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ABSTRACT

Human Papillomaviruses (HPVs) are one of the oldest human pathogens and the most common
sexually transmitted pathogenic infection worldwide. Most HPV infections are cleared by the
immune system, but some infections persist and can progress to HPV-induced cancer. Almost
all cervical cancer cases are caused by persistent infections with high-risk HPVs, affecting more
than 500.000 women worldwide and causing more than 250.000 deaths per year. Compared to
HPVs, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is one of the most novel
human pathogens, making the jump to human populations late in 2019. Since then, SARS-CoV-
2 have spread globally and caused the deaths of more than six million people. While the
histories of these viruses differ substantially, they have in common their immense impact on

global health.

One of the most important tools at our disposal to defend ourselves against viral pathogens is
next-generation sequencing (NGS). NGS allows us to investigate genomic events affecting
intra-host viral populations found within infected persons and how they contribute to disease
severity. It also allows for the rapid retrieval of viral genomic information that can be used to

understand and track transmissions of pathogens.

In this thesis, NGS is applied to cervical cell samples positive for high-risk HPVs to study how
viral intra-host genomic events can contribute to infection persistence and progression to
cervical cancer. In total, five high-risk HPV types responsible for ~90% of all cervical cancer
cases are investigated with a focus on intra-host minor nucleotide variation (MNV) and
integration into human chromosomes. The results show differences between the HPV types,
and that these differences extend to the closely related HPV types. Overall, the studies shed
light on molecular differences between the HPV types that can reflect type-specific mechanistic
routes of HPV-induced cancers, while also presenting much needed knowledge of the lesser

studied high-risk HPV types.

Additionally, NGS was applied to SARS-CoV-2 positive samples from healthcare workers and
patients from Akershus University Hospital to increase the resolution of outbreak
investigations. When genomic information was used in combination with contact tracing data,
one suspected intra-hospital outbreak was refuted, and another potential outbreak was
discovered. The study shows the benefit of including viral whole genome sequencing data when

doing outbreak investigations.



The thesis highlights the power of NGS to understand viral pathogens, be it viruses we have

had a shared history with since time immemorial or novel viruses we only recently encountered.



SAMMENDRAG

Humant papillomavirus (HPV) er en av de eldste sykdomsfremkallende virus hos mennesker
og verdens vanligste seksuelt overforbare infeksjon som forarsaker sykdom. De fleste HPV-
infeksjoner blir klarert av immunforsvaret, men et fatall blir persistente og kan fore til HPV-
indusert kreft. Nesten alle tilfeller av livmorhalskreft skyldes persistente HPV-infeksjoner, noe
pavirker mer enn 500.000 kvinner globalt og ferer til mer enn 250.000 dedsfall arlig. P4 den
annen side ble severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) introdusert til
menneskelige populasjoner sent 2019, og er med det en av de nyeste sykdomsfremkallende
virusene. Siden da har SARS-CoV-2 spredt seg globalt og forarsaket mer enn seks millioner
dedsfall. Disse virusene har vidt forskjellige historier som sykdomsfremkallende virus hos

mennesker, men de har til felles deres enorme byrde pé den globale helsen.

Et av vare viktigste verktoy for & beskytte oss mot patogene virus er neste generasjons
sekvenseringsteknologi (NGS). NGS lar oss undersgke genomiske hendelser som pévirker
virale populasjoner innad 1 infiserte individer og hvordan disse péavirker forlep og
alvorlighetsgrad av infeksjonene. Det lar oss ogsé raskt tilegne oss kunnskap om de virale

genomene og deres tendens til endring som kan brukes til & spore virussmitte.

I denne avhandlingen brukes NGS pa livmorshalsprever positive for heyrisiko HPV for a
studere disse genomiske hendelsene innad i en vert og hvordan dette kan bidra til persistens og
utvikling av livmorhalskreft. Totalt fem heyrisiko HPV-typer som til sammen forarsaker ~90%
av alle tilfeller av livmorhalskreft har blitt undersekt med et fokus pd lavforekomstmutasjoner
og integrasjoner i menneskekromosomer i enkeltindivider. Resultatene viser at det er forskjeller
mellom HPV-typene og at disse forskjellene er konservert mellom nzaert beslektede HPV-typer.
Studiene kaster lys over molekylare forskjeller mellom HPV-typene som kan reflektere type-
spesifikke mekanistiske veier mot & utvikle livmorhalskreft, og presenterer ogsd ny kunnskap

om mindre studerte hoyrisiko HPV-typer.

I tillegg ble NGS brukt pA SARS-CoV-2 positive prover fra helsearbeidere og pasienter fra
Akershus Universitetssykehus for & eke opplesningen pa utbruddsoppklaring. Nir genomisk
informasjon fra viruset ble brukt i kombinasjon med tradisjonell smittesporing. Av fem
mistenkte utbrudd ble et utbrudd avkreftet, og et helt nytt mulig utbrudd ble oppdaget. Studiet

viser fordelene ved & inkludere viral helgenomsekvensering nar man gjor utbruddsoppklaring.

Avhandlingen fremhever hvor kraftig NGS er som verktoy for & forstd patogene virus, enten

det er virus vi har delt historie med siden urtiden eller helt nye virus vi aldri har mett for.
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1. INTRODUCTION

1.1 Old and new viruses

Viruses are ubiquitous and infect every living organism of the biosphere, and therefore also
humans. Humans and viruses share histories going back to time immemorial and have co-
evolved. Thus, viruses have played an important role in shaping human evolution and vice

versa.

Papillomaviruses are a group of ancient viruses known to infect numerous vertebrates, from
fishes to humans[1]. Human papillomavirus (HPV) infections are the most common sexually
transmitted infection and 70% of sexually active persons are estimated to acquire HPV during
their lifetime[2,3]. While most HPV infections are benign and cleared by the immune system
in 6-24 months, a small percentage of infections persist, potentially lasting decades[4,5]. These
persistent infections are considered a necessary cause to develop HPV-induced cancer[6]. HPV-
induced cancers place an immense disease burden on global health, representing nearly 5% of
all cancers worldwide[7]. Almost all cervical cancers are caused by persistent HPV infections,
which affect more than 500.000 women worldwide and cause 266.000 deaths per year[6,8].
Additionally, HPV is associated with a significant proportion of oropharyngeal cancer and
cancer in anogenital regions, including penile, vaginal, vulvar, and anal cancers[7,9]. This
disease burden is not equally shared among sexes or geographical regions. In total, 8.6% of all
cancers in women have HPV as the causative agent, while this number is only 0.8% for men.
Additionally, 70% of all the cervical cancer cases occur in less developed countries and account

for >85% of all cervical cancer deaths[7].

While their impact on global health is huge, HPVs are not new human pathogens. They are, in
fact, one of the oldest human pathogens, thought to have infected ancestral human populations
more than 500 thousand years ago[10]. To put that in perspective, the oldest known fossil of

modern humans is roughly 315 thousand years old[11].

At the other end of the virus to human infection spectrum, we have severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 was first discovered in Wuhan, China,
in December 2019, which makes it one of the most novel human pathogens. It entered the

human population through zoonotic spillover events, most likely from wet markets where live



animals were kept and sold [12,13]. SARS-CoV-2 has been classified as a species of Severe
acute respiratory syndrome-related coronavirus in the genus Betacoronavirus of the family
Coronaviridae[ 14]. The Betacoronavirus genus seems to have coevolved with bats over tens of
millions years, exclusively infects mammals and includes endemic human common cold
viruses[15,16], SARS, which had an international outbreak in 2003[17], and Middle East
respiratory syndrome (MERS), first detected in 2012, with sporadic outbreaks since
then[18,19]. Since the introduction of SARS-CoV-2 into human populations, the virus has
spread globally, and with over half a billion cases and over 6.300.000 deaths[20], its global

impact has been enormous.

The history of the HPVs and SARS-CoV-2 with humans differ substantially, but they have in
common their enormous effect on the global human population. With the rapid development of
next-generation sequencing technology, we have acquired new tools to gain insight that can be

used to defend and protect ourselves from viral pathogens, both old and new.

1.2 Molecular biology of HPV and SARS-CoV-2

1.2.1 Genome structure of HPV

HPVs are a group of viruses with small, circular double-stranded DNA genomes ~7.9 kb in
length[21]. The genome consists of eight open reading frames (ORFs) and two non-coding
regions. The ORFs can be split into early (E) region genes (E1, E2, E4-E7) and late region
genes (L1, L2), and the two non-coding regions are labelled the upstream regulatory region
(URR) and non-coding region (NCR) (Figure 1) [22,23]. The division of early and late region
genes is based on the life cycle stages when they are expressed, where the early region genes
El, E2, E4, ES5, E6, and E7 are expressed early in HPV life cycle and the late region genes L1
and L2 are expressed towards the end[22].
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Figure 1: Schematic representation of an HPV genome, here exemplified using HPV16. Early
(E) genes coloured black, late (L) genes coloured blue and the Upstream Regulatory Region
(URR) and Non-coding Region (NCR) coloured grey. From [24]. Copyright by Smith, Chen,
Reimers, van Doorslaer, Schiffman, DeSalle, Herrero, Yu, Wacholder, Wang and Burk. Printed

under CC BY 4.0 licencing, https://creativecommons.org/licenses/by/4.0/.

Early genes encode non-structural proteins that are involved in virus replication, regulation of
viral transcription, immune evasion and modifying the cellular environment to serve the needs
of the virus[25]. E1 and E2 are involved in viral replication, where E1 acts as an origin
recognition factor and helicase, which is recruited by E2 to the viral origin of replication (ORI)
[26]. E2 also functions as a key negative regulator of early viral gene expression, which includes

viral oncogenes E6 and E7[27]. The E4 gene is involved in viral genome amplification and



virus synthesis and is also suggested to play additional roles in virus release and/or
transmission[28]. E5 is a small protein, whose functions are poorly understood. It does however
have oncogenic potential and has been shown to be involved in cell transformation,
tumorigenesis and immune modulation[29]. E6 and E7 contribute to the HPV life cycle by
driving cell cycle re-entry to allow viral genome amplification in the lower and middle layers
of the epithelium, stimulating cell proliferation, repressing tumour-suppressor mechanisms and
inhibiting aspects of innate immunity, and are considered to be key factors in HPV-induced

malignant cell transformation[30].

The late region ORFs L1 and L2 encodes two structural proteins and together they form the
virus capsid[31]. The URR is located immediately upstream of the early region and contains
the wviral ORI, several transcription factor binding sites and regulates early gene
expression[30,32]. NCR is located between the genes ES and L2, and while little is known about

its function, it has a weak promoter activity for the L.2 gene[33,34]

1.2.2 Genome structure of SARS-CoV-2

While HPVs have small, circular double stranded DNA genomes, SARS-CoV-2 has a large
positive sense single stranded RNA genome of approximately 30 kb length, with a 5’-cap
structure and 3’-polyA tail (Figure 2). The genome size of 30 kb makes it among the RNA
viruses with the largest genome size. The 5’-cap and poly-A tail allows the genome to perform
as an mRNA for translation of polyproteins used in viral replication[35]. The first two thirds of
the genome from the 5’end consists of two overlapping ORFs, ORF1a and ORF1b, with ORF1b
being translated in a -1 ribosomal frameshift. Together, these two ORFs are translated and
cleaved into 16 non-structural proteins that are required for genome replication and
transcription. Towards the 3’terminal end of the genome, SARS-CoV-2 encodes four structural
proteins, and in addition between six and eleven accessory proteins (depending on the
literature)[36—39]. The structural proteins are necessary for the virion to form and consists of
the nucleocapsid (N), envelope (E), membrane (M) proteins and spike (S) glycoprotein. The N
protein functions in the structural organization of the nucleocapsid by binding the RNA genome
into a helix and is involved in the viral replication[35]. The E protein is an small ion channel
transmembrane protein which plays an important role in the assembly and release of the virus

as well as its virulence[35,40]. The M protein, the most abundant structural protein, is important
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for the assembly of the virus particle, the structure of the virus envelope and stabilising the N

protein-RNA complex [41].
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Figure 2: Schematic representation of the SARS-CoV-2 genome. Genes encoding non-
structural proteins coloured in red, structural proteins in green and accessory proteins in grey.
Modified from [42]. Copyright by Wu, Zhao, Yu, Chen, Wang, Song, Hu, Tao, Tian, Pei, Yuan,
Zhang, Dai, Liu, Wang, Zheng, Xu, Holmes, Zhang. Printed under CC BY 4.0 licencing,

https://creativecommons.org/licenses/by/4.0/.

The most studied structural protein is the S protein due to its importance in the viral binding
and entry into host cells by attraction to angiotensin-converting enzyme 2 (ACE2), which is
expressed on the surface of respiratory tract cells. ACE2 is also expressed on the cell surface
of cells in other tissues and organs, including heart, kidneys and colon, which explains why
patients infected with SARS-CoV-2 also experience disorders other than respiratory
problems[41,43,44]. The spike protein is a transmembrane protein located on the outer portions
of the virus and consists of two subunits, S1 and S2, separated by the S1-S2 cleave site which
is cleaved by the host cell furin-like protease. The S1 subunit contains the receptor binding
domain (RBD) and is responsible for determining the host virus range while the S2 subunit

functions to mediate virus fusion and entry into host cells[41].

Less is known about the accessory proteins, but they have been implicated to play important
roles in immunoevasive activities and viral pathogenesis by impairing and suppressing host

antiviral responses[36,39].
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1.2.3 HPV variants

HPVs are a large and diverse group of viruses, with more than 200 HPV genotypes
identified[45], infecting mucosal and cutaneous epithelial tissues[46]. The L1 gene has
commonly been used as a yardstick to define HPV types, where types are distinguished by at
least 10% nucleotide difference in this gene[47,48]. Genotypes are further divided into lineages
(1>10% whole-genome nucleotide difference) and sublineages (0.5>1% difference)[49,50].
Known HPV types are all assorted to one of five major genera: alpha-, beta-, gamma, mu- or
nu-papillomavirus[50]. Of the more than 200 HPV types characterized, at least 12 HPV types
are categorised as high-risk (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59) and have
been classified as carcinogenic to humans according to the International Agency for Research
on Cancer (IARC)[7]. An additional eight HPV types (HPV26, 53, 66, 67, 68, 70, 73, and 82)
are considered as probably or possibly carcinogenic by the TARC working group[7]. High-risk
HPV (HR-HPV) types 16 and 18 are associated with ~70% of cervical cancer cases, while low-
risk (LR-HPV) types, including HPV6 and 11 cause benign diseases such as genital warts. All
HR-HPVs belong to the clade Alphapapillomavirus (Alpha-PV), where they are assorted to the
different subclades, Alpha-5, Alpha-6, Alpha-7, Alpha-9, and Alpha-11 (Figure 3)[1,51]. HR-
HPVs, both within and between different subclades, exhibit differences in their carcinogenicity
and assumed cell tropism[52,53]. Furthermore, even within HR-HPV types, different
sublineages have been shown associated with different risks of persistence and progression to
cancer[54-58].This suggests that different evolutionary histories have given rise to differences
in carcinogenic potential and the molecular mechanisms behind why some HPV infections

progress more often to invasive cancer than others[59].
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Figure 3: Phylogenetic tree of 100 human papillomavirus types based on the E7, E1, E2, 1.2
and L1 genes. Alpha-clades containing HR-HPV types are highlighted yellow. From [60].
Copyright 2012 by International Agency for Research on Cancer.

HPV types and their sublineages are not equally distributed worldwide, some types are more
prevalent in some geographical regions than others. Owing to their ancient history, distribution
of viral sublineages of HPV16 and HPV58 has been found to mirror the migration and dispersal
of human prehistoric populations out of Africa, and some extant sublineages have been
proposed introduced to the human population by interbreeding with archaic hominins (Figure
4)[10,61]. Geographic distribution of HPV16 variant lineages shows a higher diversity on the

African continent and their carcinogenic potential differs in different human populations, while
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HPVS8 is found in 10-18% of cervical cancers in East Asia and uncommon in other
geographical regions[10,54,61]. The differences in carcinogenic potential between different
lineages might indicate differences in adaptations to host immune-systems that differ between
individuals of different ethnicities[56]. While different sublineages of HPV16 and HPV58 has
been shown to have different risks of cervical cancer associated with them, this is not the case

for HPV18[55,62].
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Figure 4: Distribution of HPV 16 sublineages by geographic region. The figure is based upon
7116 HPV-16 positive samples. Modified from [56]. Copyright 2019 Elsevier. Printed under

CC BY 4.0 licencing, https://creativecommons.org/licenses/by/4.0/.

1.2.4 SARS-CoV-2 variants

Since the emergence of SARS-CoV-2 into the human population, it has rapidly diversified and
spread, leading to several variants. Several classification systems have been developed to
classify SARS-CoV-2 variants, with the most commonly used being the Nextstrain
(https://covariants.org/) and Phylogenetic Assignment of Named Global Outbreak
(PANGO)[63] lineage classification systems. The Nextstrain classification system uses a year-
letter nomenclature to label major SARS-CoV-2 clades based on the year they emerged
(https://nextstrain.org/blog/2022-04-29-SARS-CoV-2-clade-naming-2022), e.g. 19A, 19B,
20A, etc.[64]. For a clade to be named according to the Nextstrain nomenclature, the following
criteria must be fulfilled: 1) a clade reaches >20% global frequency for 2 or more months, 2) a
clade reaches >30% regional frequency for 2 or more months, 3) a variant of concern (VOC) is

recognized by the World Health Organization (WHO), or 4) a clade shows consistent >0.05 per
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day growth in frequency where it is circulating and has reached >5% regional frequency. Thus,
the Nextstrain classification system provides a long-term overview of the larger scale evolution

and diversity of SARS-CoV-2 (Figure 5).
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Figure 5: Phylogenetic tree illustrating the hierarchical relationship among SARS-CoV-2
clades according to the Nextstrain classification system. From

https://github.com/nextstrain/ncov-clades-schema. Printed under CC BY 4.0 licencing,

https://creativecommons.org/licenses/by/4.0/.

On the other hand, we have the PANGO lineage nomenclature, a hierarchical system containing
an alphabetical prefix, followed by up to three number separated by periods to indicate
sublineages. (e.g., B.1.1.7). PANGO allows for a higher resolution and specificity, and is
therefore the most used classification system of the two[65]. PANGO nomenclature labels
transient linages with local epidemiological significance, which results in many short-lived

labels that allows for a more short-term overview[63].

Additionally, we have the classification of variants of concern (VOC) and variants of interest
(VOI), labels assigned by the WHO, which follows the Greek alphabet[66]. VOCs are defined
as widespread variants that have displayed evidence of the following: 1) increased transmission,

2) increased virulence and/or 3) reduced the effect of public health and social measures or
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immunization from vaccination or previous infections or available diagnostics and
therapeutics[65,67]. VOIs are variants that contain several mutations similar to those found in

VOC:s, but that have not spread widely[65,66].

SARS-CoV-2, being a novel human pathogen, have shown several examples of adaptations to
its new host, and the evolution and emergence of new SARS-CoV-2 variants has had a profound
impact on the dynamics of the pandemic. The earliest known host adaptation is the amino acid
replacement D614G in the spike protein to which a transmission advantage has been indicated,
and by April 2020 had become the dominant variant[68]. After that the virus evolved relatively
slowly for an RNA virus for most of 2020, until the emergence of the first VOCs in late 2020

heralded a new phase of the pandemic[69-71].

