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POPULAR SCIENCE SUMMARY OF THE THESIS

Background and previous findings. Human papilloma virus (HPV) is a virus family with
more than 200 different members, called HPV types of which infect skin and others infect
the mucous membranes in the genital and oral area in humans. Most HPV types are
harmless and the infection is either cleared, or in some cases the virus may trigger the
development of warts or papillomas, similar to what related papilloma viruses can cause in
animals, and this is how they got their name.

However, in humans some HPV types can cause cancers, and these HPV types are referred
to as high-risk (HR) HPV types. HR-HPVs can cause anogenital cancers, such as cancer of
the cervix as well as specific cancers also in the head and neck region. It has the past
decades been shown that some cancers in the upper throat region have increased in
prevalence, and these are in fact mainly attributed to HPV-positive (HPV™) tonsillar and
base of tongue cancer (TSCC and BOTSCC).

In previous studies, before HPV vaccination was introduced into the school-based
vaccination program in Sweden, we therefore looked at the prevalence rates of oral and
cervical HPV infections in patients 15-23 years of age at a youth clinic in Stockholm. The
sampling was initially done during the time period between 2008-2010, and followed up
during the period of 2013-2015 and later with the aim to follow HPV oral and cervical
prevalence before and after HPV vaccination. As HPV vaccine rates increased, HPV
vaccine type prevalence went down in youth.

In parallel, during the past decades, several studies have shown a possible link between the
bacteria in the gut as well as in the vaginal region and several diseases. Bacteria and
microorganisms are also referred to as microbiota. In fact, during the mid-2010s several
studies showed possible linkage between vaginal microbiota and obstetric outcomes,
inflammatory disease, as well as sexually transmitted disease. Later, several meta-studies
and one DNA sequencing study abroad, showed an association between HPV prevalence
and microbiota. So this thesis also deals with microbiota and HPV.

As mentioned above HPV associated TSCC and BOTSCC have increased in incidence
during the past decades and therefore more information about these tumours is important
and also whether it is possible to screen has been of importance. Further, it has previously
been shown that most HPV associated anogenital cancers go through three stages of
development; pre-malignant stages, dysplasia and high-grade dysplasia/cancer in situ, and
later transformations into malignant stages; invasive cancer, and metastatic cancer, so for
cervical cancer screening is available. However, these stages are not well studied in HPV*
TSCC or BOTSCC so more information on this subject would be useful.

In addition, it was shown that patients with HPV* TSCC and BOTSCC have a better overall
and disease-free survival as compared to patients with corresponding HPV-negative (HPV")
cancer, when treated the same way. So to better individualize treatments many studies have
focused on identifying prognostic biomarkers and markers useful for targeted therapy to
better individualize patient treatment.

The aim of this thesis was therefore to follow up some of the above earlier findings and the
results are presented below.

In Paper I, we followed up HPV vaccination coverage and changes in cervical HPV
prevalence at a youth clinic in Stockholm, Sweden, during a decade after the introduction



of the HPV vaccine. The proportion of HPV vaccinated women increased from 10.7%
2008-2010 to 82.1% 2017-2018. An overall reduction of the HPV types included in the
vaccine was observed, more pronounced in vaccinated than in unvaccinated women.
However, other high-risk HPV (HR-HPV), not included in the vaccine strategy, still
remained high.

In Paper 11, we investigated possible influence of HPV status, age and vaccination status on
the vaginal microbiota in a cohort from Uppsala and Stockholm. Microbial alpha-diversity
was found to be much higher in the HPV infected group compared to the HPV negative
group, in particular if the women were infected with HR-HPV types and had multiple HPV
types. Moreover, as roughly double the number of women with non-/actobacilli dominant
vaginal microbiota were infected with HR-HPV types as compared to those that had L.
crispatus dominated vaginal microbiota after adjustment for age and vaccination status.
Consequently, infection with oncogenic HPVs was associated with non-lactobacilli
dominant vaginal microbiota.

In Paper III, we compared gene expression in HPV* versus HPV- high-grade dysplasia and
invasive TSCC and BOTSCC and found them to be similarly differentiated to invasive
cancer stages. Using immunohistochemistry (IHC) and RNA-panels, forty genes showed
differential expression (e.g. SPARC, psoriasin I, collagen-1 and galectin-1).

In Paper 1V, we performed whole-exome-sequencing on primary and relapsed HPV*
TSCC/BOTSCC, in an attempt to identify genetic markers possibly useful for prognosis or
treatment in the two groups. Specifically, for the CDC27 gene a deletion of high impact
was found only in tumours of patients that had relapsed but in no primary tumours of
patients without recurrence. Three variants, two with deletions in BCLAFI and OVCH2 and
one with a substitution in OR2735, and 26 mutated genes were disclosed as mutated in
>30% of all cases, thereby possibly consisting part of a global mutational signature for
HPV* TSCC/BOTSCC.

Conclusions. The presented studies in this thesis reaffirm the efficacy of the HPV vaccine
programs in Stockholm, but with a remaining continuous prevalence of non-vaccine HR-
HPV types. The results also suggest an influence from the HPV status on the vaginal
microbiota make up. Furthermore, the data suggest that that HPV* and HPV-
TOSCC/BOTSCC although not identical also likely have similar dysplastic cancer stages.
Finally, there are differences between the mutational profiles of HPV* TSCC/BOTSCC that
re-occur compared to those that do not re-occur, but also here there are genes that are
similarly altered in primary tumours of patients that are cured or that relapse.



ABSTRACT

Background and aims: Human papilloma virus (HPV) is a risk factor for anogenital and
oropharyngeal cancer (OPSCC) and commonly transmitted sexually although most
infections are cleared without adverse effects. Notably, the past decades the incidences of
HPV positive (HPV™), but not HPV negative (HPV") tonsillar and base of tongue cancer
(TSCC and BOTSCC), the two major OPSCC subtypes have both increased. For this
reason, we wanted to follow HPV-prevalence. Before HPV vaccination a high prevalence
of HPV was shown in the cervix and oral cavity of youth aged 15-23 years at a youth clinic
in Stockholm 2008-2010, but later, with rising vaccine coverage, a decrease of HPV
vaccine types was observed between 2013-2015. In parallel, in the mid-2010s many studies
showed a link between vaginal microbiota and obstetric outcomes, inflammatory disease, as
well as sexually transmitted disease. A few years later, several meta-studies and one DNA
sequencing study abroad, showed an association between HPV prevalence and microbiota.
In this context, of note, most HPV associated anogenital cancers go through three stages of
development, pre-malignant stages, dysplasia, high-grade dysplasia/cancer in situ, to
malignant stages, invasive cancer, and metastatic cancer. However, these stages are not
well studied in HPV* TSCC and BOTSCC and although there have been many biomarker
studies in these tumours additional ones would be of use to better individualize treatment of
these cancers. The aim of this thesis was therefore to follow up some of these findings.

Approaches. In paper I, we followed up the HPV vaccination coverage and HPV
prevalence at a youth clinic in Stockholm, to investigate vaccine effects. In paper II, we
investigated possible effects of HPV status, age and vaccination status on the vaginal
microbiota of women in a cohort from Uppsala and Stockholm. In paper III, we analysed
and compared gene expression in high-grade dysplasia and invasive cancer in HPV* and
HPV- TSCCC/BOTSCC with particular emphasis on HPV status. In paper IV, we did
whole-exome-sequencing on primary tumours of HPV*® TSCC/BOTSCC patients with and
without recurrences, to identify similarities and differences between the groups as well as to
identify markers of prognostic significance or candidates for targeted therapy.

Results: In paper I, the proportion of HPV vaccinated women increased from 10.7%
2008-2010 to 82.1% 2017-2018. HPV-vaccine types were reduced overall and more in
vaccinated than in unvaccinated women, but other high-risk HPV types still remained high.
In paper II, microbial alpha-diversity was significantly higher for HPV" compared to HPV-
patients. Twice as many HPV* than HPV- women had non-lactobacillus dominant vaginal
microbiota compared to L. crispatus dominated vaginal microbiota and oncogenic HPVs
were associated with non-lactobacillus dominant vaginal microbiota. In paper III, invasive
and non-invasive tumours gene-expression were compared using immunohistochemistry
(IHC) and RNA-panels. Forty genes showed differential expression, e.g. SPARC, psoriasin
I, collagen-1 and galectin-1 and HPV* and HPV- dysplasia was similarly differentiated
from invasive cancer. In paper IV, a high-impact deletion on CDC27 was observed only in
primaries of patients with relapse and 3 variants and 26 mutated genes, were present > 30%
of all primaries regardless of prognosis.

Conclusions. The presented studies in this thesis reaffirm the efficacy of the HPV
vaccine programs in Stockholm, but with a remaining continuous prevalence of non-
vaccine HR-HPV types. The results also suggest an influence from the HPV status on the
vaginal microbiota make up. Furthermore, the data suggest that that HPV* and HPV-
TSCC/BOTSCC although not identical also likely have similar dysplastic cancer stages.
Finally, there are differences between the mutational profiles of HPV* TSCC/BOTSCC that
re-occur compared to those that do not re-occur, but also here there are genes that are
similarly altered in primary tumours of patients that are cured or that relapse.
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1 INTRODUCTION

The physician Rigoni-Stern investigated the death certificates of women from Verona
during the period of 1760-1839, and noted a lower incidence of cervical cancers (CCs) in
virgins and nuns, compared to women that had been married, widowed or were prostitutes
(DiMaio D 2015). Much later, in the early 20" century, Payton Rous performed an
experiment to test the transferability of cancer through viruses (Rous P 1911). To test this
theory, he extracted a tumour from a hen with spindle-cell sarcoma, mixed it, filtered it
from whole cells, and injected the mixture into a healthy hen. The hen subsequently
developed a similar tumour, showing the possibility of a filterable agent causing cancer. It
could not be proven in mammals at the time, but he received the Nobel-prize in 1966 as the
viral-transmission theory gained ground. However, 30 years after the first discoveries of
Payton Rous, in 1941, the inventor of the pap smear, Georgios Papanicolaou found that
cellular changes preceded invasive cancers in patients (Papanicolaou GN and Traut H
1941). Nevertheless, the first association of a particular virus with cancer in humans would
not be a genital virus, but the Epstein-Barr virus (EBV), named after and discovered by
Michael Anthony Epstein and Yvonne Barr 1964 (Epstein A et al., 1964). This virus was
isolated from Burkitts Lymphoma cells cultured in vitro (Epstein A et al., 1964).

The association between human papillomavirus (HPV) a main topic of this thesis, and
cancer was not established until later and one reason was that HPV was shown to be a
family consisting of many HPV types, for review see e.g. Tomassino M 2014. It was in
1983 when the viral transmission theory was established well enough, that Harald Zur
Hausen disclosed a connection between HPV and CC which was in conflict with an earlier
suggested linkage between CC and Herpes simplex virus IT (Diirst M et al., 1983). Harald

Zur Hausen was later awarded the Nobel-prize in 2008.

Notably, it was in 1995 that HPV 16 first was acknowledged as being a carcinogenic by the
International Agency on Research against Cancer (IARC 1995, Vol 64). Not too much
later, in 2006, the very first vaccine directed against HPV16, 18, 6 and 11 (Gardasil) and
CC was approved by the Food and Drug Administration (FDA) and this was followed in
2007 by a vaccine against HPV16 and 18 (Cervarix) (Harper DM and DeMars LR 2017).
That HPV also was associated with oropharyngeal squamous cell carcinoma (OPSCC) and
especially tonsillar and base of tongue squamous cell carcinoma (TSCC and BOTSCC) its

dominant subsites, a disease primarily affecting men was observed in 2000, (Gillison ML et
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al., 2000, Mellin H et al., 2000) and acknowledged by IARC in 2007 (IARC 2007, Vol
104). At the time increases in the incidences of TSCC/BOTSCC/OPSCC were being
reported and suggested to be due to rises in HPV positive (HPV*) TSCC and BOTSCC
(Conway DI et al., 2006, Sturgis EM et al., 2007, Ndsman A et al., 2009, Attner P et al.,
2010). In 2014, an additional HPV vaccine, (Gardasil 9) (against HPV16, 18, 31, 33, 45,
52,58, and 6 and 11) was FDA approved (Harper DM and DeMars LR 2017). Currently,
HPYV vaccination of girls is performed in very many countries, while for boys HPV
vaccination is still not the rule and unfortunately rarely distributed (Harper DM and

DeMars LR 2017).

In Sweden, in 2010, 10-12-year old girls had the possibility to be HPV vaccinated free of
charge, but it was first in 2012, that Gardasil was offered to them through the school based-
vaccination program, and this decision making is described by Tegnell A et al., 2009. In
parallel, young women 18-26 years were also offered catch-up vaccination for free e.g. in
Stockholm and other counties in Sweden. In order to obtain information on base-line HPV
prevalence as well as study the effects of HPV vaccination, researchers in our group have
followed cervical and oral HPV prevalence for more than 10 years at a large youth clinic in

Stockholm, for review see Du J et al., 2021.

My own curiosity and engagement in the field started in 2011 but was soon intensified with
interest in studies on HPV associated TSCC and BOTSCC and HPV in the oral cavity when
I started to study dentistry, but my life turned into a more data science profile, and this

thesis may reflect part of this transition and development.
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2 LITERATURE REVIEW

In this literature review, a brief background of human papillomavirus (HPV), microbiota,

dysplasia and cancer will be presented.

21 HUMAN PAPILLOMAVIRUS (HPV)

2.1.1 Classification

Historically, the papillomaviruses (PV) were grouped together with the polyomaviruses, into
the family, papoviridae due to both having a circular double-stranded DNA genome and
nonenveloped capsids (Melnick JL et al., 1974). Later studies showed different genome
organizations, and completely different genome sizes (van Doorslaer K et al., 2017). The
nucleotide and amino acid sequences also did not overlap substantially. PV can be grouped
into 16 families, with HPV being comprised of the five families Alpha, Beta, Gamma, Mu
and Nu-papillomavirus (Figure 1) (Doorbar J et al., 2012, Tommasino M 2014).

(% attributed cases)
Cervical squamous cell carcinoma (~50)
Z || HPV16 Cervical adenocarcinoma (~35)
= Oropharyngeal cancer (~25)
=
£
= Cervical squamous cell carcinoma (-20)
g HEX1S Cervical adenocarcinoma (~35)
= || & || Heva1, 33, 35, 39, 45, 51, 52, 56, 58, 59 Cervical squamous cell carcinoma (~30)
;"‘ —
= Benign genital lesions
g k3 HPVS. 11 Respiratory papillomatosis
23
HPV13, 32 Oral focal epithelial hyperplasia
3 || HPv23, 27,57 Skin warts
o &
S5 e
3 HPV1 Skin warts

HPVS5 and 8 First beta HPV types isolated from SSC of EV indiviuals

HPV9, 12, 14, 15, 17, 19-25, 36-38, 47, 49,
75, 76, 80, 92, 93, 96, 98-100, 104, 105, 107, Likely associated with SCC in EV patients as well as
110, 111, 113, 115, 118, 120, 122, 124, 143, immuno-compromised and immuno-competent individuals

145, 150- 152, 159

cutaneous

Unknown

Figure. 1. Many of the identified HPV types that belong to different genera (i.e. alpha, beta, gamma and mu)
of the HPV are shown. In addition, the main diseases that have been associated with different HPV types are
described in the left panels of the figure. (From Tommasino M 2014, with permission from the publisher).
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PVs are generally classified by investigating the L1 gene nucleotide sequence, as this
sequence is relatively well conserved. Any HPV 10% dissimilar in this region compared to
other HPV is counted as a novel type (Bernard HU et al., 2010). Over 200 types of HPV
have been identified and roughly 150 have been whole genome sequenced (Doorbar J et al.,
2012, Tommasino M 2014). The Alpha branch contains low risk HPV variants that cause
genital warts and are deemed low risk together as are members of the Beta and Gamma
branch (Doorbar J et al., 2012). Notably however, the Alpha branch also contains high-risk
(HR) mucosal HPV types which can cause neoplasms and cancer (Doorbar J et al., 2012).

2.1.2 The viral genome and its proteins

All HPV types have a double stranded circular genome consisting of roughly 8 kbp double-
stranded DNA (Figure 2) (Tommasino M 2014) The genome is for practical reasons
arbitrarily divided into an early a late and a regulatory region (Tommasino M 2014, van
Doorslaer K et al., 2017). The regulatory region contains regulatory elements, the early
region encodes the regulatory proteins E1-E7 and the late region the structural viral capsid

proteins L1 and L2 (Tommasino M 2014).

