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Summary

Around 5% of all cancer cases worldwide are caused by human papillomavirus
(HPV) which has been established as the cause of cervical cancer and genital warts
(condylomas). Cutaneous HPV types have been weakly associated with non-
melanoma skin lesions such as squamous cell carcinoma (SCC) and actinic
keratosis (AK).

We have analyzed skin and genital lesions for presence of HPV-DNA in order to
search for unknown and known HPV types. As an attempt to identify women at risk
for development of high-grade cervical lesions, HPV E6/E7 mRNA expression was
analyzed among women with minor cervical abnormalities.

Metagenomic sequencing identified 15 known HPV types, four previously known
HPV types and two novel putative types in cutaneous lesions (n=369) and swabs
from top of the lesions (n=142) (SCC, AK and keratoacanthoma). The prevalence
and viral load of characterized HPV155 and SE46 HPV-isolate was investigated in
patients with different cutaneous lesions. HPV155 and SE46 were both found in
2% of patients. HPV178 was characterized from a swab of normal skin next to an
actinic keratosis.

A baseline of 36 different HPV types of the alphapapillomavirus genus in 93.9% of
condyloma swab samples before HPV vaccination was established. Extended
testing among subjects initially negative for HPV (n=50), found 21 patients with
cutaneous types of HPV, including novel HPV153.

After metagenomic sequencing (n=40) of HPV-negative condylomas, we detected
four different HPV types of the alphapapillomavirus genus but also six known HPV
types, three previously described putative HPV types and 22 novel putative types of
the beta and gammapapillomavirus genera. Novel HPV175 and HPV180 were
isolated from the condyloma. HPV153, 175 and 180 are all gamma types.

In the study of high-risk HPV mRNA expression of HPV-DNA positive minor
cytological abnormalities (ASCUS; atypical squamous cells of undetermined
significance, n=211, and CIN1; cervical intraepithelial neoplasia grade 1, n=131)
we observed a high sensitivity (97.2%) but low specificity (10.2%) for detecting
future high grade cervical lesions (CIN2+). Presence of HPV E6/E7 mMRNA was
associated with future development of CIN2+ among high-risk HPVV DNA positive



women with ASCUS and CIN1. The absence of HPV mRNA demonstrated a
tendency for protection against future development of CIN3.
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Popularvetenskaplig sammanfattning

Omkring 16% av alla cancerfall i varlden beréknas vara orsakade av infektioner
och omkring 5% av dessa orsakas av humant papillomvirus (HPV). HPV har
etablerats som orsak till livmoderhalscancer och kondylom (konsvartor). HPV-
typer som forekommer pa hud har forknippats med icke-melanom hudcancer sdsom
skivepitelcancer (SCC) men ocksa ofarliga hudhudférandringar som aktinisk
keratos (AK). HPV-typer brukar delas upp i sadana som hittas pa slemhinnor och
sadana som hittas pa hud.

Vi har analyserat bade hudskador och kdnsvartor for forekomst av HPV-DNA,
samt uttryck av. HPV-mRNA bland celler fran livmoderhalsen med latta
cellférandringar.

Nér vi anvédnde en generell sekvenseringsteknik for att upptdcka DNA-virus bland
hudférandringar (SCC, AK och keratoakantom) fann vi en storre mangfald av olika
HPV-typer fran huden. Totalt identifierade vi DNA-sekvenser fran 15 kanda HPV-
typer, fyra tidigare kanda formodade HPV-typer och tva férmodade nya typer. Vi
undersokte hur vanliga tva av HPV-sekvenserna som hittades var (SE42 och SE46)
i olika prover fran hud. Det visade sig att dessa var ovanliga (pavisades hos 2% av
patienterna) och hittades framst i pinnprover fran hudytan. SE42 klonades och &r nu
erké&nd som HPV155.

Vi har identifierat 36 olika slemhinne-HPV-typer i borstprov fran ytan av
kondylom. Dessa HPV-typer representerar en baslinje av vilka typer som ar
vanligast fore inforandet av HPV-vaccinationsprogrammet i Sverige. De tre
vanligaste typerna var HPV6 (62%), 16 (13%) och 11 (10%). Efter utdkad testning
av kondylom som var HPV-negativa (50 st) pavisade vi 21 patienter som var
positiva for HPV-typer som normalt hittas pa hud, daribland nya HPV153.

Efter generell sekvensering (n = 40) av HPV-negativa kondylom upptéckte vi fyra
olika HPV-typer utan ocksa sex kanda slemmhinne-typer, men ocksa tre tidigare
beskrivna formodade HPV-typer och 22 nya formodade hud-typer. Nya HPV175
och HPV180 isolerades.

I mRNA-studien tittade vi pa uttrycket av HPV-mRNA i latta cellforandringar

bland celler fran livmoderhalsen. mRNA visar pa en aktiv infektion. Alla
inkluderade kvinnor var HPV-DNA positiva vid starten av studien. Over 90% av
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proverna var positiva for HPV-mRNA fastdn endast ca 30% av kvinnorna
utvecklade svarare cellférandringar, forstadier till livmoderhalscancer, under
uppfoljningsperioden pa 4,5 ar. Ett HPV-mRNA negativt prov fran livmoderhalsen
tycks skydda fran utveckling av svara cellférandringar.
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Introduction

Cancers caused by infectious agents

In 2008, it was estimated that 16% of new cancer cases worldwide was caused by
infections. This estimate was based on the incidence of 27 different cancers from
184 countries (1). The three main chronic infections that cause cancer is
Helicobacter pylori; a bacteria causing cancers of the stomach (2), hepatitis B and
C virus that cause liver cancer (3, 4) and HPV which is the cause of cervical cancer
(5, 6).

Oncogenic HPV types of the alphapapillomagenus are the cause of cervical cancer
(5) and condylomas (7, 8). Oncogenic HPV types also cause other malign mucosal
tumors such as anal, vulvar, and oral cancers (IARC, 2012). HPV is responsible for
30% of cancers caused by infections (1).

The established tumor viruses are, apart from HPV and Hepatitis B/C, the Epstein-
Barr virus which is the cause of Burkitt’s lymphoma (9), the Human herpesvirus
type 8 causing Kaposi’s sarcoma (10) and the Human T-cell lymphotropic virus
(HTLV-1) causing adult T-cell leukemia (11). The Merkel cell polyomavirus has
been linked to Merkel cell carcinoma of the skin, and is classified as a probable
carcinogen (12, 13).

History

In 1933, the first papillomavirus was described; the Shope papillomavirus. It was
later called cotton tail rabbit papillomavirus (CRPV) and was found to cause warts
in rabbits (14). A few years later, it was discovered that warts induced by CRPV
had potential for malignant transformation. In seven of ten domestic rabbits
carrying papillomas for more than 200 days, cancer developed from the papillomas
(15). They stated that “the virus that gives rise to the rabbit papillomas must be
looked upon as the primary cause of the cancers developing therefrom”.

In 1972, the link between human papillomavirus (HPV) and cutaneous wart like
lesions of patients with a rare hereditary immunosuppressive disease;
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Epidermodysplasia Verruciformis (EV) was discovered (16). A few years later, the
first human papillomaviruses was isolated from skin warts (17, 18).

Viral particles resembling papillomaviruses were detected in genital warts
(condylomas) in 1970 (19), but it was not until 1980 that HPV6 (the main cause of
genital warts) was identified (20). Two virus groups had been suggested to play a
role in the development of cervical cancer; herpes simplex virus (HSV) (21) and
HPV due to its role in genital warts. The association between genital HPV and
cervical cancer was made in the late 1970s by Harald zur Hausen and co-workers
(22, 23) as they were unable to detect HSV in cervical specimens (6). The first
oncogenic HPV (HPV16) was isolated in 1983 by hybridization of HPV11 to DNA
from a cervical carcinoma (6). In 1999 it was established that HPV was the cause
of virtually all cervical cancers worldwide (5). Harald zur Hausen was awarded the
2008 Nobel Prize in Physiology or Medicine for his discovery of human
papillomaviruses causing cervical cancer.

Classification of papillomaviruses

Different papillomavirus (PV) isolates are describes as “types”, and the
classification are based on the sequence of the most conserved gene (open reading
frame (ORF)) within the PV genome; the L1 gene (24). It is the similarity of the
DNA sequence of the L1 gene that divides a new PV into genus, species, subtype
or variant. PVs within the same genera share more than 60% similarity, and a novel
PV shares less than 90% similarity to any other known PV type. The definition of a
subtype is sharing 90-98% nucleotide similarity. Variants share more than 98%
similarity (24).

A new HPV type will be recognized after cloning of the complete genome and
requires that the DNA sequence of the L1 gene differs more than 10% from the
closest related PV. The International HPV reference center (German Cancer
Research Center, Heidelberg, Germany, 1985-2012. Karolinska Institutet,
Stockholm, Sweden, from 2012) confirms novel HPV DNA sequences and assigns
a number to a new HPV type.