In December 2020, the United Kingdom (UK) reported on a novel SARS-CoV-2 variant
containing a high number of mutations relative to previous and co-circulating variants, eight of
which were found in the spike protein[72]. This novel variant had over a few months grown in
frequency to become the dominant circulating variant in the UK[73]. This novel variant was
classified as the first VOC by the WHO and named Alpha (201/B.1.1.7)[66]. Alpha quickly
spread and started a new global wave of SARS-CoV-2 infections[73]. After the discovery of
the first VOC, it took less than a month until two additional highly mutated variants were
discovered that quickly increased in frequency in South Africa and Brazil [74,75]. The two new
variants were also classified as VOCs and named Beta (20H/B.1.351) and Gamma (20J/P.1).
All three of these VOCs had a substantial number of mutations found within the spike protein,
including its S1 receptor binding domain (RBD). In fact, the VOCs shared several mutations,
most notably of these N501Y (shared between all three), K417T/N (found in Beta (N) and
Gamma (T)) and E484K (found in Beta and Gamma initially, later acquired by Alpha as well)
located in RBD[76]. All three also share a nine-nucleotide deletion in ORF1ab, in the portion
coding for nsp6[76]. These mutations have all been implicated in increasing transmissibility
and in immune escape, thus indicating that these convergently acquired mutations are the result
of natural selection acting on the virus in a population with increasing immunity, either through

vaccination or previous infections[76].

The global Alpha-wave was eventually displaced by a new VOC during 2021. Delta
(21A/B.1.617.2), was first discovered in India late 2020, where it quickly became the dominant
variant before spreading globally[77]. The Delta variant displayed several mutations in the
spike protein, including several in the RBD, which conferred increased transmissibility and
reduced effect of vaccination and immunization through vaccination or previous infection[78].
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Delta outcompeted previous VOCs and was the globally dominant variant for a while, until a
new variant with a hypermutated spike protein was almost simultaneously discovered in
Botswana, Hong Kong and South Africa in November 2021 and then rapidly in many other
countries[79]. This novel variant was declared a VOC by the WHO on November 26, 2021, and
named Omicron (21K/ B.1.1.529)[80,81]. The Omicron variant contains significantly more
mutations than previous VOCs, and they include one insertion, seven deletions, 45
nonsynonymous mutations and 10 synonymous mutations, with many of the nonsynonymous
mutations found in the spike protein and its RBD[82]. Of these mutations found in the spike
protein, many are novel, while others have been found in previous VOCs, including K417N,
N501Y, P681, and deletion at position 69-70[82]. Omicron has shown an even higher
transmissibility and immune escape abilities than previous VOCs. However, infection with
Omicron has been shown to result in less cases of severe illness, which is hypothesised to be
due to a shift in tropism and increased affinity for infecting cells from the upper respiratory
tract compared to the lower[83,84]. Omicron has diversified into several lineages (BA.1-5),
with BA.2 having been the most dominant variant, but is now (July, 2022) being displaced by
BA.2.12.1, BA.4 and BA.5, which all show a further ability to escape neutralizing antibodies,

even from past infections with Omicron[85,86].

There are currently several explanations as to how SARS-CoV-2 variants with highly mutated
genomes arise. One of the explanations is that chronic infections within immunocompromised
persons may give rise to novel variants. Prolonged infection allows for more rounds of viral
replication and time for selection to act on the genome, thus explaining the high number of
mutations[87]. Several studies have investigated the intra-host variation of SARS-CoV-2 in
immunocompromised persons and have discovered that a high number of mutations can be
found within the spike protein, including independent acquisition of mutations found in VOCs
in several individuals, implying convergent evolution from similar selection pressures[88-91].
Another intra-host event that can result in new variants is recombination between two SARS-
CoV-2 variants coinfecting the same host. Several instances of recombination have been
reported, including potential Delta-Omicron recombinants[92-94]. The recombination
frequency has only been revealed in the later stages of the pandemic with increasing global
genomic diversity[93,95,96]. SARS-CoV-2 has also been shown to have a broad potential host
range, which includes minks, dogs, cats and numerous other mammals[97]. By introducing
SARS-CoV-2 to novel host species the virus can accumulate adaptations within new hosts

which can later be reintroduced back to human populations, as was seen in mink farm-related
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outbreaks in Denmark and Netherlands[98,99]. Lastly, the virus can spread silently in human
populations where the sequencing capacity for viral monitoring is low, allowing the virus to
gradually acquire mutations and remain hidden until it has spread and become a dominant

variant[100,101].

1.2.5 Intra-host variation

Recent advances in sequencing technology have provided means for cost-effective generation
of massive amounts of sequencing data to study genomic diversity of viral populations within
infected persons. Previous studies using sequencing technologies with lower throughput have
only been able to investigate the viral consensus genome, i.e. one viral genome per sample. The
viral consensus genome sequence is usually generated from sequencing data by calling only the
most frequent nucleotide in each position of the genome. However, viral infections consist of a
large number of viral genomes, all undergoing replication where new mutations can be
introduced into the viral intra-host population at a low frequency that might affect their ability
to evade host immune responses or disease severity (Figure 6)[102—104]. By only investigating
the viral consensus genome, biologically and clinically relevant viral intra-host genomic

variability and population diversity can be lost.
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Figure 6: A schematic representation of viral intra-host variation. A consensus genome (black
bar) is generated using the most frequent nucleotide in each position. Individual viral
genomes (coloured circles) differ in a given position, with the majority having a C, while the
rest have a T. The consensus genome will then generate an C in that position of the genome,
while the genomic information from the rest of the viral population is lost. By retaining
information of variants below the consensus level a more accurate representation of the true

viral diversity can be investigated.

Papillomaviruses are slowly evolving viruses, with an estimated mutation rate five times higher
than their hosts[105]. It was therefore surprising when deep sequencing of HPV positive
samples revealed more low-frequency minor nucleotide variants (MNVs) below the consensus
genome level than expected[106—110]. Certain viral genomic positions containing MNVs have
been found to be associated with a lower or higher risk of developing precancerous lesions, and
the level of MNVs in persistent infections that progress to high-grade lesions or cancer are
found to decrease relative to infections that are cleared by the immune system[111-113]. How
these MNVs are generated during an HPV infection is presently not completely understood.
Although the employment of high-fidelity host polymerases are often used as explanation as to
why HPV evolve slowly and replicate with high accuracy[114], a possible source for some of
the intra-host variation found could be the recruitment of low-fidelity polymerases during

infections[115,116].
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Intra-host variation has also been studied in SARS-CoV-2 infections, where the presence of
numerous low frequency MNVs has also been found[117-120]. While most SARS-CoV-2 are
quickly cleared by the immune system, immunocompromised persons can have persistent
infections lasting several months[121,122]. In these persistently infected persons, MNVs of
intra-host viral populations has been shown to shift over time as the virus adapted to the host
immune system and antibody treatment from convalescent plasma[89-91,123]. These intra-host
viral populations have also been found to convergently acquire mutations in the spike protein
found in VOCs, including N501Y and deletion of amino acids at position 69-70[89,91].
Furthermore, transmission of intra-host variants between persons from the same household
have been investigated, revealing that most MNVs are not shared between members of the same
household and a narrow bottleneck in SARS-CoV-2 transmission with few virions causing new

infections[118,119,124].

One source of genomic variation found in HPV and SARS-CoV-2 genomes is the activity anti-
viral host-defence enzyme apolipoprotein B mRNA editing enzyme catalytic polypeptide-like
3 (APOBEC3)[111,113,120,125,126]. APOBECS3 is a family of proteins which is a part of our
innate immune system against viral infections, and they bind to single-stranded DNA and RNA
to induce cytidine (C) to thymidine/uridine (T/U) mutations[127,128]. By inducing C>T
substitutions in viral genomes, APOBEC3 activity may lower viral fitness by introducing
deleterious mutations[126]. APOBEC3 has a preferred trinucleotide context in which they
induce C>T mutations, TCN, where N is any nucleotide, except for APOBEC3G which often
induces C>T mutations in a CC context[129]. APOBEC3-induced mutations have been
observed in HPV positive cervical samples, mainly in low-grade or transient infections, as well
as in SARS-CoV-2 and other viruses[111,129-132]. Mutations caused by APOBEC3-activity
has also been found in the genomes of human tumours, and more often in HPV-positive

tumours[133—-135].

1.3 Life cycle and pathogenicity/pathogenesis

1.3.1 HPV life cycle and pathogenicity

The HPV life cycle starts with the infection of the basal cell layer in epithelial tissues through
microlesions and is dependent on host cell differentiation through the epithelium layers to

complete its life cycle[32,114]. The cervical squamocolumnar transformation zone, which is
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the area where columnar epithelium of the endocervix is replaced by squamous epithelial cells
of the ectocervix, is especially susceptible to HPV-infections as basal cells are particularly
accessible at this site[136]. The virus attaches to the host cell surface through the binding of the
viral L1 capsid protein to heparin sulphate proteoglycans (HSPGs). The viral capsid then
undergoes several conformational changes, exposing L2 in the viral capsid which allows for
the movement of the virus to an, currently unknown, uptake receptor complex and cell entry
through endocytosis[137]. The virus genome is then transported to the cell nucleus where viral
replication is initiated[114]. In the basal cells, the HPV genomes are maintained as low-copy

episomes, and viral replication occurs in parallel to the replication of the cellular genome[114].

As the cells from the basal layers migrate upwards through the epithelium layers, they enter
their differentiation process and exit the cell cycle, which also signals the start of the productive
phase of the HPV life cycle (Figure 7). As the differentiating cells exit the cell cycle, viral E6
and E7 proteins works in tandem to hijack cell cycle checkpoint mechanisms and promote cell
proliferation by inducing unscheduled re-entry into S-phase cell cycle, while preventing
apoptosis which normally occurs when cells proliferate when they should not[22]. As the cells
migrate through the intermediate layers, E6 and E7 expression is replaced by the expression of
El, E2, E4 and ES, which steps up viral replication, resulting in thousands of viral genomes per
cell[30,114]. Lastly, as the cells reach the upper layers of the epithelium, the viral L1 and L2
capsid proteins are expressed and autoassemble into virions, which encapsidates the viral
genome. Assembled virions are then released from the epithelial surface[32]. The time from
infection to generation and release of infections virus takes approximately 2-3 weeks, the same
time it takes for cells in the basal epithelial layer to migrate to the surface layer and

desquamate[ 138].
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Figure 7: Schematic overview of the general productive HPV life cycle. Squamous epithelium
represented on the left and the different stages of the life cycle and which genes are expressed
on the right. Modified from [22]. Copyright 2015 by Oxford University Press. Printed under
CC BY 4.0 licencing, https://creativecommons.org/licenses/by/4.0/.

Normally, ~90% of HPV infections are cleared by the immune system within two years,
however, a minority of infections become persistent, lasting several years or decades[139].
Persistent infections can progress to cervical intraepithelial neoplasia (CIN), where CIN1 is an
insensitive histopathological sign of HPV infection and CIN2 and CIN3 represents
precancerous lesions that can progress to invasive cervical cancer[3]. Persistent infections
lasting more than a few years dramatically increase the risk of developing precancerous lesions,
and the same is true for the progression of precancerous lesions to invasive cancer which
typically occurs gradually over years (Figure 8)[140,141]. Spontaneous regression of
precancerous lesions classified as CIN2 and CIN3 occurs, and the regression rate is estimated

to be 50-70% and 20-30%, respectively[4,141,142].
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From [140]. Copyright 2011 by Oxford University Press.

1.3.2 SARS-CoV-2 life cycle and pathology

SARS-CoV-2 transmits though aerosols and respiratory droplets and initially infects epithelial
cells in the upper respiratory tract[143], but infections in the lower respiratory tract can happen
directly or by inhaling particles from the upper respiratory tract[144]. To enter the cells, the S1
subunit of the viral spike protein binds to ACE2-receptor on the cellular surface and is then
cleaved at the S2’ site by cellular proteases such as transmembrane serine protease 2
(TMPRSS2)[145]. The cleavage of the spike protein activates the S2 subunit, which allows the
virus lipid bilayer to fuse with host lipid bilayer and the release of viral gRNA into the cytosol
(Figure 9)[146,147]. When the viral genome is released into the cytosol, host-cell ribosomes
are recruited and translates ORFla and ORF1b, which is then cleaved into 16 non-structural
proteins (nspl-nspl16) that assemble into the replication-transcription complexes (RTCs)

initiating viral RNA synthesis and protein expression[148].

23



Binding and viral entry via
fusion or endocy

\
& 77

/ @ Release of viral genome

o Formation of
mature virion
RNA genome
/ (+ sense)
o e":';' Translation of viral \ B
polymerase protein S, E. and M proteins combine ERGIC
with nucleocapsid .n
q vetinanfy 3o
[~ 69

@ RNA replication Genomic replication

Nucleo: id
“ '\/\ AT ANANANNANANANANAN il genome S
L]
A
\ \iA

N \
\ @ . P n
RNA genome 2 i
oo _g_/
A A ANANN Nucleocapsid (N) @
. Spike (S) Y

A\ ANAN
R ANNNN Membrane (M) .

Genomic and
subgenomic RNA
(+ sense) —

SARS-CoV-2

S protein (RBD)

Cytoplastr

ACE-2 receptor

Ribosome

Virus inside
golgi vesicle

twirv‘r

Translation of viral

oo
J s

S MandE at

ANNNNN Envelope (E) & ER membrane

Endoplasmic
eticulum (ER

Figure 9: Overview of the SARs-CoV-2 life cycle. Modified from [149]. Copyright by Alturki,
Alturki, Connors, Cusimano, Kutzler, Izmirly and Haddad, 2020. Printed under CC BY 4.0

licencing, https://creativecommons.org/licenses/by/4.0/.

RTCs remodel host cell membranes into replication organelles, allowing for viral RNA
synthesis while evading the host immune system. Using gRNA as a template, the RTC produces
a full-length genome complement (the anti-genome) which is used as a template to produce
new gRNA, and a set of minus-strand subgenomic RNAs (sgRNAs). Minus-strand sgRNA are
derived from the region downstream of ORF1la and ORF1b and directs the synthesis of a nested
set of subgenomic mRNAs (sg-mRNAs) which are translated into structural and accessory
proteins[148]. Translated structural proteins translocate to the endoplasmic reticulum (ER)
membranes and transit though ER-to-Golgi intermediate compartments (ERGIC), where the
gRNA and structural proteins are assembled into viral particles. Lastly, virions are secreted

from the cells by exocytosis[150,151].

The median incubation time before onset of COVID-19 symptoms is 4-5 days, and most

patients experience transient infections with mild to moderate symptoms, including coughing,
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fatigue, fever, headache, myalgia and diarrhoea[152,153]. In some cases, when the infection
has spread to the lower respiratory tract, it can develop into severe illness and acute respiratory
distress syndrome (ARDS), which usually happens one week after the onset of symptoms[144].
COVID-19 ARDS is defined as a form of lung injury characterized inflammation, pulmonary
vascular leakage and loss of aerated lung tissue which can be fatal or cause irreversible lung
damage[144]. Severe COVID-19 can also affect other tissues than the lung and cause acute
cardiac, kidney and liver injuries in addition to cardiac arrhythmias, coagulopathy, and
multiorgan failure[154,155]. Most of these severe symptoms are caused by excessive
inflammatory responses and immunopathology[144,156]. Around 3-20% of people infected
with SARS-CoV-2 require hospitalization and 10-30% of these will require intensive care. The
total fatality rate is estimated to be ~1%][ 144]. These numbers depends on the vaccination status
of the population and virulence of SARS-CoV-2 variant causing the infection[157,158].
Additionally, individuals who have had SARS-CoV-2 infections can acquire post-COVID,
which lasts for at least 2 months. Common symptoms include, but are not limited to, fatigue,

shortness of breath and cognitive dysfunction[159].

1.4 Prevention and treatment

1.4.1 HPV vaccination, screening and treatment

The best method to prevent HPV-induced cancers is vaccination against HR-HPV infections.
HPYV vaccines are based on the viral L1 capsid protein, which self-assembles into virus-like
particles (VLP) that resemble HPV virus particles, but without any genetic material and are
non-infectious[23,138]. There are currently three prophylactic vaccines commercially
available, and while they all employ L1 VLPs, they differ in the number of HPV types they
protect against. The vaccines and the HPV types they protect against are 1) the bivalent
Cervarix® (GlaxoSmithKline, London, UK) which protects against HPV16/18, 2) the
quadrivalent Gardasil® (Merck, Kenilworth, New Jersey, USA) which protects against
HPV6/11/16/18, and 3) the nonavalent Gardasil® 9 (Merck, Kenilworth, New Jersey, USA)
which protects against HPV6/11/16/18/31/33/45/52/58[160,161]. While the vaccines do not
protect against all HR-HPV types, there is some evidence cross-protection against other HR-

HPVs that are genetically related to the genotypes targeted by the vaccines[162—164].
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The vaccines have proven to be very efficient at preventing HPV infections if given prior to
HPV exposure[165]. Several studies have shown that the vaccine has >90% efficacy against
persistent HPV infections and precancerous lesions in women with no HPV infection at the
start and end of the three-dose immunization trials[166,167]. Young adolescent girls aged 9-13
have normally been targeted for vaccinations but in the recent years several countries have also
started targeting boys[166,168]. While the vaccines have proven to be very effective, most of
the over 100 countries that has introduced a national HPV vaccination programme is high or
upper-middle income countries, covering only 30% of the global population[169]. Low
vaccination coverage in low- or middle-income countries is still a problem, as these are the
countries where the cervical cancer burden is the highest and the need for a vaccine the

greatest[169,170].

Cervical cancer screening is another method to prevent HPV-induced cervical cancers[23].
With the rollout of HPV vaccines mainly being confined to high or upper-middle income
countries, screening is still the most important prevention tool in low- and lower-middle income
countries where access to vaccines is limited[170]. Cervical cytology and HPV testing are the
two most common methods to screen for cervical cancer. Cervical cytology is a microscopic
evaluation of cells from cervical samples, and samples are usually examined using liquid-based
cytology (LBC), where cervical epithelial cells are collected with a sample brush before the
sample is preserved in a suspension and prepared on a microscopic slide. Precancerous
cytological changes are commonly classified according to the Bethesda system, where
squamous lesions are classified as low-grade squamous intraepithelial lesions (LSIL) or high-
grade squamous intraepithelial lesions (HSIL)[23]. Additional terms for the classification of
uncertain results are atypical squamous cells of undetermined significance (ASC-US) and

atypical squamous cells, cannot exclude HSIL (ASC-H)[171].

HPV testing in cervical cancer screening allows for the identification of HR-HPV genotypes
and most HPV tests are based on detecting HPV DNA. HPV testing has proven to be more
sensitive than cytology, and several studies have demonstrated that HPV testing in primary
screening allows for earlier detection of precancerous lesions and reduced number of cervical
cancers during follow-up, thus allowing for extended screening intervals. However, as most

HPV infections are transient, HPV testing is less specific than cytology[172—174].

In the Norwegian cervical cancer screening program, which was implemented in 1995, women
between the age of 25 to 69 years are invited for screening. The primary screening method for
women aged 25-33 years is cytology, with a screening interval of three years. Between 2018
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and 2021, HPV testing replaced cytology as the primary screening method for women aged 34-

69 years, with a screening interval of five years[175].