Viral Protein | Functions and Features

: . E7 E1l It forms a heterodimer complex with E2
7007 .\‘\ and controls viral replication
. H E2 It regulates early gene promoter and
P&70 together with E1 viral DNA replication
79051 - -
E4 It may mediate the viral particle realease

L1 7000 1000 by destabilizing cytokeratin network

ES It stimulates mitogenic signals of growth
6000  HPV16 2000 E1 factors caEesamE e
E6 It inactivates many cellular proteins and
is one of the major viral oncoproteins
E7 It inactivates many cellular proteins and
is one of the major viral oncoproteins
‘E}» L1 It is the major capsid protein and is the
L2 component of the HPV prophylactic
E2 vaccine
——
E5 L2 It is the minor capsid protein

Figure. 2. The double-stranded DNA HPV 16 genome is represented by a grey circle annotated with

the nucleotide numbers. The positions of the long control region (LCR) and the early genes (E1-7) and late
genes (L1 and L2) are also shown. The early and late promoters, P97 and P670, respectively, are indicated by
arrows. The main functions and features of the early and late gene products are listed in the table. (From
Tommasino M 2014, with permission from the publisher)
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2.1.3 The long control region (LCR)

The long control region (LCR) is located in the area between the open reading frames
(ORFs) of E6 and L1 (Figure 2). It includes the majority of the regulatory elements
necessary for viral DNA replication and transcription and the LCRs of the various HPV

types can vary considerably in size (Tommasino M 2014).

2.1.4 The early region (E) proteins

The E1 and E2 viral proteins are important during the period of early infection and are
active during initial replication for establishing an infection (Tommasino 2014). E2
contains a DNA-binding and a protein-binding domain and can this way form a homodimer
that can bind to the regulatory region. E2 has the capacity to bind to E1 and as a dimer they
bind to the viral origin of replication, and the DNA replication machinery of the cells of the
host (Tommasino M 2014, Graham SV 2017) . E2 is also an important key regulator of
E6/E7 abundance (see below)

E4 is a protein expressed from the early region of the genome and has been suggested to be
produced later in the viral cycle (Tommasino M 2014). It can associate and disrupt the
cytoplasmic keratin network and very many studies have shown that E4 is actively involved

in viral release (Doorbar J 2013).

The E5 viral protein is assumed to indirectly contribute to genome amplification by
modifying the cellular environment and it has also been suggested to be an oncoprotein, and
down-regulate expression of the major histocompatibility complex, thereby hindering

immune recognition (Doorbar J et al., 2012, Venuti A et al., 2011).

The E6 and E7 viral proteins are together in HR-HPV types regarded as oncogenes. E7
binds to the retinoblastoma protein (Rb) and abrogates cell cycle control and pushes the cell
to proliferate, and this indirectly activates the p16™%4 (p16) protein leading to p16
overexpression (Doorbar J et al., 2012, Tommasino M 2014). E6 binds to p53 and inhibits
cell repair before proliferation and indirectly promotes proliferation of cells with mutations
(Doorbar J et al., 2012, Tommasino M 2014). In many tumours, HPV is found integrated
into the host chromosome, and in those cases the viral integration site frequently lies within

the E1 and E2 genes, and loss of E2, leads to loss of E6/E7 regulation, and upon a persistent

18



high expression of E6 and E7 an accumulation of genetic errors may occur that in turn
eventually may lead to the development of cancer (Doorbar J et al., 2012, Tommasino M
2014).

Several additional ORFs have been identified for E3, E5 and ES, but their expression is not

frequently observed through all PVs.

Figure 3. Transmission electron micrograph of HPV16 L1/L2 virus-like particles (VLPs) isolated from
recombinant baculovirus infected Sf-9 insect cells. (From Schiller JT and Lowy RD 1996 with permission
from the publisher)

2.1.5 The late region (L) proteins

The major capsid protein L1 and the minor capsid protein L2 form together the viral capsid
(Tommasino M 2014). Around 360 L1 molecules are situated on the outside of the viral
capsid and are mainly formed as pentamers and around 20 L2 molecules are contained in
the capsid (Tomassino M 2014). For long it has been known that under specific conditions
the major capsid proteins of the papoviridae can self-assemble and form virus like particles
(VLPs) (Figure 3) and these are the basis of today’s HPV vaccines (Lowry RD and Schiller
JT 2012, Harper DM and DMars LR 2017).

These VLPs are usually produced in large scale either in insect cells or in yeast (Cervarix

and Gardasil respectively, for further details see below).
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2.1.6 Transmission

HPYV is generally assumed to be transmitted via microtears in the skin or mucosa and in
addition HPV infection is suggested to be one of the most common sexually transmitted
disease in the USA (Tommasino M 2014, Burd EM 2003). Experiments on cottontail rabbits
have shown that light wounding of the site of infection does increase papilloma infections
compared to a control (Cladel NM et al., 2008). Furthermore, suggested activities of skin
contact are sexual contact, but also possibly kissing (Syrjanen S 2003, Syrjanen S 2004,
D’Souza G et al., 2009).

Notably, risk of anogenital and oral infection is correlated to high sexual activity and early
time of sexual debut (Anaya Saavedra G et al., 2008, D’ Souza et al., 2009). However, in
clinical experiments blood has been shown to be an effective vector, but how important this is

as a native mode of transmission is unclear (Cladel NM et al., 2008).

There are other ways of transmission as well. One other way of transmission is vertical
transmission as reviewed by Syrjdnen S 2010. HPV can also be detected in the blood of
cancer patients, and today assaying for HPV in the blood has been discussed as a possible
tool for monitoring successful treatment or relapse after HPV related cancers (Routman DM

et al., 2022). However, the latter and similar studies need to be followed up further.

How the virion enters the cell is not completely clear, but several studies propose that after
the capsid makes contact with the basal lamina (Figure 4) (for review see Doorbar J et al.,
2012). The L1 and L2 proteins on the viral capsid react with heparin sulphate proteoglycans
and likely also laminin followed by structural changes of the capsid and furin cleavage of L2
thereby facilitating the transfer of the capsid to a second receptor on the keratinocyte and

internalisation and subsequent transfer to the nucleus (Doorbar J et al., 2012).

The virus then delivers its genome into the cell, which is subsequently transported into the
nucleus of the host cell. Studies suggest that it is during the healing process of wounds, as the
infected keratinocytes divide, that the viral DNA actually is incorporated into the host
nucleus (Doorbar J et al., 2012, Brianti P et al., 2017).
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Figure 4. Life Cycle of High-Risk HPVs in Cervical Epithelium. (From Doorbar J et al., 2012, with
permission from the publisher).

In multi-layered stratified epithelium, such as the ectocervix, infection is thought to require the presence of a
microwound that allows the infectious virions to access the basal lamina. The infected basal cells form the
reservoir of infection, and in these cells, the viral genome is maintained as a low copy number episome. As
these cells divide, they produce daughter cells that are pushed outwards towards the epithelial surface.
Different events in the virus life cycle are triggered at different stages during this migration. In lesions (such
as CIN1) caused by high-risk HPV types (such as HPV16), cells in the lower layers express E6 and E7 and
are driven through the cell cycle and are stimulated to divide (cycling cells marked with red nuclei). In the
mid layers, proteins necessary for genome amplification become elevated in these cells, allowing genome
amplification to occur. These cells express the viral E4 protein and are typically in the S or G2 phases of the
cell cycle (E4 presence marked in green, with red nuclei indicating replication competence). In the upper
epithelial layers, the cells leave the cell cycle, and in a subset of the E4-positive cells, the virus L2 and L1
proteins are made, allowing packaging of the amplified viral genomes. The site of expression of the different
viral gene products is shown to the left of the image, with the key stages during productive infection listed
alongside. At the cervical transformation zone and the endocervix, it is thought that HPV may also be able to
infect columnar epithelial cells, the epithelial reserve cells, and cells at the squamo-columnar junction.
Infection of these cell types may be associated with different patterns of disease progression and with the
development of adenocarcinoma. IARC: International Agency for Research on Cancer; PAE: Position of the
early polyadenylation site; PAL: Position of the late polyadenylation site; PE: Early promoter, also referred to
as p97; PL: late promoter, also referred to as p670.

The viral DNA can be found both in a non-integrated form inside the nucleus as well as an
integrated form. The integrated form is more common in HPV associated cancers (Arias-
Pulido H et al., 2006). After infecting the cells in the basal lamina, the HPV DNA copies will
remain relatively stable (Doorbar J 2005). As the infected cells differentiate to close the
wound, the E6 and E7 proteins in high-risk HPV degrade TP53 and Rb respectively, creating
rapid division of the cell and amplification of the virus, and possibly inducing neoplasia

(Doorbar J 2005). Virus particles from the initially infected region then infect other host cells.
Genital warts are also manifestations of sexually transmitted HPV infection, but only few will
develop visible warts and only about 10% of those infected will transmit the virus (Leslie SW

etal, 2021).
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2.1.7 HPV prevalence in the general population

The global prevalence of HPV infections vary largely. Comparing cervical cancer (CC)
caused by HPV, a study from 2012 estimated the population attributable fraction of CC to be
4.8% of all cancers globally, with 2.5% in the more developed regions of the world and 15%
in less developed regions (Forman D et al., 2012). Newer research from 2021 looking at CC
overall between 1990-2019, saw a decrease in incidence in the developed world, with post-
soviet states with weaker health care seeing a strong increase in incidence (Sung H et al.,
2021). HPV screening and vaccine is seen as one of the stronger contributing factors to

decrease for some of the regions in the study (Ma X et al., 2021).

2.1.8 HPV and disease

As mentioned before most HPV types are situated in the skin and are asymptomatic, while
some can cause skin common skin warts, while others are mucosal. The latter can cause
genital warts, recurrent respiratory papillomatosis (RRP) and different types of cancer, e.g.
cancer of the cervix uteri (cervical cancer-CC), other anogenital cancer and oropharyngeal
squamous cell carcinoma (OPSCC), more specifically tonsillar and base of tongue
squamous cell carcinoma (TSCC and BOTSCC) (Tommasino M 2014). The focus of my
thesis is on mucosal HPV prevalence in the oral and cervical locations and dysplasia and
biomarkers in HPV*® TSCC and BOTSCC. Below however, some words will be mentioned

about both benign and malignant diseases associated with mucosal HPVs.

2.1.9 HPV and benign lesions

Genital warts

Types HPV 6 and 11 cause genital warts that present both separately and in clusters, and
are found in the genital and anal area for more details see Yanofsky VR et al., 2012. About
10% of those infected with HPV will develop genital warts. Smoking is suggested to be
correlated with the risk of getting genital warts and the recurrence rate of the warts depend
on health, immune status as well as previous HPV vaccinations. However, 30% of most
genital warts disappear within 4 months. Disfiguration is the most common complication,
with possible malign transformation as an additional risk (Leslie SW et al., 2021). Genital

warts are extremely common, and affect up to one million individuals in the United States
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each year (Yanofsky VR et al., 2012). About 90% of these are estimated to be caused by
HPV.

Recurrent respiratory papillomatosis (RRP)

In addition to genital warts, HPV6 and 11 also cause Recurrent Respiratory Papillomatosis
(RRP) (Katsenos S and Becker HD 2011). RRP are papilloma’s in the upper aero-digestive
tract, and are like their genital counterpart very unreliable. RRP can cause a range of
complications, to mild symptoms such as voice change, to serious airway of blockage, and
can both spontaneously recede and reoccur. Much like with HPV-caused genital warts,
there is a potential for malign transformation (Fortes HR et al., 2017). The lesions in RRP
are typically cauliflower like, and usually occur in the transitional zone between the
squamous epithelium and the ciliated columnar epithelium. This is similar to the pattern in
the transformation zone in CC (Fortes HR et al., 2017, Elson DA et al., 2000). About 1.4-
1.8 per 100 000 individuals are affected each year in the UK according to two studies
(Armstrong LR et al., 1999, Donne AlJ et al., 2017).

2.1.10 HPV and malignancies

Below a figure denotes the association of HPV and the prevalence of HPV to different
types of cancers (Figure 5). This is followed by a short presentation of some types of
mucosal malignancies caused by HPVs. Information on treatment will only be presented

for cervical and oropharyngeal cancer.

Cancer of the uterine cervix and its treatment

Cancer of the cervix uteri, or cervical cancer (here abbreviated CC) is the best-

known HPV induced cancer, with in 2006, >500 000 and ~250 000 deaths per year (Parkin
DM and Bray F 2006). CC is found to be caused by HPV in >99% of all cases, but
additional factors may also contribute to cancer development (Burd EM 2003, Herrington
CS 1999). Moreover, CC is the 4™ most frequently occurring cancer in women, with in
2018, around 570,000 new cancer cases and which at the time was 6.6% of all female
cancers. There are two major types of CC, squamous cell carcinoma (SCC) and

adenocarcinoma (AC), where the former accounts for the majority of the cases. The most
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Figure 5. Annual numbers of HPV associated cancer cases. A, worldwide incidence and distribution of HPV-
associated cancers. Red, HPV-positive cancer; white, HPV-negative cancer. B, incidence and distribution of
HPV-associated cancers in the United States (data from refs. 3 and 4). The approximate percentage of HPV-
associated cancer attributable to HPV16 and -18 is also shown. Red, HPV-positive cancer; white, HPV-
negative cancer. (From Lowy DR and Schiller JT 2012, with permission from the publisher).

frequent HPV type associated to CC is HPV 16 and this HPV type was responsible for half
of all cases in Europe and the US before the introduction of HPV vaccination (Burd EM
2003). In parallel, HPV18, 31 and 45 together accounted for roughly 25-30% of CC cases
(Burd EM 2003).

The process from infection to dysplasia to transformation takes place during a period of

several years (Figure 6), thereby allowing for the possibility of screening and considerable

but not complete prevention (von Knoebel M and Vinokurova S 2009, Dillner J 2019).
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Figure 6. Schematic representation of the various modes of an HPV infection.

Minor lacerations of the squamous epithelium permit the virus to meet its natural host cell at the bottom of the
squamous epithelium. Upon viral uptake, transport to the nucleus and release of the circular episomal viral
genome genetic activity of the virus appears to be blocked (latent infection, dark green cells). Viral gene
expression starts in individual cell, and, for unknown reasons, permits the local expansion of the infected cells
into a permissive infection that results in viral replication and release of replicated viral particles at the surface
of the squamous epithelium (light green basal cells, blue intermediate and superficial cells). In some instances
and, particularly in basal cells at the transformation zone between squamous and glandular epithelial cells, the
permissive or replicating mode of viral gene expression may shift into the trans- forming mode of viral gene
expression. The latter is characterized by high-level expression of the E6 and E7 genes (red cells) (for further
details please refer to the text of this review). (From von Knebel Doeberitz M and Vinokurova S, 2009, with
permission from the publisher).

Precancerous lesions can be graded in different ways. For example, pre-neoplastic lesions
in cervix can be divided into cervical intraepithelial neoplasia (CIN) with their grading (1-
3), depending on the grade of epithelial dysplasia. CIN 1, represents mild abnormal cell
growth encompassing maximum 1/3 of the basal epithelium, CIN 2, abnormal cell growth
encompassing 2/3 of the basal epithelium and CIN 3 spans more than 2/3 of the epithelium
and can effectively be classified as carcinoma in situ (Dillner J 2019). Similar grades can be
applied in anus i.e. anal intraepithelial neoplasia (AIN1-3), vulva i.e. vulvar intraepithelial
neoplasia (VIN1-3) and vagina, i.e. vaginal intraepithelial neoplasia (VaIN1-3). Since 2014
the world health organization (WHO), however, recommends a two-tier system in cervix, in
order to increase histological reproducibility. Now the terms low-grade squamous
intraepithelial lesion (LSIL), roughly corresponding to CIN1, and high-grade squamous
intraepithelial lesion (HSIL) roughly corresponding to CIN2-3) are recommended in the
cervix. The important fact is that they exist and are of use in order to prevent many cases of
CC and this approach was first introduced by Papanicoloau G and Traut H, 1941. More

about screening will be presented below.

Approximately, 90% of all deaths caused by CC occur in low- and middle-income

countries, suggesting that education of the population, in order to obtain early diagnosis,

25



prevention, effective screening methods and therapy should be further improved in such
countries to decrease the numbers of patient deaths (World Health Organization. Cervical

Cancer. 2018).

Hopefully, HPV vaccination will eventually prevent the most CC cases, but great efforts
will be needed before vaccination coverage will be sufficient enough to cover women in the
poorest areas (Lowy DR and Schiller JT 2012). However, this is also dependent to a high

degree on different attitudes with regard to HPV vaccination in various areas.

Treatment. The typical treatment for CC is chemotherapy (CT) combined with concomitant
radiotherapy (RT) and around half of the patients survive (Eifel PJ 2006). However, this is
not entirely true since 80% of deaths are in less developed parts of the world and suggested to
be due to lack of screening and later detection (Arbyn M et al., 2020). There is some support
for this as patients at diagnosis often present with local disease at an advanced stage, or with
metastasis, possibly contributing to the diseases high mortality rates. In 2005, the survival
rate was at 16% over a five-year period for patients with metastasis (Tewari KS and Monk BJ
2005). As the survival rates are poor, there seems to be less focus on quality-of-life

improvement after treatment.

Vulvar, Vaginal and Penile Cancer

Vulvar, vaginal and penile cancers are uncommon, and account for >1% of malignant

tumours in Europe and North America (Parkin DM and Bray F, 2006).

Anal cancer

HPV infection is an important risk-factor for anal cancer, with roughly 90% of anal cancers

caused by HPV (Parkin DM and Bray F 2006).