HPVs are divided into five different genera; alpha, beta, gamma, nu and mu (Figure
1). The largest genera are the alpha, beta and gamma. Nu and mu are only
comprised of three HPV types; 1, 41 and 63 (7, 25).

The HPV types can also be divided into mucosal HPV types that infect mucosa and

cutaneous HPV types that infect skin. Generally, alphapapillomaviruses are
detected on mucosal and beta- and gammapapillomaviruses are detected on skin.

16
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Figure 1. Phylogenetical tree based on the L1 ORF sequences of 170 HPV types, as well as single
animal papillomaviruses Reprinted from de Villiers, Cross-roads in the classification of
papillomaviruses, in Virology 2013; 445:2-10, with permission from Elsevier.

Mucosal HPV

The alphapapillomavirus genus is composed of 65 different HPV types divided into
13 species commonly detected in mucosal. There are a few alpha types that are
mainly detected on skin and belong to species 2, 4 and 8 (7, 24, 25). The alpha
genus also includes some PV types infecting non-human primates (7). The alpha
types are divided into high-risk (oncogenic/carcinogenic) and low-risk (non-
oncogenic) types according to their ability to cause cancer (mainly cervical cancer)
(26, 27). The International Agency for Research on Cancer (IARC) (2012) consider
the following types as carcinogenic; HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58
and 59. However, HPV types 68, 73 and 82 may be added to that list, with HPV66
as a probable high-risk type (26). HPV16 and 18 are the most commonly detected
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HPV types in cervical cancer belong to species 9 and 7, respectively. The
remaining HPV types of the alphapapilloma genus are considered as low-risk for
cancer, such as HPV6 and 11 which are the main cause of condylomas (genital
warts) (7, 8). Most low-risk types are found in species 1, 3, 4, 8 and 10.

There are two vaccines against HPV16 and 18 on the market; Gardasil® (Merck &
Co) and Cervarix® (GlaxoSmithKline). Gardasil also protect against HPV6 and 11.
They are both prophylactic vaccines based on virus like particles (without the viral
genome) of the L1 protein.

Cutaneous HPV

HPV types of the beta and gammapapillomavirus genus are highly prevalent on
skin (28-30). The betapapillomavirus genus is comprised of 51 different HPV types
divided into five species. The gammapapillomavirus genus have expanded during
recent years and are now the largest genus composed of 76 different HPV types and
26 species (hpvcenter.se, accessed 2014-08-04). Some species of the genus gamma
only contain one HPV type. The HPV types of the Mu and Nu genera (HPV1 and
HPV41, HPV63, respectively) are detected in cutaneous warts (24).

In addition, the identification of over 130 subgenomic sequences of putative
gamma HPV types (FA-isolates) (31, 32), CUT-isolates (33) and isolates detected
using the CP65 and CP70 primers (34) suggest a very large diversity of
gammapapillomavirus types to be characterized in the future.

Expansion of the HPV family

The first HPV types; HPV1, 2, 3 and 4 was isolated from human warts in the 1970s
using restriction enzyme digestion and gel electrophoresis (17, 18). The cloning of
a full genome was performed in 1980 (35, 36). A few years later, HPV16 and 18
were isolated (6, 37). After the development of polymerase chain reaction (PCR),
the conserved L1 gene and degenerate primers played a large role in the discovery
of new HPV types such as the CP65/CP70 primer pair for detection of EV
associated HPV types (34), GP5/6 primers for detection of mucosal HPV types
(38), GP5+/6+ primers (39), the MYQ09/11 primers for detection of mucosal HPVs
(40), the PGMY09/11 primers for broad spectrum detection (41) and the FA-primer
pair for detection of mucosal and cutaneous HPV types (FA-isolates) (31) and the
CUT primers for detection of both cutaneous and mucosal HPVs (33),. Recently,
unbiased metagenomic sequencing has enabled further expansion of the
papillomavirusfamily (42-45).
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By 1989, 60 different HPV types were identified (46). In 2004, the number of
identified HPV types were 93 (24). In 2010, an updated classification included 120
HPV types (7). An additional update recognized 165 HPV types (25). Now, about
40 years later since the first HPV types were identified, 195 different HPV types
have been accepted by the HPV reference center with the highest number being 199
(www.hpvcenter.se, accessed 2014-08-04). Notably, HPV46, 55 and 64 have all
been re-classified as subtypes of other HPVs and HPV/79 was replaced by HPV91.

Genomic organization

Papillomaviruses are small non-enveloped with a diameter of about 60 nm. The
circular genome (~7,200-8,000 bp) is double stranded DNA protected by an
icosahedral capsid that is composed of two proteins; L1 and L2. The PV genome is
divided into three regions; I) the early region starting with the gene E6 and ending
with E2 or E5, II); the late region with genes L2 and L1 and Ill) the upstream
regulatory region (URR) between the genes L1 and E6 (Figure 2). The URR is also
called long control region (LCR) or non-coding region (NCR). Only one strand
serves as template for transcription (47).

E6

8000/0

L1

E1l

ES5
Figure 2. Schematic picture of the genomic organization of HPV.
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HPV proteins

E6 and E7

E6 and E7 are the main oncogenic proteins of the HPV genome. Normally,
induction of abnormal viral DNA synthesis in differentiated keratinocytes triggers a
cellular defense mechanism that through apoptosis, differentiation and senescence
eliminates such cells (48). The major role of the high-risk E6 is to eliminate the
apoptotic response by mediating the ubiquitination, labeling for degradation, of p53
(49). p53 is a tumor suppressor protein that indirectly induce cell cycle arrest or
apoptosis in response to DNA damage (50, 51). In addition, the HPV18 E6 has
been demonstrated to degrade the pro-apopotic Bak protein (52).

Each cycle of DNA replication shortens the chromosomal telomeres to restrict the
proliferative capacity of normal cells. High-risk E6 can induce the expression of
hTERT (53, 54), a telomerase subunit that facilitate the life span of the cell and its
immortalization.

HPV101, 103 and 108 lack the E6 open reading frame (55, 56). Interestingly, all
three HPV types were isolated from cervicovaginal cells but phylogeneticaly
cluster with HPV types of the gamma genus that normally infects skin.

The main function of the E7 protein is to bind and degrade proteins of the cell cycle
regulating retinoblastoma (Rb) family. Degrading the tumor suppressor protein Rb
maintains viral replication by promoting cell cycle entry in differentiated cells of
the epithelia that otherwise would have seized division (57). The E7 of high-risk
types bind and degrade pRb more efficiently than other HPV types (58).

Persistent infection seems to result in enhanced expression of HPV oncogenes E6
and E7 which are needed for malignant transformation (59).

El and E2

PVs rely on the host cell for replication; however, the PV genes E1 and E2 are
required for efficient replication of HPV (60). The E1 protein binds to the origin of
replication (ORI) and initiates replication by unwinding the DNA, recruiting DNA
polymerases and other DNA binding proteins (61-63). To enhance the binding
affinity to the ORI, E1 needs to form a complex with E2 (47, 64). Further, E1 is
needed for elongation of the viral DNA synthesis (65).

E2 also has a role in viral DNA attachment to chromosomes to ensure that viral
episomes are maintained in dividing cells (66), and function as transcriptional
repressor of viral gene expression in keratinocytes (67, 68).
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E4

The protein is generated from a fusion between the mRNA of the E1 and the E4
genes; the E1™E4 fusion protein. In some HPV types it is thought to facilitate virion
release by destruction of the keratin network in the infected keratinocytes (69).

ES

In bovine PV, E5 is the main protein with capacity for malignant transformation
(70, 71). However, little is known about the mechanism of E5 of HPVs. HPV16 E5
may play a role in immune evasion by down regulating antigen presentation on the
surface of infected cells (72, 73). The E5 open reading frame is missing in most
cutaneous HPV types (74).

L1and L2

L1 and L2 compose the capsid surrounding the viral genome. L1, the major capsid
protein, forms 72 pentameric capsomers with one L2, the minor capsid protein,
under each pentamer (75).

The initial interaction between the papillomavirus capsid and the host is through L1
and heparan sulfate proteoglycans (HSPGs) (76-78). This interaction cause a small
conformational change of the capsid that exposes L2, which indirectly allows the
virus to bind another receptor on the keratinocyte cell surface (79).

Upstream regulatory region

The upstream regulatory region contains the origin of replication (ORI) and control
signals for DNA replication and transcription (80).

The replicative life cycle of HPV

The skin consists of three layers; the epidermis on top followed by the dermis and
hypodermis. The epidermis and the dermis are separated by a sheet of fiber called
the basement membrane.