Owing to the relatively low regression levels of high-grade precancerous lesions[141,142],
women diagnosed with high-grade cell changes(ASC-H or HSIL) are referred to colposcopy
(visual inspection of cervix under magnification) and biopsy in the Norwegian guidelines[176].
Biopsies are used for histological classification of squamous cervical neoplasia which follows
the CIN scale. The CIN scale is based on the severity of dysplasia and classifies lesions as CIN1
(mild dysplasia), CIN2 (moderate dysplasia) and CIN3 (severe dysplasia and carcinoma in situ)
based on the proportion of epithelium replaced by undifferentiated cells[177]. Precancerous
lesions in glandular cells are classified as adenocarcinoma in situ (AIS)[178]. For women
diagnosed with CIN2 or more severe lesions, it is recommended that the abnormal cells are
removed by Loop electrosurgical excision procedure (LEEP) which uses a small electrical wire
loop to remove abnormal cells from the cervix[179,180]. Not all precancerous lesions will
progress to cervical cancer, which means that treatment of precancerous lesions will result in
some level of overtreatment[5]. However, the benefit of treatment is considered to outweigh
the risks if excessive overtreatment is avoided[181]. All cases of cervical cancer are treated,

and the type of treatment depends on how far the cancer has progressed[23].

1.4.2 SARS-CoV-2 vaccination, preventive measures, and treatment

As is the case with HPV, vaccines are the first, and best, line of defence against SARS-CoV-2
infections and hospitalization. Vaccines against SARS-CoV-2 target the S protein, usually in
its prefusion conformation, as this has been identified as the main antigenic component
responsible for inducing host-immune responses and to confer protective immunity against the
virus[182]. The role of the S protein in receptor binding and membrane fusion allows for the
generation of antibodies that can block virus binding and fusion and neutralize the virus to stop
infections[182]. WHO has put forth a list of vaccines that has met the necessary criteria for
safety and efficacy (10 in total) as well as who should get vaccinated[183]. In Norway, all
people over the age of 16 are offered a coronavirus vaccine, although children 5-15 years can
also be vaccinated if they are in the risk groups for more severe disease or simply according to
their parents wish[184]. Three SARS-CoV-2 vaccines are currently offered as part of the

Norwegian coronavirus immunisation programme, two based on mRNA technology and a third
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which is protein-based[ 185]. Several other vaccines are available and in development, including

those based on viral vectors and VLPs among other technologies[149,186].

The two mRNA vaccines are Comirnaty (Pfizer—-BioNTech, NYC, NY) and Spikevax
(Moderna, Cambridge, MA) and they utilize lipid nanoparticles to transport prefusion-stabilised
S protein-encoding mRNA to the host cells, which then uses the mRNA to produce the S protein
and induce an immune response[187]. Both vaccines have proven very effective, with an
efficacy over ~95%[188]. The Novavax vaccine (Novavax, Rockville, MD) is a protein-based
vaccine where nanoparticles are coated with a recombinant S protein (SARS-CoV-1S), which
elicits an immune response against the S protein[149,189]. Novavax has also been proven to be
highly effective, with an overall efficacy reported to be 89%[188]. All three vaccines require
two doses to complete primary vaccination, while additional booster doses are offered, as it has
been shown to give longer-term protection and give broader protection against novel SARS-

CoV-2 variants[84].

While the emergence of new SARS-CoV-2 variants with mutations in the S protein that confer
characteristics of immune escape have lowered the vaccine efficacies, the vaccines does
according to several studies still offer good protection against severe disease and

hospitalisation[67,82,84,190].

Another preventive measure to limit SARS-CoV-2 infection in the population is non-
pharmaceutical public health and social measures, including quarantining persons with SARS-
CoV-2 infection, handwashing, social distancing, wearing of masks and intensive contact
tracing around infected persons. A systematic review and meta-analysis reviewed effectiveness
of public health measures and concluded that handwashing, mask wearing and physical
distancing were associated with reduction in SARS-CoV-2 incidence[191]. Likewise, a study
investigating the SARS-CoV-2 transmission clusters in the Nordic countries found that country-
specific intervention strategies had the largest impact, with Sweden which had the least strict
SARS-CoV-2 intervention policies at the start of the pandemic also had more transmission
clusters with larger size and durations compared to Norway, Finland and Iceland (similarities
in number and size of transmission clusters between Denmark and Sweden were potentially

explained by the higher population densities in Denmark)[192].

Treatment of severe cases of SARS-CoV-2 is mainly confined to oxygen therapy and
administration of anti-inflammatory corticosteroids to reduce the immunopathological

consequences of SARS-CoV-2 infections[144]. Additionally, neutralizing antibodies targeting
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the spike protein can be administered to treat infections[193,194]. Antiviral medication can also
be administered, but to have an effect is has to be taken before the onset of severe COVID-

19[144].

1.5 Molecular mechanisms of HPV-induced cancer

HPV-induced cancer is a multistep process that relies on several different mechanisms where
HPV-infected cells are able to attain several of the hallmarks of cancer, recognized as necessary
biological capabilities cells need to acquire to transform into tumours[195]. Much of the
carcinogenic potential of HR-HPVs are attributed to the activity of the viral oncoproteins E6
and E7 (Figure 10). The oncoproteins contribute to cellular instability through induction of cell
proliferation and inactivation of cell-cycle regulatory and tumour suppressor mechanisms[30].
Together, the oncoproteins maintain an unstable cellular environment that over time causes
HPV-infected cells to undergo malignant cellular transformation. E6 is known to interact with
many host-proteins, but the most characterised of these is the tumour suppressor p53 which E6
targets for degradation[196]. p53 inhibits cell-cycle progression in response to DNA damage
and other cellular stress signals and induces apoptosis in abnormal cells, thus acting as an
important tumour suppressor protein[197]. E7 inhibits the activity of the retinoblastoma-
associated (RB) proteins whose key function in maintaining cellular stability is to decide
whether cells should proceed through the growth-and-division cycle or not[198]. Consequently,
the activity of E6 and E7 leads to the formation of cell populations with deregulated cell-cycle
and apoptosis mechanisms which accumulate mutations over time[114]. This is one of the
mechanisms by which persistent infections with HR-HPVs can induce malignant cellular
transformation[30]. While low-risk HPV types also encode for E6 and E7, and their activities
are sufficient for the generation of benign warts, they are insufficient to trigger the development

of cancer [23].

An additional mechanism by which HPV-induced cancer can develop is by the integration of
HPYV into human chromosomes[199]. This has been identified as a major driver event in HPV-
induced carcinogenesis and the frequency of HPV integrations has been found to increase with
lesion severity[200,201]. HPV integration into the host genome has been found to have several
detrimental effects. One of these effects is caused by the disruption or deletion of the viral E1
or E2 genes, which regulates the expression of oncoproteins E6 and E7, subsequently leading

to overexpression of viral oncogenes and genomic instability (Figure 10) [199]. Overexpression
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of E6 and E7 can also happen when multiple copies of HPV are integrated as viral-host

concatemers, which leads to additive amplification of viral oncogene expression[199,202].

HPV integrations can also cause nearby structural rearrangements, deletions, somatic
mutations, and amplifications of the host genome, which depending on the integration site, can
promote carcinogenesis[203—205]. HPV integrations into the host genome has been found
distributed in a non-random manner, with several identified hot-spots. Common for these hot-
spot regions are their association with known fragile sites and in gene-rich transcriptionally
active regions of the chromosomes, containing several oncogenes and tumour-suppressor genes
whose disrupted functions might confer a selective growth advantage to the affected cells[206—
208]. Microhomology between viral and human genomic sequences has also been observed at

integration breakpoints, likely contributing to the non-random distribution of integration-

sites[209].

While integration events are not necessary for the development of all HPV-induced cancers,
they are often detected in tumours. A study of the Cancer Genome Atlas Research Network
observed HPV integrations in >80% of HPV positive cervical cancers[210]. It was found that
76% of the HPV16 and 100% of the HPV 18 positive tumours showed integrations, which is in
concordance with other studies showing that the integration frequency differs between the HPV
types[211,212]. Most studies on integration frequencies have investigated HPV16 and HPV 18,
but for other HR-HPVs, such as HPV31, 33, 45, 52 and 58, all have been found to have higher
amounts of integrated HPV with increasing lesion severity[213-215]. However, there is

substantial variation in integration frequencies between different HPV types[211].
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Figure 10: Overview of HPV life cycle in epithelial tissue and gradual gain of cervical
intraepithelial neoplasia which eventually progress to invasive cancer. Low-grade
intraepithelial lesions are associated with productive HPV infections, and progression to high-
grade lesions and invasive cancer is associated with overexpression of viral oncoproteins E6
and E7 and viral integrations into host chromosomes (although viral integration is not always
necessary for HPV-induced carcinogenesis). From [216]. Copyright 2007 by Nature Publishing
Group.

Integration events during HPV infections are not part of the HPV natural history and considered
an evolutionary dead end due to the resulting non-productive infections[199]. These integration
events in HPV are therefore considered accidental events and a possible consequence of the
physical proximity of the HPV genome and the human genome in the nucleus[217]. Integration
events have also been studied in SARS-CoV-2, and an early study claimed to have found
evidence of viral-host chimeric sequences based on RNA sequencing data of patient
tissues[218]. However, the study has received a lot of criticisms for misinterpreting technical
artefacts as biologically relevant and later studies having investigated integration events in
SARS-CoV-2 have found no evidence of such [219-221]. Why there are integration events in
HPVs and not SARS-CoV-2 could be explained by the fact that SARS-CoV-2 has an RNA
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genome and does not replicate via DNA, while HPVs have DNA genomes. Additionally, the
genome replication of SARS-CoV-2 occurs in the cytoplasm, while HPV replicates its genomes
in the nucleus of infected cells, allowing for the usage of HPV DNA strands to be mistakenly
used by host DNA repair mechanisms, like nonhomologous end joining or microhomology-

mediated recombination[209,222].

1.6 Viral surveillance and genomic epidemiology of SARS-

CoV-2
The SARS-CoV-2 sparked an unprecedented global sequencing effort which would not have

been possible without the recent advances in sequencing technology and computational power,
making it cost-effective to sequence and analyse a large number of samples[223]. At the time
of writing, more than 11.5 million SARS-CoV-2 genomes has been deposited in the Global
Initiative on Sharing All Influenza Data (GISAID) database[224], which started as a global
initiative to share avian flu data and has now been co-opted for sharing of SARS-CoV-2
data[225]. As a result of this concerted sequencing effort, we now have SARS-CoV-2 genomes
from all parts of the world during all time frames of the pandemic. The combination of genomic
data with individual-level metadata has allowed us to gain knowledge about what drives the
transmission of this virus and has been crucial to understand the dynamics of the pandemic and
evaluate the efficacy of control measures[223]. SARS-CoV-2 genomes can now be sequenced
within hours or days of a case being identified, effectively allowing for a real-time surveillance

of the pandemic and the implementation of rapid public health responses[223].

Genomic epidemiology studies, which links SARS-CoV-2 genomes with metadata to
understand disease transmission[226], was crucial in the early phase of the pandemic to
understand how the virus spread on a global and more local scale. Early in the pandemic, it has
been shown that most viral lineages were very cosmopolitan and present in different parts of
the world[227]. However, as countries started to impose international travel restrictions
lineages become more continental- and country-specific as importation events started to
decline, illustrating the effect of international travel bans[227-229]. It was also shown that
international travel ban restrictions has to be imposed early to have an significant effect[230—

232].

Genomic epidemiology has also been used to evaluate the effectiveness of non-pharmaceutical

interventions, and a study using 29.000 publicly available SARS-CoV-2 genomes from 57
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locations reported that locations under early and most stringent interventions experienced less
severe COVID-19 morbidity and mortality[233]. Other studies from different locations have
also found similar results, where implementation of non-pharmaceutical interventions were
associated with reduced viral reproduction number and less numerous and shorter transmission

chains[234-236].

Genomic epidemiology studies are also valuable to confirm or refute healthcare-related
outbreaks in order to rapidly evaluate if personal protective equipment and infection control
guidelines are adequate. Healthcare-associated infections can affect both patients and
healthcare workers (HCWs), increasing morbidity and mortality for patients and sickness and
morale for HCWs[237]. Additionally, HCWs can be a source of infection in patients, and it was
therefore of utmost importance to minimise the risk of nosocomial transmission and assess the
burden of nosocomial COVID-19 infections[237]. Several studies have investigated this and

examples where the findings have guided local infection control measures are plenty[237-242].

A more general surveillance of viral genomes circulating in the populace has also proven to be
a valuable tool in discovering and tracking emerging VOCs and VOIs. By continually
sequencing viral genomes, one can discover variants containing mutations that increase
transmissibility, that are resistant to therapeutic treatments and/or to which previous infections
and vaccines are less effective. This was the case with the emergence of the first three VOCs,
Alpha, Beta and Gamma, which was determined to be VOCs because of the presence of
mutations in the spike protein associated with increased transmission and ability to evade host

immune response in combination with their rapid increase in frequency in the populations[243].

While the recent pandemic has sparked an unprecedented global sequencing effort, it is
important to keep in mind that there is a bias in which countries generate the data. Currently,
the sequencing effort is biased towards a limited set of countries with high sequencing capacity,
mainly regions and countries with already existing infrastructure and competence for large-
scale sequencing and computational analysis[101,244,245]. Thus, the sequencing coverage is
not equally high in all parts of the world, meaning that we still have regions where undetected
transmission of novel variants containing mutations of interest can occur in high frequency and

be exported to other parts of the globe.

This discrepancy mirrors the availability of both SARS-CoV-2 and HPV vaccines between
high- and wupper-middle income countries and low- and lower-middle income

countries[246,247]. There has been a narrative that the pandemic has hit Africa less severely
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than the rest of the world, termed the “African paradox”[248]. Several studies have found that
this is most likely a misinterpretation due to infections not being reported, and the burden and
transmission of SARS-CoV-2 has been more severe than previously thought[249-251].
Vaccines are the most potent weapon against the ongoing pandemic, and until the regional
differences are equalized, SARS-CoV-2 variants will continue to emerge. WHO has announced
a global call to action to eliminate HPV-induced cervical cancer[252], but it will continue to be
an ongoing health burden in low- and lower-middle income countries for decades to come until
they get better access to HPV vaccines[7,253]. Additionally, the available HPV vaccines does
not target all HR-HPV types that are more prevalent in sub-Saharan countries where the HIV-
prevalence is also high and associated with increased risk of developing invasive cervical

cancer[7,254].
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2. THESIS AIMS

The overall aim of this thesis is to use NGS technology and viral genomic analyses on HPV
positive cervical samples to study intra-host genomic events and on SARS-CoV-2 positive
samples to investigate intra-hospital transmission. The first part of the thesis uses viral
genomics to characterise HPV intra-host genomic variation and chromosomal integrations for
different HR-HPV types and relate these events to HPV-induced carcinogenesis. Similarities
and differences between the HPV types and between diagnostic categories can reveal insight
into type-specific molecular mechanisms behind persistent HPV infections and HPV-induced
carcinogenesis. The second part uses genomic information from SARS-CoV-2 WGS performed
on the Nanopore platform to increase the resolution when performing intra-hospital outbreak

investigations.

Study I: To compare HPV minor nucleotide variation and integration profiles in HPV16 and

HPV18 positive cervical samples of different diagnostic categories.

Study II: To compare HPV minor nucleotide variation and integration profiles in cervical
samples of different diagnostic categories positive for five HR-HPV types and investigate if

type-specific profiles adhere to phylogeny.

Study III: Combine SARS-CoV-2 genomic data with epidemiological data to increase

resolution of intra-hospital outbreak investigations.
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3. MATERIALS AND METHODS

3.1 Sample material and study design
Study I and IT

Both study I and II were designed as cross-sectional studies. Sample material used in both
studies were collected from a biobank generated in the period January 2005 to April 2008 at
Akershus University Hospital, with cytological material and DNA from women attending the
cervical cancer screening programme in Norway[255,256]. In both studies, a category of non-
progressive infections was defined as: 1) samples with normal cytology (at enrolment and
during the preceding two years, and with no previous history of treatment for cervical neoplasia)
and 2) ASC-US/LSIL samples from women with no history of cervical abnormality and with
no follow-up diagnosis within four-year follow-up. In addition, cytological samples
representing each category of progressive disease were included, including women with
histologically confirmed CIN2, CIN3, AIS and cervical cancer. For study I, all samples positive
for HPV16 (n=157) and/or HPV18 (n=75), alone or co-infected with other HPV types, were
included in the study, except for HPV16 CIN3 category of which a random selection of 50
samples were included. For study I, all samples positive for HPV31 (n=117), HPV33 (n=104)
and/or HPV45 (n=66), alone or co-infected with other HPV-types, were included in the study.

Study I1I

Study III were also designed as a cross-sectional study. Sample material included in the study
were collected from healthcare workers (HCWs) and patients from wards with suspected
outbreaks of Covid-19 between March 10" and July 1%, 2020. Possible outbreaks were defined
as wards with two or more infected HCWs who had had close contact (>2m without PPE for
>15 minutes 24 hours (48 hours from June 2020) before the onset of symptoms) and who tested
positive less than three weeks apart. If a ward had a suspected outbreak, all viral isolates from
HCWs (n=21) in those wards were included in the study. Viral isolates from two patients were
also included in the study, based on reported or suspected breaches of infection control practices
between patient and HCW. HCWs (n=8) with no reported close contact to other cases in the
hospital and from wards with no suspected outbreaks, as well as anonymized patients (n=10),

were also included in the study to better assess the local SARS-CoV-2 genetic diversity.
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3.2 DNA/RNA extraction and HPV genotyping

Study I and I1

The extraction of nucleic acids and HPV genotyping are described in the original studies
[255,256]. In brief: either miniMag or easyMag (BioMerieux Inc., France) were used for
extracting nucleic acids; the Amplicor HPV test (Roche Molecular Systems, Pleasanton, CA)
followed by Linear Array HPV assay (Roche Molecular Systems, Pleasanton, CA) were used
for testing for the presence and genotype of HPV DNA, respectively. In addition, results using
the PreTect HPV Proofer E6/E7 mRNA test (PreTect AS, Klokkarstua, Norway) were available
for all samples, providing HPV 16, 18, 31, 33 and 45 genotype information.

Study 11T

Total nucleic extraction was done using the easyMag (BioMerieux Inc., France) extraction
protocol. RT-PCR to detect the SARS-CoV-2 virus E-gene was done using the method
published by Corman et al.[257].

3.3 DNA concentration and Ct-value
Study I and II

DNA concentration was measured using Quant-iT™ Broad-Range dsDNA Assay Kit (Thermo
Fisher Scientific, Waltham, MA).

Study III

For study II, cycle threshold (Ct) values were determined using the RT-PCR protocol published
by Corman et al.[257].

3.4 Library preparation and sequencing

Study I and II:

Library preparation of samples used in study I and II was done using the Tagmentation-assisted
multiplex PCR enrichment sequencing (TaME-seq) protocol as described in [258] and [259].