Tonsillar and base of tongue cancer (TSCC and BOTSCC), treatment and biomarkers

Tonsillar and base of tongue squamous cell carcinoma (TSCC and BOTSCC). In the 1980-
1990s HPV was proposed to be causative also of head neck cancer (Syrjanen KJ
and Surjanen SM 1981, McKaig RG et al., 1998). Subsequently, HPV was reported to

primarily be correlated to the development of oropharyngeal squamous cell carcinoma
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(OPSCC), and then more specifically TSCC and BOTSCC the major subsites of OPSCC
and accounting for more than 80% of the OPSCC cases (Gillison ML et al., 2000, Mellin H
et al., 2000, Dahlgren L et al., 2004). However, it was in 2007, that [ARC first
acknowledged HPV as a risk factor for OPSCC and TSCC (IARC 2007).

In parallel, several reports have shown a rise in the incidence of TSCC and BOTSCC the
past four to five decades (Conway DI and Stockton DL 2006, Sturgis EM et al., 2007) and
closely after that it was revealed that this increase depended on HPV infection and a
specific increase of mainly HPV* TSCC and BOTSCC (Ndsman A et al., 2009, Attner P et
al., 2010). Furthermore, patients with HPV* cancer had a notably better prognosis than
those with HPV" tumours (80% compared to 40% 5-year disease free as well as overall
survival) (Mellin H et al., 2000, Attner P et al., 2011). Therefore, having information
regarding the HPV status of a tumour prior to therapy would likely be very useful for
individualizing treatment, since patients with HPV™ cancer in general have a more
favourable outcome. HPV16 is currently reported to account for roughly 90% of all HPV*
TSCC and BOTSCC, which notably also are mostly found to affect men (Ramqvist T, Griin
N et al., 2015).

Most carcinomas develop in a multistep fashion with different stages of dysplasia that is
followed by high-grade dysplasia/carcinoma in situ and subsequently invasive disease.
Grading of dysplasia in the head and neck region can however be difficult and the different
stages of dysplasia are not that well-defined, as e.g. in CC (described above). As an
example of the difficulties with grading of dysplasia, the WHO classification 2017 of
staging only acknowledges different staging systems in the larynx and the oral cavity but do
not recommend any particular system, including not recommending 2-tier or 3-tier scales.
However, while the occurrence of dysplasia as a pre-cancerous lesion in head and neck
carcinomas in general is adopted, the occurrence of dysplasia in HPV mediated OPSCC is
debated. Interestingly, some authors have even postulated that HPV mediated premalignant
phases of OPSCC do not exist. Notably, the WHO 2017 edition states that “dysplasia of the
surface epithelium is rarely identified” in HPV mediated oropharyngeal cancers, as

compared to HPV negative tumours.

Treatment. TSCC and BOTSCC therapy is like that of other head neck squamous cell
carcinoma (HNSCC) often aggressive, as these tumours especially the HPV-positive ones,

have a nodal spread (Ndsman A et al 2021). Patients with stage III-IV disease are treated with
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chemotherapy (CT) and radiotherapy (RT) i.e. chemoradiotherapy (CRT) and sometimes
supplemented with epidermal growth factor receptor (EGFR) blockers (Licitra L et al., 2002).
Treatment also depends on the patient’s condition (Licitra L et al., 2002). Severe side effects
such as swallowing, nausea, mucositis, and systemic infections and fatigue are often a result
of these treatments and patients with persistent lymph node metastases are often treated with
surgical dissection in the neck region with even more side effects. Consequently, CRT with
surgery causes even more side-effects, with e.g. extensive stiffness of the neck, and more
severe issues with swallowing. Other long-term adverse effects are taste alterations, partial
deafness, and possibly osteonecrosis requiring reconstructive surgery all affecting long term

quality of life.

This intensified therapy has despite changes in TNM classification of malignant tumours
(TNM7 to TNMS), not increased survival for patients with HPV* TSCC/BOTSCC with
worse prognosis, so individualizing therapy if possible is paramount for these increasing
numbers of patients with HPV* TSCC and BOTSCC, and most do not need aggressive
therapy (Ndsman A et al., 2017, Ndsman A et al., 2021).

Therefore much of our work has been to find biomarkers that could be of assistance for
predicting prognosis for HPV* TSCC and BOTSCC and in addition, to find biomarkers
which could predict sensitivity to specific targeted therapy. Below a chapter on biomarkers is

presented.

Biomarkers in tonsillar and base of tongue cancer according to HPV status. Initial efforts
to disclose biomarkers in these tumours, were done to characterize or to find potential
differences between HPV* and HPV- TSCC and BOTSCC or to find similarities between
different HPV* tumours. Early studies showed e.g. similarities between HPV* TSCC and
BOTSCC and HPV* cervical and vulvar cancer, such as e.g. p16 overexpression, the rare
presence of a p53 mutation and/or the amplification of specific parts of chromosome 3q (for
review see Ndsman A et al., 2021, and also Dahlgren L et al., 2003, Crook T et al., 1992
and Wilting SM et al., 2009).

Investigating for prognostic and targetable markers came later, with focus on using
immunohistochemistry (IHC) and studying immunological and stem cell markers. Today,
many consistently report that the presence CD8" lymphocytes infiltrating, or in the vicinity of
the tumour, are numerically higher in HPV* TSCC, BOTSCC than in corresponding HPV-
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tumours and that having high numbers of CD8" cells was associated to better prognosis and
survival (Ndsman A et al., 2012, Nordfors C, Griin N, Tertipis N et al., 2013, Oguejiofor K et
al., 2015, Oguejiofor K et al., 2017, Tertipis N et al., 2015, Welters MJP et al., 2020). In
addition, finding a low CD4"/CD8" ratio, or a high CD8"/FoxP3" ratio in TSCC/BOTSCC
was correlated to improved clinical outcome (Ndsman A et al., 2012, Nordfors C, Griin N,
Tertipis N et al., 2013). In other studies, CD68" CD163" M2-macrophages were also
examined and the degree of infiltration of these macrophages was correlated with worse
outcome in HNSCC, with the majority of the cases being OPSCC (Balermpas P et al., 2014,
Cioni B et al., 2019, Santegoets SJ et al., 2020). In another report, the expression of the
programmed death ligand 1 (PD-L1) as a biomarker was investigated in CD68" macrophages,
and in HPV- TSCC/BOTSCC, and it was shown that high numbers of CD68" macrophages
expressing PD-L1 tended to present a positive immune environment (Oguejiofor K et al.,
2017). In a similar way, in HPV* cancers, infiltrated by CD8" and CD68" immune cells with
a high PD-L1 expression, clinical outcome was positive (Young RJ et al., 2020).

During this period, we found that some markers had high sensitivity and covered a limited
number of patients with good prognosis, while others had lower sensitivity and covered more
patients, so we tried to apply different models for optimizing prognostication (Tertipis N et
al., 2015, Bersani C, Mints M et al., 2017). These were useful to some extent, but the

conclusion was that additional markers could still be use.

Additional studies involved molecular techniques, using next generation sequencing (NGS)
in HNSCC and many different features were observed when comparing HPV* and HPV-
cancers, including the possible use of targeted therapies (Lui VW et al., 2013, Sewell A et
al., 2014, Gaykalova DA et al 2014, Chung CH et al., 2015, Rusan M et al., 2015, Tinhofer I
etal., 2016, Bersani C, Sivars L et al., 2017, Cancer Genome Atlas, N. 2015 and for review
see Ndsman A et al., 2021).

HPV* TSCC, BOTSCC or OPSCC mostly presented mutations in the Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA), notch homolog 1
translocation-associated (NOTCH 1), and Fibroblast growth receptor (FGFR) 3 genes, while
HPV" tumours frequently presented mutated 7P53 and cyclin dependent kinase inhibitor
2A/B (CDKN2A/B) (Lui VW et al., 2013, Sewell A et al., 2014, Gaykalova DA et al., 2014,
Chung CH et al., 2015, Rusan M et al., 2015, Seiwert T et al., 2015, Tinhofer I et al., 2016,

Bersani C et al., 2017, Cancer Genome Atlas, N. 2015 and for review see Ndsman A et al.,
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2021). The value for predicting prognosis with regard to the mutations in the above genes
varied with discrepancies between the different studies (see review Ndsman A et al., 2021).
Nonetheless, many inhibitors target PIK3CA and FGFR3, and the Food and Drug Agency
(FDA) has recently approved the phosphoinositide 3-kinase inhibitor (PI3K inhibitor,
alpelisib (BYL719) for use clinically for advanced breast cancer and the FGFR inhibitor,
erdafitinib (JNJ-42756493) for advanced bladder cancer (Isaacson VPH et al., 2015,
Leenhardt F et al., 2021, Tabernero J et al., 2015). These two inhibitors categories, may very
well be of use in HPV* TSCC, BOTSCC and OPSCC, due to that around 20 % and 10 %
respectively of them have PIK3CA and/or FGFR3 mutations respectively (Tinhofer I et al.,
2016, Bersani C, Sivars L et al., 2017).

MicroRNA (miR) expression in HPV* and HPV- TSCC, BOTSCC, has also been studied
but the data are often variable. Nevertheless, miR-9, 155 and 163b were in a number of
studies shown to be overexpressed in HPV* when compared to their presence in HPV-
OPSCC, while in contrast miR-31 and 193b were downregulated (Hui AB et al., 2013, Gao
Getal., 2013, Lajer CB et al., 2011, Lajer CB et al., 2012, Miller DL et al., 2015, for
review see Ndsman A et al 2021). In another study, overexpression of miR-142-3p, 146a,
26b was associated to better clinical outcome, while the opposite was shown for expression
of miR- 31, 24, 193b (Gao G et al., 2013). Our group has also reported that high miR 155
expression was correlated to a favourable outcome in patients with HPV* TSCC and
BOTSCC, while the converse was found for patients with tumours with a high miR 185
expression, but in that study miR 193b expression was not associated to survival (Bersani C
et al., 2018). To conclude, there are several studies on miR expression and clinical outcome
and in TSCC, BOTSCC and OPSCC but the data vary considerably, and we therefore
suggest that more extensive knowledge is needed prior to the clinical use of miRs as

predictive biomarkers.

There are also reports on the transcriptome of HPV" and HPV- TSCC, BOTSCC and
OPSCC. Some focus on expression of specific HPV mRNAs in HNSCC, while others
examine all mRNA types, with a few already mentioned above (Ramqvist T, Mints M et al.,
2015, Campo MS et al., 2010, Li H et al., 2006). Others find that there are differences in
immune responses, proliferation, apoptosis and the cell cycle when comparing HPV* and
HPV- TSCC, BOTSCC and OPSCC, which could be expected to some extent (Mirghani H
et al., 2014, Martinez I et al., 2007, Wichmann G et al., 2015).
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There are also a few but a limited number of studies on protein profiling in TSCC,
BOTSCC and OPSCC (Sewell A et al., 2014, Slebos RJ et al., 2013, Ramqvist T et al.,
2018). In one study, utilizing Olink multiplex immunoassays in fresh frozen samples from
42 HPV* and 17 HPV- TSCC and BOTSCC in comparison to normal tissue, researchers in
our group found some proteins related to angiogenesis and hypoxia tended to be associated
to survival (Ramqvist T et al., 2018). For example, a high expression of vascular
endothelial growth factor A (VEGFA) was correlated to worse prognosis in HPV™" cancer
and it is possible that angiogenesis related proteins could be potential targets for future

treatment in HPV* TSCC and BOTSCC (Ramqvist T et al 2018).

Lately, the oral microbiome has been found to act as an interesting marker in HNSCC
(Chen Z et al., 2020). Moreover, a lower diversity of microbiota was found in HNSCC than
that observed in healthy controls and in addition a different bacterial taxonomy was
suggested to possibly be used for distinguishing oral cancer samples from OPSCC and

normal samples (Guerrero-Preston, R et al., 2016).

In addition, bacteria species such as Fusobacterium nucleatum and Actinobacteria, often
shown to contribute to carcinogenesis upon in vitro experiments, are often disclosed to be
more frequently observed in the HNSCC oral microbiome (Chen Z et al., 2020, Guerrero-
Preston, R et al., 2016, Hayes RB et al., 2018). Therefore, despite that there are huge
variations in the significant changed bacteria, similar signatures for example the enrichment
of pro-inflammatory features have been found to be more prominent in oral squamous cell

carcinoma patients (Chen Z et al., 2020).

2.1.11 HPV screening

HPYV and cervical cancer (CC)

Screening programs for detecting cancer pre-stages in the cervix are well established and
have reduced the cancer burden significantly (McGraw SL and Ferrante JM 2014).
Furthermore, over the years these programs have changed considerably. From previously,
performing (Papanicoloau-test) PAP-test by doctors and midwives, today more and more
screening programs have focused on HPV testing and self-tests and many efficient

possibilities have been presented (Kyrgiou M et al., 2020, Dillner J 2019, Dillner J et al.,
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2021, Hortlund M et al., 2021, Partanen VM et al., 2021). The different screening methods
have a lot of benefits, and may improve prevention, however, none of these methods are
perfect. The introduction of HPV vaccination will also improve prevention. However, HPV
vaccination coverage varies a lot by region and trends in trust towards vaccines, screenings

for cervical pre-cancerous lesions will likely still stay relevant in the future.

HPYV and tonsillar and base of tongue cancer (TSCC and BOTSCC)

Screening programs for pre-stages in the tonsillar and base of tongue regions are not
established (Paper III). Although one can suspect pre-cancerous lesions should be present to
some extent similar to that observed in CC they are likely not so readily observed.
Furthermore, to screen for presence of HPV in the oral cavity as a risk factor for TSCC and
BOTSCC is likely much more complicated as compared to screening for CC. This is due to
that detection of HPV in the oral cavity is much more complex since the production of 0.5-

1.5 litres of saliva per day dilutes the signal (Nordfors C et al., 2014).

Other publications have shown the presence of antibodies against HPV16 early antigen in
serum before the development of an oropharyngeal cancer, but whether this is practical

today remains to be further explored, for a systematic review see Hibbert J et al., 2021.

2.1.12 HPV prevalence in the general population

The global prevalence of HPV induced cancers varies largely. Comparing CCs caused by
HPV, a study from 2012 estimated the population attributable fraction to be 4.8% globally,
around 2.5% in the more developed regions of the world and about 15% in less developed
regions (Forman D et al., 2012). Newer research from 2021 looking at CC overall between
1990-2019, saw a decrease in incidence in the developed world, with post-soviet states with
weaker health care seeing a strong increase in incidence (Sung H et al., 2021). HPV
screening and vaccine is seen as one of the stronger contributing factors to decrease and

increase respectively for the regions in the study (Ma X et al., 2021).
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2.1.13 HPV vaccines

Knowledge of L1s capacity to self-assemble into virus-like-particles (VLPs) similar to that
of VP1 of polyomaviruses has been around since some decades (Salunke DM et al., 1989,
Kirnbauer R et al., 1992). However, at the time industrial production was still not
developed. The first commercially available vaccine for HPV was Gardasil (Merck&CO. L.
Package Insert - Gardasil. 2006). In 2006, it was licensed by the US Food and Drug
Administration (FDA). A bivalent vaccine, Cervarix (GlaxoSmithKline. Package Insert -
Cervarix. 2009) was approved shortly after by the European Medicines Agency (EMA) in
2007. Gardasil and Cervarix cover HPV16 and 18 the most common HPV types in CCs
(causing 70% of CCs) and moreover Gardasil covers HPV6 and 11 that cause considerable

number of condylomas and RRPs (de Sanjose S et al., 2010).

The third and most recent HPV vaccine, Gardasil 9 (Merck&CO. 1. Package Insert -
Gardasil 9. 2014) is nonavalent vaccine and covers the same types as Gardasil, and an
additional five types i.e. in total HPV6, 11, 16, 18, 31, 33, 45, 52, and 58. Gardasil 9 would
cover an additional 20% of CCs, totalling to about 90% of CC cases (Yang DY et al., 2016,
Cheng L, Wang Y et al., 2020). The three vaccines all consist of synthetically manufactured
VLPs made up of the L1 epitope of different HPV types, and with different adjuvants and
antigenic load (Merck&CO.I Package Insert — Gardasil. 2006, GlaxoSmithKline. Package
Insert — Cervarix 2009, Merck&CO.I. Package Insert — Gardasil-9. 2014). The current
method of production of L1 is to use yeast cells (in Gardasil) or baculovirus (in Cervarix).
All vaccines are suggested to be administered from 9 years of age
(https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases/human-
papillomavirus-vaccines-(HPV)). The current recommendation is two doses for patients up

to 16 years of age, and three doses for older patients (Harper DM and DeMars LR 2017).

In Sweden 2012, a school-base vaccination program was introduced for girls aged between
10-12 years. Until 2020, when the HPV vaccine was introduced also for boys, the
vaccination programs in Sweden were girl-exclusive, but parents could get vaccines for
their boys privately. A Finnish population based trial found support for gender-neutral
vaccination programs, based on a significant increase in herd-immunity for the gender-

neutrally vaccinated group (Lehtinen M et al., 2018).
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Gender-neutral vaccination programs are rare, but found in e.g. Denmark, Argentina, as
well as regions of the USA. As of June 2020, 55% (107/194) of the WHO members states
have established HPV vaccination (Bruni L et al., 2021). The global target for CC
elimination set by WHO is at 2030, and has three goals. For 90% of girls fully vaccinated
with HPV by 15 years of age, for 70% of women to be screened twice before the age 45
years, and for 90% of those with identified cervical disease to receive an appropriate
treatment. Unfortunately, reduced confidence in the vaccines have reduced the vaccine
coverage in some countries, with more people opting out of vaccination programs.
However, a review in 2018 found any side effects to be outweighed by the benefits of the
vaccine (Philips A et al., 2018). A set of 109 safety studies were analysed, with patients
from 6 different countries, making up 2.5 million vaccinated individuals in total. Gardasil 9
was found to be slightly more prone to give side-effects (Philips A et al., 2018). Common
side effects from Gardasil, Gardasil 9 and Cervarix are injection-site swelling, pain, while

serious effects are uncommon (Cheng L, Wang Y et al., 2020).