HPVs infect mucosal and cutaneous keratinocytes; squamous epithelial cells, and
as PVs do not code for their own DNA-polymerase they have to rely on the host
cell’s replication machinery (60). As the replicative cycle of the skin’s cells are so
closely linked to the differentiation of the epithelial cells; the PVs must infect the
cells close to the basement membrane; the only cells in the epithelium that can
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divide. According to one model, PV reaches the cells just above the basement
membrane through microabrasions, cracks, in the skin (77) (Figure 3). However,
HPVs is also found in hair follicles which may allow the virus to reach dividing
cells without microabrasions in the skin (81). During the normal skin generation
process, the epithelial cells divide and migrate towards the surface of the skin. As
they travel to the surface, the cells will differentiate and stop divide and eventually
shed. However, the HPV infected cells will escape the cell cycle arrest and
continue its cellular division to allow for production of new virions (82).

Figure 3. Overview of the papillomavirus life cycle. The basement membrane is seen as a thin grey
line below the HPV infected cells. Newly produced HPVs are shed from the surface of the skin.
Adapted from Banks et al., Human tumour viruses and the deregulation of cell polarity in cancer, in

Nature Reviews, 2012; 12 877-886, with permission from the Nature Publishing Group.

HPV binds heparan sulfate proteoglycans (HSPGs) on the basement membrane via
L1 (77), however, the binding mechanisms are not fully understood. After binding,
the virus is transferred to a cell-surface receptor, enters the cell via endocytosis and
is transported to the nucleus (83-85) where it is maintained in a low copy number,
replicating with the division of the host cell (86).

When the infected cell leaves the differentiating compartment and exits the cell
cycle, a large up-regulation of viral genes occurs, especially E6 and E7. These
proteins will inhibit apoptosis, reactivate the cellular DNA synthesis and delay the
differentiating program. As the cell cycle is reactivated the HPV genomes will be
amplified to at least 1000 copies per cell. When reaching the top parts of the
epithelium, the L1 and L2 proteins will be produced and infectious virions formed
(87). HPVs are non-lytic and are shed together with dead skin cells from the
surface of the skin (Figure 3).
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HPYV integration

One of the major challenges of the HPV is to establish long-term viral persistence
in squamous epithelia as these cells constantly are renewed and shed (88). One key
event in high-risk HPV-induced carcinogenesis is integration into the host genome.
Integration usually occur near fragile sites of chromosomes (89) but may also occur
elsewhere (90).

The expression of E6 and E7 is always maintained, but other parts of the HPV
genome may be deleted (91), such as E1 and E2 (90, 92). Loss of E2 by integration
may result in increased E6/E7 expression and stability of their mRNA, as E2 is a
transcriptional repressor of E6 and E7, (93). Cells expressing E6/E7 from
integrated HPV genomes have a selective growth advantage over cells with
episomal HPV genomes (94).

HPV integration has been detected in low grade cervical lesions, but it is mostly
mixed with the episomal form. Purely integrated HPV DNA is most common in
high grade lesions and cancer (95).

HPV and genital infections

HPVs are one of the most common sexually transmitted pathogens in the world
(IARC, 2007). At any time point, 11.7% of all women with normal cervical
cytology will have a detectable HPV infection (96). Most sexually transmitted HPV
infections are transient with a high rate of clearance the first months after infection
(97, 98).

Population prevalence
(not to scale)

—
0 10 20 30 40 50 60 70 Age

Figure 4. Incidence of female genital HPV infection (green), pre-cancer (blue) and cancer (red).
Adapted from Schiffman et al., Human papillomaviruses testing in the prevention of cervical cancer,
in J Nat Can Inst 2011; 5 368-383, with permission from Elsevier.
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The highest incidence of genital HPV infection in women is a few years after the
average age at which women become sexually active and depends on geographical
region. This peak is followed by a gradual decline (99) (100).

Condylomas

Condylomas, or genital warts, are a very common sexually transmitted disease
caused by HPV, most commonly HPV6 and HPV11 (7, 8) of the genus alpha.

Condylomas generally grow in small groups of 5-15 papillomas (1-10 mm in
diameter) on genital skin and surrounding mucosa and can occur anywhere on the
genitalia, however, for men the condylomas mostly occur on the penile glans and
shaft, for women they mostly appear on vulvovaginal and cervical areas. There are
four different types of genital warts; condylomata acuminata and flat/macular
lesions that grow on moist areas (non-keratinized epithelia) and papular warts and
keratotic genital warts that grow on dry skin (keratinized epithelia) (101). A clinical
diagnosis of condyloma is usually given by a physician experienced in sexually
transmitted infection diagnostics and is based on clinical examination. Verification
by histopathology is rarely used.

HPV6 and 11 are found in about 90% (range from 86-97%) of condyloma biopsies
(8, 102-105). Large studies with condyloma swab samples detected HPV6 or 11 in
74-83% of samples, with 32-40% multiple infections (106, 107). A recent study
showed that although 22 different HPV types of the genus alpha was found in and
on top of condylomas, only HPV6 and 11 mRNA were detected in the lesions
(105).

Vaccination against HPV16, 18, 6 and 11 in Australia has reduced new cases of
genital warts among women aged 11-26 by 59% (108).

A study following young women for a mean 40 months showed that the incubation
time from infection to visible warts was 1-6 months; with a median time to
clearance with therapy of 5.8 months (109).

Precursors of cervical cancer

The earliest manifestations of cervical lesions are low grade cytological
abnormalities, i.e. atypical squamous cells of undetermined significance (ASCUS)
and cervical intraepithelial neoplasia grade 1 (CIN1). ASCUS is defined as poorly
visualized cells which potentially can represent different grades of CIN or other
infectious or non-infectious processes (110) such as fungal (e.g. Candida
vaginalis), bacterial or parasitical (e.g. Trichomonas vaginalis) (111).

24



The Bethesda classification used in the US classifies the pre-malignant lesions as
squamous intraepithelial lesions (SILs) or ASCUS. Low-grade SIL (LSIL)
corresponds to CIN1, and high-grade SIL (HSIL) corresponds to CIN2 and CIN 3
(112).

CIN1 is the mildest form of pre-malignant cervical dysplasia according to
European classification (113). The CIN lesions (between normal epithelium and
invasive cancer) are classified histologically according to abnormal growth
(dysplasia) of the squamous cells of the cervical epithelium. CIN1 represents mild
dysplasia confined to 1/3 of the lower epithelium. CIN2 is moderated dysplasia
confined to the basal 2/3 of the epithelium, and CIN3 corresponds to severe
dysplasia which spans more than 2/3 of the epithelium (100). Cancer in situ spans
the whole epithelium but is non-invasive.

A meta-analysis of 32 studies reported that high-risk HPV types is detectable in
43% (range 23-74%) of ASCUS and in 76% of CIN1 (range 55-89%) samples
using Hybrid Capture 1l (Digene) (114). A systematic review of 423 studies
showed that HPV-DNA of 48 different HPV types of the alphapapillomavirus
genus was present in 52.1% of ASCUS and 74.2% of CIN1 lesions (28). It has been
shown that for the vast majority (91%) of HPV-DNA positive women with ASCUS
or CIN1, the HPV infection will clear within about 6-24 months, however, the
remaining infections have high potential for persistence and progression to cancer
(97).

It has been demonstrated that about 70 % of ASCUS and low grade lesions regress
spontaneously (115). High-risk HPV testing is recommended as triage of ASCUS
(116, 117), but not for CIN1 due to low clinical specificity.

Cervical cancer

Cervical cancer is the second most common cancer worldwide, with 83% occurring
in the developing world. In developing countries, cervical cancer stands for about
15% of female cancers compared to 3.6% in developed countries (118). It is
estimated that 4.8% of cancer cases globally could be caused by HPV every year
(119). Cervical cancers are comprised of about 80% squamous cell carcinomas and
20% adenocarcinomas. Adenocarcinoma is neoplasia (“new formation”) of
epithelial tissue of glandular origin and is HPV DNA positive in about 70% of all
cases (120). Cervical SCC usually occurs in the transformational zone, whilst
adenocarcinoma arises from glandular tissue of the cervical canal (118).

The development to cervical cancer involves HPV transmission, viral persistence,
progression to pre-cancer and invasive cancer. Reverse steps among pre-cancer
stages can also occur (100, 121). Genital cancers require continued presence of

25



HPV for continued growth of cells and have at least one copy per cell of the
causative HPV type (122, 123).

Women infected with HPV16 or 18 are considered to have increased risk for
cervical cancer. HPV16 and 18 account for about 70% of invasive cervical cancers
worldwide (124).

Established risk-factors for malignant conversion are high viral load of HPV16
(122, 123, 125) and persistence of infection (97, 126-130). Persistent infection
seems to result in enhanced expression of HPV oncogenes E6 and E7 (59).

Other risk factors may be smoking (131), multi-parity (132), use of hormonal
contraceptives (133), genetic factors (134), age at first intercourse and number of
lifetime sexual partners (135), or other sexually transmitted diseases (136) such as
herpes simplex virus type 2 (HSV-2) (137), Chlamydia trachomatis (138, 139) and
HIV (140). A prospective serological study of women with cervical cancer showed
that HSV had little or no association with cancer. However, previous exposure to
Chlamydia trachomatis increased the risk for cervical cancer (141). Persistence of
oncogenic HPV types is more likely among women with a previous Chlamydia
trachomatis infection (142). HIV-1 has been classified as a cancer-causing agent by
increasing the risk of cancer by immunosuppression (12, 13). HIV-infected women
are about 5 times more likely to have cervical intraepithelial neoplasia, compared to
HIV-negative women (140).

