 show the incidence rate per

100,000 (EASR) of cervical, oropharyngeal, and anal cancers in Scotland from 1993 to 2017.

Figure 3 shows that from 2013, a decrease trend in cervical cancer incidence EASR (European age
standardised rates per 100,000) was registered. Reducing from 14 cases per 100,000 (EASR) in 2014 to 10

cases per 100,000 (EASR) in 2017.

Cervical Cancer Indicence (European Age Standardised
Rates)
Females of All Ages, Scotland 1993 - 2017
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Figure 3. Cervical cancer incidence in Scotland from 1993 to 2017. Crude rate is calculated per 100,000

person-years at risk. Obtained from Information Service Division (ISD) Scotland. Accesed 10/01/19.

41 of 283



Comparatively, the European age-standardised incidence rate (EASR) of oropharyngeal cancer incidence
per 100,000 has increased over the last 24 years (Figure 4), going from 2 cases per 100,000 (EASR) in 1993

to 7 per 100,000 (EASR) in 2017 for all ages and sex.

Oropharyngeal Cancer incidence (European Age Standardised
Rates)
All Ages, Scotland 1993 - 2017
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Figure 4. Oropharyngeal cancer incidence (European Age-specific rates), Scotland: 1993 - 2017.

Obtained from Information Service Division (ISD) Scotland. Accessed 10/01/16.

An increase in incidence has also been registered for anal cancers, where it increased from 1.5 EASR in

1993 to almost 2.5 EASR in 2017.
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Anal Cancer Incidence (European Age Standardised Rates)
All Ages, Scotland 1993 - 2017
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Figure 5. Anal cancer incidence (European Age-standardises rates), Scotland: 1993 — 2017. Obtained

from Information Service Division (ISD) Scotland. Accessed 10/01/19.

Although anal cancer incidence increased from 1993 to 2017, there is little epidemiological data on HPV
type specific prevalence in high-grade anal lesions and anal cancer in the UK or Scotland. However, the
prevalence of HPV in residual rectal swabs from asymptomatic men attending GUM clinic was assessed to
create a baseline prior to the men who have sex with men (MSM) vaccine program®. According to the
paper, out of all the swabs that were tested, 72.8% of them were found to be positive for HPV. Of these,

59.1% of samples tested positive for at least one high-risk type of HPV.

1.11 Disease management in Scotland: vaccination and screening

1.11.1 Vaccination programs

In 2008, Scotland became one of the first countries to implement a vaccination program which included
schoolgirls between 11 to 13 years old. At the same time, a catch-up program was offered to girls up to

age 18 (17 years and 364 days). The vaccination program initiated with the bivalent HPV vaccine (Cervarix,



GlaxoSmithKline) for the first four years which gives protection against high-risk types 16 and 18 and was
provided as a 3 doses schedule. In 2012, the bivalent vaccine was replaced by the quadrivalent one,
Gardasil (Merk & Co), a vaccine which included the same types as the Cervarix but also conferred
protection against low-risk types 6 and 11. Two years later, in September 2014, the quadrivalent vaccine
was offered to girls in a 2 doses program with at least 6 months between doses following the

recommendation from the Joint Committee on Vaccination and Immunisation (JCVI).%¢

In July 2017, HPV vaccination was also offered to men who have sex with men (MSM) following the
recommendation by JCVI. This decision was driven in part by the fact that while being at significantly
increased risk of HPV associated disease, MSM would not gain the value of herd protection offered by
what was a female only programme up to 2019. For the MSM programme the HPV vaccine was initially

offered to men up to 45 years old within a 3 doses schedule in a 12-month period.

From 2019, the Scottish HPV vaccination program became gender neutral, as it was offered to schoolboys.
Two years later, during the 2021/22 academic year, the quadrivalent vaccine was replaced by a
nonavalent HPV vaccine (Gardasil-9), which offered protection against types 6, 11, 16, 18, 31, 33, 45, 52

and 58.

From 2023, the nonavalent vaccine will be administered routinely as 1 dose, following the latest
recommendation of the JCVI (2022). The changes in vaccine type, targeted group, dosing since 2008 will
very likely change the epidemiology of infection and disease in Scotland including and beyond the cervix
and in both sexes. It will be important to monitor these changes to determine vaccine impact as well as

implications for managing residual disease.
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1.11.2 Vaccination rates

HPV vaccination had a high uptake among the schoolgirl cohort with a complete vaccination schedule
exceeding 80% from 2014/15 to 2018/19 (Table 4). Data from 2016/17 indicated that 86% of girls from S1
were vaccinated®’. In the 2021/22 academic year, the first dose coverage of HPV vaccine for S1 pupils
increased to 73.5% from 52.1% in the previous year (due to covid driven school closures). Despite this
bounce back, there is still a gender disparity, with female coverage at 77.5% and male coverage at 69.6%,
representing a 7.9% difference. See full report in:

https://publichealthscotland.scot/media/10789/2021-12-14-hpv-report.pdf

Table 4. Trend in coverage of first dose of HPV immunisation by the end of school years 2014/15 -

2021/22 in Scotland. Pupils in S1 by sex. Data obtained from Public Health Scotland®®,

First dose
coverage rate (%)

Year Both sexes Female Male
2014/15 . 89.0

2015/16 . 86.7

2016/17 . 85.6

2017/18 . 83.7

2018/19 . 85.1 .
2019/20 58.0 61.0 55.1
2020/21 52.1 54.7 49.6
2021/22 73.5 77.5 69.6

1.12 Epidemiology of HPV in Scotland
Before the introduction of the HPV vaccine in the national program, different studies were performed

which assessed the prevalence of HPV in the general population and in those affected by cervical cancer.

45 of 283



This was performed to determine a baseline to from which to compare changes brought about through
implementation of the HPV vaccine. In 2010, Cuschieri et al. analysed the prevalence of HPV in cervical
cancer biopsies collected between 2004 to 2008%. Samples were collected in all main pathology centres
in Scotland. A high prevalence of HPV high-risk types 16 and 18 were present in 82% of the HPV positive
cervical biopsies analysed. The next most frequently detected types in the Scottish invasive cervical cancer
(ICC) cases were, in order of prevalence, HPV 45, 33 and 31. This helped to determine type specific burden

in invasive disease.

Avyear later, O’Leary et al. assessed the HPV type specific prevalence of unvaccinated 11-18 years in urine
samples to inform effectiveness studies for the new HPV immunisation program in Scotland®®. The authors
found a higher prevalence of HPV in women between 14 to 18 years old than 11-14 years, 15.2% and 1.1%
respectively. Furthermore, 6.5% of the 14-18 years group were infected with HPV 16 and 18. The study

provided a baseline of the prevalence in the unvaccinated young population.

After the start of the HPV national vaccination program, different Scottish studies looked at the
prevalence of HPV in different population to assess if the vaccination was having any impact in HPV

prevalence or lesions’®7°,

Cameron et al. (2016) published the prevalence of HPV types in girls and the catch-up (girls up to age 18)
population after the introduction of the vaccination program between years 2009 and 201372, They tested
4,679 samples, finding that three doses of bivalent vaccine were associated with a significant reduction in
prevalence of HPV 16 and 18 from 29.8% to 13.6%. Significant reduction of prevalence was only observed

after the 2" and 3" doses.
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In 2017, Kavanagh et al. published the changes in the prevalence of HPV in the Scottish vaccinated
population and the effectiveness of the vaccine during a 7-year period’®. This analysis presented the first
data from the routinely vaccinated cohort. In this study a reduction of the HPV types 16 and 18 was
observed as well as a high degree of cross protection against types 31, 33 and 45. Data collected showed
areduction of types 16 and 18 from 30.0% in the pre-vaccinated cohort to a 4.5% in the vaccinated cohort.
Additionally, vaccine effectiveness was calculated, giving an 89.1% protection against HPV infection in
those vaccinated at age 12 — 13 years old. A significant vaccine effectiveness for cross protective types
31, 33 and 45 of 93.8%, 79.1% and 82.6% respectively was registered. Furthermore, the publications by

I.7O

Cuschieri et al.”® and Kavanagh et al. ® could not detect any viral type of replacement after the

introduction of the vaccine in Scotland.

Additional studies have looked at HPV prevalence in sites in non-cervical sites in Scotland. The
HOPSCOTCH study looked at the prevalence of HPV in the oral cavity, Conway et al. 2016%°. A total of 402
individuals participated in the study providing 10ml of oral rinse in saline which were analysed for HPV
genotype. HPV was detected an overall prevalence of 5.5% of the participants. According to age group,
prevalence in 20 — 30 years old group was 7%, and 11% for the 50-60 years old group. Moreover, the
higher prevalence noted was among the 26 — 39 years old group with 10.4%. No significative differences

were detected between the sexes, with 5.2% and 5.8% for male and female, respectively.

A recent publication from Schache et al., 2022, looked into the HPV-related oropharynx cancer in the UK®?.
They found that 45.4% of the samples collected in Edinburgh (serving Lothian, Dumfries and Galloway,

Fife and Borders) were HPV positive, while the UK HPV positivity was 51.8%.

In terms of anal cancer, no studies in Scotland or including Scottish samples have looked into HPV

prevalence in anal lesions or cancer.
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1.13 HPV screening and surveillance in Scotland

Scotland benefits from primary and secondary prevention of cervical infection (and associated disease)
through immunization and screening respectively. An HPV epidemiology and surveillance strategy was
conceived in 2008 by the main public health agency in Scotland in order to determine the impact of HPV

vaccine on HPV infection and associated disease®®.

Cervical screening was first implemented in Scotland during the 1960s, but it was not established as a
population-based program until 1988. Despite the availability of tests to large numbers of women, the
service was not officially introduced as a screening program until that time. The national cervical screening
program was introduced with the aim to detect, in initial stages, abnormalities or changes in cervical cells
which if left untreated could develop into cervical cancer. Primary screening has been based on HPV
testing since 2020 with cytology as a triage®?; depending on the result, women would be referred to
colposcopy, recalled in 3-6 months (women with low grade smears) or in 5 years. Now, the program is
available to women between 25-65 years to attend every 3 years for women from 25-49 years old and

every 5 years to women from age 50-64 plus 364 days.

In 2018, a longitudinal HPV Surveillance program implemented on residual liquid-based cytology sample

(LBC) from women who attended their first cervical screening (20 years old).

In terms of surveillance, different programs have been performed in Scotland over the years.

e 2013 - 2015: Oral prevalence in Scotland. HOPSCOTCH study. A study designed to investigate

the prevalence, incidence, and persistence of oral HPV in Scotland via dental settings®.
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e 2015/2016 Residual LBC were obtained from the first group of women vaccinated during the
school years that attended their first cytology screening.

e October 2016 — February 2017: HPV prevalence on Men who have sex with men (MSM). Rectal
swabs included in the study were collected and taken from men who attended for an
asymptomatic sexual health screen or for treatment of a presumed STI.

e 2017-2018: HPV prevalence on cervical CIN and cancer biopsies. Samples were collected in the

main pathology centres in Scotland.

1.14 Role of the Scottish Human papillomavirus Reference Laboratory

The Scottish Human Papillomavirus Reference Laboratory (SHPVRL) was created in 2008, with the aim of
identifying HPV for the purpose of aiding individual patient management and providing comprehensive
epidemiological data for health protection initiatives. The laboratory is based at the Royal Infirmary of
Edinburgh, and it is commissioned by National Services Division (NSD) and Public Health Scotland (PHS) to

provide a service for Scotland.

The laboratory's main functions include the specialist diagnostic and advisory services for specific clinical
cases where HPV testing is relevant including cervical and oropharyngeal cases. It is also involved in data
monitoring, audit, and service developments related to the Scottish Cervical Screening program. A further
key remit of SHPVRL is to deliver testing services to support epidemiology and surveillance of HPV and

HPV associated disease in the Scottish population, particularly given immunisation.

The laboratory also provides guidance and materials related to quality assurance and assessment of HPV

testing and is committed to a research and development program collaboration with NHS partners,
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academia, and industry. It also consolidates HPV samples in a sample archive to support HPV-based

research, test development and teaching (located at the HPV Research Group, University of Edinburgh).

1.2 Aims of the thesis

Despite the studies looking at the HPV in cervical and oropharyngeal cancer in Scotland, there is lack of
information in terms of the preventable fraction of HPV infections in these cancers by the HPV vaccine.
There are multiple explanations, including the lower incidence of the non-cervical HPV-driven cancers in
the Scottish population and the lack of pre-invasive stage (or not yet understood) in the case of

oropharynx.

Incidence of anal cancer cases has increased worldwide®® and in Scotland has increased +120% from 1976
to 2017%. Despite this, HPV prevalence in anal cancer in Scotland is unknown and even with the high HPV
vaccine uptake registered in Scotland, it will take some time to see the full effect due to the age profile of

anal cases.

Additionally, the role of HPV status and viral load has not been widely investigated in anal cancer, while
in other HPV-driven cancers it has been demonstrated that HPV status and viral load can play an important
role in overall survival. Also, even if some HPV 16 sub-lineages have been associated with higher risk of

cervical cancer, no information is available for anal cancer.

Any reference laboratory that provides a specialist service it should be committed to evaluating and
optimising new technologies that can support their clinical research and epidemiological remits optimally
and be reactive to changing disease burden adapting new technologies and approaches. Thus, it is

necessary to determine the best use of NGS for HPV diagnosis in a specialist service.
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Trying to answer these questions, the main aim of the thesis is to perform a detailed molecular interrogation of
HPV in anal cancer to determine and inform the impact of prevention and management strategies. To address this,
this work intents:
1 To provide a contemporary description of HPV types in the most common invasive lesions in Scotland
(including cervical, oropharyngeal and anal cancer).
2  Toset up an HPV NGS system and pipeline within a reference laboratory context.
3  To address knowledge gaps on the status, diversity, and implications of HPV in anal cancer by:
e Performing HPV type specific assessment in a well characterised series of anal cancer in Scotland.
e Mapping HPV lineages and sub-lineages in both anal cancer asymptomatic cohorts.
e Evaluating the association of qualitative HPV status on clinical outcomes
e Evaluating the association of HPV viral load on clinical outcomes
e Evaluating the implications of lineages/sub-lineages profile with current disease status and future
survival outcomes.

4 To identify the best NGS protocols to implement into an HPV diagnosis laboratory.
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2. General Materials and Methods

2.1 Materials

Table 5. Consumables and Manufacturer

Consumables

Manufacturer

Qiagen DNA Mini Kit

Cat#: 51304, Qiagen, Hilden, Germany

Anyplex Il HPV28 Detection

Cat#: HP7S00X, Seegene, Seoul, Korea

Seegene Universal extraction system

Cat#: 744300.4.UC384, Seegene

Seegene lysis buffer

Cat#: unknown, Seegene, Seoul, Korea

TruSeq DNA Nano

Cat#: 20015964, lllumina, San Diego, USA

TruSeq DNA Single Indexes Set A (12 Indexes, 24

Samples)

Cat#: 20015960, Illumina, San Diego, USA

TruSeq DNA Single Indexes Set B (12 Indexes, 24

Samples)

Cat#: 20015961, Illumina, San Diego, USA

[llumina® DNA Prep, (M) Tagmentation (24

Samples)

Cat#: 20018704, Illumina, San Diego, USA

Nextera™ DNA CD Indexes (96 Indexes, 96

Samples)

Cat#: 20018708, Illumina, San Diego, USA

MiSeq Reagent Kit v2 (500 cycles)

Cat#: 20018708, Illumina, San Diego, USA

Qubit™ dsDNA High Sensitivity

Cat#: Q32854 ThermoFisher, Waltham, USA

Qubit Broad Range Assay Kit

Cat#: Q32853 ThermoFisher, Waltham, USA

Qiagen PCR Multiplex kit

Cat#: 206143 Qiagen, Hilden, Germany

HPV 16 primers

Eurogentec, Seraing, Belgium

EcoRl in 1x NEB Cutsmart buffer

Cat#: R0O101S New England Biolabs (NEB)
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Hindlll in 1x NEB Cutsmart buffer

Cat#:

R0104S New England Biolabs (NEB)

Tapestation High Sensitivity DNA 1000

Reagent

Cat#:

5067-5585, Agilent, Santa Clara, USA

Tapestation High Sensitivity DNA 1000

Screen Tape

Cat#:

5067-5584, Agilent, Santa Clara, USA

Tapestation DNA 1000 Reagent

Cat#:

5067-5583, Agilent, Santa Clara, USA

Tapestation DNA 1000 Screen Tape

Cat#:

5067-5582, Agilent, Santa Clara, USA

Optiplex HPV Genotyping Kit

Cat#:

IN0601, Diamex, Heidelberg, Germany

QlAamp MinElute

Cat#:

28604, Qiagen, Hilden, Germany

QlAamp DNA FFPE Tissue Kit

Cat#:

56404, Qiagen, Hilden, Germany

SYBR Green PCR MasterMix

Cat#

: 4344463 ThermoFisher, Waltham, USA

PCR grade water

Cat#:

733-2573, VWR, Radnor, USA

2.2 Equipment

Table 6. Equipment and Manufacturer

Equipment

Manufacturer

CFX96 Touch Real-Time PCR Detection

System

Bio-Rad, Hercules, USA

Microlab Nimbus

Hamilton Robot, Reno, USA

MiSeq

[llumina, San Diego, USA

Microtome — HistoCore MULTICUT

Leica, Wetzlar, Germany

GeneAmp PCR System 9700

ThermoFisher, Waltham, USA

Water bath

GAL,
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Tapestation 4200 Agilent, Santa Clara, USA
QX200 Droplet Generator Bio-Rad, Hercules, USA
QX200 Droplet Reader Bio-Rad, Hercules, USA
Quantasoft Bio-Rad, Hercules, USA
Luminex LX200 Luminex, Austin, USA

2.3 Nucleic acid extraction and HPV genotyping

2.3.1 Cervical and oropharyngeal cancer samples
Please note that no cervical or oropharyngeal cancer samples were extracted as part of this doctoral
thesis. Instead, the results described in chapter 3 relate only to the assessment of the data. However, for

a better contextualisation, extraction and genotyping protocols are described below.

2.3.1.1 Cervical cancer samples extraction

The paraffin blocks received at the Scottish HPV Reference Lab (SHPVRL) as part of the national
immunisation surveillance were obtained from the pathology laboratories and sectioned (10 um) using a
Leica microtome. Nucleic acid was extracted using the QlAamp DNA Mini Kit (Qiagen, Heidelberg,
Germany) using an optimised protocol developed by Steinau et al. (2011)% for HPV recovery from FFPE
samples. A total of 200 ul of ATL was added to each sample, followed by a 20-minute incubation at 120°C.
Tubes were vortex for 10 seconds and quick spin. 20ul of Proteinase K was added to the tube followed by
a 10 second vortex and spin down. Samples were then incubated at 64°C in a water bath overnight. The
next morning, 200ul of AL was added to each sample and incubated at 70°C in a hot block for 10 min.
200ul of 100% ethanol was then added to each tube and incubated for 5 minutes. All lysate was then

transferred into a Qiamp spin column and centrifuged at 8000rpm for 1 min. Columns were then washed
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with 500 ul of AW1 and AW2 and centrifuged at 8000 and 13000rpm respectively. 200 ul of elution buffer
was then added to each column, incubated for 1 minute at room temperature and centrifugated at

8000rpm for 1 minute. Eluate was then stored at -80°C.

2.3.1.2 Clinical oropharyngeal samples extraction
Clinical oropharyngeal sample sections (10 um) were received at the SHPVRL accompanied with a request

form. Extraction was performed using the process described in the above section (2.3.1.1).

2.3.1.3 HPV detection of cervical and oropharyngeal samples

The test selected by the reference lab to genotype the samples was the Optiplex HPV Genotyping Kit
(Diamex, Heidelberg, Germany). It is a Polymerase Chain Reaction (PCR)-amplified method for the
detection of 24 of the most common HPV types: 14 high-risk types (16, 18, 31, 33, 35, 39, 45, 52, 56, 58,
59, 68) “carcinogenic or probably carcinogenic”, 6 putative types (26, 53, and 66, 70, 73 and 82) “possibly
carcinogenic” and 6 “low-risk” types: (6, 11, 42, 43, 44) 8. The HPV genotyping is based on polystyrene

beads dyed with different fluorophores detected and quantified by a Luminex analyser (LX-200).

A median fluorescence intensity (MFI) relative to each bead-&-probe was calculated for every sample and

the MFI recorded. An MFI of equal to or greater than the cut-off value indicates a positive HPV result

whereas an MFI measurement less than the cut-off indicated the absence of HPV DNA sequences or HPV

DNA levels below the level of detection limit of the assay.

2.3.2 Anal lesions:
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A 10 um section was obtained from each block using a microtome (Leica HistoCore MULTICUT, Germany).
A deparaffinization step was performed prior to the extraction with 300 pul of Seegene lysis buffer to each
10 um sections and overnight incubation at 64 °C degrees.

2.2.3.1 Anal cancer - DNA extraction

The nucleic acid extraction was performed using the Microlab Nimbus (Hamilton, Reno, USA) automated
system and the Seegene Universal Lysis buffer. This instrument allows extraction and mastermix
preparation for 42 samples thanks to its robotic pipette. However, FFPE samples require a
deparaffinization step before addition into the machine. This consisted in adding 300 ul of Seegene lysis
buffer to each 10 mm sections and incubated overnight at 64 °C degrees in a water bath. The following
day, tubes were collected from the water bath and centrifuged for 10 seconds at full speed (13000rpm).

Supernatant was transferred to 1.5 ml tubes. Tubes with the paraffin pellet were discarded.

The automated extraction was performed using Seegene’s Nimbus protocol prepared for the instrument.
DNA extraction was based on magnetic beads which join to the DNA and through several buffer washes

the cellular debris are washed away. Final elution volume obtained was 100 pl.

2.2.3.2 Anal cancer - genotyping

HPV detection was performed using the Seegene Anyplex Il assay. This assay detects 28 HPV types,
identifying them as positive, negative, or invalid. It also provides semi-quantitative information about the
number of copies of the L1 gene of the virus present in the sample. This is calculated based in the
amplification detection cycles; at melting PCR cycles 30 (+++), 40 (++) and 50 (+). Types detected by the
assay are: 12 high-risk carcinogenic types (HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59),

probable carcinogenic types (HPV type 68), and some possibly carcinogenic types (HPV types 26, 53, 66,
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70, 73, and 82) and low-risk types (HPV types 6, 11, 40, 42, 43, 54, 44 and 61) as defined by the

International Agency for Research on Cancer?.

Once the extraction was completed, the Nimbus instrument prepared automatically the mastermix using
the Anyplex Il reagents present in the kit. 5 ml of EM1, 5 ml of RNAse Free water and 5 ml of Mastermix

A and 5 ml of Mastermix B.

A total of 5 pl of the sample nucleic acid was added to the 15 ul of the mastermix to generate a final
volume of 20 pl. Wells were closed with optical caps. Plate was transferred to the CFX96 thermocycler
(Bio-Rad, USA) for the PCR detection with the cycles described below (Table 7. Seegene Anyplex 28 Il

Melting PCR cycles.) taking a total time of 3:35 hours.

Table 7. Seegene Anyplex 28 Il Melting PCR cycles.

Step Temperature Duration No of cycles
1 50°C 4 min

2 95°C 15 min

3 95°C 30 sec

4 60°C 1 min

5 72°C 30 sec 30
6 GOTO 3, 29 more times

7 55°C | 30 sec

8 Melting curve 55°C ~ 85°C (5s / 0.5°C)

9 95°C 30 sec

10 60°C 1 min

11 72°C 30 sec 10
12 GOTO 9, 9 more times

13 55°C | 30 sec

14 Melting curve 55°C ~ 85°C (5s / 0.5°C)

15 95°C 30 sec

16 60°C 1 min 10
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17 72°C ‘ 30 sec

18 GOTO 15, 9 more times

19 55°C | 30 sec

20 Melting curve 55°C ~ 85°C (5s / 0.5°C)
Note: Plate Read at steps 8, 14 and 20. Fluorescence is detected at

Melting
Once the run was finished, raw-data was exported to the Seegene auto-interpretation software. This

software merged the PCR data and generated an interpretation document with results for each sample.
Invalid samples were repeated with a new section and diluted 1:10 before adding them into the Nimbus

for extraction.

Anyplex™ Il HPV28 Detection (96 plate)

Sample No Patient Id Well Name Type FAM HEX ] Texas Red Cys Quasar 705 [ Cy5s ] Auto Interpretation Comment
66 45 58 51 59 16 33 39 52 35 18 56 68 31
A01 HPV121
SAMPLE 16(++)
26 69 73 42 82 53 43 54 70 61 6 44 40 1"
A07 HPV121
66 45 58 51 59 16 33 39 52 35 18 56 68 31
BO1 HPV122 -
SAMPLE 16(++4)
26 69 73 42 82 53 43 54 70 61 6 44 40 1"
BO7 HPV122
66 45 58 51 59 16 33 39 52 35 18 56 68 3
cot HPV123
SAMPLE . - . .
26 69 73 42 82 53 43 54 70 61 6 44 40 1
cor HPV123
66 45 58 51 59 16 33 39 52 35 18 56 68 31
Dot HPV124 -
SAMPLE 16(++)
26 69 73 42 82 53 43 54 70 61 6 44 40 "
Do7 HPV124
66 45 58 51 59 16 33 39 52 35 18 56 68 31
EO1 HPV125 -
SAMPLE 16(+4)
26 69 73 42 82 53 43 54 70 61 6 44 40 1"
EO07 HPV125
66 45 58 51 59 16 33 39 52 35 18 56 68 31
FO1 HPV126 -
SAMPLE . - 16(++)
26 69 73 42 82 53 43 54 70 61 6 44 40 1"
FO7 HPV126
66 45 58 51 59 16 33 39 52 35 18 56 68 3
Go1 HPV127 -
SAMPLE 16(+++)
26 69 73 42 82 53 43 54 70 61 6 44 40 "
Go7 HPV127
66 45 58 51 59 16 33 39 52 35 18 56 68 31
HO1 HPV128
SAMPLE ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~
26 69 73 42 82 53 43 54 70 61 6 44 40 "
HO7 HPV128
66 45 58 51 59 16 33 39 52 35 18 56 68 31
A02 HPV129
SAMPLE |— - - - - - - - - - Invalid
26 69 73 42 82 53 43 54 70 61 6 44 40 "
A08 HPV129 l [

Figure 6. Example of Anyplex Il HPV28 report. Report is automatically produced by the Seegene

interpretation software.

2.3.3. Residual rectal swabs
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In chapter 6 as a control group, residual rectal swabs obtained from asymptomatic men attending sexual
health clinics were sequenced for HPV 16 sub-lineage identification. These samples were part of a
published study (Cameron et al. 2019) where they looked at the HPV prevalence in residual rectal swabs

from MSM attending health clinics ®.

2.12.4 Nucleic acid — residual rectal swabs
Nucleic acid from these samples were previously extracted for the original study using a combination of
the Qiagen MDx Robot (Qiagen, Germany) and the Seegene Universal extraction kit. Nucleic acid

obtained from both extraction systems was stored at -80°C.

2.3.4 DNA extraction methods used in the nucleic acid comparison for the identification of the best
method for NGS downstream

There exist different DNA extraction methods, each one with different characteristics, including the
purification technology, overnight incubation, final elution volume and use of robot. As described in
Table 8, these characteristics were different depending on the method. Manufacturer information of

each of these kit is described in Table 5.

Table 8. Characteristics of the 3 nucleic acid methods examined in chapter 5.

Characteristics Qiagen GeneRead | Qiagen DNA Mini Kit Seegene Universal
FFPE Kit extraction system

Purification Silica gel membrane | Silica gel membrane | Magnetic beads

technology technology technology

Overnight incubation? | No Yes Yes

Elution volume 20-40 ul 200 pl 100 pl

Automation? No No Yes
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2.3.4.1 Extraction comparison — FFPE Microtomy

Three 10 um sections were obtained from each block using a microtome (Leica HistoCore MULTICUT,

Germany) following the SHPVRL Standard operating protocol for microtome sectioning.

Deep cleaning of the instrument before and between samples was carried out using 10% bleach and a
new microtome blade was used for each sample. Moreover, a blank negative and a positive block were
sectioned every day to reduce and identify the risk of contamination between samples. Sections were

allocated in 2ml Sarstedt tubes.

2.3.4.2 Extraction comparison — Qiagen DNA Mini kit

Extraction was performed using the Qiagen DNA Mini kit, protocol described in section 2.3.1.1.

2.3.4.3 Extraction comparison — GeneRead DNA FFPE kit

The GeneRead DNA FFPE Kit is designed to purify of high yields of DNA from small amounts of FFPE tissue
sections. Additionally, the procedure includes the removal of deaminated cytosine to prevent inaccurate
results in DNA sequencing. Each 10um section was placed in a 1.5 microcentrifuge tube. 160ul
Deparaffinization Solution was added to each tube and incubated at 56°C for 3 min. A mix of 55 ul RNase-
free water, 25 ul Buffer FTB, and 20 pl proteinase K was added to each tube followed by a 1-hour
incubation at 56°C followed by 1-hour 90°C incubation. The lower clear phase was then transferred into a
new labelled microcentrifuge tube. 35 pl of Uracil-N-glycosylase (UNG) was then added to the sample and
incubated at 50°C for one hour in a heating block. 2 pl RNase A (100 mg/ml) was added to the tube
followed by an incubation of 2 minutes at room temperature. Then, 250 ul of AL buffer was added to each
sample, followed by 250 ul for 100% Ethanol. Lysate was then added to a QlAamp MinElute column and

centrifuged at maximum speed for 1 minute. Columns were then washed with 500 ul of AW1 and AW?2
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followed by another wash with 250 pl of 100% Ethanol. Finally, 40 pl of ATE buffer was then added to the

QlAamp columns for elution. Elute was stored at -80°C.

2.3.4.4 Extraction comparison — Seegene Automated extraction
This extraction protocol was based on the Nimbus Microlab platform (Hamilton, Reno, USA) which
automatically extracts the NA using magnetic beads. However, due to the presence of paraffin, this

protocol required an overnight incubation at 65°C with Seegene lysis buffer.

Each FFPE sample was inserted in a 2ml microcentrifue tube. 300 ul of Seegene Universal Lysis buffer was
added to each of the FFPE sections, followed by a 5-second vortex and pulse centrifuge. Tubes were then
incubated at 65°C overnight. The next day, tubes were centrifuged, and supernatant was transferred into
a 1.5 ml microcentrifuge. Tubes containing the supernatant were transferred into the Hamilton Nimbus
and were extracted using the Seegene automated extraction protocol. The Nimbus extraction process

took approximately 90 minutes to extract 42 samples, obtaining an elution volume of 100 pl.

2.3.4.5 Extraction comparison - Quantification of DNA

2.3.4.5.1 Qubit

Sample DNA obtained from the 3 different extraction methods were quantified using the Qubit
(ThermoFisher Scientific, Waltham, MA, USA) and dsDNA BR Assay. Process was performed according to

the manufacture’s protocol. 5 ul of DNA sample was used for each test into 195 pl of buffer.

2.3.4.5.2 qPCR for the determination of HPV DNA present in the FFPE samples. Chapter 5.
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To determine the amount of HPV 16 nucleic acid present in each sample, a quantitative polymerase chain

reaction (qPCR) test was used. gPCR was used as a tool to compare the output of extraction efficiency.

This gPCR was designed using PK02718_PaVE sequence as a reference (HPV 16) and targeting the L1 gene
sequence, resulting in an amplicon of 192bp (F: 6937 Stop 6957, R: 7127 Stop 7106). Primers and the
sequence are described in Table 9. This assay was designed to obtain a long amplicon to be able to

determine if exist DNA fragmentation in FFPE samples and if there are differences between methods.

Table 9. Name and sequence of HPV 16 primers and probe.

Oligonucleotides Sequence (5’ -> 3’)

HPV 16 primer Forward (22bp) CTCCAGCACCTAAAGAAGATCC

HPV 16 primer Reverse (22bp) TTGTAGAGGTAGATGAGGTGGT

HPV 16 probe (24bp) /56-FAM/ACAAGCAGG/ZEN/ATTGAAGGCCAAACC/31ABkKFQ/

PCR reaction was carried out in a total volume of 20ul including 0.2 uM of primers, 0.1 uM of probe and

5ul of sample. Mastermix used was Qiagen Multiplex PCR Kit.

PCR was carried out under the following conditions: 95°C for 15 min, followed by 40 cycles of 30 secs at
95°C, 45 secs at 52°C and 45 secs at 72°C, using the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Hercules, USA). Interpretation of the qPCR was performed using the CFX software. PCR reaction had
a total volume of 25ul volume (21pl of mastermix and 4l of template DNA). Mastermix contains 12.5pl
SYBR Green PCR MasterMix (containing AmpliTag DNA polymerase), 3ul of MgCl, (3uM), 0.75ul (10uM) of

each primer and 1pl PCR grade water (VWR).
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2.4 Governance

2.4.1 Governance — Annotation of cervical and oropharyngeal cancer (data only)

HPV typing information on cervical cancers was obtained as part of a National HPV Surveillance
programme in Scotland, which is delivered under the auspice of Public Health Scotland (PHS) (formerly
Health Protection Scotland). The SHPVRL is commissioned by National Services division to deliver HPV
testing services to support the surveillance programme. All tissue samples were taken as per routine
standard of care as a consequence of the management of cervical disease and genotyped centrally at the
SHPVRL using the technology described in section 2.3. HPV Surveillance is supported through system of
linkages permissions that relate to the national surveillance program, these include Caldicott guardian
permissions, the Public Benefit and Privacy Panel for Health and Social Care (1617-0175) and a data
protection impact assessment for which the SHPVRL is included as a partner : “The collection and use of
data for the surveillance of the impact of HPV immunization on the incidence and mortality from cervical
cancer and its precursors” As part of the system of linkage/data flow, no personal identifying information

was received at the SHPVRL as a consequence of the surveillance exercise

HPV prevalence Data on oropharyngeal cancer was generated as part of the SHPVRL routine and national
remit to provide identification and typing of HPV in order to guide the clinical management of individual
patients and to supply detailed epidemiological information for health protection purposes as described
in the service level agreement. SHPVRL receive OPC samples for HPV testing and as part of chapter 3

aggregate data (only) on positivity are presented, with no fields presented that are < n=10.

2.4.2 Governance — Collation and annotation of anal cancer cases (including samples)
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The project involved the use of archived anal cancer samples taken between 2009 and 2018 as part of
standard of care for the management of patients with anal disease. Samples were archived as formalin
fixed paraffin embedded tissue blocks at the Western General Hospital in Edinburgh. Use of samples for
the present project was approved by the Southeast of Scotland National Research for Scotland (NRS
Bioresource) Bioresource (REC reference Ref 20/ES/0061- SR 1283). Favourable ethical opinion to conduct
the research was also provided by University of St Andrews Teaching and Research Ethics Committee,

reference MD 14482.

2.4.3 Residual rectal swabs

Residual rectal swabs were collected as a strand of national surveillance and obtained through
permissions by the NRS Bioresource REC reference Ref 20/ES/0061- SR 1283). Nucleic acid samples from
these samples previously genotyped for HPV were archived as nucleic acid at the SHPVRL Use of samples
for the present project was approved by the Southeast NRS (REC reference Ref 20/ES/0061 application
reference SR1364). Favourable ethical opinion to conduct the research was provided by University of St

Andrews Teaching and Research Ethics Committee, reference MD 14482.

2.5 Information capture for cervical and oropharyngeal cancer data

2.5.1 Cervical cancer sample collection through National Surveillance

As part of national surveillance study, each pathology laboratory across Scotland was requested to collate
a case list of cervical cancers, irrespective of age, collected in 2015, 2016 and 2017. Laboratories were
asked to identify a target number of samples related to the size of the NHS health board — e.g. Greater

Glasgow and Clyde, which serves the largest population, were requested to send the greatest number of
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cervical lesions. Pathology labs sent details of the identified cases with a surveillance study number, lesion

morphology or histology and collection year to Information Services Division (part of PHS) where linkage

to demographic information and vaccination status was performed. The pathology lab sent the formal

fixed paraffin embedded (FFPE) biopsies to SHPVRL for HPV genotyping with the surveillance study

number, morphology, and year of collection only (no patient identifying information was received). HPV

results generated at SHPVRL were then sent to PHS with a study number which acted as a common

bridge/link to demographic details captured by Information Services Division (ISD). Figure 7 describes the

process of both surveillance programs involving high-grade and invasive cervical lesions.

SURVEILLANCE STUDY

SAMPLE TYPE

CHARACTERISTICS

| Public Health Scotland |

Jsanbay

Scottish Pathology Labs

Collection

|Cervica| cancer surveillancel

FFPE biopsies

*Cervical cancer
+All ages

«All Pathology labs in Scotland

*Diagnosed in 2015, 2016, 2017

—

Anonymised information is sent to HPS containing:

DATA

*Age at diagnose

*Type of lesion and morphology
*Health board

*Year of collection

*Vaccination status

. HPV genotyping result
SHPVRL

Samples were sent
to the SHPVRL for
testing

*Anonymised samples
* Type of lesion
*Year of collection

Figure 7. Diagram describing both Scottish cervical biopsy surveillance studies.

A total of a total of 649 cervical invasive lesion samples were sent to the SHPVRL for HPV genotyping from

the 3-collection years (2015, 2016 and 2017). Histological findings were classified according to the British
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Association for Cytopathology and NHS cervical screening program criteria®” %, Cervical cancer and
samples were classified in 3 different groups attending to their histology identification: Squamous cell

carcinoma (SCC), adeno squamous carcinoma (ASC) and adenocarcinoma (ADC).

2.5.2 Oropharyngeal sample collection/dimensions

Since 2014 the SHPVRL has offered an HPV genotyping service for the annotation of oropharyngeal
cancers to all the Scottish NHS health boards. A total of 1798 samples with valid results were tested
between 2013 and end of July 2020. Table 10 describes the number of samples received in each year of
collection. Most oropharyngeal cancer(s) are squamous in origin. Therefore, morphology data was not

presented for oropharyngeal samples.

Table 10. Total number of oropharyngeal samples collected between 2013 and July 2020 — samples were

received across 9 NHS health boards.

Collection year Total No cases %

2013 158 8.79%

2014 230 12.79%

2015 261 14.52%

2016 234 13.01%

2017 229 12.74%

2018 262 14.57%

2019 302 16.80%

2020 (Up to July) 122 6.78%
Total 1374 -
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2.5.6 Data verification/cleaning

With respect to the data on cervical cancer for ambiguous database entries or missing information entries,
contacts were made with PHS. Oropharyngeal data was obtained from the SHPVRL clinical database.
Database “cleaning” & verification was performed to ensure quality of data. For database entries where
it was not clear if the sample was oropharyngeal then the original request form was checked manually in
addition to the laboratory electronic record. Ambiguous entries were checked with consultant staff and
if the site was not specified the sample was excluded from the analysis. Most of the errors were related
to spell variations in the anatomical site (i.e., oro, ORO, oropharyngeal) or classification of non-
oropharyngeal samples as oropharyngeal (i.e., epiglottis or neck lymph node) Thus, filtering and

rectification of erroneous details was completed.

2.5.7 Information capture for anal cancer and anal swab data (Chapters 4 and 6)

2.5.7.1 Anal cancer

Anal cancer samples were no tested for HPV as part of routine diagnosis or surveillance program in
Scotland. All anal lesions collected in the East of Scotland (Lothian, Borders and Fife regions) between
2009 and 2018 were requested. Biopsy samples were obtained as part of standard of care for the
management of patients with anal disease; all biopsies had originally been obtained from the Southeast
of Scotland NHS Lothian, Borders, and Fife) — these healthboards serve a population of 1,396,640 (Data

from 2019)%°.

A total of 224 anal samples, including high-grade and cancer lesions, were HPV genotyped. Anal cancer
samples positive for HPV 16 were then tested for viral load, using a droplet digital PCR and HPV 16 sub-

lineage identification through NGS.
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2.5.7.2 Residual rectal swabs

To compare the sequences observed in the anal cancers, with a disease-free control group of anonymized
residual rectal swabs obtained from asymptomatic men attending sexual health clinics were collated for
downstream WGS. These samples had previously been genotyped as a consequence of immunization
surveillance in Scotland. Only samples mono infected by HPV 16 were selected for NGS downstream

(n=182).

2.6 Droplet digital PCR general steps
Viral load was analysed on invasive samples only. AIN (or high-grade) samples were not included in the

analysis due to the small number of samples (n=15).

Invasive samples HPV 16 positive on the Seegene assay, were tested using a digital droplet PCR (ddPCR).
Absolute quantification of viral load was performed on HPV 16-positive cancer samples (145 mono and 9
mixed infections) using a droplet digital assay (ddPCR). Nucleic acid was extracted from HPV 16-positive
samples using the QlAamp DNA Mini Kit. (Qiagen, Germany) and sample concentration measurement was

performed with the Qubit dsDNA High sensitivity kit (Thermo Fisher Scientific, MA, USA).

ddPCR was performed as described in Stevenson et al., 2020, at the Centre for Virus Research, University
of Glasgow. 0.7 pL of the RPP30 endogenous control assay, HPV 16 L1-specific primers and probes at 300
nM (final concentration) respectively, 10-100 ng of template DNA and 1 uL of restriction digest mix
(consisting of 4 U of both EcoRI and Hindlll in 1x NEB Cutsmart buffer (NEB, UK)) were used for the mix.
Reactions were mixed with Droplet Generation Qil on DGS8 cartridges in the QX200 droplet generator (Bio-
Rad) to generate droplets. Thermal cycling conditions were: 95 °C for 10 min followed by 40x94°C for 30s

and 60°C for 1min prior to final extension at 98°C for 10min.
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Post-amplification, droplets were analysed on a QX200 Droplet Reader (Bio-Rad), and output data files
were analysed using QuantaSoft analysis software v1.7.4 (Bio-Rad). The viral load for each sample was
calculated relative to the endogenous RRP30 cellular gene internal control, with 2 copies present per cell.
Any initially invalid results were repeated using a new FFPE section and fresh DNA extraction. After

retesting, consistent invalids were not included in the analysis (n=9).

The individual HPV 16 viral loads were ranked from smallest to largest and separated using tertiles as
described in Stevenson et al., (2020). The VL threshold(s) for L1 low viral load was <12.3, medium between

12.3 to 57 and high viral load above 57.

2.7 General NGS methods used in chapter 6.
HPV 16 sub-lineage identification using whole genome sequencing.
Due to the ratio HPV:human genome and potential fragmented DNA, the approach of sequencing chosen

was target enrichment and short read sequencing.