2.2 MICROBIOTA

For long, there has been a discussion, why some individuals develop cancer after HPV
infection, while others do not. There have been discussions about co-factors such as
immunity and persistence, but more recently a new player has been introduced and below

some words about microbiota.

2.2.1 Gut microbiota

Microbiota is the composition of the micro-organisms inhabiting an environment. Many
microbiotas have an intimate relationship with multicellular organisms, causing disease but
more often developing a symbiotic relationship with the host (De Sordi L et al., 2017). In the
gut, high species diversity of the microbiota is often correlated with health and significant
lower microbiota diversity and richness are linked to diseases (Sommer F et al., 2017). Many
diseases including cancer had been correlated with altered microbiota, although causation
versus correlation is not always clear (Cullin N et al., 2021). On a species level, how a
micro-organism impacts the host is often multi-factorial and there are multitude of ways of
interaction between the micro-organism with the host, and with other members of the

microbiota.
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One important effect of healthy microbiota is colonization resistance towards other species
(especially pathogenic ones). Colonization resistance can be both direct and indirect. Direct
can be niche-competition such as competing for the same nutrition in the gut, or direct
antagonism, such as bacteriophages attacking bacteria, while indirect can be via metabolites
or immune molecules (De Sordi L et al., 2017). Some bacteria could cause pathogenesis
throughout several microbiotic regions, like porphyromonas gingivalis, that is associated with

periodontitis in the oral region, inflammatory bowel disease in the gut (Sohn J et al., 2021).

Gut microbiota is one of the more explored regions in microbiota research (De Sordi L et al.,
2017). Patients suffering from inflammatory bowel disease (IBD) having a different
microbiota from individuals with a healthy gut. An example of a well-studied mutualistic
bacteria protecting against disease is Akkermansia muciniphilia. In studies on inflammatory
bowel disease (IBD) patients, AM was found at a higher amount in the gut microbiota of
healthy patients than IBD patients (van Passel MW et al 2011). Another common pathology
associated with gut microbiota is antibiotic-associated-diarrhea. About 20% of these are
caused by Clostridiodes Difficile Infection (CDI) (Lessa FC et al., 2015)). The burden of
CDI is quite high, with 400 000 cases and 29 000 deaths in 2011 (Lessa FC et al., 2015).
Recently, faecal microbiota transplantation (FMT) has showed very promising result in
treating the CDI, suggesting an attractive approach of microbiota-based therapy and essential

role of gut microbiota (Sunkara T et al., 2018).

2.2.2 Vaginal microbiota

Composition of healthy vaginal microbiota

The vaginal microbiome is usually inhabited by one dominant species of Lactobacillus
(e.g., Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, or Lactobacillus
jensenii) (Coudray MS and Madhivanan P, 2020, Cheng L, Norehag et al., 2020, Serrano
MG et al., 2019). However, there are women whose vaginal microbiome is dominated by
other non-Lactobacillus species, and this occurs more often in Black or Hispanic women
(Ravel J et al.,, 2011, Serrano MG et al., 2019). Vaginal microbiota had been shown play an

important role in women’s health, and different to the gut microbiota where diversity is
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considered healthy, the healthy vaginal microbiota has a low diversity (Coudray MS and
Madhivanan, P 2020, Cheng L, Norenhag J et al., 2020, Serrano MG et al., 2019).

Bacterial vaginosis (BV)

Bacterial vaginosis (BV) is a disease in which the vaginal microbiome shows an
overgrowth of obligate and facultative anaerobes, which thereby disturbs the vaginal
microbiome balance (Cheng L, Norenhag J et al., 2020). BV is a frequent and often
recurring vaginal infection in women of reproductive age and is not only correlated with

adverse health outcomes but also with a decreased quality of life.

The bacterial families commonly associated with BV are Gardnerella, Atopobium,
Prevotella, Bacteroides, Peptostreptococcus, Mobiluncus, Sneathia, Leptotrichia, and
Mycoplasma (Oakley et al., 2008). Several studies have confirmed a group of bacteria of
the Clostridiae family as associated with BV so called “Bacterial Vaginosis Associated
Bacteria” (BVAB) (Fredricks et al., 2005, Ugur et al., 2019). Women with BV may present
symptoms such as vaginal discharge, increased vaginal pH, fish-like odour, and burning

when urinating, but they may also lack symptoms (Donders D et al., 2010).

The mechanisms for acquiring BV are not entirely known, however, risk factors have been
shown to have many sex partners and douching, i.e. cleansing of the vagina or a natural

lack of lactobacilli (Mayo clinic data).

High vaginal microbial composition has been shown to be more susceptible to sexually
transmitted diseases, including human immunodeficiency virus (HIV), herpes simplex
virus, chlamydia, gonorrhoea and HPV (Torcia MG 2019, Petrova MI et al., 2013, Cheng
L, Norenhag J et al., 2020, Brusselaers N et al., 2018). BV is also related to poor fertility
treatment outcome (Koedooder R et al., 2019), premature deliveries and low weight babies

and preterm birth (Fettwiss JM et al., 2019).

Furthermore, there are studies showing that HR-HPV clearance was less efficient in women
harbouring Lactobacillus iners or a subgroup of vaginal microbiota dominated by
Gardnerella, Prevotella, Atopobium, Megasphoera as compared to Lactobacillus crispatus

dominated group (Torcia MG 2019).
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The currently recommended treatment for BV is antibiotics, in spite a high recurrence rate
over one year (Coudray MS and Madhivanan, P 2020). However, live biopharmaceutical
products/probiotics as well as vaginal microbiome transplantation (VMT) have also been
explored in clinical trials for BV (Coudray MS and Madhivanan, P 2020).

2.2.3 Oral Microbiota

Like is the case with vaginal and gut microbiota, there are commensal opportunistically
pathogenic microbiota in this region as well. Leptotrichia Buccalis is a normal constituent
of oral flora, but in patients with neutropenia (lack of neutrophile immune cells in blood)
this bacterium can cause severe infections (Morgenstein AA et al., 1980). Oral microbiotas
are often associated with periodontitis or maladies of the gum-tissue and bone surrounding
teeth. Prevotella is a gram-negative bacterium that is involved in periodontal disease
(Tanaka S et al 2008). The genera Phorphorymonas is found both in gut and oral
microbiota. As previously mentioned (see Gut Microbiota) Porphyromonas is associated
with periodontal disease as well as possibly also oropharyngeal cancers (Sohn J et al., 2021,

Sun J et al., 2021).

Interestingly Prevotella is not only associated with dental ligaments, but also rheumatoid
arthritis (Scher JU et al., 2013). The most common HPV type in the oral cavity is HPV16
according to a systematic review by Shigeshi H et al., 2016. It is not entirely clear however
if the correlation with HPV 16 in the oral cavity and bacteria is a causal one. HPV 16 is more
frequently found in the oropharynx, which is argued to be because of capture into the
tonsillar crypts (Faraji F et al., 2017). Inflammatory periodontal pockets may serve as a
similar capture point for HPV 16, rather than any interaction with the microbiota and HPV
itself. A study found mixed results when looking at elderly patients in Japan (Shighesi H et
al., 2021). Prevotella and Veilonella were prevalent in patients with deep pockets and no
HPV16, while Phorphorymonas was more common in patients with HPV16. However, the
patient group was quite small, and how and if HPV 16 interacts with certain genus of

bacteria in the oral cavity remains to be seen.

The oral microbiome is not discussed further in this thesis but presented since we

investigate HPV in the oral cavity.
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3 RESEARCH AIMS

38

To follow up the degree coverage of HPV vaccination at a youth clinic in Stockholm
one decade after the introduction of HPV vaccination, and to investigate possible

vaccine effects on different HPV types.

To analyse possible associations between HPV status, age and vaccination status and

the vaginal microbiota, of women in cohorts from Uppsala and Stockholm.

To analyse gene expression patterns in high-grade dysplasia and invasive cancer in
HPV* and HPV-TSCCC/BOTSCC, and compare with particular emphasis to the
HPV status.

To perform whole-exome-sequencing (WES) on primary tumours of patients with
HPV* TSCC/BOTSCC with and without recurrences, with the aim to identify
similarities and differences as well as to identify markers of prognostic significance or

candidates for targeted treatments.



4 STUDY INDIVIDUALS

Study individuals were enrolled from a youth clinic in the central of Stockholm, and

maternity clinics in Uppsala and from the Karolinska University Hospital.

4.1 YOUNG ADULTS ATTENDING A YOUTH HEALTH CARE CENTER

Young women and men aged 15-23 years attending a youth clinic in the centre of Stockholm
were included in papers I and IT (Ahrlund-Richter A et al., 2019 and Cheng L Norenhag J et
al., 2020 resp.). At the time this investigation was initiated, roughly 4000 women and 800
men attended this specific youth clinic in Stockholm, for birth control advice and/or for
therapy because of sexually transmitted diseases. Participation was anonymous and
voluntary and the written consent included limited data, more specifically only data on the
year and month of birth and HPV vaccination and for the microbiota studies, antibiotic status
were included. The numbers of individuals included can seem relatively low, but enrolment
was not possible in the periods with a high workload for the midwives, however when

approached most individuals did in fact participate.

In paper I, data from almost1000 individuals examined in previous studies 2008-2010 and
2013-2015 were included and compared to more recent data from 2017-2018, where cervical
were collected from 178 young women. In paper II, from the same youth clinic in
Stockholm above, >200 were enrolled and 169 women and girls were eventually included in
the study, after excluding a few due to antibiotic usage or for incomplete clinical information

(for further details see paper II).The age of those enrolled was between 14 and 23 years.

In the ethical application, we applied for the exception of acquiring approval from the
parents of the youth below 18 years of age, since we anticipated it may complicate possible
sensitive situations among the youth and this was approved according to the below
permissions. The permissions for the studies of HPV prevalence in the cervical tract and
for the studies of microbiota for the youth clinic were for paper 1 2008/813-31/2, 2008/870
and 2017/725-31 and for paper 11 2012/1756-31/2 with addition approved 2016-07-04,
2017/725-3, 2019-04201 all approved by the Stockholm Regional Ethics Committee.
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4.2 UPPSALA MATERNITY HEALTH CLINIC PATIENTS

In paper II, from a gynaecological clinic in Uppsala, a total of 139 patients were enrolled
from standard cervical screenings. Standard cervical screenings at the maternal health clinic
provided 133 patients, and follow-up screenings at the maternal clinic provided 6 patients,
however eventually 88 samples were finally included in the complete analysis due to
incomplete clinical information on antibiotic usage or to presence of too little DNA after
extraction. Collection of samples was performed by the regular clinical staff. The Uppsala

patients were between 23 and 29 years of age.

Permission 2016/517 was obtained for these studies from the Uppsala Regional Ethics

Committee

4.3 PATIENTS WITH TONSILLAR AND BASE OF TONGUE SQUAMOUS CELL
CARCINOMA

Patients with tonsillar and base of tongue squamous cell carcinoma diagnosed between 2000
and 2015 in Stockholm, were found by using the Swedish Cancer Registry and utilizing the
International Classification of Diseases system (ICD-10: C09.0, C09.1, C09.8, C09.9,
C01.9) In paper III (Haeggblom L et al., 2019) a total, 24 patients diagnosed 2007-2015
were a included and in Paper IV (Ahrlund-Richter A et al., 2021) a total of 40 patients
diagnosed between 2000-2014 were initially included. Tumour classification and staging had

been done previously (Table 1) and was taken from patients case reports.

Table 1. Tumour classification and staging!

!Classification of tumour stage in these papers was done according to the International Union against Cancer.
The mandatory parameters are listed below. (Adapted also partly from Dr Juan Du’s thesis with her permission)

T: size or direct extent of the primary tumour

Tx: tumour cannot be evaluated

Tis: carcinoma in situ

TO: no signs of tumour

T1, T2, T3, T4: size and/or extension of the primary tumour

N: degree of spread to regional lymph nodes

Nx: lymph nodes cannot be evaluated

NO: tumour cells absent from regional lymph nodes

N1: regional lymph node metastasis present; (at some sites: tumour spread to closest or small number of
regional lymph nodes)

N2: tumour spread to an extent between N1 and N3 (N2 is not used at all sites)

N3: tumour spread to more distant or numerous regional lymph nodes (N3 is not used at all sites)

M: presence of metastasis

Mx: distant metastasis cannot be evaluated
MO: no distant metastasis
M1: metastasis to distant organs (beyond regional lymph nodes)

40



More specifically, in paper III pre-treatment tumour samples from a large consecutive cohort
including patients with TSCC diagnosed 2007-2015 previously tested for presence of HPV
DNA and p16 overexpression (here defined as having HPV™ status), were immunohisto-
morphologically reviewed. In total, 13 HPV* positive cases were identified harbouring both
high-grade dysplasia and invasive tumour in the same tumour section. In addition, 13 cases
with HPV- TSCC and presence of high-grade dysplasia and invasive tumour were also
randomly selected. However, due to technical issues (not enough material left in tissue block
for research purposes) two HPV- cases were lost, resulting in 13 + 11 cases of HPV* and

HPV- cases respectively.

In paper IV, all patients were identified from a large consecutive cohort of patients diagnosed
with TSCC and BOTSCC, previously clinically characterized and tested for presence of HPV
DNA and p16 status. Patients with HPV DNA and p16 positive TSCC/BOTSCC having
local/distant recurrence within 5 years after treatment and with available material both from
primary tumour, as well as the recurrent tumour, were included as “cases” (n=20). From the
same large consecutive cohort, 20 additional patients with no evidence of disease 5 years

after treatment and with available tumour material were included as “controls”.

The studies were conducted according to ethical permissions 2005/431-31/4,2005/1330-32,
2009/1278-31/4 2017/1035-31/2 and 2018/870-32 for the head and neck cancer region from

the Regional Ethical Committee at Karolinska Institutet, Stockholm, Sweden.

4.4 CONSIDERATIONS REGARDING THE STUDY INDIVIDUALS

The Stockholm youth clinic. Individuals here were aged 15-23 years of age. It can be argued
that the participation was low, but this was due to the heavy workload of the midwives most
of the time, with few opportunities for informing the youth and sample collection. It can
also be argued that this youth population had more sexually transmitted diseases than
average youth. However, we followed this youth clinic over time so the relative decrease
should be reasonable. In addition, studies on HPV prevalence were also conducted
elsewhere during the same period of in a school room setting and similar results were

obtained (Nordfors C, Griin N Haeggblom L et al., 2013)
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The Uppsala clinic. Individuals here were aged 23-29 years of age, i.e. slightly older than
the group above. However, this is due to the feature of the age cut-off from different clinics
in Sweden. Furthermore, in paper II we found correlation between vaginal microbiota and

HPV infection even after adjusting the age.

The Karolinska University Hospital. Individuals here were middle aged and cancer patients.
In paper II1I, two cases were lost due to technical reasons and patients with HPV* and HPV-

tumours were not matched on any clinical parameter.

In paper IV, we only included patients with available FFPE material both from the primary
as well as the recurrent tumour. The reason was to also assess differences between primary
and local/distant relapse. However, most patients with distant metastasis were diagnosed
with cytology only. Besides, patients with metastasis to bone tissue were also excluded due
to the heavy decalcification treatment of tumour samples at the pathology unit. However, as
described below, the DNA quality of the recurrent tumours were often poor and were
therefore in some cases excluded from further analysis. In retrospect, it would perhaps have
been better to include all patients with local/distant relapse independent of if they had

material available in order to increase the sample size of the study.
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5 MATERIALS

5.1 CERVICAL SWABS

Study individuals were enrolled from a youth clinic in the central of Stockholm, and
maternity clinics in Uppsala (Papers I and II). The majority of the vaginal swab samples
collected in the youth clinic were self-collected, while collected by clinic staff in the
Uppsala clinics. However, a previous study 2018, found no difference between the
microbiota in self-collected and staff-collected samples (Hugerth LW et al., 2018).
Likewise, in a study by our group, no major differences were found regarding the presence
of HPV depending on whether the samples were collected by the staff or if they were self-
sampled (Ramqvist T et al., 2011).

In both paper I and 11, vaginal swabs (FLOQSwabs™, Copan Flock Technologies, Brescia,
Italy) were used. The cervical swabs were inserted about 2-3 cm into the vagina and swirled
for about 30 seconds and then distributed into FluidX tubes (Brooks Life Sciences,
Chelmsford, MA, USA) containing 0.8 ml of DNA/RNA Shield (Zymo Research Corp,
Irvine, CA). The tubes were stored at 4°C and collected within three days and stored at -20
until further DNA extraction (See methods).

