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ABSTRACT

The causal relationship between several virus infections and human cancers are well
established. However, it is also possible that additional cancers may be caused by
known or yet unknown viruses. The present thesis has sought to both further elucidate
known relationships between virus and cancer as well as to provide a basis for further
exploration in the area of infections and cancer.

Infections during pregnancy have been suspected to be involved in the etiology of
childhood leukemias. However, no specific infectious agent is yet linked to the etiology
of these diseases. As a basis for further studies in this area, we applied high-throughput
next generation sequencing (NGS) technology to describe the viruses most readily
detectable in serum samples of mothers to leukemic children. The most common
viruses found were TT viruses, including several previously not described TT viruses.

Merkel cell polyomavirus (MCV) is found in Merkel cell carcinoma (MCC), a rare and
aggressive neuroendocrine tumor of the skin. To explore whether MCV infection might
be associated with additional cancers, we investigated whether MCC patients are at
excess risk of other cancers, using population-based Nordic cancer registries.
Bidirectional evaluation of excess risk of other diseases among MCC patients revealed
that they are at increased risk of other skin cancers as a second cancer, compared to the
general Nordic population. Shared causative factors, such as exposure to ultraviolet
light and/or MCV infection are among the possible explanations. Also, impact of
increased surveillance of the skin should be noted as an explanation of the excess risk.

Cutaneous human papillomaviruses (HPV) are suspected to be involved in the etiology
of non-melanoma skin cancer (NMSC). To evaluate whether there are any consistent
association between cutaneous HPV infections and skin cancer, we conducted a
systematic review and meta-analysis of studies that investigated HPV prevalences
among cases of skin lesions and their healthy controls. We found that HPV species
Beta-1, Beta-2, Beta-3 and Gamma-1 were more frequently detected in squamous cell
carcinoma (SCC) compared to healthy controls.

To provide clues about possible carcinogenicity of 47 mucosal HPV types, out of
which 12 are established as causes of cervical cancer, we also investigated the
prevalence of 47 mucosal HPV types across the entire range of cervical diagnoses from
normal to cervical cancer.

To investigate diversity of HPVs in skin lesions with increased sensitivity, different
sample types from different skin lesion were subjected to high-throughput NGS after
PCR amplification. Conventional molecular detection methods such as PCR are biased
towards the primers used. Thus they might miss viruses that are divergent from the
primer sequences. We also investigated whether NGS technology can be used to assess
presence of virus DNA in an unbiased manner, both in skin lesions as well as in
condylomas that were classified as “HPV negative” by conventional PCR methods.



Unbiased sequencing identified two putatively new HPV types that were missed by
NGS after PCR amplification. The advantage of unbiased sequencing over
conventional molecular detection methods was further demonstrated in the study of
“HPV negative” condylomas. We found several known as well as several putatively
novel HPV types in condylomas that were previously found to be HPV negative by
PCR.

In conclusion, we have used registry linkage studies, systematic reviews and meta-
analyses and modern NGS technology applied to biobanked specimens to extend our
knowledge of the epidemiology of cancer-associated viruses and to provide a basis for
further exploration in this area.



SAMMANFATTNING

Det dr vél kédnnt att flera olika virusinfektioner kan orsaka eller medverka till utveckling
av vissa former av cancer hos ménniskan. Det dr mdjligt att det finns ytterligare cancrar
som orsakas av kdnda eller &nnu okénda virus. Denna avhandling forsoker klargdra
kénda samband mellan virusinfektion och cancer samt ge en grund for forsatt forskning
inom omréadet infektioner och cancer.

Infektioner under graviditeten har misstdnkts vara inblandade i uppkomsten av leukemi
hos barn. Hittills har ingen specifik infektion kunnat kopplas till uppkomsten av dessa
sjukdommar. Som en grund for fortsatta studier inom detta omrade anvénde vi “Nésta
Generation hogeftektiv Sekvensering” (NGS) for att detektera de virus som var mest
forekommande i serum frdn mammor till barn som utvecklat leukemi. De virus som
detekterades mest var TT-virus, dven flera TT-virus som tidigare inte beskrivits.

Merkelcell polyomavirus (MCV) finns i Merkelcellcancer (MCC), en ovanlig och
aggressiv neuroendokrin hudcancer. For att se om en MCV infektion kan vara
associerad med andra cancrar undersokte vi om MCC patienter hade en 6kad risk for
andra cancrar med hjidlp av populationsbaserade nordiska cancerregister. Tvavigs
utvirdering av okad risk for andra sjukdomar hos MCC patienter visade att de har en
okad risk for andra hudcancrar som sekundér cancer jamfort med den nordiska
befolkningen. Gemensamma orsaksfaktorer, som exponering for ultraviolett ljus
och/eller MCV infektion #r mdjliga forklaringar. Aven mer ingdende undersdkningar
av huden kan vara en mgjlig orsak till den 6kade risk som observerats.

Hudrelaterat Humant Papillomavirus (HPV) tros vara en av orsakerna till uppkomsten
av icke-melanom hudcancer (NMSC). For att undersoka om det finns ett konsekvent
samband mellan HPV infektioner pa huden och hudcancer gjorde vi en systematisk
genomgéing och metaanalys av studier som undersokt HPV forekomsten i1 hud lesioner
samt i normala kontroller. Vi fann att HPV species Beta-1, Beta-2, Beta-3 och Gamma-
1 kunde detekteras mer frekvent i skivepitelcancer (SCC) an hos friska kontroller.

For att ta fram mer information om den méjliga cancerogeniteten hos 47 genitala HPV
typer, av vilka 12 &r etablerade som orsak till cervixcancer undersokte vi forekomsten
av dessa 47 genitala HPV typer inom alla diagnoser for cervix fran normal till
cervixcancer.

Vi undersokte méngfalden av HPV i lessioner fran huden med en medod som ger 6kad
kénslighet jamfort med tidigare studier. Olika provmaterial fran olika hud lessioner
amplifierades med HPV specifik PCR varefter nésta generation hogeffektiv
sekvensering gjordes pa materialet. Resultaten av konventionella detektionsmetoder
som PCR péverkas av de primers som anvénds. Det gor att en metod kan missa virus
som har en avvikande sekvens i primer omrddet. Vi undersokte darféor om NGS kan
anvéndas for att detektera virus DNA utan att forst gora PCR béde i hud lessioner och i
kondylom som tidigare varit HPV negativa med vanliga PCR metoder.



Sekvensering utan foregdende PCR identifierade tva troligt nya HPV typer som inte
hittades med NGS efter PCR amplifiering. Fordelen med denna sekvenseringsstrategi
jamfort med konventionella detektionsmetoder visades dven i studien av HPV negativa
kondylom dir flera kdnda sa vil som tidigare okéinda HPV typer detekterades med
NGS men inte med HPV specifik PCR.

Sammanfattningsvis har vi anvént studier baserade pa registerlénkningar, systematisk
genomgédng av artiklar och metaanalyser samt modern hogeffektiv sekvenserings
teknologi pa biobanksprover for att utoka var kunskap inom epidemiologin av
cancerassocierade virus och for att ge en grund for fortsatt forskning inom detta
omréde.
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LIST OF ABBREVIATIONS

AK Actinic keratosis

ALL Acute lymphoblastic leukemia

ASCUS Atypical squamous cells of undetermined significance
BCC Basal cell carcinoma

CIN Cervical intraepithelial neoplasia

CIN1 Mild cervical intraepithelial neoplasia

CIN2 Moderate cervical intraepithelial neoplasia
CIN3 Severe cervical intraepithelial neoplasia

CIS Carcinoma in situ

EBV Epstein—Barr virus

GAAS Genome relative Abundance and Average Size

GRAMMy Genome Relative Abundance estimates based on Mixture Model

theory
GASIiC Genome Abundance Similarity Correction
HBV Hepatitis B virus
HCV Hepeatitis C virus
HPV Human papillomavirus
HTLV-1 Human T-cell lymphotropic virus
HSIL High-grade squamous intraepithelial lesion
HPyV Human polyomavirus
HIV-1 Human immunodeficiency virus type-1
HR High risk
[IARC International Agency for Research on Cancer
ICC Invasive cervical cancer
KA Keratoacanthoma
LSIL Low-grade squamous intraepithelial lesion
LR Low risk
MCV Merkel cell polyomavirus
MCC Merkel-cell carcinoma
NGS Next generation sequencing
NMSC Non-melanoma skin cancer

OTR Organ transplant recipients
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SIL

SIR
TV
TTMV
TTMDV
PIC
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Squamous cell carcinoma
Squamous intraepithelial lesion
Standardized incidence ratio
Torque Teno virus

Torque Teno-like Mini Virus
Torque Teno-like Midi Virus
Personal identity code
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1 INTRODUCTION
1.1 VIRUSES AND CANCER
1.1.1 Tumor viruses

Viruses were first suspected to be involved in tumor etiology almost a century ago
when Rous [1] demonstrated that a solid tumor was transmissible to healthy chicken
using cell free extract from tumor tissue [1]. Nowadays there are six established human
tumor viruses: Epstein—Barr virus (EBV), Kaposi’s sarcoma herpes virus (HHV-8),
hepatitis B virus (HBV), hepatitis C virus (HCV), human papilloma virus (HPV) and
human T-cell lymphotropic virus (HTLV-1) [2,3]. The recently identified Merkel cell
polyomavirus (MCV) [4] is classified as a probable carcinogen in the development of
Merkel-cell carcinoma (MCC) [2,5]. The human immunodeficiency virus type-1 (HIV-
1) is also classified as an established cancer-causing agent [2,3]. However, HIV-1 is not
directly involved in the cellular transformation but is increasing the risk of cancer by
causing immunosuppression [3].

In the year 2008, the International Agency for Research on Cancer (IARC) estimated
that 16% of all new cancer cases worldwide (about two million annual cases) were
attributable to infections [6]. About 65% of this number was attributable to viral
infections such as HPV (30%), EBV (5.4%), HBV and HCV (29.5%) [6]. However,
these figures might represent an underestimation of the true association [7] as the
measurement of infection prevalence in the general population and/or in cancer patients
is often inaccurate, which would tend to reduce the magnitude of the associations [7].
Even though only a minority of cancers are caused by viruses, the establishment of this
association has resulted in large improvements in cancer control by virus-specific
treatments and/or vaccination (e.g., against HBV and HPV) [8].

The last few decades have not only established that a considerable proportion of
cancers are caused by viruses. They have also provided epidemiological indications that
additional cancer-associated viruses may exist. Specific examples are the cancer forms
that are increased among immunosuppressed individuals [9-15], as well as the space
and time clustering of childhood leukemias [16]. The study of new relationships
between virus infections and cancer faces several challenges: (i) Several oncogenic
viruses are widespread and cause cancers only in a minority of infected individuals
[3,7]; (i1) Furthermore, all cancers have a multifactorial etiology and their development
almost always requires additional factors such as genetic alterations and/or
immunosuppression. Thus, most of the human cancer associated viruses act as factors
that initiate or promote the oncogenesis [3]; (iii) The incubation time before cancer
development after initial infection with oncogenic virus might be several decades,
making prospective studies difficult [3].