2. 7.1 Target enrichment

HPV 16 DNA was amplified using a conventional PCR. The entire HPV 16 genome (7906 bp) was amplified
by 47 overlapping amplicons, ranging in size from 181 bp to 375 bp, as described previously (Cullen, et al.
2015%) and optimised by Arroyo et al. 20182 Primer sets were divided into five different reactions to

decrease self-dimer and cross-primer dimer formation (Table 11).
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Table 11. Primers pools for HPV 16 sequencing.

POOL1 POOL2 POOL3 POOL4 POOL5

HPV 16_7_F HPV16_ 1 F |HPV16 2 F |HPV16_19 F |HPV16_10 F

HPV 16_7 R HPV16_ 1 R |HPV16 2 R |HPV16_19 R |HPV 16_10 R

HPV 16_9_F HPV16 3 F |HPV16 4 F |HPV16_22 F |HPV16_12 F

HPV 16_9 R HPV16 3 R |HPV16 4 R |HPV16_22 R |HPV16_12 R

HPV 16_13_F HPV16 5 F |HPV16 6 F |HPV16 24 F |HPV16 21 F

HPV 16_13_R HPV16 5 R |HPV16 6 R |HPV16_24 R |HPV16_21 R

HPV 16_15_F HPV16_14 F |HPV16 8 F |HPV16_28 F |HPV16_23 F

HPV 16_15_R HPV16_14 R |HPV16_ 8 R |HPV16_28 R |HPV 16_23 R

HPV

HPV 16_15B_R HPV 16_14B_R |HPV 16_8B_F | 6 288_R HPV 16_26_F

HPV 16_17_F HPV 16_16_F |HPV 16_8B R |HPV 16_32_F |HPV 16_26_R

HPV 16_17_R HPV 16_16_R |HPV16_11 F |HPV16_32_R |HPV 16_30_F

HPV 16_20_F HPV 16 31 F |[HPV16_11 R |HPV16_34 F |HPV 16_30 R

HPV 16_20_R HPV 16 31 R |[HPV16_18 F |HPV16_34 R |HPV 16_33_F

HPV 16_20B_F HPV 16_31B_R |HPV 16_18 R |HPV 16_43_F |HPV 16_33_R

HPV 16_25_F HPV 16_36_F |[HPV16_29 F |HPV 16_43 R |HPV 16_39 F

HPV 16_25_R HPV 16_36_R |HPV 16_29_R |HPV 16_45_F [HPV 16_39 R
HPV

PV16_27 F HPV 1638 F | 6 298 F HPV 16_45_R

HPV 16_27 R HPV 16_38_ R [HPV16 37 F

HPV 16_35_F HPV 16_42 F |HPV16_37 R

HPV 16_35_R HPV 16_42 R |HPV16_40 F

HPV 16_41 F HPV 16_46_F |HPV 16_40 R

HPV 16_41 R HPV 16_46_R

HPV 16_44_F

HPV 16_44_R

HPV 16_47 F

HPV 16_47_R

2.7.2 Concentration primers:
Primers were ordered as 25 nmole DNA. When received all 108 primers, were diluted to 100pM using
molecular DNA/RNA free water (Sigma Aldrich, USA) and stored a -20°C. Pools with primers described in

table 11 where prepared and diluted as follow:

e Pool 1: 260ml of primers
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e Pool 2: 220 ml of primers + 40 ml of DNA/RNA free water
e Pool 3: 210 ml of primers + 50 ml of DNA/RNA free water
e Pool 3: 170 ml of primers + 90 ml of DNA/RNA free water

e Pool 3: 160 ml of primers + 100 ml of DNA/RNA free water

2.7.3 PCR mastermix and amplification

PCRs were performed using Qiagen Multiplex PCR Master Mix (Qiagen, Hilden, Germany) and 0.2 uM of

each primer, according to manufacturers’ instructions:

e 12.5 pl of Qiagen Multiplex PCR

e 2.5 ulof 10 uM primers pool

e 5 pul of molecular DNA/RNA free H20.
e 5l of Sample

e Total volume of 25 pl

PCR was completed with a total volume of 25 pl, using an Applied Biosystem 9700 thermocycler (MA,
USA). Cycling conditions selected were pre-heat for 15 min at 95 °C, 45 cycles at 95°C for 30 seconds, 57°C
for 90 seconds and 72°C for 90 seconds, with a final extension at 72 °C for 10 min. PCR amplification
products were then pooled together according to sample name prior to library preparation and stored at

4°C for next-day library preparation.

2.7.4 Library Preparation

2.7.4.1 lllumina TruSeq DNA nano library
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Libraries were originally prepared using the protocol used at the HPV International Laboratory (Karolinska
Institute, Sweden), which required the use of the Illumina TruSeq DNA nano library kit. However, this
protocol was optimised by Arroyo et al, 20182 for small size amplicons, starting from the A-tail step and

avoiding the fragmentation and end-repair steps.

The TruSeq kit requires to perform a normalisation step. This step consists in diluting the different libraries

to the same concentration before pooling them to ensure an even distribution of DNA for all the samples.

2.7.4.2 lllumina DNA Prep Kit

Libraries for anal cancer and control cohort samples were then prepared using the lllumina DNA prep kit
(San Diego, CA, USA) following the manufacturer’s instructions, using 450 ng of DNA in 35 pL as input.
Sequencing was performed using the lllumina MiSeq instrument and the Illumina MiSeq reagent kit v2

500 cycles (2 x 250 bp). Libraries were normalized to 4 nM in combination with 12.5 pM of PhiX (lllumina).

A total volume of 594 pl of denaturared library (20pM) + 6 pl pf PhiX (12.5pM) was added to the Illlumina
MiSeq reagent kit v2 cartridge. MiSeq run was configured as FASTQ only. Sample sheet was created using

the lllumina Experiment manager, selecting number of cycles and indexes.

2.7.5 Bioinformatic Analysis

Reads obtained from lllumina were de-multiplexed and converted to fastq files. All fastq files were quality
and adaptor trimmed using Trimmomatic (v0.39)°. Only high-quality paired reads (-phred 33 -leading 3 -
trailing 3- slidingWindow: 4:15) with 150 bp were used for further analysis. FASTQC tools were further
used to assess whether any adaptors remained®?. High-quality reads were then mapped to the HPV 16

reference genome from the Papillomavirus Episteme®® using bwa (v0.7.17)%, to create a sam file. Due to
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the circular HPV genome, the reference genome was modified by adding the 258 nucleotides from the
beginning to the end of the genome sequence to not lose coverage of amplicons 46 and 47. SAMtools
(v1.14)%was then used to convert files from sam to bam and to curate files for the variant calling. BCFtools
(v1.14), mpileup and consensus tools were used for the variant calling and for the generation of a

consensus sequence®, using default parameters. Positions not covered were annotated as Ns.

New consensus files were aligned using MAFFT (v7.490)”” with default parameters. A manual edit was
performed when required. Maximum likelihood trees were inferred using RAXML (v2.0.8)°”*®with the GTR
substitution model (ML + transfer bootstrap expectation + consensus, 1 run, 100 reps). Visualization of
the trees generated by RAXML was performed using Figtree (v1.4.4). Each sample was assigned with a

sub-lineage corresponding to the nearest neighbour.

Sub-lineages references were obtained from the PAVE for each of the HPV 16 sub-lineages: Al (Accession
number K02718.1), A2 (Accession number AF536179.1), A3 (Accession number HQ644236.1), A4
(Accession number AF534061.1), B1 (Accession number AF536180.1), B2 (Accession number
HQ644298.1), B3 (Accession number HQ644298.1), B4 (Accession number KU053914.1), C1 (Accession
number AF472509.1), C2 (Accession number HQ644244.1), C3 (Accession number KU053920.1), C4
(Accession number KU053925.1), D1 (Accession number HQ644257.1), D2 (Accession number
AY686579.1), D3 (Accession number AF402678.1) and D4 (Accession number AF402678.1) A sub-lineage
assignment was performed for all specimens excluding those with <100x median depth or low genome

coverage (<80% genome coverage).
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https://www.ncbi.nlm.nih.gov/nuccore/KU053914.1
https://www.ncbi.nlm.nih.gov/nuccore/AF472509.1
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2.7.6 Validation of the library preparation and bioinformatic analysis

As a further quality control for analysis of the sequence data generated, a subset of anonymised 25 fastq
files were sent to the International HPV Reference Laboratory in Karolinska, Sweden for independent and
blind bioinformatic analysis and sub-lineage identification. The Karolinska pipeline included the following

tools: BCL2FASTQ, Trimmomatic, NextGenMap, GATK, Trimbam, Fixmate and MEGA.

2.7.7 Assessment of HPV integration in anal cancer samples

Coverage of all samples were analysed using Artemis® and Qualimap®. Samples with regions with no
sequencing reads were repeated from the PCR step to discard any potential error during the process.
Annotation of the plausible integration regions was performed using Artemis®® and annotation file from

HPV 16 A1 reference (K02718.1).

2.8 Statistical packages

Statistical analysis was performed using R Studio (2022.07.2, build 576) with the following packages:

Survival: Survival Analysis (version 3.5.3)%01

Survminer: (version 0.4.9)01

ggplot2 (version 3.4.1)02

guestionr (version 0.7.4)
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2.9 Primers
The entire HPV 16 genome (7906 bp) was amplified as 47 overlapping amplicons, ranging in size from 181
bp to 375 bp, as described previously (Cullen, et al. 2015). Primers were ordered from Eurogentec

(www.eurogentec.com)

First set of primers (12 primers)

>HPV 16_7_F GCTGCAAAAAGGAGATTATTTG
>HPV 16_7_R ATTGCTGCCTTTGCATTACT

>HPV 16_9_F GGTGTATTGCTGCATTTGGA

>HPV 16_9_R TACGCAATTTTGGAGGCTCT

>HPV 16_13_F AGATGTGATAGGGTAGATGATGGAG
>HPV 16_13_R TTGTCATCTATGTAGTTCCAACAGG
>HPV 16_15_F GATTGGTGGTGTTTACATTTCC
>HPV 16_15_R CATTCTAGGCGCATGTGTTT

>HPV 16_15B_R CATTCTAGGCGCATTTGTTT

>HPV 16_17_F GTGCCAACACTGGCTGTATC

>HPV 16_17_R TGCATATGTCTCCATCAAACTG
>HPV 16_20_F TCTGTGTTTAGCAGCGACGA

>HPV 16_20_R CAGTGAGGATTGGAGCACTG
>HPV 16_20B_F TCTGTGTTTAGCAGCAACGA

>HPV 16_25_F GGATAACAGCGGCCTCTGC

>HPV 16_25_R AAAGTTGGGTAGCCGATGC
>PV16_27_F GTACAGGCGGACGCACTG

>HPV 16_27_R GGGATTATTATGTGTAGTAACAGTAGTAACAG
>HPV 16_35_F CTTGCAGTTGGACATCCCTA

>HPV 16_35_R CACACCTAATGGCTGACCAC

>HPV 16_41_F TGTGCAAAATAACCTTAACTGC
>HPV 16_41_R TGCGTCCTAAAGGAAACTGA
>HPV 16_44_F GTTTGTATGTGCTTGTATGTGCTTG
>HPV 16_44_R CGGTTGAAGCTACAAAATGGC
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>HPV 16_47_F
>HPV 16_47_R

Self-Dimers:

Cross Primer Dimers:

CAAACCGTTTTGGGTTACAC
ATGCATAAATCCCGAAAAGC

1 dimer for: HPV 16_25 F
1 dimer for: HPV 16_47 F
1 dimer for: HPV 16_44 R

HPV 16_25_F with HPV 16_25_R
HPV 16_9 F with HPV 16_44_R
HPV 16_9 R with HPV 16_44_R
HPV 16_13_R with HPV 16_44 R
HPV 16_20_F with HPV 16_25_F

Second set of primers (10 primers)

>HPV 16_1 F
>HPV 16_1 R
>HPV 16_3 F
>HPV 16_3_R
>HPV 16_5_F
>HPV 16_5_R
>HPV 16_14 F
>HPV 16_14 R
>HPV 16_14B_R
>HPV 16_16_F
>HPV 16_16_R
>HPV 16_31 F
>HPV 16_31_R
>HPV 16_31B_R
>HPV 16_36_F
>HPV 16_36_R
>HPV 16_38 F
>HPV 16_38_R

ACAGTTACTGCGACGTGAGG
TGGAATCTTTGCTTTTTGTCC
TTGCAACCAGAGACAACTGA
TTCTGAGAACAGATGGGGCAC
ACGGGATGTAATGGATGGTT
TGTTGTTTTGCTTCCTGTGC
GCAGATGCCAAAATAGGTATG
ACTGGATTTCCGTTTTTGTC
ACTGGATTTCCGTTTTCGTC
AAAACGATGGAGACTCTTTGC
AGTTGCAGTTCAATTGCTTGT
GCTCCAGATCCTGACTTTTTG
AGTIGGTGAGGCTGCATGGG
AGTIGGTGAGGCTGCATGTG
GTTTGGGCCTGTGTAGGTG
TTCCCCTATAGGTGGTTTGC
CGGCTTTGGTGCTATGGAC
GCAGTAGACCCAGAGTCTTTAATG
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>HPV 16_42_F
>HPV 16_42_R
>HPV 16_46_F
>HPV 16_46_R

Self-Dimers:

Cross Primer Dimers:

GGAGGCACACTAGAAGATACTTATAGG
GAGGTGGTGGGTGTAGCTTTTC
TAAATTACTATGCGCCAACG
ACTAACCGGTTTCGGTTCAA

1 dimer for: HPV 16_36_R
1 dimer for: HPV 16_42 F
2 dimers for: HPV 16_38 R

HPV 16_14_F with HPV 16_14 R
HPV 16_36_F with HPV 16_36_R
HPV 16_14_F with HPV 16_42_F
HPV 16_31_F with HPV 16_38_F

Third set of primers (9 primers)

>HPV 16_2_F
>HPV 16_2_R
>HPV 16_4 F
>HPV 16_4_R
>HPV 16_6_F
>HPV 16_6_R
>HPV 16_8 F
>HPV 16_8_R
>HPV 16_8B_F
>HPV 16_8B_R
>HPV 16_11_F
>HPV 16_11 R
>HPV 16_18 F
>HPV 16_18_R
>HPV 16_29 F
>HPV 16_29 R

TCAAAAGCCACTGTGTCCTG
TTCATCCTCCTCCTCTGAGC
GCGTACAAAGCACACACGTA
CTGTCATTTTCGTTCTCGTCA
TTTAACACAGGCAGAAACAGAGAC
CGCCCTTCTACCTGTAACATC
TGCGAAACACCACTTACAAA
CATTCCCCATGAACATGCTA
TGCCAAACACCACTTACAAA
CATTCCCCATGAACACGCTA
ACACGCCAGAATGGATACAA
CACATTGTTGCACAATCCTTT
AAACATGGATATACAGTGGAAGTGC
ATTACCTGACCACCCGCATG
AGCACAAACCCTAACACAGTAACTAG
TAAAATGTATTATCCACATCTATACCTTC
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>HPV 16_29B_F
>HPV 16_37_F
>HPV 16_37 R
>HPV 16_40_F
>HPV 16_40_R

Self-Dimers:

Cross Primer Dimers:

AGCACAAATCCTAACACAGTAACTAG
AGCAAATGCAGGTGTGGATA
TCCAGTGGAACTTCACTTTTG
ATGGCATTTGTTGGGGTAAC
ACCAAAATTCCAGTCCTCCA

1 dimer for: HPV 16_8 R
1 dimer for: HPV 16_29 R

HPV 16_6_F with HPV 16_6_R
HPV 16_40_F with HPV 16_29 F
HPV 16_37_F with HPV 16_29 R

Fourth set of primers (8 primers)

>HPV 16_19 F
>HPV 16_19 R
>HPV 16_22_F
>HPV 16_22_R
>HPV 16_24 F
>HPV 16_24 R
>HPV 16_28 F
>HPV 16_28_R
>HPV 16_28B_R
>HPV 16_32_F
>HPV 16_32_R
>HPV 16_34 F
>HPV 16_34 R
>HPV 16_43_F
>HPV 16_43_R
>HPV 16_45_F
>HPV 16_45_R

TGCAGTTTAAAGATGATGCAGA
CGCTGGATAGTCGTCTGTGT
CCATAGTACATTTAAAAGGTGATGC
CGCCAGTAATGTTGTGGATG
GTGTGCTTTTGTGTGTCTGCC
TGTGTCGCATTGTTAAGTGATAAC
TCAACTGATACCACACCTGCT
GAGACCCTGGTATGGGTGTG
GAGACCCCGGTATGGGTGTG
GTAGAATTGGTAATAAACAAACACTACG
GGAAGTAATGAAGGAGTTTGGTCAG
CATGTTACGAAAACGACGTAAA
CCAAACTTATTGGGGTCAGG
AAGGCCAAACCAAAATTTACA
GCATGACACAATAGTTACACAAGC
GCCATTTTGTAGCTTCAACCG
CAAGCCAAAAATATGTGCCTAAC
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Self-Dimers:

Cross Primer Dimers:

1 dimer for: HPV 16_45 F

HPV 16_22_F with HPV 16_43_F
HPV 16_28_F with HPV 16_28 R
HPV 16_28_F with HPV 16_28B_R
HPV 16_32_F with HPV 16_32_R

Fifth set of primers (8 primers)

>HPV 16_10_F
>HPV 16_10_R
>HPV 16_12_F
>HPV 16_12_R
>HPV 16_21 F
>HPV 16_21 R
>HPV 16_23_F
>HPV 16_23_R
>HPV 16_26_F
>HPV 16_26_R
>HPV 16_30_F
>HPV 16_30_R
>HPV 16_33_F
>HPV 16_33_R
>HPV 16_39 F
>HPV 16_39 R

Self-Dimers:

TGTGTGTCTCCAATGTGTATGATG
CCCATTGTACCATCGTGATAATTC
TGCACAATTGGCAGACACTA
ACCTGTGTTAGCTGCACCAT
ACCCCTGCCACACCAATAAG
TATGTCCTGTCCAATGCCATG
TACACTTACATATGATAGTGAATGTCAACG
CGTATGTAGACACAGACAAAAGCAG
GTTCTGCAAAACGCACAAA
GGGGTCTTACAGGAGCAAGT
GACCCTGCTTTTGTAACCACTC
GTACGCCTAGAGGTTAATGCTGG
TTCCTGCAAATACAACAATTCC
TACTGGGATAGGAGGCAAGTAGAC
TGGTGAAAATGTACCAGACGA
GATATGGCAGCACATAATGACA

1 dimer for: HPV 16_10_R
1 dimer for: HPV 16_26 F
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Cross Primer Dimers:  HPV 16_30_F with HPV 16_30 R
HPV 16_21 R with HPV 16_39 R
HPV 16_10_F with HPV 16_23_R
HPV 16_23_R with HPV 16_30_F
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3. HPV type specific prevalence in cervical and oropharyngeal cancer
in the Scottish population.

3.1 Introduction

As described in the introduction, high-risk HPV types (hr-HPV) are causative of carcinogenic lesions in
different anatomical locations, including cervix, oropharynx, anus, penis, vagina, and vulva. The most
common HPV-driven cancers in Scotland are cervical and oropharyngeal cancer. Anal cancer being the
third most common, (ISD, data extracted May 2019)%*. Furthermore, evidence suggests that
oropharyngeal and anal cancer is rising in Scotland. Figure 8 shows the EASR incidence from 1993 to 2017.
While cervical cancer incidence per 100,000 has decreased from 2015, other HPV-driven cancers like

oropharyngeal, anal, or penile cancer have increased since 1993.

EASR incidence of HPV-driven cancers in Scotland 1993 -

2017
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Figure 8. EASR: age-standardised incidence rate per 100,000 person-years at risk of the 5 most common

HPV-driven cancers in Scotland.
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Different studies have been performed in Scotland in the past looking at HPV prevalence in cervical and
oropharyngeal lesions. In 2010, Cuschieri et al. analysed the prevalence of HPV in cervical cancer (CCX)
biopsies collected between 2004 to 2008'%. Samples were collected in the main pathology centres in
Scotland. A high prevalence of HPV high risk types 16 and 18 were present in 82% of the HPV positive
cervical biopsies analysed. The next most frequently detected types in the Scottish invasive cervical cancer
(ICC) cases were, in order of prevalence, HPV 45, 33 and 31. However, these data are now 10 years old,
and a more contemporary epidemiological data set could help provide a more accurate depiction of

clinically relevant types in Scotland and whether these have changed.

As Figure 8 shows, oropharyngeal squamous cell carcinoma (OPSCC) is one of the cancers which has
increased dramatically in recent years, not only in the UK, but also in the developed countries, existing a

big difference in incidence with LMIC %,

The United Kingdom has seen a 51% increase in oral and oropharyngeal squamous cell carcinoma in men
from seven per 100000 to eleven per 100000 between 1989 and 2006%. While not all the oropharyngeal
cancers are driven by HPV - a UK study of cancers collected from 2002 to 2011, indicated that
approximately 50-55% of the cases were HPV positive!®%, In Scotland, two studies looked at the HPV
positivity rate in oropharyngeal cancer. Wells et al., 2015 looked at oropharyngeal cancer (OPC) in the
Southeast of Scotland. The authors found HPV in 57% of OPCs, with HPV 16 type dominating in 90% of the
HPV positive cases. Wakeham et al., 2019 looked at the HPV-driven OPC in the West of Scotland, with an
HPV prevalence of 60% on a cohort of cases diagnosed between 2013-15'7. HPV 16 was found in 55.5%
of samples. This latter publication did not consider the influence of age on prevalence and the sample was

“restricted” to the West of Scotland.
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Nonetheless, most of the Scottish and UK data is now over 10 years old now, and a newer data set could
help providing a more contemporary assessment of the HPV types in the OPC population and help model

the impact of primary and secondary interventions including vaccination.

Incidence of HPV-driven cancers varies by age group (Figure 9). It would be interesting to see if HPV

attributable fraction of cervical and oropharyngeal cancers vary depending on age®.

Cancer incidence HPV driven cancers - Scotland 2017

250

™~

—

o

(o]

< 200

°

q.:

(%]

2

€ 150

.©

©

[%]

b

9 100

o

G

o

—

8 50

€

>

=z

0
LN [e)] < )] < ()] < [e)] < [e)] < (o)) < (o)) < ()] < [e)] +
R N e T - s - S s G
2 S 1n SO Hh O 1’ O »mw O ’h S ! © w o wv D
c i — o~ o~ on o < < LN LN O Yo} ~ ~ o0 o]
>
Age groups
e OPC e CCX Vagina Vulva Penis Anal

Figure 9. Incidence of HPV-driven cancers detected in Scotland in 2017. Data obtained from Information

Division Service, Scotland. Accessed 02/04/23.

One of the key aims of the first part of this thesis is to identify the extent and diversity of HPV types in
Scotland associated with the most common HPV driven cancers (cervical and oropharynx). Additionally,
as mentioned in the introduction, there are rare cervical cancers, where HPV is not detected. However,
thanks to the use of next generation sequencing, it has been identified that a large number of cases

classified as HPV negative, were indeed positive for HPV®12, By analysing the HPV status on the cervical
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cancers described in this chapter, | will be able not only to determine what is the vaccine preventable
component of cervical and oropharyngeal cancers, but also determining the extent and nature of the
remaining portion. By understanding better the HPV negative component of the cancers, we could try and

tailor prevention and management strategies in the future.

To accomplish this, an interrogation into type specific prevalence, with particular respect to high-risk HPV
types (HR-HPV) (including non-vaccine and cross-reactive types) were performed for the following:
e Cervical cancer diagnosed in 2015, 2016 and 2017.

e Oropharynx cancer diagnosed between 2013 and 2018.

3.2 Overarching Aim:
This chapter aims to provide a contemporary description of HPV types in the most common invasive
lesions in Scotland to define what types are clinically relevant for further study/interrogation now, and in

the future given the impact of vaccination. The specific aims to this chapter are:

e To assess the type specific diversity of HPV types in cervical cancer and oropharyngeal cancer in
Scotland and identify any changes over time.

e To ascertain if there are differences in the most frequently occurring types according to
geography/health board of diagnosis in cervical cancers.

e To investigate the association of HPV status (presence or absence) with demographic variables
(age, health board, etc).

e To describe the preventable fraction of the 2 cancer lesions driven by HPV by the current licensed

HPV vaccines.
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3.3 Material and Methods

3.3.1 Collection period for cervical cancer samples

A total of 649 cervical invasive lesion samples were sent to the Scottish HPV Reference Laboratory
(SHPVRL) for HPV genotyping from the 3-collection years (2015, 2016 and 2017), described in Table 12.
Histological findings were classified according to the British Association for Cytopathology and NHS
cervical screening program criteria 878, Cervical cancer and samples were classified in 3 different groups
attending to their histology identification: Squamous cell carcinoma (SCC), adeno squamous carcinoma

(ASC) and adenocarcinoma (ADC).

Table 12. Total number of high-grade and cervical invasive lesions collected, stratified by morphology.

Samples were collected as part of a national HPV surveillance exercise from the Scottish NHS health

boards.
Cervical cancer
Diagnose
SCC ASC ADC Unknown

year

2011 N/A N/A N/A N/A
2013 N/A N/A N/A N/A
2015 176 13 50 5
2016 112 1 32 77
2017 68 0 26 81
Total 356 14 108 163
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Eight samples could not be tested for HPV as the genotyping result was invalid and therefore not

included in the analysis.

3.3.2 Morphology and histology of cervical cancer

Table 1 represents the number of cases stratified by histology and morphology. 55.16% (n=356) of
samples received were squamous cervical carcinoma (SCC), 2.16% (n=14) adenosquamous carcinoma
(ASC), 16.64% (n=108) adenocarcinoma (ADC), while 25.11% (n=163) unknown. ASC and ADC were

aggregated in one group for the regression analysis due to the small number of ASC cases.

3.3.3 Demographics

3.3.3.1 Age- Cervical cancer

Full data are presented in appendix 1. Some age information was not available for all the samples. 154/641
(24.02%) of samples did not contain age information. When it was available, age of patients was separated
into 5 groups: <45, 45 — 54, 55 — 64, 65 — 74 and >75. The age range was between 22 to 95 years old. The
greatest number of samples collected was from age group <45 with 36.66% of samples followed by those

in the 45 - 55 age group (18.25%).

3.3.3.2 Health board — Cervical cancer

Cases stratified by healthboards is represented in Figure 10. Cervical samples were requested from health
boards, according to catchment area. Consequently, the largest number of samples were collected by
Greater Glasgow and Clyde health board 210/641 (32.76%) — the largest territorial health board in
Scotland - followed by Lothian 115/641 (17.94%) and Tayside 91/641 (14.20%), 68/641 Fife (10.61%),
65/641 Forth Valley (10.14%), 38/641 Lanarkshire (5.93%), 36/641 Grampian (5.62%) and Highlands

24/641 (3.74%).
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CCX samples by Healthboard

NHS Fife

NHS Forth Valley

NHS Lothian

NHS Highlands

NHS Grampian

NHS Tayside

NHS Dumfries & Galloway
NHS Lanarkshire

NHS Ayrshire & Arran

NHS Greater Glasgow & Clyde

o

50 100 150 200 250

| CCX

Figure 10. Number of cervical cancer samples collected in each Scottish NHS healthboards.

3.3.3.3 Collection years — Oropharyngeal samples
A total of 1798 samples with valid results were tested between 2013 and end of July 2020. Table 13
describes the number of samples received in each year of collection. A valid result included the presence

or absence of HPV and the detection of the internal control.
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Table 13. Total number of oropharyngeal samples collected between 2013 and July 2020 — samples were

received across 9 health boards.

Collection year Total No cases %
2013 158 8.79%
2014 230 12.79%
2015 261 14.52%
2016 234 13.01%
2017 229 12.74%
2018 262 14.57%
2019 302 16.80%

2020 (Up to July) 122 6.78%
Total 1798 -

Most oropharyngeal cancer(s) are squamous in origin, and it is the squamous cancers that are generally

sent for testing to SHPVRL. Morphology data is not presented for oropharyngeal samples.

3.3.4 Demographic — Oropharyngeal samples

3.3.4.1 Age and sex

The median age of patients to oropharyngeal cases was 61.38 (SD + 11.13). Majority of cases were in the
60— 69 years old group (32.98%) followed by the 50 - 59 group with 32.81%. The <50 accounted for 12.06%

of samples and the >70 for 21.91%.

3.3.4.2 Sex

A total of 1798 samples collected were from men (73.36%) and 479 from female (26.64%).
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3.3.4.3 Health board — Sample location

Less healthboards/laboratories are represented for the OPC collection compared to those represented in
the cervical surveillance work given that surveillance was a national prospective exercise whereas HPV
testing of OPC relates to a service which although offered nationally receives samples from “centres” that
collects samples and perform pathology diagnosis from more than one board. Also, the service may be
accessed differentially depending on local protocols. Figure 11 shows the percentage of samples received
from health boards between 20013 to 2020. NHS Greater Glasgow & Clyde, the largest of all Scottish

Health boards and is the healthboard which sent most samples (48%)

Oropharyngeal Samples by Scottish Healthboard
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0%

Figure 11. NHS Health board distribution of oropharyngeal samples received between 20013 — 2020.

Frequency of HPV infections were counted and ranked in order of prevalence — an infection was counted

if it occurred as a mono infection or as a multiple infection with other types.
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3.3.4 Statistical analysis

3.3.4.1 Statistical analysis — cervical cancer

To assess the relationship in cervical cancers between HPV positivity and different factors (two or more
independent variables) a univariate logistic regression analysis approach was performed between overall
HPV result (any HPV positive) and age at diagnosis, collection year, morphology, and health board of
diagnosis. Adjustment was performed for age, morphology, and health board. Moreover, due to the
dominance of types 16 and 18, the same analysis was also performed focusing on these types as a duo.
Odds ratio (OR) were calculated to quantify the strength of the association between HPV positivity and
the different demographic and clinical data. All the statistics were obtained using R-studio macQS, (version

1.2.1335).

3.3.4.2 Statistical analysis — Oropharyngeal cancer

For the oropharyngeal cancer, the analysis approach was very similar to above. To assess the relationship
in oropharyngeal cancers between HPV positivity and different factors (two or more independent
variables) a univariate logistic regression analysis approach was performed between overall HPV result
(any HPV positive) and age at diagnosis, collection year, sex, and health board of diagnosis. Adjustment
was performed for age, sex, and health board. Odds ratios (OR) were calculated to calculate the strength
of the association between HPV positivity and the different demographic and clinical data. All the statistics

were obtained using R-studio macQOS, (version 1.2.1335).
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3.4 Results

3.4.1 HPV type prevalence in cervical cancer

3.4.1.1 Overall HPV type prevalence in invasive cervical samples

A total of 649 FFPE cervical cancer samples were tested for HPV in the present study; 8 had an invalid HPV
result and were not included in the analysis (n=641). Two hundred and forty-four (38.1%) samples were

collected in 2015, 222 (34.63%) in 2016 and 175 (27.30%) in 2017.

3.4.1.2 Overall HPV type positivity

Type specific prevalence is shown in detail in Appendix 1. Of the 641 cases, 587 samples tested positive
(91.58%, 95% ClI 89.17 — 93.49) for at least one of the 24 HPV types detected by the genotyping assay. A
total of 8.42% (95% Cl 6.51- 10.83) of samples were HPV-negatives. High-risk types were detected in 577
samples (90.02%, 95% Cl 87.46 — 92.11). HPV 16 and/or 18 was detected in 490 samples (75.50%, 95% Cl

72.05 — 78.65)

Type HPV 16 was the most prevalent with 394 samples positive (60.71%, 95% Cl 56.90 — 64.39). HPV 18
DNA was the second most common, detected in 117 samples (18.03%, 95% ClI 15.26 — 21.17). Other hr-
types were positive in 35 samples (5.46%, 95% Cl 3.95 — 7.50) and non-hr-types (including low risk types)
were positive in only 10 samples (1.54%, 95% Cl 0.84 — 2.81). When considering the 5 most prevalent

types, the order was HPV 16>HPV 18>HPV45>HPV31>HPV33.

As a comparison with a previous study, Cuschieri et al., 2010 that reflected Scottish cervical cancer cases

collected before 2004, where overall positivity was very similar (88%) to the overall HPV positivity

identified within this study (91.58%). In the same way, 16 and/or 18 positivity from this study and the
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2010 study reported similar positivity, with 75.50% (95% Cl 72.05 — 78.65) and 72% (95% ClI 67 — 76)

respectively in the overall cases.

3.4.1.3 HPV type positivity in cervical cancer according to morphology

As mentioned in the methodology, cervical cancers differ according to underlying morphology.
Morphology information was available for 478/641 (74.6%) while no information was available for 163
(25.4%). In addition, due to the small number for ADC and ADC they were aggregated for higher statistical

weight. Figure 12 describes the different HPV prevalence by morphology.

A total of 336 samples (94.38%, 91.48 - 96.33) of SCC samples were positive for any HPV type, while
102/122 (83.61%, 76.04 - 89.13) of ASC+ADC were HPV positive. When focussing on “just” hr-HPV types,
samples were positive in 91.90% (Cl 88.61 —94.30) and 83.61% (Cl 76.04 — 89.13) of samples for SCC, ASC
+ ADC respectively. When overall HPV and HR-HPV prevalence of ASC + ADC is compared against SCC,

ASC+ADC have a lower overall HPV and HR-HPV prevalence than SCC (p<0.001 and p=0.021 respectively).

HPV prevalence for types 16 and/or 18 was 76.26%, (Cl 71.59% — 80.37%) for SCC and 77.87% (Cl 69.72 —
84.32) for ASC+ADC, looking at these two HPV types individually, 238 (66.48%, 61.44 —71.17) of squamous
cervical cancers were HPV 16 positive, whereas ASC+ ADC samples were positive for HPV 16 in 62 (50.82%,
Cl 42.06 — 59.53) (p<0.01). For SCC samples a total of 45 were positive for HPV 18; 12.75%, (Cl 9.53 —
16.41%), comparatively, 43 (34.43%, Cl 26.59 —43.22) of ADC and ASC were positive for HPV 18 (p=0.001)

(Table 14).
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Figure 12. HPV type prevalence by HPV type and morphology. Nonavalent types include HPV 6, 11, 16,
18, 31, 33, 45, 52 and 58. Quadrivalent include: 6, 11, 16 and 18. Bivalent vaccine includes types 16 and

18. Bivalent® includes types 16, 18 and cross-protected types 31, 33 and 45.

3.4.1.4 Dominant HPV types in cervical cancer samples in Scotland

Dominant types and their proportions for both morphologies are presented in Table 14. HPV 16 was the
most dominant type for SCC and ADC+ASC, 238/358 (66.85%, Cl 61.80 — 71.54) and 62/122 (50.82%, Cl
42.06 — 59.53) respectively. The main difference was the proportion of HPV 18 detected in both groups.
HPV 18 had a higher prevalence in the ASC and ADC than in SCC, present in 35.25% (27.34 - 44.06) and
12.64% (9.58 - 16.50) respectively. The detection of 1 case of 31 and absence of type 33 in the ASC+ADC

was notable when compare with SCC (5.34 vs 0.82 and 5.06 vs 0 respectively).
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Table 14. High risk HPV types in SCC and ASC + ADC in the cervix. Data presented as number of times

the virus was detected and percentage over the total number of samples for each morphology category.

ASC and ADC have been aggregated in one group due to the small number of ASC cases (n=14).

hrHPY SCC ASC + ADC Unknown Morphology
types

n % (Cl 95%) n % (Cl 95%) n % (Cl 95%)
HPV 16 | 238 | 66.85(61.80-71.54) | 62 50.8529(151306 i 94 | 57.67(49.99 - 64.99)
HPV 18 45 12.64 (9.58 - 16.50) | 43 35.2454%;34 - 29 | 17.80(12.68—24.38)
HPV 31 19 5.34 (3.45-8.19) 1 10.82(0.14-4.50) | 4 2.45(0.96 - 6.13)
HPV 33 18 5.06 (3.22 - 7.85) 0 0(0-3.05) 4 2.45(0.96 - 6.13)
HPV 35 3 0.84 (0.29 - 2.44) 0 0(0-3.05) 0 0(0-2.30)
HPV 39 4 1.12 (0.44 - 2.85) 2 |1.64(045-578) | 1 0.61(0.11-3.39)
HPV 45 21 5.90 (3.89 - 8.85) 9 7'318;233 8 4.91(2:51-9.39)
HPV 51 1 0.28 (0.05 - 1.57) 0 0(0-3.05) 1 0.61(0.11-3.39)
HPV 52 9 2.53 (1.34-4.74) 0 0(0-3.05) 1 0.61(0.11-3.39)
HPV 56 5 1.40(0.60 - 3.24) 0 0(0-3.05) 2 1.23(0.34-4.37)
HPV 58 0 0(0-1.07) 1 ]0.82(0.14-4.50) | 3 1.84 (0.63 -5.27)
HPV 68 4 1.12 (0.44 - 2.85) 0 0(0-3.05) 0 0(0-2.30)

Most dominant types were also obtained for the 3 collection, 2015, 2016 and 2017 (Table 15). Types 16,

18, 45, 31 and 33 remained most dominant types over the years but the order of 3™ to 5" place changed.

Table 15. Most prevalent HPV types on all cervical cancer samples (irrespective of morphology) by year.
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5 most common HPV
Year types

2015 16 >18>33>45>31
2016 16>18>45>31>33
2017 16>18>45>31>33

3.4.1.5 HPV positivity stratified by types included in vaccines.

Types directly included in the bivalent (16 & 18) and quadrivalent (6, 11, 16 and 18) vaccines were positive
in 490 76.44% (95% Cl, 73.0 — 79.85) and 494 cervical cancer cases 77.07%; (95% ClI 73.66 — 80.16)
respectively. When factoring in cross protection (for the bivalent vaccine) a total of 549/641; 85.65%,
(95% Cl 82.72 — 88.15) samples were positive. Types included within the nonavalent vaccine were positive
in 562/641 (87.67%, 95% Cl 84.91 — 90.0) of cancer samples. When considering morphology, in SCC,
bivalent, quadrivalent and nonavalent types were positive in 76.69% (95% Cl 72.03 — 80.78), 77.53% (95%
C172.91-81.56) and 88.76% (95% Cl 85.06 — 91.64) respectively. For bivalent types with cross-protection
87.36% (83.50 — 90.42) of SCC were positive. For the combination of ASC+ADC bivalent, bivalent (with
cross-protection), quadrivalent and nonavalent types were positive in 77.87% (95% Cl 69.72 — 84.32),

82.79% (75.12 — 88.46), 77.87% (95% Cl 69.72 — 84.32) and 83.61% (95% Cl 76.04 — 89.13) respectively.

3.4.1.6 Trends in HPV positivity during the study period (2015-2017)

Overall HPV prevalence (i.e., any type) on squamous cervical cancer samples has not changed over the 3
years period between 2015 and 2017. HPV positivity rate in 2015 was 93.75% (Cl 89.16 — 96.47) while in
2016 and 2017 was 95.54 (Cl 89.98 — 98.08) and 94.12 (ClI 85.83 — 97.69) respectively. For HR-HPV,
positivity was 91.48% (86.42 —94.77), 92.86% (86.54 — 96.34) and 94.12% (85.83 — 97.69) for 2015, 2016
and 2017 respectively.

Univariate analysis showed no differences in the HPV positivity among the 3 different collection years (p=

0.4582). No differences in positivity were found for HR-HPV types (p=0.469), HPV 16/18 (p=0.124) and

95 of 283



nonavalent types (p=0.940). HPV type specific and aggregated in groups are represented by year in table

Appendix 1 and Figure 13.
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Figure 13. HPV type prevalence in 2015, 2016 and 2017 for all cervical cancer samples.
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Figure 14. HPV type prevalence in 2015, 2016 and 2017 for SCC samples.
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ASC+ADC - HPV type prevalence in 2015, 2016 & 2017
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Figure 15. HPV type positivity in 2015, 2016 and 2017 for ASC + ADC samples.

3.4.1.7 Age and HPV positivity in cervical cancer samples
As detailed in Appendix 1, HPV positivity in cervical cancer was more common in women aged <45 years
than >45 years old; 96.17% (95% Cl 92.88 — 97.97) and 86.11% (95% CI 81.30 — 89.84) respectively

(p<0.001).

When considering detection of “any HPV”, prevalence decreased from 96.17% (95% Cl 92.88 — 97.97) in
women <45 to 88.79% (95% Cl 81.42 — 93.47) in women aged 45 — 54, 86.79% (95% Cl 75.16 — 93.45) in
women aged 55 — 64 years, 84.09% (95% Cl 70.63 — 92.07) in women 65 — 74 and 81.25% (95% Cl 68.06 —
89.81) in those aged >75 at diagnosis. When using the <45 y/o group as a reference, adjusted comparison
(for age morphology and health board) shows all older groups were less likely to test HPV positive (0.34

(95% Cl 0.14 — 0.90), p=0.029).
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HPV 16 and or 18 had a higher prevalence in the <45 years old cohort (81.28%, 95% Cl 75.80—85.75) than
in any of the other age groups (appendix 1). However only >75 group 58.33% (95% Cl 44.28 - 71.15) had

a significant reduced HPV 16/18 prevalence when compared with <45 in the adjusted analysis (p<0.001)

Prevalence of HPV +ve, HPV-ve, HPV 16 +ve and
HPV 16 and/or HPV 18

\
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Figure 16. Changes in HPV positive, HPV-negative, HPV 16-positive and HPV 16 and/or HPV 18-positive

prevalence in the different age groups.

3.4.1.8 Does HPV positivity varies by Healthboard location in cervical cancer samples?
The percentage of HPV positive samples on cervical invasive lesions showed a level of variation according
to health board of diagnosis (Appendix 1). The NHS health board GGC was used as the reference due to

the size of the region and population it covers.

Three NHS health board regions had significant differences in HPV positivity when compared with GGC:
Univariate analysis showed Highland (p=0.005), Fife (p=0.045) and Grampian (p=0.003) had the lowest

prevalence of HPV with 75.0% (95% Cl 55.10 — 88.0), 85.29% (95% ClI 75.0 — 92.81) and 76.47% (95% ClI
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60.0 — 87.56) respectively. After adjustment for age, collection year and morphology, lower prevalence
for these 3 regions remained significant. For 16/18 cases, Fife (when GG&C is used as reference) was the
only health board with a significant lower HPV prevalence, however when adjusted by age, year and

morphology, no significant differences could be identified.