5.2 CANCER TISSUES

All primary tumour samples and samples from recurrences or distant metastasis from patients
with TSCC or BOTSCC were pre-treatment samples and collected as formalin fixed
embedded (FFPE) tissues. Moreover, for verification of the initial diagnosis a second

pathologist reviewed all cancer specimens.

Considerations regarding the study materials

Cervical swabs. The same procedures for collection were applied 2017-208, to that of the
initially collected swabs and the in early consecutive studies, with the exception of that in
the earlier studies the cervical swabs were instead inserted into 5 ml of SurePath

preservation solution (Ramqvist T et al., 2011).
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In paper I and II, all cervical swabs were instead preserved in DNA/RNA Shield (Zymo
Research Corp, Irvine, CA, which is mainly to lyse bacteria and human cells and at the
same time preserving both DNA and RNA. This should however not have affected the

outcome of the extracted human, bacterial or HPV DNA preparation (Paper II).
Cancer tissues. All samples were less than 20 years old, and most less than 10 years old,

which should therefore not affect the extraction of DNA/RNA immensely (described

below).
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6 METHODS

6.1 PREPARATION OF CERVICAL SWABS AND DNA EXTRACTION

In paper I and II, upon obtaining the cervical tubes, subsequently the beads were beaten
with ZR Bashing Bead Lysis Tubes (0.1 and 0.5 mm from Zymo Research Corp, Irvine,
CA) and centrifuged at 1,600 rpm with the 96 FastPrep machine (MP Biomedicals, Santa
Ana, CA, USA) for 1min. Thereafter, the sample buffer was spun at 4,400 rpm for 4 min in

order to separate out the beads. After that, the supernatant was incubated at 37° C for 3 h
while shaking at 1,000 rpm with lysozyme buffer (20 mM Tris-Cl, 2 mM sodium-EDTA,
100 g/ml lysozyme; Sigma, St. Louis, MO, USA).

Thereafter the above, DNA was extracted using the ZR-96 Genomic DNA MagPrep kit
(Zymo Research Corp, Irvine, CA) according to the manufacturer’s instruction. Finally, the
extracted DNA was eluted from the magnetic beads with 70 pl Elution Buffer (10 mM Tris-
CL, pH 8.5; Qiagen, Venlo, Netherlands) and the purified DNA was stored at -20 C before
HPV genotyping. For every batch of DNA extraction, collection fluid and Zymo Microbial
Community DNA Standard (Cat. no. D6300, Zymo Research, USA) were included as the

negative and positive extraction controls, respectively.

Furthermore, owing to the sample size which was large and collection period which was
long, two versions of the ZR-96 Genomic DNA MagPrep kits were used. Both versions are

from product upgrades validated to produce comparable microbiota results (Paper II).

Methodological consideration

Despite some changes in the different protocols over the years, we anticipate that the DNA
that was extracted from the different samples had sufficient quality and did not differ to that
extent that it would have affected the obtained data.

6.2 TUMOUR SELECTION, MICRODISSECTION AND RNA AND DNA
EXTRACTION

In paper III, haematoxylin/eosin stained FFPE tumour sections were histologically

scrutinized by three experienced researchers (L Haeggblom, P Farrajota Neves da Silva and
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A Nisman). The samples were then selected for harbouring sufficient amounts of high-
grade dysplasia/cancer in situ as well as invasive cancer. Adequate and available biopsies
were thereafter sectioned (six 5 um-sections per sample) by microtome with RNase-free
water. These sections were then put on Membrane Slides PEN-Membrane 2.0 pm
(No.11505158) (Leica Microsystems AB). Subsequentially, the tissue sections were
deparaffinized for 2 x 15 minutes in fresh xylene. This procedure was then followed by
rehydration using subsequently lower percentages of fresh ethanol (5 minutes each in
100%, 95%, 70%, 50%, 0% ethanol) and thereafter again stained with haematoxylin for

30 seconds.

Finally, on a Leica LMD 7000 microscope (Leica Microsystems AB), utilizing the Laser
Microdissection System (version 7.6.5684) the separate dysplastic and invasive carcinoma
areas of the six replicate tumour sections were laser micro dissected. They were then
collected separately in microcentrifuge tubes containing PKD buffer from the RNeasy

FFPE kit (Qiagen).

In paper IV, similar procedures were used to distinguish tumour from normal tissue and
metastasis or recurrence from normal tissue. However, the histological examination was

then performed by one researcher (A Ndsman).

Methodological consideration

In both paper III-1V, laser micro dissection was used to separate different compartments
(dysplasia vs. invasive disease and invasive cancer vs normal tissue) of interest for the

specific study.

In paper II1, we estimate that the “purity” of the dysplastic and the invasive epithelial
“compartment” is almost 100%. However, due to technical reasons with laser micro
dissection, it is likely that stromal cells have been included in both “compartments”.
Similarly, it is also likely that lymphoid cells — especially intratumorally tumour infiltrating

lymphocytes (TILs) — have also been included in both “compartments”.

Likewise, in paper IV we estimate having obtained >90% tumour tissue (due to stromal
cells and TILs) and around 100% normal tissue in the individual samples prior to that DNA

was extracted.
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We also anticipate that the amount and quality of the DNA that was extracted was of
sufficient quality to pursue the analysis, as also indicated in most of the cases. However, we
did in Paper IV, have some cases that did not have sufficient material to proceed with

whole exome sequencing (WES), especially in material from local/distant relapse.

6.3 RNA EXTRACTION AND MULTIPLEX GENE EXPRESSION ANALYSIS

In paper III, samples were when possible kept on ice and after laser microdissection RNA
was extracted immediately to warrant the best RNA quality, utilizing the RNeasy FFPE kit
(Qiagen) according to the manufacturer's instructions. The RNA concentration was
measured using a Qubit 4 Fluorometer (Thermo Fisher Scientific) and the Qubit™ RNA
HS Assay Kit (Thermo Fisher Scientific).

In total, 12/24 samples (6 HPV*p16* and 6 HPV-p16- cancers) with adequate RNA
concentrations (>2 ng/uL) were utilized for the multiplex gene expression assay. However,
because of low RNA concentrations in the FFPE material, the nCounter Low RNA Input
Amplification Kit (NanoString Technologies) was used. After that the hybridization
reactions were initiated by utilizing the provided master kit and progression primers
necessary for the nCounter PanCancer Progression Panel (NanoString Technologies). The
gene expression assay was then done in accordance with the manufacturer's instructions
using the nCounter® Sample Prep Station with FLEX configuration (NanoString
Technologies) and the nCounter® Digital Analyzer 5s (NanoString Technologies) for
reading the samples. For the analysis of the data the nSolver Analysis Software (version
4.0) was used, and this then included the nCounter Advanced Analysis add-on software
(version 2.0.115). In more detail, fold changes and P-values were calculated utilizing
nCounter default settings. Pathway scores were calculated by measurements of genes

included in 34 different pathways, utilizing the nCounter Advanced Analysis Software.

Methodological consideration RNA extractions

Preparation of RNA from FFPE material can be challenging due to for example
crosslinking and fragmentation, and the RNA concentrations that were obtained were low.

For these reasons a low RNA Input Amplification Kit (NanoString Technologies) was used.
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The nanoString technology allows a very low RNA input (less than 100 ng) and is suitable
in FFPE material. Here, our material was limited — especially the material from the

dysplastic “compartment” — making the method suitable for our aims.

6.4 HPV DNA EXTRACTION OF TSCC, BOTSCC AND METASTATIC LESIONS

In paper IV, after microdissection, for DNA extraction the FFPE AllPrep DNA/RNA kit
(Qiagen) was utilized according to the manufacturer's instructions. The reason for this was
that we anticipated we may later also assay for RNA expression. The amount of DNA was
measured using a Qubit 4 Fluorometer (Thermo Fisher Scientific) and the Qubit™ dsDNA
HS Assay Kit (Thermo Fisher Scientific).

Methodological consideration DNA extractions

FFPE AllPrep DNA/RNA kit (Qiagen) is in fact optimised for RNA and DNA retrieval
from FFPE material. The obtained DNA was tested by a quality control at SciLife

Stockholm and adequate for further analysis and sequencing.

6.5 HPV GENOTYPING

PCR and PCR amplification

In papers I-IV, for amplification by PCR, the Qiagen multiplex master mix (QIAGEN

AB, Sollentuna, Sweden) was utilized. A number of broad spectrum GP5+/6+ primers, as
previously described, for amplifying the HPV L1 gene from 27 mucosal HPV types as well
as cellular beta-globin primers as positive control were used, for details see (Ramqvist T et
al., 2011).

As controls in all individual tests, DNA from the SiHa cell line, in quantities that

corresponded to 1, 10 and 100 HPV 16 genomes per 5 pul, were used as positive controls and

10 pl of RNAse free water was used as a negative control instead of DNA.

Amplification was performed in a T100 PCR BioRad (Sweden) PCR thermal cycler, with

denaturation for 15 min, subsequently followed by 40 amplification cycles. Every
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amplification included 20 sec denaturation at 94°C, 90 sec annealing at 38°C and 80 sec of
elongation at 71°C. Upon completed amplification, the 5 pl PCR product was mixed with 2
ul of beadmix, including beads correlating to the L1 gene of the different HPV types,
HPV16 E6 and beta-globin (Ramqvist T et al., 2011, Du et al., 2011, Paper I).

The above PCR product and bead mix were set into 96-well plates, and put in a thermal
cycler at 95°C for 10 min for DNA denaturation. Subsequently, after 1 min on ice, the 96-
well plate was put in a thermomixer at 41°C for 30 min, 500 rpm. The samples were then
washed by vacuum-filtration. Thereafter, 70 pul conjugate, streptavidin R phycoerythrin
1:300, was added, followed by an incubation period of 30 min at room temp. The samples
were then washed with 100 ul wash-buffer 3 times, and then suspended in 100 pl wash-

buffer and set into new 96-well plates, and analysed in the Magpix.

The assay used in Papers I and II covered 27 types, which covered all high-risk HPV types
16, 18, 30, 31, 33, 34, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, and 70, as well as some low-
risk types, 6, 11, 26,42, 43,44, 53, 67, 69, 73. This assay was initially developed by the
Michael Pawlita group (Schmitt M et al., 2006). However, since we have introduced the
method in our laboratory the number of HPV types included have in 2014 been increased
from 24 to 27, and e.g. HPV 30, 67 and 69 were included which they were not initially
(Ramgqvist T et al., 2011, Nordfors C et al., 2014).

6.6 BEAD BASED ANALYSIS ON A MAGPIX INSTRUMENT

All studies in this thesis used Magpix for detection of HPV. After DNA extraction and PCR
amplification, detailed HPV type analysis was done using the Magpix instrument (Luminex
Inc, TX, USA). After the samples had been washed, they were mixed with magnetic beads
that have a unique fluorescent colour for each assay HPV type. This was followed by a
denaturation step (heating) to release the DNA strands from each other and allow different
types of beads, corresponding to each assay-HPV type to bind with any matching DNA
sequence. This was followed by ligation. More specifically, the wells are one at a time
loaded into a chamber for analysis. A magnet arranges the beads in a monolayer for easier
analysis, and non-magnetic-bead bound DNA products are washed away. Any bead bound
with material is retained. The samples with potentially bound beads are then exposed to red
and blue light, that identify the type of bead, and the amount of bound DNA respectively,

ensuring that each bead is present, and how much material was available. The result is
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reported back as a median fluorescent value or MFI. MFT is calculated as the median
fluorescent measurement from a time series recorded when exposing the beads to light. The
cut-off for positivity was 1.5 times the background fluorescence, a bit more margin than the

cut-off used in the original paper of the method used here (Schmitt M et al., 2006).

Methodological consideration

Of note, typing of HPV30, 67, and 69 was not initially included in the corresponding assays
of the very first cohort sample collection 2008—2010 from the youth clinic or the 2003—
2008 cervical cancer (CC) sample collection, as the HPV DNA detection was done using
the protocols described earlier (Ramqvist T et al., 2011, Du J et al., 2011). In paper I and I
the analysis also included HPV types 30, 67 and 69 and the analysis of HPV16 E6, making
the analysis more thorough. Nevertheless, the data are presented in such a way that one can

still investigate the results of the HPV types included in the vaccines.

6.7 STATISTICAL ANALYSIS

After obtaining the data, these were compared in different ways. Any HPV type
infection/overall HPV infection (i.e. including all 27 HPV types); or the 15 HR-HPV types
indicated above; infection with the quadrivalent-Gardasil® HPV types (HPV 16, 18, 6, and
11) together or alone, were compared between the HPV vaccinated and unvaccinated
cohorts by Chi-square analysis. Likewise, differences between HPV types collected in this

study were also compared with our previous reports using Chi-square analysis.

6.8 IMMUNOHISTOCHEMISTRY (IHC)

Immunohistochemistry (IHC) was used to evaluate protein expression. In total, 4pm thick
sections from all 24 TSCC/BOTSCC biopsies were stained in study II1. The sections were
de-paraffinized in xylene, and then in several steps submerged in decreasing concentrations

of ethanol to rehydrate them.
Antigen retrieval was achieved by boiling the sections in citrate or EDTA buffer (see

considerations). To inactivate endogenous peroxidase, hydrogen peroxidase was applied.

Unspecific binding was blocked by applying horse serum.
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Six different monoclonal antibodies were used targeting psoriasin, periplakin, Type 1

collagen, Galectin-1, Galectin-1 TILS, and SPARC. For details see also paper II1.

Antibodies were incubated on slides overnight in a humid chamber and subsequentially
incubated with a secondary antibody (see paper I1I) with a biotinylation, which was then
incubated with avidin-biotin enzyme complex (Vectastain Elite ABC kit (HRP), Vector
Laboratories, Burlingame, USA). Substrate chromogen-39-diaminobenzydine (DAB)
(Vector Laboratories, Burlingame, USA) was then applied, which gives the complex (if
bound) a brown colour. Subsequently, all slides were counterstained with haematoxylin.
Before mounting, the slides were de-hydrated with increasing concentrations of first

ethanol, and then xylene.

Evaluation. Sections were evaluated by researchers blinded for HPV status. Psoriasin
expression was assessed as percentage positive cells and a difference in staining pattern
more than 30% were considered as differential expression. For Periplakin, Galectin-1, IL1-
RA staining, the intensity of invasive and dysplastic tumour areas were graded as O=absent,
1=weak, 2=medium and 3 = strong. In addition, Galectin-1 was also considered by TILs
present, with 0 = absent, 1 = few, 2 = intermediate, and 3 = many. For Type I collagen and
SPARC the staining intensity was graded in the same way as above, but the extracellular

matrix was assessed here instead.

Methodological considerations immunohistochemistry (IHC)

A general consideration concerning THC, is that only a thin section of the tumour is
evaluated. This can lead to a misconception if a tumour is very heterogenous. Moreover,
evaluating staining intensity can in some cases be problematic since the staining may vary
between samples/batches etc. In this case, however, we evaluated staining intensity in two
different “compartments” (dysplasia and invasive tumour) in the same tumour tissue stained
at the same time under exactly the same conditions. We also only binary assessed if there
were differences or not in staining between high grade dysplasia and invasive cancer per

tumour/tumour slide. Therefore, staining intensity should be reliable tool in this setting.
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6.9 DNA SEQUENCING

6.9.1 Introduction

DNA sequencing is the process used to identify the sequence of the nucleic acids in a DNA
strand and this can be done for a variety of applications. Comparisons of sequenced data
between species can give some information on the phylogeny and evolution of an organism.
The sequence data can also be used to identify markers of inherited traits or common
mutations related to disease, such as cancer. It can also give us some understanding of
regulatory regions. For a general review see reference Zhou X et al., 2010, as well as Ng

SB et al., 2009, Ng SB et al., 2010 and Biancalana V and Laporte J, 2015.

Thus, DNA sequencing can be used to identify new biomarkers and treatment targets in
cancer and inherited diseases, or to identify symbiotic and pathogenic human microbiota.
Since, DNA sequencing has been made more readily available the past years, both with
regard to speed and economical affordability, here some technologies are described in more

detail, also since they were not covered in the literature review above.