Briefly, sample DNA is tagmented and subjugated to two separate multiplex PCR enrichment

reactions using specific primer pools designed to hybridize with the forward and reverse strands
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of the target HPV genome. These reactions thereby obtain genome coverage from both strands
while also allowing for the detection of HPV integrations into human chromosomes. Following
the protocol, if the original sample DNA concentration was >2.5 ng/ul it was diluted to 2.5
ng/ul, or else it remained undiluted. Sample DNA was then tagmented using Nextera DNA
library prep kit (Illumina, Inc., San Diego, CA), with the following modifications: 1) reaction
volume was reduced to 20 pl, 2) DNA input amount varied from 0.96 ng to 20 ng based on the
original DNA concentration of the sample, 3) incubation was performed at 55°C for 4 minutes.
To purify the tagmented DNA, DNA Clean & Concentrator™-5 columns (Zymo Research,
Irvine, CA) were used according to the manufacturer’s instructions or ZR-96 DNA Clean &
Concentrator™-5 plates (Zymo Research, Irvine, CA) according to the Nextera® DNA Library
Prep Reference Guide (15027987 v0O1). Tagmented DNA was then split into two pools before
undergoing PCR amplification for target enrichment with one primer pool containing the
forward HPV primer pool and another containing the reverse HPV primer pool. Amplification
was performed in 20 pl reactions containing 5 pl of tagmented DNA, 10 ul of Qiagen Multiplex
PCR Master Mix (Qiagen, Hilden, Germany), 2 ul of Q-solution (Qiagen, Hilden, Germany),
0.75 uM of HPV primer pool, 0.5 uM of 17 index primer, and 1 pl of i5 Nextera index primer
(Ilumina, Inc., San Diego, CA). The cycling conditions were as follows: initial denaturation at
95 °C for 5 minutes; 30 cycles at 95 °C for 30 seconds, at 58°C for 90 seconds and at 72 °C for

20 seconds; final extension at 68 °C for 10 minutes.

Amplified forward and reverse libraries were pooled in equal volumes before purification with
Agencourt® AMPure® XP beads (Beckman Coulter, Brea, CA) according to the
manufacturer’s instructions. Quality and quantity of the pooled libraries were assessed using an
Agilent 2100 Bioanalyzer with the Agilent High Sensitivity DNA Kit (Agilent Technologies
In-c., Santa Clara, CA) and by qPCR using KAPA DNA library quantification kit (Kapa
Biosystems, Wilmington, MA). Sequencing was performed on the Illumina HiSeq2500
platform (Illumina, Inc., San Diego, CA) as 125 bp paired-end reads.

Study II

Library preparation of samples from study III was done following the nCoV-2019 sequencing
protocol v2 developed by the ARTIC network, which uses a tiling amplicon scheme, using the

V3 primer set (https://www.protocols.io/view/ncov-2019-sequencing-protocol-v2-

bp2l6n26rgge/v2?version_warning=no)[260]. First, samples with Ct-values 15-18 and 12-15
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were diluted 10-fold and 100-fold in water, respectively. Samples then underwent reverse
transcription in 10 pl reactions, containing 2 pl LunaScript® RT SuperMix (NEB, Ipswich,
MA) and 8 pl sample RNA with the following incubation program: 25°C for 2 minutes; 55°C
for 10 minutes; 95°C for 1 minute. Samples were split in two reactions before the cDNA were
subjected to PCR amplification for target enrichment using the V3 primer pools designed by
the ARTIC network. Amplification was done in 25 pl reactions containing 12.5 ul Q5® Hot
Start High-Fidelity 2X Master Mix (NEB, Ipswich, MA), 4 ul V3 primer pool, 6 pul nuclease-
free water and 2.5 pl sample cDNA. The cycling conditions were as follows: 98°C for 30

seconds, 30 cycles at 98°C for 15 seconds and at 63°C for 5 minutes.

The ends of the amplified cDNA were prepared for barcoding using NEBNext® Ultra™ II End
Repair/dA-Tailing Module (NEB, Ipswich, MA), following manufacturer’s instructions before
barcodes were ligated using NEBNext® Quick Ligation Module (NEB, Ipswich, MA),
following manufacturer’s instructions. Sequencing was performed on the Nanopore GridlON

sequencing platform (Oxford Nanopore Technologies, Oxford, UK).

3.5 Study | and Il sequencing data analysis

Because of the differences in the bioinformatic analysis between study I and Il and study III,
the following section will first explain all the bioinformatics methods done for the sequencing
data analysis of study I and II and then for study III. For study I and II, data analysis of
sequencing data was performed using a collection of in-house Python scripts executed using
the Snakemake workflow management system[261]. The scripts can be accessed on Github:

https://github.com/jean-marc-costanzi/TaME-seq/.

3.5.1 Sequence alignment

Raw reads were trimmed for Illumina adapters, HPV primers, base quality (-q 20) and minimum
read length (-m 50) using cutadapt (v1.10). Trimmed reads were mapped using HISAT2
(v2.1.0) to human (GRCh38/hg38) and HPV reference genomes obtained from the PaVE
database. In study II, 1000 bp overhangs were added to reference HPV genomes to account for
the circular structure of HPV genomes. Mapping statistics and sequencing coverage were

counted using Pysam package in study I, while BCFtools was used in study II.
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3.5.2 Sequence variation analysis

Nucleotide counts mapping to HPV reference genomes and average mapping quality values
were retrieved from BAM files and variant calling was performed using an in-house R (v3.5.1)
script. For a nucleotide to be called, it had to be observed >2 times in positions with >100x
depth and mean Phred quality score <20 (study I) or <30 (study IT). MNVs with frequencies
>1% were called. Samples with mean sequencing depth <300x were excluded from the analysis.
For study I, the non-synonymous to synonymous substitutions (dN/dS) ratio was calculated to
indicate positive or negative selection affecting protein coding genes. HPV NCR have
homopolymeric T tracts (HPV16:4156-4173 and 4183-4212, HPV18:4198-4234,
HPV31:4072-4077 and 4145-4167, HPV33: 4149-4167 and 4186-4195, HPV45:4184-4219)
that were removed from the analysis due to the possibility of high frequencies polymerase or

sequencing errors being introduced in these regions.

3.5.3 Mutational signature analysis

Called nucleotide substitutions from the sequence variation analyses were classified into six
base substitutions, C>A, C>G, C>T, T>A, T>C, and T>G, and then into 96 trinucleotide
substitution types including information on the bases immediately 5’ and 3’ of the mutated base.

Analysis was performed using an in-house R (v3.5.1) script.

3.5.4 Detection of integration sites and deletions

Integration detection is described previously in[258]. Briefly, the detection is a two-step
analysis using discordant and junction reads. Paired-end reads mapped using HISAT2 with one
read mapping to target HPV reference genome and the other read to human chromosome were
identified as discordant read pairs. Unmapped reads were re-mapped using LAST (v876)
aligner (options -M — C2) to identify junction reads mapping to both HPV and human genomes
and were used to determine the exact position of HPV-human integration breakpoints. Reads
sharing identical start and end coordinates were interpreted as PCR duplicates and not
considered. Positions that were covered by >2 unique discordant read pairs or by >3 unique
junction reads were considered potential integration breakpoints. Certain repetitive regions of
the human genome had frequently erroneously reported human integration breakpoints and

were filtered out.
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3.5.5 Validation of integration sites

A subset of the reported integration breakpoints from the integration analysis were chosen for
validation by sanger sequencing. Primer pairs were designed to flank the integration
breakpoints, with one primer binding site binding to the human genome and the other to the
target HPV genome. SAM flags were retrieved from discordant read pairs and used to verify

the genome orientation so designed primers would hybridize to correct DNA strands (Table 1).

PCR amplification was done on samples chosen for validation and amplified PCR products
were sequenced on the ABI® 3130x1/3100 Genetic Analyzer 16-Capillary Array (Thermo
Fisher Scientific Inc., Waltham, MA) using BigDye™ Terminator v1.1 cycle sequencing kit
(Thermo Fisher Scientific Inc., Waltham, MA). Chromatograms were analysed in Geneious

Prime (v2020.2.2) and BLAST or BLAT searches.

Table 1. Read and genome orientations at the integration breakpoints, SAM flags and +/- DNA

strand used for primer design.

Read orientation at the | Genome orientation at | SAM flag of the | Primers designed on +/-
integration breakpoint | the integration | discordant read pair DNA strand
breakpoint
Human HPV Human HPV Human HPV Human HPV
> < > > 97 145 + +
> > > < 65 129 + -
< > < < 81 161 - -
< < < -> 113 177 - +

3.6 Study lll sequencing data analysis

3.6.1 Sequencing analysis of SARS-CoV-2 amplicon data

The sequencing data analysis used in study III was done using the ncov-2019 bioinformatics
pipeline developed by the ARTIC network. The pipeline is a collection of tools for analysing
SARS-CoV-2 sequencing data generated using the ARTIC protocol to filter reads and further
analyses them, finally generating output files consisting of consensus genomes, QC-metrics,

and VCF-files for each individual sample.

41



Demultiplexed reads from the fastq-pass folder were filtered using the artic guppyplex
command, filtering out reads with length <400 and >700. Filtered reads were then passed on to
the artic minion command, where the medaka pipeline was used with depth normalisation of

200x.

3.6.2 Phylogenetic analysis, Nextstrain Clade assortment and pangolin

lineage assignment

To broaden the genetic background for the subsequent analysis, available SARS-CoV-2
genomes were downloaded from GISAID. The downloaded SARS-CoV-2 genomes consisted
of 73 Norwegian, 6 Chinese and 250 genomes from European countries that had been identified
from routine contact tracing as sources of SARS-CoV-2 importation events into Norway, with
collection dates no later than July 1%, 2020. A multiple sequence alignment (MSA) of sequenced
and downloaded samples was generated using MAFFT (V7.450), before visual inspection to
remove low-quality sequences from the MSA. FastTree (V2.1.11) was used to generate
phylogenetic trees, using GTR substitution model. To visualize and annotate the phylogenetic

tree, an in-house R-script using the ggtree package (V.2.2.1) was used.

A combination of phylogenetic placement and presence of clade-defining signature mutations
were used to assign Nextstrain clades according to the Nextstrain nomenclature [262]. Samples
were assigned Pangolin lineages using the Pangolin COVID-19 Lineage Assigner online tool

[263].

3.6.3 Outbreak assessment

To assess if samples were part of the same transmission chain, study unique variants were
investigated. Study-unique variants were defined as SARS-CoV-2 nucleotide variants that met
the following two criteria: 1) variants that showed no geographic distribution and 2) with two
or more co-occurring mutations not found together in any other genome in the GISAID
database. Samples sharing study-unique mutations and either had reported close contact or

worked in the same ward were considered part of an intra-hospital outbreak.
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3.7 Statistical analyses

In study I, statistical analysis was performed using non-parametric Kruskal-Wallis test. A
Shapiro-Wilk test of normality was performed to confirm that the data did not follow normal

distribution.

In study II, a non-parametric Chi-square of independence was used to determine whether
integration breakpoints in HPV genes occurred more often than would be expected by chance.
A generalized linear model (glm) was used to understand the relationship between dependent
variables (MNVs, APOBEC3 mutations, number of integrations in samples, integration
breakpoints) and the independent variables (HPV type, Alpha-clade, diagnostic category).
Number of integrations and MNVs were tested using a negative binomial distribution while a
binomial distribution was used for the other tests. Following this, multiple comparisons of
means using Tukey HSD was done using the package multcomp[264] to test differences

between different categories.

In both studies, a p-value p<0.05 was considered statistically significant. All statistical analyses

were done in R (v3.5.1).

3.8 Ethical aspects

This thesis describes the genetic analysis of viruses obtained from human sample material. The
HPV studies were approved by the Regional Ethical Committee (2017/447) and by the
Akershus University Hospital's Data Protection Official (2017-109). The SARS-CoV-2 data
were recorded as part of the hospital's routine for outbreak investigations, as authorized by the
institutional infection control programme and the Norwegian regulation of infection control in
the healthcare service (FOR-2005-06-17-610) and was approved by the Akershus University
Hospital's Data Protection Official (2020 62). All analyses of sensitive data were undertaken

on the secure platform provided by Services for sensitive data (TSD), University of Oslo.
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4. SUMMARY OF RESULTS

4.1 Study |

In this study, HPV16 and HPV18 positive cervical cell samples were sequenced using the
TaME-seq protocol to investigate type-specific MNVs and integration patterns. In total, 80
HPV16 and 51 HPV 18 samples passed the filtering criteria of 300 sequencing depth and were
analysed. Samples were stratified into the diagnostic categories non-progressive (HPV16 n=21,
HPV18 n=12), CIN2 (HPV16 n=27, HPV18 n=9), CIN3/AIS (HPV16 n=27, HPV 18 n=30) and
cervical cancer (HPV16 n=5, HPV18 n=0). 1.05 billion reads were analysed and on average the
samples had 77.7% of the genome covered by a minimum depth of 100x.

3747 MNVs were called in 131 samples, with no significant differences in amount or frequency
between the diagnostic categories or HPV types. HPV 18 E4 gene showed most overall variation
compared to all other genomic elements in all diagnostic categories, while HPV16 E7 had a
dN/dS ratio <I in the cancer category. HPV16 non-progressive and CIN2 samples had
APOBEC3-related C>T nucleotide substitutions, while this was not observed for HPV18

samples.

Integration frequencies were found to differ between the HPV types, with HPV18 positive
samples having a significantly higher proportion of samples with at least one integration (30/51)
compared to HPV16 (10/80). When combining the integrations for the HPV types, a significant
part of the integration breakpoints were found to be located in HPV genes E1 and E2. The
percentage of breakpoints in the human genome that were in, or close to, cancer-related genes
were found to increase according to diagnostic severity, with 34%, 38% and 65% in non-
progressive, CIN2 and CIN3/AIS, respectively, as well as in all cancer samples. In addition to
adding to the growing evidence of HPV intra-host variation, the study gives insight into
dissimilar genomic alterations between the two HPV types, which might reflect mechanistic

differences in how they induce cell transformation.
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4.2 Study Il

Study II builds upon study I, by sequencing cervical cell samples from women positive with
HPV31, 33 and 45. Samples from study I (HPV16 and HPV18) were re-analysed using an
updated pipeline, and the study allowed for the comparison of MNV and integration patterns
between HPV-types belonging to the two distinct phylogenetic clades Alpha-7 (HPV18 and 45)
and Alpha-9 (HPV16, 31 and 33). 354 samples, stratified into the diagnostic categories non-
progressive, CIN2 and CIN3+, passed the filtering criteria of an average sequencing depth
>300% (HPV16 n =77, HPV18 n =49, HPV31 n = 84, HPV33 n = 88, HPV45 n = 56).

A total of 10664 MNVs were called in the 354 analysed samples. While no significant
differences in the amount of MNV's between the diagnostic categories were found, HPV45 had
significantly more MNVs in all diagnostic categories compared to the other four HPV types.
Most variation was found within the E4 gene from Alpha-7 positive samples in the CIN2-
category. Alpha-9 samples showed APOBEC3-related C>T nucleotide substitutions, something
that was not observed for Alpha-7. For HPV16-positive samples the APOBEC3-related

substitutions were observed to decrease with an increase in diagnostic severity.

In total, 154 integration sites were reported, with 85% (131/154) of the reported integration
sites belonging to Alpha-7 positive samples. For Alpha-7, the proportion of samples with
integrations increased with increase in diagnostic severity (21% non-progressive, 33% CIN2,
61% CIN3+). The proportion of Alpha-7 samples with at least one integration was 42.8%
compared to 6.4% for Alpha-9 samples. Alpha-7 samples also had on average more integrations
per sample in all diagnostic categories compared to Alpha-9. Within the Alpha-7, HPV45 only
had integrations reported in the CIN3+ category while HPV 18 had integrations in all diagnostic
categories, and in Alpha-9 HPV16 had more integrations compared to HPV31 and HPV33.

For Alpha-7 and Alpha-9 combined, integration breakpoints in the HPV genome revealed that
38%, 36% and 51% of the breakpoints were in the E1 or E2 genes for the non-progressive,
CIN2 and CIN3+ categories, respectively. Integration breakpoints in the human genome
revealed that 41% (12/29), 40% (10/25) and 59% (59/100) of reported breakpoints were +10kb
of human cancer-related genes in the non-progressive, CIN2 and CIN3+ samples, respectively.
Overall, the inclusion of three HR-HPV types from the Alpha-7 and Alpha-9 clades reveals that
the type-specific patterns found in study I extends to the more closely related HPV types. The
results broaden our understanding of the molecular mechanisms behind HPV-induced cancers

and sheds light on similarities and differences between the HPV types investigated.
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4.3 Study lll

Contact tracing was conducted around 68 HCWs from 38 wards at Akershus University
Hospital, identifying five wards where intra-hospital outbreaks could not be ruled out.
Following the ARTIC nCoV-2019 sequencing protocol v2

(https://www.protocols.io/view/ncov-2019-sequencing-protocol-v2-

bp2l6n26rgge/v2?version_warning=no), 46 samples from Akershus University Hospital were

sequenced on the Oxford Nanopore GridION, where 21 samples from HCWs and 2 patient
samples came from wards with suspected intra-hospital outbreaks. An additional 8 HCWs from
wards where there was no suspicion of intra-hospital outbreaks, and 10 anonymized patient
samples were added to increase the comparative background. 5 samples were sequenced two
times to assess the reproducibility of the method. All re-sequenced samples had the same

variants called in the parts of the genome where they shared coverage.

After filtering out sequences with <80% genome coverage, the analysed samples consisted of
24 HCWs (18 from wards with suspected outbreaks), 2 patients and 7 anonymous samples. The
remaining samples had an average genome coverage of 95.5%. In total, 273 variants were called
relative to the reference genome over 62 sites, and the average number of variants per sample
was 8.3. To assess whether suspected intra-hospital outbreaks should be confirmed or refuted,
the presence of study-unique mutations in sample consensus sequences were investigated. The
five suspected outbreaks were termed outbreak A-E and resolved or refuted based on the

combination of contact tracing date and viral genomes.

With the inclusion of whole genome sequencing data, one outbreak (A) was refuted due to the
viral genomes belonging to different clades, while two other outbreaks (B and E) were
confirmed due to shared study-unique mutations. Outbreak C and D was more difficult to
resolve due to having similar viral genomes but not necessarily having study-unique mutations
in common. However, the combination of epidemiological data and similarities in viral
genomes makes it likely that they would be part of the same transmission chain, although it can
not be confirmed with confidence. An additional outbreak (F) was discovered when WGS data
was included, which included two HCWs with identical viral genomes who had worked in the
same ward, but with no reported close contact. Overall, the study illustrates the usefulness of
combining SARS-CoV-2 WGS data with epidemiological data to increase the resolution when

doing outbreak investigations.
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5. DISCUSSION

5.1 Methodological considerations

5.1.1 Sample material

Sample material used in study I and study II consisted of clinical cervical cell samples which
had previously been collected, DNA extracted and analysed for HPV, including genotyping.
Previously extracted DNA were stored in a -80°C freezer, which is considered proper long-term
storage of DNA to maintain DNA quality and integrity[265]. TaME-seq uses HPV type-specific
primer pools to amplify and enrich target HPV genome. HPV genotyping do sometimes give
incorrect results[266], which would cause the type-specific primers to not work, causing neither
amplification nor sequencing would give results. Not all samples were at the recommended
input DNA concentration for the Nextera tagmentation reaction; however, the reaction has been
shown to perform well with low amounts of input material[267]. Furthermore, since TaME-seq
enriches HPV target sequences, the viral load in the samples affects the performance of TaME-
seq. Low viral load has been shown to correlate strongly with the mean sequencing coverage
of samples[110]. High-grade lesions have been shown to have a higher HPV viral load than
normal or low-grade lesions[268], and low viral load could have given low coverage or a failed
sequencing reaction in some samples. The sample material was clinical cervical cell samples of
different diagnostic categories positive for different HPV-types. While a study design with an
equal number of samples for all diagnostic categories for all HPV types would have been
preferred, this was not obtainable. This is due to difference in prevalence of the different HPV

types and the genotype distribution between the diagnostic categories.