3.4.2 HPV type prevalence in oropharyngeal cancer samples

3.4.2.1. Overall HPV prevalence in the oropharynx

A total of 1798 oropharyngeal samples were received for HPV testing January 2013 to July 2020
representing 8/14 Scottish health boards. HPV nucleic acid was detected in 987 samples (54.89%; 95%ClI
52.58 — 57.18), 811 (45.11%; 95% Cl 42.82 — 47.42) being negative. HPV type prevalence is showed in
Figure 17 and Table 16. Almost all the HPV types detected were classified as high-risk types (971 (53.57%,
95% Cl 51.69 — 56.29). By far, the most prevalent HPV type was HPV 16, detected in 915 samples (50.89%,
95% Cl 48.58 — 53.20), 92.71% (95% Cl 90.92 — 94.17) of the total positives. HPV 33 was the second HPV
type more prevalent with 3.78% (95% 1.26 — 2.50). HPV 18 was the third most common and present in 17

samples (0.95%; 95% Cl 0.59 — 1.51).
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HPV type prevalence - OPC samples
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Figure 17. HPV type prevalence by HPV type — Oropharyngeal | cancer samples. Samples have been also
aggregated in Other HR-HPVS (35, 39, 51, 56, 59 and 68). Nonavalent types include HPV 6, 11, 16, 18, 31,
33,45, 52 and 58. Quadrivalent include: 6, 11, 16 and 18. Bivalent vaccine, the first available in the market,

includes types 16 and 18.

A total of 12 different HPV types were detected in the oropharyngeal samples either as mono or within
multiple infections. A total of 969/1798 (53.89%, 95% Cl 51.58 — 56.18) samples were infected with only

one type and 18/1798 (1.0%, 95% ClI 0.63 — 1.58) samples were positive for at least 2 different types.
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Table 16. HPV types detected in oropharyngeal cancer samples between 2013 and 2020.

R T - Y
wvtee | & | B | & | 8 | S | & | 8 | B | g | Vel
HPV 16 81 120 125 126 123 128 150 62 915 92.71 (90.92 -
94.17)
HPV 18 1 2 4 1 1 4 2 2 17 1.72 (1.08 - 2.74)
HPV 31 0 1 1 0 0 1 0 0 3 0.3(0.1-0.88)
HPV 33 1 2 2 4 3 3 13 4 32 3.24 (2.30-4.54)
HPV 35 1 0 1 0 1 2 2 1 8 0.81(0.41 - 1.59)
HPV 39 0 0 0 0 0 0 0 0 0 0(0-0.39)
HPV 45 0 0 0 1 0 0 2 1 4 0.41(0.16 - 1.04)
HPV 51 0 0 0 0 0 1 1 0 2 0.2 (0.05-0.73)
HPV 52 0 0 0 0 0 0 0 0 0 0.25(0.07-0.91)
HPV 56 0 0 0 0 0 1 0 0 1 0.1(0.01-0.57)
HPV 58 0 0 0 0 0 1 0 1 2 0.2 (0.05-0.73)
HPV 59 0 0 0 0 0 0 0 0 0 0(0-0.39)
HPV 68 0 0 0 0 0 0 0 0 0 0(0-0.39)

As HPV 16 is the clear dominant type, the preventable fraction of the HPV vaccines for OPC are very similar
for the 3 licenced HPV vaccines. Nonavalent, quadrivalent and bivalent (with cross-reactivity) could
potentially prevent 54.11% (95% Cl 51.86 — 56.46), 52.34%; 95% Cl 50.03 — 54.64), 53.35% (95% CI 51.19

—55.80) of OPC respectively.

3.4.2.2 Does HPV positivity change over time? — Oropharyngeal cancer samples
Overall HPV prevalence on oropharyngeal cancer samples has not varied over time. No differences were
found on HPV positivity rate among the different collection years (p = 0.278). Figure 18 represents the

extent of HPV positivity among the 8 years of testing.
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HPV Prevalence (%) in OPC samples from 2013 - 2020

100.00

90.00

80.00

70.00

60.00

. W
’\o/ \‘___‘/o\

40.00

30.00
20.00
10.00
0.00 -— P ——ﬁ<g=—-t<>o
2013 2014 2015 2016 2017 2018 2019 2020
=@=HPV Positive =@=HPV Negative ==@==HR-HPV Pos
HPV 16 =@==HPV 18 =@==HR-HPV (31, 33, 45, 52, 58)

Figure 18. HPV type prevalence in oropharyngeal cancer samples from 2013 to 2020.

3.4.2.3 HPV positivity by age — Oropharyngeal cancer

Overall HPV status (positive and negative) decreased over age (p<0.001). Figure 19 and Appendix 1
represents positivity stratified by age overall HPV and for HPV 16. Overall HPV positivity was 69.59% in
those <50 years old, 66.95% in 50-59, 50.42 in 60-69 and 35.03% in 370. For HPV 16/18 positivity, these

figures were 63.13% in <50, 63.73% in 50-59, 46.21% in 60-69 and 31.73% in >70.
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Logistic regression analysis showed a significant reduction of HPV positivity in age groups 60-69 and >70

in the univariate and adjusted analysis when used <50 as reference (p<0.001). The same reduction was
recorded in the same age groups for HPV 16-positive cohort in the univariate and adjusted

analysis (p<0.001). More details are described in Appendix2.
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Figure 19. HPV positivity by age group for oropharyngeal cancer samples.

3.4.2.4 Does HPV positivity vary by sex in oropharyngeal cancer?
Overall HPV prevalence was higher in men (58.25%, Cl 55.20 — 61.24) than women (44.89%, Cl 40.49 —
49.37) (OR 1.68, p<0.001). The proportion of HPV 16 was also higher in men (54.81%, Cl 52.11 — 57.48)

than women (40.08%, Cl 35.79 — 44.53) (OR 1.63, p<0.001).

3.5. Discussion
This chapter presented detailed information on the type specific diversity and prevalence of HPV in the

most common HPV driven cancers in Scotland: (cervical and oropharynx). These data provide information
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into the percentage of cases that could be prevented in the future through vaccination and also and give
insight into the extent disease that is unlikely to be reduced be by vaccination.

In the cervical cancer cohort, HPV was detected in 91.58% of the cervical cancer samples, with 90.02%
associated with high-risk types. In SCC samples, 94.38% were positive for any HPV type, while 91.90%.

ASC+ADC had a lower HPV prevalence, with 83.61% of samples positive for any HPV type.

One of the most comprehensives studies looking at HPV type specific prevalence in different world
location, De Martel et al.®3, found that the relative contribution of HPV 6, 11, 16, 18, 31, 33, 45, 52 and 58
to the world burden of cervical cancer was 89.5% (470,000 cases, 2012) Moreover, local comparison
(Scotland) with data published by Cuschieri et al.%®, from samples collected prior to 2004, shows that
overall HPV positivity has increased only marginally from 88% to 92% and HPV 16/18 from 72% to 75%.
Most of country-specific analyses of cancer are cross-sectional so the fact that cancers in Scotland we
have surveyed cancers at different time points (2015, 2016 and 2017) indicates the stability of the HPV
associated component which is beneficial when considering vaccine impact. Another study performed in
the UK, Mesher et al., merged data from the 4 UK nations, and found that overall HPV prevalence in ICC
was 95.8%, prior to HPV immunisation.'®® Although, they found significant differences in terms of hr-HPV
prevalence between the UK countries, Scotland was the country with the lower prevalence (83.2%) while
Wales had the highest prevalence (97.6%). This chapter has found that overall cervical cancer had a

prevalence of hr-HPV types of 90%, 83.6% for SCC only.

In terms of non-HPV cases, a total of 8.42% of the cervical cases did not test positive for any HPV by the
PCR based tested used in the Scottish reference lab. By identifying those HPV negative cases, we are now
capable of assessing the scope and characteristics of this component. Gaining a deeper understanding of
the HPV-negative elements of these cancers could allow us to customize future prevention and treatment
strategies and maybe adapting the screening program for these HPV negative cases by performing extra

tests. A recent publication from Arroyo Miihr et al., 2020%% showed that 43.11% of HPV-negative cervical
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cancers (by PCR) had HPV detected after using next generation sequencing (NGS) and that the majority of
these were positive for high-risk or probably high-risk HPV types. This suggest, it is feasible that some
types have not been detected due to the molecular assay choice/sensitivity or possible partial or complete

missing of the target region due to integration.

In the oropharyngeal cohort, HPV prevalence identified in the oropharynx cohort was 54.89%. High-risk
types were identified in 53.57% of the cases. This aligns with prevalence obtained in other national
studies. Schache et al.,'%, identified that overall proportion of HPV-positive OPSCC between 2002 and
2011 in the UK was 51.8%. Similarly, Wakeham %7 et al. found that in the Scottish sample cohort, HPV
was detected in 60% of cases while Wells et al. found that HPV was present in 57% of samples. Moreover,
dominance of HPV 16 (92.71% of OPC) aligns with what previously identified in the 3 publications, where

HPV 16 was present in 96.3%'% 90%¢, 93.38%%” of HPV-positive OPC respectively.

The analysis of HPV prevalence and its association with different demographics has provided an
understanding of the differences in HPV prevalence between ages, regions of Scotland and changes over
time. For those cervical cancer, samples where age information was available, it has been identified that
HPV positivity declines with age (p<0.05). The highest positivity for HPV was detected in women aged <
45 years old (96.17%) decreasing in the older groups to 81.25% in women aged 275 years old. This also
applies to HPV 16/18 positivity, where significant differences between >75 years old group (58.33%) and
<45 years (81.28%) was shown. The reduction of HPV 16/18 with age seen in the collected cervical cancers
is consistent with previous publications!'®!!!, The reasons for the reduction of HPV prevalence with age
and increase of non-HPV cervical cancers, are not fully understood. It is plausible that there may be a

112

greater opportunity for the HPV to be “lost” during the carcinogenic process in the elderly**“ or maybe

with aging there is a greater chance that non-HPV cancerous changes/pathways may play a larger role!3,
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When looked at the differences in cases of CCX and ADC+ASC, there was a greater proportion of glandular
cases in the 60—-69-year group than in the CCX cohort. Moreover, HPV positivity decreases dramatically in
the ADC+ASC cases with age, from 90% in the <45 years to 72% in the 55-74 and 37.5% in the >75. Again,
the reasons for this reduction and not fully understood.

In the OPC cohort, prevalence of HPV positive cases tends to be higher in <60 years old than in the older
population. Overall HPV positivity was 69.59% in those <50 years old, decreasing to 50.42% in 60-69 and
35.03% in >70. This is associated to the fact higher prevalence of non-HPV OPC increase with age. Older
patients are more likely to have drunk and smoked heavily, both important risk factors'*, more common

in older men, with a median age of 61'*°,

When HPV positivity in cervical cancers was analysed taking into consideration the healthboards, data
obtained suggested that Fife, Grampian and Highland were the locations with the lowest HPV prevalence.
In terms of HPV 16/18, no differences could be found in the univariate and adjusted logistic analysis,
suggesting a consistent HPV 16/18 prevalence across the country.

It was not possible to perform the same healthboard analysis for the oropharyngeal cohort, as not all the

healthboards sent all the oropharyngeal cases to the reference lab for testing.

Currently, the HPV vaccine offered in Scotland and the United Kingdom, is Gardasil 9 (started in 2021/22
school year). When considering the types present in the Gardasil-9 for the cervical cohort, it could
potentially prevent a total of 87.67% of cases, 10% above the other bivalent and quadrivalent vaccines.
When factoring in cross protection (for the bivalent vaccine) a total of 85.65% samples could be potentially

prevented. For the OPC cohort, a total of 52-54% could potentially be prevented with any of the vaccines.

106 of 283



It is interesting to reflect on the fact that in terms of cancer prevention the difference between the
nonavalent vaccine and the bivalent (when considering cross-reaction) vaccine is relatively small. This is
consistent with a Cochrane review, where it was described, that bivalent vaccine offered more complete

protection against cervical pre-cancer overall than the quadrivalent vaccine®?®.

The investigations presented in this chapter have some limitations and challenges. One of them is the
number of cases and NHS health board distribution of the oropharyngeal cancers. Even if the genotyping
service offered by the reference laboratory was free of cost for every NHS healthboard, not all used the
service consistently therefore not all oropharyngeal diagnosed cancers were tested. However, the largest
healthboard in Scotland (NHS GGC) sent all the oropharyngeal cases. Using Glasgow’s data, we can

extrapolate and obtain a general view of the prevalence in Scotland.

Moreover, there is some age and histology data missing. ISD was contacted to retrieve the missing
information from their databases, but by the time this chapter was prepared no information was received.
Covid have also had an impact in ISD, and resources were focuses in covid data analysis. Therefore, the

actual analysis of age and histology was incomplete due to the missing data.

Data analysis within this chapter has allowed to identify that positivity of some HPV types have decreased
over the years in the cervical cohort. However, the positivity of HPV in cervical and oropharyngeal cancer

lesions has not changed over time.

The data analysed within this chapter provides contemporary information on epidemiology in the two
most common HPV driven cancers in Scotland, showing that some HPV types have decreased over the
years in the cervical cohort, but no changes have been identified in the OPC samples. It also highlighted

the proportion of cases that are HPV negative. By previous studies, we know that HPV negative cervical
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cancers do worse than those where HPV has been detected. As screening is now based in HPV status, it
could potentially be good to revise and consider changes in the program for a better tailored
management. Maybe an extra genomic test for those HPV negative to discard completely the presence of
HPV in the cancer. However, one of the limitations would be access to sequencing technology and the

cost associated as it could result excessive for a population-based programme.

In the oropharyngeal cohort, it will take another 10-15 years to see the full effect of the HPV vaccine on
HPV positive OPC. However, as almost 50% of the OPC in Scotland are not associated with HPV, it seems
necessary to investigate about other routes for the OPC prevention. And although number of OPC have
increased in Scotland in the 7 years of samples analysed, this is related to the increasing of both HPV
positive and negative component. This aligns with what has seen in the 4 nations of the UK. However, HPV
positivity in OPC must continue to be monitorised as the USA has registered an increase of HPV positive

opc117,118.

Data collected from the screening and HPV testing programs put in place in Scotland for cervical and
oropharyngeal cancer have allowed to obtained HPV status and type information that can be used to help
understanding what the main types associated with cervical and oropharyngeal cancer are, identify if
there are any specific association of HPV infection with demographics and if there are any specific regions
of Scotland with a higher or lower incidence. In contrast, HPV positivity in anal cancer is not available in
Scotland due to a lack of research in this area and the absence of a screening infrastructure that would

support surveillance.
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4.Role and influence of HPV in anal disease in the South-East of
Scotland. HPV type specific prevalence and viral load.

Please note that part of the results presented in this chapter have been published: Guerendiain D et al.,
(2022). HPV status and HPV 16 viral load in anal cancer and its association with clinical outcome.

4.1 Introduction

As described in the previous chapter, HPV was detected in 92% and 55% of cervical and oropharyngeal
cancers respectively genotyped for HPV in Scotland. Comparatively there is a lack of data on anal cancer.
Understanding the epidemiology of HPV in anal cancer lesions will help determine which HPVs are
prevalent in anal disease in Scotland. Linking this data to follow up information also permits the
opportunity of assessing the influence of HPV status on clinical outcome. Given the morbidity of this
disease, understanding what component of disease is vaccine-preventable and whether aspects of HPV

infection could be used for risk stratification in the affected/disease population is important.

4.1.1 Anal disease

Anal lesions appear in the skin around the back passage (perianal skin), but they can also be found inside
the anal canal. As in the cervix, HPV can drive low-grade and high-grade lesions, which can lead into
cancer. These lesions are denominated AIN and are classified in 3 different grades according to the extent
of histological abnormality (AIN1, 2 and 3) 11929; similar to the cervix, abnormal cells can clear on their
own. While the natural history of AIN is not as well defined as CIN, AIN 2 and 3 are considered high grade
lesions and may be treated if detected %°. Invasive lesions cannot reverse, and treatment will be required

(surgery, radiotherapy, chemotherapy, or combined therapy).
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The risk of anal cancer can be heightened by various factors such as age (with a greater incidence observed
in those aged 50 or above), multiple sexual partners, engaging in anal sexual activity, smoking, prior
history of cervical cancer, presence of HPV and underlying immune system disorders 1217126, Women who
have or had high-grade lesions or worse in the cervix have a higher risk of anal lesions and cancer when
compare with HPV-negative women!?”:?2¢, Men who have sex with men (MSM) also have higher risk of
anal cancer. Additionally, people living with HIV2>13° have a higher risk of anal cancer; incidence of anal

cancer is 40 to 80 times higher in the population living with HIV 1217126,

4.1.2 Global epidemiology — Anal cancer

Approximately 40,000 cases are diagnosed per year worldwide, from which, 31,600 are theoretically
preventable®! through vaccination programs. The World Health Organization published the incidence and
mortality data of anal cancer in 2018. The global incidence for anal cancer is 0.53 age-standardised rate
(ASR) while the highest has been recorded in Melanesia and the lowest in Eastern Asia. Northern Europe
has an incidence of 1.1.332 Looking at ASR mortality, the world rate is 0.20 while Melanesia and Middle
Africa have the highest mortality (0.77 and 0.85 respectively) and Central America the lowest mortality
(0.05)*32, Northern Europe has the higher mortality rate among the European regions (0.31 vs 0.15 and
0.21). When compare with the ASR incidence of cervical cancer (ASR 13.1), and oropharyngeal cancer

(ASR1.1), anal cancer incidence remains much lower (ASR 0.5) 104132133,
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Age standardised incidence and mortality rates for anal
cancer
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Figure 20. Age Standardized per 100,000 (ASR) incidence and mortality rates for anal cancer worldwide

and by regions. Source Globocan 2018,

As with other HPV-driven cancers, anal cancer prevalence is increasing worldwide, including USA and
Europe 31132, |slami et al. (2017) looked at the trends in anal cancer incidence rates in 18 countries'3*.
They found that anal squamous cell carcinomas (ASCC) incidence rates increased for both sexes in all
countries except for India, Estonia, Japan, Singapore and Spain. In England, Robinson et al. (2009) looked
at the incidence of HPV-related anal cancer in the Southeast England!* and found an increase in age-
standardised rated for both men and women. In men, ASR increased from 0.79 in 1960 — 64 to 1.06 per
100,000 in 2000 — 2004, while in women, the rate of increase was higher, rising from 0.45 per 100,000

people during 1960-64 to 1.18 per 100,000 people between 2000-2004.

4.1.3 Anal cancer in Scotland
In Scotland, anal cancer data is available through ISD which incorporates the cancer registry and, which
contains population data from 1972. Using this data, different investigators have looked at changes in the

number of anal cancer cases over time (Figure 21). Brewster et al. (2016) analysed the incidence of
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squamous cell carcinoma in the anus in Scotland between 1975 and 2002. They found that over the 27
years, the risk of squamous cell carcinoma of the anus in Scotland had more than doubled in both sexes*3®.
In 2014, Wakeham et al. also used data from ISD to investigate the anal cancer incidence from the period
between 1972 to 2011, They found numbers of cases increased from 97 in the 1972 — 1976 period to
476in 2007-2011, a 390% increase between both dates. Looking at the incidence (EASR per 100,000), they

also found an increase from 0.6 to 1.9 (increase of 217%).

According to most recent data obtained from ISD (produced on request of the author), there has been a

120% increase from 1995 to 2017 in Scotland®. The biggest increase has been noted in the 55-59 (2.2 to

8.2) and 65-69 (1.7 to 7.5) ages groups.

Scotland Anal Cancer Incidence
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Figure 21. European Age-Standardised Incidence Rates per 100,000 population, Scotland. Source ISD

Scotland. Accessed March 2021 2.
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4.1.4 HPV epidemiology in anal diseases

Similar to cervical cancer, most anal cancers (~90%) are caused by persistent infections with high-risk HPV
types'?¥12° HPV 16 being the most prevalent!3®, De Sanjosé et al. (2019) performed a cross sectional study
looking at HPV-related cancers. They collected 496 anal cancer cases from 50 countries (although no anal
samples had been collected from the UK) which were subsequently analysed for HPV. According to their
publication 95.3% of the anal cancers were positive for HPV, from which 84.3% were positive for types 16

and 18 (80.7% HPV 16)™,

A recent review and meta-analysis on prognostic significance of HPV DNA and p16INK4A in anal cancer
found that patients positive for HPV or p16INK4A positive may have a better overall survival compared
with HPV DNA or p16INK4A negative'*cases. Two studies were performed in the UK in 2013 and 2015
where they looked at prognosis of HPV-driven cancer. Baricevic et al. (2015) found that HPV 16 positivity
was significantly correlated with improved 5-year relapse free and overall survival*®. Gilbert et al. (2013)
studied 153 patients with anal cancer and found p16INK4A negative patients had significantly worse
overall survival*®. Improved survival in HPV-driven anal cancer reconciles with what has been observed
in other HPV-driven cancers as in the cervix, vulva, head and neck and penis #2716, However, for anal
cancer, studies performed in the UK have so far only analysed a relatively small number of patients. This
work will include the biggest single cohort of anal lesions tested for HPV DNA in the Scotland and the

whole UK.

4.1.5 Epidemiology in anal disease in the UK/Scotland
Although anal cancer incidence has increased in in the last years, no data has been published about HPV
type specific prevalence in high-grade anal lesions and anal cancer in the UK. There is some data on the

prevalence of HPV in residual rectal swabs from asymptomatic men attending GUM, but this has largely
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been confined to MSM. According to Cameron et al., 2020 HPV was detected in 72.8% (95% Cl 70.2% to
75.3%) of anal swabs, with at least one high-risk type being present in 59.1% (95% ClI 56.3% to 61.9%) of
the samples ®®. In 2015, King et al. performed a similar study in MSM and found that 64.9% of anal swab
samples were positive for any HPV type and 38.6% for any nonavalent vaccine type (6, 11, 16, 18, 31, 33,

45, 52 and 58)*.

When considering the impact of primary prevention on anal disease, the implementation of the HPV
vaccine in boys and girls could clearly exert a significant impact in the reduction of HPV driven anal lesions.
According to Cancer Research UK, the largest number of anal cancer cases are registered between the age
of 65 and 69, with 14% of the cases (Figure 22). Therefore, it would take some time to see the full effect
of the HPV vaccination program on the anal cancer incidence. More information about vaccination in
Scotland can be found in the following link:

https://www.nhsinform.scot/healthy-living/immunisation/vaccines/hpv-vaccine.
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Figure 22. Number of new cases of anal cancer by age-specific group in per year in the UK (average data

from 2016 — 2018). Figure prepared from data obtained from Cancer Research UK32.

4.1.6 Implications of viral load in anal lesions

Various studies have evaluated the HPV viral load in different cancers caused by HPV and its correlation
with overall survival, prognosis, and/or as a biomarker for the progression of lesions. Investigators have
looked at the association of prognosis and viral load in cervical cancers 1*¥%° and oropharyngeal cancers
150-155 finding that high viral load is associated with a better prognosis than those with low viral load. A
small number of publications exist on the implications of HPV viral load in anal cancer’>®%%°, however, the
majority have investigated HPV load only in the HIV positive cohort %%, using standard PCR based
approaches. The studies revealed that patients who had low median viral load of HPV 16 DNA and low
p16 expression had considerably poorer local control and overall survival compared to those who had

higher median viral load®%%,
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The exact reason for why a high HPV viral load is associated with a better prognosis or overall survival is
not fully comprehended, although it has been posited that cancer samples with lower HPV viral load could
be a result of HPV integration. This integration could potentially be disrupting the repression of E1 and
E2 genes, resulting in an increased expression of oncoproteins E6 and E7 but affecting the normal

replication of the virus, leading to low number of HPV copies!®%163,

4.1.7 Current management of anal disease in Scotland

The morbidity linked with treatments for anal cancer can be substantial. The treatment options include
chemoradiotherapy (CRT) or surgical removal of the affected tissue, depending on the location of the
cancer (tumors located at the anal margin are treated differently than those in the anal canal)®*1%,
Treatment for anal cancer can significantly diminish the patient's quality of life, with reported morbidities

including issues with sexual function and faecal continence®6-168 |

In Scotland, there is no anal screening programme in place at the time this thesis (early 2023) and
therefore, anal lesions can only be detected once they are symptomatic. Also, routine HPV testing is not
performed on resected AIN or cancers. Therefore, there is a lack of contemporary data on the extent and

implications of HPV in anal disease in Scotland.

4.1.8 Chapter Aim:

The aim of this chapter is to provide information on HPV prevalence in anal cancers collected in the east
of Scotland during a 10-year period, by performing a molecular assessment of a cohort of anal cancers to
determine specific prevalence and to assess the implications of HPV status and HPV viral load on clinical

outcomes including survival.
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4.2 Material and Methods:

4.2.1 Demographic and clinical data collation

A total of 221/224 anal lesions were tested for HPV using a PCR-based genotyping test (Seegene Anyplex
I HPV28). Samples of anal lesions were collected as part of the standard care of patients with anal disease
diagnosed between 2009 and 2018, and preserved in formalin-fixed paraffin-embedded (FFPE) blocks.
Figure 23 shows the characterization process flow to obtain HPV status (positive or negative), type

information and viral load for sample in this chapter.

Anal samples

A
[ |

221 Tested 3 Not tested
|
[ )
193 Cancers 15 AIN
HPV Pos HPV Neg Invalid

145 Valid

HPV16 +ve

HPV16 Pos _ L1

Viral load

10 Invalid

Figure 23. Overview of the process followed including HPV genotyping of 221 anal samples, using the
Seegene Anyplex Il HPV28 and viral load analysis of all HPV 16-positive cancer samples through L1

ddPCR.

Clinico-demographic information such as age, sex, cancer stage (using the American Joint Committee on

Cancer (AJCC) TNM system), response to treatment, date of diagnosis, and vital status (dead/alive) were
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obtained. Information was collected in January 2020, indexed with a study number, and censored in July
2020 for vital status information and date of death. The cohort was followed from the date of diagnosis

until death or date of censoring.

Cases categorized according to the various clinical and demographic variables are summarized in Table
17. Age was stratified in 4 different groups: <50, 50-59, 60-69 and >=70. Lesions were classified as high-
grade and invasive. Recurrence was organized in 3 groups: yes, no, or unknown following the ESMO
guidelines for anal cancer®®. Cancer stage was aggregated in 5 groups: 0, |, I, llI, IV following AJCC system

effective January 2018%.

Table 17. Demographic & clinical characteristics of the anal samples collected between 2009 to 2018 in
the South-East of Scotland. N correspond to the total number of samples for every category described
above. Percentage (%) was calculated from the total number of valid samples (208). *Due to the small
number of samples, stage of cancer was aggregated in |, II, lll and IV for the survival analysis on cancer
samples. PRecurrence (yes) includes recurrence, residual and progression, while “no” includes remission
cases. For the anal cancer cohort, response to treatment was classified as yes, no, or unknown and vital

status as alive or deceased.
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Variable Level n= %
Sex Female 135 64.90%
Male 73 35.10%
Age <50 35 16.83%
50-59 58 27.88%
60 - 69 58 27.88%
70 and over 57 27.40%
Type of Lesion High-grade 15 7.21%
Invasive 193 92.79%
Collection year 18 8.65%
2009
2010 13 6.25%
2011 16 7.69%
2012 17 8.17%
2013 18 8.65%
2014 23 11.06%
2015 28 13.46%
2016 26 12.50%
2017 25 12.02%
2018 24 11.54%
Stage® 0 21 10.1%
I 29 13.94%
Il 66 31.73%
1 55 26.44%
IV 35 16.83%
Recurrence® Yes 17 8.17%
No 139 66.83%
Unknown 52 25.00%

119 of 283




4.2.2 Approach to HPV type annotation and viral load quantification

A total of 221 anal cancer samples were annotated for HPV type-specific prevalence using the Anyplex I
28 assay (Seegene, Korea) centrally at the Scottish HPV Reference Laboratory, Edinburgh, UK. One 10 pm
section per FFPE block was obtained using a Leica microtome. DNA extraction was performed using the
Microlab Nimbus IVD with the StarMag Universal Cartridge Kit. Genotyping was done with the Anyplex Il

HPV28 (Seegene) kit.

The analysis of viral load was limited to samples that tested positive for HPV 16, either as a mono-infection
or as part of a mixed infection. This was because HPV 16 was the predominant type detected in the study
cohort. DNA was extracted using the Qiagen DNA mini kit, and tested at the Centre for Virus Research,
University of Glasgow. Viral load was obtained as described in Stevenson et al., 2020'%°. For each sample,
the viral load was determined by measuring it against the endogenous RRP30 cellular gene internal
control, which had two copies per cell. After retesting, consistent invalids were excluded from the analysis
(n=9). The individual HPV 16 viral loads were ranked from smallest to largest and separated using tertiles

in three groups: low, medium and high viral load.

4.2.3 Analysis of HPV positivity and viral load influencing survival in anal cancer samples.

Analysis of HPV positivity and viral load and influence on survival was only performed in the cancer group.
Association between HPV overall and HPV type with overall survival was calculated by using Kaplan Meier
model. Recurrence was defined as observable and diagnosable signs or symptoms after treatment was

received by the patient.

To determine if HPV related anal cancer lesions have better survival (vs HPV negative lesions) a survival

analysis was performed. In this case, a Kaplan Meier curve was produced stratified by HPV status (positive/
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negative) and also HPV 16/18 versus negative cases and the results of a log-rank test were presented.
Survival time is number of days from baseline (define what that is) to date of death or where no date of
death is available the patient is considered to be alive and censored on the date of data linkage with TRAK
(06 August 2020). Cox proportional hazard ratio model was used to determine the how covariates

interacted with survival. Univariate and multivariate analysis were performed.

The univariate and multivariate hazard ratios of HPV status (negative vs. positive) and virus load (low vs.
median and high) for all cause death were derived using Cox proportional hazard model. Two multivariate
models were derived — age (<50, 50-59, 60-69, 70+) and sex adjusted model and fully adjusted model,
where age, sex, stage (I, II, lll, IV) and response to treatment (no, yes) were adjusted for. All the statistical
analysis were performed using R-studio (version 1.2.1335)%'4, Association of viral load with sex and stage

cancer was calculated using Pearson’s Chi-squared test.

4.3 Results

4.3.1 Final study samples and exclusions

A total of 224 samples were received from NRS Bioresource (SR1283), of these it was not possible to
extract 3 due to operational issues (instruments were prioritised for COVID-19 testing at the time). Of the
remaining 221 anal cancer samples, 13 (5.88%) samples were invalid (on repeat) due to endogenous
control failure. A further, 8 anal cancer samples were not included due the absence of clinical details.
From the total number of valid samples (200), 193 (92.50%) were classified as anal cancer and 15 (7.50%)

were classified as Anal intraepithelial neoplasia grade 3 (AIN3) (Figure 23).

4.3.2 HPV type specific positivity in a cohort of 200 High grade Lesions and Cancers in Scotland, diagnosed

between 2009 and 2018.
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A total of 200 samples had a valid result from which 179 (89.50%, 95% Cl 84.48 — 93.03) were positive for
HPV and 21 (10.1% 6.70 — 14.95) HPV negative. From the 179 HPV positive samples, 12 had multiple HPV

types detected (6.42%) while the rest (167) were mono-infections.

Figure 24 describes the number of HPV types detected in the anal lesions. The majority of HPV types
detected were high-risk (98.32%, 95% Cl 95.18 — 99.43) of which HPV 16 was the most prevalent

(92.74.05%, Cl 87.98 — 95.71) followed by HPV 6 (2.79%, Cl 1.2 — 6.37).

HPV positivity - Anal lesions (AIN + Cancer)
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Figure 24. HPV Prevalence in 200 anal lesions (AIN + cancer). HPV Prevalence in 200 anal lesions (AIN +
cancer). Types 16, 18, 31, 33, 45, 52 and 58 were discerned individually. High-risk group includes: 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68, other-hr-HPV types group includes 35, 39, 51, 56, 59 and 68
and low-risk HPV types 6, 11, 40, 42, 43, 54, 44 and 61). “Bivalent types represent: 16, and/or 18; bivalent*
types represent 16, 18, 31, 33 and 45, and nonavalent: 6, 11, 16, 18, 31, 33, 45, 52 and 58. Types included
in each of the groups is described in the methods part. Due to the nature of the analysis, infections could

be counted more than once as some samples were infected by multiple HPV types.
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Of the 185 cases of anal cancer, 164 (88.65%) samples were positive for at least one HPV type. High-risk
types were detected in 87.03% of the samples. Mono-infection of HPV 16 was present in 145 (83.2%)
samples. Other hr-HPV types were detected in 4.3% of the samples while low-risk HPV were present in
1.6%. HPV 18 was the second most dominant type, present in 3 samples (1.62%). Presence of low-risk

types without any other hr-HPV was detected in 3 samples (1.62%) (Figure 25).
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Figure 25. HPV positivity in 185 anal cancer samples collected between 2009 to 2018. High-risk types
included: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68, other-hr-HPV types (35, 39, 51, 56, 59 and
68) and low-risk HPV types 6, 11, 40, 42, 43, 54, 44 and 61). Due to the nature of the analysis, infections

could be counted more than once as some samples were infected by multiple HPV types.

4.3.4 Vaccine preventable fraction

For the anal cancer cohort, bivalent vaccine could potentially prevent 157/185 (84.86%). When cross-
reactivity is considered, 158/185 (85.40%) are potentially preventable. The quadrivalent and nonavalent
vaccine preventable fraction for AC was 160/185 (86.49%) and 162/185 (87.57%) respectively. If consider
together AIN + AC, the bivalent vaccine could potentially prevent 84.5% of anal lesions, 85.0% if cross-

reactivity considered, 86.5% by the quadrivalent, and 88% by the nonavalent vaccines.
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4.3.5 Is there an association with HPV positivity and demographic characteristics/clinical factors in anal
cancer?

Overall HPV status by demographics and clinical cohorts are presented in Table 18. Anal cancer was more
prevalent in females (64.86%) than males (35.13%). Majority of cases were diagnosed in individuals 60-69
(30.27%) and majority of cases were stage Il and Il (36.75% and 28.64%). Additionally, 74.59% of cases
responded to treatment and 67.02% were alive at date of censoring.

Of the female cases 90.83% were HPV positive; of the male cases, 84.61% were HPV positive. The majority
of HPV positive cases were diagnosed in the 60-69 (31.09%) age range and at stage Il (37.80%), 76.21%
responded to treatment and 70.12% were alive at data censoring. No significant changes in HPV positivity

were identified during in the 10-years period analysed (p=0.100).
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Table 18. Demographic & clinical characteristics of the anal cancer samples collected between 2009 to

2018 in the South-East of Scotland. Cases are also stratified according to whether they were HPV positive

or negative or according to their HPV 16 virus load. “N” corresponds to the total number of samples for

every category described above.

HPV status & survival samples cohort n(%)

Viral load & survival samples cohort n (%)

. _ HPV-positive HPV-negative _ _ Medium (n= . _
Variable Level n =185 (n=164) (n=21) n =145 Low (n=47) 50) High (n=48)
Sex Female | 120(64.86%) | 109 (66.46%) | 11(52.38%) | 101(69.65%) | 29(61.70%) | 38(76.0%) | 34(70.83%)

Male 65(35.13%) | 55(33.53%) | 10(47.61%) | 44(30.34%) | 18(38.29%) 12 (24.0%) 14 (29.16%)
Age <50 28(15.13%) | 25(15.24%) | 3(14.28%) 22(15.17%) | 7 (14.89%) 6 (12.0%) 9 (18.75%)
50- 59 48(25.94%) | 48(29.26%) 0 (0%) 44 (30.34%) | 18(38.29%) 14 (28.0%) 12 (25%)
60 - 69 56(30.27%) | 51(31.09%) | 5(23.80%) | 45(31.03%) | 17(36.17%) 12 (24.0%) 16 (33.33%)
70andover | 53(28.64%) | 40(24.39%) | 13(61.90%) | 34(23.44%) | 5(10.63%) 18 (36.0%) 11 (22.91%)
‘c/::re“'m 2009 14 (7.567%) 13 (7.93%) 1(4.761%) 12 (8.28%) 4(8.51%) 3 (6.00%) 5 (10.41%)
2010 12 (6.49%) 10 (6.10%) 2(9.523%) 9 (6.21%) 2 (4.25%) 6 (12.00%) 1(2.08%)
2011 15 (8.11%) 13 (7.93%) 2(9.523%) 13 (8.96%) 6 (12.76%) 2 (4.00%) 5 (10.41%)
2012 17 (9.19%) 13 (7.93%) 4 (19.04%) 11 (7.59%) 3 (6.38%) 3 (6.00%) 5 (10.41%)
2013 16 (8.65%) 14 (8.54%) 2(9.523%) 10 (6.90%) 3(6.38%) 4 (8.00%) 3(6.25%)
2014 18 (9.73%) 15 (9.15%) 3(14.28%) 15(10.34%) | 7(14.89%) 6 (12.00%) 2 (4.17%)
2015 25(13.51%) | 22(13.41%) | 3(14.28%) 18(12.41%) | 7 (14.89%) 7 (14.00%) 4(8.33%)
2016 22(11.89%) | 22 (13.41%) 0 (0.00%) 20 (13.79%) 3 (6.38%) 6 (12.00%) 11 (22.91%)
2017 23(12.43%) | 20(12.19%) | 3(14.28%) 17(11.72%) | 6(12.76%) 5 (10.00%) 6 (12.5%)
2018 23(12.43%) | 22 (13.41%) 1(4.761%) 20(13.79%) | 6(12.76%) 8 (16.00%) 6 (12.5%)
Stage I 27(14.59%) | 23(14.02%) | 4(19.04%) 22(15.17%) | 5(10.63%) 8 (16.00%) 9 (18.75%)
I 68(36.75%) | 62(37.80%) | 6(28.57%) | 54(37.24%) | 15(31.91%) | 17(34.00%) | 22 (45.83%)
i 53(28.64%) | 48(29.26%) | 5(23.80%) | 40(27.58%) | 15(31.91%) | 16(32.00%) | 11(22.91%)
Iv 35(18.91%) | 23(14.02%) | 6(28.57%) 25(17.24%) | 11 (23.40%) 9 (18.0%) 5 (10.41%)
Unknown 2 (1.08%) 2 (1.22%) 0 (0.00%) 2 (1.37%) 1(2.12%) 0 (0.00%) 1(2.08%)
T"f::;::i? Yes 138 (74.59%) | 125(76.21%) | 13(61.90%) | 111(76.55%) | 35(74.46%) | 37(74.00%) | 39(81.25%)
No 34(18.37%) | 28(17.07%) | 6(28.57%) 23(15.86%) | 8(17.02%) 9 (18.00%) 6 (12.50%)
Unknown | 13(7.03%) 11 (6.71%) 2 (9.52%) 11 (7.59%) 4(8.51%) 4 (8.00%) 3(6.25%)
Vital status Alive 124 (67.02%) | 115(70.12%) | 9(42.85%) | 104 (71.72%) | 29 (61.70%) | 33 (66.00%) | 42 (87.5%)
Deceased | 61(32.97%) | 49(29.87%) | 12(57.14%) | 41(2827%) | 18(38.29%) | 17(34.00%) | 6(12.50%)
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4.3.6 Does HPV positivity have an impact on survival in patients with anal cancer?

Of the 185 anal cancer cases included in the qualitative analysis, 61 (32.97%) patients had died during
follow up. Eighty-point three percent of the deceased patients were HPV positive while 92.74% of those
still alive were positive for HPV. Kaplan-Meier curves were generated, stratifying by HPV status (positive
and negative). (Figure 26, A), and HPV 16 status (Figure 26, B), which shows HPV positive status and HPV

16 positive status were linked to improved survival (log-rank test p value 0.0077 and 0.006 respectively).

The univariate analysis showed that HPV positive status was associated with a better overall survival, with
a hazard ratio (HR) of 0.44 (95% CI 0.23 — 0.82, p=0.01) (Table 19) . In the univariate Cox model, variables
associated with worse overall survival were Stage Ill; HR 5.0 (95% ClI 1.1 — 22), p=0.003 and Stage IV HR
25.2 (5.65 — 109), p<0.001 vs. stage | and no response to treatment 0.12 (95% Cl 0.07 - 0.21) p<0.001 vs.
response to treatment. After adjusting for age, gender, stage and response to treatment, HPV status
continued to influence the overall survival, HR 0.24 (95% Cl 0.11 — 0.55) p<0.001. When adjusting for age

and gender alone, HR for HPV positive status was 0.41(95% Cl 0.21 —0.82) p=0.011 (Table 20).
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Figure 26. Overall Survival probability for “any” HPV positive and HPV negative (A) and for HPV 16-
positive vs. HPV-negative (B) anal cancer cases using Kaplan Meier estimator. Survival time expressed in

days from diagnosis date. Data censored in July 2020.

Table 19. Univariate and multivariate hazard ratio of HPV status derived using Cox regression for anal

cancer cases.

Unadjusted HR p Adjusted HR p Adjusted HR p
(95% Cis) value (95% Cis) value (95% Cis) value
Variable Level
HPV HPV Neg 1 1 1

HPV Pos | 0.44(0.23-0.82) 0.01 |0.24(0.11-0.55) <0.001| 0.41(0.21-0.82) 0.011

Sex Male 1 1 1
Female 0.85(0.51-1.4) 0.549 | 0.98 (0.52-1.87) 0.955 | 0.90(0.53-1.53) 0.704

Age <50 1 1
50-59 1.6 (0.68 -3.7) 0.288 | 1.09(0.43-2.79) 0.852 | 1.84(0.77-4.37) 0.167
60 - 69 1.2(0.53-2.9) 0.635 | 2.40(0.97-5.98) 0.059 | 1.31(0.56-3.06) 0.532

70 and
over 1.6 (0.70-3.7) 0.257 | 1.88(0.69-5.11) 0.217 | 1.48 (0.63 - 3.45) 0.365
Stage | 1 1

i 4.28 (0.96 -
3.5(0.8-15) 0.095 19.13) 0.057

" 5.67 (1.24 -
5.0(1.1-22) 0.003 25.93) 0.025

v 18.58 (3.96 -
25.6(6.0-109) <0.001 87.18) <0.001

Response to No

treatment 1 1
Yes 0.12(0.07-0.21) <0.001 | 0.16(0.07-0.33) <0.001

4.3.7 HPV 16 viral load in the anal cancer cohort.

As described before, viral load in cancer samples was assessed by ddPCR calculating the number of copies
of the L1 gene in those with HPV 16 positive anal cancers. A total of 145/154 samples (94.15%) were
associated with valid reads in the ddPCR for HPV 16 L1 sequences. Nine samples were excluded from the

analysis because they generated less than 10,000 droplets even after repeat testing.
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The individual HPV 16 viral loads were ranked from smallest to largest and separated using tertiles. The
range of viral loads observed was 0.021 to 710 copies of the HPV L1 gene per cell, with an average of 60.57
L1 copies. Of those alive at the time of data censoring, 27.88% (20.17 — 37.17) cancer samples were
associated with a low viral load, 31.73% (23.57 — 41.19) a medium viral load and 40.38% (31.46 —49.99) a
high viral load. Comparatively, in those who died low viral load was present in 43.9% (29.89 — 58.96),
medium viral load in 41.46% (27.75 — 56.63) whereas 14.63% (6.88 — 28.44) had a high number of copies.