To investigate possible links between viruses and cancer a valid epidemiologic
approach is necessary. An epidemiologic study is considered to be valid, when its
design and methods are sound and provide a true estimate of the parameter of interest



[17]. To have true and unbiased estimates it is necessary to control all the factors, so
called co-factors and/or confounders, that might be related to either exposure or
outcome of interest (in this case to virus exposure or cancer development, respectively).
To do this, the use of prospective studies nested in population based cohorts, such as
biobanks with large study populations and long follow-ups are recommended [18].
Controlling confounding in a valid epidemiologic study requires meticulous planning
of study design, such as how study subjects are selected, as well as how measurements
of the values of interesting risk factors and other variables are going to be performed
[17].

Another major challenge in cancer virology is the limitation of conventional molecular
detection methods. Most studies in tumor microbiology have generally only studied one
candidate infection at a time. However, different viruses and their occurrences may
share several characteristics, which can act as confounding factors and may lead to
biased epidemiologic results and/or inferences. Thus, to perform valid and unbiased
epidemiologic studies on the association of viruses to cancer a measurement of as many
of the microbes that are present as possible is necessary. Modern Next Generation
Sequencing (NGS) technologies offer an opportunity to study potentially oncogenic
viruses in the context of the entire microbiological community. A first and most
important basis for further studies is therefore to provide a broad description of as many
as possible of the known and unknown viruses that are present in relevant samples
taken before cancer diagnosis. As the detection technology is powerful, it is likely that
additional preventable cancer-associated viruses will be identified in the near future.

1.1.2 Human papillomaviruses

HPVs are small non-enveloped double-stranded DNA viruses that belong to the
Papillomaviridae family. HPVs are a large and diverse group of viruses with 182
completely characterized types (www.hpvcenter.se), with new HPV types being
continuously found [19-23].

Classification of HPVs is based on the nucleotide sequence of the capsid protein L1.
HPV types belonging to different genera have less than 60% similarity within the L1
part of the genome. Different viral species within a genus share between 60 and 70 %
similarity. A novel HPV type has less than 90% similarity to any other HPV type [24].
Novel HPV types are given a number only after the whole genome has been cloned and
deposited with the International HPV Reference Center [24,25].
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Figure 1. Phylogenetic tree of 164 HPV types and bovine papillomavirus type 3 and type 5. Alpha-,
Beta-, Gamma-, Mu and Nu papillomaviruses are presented in red, green, blue, orange and purple colors,
respectively. The phylogenetic tree is based on the L1 part of the genome.

Five major HPV genera are known: Alphapapillomavirus, Betapapillomavirus,
Gammapapillomavirus, Mupapillomavirus and Nupapillomavirus [26] (figure 1).

The HPV genome contains three regions and approximately eight open reading frames
(ORFs): (i) an early region with up to six ORFs (E1, E2, E4, E5, E6 and E7); (ii) the
late region with two ORFs (L1 and L2); and the non-coding long control region [26]

(figure 2).

Even though HPVs have a highly conserved structure of the genome, there are some
differences among HPV types of different genera. Genomes of the alpha HPV types are
relatively longer compared with the beta and gamma HPVs. Also, the ES ORF is
missing from the genomes of most of the beta- and gamma HPVs. At least three
gamma HPV types (HPV101, HPV103, and HPV108) also lack the E6 ORF. Beta HPV



types encode a longer E2 ORF compared to HPVs from other genera. It is not clear
how these differences affect the lifecycles of these viruses.

Figure 2. Genomic organisation of the HPV16 genome. Light blue lines represent protein coding ORFs
of the HPV16 genome. Plots were generated using Circos visualization tool [27].

HPVs are epitheliotropic and infect cutaneous or mucosal stratified epithelia of humans
[3,26] and cause a wide range of diseases from benign lesions to invasive tumors
[28,29]. The majority of sexually active women will have a genital HPV infection at
least at some point in their lives and genital HPVs are considered as one of the most
common sexually transmitted diseases [26]. Number of sexual partners, absence of
circumcision among males and cigarette smoking [30-33] are the known risk factors for
an HPV infection. Immunosuppressed patients, such as organ transplant recipients
and/or HIV positive individuals, have an increased prevalence of both single and
multiple HPV infections, compared with the healthy population [34]. Usually, genital
HPV infections, are asymptomatic and transient and are cleared within two years after
the initial infection in the majority of women [30]. However, persistent infection will
develop in approximately 10% of infected women [3]. A persistent HPV infection is a
prerequisite for the development of cervical cancer [3].



The oncogenic mucosal HPV types in the alphapapillomavirus genus are a major cause
of cervical cancer, HPV16 and HPV 18 being the most frequent types [29,35,36]. They
are also linked to the development of vulvar, vaginal, anal, penile and oropharyngeal
cancers [3,37,38].

Mucosal HPVs are classified as high- and low-risk types depending upon their degree
of carcinogenicity [2]. In 2009, the IARC working group classified 12 mucosal HPV
types (HPV16, HPV18, HPV31, HPV33, HPV35, HPV39, HPV45, HPVS51, HPVS2,
HPV56, HPV58 and HPV59) as established to be carcinogenic to humans (Group 1)
[2,39], sometimes referred to as high-risk (HR) HPV types. These 12 types cluster
together in the same evolutionary branch or "high-risk clade" that includes
alphapapillomavirus species groups 5, 6, 7, 9 and 11. Other types in the high-risk clade
were classified as possible carcinogens (Group 2B) based upon their phylogenetic
relatedness to established (Group 1) types, with the exception of HPV68, which was
classified as a probable carcinogen (Group 2A) based on some, but limited,
epidemiological evidence. There are also benign mucosal HPV types in the
alphapapillomavirus genus for example HPV6 and HPV11, that cause benign genital
warts (condylomas) [25].

There are 45 recognized HPV types in the beta genus (www.hpvcenter.se). Only a
limited number of functional and epidemiological studies has investigated their
oncogenic potential. Studies based on in vitro and in vivo experiments indicated
oncogenic properties of several beta HPV types, such as HPV5, HPV8 and HPV38 [40-
45]. Epidemiologic studies also noted a link between detectability of antibodies against
beta HPV and/or their DNA and non-melanoma skin cancers (NMSCs) [46-49].
However, the studies were inconsistent and a systematic review on the association of
beta HPV's with cutaneous lesions has been lacking [3].

The gamma genus includes 54 recognized HPV types (www.hpvcenter.se). They are
highly prevalent on the skin of the general population and little information is available
about their biological properties. Although some findings suggest an association with
NMSC [50], even a systematic review of the literature has identified only a limited
number of observations [51] and further research is necessary to clarify if they have a
carcinogenic potential.

1.1.3 Anelloviruses

In 1997, the widespread anelloviruses were discovered. They form a large and diverse
group of non-enveloped, single-stranded DNA viruses with a circular, negative-sense
genome ranging in size from 2 to 3.8 kb [52]. Three anelloviruses, able to infect
humans, are classified into Alphatorquevirus (Torque teno virus (TTV)),
Betatorquevirus (Torque Teno-like Mini Virus (TTMV)), and Gammatorquevirus
(Torque Teno-like Midi Virus (TTMDYV)) genera of the Anelloviridae family of viruses
[53] (figure 3).
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Figure 3. Phylogenetic tree of the Anellovirus family. Alpha- , Beta- , Gamma Anelloviruses are
presented in red, green and blue colours, respectively.

Anelloviruses show extreme diversity both within and between species [53,54]. On the
nucleotide level they can exhibit as much as 33%—50% divergence [53,54]. Although
there is an extreme genetic diversity, the members of the Anelloviridae family are also
characterised by a conserved genomic organization. Their genomes consist of two main
ORFs (ORF1 and ORF2), as well as several additional smaller ORFs resulting from
splicing events and a non-coding GC rich region [53,54] (figure 4). Anelloviruses also
share several conserved protein signatures such as an arginine-rich N-terminus in ORF1
[55,56]; four binding sites for Rep proteins involved in rolling circle replication (two of
which were reported to be conserved among many plant and animal Circoviruses)
[55,56]; the protein motif W-X7-H-X3-C-X1-C-X5-H in ORF2, which was reported to
be common for TTV, TTMVs and chicken anemia virus [57,58]; a serine-rich domain
in the C-terminal region of ORF3; and the E-X8-R-X2-R-X4—6-P-X5-11-P-X1-8-V-
X1-F-X1-L motif in the C-terminal region of ORF4 [59].
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Figure 4. Genomic organisation of TTV1, TTMDV1 and TTMV1 genomes. Plots were generated using
Circos visualization tool [27].



Anellovirus infections are highly prevalent in the general population [60]. Presence of
their DNA has been found in nearly every organ, tissue and body fluid of humans
tested [52]. TTV has an ability to sustain a lifelong viremia even in healthy individuals
[61].
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Figure 5. Intragenomic rearrangements between complete genome tth25 (dark blue) and closely related
subviral genomes of slel1782 (purple), sle1785 (green) and sle1789 (turquoise) isolated from serum
samples from mothers to leukemic children [62]. Orange and red links between genomes represent
fragments of tth25 genome arranged on subviral molecules on either in sense or antisense, respectively.
Light blue and grey lines represent sense and antisense ORFs, respectively. Plots were generated using
Circos visualization tool [27].

Anelloviruses have been studied in the context of many diseases. However, because of
their nearly universal presence and persistent viremia in human populations,
investigations to link the TT viruses to the etiology of specific diseases have yielded
inconsistent results and no direct link has been established [63-65]. It has been
suggested that certain genotypes or groups of genotypes of anelloviruses may be



pathogenic [61,62]. In vitro analysis of replication and transcriptional activities of full
length TTV genome has provided evidence for the origin and selection of the smaller
subviral molecules through intra-genomic rearrangements [61,62] (figure 5). This raises
a possibility that such infections in an individual over time may lead to formation of
pathogenic strains through this phenomenon. This possibility has received some
support from in vitro studies on the transforming effect of TT virus fusion proteins
generated by viral recombination [61].

Because of the extreme diversity of anneloviruses and their potential to rearrange
genomes, a comprehensive an unbiased analysis of the viral DNA, present in a sample,
is necessary to investigate their possible link to human diseases. Also it is crucial to
study them in the context of their community. This can only be achieved using
metagenomic analysis based on next generation massively parallel sequencing
technologies.

1.1.4 Cervical cancer and infections

Cervical cancer is the second most common cancer among women worldwide with a
majority of the cases (83%) occurring in developing countries [66].