Sequencing technologies in current use are referred to as Next-generation sequencing
(NGS) or High-throughput sequencing (HTS) technologies. While there are technical
differences between different platforms, all approaches translate DNA fragments from a
sample of interest into nucleotide sequences called reads. The number of reads covering an
area of the DNA is referred to as depth, while the length of DNA covered by the reads is
referred to as coverage (Figure 7). When sequencing is performed on an organism with a
well-studied genome, reads are mapped to a reference genome from that organism to find
their correct position in the genome (alignment). In novel, or less well-studied organisms,

de-novo genome assembly is used to reconstruct the genome from the read data.
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Figure 7. Coverage and depth in MPS. a) Targeted Sequencing (TS) and Exome Sequencing (ES) target
exons of a panel of genes or of most genes respectively. Genome Sequencing (GS) targets the genome and in
particular exons and introns of all genes. TS may be used for the study of genomic regions. b) Each region of
interest is theoretically sequenced several times by overlapping sequence fragments called reads. When
considering a sequence of 10 bases(in blue), in case 7 out of the 10 bases are covered by 5 different reads, the
coverage of this region is 70% at 5X depth. A potential single nucleotide variant (SNV; C to G transition) is
shown at the heterozygous state. (From Biancalana V and Laporte J, 2015, with permission from the publisher
according to the Creative Commons Attribution Non-Commercial License)

6.9.2 General NGS Workflow

NGS includes three basic steps: library preparation, sequencing and analysis. Library
preparation is performed to prepare fragments that can be read in the sequencing step.
Depending on sequencing technology or amount of DNA in the sample, the sample DNA
can be PCR-amplified or be left as is. The DNA is then fragmented, either chemically or
mechanically. The fragments can then have adapters added, to amplify certain regions for
amplicon or exome sequencing, to track the sample of origin in multiplexing setups or for
compatibility with sequencing machines (such as Illumina). Sequencing generally involves
some sort of clustering and PCR amplification of DNA fragments, followed by creation of
single-strand DNA templates and addition of complementary nucleotides to the template
fragments, where the sequence of the added complementary bases for each fragment is
recorded through methods such as pyrosequencing (Roche) or fluorescent nucleotide probes

(IMlumina).
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Due to the nature of the sequencing methods, the output at this point will describe light
intensity in various forms. This data is converted to nucleotide sequences through base
calling, where the output is a string of nucleotide sequences (FASTA file). Depending on
the sequencing machine’s estimation of base calling accuracy, the nucleotide gets a quality
score, showing how confident the base call is. This is called a FASTQ file. For downstream
analysis, FASTQ files are aligned to a reference genome, showing the nucleotide sequence
of the studied sample across the genome. The alignment files will also have a quality score,

dependent on genome position and read depth, showing how confident the alignment is.

6.9.3 NGS Analysis

Depending on the research question, various types of information can be extracted from the
aligned data. In general, germline and somatic variants — both single-nucleotide and
structural variants — and copy number variations can be studied. Germline variants can be
thought of as mutations present in all cells of the specific organism studied, a result of
natural variation. They can be identified when analysing non-cancer samples, such as
peripheral blood, as diverging from the canonical genome sequence. When analysing a
cancer sample, variants are compared against databases of human genetic variation. Here,
germline variants will tend to have a relatively high allele frequency — i.e., they are present

in a subset of the normal population.

Somatic variants are specific to a tumour, and not present in non-cancer cells of the patient.
Because of this, when analysing DNA sequences in cancer samples, both a cancer sample
and a normal sample from the same patient are typically sequenced, and only variants that
are neither found in the normal sample nor in normal variant databases are considered

cancer-specific somatic variants.
Copy number variations can be inferred by comparing the read depth at the same loci

between the cancer and the normal sample. In this way, amplifications and deletions of both

single genes and entire chromosomes can be identified.
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6.10 TYPES OF DNA SEQUENCING

Whole Genome Sequencing (WGS) is a comprehensive method of analysing the entire
genomic DNA of a sample. WGS is also known as “full genome sequencing” or “complete

genome sequencing”.

WGS can provide more types of data than other, more targeted approaches. For example,
mitochondrial DNA and regulatory intronic regions will be covered by WGS. The coverage

of exons is also higher than with exome-targeted approaches.

Additionally, to create new reference genomes or sequence organisms without a reference
genome (de-novo sequencing), WGS is required. The wide coverage also makes it more
likely to call de novo mutations and provides higher accuracy in calling single-nucleotide

polymorphisms (SNPs) and insertions-deletions (INDELS).

Whole Exome Sequencing (WES) is a type of targeted sequencing, focusing on the coding
regions of the genome. The exome is estimated to represent roughly 1-2% of the human
genome, but accounts for most mutations identified in Mendelian disorders (Ng SB et al.,
2009, Ng SB et al., 2010). In WES, exome regions of the DNA are captured with probes
targeted to these regions. The captured DNA then undergoes multiple cycles of PCR

amplification before sequencing. [llumina-based WES is illustrated in Figure 8.

Output data for WES is greatly reduced to about 5% of WGS. Sequencing of only the exons
saves reagents and computational analysis time. WES costs about a half to a third as much
as WGS and the output is substantially less computationally heavy to analyse. This makes
WES an attractive alternative to WGS in a clinical setting, where mainly protein-coding

regions are of interest.

In Paper IV we used WES. One reason for this choice of method was cost and time
limitations. An added benefit however is that the results in the study suggest a potential
future possibility to use WES cost-effectively in a clinical setting to study outcome-related

mutations and plan treatment accordingly to each patient’s mutational profile.
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Figure 8. Schematic illustration of whole exome sequencing (Illumina) according to Masoudi-Nejad et al
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Amplicon Sequencing (AS) is a highly specific targeted approach that typically only
sequences one or a limited set of genomic regions or genes. This can be panels of specific
genes or well-known high-risk areas for mutations. In amplicon sequencing, loci of interest
are amplified using specific PCR primers before sequencing. AS allows a very high read
depth and can save even more time than WES. The high read depth also sequences GC-rich
regions more accurately. The speed and read depth allows for efficient sequencing of
microbiota, and several genera of microbes can be identified in a mixed sample. The high

read-depth can also allow sequencing of samples contaminated by host DNA and can

56



separate normal tissue from tumour tissue in human samples. The amount of reads for each

gene can also be used to interpret the relative abundance of organisms in the sample.

Typical genes sequenced to differentiate between species are house-keeping genes such as
16S ribosomal genes common to prokaryotes. Apart from microbial sequencing, custom
panels can also be useful to cheaply and quickly identify known high-risk cancer mutations
in a clinical setting. 16S amplicon sequencing was used in paper II to detect species of
bacteria in the human samples. In clinical settings, AS could potentially replace culturing
for the detection of microbes, as bacterial culture has a bias to easily lab-grown bacteria,
while sequencing lacks this bias. A study comparing AS of the 16S gene from faecal
samples compared to traditional bacterial culture methods showed that about two thirds of

uniquely detected bacteria were detected by AS (Gupta S et al., 2019).

Next generation Illumina dye sequencing (used in paper II, Microbiota)

In paper II, for sequencing of microbiota the V3-V4 regions of the 16S rRNA genes were
amplified from the extracted DNA using Illumina index-binding primer pairs 341F/805R,
as described in detail (Hugerth LW et al., 2018, Paper II).

Bioinformatics analysis. After base calling and de-multiplexing, the FASTQ files generated
from each run were as routinely done, subjected to quality trimming, de-noising, merging,
and chimera removal, and thereafter processed into sequencing tables. Further details are
described in Paper II, and by Martin M 2011, Callahan BJ et al., 2016. Following
decontamination, sequence annotation, phylogenetic tree construction and alpha- and
beta- diversity calculation steps are described in more detail in Paper II and by et al Davis

NM et al., 2018.

Methodological considerations DNA sequencing

Current microbiota sequencing analysis is based on relative abundance comparison, which
is not considered quantitative. Novel methods like including spikes in species have been
tested and may better quantify bacterial quantity. However, we compared targeted regions
of the 16S rRNA genes, using the V3-V4 region which provides the best resolution on the
species level for vaginal microbiota. This is a well-established method, adequate for the
purposes of the study. Due to the methodological limitations, we however did not consider

other viruses than HPV, fungi nor parasites in the microbiota.
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Whole Exome Sequencing (WES) of cancer samples (used in paper IV)

For sequencing, the Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA) was used,
with sequencing by synthesis and initially 40-250 ng DNA was used for library preparation
(For further details see paper IV). The primers xGen Library Amp Primer (0.5 mM,
Integrated DNA Technologies, Coralville, IA, USA) were used to facilitate DNA synthesis,
and PCR performed for 10 cycles during base calling. Around 60 millions of read pairs
were generated per sample. Downstream analysis focused solely on somatic variants

predictive of relapse

Notably, before sequencing, tumour tissue samples were separated into normal and cancer
tissue through laser microdissection and calling of somatic variants was used with the
normal tissue samples as reference. In a few cases, due to quality issues, normal samples
were not available. In these cases, allele frequency was used to separate germline from
somatic mutations. In these cases, allele frequency was used to separate germline from
somatic mutations. For specific details related to library preparation (using 40-250 ng
DNA) and target enrichment with a multiplex fashion (using 375 ng DNA) as well as

variant calling and analysis, please see details paper IV.

Methodological considerations

Since the study was focused on identifying biomarkers predictive of relapse, it only
analysed somatic variants. Finally, an important consideration is the use of normal tissue
for somatic variant calling. Many studies use peripheral blood, where there is no risk of
contamination from surrounding cancer cells. Since our study used FFPE material, we
reasoned that a better control would be normal tissue from the same FFPE slides as the
cancer cells, to avoid FFPE artifacts biasing the analysis. With laser microdissection, very
high purity can be achieved, avoiding problems with cross-contamination between cancer
and non-cancer cells. The fact that not all samples had corresponding normal tissue is a
definite problem, addressed in the paper. To not lose these samples, they were kept for
analysis and variant calling used allele frequency to select somatic variants. However, in
downstream analysis, variants of interest in these samples were only kept if they were also

present in samples with normal control tissue.
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7 RESULTS AND DISCUSSION

7.1 PAPERI. CHANGES IN CERVICAL HUMAN PAPILLOMAVIRUS (HPV)
PREVALENCE AT A YOUTH CLINIC IN STOCKHOLM, SWEDEN A
DECADE AFTER THE INTRODUCTION OF THE HPV VACCINE

Ahrlund-Richter A, Cheng L, Hu YOO, Svensson M, Pennhag AAL, Ursu RG, Haeggblom
L, Griin N, Ramgqvist T, Engstrand L, Dalianis T, Du J.
Front Cell Infect Microbiol. 2019 Mar 20;9:59.

71.1 Aim

The goal of this paper was to examine the effect of human papillomavirus (HPV) catch-up
vaccination as well as school-based HPV vaccination on the base line high cervical HPV-
prevalence, at a youth clinic in Stockholm upon the introduction of the HPV vaccine during

the years 2008-2018.

7.1.2 Background

During the period of 2008-2010 there was a high base-line cervical HPV-prevalence (in
total 69.5%) and in particular a high HPV16 variant prevalence (34.7%) in unvaccinated
women at a large youth clinic in Stockholm. However, during 2013-2015, a few years after
the initiation of the quadrivalent-Gardasil® HPV-vaccine, the prevalence of HPV16 and
HPV6 decreased. In this paper, we aimed to investigate the prevalence of HPV in cervical
samples 10 years after primary sampling. Below some of the details of Paper I are included,

but for a detailed description, see the paper itself.

7.1.3 Material and Methods

More specifically during 2017-2018, in total 178 cervical swabs, from 15-23 year old women,
were analysed for 27 HPV types using a bead-based multiplex method. Cervical HPV
prevalence data were then correlated to age, vaccination status and compared to cervical HPV
prevalence in a cohort of 615 samples from 2008 - 2010 and a cohort of 338 samples from
2013 to 2015 from the same clinic, in addition to HPV types in 143 cervical cancer (CC )
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cases during 2003-2008 in Stockholm. For details of the analysis see, the Material and

Methods sections above and Paper 1.

7.1.4 Results

Compared to the first study the numbers of HPV vaccinated women had risen considerably,
more specifically from 10.7% (2008-2010) to 82.1% (2017-2018). Furthermore, in the
2017-2018 cohort, the combined prevalence of all 27 HPVs; all high-risk HPVs (HR-
HPVs) and the combined presence of HPV16, 18, 6 and 11 (the quadrivalent-Gardasil®
types), was lower in HPV vaccinated in comparison to non-vaccinated women (67.4 vs.
93.3%, p =0.0031, 60.1 vs. 86.7%, p = 0.0057 and 5.8 vs. 26.7%, p = 0.002, respectively).

This is illustrated in Figure. 9 below.
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Figure 9. Cervical human papillomavirus (HPV) prevalence of all tested HPV types according to vaccination
status (Vaccinated or non-vaccinated). *p < 0.05, **p>0.01. (From paper I, with permission from the
publisher).

In addition, notably e.g. HPV16 prevalence in HPV vaccinated women was 5.8%, and
HPV16 prevalence in non-vaccinated women 2017-2018 was much lower than that in
2008-2010 (16.7 and 34.7%, respectively, p = 0.0471). In addition, similar trends were
observed for HPV18 and 11. Furthermore, we found that the prevalence of HR-HPV35 and
45 decreased in HPV vaccinated as compared non-vaccinated women. Lastly, similar to
previous studies the highest HPV prevalence was observed at the age 21 years and that the

majority of women, with an HPV infection, were infected with multiple HPV types.
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Of note, however, in all the women, irrespective of HPV vaccination status, the most
frequent non-quadrivalent-Gardasil® vaccine HR-HPV types were HPV39, 51, 52, 56, and
59 (Figure 10). These latter HPV types contributed together to roughly 9.8% of CC cases
diagnosed 2003-2008 in Stockholm, and their relative frequency tended to have risen in the
period of 2017-2018 as compared to the period 2008-2010.
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Figure 10. Prevalence of specific (HPV) types over the years 2008-2018. (A) Cervical prevalence of HPV39,
51,52, 56, and 59 irrespective of vaccination over the years 2008-2010, 2013-2015, and 2017-2018. (B)
Cervical prevalence of HPV39, 51, 52, 56 and 59 in vaccinated women over the years 2008-2010, 2013-2015,
and 2017-2018. (C) Cervical prevalence of HPV39, 51, 52, 56 and 59 in non-vaccinated vaccinated women
over the years 2008-2010, 2013-2015, and 2017-2018. *p < 0.05, **p>0.01, ***p<0.001 (Paper I, with
permission from the publisher).
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7.1.5 Discussion

In this paper, we have shown that during the time period 2008 and 2018, that the proportion
of HPV vaccinated women rose from 10.7%, 2008-2010, to 82.1%, 2017-2018, while the
prevalence of HPV16, 18, 6 and 11 (in the quadrivalent-Gardasil® vaccine) decreased
substantially. In addition, we observed that in the 2017-2018 cohort, their combined
presence had decreased significantly in HPV vaccinated when compared to that in
unvaccinated women. These findings are in concordance with other studies indicating that a
high coverage of HPV vaccinated individuals has a high impact on HPV prevalence and
HPV associated diseases, lowering the burden of HPV infection, genital warts and cervical
disease (Griin N et al., 2016, Dehelendorff C et al., 2018, Drolet M et al., 2019) . This
study, was however, very illustrative and had the benefit of studying HPV prevalence in a
cohort with a generally high prevalence, and thereby allowing for the analysis of the fate of
some individual HPV types.

Of note, HPV16 prevalence had decreased in non-vaccinated cohorts in 2013-2015 as well
as in 2017-2018 when compared to the 2008-2010 cohort (Griin N et al., 2016). We also
found that in the 2017-2018 cohort, HR-HPVs in total and in particularly HR-HPV35 and
45 declined in HPV vaccinated vs. in non-vaccinated women. Notably however, this did not
apply to the in 2017-2018 most commonly occurring HR-HPVs HPV 39, 51, 52, 56, and
59, which instead tended to increase as compared to 2008—2010 (Paper I).

That a handful of HR-HPV types tended to have become more common could be due to a
variety of reasons, including chance. One possibility, not yet confirmed, could be increased
sexual activity in recent years. Another possibility could be that cross-immunization
potentially induced by the previously naturally occurring HPV-vaccine types e.g., HPV16,
18, was superior than the vaccine against these non-HR HPV types. However, the latter was
not supported by a study showing cross-immunization against types genetically related to
HPV 16 in vaccinated, but not in non-vaccinated women (Saccucci M et al., 2018). It has
also been proposed that eliminating HPV16, could have enhanced detection of HR-HPV
types that theoretically could be competing for the same primers (Saccucci M et al., 2018).
However, irrespective of why, that specific HR-HPV types, not included in the vaccines
tend to rise in prevalence is in accordance to that shown by others and should be followed

(Saccucci M et al., 2018, Machalek DA et al., 2018).
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The latest HPV vaccine, Gardasil®9 covers HPV6, 11, 16, 18, 31, 33, 45, 52, and 58
(Schiller J and Lowy D, 2018). It thereby includes 1/5 (HPV52) of the most common HR-
HPVs 39, 51, 52, 56, and 59 found in the 2017-2018 cohort as well as 5/6 of most common
HR-HPV types (HPV16, 18, 31, 33, 45, and 56) that were present in the CC diagnosed
2003-2008 in Stockholm (Du J et al., 2011).

Therefore, Gardasil®9, should be very useful and inhibit many new CC cases, however one
must still bear in mind that 4/5 HR-HPV types HPV39, 51, 56, and 59 (not included in
Gardasil®9), during 2003-2008 contributed to 11/143 (7.7%) of the CC cases in Stockholm
(DulJetal, 2011). Still, of these 11 cases, only six were single infections, whereas four
were co-infections, so several HPV types could be transcribed at the same time (Du J et al.,

2011, Halec G et al., 2013).

Paper I has limitations. The women here attend the youth centre for birth control advice and
possible sexually transmitted diseases and thereby introduce a selection bias (Ramqvist T et
al., 2011, Griin N et al., 2016). In addition, HR-HPV types HPV 30, 67, 69 currently
examined, were not included initially so the total HPV prevalence may have been affected,
but this should not have influenced the analysis of the HPV vaccine or non-vaccine HR-

HPV types since these were included before (Du J et al., 2011, Ramqvist T et al., 2011).