Viral load values are described in Table 20.

Table 20. Level of viral loads by vital status obtained in the HPV 16-positive group anal cancer cases.

Alive Deceased
Low VL 29 (27.88%) | 18 (43.9%)
Medium VL | 33 (31.73%) | 17 (41.46%)
High VL 42 (40.38%) | 6(14.63%)
Total 104 41
Alive Deceased
Low VL 29 (27.88%) | 18 (43.9%)
Medium VL | 33(31.73%) | 17 (41.46%)
High VL 42 (40.38%) | 6(14.63%)
Total 104 41

Those who were deceased had a median L1 viral load of 33.11 (IQR 5.87 - 83); while those still alive had a
median number of copies of 74.09 (IQR 5.80 — 78.19). A total of 52 samples (33.99%) had a low viral load
(<=5.57), 52 medium (33.99%) (5.58 — 25.63) and 49 (32.03%) high viral load (>25.64) copies of L1 gene

per samples.

4.3.8 Survival analysis
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For the Kaplan-Meier estimator, overall survival was calculated by viral load groups: low, medium and
high viral load. The overall survival rate was found to be higher in patients with medium and high viral

loads as compared to those with low viral loads, with a p-value of 0.026 (Figure 27).
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Figure 27. Kaplan-Meier survival curve stratified by viral load (Low and Medium/High). Survival time

expressed in months from the diagnosis date. Data censored on 31 July 2020.

Table 21 displays the overall survival rate categorized by the demographic and clinical variables outlined
in Table 17, with the viral load divided into three tertiles and the low viral load group serving as the
reference. The univariate analysis demonstrated that high viral load was associated with a better overall

survival rate, with a hazard ratio of 0.28 (0.11 — 0.71, p=0.007). The variables that were linked to a worse
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overall survival rate were stage IV cancer (compared to stage 1), with a hazard ratio of 25.2 (95% CI 5.65 —
113) and a p-value of less than 0.001, as well as a lack of response to treatment, with a hazard ratio of

0.13 (95% Cl 0.064 - 0.27) and a p-value of less than 0.001.

However, when Cox HR was adjusted, viral load did not significantly influence the overall survival.;
medium viral load HR 1.04 (0.45 — 2.40) p=0.924, high viral load 0.39 (0.12 — 1.24) p=0.111. Only stage IV
HR 21.52 (4.01-115.41) p<0.001 and response to treatment HR 0.23 (0.09 - 0.56) p=0.001 were associated
with a worse survival in the adjusted analysis. When stage and response to treatment were not included

in the adjustment, high viral load had an impact in the overall survival (0.27, 0.11 — 0.68) p=0.006.

Table 21. Overall survival stratified by clinical variables, demographic variables and L1 viral load. HR
derived using Cox regression. Adjusted for sex, age, stage, and response to treatment and with only

demographics’.

Unadjusted HR (95% p Adjusted HR (95% p Adjusted HR (95% p
Cis) value Cis) value Cis) value
Variable Level
Viral Load Low 1 1 1
Medium 0.91(0.47-1.76)  0.774 1.04(0.45-2.40)  0.924 0.80(0.40-1.60) (531
High 0.28(0.11-0.71) 0.007 0.39(0.12-1.24) 0111  0.27(0.11-0.68) 0.006
Sex Male 1 1 1
Female 1.2 (0.6-2.4) 0.625 1.09(0.47-2.53) 0838 1.35(0.65-2.76) 0.419
Age <50 1 1 1
50-59 1.51(0.58 - 4.0) 0.398 0.77 (0.25-2.32) 0.639 1.30(0.50-3.41) (588
60 - 69 0.94 (0.34-2.6) 0.912 2.20(0.69 -7.01) 0.183 0.85(0.30-2.40) (.753
70 and over 1.53(0.56 - 4.2) 0.405 3.05(0.757-12.31) 0117 1.65(0.58-4.65) (.347
Stage | 1 1
1 2.2 (0.48-10) 0.302 2.31(0.48-11.18) 0.299
1 2.9(0.62 - 14) 0.178 2.58(0.50-13.23) 0.254
21.52 (4.01-
v 25.2 (5.65 - 113) <0.001 115.41) <0.001
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Response
to No 1 1
treatment

Yes 0.13(0.064-0.27) <0.001  0.23 (0.09 - 0.56) 0.001

4.4 Discussion

This chapter has looked at the HPV prevalence in a population-based cohort of anal cancer collected
during a 10-year period. Additionally, HPV status and load and its influence on overall survival in anal

cancer samples was assessed.

The majority of anal cancer samples were positive for at least one HPV type (88.65%) HPV 16 was the clear
dominant type (83.24%) in the anal cancer positive cases. This finding is consistent with the high rate of
HPV positivity observed in anal cancer, as well as the high prevalence of HPV 16, as reported by Desanjose

et al. 3,

Data shows most of anal lesions could be potentially preventable by the HPV vaccines offered in the UK
in 2023. Anal cancer data shows that, given the massive dominance of HPV 16 and 18, the incremental
benefits of the different vaccine formulations are minimal. Still, it will take some time to see the full
effectiveness of the vaccine and the reduction in lesions and cancers due to the age where majority of
lesions have identified. Majority of anal cancer cases have been diagnosed in >50 years old®* 7! (84.86%),
almost 60% in >60-year-olds. Given the time frame of the vaccination (2008 for schoolgirls, 2019 for
schoolboys and 2017 for MSM up to 45 years old) and the peak prevalence of the anal disease, it would

take at least two decades to see the full effect of the HPV immunisation in the population.

HPV positive prevalence in women was higher than in males (66.46% vs 33.53%). This is consistent with

published data, including that the Cancer Research UK and Moscicki et al.Y’*’2, Furthermore, the study
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found that HPV status (HPV-positive) was linked to a better overall survival rate. Hazard ratio was 0.24
and a p-value of 0.001, when compared to cases where HPV status was negative. This find is consistent
with the systematic review conducted by Urbute et al., which showed that HPV-positive anal cancer cases

had significantly better overall survival compared with HPV-negative!®!. This is similar to an emerging

| 173,174 |175,176 177,178

pattern in other cancers associated with HPV, including cervica , oropharyngea , penile

and vulval cancers®”.

The ddPCR assay showed that a high viral load, as measured by quantifying HPV 16 L1 gene copies, was
associated with better clinical outcomes than low copies of L1 in the univariate analysis (HR 0.28, 95% Cl
0.11 - 0.71, p=0.007) when compared with low and medium viral load. However, when the Cox hazard
ratio was adjusted, viral load did not appear to influence overall survival (HR 0.39, 95% Cl 0.12 — 1.24,
p=0.111). One of the reasons behind this, could be due to the relatively small sample size in the study. As
the confidence interval just exceeds 1, it would be plausible that with a larger study, it may tip into
significance. When clinical variables are not considered in both the unadjusted and adjusted analysis, viral
load, and survival data, where high viral load correlated with better survival. Moreover, viral load

148,149 and

association with survival in anal cancer ties with other HPV driven cancers, including cervix
oropharynx1°0151153.155180 ' Agsqciation of high viral load of HPV in anal cancer and better survival indicates

that could be used as a biomarker for better anal cancer optimal management strategies.

The complete understanding of why high viral load in cancers may be associated with a better prognosis
is yet to be achieved. It is possible that cancer samples with a lower HPV viral load may have other factors
responsible for the cancer, such as impairment of viral function through integration and/or epigenetic
mechanisms’?, thus, the viral genome status could significantly impact patient prognosis. Studies have

shown that head and neck cancer cases with an episomal status of HPV have a more favourable prognosis
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180-183 and that episomal status is associated with high viral load, while integration of the HPV genome is

d 189183 This suggests that the detection of the L1 target alone may not

associated with low viral load loa
provide comprehensive results due to a possible reduction of L1 presence in the HPV genome resulting

from integration events. The use of a combination of targets (L1 + E6 or E7) could improve the detection

of viral load in cases where the HPV genome has integrated into the host.

There are limitations to the study. Although the sample set was well annotated it was still relatively small
and the AIN sample size was too small for any formal statistical analysis. Additionally, due to the significant
relationship of HIV and immune alterations with anal cancer, knowledge of HIV and immune status could
have provided more contextualisation of the viral load and anal cancer. It would also be very interesting
to look at the influence of viral load on lesion progression in a prospective study and determine if viral
load can be used as a biomarker that we could use to distinguish between lesions that would lead into

neoplasms and those that would eventually be cleared.

Nevertheless, given the results of HPV status and overall survival, it could be argued that assessment of
HPV status in anal cancer cases and viral load is worthy to be considered for anal lesions management in
Scotland. Similar High HPV prevalence detected in cervical cancer and the reduction already registered in
in the number of lesions due to the vaccine, suggest that the majority of anal lesions could also be
prevented by the HPV vaccines and in the future. However, as mentioned above, it will take one or two

decades to see the full impact.

This chapter has provided with an insight into the proportion of HPV anal cancers that are associated with
HPV in anal cancers from Scotland, and the HPV dominant types. In addition, HPV 16 viral load analysis

suggest that high viral load could be associated with better survival, however further studies to investigate
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this would be of value including studies where additional targets to L1 are used. As described in the
systematic review by Theophanous et al. (2022) of biomarkers for anal cancer treatment, there are only
a few prognostic factors that can help predicting anal cancer outcomes, including the presence of

leukocytosis, neutrophilia, and anemia at baseline measurement®®*,

In addition to ddPCR, next generation sequencing has also started to be used as an HPV diagnostic tool in
more laboratories. The deep analysis of HPV genome could result in the identification of other small
variabilities/mutations in the HPV genome that could potentially be used as biomarkers. Over the last 5-

8 years, HPV sub-lineage has been identified as a potential biomarker for cancer risk.

It is clear the necessity for biomarkers of significant disease for anal lesions. Due to the lack of data

available for anal cancers, in the subsequent chapter it will be explored the whole genome of type HPV

16 in anal cancers and determine if sub-lineage can be used as a biomarker.
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5. Optimisation of molecular and bioinformatic tools to support the
identification of HPV 16 sub-lineages

5.1 Introduction

Thanks to the data collected in Chapter 4, we now know that HPV was present in a large proportion of
anal cancer cases collected in the East of Scotland between 2009 and 2018. Using a PCR-based assay, HPV
was detected in 89% of anal cancers. The dominant type identified was HPV 16, the higher carcinogenic

risk of all the hr-HPV types due to the activity of the oncoproteins E6 and E7*%.

Different investigators have assessed in depth the HPV 16 type genome in cervical cancer. For example,
Mirabello et al. identified that some HPV 16 sub-lineages are associated with a higher risk of high-grade
lesions or cervical cancer®. Other studies have also looked at the SNP of HPV 16, identifying that SNP 350
is associated with a higher persistence of infection®!. But most available studies have been performed on
cervical lesions and very little has been done on anal samples. Therefore, part of this PhD thesis aimed to
investigate the variability of the HPV 16 genome (lineages and sub-lineages identification) present in anal

cancer samples.

However, before starting with the sequencing, it was necessary to identify the best protocols for nucleic
acid extraction from the anal cancer samples, next-generation sequencing (NGS) library preparation and

bioinformatic analysis.
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5.1.1 Formalin fixed paraffin embedded (FFPE) nucleic acid extraction for Next Generation Sequencing
downstream.

As described in the previous chapter (Chapter 4), the available specimen for any application of NGS to
genomically characterise HPV associated with anal cancer samples was anal lesions preserved as formalin-
fixed paraffin-embedded (FFPE). In pathology labs, FFPE specimens are still one of the most abundant
sources of clinical material. However, the fixation process is known to degrade nucleic acid during the
process and therefore compromise and make more difficult the subsequent analysis'®®. Formaldehyde
induces oxidation and deamination reactions and the formation of cross-links in the nucleic acid. These
chemical modifications can hinder sequencing by inhibiting the molecular reactions during the library prep
step. They may incur direct changes at a single genome base (high number of Ns) or lead to DNA
fragmentation that renders sequencing and analysis challenging. Moreover, it is also known that the FFPE
nucleic acid quality/adequacy can vary widely due to fixation conditions and fixation process, the nature
and extent of which may have a variable impact on downstream NGS analyses!®’. However, recent
developments in nucleic acid extraction methods for FFPE include new deparaffinisation solutions, DNA

sequence repair strategies and magnetic bead technology that help obtain the most from fixed samples.

Most HPV genotyping assays in the market are not validated for FFPE material. However, different
publications have evaluated their feasibility for FFPE®1%1These tests typically target the L1 or E6/E7
genes and have a PCR step before detection. The target size of these assays is usually small, which could
explain why they are not affected by the DNA fragmentation and cross-links generated during the FFPE
preservation. On the other hand, whole genome sequence analysis by NGS could be affected by excessive

fragmentation or low quality of the nucleic acid material.
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Multiple publications have analysed nucleic extraction methods and how these affect molecular HPV
detection using PCR®°171% However, there is a lack of information on the comparative performance of

FFPE extraction technologies to support the detection of HPV for molecular applications, including NGS.

5.1.2 NGS approach selection

There are two different approaches for NGS, short read and long read. Short-read NGS can use fragments
between 150 — 1500 bp, while long-read sequencing uses DNA lengths of several kb'%®. The selection of
the NGS approach may be influenced by the type of specimen available. Some specimens could have a
more fragmented DNA, making them unsuitable for long-read sequencing. It is again the case of FFPE,
where the preservation process also impacts the length of DNA by fragmenting the DNA and reducing the

amplifiable proportion?®’ .

Also, most clinical diagnostic laboratories currently do not culture HPV from samples. HPV detection is
performed directly from the specimen preserved. As samples contain organisms other than HPV (including
human cells, bacteria and other viruses), it is impossible to obtain a pure isolate of the HPV present in the
sample. Thus, specimen/sample type and a low ratio viral:human genome in the sample. As the aim is to
identify HPV 16 sub-lineages, the whole genome of the virus must be sequenced. To achieve this, a target
enrichment protocol that could amplify the entire length of the HPV 16 genome was selected. This
enriched protocol increases the probability of generating the necessary reads and the highest coverage
to obtain a complete illustration of the entire HPV 16 genome, leading to lineage/sub-lineage, integration,

or mutation analysis.
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5.1.3 Bioinformatic Tools for HPV Analysis

Bioinformatics tools have been designed to manipulate large amounts of data in the easiest way possible.
Many tools are available for multiple types of analysis, most publicly available. For HPV, some tools are
also available designed for HPV identification from raw sequencing files (FASTQ files)'*®1%°, but these tools
have been developed as student projects and lack consistent technical support. In terms of an agreed
pipeline by the HPV community, at time of preparation of this thesis the author is not aware of any
guidelines or documents that stipulate how to analyse HPV through bioinformatics tools or quality

parameters. Therefore, a new bioinformatic analysis protocol was required.

5.1.4 Aim

The chapters aim to optimise the nucleic acid extraction method, prepare an NGS protocol for whole
genome sequencing of HPV 16 and set up and validate NGS bioinformatic pipeline for identifying HPV 16

sub-lineages in anal FFPE samples.

e Determine the optimal extraction method of FFPE for molecular detection of HPV 16.
e Prepare a protocol to perform whole genome sequencing of HPV 16.

e Perform validation of the NGS/bioinformatic protocol through inter-laboratory comparison.

5.2 Material and Methods:

Nucleic acid extraction comparison for whole genome sequencing
5.2.1 Extraction comparison
Forty-eight anal samples used in Chapter 4 were used to extract nucleic acid using three different

methods. The extraction methods used included:
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e Manual extraction method based on Qiagen DNA Mini Kit.
e GeneRead DNA FFPE Kit.

e Automated extraction method using the Seegene Nimbus platform.

The process and characteristics for each of the methods is described in the general materials and methods

(Chapter 2)

5.2.2 DNA quantification: Qubit and gPCR
Sample DNA obtained from the three different extraction methods were quantified using the Qubit and
an HPV 16 gPCR designed specially to have amplicons similar to the size of DNA fragments valid for

Illumina sequencing. Qubit and gPCR methods are described in the general methods chapter (Chapter 2).

5.2.3 analysis

DNA quantity and PCR Ct values were assessed for samples prepared using the difference three extraction
methods. To determine if statistically significant differences exist between extraction kits, analysis of
variance (ANOVA) and Tukey HSD statistics were calculated. These statistics and the boxplots were

calculated using R, version 1.3.1093

5.2.4 HPV 16 sequencing method of choice

The NGS method was selected considering the instruments available in the Royal Infirmary of Edinburgh
laboratories, specimen type, protocols available and cost. For the bioinformatic part, analysis

requirements and infrastructure accessible for the WGS analysis was assessed.
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Initially, libraries were prepared using the Illumina TruSeq DNA nano kit. However, due to low DNA yield,

the TruSeq kit was replaced by the DNA prep kit (lllumina).

5.2.5 validation of the sequencing and bioinformatic — Agreement analysis Karolinska Institute

A comparison of the identified sub-lineages was required to validate the sequencing protocol and
bioinformatics tools prepared. A total of 25 anonymised fastq files were sent to the Karolinska Institute
(Dr Sara Arroyo-Miihr) for a blind comparison. No information other than the samples' HPV 16 status was
shared. The twenty-five samples selected consisted of twenty-one identified as HPV 16 Al, three as A2,

and one as A3.

5. 3 Results:

5.3.1 DNA concentration

From the total 48 samples, four samples extracted using the GeneRead did not yield detectable DNA by
the Qubit, six by the DNA Mini Kit and seven by the Seegene Universal. The average DNA quantity detected
in GeneRead was 10.64 ng/ul, 2.14 ng/ul from DNA mini kit and 6.16 ng/ul from the Seegene method.
The range was 0.74 — 52.4 for the GeneRead, 0.42 — 7 for the DNA Mini kit and 0.4 — 49.6 for the Seegene
extraction (Table 22). Figure 28 represents the median and outliers for DNA concentration obtained from

each extraction method.

Table 22. Minimum, maximum and average values were obtained from Qubit extraction and qPCR for
the three different extraction methods.

Qubit ng/ul gPCR Ct
Max - Min Average Max - Min Average
GeneRead 0.74-52.4 10.64 17.36 - 33.68 23.84
DNA Mini Kit 0.42-7 2.14 19.93-33.92 24.67
Seegene 0.4-49.6 6.16 18.11-32.41 23.92
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Figure 28. Boxplot representing the quantity of DNA (ng/ml) obtained (n=48) from the three different

extraction methods

ANOVA found significant differences between the three assays (p<0.001). Tukey HSD test found significant
differences between the GeneRead and DNA mini kit (p<0.001) and the GeneRead and Seegene (0.031).

However, no significant differences were identified between the Seegene and the DNA Mini Kit (p=0.136).

5.3.2 gPCR

From the total 48 samples, GeneRead extracted samples did obtain a valid (logistic curve between cycles
10 — 40)) cycle threshold (Ct) value in 44 samples, with four not providing any amplification. Samples
extracted by the DNA Mini Kit and Seegene Nimbus had 46 and 45 valid samples, respectively. The average
Ct values obtained from the three methods were 23.84, 24.67 and 23.92 for GeneRead, DNA Mini Kit and
Seegene, respectively. Range Ct values for GeneRead were 17.36 - 33.68, 19.93 - 33.92 and 18.11 - 32.41

for GenRead, DNA Mini kit and Seegene, respectively. Values are described in Table 24. All Ct values
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obtained for the 48 samples are described as a boxplot in Figure 29, representing the median and outliers

of Ct values obtained from each extraction method.

Statistical analysis could not find significant differences in the qPCR Ct value between the extraction
methods (p=0.428). Tukey HSD test could not detect differences between any of the methods: GeneRead

vs DNA mini kit (p=0.409), DNA Mini Kit vs Seegene (p=0.660) and GeneRead vs Seegene (p=0.911).
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Figure 29. Boxplot representing the Ct value obtained (n=48) from the three extraction methods.
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5.3.3 NGS protocol for WGS of HPV 16

A PCR-based enrichment approach was selected to amplify the HPV present in the samples and reduce
the increase in the ratio of HPV:human nucleic acid present in the sample. To amplify the entire genome
of the HPV, a 47-amplicon approach was selected. A large number of primers and a small size of the
amplicons (~200 bp size) were chosen to reduce the chances of mismatch due to the fragmentation of the

FFPE samples.

Due to the availability of an Illumina MiSeq (San Diego, USA) in the reference laboratories and the
potential fragmented status of the sample DNA, a short-read sequencing method was selected. The
average fragment size obtained with the Illumina DNA prep kit was 250-300 bp in the different runs

performed.

The infrastructure available at NHS Lothian and the requirements to perform the desired analysis were
considered for the bioinformatic analysis. Due to the absence of accessibility to an analysis cluster, WGS

analysis needed to be performed on a local machine.

As there were no already designed pipelines for HPV sub-lineage identification, it was put together the
bioinformatic tools necessary for the analysis. This included the mapping of the sequencing reads against
an HPV 16 reference, read and coverage analysis, consensus sequence obtaining, alignment, and

phylogenetic analysis. Chapter 2 includes the full description of the tools used.

5.3.4 Selection of library kit

The library prep kit of choice was the TruSeq DNA nano kit (Illumina), as used in the Arroyo et al.
publication?®. Initially, libraries were prepared from anal cancers using the Illumina TruSeq DNA nano.
However, libraries did not contain any DNA, or the DNA concentration ng/ul was very low (<0.8), meaning

it was not possible to reach the recommended pool concentration for Miseq analysis (4 uM). Figure 30 to
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Figure 32 represent different DNA concentrations and size examples for the libraries prepared with the

TruSeq DNA nano kit.
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Figure 30. Tapestation graph representing the sample intensity (FUI) for the DNA library's different sizes
(bp). This case shows a sample with poor concentration.
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Figure 31. Tapestation graph representing the sample intensity (FUI) for the DNA library's different sizes
(bp). This case shows a sample with good intensity. However, target size was not achieved as other DNA
sizes are present in the sample.
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Figure 32. Tapestation graph representing the sample intensity (FUI) for the DNA library's different sizes
(bp). This case shows a sample with no target DNA. However, the peak in the middle of the graph shows
dimers of the adaptors present in the sample.
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Increasing the beads:DNA ratio during the clean-up and increasing the number of cycles during the PCR
step of the library step did not make any difference. Figures 30-32 represent DNA size and concentration
after the modifications of the library prep protocol. They clearly show that changes did not positively
impact the DNA yield obtained. DNA yield was insufficient for sequencing. Also, an increase in adaptors

and non-desired fragments were obtained.

After engagement with lllumina technical support, libraries were prepared using the Illumina DNA prep
kit. Although this kit is not validated for formalin-fixed paraffin-embedded samples, it has been designed
for amplicon-based libraries. Figure 33 shows the intensity and the size of the DNA present in the library,

showing the expected amplicon size.
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Figure 33. Tapestation graph representing the sample intensity (FUI) for the DNA library's different sizes
(bp). This case shows the pool prepared with the lllumina DNA prep. Peak size perfectly reflects the
desired size of the target amplicons.

Due to the issue of DNA yield, all samples tested with the TruSeq kit were repeated using the DNA prep

kit for consistency.

5.3.5 Validation Edinburgh — Karolinska Anal samples
Twenty-five Fastq files were sent to the International HPV Reference Center in January 2022. A
comparison of the HPV 16 sub-lineage for each of the 25 samples was then completed. HPV 16 sub-lineage

identified by Karolinska, and this study showed 100% agreement (Table 23).
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Table 23. Comparison of HPV 16 sub-lineage identified by Karolinska Institute.

ID .SUb- sub-
. Ilne?ge lineage
identified identified

AC109 Al Al
AC117 Al Al
AC118 Al Al
AC130 Al Al
AC139 Al Al
AC140 Al Al
AC142 Al Al
AC144 A2 A2
ACl146 Al Al
AC147 Al Al
AC151 Al Al
AC152 Al Al
AC157 Al Al
AC160 Al Al
ACl161 Al Al
AC163 A2 A2
ACl164 Al Al
AC165 A2 A2
AC167 Al Al
AC215 Al Al
AC21 Al Al
AC32 A3 A3
AC33 Al Al
AC9 Al Al
AC43 Al Al

5. 4 Discussion

At the time of writing, this is the first study that has looked into HPV DNA extraction from FFPE samples
to provide insight into its ultimate performance in the sequencing of HPV by NGS. Results show that one
of the methods, GeneRead, obtained an average higher quantity of DNA, and that no differences between

manual DNA Mini Kit and Seegene extraction methods were observed. Notably, however, when DNA
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extracts were amplified, no significant difference in the Ct value could be identified between the three
assays, which means that initial extraction yield alone is not necessarily a proxy for amplification.
Moreover, the results obtained from the designed gqPCR have confirmed that the DNA fragment size
(potentially caused during FFPE preservation) of nucleic acid extracted from FFPE samples would not be a
limitation to performance of short-read sequencing of the HPV 16 genetic material. However, a low
concentration of DNA could be a limitation for an NGS direct approach (no enrichment step by PCR or
reagents). According to the lllumina DNA kit, the required DNA input ranges from 1 to 500 ng. Data
obtained from the three extraction methods shows that the Qiagen DNA mini kit has the most significant
number of samples with <1 ng/ul with 14 samples, followed by seven from the Seegene extraction method
and two by the GeneRead. Due to the selection of an enrichment NGS method, the importance of DNA
concentration is reduced as DNA is subject to several amplifications. Therefore, DNA was obtained from

the (automated) Seegene extraction method used for the HPV annotation in anal lesions to perform WGS.

The main limitation of the comparative analysis was that, due to funding constraints, it was impossible to
sequence the DNA obtained from the three different extraction methods for each sample, which will be

the focus of future work.

Most of the samples received at the SHPVRL for identification/detection of HPV in cancer samples are
FFPE specimens, including cervical, anal, and oropharyngeal samples. Up until the current time, FFPE has
been used for HPV genotyping with little problems. From time to time, sample results are invalid for
testing due to the lack of internal control (beta-globin). The invalid result could be attributed to inhibitors
present in the sample that interact during the PCR process and inhibits the DNA amplification. Invalid
results have been seen in 0.5% of the cases in the Scottish HPV Reference Laboratory. However, PCR-

based testing targets a small region of the L1 gene, potentially overpassing the fragmentation issue. A
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short-read sequencing method was selected to avoid any potential fragmentation problem. Moreover,
due to the dominance of HPV 16 in anal samples and potential fragment DNA, an approach to enrich only

HPV 16 genome was prepared.

Despite the initial problems regarding the low DNA yield with the TruSeq kit, no issues were registered
when library prep was performed using the DNA prep kit. The minimum DNA concentration was achieved
in every sample. In addition, the comparison performed with Karolinska Institute (100% agreement)
verified and reassured that the protocol implemented in the reference laboratory was valid for the HPV
16 sub-lineage identification. The only difference that could explain the unsuccessful use of the TruSeq
DNA nano kit is the specimen type. The Swedish study from where the WGS protocol was obtained used

cytology samples®?, while here, it was anal cancer samples preserved in FFPE.

Before starting with any molecular technique is essential to perform a technical optimisation. Even more
when the technique has a very high reagent cost. This exercise has enabled me to learn and optimise
nucleic acid extraction, library prep and bioinformatic analysis for WGS of HPV. This acquired knowledge
will be directly applied to address the research questions about HPV 16 sub-lineages in anal lesions in the

next chapter.
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6. Identification of HPV 16 sub-lineages, association with
demographics and clinical variables and overall survival in anal cancer
and asymptomatic cohort.

Please note that part of the results presented in this chapter have been published: Guerendiain D et al.

(2022). Mapping HPV 16 Sub-Lineages in Anal Cancer and Implications for Disease Outcomes.

6.1 Introduction

HPVs are classified as types based on the nucleotide sequence of the ORF coding for L1. HPV types differ
by more than 10% compared with the closest related HPV type'. After the carcinogenic evaluation
performed by the International Agency for Research on Cancer (IARC), we know that some HPV types have
a higher carcinogenic risk than others, and persistent infection with these types could lead to developing
pre-cancerous cells and eventually cancerl. Moreover, variations within types have led to another

classification level, described as lineages (2 - 10% DNA identity) and sub-lineages (0.5% to 2% variation).

HPV 16 can be divided into four main variant lineages (A/B/C/D) based on genetic variation and 16 sub-
lineages based on additional variations within these lineages. As described in Burk et at., 2013 lineage A
includes sub-lineages A1-A3 (previously named European) and A4 (Asian); lineage B includes B1 (African-
1, Afrla) and B2 (African-1, Afrlb), B3 and B4. Lineage Cincludes C1 (African-2, Afr2a), C2, C3 and C4; and
D, including D1 (North American, NA1), D2 (Asian-American, AA2), and D3 (Asian-American, AA1) and D4
sub-lineages®. In 2001 and later in 2010, Schiffman and colleagues found that non-European sub-lineages
were associated with an increased risk of CIN and cervical cancer and that persistence of 2 or more years

was linked to the same non-European sub-lineages?°%2%2,
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Cornet et al., in 2013, identified in cervical cancer that except for sub-Saharan Africa and East Asia, the
European variants were prevalent in all regions of the world, whereas the African variant was dominant
in the northern sub-Saharan area of Africa and the Asian variant in East Asia®. Nicolas-Parraga et al., 2016
explored the HPV 16 lineages and sub-lineages distribution in anogenital cancers from Europe, Asia, and
Central/South America. They found that in the cervix, A1-3 was present in 95.6% of the cases in Europe,

78.3% in Central/South America (D in 21.7%) and 80.0% in Asia (12.0% A4 and 7.7% D)**.

Sparse information regarding HPV 16 sub-lineages in anal lesions (pre-cancerous and cancer) is available.
In the study by Nicolds-Parraga et al., the Al1-3 sub-lineages were identified in 96.1% of the European
cases, 93.0% in Central/South America (D in 6.9%) and 19.0% in Asia. In this region, A4 was prevalent in
80.9% of the cases?®® The study conducted by Volpini et al. (2017) analysed the HPV 16 variants present
in cervical and anal samples. A total of 70.8% (17/24) of the samples were classified as HPV 16 European
(E, A lineage) and 29.2% (7/24) as non-European variants®®*. A systematic review by Ferreira et al. found
that lineage A was present in 100% of anal cancer and 86% of non-tumoral samples. Lineages B and C
were present in 2.2% of non-tumoral samples, and lineage D was identified in 9.7% of non-tumoral

samples?®,

Various studies have looked at the association between sub-lineages and cervical cancer risk. Using a WGS
assay optimised for HPV genome sequencing, Mirabello et al. (2015) examined 3,200 women from a US
cohort to assess the correlation between HPV 16 lineages and the risk of precancer/cancer. The study
confirmed the previous finding that the B/C/D lineages, taken as a group, had a greater cervical
precancer/cancer risk than the A lineage3®!. The researchers carried out a case-control analysis, with the
controls consisting of HPV 16-positive women who did not have cervical intraepithelial neoplasia (CIN)

grade 2+ after a follow-up period of approximately three years. The analysis demonstrated that the
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correlation between HPV 16 lineage and cervical cancer risk differed according to the sub-lineage. In
addition, this study confirmed the early observation that some variants present a higher carcinogenic

effect in women whose genetic background corresponds to that of the virus.

Between 2017 and 2018, van der Weele et al. analysed the whole genome of HPV types 16 and 18 from
cervical swabs intending to perform a variant analysis?®®2%’. For HPV 16, they analysed the variant diversity
and conservation of persistent infections. They could not find an association between sub-lineages and
integration and no significant difference in the distribution of A1-3 and A4 variants between CIN and

cervical cancer lesions (p = 0.936).

Clifford et al. (2019) conducted a global sub-lineage analysis of HPV-positive cervical samples. They
discovered that sub-lineage Al was the most extensively distributed worldwide. In contrast, others
displayed greater regional specificity (A3 and A4 in East Asia, B1-4 and C1-4 in Africa, D2 in the Americas,
and B4, C4, and D4 in North Africa). Additionally, they observed that in regions where A3, A4, and D
(sub)lineages were prevalent, there was an elevated risk of cancer compared to the Al sub-lineage®.
Furthermore, it has been proposed that some lineages could preferentially associate with different cancer
morphologies (i.e., those with squamous or glandular origin). Mirabello et al. (2016) found that variants
A1/A2 and D2 have a more substantial risk of squamous lesions, while D2/D3 and A4 sub-lineages are
strongly associated with glandular lesions®!. B and C lineages were not associated with adenocarcinomas.
Same study looked at the HPV 16 variants at SCC, adenocarcinoma and adenosquamous carcinoma,
obtaining similar results 1. They found that HPV 16 sub-lineages A1-3 were more prevalent in SCC, and

HPV 16 D, mainly D3, were increased in glandular cancer lesions.
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From 2000 to 2014, most publications determined the variant lineage using phylogenetic parsimony
methods based on URR/E6 sequences. However, most publications from 2014 onward, referred to in this
introduction, have used next generation sequencing, allowing a complete phylogenetic identification of

sub-lineages by looking at the whole genome instead of a smaller region.

Before NGS and whole genome sequencing, different studies investigated the presence of a single
nucleotide polymorphism (SNP) associated with persistence and higher risk of progression to
cancer°2%829 This SNP has been identified mainly within the European HPV 16 sub-lineages (A1-A3)
localised in the E6 gene in position 350, changing from 350T to 350G, resulting in an amino-acid change
from leucine to valine. Identification of this SNP could be used as a biomarker to improve diagnosis,

patient management, and prognosis.

In addition to sub-lineage identification and cancer risk association, other characteristics/status of the
viral genome/status have also been assessed. During the infection of cells by the HPV, integration of part
of the HPV genome in the host genome can occur. Data shows that the integration of HPV plays an
essential role in overall outcomes. Kim et al. 2009, increased E6/E7 oncoproteins as an underlying
disruption of E2%, resulting in a lower viral replication and poor radiotherapy outcome in patients with
low viral load cervical cancers. In head and neck cancers, Vojtechova et a./, 2016 found that patients with

no detected integration had better survival than integration-positive and HPV-patients?..

The proportion of cases with HPV integration in anal carcinomas varies between studies, ranging from
32%%1°, 54.8%%'1, to 71%%'%. Moreover, it has been identified differences in integration between HPV
types. Lagstrom et al. identified that the proportion of samples with integration was 13% for HPV 16 and

59% for HPV18-positive cervical cancer samples?®3,
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6.1.2 Aim

As described in the above paragraphs, several studies have identified the sub-lineages present in the
different regions of the world and the risk associated with pre-cancerous and cancerous cervical lesions.
However, a limited number of studies with small cohorts have looked at the sub-lineages driven anal
lesions (pre-cancerous and cancerous). No study has examined the sub-lineages in anal cancer and
analysed the association with demographics, clinical variables, and overall survival. In the UK and Scotland,
no information is published on HPV 16 sub-lineage prevalence. Hence, no studies have looked into sub-

the association of these sub-lineages with demographic, clinical or survival variables.

Therefore, this chapter aims to identify the HPV 16 sub-lineages in anal cancer samples diagnosed in
Scotland and be able to compare those sub-lineages to the ones present in an asymptomatic population.
This identification will help identify possible sub-lineage differences between cancers and asymptomatic
infections. Moreover, the previous anal cancer chapter has shown that HPV status makes a difference in
survival outcomes. Thus, it was required to determine if the sub-lineage status also influences survival

outcomes.

From the whole genome sequencing, other information can also be obtained from the samples, including
potential missing regions reflecting a potential integration. As described before, integration of the HPV
genome in the human genome in oropharyngeal cancers has been associated with a worse prognosis.

Another aim was to identify HPV integration in anal cancers and, if possible, analyse the association with

demographics and clinical variables and determine if it is associated with overall survival.
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Some single nucleotide polymorphisms (T350) associated with persistent infection have been identified.
By using the whole genome data obtained for the sub-lineage identification, it was also aimed to identify

the T350 SNP present in both anal cancer and the asymptomatic cohort.

6.2 Material and Methods

6.2.1 Sample collection

6.2.1.1 Anal cancer samples
HPV 16-positive samples described in Chapter 2 were used for HPV 16 sub-lineage identification. A total

of 150 were selected for NGS downstream.

As outlined in Chapter 2, anal biopsy samples were collected between 2009 and 2018 as a routine part of
care for treating patients with anal diseases. All biopsy samples were obtained from the South-east of
Scotland, representing 3 of 14 territorial health boards in Scotland; NHS Lothian, NHS Borders, and NHS
Fife) — these health boards serve a population of 1,396,640 (Data from 2019), representing 25% of the
Scottish population *°. Samples were archived as formalin fixed paraffin embedded tissue blocks at the

Western General Hospital following NHS governance (Human Tissue Governance, (Scotland) Act 2006).

6.2.1.2 Residual rectal swabs from asymptomatic men

To serve as a control group, residual rectal swabs collected from men attending sexual health clinics
without exhibiting anal lesions or symptoms were sequenced for HPV 16 sub-lineage identification. These
samples were already tested as part of a study where residual rectal swabs were tested for HPV to assess

the prevalence in men who have sex with men (MSM) population (NRS approval SR716). After the study,
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samples were archived as nucleic acid at the Royal Infirmary Hospital following NHS governance (Human

Tissue Governance, (Scotland) Act 2006).

6.2.2 Governance

Use of anal cancer samples for the current project was approved by the Lothian National Research for
Scotland Bioresource (Ref: 20/ES/0061 and application reference SR 1283). Access to residual rectal swab
samples was approved by the Lothian National Research for Scotland Bioresource (Ref: 15/ES/0094 and
application reference SR1364). The University of St Andrews Teaching and Research Ethics Committee,

with reference MD 14482, granted ethical approval to conduct the research.

6.2.3.1 Nucleic acid — anal cancer samples.

Chapter 5 showed that DNA nucleic acid extracted using the automated Seegene Nimbus (Seoul, Korea)
generated material of similar quality and quantity to manual extraction. It was opted to use the nucleic
acid obtained in Chapter 4 for HPV genotyping using the Seegene Universal extraction system. DNA was

eluted in a volume of 100 pl.

6.2.3.2 Nucleic acid — residual rectal swabs.

Nucleic acid from residual rectal swabs was obtained using the Qiagen MDx Robot (Qiagen, Germany) and
the Seegene Universal extraction kit. The use of 2 different extraction methods was due to the time
samples were extracted as the Qiagen instrument was replaced by the Seegene robot. Samples collected
between 2018 and 2020 were extracted using the Qiagen platform, while those collected from 2020 were
extracted using the Seegene platform. Nucleic acid from both systems was stored at -80°C and -20°C at

the Royal Infirmary of Edinburgh.
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6.2.4 PCR target enrichment for deep sequencing of HPV 16 — DNA Amplification and primers pooling.
HPV 16 DNA from samples selected for NGS downstream was amplified using a conventional PCR to
amplify the whole genome of HPV 16. Details describing the full protocol are located in the method

chapter (Chapter 2).

6.2.5 Library preparation and sequencing.
The lllumina DNA prep kit was used for library preparation, and sequencing was conducted with the
Illumina MiSeq instrument utilising the lllumina MiSeq reagent kit v2 500 cycles. (2x250 bp). The run

took 40 hours to complete the 500 cycles.

6.2.6 Bioinformatics pipeline — HPV 16 sub-lineages identification

An HPV 16 sub-lineage pipeline was not available at the time the analysis was performed, and therefore
it was necessary to prepare one. The bioinformatics pipeline has been prepared for UNIX run on a macOS
machine. All the different open-source tools used were downloaded from the authors’ websites. The raw
sequenced reads were mapped to the HPV 16 reference genome [accession number K02718.1] using
Burrows-Wheeler alignment (BWA)®* BCFtools was used for the variant calling and generating a consensus

sequence®.

The new consensus files were aligned using MAFFT?” with default parameters, and manual editing was
done when necessary. Maximum likelihood trees were created using RAXML®® v8.2.11 with the GTR
substitution model (ML + transfer bootstrap expectation + consensus, one run, 100 reps). The trees

generated by RAXML were visualised using Figtree (http://tree.bio.ed.ac.uk/software/figtree/). Each
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sample was assigned a sub-lineage that corresponded to its nearest neighbour. HPV 16 sub-lineage
references were obtained from the Papillomavirus Episteme (PAVE)
(https://www.niaid.nih.gov/research/pave) for each of the HPV 16 sub-lineages and included in the

maximum likelihood tree.

6.2.7 HPV genome integration

To determine the coverage of the HPV genome of each sample, a visual tool was used (Qualimap?®). In
combination with Artemis®®, it was possible to identify and annotate regions in the HPV genome that did
not contain any reads considered “missing”. Samples with missing reads were repeated from the PCR step
to confirm the observations and ensure they were not a result of practical errors. Missing regions were
attributed to potential integration in the human genome. Due to the small number of samples with
integration, no survival analysis could be performed, but a descriptive assessment of the nature and level

of integration was performed.

6.2.8 Association of HPV 16 sub-lineages with demographics and survival outcomes

To evaluate the relationship between HPV sub-lineages and various factors involving two or more
independent variables, a univariate logistic regression analysis approach was used for HPV 16 sub-
lineages (HPV 16 A1l positive vs HPV 16-non-A1 positive), including age at diagnosis, collection year,
morphology, and health board of diagnosis. The adjustment was made for the age group (<50, 50 — 59,
60 - 69, and 70 or over), sex, response to treatment, stage of cancer, and vital status. The odds ratio
(OR) was calculated to measure the strength of the association between HPV 16 sub-lineages and
different demographic and clinical data. All statistical analyses were performed using R-studio?** for

macOS.
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The study analysed overall survival based on the HPV 16 sub-lineage status (HPV 16 A1l positive vs HPV
16-non-A1 positive) using the Kaplan-Meier method. Cox proportional hazard models were used to derive
univariate and multivariate hazard ratios for all-cause mortality based on HPV 16 sub-lineages, adjusting
for age (<50, 50-59, 60-69, 70+), sex, stage (1, Il, Ill, IV), and response to treatment (no, yes). All statistical
analyses were performed using R-studio (version 1.2.1335). Non-A1l group includes the following sub-

lineages: A2, A3, A4, B1, B2, B3, B4, C1, C2, C3, C4, D1, D2, D3 and D4.