Sample material used in study III consisted of extracted RNA from naso-/oropharyngeal
samples positive for SARS-CoV-2 from healthcare workers and patients, stored in -80°C. The
ARTIC-protocol used to enrich for SARS-CoV-2 sequences is amplicon-based, and like TaME-
seq performs better with higher viral load. It is possible that samples with low viral load is the
main factor responsible for failed sequencing reactions and low genome coverage, as we
observed better sequencing performance in samples with Ct-values <33. Because we did not
have resources to sequence viral genomes from all patients who had been cared for by the
HCWs or all HCWs from the same wards as those infected, we were not able to assess the

degree of cryptic nosocomial transmission.
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5.1.2 Library preparation and sequencing

The library preparation protocol used in study I and study II was TaME-seq. The protocol uses
a combination of Nextera transposome tagmentation and multiplexed target-specific primers to
amplify HPV sequences as well as hybrid HPV-human sequences[258]. This allows for the
simultaneous investigation of intra-sample viral genomic variation as well as viral integration
into host chromosomes while producing relatively few off-target sequences[258]. The method
is PCR-based, using HPV type-specific primers that are designed to evenly cover the individual
HPV type genomes and suboptimal primer design can result in lower genome coverage and
sequencing depth, poor sequencing alignment and generally less than optimal performance.
Furthermore, PCR reactions can introduce technical errors besides those introduced by
differences in primer efficiency. The sequences themselves can affect the PCR efficiency,
where high GC content and the formation of secondary structures can reduce the amplification
efficiency of certain sequence regions, in addition to stochasticity which might cause low copy
number sequences not to be amplified[269,270]. PCR reactions also uses DNA polymerases to
synthesise new DNA strands which are inherently error-prone, generating both single
nucleotide substitutions and indels, which might be difficult to disentangle from true biological
variation[271]. Sequencing was performed on the Illumina platform, one of the most common
sequencing platforms in use, able to generate the most sequence data[272]. For this dataset,
[llumina was the most suitable due to its ability to generate massive amounts of sequencing data
for a relatively low cost per base, as well as its low error rate which makes it suitable to study

low-frequency MNVs[273].

In study II, the ARTIC V3 library preparation protocol was used. The ARTIC protocol
amplifies SARS-CoV-2 genomes using tiled, multiplexed primers. As the protocol is PCR-
based, the same errors discussed above for TaME-seq can be introduced by this method.
Additionally, it has been shown that the primers are sensitive to substitutions or deletions in the
primer-binding regions, and the primer set has been redesigned several times as SARS-CoV-2
lineages have acquired mutations. The sequencing was done on the Nanopore platform.
Nanopore sequences are known to have a high per-base error rate[273], but as errors are

normally distributed randomly (with the exception for homopolymeric regions) and the method
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is designed to generate consensus genomes from many amplicons, the consensus genomes

generated contain close to no sequencing errors[274].

5.1.3 Bioinformatic analyses

To analyse the TaME-seq sequencing data from study I and study II, an in-house
bioinformatics pipeline using several Python and R scripts, executed using the Snakemake
workflow management system[261]. The aim of the bioinformatics analyses was to investigate
intra-host MNV and integration patterns of HPV in cervical cell samples of different diagnostic

categories.

The MNV calling was based on the relative highest and second highest coverage of each
nucleotide position of the genome to call major and minor alleles, respectively. This was done
in a per-sample and reference genome independent manner. This approach allows the
identification of the genomic diversity of HPV types and their sublineages in the collection of
samples investigated. There is a trade-off in variant calling between retaining true and false
positives. By setting the variant calling threshold low, the number of true positives increases,
but so does the risk of calling false positives generated from PCR and sequencing errors[275].
Vice versa, setting the calling threshold high will increase the number of true and false
negatives[276]. To make sure true low-frequency MNVs were called, a 1% variant calling
threshold was set for study I and study II, and the variant calling pipeline utilizes a stepwise
evaluation of MNVs from both the forward and reverse reactions to minimize the risk of calling
false positive MNVs. Additionally, since the NCR genomic region is known to contain
homopolymeric T tracts which can cause polymerase or sequencing errors, these were excluded

from the variant calling analysis to reduce the number of false positive MNVs.

The identification of integrations was done in a two-step analysis using both discordant reads
and junction reads. The two-step analysis strengthens each other and allows for the
identification of rare and low-frequency integrations with more confidence, as well as
identifying the exact breakpoint coordinates in some cases. Removal of PCR duplicates are
necessary, as their inclusion would result in too many false positives. This might result in the
loss of low-frequency true positive integrations due to having too few reads covering the
integration site, but the filtering is essential and strict in order not to report too many false
positives. Filtering out reported integrations with human breakpoints in homopolymeric regions

are also essential to remove false positive integrations. Validation of reported integration sites

49



was done using Sanger sequencing, which is considered the most common method to validate
NGS results[277]. While many integration sites were validated, some were not. In addition to
being potential false positives, these could be due to suboptimal PCR amplification, off-target
primer hybridization or genomic structural rearrangements in the vicinity of the integrations

site[278,279].

The bioinformatics analysis in study III used a pipeline developed by the ARTIC network, the
same group that developed the SARS-CoV-2 whole genome sequencing protocol. By using a
pipeline developed by the same researchers who developed the WGS protocol and primer
scheme, the pipeline was already optimized for the generation of consensus genomes of high
quality. The Medaka-pipeline was used instead of Nanopolish, since it is not relying on raw
signal data in the form of FASTS5-files of considerable size and quicker, while achieving close
to similar results[274]. To assess the reproducibility of the variants called from the consensus
genomes, five samples were sequenced two times and they all called identical variants where

they shared coverage.

5.1.4 Statistics

In study I, a Kruskal-Wallis test was used to test for significant differences between HPV16
and HPV18. It is a non-parametric and was chosen due to the non-normal distribution of the

test variables, and a significant result indicates group differences, but not which groups that

differ.

In study II, a non-parametric Chi square test of independence was used to analyse if differences
between the groups were significant in respect to integration breakpoints in the HPV genome.
A Chi square test of independence is considered one of the most useful statistics for testing
hypothesis where the variables are categorical[280]. A generalized linear model (glm) was used
when testing dependent and independent variables. The distribution chosen for the glm was
chosen according to the dependent variable to avoid overdispersion. A negative binomial
distribution was used when testing the number of MNVs and number of integrations, as this is
more suitable for overdispersed count data. The rest of the tests uses a binomial distribution,

which is most suitable for presence/absence data.

The standard deviation in our dataset was large with relatively small sample sizes, something
that can contribute to non-significant statistical results. Larger sample sizes are needed to

confirm statistically significant findings.
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5.2 Discussion of results

5.2.1 HPV intra-host variation and integration frequencies

Traditionally, research into HPV lineages and sublineages and their related carcinogenic
potential has studied genomic variation using consensus genomes. However, by solely
investigating genomic variation based on consensus genomes one loses out on variation found
below the consensus level found within infected persons. As deep sequencing studies have
become more common, it has been revealed that HPV infections contain many low-frequency
MNVs which might play a role in sustaining persistence of HPV infections and development
of HPV-induced cancers[109—113]. Most studies have investigated MNVs from clinical
samples in HPV16 (except for one study including also HPV52 and 58), and less is known of
these events in other carcinogenic HR-HPV types. That is why study I investigated these events
in both HPV16 and HPV18. In study II we expand upon study I by including three additional
HR-HPV types, HPV31, 33 and 45. HPV16, 31 and 33 sort under the Alpha-9 subclade and
HPV18 and 45 under Alpha-7, and the aim was to investigate if similarities and differences

found in study I extends to phylogenetically related HPV types.

Our results from study I and II found the presence of numerous MNVs from cervical cell
samples of different diagnostic categories positive for HPV16, 18, 31, 33 and 45. When
comparing the total number of MNVs and their frequency, it was revealed that HPV45 positive
samples had significantly more MNVs at a higher frequency than the four other HPV types.
Since MNVs are called in a reference-independent manner, we rule out reference-divergence
as a source of inflated number of MNVs. Six samples with indicative patterns of co-infections
were also removed from the analysis. However, we cannot completely rule out the possibility
that co-infections of different HPV45 sublineages were causing some of the intra-host variation
observed. The rest of the HPV types had numbers of called MNVs and frequencies that were
not significantly different from each other. Neither the total number of MNVs nor their
frequency were statistically significant between the diagnostic categories within an HPV type.
When investigating where in the HPV genomes the variation was located, it was revealed that
HPV18 and HPV45, which both sort under Alpha-7, have more variation in the E4 gene than
HPV types belonging to Alpha-9. The biological significance of these differences is currently

not clear, and more research is needed. Results from study I showed that the E7 gene in HPV16
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cancer samples had very few non-synonymous mutations, indicative of purifying selection to
conserve the function of the gene. This is in line with similar studies, suggesting that
conservation of E7 function is critical for the development of HPV16-induced cervical

cancer[112].

Several studies have investigated APOBEC3-induced C>T mutations in HPV[110,111,113].
APOBEC3-induced mutations have previously been observed in HPV16, 52 and 58, and have
been found to decrease with increase in diagnostic severity of samples[111]. Study I was to our
knowledge the first study investigating APOBEC3-induced substitutions in HPV18 positive
samples. The study revealed the presence of APOBEC3-related MNV profiles in low-grade
lesions positive for HPV 16, but not in high-grade lesions. The result is in concordance with
other studies showing that APOBEC3-activity is associated with transient and benign HPV
infections[111,113]. This suggests that in high-grade lesions caused by persistent HPV16
infections the virus might be able to evade APOBEC3-activity by unknown mechanisms. No
APOBEC3-related MNV profile was observed for HPV18. In study II we expanded the
analysis to include two HPV types from Alpha-7 (HPV18 and 45) and three Alpha-9 (HPV16,
31 and 33). It was revealed that Alpha-9 types HPV31 and 33 also had APOBEC3-induced C>T
mutations in the trinucleotide context TCA, while this signal was absent in both Alpha-7 types.
Interestingly, the proportion of APOBEC3-mutations were not found to decrease with lesion
severity for HPV31 and 33, suggesting that the ability to evade APOBEC3-activity might be a
feature of HPV 16 carcinogenesis and not an Alpha-9 specific tendency. HPV31 and 33 have
been shown to have a high risk to progress to CIN3, but relative to HPV16, 18 and 45, their risk
to progress to invasive cervical cancer is relatively low[281], and it can be speculated that this
might be partially explained by their inability of evade APOBEC3-activity. Furthermore, the
results indicate that APOBEC3-induced mutagenesis of viral genomes is not a general feature

of HR-HPV infections, as it was not detected in Alpha-7 samples.

In line with other studies, our results show a significantly higher integration frequency in Alpha-
7 than Alpha-9, and that HPV16 have a higher integration frequency than HPV31 and
33[211,215]. Alpha-7 positive samples with integrations also had more integrations per sample
compared to Alpha-9. Additionally, a significant increase in integration frequency with
increased diagnostic severity was observed for Alpha-7. Integrations are associated with
increased genomic instability and progression to invasive cervical cancer[222,282,283]. Our
results show that the percentage of all integrations combined with breakpoints in E1 or E2,

which can cause overexpression of oncogenes E6/E7, increases with increased diagnostic
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severity. The same pattern is found when investigating the presence of cancer-related genes
(CRGs) 10 kb upstream or downstream of the integration site. Integrations are known to cause
local genomic structural rearrangements and to affect host gene expression in their
vicinity[200,205,284]. Many of the CRGs observed in our dataset are also found in similar
studies, indicating that some viral integrations into host chromosomes might confer a selective
growth advantage and contribute to HPV-induced carcinogenesis of the affected cells in a
location-specific manner[203,283]. Additionally, we observed integrations located close to
RCAN2, KLHL29 and MIR205HG twice in independent samples, all genes associated with
cancers in some way or another[285-288]. MIR205HG is in several studies implicated in
playing a role in the development of cervical cancer[287-289], but the observation of
integration close to these two other genes might suggest they could also play a role, an

observation that should be pursued further.

Taken together, the results suggest conserved differences between HPV types belonging to
Alpha-7 and Alpha-9. What drives the differences in integration frequencies and MNV profiles
between the HPV-types is presently not completely understood. Alpha-7 types are more
associated with adenocarcinoma and lesions in glandular cells while Alpha-9 types are more
associated with squamous cell carcinoma and lesions in squamous cells[281]. The differences
observed could be explained by different host-responses between different infected cells and/or
differences in HPV genomic variation. It is already known that HPV16 and HPV 18 differs in
oncogene splice variants, capability to induce p53-degradation, integration frequencies, DNA
methylation patterns and tumour gene expression profiles, among other traits[210,211,215,290—
292]. Study I and study II expands upon this knowledge by investigating integration
frequencies and MNV and APOBEC3 mutation profiles of HPV16 and HPV18 and revealing
that these differences extend to their phylogenetically related high-risk HPV types HPV31, 33
and 45. Although the carcinogenic processes of different HR-HPV types have many similarities,
there is growing evidence that they differ in their ability to infect different cervical cells and in

molecular mechanisms behind HPV-induced cervical cancer.

5.2.2 Nanopore whole genome sequencing of SARS-CoV-2 to

investigate intra-hospital transmission

While study I and study II were deep sequencing studies investigating HPV intra-host

nucleotide variation and viral integration sequenced on the Illumina platform, study III
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investigated intra-hospital SARS-CoV-2 transmission using consensus genomes sequenced on
the Nanopore platform. Study III was done during the first wave of the pandemic, at a time
when the knowledge of SARS-CoV-2 was in its infancy. There was a pressing need to better
understand the main routes of virus transmission, viral reproductive number, severity of
infection and co-morbidities, in addition to other characteristics that are easily taken for granted.
It was of the utmost importance to prevent nosocomial infections to not increase patient
morbidity and mortality[240,293]. Additionally, it was important to prevent infection of HCWs

to prevent HCW-patient transmissions and an understaffed healthcare system.

The routine contact tracing identified five suspected intra-hospital outbreaks of SARS-CoV-2
during the time period of the study. Overall, the study highlights the benefit of including whole
genome sequencing (WGS) data when doing outbreak investigations. With the inclusion of
SARS-CoV-2 WGS data, we gained another level of information on which to confirm or refute
these suspected outbreaks. The increase in resolution allowed for the confirmation of two
suspected outbreaks and the refutation of another while two remained uncertain. A possible
cryptic outbreak not identified during routine contact tracing was discovered with the inclusion

of WGS data.

Another aspect the study brings to light is the complexity in determining whether outbreaks are
nosocomial or not. Several of the suspected outbreaks had viral genomes of high similarity, but
with one or more variants not shared with each other, which makes it difficult to determine
whether the infections were due to direct transmission or independently acquired. During the
time when the study was conducted there were very few available genomes from Norway online
and the viral diversity was very low. This makes it difficult to assess whether two infected
individuals with similar, but not identical, genomes were part of the same transmission chain
or not[237,294]. Therefore, the presence of shared study-unique variants was emphasised when
investigating the suspected outbreaks, while many similar studies use predefined cut-offs of
maximum allowed differences to define outbreaks[237,295-297]. However, with the inclusion
of contact tracing data this obstacle can to an extent be overcome, and the suspected outbreaks
in question can be assumed to be more likely nosocomial than not. The combination of 1.
recorded close contact between the suspected cases, 2. similar viral genomes and 3. that HCWs
were under strict regulations to avoid infections at work and under national lockdown between
March 12" and July 15", makes it more likely that the cases resulted from nosocomial

transmissions.
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Several similar studies have been published during the ongoing pandemic, showing the power
of combining epidemiological data with viral genomic data[237,295-299]. The studies have
highlighted the benefits of real-time outbreak investigations. In-hospital studies are especially
helpful when investigating transmission dynamics and genetic variability of SARS-CoV-2 due
to the hospital environment being tightly monitored and controlled. In study III we observed
the gain of new mutations from the same outbreaks. This might be due to the viral genomes
acquiring new mutations during the course of infections which are then transmitted to new
individuals. Longitudinal studies of SARS-CoV-2 intra-host genomic variation have revealed
the presence of numerous MNVs that shift in frequency as an infection progresses[91,120,123].
Additionally, studies that have investigated the transmission bottleneck of SARS-CoV-2
discovered that, even if the transmission bottleneck is narrow, MNVs are transmitted to new
hosts[118,119,124,298]. We observed that samples acquired late in the transmission chain
relative to suspected primary cases (>8 days) carry novel variants, suggesting that novel variants
are generated within infected individuals and the likelihood of them being transmitted increases
as the infection progresses. The mutation rate of SARS-CoV-2 is estimated to result in
approximately 2-3 mutations per month[300,301], however, the acquisition of mutations in
genomes and their transmission is a stochastic process[302]. Another possible explanation
could be cryptic transmission between asymptomatic individuals, but as we did not have the
resources to sequence the viral genomes of all patients cared for by the HCWs or all HCWs
from affected wards, investigating cryptic transmission and possible transmission between

HCWs wearing personal protective equipment and patients in general was not possible.

5.3 Significance of results and future perspectives

Future research into MNV and integration profiles of different HPV types should strive to
include more samples in all clinical categories, especially so in the normal and low-grade lesion
categories. This would allow for a more thorough exploration of these genomic events and their
differences between different categories. Longitudinal sampling would also allow to investigate
these events and how they change over time, allowing us to further investigate and verify if the
findings have prognostic value in assessing risk of persistent HPV infections and cervical
cancer development. Additionally, follow-up data from the national cancer registry detailing
cancer development and interventions would better inform such risk assessment. Furthermore,
TaME-seq can be used in epidemiological studies of HPV infections to study genomic diversity

per se and in vaccine surveillance studies. The intra-host events investigated in study I and
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study II could have an impact on vaccine efficacy and could be used in the development of
new and better targeting HPV vaccines, both prophylactic and therapeutic. The TaME-seq
protocol can easily be adapted to study these events also in other viruses where intra-host MNVs
and/or integrations are thought to be of relevance in disease severity or developing resistances

to therapeutic treatments or vaccines[303-306].

Study I adds to the growing evidence that HPV16 and HPV 18 differ in their molecular biology
and suggests that their carcinogenicity may manifests through parallel mechanistic routes to
HPV-induced cancer[52,290-292]. Study II strengthens the findings by showing that these
differences extend to the closely related HR-HPV types from the Alpha-7 and Alpha-9 clades,
HPV31, 33 and 45. Studying and comparing similarities and differences of these genomic
events between different HR-HPV types can provide knowledge of different molecular
mechanisms behind HPV-induced cancers and help explain why some types are more prevalent

in cancers than others and more carcinogenic.

Persistent HR-HPV infections are considered necessary for the development of HPV-induced
cervical cancer[30]. However, as most infections are eventually cleared by the immune system,
persistent infection is in itself an insufficient driver[23]. Intra-host molecular events like the
generation of MNVs and integrations can influence whether an infection progresses to
precancerous lesions and cancer, and one of the long-term aims of the project study I and study
II is to see if these molecular events can be used in disease risk assessment. Currently, the
cervical cancer screening programme’s method for preventing cervical cancer is to detect early
HPV infections and triage precancerous lesions[307]. It is acknowledged that this regimen
causes overtreatment of precancerous lesions that could have regressed in its own given
time[181]. Future studies should assess whether MNVs in certain genomic positions or viral
integration of certain characteristics are associated with the development of precancerous
lesions and cervical cancer to bring us one step closer to having a personalised cervical cancer

risk assessment.