To summarize, HPV vaccination has introduced a decline in the prevalence of vaccine HPV
types HPV 16, 18, 6, and 11, but five non-vaccine specific HR-HPV types HPV39, 51, 52,
56, and 59 still remain high at a Stockholm youth clinic. Of these, only one HPV52 is
included in Gardasil®9. Screening and follow up of HPV infections remain important also
in the future and one could consider additional HPV types for the next generation of HPV-

vaccines.

7.1.6 Conclusion

HPV vaccination has increased in coverage and cervical combined HPV16, 18, 6 and 11
type prevalence has declined significantly the past decade in women at a youth clinic in
Stockholm. However, non-vaccine HR-HPV types remain so screening remains important

and additional HPV types could be considered for the next generation of vaccines.
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7.2 PAPERIL. VAGINAL MICROBIOTA AND HUMAN PAPILLOMAVIRUS (HPV)
INFECTION AMONG YOUNG SWEDISH WOMEN

Liqgin Cheng, Johanna Norenhag, Yue O. O. H, Nele Brusselaers, Emma Fransson,
Andreas Ahrlund-Richter, Unnur Gudnadottir, Pia Angelidou, Yinghua Zha, Marica
Hamsten, Ina Schuppe Koistinen, Matts Olovsson, Lars Engstrand, Juan Du. V.

NPJ Biofilms Microbiomes 2020 Oct 12;6(1):39

7.21 Aim

To define the HPV-associated microbial community in a young population with a high HPV

vaccine coverage.

7.2.2 Background

Human papillomavirus (HPV) infection is one of the most frequently sexually transmitted
diseases globally and despite that the HPV vaccine has aided in reducing the prevalence of
HPV infections and HPV associated tumours, not all high risk (HR) HPV types are covered
(Bruni L et al., 2010, Bruni L et al., 2021). Thereby further interventions are needed.
Furthermore, notably variations in vaginal microbiota, with increased microbial diversity
and a notable the absence of Lactobacilli, have been demonstrate to enhance sexually
transmitted diseases in some countries (Mitra A et al., 2016, Ondordonk AB et al., 2016).
For this reason we attempted to identify whether there were distinctions in the microbial
community in individuals with an HPV infection or not and investigated a young cohort

with a known high HPV prevalence and a high HPV vaccine coverage.

7.2.3 Material and Methods

To if possible specify the HPV associated microbial community in a Scandinavian country
with a high vaccination coverage, we performed the largest cross-sectional study with 345
young healthy Swedish females (youth clinic: n=206, age 14-22 years; cervical screening:
n=139, 23-29 years). The microbial community and its potential correlation with HPV
infection status (by covering 27 HPV subtypes) was examined. For details of the analysis

see, the Material and Methods sections above and Paper II.
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7.2.4 Results

Microbial alpha-diversity was found to be statistically significantly higher in HPV infected
women when compared to that in HPV negative women, in particular if the women were
infected with HR-HPV types and had multiple HPV types. This was e.g. reflected by
differences between the women in the youth clinic and the cervical screening group (Figure
11). In addition, we observed a small but statistically significantly increased microbiota

diversity in participants infected with oncogenic HPV39 and 56 (See paper II).
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Figure 11. Comparison of HPV prevalence, HPV vaccination status, and microbial diversity in the youth
clinic and the cervical screening samples.

a Significantly higher HPV prevalence was observed from the youth clinic samples than the cervical
screening samples. b Significantly higher HPV vaccination coverage was shown in samples from the youth
clinic than samples from the cervical screening. ¢ Microbial alpha diversity based on Shannon analysis did not
show the difference between samples from the youth clinic and the cervical screening. Every dot in the violin
plot represents one individual. Data were presented as mean values with standard deviations. d Principal
coordinates analysis (PCoA) of microbial species data based on Bray-Curtis distance matrix demonstrated
three main vaginal microbiota clusters. Statistical significance between the groups was tested by Fisher’s
exact test in a and b, and by Wilcoxon rank-sum one-sided test in ¢ (p =0.108). ***p <0.001 and

*#4%p <0.0001. HPV+: HPV-infected, HPV—: HPV-uninfected. (Paper II, with permission from the
publisher).

The vaginal microbiota of the HPV infected participants included a larger number of
bacterial vaginosis-associated bacteria (BVAB), such as e.g. Sneathia, Prevotella and
Megasphaera, indicating that these could potentially be used as biomarkers and/or

treatment targets (Figure 12).
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Figure 12. Difference in vaginal microbiota of HPV-uninfected and HPV-infected young women.

a Vaginal microbiota at the genus/species level from HPV-uninfected young women. Except BVABsS, the
following criteria were used in order to show the important and abundant taxa clearly: (1) Bacteria with over
1% mean relative abundance in all the samples. (2) Lactobacillus species that have more than 10% of reads in
any sample. (3) Non-Lactobacillus genera that have over 30% of reads in any sample. b Vaginal microbiota at
genus/species level from HPV-infected young women. Same criteria were used as in a. ¢ Microbial alpha
diversity (Shannon) comparison between groups of HPV-uninfected and HPV-infected young women
demonstrated a significantly higher vaginal microbiota diversity among HPV-infected women by Wilcoxon
rank-sum one-sided test. Data were presented as mean values with standard deviations. ***p <0.001. HPV+:
HPV-infected, HPV—: HPV-uninfected. (Paper II, with permission from the publisher).

Moreover, the analysis showed that double the number of women with non-lactobacilli
dominant vaginal microbiota had infection with HR-HPV types compared to those with L.
crispatus dominated vaginal microbiota (odds ratio 2.0, 95% confidence intervals 1.0-3.9),

when adjusting for vaccination status, age, and population.
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7.2.5 Discussion

In this study, we disclosed that in women infected with any HPV, oncogenic HPV, and
multiple HPV types that there was a higher microbiota diversity when compared to that of
women not infected with HPV. In addition, a small but still significantly higher microbiota
diversity was observed in women presenting HR-HPV39 and 56 infection. Furthermore,
from our data we propose that BVABSs, (that have not been studied HPV-related studies
before), together with Sneathia, Prevotella, and Megasphaera, are associated with HPV
infection. Finally, although, HPV vaccination had a strong protective effect against the

vaccine HPV types, it did not influence vaginal microbiota.

As also revealed previously in Paper I, this study showed the strong protection of HPV
vaccination against HPV infection, in particular against having multiple HPV types, thereby
showing the efficacy of the Swedish national HPV vaccine program (Paper I, Griin N et al.,
2016, Ramqvist T et al., 2011).

However, there was still a high HPV infection rate due to other HPV types not included the
vaccine and this was in particular observed in the age group 19-24 years. The latter finding
could be due to that this age group was frequent in the youth clinic, where youth visit for
advice on sexually transmitted disease or birth control. Our analysis may for this reason be
regarded as biased by including sexually active young women that may have presented a

sexually transmitted disease.

Nevertheless, despite that the sample source, vaccination status and age may have
influenced HPV prevalence, these parameters did not seem to have affected the variation in

the vaginal microbiota which is of note for future studies.

It has been proposed that vaginal microbiota and associated changes at an early life stage
may have fundamental effects later in life, such as developing cancer (Mitra A et al., 2016 .
Here, we have performed large cross-sectional study of vaginal microbiota focusing on
young women (14-29 years) utilizing the sequencing method and although the study lacks,
data on vaginal pH or vaginal infections other than HPV, when compared to other vaginal
microbiota studies it has other benefits. The current study namely limits the influence of

confounders e.g. such as variability of hormone and immunity levels due to that we do not

67



include a large age span. Furthermore, the young cohort allows us to study a population

with a high prevalence of HPV infection (Paper I).

One can discuss, what future options our study may imply. There are recent studies that
have indicated that some of Lactobacillus species, such as L. gasseri, may possibly be
favourable for clearance HPV (Broteman RM et al., 2014, Brusselaers N et al., 2019). Also,
other studies along the same line propose a possible correlation of some compositions of
vaginal microbiota and HPV clearance or progression to cervical dysplasia and cancer

(Mitra A et al., 2016, Norenhag J et al., 2020).

Nonetheless, despite that few longitudinal reports suggest microbiota may influence HPV
persistent infection (Shannon B et al., 2017), HPV may also contribute to the alteration of
vaginal microbiota stability and composition, but variations in HPV prevalence and vaginal
microbiota may occur at the same time due to sexual activities. These possible bi-
directional effects need to be further investigated, with special emphasis on longitudinal
ones. In addition, possible underlying mechanisms with regard to potential interactions

between microbiota and HPV would be of interest to explore.

7.2.6 Conclusion

To summarise, in this cross-sectional study of a large cohort of young Swedish women with
a high HPV vaccination ratio, we show a significant correlation between non-
Lactobacillus-dominated vaginal microbiota and HPV infection. The latter including any

HPV, HR-HPV and multiple HPV types.
Furthermore, we demonstrate that the HPV vaccine exhibits a minor effect on vaginal

microbiota, and on bacterial species e.g. BVABs, where the latter may possibly be utilized

e.g. as a marker and/or target for therapy of infection with HPV.
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7.3 PAPER IIl. DIFFERENCES IN GENE EXPRESSION BETWEEN HIGH-
GRADE DYSPLASIA AND INVASIVE HPV+ AND HPV- TONSILLAR AND
BASE OF TONGUE CANCER.

Haeggblom L, Ahrlund-Richter A, Mirzaie L, Farrajota Neves da Silva P, Ursu RG,
Ramgqvist T, Ndsman A.
Cancer Med. 2019 Oct;8(14):6221-6232.

7.3.1 Aim

To in HPV-positive (HPV" ) and HPV-negative (HPV-) TSCC/BOTSCC analyse potential
similarities and dissimilarities in gene and protein expression between high-grade dysplasia

and invasive cancer in both.

7.3.2 Background

HPYV can cause TSCC and BOTSCC, and not only cervical cancer (CC) and other
anogenital cancers. However, while premalignant stages in e.g. CC have been investigated
thoroughly, extremely little is investigated and clarified regarding premalignant stages in
TSCC and BOTSCC or the influence of HPV. In fact, some authorities have postulated that
there are no pre-stages in HPV mediated TSCC/BOTSCC. Here we therefore explored and
analysed for possible similarities and differences in gene and protein expression in high-

grade dysplasia and invasive cancer in HPV" and HPV- TSCC and BOTSCC.

7.3.3 Material and Methods

From a larger material twenty-four tumours with high-grade dysplasia and invasive
carcinoma were identified and selected for further analysis. From these 24 tumours,
formalin fixed paraffin embedded (FFPE) samples with lesions, were then laser micro-

dissected from HPV* and HPV- TSCC and BOTSCC tumour sections.
Differential gene expression was examined using nanoString RNA-panels and genes of

interest were validated on the protein level by applying immunohistochemistry. For further

details see the Material and Methods sections above and Paper III.
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7.3.4 Results

After microdissection and differential gene expression analysis the data were compared
between the HPV* and HPV- samples. Differences in gene expression between in situ and
invasive cancer were found to be similar in HPV* and HPV- TSCC and BOTSCC (Figure
13). In total, 40 genes in the HPV™ tumours displayed a statistically significant different
expression in high-grade dysplasia as compared to invasive cancer and this was true for 33
genes in the HPV- cancers (Figure 13). Furthermore, 5/9 of the most noteworthy pathways
presented a corresponding increased activity in invasive cancer when compared to high-

grade dysplasia in not only the HPV™ but also the HPV- cancers.

COL3A1
CoL1A1
CoLiaz ™M HPV+
FN1 HPV-
MS4A4A
SPARC
POSTN
COLG6A3
AEBP1
LUM
SPP1
CADM1
COL6A2
CCBE1
LOXL2
CALCRL
SERPING1
cyprPi1B1

PFKFB1
PPP1R16B
OLFML2B

TNC
CEACAMS

g
9
””ll"ll.uu

v
» > &

6d

T
“v ™

4

Log, Fold Change

Figure 13. Comparison between HPV* and HPV- TSCC and BOTSCC with regard to in situ and invasive
cancer. Log> fold change difference between high-grade dysplasia and invasive carcinoma comparing
statistically significant differences (P <.05) in mRNA expression in the HPV™ and HPV~ samples separately.
All genes showing a positive fold change value have a higher expression in invasive carcinoma compared to
high-grade dysplasia, and genes showing a negative fold change value have a lower expression in invasive
carcinoma compared to high-grade dysplasia. (From Paper 111, with permission from the publisher).
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Notably, significant differential mRNA expressions were disclosed in some genes such as
for COLI1AI, SPARC, and LGALSI that were more active in invasive carcinoma in
comparison to high-grade dysplasia, while the contrary was observed for S710047, that was
more highly active in high-grade dysplasia (Figure 14).
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Figure 14. Gene expression in high-grade dysplasia and invasive carcinoma in HPV* and HPV™ tonsillar and
base of tongue squamous cell carcinoma separately. (A) Volcano plot showing differentially expressed genes
between high-grade dysplasia and invasive carcinoma by log> fold change (x-axis) and —logioof P-value (y-
axis) in HPV™ tonsillar and base of tongue squamous cell carcinoma cases. The top 10 genes with increased
and decreased linear fold change as well as log: fold change expression between high-grade dysplasia and
invasive carcinoma are together with P-values presented in the tables to the right. (B) Same as in (A), here
however with HPV™ tonsillar and base of tongue squamous cell carcinoma cases. (With permission from the
publisher Paper III).

Moreover, obvious differences in protein expression were observed for SPARC, psoriasin,
type I collagen and galectin-1 in not only HPV®, but also in HPV- tumours (Figure 15).
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Invasive carcinoma

High-grade dysplasia

Type |
collagen

SPARC

Galectin-1

IL-1RA

Psoriasin

SPARC

Psoriasin 14 0 10 0.0001
Type | Collagen 0 13 10 0.0002
Galectin-1 1 9 13 0.0215
IL1-RA 5 0 19 0.0625
Galectin-1TILs 1 6 16 0.1250
Periplakin 8 3 12 0.2266

Figure 15. (A) Examples of immunohistochemistry stainings of type I collagen, SPARC, galectin-1, IL-1RA,
psoriasin, and periplakin, in high-grade dysplasia/carcinoma in situ an in invasive carcinoma. Expression of
type I collagen and SPARC is higher in the tissue surrounding invasive carcinoma, and galectin-1 has a higher
expression in invasive carcinoma, whereas IL-1RA, psoriasin, and periplakin show a higher expression in
high-grade dysplasia compared to invasive carcinoma. (B) Summary of immunohistochemical protein
evaluation scores and P-values for selected proteins, HPV*, and HPV™ tumors combined. (Paper III, with
permission from the publisher)
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7.3.5 Discussion

In paper III, differences in gene expression in high-grade dysplasia/cancer in situ as
compared to invasive HPV* and HPV~ TSCC/BOTSCC were reported. Noteworthy
differential mRNA expressions were observed for COL1A41, SPARC, and LGALS1 which
were expressed to a higher degree in invasive carcinoma in comparison to high-grade
dysplasia, while the contrary was observed for S7100A47, that was more expressed in high-
grade dysplasia. By IHC on the protein level these findings were confirmed. Also, many
resemblances in signal pathway activities and gene expression in both HPV* and HPV-

TSCC/BOTSCC were observed.

Nonetheless, in HPV* TSCC/BOTSCC dysplasia is rarely disclosed and entirely
premalignant stages have been debated, although found frequently in HPV~
TSCC/BOTSCC. For this reason, some researchers have proposed that there are no
HPV™* premalignant phases in TSCC/BOTSCC (Holmes BJ et al 2019), but on the other
hand they have been described by others, who also pursued some molecular studies of

HPV*" TSCC/BOTSCC dysplasia (Mooren JJ et al., 2014, Masterson L et al., 2015).

Here, however we aimed to investigate several genes and noted several similarities in both
HPV™ and HPV- tumours both in dysplasia and invasive cancer, indicating that indeed that
dysplastic HPV* TSCC/BOTSCC is distinguishable from invasive HPV* TSCC/BOTSCC,
and we propose that premalignant stages can exist in HPV* TSCC/BOTSCC.

With regard to signalling pathways, an upregulation of ECM receptor interaction, ECM
structure, collagen family, and cellular growth factor pathways would likely be expected in
HPV™ as well as HPV™ invasive carcinoma. In addition, a higher stem cell associated score
was also disclosed in invasive cancer when compared to dysplasia, and this was detected to
a higher extent in HPV™ than in HPV™ samples. This would be in concordance with a
showing of that the cancer stem cell pool more extensive in HPV* than in HPV- OPSCC
(Zhang M et al., 2014).

With regard to the transcriptional level, here collagen genes COLIAI, COLIA2, COL3Al,
were the ones most significantly active in invasive cancer when correlated to their activity
in dysplasia in both HPV* and HPV™ cancers. This is likely not surprising since they are

abundant in the ECM and they are also important with regard to tumour progression and
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cell proliferation and the association to outcome in various tumour types (Kirkland SC

2009).

SPARC (secreted protein acidic and rich in cysteine) another matricellular protein, which
regulates cell-matrix interactions and signalling pathways in cells, was also found increased
in invasive cancer in comparison to its expression in dysplasia. This protein is assumed to
be supplied by cancer associated fibroblasts in the tumour stroma and proposed to be
involved in the regulation of tumour cell growth and metastasis (Framson PE et al., 2009,

Paulsson J and Micke P 2014).