6.3 Results
HPV 16 sub-lineage identification from anal cancers and control cohort through whole genome

sequencing

6.3.1 Library DNA yield

6.3.1.1 HPV 16 sub-lineages in the anal cancers

A total of 119 samples were considered valid for phylogenetic analysis. The sub-lineage of each sample
was determined based on its closest genetic neighbour. HPV 16 sub-lineage Al was identified in 90 anal
cancer samples (75.63%), followed by A2, identified in 20 (16.80%) samples. A4 was detected in 5 samples
(4.20%). 2 samples were classified as B1 (1.68%), one as A3 (0.84%) and one as D1 (0.84%). HPV 16 sub-

lineages in anal cancers are described in depth in Table 24 and Figure 34.
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Table 24. HPV 16 sub-lineages breakdown in the anal cancer cohort.

HPV 16 Sub-lineage N % (N=123)
HPV 16 Al 90 75.63%
HPV 16 A2 20 16.80%
HPV 16 A3 1 0.84%
HPV 16 A4 5 4.20%
HPV 16 B1 2 1.68%
HPV 16 B2 0 0.00%
HPV 16 B3 0 0.00%
HPV 16 B4 0 0.00%
HPV 16 C1 0 0.00%
HPV 16 C2 0 0.00%
HPV 16 C3 0 0.00%
HPV 16 C4 0 0.00%
HPV 16 D1 1 0.84%
HPV 16 D2 0 0.00%
HPV 16 D3 0 0.00%
HPV 16 D4 0 0.00%
Total 119
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Figure 34. Phylogenetic tree representing the HPV 16 sub-lineages present in the anal sample cohort
based on core SNPs. Maximum likelihood trees were inferred using RaxML with the GTR substitution

model (ML + transfer bootstrap expectation + consensus, one run, 100 reps).

6.3.1.2 HPV 16 sub-lineages in the control cohort
From the total 134 control samples considered valid for further phylogeny analysis, most samples were

classified (76.12%) as A1, followed by A2, identified in 23 (17.16%) samples. D1 sub-lineage was identified
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in 4 samples (2.98%), while C1 and B1 were identified in 2 cases each (1.49%). B2 was presentin 1 (0.75%).
No other HPV 16 sub-lineages could be identified in the control cohort. Table 25 describes the number of
cases identified for each sub-lineage, while Figure 35 contains the phylogenetic tree obtained from the

control cohort.

Table 25. HPV 16 sub-lineages breakdown in the asymptomatic population (rectal swabs)

HPV 16 Sub-lineages

Asymptomatic cohort n=134 %
HPV 16 Al 102 76%
HPV 16 A2 23 17%
HPV 16 A3 0 0%
HPV 16 A4 0 0%
HPV 16 B1 2 1%
HPV 16 B2 1 1%
HPV 16 B3 0 0%
HPV 16 B4 0 0%
HPV 16 C1 2 1%
HPV 16 C2 0 0%
HPV 16 C3 0 0%
HPV 16 C4 0 0%
HPV 16 D1 4 3%
HPV 16 D2 0 0%
HPV 16 D3 0 0%
HPV 16 D4 0 0%

Total 134

6.3.1.3 Differences in prevalence of HPV 16 sub-lineages between anal cancer and control cohort.

Both cohorts had no differences in the most prevalent sub-lineages (A1 and A2). 75.63% vs 76.0% and
16.80 vs 17%, respectively. However, there were differences in the prevalence of other sub-lineages. A4
sub-lineage was only found in the anal cancer cohort (4.20%), while sub-lineage C1 (1%) and D1 (3%) were

only present in the asymptomatic cohort.
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Figure 35.Prevalence (%) of HPV 16 sub-lineages in anal cancer and control cohort.

6.3.1.4 Association of HPV 16 sub-lineages with demographic and clinical variables.

Despite the difference in anal cancer samples with valid sequencing from males (25.21%) and females
(74.49%), the prevalence of Al and A2 is almost identical in both groups (Table 26). The only differences
are the A3 presence in males (1/30), higher prevalence of A4 (4/89) and the absence of B1 and D1 in males

but present in the female cohort.
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Table 26. HPV 16 sub-lineage distribution in males and females in the anal cancer cohort.

Anal cancer Males Females

Total
HPV 16 sublineages n % n %
Al 23 76.67% 67 75.28% 90
A2 5 16.67% 15 16.85% 20
A3 1 3.33% 0.00%
A4 1 3.33% 4.49%
B1 0 0.00% 2 2.25%
D1 0 0.00% 1 1.12% 1
Total 30 89 119

Four of the 119 samples did not contain vital status information and therefore have not been included in
the analysis. (4 = 2 A1, 1 B1, 1 A2). Therefore, 115 samples were included in the HPV 16 sub-lineage
association with demographic and clinical variables analysis. Due to the dominance of Al in the anal
cancer cohort and the low number of other sub-lineages present, logistic analysis and odds ratio analysis
were performed based on HPV 16 sub-lineage Al positive or Al negative. No significant differences in the
univariate association of Al positivity with sex, age, response to treatment, stage, and vital status were

observed. Adjusted analysis by sex, age, response to treatment, stage and vital status shows no significant

differences for any of the demographics or clinical variables (Table 27)).
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Table 27. Al positivity status according to demographics and clinical variables. The odds ratio

(univariate and adjusted) was calculated for Al positivity status.

Unadjusted OR (95%

Adjusted OR (95%

Cis) p-value Cis) p-value

Variable Level
Sex Male 1 1

Female 1.12 (039 - 2.92) 0.827 1.09 (0.37-3.00) 0.87
Age <50 1 1

50-59 1.20(0.27 - 4.80) 0.8 1.11(0.24-4.56) 0.89

60 - 69 1.50(0.34 - 5.93) 0.57 1.82(0.40-7.67) 0.416

70 and over |1.37(0.30-5.67) 0.666 1.63 (0.34-7.41) 0.529
Response to No 1 1
treatment

Yes 1.02 (0.26 - 3.26) 0.968 1.18(0.34-7.41) 0.528
Stage | 1 1

Il 1.36 (0.37 - 4.62) 0.625 1.28 (0.33-4.51) 0.706

]l 1.60(0.40-6.11) 0.486 1.56 (0.38-6.06) 0.522

\} 1.80 (0.36 - 10.40) 0.478 3.03 (0.42-29.47) 0.289
Vital Status Alive 1 1

Deceased 1.01 (0.39 - 2.85) 0.983 0.92 (0.25-3.81) 0.907

6.3.1.5 HPV 16 sub-lineages and overall survival

The Kaplan-Meier estimator calculated overall survival by categorising HPV 16 sub-lineages into two

binary groups: Al positive and non-A1l positive sub-lineages. No differences in overall survival were found

between both sub-lineage groups (p=0.75) (Figure 36).
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Figure 36. Kaplan-Meier survival curve stratified by HPV 16 sub-lineages (A1 vs non-A1). Survival time is
expressed in months from the diagnosis date. Data was censored on 31st July 2020.

Table 28 presents the overall survival results based on HPV 16 sub-lineages stratified by various clinical
and demographic factors such as age group, sex, cancer stage, and response to treatment. The sub-
lineages were categorised into two groups: Al and non-Al, with Al being the reference group. The
univariate analysis showed no significant association between non-A1l sub-lineages and improved overall
survival, with a hazard ratio (HR) of 0.87 (0.37 — 2, p=0.751) compared to Al. On the other hand, stage IV
vs stage | and no response to treatment vs response were significantly associated with worse overall
survival in the univariate model with HRs of 15.7 (3.38 — 72.8), p<0.001 and 0.11 (0.05 - 0.25) p<0.001,
respectively. However, after adjusting for age, gender, stage, and response to treatment, non-A1l sub-
lineages did not significantly influence overall survival compared to A1, with an HR of 0.83 (0.28 — 2.46,

p=0.743).
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Table 28. A univariate and multivariate hazard ratio of HPV 16 sub-lineages derived using Cox
regression.

Unadjusted HR (95% —value Adjusted HR (95% —value
Cis) P Cis) P

Variable Level
HPV 16 Sub- 1 1
lineage

Non-Al |0.87(0.37-2) 0.751 0.83(0.28-2.46) 0.743
Sex Male 1 1

Female 1.2 (0.48-2.9) 0.71) 0.88(0.32-2.39) 0.795
Age <50 1 1

50-59 |1.10(0.33-3.70) 0.877 0.83(0.21-3.26) 0.788

2.67 (0.607 -

60-69 ;g5 (0.26 - 2.8) 0.795 11.72) 0.194

70 and 0.466 556 (1.082 -

over 1.54 (0.48 - 5.0) 28.58) 0.04
Stage | 1 1

I 1.7 (0.37-8.1) 0.49 2.34(0.47 - 11.74) 0.302

m 2.4(0.50-11.6) 0.274 2.26(0.42-12.27) 0.344

1595 (2.45 -

v 15.7 (3.38-72.8) <0.001 10.3.82) 0.004
Response to No 1 1
treatment

Yes 0.11 (0.05 - 0.25) <0.001 0.12 (0.03-0.39) <0.001

When considering only A1 and A2 samples, there were no significant differences in the hazard ratio (HR)

found when using A1 as the reference (HR 0.74, 0.25 - 2.1, p=0.575).

6.1.3.6 Integration anal cancer
Using NGS, we should obtain hundreds or thousands of reads in every position of the target DNA.
However, sometimes no reads are obtained for some regions. Although not the study's primary objective,

10.92% (13/119) of the anal cancer samples had missing parts of the HPV 16 genome, indicating the
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potential integration of HPV 16 into the human genome. The missing region was confirmed through repeat
sequencing. The E2 gene was the most commonly absent region, followed by E4, E5, L2, E1, and L1 (Table
29). However, all cases retained the E6 and E7 oncogenes. There was no evidence of integration found in

the asymptomatic cohort.

Table 29. Missing genes in the suspect samples of HPV being integrated.

HPV 16 Genes Missing _genes
(even partially)

E6 0

E7 0

El 7

E2 11

E4 10

E5 10

L2 10

L1 7

Figures 37 to 50: Reads coverage obtained from different anal cancer samples. Figure 37 shows a full
coverage of the HPV genome, while the rest show no reads in specific regions. This absence of reads in
different locations of the HPV genome is associated with the potential integration of the HPV genome in

the host during replication.

Coverage across reference

Figure 37. Qualimap Plot showing an anal cancer sample with no integration. Mapped paired reads
298.541 / 99,72%.
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Coverage across reference
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Figure 38. Potential Integration of E1. Artemis displaying the bam file and read coverage (left) and
Qualimap plot of total read coverage (right).
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Figure 39. Potential integration of HPV E1, E2 and E4. Artemis displaying the bam file and read coverage
(left) and Qualimap plot of total read coverage (right).
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Figure 40. Sample AC22: Plausible integration of part of E2, E5 and part of L2. Artemis displaying the bam
file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 41. Sample AC74: Plausible integration of genes E2, E4, E5, L2 and L1. Artemis displaying the bam
file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 42. AC96: Plausible integration of: Part of E1, E2, E4, E5, L2 and first part of L1. Artemis displaying
the bam file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 43. AC134: Plausible integration of part of E1, E2, E4, E5, L2 and first part of L1. Artemis displaying
the bam file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 44. AC137: Plausible integration of part of E1. Artemis displaying the bam file and read coverage
(left) and Qualimap plot of total read coverage (right).
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Figure 45. AC138: Plausible integration of part of E1 E2, E4, E5, L2 and part of L1. Artemis displaying the
bam file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 46. AC182: Plausible integration of part of E1, E2, E4, E5, L2 and part of L1. Artemis displaying the
bam file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 47. AC199: Plausible integration of part of E2, E4, E5, L2 and L1. Artemis displaying the bam file
and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 48. AC204: Plausible integration of part of E1, E2, E4, E5, and part of L2. Artemis displaying the
bam file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 49. AC213: Plausible integration of part of E2, E4, E5, and part of L2. Artemis displaying the bam
file and read coverage (left) and Qualimap plot of total read coverage (right).
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Figure 50. AC223: Plausible integration of part of E2, E4, E5, L1 and L2. Artemis displaying the bam file
and read coverage (left) and Qualimap plot of total read coverage (right).

As described in Table 30, out of the 13 samples with a potential integration, 8/13 were females between
36 and 61 years old (average 48.4). 5/13 samples were from males between 56 and 73 years old (average
64 y/o). Four patients were at stage IV, four at stage Il and one at stages Ill and I. Unfortunately, two
samples did not contain stage information. 8/13 patients were deceased when data was censored, four
were alive, and 1 had no vital status. Using the viral load information obtained for the analysis described
in Chapter 2, 5/13 of the samples had a low viral load, 1 had a medium viral load, and 7 had no valid viral

load information.
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The target used for the ddPCR viral load analysis was L1. Those samples that did not have a valid viral load

have a potential integration of the whole or partial L1 gene.

Table 30. Demographics of anal cancers with a plausible integration.

Sample VL VL Vital

ID Age Sex Stage (ddPCR) (qualitative) | status
AC7 41 Female IV 30.3 Medium Deceased
AC12 |60 Female IV 3.6 Low Deceased
AC22 |56 Male v 1.93 Low Deceased
AC74 |65 Male v NA NA Deceased
AC9%6 |62 Male Il NA NA Deceased
AC134 |61 Female I NA NA Alive
AC137 |64 Male Il 4.1 Low Alive
AC128 |73 Male Il NA NA Deceased
AC182 |56 Female |lI NA NA Deceased
AC199 |45 Female IV NA NA Alive
AC204 (37 Female NA NA NA NA
AC213 |52 Female NA 3.7 Low Deceased
AC223 |36 Female | 1 Low Alive

6.3.1.7 SNPs - 350T — 350G

The nucleotide in the E6 gene of every anal cancer sample was analysed. A total of 52/115 (45.2%) anal
cancer samples had thymine (350T), while 63/115 (54.8%) had guanine (350G). Univariate Cox analysis
showed no difference in survival of 350G when 350T was used as a reference (0.91, 0.44- 1.9, p=0.794).
When adjusted by age group, sex, stage and response to treatment, HR for 350G was 1.06 (0.404 — 2.77,

p=0.908) when using 350T as a reference.

6.4 Discussion
As described in chapter 4 of this thesis (Anal disease in the South-East of Scotland. HPV prevalence,
association with demographics and survival), 93.3% of anal cancer diagnosed in Scotland between 2019

and 2018 were caused by HPV 16. Among these, 76% of cases belonged to the Al sub-lineage, followed
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by A2 (16%), based on whole genome sequencing. The prevalence of Al and A2 in the asymptomatic male
control group was found to be similar. However, a few discrepancies were noted; sub-lineage A4 was
present in the anal cancers (4.2%), while this was absent in the control group; the presence of the C1 sub-
lineage was only detected in the control group; and sub-lineage D1 presence was higher in the control
group (3%) than in the anal cancer cohort (0.84). The high prevalence of A1l and A2 sub-lineages is in line
with previous European studies such as Gongalves et al. (2022), who found lineage A (mainly Al) to be
the more prevalent in the anal canal of asymptomatic men?!®, and Nicolas-Parraga et al. (2016) who found
that A1-3 sub- in 96.1% of European cases?®®. Beyond Europe, Volpini et al. (2017) conducted a study in
Brazil that examined HPV 16 variants in cervical and anal samples. They found that a lower proportion of
anal cancer samples (70.8%) were classified as A1-3 sub-lineages compared to the results observed in
European studies?®*. In addition, Gongalves et al. (2022) also found a higher prevalence of non-A lineages
in MSM with transient infection 2>, This study has detected a higher proportion of non-A lineages in the

asymptomatic MSM cohort. However, a small number of cases require further studies to confirm this.

The findings from the study contribute to the scarce knowledge of the distribution and consequences of
HPV sub-lineages in the anus. Although our results did not indicate strong correlations with demographics
and underlying disease status, further research with more significant participant numbers is necessary to

validate or reject these conclusions.

As far as | know, no other studies have examined the relationship between HPV 16 sub-lineages and
survival in anal cancer patients. The analysis presented in this chapter did not show an impact on overall
survival when comparing Al and non-Al sub-lineages in the univariate and adjusted analysis. A recent

study by Lang Kuhs et al. (2022) analysed the connection between the genetic variation of HPV 16 and
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clinical outcomes in patients with HPV 16-positive oropharyngeal cancer 2. They discovered that patients
with one or more high-risk single nucleotide polymorphisms (SNPs) had shorter median survival times.
Many of these SNPs were associated with the D2 sub-lineage, also linked to an increased risk of cervical
cancer3!. Unfortunately, | could not identify any cases of the D2 sub-lineage, so | was unable to investigate
this connection further. Identifying other high-risk SNPs in other sub-lineages could greatly aid in patient

and treatment management.

This study has certain limitations that must be noted. The asymptomatic population only consisted of
men, while the cancer population had more women (75.63%) than men (24.37%). This disparity was due
to practical considerations with the available sample material. Despite this, the data showed no
differences in the distribution of HPV 16 sub-lineages between men and women in the anal cancer group.
As previously mentioned, confirming these findings with a larger sample size would be valuable. Although
the number of cancer cases in this study was not insignificant (n=253), considering the Scottish European
age-standardised rate (EASR) for anal cancer is 2.6 per 100,000 person-years at risk in 2017, larger sample

sizes may be necessary for detecting rarer sub-lineages with more accuracy.

Currently, there is no anal cancer screening program in the UK. Nevertheless, an opportunistic vaccination
program for men who have sex with men has been in place since 2017, and the national HPV vaccination
program has been gender-neutral since 2019. A study by Godi et al. found that HPV 16 lineages B, C, and
D showed slightly reduced sensitivity (<2-fold) to the nonavalent vaccine compared to lineage A?Y’. The
high prevalence of lineage A in this study's samples could be positive for vaccine efficacy, especially with

the implementation of gender-neutral vaccination in the UK and several other countries.

This study has demonstrated that it is technically feasible to detect HPV 16 sub-lineages in both anal

cancer samples and residual material from rectal swabs in an asymptomatic population. While minor
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differences in the prevalence of non-A sub-lineages were observed between cancer and asymptomatic
populations, the low presence of these sub-lineages made it impossible to complete a full investigation.
It would benefit from further study to understand their significance and implications. The dominance of
lineage A is in line with previous European data and suggests that sub-lineage identification may not be a
reliable predictor of prognosis in anal cancer. However, ethnicity and diversity of the population analysed
seem to play an important role in these studies; as shown by Brim et al., 2019, non-Al sub-lineages were
significantly associated with cancer among African Americans '8, Therefore, in future studies would also
be good to get ethnicity information to perform a complete analysis and obtain a better understanding of

the influence of these sub-lineages on cancer risk and overall survival.
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7. Applications and translation of next generation sequencing

7.1 Introduction

The detection of human papillomavirus (HPV) infection has advanced significantly over the last two to
three decades. Initial low-throughput hybridisation/blotting techniques preceded broad-spectrum signal
amplification assays, which were then replaced by rapid high-throughput target-amplification assays
involving quantitative polymerase chain reaction (qPCR)*°. Amplification tests can detect individual
genotypes (or a group thereof) and have become the central pillar of HPV-based screening and clinical
diagnosis?®. In the last ten years next generation sequencing (NGS) has erupted in the microbiology
molecular diagnostic field due to the reduction of cost, increased knowledge of genomics and a greater
understanding of what can be achieved from the data obtained. NGS allows deep sequencing of samples,
generating millions of reads in parallel to determine entire genomes, or can be used to focus on specific

genome regions.

For HPV detection purposes, NGS can go beyond the simple detection of HPV and provide insight into the
likely course and clinical consequences of the infection?°. The technology used for HPV detection in
results chapters 3 and 4 were PCR based, and HPV was discerned at the HPV “type” level using assays that
focussed on one gene target only. NGS and a whole genome analysis approach were used for sub-lineage
identification in anal samples (as described in Chapter 6). The NGS approach permitted in-depth coverage
of all the HPV 16 genome and enabled detailed analysis of its variability and association with underlying
disease status and clinical outcomes. Additionally, thanks to the data obtained through WGS, it was
possible to identify the potential integration of the HPV virus in the human genome and the prevalence

of SNPs at position 350 for the E6 gene associated with higher persistence.

179 of 283



NGS improves the sensitivity achieved by standard PCR-based tests and can detect novel types and known
types that are distantly related to primers/probes, which may escape detection using standard molecular

approaches??7223

. However, given the current availability of PCR-based assays that show validated
performance for specific applications (including screening), the relatively high cost of NGS and the
unknown magnitude of clinical benefits conferred by NGS for HPV detection in the past, routine

implementation of this technology in clinical/service laboratories has been limited. It is more likely to be

present in specialist/reference centres.

Thanks to whole genome sequencing and NGS technology experience and skills obtained during the
preparation of this thesis, there was an opportunity to produce a chapter that covered how to set up a
next generation sequencing approach for HPV diagnosis, what different options exist and how it may be
possible to integrate it into a clinical laboratory service such as within a reference laboratory where much
of the practical work for this thesis was performed. This chapter will consider potential NGS applications
for HPV diagnosis and compare them with the routine assays used in an existing HPV reference laboratory.
A case study will be presented describing the best approaches to perform HPV sequencing using already

available sequencing capacity.

7.1.1 Current HPV tests used for clinical diagnosis.

There are multiple molecular tests available for the detection of HPV*C. While these molecular tests vary
in the approach/technology used, most commercial tests are based on HPV amplification and detection
of the HPV nucleic acid (DNA or mRNA). Other tests use a hybridisation approach, where HPV is captured,

resulting in fluorescence emission or colour change.
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Due to the high sensitivity, specificity, and robustness, most of the commercial HPV tests available are
PCR based. Some of these assays have been developed in commercial laboratories and then validated
through the execution of a number of analytical and clinical studies. For HPV tests with a (cervical)
screening application, clinical validation is achieved through comparative performance with a gold

)?%4. In contrast, in-house tests are those distilled from other

standard assay (Qiagen Hybrid capture
published methods or developed by the laboratory. Due to the increasing and detailed requirements of
external accreditation organisations (e.g., UKAS in the UK) that work to international quality standards
(such as ISO15189), in-house tests have been reduced in laboratories with a service remit. However, they

still exist and can form an essential part of the repertoire, particularly in specialist/reference

environments.

As in other laboratory medicine fields, test requirements are sometimes different; they can vary
depending on the number of samples required to be processed, turnaround times etc. What is required
for a large screening laboratory may not suit other labs, such as a reference lab, where more specialist

tests are often offered.

7.1.2 Next generation sequencing

Although NGS has been used in HPV research for some years, NGS in screening and diagnosis service
laboratories is not yet extensively used. High cost per sample, specific laboratory infrastructure and
training requirements, and the associated significant capital investment which is needed may have slowed
down the adoption of this technology. However, investment by national governments in NGS due to the
COVID-19 pandemic, and the experience acquired during the same period in the use of genomic data for
clinical and public health benefit, have positively impacted the appreciation of NGS's potential and how it

ultimately may improve the patient pathway and epidemiological precision. This progress could be
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translated into the routine detection of other pathogens, like HPV. The advancements made by SARS-CoV-
2 sequencing provide an opportunity to reflect on how this may improve HPV testing.
A PubMed search (March 2023) was performed with the following terms ((next generation sequencing)

OR (NGS)).

Table 31 describes the number of publications of NGS + HPV and the number of publications where NGS
was used. It can be observed that the number of publications on HPV and NGS has increased over the last
ten years, from 3 in 2011 to 95 in 2021. However, when we compare the number of these publications
with the total number of studies published in PubMed in 2021 (where NGS or next generation sequencing

was performed), only 0.6% of those were HPV related.

Table 31. The number of results obtained in PubMed. Search performed in PubMed on the 2" °f March
2023. *Complete search = (((Human Papillomavirus) OR (HPV)) AND ((next generation sequencing) OR
(NGS))). TComplete search = (Next generation sequencing) OR (NGS)

Next
Search | HPV + generation o
query: | NGS* sequencing
OR NGS
2022 59 12228 0.4%
2021 95 14680 0.6%
2020 85 13982 0.6%
2019 75 12025 0.6%
2018 62 10287 0.6%
2017 48 9298 0.5%
2016 37 8922 0.4%
2015 44 7643 0.6%
2014 23 5936 0.4%
2013 20 4373 0.5%
2012 14 3130 0.4%
2011 3 1907 0.2%

7.1.3 Application of NGS for HPV
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NGS improves conventional diagnostic tests and provides opportunities to understand the infection
better, with a potential for more specific prognostication. For HPV in particular NGS may add value to the
following applications:
* Genotyping: target sequencing focus only on L1, E6/E7 or WGS. Identification of no conventional
HPV types or novel types.
* Variant & sub-lineage identification: by performing phylo-genomic analysis.
*  Methylation: NGS can help identifying HPV DNA methylation. Data indicated that HPV 16 CpG
methylation at L1 and L2 sites (for example) is a biomarker of cervical precancer.
* Integration: HPV integration in the human genome by looking at missing regions of the HPV
genome.
* Viral load: As identified previously, viral load may play a role in the overall survival of HPV
associated cancers.
* SNP identification: NGS can help determine SNPs with precision that may be prognostic.
*  HPV circulating DNA (ctDNA): Detection of HPV or tumour DNA in blood can help assess the

treatment response.

7.1.2 Aim

This chapter aims to consider and present the potential applications of NGS in HPV testing repertoire
within a service/reference laboratory context. In so doing, | will consider the different NGS options.

Furthermore, it will also produce a roadmap for incorporating an NGS approach into a service repertoire.

7.2 Material and Methods
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In this chapter, different NGS applications for HPV diagnosis will be presented and compare the potential

advantages and disadvantages concerning existing HPV tests for:

Cervical screening/disease management.

- Immunisation surveillance.

- Annotation of cancers for HPV status.

- Deep interrogation of the HPV genome.

- Research and development, including biomarker design and applications.

- Liquid biopsy detection (Comparison with ddPCR).

7.3 Results

7.3.1 NGS assays for HPV sequencing - an overview.
As described previously, NGS allows not only the identification of different types of HPV present in a
sample but allows deep interrogation of the HPV genome, permitting the identification of new types,

integration for parts of the viral genome in the host or detection of new lineages.

As described in Figure 51, two different approaches that use massively parallel sequencing technology
exist. One is the WGS approach, where the entire genome is sequenced, and the other is by targeting a
region of the genome. Both would require similar protocols; however, WGS adds extra complexity to the

downstream analysis as a larger volume of fragmented sequence need to be processed.
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NGS - HPV

Sample Processing

DNA/RNA extraction
f )
WGS | | Target sequencing
| [
* Primer amplification of whole genome *Primer amplification of target region of
*Hybridization kits the genome
*Depletion * Hybridization kits
*Direct sequencing *Depletion
*Capture probes during library prep *Capture probes during library prep
L J
Sequencing
Short/Long Read

Figure 51. Diagram of the HPV NGS workflow for whole genome sequencing or target sequencing.

7.3.1.1 NGS as a genotyping tool.

We can sequence the virus's entire genome using NGS or focus only on smaller regions/parts.
Conventional HPV detection/genotyping has been based on specific viral genome regions like L1, E6 or E7.
If we sequence and analyse these regions, we can also identify the HPV type present in the sample and
use NGS as a genotyping tool. As we are only sequencing small parts, the number of samples we test per
sequencing run would be higher than when performing whole genome sequencing. Additionally, the
number of samples per run would be limited by the number of indexes we can use. For example, we could

sequence 96 samples in a MiSeq run, but it could go up to 384 if using a NextSeq. Some publications have
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looked into using NGS as a genotyping tool, like Yi et al., 2014, where using an lonTorrent platform, they
managed to genotype over 1000 samples in one run>*,

Table 32 describes the cost of a genotyping approach using a MiSeq platform and lllumina reagents for 96
samples. Sequencing only specific targets (L1) for genotyping, the cost associated with sequencing 96
samples was £36.93 (Table 32). The cost includes extraction, PCR amplification, library prep (including

Qubit costs) and sequencing.

Due to the length of the sequencing process, hands on time, and high cost, using NGS as a genotyping tool
is not cost-effective; when we have other tests that can provide the same information quicker and

cheaper. Conventional HPV tests can obtain a result in less than 8 hours (including nucleic acid extraction).

Table 32. The cost associated with an NGS genotyping approach (not WGS).

Main reagents
. Unit n
Supplier Item Reference Price samples
Qiagen Qiagen Multiplex PCR Kit (100) 206143 £179.00 48 £3.73
[lumina® DNA Prep, (M)
Illumina Tagmentation (96 Samples) 20018704 | £1,836.29 96 £19.13
Nextera™ DNA CD Indexes (96
Illumina Indexes, 96 Samples) 20018705 | £169.82 96 £1.77
MS-102-
Illumina MiSeq Reagent Kit v2 (500cycle) 2003 £748.90 96 £7.80
Qiagen DNA Mini kit (50) 51304 £169.00 50 £3.38
IDT 102 Primers F&R= 47 primers* £205.37 350 £0.59
Qubit dsDNA HS High sensitivity (500) | Q32856 +
ThermoFisher + Tubes Q32856 £268.00 500 £0.54
Total cost per sample (96 libraries per run) £36.93

*Number of primers would vary according to the number of primers included in the PCR step.

7.4.1.2 Whole genome sequencing through target enrichment
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The ratio of HPV DNA to human DNA is minimal; therefore, amplification of HPV genetic material, either

through PCR cycles or capture with RNA baits is required to generate enough starting material for WGS.

7.3.1.2.1 Whole genome sequencing by PCR amplification

Compared with genotyping by L1 sequencing, whole genome sequencing using the MiSeq requires smaller
run sizes/batches due to the number of reads and coverage required. The longer the target genome, the
lower the number of samples per run. For example, a WGS run with 48 samples would cost £44.73 + £5.50
of Tapestation analysis per sample sequenced (Table 33). If the number of samples included per run
increased to 72, the cost per sample would reduce to £39.53 + £5.50 of the Tapestation.

Table 33. The cost associated with NGS by PCR target enrichment (WGS). Cost of reagents obtained in
December 2022.

Main
reagents
. Unit n
Supplier Item Reference Price samples | Cost
Qiagen Qiagen Multiplex PCR Kit (100) 206143 £179.00 48 £3.73
Ilumina® DNA Prep, (M)
lllumina Tagmentation (96 Samples) 20018704 | £1,836.29 96 £19.13
Nextera™ DNA CD Indexes (96
lllumina Indexes, 96 Samples) 20018705 | £169.82 96 £1.77
MS-102-
lllumina MiSeq Reagent Kit v2 (500cycle) 2003 £748.90 48 £15.60
MS-102-
lllumina MiSeq Reagent Kit v2 (500cycle) 2003 £748.90 72 £10.40
Qiagen DNA Mini kit (50) 51304 £169.00 50 £3.38
IDT 102 Primers F&R= 47 primers* £205.37 350 £0.59
Qubit dsDNA HS High sensitivity | Q32856 +
ThermoFisher (500) + Tubes Q32856 | £268.00 500 £0.54
Total cost per sample (48 libraries per run) £44.73
Total cost per sample (72 libraries per run) £39.53
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*Table 33 considers the number of primers designed for 1 HPV type. If more types were to be included in
the detection, more primers would be required, and therefore an increase in primers costs would be

expected.

7.3.1.2.2 Hybridisation capture

Hybridisation capture using designed baits is the best option for processing samples when the HPV type
in the sample is unknown or when multiple HPV infections are present. Hands-on time is increased due to
the hybridisation step in the last part of the library prep, as some protocols require an overnight
incubation. Therefore, the time from sample to sequencing could be significatively extended compared
to direct sequencing or PCR target enrichment. In contrast, PCR target enrichment requires a 3—4-hour
PCR, and in some labs, these PCRs are set up to run overnight. Therefore, in practice, the use of
hybridisation capture may not have such a significant impact on turnaround times as the raw numbers

suggest.

The significant disadvantage of this approach concerning PCR target enrichment, , is the cost of the

designed baits. For this chapter, a quote was requested from a commercial provider for the library kits

and bait design for up to 200 HPV types. The quote without any special discounts for 300 samples was

£71,205. Sequencing 300 samples using a PCR-based enrichment approach would cost less than £10,000.

Although hybridisation-based NGS has a more complex library process, it would result in a deeper and

complete analysis as it can sequence most HPV types identified (>200 types).

7.3.1.3 Direct sequencing NGS
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The simplest way of detecting HPV through NGS is by performing NGS directly from all the nucleic material
extracted from the specimen. This approach allows sequencing of all HPV types present in the sample and
not just the ones targeted by designed primers/baits, allowing the detection of potential novel types.
Moreover, direct sequencing avoids the enrichment steps, reducing enrichment biases and the sample-
result time. In this case, we will save approximately 4-5 hours of the enrichment PCR, being able to

perform the extraction and the library prep in an 8-hour shift.

However, this approach has some disadvantages that make it not feasible for cases where high coverage
of the HPV genome is required. When considering the proportion of HPV in a tissue, the HPV nucleic acid
material proportion of the samples is much lower than in humans. HPV genome is just below 8000 bp,
while the human genome is 6.4 billion bp. Therefore, the small amount of HPV nucleic material will mean
that number of HPV will provide low coverage depth and potentially missing regions. The low coverage
would limit the WGS and whole genome analysis. Consequently, if HPV types present in the sample are
already known, this is not the best approach to complete the viral genome analysis (including lineage/sub-

lineage identification and integration analysis).

Table 34. The cost associated with direct NGS (24 samples). Includes reactions for extraction, library

prep and sequencing (MiSeq). Cost of reagents obtained in December 2022.

Main
reagents
Supplier Item Reference | Unit Price n Cost per
samples |sample
[llumina® DNA Prep, (M)
Illumina | Tagmentation (96 Samples) 20018704 | £1,836.29 96 £19.13
Nextera™ DNA CD Indexes (96
Illumina |Indexes, 96 Samples) 20018705 £169.82 96 £1.77
MS-102-
Illumina MiSeq Reagent Kit v2 (500cycle) 2003 £748.90 24 £7.80
Qiagen DNA Mini kit (50) 51304 £169.00 50 £3.38
Cost per sample (24 libraries per run) £55.48
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To increase the number of reads per sample, reducing the total number of libraries included in each
sequencing run may be required. In this case, for a 24-sample MiSeq run, the approximate total cost,
including extraction) the cost per sample will be £55.48 (Table 34). Furthermore, we will need to add a

total of £5.50 to the total cost for the Tapestation analysis of the ladder and the library pool.

7.3.1.4 Long read sequencing

Long-read sequencing can be achieved by Oxford Nanopore and Pacific Biosciences (PacBio) technologies.
However, due to the high capital required to purchase a PacBio instrument, Oxford Nanopore
Technologies (ONT) has been the long-read sequencing approach of choice for many laboratories. ONT
has already been used for HPV sequencing??>??” to identify the HPV sequence and potential integration

and integration breakpoints.

Table 35 contains the cost of the necessary reagents and the cost per sample of a long-read sequencing
based on the Nanopore technology. With this approach, fewer samples can be sequenced per flow cell.
When comparing Illumina direct sequencing with nanopore (24 samples), the cost is (£91.0 vs £60.3).
Despite the cost differences, the advantages of this technology need to be considered. The main
advantage is the sequencing in real-time, allowing sequencing to stop when the coverage required has
been achieved. Additionally, long-read sequencing has a better resolution to identify integration and

breakpoints?2.
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Table 35. The cost associated with long read sequencing (ONT). Includes reactions for extraction, library
prep and sequencing (Nanopore) for 24 samples. Cost of reagents obtained in December 2022.

Primary reagents -
Long Read
Supplier Item Reference | Unit Price n
samples
Qiagen DNA Mini kit (50) 51304 £169.00 50 £3.38
Qubit dsDNA HS High sensitivity | Q32856 +
ThermoFisher (500) + Tubes Q32856 £268.00 500 £0.54
Oxford Nanopore | Flow Cell £720.00 24 £30.00
Oxford Nanopore | Library Price SQK-LSK112 | £480.00 24 £20.00
NEBNext® Companion Module
for Oxford Nanopore
New England Technologies® Ligation
BioLabs Sequencing #E7180 £890.00 24 £37.08
Total cost per sample (24 libraries) £91.00

7.3.1.5 Comparison of NGS approaches

When considering the cost of all the NGS approaches, the cheapest approach is the genotyping through
target enrichment of a part of the HPV genome (Table 36). In this case, a MiSeq run can sequence up to
96 samples with a cost per sample of £36.93 (Table 36). Using RNA baits has a higher cost per sample
(£237.35). However, it is the approach that can sequence the whole genome of most HPV types identified
so far (~200) with full coverage (except potential integration) and high depth of reads. Currently, most
NGS-developed assays have a target enrichment approach using PCR amplification. In this case, the cost

per sample stands at £44.73.

Table 36. Cost per sample for the NGS approaches described. The number of libraries per run(n) varies
depending on the maximum number of libraries that could be pooled and added to the sequencers.

NGS approaches Instrument Cost per sample
Target enrichment PCR-based L1 (n=96) [llumina MiSeq £36.93
Target enrichment PCR-based WGS (n=48) [llumina MiSeq £44.73
Direct sequencing (n=24) [lumina MiSeq £55.48
Long read Seq (24 samples) Oxford Nanopore |£91
Target enrichment RNA baits-based [llumina MiSeq £237.35
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Every NGS approach described in this chapter has advantages and disadvantages, but proper "fitness for

purpose" relies on what we want to obtain from the NGS.

Table 37 describes the advantages and disadvantages of every approach. Direct sequencing is the best
approach if we want to study the integration of HPV in the human genome or detect new HPV types,
however, lack of enrichment could lead to low coverage. Moreover, samples would contain human reads
and therefore, specific and appropriate governance checks and processes to address and manage this are

required.

Target enrichment approaches solve the low coverage; however, using primers or designed probes could

mean new variants or types are missed. Moreover, enrichment steps would mean no human reads in the

fastq files, making it easier to share or submit to public repertoires.
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Table 37. Advantages and Disadvantages of each of the NGS approaches

N
GS Advantages Disadvantages Potential Applications
approaches
Int ti It
No PCR pre library Low proportion HPV: Human dr:sii\r/irlon, noveltypes
required DNA ¥
Direct Less hands-on-time | Fewer samples per MiSeq run
sequencing No limited by primers Lower coverage / missing
regions?
Can identify novel
HPV types
High coverage/depth PCR amplification prior to library
prep
A deep study of already-known
A higher number of . . HPV
Design of primers . .
samples per run Integration analysis
Target
enrichment Less sensitive to multiple types
PCR-based Deep sequencing . . pletyp ctDNA analysis
of infection
PCR error transferred to
sequencing
Fan only .detect those types R&D: biomarkers
included in the primers
High coverage/depth Capture step during/after library | A deep study of HPV types not
Target prep known
enrichment | A higher number of , , .
RNA baits- samples per run Design of RNA baits ctDNA analysis
based Deep sequencing Very expensive R&D: biomarkers
Lower
coverjage/depth than Higher error rate .
Long read lllumina . Integration
. More expensive for low number . .
Seq Can be done with Quick sequencing
. of samples
PCR enrichment
Real-time sequencing

Long-read sequencing has progressed, and the error rate has been reduced considerably. However, it is
still higher than the error rate in the short-read technology, but actual time sequencing could lead to a
faster turnaround time. Moreover, it allows re-use the of the flowcell, which means smaller sample

batches are required.
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7.3.2. Comparison of conventional HPV tests and NGS

7.3.2.1 Cervical screening/disease management.

Due to the large number of samples required for cervical screening/disease management, NGS is does not
serve as a replacement for screening at the moment. In 2018/19, 407,854 cervical screening tests were
processed in Scotland??°. These days, the conventional HPV tests approved for cervical screening have
high sample capacity, some offer concurrent genotyping and many incorporate pre-analytics and nucleic
acid extraction. Additionally, complexity and turnaround time (days vs hours for conventional tests) make
the actual NGS unsuitable for high-risk HPV cervical screening. Additionally, low- and medium-income

countries need simple and cheap tests, making NGS not suitable for these countries?*.

7.3.2.2 Immunisation surveillance

Despite the fact that population-based immunisation surveillance requires a smaller number of samples
tested than cervical screening, immunisation surveillance still tests a large number of samples. For
example, when the changes in the prevalence of HPV following the vaccination in Scotland were assessed
(Kavanagh et al., 2017), a total of 8584 samples were genotyped’®. As it occurs with the screening, NGS is
unsuitable to replace genotyping with conventional HPV typing tests due to the higher cost for the same
result. However, NGS can be used to sequence the HPV detected in those cases with clinically significant
breakthrough infections associated with high-grade lesions and cancer even after receiving the full vaccine
schedule. This approach would sequence the entire genome of the HPV (direct sequencing or
hybridisation capture) to determine if the HPV, which has escaped the immune response generated by
the vaccines, has any unique characteristics in its genome. Godi et al, found that some lineages and sub-
lineages of types 33, 52 and 58 had a reduced sensitivity to monoclonal antibodies??.

7.3.2.3 Annotation of cancers
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As described previously, HPV-positive cancers tend to do better than HPV negative cancers. Annotation
of cancers has relied on genotyping by conventional HPV tests, where an HPV-type result can be obtained
quickly and at a low cost. The disadvantage of using conventional HPV tests is that these tests can only
detect the specific HPV types they have been designed for. Some tests can detect the main high-risk (16,
18, 31, 33, 35, 39, 45, 52, 58 and 68), others can only detect 16 and 18 + other high-risk as a group, and
some others can detect high-risk and low-risk types (6,11, 40, 42, 43, 44, 54, 61 and 70) types. The
limitation is that HPV test are designed to detect only specific HPV types and therefore types not included
or novel types (not discovered yet) would be missed by the test. Here is where NGS has an advantage, as
direct sequencing can detect all types and identify novel types.

In this case, NGS would be used to detect those cancer cases HPV negative on conventional tests. Doing
direct sequencing will ensure that no other HPV types are present, potentially causing the lesion.
Additionally, by performing WGS, it would be possible to identify if there has been an integration of the

original test target that could have resulted in a negative result.

7.3.2.4 Deep interrogation of the HPV genome: Mixed populations and variants

As conventional HPV tests do not provide information other than the type detected, deep interrogation
of the viral genome is where NGS offers value over conventional tests. NGS can be used following different
protocols but will always provide more information than conventional tests. If a target sequencing
approach (e.g., focused on L1 only) is used, it will be possible to obtain detailed information on the L1
gene and, if it is complete, any SNPs or other details that a conventional test would miss. If WGS is
performed, the amount of data obtained will help identify novel types or lineages and sub-lineages.
Moreover, it would be possible to determine if there is an integration event and determine what genes
are missing or partially missing.