Non-invasive precancerous lesions are divided into different grades of cervical
intraepithelial neoplasia (CIN) or squamous intraepithelial lesions (SIL). Based on the
degree of cytological atypia of epithelial cells, CIN is graded as mild dysplasia (CIN1),
moderate dysplasia (CIN2) or severe dysplasia (CIN3)/ carcinoma in situ (CIS). In the
Bethesda classification system, CIN1 corresponds to low-grade SIL (LSIL) and CIN2-3
correspond to high-grade SIL (HSIL) [67]. The term atypical squamous cells of
undetermined significance (ASCUS) is used to describe poorly visualized cells from
LSIL or HSIL [68].

Persistent infections with one or more HR HPV types are the major cause of cervical
cancer [69], with HPV16 and HPV18 being the most important [35,70]. Besides HR
HPV types, several other co-factors, such as smoking [71], multiparity [72] and sexual
behaviours (e.g. age at first intercourse and lifetime number of sexual partners [73])
also contribute to the increased risk of cervical cancer. Other sexually transmitted
infections such as herpes simplex virus type 2 [74] and Chlamydia trachomatis [75]
have also been reported as co-factors. However, the possibility exists that the
association seen with other STIs may be due to confounding by HPV (their presence
could be an indication of a higher risk behaviour that increases the exposure to HPV).
In prospective studies, only Chlamydia trachomatis has consistently been found to
associate with cervical cancer [76].



1.1.5 SKkin cancer and infections

The two major forms of NMSC, squamous cell carcinoma (SCC) and basal cell
carcinoma (BCC), of the skin are two of the most prevalent cancers among Caucasian
populations worldwide. BCC is approximately four times as common as SCC [77].

Most of the new NMSC cases occur in patients that are over 60 years of age [78].
NMSCs (excluding BCC) represent the second most common cancers in both sexes and
are the most rapidly increasing tumors in Swedish population [78]. Over the last decade
an average 4.9% and 7.3% annual increase was observed for men and women,
respectively, in Sweden [78].

MCC is a rare and aggressive neuroendocrine malignancy of the skin [79]. The
majority of MCC cases occur in Caucasian populations [80]. Incidence rates for MCC
are extremely age-dependent and most cases occur in patients older than 65 years [80].
Even though the incidence of new cases remains low, it is increasing annually [80].

Solid organ transplant recipients (OTR) have an approximately a 65- to 100-fold
increase of SCC [10-13]; a 2- to 16-fold increase of BCC [14,15] and 10-fold increase
of MCC incidence [81] compared to the general population, suggesting that the
development of these cancers is under control of the immune system that is being
suppressed in OTR.

The elevated risk in immune-compromised individuals has suggested that the immune
system may target a viral antigen expressed in precancerous cells, in turn suggesting
that an infection may be involved in the etiology of NMSC [10-13]. HPV has been the
most commonly studied candidate infectious agent [46,82]. An association of HPV
infection with skin cancer was first demonstrated in patients with the rare hereditary
disease epidermodysplasia verruciformis [83]. These immunosuppressed patients are
highly susceptible to HPV infections, that often progress to SCC [83]. The cutaneous
HPV types are commonly found in skin lesions, often as multiple infections with many
different HPV types. Studied lesions include benign skin warts [84], actinic keratoses
(AKs), NMSCs [37] and keratoacanthomas (KAs) [46,85]. Epidemiological studies
have found that betapapillomaviruses are more frequently detected in SCC patients than
in their healthy controls [82,86-89]. Seropositivity for beta HPV antibodies has been
reported to be associated with SCC [50,90]. Several studies also demonstrated that
prevalence of these HPVs is higher in AK than in SCC [91,92]. AK is a precursor of
SCC and this observation might indicate involvement of betapapillomaviruses in the
early stages of carcinogenesis. This effect is not reported for BCC [47]. Healthy
individuals are also frequently positive for betapapillomavirus DNA [93,94] and it
seems that these tend to persist on healthy skin more often than HPV from other genera
[95].

Ultraviolet (UV) radiation is a well-known risk factor for NMSCs, as these cancers are
most often found on areas of the skin that are regularly exposed to sunlight or other UV
radiation [10,80,96]. Several studies have demonstrated that E6 and E7 proteins from
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HPV5, HPV8 and HPV38 may contribute to UV-induced carcinogenesis by inhibiting
DNA repair mechanisms [40-45]. This observation indicated that HPVs from the beta
genus might act as co-factors and facilitate the accumulation of UV-mediated
mutations.

Gammapapillomaviruses are also suspected to be involved in SCC carcinogenesis [50].
However, available data is inconsistent and based on quite small number of
observations [51] and further research is necessary. Inconsistencies between studies
could be attributable to small samples sizes and the extreme diversity of gamma HPV
types, that could conceivably lead to misclassification of the HPV types present, with
the detection methods that have been used so far [51]. Widespread infections with
multiple of HPV types present at low viral loads have made it difficult to perform
reliable epidemiologic studies. However, NGS holds promise in being able to provide a
more reliable HPV typing, as the nucleotide sequence of the viruses present in samples
is obtained.

Human polyomaviruses (HPyV) are the second largest group of viruses that are also
implicated to be associated with the skin cancers. However, similar to HPVs, they are
also diverse, widespread and also found on healthy human skin [97]. HPyV6, HPyV7,
and MCHPyV are the most commonly found polyomaviruses on human skin [97,98].

MCYV was identified in MCC [4] and it is the only HPyV that is classified as a probable
carcinogen. A majority of MCC tumors are positive for MCC DNA [99,100]. However,
the majority of healthy adults have antibodies against MCV [101-103]. MCV DNA is
also present in skin swabs, skin biopsies, and plucked eyebrow hairs of healthy subjects
[97,104]. The fact that the MCV genome is clonally integrated in MCC tumor cells [4]
supports the possibility that MCV is involved in the development of MCC. Also, MCC
tumor cells tend to have higher viral loads of MCV DNA compared to other MCV
DNA positive tissues [99,100]. A prospective epidemiological study nested in
population based biobanks found that presence of MCV antibodies was associated with
an increased risk for future MCC [105].

Metagenomic analysis of different skin lesions, using next generation massively
parallel sequencing technologies found that a majority of the viral sequences originated
from different HPVs. Some HPyVs and anelloviruses were also found [19,21]. Future
studies using NGS are needed to provide epidemiological-scale data on whether any
one of these viruses are associated with any human disease.

1.1.6 Childhood leukemia and infections

Leukemias, the most common childhood cancers in the developed world, are
biologically diverse clonal diseases originating from single blood cell progenitors that
have accumulated mutations [106,107]. The etiology of childhood acute lymphoblastic
leukemias (ALL) is not known [107]. Studies of Guthrie cards and identical twins with
concordant leukemia have provided strong evidence that the existence of translocations
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giving rise to fusion genes is usually of fetal origin [107]. However, similar
translocations are also present in healthy individuals and monozygotic twins may
develop leukemia at different ages [107], indicating the need of an additional event to
develop an overt disease [107]. Reports of indirect epidemiological characteristics such
as observed protective effects of intermittent infections during the first year of life,
attendance at whole day care during the same period and a marked inverse risk with
birth order and sibship size have argued for a possible infectious etiology of ALL
[108]. However, no specific agent(s) have been identified and possible mechanisms for
involvement of infections in leukemogenesis is unclear [107-109].

zur Hausen and de Villiers postulated that initial events of leukemogenesis is triggered
by a pre- or perinatal infection [108]. Continuous production and proliferation of
infected cells, would lead to high load of the suspected infectious agent [108], which
may be a risk factor for the development of full-blown leukemia. Viral load and thus
leukemia risk would be decreased if the immune system produces interferon as a result
of intermittent infections after birth. According to the model, a putative leukemogenic
agent synergistically co-operates with in-utero or perinatally acquired chromosomal
rearrangements [107].

Studies attempting to investigate the risk of ALL after infections during pregnancy
[110-126] and after delivery [16,109,127] is scarce, controversial and have not
identified any specific infectious agent. Maternal infection with EBV [114,116] and
neonatal adenovirus-C infection [125] was reported to be associated with development
of childhood leukemia in the offspring. However, follow-up studies could not confirm
this [117,126]. As conventional technology used for analyses suffers from low-
throughput and from being inherently biased in detecting only sequences with
homology to the PCR primers used, further progress in this area will most likely require
use of NGS technology.

1.2 METHODOLOGIES FOR RESEARCH IN TUMOR VIRUS
EPIDEMIOLOGY

In this section, major modern day methodologies for research in tumor virus
epidemiology will be discussed, in particular (i) registry-linkage studies (ii) high-
throughput NGS technologies and (iii) systematic review and meta-analysis. These
methods have all been used in papers included in this thesis.

1.2.1 Registry linkage studies

In the Nordic countries, a series of high quality population-based biological specimen
banks and patient data registries exist, with many decades of follow up [128]. Different
biobanks and data registries are possible to link using the unique personal identity code
(PIC), providing unique possibilities to conduct longitudinal molecular epidemiological
research with adequate statistical power even for rare diseases and exposures [128]. In
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this section I will discuss Nordic biobanks and data registers which were used in the
studies included in this thesis.

1.2.1.1 Maternity cohorts

The Finnish Maternity Cohort, at the National Public Health Institute, contains about
1.5 million serum samples from more than 98% of all pregnant women (approximately
1 million) in Finland. They were collected at maternity care units at 12—14 weeks of
gestation, for the purpose of screening of congenital infections since 1983 and onwards
and currently include 7 million person years of follow up [128].

The Icelandic Maternity Cohort contains 98 000 serum samples from more than 95% of
all pregnant women (approximately 48 000) in Iceland. The samples have been
collected at maternity care units at 12—14 weeks of gestation, for the purpose of
screening of congenital infections. Samples are stored in the centralized Department of
Medical Virology, Landspitali University Hospital since 1980 and onwards and include
600 000 person years of follow up [128].

The Northern Sweden Maternity Cohort contains approximately 120 000 serum
samples from 86 000 pregnant women in Northern Sweden collected at maternity care
units during 14 week of gestation, for the purpose of screening of congenital infections.
Samples are stored at the virus laboratory of Umea University since 1975 and onwards.
The cohort has 1.2 million person years of follow up [128].

The Southern Sweden Maternity Cohort, which contains approximately 100 000
samples from 74 000 pregnant women collected at maternity care units at 14 week of
gestation for screening of virus infections and rubella immunity and stored at the Skane
Biobank [128]. The cohort has been collected consecutively since 1989 and now has
750 000 years of follow up.

All samples have been stored at -20°C to -25° C. The corresponding databases contain
the PIC, enabling linkage to nationwide cancer registries [128].