Invasive cervical cancers from 22 countries were analyzed for presence of HPV
DNA using the MY09/11 PCR-primers (143). In this study, 93% of the invasive
cervical cancers (formaline-fixed, paraffin-embedded) were positive for HPV DNA
(866/932). Walboomers et al., speculated that the reasons that 7% of the samples
were HPV DNA negative was that it is a false negative result, the carcinoma might
not contain HPV DNA or that there is an absence of cancer cells in the sample
analyzed. The HPV DNA negative samples was analyzed by HPV16 serology,
betaglobin-PCR of the human genome to assess the DNA quality, HPV E7 specific
PCR for 14 high-risk HPV types, consensus GP5+/6+-PCR (39) and CPI/II-PCR
(144). Combining their results with the previous study of Bosch et al, the
worldwide prevalence of HPV in cervical carcinomas was 99.7% (5).

There is a range of non-high-risk HPV types occasionally detected in high and low-
grade cervical abnormalities. A systematic review found that HPV26, 67, 68, 69, 73
and 82 were slightly more prevalent in invasive cervical cancer than in normal
cytology (0.27% in invasive cancer compared to 0.15% in normal cytology) (28).
However, these HPV types have been classified as high-risk or probable high-risk
by others (26).
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Cervical cancer screening

Cervical cancer screening has reduced the incidence and mortality of cervical
cancer, especially in high-income countries (145, 146). Organized screening
programs use Papanicolau (Pap) staining of epithelial cells from the cervix where
nuclear abnormalities can be detected. However, the accuracy of the Pap test
(cytology) is only moderate with low sensitivity (30-87%) (147).

Infection with high-risk HPV is necessary for cervical carcinogenesis (5) and HPV-
DNA testing has shown higher sensitivity then cytology testing (148). High-risk
HPV testing is recommended as triage of ASCUS (116, 117).

HPV-DNA tests

HPV-DNA tests can be performed with commercial tests such as the Hybrid
Capture Il (Digene); detection of 13 high-risk HPV types without typing, the Linear
Array Genotyping test (Roche); specific detection of 37 high- and low-risk HPV
types, the Cobas test (Roche); 14 high-risk types with separate identification of
HPV16 and 18 and the RealTime High-risk HPV test (Abbott); 14 high-risk types
with specific detection of HPV16/18.

In-house tests are commonly PCR-based and use for example the GP5+/6+-PCR
(39); with typing of 20+ HPV types, or the MGP-PCR with Luminex for typing of
39 high- and low-risk HPV types (149, 150).

An HPV-DNA test detects HPV-types in a sample without assessment of the
activity of the HPV type.

HPV-mRNA tests

Expression of oncogenic E6/E7 proteins is necessary for malignant conversion of
cervical cells (59, 151, 152). As 43% of ASCUS and 76% of CIN1 are HPV-DNA
positive (114) and that up to 70% regress spontaneously (115), detection of E6/E7
mMRNA of high-risk HPVs could potentially identify women at risk for development
of cervical cancer (153).

Three examples of commercial HPV mRNA tests are the PreTect HPV-Proofer
(NorChip) (154) and the NucliSENS EasyQ HPV test (Biomerieux) (155) that
detects both HPV mRNA of HPV16, 16, 31, 33 and 45, and the APTIMA HPV
E6/E7 mRNA assay (Hologic) that can detect mRNA of 14 high-risk HPV types.
The APTIMA HPV E6/E7 mRNA assay has been approved by the American Food
and Drug Administration (FDA).

HPV-negative genital infections

Some cervical cancers are HPV-negative as previously described (5, 143). The
question “do HPV-negative cervical carcinomas exist?” was raised in an editorial
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letter (156). This question could also be applied to condylomas, as swab samples
was HPV-negative in one study (157). Other studies found no HPV-DNA in 1.2%
(106) and 3.7% (158) of condyloma swab samples. Four explanations (cited below)
were suggested (in addition of true negativity) (156) and these will be discussed
with focus on condylomas.

1, “The specimens ultimately analyzed may not have been completely
representative of the lesion ”.

In the above mentioned three studies of condyloma swabs, all samples were
analyzed for presence of human betaglobin to assess the quality of the samples as
swab samples might contain too few cells. Also, the clinical diagnosis of
condyloma might not be correct. One study reported simultaneous presence of
condylomas and molluscs among 11% of patients with viral infection of the pubis
(159). Molluscs are wart like nodules or raised skin caused by the sexually
transmitted molluscum contagiosum virus (160).

2, “.integration of HPV DNA in the host cell genome in cervical carcinoma.
This can result in the interruption, combined with deletions, of HPV DNA at
integration sites”.

This is explanation is not likely applicable to condylomas with only episomal HPV
genomes.
3, “Existence of still unidentified high-risk HPV types, undetectable with
current general primer PCRs, cannot be excluded ”.

Since 2010, only two alpha types have been characterized (HPV160 and HPV177),
compared to 12 beta types and 42 gamma types. The use of metagenomic
sequencing allows us to circumvent the PCR-amplifcation steps to unbiasely detect
all DNA present in a sample, including unknown HPV types. Metagenomic
sequencing of the vaginal microbiome of HIV positive women detected the
complete genomes of two novel putatively HPV types which were most closely
related to HPV101, 103 and 108; gamma types first identified in cervical samples,
but not any novel HPV types of the alpha genus (45). Thus, it is not very likely that
there are many unidentified oncogenic HPV types left to be discovered.

4, “Although general primer-based PCR methods detect a broad spectrum of
HPV types, some genotypes show a slightly less efficient amplification .

Such HPV types should theoretically be discovered by metagenomic sequencing.
Some samples may also have a viral load under the detection level of the assay.
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HPV and cutaneous infections

Non-melanoma skin cancer (NMSC) and other skin lesions

Two of the most common cancers among Caucasian populations are the non-
melanoma skin cancers (NMSCs) basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC). BCC is approximately four times as common as SCC (161).
Malign melanoma is a skin cancer that arise from melanocytes of the skin, it is an
aggressive tumor that are likely to metastasize (162). In Sweden 2011, there were
3323 cases of malignant melanomas and 486 deaths reported. SCC and BCC were
more common with 5775 and 39 835 cases, respectively, but with fewer deaths
reported; 80 following SCC and no deaths following BCC. BCC was not reported
in Sweden until 2004 (Skincancer, Swedish Cancer Foundation report, published in
2013).
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Figure 5. Incidence of non-melanoma skin cancer per 100 000 persons. Adapted from Cancer
incidence in Sweden, 2011. Published by Socialstyrelsen.

SCC of the skin is one of the most rapidly increasing malignant tumors in Sweden
over the last decade. An average increase of 4.7% per year for men and 6.9% per
year for women has been seen the last 10 years (Cancer incidence in Sweden 2012,
published by Socialstyrelsen).

BCC and SCC of the skin are both slow-growing tumors (163-165). BCC is locally
invasive, but reports of metastatic BCCs are rare (about 1/4000 cases) (166).
However, in the cases where BCC do metastasize, the morbidity and mortality rates
are high (167). Metastatic SCC is more common and occurs in 3-10% of cases
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(166). Tumors that metastasize are usually larger than non-metastasizing tumors
(168).

The most well known risk factor for both BCC and SCC of the skin is ultraviolet
light (163, 165). NMSC are most prevalent on sun-exposed parts of the body. For
SCC, long term exposure to UV-radiation seems to be responsible for progression,
for BCC it is short term burns (162, 169). Other risk factors for NMSC are older
age, male sex, fair skin that tans poorly, red, blond or light-brown hair, blue eyes or
light colored eyes and inherited skin conditions (166)).

Actinic keratosis (AK) is considered to be a precursor lesion for SCC of the skin
(170, 171). AKs are confined to the epidermis and do not have metastatic potential
(172).

Keratoachantoma (KA\) is a benign skin tumor that is characterized by a rapid onset
followed by spontaneous regression within a few months, usually within a year
(173). KA strongly resembles SCC, it is debated whether KA is a benign variant of
SCC or a separate unit. KAs are commonly treated as an SCC as a precaution (174,
175).

NMSC can cause disfigurement and the tumors can become painful, infected,
inflamed and necrotic. As these lesions commonly are found in the face, they can
cause functional impairment of the eye, eyelids and tear-ducts but also esthetical
disfigurements and deformities ((166). The costs of treatment are high. Course of
treatment of NMSCs are for example cryosurgery where the tumor is frozen by
liquid nitrogen, lesion excision where the tumor is removed with different surgical
techniques and radiation therapy which preserves the tissue (163, 164, 166).