7.3.2.5 Research and development, including biomarker design and applications.
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Again, this application is where NGS makes a difference compared to conventional tests. Deep sequencing
allows the identification of minimal variations in the viral genome (SNPs). Some SNPs have been
associated with a higher risk of persistence (350T in E6°). Moreover, thanks to the high sensitivity of NGS,
it can be used to quantify the viral load in samples. As published and confirmed in this thesis, viral load
may play a role in prognostication. NGS can be used not only to analyse the genome of the HPV but also

to quantify the number of copies present in the sample.

7.3.2.6 Liquid biopsy detection (circulating HPV DNA and or circulating tumour DNA)

One of the advantages of NGS is its high sensitivity. This makes it perfect for those diagnostic tasks where
sensitivity is essential. This is the case for the detection of cell-free DNA. An increasing number of studies
have found that by looking at the presence of HPV DNA and or tumour fragments in circulating blood in
patients under treatment, majority of them performed in oropharyngeal cancers'’~2°. The absence of cell-

free HPV DNA over time suggests that cancer has been eradicated and has a lower probability of relapse.

If the HPV type is known, target enrichment is the best approach to try to find the cell-free HPV DNA in
the blood of the patient, thanks to the high sensitivity it can offer. Another novel test that surpasses the
sensitivity of conventional tests that has been used to detect HPV ctDNA is the ddPCR. However, NGS has

at least the same sensitivity and can also detect other mutations than the ddPCR cannot®%23,

7.3.2.7 Summary — NGS vs conventional tests
Even if NGS is used more frequently in diagnostics, it is not suitable for all HPV testing requirements at
the moment. Due to the high cost and complex process (both wet and dry lab), it is only suitable for those

cases where the extra information NGS provides is necessary/helpful. Table 38 describes the most suitable
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HPV testing option for different cases. Best options were identified by looking at the approach that would

provide the most information with the simplest protocol.

Table 38. Best HPV test by objective (conventional vs NGS).

Objective Most suitable option — HPV testing

Screening/disease
Commercial HPV assays
management

Commercial HPV assays/ NGS in vaccinated HPV-positive cases with
Immunisation surveillance
clinical manifestation.

Annotation of cancers Commercial HPV assays/ NGS in HPV-negative for confirmation
Deep interrogation NGS — direct sequencing/enrichment RNA baits

R&D and biomarkers NGS — direct sequencing or target enrichment if type known.
ctDNA NGS — target enrichment due to the high sensitivity it offers.

At the moment (2023), the high cost, lengthy and complex library prep process and the extended
turnaround time associated with NGS makes it not cost effective/useful for large population screening or
immunisation surveillance. Genotyping by NGS provides the same data than conventional PCR tests but
with a higher cost and longer turnaround times. Therefore, NGS does not seem to be a replacement for

conventional HPV tests for screening or immunisation surveillance at the moment.

Where NGS is superior to conventional PCR test is in the annotation of HPV negative cancers. Direct
sequencing can detect integration (potentially on the PCR target), HPV types not included in the PCR panel
used or novel types. Due to the small number of HPV-negative cervical cancers, NGS could be easily
implemented in a cervical screening protocol, and ensure HPV-negatives are truly negative. In those
cancers with a very high positivity of HPV (cervical, anal), HPV-negative cases should be tested by NGS to
entirely discard the association of the virus with the lesion. At the moment there are no guidelines
recommending NGS on HPV negative cervical cancers, however, a manuscript is under preparation
recommending NGS as the last resource for those HPV-negative cervical cancers. For this case, the
potential presence of unknown HPV types or potential novel types make direct sequencing the method

of choice.

197 of 283



In addition, deep interrogation of the HPV genome can only be achieved by the NGS technology. Massive
parallel reads allow detecting integration of the viral genome into the host, different SNPs associated with
higher persistence of infection but also the identification of biomarkers. And only a target enrichment

protocol can reach the high depth of coverage required.

Moreover, the higher sensitivity of NGS technology (with respect to PCR conventional tests) allows the
detection ultra low concentrations of HPV ctDNA, potentially present in blood samples obtained from
patients under treatment for HPV-positive cancers. As in these cases the HPV type is already known; PCR-

based target enriched NGS approach should be the method of choice.

7.3.3 Case study: Potential Implementation of HPV sequencing using the existing WGS infrastructure

inherited from the COVID-19 pandemic.

Introduction

Due to the COVID-19 pandemic in 2020-2022, UK and international health services/organisations and
diagnostic laboratories purchased different sequencing platforms to understand, identify and investigate
the different SARS-CoV-2 variants in the population. When this chapter was prepared (February 2023),
the number of COVID-19 cases had reduced in the UK, and the large sequencing capacity installed over
the UK nations was being underused. Laboratories and management are now looking into extending this
sequencing capacity to other organisms/departments and using the capital investment performed in

sequencing equipment and associated systems.

This case scenario will describe a direct sequencing approach (broad spectrum) to perform WGS of HPV.
This approach was selected from the approaches described above due to its simplicity (compared to other
approaches) and the multiple applications. The case scenario will include a description of sample types

and sampling, laboratory requirements, sequencing process, and bioinformatic analysis by describing the
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instruments most commonly available in a diagnostic laboratory as a consequence of COVID-19 as an

example.

Sample type and sampling
HPV sequencing can mainly be performed using two different types of samples, biopsy sections and liquid-
based cytology (LBC) samples. However, other specimens have resulted valid for HPV sequencing, such as

circulating blood and swabs??°.

The first step of the HPV sequencing process is obtaining the nucleic acid. From LBC, nucleic acid can be
extracted using conventional or automated methods (e.g., Qiagen, Biomerieux or Seegene). However,
biopsy sections tend to be preserved as formalin-fixed paraffin-embedded (FFPE). Due to the nature of
FFPE, most automated extraction platforms are incompatible. Paraffin, used to preserve the tissue, can
affect the instrument by clogging the tubes/pipette system. Thus, a pre-extraction treatment *°? prior to
the automated or manual extraction approach is the best option. Prior to starting the library prep, it is
recommended to check the quality, quantity and size of the DNA. A fragmented and degraded DNA could
result in a sub-optimal library prep leading to a low DNA yield and low cluster density on the sequencing

instrument.

Library prep — direct sequencing

As we are performing broad-spectrum sequencing, there is no need to target enrich HPV DNA prior to the
sequencing library. In library prep, DNA gets fragmented and barcoded so the sequencing instruments can
read it. It usually involves long hand-on-time (it varies depending on the kit used), taking from 1-2 to 7-8
hours. Multiple companies offer different library kits; however, only a few are compatible with liquid-

handling robots that can perform library preparation.
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These days there are autonomous liquid handling robots that can perform the library prep process, like
the Hamilton NGS STAR robot (Reno, USA), Use of these robots results in a higher number of libraries
performed per day, reduced time, and reduced potential pipetting and human errors. Access to one of

these robots could be very advantageous; however not mandatory to obtain good quality libraries.

Sequencing process/instruments

Nowadays, there are multiple sequencing instruments available. For example, Illumina has different
instruments in its catalogue, with different characteristics (number of reads and amount of data
produced). They mainly vary in the amount of data they can produce, which relies on the number of
libraries (number of samples) they can have as input. A NextSeq 550 instrument run can include a
maximum of 384 different libraries (microorganism sequencing), while for a MiSeq, it is limited to 96. For
the approach of choice, 24 samples is the maximum number of samples per run, with 16 samples
potentially giving the best coverage necessary to perform a deep analysis of HPV. The number of samples
depends on the number of copies of HPV present in the sample.

Bioinformatic analysis

As with other molecular tests, WGS does not end with the sequencing step; it requires data analysis using
various bioinformatic tools. Typically, the analysis demands powerful CPUs/processing capacity that most
consumer computers do not have. Departments or institutions can access cloud servers where analysis
and calculations are performed or have an in-house computer/GPU with enough processing power to

perform the analysis.

Regarding the bioinformatic tools/pipelines, the majority of the tools are available for free on the internet.

Nevertheless, advanced computer and bioinformatic skills are required to install and use these tools.
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Having a bioinformatician, or bioinformatics department support would be very beneficial for

implementing and maintaining the analysis pipeline.

A bioinformatic pipeline for HPV analysis must include the following steps (Figure 52):

e Pre-processing and QC

e Reference or de novo assembly
e Reference HPV types database
e Variant and mutation analysis

e Lineage assignment (optional)

| Whole genome Analysis — Direct sequencing

| Sample Prep |

N/A extraction

Library Prep

| lllumina DNA prep I

Bioinformatics

l BIOINFORMATICS:

| * Adaptor & low quality reads trimming
* Mapping to database & de novo

assembly

e + Alignment post processing

* Variant Calling

* Phylogenetic identification

* Report

| Sequencing

lllumina MiSeq
Miseq v2 500 cycles

Figure 52. Description of the necessary steps to perform a direct sequencing approach for HPV
investigation.
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As an example, a pipeline for direct sequencing and detection of multiple HPV types would include the

following:

e Quality: Reads check and adaptor trimming by Trimmomatic

e Database for alignment (database containing fasta files of all the HPV types discovered)

e Alignment to reference: Alignment using an aligner tool using the in-house HPV database as the
reference.

e de novo assembly

e Filtering human reads: Samtools or NextGenMap.

e Check the depth of coverage. For type identification,>20-40x would be valid.

e Variant calling: detection of SNPS and indel. GATK HaplotypeCaller

7.4 Discussion
The decision to choose the best NGS approach for HPV diagnosis relies on the necessities of the specialist
laboratory and the type of information required. This chapter has presented the different NGS

approaches, applications for HPV sequencing and how they compare with standard PCR based HPV tests.

Even though NGS cost has reduced over the years with promises of sequenced genomes for $100, it is still
an expensive technology. Additionally, complex and lengthy protocols and longer turnaround times make
NGS not a valid option to replace conventional genotyping HPV tests wholesale. However, NGS can be
used to complement the diagnosis, obtaining information from the HPV that conventional tests cannot
obtain. This includes the detection of mutations associated with higher infection persistence, identifying
sub-lineages with a higher risk of cancer, novel types, novel mutations and integration of the virus in the
human genome (associated with worse survival outcomes). In addition, higher sensitivity than
conventional tests makes NGS a handy tool for detecting low levels of HPV infection or circulating DNA in

the blood.
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From a diagnosis point of view, there are two NGS protocols that can be used in a HPV diagnosis lab at
the moment. One is the use of direct sequencing. .It can be used to detect any HPV or confirm the absence
in previously diagnosed HPV-negative cancers due to the capacity of detecting multiple and novel HPV
types (or not included in the genotyping test used previously). Target enrichment must be the protocol
of choice when a deep analysis of the virus is required or for the detection of ctDNA in patients under

treatment for HPV positive cancers and determine the efficacy of the treatment.

In addition to the sequencing, we must remember the bioinformatic analysis, an essential part of the
sequencing, where we process and interpret the data generated. Most of the tools required to do the
analysis are open-source and available for free from online repositories. However, bioinformatics and
command line knowledge are required to install and use most of these tools. Access to a bioinformatics

service/department would simplify the process and maintenance of pipelines.

Also, due process of governance and ethical considerations and approvals must be obtained for data
access and transfer to external servers due to human genome reads (if a direct sequencing approach is

followed).

As NGS is still new in the HPV diagnosis field, there are no international guidelines or recommendations
for the use of NGS in HPV diagnosis laboratories. Due to this lack of information, a paper was prepared
between the Scottish HPV reference laboratory and the HPV International reference center, describing
the importance of validation and quality assurance for WGS NGS HPV sequencing??’. At the time this
chapter is prepared (April 2023), it has been proposed (manuscript under preparation) that those HPV-
negative cervical cancers (using standard >1 PCR approach) should be triaged to NGS. This is the first

acknowledged NGS application by the HPV community.
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The case scenario presented one of the approaches that could be implemented in an HPV diagnostic
laboratory. Direct sequencing was the selected approach thanks to the multiple uses (and advantages
with respect to conventional PCR based tests), from detecting the broad range of HPV types but also new

types, to identify integration parts of the HPV genome in the host.

All the data generated by a NGS protocol has different potential end users. From the clinical scientist that
would identify the types/sub-lineages or integration to the clinician that would evaluate the presence of
specific biomarkers in the HPV and consider a specific treatment. But also, to Public Health where data
could help identifying HPV changes in the population (due to the immunisation pressure) as well as

performing vaccine surveillance.

Little by little, NGS is becoming increasingly prevalent as a standard method for diagnostic genotyping in
national reference laboratories. It can provide a large amount of information and impact the management
of patients suffering from HPV disease. However, there are still labs that do not have implemented it yet,
one of the reasons being the complexity of the process. But simply by sharing protocols and experiences
between laboratories, it would be easier to laboratories to implement this powerful technology. The more
HPV genome data is generated, the greater ability to investigate the clinical correlations and vulnerability
of cancers caused by HPV that could eventually lead into enhance patient protection and improve

outcomes for HPV-induced cancers.
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8. Final Discussion

Summary of findings

Despite the great effort in place in Scotland to reduce and prevent HPV-driven cancers through
immunisation, screening and research, there were still some gaps in anal cancer and biomarkers identified
that this thesis has tried to address. In addition, due to the increased use of NGS, an overarching aim of
this thesis was to undertake research demonstrate the utility of genomics for providing and new
knowledge and insight into the HPV disease in Scotland and identify the potential applications and use

NGS for HPV analysis for reference services.

This study explored the type-specific diversity and prevalence of HPV in Scotland's most common HPV-
driven cancers: cervical, oropharynx and anal. For cervical cancers, it was identified that almost 92% were
positive for HPV, 94.4% for the SCC group and 83.61% for ASC+ADC. In the oropharyngeal cancers
collected between 2013 and 2020, HPV prevalence identified was 55%. High-risk types were identified in
54% of the cases. This prevalence aligns with the ones obtained in other national studies. Schache et a/*®.!
identified that the overall proportion of HPV positive OPSCC between 2002 and 2011 in the UK was 52%.
As expected, HPV 16 was the dominant type in the Scottish data, detected in 51% of the OPC tested and
93% of the total positives. Despite increased HPV-associated oropharyngeal cancers in the USA, no rise

has been identified in Scotland.

Due to the lack of information about HPV prevalence in anal lesions in Scotland, this thesis looked at the
HPV prevalence in a population-based cohort of anal cancer collected over ten years. Most anal cancer
samples were positive for at least one HPV type (89%) and HPV 16 was the dominant type (83%) in anal

cancer-positive cases, agreeing with the high positivity of HPV in anal cancer and the high prevalence of
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HPV 16 reported by De Sanjosé et al.*'. Demographic analysis of HPV in anal cancers showed a significant
association between HPV-positivity and females, with HPV-positive prevalence in women higher than in
males (66.46% vs 33.53%). Data also showed that HPV-positive status is highly associated with those alive
at the time of data censoring in anal cancer cases. By looking at overall survival, HPV-positivity was
associated with improved overall survival. This aligns with the systematic review by Urbute et al., where
they found HPV-positive anal cancer had significantly better overall survival than HPV-negative®®®. This is
similar to an emerging pattern in other cancers associated with HPV, including cervical >4,

177.178 and vulval cancers’®.

oropharyngeal'’>'’%, penile
The viral load of HPV 16 in anal cancers was obtained by using a ddPCR approach and used to analyse any
association with overall survival. However, adjusted Cox HR showed that viral load did not influence
survival. However, as the confidence interval was just above 1, it could be plausible that the association

could tip into significance by performing a more extensive study.

Prior to starting with the NGS and WGS, three different nucleic acid extraction methods were assessed to
determine which one could be better for downstream NGS. The Qiagen FFPE kit obtained the higher DNA
concentration and the best result on the qPCR comparison. However, due to the NGS approach selected
(target enrichment) differences could be reduced by the amplification of the DNA prior to the library prep.
If a different NGS approach would be followed, the QlAamp FFPE tissue kit could obtain the concentration

and fragment size required for short-read sequencing.

Whole genome sequencing was performed on those anal cancer samples positive for HPV 16. In addition,
HPV 16-positive residual rectal swabs from a MSM population were used as a "control" group. Al and A2

sub-lineages were the most dominant in both cohorts. Only minimum differences in lineages B and C were
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identified. The lack of sub-lineage diversity and absence of those sub-lineages associated with a higher
risk of cancer could be linked to the demographic factors and the composition of the study cohort, such
as the ethnicity that where the population in Scotland is predominantly white. Furthermore, no significant
differences in overall survival were identified for A1 and non-Al sub-lineages. This suggest that HPV 16
sub-lineage identification may not be a useful biomarker (at least in Scotland). However viral load data
looks encouraging and could potentially be used as a biomarker to identify those cases that could require
a more aggressive treatment or a more regular follow-up. Use of biomarkers would not only apply to anal

lesions, but also in cervical and oropharyngeal lesions.

The last part of the thesis presented the different applications of NGS and how they compare with
conventional HPV tests. Besides, a case study scenario for the application of WGS in has been presented
describing the different parts that need to be considered when implementing NGS (direct sequencing
approach) in a specialist laboratory. Due to the high cost associated with NGS, lengthy process and
extended turnaround times, conventional genotyping is still the most convenient approach when only the
qualitative or quantitative detection of the most common HPV types is necessary (like cervical screening
or immunisation surveillance). However, in those cases where the deep analysis of the viral genome is
required, NGS and more specifically a target enrichment protocol overpasses a conventional PCR tests. In
addition, NGS direct sequencing is the best approach should be the approach selected for the testing of

HPV-negative lesions.

Implications of the work - When will we see the impact of vaccination?
HPV-type prevalence data provides information on the proportion of cases that could be prevented
through vaccination and gives insight into the extent of disease that is unlikely to be reduced. Currently,

the HPV vaccine offered in Scotland and the United Kingdom is Gardasil 9 (started in the 2021/22 school
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year). However, the bivalent and quadrivalent vaccines were offered from 2008 to 2012 and 2012 to
2021/22, respectively. When considering the types present in cervical cancer lesions, any of the three
vaccines could potentially prevent 86-87% of cases when factoring in cross-protection). For the OPC
cohort, 52-54% of HPV-positive cases could be prevented with any of the three vaccines. The new anal

HPV prevalence suggests that 85-88% of anal cancers in Scotland could also be prevented.

Data collated in this thesis has shown that age plays a role in HPV infection. For those cervical cancer
samples where age information was available, it has been identified that HPV positivity declines with age,
detecting the highest HPV positivity in women aged <45 (96%), decreasing in the older groups to 81% in
women aged 275 years. In OPC, data showed that the prevalence of HPV-positive cases tends to be higher
in those <60 years old than in the older population. Overall HPV positivity was 69.59% in those <50 years
old, decreasing to 50% in 60-69 and 35% in 703. For the anal cancer cohort, most anal cancer cases have
been diagnosed in >50 years old® ! (85%), and almost 60% in > 60 years old. The reasons for the
reduction of HPV prevalence with age and the increase in non-HPV cervical cancers are not fully
understood. It is plausible that there may be a more significant opportunity for the HPV to be “lost” during

the carcinogenic process in the elderly!!?

, or maybe with ageing, there is a greater chance that non-HPV
cancerous changes/pathways may play a larger role!3. In OPC, we know non-HPV OPC increases with age
likely to have drunk and smoked heavily, both critical risk factors**4, more common in older men, with a

median age of 61%°.

For cervical cancers, the effect of the vaccines has already been detected in England?** and Sweden?%.
The English study found a relative reduction in cervical cancer rates for those vaccinated at age 12-13 of
87% compared to the unvaccinated cohort. On the other hand, the Swedish study found that the risk of

cervical cancer among those who received the HPV vaccine before the age of 17 had 88% lower risk than
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among those who had never been vaccinated. Nevertheless, due to the higher incidence of HPV-
associated OPC and anal cancers later in life, we will not see the full effect of the vaccines for other HPV-

driven cancers for another one or two decades in women and probably longer for the male population.

Implications of the work - HPV negatives

Regarding non-HPV cases, 8.42% of the cervical cases did not test positive for any HPV using PCR-based
tests. A recent publication from Arroyo Miihr et al., 2020% showed that 43% of negative cervical cancers
(by PCR) were positive after using NGS and that most were positive for high-risk or probably high-risk HPV
types. This suggests it is feasible that some types have not been detected due to the molecular assay

choice/sensitivity or possible partial or complete missing of the target region due to integration.

In this thesis, | did not have the opportunity to sequence the negative anal cancer lesions to discard any
false negative case. However, | have identified that, as seen in other HPV-driven cancers, HPV negative
anal cancers, have a worse overall survival than those HPV positive cases. There are other HPV-driven
cancers, where it also needs to be confirmed, but HPV status seems to play an important role in the

prognosis.

Thus, the realisation of the importance of a correct diagnosis of those HPV-negative cancers in the HPV
community has led the main national HPV reference laboratories to prepare a communal protocol for
those HPV negative cancers. Recently, a paper has been prepared in collaboration of some of the leading
HPV laboratories in the world proposing international guidelines to standardise the identification of HPV
negative high grade squamous intraepithelial lesions and standardise the re-analysis to discard HPV

presence in the lesion: Petret et al., (2023) Human Papillomavirus negative high-grade cervical lesions: A
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suggested guideline for HPV testing quality assurance). These guidelines, suggest different testing on HPV

negative samples, including WGS, to completely rule out the presence of HPV.

Implication of the work — NGS & WGS

Similarly, while | was learning about NGS and HPV, looking for guidelines | noticed a gap in the literature,
with very little information publicly available. Therefore, in collaboration with the Karolinska institute, we
published a paper where we described recommendations for validation and quality assurance procedures

of each step of a NGS workflow, with a focus on WGS approaches.

In addition, the case study presented in the last chapter describing a direct sequencing approach could
hopefully be helpful for HPV specialist labs that are trying to implement a broad sequencing approach.
Using the experience acquired from the HPV 16 WGS, the Scottish HPV Reference lab will implement a
broad range sequencing test, where all HPV types can be detected, aiming to interrogate HPV negative
cancers.

Despite the non-significant association of HPV 16 sub-lineages and overall survival, WGS has allowed the
identification of samples with potential integration of HPV in the host genome, which has been associated

with worse outcomes.

Challenges/Limitations — What would | have changed?

By analysing the thesis once completed, different limitations have been identified. They range from
missing data to funding available to time. In the cervical cancer data, a large number of samples did not
contain histology or age information. ISD was contacted to retrieve the missing information from their
databases, but by the time this chapter was prepared, the information had yet to be received. COVID-19

has also impacted ISD, and resources were focused on COVID-19 data analysis. Therefore, the analysis of
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age and histology needed to be completed due to the missing data. Another limitation identified is the
presence of only male samples in the control cohort used in the sub-lineage comparison. These samples
were the only ones available; however, for future investigations, it would be advantageous to have a

combination of both sex for a better representation.

Another main limitation of this thesis has been the high cost of the NGS reagents and the funding available
to conduct research for this thesis. Although NGS only focused on anal cancers and HPV 16 cases, it would
have been fascinating to sequenced from HPV-negative cervical cancers to discount the presence of the
HPV thoroughly. Similarly, testing those HPV present in ASC+ADC cases, and determine if they do have
any difference from those types present in SCC cases would have potentially been informative. In addition,
it would have been fascinating to determine the sub-lineage of HPV 16 of the OPC and determine if there
are driven only by one of the multiple sub-lineages, and also for evidence of integration analysis of OPC

and CCX.

However, with the limitations on research funding, samples available, bioinformatic analysis resources
and time, especially in with the impact of COVID-19 on the ability to conduct laboratory experiments,

choices had to be made and investigations were targeted accordingly.

HPV testing is not routinely performed on anal lesions in Scotland; therefore, there was no national data
we could obtain. Moreover, | only tested anal lesions collected in the east region of Scotland, including
Lothian, Fife and Borders. HPV information from the whole country or at least the largest region of

Scotland (Greater Glasgow and Clyde) could better represent the HPV prevalence in Scotland.
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In terms of changes to my PhD and with the benefit of seeing the work in its entirety, | would have
performed direct sequencing in those HPV-negative anal cancers to determine if they were true negatives
or if the HPV was hidden. Also, with more planning, | would have repeated the samples with missing
regions with a direct sequencing approach and looked in detail at the integration of HPV in the human
genome, trying to understand better the integrations sites.

Future work

As this work has only covered CCX, OPC and anal cancer, it would be interesting to analyse the HPV
prevalence in other HPV-driven cancers such as vaginal, vulvar or penile. This will help understand the
proportion of lesions driven by HPV, what types are driving these lesions, if changes in prevalence have
registered over time, and the potential effect of the HPV vaccines. As the incidence of these cancers is low
(at least in Scotland), it would be easy to capture cases from the last 5-10 years and test them for HPV. In
addition, NGS analysis on samples other than anal cancers could result very helpful to understand

integration.

As mentioned above, HPV 16 sub-lineage identification does not seem to be a good biomarker in Scotland.
However, different studies already published, have shown that HPV status and viral load have an impact
on the overall survival of the patient. Maybe future update of the diagnosis guidelines (FIGO* and TNM
classification?3®) could add the viral load or HPV status as variables to be considering when performing the
diagnosis of cancer.

Finally, the data obtained by using NGS clearly shows the power of this technology and how much we can
learn from it. Analysing in deep the HPV or integration could improve the diagnosis we offer and
potentially significantly impact the diagnosis or management of the patient. In a future, where majority
of the population would be vaccinated against HPV, a low prevalence of high-risk HPV could make

genotyping irrelevant while NGS could become the tool necessary to determine risk of cancer by

212 of 283



integration identification or viral load. However, further studies are required. In the meantime, deep
analysis of those “HPV-negative” cases (majority in the elderly population) are required as these are cases
that from individual that have not benefited from the HPV vaccines or vaccinated population and from an

HPV-based cervical cancer screening program.

As we go forward and NGS becomes more widely adopted as a routine diagnostic genotyping technology,
and HPV genome data becomes more widely available and linked to patient data, we will be in a better
position to probe the clinical associations and susceptibility of HPV driven cancers. The combination of
HPV, patient and cancer genomics and digital health data will provide valuable resources and powerful
information to help protect patients and improve outcomes against cancer caused by HPV in the years to

come.
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10. Appendix 1. HPV status according to demographics and clinical variables in cervical cancer samples. Odds ratio (univariate and adjusted) were calculated
for overall HPV positivity.

N HPV N HPV Unadjusted OR (95% P value Adjusted OR (95% Cis)
able Level N % (/) + %HPV+ (/N) N HPV 16+ %HPV 16+ (/N) 16/18+  %HPV 16/18+ (/N) Cis) Overall HPV Overall HPV p value
96.17 (92.88 - 81.28 (75.80 -
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88.79 (81.42 - 75.70 (66.78 - 0.012
45-54 107 16.69% 95 93.47) 58 54.21 (44.79 - 63.34) 81 82.84) 0.31(0.12 - 0.77) : 0.34 (0.14 - 0.90) 0.029
86.79 (75.16 - 73.58 (60.41 - 0.011
55-64 53 8.27% 46 93.45) 34 64.15 (50.69 - 75.70) 39 83.56) 0.26 (0.09 - 0.76) : 0.32(0.1-1.11) 0.058
84.09 (70.63 - 0.003
65-74 a4 6.86% 37 92.07) 30 68.18 (53.44 - 80.0) 33 75.0 (60.56 - 85.43) 0.21 (0.07 - 0.62) : 0.19 (0.06 - 0.60) 0.003
81.25 (68.06 - 58.33 (44.28 -
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90.86 (85.67 - 72.57 (65.53 = 06113
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NHS Fife 68 10.61% 58  85.29(75.0-91.81) 38 55.88 (44.08 - 67.05) a4 64.71(52.85-75.0)  0.414 (0.176 - 1.007)  0.0453 0.19 (0.04 - 0.73) 0.02




Appendix 2. HPV status according to demographics in oropharyngeal cancer samples. Odds ratio (univariate and adjusted) were calculated for overall HPV

positivity.
Unadjusted OR Adjusted OR (95% Unadjusted OR . o
Variable Level N %Hpvave (/N) VPPV o Hpv 16+ve (/N) | (95% cis)overall P | cis) Overall (95% Cis) HPV P AdjustedOR(95%  p
HPV+ve 16+ve value value value Cis) HPV 16+ve value
HPV HPV 16+ve
Female 44.89 (40.49 - 40.08 (35.79 -
Sex (N=479) 215 49.37) 192 44.53) 1 1 1 1
Male 58.53 (55.85 - 54.81(52.11 -
(N=1319) 772 61.16) 723 57.48) 173(140-0.14)  <0.001] 1.68(1.34-2.11) <0.001 | , ., (1.36-2.14) <0.001  1.63(1.28-2.09) <0.001
69.59 (63.17 - 6313 (56.53 - 1 1
<50 (N=217) | 151 75.33) 137 69.27) 1 1
50-59 66.95 (63.06 - 63.73 (59.77 -
0.88(0.63-1.23) 0.478 | 0.90(0.63-1.27) 0.539
Age (N=590) 395 70.63) 376 67.51) ( ) ( ) 0.94(0.66-1.34) 0.742  0.92(0.68-1.43)  0.965
group 60 - 69 50.42 (46.41 - 46.21 (42.23 -
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(N=165) ‘ 1.46 (1.01-2.14) 0.045) 1.50(1.02-2.22)  0.041
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(N=4) 2.72e7) 0.959 4.11e14) 0.973
Location NHS Forth 40 55:56 (44.09 - 38 |2.78(41.4-63.88)| 1.33(0.83-2.18) 0.236 | 1.36(0.82-2.26) 0.233
Valley (N=72) 66.47) 3.13(1.66-6.35) <0.001 3.16 (1.64-6.53) <0.001
NHS 90.10 (85.06 84.90 (79.15
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NHS Lothian | 5, 57.14(44.13 - 30 5357 (40.7 - 1.43(0.83-2.49) 02 | 1.29(0.74-2.29) 0372
(N=56) 69.23) 65.98) 1.19(0.68-2.07) 054  1.10(0.63-1.95) 0.736
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Abstract: Next-generation sequencing (NGS) vields powerful opportunities for studying human
papillomavirus (HPV) genomics for applications in epidemiology, public health, and clinical diag-
nostics. HPV genotypes, variants, and point mutations can be investigated in clinical materials and
described in previously unprecedented detail. However, both the NGS laboratory analysis and bioin-
formatical approach require numerous steps and checks to ensure robust interpretation of results.
Here, we provide a step-by-step review of recommendations for validation and quality assurance
procedures of each step in the typical NGS workflow, with a focus on whole-genome sequencing
approaches. The use of directed pilots and protocols to ensure optimization of sequencing data yield,
followed by curated bioinformatical procedures, is particularly emphasized. Finally, the storage and
sharing of data sets are discussed. The development of international standards for quality assurance
should be a goal for the HPV NGS community, similar to what has been developed for other areas of
sequencing efforts including microbiology and molecular pathology. We thus propose that it is time
for NGS to be included in the global efforts on quality assurance and improvement of HPV-based
testing and diagnostics.

Keywords: human papillomavirus; HPV; next-generation sequencing; NGS; whole-genome
sequencing; WGS; deep sequencing

1. Introduction

Tests for the detection of human papillomavirus (HPV) infection in humans have
evolved dramatically over the last decades. Initial low-throughput hybridization/blotting
techniques prefaced broad-spectrum signal amplification assays, which were then replaced
by rapid high-throughput target-amplification assays involving quantitative polymerase
chain reaction (qQPCR). The latter tests are capable of detecting individual HPV-genotypes
and have become the mainstay of HPV-based screening and clinical testing [1]. Arguably,
the next “age” of HPV testing should involve going beyond simply detecting the presence
or absence of HPV but, rather, providing more detailed insight into the likely course and
clinical consequences of HPV infection.

Next-generation sequencing (NGS) of human or microbial genetic material is being
applied increasingly in laboratory contexts, to facilitate research, population-based epidemi-
ology, and recently, personalized patient diagnostics. NGS can be used as a highly sensitive
method for HPV detection due to its ability to detect types at low copy number (even
within multiple infections), novel types, and /or known types that are distantly related to
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primers/ probes which may escape detection using standard molecular approaches [2-4].
When employing whole-genome NGS, which covers the entire genome and not only ex-
omes or targeted regions, we conveniently allow high-accuracy determination of sequences
below the phylogenetic level of genotype, i.e., variants and subvariants of HPV [3-8].
Indeed, in recent years, various studies have utilized NGS approaches to generate detailed
insights into potential disease-related mechanisms of HPV. NGS has shown that certain
sublineages of HPV are associated with a higher risk of cancer [9-11], and its high sen-
sitivity also allows the attributable fraction of cervical cancer associated with HPV to be
determined with greater precision compared to traditional PCR techniques [12,13]. Further,
NGS has identified certain single-nucleotide polymorphisms (SNPs) associated with a
higher likelihood of viral persistence [14] and the key role of HPV E7 gene conservation in
cervical cancer development [15].

Although NGCS has been used in HPV research for some years with different applica-
tions, as described above, NGS in clinical diagnosis is not yet extensively used. Lack of
standardization and quality guidelines, as well as expense and requirement for ancillary
laboratory infrastructure, may have slowed down the adoption of this technology in clinical
laboratories. However, as is discussed later, NGS use could ultimately improve diagnosis
and management of patients with HPV-driven lesions. This includes utilities ranging from
a more sensitive detection of HPV to detection of true viral persistence [13], identification
of risk according to HPV sublineage [9-11], and detection of circulating HPV DNA in
patients who have received cancer treatment [16].

NGS is a technology based on massively parallel sequencing or “deep sequencing”
of nucleic acid sequences. Nucleic acid sequences are fragmented with each fragment
being amplified and sequenced multiple times, providing a depth of information which
can deliver accurate data at the nucleotide level. NGS can sequence the entire genome of
HPV or be limited to specific areas of interest [11,14].

There are several general approaches to sequencing, depending on the size (i.e., length)
of nucleotide reads obtained and detection method employed. Illumina and IonTorrent
instruments obtain reads that are approximately 250 base pair (bp) long, whereas Oxford
Nanopore Minlon and PacBio obtain longer reads, potentially exceeding 10,000 bp in
length [17].

The whole NGS process requires several steps, which include initial sample identifica-
tion, processing (nucleic acid extraction), viral enrichment (optional), library preparation,
sequencing, and bioinformatic analysis of the raw data (Figure 1). While some of these steps
are consistent with general requirements for molecular detection (i.e., sample extraction),
the described downstream aspects arguably require an additional set of skills and analyses.
Given the multistep nature of the process and the generation of large amounts of detailed
data generated, it is essential that, where possible, standardization and quality checks
to support consistency and integrity of data outputs are considered and implemented.
For other applications, including those relevant to bacteriology and molecular pathology,
quality guidelines have already been developed [18-20]. However, these are still lacking
for the HPV field. Our chief aim is to provide a comprehensive starting point to widen
perspectives and give practical advice for those who are new(er) to this topic, thus lowering
barriers to introduce NGS specifically in HPV-based research and clinical applications.

233 of 283



Viruses 2021, 13, 1323

3o0f18

Fiering out host reads
+ Algament and mapping or de nOvo
Target ensichment aisembly
Captare prober .
> [ommos }— .

* Adaptor & low quality reads trimming

Algrment post pr
* Varant Calling
Direct sequencing + Phylogenetic dentication
Report

Figure 1. Next-generation sequencing (NGS) for human papillomavirus (HPV) detection and characterization process steps,
from sample preparation to data analysis, with focus on whole-genome sequencing (WGS).

We are active in the field of HPV testing at the International HPV Reference Laboratory
and the Scottish HPV Reference Laboratory (SHPVRL). Both entities were established in
2008, under the auspices of WHO (LabNet) and through the National Health Service of
Scotland respectively. As such, we are committed to the evaluation and application of
new technologies, including NGS technology, specifically to support the prevention and
management of human cancers associated with HPV. In the present work we discuss the
key stages of HPV-specific applications utilizing NGS and offer practical suggestions for
quality-assurance procedures to support these stages, focusing on HPV whole-genome
sequencing approaches. We believe that our experience may facilitate the implementation
of NGS in laboratory settings so that it can play an increasing role in research, epidemiology,
and importantly clinical testing. With respect to the latter, this is an important consideration,
given the increased incorporation of NGS systems into routine departments of laboratory
medicine, partly because of national strategies designed to harness the benefits of genomic
medicine at the patient level in an agile but comprehensive way [21]. NGS is also consistent
with the concept and aspirations of precision medicine, defined as an “approach for disease
treatment and prevention that takes into account variability in genes, environment and
lifestyle for each patient” [22].

2. Materials and Methods
2.1. NGS-Process Step 1: Laboratory Procedures
2.1.1. Pre-Analytical Sample Processing

All specimens used for the identification of HPV by existing molecular tests can in
theory be used for NGS. However, various biospecimen types may present their own
unique challenges. Liquid-based cytology samples, swab samples, or fresh frozen biopsies
may typically be readily applied on an NGS platform. However, cells and tissue derived
from formalin-fixed paraffin embedded (FFPE) material are more likely to be associated
with fragmented nucleic acid and crosslinks between intracellular macromolecules such as
proteins and DNA. Fragmentation can be a rate-limiting factor in approaches that demand
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longer amplicons, which is why it is useful to note that researchers have successfully used
shorter amplicons when working with FFPE DNA using NGS technologies [23-26].

2.1.2. Nucleic Acid Extraction Method

Ideally, extraction methods should be assessed with a pilot panel of samples before
embarking on a large project, in order to determine the quality and suitability of the specific
extract for downstream NGS. Where possible, we recommend investigators evaluate at least
two different extraction technologies to maximize nucleic acid yield. The quality, quantity,
and fragment length prior to the library preparation must be determined, as different library
preparations may require different nucleic acid input, quality, and length recommendations
for library success. For [llumina (San Diego, CA, USA) DNA libraries for example, most of
the protocols are optimized for 1 ng of input. Assessing the DNA purity is needed to ensure
that the extract does not contain possible contaminants (EDTA, phenol, and ethanol) which
can result in assay failure. UV absorbance is a common method used for assessing the purity
of a DNA sample, and protocols generally define the “pure” /acceptable range as having
an absorbance ratio values of 1.8-2.0 [27,25]. Highly fragmented nucleic acid extraction
can lead to missing regions and sections with a low number of reads (low coverage),
and the analysis may fail if subjected to enrichment-based amplification methods (see
further below) [29,30]. Fragment length can be analyzed using a qPCR with specific length
amplicons (same as target amplicon size if PCR-based enrichment is used) or through gel
electrophoresis. As described above, a sample being highly fragmented prior to library
preparation does not definitively preclude it from sequencing; however, knowing fragment
length informs downstream options (e.g., if material is highly fragmented, operators can
opt to skip fragmentation steps within the library preparation). HPV positive (with known
HPV sequence) and negative internal control samples are necessary to demonstrate that
nucleic material has been correctly extracted during the extraction process.

2.1.3. Specimen Enrichment Approach

While HPV-positive clinical samples contain HPV nucleic acid, they are naturally
dominated by nucleic acid from non-HPV sources (i.e., human and other-microbiome).
If NGS is performed directly on the extract, without a targeted approach, the HPV content
is at a relatively low proportion vs. the total nucleic acid sample. As the human genome
length is 3 billion base pairs vs. ~8000 base pairs for HPV, the relative proportion of human
nucleic acids extracted is +200,000%.

Sequencing studies reveal that viruses typically represent less than 1% of the total
genomic material detected in a human specimen [7], and therefore, detection of any virus
by NGS formerly required subjecting specimens to either (a) host genome depletion or
(b) viral enrichment, first. Different approaches to increase the viral component, include
low-speed or high-speed gradient centrifugation, separation of long chromosomal DNA,
digestion of nucleic acids not protected by virions (e.g., nuclease treatment), filtration
to remove bacterial and host cells, or targeted sequence capture [31-36]. Each of these
procedures may bias against detection of some viruses; therefore, pilot studies to validate
accuracy and reproducibility of the method for the investigator’s specific purpose are
necessary. A variety of methods have been described to enhance the HPV content of a
sample which are described below.

(A). Depletion Protocols Using Saponin- or Lysis-Based Methods

Saponin is a non-ionic surfactant that depletes the human genome affecting the
pathogen-human DNA ratio [37,38]. MolYsis (Molzym, Germany) is a commercial product
which works through selective lysis of host cells and associated degradation of released
host DNA. Both products thus reduce the amount of host nucleic acid, enrichening the HPV
DNA (or other desired bacterial, fungal, or viral DNA) while simultaneously removing
potential PCR inhibitors. However, replicating /intracellular viruses are also depleted with
these methods, and potential loss of viral signaling can occur, especially for viruses (such
as HPV) that integrate in the human genome.
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A particular NGS application related to HPV is the detection of viral integration sites
into the human genome. When performing WGS, authors have reported that tumors
had either a small or a very large deletion in the viral genome and discovered that these
deletions were the result of either HPV integration into the human genome or HPV-HPV
sequence junctions [39]. It has further been reported that at least 83% [40,41] of cervical
cancers with HPV infection have HPV integration, which can occur at any chromosome
but more frequently at certain fragile sites [42]. HPV integration can significantly increase
related gene expression and has been associated with a worse survival rate (compared to
those with episomal HPV) [43-46]. HPV integration status may therefore have promise as a
biomarker for risk stratification [47-49], incdluding the monitoring of treatment and therapy.
Different methods have been used to study HPV integration sites (e.g., amplification of
HPV oncogene transcripts and detection of integrated HPV sequences by ligation-mediated
PCR). With the development of NGS, whole-genome sequencing has been used for virus
integration sites detection [50,51]. However, it requires large amounts of sequencing data,
and thus is not applicable in clinical usage, which requires fast and accurate results. To date,
the development of new NGS methods for HPV integration detection with high accuracy
and prompt reporting capacity is ongoing [52]. However, the best way currently to detect
integration sites is reached by using probe-captured sequencing methods (see section
“Enrichment protocols” below). After enrichment of virus genomic material, the fusion
fragment of human and HPV sequence is isolated and further sequenced by NGS.