1.2.1.2  Cancer registries

Population-based and countrywide Nordic cancer registries were established almost 50
years ago and they are notified of virtually all histologically confirmed new cases of

cancer [129]. Nordic cancer registries are considered to have a consistently high degree
of comparability and completeness overtime [129].
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1.2.1.3  Case-control identification by registry-linkages

In epidemiologic research, registry-linkage means connecting data for a particular
individual across different data items (e.g. between data files of cancer registries and
biospecimen banks) to identify data about exposure and outcome of interest [ 18].

Maternity cohorts Mother
PICs
Finnish Maternity Cohort — ) Population Registry
1.5 million serum samples 1 million pregnant women
7 million person years

Icelandic Maternity Cohort —

98 000 serum samples from 48 000 pregnant women Child

Northern Sweden Maternity Cohort PICs

120 000 serum sample from 86 000 pregnant women

1.2 million person years PICs of children with

Southern Sweden Maternity Cohort childhood

100 000 serum samples from 74 000 pregnant women leukemia/lymphoma

750 000 person years < Cancer registry
Serum samples of Serum samples of mothers of healthy controls of children with childhood leukemia/
mothers of children lymphoma, matched on (i) gender; (ii) date of birth of child (+2 months); (iii) mother’s age
with childhood at serum sampling (42 years); (iv) date at serum sampling (+2 months) (v) alive and free
leukemia/lymphoma from leukemia/lymphoma at the time of index child diagnosis

Figure 6. Registry-linkage pipeline to identify serum samples of mothers of children who developed
childhood/leukemia lymphoma and their healthy controls.

Registry-linkage between Nordic cancer registers and bio-specimen banks was
conducted to enable the study of maternal infections during pregnancy and risk of
childhood leukemia in the offspring [114,116,130]. To investigate the role of infections
during pregnancy and risk of childhood leukemias in the offspring it is necessary to (i)
identify children which developed childhood leukemia/lymphoma and (ii) their mothers
which donated biological samples to biobanks during their pregnancy, also called the
index pregnancy. In Sweden, registry-linkage is conducted through the following steps:
PICs from all female donors in the biobank are sent to the tax office authorities. Tax
office authorities use the population registry to identify all children born to a woman
who has a sample in the biobank. Then PICs of all these children is sent to cancer
registry to identify who developed childhood leukemia/lymphoma. The file from the
cancer registry with PICs of childhood leukemia/lymphoma cases is sent back to the
biobank and is linked to the file received from tax office authorities to get the mothers
PICs. Identified mothers PICs are linked to the microbiology biobank to get all
available samples and the blood draw date of the index mothers (figure 6).

After identifying index pregnancy samples the next step is to identify samples of
healthy controls (figure 6). To control for possible confounding factors, control subjects
are selected per case matched for (i) gender; (i1) date of birth of child (£2 months); (iii)
mother’s age at serum sampling (£2 years); (iv) date at serum sampling (£2 months) (v)
alive and free from leukemia/lymphoma at the time of index child diagnosis. If desired
number of matched control subjects per case can not be found, the matching criteria for
age of child (i1), mother’s age at serum sampling (iii) and sample storage time (iv) can
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be widened stepwise by one month for child’s age, one year for mothers age and one
month for sample storage; If there are more than desired number of matched control
subjects, controls may be randomly selected within eligible subjects. The reasons that
these factors have been chosen for matching are the following: gender (i) and age (ii)
are known cofactors for many diseases, including childhood leukemia/lymphoma
[107]; mother’s age (iii) might be related to risk of development of childhood
leukemia/lymphoma. Including date at serum sampling (iv) in the matching parameters
gives us the opportunity to improve comparability of measurements from frozen
biological material where some substances of interest may decay as a function of the
length of storage [131]. Also, it allows us to control for seasonality (e.g. during the
winter time there is a higher chance to be infected with influenza virus, compared to
summer time). Finally for a valid comparison we need matched controls that were alive
and free from the disease of interest at the time the matched case was diagnosed with
the disease (V).

This example illustrates the unique opportunity that Nordic population based cancer
registries and bio-banks can provide. Molecular epidemiological studies of a rare
disease, such as childhood leukemia/lymphomas could be conducted and viral
exposures investigated when case subjects and their matched, healthy controls were still
in their fetal development [116]. A total of 343 serum samples of mothers of childhood
leukemia/lymphoma cases and their 943 healthy controls were tested for EBV
antibodies [116]. Maternal EBV reactivation was statistically significantly related to
childhood leukemia/lymphoma development in the offspring [116]. However, this was
not confirmed in a later study [117]. One of the possible explanations for this could be
that we are unable to control for confounding factors (e.g. infection with other viruses)
due to pitfalls of conventional molecular diagnostic methods.

1.2.2 Next generation sequencing and metagenomics
1.2.2.1 Viral metagenomics

The term human microbiome or microbiota, defines the collection of microorganisms
that reside in the human body [132]. The viral fraction of human microbiome is
referred to as the human virome [133,134]. Viruses constitute only a small part of
human microbiota, but their proportion and composition seems to change in diseased
individuals [135,136].

Viruses can be found in every human individual and the number of orphan viruses
(viruses which are not linked to any diseases) is continuously increasing [134]. For
example, for most of the beta- and gammapapillomaviruses there is yet no direct
evidence regarding association to human skin diseases [93,94]. Lazarczyk et al
speculated that betapapillomaviruses might even establish a symbiotic relationship with
humans under certain conditions and actively participate in the keratinocyte
proliferation during wound healing [137]. Another example comes from hepatitis G
virus, which is also not clearly linked to human diseases [138]. Survival in HIV-
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infected individuals was associated with hepatitis G virus [138]. However, further
research is necessary to elucidate whether there exists any possible symbiotic roles of
viruses.

Studies on viral metagenomics require unbiased sequencing of all DNA in
biospecimens, in contrast to studies of bacterial communities where the conserved 16S
rDNA typically is targeted. Viruses usually have smaller genomes than other microbes
and virus-related sequences will usually constitute only a small fraction of all
sequences.

NGS technologies can be used to obtain a comprehensive and unbiased sequence of the
DNA present in a sample, without the need of any prior PCR or other amplification that
requires prior information about sequences that may be present [139].

The complete sequencing of all microbiological sequences that may be present in a
sample is termed metagenomics [140]. Viral metagenomics is nowadays routinely used
for virus detection and is commonly used for discovery of new viruses [4,19-
22,130,141-143]. Viral metagenomics provides an opportunity to perform a large-scale
analysis of all infections that are present in cancers and in healthy individuals. Thus, it
has the potential to further our knowledge of the role of viruses in human diseases such
as cancer. Sequencing of cancer specimens with NGS has already been used in the
discovery of a new cancer-associated virus (namely MCV) [144].

1.2.2.2 Next generation sequencing instruments

During the past decade, there has been a dramatic evolution of NGS instruments like
454 GS FLX (Roche), SOLiD (ABI), Ion Torrent Proton (Life Technologies) and
Genome Analyzer/HiSeq System (Illumina). A variety of bench-top NGS instruments
have also been developed, e.g. the 454 GS Junior (Roche), MiSeq (Illumina) and Ion
Torrent PGM (Life Technologies) and are now becoming a standard equipment in
virological laboratories. However, NGS instruments generate huge amounts of data and
to analyse this data is one of the biggest challenges in the use of NGS for viral
diagnostics and research.

1.2.2.3 Bioinformatics for viral metagenomics

The bioinformatics pipelines to analyse NGS data usually start by quality checking
according to their Phred quality scores [145] (Figure 7). Phred quality scores are
logarithmically related to the base-calling error probabilities. For example, a Phred
quality score of 10 corresponds to a base calling accuracy of 90% (10 errors per
100bp), while a quality score of 20 equals a base calling accuracy of 99% (1 error per
100bp) [145]. Specific quality filtering conditions can be adapted for different
downstream analyses [146].
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NGS technologies might produce exact and/or nearly duplicated reads due to errors in
PCR amplification and/or sequencing errors [147,148]. Presence of duplicated reads
might also introduce an overestimation of the species abundance. On the other hand,
duplicated reads might also include natural duplicates that by chance originate from
the same start from the same genomic position [147,148]. Highly abundant species
have a higher chance to have natural duplicates [148] and their removal might
introduce bias towards underestimation of abundances [147]. To decrease sampling
variation and discard redundant data, sequence datasets are normalized using a digital
normalization algorithm (http://ged.msu.edu/papers/2012-diginorm). Normalized
datasets have substantially less size and require significantly reduced computational
resources for de novo assembly.

Raw NGS sequence data

|

Check base Calling acCuracy (Phred quality scores — manual cutoff)

|

Filter out human and bacterial genomes (manual cutoff)

|

Sequence data normalization

|

Assembly (manual cutoff)

|

Assembly validation (manual cutoff)

v v

Taxonomic classification Taxonomic classification
Similarity based methods Non-Similarity based methods

|

Genotype abundances, community diversity and structure estimation

|

Results
Figure 7. Bioinformatics pipeline to analyse high-throughput sequencing data for viral metagenomics.

NGS data from human samples subjected to whole genome amplification (WGA)
typically contain more than 70% of human-related sequences. Unless there has been
prior separation of viral capsids or shorter DNAs from long chromosomal DNA [19]
(Table 1), viral reads typically constitute less than 1% of the reads (Table 1). With
prior selection for viral nucleic acids, the human and bacterial related reads will still be
the most commonly obtained reads, followed by sequences classified as “other” and
“unknown” [19,130] (Table 1). Enrichment for viral particles by ultracentrifugation is
helpful in the analysis of serum samples but has not been useful in the analysis of
biopsies or skin swabs (Table 1). Bacterial sequences and sequences classified as
“other” and “unknown” may also be present in negative control samples (water) after
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NGS [130] (Table 1), and it is therefore imperative that all metagenomic sequencing
projects also include sequencing of negative control samples [130]. The background
sequences found in water samples might be present due to the background reactivity of
the Phi29 polymerase reaction [149] or represent environmental contamination.
However, water controls have so far been found to be uniformly negative for viral
sequences [130]. To obtain the dataset that contains reads of interest, e.g. the virus-
related reads for viral metagenomics, sequences that are not a target of the
investigation need to be filtered out on the bioinformatics level. This will further
speed up downstream analysis and decrease the risk of mis-assemblies [146].

Table 1. Typical taxonomic assignment of NGS reads (%). Summary of results in previous studies using
different types of biospecimens, pre-treatments and NGS platforms.

FFPE' Fresh frozen
Sample type Skin swabs Serum Water
biopsies biopsies
Pre-amplification 2 2
treatment after WGA E-gel ] E-gel j E-gel uc j ] uc
Sequencing platform GS GS GS GS GS GS GS Ion PGM GS [llumina GS
4 &P FLX  FLX FLX FLX | FLX FLX FLX  300bpkit | FLX  MiSeq FLX
Human 63.9 37.3 95.5 99.8 42.6 2.1 69.1 77.3 81.5 75 2.8
Bacteria 14.6 21.3 3.1 0.1 36.8 61.1 24.2 18.3 6.9 1 52.2
Virus 0.0 0.2 0.0 0.0 0.1 0.1 0.3 0.4 0.4 0.1 0.0
Other 11.7 10.2 0.5 0.0 17.1 31.5 2.2 1.3 8.6 0.5 15.5
Unknown 9.8 30.9 0.9 0.0 3.5 6.1 4.2 2.7 2.7 24.4 29.5

'Formalin Fixed Paraffin Embedded. 2Ultracentrifugation.