HPV and healthy skin

HPV types of the beta-, and gammapapillomavirus genus are commonly detected
on healthy skin (29, 30, 43, 176-178). Persistence, especially among HPV types of
the genus beta has been seen in forehead swab samples (177) and in plucked
eyebrow hair samples (179). HPV has also been detected in hair follicles (81) and
in endocrinal ducts of the skin (180).

HPV and non-melanoma skin cancer
The link between HPV and NMSC was first observed among patients with the very

rare hereditary immunosuppressive disease Epidermodysplasia Verruciformis (EV)
(16). Patients with EV have a high risk of skin cancer and presents eruptions of
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wart-like lesions typically caused by HPV types 5 and 8 (181). These wart-like
lesions often progress to SCC at sun-exposed sites of the skin (182).

HPV5 and 8 belong to the betapapillomavirus genus originally called EV types.
The E6 protein of HPV5, 8 and 38 has shown that it might contribute to UV-
induced carcinogenesis by inhibiting DNA repair mechanisms (183-188). E6 of
betapapillomavirus genus cannot degrade p53, however, HPV38 E6 can reduce the
p53 signaling by inducing expression of a dominant negative inhibitor of p53;
deltaNp73 (185). The p53 inhibition drives the cell through the cell cycle despite
presence of thymidine dimers caused by UV-exposure. The continuation of the cell
cycle may cause double-stranded DNA breaks and promote tumor formation. The
degradation of pro-apoptotic Bak by beta-HPV E6 may help the HPV infected cells
to avoid apoptosis in response to UV damage and high levels of double-stranded
DNA breaks (183, 189).

Prevalence of cancers such as cervical cancer, NMSC, Hodgin’s lymphoma and
liver cancer are increased in patients receiving immunosuppressive therapy (190,
191). With the exception of NMSC, cervical cancer, Hodgkin’s lymphoma and
liver cancer are known to be caused by viruses. This suggests that the
immunosuppression reduces the ability to control tumorigenic viruses. Among
organ transplant recipients, NMSC is the most common post-transplant malignancy
(161), about 65-250-fold increased risk for cutaneous SCC compared to the normal
population (171, 191-195) and 10-fold increased risk of BCC of the skin (194).

HPV presence in NMSC of immunocompromised individuals can be up to 90%,
particularly in SCC and benign AK lesions (196-199) (200). deVilliers et al.,
detected HPV DNA in 65% of AKSs, 91% of SCC in situ and 91% of invasive SCC
of renal transplant patients (196), whilst de Jong-Tieben et al., detected HPV-DNA
in 80% of SCCs and in 93% of AKs (199). Studies that compared HPV prevalence
in AK and SCC between immunosuppressed renal transplant patients and
immunocompetent individuals showed HPV prevalence between 65-88% among
immunocompromised, and between 27-54% among immunocompetent (200) (197,
198).

Cutaneous HPV types have been detected in several skin lesions among
immunocompetent individuals, such as SCC (201-206), AK (204, 205) and KA
(204, 206-209). However, the HPV types found have varied depending on which
PCR-system that was used.

Skin biopsies of SCC, BCC, AK and seborrheic keratosis (SK) commonly contain
multiple HPV types, but usually at very low viral loads (207, 210-214). HPV DNA
of the betapapillomavirus genus has been associated with SCC (201, 202, 215, 216)
and AK (217). However, the role of HPV in the development of NMSC among
immunocompromised and immunocompetent individuals remains elusive.
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A study by Forslund et. al,. showed that cleansing/stripping of the skin surface of
the lesion with tape removed most of the HPV positivity without detectably altering
the skin architecture (218), suggesting that many HPV DNA positive samples may
reflect skin surface contamination and not an established infection. The HPV
prevalence was 69% in swabs from top of the lesions of SCC, BCC and AK. After
cleansing the lesions with tape, the HPV prevalence in the corresponding biopsies
was only 12% (218).

Serological studies have shown an increased association for cutaneous SCC among
subjects seropositive for antibodies to HPV types of the betapapillomavirus genus
(219-222). Serological studies are thought to reflect past or present infection with
HPV, how much of the viral capsid antigen that is presented to the immune system
and the immune response of the host (223). Most serology studies have focused on
HPV types of the genus beta; however, some studies have also included HPV types
of the genus gamma. Significant risk of SCC was observed for HPV50 (gamma)
(219), but increased risk for HPV types of the genus gamma have not been detected
in other studies (222, 223).

Transcriptome sequencing of a series of HPVV DNA-positive skin cancers did not

find viral RNA expression, and state that HPV mRNA expression is not a factor in
the maintenance of SCC of the skin (224).
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Summary of papers

Aims

The purpose of the studies upon which this thesis is based on was to:

- Search for DNA virus among cutaneous squamous cell carcinoma, actinic
keratosis and keratoacanthoma using metagenomic sequencing.

- Define the baseline distribution of HPV types in condylomas before
introduction of vaccination program.

- Analyze "HPV-negative" condylomas using broad-spectrum PCR methods
and metagenomic sequencing.

- Amplify, clone and characterize novel HPV types.

- Determine sensitivity and specificity of the APTIMA HPV mRNA assay
for prediction of future development of high-grade cervical intraepithelial
neoplasia among HR-HPV DNA positive women with ASCUS or CIN1

cytology.
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Material and methods

Study material

Skin samples, paper | and IV
Four different patient series was used:

1. Formalin-fixed paraffin-embedded (FFPE) biopsies of SCC of the skin
(n=28) and KA (n=72) from the department of Pathology at the Malmo
hospital, Sweden. The biopsies were sectioned and de-paraffinized using
xylene. The DNA was extracted by a phenol free-method (209).

2. Fresh frozen KA biopsies (n=92) from the department of Dermatology and
Plastic surgery at the Norwegian National Hospital, Oslo, Norway. The
DNA was extracted using the QlAamp DNA Minikit (Qiagen).

3. SCCs (n=85), AKs (n=92), BCCs (n=118) and SKs (n=46) collected for a
hospital-based study in Sweden and Austria. All patients provided four
different samples; a swab sample from top of the lesion, a swab sample
from healthy skin, a biopsy from the lesion and a biopsy of healthy skin.
The swabs were collected by a pre-wetted (0.9% NaCl) cotton-tipped swab
that was rolled on the lesion or healthy skin. Biopsies were taken after
cleaning the skin surface with tape to remove possible surface
contamination. The DNA in the biopsies was extracted using a phenol free-
method (31).

4. SCCs (n=35), AKs (n=22), BCCs (n=3), SK (n=1) and KAs (n=8) were
collected for a Swedish hospital-based study. All patients donated swab
samples and biopsies as described above.

Condyloma samples, paper I1, 111 and 1V

The condyloma swab samples were collected from 703 patients visiting the Centre
for Sexual Health in Malmd, Sweden between 2006 and 2009. Four samples were
also collected in Denmark. A sterile cervical cytobrush was dipped in sterile saline
and brushed on the condyloma without prior cleaning. The brush was stirred in
sterile saline and the cells pelleted. The cell-suspension was DNA extracted with
the Magna Pure LC using the Total Nucleic Acid Kit (Roche).

Cervical samples, paper V

Liquid-based cytology (LBC) samples of minor abnormalities (ASCUS and CIN1)
were identified in the Cytology and Pathology registries of the South Swedish
Regional Cancer Centre. The LBC samples were collected in SurePath (BD) vials
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between January of 2009 and December of 2010 within the national cervical
screening program in Malmo, Sweden. The samples were frozen as pellets at -80°C
and stored in the Malmo LBC biobank.

Methods

HPV DNA detection

Broad-spectrum PCR, paper 11

HPV DNA have been amplified using broad spectrum PCR primer sets for
amplification of mucosal HPV types; MGP-PCR followed by amplicon detection
by Luminex (149, 150). The Luminex beads bind to the HPV-PCR products via
type specific probes and recognize mucosal HPV types (high-risk for cancer types
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68a and b, 73, and 82; probable high-
risk for cancer type 66; low-risk for cancer types 6, 11, 42, 43, and 70). The
Luminex probes of HPV26, 30, 40, 54, 67, 81, 89, 90, and 91 were added in
February of 2008. The FAP59/64 primer pair was used for amplification of
mucosal and cutaneous HPV types (31).

Real-time PCR, paper |
Specific HPV DNA sequences were amplified using real-time PCR (gquantitative
PCR; gPCR) using dual labeled probes (florescence and quencher).

Long range PCR, paper I, Il and IV

Complete genomes of novel HPV types were amplified using either the High
Fidelity kit (Roche) or the PrimeSTAR GXL DNA polymerase kit (TaKaRa).

(/*
N
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Figure 6. Overview of the whole genome amplification with focus on double stranded DNA (A).
Random primers bind to the single stranded DNA and the amplification starts (B and C). When the
polymerase reaches a downstream primer, strand displacement occurs and new primers can anneal to
the displaced product (D). The end product is double stranded repeated copies of the DNA in the
sample. Adapted from Rector el al., A sequence-independent strategy for detection and cloning of
circular DNA virus genomes using multiply primed rolling-circle amplification, in Journal of
Virology, 2004; 78:4993-4998, with permission from American Society for Microbiology.