(B). Enrichment Protocols

In addition to depletion protocols, the two most common enrichment protocols for
HPV are PCR enrichment in the absence of chemical components and using capture
protocols. PCR enrichment involves performing a PCR reaction prior to library preparation.
For WGS, this technique may include amplification of the whole genome of the target virus
via overlapping primers covering the entire genome (other techniques may not require
amplification of the whole genome). A disadvantage of this technique is that there is a
need to know the target that is to be sequenced a priori—thus, the method is not valid for
detection of novel or nontargeted HPVs. Additionally, in the case of fragmented material,
the number of primers required can be high, which requires a structured a priori design
approach, and the primers may vary in their affinity for the separate regions. Primer-
dimer formation can also limit efficient target amplification, and therefore, pilot studies are
needed to validate the protocol for each specific purpose [9,53].

To overcome these bottlenecks, unbiased amplification (not based on PCR) has been
commonly used for viral enrichment, as it amplifies all DNA material present in the
sample. Multiple displacement amplification (MDA) is the gold standard method for
non-PCR-based amplification techniques, where the reaction is based on annealing random
hexamer primers to the DNA template [54]. MDA provides an effective way of amplifying
minimal quantities of DNA, but there exist biases associated with this technology. Chimera
formation, preferential amplification of circular single stranded DNA, and nonuniform
amplification of linear genomes have been documented [55,56]. Authors have quantified
the amount of amplification of both human DNA and HPV DNA by adding 20 copies/uL
of HPV 16 plasmid to samples of human placental DNA at 1 ng/uL and reported an
amplification of 26-fold for human DNA and 679-fold for HPV 16 DNA, suggesting that
MDA is a good method for enriching circular HPV genomes [5]. Using MDA and NGS
sequencing, researchers have been able to detect a plethora of novel HPVs as well as
known HPV types, not detected by traditional PCR-based enrichment methods, among
skin lesions/tumors and condyloma accuminata [3,4,7].

Another enrichment approach is to use a set of specific probes, “baits”, to recover
HPV sequences from the entire genome of the virus. In brief, labelled biotinylated HPV
specific probes are captured by streptavidin coated magnetic beads after hybridization,
resulting in “pure” HPV-derived reads. Consistent with the overlapping PCR approach,
these probes need to be designed in advance but can be modified as required if low read
numbers are obtained for some regions of the viral genome. Although it can be expensive,
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the advantage of the probes/baits approach is the large number of different probes one
may include, allowing thousands of probes in one design. This means that it is possible to
load the analysis with probes for all known HPVs, depending on purpose. Furthermore,
it is the current gold standard method for integration studies [52].

Regardless of protocol applied, to validate the quality of host depletion or viral
enrichment, positive and negative control material must be added at the nucleic acid
extraction step and carried through the enrichment/ capture /depletion step and all stages
of subsequent analysis. As a positive control, cell line material infected with HPV is
commonly used. However, we would recommend using specimens that contain both
human DNA and HPV DNA in the typical concentrations that would correspond to real-
life clinical specimens (99:1), as the sensitivity of the different approaches may vary. Asa
negative control, human DNA (HPV free, but containing the corresponding background
“noise” as a true HPV-negative sample) or DNA-free water can be used. Note that if
primer-based target enrichment is used, negative controls may contain noise such as
primer-dimer bands when assessed by electrophoreses as well as unspecific amplification;
these should be clearly discriminated from target sequences. Again, the introduction of
homogeneous internal quality controls (IQCs) in the nucleic acid amplification should help
in the identification of such issues. Internal positive control material demonstrates whether
the depletion/lysis has removed/reduced the HPV target in large proportion during the
sample preparation stage. For the enrichment step, positive control material should reflect
if amplification of the target regions /genome occurs and negative controls help determine
whether any nonexpected amplification /targeting occurred.

2.14. Direct Sequencing

Several operators have opted for performing WGS directly after nucleic acid extraction,
without enrichment. As described above, reaching a high sequencing depth is required,
due to the low proportion of viral sequences typically present in the human specimens.
Direct sequencing has enabled an agnostic approach to DNA presence in clinical samples:
while around 10% of cervical cancers are found to be negative for oncogenic HPVs by
traditional PCR-based genotyping methods [57-61]; direct sequencing can reveal the
presence of viral sequences of potentially causative HPVs in such cases [13,62]. Interestingly,
most of the HPVs detected with direct sequencing among the carcinomas negative by
traditional PCR typing systems corresponded to HPV types within the explicit detection
range of these assays. Therefore, the information obtained by direct sequencing can
be used, not only to detect novel variants or types that may have escaped traditional
amplification but also as a way to quantify and monitor shortfalls in detection due to
sensitivity issues. Furthermore, evidence suggests that HPV-negative cancer patients
have a worse longitudinal prognosis [60,63,64]; this is reflected in the staging system for
oropharyngeal cancer which acknowledges the dichotomous disease status based on HPV
presence [65] as does the recent WHO update for female genital tumors [66]. How “best”
to annotate HPV status in cancer tissue is an area which arguably lacks consensus in the
literature; however, NGS provides a powerful tool to at least resolve which cancer cases
may be truly virally negative.

2.1.5. Library Preparation and Sequencing

At present, there are several different sequencing chemistries available. Each system
has its own protocols and due to the diversity of platforms, and rapid pace of developments,
we cannot recommend a specific one for all HPV applications. Akin to the assessment
and introduction of any new technology in-house, we strongly recommend validation
that includes confirmation of expected results from “known” quality materials and the
evaluation of different kits with the specific analytical purpose in mind. For laboratories
looking to embed NGS into the accredited scope of their clinical service, initial validation
followed by yearly verification would likely be mandatory.
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Quality, quantity, and fragment length analysis is a must to confirm success of li-
brary preparation. Library preparation protocols usually inform the operator about the
concentration and size expected for prepared libraries. If measurements do not reach
the expected values, (e.g., fragments are too big/small or the library concentration is too
diluted) optimization of fragmentation times, clean-up processes, or amplification steps
should be performed. Larger fragments cluster less efficiently than smaller molecules, and
a low concentration of prepared libraries translates into a low number of sequenced reads.
Here, it is crudial to consider in which context libraries are analyzed; in a research study,
suboptimal measurements can occasionally be acceptable but probably never in a clinical
context where protocol adherence is paramount and actionable test results are needed.

One also needs to perform accurate normalization to obtain homogeneous distribution
(number of sequencing reads) of the samples and assure that the proper sequencing read
length is used, depending on the insert size of the library. As an example, Illumina
libraries prepared with dual-indexing that show a fragment length of 200 bp should not be
sequenced with 2 x 150 bp, as part of the fragment length (around 130 bp) corresponds to
adapter sequences, and the insert size, which is the actual query sequence, only comprises
70bp (200 ~ 130 bp). Thus, 80 bp of the 150 bp sequenced (150 — 70 bp) does not contribute
useful information. Libraries from positive and negative samples must be added into the
final input dilution. Our recommendations for quality-control steps in the NGS workflow
are summarized in Table 1.

Table 1. Steps, potential quality issues, and proposed mitigations for next-generation sequencing (NGS) analytical workflow,
with a focus on whole-genome sequencing purposes.

Human Papillomavirus Detection by Next-G tion Seq '3
NGS Step Possible Difficulties Mitigations
Selection of appropriate nucleic acid extraction methods.
. . . Pilot study comparing different extraction kits.
Sample preparation Neclc ?nd quality and/or quantity Selection of enrichment or depletion protocol.
outside library prep kit requirements Introduction of h internal quali )
_ troph bi ::r and /or fl .i
Incorrect fragment size (too short or Selecbun of further pmwcols based on the fragment size (e.g., use of
too long) shorter amplicons if DNA is highly fragmented)
Incorrect fragment size (too short or
p " Correct selection of llbfar) kit and fragment length.
Library P"P;Tsm and Incorrect numl::: m“ms reads Correct selection of sequencing kit (e.g., 75 bp and 150 bp) to aveid
i or pastial reads sequencing adapters or longer fragments that insert size.
Library preparation and sequencing piloting, and re-analysis
Confirm reference sequence is correct.
. . Use of updated database.
Data analysis Low sequencing depth In case of low sequencing depth at the beginning or end of the reference
sequence, note that HPV is circular and not linear as the reference.
Confirmation that desired alig t cut-offs are correct.
Incorrect alignment
Mix/chi of microbial Filter reads—use of updated databases and mreful settings of
e v parameters. De novo ev (HPV Ch scripts)
Laaad . 3 Digital 1QC, EQA external assessment.
Validation of pipeline Interlaboratory comparison
Storage Large amount of data Cloud services, compression oﬁt::es an:'skmsge of only raw input and
Restricted super-user access, individually curated data access
Security Analyst wufhng unl) wnl\ cuded/ pscudonymued samples (where an
tor holds the key code at another site)
Length of data storage Orgamutwn policy /data archiving laws and regulations

2.2. NGS-Process Step 2: Bioinformatical Analysis
2.2.1. Raw Sequence Data Management
The output data from a sequencing machine are often referred to as raw data. Raw

data management generally includes filtering steps to remove poor-quality data and host-
derived human reads and continues by mapping nonhuman high-quality reads directly to a
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known reference database or performing a de novo assembly approach, finishing with HPV
taxonomy classification, phylogenetic analysis, and variant calling. There are several open-
access tools that can be used to analyze “big data”. A set of bioinformatic algorithms, when
executed in a predefined sequence, is collectively referred to as a bioinformatics “pipeline”.
These pipelines can be designed in-house by teams with available bioinformatics expertise
or obtained as ready-to-use applications from commercial suppliers. The premade pipelines
are principally aimed to users with little bioinformatic experience and act as a “blackbox”
(user does not know which algorithm and calculation(s) are used by the pipeline).

2.2.2. Sequence Analyses: Quality Assessment of Reads

Each bioinformatical tool deployed in the pipeline uses different algorithms and
parameters when handling data. When the objective of a project is to resolve a 0.5-1% dif-
ference between sequences, these differences in parameter settings could mean a different
interpretation on nucleotide/mutation level is reached depending on which pipeline is
being used. Ergo, two studies on the same nucleotide position could reach two different
conclusions as to whether a mutation is present.

Errors due to poor sample handling and storage conditions, polymerase bias, PCR-
or gPCR-induced errors, and incorporation errors within sequencing may be introduced
during sample preparation, amplification, library preparation, and sequencing stages.
While these errors might not interfere with the identification of an HPV type (where
the sequence divergence is 10% relative to its most closely related type), they might
compromise the identification of sublineages or variations in nucleotides that could have
implications on accuracy, consistency, and, potentially, predicted phenotype. Careful
sample handling, selection of a high-fidelity polymerase [67], and quality control of the
raw data is a must [68].

Most analysis applications use FASTQ files as input for analysis; however, different se-
quencing instruments may give different extensions for raw sequencing data (e.g., [llumina
generates bel files), and the first step is the conversion of those files to a standard format
(FASTQ). Platforms usually provide software for the desired conversion (e.g., bel2fastq
from Illumina). Raw FASTQ files should be subjected to quality trimming and adaptor re-
moval as a first step. Software for quality trimming and adaptor removal include Cutadapt,
Trimmomatic, Trim Galore!, SeqTrim, and FastX among others [69]. Quality trimming is
performed to remove low quality reads and aims to reduce the effect of the progressive de-
crease in sequencing quality with the increased length of the sequenced library. Trimming
removes low quality portions of NGS reads while preserving the high-quality part of such a
read. The user can specify the quality cut-off for a base or use a “sliding window” approach
(defined as setting a cut-off for the average quality detected in a number of X contiguous
bases instead of just one base). Quality is usually checked according to the Phred quality
scores, which are scores logarithmically related to base-calling error probabilities [70].
As an example, a Phred quality score of Q30 corresponds to a base calling accuracy of
99.9% (1 error per 1000 bp). The minimum quality recommended in the literature is a Phred
quality score of 20 (99.0% accuracy; 1 error per 100 bp), with the optimal quality however
being above Q30 [71].

2.2.3. Alignment of Reads to a Suitable Human Reference Genome

To obtain a dataset that contains only reads of interest, e.g., viral-related reads for
HPV detection, nontarget sequences may be filtered out at the bioinformatics level to
speed up downstream analysis and decrease the risk of misassemblies of genomic data.
Most researchers applying WGS from sequenced extracted material opt for filtering out
human genome sequences only (leaving HPV plus “other” microorganism reads). This
is practical as human reads (according to our experience of multiple sequencing projects
with a metagenomic perspective) account for approximately 90% of the total (with some
variability depending on the sample origin) [7,13,62]. While several successive “versions”
corresponding to human genome reference exist, it is recommended that the latest build
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(released in December of 2013), officially named GRCh38 (Genome Research Consortium
human build 38) or commonly Hg38 (human genome build 38) is used.

Numerous aligners exist so far and are being developed in order to achieve greater
accuracy pertaining to precision. Widely used tools indlude BWA-MEM (Burrows-Wheeler
aligner) [72], SOAP2 [73], or Bowtie 2 [74], but several commercial tools are also available
such as NextGenmap and Novoalign [75,76].

While some operators may, at this point, choose to filter out reads that are identical
to the human reference genome (100% identical), another approach is to employ looser
parameters which accept reads as human if the identity and coverage across the human
genome sequence of interest are at least 95% and 75%, respectively. This latter approach
allows for the detection of possible mutations not anticipated in the reference sequence,
although this flexibility should be tempered so as not to misclassify nonhuman reads
as human. An important thing to consider after performing the aligning/mapping to
the human reference genome is to select which “unmapped” reads are to be used in
downstream analysis. Sequencing with paired-end reads may contain (1) paired-end reads
where both reads are unmapped, (2) paired-end reads where one of the pair read maps to
the genome and the other does not. Operators may decide to discard nonhuman single
reads and continue only with nonhuman paired-end reads, or to include them all; such a
choice is entirely dependent on coverage obtained and the aim of the project/resolution
required.

2.2.4. Alignment of Reads to a Suitable HPV Reference Database

Once human (or host) sequences are filtered out from the high-quality data set, most
operators align reads to a known and curated HPV database for HPV classification or to the
reference HPV genome in question. Currently, there are 222 different HPV types officially
established (data accessed on 18 March 2021 from Hpvcenter.se) and another 220 putative
novel HPV types (not cloned and investigated by the International HPV Reference Center)
whose complete sequence can be found in the public database from the papillomavirus
Episteme (data accessed on 18 March 2021 at https:/ / pave.niaid.nih.gov /).

Furthermore, there are many partial genomic sequences of HPV isolates (not all
specifying which HPV type they correspond to) available at public databases, with GenBank
having >33,500 hits retrieved when typing “human papillomavirus” (data accessed on 18
March 2021). A recent publication [77] detected up to 0.5% chimeric sequences and/or
taxonomy errors when analyzing HPV sequences in the GenBank database. This highlights
the importance that the database be obtained from a quality reference repository and
that local curation is performed before doing any type of alignment, such as checking for
potential errors and updates. In-house databases belonging to individual investigators
should be periodically updated with canonical or reference types, as new HPV types are
continuously being discovered [5,78].

It is particularly key to note that, when aligning the sequencing reads to a specific
HPV genotype, operators ascertain that the correct reference sequence is used. There are
3650 sequences belonging to HPV16 isolates in GenBank (sequence length 7500-8500, data
accessed on 18 March 2021), showing differences that may reach up to 10% of the total
genome. If each separate investigation were to use a different sequence as reference genome,
then comparison between publications becomes challenging at best. The reference genomes
that should be used for each HPV type are provided at the International HPV Reference
Laboratory website (Hpvcenter.se); accessed 7 July 2021, as well as at the papillomavirus
Episteme database (https:/ /pave.niaid. nih.gov/; accessed 7 July 2021). The latter resource
has a contemporary collection of internationally ratified sequences from the reference
clones corrected for known sequencing mistakes in the original sequences.

2.2.5. Identification of HPV Types /Lineage/Sublineages

Classification of HPVs is based on the nucleotide sequence homology of the L1 gene,
which is the most conserved region of the viral genome. Within the family, different
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genera share less than 60% nucleotide similarity. Within each genus, different species share
between 60% and 70% similarity. Below the species level, a novel HPV type shares less
than 90% similarity to any other type [79-81]. The definition of a variant lineage is that the
L1 open-reading frame differs by more than 1%, but less than the 10% that would make
it another HPV type [82]. A variant sublineage is defined as groups of sequences with
0.5-1.0% differences between genomes [83].

There exist different tools for the identification of variants. One of the most used
and user friendly is BLAST [84]. This tool compares the sequence under investiagation to
sequences stored in the database, detailing statistical significance of matches. Again, the
importance of using standard references for HPV variants is essential. Burk et al. described
the representative genomes for viral variant lineages and sublineages, and most authors
rely on these sequences as variant lineages references [82].

If a phylogenetic analysis is required, different open-source tools exist (RaxML, MegaX)
that infer phylogenetic trees after choosing the statistical method [85,86].

2.2.6. Evaluation of Coverage across the Genome

If the purpose is to detect HPV genotypes (not within-genotype specific variant
calling), once the reads are aligned to the HPV database, we recommended that cut-offs are
applied on which HPV positivity is based (Table 1).

This could be, e.g., setting a minimum of 10 reads detected for a specific HPV type
together with a coverage of at least 10% of the HPV genome (around 800 bp coverage). This
approach would avoid false positivity generated by background noise (e.g., presence of
many low complexity reads mapping to just a small region of the genome). If phylogenetic
analysis or variant calling is required, a FASTA file with the “query” sequence must be
created. When creating a FASTA file from the obtained sequencing reads/ contigs, investi-
gators should be aware of the extent of genome coverage to see if there are missing regions

Evaluating the full coverage of the sequence is important, as several tools that convert
the sequencing reads into a FASTA file use a reference sequence to account for the regions
that are not covered. The use of “N”s is recommended for the positions that are not covered
by the sequencing reads. For variant lineage assignment, exclusion must be considered
for specimens with poor read depth (<200 median depth) and /or low genome coverage
(<80% genome coverage) [53]. For variant calling, even stricter cutoffs should be applied.
Additionally, further steps including marking duplicates to identify read pairs likely to
have originated from duplicates of the same original DNA fragments and recalibration of
base quality scores should be performed, as suggested by the best practices at GATK [87].
Considering just the base depth as a cutoff for variant calling (e.g., five reads per position)
is not enough to assure accurate calling. It is essential to differentiate between true positive
variants and false positive variants. Parameters and statistics which describe how many
reads cover the variant, what proportion of reads are in forward vs. reverse orientation,
and what the sequence context is like around the variant site should be considered.

2.2.7. De Novo Assembly of HPV Contigs

When the correct reference genome is not known, the (re-)construction of the se-
quenced genome must be performed without a priori knowledge of either the correct
original sequence (or the order of the DNA fragments), by assembling overlapping reads
into one or more contigs. This process is known as de novo assembly. Subsequent post
assembly assessment is mandatory to reduce the risk of chimeric sequences and possi-
ble miscalling of HPV positivity in samples and/or erroneous calling of new HPV vari-
ants/genotypes. HPV-Chimera scripts exist to help researchers determine the accuracy of
their HPV contigs [12,77].

2.2.8. Digital Quality Assessment

While positive and negative controls can be incorporated into laboratory experiments
and several quality check-points are available during the whole laboratory process, we cur-
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rently lack an agreed approach for the quality control of bioinformatical tools and pipelines.
Digital IQCS can be prepared from confirmed and verified positive material and stored
as FASTQ files (raw data). Interlaboratory exchange of data can provide reassurance by
comparing results on sequences derived from the same specimens. However, this requires
resources and collaboration which may not always be available in the short term. Therefore,
it would be beneficial to have positive IQCS available in an online repository that could be
used to verify the pipeline when setting up a new service/test or when a tool is updated.

2.2.9. Journal Submission Requirements

Recently, several journals have started to request that all authors who submit manuscripts
containing NGS data provide a detailed summary of sequencing coverage and quality
statistics. For example, the International Journal of Cancer requires a summary from sub-
mitting authors that must include all information about library preparation, sequencing
technology information (e.g., platform, read length, and paired-end/single read approach),
as well as preprocessing, quality control, and filtering of the raw NGS data [88]. Further-
more, the sequencing coverage and quality statistics of each sample must be summarized
as a Supplementary Table.

2.2.10. HPV NGS in Clinical Settings

Application of NGS for clinical testing requires a level of quality assurance and
monitoring likely to be even more stringent than systems set up in research laboratories.
Verification and validation for each of the steps that make up the NGS process is the
key to obtain and provide reliable results to clinicians and patients. Any minor change
of the wet-lab protocol or any parameter in the data analysis requires a full verification
with previously known samples/sequences. This in combination with the external quality
assessment, and accreditation helps ensure the validity of the clinical results.

2.2.11. External Quality Assessment and Accreditation

Suppliers of EQA schemes have developed external quality materials to support NGS
sequencing results for various pathogens and human genes (e.g., GenQA, Statens Serum
Institut, and QCMD (pilot)). At time of publication, we are not aware of any official HPV
EQA scheme to support NGS for wet and in silico analysis or indeed data/dry analysis. This
is arguably a current deficit, as while interlaboratory exchange of materials is undoubtedly
helpful for quality assurance and validation of HPV NGS, such exchanges do not wholly
“stand in” for consistent performance in a formal accredited EQA scheme(s). Should HPV
NGS move to the diagnostic context, then this would increasingly require address.

2.2.12. Data Storage Requirements

Data storage demands of NGS are often very large and need to be carefully considered
before local implementation. Unfortunately, there is no (international) consensus on what
and how data should be stored beyond the general recommendation that it should be
stored in line with national and local capacity and governance policies. In high-level terms,
we recommend storing the raw FASTQ files in a compressed mode (.fastq.gz), the final
output, and the full-log file (documentation on the software /tools used, including versions,
parameters, and github location, needed to obtain the output files) making the whole
analysis reproducible.

If intermediate files are to be kept, they should be stored as standard open-file formats
FASTQ, BAM, and VCEF, facilitating the exchange with other laboratories, where governance
permits. Cloud-based storage could be a very helpful tool; however, this may be challenging
to reconcile with data protection. Currently, most journals ask for data availability and
request that authors upload all nonhuman sequences detected in the study to different
databases (such as the European Nucleotide Archive (ENA), Sequencing Read Archive
(SRA), and Genbank) to make research publicly available and re-usable for other scientists
without compromising confidentiality.
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3. Discussion

Next-generation sequencing (NGS) has enabled researchers to detect human papillo-
mavirus (HPV) infections with unprecedented sensitivity and accuracy while simultane-
ously providing the whole viral sequence to be analyzed for viral point mutations, variant
lineages, and genome variations. Increasing incorporation of NGS into laboratories for
research, epidemiology, and diagnostic purposes may be only a matter of time, particularly
as costs reduce with increasing demand and competition.

Certainly, the use of NGS for clinical workstreams generally requires accredita-
tion/auditing from an independent regulator. As an example, the National Accreditation
Body for the United Kingdom (UKAS) now has expertise to assess and accredit labs that
have NGS in scope, working to ISO 15189:2012 standards. This process covers assessment
of staff training, quality control of pipelines, initial validation of the whole process com-
pared to a gold-standard approach, and reproducibility of results plus checks to ensure
security of data and access is correct. The magnitude of the effort to achieve accreditation
in a particular service laboratory is likely to depend on local support for the integration
of NGS to support public health epidemiology and precision medicine in general terms.
The SARS-CoV-2 pandemic has brought about an exponential increase in molecular testing
and associated infrastructure, including that required to support sequence-level variant
detection. This is likely to pay dividends for the establishment of “cross organism working”
to a diagnostic standard [89]. Certainly, NGS has the potential to support risk stratification
of patients with HPV-associated disease through its ability to detect types within tissue
with exquisite sensitivity and through providing subtle insights into aspects of HPV in-
fection that may be predictive of outcome (integration pattern and status, delineation of
dominant variant(s), and viral load). NGS may also be applied to liquid biopsies, from
blood, to support longitudinal monitoring of treatment success [90].

The bulk of HPV sequencing to date has been performed using the IonTorrent ini-
tially [9,11,91], followed by the newer Illumina platform [7,53,57]; some very recent studies
have also used nanopore platforms [52,92]. While many studies report higher sensitivity
and accuracy when comparing NGS to routine genotyping methods [6,8], there are very
few studies where one HPV NGS approach has been directly compared to another in a
head-to-head approach using the same sample set [93,94]. Hence, there are fewer data
available compared to the relative wealth of peer-reviewed literature on head-to-head per-
formance of traditional HPV molecular assays. While many researchers are already using
NGS for detection and analysis of HPV-associated diseases, there is no clear international
consensus about what steps are to be performed nor which quality criteria are appropriate.

Typically, published presequencing laboratory protocols appear well validated for
providing detail on clear-quality assessment procedures and specifying the requirements
needed for library preparation evaluation and success. Nevertheless, even though the in-
clusion of positive and negative controls should be a must, the presence and /or description
of these controls is not commonly found within NGS publications. This may be in part
due to the relatively high cost of NGS. Hornung et al. reviewed ~265 publications which
had used NGS for microbiome research and found that only 30% of publications used any
type of negative controls and that less than 10% reported positive controls. Additionally,
they observed that some of the results reported were potentially indistinguishable from
contaminants [95].

Furthermore, to the best of our knowledge, quality assessment of bioinformatic analy-
sis appears not to be as standardized, when compared to the analytical sample handling
stages. However, we consider it key that the use of a curated and updated databases, use
of standard reference genome sequences, and description of the parameters used for each
step should be described fully in all publications.

The present piece aims to describe and summarize the application of WGS for HPV
detection and has mainly focused on DNA detection to detect the whole HPV sequence.
Nevertheless, RNA sequencing should not be forgotten as an alternative method for HPV
detection, as RNA transcription not only enables detection of HPVs but provides further
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information on the active HPV infection that drives viral oncogene expression. In the can-
cers that are known to be caused by HPV, transcription of viral genes is necessary for viral
pathogenicity [96]. Studying transcription of the E6 and E7 oncogenes has been useful to
elucidate which infections are likely to be involved in the etiology of the tumor, e.g., in head
and neck cancer studies [97-99]. Even though RNA sequencing is not usually performed
within studies aiming to analyze the whole HPV genome (as noncoding regions, e.g., URR,
are not detected if RNA extraction and sequencing are performed), important information
about active infection and viral oncogene expression is obtained with this sapproach.

International collaboration is essential to efficiently further knowledge, scientific de-
velopment, and concerted efforts to combat globally prevalent viral infections. In the case
of HPV, the International HPV Laboratory Network LabNet was created by WHO in 2006
to support global development of laboratory standardization and quality assurance of HPV
detection methods. LabNet concentrated on evaluating and improving methods used for
research and evaluation of HPV-based screening and vaccination [100]. As part of this
effort, LabNet published an HPV laboratory manual, based on knowledge and experience
gained through international collaborative studies, aiming to assist in establishing the
laboratory support required for HPV research [101]. The successor to LabNet, the Inter-
national HPV Reference Center (Hpvcenter.se), aims to support reliable and comparable
HPV detection services, allowing data to be internationally comparable. The Center has
organized and issued global proficiency panels (sets of blinded samples containing HPV
genotypes at different concentrations) since 2008, and a definite improvement in average
assay performance globally has been seen since the panel was issued [102]. The SHPVRL
has also acted as a hub laboratory to support the creation of materials and best practice
documents to facilitate the introduction of new HPV technologies and their continued
monitoring [103,104].

Together. we now work between our two laboratories to exchange samples, know-
how, and protocols for bioinformatical flow and sequence analyses. Hopefully, this will
strengthen the quality of work produced by both settings and act as a catalyst/model for
future international endeavors. We propose that it is time for NGS to be included in the
global efforts on quality assurance and improvement in HPV-based testing and diagnostics.
By establishing a set of quality standards and best-practice statements, the community
could systematically develop and apply NGS guidelines suited for HPV research, epidemi-
ology, and diagnostics to ensure this innovative and powerful technology is developed in
an internationally comparable and robust manner.
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Abstract

Background: The incidence of anal cancer is increasing globally. Evidence-
based improvement in early detection and management of this morbid cancer is
thus required. In other cancers associated with Human Papillomavirus (HPV),
viral status and dynamics, including viral load (VL) has been shown to influence
clinical outcome. Our aim was to determine the influence of HPV status and
HPV16 VL on the clinical outcomes of anal cancer patients.

Methods: A total of 185 anal cancer lesions were genotyped for HPV. Of the
HPV16 positive component, VL was determined using a digital droplet PCR assay.
The association of qualitative HPV status and VL (low (<12.3), medium (12.3-57)
and high (>57 coples/cell)) on overall survival and hazard of death was assessed.
Results: Of the 185 cases, 164 (88.6%) samples were HPV positive. HPV16 was
detected in 154/185 samples (83.2%). HPV positive status was associated with
improved overall survival in the univariate analysis [hazard ratio (HR) of 0.44,
0.23-0.82, p = 0.01]. When adjusted by age, sex, stage and response to treatment,
the association of positive HPV status with improved survival remained (HR 0.24
[0.11-0.55] p <0.001). High VL was assoclated with improved overall survival in
the univariate analysis with a HR of 0.28 (0.11-0.71, p = 0.007). When adjusted
only by age and sex, high VL was associated with better overall survival (HR 0.27,
0.11-0.68 p = 0.006).

Conclusions: HPV status appears to be independently associated with improved
outcomes in anal cancer patients. Moreover, HPV viral load quantification may
be informative for further risk stratification and warrants further investigation.

KEYWORDS
anal cancer, clinical outcome, viral load
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1 | INTRODUCTION

Anal cancer is one of the six cancers shown to have a
human papillomavirus (HPV) aetiology with approxi-
mately 90% of anal cancers being HPV-driven."? Like oro-
pharyngeal cancer, there appears to be a clear dominant
HPV type driving the lesion. In the meta-analysis study
carried out by De Sanjose et al. 2019, HPV16 was present
in 80.7% of anal cancers.’

As with other HPV-driven cancers, anal cancer in-
cidence is increasing worldwide, including in the USA
and Eumpe.“ Scottish European age-standardised rate
(EASR) (per 100,000 person-years at risk) data align with
these increases, rising from 1.5 in 1995 to 2.6 in 2017. For
men, incidence increased from 1.6 in 1995 to 2.1 in 2017
while in females, incidence increased from 1.2 in 1995 to
3in 2017." The rest of the UK has also experienced an in-
crease for both sexes from 1.5 in 1993 to 1.7 in 2017 in
males and 1.3 to 3.0 in females over the same period.”

Several factors have been linked to an increased risk
of anal cancer including age (higher proportion of cases
occur in people after 50years of age), number of sexual
partners, history of receptive anal sexual intercourse,
smoking and immune capacity.”'” Women who have or
had high-grade or worse cervical lesions (CIN2/3+) and/
or vulvar high-grade lesions also have a higher risk of
anal lesions and cancer.'”"" Moreover, incidence of anal
cancer is significantly higher in people living with HIV
(PLWH).“ 16

The morbidity assoclated with anal lesion and cancer
treatments can be very high. Treatments include chemo-
radiotherapy (CRT) or resection of the affected tissue,
depending on the area affected (anal margin cancers are
treated in a slightly different way from anal canal tu-
mours).”'"‘ Treatment can have a significant deleterious
impact in the patient's quality of life including issues with
sexual function and faecal continence.™*

Various studies have assessed HPV viral load (VL) in
the different HPV-driven cancers and its association with
overall survival and prognosis and/or as a biomarker for
lesion progression. In cervical cancers, low HPV viral load
may implicate a worse prognosis (median value of 385.8
RLU/CO Kim et al. 2009"' 132.5 RLU/CO in Deng et al).
The number of copies of the HPV genome has also been
examined in oropharyngeal cancer (OPC) cases driven by
HPV and a number of studies have observed that high viral
load is associated with a better prognosis versus low viral
load.***” Additionally, disease recurrence has been shown
to be significantly lower in those with high HPV load.”
For these publications median value ranged between 30.9,
132.5, 190 and 820 copies/cell.

Complimentary studies have investigated the implica-
tions of HPV viral load in and around the anal canal, ™™

however, the majority of the available publications have
looked into HPV load in people living with HIV. Other
studies have assessed VL in anal cancer’*** and found
a median of 7.40 and 134 copies/cell. However, to our
knowledge only one investigation has explored the as-
soclation between HPV load, local control of cancer
and overall survival.*’ Authors found that patients with
HPV16 DNA VL below the median viral load with low
p16 expression showed significantly worse local control
and overall survival (OS) than those with a VL above
median.”

The reason behind why cases with HPV high viral load
have better prognosis or OS is not completely understood,
although it has been posited that it could be assoclated
with the HPV episome status and integration as episome
is associated with higher copies of HPV.***¥

As is the case in most settings, there is no population-
based anal screening programme in place in Scotland
(where the present work was performed) and gener-
ally, anal lesions are detected and managed, clinically.
Moreover, as HPV testing is not currently included in the
diagnostic work up of anal disease, there is no routinely
collected information on HPV-assoclated epidemiology
in anal disease in Scotland. Proactive efforts are therefore
needed to understand the nature and implications of HPV
in anal cancer to inform prevention and management
strategies of the future.

Our aim was to determine the HPV-attributable frac-
tion of anal cancers, that is, the fraction associated with
HPV in Scotland, and to use this data to ascertain the in-
fluence of qualitative HPV status on clinical outcomes.
Then, using this well annotated data set we also aimed
to determine whether VL (in the HPV16 positive compo-
nent) exerted an influence on clinical outcomes.

2 | MATERIALS AND METHODS

2.1 | Sample collation and timeframe

Squamous cell carcinoma of anus or anal canal samples
(ICD-11 coding 2C00.3) preserved in formalin fixed
paraffin embedded (FFPE) blocks diagnosed between 2009
and 2018 were collated. These samples were originally
obtained as part of standard of care for the management
of patients with anal disease.” All biopsies were obtained
from the South-east of Scotland representing 3 of 14
territorial health boards in Scotland; NHS Lothian, NHS
Borders and NHS Fife. These health boards serve a
population of 1,396,640 (data from 2019).”" Favourable
ethical opinion to conduct the research was provided
by University of St Andrews Teaching and Research
Ethics Committee, reference MD 14482, This was further

251 of 283



GUERENDIAIN BT AL

supported by approval for use of samples through the
National Research for Scotland Bioresource (20/ES/0061),
application reference SR1283.

Clinico-demographic information was obtained
on age, sex, stage of cancer (using the American Joint
Committee on Cancer [AJCC] TNM system).’” response
to treatment, date of diagnosis and vital (dead/alive) sta-
tus. Age and stage of cancer were considered at the time
of diagnosis. Information was obtained in January 2020
and indexed with a study number. Vital status informa-
tion and date of death data were censored in July 2020.
Response to treatment was aggregated in two different
groups to simplify the analysis: response to treatment
(including remission) and no response to treatment (in-
cluding progression and recurrence). Cohort follow-up
started at date of diagnosis and continued until death or
time of censoring.

Cases categorised according to the various clinical and
demographic variables are summaried in Table 1. Age
was stratified in four different groups: <50, 50-59, 60-69
and >=70. Response to treatment was organised in three
groups: yes, no or unknown following the ESMO guide-
lines for anal cancer.’® Cancer stage was aggregated in five
groups: I, I1, III, IV and unknown following AJCC system
effective January 2018,

Cancer Medicine "‘WILEY_&
2.2 | Overarching approach to HPV
annotation: Qualitative analysis and
quantitative analysis

A total of 185 anal cancer samples were annotated for HPV
type-specific prevalence, initially, using a PCR-based assay:
the Anyplex II 28 assay (Seegene, Korea) centrally at the
Scottish HPV Reference Laboratory, Edinburgh, UK. One
10 pm section per sample was obtained and incubated
in Seegene Univeral Lysis Buffer (LB) at 65°C overnight.
DNA extraction was performed using the Microlab Nimbus
IVD (Hamilton) with the StarMAg Universal cartridge Kit
(Seegene). Mastermix was prepared with the Nimbus and
PCR on the CFX Real-time PCR instrument (Biorad).

This initial result allowed determination of type-specific
prevalence and examination of the assoclation between
qualitative HPV status (any HPV vs. no HPV) and survival,
which we subsequently term the ‘qualitative analysis’
Given the dominance of HPV16 in the cohort, viral load
analysis was restricted to samples that tested HPV16 posi-
tive, either as a mono infection or within a mixed infection.
Once viral load was obtained (quantitative analysis), it was
classified in three different groups: low, medium and high
and linked to overall survival. A diagram illustrating the
process followed can be found in Appendix A.

TABLE 1 Demographic & clinical characteristics of the anal cancer patients collected between 2009 and 2018 in the South-East of

Scotland. Stratification by HPV status and HPV16 Viral load

HPV status & survival samples HPV16 Viral load & survival samples cohort N
cohort N (%) (%)
HPV+ve  HPV-ve Low Medium  High

Variable Level n =185 (n=164) (m=21) n=145 (n=47) (n=50) (n=48)
Sex Female 120 (64.9%) 109(66.5%) 11(524%) 101(69.7%) 29(61.7%) 38(76.0%) 34(70.8%)
Male 65(35.1%)  55(33.5%) 10(47.6%) 44(30.3%)  18(383%) 12(24.0%) 14(29.2%)
Age <50 28(151%)  25(15.2%) 3(14.3%) 22(15.2%) 7(149%) 6(120%) 9(188%)
50-59 48(25.9%)  48(203%)  0(0%) 44(303%) 18(383%) 14(28.0%) 12(25.0%)
60-69 56(30.3%) 51(31.1%) 5(23.8%) 45(31.0%) 17(362%) 12(24.0%) 16(33.3%)
70andover  53(28.6%) 40(244%) 13(61.9%)  34(234%) 5(106%) 18(36.0%) 11(22.9%)
Stage 1 27(14.6%)  23(14.0%) 4(19.0%) 22(15.2%) 5(106%) 8(16.0%) 9(18.8%)
I 68 (36.8%)  62(37.8%) 6(28.6%) 54(37.2%) 15(31.9%) 17(34.0%) 22(45.8%)
I 53(28.6%)  48(29.3%) 5(23.8%) 40 (27.6%) 15(31.9%) 16(32.0%) 11(229%)
v 35(18.9%)  23(14.0%) 6(28.6%) 25(17.2%) 11(234%)  9(18.0%) 5(10.4%)

Unknown 2(1.1%) 2(1.2%) 0(0.0%) 2(1.4%) 1(21%) 0(0.0%) 1(21%)
Response to Treatment  Yes 138 (74.6%) 125(76.2%) 13(61.9%) 111(76.6%) 35(74.5%) 37(74.0%) 39(81.2%)
No 34(18.4%) 28(17.1%)  6(286%)  23(159%) S8(17.0%) 9(180%) 6(125%)

Unknown 13(70%)  11(67%)  2(9.5%)  11(7.6%) 4(8.5%)  4(8.0%)  3(6.3%)
Vital status Alive 124 (67.0%) 115(70.1%) 9(429%) 104(71.7%) 29(61.7%) 33(66.0%) 42(87.5%)
Deceased 61 (33.0%)  49(29.9%) 12(57.1%) 41(28.3%) 18(38.3%) 17(34.0%) 6(12.5%)

Note: ‘N's correspongds to the total number of samples for every category described abave. P ge (%) was calculated from the total number of valid samples

(n =185 & 145).
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2.3 | Measurement of viral load
using ddPCR

Absolute quantification of viral load was performed on
HPV16+ve cancer samples (145 mono and nine mixed
infections) using a droplet digital assay (ddPCR). This ele-
ment of our analysis is referred to as the quantitative anal-
ysis group. Nucleic acid was extracted from HPV16 +ve
samples (new section, 10 pm) using the QlAamp DNA
Mini Kit (Qiagen) and sample concentration measure-
ment was performed with the Qubit dsDNA High sensi-
tivity kit (Thermo Fisher Scientific).

ddPCR was performed as described in Stevenson et al.
2020% at the Centre for Virus Research, University of
Glasgow. The RPP30 endogenous control probe primer
set of 0.7ul, HPV16 Ll-specific primers and probes at
300nM (final concentration) respectively, 10-100ng of
template DNA and 1 pl of restriction digest mix (consist-
ing of 4 U of both EcoRI and HindIII in 1x NEB Cutsmart
buffer [NEB, UK]) were used for the mix. Reactions were
mixed with Droplet Generation Oil on DGS8 cartridges in
the QX200 droplet generator (Bio-Rad) to generate drop-
lets. Thermal cycling conditions were: 95°C for 10 min fol-
lowed by 40 30s at 94°C and 60°C for 1 min prior to final
extension at 98°C for 10 min.

Post-amplification, droplets were analysed on a QX200
Droplet Reader (Bio-Rad), and output data files were ana-
lysed using QuantaSoft analysis software v1.7.4 (Bio-Rad).
The viral load for each sample was calculated relative to
the endogenous RRP30 cellular gene internal control,
with two copies present per cell. Any initially invalid re-
sults were repeated using a new FFPE section and fresh
DNA extraction. After retesting, consistent invalids were
not included in the analysis (n = 9).

2.4 | Definition of viral load levels

The individual HPV16 viral loads were ranked from
smallest to largest and separated using tertiles. The VL
threshold(s) for L1 low viral load was <12.3, medium
between 12.3 and 57 and high viral load above 57 copies/
cell.

2.5 | Association of HPV
status and viral load with
demographics and survival outcomes

Overall survival by qualitative status of HPV (HPV
positive vs. negative; HPV16 positive vs. HPV negative)
and HPV VL (low, medium and high) was analysed
using the Kaplan-Meier method. The univariate and

multivariate hazard ratios of HPV status (negative vs.
positive) and virus load (low vs. medium and high) for
all cause death were derived using Cox proportional
hazard model. Two multivariate models were derived-
~age (<50, 50-59, 60-69, 70+) and sex adjusted model
as described in Stevenson et al.*’ and a fully adjusted
model, where age, sex, stage (I, II, III, IV) and response
to treatment (no, yes) were adjusted for. All the statis-
tical analysis were performed using R-studio (version
1.2.1335)."%

For the qualitative detection HPV, the types 16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, 59 and 68 were considered
as high risk. HPV types considered as low-risk HPV types
include: 6, 11, 40, 42, 43, 44, 54 and 61.

3 | RESULTS
3.1 | Clinical/demographic
characterisation of cohort

Overall HPV status stratified by demographic and clini-
cal characteristics are presented in Table 1. The co-
hort contained 64.9% samples from females, and 35.1%
males. The, majority of cases were diagnosed in individ-
uals aged 60-69 (30.3%) and the majority of cases were
stage II and III (36.7% and 28.6%). Additionally, 74.6%
of cases responded to treatment and 67.0% were alive at
date of censoring.

Of the female cases 90.8% were HPV positive; of the
male cases, 84.6% were HPV positive. The majority of HPV
positive cases were diagnosed in the 60-69 (31.1%) age
range and were stage II (37.8%). Overall, 76.2% responded
to treatment and 70.1% were alive at censoring.