NGS technologies produce billions of short reads from random locations in the genome
by oversampling it. Assembly algorithms, in the process called de novo assembly,
reconstruct original genomes present in the sample by merging short genomic
fragments into longer contiguous sequences (“‘contigs”). There are two main types of de
novo assembly programs: Overlap/Layout/Consensus (OLC) assemblers, most widely
applied to the longer reads and de Bruijn Graph Assemblers, most widely applied to the
shorter reads. To validate assembly results, several assembly algorithms are used, as
well as re-mapping of all singletons reads to assembled contigs [19,139].

The possibility always exists that assembly algorithms may construct erroneous
“chimeric” sequences by the assembly of two different sequences from different
organisms or species. This problem may be particularly relevant for viral
metagenomics where the biospecimens may contain a multitude of related viral
sequences. For HPVs, we developed algorithm to identify possible “chimeric” HPV
sequences [20]. It is based on the assumption that an HPV genome should have similar
degree of identity over its entire genome to the most closely related HPV type. Thus,
HPV related sequences that have different degrees of similarity over their length to the
most closely related HPV sequence in GenBank are considered as possible chimeras
(i.e. it is assumed that they contain parts of different HPVs). This is checked by the
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following procedure: the sequence that aligns to its most closely related sequence in
GenBank is divided into three equal segments. If at least one of the segments had less
than 90% similarity and at least one more than 90% similarity, as well as if the
difference between these segments by similarities to corresponding overlapping parts is
more than 5% (e.g. if segment 1 is 88% similar and segment 2 is 94% similar) the
sequence is considered as “possibly chimeric”. However, this approach can’t be used
for anelloviruses, as they frequently rearrange parts of their genomes with each other
(figures 5). For anelloviruses, we assessed the level of assembly coverage, protein
coding potential and the conserved protein signatures [130].

One of the biggest challenges for bioinformatics analysis is taxonomic classification of
NGS data as many of the sequences have no homologs in the public databases or are
highly divergent, which is especially true for viral sequences [150]. Taxonomic
classification of metagenomic reads can be divided into similarity and non-similarity-
based methods. One of the most famous similarity-based taxonomic classifications is
performed by NCBI BLAST searches, where sequences are compared to known
genomes. However, a large part of the sequencing reads from de novo sequencing
projects are classified as unknown [19,130]. This can result from incompleteness of
public sequence databases or drawbacks of NGS technologies such as short read lengths
and sequencing errors. Because metagenomes might contain a large amount of
sequences that have very distant homologs or even no homologs at all in public
databases, more sensitive algorithms, such as BLASTx and tBLASTx searches are
conducted against the protein database after the BLASTn search on the nucleotide level.

To classify sequences from alignment results, several methods have been developed.
One of the first and most frequently used is MEGAN [151]. In BLAST searches,
sequences might have multiple matches and MEGAN finds the ‘Lowest Common
Ancestor’ node of all matching sequences in the phylogenetic tree, which reduces the
risk of false positive matches. However, MEGAN might produce false negative results
by discarding sequences if they do not satisfy user-defined cut-offs. Because the size of
genome is related to the number of reads in metagenomic samples, MEGAN is
suboptimal for quantitative metagenomic analyses. This problem has been addressed by
the development of the GAAS (Genome relative Abundance and Average Size) tool
[152] that iteratively weights each reference genome for all matching reads and the
number of reads is then normalized to the length of their genomes. GRAMMy (Genome
Relative Abundance estimates based on Mixture Model theory) [153] is another useful
tool that, compared to GAAS models, reads assignment ambiguities, genome size
biases and read distributions along the genomes on a unified probabilistic framework
[153]. However, both GAAS and GRAMMy estimate similarities from the alignment
qualities of the reads to the reference genomes and not from the reference genomes
directly. Thus, they are suboptimal in case there are highly similar genomes in the
reference databases. The Genome Abundance Similarity Correction (GASiC) considers
reference genome similarities to correct the observed abundances estimated via read
alignments [154].
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1.2.3 Meta-analysis

Meta-analysis is defined as analysing multiple studies and combining their results using
statistical methods [155,156].

Some individual studies have small sample sizes resulting in that they would not be able
to detect a true effect if there is one [155]. This is frequently a problem in research on
cancer and viruses. Correctly planned and conducted meta-analyses provide an
opportunity to improve the precision by increasing the statistical power, as well as to
answer questions that could not be answered by individual studies [155]. Also it gives
an opportunity to investigate whether the diversity of study methods influence the
outcomes, if there is consistency of the effect estimates from different studies, as well
as if there is publication bias or gaps in the literature [155,156]. Greenland and
O'Rourke [156] defined meta-analysis as the “study of studies and their results” [156].
It can also be useful to generate new hypothesis by investigating questions that were not
asked by the original studies [155]. However, meta-analysis has also a risk to produce
seriously misleading results. For example, if critical parts of individual studies have
within-study biases, there will be variations across studies. If this is not carefully
considered, meta-analysis can assemble these errors and interpret them to be valid
[155,157]. In the data analysis step meta-regression methods such as fixed-effect
models and random effect models are usually employed to control for between-study
heterogeneities [158].

The fixed effect model assumes that there is no between-study heterogeneity in the
treatment effect and the observed variability is due to chance differences created from
the study population (sampling variability) [156,158]. The random-effects model
assumes that both different treatment effects and sampling variability are accountable
for the variability of observed estimates [156,158]. For example, different studies might
use molecular detection methods with different sensitivity; and/or the study population
in one study is more susceptible to disease than in another study. Thus, according to the
random effects model, a true effect could be variable between studies even with large
study populations and statistical powers [156,158].

If there were no heterogeneity between studies both fixed and random effect models
would give identical results. With high between-study heterogeneity, the random effect
model will produce wider confidence intervals compared to the fixed-effect method
[156,158].

Meta-analysis can be improved with diagnostic procedures such as sensitivity and
influential analysis. In sensitivity analysis, the summary estimate is examined if it is
sensitive to any particular factor and/or assumption [156,158]. Thus meta-analysis will
be conducted twice, one with factor and/or assumption and one without and if inference
is insensitive there will be little change between the two [156,158]. Influential analysis
examines how a particular study or group of studies affects the inference of the meta-
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analysis. It will be conducted several times with or without the studies of interest
[156,158].

Before drawing final conclusions from meta-analysis, publication bias should be also
investigated. Studies with null or non-significant results have a lower chance to be
published than studies with positive and significant results. Thus, publication bias may
influence the inference in a meta-analysis study.

As only statistical tools are unable to deal with heterogeneity among studies, it is
extremely important to account for study differences already in the data retrieval step
[156]. For example, different study designs (such as retrospective case-control and
prospective cohort designs), as well as different analysis methods, different
comparators and their combinations could be analysed separately [155].
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2 PRESENT INVESTIGATIONS

2.1

22

AIMS

Paper I: to estimate the excess risk of cancers among patients with MCV-
associated disease, by investigating the risk of secondary cancers after the
diagnosis of MCC in Denmark, Norway and Sweden.

Paper II: To comprehensively analyse which known and unknown viruses
are present in serum samples of pregnant women, using high-throughput next
generation sequencing technology.

Paper III: To investigate the presence of virus DNA in skin lesions, such as
SCCs, AKs, and KAs using several next generation sequencing technologies.

Paper IV: To investigate the prevalence of different types of HPVs across a
broad range of disease grades, to gain basic knowledge of how widespread
infections with the different HPV types are, as well as to provide information
on the possible carcinogenicity of different HPV types.

Paper V: To achieve an improved resolution of the diversity of HPV types in
lesions such as SCCs, AKs and KAs, using next generation sequencing
technology.

Paper VI: To investigate the presence of virus communities in condylomas
which were apparently “negative for HPV” by conventional PCR methods
using unbiased next generation sequencing technology.



2.2 MATERIALS AND METHODS
2.2.1 Patient data and bio-specimens

In Paper I the risk of secondary cancers after the diagnosis of MCC was investigated
using the population based national cancer registries in Denmark, Norway and Sweden.
All persons who had been registered with MCC over the calendar period of 1980-2007
in Denmark and during 1990-2007 in Norway and Sweden were included in the study
cohort. The follow-up started on the date of the diagnosis of MCC and ended on the
date of death, emigration or the closing date of the study (31 December 2007),
whichever occurred first. Only cancers that occurred at least 6 months after an MCC
diagnosis were considered. Secondary MCC following primary MCC, were excluded
from the analysis.

In Paper II serum samples of 112 mothers to leukemic children were identified
through registry linkages of cancer registries and maternity cohorts in Finland, Iceland
and Sweden.

For Paper III and Paper V skin biopsies were collected from immunocompetent
patients with lesions diagnosed as SCC (n=86) or AK (n=92), attending Swedish and
Austrian hospitals, as well as biopsies from 92 KAs from both immunosuppressed and
immunocompetent patients at the Department of Dermatology and Plastic Surgery at
the Norwegian National Hospital, Oslo, Norway.

Paper IV is a systematic review and meta-analysis of 47 mucosal HPV types in
cervical samples across the entire range of cervical diagnoses from normal to cervical
cancer. The analysis was restricted to studies using a number of well-characterized
PCR assays. For the cutaneous HPV types, meta-analysis was restricted to studies that
assayed their prevalence in skin diseases in a case-control format.

For Paper VI, 42 "HPV-negative" condyloma swab samples were collected from 21
women and 19 men and were analysed using unbiassed next generation sequencing.

2.2.2 Methodologies

In Paper 1, the observed subsequent primary cancers, occurring at least 6 months or at
least 1 year after MCC diagnosis, were compared with those expected from the
incidence rates among the national populations. Nordic Cancer Registry (NORDCAN)
incidence rates specific for country, age, gender, 5-year calendar period and site were
multiplied by the respective numbers of accumulated person-years at risk to estimate
the expected number of cancers. The ratios of the observed-to expected number of
cases were expressed as the standardized incidence ratio (SIR). Risks were also
estimated, stratified by the time that had passed since diagnosis of the first cancer (<1-2
year, 1-4.9 years, >5 years). Ninety-five percent confidence intervals of SIR were
computed assuming a Poisson distribution for observed cases. Findings were
considered significant for two-sided p < 0.05.
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In Paper IV, the systematic review and meta-analysis, studies of interest were
identified through PubMed searches for studies published up to 12 of May of 2013.
Data retrieval and analysis was performed separately for mucosal and cutaneous HPV

types.