Study III gave insight into the resolution one can obtain in outbreak investigations by
combining epidemiological data with genomic data. Relying on a yes/no answer from a PCR
test and contact tracing information alone makes it difficult to ascertain whether an infection
was nosocomial in nature or community-acquired. By including information of all variants

present in the viral genomes sampled from individuals within the same suspected transmission
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chain, we can more easily refute cases that are not connected and confirm true transmission
events. By sequencing on the Nanopore platform, one can gain near real-time knowledge of
hospital transmission and effectuate necessary infection control measures to limit
spread[237,297]. This is extremely valuable in a hospital setting, as an excess of infected HCW's
would strain the healthcare service, and the consequence of HCW-patient transmission can
cause unnecessary SARS-CoV-2 related deaths and post-covid. As several studies have shown,
intra-host MNVs arise during SARS-CoV-2 infections as well. While the transmission
bottleneck is supposedly narrow and transmission of MNV's between individual does not occur
often, it would still add useful information one could use to confirm or refute
outbreaks[118,119,124,298,308]. However, due to its high error rate, Nanopore would not be
an appropriate sequencing instrument to find MNVs[274]. Inclusion of MNVs in outbreak

investigations would then necessitate deep sequencing on for example the I1lumina platform.

The research presented here laid the foundation for how SARS-CoV-2 outbreak investigations
are conducted at Akershus University Hospital today. As the sequencing now is done in-house,
the time from detection of suspected outbreaks or infection with variants of concern to
implementing necessary infection prevention measures, has drastically been reduced. The
sequencing results in themselves are important, as being a part of the global sequencing effort
has contributed to understanding the evolution and biology of SARS-CoV-2, the dynamics of
the pandemic over time, and contributed with information used to aid and guide public health
decisions[228,309]. The ongoing pandemic is far from over, as the dominating Omicron variant
and its sublineages have shown. At the time of writing, cases of SARS-CoV-2 infections are
increasing in several countries[310]. As with the HPV vaccine, there seems to be an inability
to fairly distribute vaccines against SARS-CoV-2 infections between high-and upper-middle
income countries and low- and lower-middle income countries[246,247]. Until we achieve
equity in vaccine coverage, the world is still at risk of emerging SARS-CoV-2 variants that can
have increased virulence to compromise the effects of diagnostics, therapeutics and immunity

through infection or vaccines[311].

Overall, the thesis highlights how powerful of a tool NGS sequencing and viral genomics is to
gain insight into human viral pathogens. On one hand, we are still able to attain new knowledge
of one of the oldest human viral pathogens, HPVs, to further understand their molecular routes
of cellular transformation that place such an immense burden on the global health, even with
effective vaccines having been developed. On the other hand, NGS has been an extremely

important tool in understanding a completely novel viral pathogen. SARS-CoV-2 rapidly
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spread to all parts of the world, forced people social isolation for weeks and months at a time
and still managed to cause the deaths of millions of individuals. The rapid sequencing of the
first SARS-CoV-2 genomes allowed for the early development of vaccines, which started
rolling out within the first year of the pandemic and reintroduced the populace to a more normal
day-to-day life. The concerted global sequencing effort allowed for quick insights into how the
virus spread, guiding public health decision-makers in how to best protect the most people.
NGS and the knowledge we gain through it is the first line of defence against novel pathogens,
and by building competence in viral genome sequencing and the associated bioinformatic

analysis, the healthcare system is more prepared when new pandemics are upon us.

6. CONCLUSIONS

This thesis aimed at using Illumina sequencing and viral genomics to characterise HPV intra-
host genomic variation and chromosomal integrations for different HR-HPV types and explore
these events in HPV-induced carcinogenesis. Additionally, Nanopore sequencing was used to
whole genome sequence SARS-CoV-2 genomes to combine genomic information with

epidemiological data to increase the resolution of intra-hospital outbreak investigations.

The studies into intra-host HPV genomic variation revealed numerous MNVs at low frequency.
While the amount did not differ between the diagnostic categories within the HPV types,
HPV45 were found to have more MNVs at a higher frequency than the other HR-HPVs
investigated. Notably, only HPV16, 31 and 33 showed APOBEC3-related nucleotide
substitutions, while this was not found for HPV18 and 45. Thus, HR-HPV types from the
Alpha-7 and Alpha-9 clades are shown to differ in their ability to trigger APOBEC3-activity.
Additionally, samples from Alpha-7 types had a higher integration frequency than Alpha-9. The
results add to the growing knowledge of the biological differences and similarities of different
HR-HPV types, and that closely related HPV types are more similar in these traits than to those

more distant.

The inclusion of SARS-CoV-2 WGS data was shown to be a powerful tool to include in intra-

hospital outbreak investigations. Contact tracing alone falsely identified one hospital outbreak
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and overlooked another. The rapid inclusion of WGS data can give a better understanding of
nosocomial transmissions and aids in guiding local infection prevention and control routines at

hospitals.
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ABSTRACT

Human papillomavirus (HPV) 16 and 18 are the most predominant types in cervical cancer. Only a small fraction
of HPV infections progress to cancer, indicating that additional factors and genomic events contribute to the
carcinogenesis, such as minor nucleotide variation caused by APOBEC3 and chromosomal integration.

We analysed intra-host minor nucleotide variants (MNVs) and integration in HPV16 and HPV18 positive
cervical samples with different morphology. Samples were sequenced using an HPV whole genome sequencing
protocol TaME-seq. A total of 80 HPV16 and 51 HPV18 positive samples passed the sequencing depth criteria of
300x reads, showing the following distribution: non-progressive disease (HPV16 n = 21, HPV18 n = 12); cer-
vical intraepithelial neoplasia (CIN) grade 2 (HPV16 n = 27, HPV18 n = 9); CIN3/adenocarcinoma in situ (AIS)
(HPV16 n = 27, HPV18 n = 30); cervical cancer (HPV16 n = 5).

Similar numbers of MNVs in HPV16 and HPV18 samples were observed for most viral genes, with the
exception of HPV18 E4 with higher numbers across clinical categories. APOBEC3 signatures were observed in
HPV16 lesions, while similar mutation patterns were not detected for HPV18. The proportion of samples with
integration was 13% for HPV16 and 59% for HPV18 positive samples, with a noticeable portion located within or
close to cancer-related genes.

1. Introduction

A persistent infection with one of the carcinogenic HPV genotypes is
accepted as a necessary cause of cervical cancer development [1]. Of the
12 carcinogenic types [2], HPV16 and HPV18 are associated with about
70% of all cervical cancers [3]. HPV16 is predominantly associated with
squamous cell carcinomas (SCC), while HPV18 is more often detected in
adenocarcinomas [3], suggesting that these HPV types differ in their
target cell specificity [4]. Nevertheless, only a small fraction of HPV
infections will persist and progress to cancer [5], indicating that addi-
tional factors and genomic events are necessary for the HPV-induced
carcinogenic process.

The 7.9 kb double stranded HPV DNA genome consists of early re-
gion (E1, E2, E4-7) genes, late region (L1, L2) genes, an upstream reg-
ulatory region (URR) and a short non-coding region (NCR) between the
genes E5 and L2 [6,7]. To date, more than 200 HPV genotypes have been
identified, based on at least 10% difference within the conserved L1
gene sequence [8]. HPV types harbouring minor genetic variation are
grouped into lineages (1-10% whole genome nucleotide difference) and
sublineages (0.5-1.0% difference) [9]. HPV evolve slowly partly since
the HPV genome replication is dependent on host cell high-fidelity
polymerases [10]. However, recent studies have revealed variability
below the level of HPV sublineages. These are non-lineage genetic var-
iants, which may at low frequencies indicate intra-host viral diversifi-
cation and evolution [11-13].
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Abbreviations

AID activation-induced cytidine deaminase

AIS adenocarcinoma in situ

ASC-US atypical squamous cells of undetermined significance
CIN cervical intraepithelial neoplasia

dN/dS  ratio of non-synonymous to synonymous substitutions
HPV human papillomavirus

LSIL low-grade squamous intraepithelial lesion

MNV minor nucleotide variant

NCR non-coding region

ncRNA  non-coding RNA

NGS next-generation sequencing

SCC squamous cell carcinoma

URR upstream regulatory region

UTR untranslated region

The generation of viral genetic variants is caused by various sto-
chastic or targeted mutagenic processes [14]. One of the targeted
mechanisms suggested to cause MNVs and impact HPV mutational drift
involves the anti-viral host-defence enzyme apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3) proteins
[15]. APOBEC3 proteins are cytidine deaminases causing deoxycytidine
(C) to deoxythymidine (T) mutations during viral replication. The mu-
tations can lead to defects in viral genome replication necessary for the
viral life cycle [16]. APOBEC3 mutational signatures have been found in
the human genome in cervical cancers [17], as well as in HPV genomes
in cervical pre-cancerous and cancer samples [11,18,19], and has
recently been associated with viral clearance [20]. APOBEC3A may
function as a HPV restriction factor [15] and APOBEC3B has been shown
to be upregulated by HPV [21]. The two enzymes APOBEC3A and
APOBEC3B display preference for the motifs YTCA (Y = pyrimidine) and
RTCA (R = purine), respectively [22]. Findings of hypovariability of the
E7 gene suggest negative selection opposite of APOBEC3-related editing
and an essential gene conservation for progression to cancer [23,24].

HPV integration into the host genome is regarded as a driving event
in cervical carcinogenesis and is observed in >80% of HPV-induced
cancers [25]. Integrations causing disruption or complete deletion of
the E1 or E2 gene result in constitutive expression of the viral E6 and E7
oncogenes [26], leading to inactivation of cell cycle checkpoints and
genomic instability [27]. Integration may also lead to disruption of host
genes, such as tumour-suppressor genes or negative regulators of on-
cogenes, modified expression of adjacent genes, as well as other genomic
alterations, which may promote HPV-induced carcinogenesis [28-30].
In high-grade lesions and cancers, integrations in certain chromosomal
loci, including loci 3928, 8q24.21 and 13q22.1, have been reported
more often than in other loci [31], suggesting selective growth advan-
tages for cells with site-specific integrations in e.g. important regulatory
genes. Increasing integration frequencies have been reported upon
comparison of cervical precancerous and cancer lesions [32,33].

Recently, we developed a novel next-generation sequencing (NGS)
strategy TaME-seq for simultaneous analysis of HPV genomic variability
and chromosomal integration [34]. Employing the TaME-seq method,
we have explored HPV16 and HPV18 intra-host genomic variability and
integration in HPV positive cervical samples with different morphol-
ogies. Differences in HPV variability between the diagnostic categories
may shed light on intra-host viral genome dynamics and evolution
processes in cervical carcinogenesis. In addition, integration analysis
will contribute to a better understanding of this event during
HPV-induced carcinogenesis.

Tumour Virus Research 12 (2021) 200221

2. Material and methods
2.1. Sample selection

Cervical cell samples have previously been collected from women
attending the cervical cancer screening program in Norway between
January 2005 and April 2008. Samples were collected in ThinPrep
PreservCyt solution (Hologic, Marlborough, MA) and pelleted before
storage at —80 °C. The samples were stored in a research biobank at
Akershus University Hospital, consisting of both the cell material and
extracted DNA. Recruitment criteria and HPV detection and genotyping
have been described previously [35,36]. Cytology samples were previ-
ously analysed for HPV using the Amplicor HPV DNA test (Roche Di-
agnostics, Switzerland) followed by genotyping by Linear Array (Roche
Diagnostics, Switzerland) and PreTect HPV-Proofer (PreTect AS,
Norway).

In this study, primarily DNA was used for downstream analyses; for
some samples, DNA extraction had to be performed from the cell ma-
terial. DNA extraction was performed using the automated NucliSENS
easyMag platform (BioMerieux Inc., France) with off-board lysis. All
samples in the biobank that were positive for HPV16 and/or HPV18,
alone or together with other HPV types, by one or both of the genotyping
methods were included in the study, with the exception of HPV16 CIN3
samples for which a random selection of 50 samples were included. In
total, 157 HPV16 positive samples and 75 HPV18 positive samples were
subjected to sequencing (Table 1). All samples were allocated to mutu-
ally exclusive categories based on the HPV type and the diagnostic
categories of non-progressive disease, histologically confirmed cervical
intraepithelial neoplasia (CIN) grade 2 (CIN2), CIN3/adenocarcinoma in
situ (AIS) and cancer. The non-progressive disease category included
samples from women with normal cytology also having normal cytology
the preceding two years and with no previous history of treatment for
cervical neoplasia (HPV16 n = 24, HPV18 n = 3), and samples from
women with atypical squamous cells of undetermined significance (ASC-
US) or low-grade squamous intraepithelial lesions (LSIL) with no follow-
up diagnosis within four years subsequent to the diagnosis (HPV16 n =
31, HPV18 n = 13). For the CIN2, CIN3/AIS and cancer categories,
sequencing was performed on cell samples taken at the time of conisa-
tion; cytological examination of these samples was not performed. The
cancer category included SCC (n = 4) and adenocarcinoma (n = 1)
samples.

2.2. Library preparation and sequencing

Library preparation was performed using the TaME-seq method as
described previously [34]. In brief, samples were subjected to tagmen-
tation using Nextera DNA library prep kit (Illumina, Inc., San Diego,
CA), following target enrichment performed by multiplex PCR using
HPV primers and a combination of i7 index primers [37] and i5 index
primers from the Nextera index kit (Illumina, Inc., San Diego, CA).
Sequencing was performed on the HiSeq2500 platform with 125 bp
paired-end reads.

2.3. Sequence alignment

Data was analysed by an in-house bioinformatics pipeline as
described previously [34]. Reads were mapped to human genome
(GRCh38/hg38) using HISAT2 (v2.1.0) [38]. HPV16 and HPV18 refer-
ence genomes were obtained from the PaVE database (https://pave.niai
d.nih.gov). Mapping statistics and sequencing coverage were calculated
using the Pysam package [39] with an in-house Python (v3.5.4) script.
Downstream analysis was performed using an in-house R (v3.5.1) script.
Samples with a mean sequencing depth of <300x were excluded from
the further analysis.
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Table 1

Number of samples and mean mappings statistics in each HPV16 and HPV18 diagnostic category.

Tumour Virus Research 12 (2021) 200221

Diagnostic Sequenced Analysed Mean age Mean numbers in the analysed samples
t )t 1

category samples samples Raw Reads mapped to target Mean Fraction of genome covered by min.
reads HPV coverage 100x

HPV16

Normal® 24 2¢ 21 49 (32-68) 1.4 M 1.1 M 13516 0.78

ASC-US/LSIL" 31 19° 33(19-54)

CIN2¢ 47 27 31(17-61) 0.6 M 0.4 M 4711 0.69

CIN3/AIS* 50 27 34 (22-54) 1.0M 0.8 M 9616 0.76

Cancer®? 5 5 30(25-39) 2.4 M 1.7M 20850 0.67

Total 157 80

HPV18

Normal® 3 1° 12 49 (47-52) 38.8M 23.4M 292143 0.86

ASC-US/LSIL” 13 11° 33 (20-49)

CIN2¢ 13 9 34 (20-44) 77.1 M 36.5M 431649 0.86

CIN3/AIS* 46 30 34 (24-54) 25.5M 122 M 147747 0.82

Cancer 0 - —

Total 75 51

# By cytology.

o

By cytology; no cell abnormalities within 4-year follow-up.

4 Includes cases of SCC (n = 4) and adenocarcinoma (n = 1).
Non-progressive category, samples combined for analysis.

2.4. Sequence variation analysis

Mapped nucleotide counts over the HPV genomes and average
mapping quality values for each nucleotide were retrieved from the
HISAT sequence alignment. Variant calling was performed using an in-
house R (v3.5.1) script. Nucleotides seen <2 times in each position
and nucleotides with mean Phred quality score of <20 were filtered out.
Since the analysis focused on the intra-host MNVs, the variant calling
was performed independent of the reference genome; the most frequent
base in each position was called as the major nucleotide and the second
most abundant base as the MNV. Both F and R nucleotide counts from
the same sample, obtained independently from separate amplification
reactions, were combined and variant allele frequencies were calculated
for each genomic position. If MNVs called from the two separate re-
actions were discordant, the highest covered MNV was used. Genomic
positions covered with <100 x were filtered out. MNVs were called if the
MNV frequency was >1%. HPV16 and HPV18 have homopolymeric T
tracts in NCR (HPV16:4156-4173, HPV16:4183-4212,
HPV18:4198-4234); these regions may be prone to polymerase or
sequencing errors and were filtered out.

The ratio of non-synonymous to synonymous substitutions (dN/dS)
was calculated to indicate potential positive (new MNVs favoured) or
negative (new MNVs eliminated) selection affecting protein-coding
genes. For mutational signature analysis, all nucleotide substitutions
were classified into six base substitutions, C > A, C>G,C>T,T>A, T
> C, and T > G, and further into 96 trinucleotide substitution types,
including information on the bases immediately 5’ and 3’ of the mutated
base. To differentiate APOBEC3A and APOBEC3B activity, an extended
mutational signature analysis was conducted on mutations in the
genomic context YTCA and RTCA, respectively. Analysis was performed
using an in-house R (v3.5.1) script.

2.5. Detection of chromosomal integration

Integration site detection was performed as described previously
[34]. In brief, a two-step analysis strategy was employed to identify read
pairs spanning integration sites. First, read pairs with one read mapped
to HPV and the other to the human chromosome were identified using
HISAT2. Second, unmapped reads were re-mapped using the LAST
(v876) aligner (options -M -C2) [40] to increase detections of the above
mentioned read pairs. Reads sharing the same start and end coordinates

Cytology taken at the time of conisation, with the histological diagnosis presented.

were considered as potential PCR duplicates and were excluded.
Selected integration sites were confirmed by PCR amplification and
Sanger sequencing on the ABI® 3130xl/3100 Genetic Analyzer
16-Capillary Array (Thermo Fisher Scientific Inc., Waltham, MA) using
BigDye™ Terminator v1.1 cycle sequencing kit (Thermo Fisher Scien-
tific Inc., Waltham, MA). Samples with a mean depth of >1000x and
<85% of the genome covered by minimum 100x were manually
inspected using IGV (v2.3.90) to detect HPV genomic deletions.

2.6. Functional annotation of genes within or close to integration sites

Nearest gene, with a transcription start site within 100 kb from the
integration site, was identified using Ensembl. Gene2function
(http://www.gene2function.org) and Genecards (https://www.gene
cards.org) were used to annotate the molecular function and disease
phenotype of each gene. SNP associations in the GWAS Catalog [41]
were retrieved from Genecards. Genes involved in cell cycle regulation,
cell proliferation, apoptosis, tumour suppressor mechanisms,
cancer-related pathways, or genes interacting with these pathways, or
genes with direct cancer-related SNP associations, were termed as
cancer-related genes. The integration sites were manually inspected
using Geneious Prime (v.2019.0.4) to investigate whether the integra-
tion site was located in exons, introns or UTRs. Information regarding
regulatory elements, including promoters, promoter flanking regions,
enhancers and CTCF-binding sites, was retrieved from Ensembl regula-
tory build [42]. Integration sites in retained introns, ncRNA and anti-
sense RNA were reported if they had a transcript support level of 1 or 2.

2.7. Statistical analysis

Statistical analyses were done in R (v3.5.1). The Kruskal-Wallis test
was used to examine differences in numbers and frequencies of MNVs
and integrations between the groups. A p-value of <0.05 was considered
statistically significant.