With respect to the cases assessed for the quantitative
analysis, 69.7% of samples were from females, 30.3% from
males. The majority were diagnosed aged 60-69years
(31.0%), at stage II (37.2%). A total of 76.6% responded
to treatment and 71.7% were alive at time of censoring.
A higher proportion of those with high VL responded to
treatment compared to those with low/medium VL (81.2%
for the high VL group vs. 74.5% and 74.0% for the low and
medium VL group). A higher proportion of those with
high VL were alive at the time of censoring (87.5% for the
high VL group vs. 61.7% and 66.0% for the low and me-
dium VL group. (Table 1).

3.2 | Qualitative analysis of HPV in anal
cancer samples

A total of 185 anal cancer samples were genotyped
for HPV. Of the 185 cases, 164 (88.6%) samples were
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positive for at least one HPV type. High-risk (hr) types
were detected in 87.03% of the samples. Monoinfection
of HPV16 was present in 145 (78.4%) samples. Seven
samples (3.8%) had a combination of HPV16 and other
hr-HPV type(s). Two samples (1.1%) were co infected
with HPV16 and a low-risk type. HPV18 was the second
most dominant type, present in three samples (1.6%).
HPV 33 and 68 were detected in two samples (1.1%),
HPV 35, HPV 51 and HPV 52 in 1 (0.5%) while HPV 39
was detected in three (1.6%). The presence of low-risk
types without any other hr-HPV was detected in three
samples (1.6%).

3.3 | Does HPV positivity have an impact
on survival in patients with anal cancer?

Of the 185 cases included in the qualitative analysis, 61
(33.0%) patients died during follow-up.

Kaplan-Meier curves were produced and stratified
by HPV status (positive and negative) (Figure 1A), and
HPV16 status (Figure 1B). HPV positivity and HPV16 pos-
itive status were associated with better survival (log-rank
test p value 0.0077 and 0.006, respectively).

HPV +ve status was associated with improved over-
all survival in the univariate analysis with a hazard ratio

(A) Swama = HPV Neg “~ HPV Pos
1.00
2
; 0.75
g
; 050
i 028
g p =0.0077
000
0 50 100 150
Months
Number at risk
i H 21 9 2 0
- A 164 79 25 0
0 S0 100 150
Months
(8) Swata < WPV Neg “= HPVI6 Pos
1.00
&
% 0rs
§ 080
025
§ p = 0006
0.00
FIGURE 1 Overall Survival 0 “ 100 150
probability for “any’ HPV positive versus Months
HPV negative cases (A) and for HPV16 Number at risk
positive and non-HPV16 positive cases N 21 9 2 0
(B) using Kaplan-Meier estimator. HPVY 154 7% 24 0
Survival time is expressed in months from 0 ) 100 150
Months

diagnosis date. Data censored in July 2020
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(HR) of 0.44 (0.23-0.82, p = 0.01) (Table 2). In the uni-
variate Cox model, variables associated with worse over-
all survival were Stage III; HR 5.0 (1.1-22), p = 0.003 and
Stage IV HR 25.6 (6.0-109), p<0.001 versus stage I and
response to treatment 0.12 (0.07-0.33) p<0.001 versus
non response to treatment. After adjusting for age, gen-
der, stage and response to treatment, HPV status contin-
ued to influence the overall survival, HR 0.24 (0.11-0.55)
p <0.001. When adjusting for age and gender alone, HR
for HPV positive status was 0.41(0.21-0.82) p = 0.011.

3.4 | Viral load range in the anal
cancer samples

A total of 145/154 HPV16 positive samples (94.1%) were
assoclated with valid reads in the ddPCR for HPV16 L1
sequences. Nine samples were excluded from the analy-
sis because they generated less than 10,000 droplets (the
threshold for validity) even after repeat testing.

Viral loads ranged from 0.021 to 710 copies of the HPV
L1 gene per cell with a mean of 60.57L1 copies. Those
who were deceased at time of analysis (41/145, 28.28%)
had a median L1 VL of 33.11 (IQR 3.6-43.5); while those
still alive (104/145, 71.72%) had a median L1 VL of 74.57
(IQR 8.2-104.5) (Table 3). A total of 47 samples (32.4%)
had a low VL, 50 a medium VL (34.5%) and 48 (33.1%) a
high VL. Mean VL was 3.8, 35.6 and 148.9 for low, medium
and high VL groups, respectively. Viral load stratified by
vital status, irrespective of underlying demographics is de-
scribed in Table 3.

3.5 | Viralload and impact on
clinical outcomes

Of those alive at the time of data censoring, 27.9% cancer
samples were assoclated with a low VL, 31.7% a medium
VL and 40.4% a high VL. Comparatively, in those who
died low VL was present in 43.9%, medium VL in 41.5%
whereas 14.6% had a high VL (Table 3).

For the Kaplan-Meier estimator, overall survival was
calculated by classifying viral load in three groups, low,
medium and high. Overall survival in these with medium
and high viral load was higher than in those with low VL
(p = 0.026), Figure 2.

Table 4 shows overall survival stratified by the clinical
and demographic variables described in Table 1 with viral
load categorised into the three tertiles with low VL as the
reference. High viral load was associated with improved
overall survival in the univariate analysis with a hazard
ratio (HR) of 0.28 (0.11-0.71, p = 0.007) compared to low
viral load. Variables associated with worse overall survival
in the univariate model were Stage IV vs. stage [ with HR
of 25.2 (5.65-113), p<0.001 and response to treatment
[HR of 0.13 (0.064-0.27) p <0.001] versus non response to
treatment.

After adjustment for age, gender, stage and response
to treatment, viral load did not significantly influence
the overall survival, medium VL HR 1.04 (0.45-2.40)
p = 0.924, high VL 0.39 (0.12-1.24) p = 0.111 compared to
low VL. In the age/gender adjusted Cox model, high viral
load was still associated with improved overall survival
compared to low VL (0.27, 0.11-0.68) p = 0.006.

TABLE 2 Univariate and multivariate hazard ratio of HPV status derived using Cox regression (N = 185)

Unadjusted HR
Variable Level (95% Cis) p value
HPV HPV Neg 1
HPV Pos 0.44 (0.23-0.82) 0.01
Sex Male 1
Female 0.85(0.51-1.4) 0.549
Age <50 1
50-59 1.6 (0.68-3.7) 0.288
60-69 1.2(0.53-2.9) 0.635
70and over  1.6(0.70-3.7) 0.257
Stage I 1
1 3.5(0.8-15) 0.095
1 5.0(1.1-22) 0.003
v 25.6 (6.0-109) <0.001
Response to No 1
treatment  yeg 0.12(0.07-0.21) <0.001

Adjusted HR Adjusted HR

(95% Cis) p value (95% Cis) p value

1 1

0.24 (0.11-0.55) <0.001 0.41 (0.21-0.82) 0.011

1 1

0.98 (0.52-1.87) 0955 0.90 (0.53-1.53) 0.704
1

1.09 (0.43-2.79) 0.852 1.84(0.77-4.37) 0.167

2.40 (0.97-5.98) 0.059 1.31 (0.56-3.06) 0.532

1.88 (0.69-5.11) 0217 1.48 (0.63-3.45) 0.365

1

4.28 (0.96-19.13) 0.057

5.67 (1.24-25.93) 0.025

18.58 (3.96-87.18)  <0.001

1

0.16 (0.07-0.33) <0.001
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TABLE 3 Viral loads obtained in the
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HPV16 +ve group L))
All Low VL (<12.3) 47 (3241%) 3.85
Medium VL (12.3-57) 50 (34.48%) 35.65
High VL (>57) 48 (33.10%) 148.93
All 145 60.80 (IQR 5.74-85)
Alive Low VL (<12.3) 29 (27.88%) 4.11
Medium VL (12.3-57) 33(31.73%) 37.16
High VL (>57) 42 (40.38%) 152.61
All 104 74.57 (IQR 8.25-104.5)
Deceased Low VL (<12.3) 18 (43.9%) 3.43
Medium VL (12.3-57) 17 (41.46%) 3272
High VL (>57) 6(14.63%) 123.25
All 41 33.11 (IQR 3.6-43.5)
FIGURE 2 Kaplan-Meier survival B - Lew VL Medum VL - AL
curve stratified by viral load (Low,
Medium and High). Survival time 100
expressed in months from the diagnosis z
date. Data censored at 31st July 2020 g o7 “\
§ =1
! 025
3 ’ p=0.026 —
o
0.00
0 S0 100 150
Months
Number at risk
34 16 4 0
g Medum VLY 29 16 5 0
Hig 82 41 14 0
0 50 100 150
Months

4 | DISCUSSION
To our knowledge this is the first study looking at viral
load in anal cancer samples and its association with over-
all survival. Most anal cancers included in this study were
positive for HPV (88.6%), with HPV16 being the clear
dominant type (93.3%) in the positive cases. This is con-
sistent with the high positivity of HPV in anal cancer and
the high prevalence of HPV16 reported by Desanjosé et al.”

We have identified that HPV status (HPV positive) was
associated with improved overall survival in the univar-
iate analysis compared to HPV negative cases. When ad-
justed, HPV status continued to influence overall survival.
This aligns with the systematic review by Urbute et al.,
where the authors found HPV DNA positive anal cancers

have significantly better OS compared with HPV negative
cancers.” Moreover, this observation is consistent with an
emerging pattern in other cancers associated with HPV,
including cervical,"** oropharyngeal,*** penile”’* and
vulvar cancers.”

The ddPCR assay indicated that high viral load as mea-
sured by quantifying HPV16 L1 gene copies was associ-
ated with a better clinical outcome than low copies of L1
in the univariate analysis, when compared with low and
medium VL. However, when Cox HR was adjusted, viral
load did not influence the overall survival. This could be
due to the relatively small sample size; as the confidence
interval just exceeds one, it is possible that a larger study
may tip into significance. If we consider the unadjusted
analysis, our observations with viral load and survival are
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TABLE 4 Univariate and multivariate hazard ratio of L1 viral load derived using Cox regression (N = 145)
Unadjusted HR Adjusted HR Adjusted HR

Variable Level (95% Cis) pvalue  (95% Cis) pvalue (95% Cis) pvalue
Viral Load Low (<12.3) 1 1 1

Medium (12.3-57)  0.91 (0.47-1.76) 0.774  1.04(0.45-2.40) 0.924 080 (0.40-1.60) 0.531

High (>57) 0.28 (0.11-0.71) 0.007  0.39(0.12-1.24) 0111  027(0.11-0.68)  0.006
Sex Male 1 1 1

Female 1.2(0.6-2.4) 0.625  1.09(0.47-2.53) 0.838  135(0.65-2.76) 0.419
Age <50 1 1 1

50-59 1.51 {0.58-4.0) 0.398 0.77(0.25-2.32) 0.639 1.30 (0.50-3.41)  0.588

60-69 0.94 (0.34-2.6) 0912 2.20(0.69-7.01) 0.183  085(0.30-2.40)  0.753

70 and over 1.53(0.56-4.2) 0.405 3.05(0.757-12.31) 0117 1.65 (0.58-4.65) 0.347
Stage 1 1 1

n 2.2 (0.48-10) 0302  2.31(0.48-11.18) 0.299

1 2.9 (0.62-14) 0178  2.58(0.50-13.23) 0.254

v 25.2(5.65-113) <0001 2152 <0.001

(4.01-115.41)
Response to No 1 1
treatment  yeq 0.13 (0.064-0.27) <0001  0.23(0.09-0.56) 0.001

similar to those seen for oropharynx, where high viral load
correlated with improved survival using the same ddPCR
technology applied in the present study.” Moreover, other
investigators have shown a link with viral load and sur-
vival in cancers of the cervix,”** head and neck®”” and
anus.” Although use of viral load for active clinical man-
agement is still unclear; a biomarker of risk(s) that may
inform multidisciplinary meeting discussion and/or serve
as a marker for therapeutic strategies could have value.

The reason as to why higher viral load may plausibly
confer a better prognosis (notwithstanding any associa-
tion with stage) in HPV associated disease is not fully un-
derstood. It is feasible that a higher viral load in epithelial
cells may maximise exposure to immune effector cells.
Additionally, in cervical cancer cases, high viral load, me-
diated by integrated or episomal genomes has been shown
to link with high levels of viral oncoprotein expression.
For integrated genomes, epigenetic drivers and changes in
stability of transcribed E6 E7 mRNAs are the main mech-
anisms of increased viral oncogene expression.™ By con-
trast, episomal genomes may have the ability to express
the entire viral proteome and this may repress viral onco-
gene expression. For oropharyngeal cancers, studies have
shown that those cases that have an episomal genome
status and high viral load have a more favourable progno-
sis.”**** We did not explore physical status of the genome
in the present work, but this would be an interesting area
to explore in the future.

We decided to use ddPCR given the relative lack of
data on the implications of VL in the anal disease context
and the fact that ddPCR delivers a high precision, ™!

arguably higher than that achievable by normalised real-
time PCR. Additionally, ddPCR platforms are likely to
have an increasing role in service laboratories to support
precision testing in solid and liquid biopsies including
for the measurement of circulating HPV and tumour
DNA 3

There are limitations to the study--although the sam-
ple set was well annotated it was still relatively small. A
larger study would have conferred greater power to inves-
tigate the impact of viral load, particularly in view of the
various adjustments. Also, we did not account for differ-
ences between margin versus canal tumours or percentage
of tumour captured as this information was not available
to us. Additionally, due to the relationship of HIV with
anal cancer development, knowledge of HIV status and
markers of immune status/competence would have been
avaluable addition to our data set.

Notwithstanding the above limitations, we would
argue that assessment of HPV status in anal cancer cases
and viral load is worthy of further investigation. High
viral load of HPV in anal cancer serves as a proxy for im-
proved survival and may have potential as biomarker-
~particularly at an early stage in clinical management
where response to treatment is unknown. Larger series
and studies which investigate this relationship further
are welcome.
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Abstract: The incidence of anal cancer is rising worldwide. As identified in cervical cancer man-

I t, an improv: it in the early detection and management of anal pre-cancer is essential.
In other cancers associated with human papillomavirus (HPV), HPV 16 sub-lineages have been
shown to be associated with disease status and prognosis. However, in anal cancer, they have been
under-explored. A total of 119 HPV 16-positive anal cancer lesions diagnosed between 2009 and
2018 in Scotland and 134 HPV 16-positive residual rectal swabs from asymptomatic men collected
in 2016/7 were whole genome sequenced. The association of HPV 16 sub-lineages with underlying
disease status (cancer vs. asymptomatic) and overall survival in anal cancer samples was assessed
{comparing Al vs non-Al sub-lineages). A1 was the dominant sub-lineage present in the anal cancer
(76.5%) and the asymptomatic (76.1%) cohorts. A2 was the second most dominant sub-lineage in both
groups (16.8% and 17.2%, respectively). We did not observe significant associations of sub-lineage
with demographics, clinical variables or survival (Al vs. non-Al sub-lineages (HR 0.83, 0.28-2.46
p = 0.743)). HPV 16 sub-lineages do to not appear to cluster with disease vs asymptomatic carriage or
be independently associated with outcomes in anal cancer patients. Further international studies on
anal HPV sub-lineage mapping will help to determine whether this is a consistent observation.

Keywords: human papillomavirus; HPV 16 sub-lineages; anal cancer

1. Introduction

Anal cancer is one of the six cancers shown to have a human papillomavirus (HPV)
aetiology [1]. Most HPV-positive anal cancers are caused by HPV type 16 (HPV 16), and in
a recent population-based assessment in Scotland, in cases diagnosed between 2009-2018,
HPV 16 was detected in 93.3% of the HPV positive cases [2], higher than the amount of
HPV 16 attributable to cervical cancer [3].

Additionally, as with other HPV-driven cancers, anal cancer incidence is increasing
worldwide, including in the USA and Europe [4-7].

HPVs are formally classified as “types” based on the nucleotide sequence of the open
reading frame (ORF) coding for the major capsid protein: L1 [8]. HPV types differ by
more than 10% of their primary sequence compared to their most closely related type [8].
Phenotypic differences in HPV types with respect to disease risk and tissue tropism are well-
established, and this knowledge has informed the development of effective vaccines and
HPV-based cervical screening assays. However, below the level of HPV type exist lineages
(with 2-10% variation) and sub-lineages (0.5% to 2% variation) [9], and the implications of
this level of variation on clinical outcomes of infection is less established.
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For HPV 16, four lineages have been identified (lineages A, B, C and D), as well
as 16 sub-lineages: A, including A1-A3 (previously named European) and A4 (Asian)
sub-lineages; B, including B1 (African-1, Afrla) and B2 (African-1, Afrlb), B3 and B4 sub-
lineages; C1 (African-2, Afr2a), C2, C3 and C4; and D, including D1 (North American,
NAL1), D2 (Asian-American, AA2), D3 (Asian-American, AAl) and D4 sub-lineages [9].

Although some investigators have assessed the global distribution of sub-lineages, the
majority have focused on cervical cancers rather than other HPV-driven cancers. In 2013,
Cornet et al. looked at the HPV lineages in cervical cancers and showed that European
sub-lineages (A1-A3) were the most common in all regions of the world, except in sub-
Saharan Africa and East Asia, whereas the African sub-lineages dominated in the northern
sub-Saharan region of Africa, and the Asian variant in East Asia [10]. Nicolds-Pdrraga et al.
(2016) found similar results, with A1-3 present in 95.65% of the cases in Europe, 78.26% in
Central /South America (D in 21.73%) and 80% in Asia (12% A4 and 7.69% D) [11].

In terms of HPV 16 sub-lineages present in the anus, data is relatively sparce. Volpini et al.
(2017) investigated the HPV 16 variants in anal samples collated in Brazil, finding that
70.8% were classified as A1-3 sub-lineages and 29.2% as “other” [12]. A recent systematic
review, performed by Ferreira et al. (2021) of genetic variants of HPV-16 in men, found
HPV 16 lineages vary according to anatomical and geographical regions, but they found
that European samples had a high prevalence (86.59%) of HPV 16 lineage A [13].

In the context of cervical disease, evidence suggests that sub-lineages and variants
may be independently associated with poor clinical outcomes. Mirabello et al. (2015) [14]
revealed a higher risk of disease associated with B/C/D lineages as a group compared to
the A lineage. Clifford et al. (2019). also found an increased cervical cancer risk for A3,
A4 and D-(sub-) lineages vs the Al sub-lineage. A more recent study by Lang Kuhs etal.
(2022) looked into the genetic variation of HPV 16 and its association with clinical outcomes
in HPV 16-positive oropharyngeal cancer patients. They investigated different high-risk
single nucleotide polymorphisms (SNPs) and found that those with one or more high-risk
SNPs had a median survival time of 3.96 years compared to 18.67 years for those with no
high-risk SNPs. Most of these SNPs were common to the D2 sub-lineage, which have also
been associated with higher risk of cancer in the cervix [14]. However equivalent studies
on anal cancer are rare.

We recently identified that the viral load of HPV16 in anal cancer may be informative
for prognosis [2]. Now, due to the information published on the association of HPV
16 sub-lineages and cancer risk yet the comparative absence of data in the anal context,
we aimed to better understand the pattern and dominance of HPV 16 sub-lineages in a
population-based cohort of anal cancer and to determine whether significant associations
with sub-lineage and demographic or clinical variables existed). Data obtained from the
cancer cohort was contextualized and compared to variant profile in anal samples obtained
from an asymptomatic population.

2. Material and Methods
2.1. Sample Collection

A total of 150 HPV 16-positive anal cancers and 182 DNA extracts from residual
rectal swabs obtained from asymptomatic men were selected for HPV 16 sub-lineage
identification through whole genome sequencing (WGS).

2.1.1. Anal Cancer Cohort, Collection and Annotation

For the present work, we used the same anal cancer (n = 150) sample set as described in
detail in Guerendiain et al. (2022) [2]. Briefly, nucleic acid extract associated with archived
formalin-fixed, paraffin-embedded tissue was genotyped using the Seegene Anyplex II
28 (Seoul, Korea), followed by storage at —80 °C. Anal cancer biopsy samples were taken
between 2009 and 2018 as part of the management of patients with anal disease from 3 of
the 14 territorial health boards in Scotland (NHS Lothian, NHS Borders and NHS Fife).
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HPV typing was performed at the Scottish HPV Reference Laboratory, Edinburgh,
UK. One 10 pum section per sample was obtained and incubated in Seegene Universal Lysis
Buffer (LB) at 65 °C overnight. DNA extraction was performed using the Microlab Nimbus
IVD (Hamilton, Reno, USA) with the StarMAg Universal cartridge Kit (Seegene), following
manufacturers’ instructions. Mastermix was prepared with the Nimbus and PCR on the
CFX Real-Time PCR instrument (Biorad, CA, USA).

As described in Guerendiain et al. (2022), clinico-demographic information was
obtained in January 2020, specifically the patient’s age, sex, stage of cancer (using the
American Joint Committee on Cancer (AJCC) TNM system) [15], response to treatment,
date of diagnosis and vital (dead /alive) status. Age and stage of cancer were considered
at the time of diagnosis. Vital status information and date of death data was censored in
July 2020.

Cases categorized according to the various clinical and demographic variables are
summarized in Table 1. Age was stratified in 4 different groups: <50, 50-59, 60-69 and
0. Response to treatment was organized in 3 groups: yes, no or unknown, following the
ESMO guidelines for anal cancer [16]. Cancer stage was aggregated in 5 groups: I, IL III, IV
and unknown, following the AJCC system effective January 2018 [15].

Table 1. Anal cancer cohort: clinical characteristics and demographics with valid NGS analysis.

Variable Level n=119 Yo
Sex Female 90 75.6
Male 29 244
Age <50 15 126
50-59 32 269
60-69 39 328
70 and over 3 277

Stage 1 18 15.1
I 48 403

1 36 30.2

v 16 134

Unknown 1 08

Response to

treatment Yes 95 798
No 17 143

Unknown 7 59

Vital status Alive 87 731
Deceased 30 25.2

Unknown 2 17

2.1.2. Residual Rectal Swabs from Asymptomatic Men

To contextualize the sequences observed in the anal cancers, a disease-free control
group of anonymized residual rectal swabs obtained from asymptomatic men attending
sexual health clinics were collated for downstream WGS. These samples had previously
been genotyped as a consequence of immunization surveillance in Scotland [17]. DNA was
extracted from the residual rectal swabs by Qiagen MDx (Hilden, Germany) or Seegene
Universal Extraction System, obtaining an eluate volume of 100 uL. HPV genotyping
was performed using the Seegene Anyplex II and the Optiplex HPV Genotyping Kit
(Heildelberg, Germany), detecting 28 and 24 different HPV types, respectively.

A total of 182 anonymized DNA extracts from residual rectal swabs were collated.
Samples had originally been collected in the years 2016-2017 and were included if positive
for HPV 16.
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2.2. Governance

Use of samples for the present project was approved by the Southeast of Scotland
National Research for Scotland Bioresource (NRS) (application reference SR 1283 and
SR1364). A favorable ethical opinion to conduct the research was provided by University
of St Andrews Teaching and Research Ethics Committee, reference MD 14482,

2.3. PCR Target-Enrichment for Deep Sequencing of HPV 16

HPV 16 whole genome material was amplified using 47 overlapping amplicons de-
scribed in Cullen et al. [18] and optimized by Arroyo et al. [19] Briefly, primer sets were di-
vided into five different reactions to decrease self-dimer and cross-primer dimer formation.
PCRs were performed using Qiagen Multiplex PCR Master Mix (Qiagen, Hilden, Germany)
and 0.2 uM of each primer, according to manufacturers’ instructions. PCR amplification
products were pooled together according to sample name prior to library preparation.

2.4. Library Preparation

Libraries were prepared using the Illumina DNA prep kit (San Diego, CA, USA) fol-
lowing the manufacturer’s instructions, using 450 ng of DNA in 35 uL as input. Sequencing
was performed using the Illumina MiSeq instrument and the Illumina MiSeq reagent kit v2
500 cycles (2 x 250 bp). Libraries were normalized to 4 nM in combination with 12.5 pM of
PhiX (Illumina).

2.5. Quality Control and Quality Analysis

HPV 16-positive (SiHa) and HPV-negative (water) controls were added at the DNA
extraction step and carried through the PCR, library preparation and data analysis stages.
Individual amplification products were assessed using a Bioanalyzer (Santa Clara, CA,
USA). Quality control for library preparation included both controlling the library size using
an Agilent Tapestation (Santa Clara, CA, USA) and determining the DNA concentration
using the Qubit dsDNA High-Sensitivity Assay Kit (ThermoFisher, Waltham, MA, USA).

As a further quality control for analysis of the sequence data generated, a subset
of 25 fastq files were sent to the International HPV Reference Laboratory in Karolinska,
Sweden for independent bioinformatic analysis and sub-lineage identification.

2.6. Bioinformatic Analysis

Reads obtained from Illumina were de-multiplexed and converted to fastq files. All
fastq files were quality and adaptor trimmed using Trimmomatic (v0.39) [20]. Only high-
quality paired reads (-phred 33 -leading 3 -trailing 3- slidingWindow: 4:15) with 150 bp
were used for further analysis. FASTQC tools were further used to assess whether any
adaptors remained [21]. High-quality reads were then mapped to the HPV 16 reference
genome from the Papillomavirus Episteme (PaVE) [22] using bwa (v0.7.17) [23], to create a
sam file. Due to the circular HPV genome, the reference genome was modified by adding
the 258 nucleotides from the beginning to the end of the genome sequence to not lose
coverage of amplicons 46 and 47. SAMtools (v1.14) [24] was then used to convert files
from sam to bam and to curate files for the variant calling. BCFtools (v1.14), mpileup and
consensus tools were used for the variant calling and for the generation of a consensus
sequence [25], using default parameters. Positions not covered were annotated as Ns.

New consensus files were aligned using MAFFT (v7.490) with default parameters [26].
A manual edit was performed when required. Maximum likelihood trees were inferred
using RaxML (v2.0.8) [27] with the GTR substitution model (ML + transfer bootstrap
expectation + consensus, 1 run, 100 reps). Visualization of the trees generated by RaxML
was performed using Figtree (v1.4.4). Each sample was assigned with a sub-lineage
corresponding to the nearest neighbor.

Sub-lineages references were obtained from the PAVE for each of the HPV 16 sub-
lineages: Al (K02718.1), A2 (AF536179.1), A3 (HQ644236.1), A4 (AF534061.1), B1 (AF536180.1),
B2 (HQ644298.1), B3 (HQ644298.1), B4 (KU053914.1), C1 (AF472509.1), C2 (HQ644244.1),
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C3 (KU053920.1), C4 (KU053925.1), D1 (HQ644257.1), D2 (AY686579.1), D3 (AF402678.1)
and D4 (AF402678.1) A sub-lineage assignment was performed for all specimens excluding
those with <100 x median depth or low genome coverage (<80% genome coverage).

2.7. Assessment of Variants According to Clinic-Demographic Characteristics and
Survival Analysis

To assess the relationship between HPV sub-lineages and different factors (two or more
independent variables), a univariate logistic regression analysis was performed between
HPV 16 sub-lineages (HPV 16 Al-positive vs. HPV 16 non-Al-positive), age at diagnosis,
collection year and health board of diagnosis. Adjustment was performed for age group
(<50, 50-59, 60-69 and 70 or over), sex, response to treatment, stage of cancer and vital
status (dead or alive). Comparison was performed between Al vs. non-Al sub-lineages
due to the small number of samples identified from the different sub-lineages. The non-Al
group includes the following sub-lineages: A2, A3, A4, B1, B2, B3, B4, C1, C2, C3,C4, D1,
D2, D3 and D4.

Odds ratios (OR) were calculated to quantify the strength of the association between
HPV 16 sub-lineages and the demographic and dlinical data. All the statistics were obtained
using R-studio macOS, (version 1.2.1335) [28]. The distribution of sub-lineages in anal
cancers vs. the asymptomatic population was assessed with sequences from the two groups
displayed in a phylogenetic tree.

Overall survival by HPV 16 sub-lineages (HPV 16 Al-positive vs. HPV 16 non-Al-
positive) was analyzed using the Kaplan-Meier method. The univariate and multivariate
hazard ratios of HPV 16 sub-lineages (HPV 16 Al-positive vs. HPV 16 non-Al-positive)
for all-cause death were derived using the cox proportional hazard model. A univariate
and multivariate model was derived; age (<50, 50-59, 60-69, 70+), sex, stage (I, II, III,
IV) and response to treatment (no, yes) were adjusted for. All the statistical analyses
were performed using R-studio (version 1.2.1335) [29]. Differences in prevalence of the
HPV 16 sub-lineages between the anal cancer cohort and asymptomatic control cohort are
presented descriptively.

3. Results

A total of 182 asymptomatic/control samples and 150 anal cancer samples were
subjected to WGS. In the anal cancer cohort, 119 /150 (79.3%) samples passed the quality
parameters, and in the asymptomatic men cohort, 134/182 (73.6%) were valid. This lefta
total of 253 samples for inclusion for detailed sequencing/phylogenetic analysis. Twenty-
five of these sequences were also analyzed by the International HPV Reference Center as a
further quality control for analysis. Results showed 100% agreement.

3.1. Distribution of HPV 16 Sub-Lineages in Anal Cancers

Of the 119 cancer cases with sufficient read depth (>100x median depth and >80%
genome), the HPV 16 sub-lineage Al was identified in 91 anal cancer samples (76.5%),
followed by A2, which was identified in 20/119 (16.8%) of samples. A4 was detected in
5/119 samples (4.2%). Two samples were classified as B1 (1.7%), one as A3 (0.8%) and one
as D1 (0.8%). Further detail of HPV 16 sub-lineages in anal cancers is described in detail in
Table 2 and Figure 1.

Table 2. HPV 16 sub-lineages identified in the anal cancer and asymptomatic cohorts.

Anal Cancer Asymptomatic Group
Sub-Lineage N % (N =119) N % (N =134)
HPV 16 Al 91 76.5% 102 76.1%
HPV 16 A2 20 16.8% 23 17.2%
HPV 16 A3 1 0.8% 0 0%
HPV 16 A4 5 4.2% 0 0%
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Table 2. Cont.
Anal Cancer Asymptomatic Group
Sub-Lineage N % (N =119) N % (N =134)
HPV 16 B1 2 1.7% 2 1.5%
HPV 16 B2 0 0.0% 1 0.7%
HPV 16 B3 0 0.0% 0 0%
HPV 16 B4 0 0.0% 0 0%
HPV 16 Cl 0 0.0% 2 1.5%
HPV 162 0 0.0% 0 0%
HPV16 (3 0 0.0% 0 0%
HPV 16 C4 0 0.0% 0 0%
HPV 16 D1 1 0.8% 4 3.0%
HPV 16 D2 0 0.0% 0 0%
HPV 16 D3 0 0.0% 0 0%
HPV 16 D4 0 0.0% 0 0%
Total 119 134
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Figure 1. Phylogenetic tree representing the HPV 16 sub-lineages present in the anal sample and
control groups.
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3.2. HPV 16 Sub-Lineages in the Control Cohort

Of the 134 control samples, most samples were classified (76.1%) as A1, followed by
A2, identified in 23/134 (17.2%) of samples. D1 sub-lineage was identified in 4/134 samples
(3.0%), and C1 and Bl were identified in two cases each (1.5%). B2 was present in 1/134
(0.7%). Table 2 describes the number of cases identified for each sub-lineage, and Figure 1
contains the phylogenetic tree obtained from the control cohort.

3.3. Differences in Prevalence of HPV 16 Sub-Lineages between Anal Cancer and Control Cohort

No major differences in the proportion of Al and A2 sub-lineages were observed
between the case vs. control cohorts, being 76.4% vs. 76.0% and 16.2% vs. 17.0%, respec-
tively. Whereas the case cohort revealed the presence of the A4 sub-lineage in 4.2% of anal
cancers, this sub-lineage was not present in the control cohort. Conversely, the C lineage
was present in 1.5% of control specimens and was not detected in cancer cases. Finally,
there was a slight increase in the D1 sub-lineage observed in the control vs. case cohort
(3.0% vs. 0.8%).

3.4. Association of HPV 16 Sub-Lineages with Demographic and Clinical Variables

From the 119 anal cancers, four samples did not contain vital status information and
were not included in the analysis. Due to the dominance of the Al sub-lineage, the logistic
analysis and odds ratio analysis were performed based on the presence or absence of the
HPV 16 sub-lineage A1l.

No significant differences in A1 positivity with sex, age, response to treatment, stage
or vital status were observed. This observation was consistent for the adjusted analysis
(Table 3).

Table 3. Influence of Al sub-lineage presence stratified by demographic and clinical variables. The
comparator for the odds ratio (univariate and adjusted) is A1 absence.

R Unadjusted Adjusted OR
Variable Level OR (95% Cis) p Value (95% Cis) p Value
Sex Male 1 1
Female 1.12 (0.39-2.92) 0.827 1.09 (0.37-3.00) 0.87
Age <50 1 1
50-59 1.20 (0.27-4.80) 08 1.11 (0.24-4.56) 0.89
60-69 1.50 (0.34-5.93) 057 1.82 (0.40-7.67) 0.416
70and over  1.37 (0.30-5.67) 0.666 1.63 (0.34-7.41) 0.529
Response to No 1 1
treatment
Yes 1.02 (0.26-3.26) 0.968 1.18 (0.34-7.41) 0.528
Stage 1 1 1
1 1.36 (0.37-4.62) 0.625 1.28 (0.33-4.51) 0.706
I 1.60 (0.40-6.11) 0.486 1.56 (0.38-6.06) 0522
1.80 3.03
v (0.36-10.40) 0478 (042-29.47) 0289
Vital Status Alive 1 1

Deceased 1.01 (0.39-2.85) 0.983 0.92 (0.25-3.81) 0.907

3.5. HPV 16 Sub-Lineages and Overall Survival

For the Kaplan-Meier estimator, overall survival was calculated by classifying HPV
16 sub-lineages into Al presence or absence. No differences in overall survival were found
between both sub-lineage groups (p = 0.57), Figure 2.
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Figure 2. Kaplan-Meier survival curve stratified by HPV 16 sub-lineages (A1 vs. Non-Al). Survival
time expressed in months from the diagnosis date. Data censored on 31 July 2020.

Table 4 shows overall survival stratified by the clinical and demographic variables (age
group, sex, cancer stage and response to treatment), with HPV 16 sub-lineages categorized
into the two groups (Al vs. non-Al) with Al as the reference. Non-Al (vs. Al) was
not associated with improved overall survival in the univariate analysis, with a hazard
ratio (HR) of 0.87 (0.37-2, p = 0.751). Variables associated with worse overall survival in
the univariate model were stage IV vs. stage I with HR of 15.7 (3.38-72.8), p < 0.001 and
response to treatment vs. no response to treatment with HR of 0.11 (0.05-0.25) p < 0.001.
After adjustment for age, gender, stage and response to treatment, non-A1 sub-lineages did
not significantly influence the overall survival compared to Al, with a HR 0.83 (0.28-2.46,
p = 0.743).

Table 4. Hazard ratio of HPV 16 sub-lineages (univariate and multivariate) derived from Cox
regression (N = 115) in anal cancer samples collected between 2009 to 2018 in the southeast of Scotland.

Unadjusted HR Adjusted HR

Variable Level (95% Cis) p Value (95% Cis) p Value
HPV 16 sub-lineage Al (n = 88) 1 1
Non-Al (n=27) 0.87 (0.37-2) 0.751 0.83 (0.28-2.46) 0.743
Sex Male 1 1
Female 1.2 (0.48-29) 0.71 0.88 (0.32-2.39) 0.795
Age <50 1 1
50-59 1.10 (0.33-3.70) 0.877 0.83 (0.21-3.26) 0.788
60-69 0.85 (0.26-2.8) 0.795 2.67 (0.607-11.72) 0.194
70 and over 1.54 (0.48-5.0) 0.466 5.56 (1.082-28.58) 0.04
Stage 1 1 1
1l 17(0.37-8.1) 0.49 234(0.47-11.74) 0302
1l 2.4 (0.50-11.6) 0.274 2.26(0.42-12.27) 0344
v 15.7 (3.38-72.8) <0.001 15.95 (2.45-10.3.82) 0.004
Response to treatment No 1 1
Yes 0.11 (0.05-0.25) <0.001 0.12 (0.03-0.39) <0.001
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If only Al and A2 samples were considered, no significant differences in HR were
found when using Al as the reference (HR 0.74, 0.25-2.1, p = 0.575).

3.6. Integration

Although it was not the main aim of the study, the absence of part of the HPV 16
genome was identified in 13/119 (10.92%) of the anal cancer samples. This absence indicates
the potential integration of the HPV16 in the human genome. The E2 gene was the most
frequently missing region, followed by E4, E5 and L2 E1 and L1 (see Table 5 for details).
Notably, all cases retained E6 and E7 oncogenes. Due to the small number of cases in which
integration was detected, no further analysis was performed. No integration was detected
in the asymptomatic cohort.

Table 5. HPV integration identified in the anal cancer cohort.

HPV Genes Integration in the Anal Cancer
Samples (n =13)

L1 only
Elonly
El, E2, E4
E2, E5, part E2
E2, E4,E5,L2, L1
El, E2, E4, E5 and part L2
El, E2, E4, E5, L2 and part L1
El, E2, E4, E5, L2 and L1 complete

2

LN U e e e

4. Discussion

Previously, we described that 93.3% of HPV-positive anal cancer cases diagnosed in
Scotland between 2019 and 2018 were caused by HPV 16. In this study, we have identified
that 76% of cases belonged to the Al sub-lineage, followed by A2 (16%).

In the control group of asymptomatic men, a similar prevalence of Al and A2 was
observed. Differences identified were the presence of A4 in the anal cancers (4.7%), which
was absent in the control group; presence of the C lineage only detected in the control
group; and the presence of the sub-lineage D1 in the control group (3%), which had a
lower prevalence of 0.81% in the cancers. This higher prevalence of sub-lineages Al
and A2 is consistent with previously published studies in European cohorts. Gongalves
et al. (2022) found a higher prevalence of the A lineage in the anal canal of asymptomatic
men, mainly Al [29], and Nicolas-Pirraga et al. (2016) found that A1-3 sub-lineages
were identified in 96.1% of the European cases [30]. Beyond Europe, Volpini et al. (2017)
investigated the HPV 16 variants in cervical and anal samples collated in Brazil and
determined that proportionally less of the anal cancer samples (70.8%) were classified as
A1-3 sub-lineages [12].

The data collated in the study add to the limited information on the pattern and impli-
cations of HPV sub-lineages in the anus. Though we did not see significant associations
with demographic and underlying disease status, these observations need to be confirmed
or refuted by future studies with larger sample sizes.

To our knowledge, no other studies have investigated the association of HPV 16 sub-
lineages in anal cancer and overall survival. We did not observe that Al vs. non -Al sub-
lineages influenced overall survival in the univariate and adjusted analysis. Interestingly,
a recent study was reported by Lang Kuhs et al. (2022) in which the authors looked
into the genetic variation of HPV 16 and its association with clinical outcomes in HPV
16-positive oropharyngeal cancer patients [31]. They investigated different high-risk single
nucleotide polymorphisms (SNPs) and found that those with one or more high-risk SNPs
had significantly shorter median survival times. Most of these SNPs were common to
the D2 sub-lineage, which has also been associated with a higher risk of cancer in the
cervix [14]. Due to the absence of D2 cases in the present study, we were not able to explore
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this in the present work; however, the identification of these high-risk SNPs may be very
helpful for patient and treatment management.

Although we identified potential integration of the HPV16 genome (calculated through
the loss of the sequence), due to the small number, we did not perform any further analysis,
including in relation to implications for survival. Given the relative lack of information on
the extent and implications of integration in anal cancer, we would assert that this is an
area that would benefit from further study.

We acknowledge this study has limitations; the asymptomatic population were all
men, whereas the cancer population had a majority of female (75.63%) samples compared to
males (24.37%); this was due to pragmatic reasons relating to available material. However,
data did not show differences in the distribution of HPV 16 sub-lineages between women
and men in the anal cancer group. Additionally, as discussed earlier, we believe the
observations made in the present work would benefit from validation in a larger sample
of cases and controls and would hope this study serves as a primer for such. Though the
number of cases of cancers was not trivial (n = 253), particularly given that the Scottish
European age-standardized rate (EASR) (per 100,000 person-years at risk) was 2.6 in 2017,
we appreciate that detecting rarer sub-lineages with precision can take large sample sizes.

In the UK, there is no screening program for anal cancer. However, since 2017, there
has been an opportunistic vaccination program for MSM, and in 2019, the national HPV
vaccination became gender neutral. In term of vaccines, a study from Godi et al. (2019)
reported that HPV 16 lineage variants B, C and D exhibited slightly (<two-fold) reduced
sensitivity to nonavalent vaccine sera compared to lineage A [32].

Therefore, the high prevalence of lineage A in the samples included in this study
could be interpreted as positive for vaccine efficacy, particularly given that gender-neutral
vaccination is now a part of core policy in the UK and several other countries.

This study has demonstrated the technical feasibility of detecting HPV 16 sub-lineages
in anal cancer samples and residual material from rectal swabs. Though some differences in
the presence of non-A sub-lineages were detectable between the cancer and asymptomatic
population, the consistency, magnitude and implications of these would benefit from
further study. The domination of lineage A is consistent with existing European data and
suggests that sub-lineage identification in itself may not be informative for prognostication.
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You must report any serious adverse events, or significant changes not covered by this approval, related to this
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o the details provided in your ethical amendment application (and the original ethical application
where still relevant)
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o the conditions of any funding associated with your work
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Dear Daniel
Thank you for submitting your ethical amendment application.

The School of Medicine Ethics Committee has approved this ethical amendment application:

Original Approval | MD14482 Original Approval Date: | 5 July 2019
Code:

Amendment 2 | 30 January 2020 Approval Expiry Date: | 5 July 2024
Approval Date:

Project Title: | Taxonomic and functional diversity of HPV variants in an era of vaccination

Researcher(s): | Daniel Guerendiain Regalado Supervisor/Pl: Professor Matthew Holden

School/Unit: | School of Medicine
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1. Ethical Amendment Form
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6 months. For longer extensions, or for any further changes, you must submit an additional ethical amendment
application. For all extensions, you should inform the School Ethics Committee when your study is complete.

You must report any serious adverse events, or significant changes not covered by this approval, related to this
study immediately to the School Ethics Committee.
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o the details provided in your ethical amendment application (and the original ethical application
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o the University’s Principles of Good Research Conduct
o the conditions of any funding associated with your work

e that you obtain all applicable additional documents and approvals (see the relevant webpage for guidance)
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