For mucosal HPV types, combinations of search terms such as “cervical cancer”,
“cervical intraepithelial neoplasia”, “HPV”, “human,” “female” and “polymerase chain
reaction” were used. Eligible studies needed to: (i) use broad-spectrum consensus PCR
assays based on the primers MY09/11, PGMY09/11, GP5+/6+, SPF10, SPF1/GP6+ or
L1CI/LIC2, and (ii) report overall and type-specific HPV prevalence by strata of
cytopathological and/or histopathological cervical diagnoses. Cases were classified into
eight grades of cervical diagnosis: those diagnosed by cytology as (i) normal; (ii)
ASCUS; (iii) LSIL or (iv) HSIL; those diagnosed by histology as (v) CIN1; (vi) CIN2
or (vii) CIN3 (including squamous carcinoma in situ) and those diagnosed as (viii)
invasive cervical cancer (ICC), which comprises both squamous cell carcinoma,
adeno/adenosquamous carcinoma or cervical cancer of other/unspecified histology.
From the eligible studies, the following data were extracted by cervical diagnosis:
country, source of HPV DNA (cells versus biopsies/tissue), PCR primers, sample size,
as well as overall and type-specific prevalence of HPV DNA. Paper IV reported
mucosal HPV DNA prevalence as a percentage of all women tested by consensus PCR.
Each HPV type was evaluated independently and denominators thus vary by HPV type
as many studies tested only for some of the mucosal HPV types.

As for cutaneous HPV types, a combination of search terms such as “Human
papillomavirus”, “HPV”, “cutaneous” and “skin” was used to identify studies of
interest. To be eligible, studies needed to meet the following criteria: (i) provide
analyses on exposures to cutaneous HPV types and risk of non-melanoma skin cancers,
recorded separately for SCC of the skin, BCC or for AK; (ii) compare healthy and
diseased individuals and not merely reporting cutaneous HPV sequences. Studies
reporting other case groups than skin cancers were excluded, as well as review papers.
If several studies reported on the same population, the study that was most recently
published was chosen. From the identified studies data was extracted on the number of
diseased subjects and their healthy controls by cutaneous HPV type exposure status, by
laboratory method of exposure identification and by types of skin cancers. The “Meta”
package from the statistical software R (www.r-project.org) was used to estimate
summary effect estimates. Both fixed- and random-effects models were used and we
weighed each study by the inverse variance method.

In Paper II, Paper III, Paper V and Paper VI we employed high-throughput NGS
technologies to investigate which known and yet unknown viruses were present in bio-
specimens from patients with cancer or who later developed cancer. In Paper II
extracted DNA from serum samples were ultracentrifuged followed by WGA using
GenomiPhi High Yield. In Paper III three sample preparation methods were
employed: E-gel followed by WGA, ultracentrifugation followed by WGA and direct
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WGA of the sample. In Paper VI direct WGA of the samples was employed, while in
Paper V we used E-gel followed by WGA.

In Paper II, WGA amplified DNA from serum samples of 112 mothers to leukemic
children were pooled in three different pools: pool A —15 mothers from the Finnish
maternity cohort; pool B - 78 mothers from the Finnish and 19 from the Swedish
maternity cohorts; pool C - 22 mothers from the Finnish and Icelandic maternity
cohorts. Pool C was also subjected to TTV amplification by general primer PCR. In
Paper III and Paper VI WGA amplified DNA samples were pooled into seven and 10
different pools, respectively. In Paper V extracted DNA was amplified using the
general HPV primers FAP and mixed to three different pools.

Pooled samples, as well as individual samples from Paper V were subjected to high-
throughput sequencing on GSFLX 454 (Roche). The pool of swab samples of SCCs &
AKs from Paper III was also sequenced on lon Torrent PGM (Life Technologies)
using lon Torrent 300 and 400 bp sequencing kits.

NGS data from Paper II, Paper III, Paper V and Paper VI were analysed as
described in the section of Bioinformatics for Viral Metagenomics, above.
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2.3 RESULTS AND DISCUSSION

In this thesis, we performed a population based registry-linkage study (Paper I) to evaluate
the excess risk of other cancers among patients with the MCV-associated cancer MCC
to investigate if there may be shared etiology between MCC and other cancers. In
several papers, we used high-throughput NGS technologies to identify which known and
yet unknown viruses are present in biospecimens of patients with or due to develop cancer,
clearly demonstrating the usefulness of high-throughput NGS technologies in research on
tumor virus epidemiology (Paper II, Paper III, Paper V and Paper VI). Finally, a
systematic review and meta-analysis was performed to investigate the prevalence of
infections with different HPV types in various forms of cervical and cutaneous diseases
as a proxy for possible carcinogenicity.

Results will be presented in two sections (1) epidemiology of tumor viruses and (2)
high-throughput NGS technologies in the research on tumor virus epidemiology.

2.3.1 Epidemiology of tumor viruses

2.3.1.1 Registry linkage study

Using nationwide cancer registries from Denmark, Norway and Sweden, a total of 756
patients diagnosed with MCC were identified (Paper I). Seven hundred and sixteen of
them were diagnosed with MCC as a first cancer. Overall cancer incidence was
increased among the cohort of patients diagnosed with MCC compared with the general
population in Denmark, Norway and Sweden (SIR 1.38 (95% confidence interval (CI):
1.10-1.72)) (Figure 8). As for specific cancer forms, patients diagnosed with MCC
were at an excess risk for non-melanoma skin cancers (SIR 8.35 (95% CI: 5.97-11.68)),
melanoma of skin (SIR 4.29 (95% CI: 1.93-9.56)) and laryngeal cancer (SIR 9.51 (95%
CI: 2.38-38)) (Figure 8).
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Figure 8. Forest plot of SIR estimates and their 95% CI of cancer incidence in the cohort of MCC
patients, compared to general population. Black circles represent point estimates of SIR. Black lines
represent  95% CI for respective SIR. If they cross the red dashed line, the result is not statistically
significant.

The major strength of Paper I is that it is based on joint data from cancer registries of
three Nordic countries. All MCCs are diagnosed histologically, which should provide a
correct diagnosis. To assess the risk for second cancers requires a large study cohort
and a long follow up time. MCC is a rare and aggressive cancer with poor prognosis
and it occurs mostly in elderly patients. Thus, the numbers of person-years available for
follow-up is limited. Even though we combined comprehensive data from three Nordic
countries, the numbers of person years of follow up was still a limitation of Paper I.
Surveillance bias could also be a possible limitation. However, to avoid this bias we
excluded cases occurring less than six months after MCC diagnosis and also found
limited changes in estimates by restricting the study to cancers occurring >1 year after
diagnosis.

In conclusion, Paper I found that the incidence of second primary cancers is elevated
among patients diagnosed with MCC compared to the general population. Patients
diagnosed with MCC are at an excess risk in particular for NMSC, melanoma of the
skin and larynx cancers (Figure 8).

The results in Paper I are only partially in line with results from two other registry-

linkage studies from USA [159] and Finland [160]. Howard et al [159] reported
elevated risks of cancers for salivary gland, brain, biliary sites, multiple myeloma,

27



chronic lymphocytic leukemia and Non-Hodgkins Lymphoma [159]. The Finnish
Cancer Registry identified a significantly increased risk for BCC of the skin and for
chronic lymphocytic leukemia after the diagnosis of MCC [160].

Possible explanations for the excess risk that we found could include factors such as the
impact of increased surveillance of the skin for patients diagnosed with MCC
(surveillance bias). Among possible shared causative factors, exposure to UV and/or
infection with MCV can be considered.

The results of Paper I suggest that further studies on a possible link between MCV and
NMSCs might be motivated.

2.3.1.2 Systematic review and meta-analysis

Our systematic review and meta-analysis (Paper 1V) identified a total of 423 and 15
eligible studies for assessing prevalence of mucosal HPVs and exposure to cutaneous
HPV types among patients with skin cancers, respectively.

2.3.1.2.1 Mucosal HPV types

Studies of mucosal HPV types assessed the prevalence of 47 different types among
371,951 women across eight grades of cervical diagnoses (table 2). Overall prevalence
of HPVs increased with increasing severity of cervical disease from 12.6% in normal
cytology to as high as 89.5% in ICC (table 2).

All HPV types classified as established or probably carcinogenic by TARC (Class
1/2A), were more commonly found among patients with ICC than among individuals
with normal cytology. Higher prevalences of HPV16, HPV18 and HPV45 were
detected in ICC than in any other grade of cervical lesion. This supports the
carcinogenicity of these types. HPV16 was the most frequently detected type in every
grade of cervical diagnosis. This could be due to an advantage of HPV16 over all other
mucosal HPV types in terms of transmissibility and/or persistence. HPV16 seems more
efficient to escape the host immune-surveillance compared to other HR HPV types
[161].

HPV types from group 2A/2B (probably or possibly carcinogenic), such as HPV26,
HPV67, HPV6S8, HPV69, HPV73 and HPV82 were also more commonly present in
ICC than in normal cytology (table 2). Further research may eventually accumulate
data to consider these types as established carcinogens and thus becoming targets for
cervical cancer prevention.
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Table 2. Type-specific prevalence of mucosal HPV DNA, by grade of cervical diagnosis (adapted from