2.8. Ethical considerations

This study was approved by the Regional Committee for Medical and
Health Research Ethics, Oslo, Norway (REK 2017/447). Written
informed consent has been obtained from all study participants.
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3. Results
3.1. Characteristics and sequencing statistics

This study included 232 HPV16 and HPV18 positive cervical cell
samples which were categorised according to cytology or histology
diagnosis. A total of 80 HPV16 positive samples and 51 HPV18 positive
samples, allocated to diagnostic categories of non-progressive disease,
CIN2, CIN3/AIS and cancer, passed the strict sequencing depth criteria
necessary for further analyses of minor nucleotide variation and inte-
gration. In total, 1.05 billion read pairs were analysed. The mean
sequencing coverage per sample in the different categories ranged from
4711 (CIN2) to 20850 (cancer) for HPV16 positive samples and from
147747 (CIN3/AIS) to 431649 (CIN2) for HPV18 positive samples. On
average, the samples had 77.7% of the genome covered with a minimum
depth of 100x (Table 1).

3.2. Minor nucleotide variation profiles similar for HPV16 and HPV18

Overall, the number of MNVs was similar in HPV16 and HPV18
positive samples, and between the diagnostic categories. In total, 3669
MNVs were found in all 131 samples. In HPV16 positive samples, the
mean number of MNVs found in the non-progressive category was 36 per
sample, 29 in the CIN2 category, 27 in the CIN3/AIS category, and 24 in
the cancer category. Corresponding numbers for HPV18 positive sam-
ples were 24, 20, and 27 for the non-progressive, CIN2 and CIN3/AIS
categories, respectively (Fig. 1A). HPV16 positive samples had mean
MNV frequencies of 2.8% for non-progressive, 2.9% for CIN2, 3.3% for
CIN3/AIS and 3.0% for cancer categories. For HPV18 positive samples,
the mean MNV frequencies were 3.1% for non-progressive, 2.6% for
CIN2 and 5.0% for CIN3/AIS categories (Fig. 1B). Statistical analysis was
performed; the mean numbers and MNV frequencies were not statisti-
cally different between the HPV types or the diagnostic groups within an
HPV type.

A
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3.3. Different level of variation in HPV16 and HPV18 genes

HPV MNVs occurred throughout all HPV genes (Fig. 2A). A higher
degree of variation was observed in the HPV18 E4 gene throughout the
different diagnostic categories. The dN/dS patterns for HPV16 showed
mostly nonsynonymous variants (dN/dS > 1), while a considerable part
of HPV18 genes had equal amounts of nonsynonymous and synonymous
variants (dN/dS ~ 1) (Fig. 2B). Strikingly, several HPV16 genes showed
signs of positive selection, i.e. a preference for non-synonymous muta-
tions (dN) over synonymous mutations (dS). HPV16 E6 had the most
pronounced dN/dS ratio of 6. In contrast, the E7 gene in the same
samples had a dN/dS ratio of 0.4, indicating neutral or negative selec-
tion. Over all, diagnostic categories and in both HPV types, the E2 gene
displayed the highest dN/dS ratio, which for HPV18 were consistently
>2. For the other HPV18 genes, the dN/dS ratio was close to 1 across
diagnostic categories.

3.4. APOBEC3-related mutational signatures identified in non-progressive
and CIN2 samples

Among nucleotide substitutions, predominantly C > T and T > C
substitutions were observed across all diagnostic categories (Supple-
mentary Figure S1). The APOBEC3-related C > T substitutions were
compared between the different categories and HPV types (Fig. 3). C>T
substitutions in the trinucleotide context TCW (W is A or T), a preferred
target sequence for the APOBEC3 proteins [43] and a more stringent
motif than TCN (N is any nucleotide [44], was the most prevalent
mutational signature type in HPV16 non-progressive samples and to a
slightly less extent in HPV16 CIN2 samples. HPV16 CIN3/AIS and cancer
samples did not show any preferred signature patterns. Interestingly,
HPV18 samples showed different C > T trinucleotide substitution pat-
terns compared to HPV16 samples. In all HPV18 diagnostic categories,
C > T substitutions in the trinucleotide context ACA was predominantly
observed, while C > T substitutions in the trinucleotide context GCA was
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Fig. 2. Number of variants, nonsynonymous and synonymous variations in the different HPV genes. A) Heat map with yellow-orange-purple gradient colour-coding
representing mean number of variants per sample in HPV16 and HPV18 genomic regions. Number of variants is normalised by the gene length and stratified by the
diagnostic category. B) Heat map with blue-white-red gradient colour-coding representing the ratio of non-synonymous to synonymous substitutions (dN/dS) in

HPV16 and HPV18 genomic regions across the different diagnostic categories.

the second most prevalent in non-progressive and CIN2 samples. For the
extended signature mutational analysis, there were only 15 instances of
mutations in the YTCA context in 8 samples while mutations in the
RTCA context were not found in any samples in the dataset.

3.5. Higher HPV integration frequencies in HPV18 than in HPV16
positive samples

The proportion of samples with integration was 13% (10/80) for
HPV16 and 59% (30/51) for HPV18 positive samples (Table 2). The
integration frequency was higher in all HPV18 positive diagnostic cat-
egories compared to the HPV16 categories. Of the HPV16 positive
samples, HPV integration was detected in 4%, 7% and 60% in CIN2,
CIN3/AIS and cancer samples, respectively. Corresponding numbers in
HPV18 samples were 78% and 53% for CIN2 and CIN3/AIS categories,
respectively. The total number of integration sites found in each diag-
nostic category was in general higher for HPV18 positive samples,
ranging from 22 (CIN2) to 60 (CIN3/AIS), while for HPV16 samples, a
total of 17 integration sites were identified (Table 2).

In Fig. 4A, the difference between HPV16 and HPV18 positive
samples in terms of number of integration sites is illustrated, stratified
by diagnostic category. Combined for all diagnostic groups, HPV18
samples had significantly more integration sites than HPV16 samples (p-
value < 0.001). The mean numbers of integration sites per HPV18
positive sample were 3.4, 3.1 and 3.8 for the non-progressive, CIN2 and
CIN3/AIS categories, respectively. The mean numbers of integration
sites per HPV16 positive sample with observed integration, were 1.3, 2,
1.5 and 2.3 for the non-progressive, CIN2, CIN3/AIS and cancer cate-
gories, respectively (Fig. 4A). In total, six HPV16 positive samples and
18 HPV18 positive samples had more than one integration site observed

(Supplementary Table S1).

The validation rates of integration sites using Sanger sequencing
(good quality chromatograms produced) was 44% (7/16 samples)
(Supplementary Table S1, Supplementary Table S2). A PCR product or a
smear was identified on agarose gel but no clean chromatogram was
seen in additional 44% (7/16) of the reactions (Supplementary
Figure S2). Two integration sites, one in HPV16 and one in HPV18
positive sample, both in the non-progressive category, could not be
confirmed (Supplementary Table S1).

3.6. Break points and deletions in the HPV genome

For HPV16, integration-associated break points in the viral genome
were detected in all genes except E4 and E7. Notably, NCR between the
E5 and L2 genes, harboured two break points in one cancer sample
(Fig. 4B, Supplementary Table S1). In the HPV18 positive samples, break
points were located in all HPV genomic regions except NCR. Expected
number of break points in each gene relative to gene lengths was esti-
mated with regard to randomness by dividing the total number of break
points within a HPV type by the length of the gene. Based on this, breaks
were more frequently observed in E1 and NCR in HPV16 samples and in
E2, E4 and L2 in HPV18 samples, while L1 and URR were less prone to
break (Fig. 4B). For HPV16 and HPV18 combined, break points were
located in E1 or E2 in 38%, 38%, 48%, and 57% of all the breaks in non-
progressive, CIN2, CIN3/AIS, and cancer categories, respectively (Sup-
plementary Figure S3). All cancer samples had at least one break point in
E1 or E2 (Supplementary Table S1).

HPV genomic regions covered with very few or no sequencing reads
were considered as deletions according to previous validations [34].
Such deletions were observed in six samples; one HPV16 positive sample
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Fig. 3. C > T mutational signatures in HPV16 and HPV18 positive samples. The mean proportion of 16 trinucleotide substitution types is shown below the plots
across the different diagnostic categories. Error bars represent the standard error of the mean.

(cancer) and five HPV18 positive samples (Supplementary Figure S4).
For these samples, human sequences were detected flanking the deleted
regions, indicating chromosomal integration. In all six samples, the
genomic deletion encompassed the region between E1/E2 and L2. The
deletions were either partial, suggesting the presence of both episomal
and integrated HPV DNA, or complete with no reads detected for the
deleted region.

3.7. Integration sites in the human genome

In HPV16 positive samples, integration sites (n = 17) were distrib-
uted on 10 chromosomes; for the cancer samples, all integration sites (n
= 7) were located on chromosomes 1, 8 or 10 (Fig. 4C). Interestingly, the

integration sites on chromosome 8 were located in the PVT1 oncogene,
in the chromosomal locus 8q24.21 (Supplementary Table S1), previ-
ously being defined as an HPV integration hotspot [31]. For the HPV18
positive samples, integration sites (n = 106) were found in all chro-
mosomes except chromosomes 18 and 21 (Fig. 4C). Most HPV18 inte-
gration sites were observed on chromosomes 2 and 4. In HPV18 samples,
36% (4/11) of the integration sites on chromosome 4 were located in the
previously defined hotspot locus 4q13.3 [31], all from samples diag-
nosed with CIN2 or CIN3/AIS.

Due to a low frequency of integration events in HPV16 positive
samples, HPV16 and HPV18 samples were combined for reporting HPV
integrations affecting different human genetic elements. The frequency
of integration sites located in human genes ranged from 50 to 71%, with
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Table 2
Number of HPV16 and HPV18 positive samples with integration, stratified by
the diagnostic categories.

Tumour Virus Research 12 (2021) 200221

the highest frequency observed in cancer samples (Fig. 5A). Integration
sites were detected in or close to cancer-related genes (Supplementary
Table S3) in 100% (7/7) of cancer samples (n = 3), in 65% (41/63) of
CIN3/AIS samples (n = 18), in 38% (9/24) of CIN2 samples (n = 8), and

Diagnostic Number of samples with Total number of
category integration (Frequency %) integration sites in 34% (10/29) in non-progressive samples (n = 11) (Fig. 5B). In indi-
HPV16 vidual samples, the highest numbers of integration sites located in or
Non-progressive (n 4 (19%) 5 near cancer-related genes was 13/21 in CIN3/AIS, 3/10 in CIN2, and 5/
=21) 12 in non-progressive samples, all being HPV18 positive (Supplemen-
— 0, .
CIN2 (n = 27) 1 (4%) 2 tary Figure S5).
CIN3/AIS (n =27) 2 (7%) 3 ion 1 di . 1 . ined
Cancer (n — 5) 3 (60%) 7 . Integration (.)cate in exons, 1ntroTls, regulatory regions, retaine
Total (n = 80) 10 (13%) 17 introns, non-coding RNA (ncRNA), antisense RNA and untranslated re-
HPV1S gions (UTRs) varied between the diagnostic groups (Supplementary
Non-progressive (n 7 (58%) 24 Table S1). Integration frequency in exons and regulatory regions
=12) decreased with lesion severity, while the integration frequency in in-
CIN2 (n = 9) 7 (78%) 22 trons, retained introns and ncRNA increased with lesion severity. Anti-
— 0 . . . . . .
CINS/AIS (n = 30) 16 (53%) 60 sense and UTR showed only few integrations in certain diagnostic
Total (n = 51) 30 (59%) 106 .
groups (Supplementary Figure S6).
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Fig. 5. The frequency of integration sites combined for HPV16 and HPV18 A) in human genes, and B) in or near human cancer-related genes. Number of integration
sites is indicated inside the bars and total number of samples with integration (n) for each diagnostic category is specified on x-axis.

4. Discussion

This study compares HPV16- and HPV18-associated genomic events,
i.e. MNVs and integrations, in normal/ASC-US/LSIL samples from
women with no clinical progression; CIN2, CIN3/AIS and cervical can-
cer samples. We find that these genomic events are strikingly different
between HPV16 and HPV18 positive samples. In line with other studies
[11,20], we show decreases in APOBEC3-related nucleotide sub-
stitutions in HPV16 positive samples of increasing severity. As previ-
ously reported [25,45], HPV18 samples show higher integration
frequencies compared to HPV16, while we also found an increase in
integration frequencies in or in close proximity to cancer-related genes
with increasing lesion severity.

In this study, the number and frequency of intra-host MNVs was
similar between HPV genotypes and morphological categories. Recent
HPV deep sequencing studies, exploring HPV genomic variation with
various PCR-based NGS approaches and different variant calling
thresholds, show slightly divergent numbers of MNVs [11,20,34]. We
found a total of 3669 MNVs in the 131 samples, being in line with studies
reporting a high number of HPV variation at the population level [24,46,
471, within infected hosts [11,12,34]. A recent study on HPV16 genome
stability analysed possible HPV16 sublineage co-infections and observed
20-38 variants in each sample [48], corresponding to the mean numbers
of MNVs in this study. The variation was reported not to be due to
co-infections, but interpretation of the nucleotide variation source was
not further elaborated [48]. The prevalence of sub-lineage co-infections
is expected to be low [49].

When investigating the number of MNVs for each region or gene in
the HPV genomes, normalised by the gene length, HPV18 E4 showed a
higher degree of variation relative to other genomic regions. This is an
interesting observation which should be further examined. For HPV16, a
higher degree of variation in the NCR was initially observed in the
categories CIN2, CIN3/AIS and cancer. However, when filtering out the
homopolymeric T tracts in the NCR, the differences between categories
subside. This filtering was done since the T tracts are inherently unstable
making it challenging to assign mutations to methodological factors or
true biology. Similar variation was not seen for HPV18 positive samples
with less homopolymeric tracts. Recent studies document high degrees
of variation in HPV16 NCR, but without any biological interpretation
[11,23]. The NCR in HPV16 has been characterised to portray a weak
promoter activity specific to L2 mRNA expression [50]. Repeat se-
quences of varying length in NCR have been reported [51] and the NCR
has been shown to harbour miRNA binding sites [52]. The loss of miRNA
binding sites due to nucleotide variation in NCR was suggested to serve

as a novel mechanism to sustain L2 expression, and thereby justify the
potential role of L2 in HPV-induced carcinogenesis [52]. However, an
opposite finding has also been reported, showing more variation in NCR
in clearing than in persistent HPV16 infections [46].

Ratio of nonsynonymous to synonymous variants (dN/dS) is used as
indicator of positive or negative selection occurring over generations
within hosts [14]. This ratio may indicate non-random occurrence and
persistence of minor nucleotide variability in genes. In this study, the
observed nucleotide variations in the HPV16 and HPV18 genes were
biased toward nonsynonymous substitutions, being in line with previous
results showing a high ratio of non-synonymous nucleotide variation
[11]. Only HPV16 E7 had a dN/dS ratio of <1, indicating negative se-
lection and conservation of function. Interestingly, two recent studies
reported similar results on strict conservation of the HPV16 E7 gene at
the population level [23,24]. A potential source of synonymous and
non-synonymous substitutions may be APOBEC3 activity creating C > T
substitutions [16]. APOBEC3-related mutations have previously been
reported in cervical cancer lesions [11,19,20]. Our finding of
APOBEC3-related signatures in the HPV16 positive non-progressive
samples indicates that this mechanism is active also in an early stage
of infection. The relative amount of variants related to APOBEC3 may at
a more severe stage of disease disappear, due to an increase in
non-APOBEC3 mutations caused by e.g. hampered DNA repair mecha-
nisms in an increasingly cancerous environment [53]. This study was the
first to characterise mutational patterns in HPV18 samples, showing
mutation patterns in the trinucleotide context RCA (R is A or G), a target
motif for the activation-induced cytidine deaminase (AID) that is a
member of the APOBEC protein family [54].

HPV-induced carcinogenesis is a multi-step process that may be
facilitated through the disruption of host genes and genomic instability
caused by viral integration [28-30]. A high number of integrations in a
sample may in itself be a sign of genomic instability, which may further
accelerate such events. In our dataset, multiple integration sites were
observed in 24 samples, with the maximum of 21 integration sites in one
HPV18 sample in the CIN3/AIS category, possibly promoting a higher
degree of chromosomal instability. Our results showed a higher number
of integration events in HPV18 positive samples compared to HPV16
positive samples, being consistent with previous observations [25,45].
Genomic instability as a consequence of multiple integrations, is further
strengthened by finding integrations in the E1 and E2 genes, which
might result in overexpression of the viral oncogenes E6 and E7. Pre-
vious studies using NGS methodology for HPV integration analysis
report disruptions mainly in E1 and E2 genes in samples that have
progressed to cancer [55,56]. In addition, we found HPV genomic
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deletions in one HPV16 positive cancer sample and in five HPV18 pos-
itive samples of all categories. In all of these, the genomic deletion al-
ways led to partial or complete loss of E1, E2 and L2. Similar results
showing HPV genomic deletions have been reported in cervical carci-
nomas [57] and HPV positive oropharyngeal squamous cell carcinomas
[58]. Interestingly, we also observed integration with break points in
NCR in one cancer sample. To our knowledge, this is the first study to
report break points in NCR.

Due to the low frequency of integration events in HPV16 positive
samples, HPV16 and HPV18 integrations were combined for the analysis
of integrations in or close to cancer-related genes. We observed an
overall increase in the proportion of integration sites within or close to
cancer-related genes with increasing lesion severity. All integrations in
the cancer samples occurred within or near the cancer-related genes
PVT1, WAC and miR-205. The PVT1 oncogene, a long non-coding RNA
gene, has been associated with multiple cancers including cervical
cancer [59]. The PVTI gene is located in the chromosomal locus
8q24.21, which is one of the regions previously reported to contain
integration sites in cervical carcinomas more often than other loci [31].
Transcription of PVT1 is regulated by the key tumour suppressor protein
p53 and PVT1 is implicated in regulating the MYC oncogene [60]. The
WAC protein regulates the cell-cycle checkpoint activation in response
to DNA damage and is a positive regulator of mTOR, which functions as
a key player in the regulation of cell growth and metabolism [61]. The
miRNA miR-205 has been implicated in many cancers and targets genes
involved in DNA repair, cell cycle control and cancer-related pathways
[62]. In the CIN2 and CIN3/AIS categories, 38% and 65% of the inte-
gration sites were observed in or close to cancer-related genes, respec-
tively. Interestingly, integration sites in or close to cancer-related genes
were also observed in the non-progressive disease category. Whether
this might represent one of several components for risk stratification
remains to be determined. Our results, together with a recent study [63],
have shown that viral integrations may also occur in other genetic ele-
ments that are involved in regulation of gene expression, such as ncRNA
and UTRs.

NGS protocols with comprehensive analyses of whole HPV genomes,
their variability and integrations, enable greater understanding of the
role of genomic events during cancer development. By comparatively
analysing genomic events, we get a broader picture of the dynamic
changes in the HPV genome during malignant cell transformation.
HPV16 and HPV18 are to a certain degree associated with different
types of invasive cervical cancers [3,4] and may utilise different mo-
lecular mechanisms to induce carcinogenesis. Firstly, HPV18 is sug-
gested to cause more genomic instability [4,45] and HPV18 lesions are
more aggressively progressing from CIN3 to cancer than HPV16 positive
lesions [4]. Furthermore, previously reported results show different
DNA methylation patterns [64] and mechanistic signatures of in-
tegrations [57] for HPV16 and HPV18, which strengthens the hypothesis
of different underlying mechanisms for HPV16- and HPV18-induced
cervical carcinogenesis.