Whole genome amplification, paper I, 11, Il and 1V

Whole genome amplification (WGA) is also called multiple displacement
amplification (Figure 6). It is based on rolling circle amplification (225) used to
amplify circular DNA (226) but can also amplify linear DNA (227, 228). It was
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developed to amplify all DNA in a sample, even for small amounts of starting
materials, using random hexamer primers; however, the DNA has to be of good
quality. The DNA polymerase used originates from bacteriophage phi29 (229,
230).

Metagenomic sequencing, paper | and Il

Metagenomic sequencing, also called high-throughput sequencing or deep-
sequecing, can be used to obtain an unbiased and comprehensive map of all DNA
present in a sample without any prior amplification that requires information about
the sequences that might be present.

The Genome Sequencer (GS) FLX and the GS Junior (Roche) are based on
emulsion amplification and pyrosequencing. The genomic dsDNA is isolated and
fragmented by nebulization where high-pressure nitrogen gas forces the sample
into small droplets which shears the DNA into pieces (50-900 base pairs). The
fragmented DNA is blunt-ended by removing overhanging 3' ends. The DNA is
ligated between two adaptors. One of the adaptors is biotinylated which facilitates
capture of these molecules to streptavidin-coated magnetic beads. Products without
biotin will are washed away to isolate single stranded fragments (one for each
bead). The beads are captured within droplets of emulsion oil that contains a PCR
mix. The PCR reaction occurs within each droplet. After thermocycling, every bead
will carry millions of copies of unique DNA. The emulsion is broken, and the
beads are transferred onto a PicoTiterPlate (231). One bead will be deposited in
each well of the plate. In each well, the DNA is sequenced using pyrosequencing
(232). As the template is immobilized, solutions of A, T, G and C nucleotides can
be added and removed from the reaction. The method is based on detection of the
DNA polymerase using a chemiluminescent enzyme. Light is only produced when
the added nucleotide complements the first unpaired base of the template.

The lon Torrent sequencer (Life Technologies) does not use pyrosequencing.
Instead, beads carrying single stranded DNA are sorted into wells and washed by
A, T, G or C nucleotides. If the nucleotide is complementary, it will be
incorporated and a hydrogen ion will be released. The change in pH are detected in
each well and converted to base calls. No modified nucleotides or optics are used.

HPV mRNA detection

APTIMA HPV mRNA assay, paper V

The APTIMA HPV mRNA assay (Hologic) detects, but cannot distinguish
between, E6/E7 mRNA of HPV16, 18, 31, 33, 35, 39, 45, 52, 56, 58, 59, 66 and 68
in cervical cytology specimens.
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Figure 7. Schematic presentation of the transcription-mediated amplification (TMA) utilized in the
APTIMA HPV mRNA assay. The reverse transcriptase (RT) creates a DNA copy of the RNA (A-C),
and the RNA in the RNA-DNA hybrid is degraded by RNAse H (C-E). A second primer is added
and amplification is performed by the RNA polymerase and the reverse transcriptase (E-L).
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According to APTIMA instructions, SurePath specimens should be pre-treated with
proteinase K included in the APTIMA Transfer Solution (ATS) kit. In the present
study, 100 uL of the stored sample was used, instead of 1 mL SurePath specimen.
The used 100 pL corresponds to about 1/4 of the original 1 mL SurePath sample.
Briefly, 100 pL of the sample and 300 pL of the ATS were added to an APTIMA
Specimen Transfer Tube (pre-filled with 2.9 mL buffered saline solution) and
heated at 90°C for 15 min in a water bath.

During the automated assay, E6/E7 mRNA is captured on magnetic microparticles
and amplified using transcription mediated amplification (TMA) (Figure 7). TMA
is an amplification method that utilizes RNA polymerase, reverse transcriptase and
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RNAse H activity to amplify RNA and DNA targets without thermal cycling. The
amplicons are detected during the hybridization protection assay where light
emissions are captured and measured. HPV amplicons coupled to labeled probes
emits a glowing light that are detected.

Paper |

Metagenomic sequencing of cutaneous samples

Sequencing was performed on biopsies and swabs from top of the lesions of
patients with SCC, AK or KA (as described on page 35). Samples were pooled (2-4
ML) in pools of 6-23 patients samples in each according to diagnosis and sample
type and the pools were prepared using three different methods;

1. DNA in the size range from ~3-10 kb was extracted from an E-gel (Life
Technologies) and the DNA was subjected to WGA (GenomiPhi High
Yeild, GE Healthcare Life Science).

2. Before DNA extraction of the swab samples the viral capsids were
separated from human DNA using ultracentrifugation. The DNA was
extracted with the MagNA Pure LC using the Total Nucleic Acid kit
(Roche) prior to WGA.

3. WGA only.

After WGA, the pre-treated smaller pools were pooled into seven larger pools
according to diagnosis and sample type; I) 28 SCC (FFPE biopsies), 1) 72 KA
(FFPE biopsies), 111) 92 KA (fresh frozen biopsies), 1) 82 SCC and 60 AK (swabs
from top of the lesions), V) 41 SCC (fresh frozen biopsies), previously HPV-
negative (216), V1) 44 SCC (fresh frozen biopsies), previously HPV-positive (216)
and VII) 92 AK (fresh frozen biopsies).

The pools were sequenced using the 454 GS FLX Titanium (Roche). The pool of
top of the lesion swabs of SCCs and AKs (number 4) that were only amplified by
WGA were also sequenced using the lon Torrent PGM sequencer (Life
Technologies). Two different lon Torrent PGM Kkits were used; one with 300
nucleotide (nt) read lengths and one with 400 nt.

The prevalence of HPV155 (SE42) and SE46 were investigated using real-time
PCR on samples from 341 patients with SCC, AK, BCC, SK, and KA by the use of
biopsies and swab samples from lesions and from healthy skin. HPV155 (SE42)
were amplified and cloned from a swab from top of a lesion diagnosed as AK.
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Paper 11

HPV in condyloma

Condyloma surface swabs was tested for sample adequacy by assaying for the
human betaglobin gene, 621 samples (376 males and 245 females) remained
adequate. These samples were analyzed for HPVV-DNA by amplification with the
GP5+/6+ primers (39) (until April 15, 2008) and MGP primers (149) (from April
17, 2008). The PCR was followed by the bead based Luminex system (150) for
identification of specific HPV genotypes.

A subset of samples was HPV negative but betaglobin positive. These samples
were subjected to FAP-PCR (31). The FAP-PCR products were visualized on a gel
and Sanger-sequenced. Samples still negative for HPV were amplified by
Templiphi rolling circle amplification (GE Healthcare Life Science) (unbiased
whole genome amplification, WGA) (233) followed by FAP-PCR, GP5+/6+ PCR
or MGP-PCR and Luminex.

Paper 111

“HPV-negative” condylomas analyzed by metagenomic sequencing

Forty samples of MGP-PCR "HPV-negative" condylomas (paper Il) were pooled in
10 pools with four samples in each pool. The samples represent 21 woman and 19
men. The DNA in the pools was amplified using Genomiphi High Yield kit (GE
Healthcare Life Science) (unbiased whole genome amplification, WGA). The pools
were sequenced with a GS Junior. Three pools contained sequences of novel
putative HPVs (denoted as SE-sequences). These samples were also sequenced
individually by the GS Junior after whole genome amplification.

Paper IV

Characterization of three novel HPV types

In paper 11l we characterized the complete genomes of two novel putative HPV
types from one single condyloma swab sample, SE87-complete and FAG9-
complete. The DNA in the sample was amplified using Genomiphi High Yeild kit
(GE Healthcare Life Science) (unbiased whole genome amplification, WGA) prior
to type-specific PCR. SE87 was amplified in three segments and FA69 as one
entire fragment using the PrimeSTAR GXL DNA polymerase kit (TaKaRa, Japan).
Using this method we also amplified the complete genome of novel a HPV type
from a skin swab next to an AK.
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Paper V

High-risk HPVY mRNA among HR-HPV DNA positive minor cytological
abnormalities

The study population was composed of high-risk HPV positive women diagnosed
with ASCUS (n= 211) or CIN 1 (n= 131) with documented histological follow-up
diagnosis.

We utilized the cytology and pathology registries of the South Swedish Regional
Cancer Centre to identify index LBC samples of women aged 35 years or more,
with cytological diagnoses of ASCUS or CIN1 and positive for a high-risk HPV
type. The presence of high-risk HPV-DNA in the samples had previously been
performed using MGP-PCR and Luminex at the Microbiology department of the
Skane University Hospital in Malmé, Sweden.