Paper IV).
% of positive of tested samples
HPV type IAR(.: . Normal ASCUS LSIL HSIL CIN1 CIN2 CIN3 ICC
classification
Any 12.6 52.1 75.2 85.3 742 854 924 895
HPV16 1 2.6 12 19.5 40.5 19.2 34 538 558
HPVI18 1 1 4.7 6.3 8.2 7 8.7 69 143
HPV45 1 0.6 2.9 33 3.9 3 43 34 48
HPV33 1 0.6 3 49 7.1 3.7 7.1 85 4.0
HPV58 1 0.8 39 5.5 6.9 7.1 10.3 84 4.0
HPV31 1 1 4.7 7.9 9.4 6.8 10 108 3.5
HPV52 1 1 5.4 6.5 8.6 10.1 14.1 9.6 32
HPV35 1 0.4 3 3.8 5 2.8 43 33 1.6
HPV39 1 0.6 42 5.5 3.8 49 4.7 3.1 1.3
HPV59 1 0.4 3.1 43 2.7 3.7 4 2.1 1.2
HPVS51 1 0.9 4.8 9.4 6 8.1 8.4 5.1 1.0
HPV56 1 0.6 35 7 3.1 5.6 3.7 23 038
HPV68 2A 0.4 1.8 22 1.8 2.3 2.5 19 05
HPV53 2B 1.1 5.4 8.4 4 6.4 4.5 3.1 0.5
HPV73 2B 0.3 1.9 2.7 2.5 2.3 2.1 1.8 05
HPV6 - 0.8 3.1 5.9 2.7 6 3 1.7 04
HPVI1 - 0.5 1.6 2.9 0.9 2.5 1.4 08 04
HPV62 - 1.0 44 4.1 33 6.1 4.1 23 04
HPV34 - 0.6 2.4 2.9 2.7 2.6 3.2 2 03
HPV66 2B 0.6 4 7.7 35 5.9 4.6 24 03
HPV67 2B 0.2 1.2 1.8 1.1 1.9 1.5 07 03
HPV84 - 0.5 2.8 3.1 32 33 3 1.8 03
HPV26 2B 0.1 0.5 0.4 0.5 0.6 1.1 05 02
HPV30 2B 0.1 0.5 0.3 0 0.6 0.4 05 02
HPV69 2B 0.1 0.2 0.3 0.3 0.3 0.4 04 02
HPV70 2B 0.8 2.4 2.3 2.1 1.5 1.7 1.1 0.2
HPVS81 - 0.6 23 2.8 1.8 2.9 3.1 1.1 0.2
HPVS82 2B 0.1 1.2 1.8 2 1.5 1.8 1.7 02
HPV34/64 2B 0.1 0.3 0.3 0.2 0.2 0 0.1 0.1
HPV42 - 0.5 43 4.8 1.6 33 2.4 1.2 0.1
HPV44 - 0.4 0.1 0.3 0.3 1.2 0.9 04 0.1
HPV55 - 0.3 1.2 22 1.8 1.4 1.4 1.2 0.1
HPV61 - 0.6 35 3.8 35 2.7 2.9 22 0.1
HPV71 - 0.4 0.7 0.4 0.3 0.3 0.4 04 0.1
HPV72 - 0.3 0.7 0.8 0.8 0.5 0.5 06 0.1
HPVS83 - 0.4 2.1 1.9 1.8 22 1.4 1.5 0.1
HPV89 - 0.4 3 34 2.9 5.2 3.1 23 0.1
HPV90 - 0.6 1.9 1.9 0.7 0.8 0.8 09 0.1
HPV32 - 0.1 0.3 0.1 <0.1 0.1 0.6 0.1 <0.1
HPV40 - 0.2 0.9 1.6 0.6 0.8 1 04 <0.1
HPV43 - 0.3 0.5 0.3 0.1 0.4 0.2 0.1 <0.1
HPV57 - <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1
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Table 2 Continued from previous page

HPV type i’l’;}:sﬁcaﬁon Normal ASCUS LSIL HSIL CIN1 CIN2 CIN3 ICC
HPV74 - 0.5 0.2 06 08 05 0.7 01  <0.1
HPVS5 2B 0.2 04 04 05 0.2 0.3 02 <0.1
HPV86 - 0.1 0.4 04 <01 <01 <01 <01 <0.
HPVS87 - 0.1 0.5 02 04 04 <01 05 <01
HPVIL - 0.2 3.6 42 3.1 2.5 26 25 <0.1

Multiple 43 21 28 28 32 39 27 12

infection

Some HR HPV types, such as HPV31, HPV51 and HPV52, had higher prevalence in
intermediate grades than in ICC (table 2), suggesting that they may cause these lesions,
but that lesions caused by these HPV types may have a lower progression potential to
progress to ICC.

A major finding of Paper IV is that a number of non-HR HPV types, such as alpha-3
types HPV61, HPV62, HPV84 and HPV89, were commonly detected in low and high-
grade cervical abnormalities (table 2). Also, high prevalence of multiple HPV
infections was noted in these lesions (table 2). This suggests that infections with
multiple HPV types may be involved in the etiology of these low and high-grade
cervical abnormalities. It is estimated that the proportional impact of HPV-16/18
vaccination on cervical lesions can be predicted to rise from 17% of ASCUS, through
49% of HSIL, up to 70% of ICC. However, these estimates are based on the
assumption that HPV16 and HPV 18 are causally related to the lesion in which they are
found, and doesn’t take into account the presence of other HPV types. Findings of
Paper 1V indicate that this assumption may lead to an over- or under-estimation of the
proportional impact of individual types, particularly in low- and high-grade cervical
abnormalities.

2.3.1.2.2 Cutaneous HPV types

The identified studies in Paper IV enabled an analysis on the association of different
skin lesions and HPV types from genus beta, gamma, mu and nu (Figure 9).

For the beta genus, a large number of studies investigated their association with SCC
with serology and/or HPV DNA detection methods. The individual type level data
showed that the prevalence of antibodies against Beta-1: HPVS; Beta-2: HPV15,
HPV17, HPV38, HPV49; and Beta-3: HPV76 were elevated in SCC patients in
comparison to their controls (Figure 9). However, risk differences of these types using
DNA detection did not reach statistical significance (Figure 9). The opposite effect was
observed for the prevalence of HPV24 (Beta-1) and HPV92 (Beta-4). They were
significantly higher in SCC patients than controls using DNA detection methods, but
the corresponding difference in antibody prevalence did not meet statistical significance
(Figure 9). A similar effect was observed between HPV24 (Beta-1) and AK, a SCC
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precursor, prevalence of HPV24 DNA was significantly higher in cases than controls,
but not with serology methods. When we aggregated type level data at the species level,
the prevalence of Beta-1, Beta-2 and Beta-3 species were each statistically elevated in
SCC patients compared to their healthy controls, both using serology and DNA
detection methods (Figure 9).

Data on HPV types from the genus Gamma, Mu and Nu was scarce and was coming
from studies that used serology. At an individual HPV type level, there were no
significant differences between cases and controls (Figure 9). However, when type
level data was aggregated on species level, Gamma-1 species antibody prevalence was
significantly elevated in SCC compared to controls (Figure 9).

None of the cutaneous HPVs appeared to be significantly elevated in BCC in
comparison to controls, neither by serology nor DNA detection methods (Figure 9).

In conclusion, findings of Paper IV about cutaneous HPV types showed that
prevalence of species Beta-1, Beta-2, Beta-3 and Gamma-1 were each significantly
elevated in SCC compared to their healthy controls. However, this effect was not
observed among patients with BCC. On the HPV type level, cutaneous HPV types
were frequently found to have non-significant tendencies for increased risk of SCC.
This indicates that further studies on the presence of HPV types in SCC are warranted.
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Figure 9. Forest plot of OR estimates of HPV DNA/antibody detectability among SCC/BCC patients and
their healthy controls. Black circles represent point estimates of ORs. Black horizontal lines represent
95% CI for respective ORs. If they cross the red dashed line, the result is not statistically significant.
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2.3.2 High-throughput NGS technologies in the research on tumor virus
epidemiology

2.3.2.1 High-throughput NGS using serum samples

In Paper II, serum samples from mothers to leukemic children were subjected to high-
throughput NGS. Data was analysed with different bioinfomatic pipelines and assembly
algorithms. They resulted in a total of 190 non-redundant TTV-related contiguous
sequences (table 3). Seventy-eight of them had less then 95% identity with each other.
Thus, they were considered as putatively different TTV isolates.

Fifty-eight of the putative isolates were able to produce >60 aa length Anellovidae
proteins after a six frame translation. Forty-six of these protein coding contigs were
able to produce an ORF1 protein, while 12 contigs produced only ORF2, ORF3 and
ORF4 proteins.

Forty contigs were able to code for an ORF1 protein over >80% of the length. This was
the main criteria to classify them as already known or putatively new types. Twenty-
nine of them were classified as putatively new types (figure 10). Analysis of their
translation profiles revealed that all of them contained at least one conserved protein
signature presumed to be unique for TTVs, which indicates that they truly belong to the
Anellovidae family. In Paper 11, we also identified putatively intragenomic rearranged
TTV molecules (figure 10), similar to previously identified cloned TTV isolates from
serum samples of mothers to leukemic children [62] (figure 5).

A main concern in NGS studies is that misassembly may construct erroneous
“chimeric” contigs that actually belong to different viruses. This could result in findings
of putatively rearranged TTV molecules that might be artifacts and actually due to
misassembly. 454 GS FLX sequencing technology is susceptible to indel-type errors
[162] introducing frame shifts in coding regions. This may have led to the smaller
ORFs in putatively rearranged TTV sequences in Paper II. Also, for some of the
putatively novel TTV types reported in Paper II, only subgenomic sequences were
obtained. They were not overlapping with each other, thus some of these may represent
different parts of the same TTV genome.
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Figure 10. A Bayesian tree based on the 29 putative novel TTV-S sequences (red and blue color) and
complete genomes of representative isolates of 29 TTV species groups (black color). Putatively novel
TTV-S sequences in red colour represent putatively rearranged TTV molecules.

The results in Paper II further extends the knowledge of the extreme genetic diversity
of TTVs (figure 10) and provides evidence that the Anelloviridae family is much more
diverse than what was detectable by conventional molecular detection methods. The
large number of different viruses raises the possibility that, even if most TTV infections
are harmless, maybe a subset of genotypes in a subset of children might be pathogenic.
This hypothesis will be possible to pursue using the methodology of the Paper II. TT
viruses are probably among the most widespread chronic human viral infections and
the most genetically diverse viral group infecting humans. However, there has been
relatively little attention and success to develop an efficient methodology to study these
viruses.
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Table 3. Number of identified contigs stratified by percent identities to closest TT genome of species
group (adapted from Paper II).

Species Group Number of Contigs

<80% >80&<90% >90% Total
TTV 1 1 0 0 1
TTV 3 20 6 27 53
TTV S 7 6 0 13
TTV 7 0 3 0 3
TTV 10 0 0 1 1
TTV 15 0 2 3 5
TTV 13 2 8 5 15
TTV 18 0 1 2 3
TTV 19 0 1 0 1
TTV 20 2 0 0 2
TTV 22 9 53 30 92
TTMV 9 1 0 0 1
Total 42 80 68 190

In conclusion, the findings of Paper II suggest that high-throughput NGS technology is
useful to describe known or unknown anelloviruses that are present in serum samples
of pregnant women. Prospective epidemiological studies to investigate possible
pathogenicity of these viruses may be warranted.

2.3.2.2 High-throughput NGS using swab samples, fresh-frozen biopsies and
formalin-fixed paraffin-embedded samples

We performed NGS of amplimers from general primer PCR (FAP primers) for HPVs
on samples from putatively HPV associated lesions, such as swab samples from 82
SCCs and 60 AKs, paraffin-embedded biopsies from 28 SCCs and 72 KAs and fresh-
frozen biopsies from 92 KAs, 85 SCCs and 92 AKs using GSFLX 454 technology
(Roche) (Paper V). The NGS revealed an extended diversity of HPV types in these
lesions and identified altogether 44 putatively novel HPV types, designated as SEI to
SE44. Later we used bidirectional sequencing using 454 Titanium chemistry and 47
additional putatively novel HPV types were detected [23] in the same samples as in
Paper V (figure 11).