Also of note was S100A47 encoding the protein psoriasin part of the S100 family harbouring
calcium-binding motifs and a significant mediator of cell maturation and survival, with its
expression correlated to tumour progression and survival and progression with opposing
functions (Hattinger E et al 2013). Notably, psoriasin was also found significantly more
overexpressed in oral leucoplakia lesions with squamous cell hyperplasia or dysplasia and
in HNSCC, when compared to normal tissue, and the nuclear accumulation in the latter was
associated with worse clinical outcome (Tripathi SC et al., 2010) . Yet another gene of note
is ILIRN which codes for interleukin-1 receptor antagonist (IL-1RA) which in turn inhibits
the IL-1 receptor. IL-1RA protein expression has been proposed to inhibit angiogenesis,
tumour growth and metastasis in vivo in mice (Lewis AM et al., 2006). Here, we found that
ILIRN gene expression is decreased in invasive cancer in comparison to dysplastic
epithelium, particularly in HPV* TSCC/BOTSCC. Notably, corresponding data have been

demonstrated in CIN3 vs. invasive cervical carcinoma (den Boon JA et al., 2015).

There were limitations in this study, few samples were included and the amount of RNA

that could be extracted was low.

7.3.6 Conclusion

As far as we know, this is the first study showing similarities and differences in gene and

protein expression in invasive and dysplastic HPV* and HPV- TSCC/BOTSCC.
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7.4 PAPER IV. WHOLE-EXOME SEQUENCING OF HPV POSITIVE TONSILLAR
AND BASE OF TONGUE SQUAMOUS CELL CARCINOMAS REVEALS A
GLOBAL MUTATIONAL PATTERN ALONG WITH RELAPSE-SPECIFIC
SOMATIC VARIANTS

Ahrlund-Richter A, Holzhauser S, Dalianis T, Ndsman A, Mints M.
Cancers (Basel). 2021 Dec 24;14(1):77.

7.41 Aim

To disclose more biomarkers in HPV* and HPV- TSCC/BOTSCC to improve prediction of

prognosis and for possible use in prospective trials for de-escalation or targeted therapy.

7.4.2 Background

Patients with HPV* TSCC/BOTSCC with IHC biomarkers e.g. loss of/low HLA class I,
high numbers of CD8" tumour infiltrating lymphocytes (TILs) present a high 3-year
survival (92-100%) compared to 80% for HPV*TSCC/BOTSCC patients in general (for
review see Ndsman A et al., 2021). Also, molecular markers such as HPV16 E2 mRNA
expression were also shown to be prognostic (Ramqvist T, Mints M et al., 2015). By
combining some of them we identified 56% of all patients with an excellent prognosis
(Bersani C, Mints M et al., 2017). To disclose more markers, hotspot gene sequencing of 50
cancer related genes was done, and we disclosed mutated FGFR3 as a predictive marker
(Bersani C, Sivars L et al., 2017). However, to better tailor patient treatment more
prognostic markers or markers useful for targeted therapy would be of benefit. For this
reason whole exome sequencing (WES) was done on formalin fixed paraffin embedded
(FFPE) material of patients with HPV* TSCC/BOTSCC that had a recurrence/relapse or

not.

7.4.3 Material and Methods

Forty patients, 20 with and 20 without recurrence with HPV* TSCC/BOTSCC were
selected. From FFPE samples from their primary tumours, their recurrences or metastasis,
were micro-dissected in order to separate tumour from normal tissue and WES was
performed at SciLife Stockholm. Bioinformatics was be performed using by a
bioinformatic pipe line developed by Valtteri Wirta, further analysed as described in more

detail above and in Paper IV.

75



7.4.4 Results

Dataset Summary

After omitting all samples with insufficient quality, 17 primary cancer samples from 17
individuals with relapse (14 TSCC and 3 BOTSCC), 10 relapses (i.e., 5 local recurrences
and 5 distant metastases) and 18 primary cancers from individuals (16 TSCC and 2
BOTSCC) without relapses, could be used for continued analysis. To aid somatic variant
calling, normal material was available with adequate quality from 13 individuals with
recurrence and 12 individuals without recurrence. After WES and variant filtering
performed as described in more detail (see Paper I), totally 6147 unique variants (SNVs and
structural variants) harboured in 4184 genes in the dataset were disclosed. Per sample, an

average of 236 variants harboured in 201 genes were disclosed (For details see Paper IV).

Per-Variant Analyses

Specific variants differentially existing in primary tumours from patients with and without
recurrences, were analysed first and the analysis was restricted to variants observed in the
tumours of at least four patients (>20%) of either group while being absent in the other
group. Five variants fulfilled these criteria and are depicted in Supplementary Table S1 of
Paper IV. A high-impact deletion in the CDC27 gene, was the only variant enriched (p <
0.05) in recurrent samples and was present in 5/17 primary tumours of individuals with
recurrence, together with in one local relapse. This variant was then notably absent in all

nonrecurrent patient samples.

In the primary tumours of patients without recurrence, a substitution in KCNJ12 was
enriched (p < 0.05), and disclosed in 5/18 tumour samples. In four primary tumour samples
of patients without recurrence, variants in KRTAP4-11, NBPF20 and LILRB3 were also
found and these were absent in all primaries cancers of individuals that had relapses and
they were also absent in the local/distant relapses. However, these were not significant (p =

0.1 for all variants).

Concentrating on common occurring variants, 98 variants harboured within 80 unique
genes (Supplementary Table S2 of Paper IV were disclosed in >25% of all patient samples
irrespective of relapse or not (nine or more samples). BCLAF' I and OVCH2, both

harbouring deletions, were the most common variants and they were both demonstrated in
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12 samples, and they were accompanied in frequency by a variant of OR2T35 with a
specific substitution that was found in 11 primary tumour samples. In Figure 16 the most

relevant variants are depicted.

KCNJ12-Arg39_ArgdOdeinsGinHis 4
LILRB3-Tyr400Arg 1
NBPF20-Lysd514lle 1

KRTAP4~11-Ser83Arg 4

C170rf80-His395_Cys396delinsAsnArg 4 Status
B Localdistant relapse
OR2T35-Ala317Met 1 Nonrecurrent Primary
B Recurrent Primary
OVCH2-del 4
BCLAF1~del 4

ocneo X
CDC27-de

CGREF1-del

G

Control-
Control=K

Control-L

Figure 16. Heatmap of the most commonly occurring variants, variants specific to either primary of patients
with local/distant recurrence (denoted as cases) or primaries of nonrecurrent patients (denoted as controls) and
variants unique to relapses (denoted metastasis, if distant metastasis, or relapse, if local recurrence). Variants
are on the y-axis, samples are on the x-axis. Color indicates sample category. Samples where none of the
variants were present were excluded from the plot. (From paper IV, with permission from the publisher).

Per-Gene Analysis

The corresponding analyses done for the variants were also done on the gene level. All
above noted unique variants per gene were collated and when any of these variants was
found in a sample, the gene was calculated as mutated in that sample. There were no genes
that were mutated specifically in any one of the primary cancers of individuals with a
relapse, but in 4/18 primaries of patients with no recurrences, HERC2, was uniquely
mutated in 4/18 of their primaries, while this was not the case in any of the primaries or

recurrences of individuals with relapses (p = 0.1).

In total, 26 genes were found to be mutated in >30% of all primary cancers irrespective of

clinical outcome and these are shown in Figure 17.
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AQP7 was the most frequently mutated gene. In addition, BCLAFI, OVCH2 and OR2T35,
having the most frequent unique variants, were also disclosed as genes mutated among
largest number of samples.

AQPT
RPILL
PLING
coe27
OR8U1
KATAPS.7
B8CLAFL
MUCE
LOC101928841
FRMPD3
ZNF676
OVCH2
MUC16
AOC1
ANAPCI
2FPM)
RBMX
OR2T35
MUC20
MUC2
MUC19
KRTAPS.S
KRT4
GPRIN2
CTD-31930139
AMNAK2

Status

l Nonrecurrent Primary
Recurrent Primary

©

10 20 30
Percentage of primary tumours with mutation

i
o

Figure 17. Bar plot of all genes mutated in >30% of primary tumours. Genes are on the y-axis. The x-axis
shows the percentage of all primary tumors where a gene is mutated. Colour indicates recurrent or
nonrecurrent status. (From Paper IV, with permission from the publisher).

The unique variant of CDC27, found only in primary tumours of individuals with
recurrence, was also included in the group of the commonly mutated genes. More
specifically CDC27 was found to be mutated in primaries of 8/17 individuals with and in

7/18 individuals without recurrence, as well as in three relapsed samples.

Among the 26 genes above, three KRT4, KRTAP5-5 and KRTAPS5-7 were keratin-related
genes, and another five were mucins. When performing enrichment analysis, pathways
correlated to carbohydrates and the extracellular matrix were enriched significantly. In

addition, notably mucins were found in all these enriched pathways.

Mutations in Hotspot Genes

In HNSCC some genes are known to be frequently mutated, but these were not disclosed

among those above so we especially analysed FGFR3 and PIK3CA known to be commonly
affected in HPV* TSCC/BOTSCC/OPSCC and we also focused on 7P53 mutations.
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FGFR3 was found to be mutated in 2/17 primary cancers of individuals with relapse, and in
3/18 individuals that had not relapsed, while PIK3CA was found mutated in the primary
cancers of one individual with a recurrence as well as in 4/18 individuals without
recurrence. 7P53 was, rarely mutated in this HPV* cohort, as could be anticipated and

mutations were identified only in two primary cancers of individuals with a recurrence.
7.4.5 Discussion

In paper IV, WES was completed in primary tumours of 17 HPV* TSCC/BOTSCC patients
with and 18 patients without relapses, and in 10 local/distant recurrences of the former
patients, all previously micro-dissected to distinguish tumour from normal material. In

the CDC27 gene a deletion of high impact was found only in tumours of patients that had

relapsed but in no primary tumours of patients without recurrence.

In >30% of all cases, three variants—more specifically two in BCLAFI and OVCH?2 with
deletions and one with a substitution in OR2735 as well as 26 mutated genes were
disclosed, thereby possibly consisting part of a global mutational signature for

HPV* TSCC/BOTSCC. AQP7 was the most frequently mutated gene since it was found in
>45% of all primary tumours. In addition, several keratin-associated genes and mucins
were also often mutated. Upon performing enrichment analysis pathways associated to
extracellular matrix and carbohydrates were disclosed. Previously described mutations

in PIK3CA and FGFR3 were noted, but these were not among the most frequent ones,

and mutations of 7P53 were rare.

The specific deletion in CDC27 frequently found (5/17, 29%) and specific only to tumours
of patients with a recurrence was a novel finding. Upon validation, this variant may
possibly be utilized as prognostic or as a therapeutic target. CDC27 is namely a component
of the anaphase-promoting complex/cyclosome and it has been shown that variations and
overexpression in CDC27 can influence the cell cycle, mitosis, cancer pathogenesis and
clinical outcome (Kazemi-Sefat et al., 2021, Melloy PG 2020). Targeted therapy against
CDC27 is currently not available, but antibodies directed towards CDC27 may be of

potential diagnostic interest.

Among the most frequently mutated genes in the above cohort, we found keratin-associated
proteins and mucins thereby indicating them to be part of a global HPV* OPSCC

mutational signature and both groups have associations to e.g. assisting motility and
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invasion (Berens EB et al., 2017, Hollingsworth M.A et al 2004). For tailored therapy of
special interest is that non-small cell lung cancer (NSCLC) presenting MUC!9 mutations
are regarded to respond well to inhibitors against PD1 (Zhou L et al., 2021), a gene thereby
interesting to study in this context for HPV* OPSCC. BCLAFI was a commonly affected
gene, due to many BCLAF variants, and in the cancer setting described as an associated
transcription factor for Bcl2 (Ma Z et al., 2021). Furthermore, variants of this gene may

also be of interest for both diagnostic and targeting purposes.

In our cohort, AQP7 was the most mutated gene and of interest since it codes for a
membrane channel with known metabolic roles and it has also been suggested as a target

for some tumours e.g. breast cancer (Dai C et al., 2020).

In a report similar ours, WES was done in primary cancers of 51 HPV* OPSCC, where 16
relapsed and 35 did not recur, and KMT2D was demonstrated to be the most often mutated
gene in not only primary (14%) but also recurrent (42%) HPV* OPSCC (Harbison RA et
al., 2018). KMT2D mutations were detected in 3/35 (9%) primary cancers in our study, but
not in the relapses, but upon removing our filtering for protein-altering variants, the
numbers of detected KMT2D mutations increased to 14% of primaries and 20% of
recurrences, indicating that the more stringent variant filtering in our study, could explain

the differences in the two studies.

This study has its limitations, where one is the limited number of patients and this is due to
that relapses are uncommon. Other limitations were that we used FFPE samples and that we
did not obtain normal tissue for all the cases. Nevertheless, some of our major findings
(such as the specific CDC27 deletion, and that BCLAF1 was commonly affected) were
detected in samples irrespective if these samples had or did not have paired normal
material. Nevertheless, one benefit in this study was that normal tissue was laser micro-
dissected from the same tissue block as the tumour. Possible paraffin-related artefacts were
thereby existent in the both the tumour and control tissue, thereby circumventing false

calling of somatic variants.

To summarize, a specific CDC27 variant was disclosed as specific for cancers of patients
with HPV* OPSCC with recurrence. In addition, a mutational signature common for
HPV* OPSCC patients irrespective of prognostic status, including mucins and keratin-

associated proteins, as well as some variants, e.g. a BCLAF I variant were observed.
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7.4.6 Conclusions

In this paper, a specific CDC27 variant that was unique in HPV* TSCC/BOTSCC primaries
of patients with relapse was disclosed. In addition, a common mutational signature for
HPV* TSCC/BOTSCC patients including mucin and keratin-associated proteins as well as
specific variants, e.g. a BCLAFI variant were disclosed. The data could be of importance
both for assessing outcome and initiating possible future targeted therapy. However, before

this is the case the data require validation.
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8 CONCLUSIONS

1L

II1.

Iv.

82

Human papillomavirus (HPV) vaccination has reached a high coverage at a
Stockholm youth clinic during the years 2008-2018 and has resulted in a significant
decrease of HPV16, 18, 6 and 11 cervical prevalence especially in vaccinated
individuals. However, prevalence of some high risk (HR) - HPV types e.g. HPV39,
51, 52, 56, and 59 still remained.

Infection with HR-HPV's were correlated with some vaginal microbiota bacterial
vaginosis-associated bacteria (BVAB), such as Sneathia, Prevotella,

and Megasphaera were associated with HPV infection regardless of vaccination
status and age. Moreover, women with non-Lactobacilli dominant vaginal microbiota
much more likely to present HR-HPV types, as compared to those with L.

crispatus dominated vaginal microbiota, after adjustment for vaccination status and
age. These findings provide additional support to the close correlation between HPV
status and vaginal microbiota. Importantly, they may also indicate an intriguing

possibility to decrease HPV vaginal prevalence by influencing vaginal microbiota.

HPV* and HPV- dysplasia were both similarly differentiated from invasive tonsillar
and base of tongue squamous cell carcinomas (TSCC/BOTSCC). Furthermore, both
differences and similarities were detected in gene expression between dysplastic and

invasive HPV" and HPV- TSCC/BOTSCC.

A variant with a specific CDC27 deletion was observed in roughly 30% of samples of
patients with recurrent disease and could upon validation be a prospective marker to
predict clinical outcome. In addition, a number of commonly mutated genes,
including mucins and keratin-associated proteins as well as variants of e.g. BCLAF1,
were identified as potential markers and should be studied more extensively for use as

targets for targeted therapy.



V.

IL

II.

Iv.

FUTURE PERSPECTIVES

The present work can be continued in several ways. Below some suggestions indicated

in chronological order of Papers I-IV.

It is of great importance to work for a high HPV vaccine coverage in Sweden and
globally. Furthermore, it is of great importance to keep screening for HPV, as well as
to improve today’s HPV vaccines in order to eliminate as many HR-HPV types as
possible.

Further studies on vaginal microbiota and HPV are needed to investigate bi-
directional effects between HPV status and vaginal microbiota. More specifically,
longitudinal studies with large cohorts would provide valuable information regarding
how vaginal microbiota play roles in HPV infection and cancer development. In
addition, studies on potential mechanisms for why certain vaginal microbiota are
related to HPV infection could be essential in understanding these interactions and of
use for future clinical trials.

Some of the detected genes in paper 111, e.g. S100A47 and its protein psoriasin and
IL1RN encoding the inerleukin-1 receptor antagonist IL-1RA may be of interest to
follow up further in TSCC/BOTSCC lesions or other lesions within the head and neck
region as diagnostic markers/diagnostic patterns of invasive disease.

Further studies are needed to validate the detected CDC27 deletion variant in
recurrent TSCC/BOTSCC in additional TSCC/BOTSCC cohorts to confirm whether
it is a prognostic marker or not. Further studies are also needed to validate whether
the commonly detected variants or mutated genes indeed are frequently present in
HPV* TSCC/BOTSCC irrespective of their prognosis
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