Cervical LBC samples were included if they were DNA-positive for any HPV type
covered by the APTIMA HPV assay. The APTIMA HPV assay detects, but cannot
distinguish between, E6/E7 mRNA of 14 high-risk HPV types. The APTIMA HPV
assay is known to cross-react with HPV types 26, 67, 70 and 82. Samples with
these HPV types, except HPV70 were included in this study. Women were
excluded if they did not have any subsequent histology registered within 4.5 years
after the index cytology test. The most severe diagnosis at follow-up was recorded.
Except for some minor modifications (described on page 35) the APTIMA HPV
assay was performed according to the manufacturer's instructions using the
PANTHER platform.
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Results and discussion

Paper |

Metagenomic sequencing of cutaneous samples

Samples prepared by E-gel or ultracentrifugation, only produced 124 viral
sequence-reads, whilst most viral reads, 645, were detected in samples subjected to
WGA only. The extra handling by E-gel and ultracentrifugation may have resulted
in loss of material, compared to WGA only. Sequencing using the GS FLX (Roche)
was performed on seven pools. Combination of the reads from the biopsies and the
swabs, the GS FLX identified 662 reads, classified as related to HPV. Most reads
were found in the pool of FFPE-KA biopsies with three different HPV related
sequences, and in the pool of top-of-the-lesion swabs of SCCs and AKs with seven
different HPV related sequences (250 and 387 reads, respectively). The lon Torrent
PGM was used to sequence the pools of swab samples from 82 SCCs and 60 AKs
only pre-treated with WGA and identified 2744 and 762 HPV related reads using
the 300 and 400 nt sequencing Kits, respectively. We did not detect any HPV-
related reads in the pool of HPV-positive fresh frozen SCC biopsies. These samples
had previously been HPV-positive using FAP-PCR (216) which is very sensitive
and can detect low levels of viral copies. Compared to our present study, other
studies using FAP-PCR for HPV-DNA enrichment prior to metagenomic
sequencing showed that FAP-PCR can detect low-levels of viral copies in large
pools (204, 206, 234).

In total, sequences from 15 known HPV types and four previously described
putative HPV types were detected. The latter include SE42, an already described
subgenomic sequence originally detected using pre-amplification by FAP-PCR
followed by metagenomic sequencing (204). In our present study, the GS FLX
assembled two contigs of the SE42 genome, 763 and 6552 bp. The lon Torrent
PGM sequencing detected the complete genome of SE42. The complete genome of
SE42 were amplified and cloned from a top of the lesion swab sample, from a
patient with AK, and designated as HPV155 (7352 bp, gammapapillomavirus)
(GenBank JF906559).

Two additional sequences related to HPV were also detected; SE46 and SE47. For
SE46, we detected 22 reads using the GS FLX and 176 reads using the lon Torrent.
These sequences assembled into two contigs of 950 bp and 3774 bp. Only two
sequence reads were detected of SE47 by the GS FLX, and none by the lon
Torrent. We were unable to amplify the complete genomes of SE46 or SE47 by
type-specific primers.

Additional non-HPV-related sequences detected were human herpesvirus 8 (1
read), Epstein-Barr virus (5 reads), human endogenous retrovirus (10 reads), torque
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teno virus (68 reads), human polyomavirus 6 (6 reads) and merkel cell
polyomavirus (26 reads). ldentification of these viruses demonstrates the broad
detection capability of metagenomic sequencing.

We also performed a screening for HPV155 and SE46 in samples from 341 patients
(biopsies of lesions, biopsies of healthy skin, swab samples of lesions, and swab
samples of healthy skin) with cutaneous lesions (SCC, AK, BCC, SK, and KA)
from patient-groups 3 and 4 (described on page 35) using real-time PCR.

Table 1. Detection and viral loads of HPV155 and SE46 in individual samples. Errata of table 3 in
paper I.

Viral copies/cell Viral copies/2.5uL sample
Diagnosis | No. of Biopsy of | Biopsy of | Swab from | Swab from
HPV155 the lesion | health skin | top of the | healthy
positive lesion skin
patients
SCC (n=89) | 3 - 2.7x10” 26.5 160.5
- 3.8x10-4 10251 7235.5
- - - 0.5
AK (n=77) | 2 1.8x-4 - 6555a 7
- - - 23
BCC 2 - - 40 112
(n=119)
4.8x01-5 - - 2.5
SK (n=48)| 0 - - - -
& KA (n=8)
No. of Biopsy of | Biopsy of | Swab from | Swab from
SE46 the lesion | health skin | top of the | healthy
positive lesion skin
patients
SCC (n=89)| 3 - 3.5x01-4 11 16.5
- - 17 30
- - - 2.5
AK (n=76) |3 - - - 11.5
- - 135 110
- - 4,5 235
BCC 0 - - - -
(n=121) &
SK (n=47)
KAMN=8) |1 - - 23.5 62

HPV155 was detected in 2% (7 of 341) patients with; SCC (n=3 of 89), AK (n=2 of
77) or BCC (n=2 of 119). HPV155 were detected in a biopsy of AK and BCC with
a viral copy per cell of 1.8x10™ and 4.8x10°, respectively. HPV155 was also
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detected in the swab of healthy skin of all seven patients with 0.5 to 7235
copies/2.5 pl template. SE46 was detected in 2% (7 of 341) patients with; SCC
(n=3 of 89), AK (n=3 of 76) or KA (n=1 of 8). SE46 was not detected in any
biopsies of healthy skin and only in one biopsy of healthy skin (3.5x10™ per cell).
Viral copies per cell were determined by analyzing the human DNA with real-time
PCR using primers and probe for the betaglobin gene (described in paper I). SE46
was detected in the swabs from healthy skin in all seven patents with 2.5 to 110
copies/2.5 pl template (Table 1). The viral load (viral copy per cell) could not be
determined for the swab samples as some were negative for the betaglobin gene.

Conclusively, most of the viral DNA found represents known HPV types or known
sub-genomic sequences of HPV. Metagenomic sequencing of skin lesions was
useful for an unbiased assessment of viral DNA in these lesions.

Paper 11

HPV in condyloma

Of the 621 condyloma swab samples, 96.3% were positive for HPV DNA and
93.9% positive for genital HPV types. The top five most common HPV types
detected were HPV6 (61.7%), HPV16 (12.9%), HPV11 (10.3%), HPV42 (7.2%),
and HPV66 (6.4%). Multiple infections were detected in 31.6% of all samples.
HPV6 and 11 were detected in 71% of the condylomas, similar rates have been
reported by others (106, 107). Simultaneous detection of both HPV6 and HPV11
were only found in six cases (0.01%). Low-risk types were detected in 76.3% of all
condylomas but were slightly less common in women (71.8%) than in men
(79.3%). High-risk types (with HPV16 being the most common with a prevalence
of 12.9%) were detected in 34.9% of the samples and were more common among
women (45.3%) than men (28.2%). Overall, 36 different HPV types of the
alphapapillomavirus genus were detected.

After the initial routine investigation by MGP-PCR, 50 samples were HPV-
negative. After extended analysis FAP-PCR and MGP-PCR we could conclude that
12 samples were indeed positive for HPV types that were not detected by the
routine analysis. The most probable reason for this might be low viral loads in the
samples. The most common genital type was HPV6 which were detected in seven
of twelve samples. These additional HPV-positive samples were included in the
baseline above. By the use of FAP-PCR we found that 21 samples were positive for
HPV types or putative HPV types from the beta- and gammapapillomavirus genera.
The putative HPV types represent 14 FA-isolates (generated by the FAP-primers).
For one of these FA-isolates, the complete genome was amplified, cloned, and were
assigned as HPV153 (GenBank JN171845) which belongs to the
gammapapillomavirus genus,) and has a genomic size of 7240 bp.
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This condyloma monitoring system has provided the largest, so far, reported
condyloma series with comprehensive HPV typing before HPV vaccination
introduction. A condyloma monitoring system will provide rapid feedback of the
effectiveness of the vaccination-programs as it is a readily identifiable condition
with short incubation time. A large spectrum of 36 genital HPV types were
identified, which implies that condyloma monitoring systems will require methods
capable to detect a broad range of HPV types in follow-up studies.

The HPV types of the beta- and gammapapillomaviruses, including HPV153, most
probably represent HPV types residing in superficial layers of the skin or from
healthy adjacent skin. This are possibly also true for all the HPV types from the
genus alpha, apart from HPV6 and 11 who are known to cause condylomas (7, 8).

Paper 111

“HPV-negative” condylomas analyzed by metagenomic sequencing

Combining the sequencing of the pools and the individual samples, 2207 reads of a
total of 104,740 (2.1%) was related to viruses known to infect humans. Whole
genome amplification can introduce errors in the sequence such as chimeras or
genome rearrangements. We did indeed detect chimeric sequences (inverted
segments), both automatically and manually. They were removed with the result
that only 63% (1385/2207) of the sequences related to human viruses remained
(with a read length of about 89-700 nt).