In Paper III, we investigated the presence of virus DNA in a variety of skin lesions
(the same samples as in Paper V) using NGS but without prior PCR amplification. The
amount of DNA in the samples was amplified only using WGA, a method that is
independent of any prior knowledge of virus sequences. Unbiased NGS obtained a
total of 4284 viral reads (Paper III), out of which 4168 were HPV related. Most of
them originated from 15 known HPV types (HPV8, HPV12, HPV20, HPV36, HPV38,
HPV45, HPV57, HPV59, HPV104, HPV105, HPV107, HPV109, HPV124, HPV138,
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HPV147) and four previously described putative types (HPV 915 F 06 007 FD1, FA73,
FA101, SE42). Paper III also identified two putatively new HPV types SE46 (figure
12) and SE47 (table 4). The putative type SE42 was cloned, sequenced and established
as HPV type 155, with only 76% similarity to the most closely related known HPV
type. For the putative type FA101, NGS obtained a 7359 bp long contig, representing a
complete HPV genome. The complete genome was formed by 247 reads from the pool
of paraffin embedded KAs. Non-HPV-related viruses from Paper III included human
herpesvirus 8, EBV, human endogenous retrovirus, MCV, HPyV6 and TTV.

A similar unbiased approach as in Paper III reported a large number of virus related
sequence reads, most of them originating from HPV and HPyV when sequencing six
samples from healthy forehead skin [12].

We also compared effectiveness of different methods that separated viral DNA from
human DNA before WGA in Paper III. Directly subjecting samples to WGA and
sequencing was most successful for detecting viral DNA (table 1). Possible explanation
of this phenomenon could be that handling of low amounts of viral DNA may result in
loss of available DNA material.

Table 4. Putatively new HPV types identified by metagenomic sequencing.

Virus Name Found in sample type GenBank ID  Genus

SE46 Pool of swabs from SCCs and AKs JX198657 Gamma
SE47a Pool of FFPEs from KA JX198658 Alpha

SE47b FFPE samples from KA JX198659 Alpha

SE87 (HPV175) Swab of condyloma (negative by PCR)  KC108721 Gamma
SE92 Swab of condyloma (negative by PCR)  KC108723 Gamma
SE94 Swab of condyloma (negative by PCR)  KC108724 Gamma
SE95 Swab of condyloma (negative by PCR)  KC108725 Gamma
SE100 Swab of condyloma (negative by PCR)  KC108726 Gamma
SE101 Swab of condyloma (negative by PCR)  KC108727 Gamma
SE102 Swab of condyloma (negative by PCR)  KC108728 Gamma
SE103 Swab of condyloma (negative by PCR)  KC108729 Gamma
SE104 Swab of condyloma (negative by PCR)  KC108730 Gamma
SE105 Swab of condyloma (negative by PCR)  KC108731 Gamma
SE106 Swab of condyloma (negative by PCR)  KC108732 Gamma
SE107 Swab of condyloma (negative by PCR)  KC108733 Gamma
SE109 Swab of condyloma (negative by PCR)  KC108734 Gamma
SE110 Swab of condyloma (negative by PCR)  KC108735 Gamma
SE113 Swab of condyloma (negative by PCR)  KC108736 Gamma
SE114 Swab of condyloma (negative by PCR)  KC108737 Gamma
SE116 Swab of condyloma (negative by PCR)  KC108738 Gamma

In Paper III, NGS also detected HPV109 in a pool of skin cancer samples that had
previously been negative for HPV by PCR [82]. HPV109 might have been missed by
the genereal primer PCR because this virus has several mismatches in the sequence
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corresponding to the “general” primers. In Paper III, two novel putative HPV types,
SE46 and SE47 (table 4), were detected that had escaped detection when PCR was used
prior to NGS in Paper V.

Figure 11. Phylogenetic tree of 164 established HPV types (+ bovine papillomavirus type 3 and type 5)
and 160 putative SE types. SE types discovered by GSFLX 454 (Paper V), GSFLX 454 titanium
chemistry [23] and Illumina MiSeq (manuscript in preparation) are presented in red, blue, and purple
colors, respectively. Phylogenetic tree is based on the L1 part of the complete genomes and 3’ end of
putative SE types.

In Paper VI we investigated the usefulness of NGS in swab samples from condylomas
previously negative for HPVs by conventional PCR methods. Conventional PCR
methods may in some case classify condylomas, a disease that is caused by HPV, as
“HPV negative”. NGS obtained a total of 4269 reads which had viral origin in such
specimens. Among them 1337 (31%) were related to HPVs. Detected HPV-related
sequences represented 17 putatively novel gammapapillomaviruses (Table 4), 10
established HPV types (alphapapillomaviruses: HPV6, HPV57, HPV58 and HPV66,
betapapillomaviruses: HPV5, HPV105, HPV124, and gammapapillomaviruses HPV50,
HPV130, HPV150) and two putative HPV sequences (KC7 and FA69).
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Figure 12. Coverage plots of (A) HPV155 and (B) SE46 genomes from different sequencing runs.
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Specimens tested in these studies may contain several closely related HPV types, and
the possibility exists that assembly algorithms may construct erroneous “chimeric”
sequences by the assembly of two different sequences from different HPV viruses. All
the HPV sequences reported in Paper 111, Paper V, Paper VI were subjected to our
“chimera checking” procedure, described in the section on “Bioinformatics for viral
metagenomics”, above. Also, some of the reported sub-genomic HPV sequences may
represent different parts of the same virus. Indeed seven and six sub genomic SE
sequences, reported in Paper V and Paper VI, respectively, were later identified to
belong to the same virus when more complete sequences were obtained [23].

There has been a dramatic evolution of NGS technologies. Figure 12 illustrates two
HPVs initially discovered from pools of swab samples from SCC and AK patients by
GSFLX 454 sequencing. SE42 (nowadays HPV155) and SE46 were identified with
156 reads (maximum coverage of 15) and 22 reads (maximum coverage of 5) (figure
12), respectively. SE42 (HPV155) was found with a complete genome but due to indel-
type errors, it had frame shift errors in the genome. Because of the low coverage we did
not manage to reconstruct possible correct ORFs using bioinformatics procedures.
SE46 was identified with only a partial 646bp long sequence from the L2 region. Later,
the same samples were sequenced on Ion Torrent PGM and Illumina MiSeq. Ion
Torrent PGM increased the sequencing depth approximately seven times (HPV155 —
1199 reads; SE46 — 132 reads). SE42 (HPV155) was reconstructed with better quality
but a few frame shift errors were still present. However, it was possible to identify error
positions and correct them manually after alignment visualisations. SE46 was
recovered with longer 950bp and 3774bp long contigs. Illumina MiSeq increased the
sequencing depth approximately 220 times for these particular viruses (figure 12).
SE42 (HPV155) and SE46 were identified with 33668 (maximum coverage of 2084)
and 4881 (maximum coverage of 273) reads, respectively (figure 12). Both SE42
(HPV155) and SE46 were recovered with complete genomes and a genomic
organization similar to that of established gammapapillomavirues. SE42 was later
cloned, was named as HPVI155 and its genomic organization was confirmed by
sequencing with conventional primer walking methods. SE46 is a putative novel type
and its genomic organization needs to be confirmed (figure 12). Another clear
illustration of NGS development is depicted in figure 11. The HPV general primer FAP
amplimers from the same pool of samples were sequenced on GSFLX 454 (Paper V),
GSFLX 454 with titanium chemistry [23] and Illumina MiSeq platform (manuscript in
preparation). GSFLX 454 titanium chemistry [23] doubled the number of identified
putatively new HPV types to that of the original GSFLX 454 chemistry (figure 12).
[Nlumina MiSeq platform tripled the identified putatively new HPV types to that of
GSFLX454’s original and titanium chemistries together (figure 12).

In conclusion, findings of Paper V indicate that the human skin harbours a broad
spectrum of different HPV types and that the diversity of HPVs is far greater than we
know today. This was confirmed in later investigations when we used improved
sequencing chemistry [23] and NGS platform with much larger sequencing depth
(Illumina Miseq) (figure 11). Findings of Paper III and Paper VI suggest that NGS is
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a useful technique for unbiased viral DNA detection in swab samples, fresh-frozen
biopsies from stripped skin and formalin-fixed paraffin-embedded lesions. Also, it
demonstrates an advantage of PCR-free unbiased method, as it will detect the most
abundant viruses present without being biased by the PCR primer sequences used (table
4). NGS technology is also rapidly developing and the cost per base is rapidly
decreasing.
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24 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Our findings suggest that patients diagnosed with MCC have an increased risk of
second primary cancers compared to the general population (Study I). This may be
caused by shared etiological factors, such as exposure to UV radiation, MCV infection
and/or immunosuppression. Immunosuppression induces an impaired ability to control
tumorigenic viruses [3]. Exploration of a possible role of infections in cancer forms that
are increased among the immunosuppressed patients but not known to contain viruses
is waranted, as pointed out by Harald zur Hausen.

Non-melanoma skin cancers such as SCC are highly increased among
immunosuppressed patinets [10-13]. The findings of our systematic review (Study IV)
indicated that HPV species Beta-1, Beta-2, Beta-3 and Gamma-1 had an increased SCC
risk. However, on the HPV type level there was a limited number of observations. This
finding demonstrates that further research is necessary to clarify the association
between the presence of specific HPV types and the risk of SCC.

However, before performing large scale epidemiologic studies it is necessary to
investigate, in an unbiased manner, which viruses are present in the tissues from the
cases and the controls. Metagenomic sequencing based on NGS was demonstrated to
be useful to comprehensively determine which viral DNA is present in different skin
lesions (Study III) and condylomas (paper VI). NGS of HPV general primer FAP
amplimers from skin lesions revealed an extended diversity of HPV types in putatively
HPV-associated lesions (Study V). This indicates that the diversity of HPVs is far
greater than what has been detected by conventional methods. The fact that
conventional PCR methods are biased towards the primers used was demonstrated in
Paper VI, when a plethora of HPV types were detected in condylomas, classified as
“HPV negative” by PCR.

Even though infectious etiology of childhood leukemias was proposed long time ago
[16] there are extremely few studies that have attempted to investigate the association
between the two and no specific infectious agent has been identified to date. The most
probable explanation for this is the low throughput and bias of conventional molecular
detection methods. When serum samples from mothers of leukemic children were
subjected to NGS, an extended diversity of anelloviruses was discovered (Study II).
Thus, it is necessary to detect the complete picture of viral communities present in the
biospecimens before a large-scale epidemiological study can be launched. Our findings
(Study II) suggest that it is feasible to analyse the spectrum of viruses present in
human sera by the NGS technology and that the methodology could be generally useful
in prospective epidemiological studies of virus-disease associations.

NGS technologies are rapidly evolving, providing increased reliability, increased

sequencing depth and lower cost. This, in combination with high quality patient data
registries and bio-specimen banks in the Nordic countries offers unique opportunities to
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conduct state of the science molecular epidemiological research in the area of infections
and cancer.
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