Of the ten pools, five pools remained HPV negative. As the samples did contain
DNA, this could be due to misclassification of the clinical diagnosis, the lesion
could truly be HPV negative, or the viral copy number might be below the
detection limit of the assay. In one of the HPV negative pools we only detected
reads of the Molluscum contagiosum virus subtype 1. We also detected Molluscum
Contagiosum virus (only) in two of the individually sequenced samples originating
from the same pool. Simultaneous condylomas and Mollusca have been observed
(159). Condylomas are diagnosed using visual inspection and in a mix of
condylomas and mollusca, all wart-like lesions might be classified as genital warts.

Five pools were HPV positive, three of which contained sequences of novel
putative HPVs. These samples were sequenced individually. In total, 1337 reads
were detected; 273 reads from the pools and 1064 reads from the individual
samples. HPV6 were detected in two pools and two single samples. HPV6, together
with reads of HPV58 which were detected in one individual sample and one read of
HPV66, indicates that HPV can be missed by MGP-PCR and Luminex. Possible
reasons why the known HPV types in those samples had not previously been
detected by the initial general primer PCR include presence of viral variants with
genomic alterations in the sequences targeted by primers and Luminex-probes, or
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the viral loads were below the detection limits of the MGP-PCR Luminex assay.
Indeed, HPV58 and HPV66 can be found in condylomas (106). In paper I, HPV58
in and HPV66 was detected in 2.1% and 6.4% of the samples, respectively.

We also detected reads of other HPV types and known HPV isolates belonging to
the beta- and gammapapillomavirus genus, among them FA69, a FAP-PCR sub-
fragment originally detected in a swab sample from a healthy forehead (235). We
detected the complete genome of FA69 (GenBank KC108722, later named
HPWV180) that were assembled by 858 reads from one single sample (30 year old
male). The size was 7356 bp and it belongs to the gammapapillomavirus genus.
Eleven percent of the HPV related reads (145/1337) belonged to sub-genomic
fragments of novel putative HPV types (SE-sequences). We detected 23 SE-
sequences/contigs that belong to the genus gamma. Some may represent the same
HPV types as the sequence fragments were scattered through the genomes. The
entire genome of SE87 (gammapapillomavirus genus) was detected (GenBank
KC108721, later named HPV175), with a genome of 7226 bp and was assembled
by 80 reads detected in a single sample.

Overall, the analysis revealed that seemingly “HPV-negative” condylomas may
contain known and previously unknown HPV types. The novel HPV related
sequences detected are probably not causing the condyloma.

Characterization of three novel HPV types

HPV175, HPV178, and HPV180 all demonstrate a typical genome organization of
cutaneous HPVs. The complete genomic sequences of HPV175 and HPV180 were
identified using metagenomic sequencing (paper I11) in a condyloma swab sample
from a 30-year old male. HPV178 was isolated from a swab of healthy skin, next to
an actinic keratosis of an 86-year old male, and discovered after an attempt to
amplify the closely related HPV197. The complete genomic sequences are
available in GenBank under these accession numbers: HPV175 [KC108721],
HPV178 [KJ130020], and HPV180 [KC108722].

Paper V

High-risk HPV mRNA among HR-HPV DNA positive minor cytological
abnormalities

The overall HPV mRNA prevalence among the ASCUS and CIN1 index samples
was 92.1% (315/342), with 90% (190/211) and 95.4% (125/131) among those with
ASCUS and CIN1, respectively. Twenty-nine percent (61/211) of women in the
ASCUS group, and 34.3% (45/131) in the CIN1 group developed CIN2+ within 4.5
years of follow-up. The HPVY mRNA test showed similar sensitivity for future
CIN2+ and CIN3 in the ASCUS (96.7% and 100%) and CIN1 (97.8% and 100%)
groups. However, the corresponding specificity was very low (5.4-12.7%).

47



Presence of HPV E6/E7 mRNA was associated with future development of CIN2+
among women with ASCUS and CIN1 (p=0.03). The absence of HPV mRNA
demonstrated a tendency for protection against future development of CIN3 among
women with ASCUS or CIN1. None of the 27 mRNA-negative but HPVV-DNA
positive women developed CIN3+ as compared to 43/315 of mRNA-positive
women (13.6%) (p=0.06).

The specificity was low (5.4-12.7%), due to the large group of HPV mRNA
positive women without progressive disease (over 60% of both groups). Almost
half of the women in the ASCUS group and the CIN1 group were treated by
conization or hysterectomy within the follow up time. Therefore, we cannot be sure
that the treated women would develop a more severe diagnosis if left un-treated.

Other recent similar studies have shown lower sensitivity (mean 89.5%, range 77.8-
100) but higher specificity (mean 47.8%, range 25-78) for development of future
CIN2+ compared to our study (236-238).

Clear markers for progression are still needed to detect women at risk for
development of high-grade lesions.
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Novel HPV types characterized

Table 2. Novel HPV types within the genus gamma characterized within this thesis.

Genes EG6 E7 El E2 E4 L2 L1 URR
HPV153 (7420 bp) 71%

similarity to HPV128 (L1)

No. of nt** 429 288 1815 | 1200 | 432 1533 | 1533 | 504
No. of aa 143 96 605 400 144 511 511
HPV155 (7352 bp) 77%

similarity to HPV139 (L1)

No. of nt 435 282 1818 1215 492 1554 | 1542 | 573
No. of aa 145 94 606 405 164 518 514
HPV175 (7226 bp) 69%

similarity to HPV60 (L1)

No. of nt 441 291 1821 1209 498 1539 | 1512 | 485
No. of aa 147 97 607 403 166 513 504
HPV178 (7314 bp) 68%

similarity to HPV65 (L1)

No. of nt 414 285 1824 | 1203 | 498 1593 | 1533 | 546
No. of aa 138 95 608 401 166 531 511
HPV180 (7356 bp) 82&

similarity to HPV121 (L1)

No. of nt 429 294 1827 1170 375 1572 | 1557 | 545
No. of aa 143 98 609 390 125* | 524 519

*without start codon ATG. **including stop codon.
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Table 3. The origin of isolation of the characterized types. Species information from hpvcenter.se.

HPV GenBank Previous Species | Index patient
type accession name (when
P _( Lesion Type of | Age | Sex
applicable)
sample
JN171845
HPV153 - v-13 Condyloma Swab 27 Male
HPV155 | JF906559 SE42 v-7 Actinic keratosis | Swab 72 Female
HPV175 | KC108721 SE87 v-23 Condyloma Swab* | 30 Male
HPV178 | KJ130020 - v-24 Skin  next to | Swab 86 Male
SCC
HPV180 | KC108722 FA69 v-10 Condyloma Swab* | 30 Male

* from the same sample.
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Concluding remarks and future
perspectives

We searched for unknown and known DNA virus among cutaneous squamous cell
carcinoma, actinic keratosis and keratoacanthoma by the use of metagenomic
sequencing. The majority of the detected viral DNA sequences represent known
HPV types or known sub-genomic sequences of HPV of the beta- and
gammapapillomaviruses.

We defined a baseline distribution of HPV types in condylomas before introduction
of the HPV vaccination program. The diversity among the HPV types of the
alphapapillomavirus genus was large, with 36 different types identified. The
metagenomic sequencing of previously "HPV-negative" condylomas found that a
substantial proportion of these did contain viral DNA and that a wide variety of
different HPV types and novel putative HPV types of the beta- and
gammapapillomavirus genus are present in swab samples of genital warts. The
novel HPV types detected are probably not causative of the condylomas.

The number of HPV types has expanded from 60 types in the year 1989 to 194
types today, where the latest major increase has been among the
gammapapillomavirus genus. In accordance, from our studies above, five novel
HPV types of gammapapillomavirus genus were characterized. HPV153 and
HPV178 were discovered using PCR, whilst HPV155, HPV175 and HPV180 were
discovered using metagenomic sequencing. Metagenomic sequencing appears to be
a useful unbiased approach for expanding our knowledge of the diversity of HPVs.
Future studies should preferentially sequence individual samples for a deeper
assessment of viral DNA in each sample.

We determined sensitivity and specificity of the APTIMA HPV mRNA assay for
prediction of future development of high-grade cervical intraepithelial neoplasia
among HR-HPV DNA positive women with ASCUS or CIN1 cytology. We found
that 92% of HPV-DNA positive samples were positive for HPV mRNA and
demonstrated high sensitivity but low specificity of the HPVV mRNA assay to detect
future high-grade CIN. The specificity for future high grade CIN was low (5.4-
12.7%), due to the high HPV mRNA positivity rates among the women without
progressive disease. However, Presence of HPV E6/E7 mRNA was associated with
future development of CIN2+ among high-risk HPV DNA positive women with
ASCUS and CIN1. The absence of HPV mRNA demonstrated a tendency for
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protection against future development of CIN3 among women with ASCUS or
CIN21As most of the HPV-DNA samples also were HPV mRNA positive, markers
for progression are still needed to detect women at risk for development of high-

grade lesions.
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