Despite the large sample number in total, the sample size in certain
diagnostic categories was low, limiting us from performing statistical
analyses and drawing conclusions from the given part of the dataset.
Some samples, mainly in the non-progressive category, had low
sequencing coverage for the HPV genome. This is most likely explained
by low viral load, which was not measured in the samples. Low viral load
has previously been observed to affect the sequencing yield [13]. Two
integration sites in non-progressive samples were not confirmed by
Sanger sequencing. This may be explained by sub-optimal PCR primers,
PCR conditions, low viral load or may reflect repeated integrations or
other genomic structures affecting the PCR reaction. Still, since the NGS
data showed clear results, both integration sites were included in the
analysis.

Tumour Virus Research 12 (2021) 200221

5. Conclusions

To summarise, we have in this study analysed intra-host HPV minor
nucleotide variation, chromosomal integration and genomic deletions in
cervical cell samples with different morphology by utilising the TaME-
seq protocol [34]. The results show a high number of low-frequency
variation, distinct variation patterns and integration frequencies,
providing initial insight into dissimilar genomic alterations between
HPV16 and HPV18, possibly reflecting differences in the mechanisms of
cell transformation induced by the two genotypes. In addition, the study
adds to the growing evidence of within-host HPV genomic variability.
Cancer registry data with information on future cervical disease or
longitudinal studies including patient outcome, preferably with a larger
sample size for all diagnostic categories, are needed for further inter-
pretation of different HPV whole genome MNV signatures and to vali-
date the role and importance of viral integrations.
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ARTICLE INFO ABSTRACT

Keywords: Persistent infection with Human Papillomavirus (HPV) is responsible for almost all cases of cervical cancers, and
Human papillomavirus HPV16 and HPV18 associated with the majority of these. These types differ in the proportion of viral minor
HPVI6 nucleotide variants (MNVs) caused by APOBEC3 mutagenesis as well as integration frequencies. Whether these
HPV18 . . . . . . . . c1s

HPV31 traits extend to other types remains uncertain. This study aimed to investigate and compare genomic variability
HPV33 and chromosomal integration in the two phylogenetically distinct Alpha-7 and Alpha-9 clades of carcinogenic
HPV45 HPV types. The TaME-seq protocol was employed to sequence cervical cell samples positive for HPV31, HPV33 or

HPV45 and combine these with data from a previous study on HPV16 and HPV18. APOBEC3 mutation signatures
were found in Alpha-9 (HPV16/31/33) but not in Alpha-7 (HPV18/45). HPV45 had significantly more MNVs

Minor nucleotide variation
Chromosomal integration

APOBEC3 compared to the other types. Alpha-7 had higher integration frequency compared to Alpha-9. An increase in
Alpha-7 integration frequency with increased diagnostic severity was found for Alpha-7. The results highlight important
Alpha-9 differences and broaden our understanding of the molecular mechanisms behind cervical cancer induced by

Cancer-related genes high-risk HPV types from the Alpha-7 and Alpha-9 clades.

1. Introduction 39, 45, 51, 52, 56, 58, and 59) [10]. Persistent infection with one of

these is considered a necessary cause for cervical cancer development

Human papillomaviruses (HPVs) are a group of small, double-
stranded DNA viruses with a genome size of ~7.9 kb that contains
eight genes. The genome consists of early region genes (E1, E2, E4-E7),
late region genes (L1, L2), and two non-coding regions, the upstream
regulatory region (URR) and the non-coding region (NCR) [1]. Of the
early region genes, E5, E6, and E7 encode oncoproteins that promote the
transformation of the host cell through induction of cell proliferation
and inactivation of cell cycle regulatory and tumour-suppressor mech-
anisms [2,3]. To date there are over 200 characterised HPVs [4],
commonly distinguished by at least 10% nucleotide differences in the L1
gene [5,6] and further divided into lineages (1 > 10% whole-genome
nucleotide differences) and sublineages (0,5 > 1% difference) [7-9].
There are at least 12 HPV types that are carcinogenic (16, 18, 31, 33, 35,

* Corresponding authors.

[11]. Still, only a minority of persistent infections progress to cancer
[12], indicating that additional factors are necessary for cancer pro-
gression. All the oncogenic HPV types belong to the genus Alphapa-
pillomavirus (Alpha-PV) where they cluster within the species-level
clades Alpha-5, Alpha-6, Alpha-7, Alpha-9 and Alpha-11 [13]. The
carcinogenic HPVs of the different clades exhibit differences in carci-
nogenicity and tissue tropism, among other characteristics, suggesting
different evolutionary histories that have given rise to their carcinogenic
potential as well as differences in the molecular mechanisms behind
HPV-induced cancers.

HPVs are considered slowly evolving viruses [14]. Recent studies
have uncovered nucleotide variation below the consensus level in HPV
genomes present within an infected person [15-20]. HPV genomic
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variation can have consequences for the infection outcome, and HPV16
sublineages together with the host ethnicity/genetic background has
been shown to be associated with different risks of developing cervical
cancer [21]. Intra-host HPV nucleotide variation is not uniformly
distributed across the genome, as has been revealed in HPV16 cervical
cancer cases where the E7 gene has been shown to have few
non-synonymous mutations compared to the rest of the genome [16].
Additionally, persistent infections that progress to high-grade lesions or
cancer are associated with less intra-host variation relative to infections
that are cleared by the immune system [17,20,22].

The mutagenic processes behind HPV intra-host nucleotide variation
are currently not fully understood, although it is clear that members of
the gene family anti-viral host-defence enzyme apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like 3 (APOBEC3) contributes to
the variation [17,19,20]. APOBEC3 are cytidine deaminases activated in
response to viral infections and induces C > T substitutions in the
trinucleotide context TCN, where N is any nucleotide (with the excep-
tion of APOBEC3G which has a preferred CCN target motif) [23].
APOBEC3-induced mutations can inhibit viral replication and generally
lower viral fitness [24]. Accordingly, the APOBEC3 mutation signature
is more often observed in HPV genomes from transient infections and
pre-cancerous lesions compared to cancer samples and is associated with
viral clearance [17,20]. Studies have also reported frequent T > C
substitutions [17,19,20]; however, the mutagenic process behind this
transition and its role in infection outcome is currently not understood.
Another possible source for HPV intra-host nucleotide variation might
be the recruitment of low-fidelity polymerases during the replication
stage of the viral life cycle [25-27].

A well-studied molecular event related to HPV-induced carcinogen-
esis is the full or partial integration of the HPV genome into human
chromosomes [28]. This is a common genomic event observed in more
than 80% of HPV positive tumours and is considered a driving event in
cervical carcinogenesis [29,30]. Integrations involving a deletion or
disruption of E1 or E2 will lead to overexpression of oncogenes E6 and
E7 [31,32], which in turn can lead to an accumulation of mutations and
unregulated clonal cell division with a selective growth advantage [28].
Furthermore, integrations can also promote genomic instability in an
E6/E7-independent manner by integrating within, or in close proximity
to, host oncogenes or tumour-suppressor genes to functionally knock
them out or affect their expression levels [33,34]. HPV integrations are
associated with local altered genomic landscapes and changes in host
gene expression in their vicinity, which might promote genomic insta-
bility and carcinogenesis depending on the integration site [35-39].
Integration “hot spots” have been observed repeatedly in high-grade
lesions and tumours, indicating that integration in certain chromo-
somal loci might confer selective growth advantages and increase the
risk of developing HPV-induced cancers [33,40,41].

Most studies on molecular mechanisms behind HPV-induced cancers
have been conducted on HPV16 and HPV18 genotypes due to their high
prevalence and carcinogenic potential [42]. By comparison, the
remaining carcinogenic HPV-types are understudied. HPV16 and HPV18
have shown differences in integration frequencies and APOBEC3 inter-
action, suggesting that HPV-induced cancer development follow dis-
similar type-dependent routes [43-45]. Within the Alpha-PVs, HPV16
sorts under Alpha-9 together with HPV31 and HPV33, while HPV18 and
HPV45 sort under Alpha-7. It has been shown in previous studies that
HPV45 has a high integration frequency (IF) like HPV18, reflecting
similarities between these evolutionary closely related HPV types [45].

In this study, we aim to investigate genomic variability and chro-
mosomal integration in cervical cell samples with different morphol-
ogies positive for HPV31, HPV33, and HPV45 utilizing the TaME-seq
protocol [46]. Additionally, this study will include comparisons to
reanalysed HPV16 and HPV18 data from a previous study [43] to gain a
more comprehensive understanding of specific characteristics of the
distinct clades Alpha-7 (HPV18 and HPV45) and Alpha-9 (HPV16,
HPV31 and HPV33). A study going deeper into the nature of genomic
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events in these lesser studied carcinogenic HPV types allows for a
phylogenetic approach to better understand the molecular mechanisms
of host-responses to infections and those responsible for HPV-induced
carcinogenesis.

2. Materials and methods
2.1. Sample selection

Cervical cell samples were collected from women attending the
Norwegian cervical cancer screening program between January 2005
and April 2008. Recruitment criteria, HPV detection, and genotyping
have been described previously [47,48]. In total, 156 HPV16, 75
HPV18, 117 HPV31, 104 HPV33, and 66 HPV45 samples were catego-
rized based on the HPV type and diagnostic category. The diagnostic
categories were defined as “non-progressive”, cervical interepithelial
neoplasia grade 2 (CIN2) and CIN3+ (Table 1). The non-progressive
category consisted of samples with normal cytology (normal cytology
the preceding two years and with no previous history of treatment for
cervical neoplasia) or samples with atypical squamous cells of unde-
termined significance (ASC-US) or low-grade squamous intraepithelial
lesions (LSIL) with no follow-up diagnosis within four years. The CIN3+
category consisted of samples with CIN3/adenocarcinoma in situ (AIS)
and cancer.

2.2. Sample preparation and DNA extraction

Cervical cell samples had previously been collected in ThinPrep
PreservCyt solution (Hologic, Marlborough, MA) and pelleted before
storage —80 °C to retain DNA quality and integrity. Collected samples
were stored as both cell material and extracted DNA in a research bio-
bank at Akershus University Hospital. DNA from some samples had to be
re-extracted from cell material for this study, and an easyMAG® (Bio-
mérieux, USA) was used for the extraction and the eluate stored in a
biobank at —80 °C. The DNA concentration was measured on Qubit® 3.0
Fluorometer (Life Technologies, USA) to ensure optimal DNA quantity in
every sample before the PCR reaction.

2.3. Library preparation and sequencing

Library preparation was done according to the TaME-seq protocol as
described previously [46]. To summarise, the samples were tagmented
using Nextera DNA library prep kit (Illumina, Inc., San Diego, CA).
Tagmented DNA underwent target enrichment by multiplex PCR using
respective HPV31, 33 and 45 type-specific HPV primers and a combi-
nation of i7 index primers and i5 index primers [49] from the Nextera
index kit (Illumina, Inc., San Diego, CA). Each sample underwent
separate PCR amplifications for the forward and reverse reactions.
Sequencing was performed on the [llumina HiSeq2500 platform using
125 bp paired-end reads.

2.4. Sequence alignment

Data were analysed by an in-house bioinformatics pipeline as
described previously [46], with some slight changes to the reference
genomes and variant calling. The pipeline can be accessed here: https://
github.com/jean-marc-costanzi/TaME-seq/. Briefly, reads were mapped
to the human genome (GRCh38/hg38) using HISAT2 (v2.1.0)[50].
Reference genomes for HPV16, HPV18, HPV31, HPV33, and HPV45
were obtained from the PaVE database [51] and 1 kb overhangs were
added to account for the circular HPV genome. BCFtools was used to
calculate mapping statistics and coverage. Samples with a mean
sequencing depth of <300x were excluded from the analysis.


https://github.com/jean-marc-costanzi/TaME-seq/
https://github.com/jean-marc-costanzi/TaME-seq/

A.H. Lovestad et al.

Table 1
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Number of samples sequenced and analysed and mean mapping statistics for each diagnostic category of HPV16, HPV18, HPV31, HPV33 and HPV45 infections.

Diagnostic Sequenced Analysed Mean numbers in the analysed samples

category samples samples Raw Reads mapped to target Mean HPV genome Fraction of HPV genome covered by min.
reads HPV coverage 100x

HPV16

Non-progressive 55 21 1.3 M 1.3 M 11148 0.77

CIN2 46 25 0.6 M 0.5M 4462 0.70

CIN3-+ 55 31 1.3 M 1.2M 9483 0.74

HPV18

Non-progressive 16 12 39M 26 M 48129 0.86

CIN2 13 9 77 M 40 M 55097 0.86

CIN3-+ 46 28 24 M 13 M 29138 0.82

HPV31

Non-progressive 18 10 10M 6 M 26508 0.87

CIN2 22 20 14 M 5M 23695 0.89

CIN3+ 77 54 9.3 M 57M 26657 0.88

HPV33

Non-progressive 12 9 16 M oM 24350 0.90

CIN2 15 9 20 M 10M 30699 0.95

CIN3+ 77 70 11M 7M 38731 0.97

HPV45

Non-progressive 25 21 22M 8M 21593 0.83

CIN2 14 12 39M 19M 27608 0.92

CIN3+ 27 23 32M 13 M 32066 0.85

2.5. Sequence variation analysis

Nucleotide counts mapped to the HPV reference genomes were
retrieved from the HISAT sequence alignment and average nucleotide
mapping quality values were retrieved from the BCFtools mpileup ouput
using an in-house R (v3.5.1) script as described in [46]. Briefly, for a
variant to be called it had to be present in more than two reads in a
position with >100x depth, have a Phred quality score >30 and a fre-
quency >1%. In addition, the variant calling of minor nucleotide vari-
ants (MNVs) was done in a reference-independent manner where the
most frequent base in each position was termed the major variant fol-
lowed by the second most frequent as the MNV. The MNVs had to be
present in both the independently amplified F and R reactions, unless
where there was discordance between the F and R reactions — then the
MNV with the highest coverage was called. HPV NCR have regions of
homopolymeric T tracts (HPV16:4156-4173 and 4183-4212,
HPV18:4198-4234, HPV31:4072-4077 and 4145-4167, HPV33:
4149-4167 and 4186-4195, HPV45:4184-4219), which can cause po-
lymerase or sequencing errors at high frequencies and were therefore
filtered out during the variation analysis.

The ratio of non-synonymous to synonymous substitutions (dN/dS)
was calculated to indicate whether genes in the different diagnostic
categories were more or less prone to amino acid changes.

For mutational signature analysis, all nucleotide substitutions were
classified into six base substitutions, C > A, C>G,C>T,T>A,T>C,
and T > G, and further into 96 trinucleotide substitution types that
include information on the bases immediately 5 and 3’ of the
substituted base. An extended mutation signature analysis was also done
to investigate mutations in the APOBEC3A-favoured genomic context
YTCA and APOBEC3B-favoured genomic context RTCA.

To investigate if the number of APOBEC3 target sequences differed
between HPV types, FUZZNUC from the EMBOSS package (http
://emboss.toulouse.inra.fr/cgi-bin/emboss/fuzznuc) was employed
using reference genomes for HPV16, HPV18, HPV31, HPV33, and
HPV45 obtained from the PaVE database. Both strands were investi-
gated, and the search patterns used were TCA, YTCA, RTCA and NCN.

To calculate the proportion of TCA motifs out of all available NCN
motifs, the number of TCA motifs were divided by the number of NCN
motifs for each HPV type, and this proportion was treated as the ex-
pected proportion of C > T substitutions in the TCA motifs. To calculate
the difference of observed vs expected proportions, the following for-
mula was used (Observed proportions/Expected proportions) 2/

Expected proportions. These values were used in a Wilcoxon rank sum
test to investigate whether the difference in observed/expected pro-
portions between the clades differed significantly. Variation and dN/dS
analyses were performed using an in-house R (v3.5.1) script.

2.6. Detection of chromosomal integration sites and validation by sanger
sequencing

Integration site detection was performed as described previously
[46]. Briefly, a two-step analysis was employed. First, read pairs with
one of the reads mapping to the human genome and the other to HPV
were identified using HISAT2. Second, unmapped reads were re-mapped
using LAST (v876) aligner (options -M -C2) [52] to increase detection of
human-HPV read pairs. Reads sharing identical start and end co-
ordinates were considered likely PCR duplicates and excluded from the
analysis.

Validation of integration sites for HPV16 and HPV18 is previously
described [43]. The Illumina reads from the respective HPV31, HPV33
and HPV45 sequencing reactions were used to make in silico DNA tem-
plates for design of integration-targeting primers suited for PCR and
Sanger sequencing. Hybrid sequences containing human and
HPV-specific sequences spanning the reported integration breakpoint,
were used as templates. Primer3 [53] was used to create optimal primer
pairs that included a human-specific forward primer and an
HPV-specific reverse primer. Phusion™ Master Mix (Thermo Scientific,
USA) was used to prepare the PCR reaction mix. The PCR conditions
were as follows: initial denaturation at 98 °C for 30 s; 30 cycles at 98 °C
for 10 s, at 60 °C for 30 s and 72 °C for 15 s; final extension at 72 °C for
10 min.

Samples were sequenced on the ABI® 3130x1/3100 Genetic Analyzer
16-Capillary Array (Thermo Fisher Scientific Inc., Waltham, MA) using
BigDye™ Terminator v1.1 cycle sequencing kit (Thermo Fisher Scien-
tific Inc., Waltham, MA). Sanger sequencing data was further processed
in Geneious Prime (v2020.2.2) and if the sequence was homologous to
the same chromosomal locus and HPV type as reported, the HPV inte-
gration was considered confirmed. Samples with inconclusive Sanger
sequencing results that showed several unspecific bands on the agarose
gel were re-run using a touchdown PCR with an additional 6 extra cy-
cles. If the samples still had unspecific bands, individual bands were cut
out from the agarose gel and extracted using Wizard® SV Gel and PCR
Clean-Up System kit (Promega, USA) following the manufacturer’s in-
structions before Sanger sequencing.
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2.7. Determining microhomology regions

BLASTn and/or BLAT were used to identify short homologous se-
quences at the integration breakpoint in the Sanger-confirmed HPV in-
tegrations. If > 3 nt overlapping sequences were present between the
human and HPV genome, it was designated a microhomology sequence.
The overlapping bases were identified using the Geneious Prime genome
browser after the assembly of Sanger reads.

2.8. Functional annotation of genes within 10 kb of reported integration
sites

All genes 10 kb upstream or downstream of the reported integration
site were identified by visual inspection in Geneious Prime and their
molecular function annotated using Genecards (https://www.gene
cards.org). Genes were classified as cancer-related genes (CRGs) if
they were involved in cell cycle regulation, apoptosis, tumour suppres-
sor mechanisms, cancer-related pathways, genes interacting with these
pathways, or if a cancer-related SNP association was assigned.

2.9. Statistical methods

Non-parametric Chi-square of independence was used to determine
whether there was a significantly (p < 0.05) higher number of break-
points in the E1, E2, E4 and L2 genes for Alpha-7 and in E1, L2 and NCR
in Alpha-9 than would be expected by chance.

To understand the relationship between the dependent variables
(MNVs, samples with integrations, integration breakpoints) and the in-
dependent variables (HPV type or diagnostic category), a generalized
linear model (glm) was used. The glm used a negative binomial distri-
bution for the number of integrations and MNV model and binomial
distribution for the other models. Following this, multiple comparisons
of means using Tukey HSD was done using the R package multcomp [54]
to test the differences between the categories. To test the differences in
APOBEC3 signature mutations and clades, a Wilcoxon rank sum test
were used. All statistical tests were done in R (v3.6.3). The output of the
tests can be found in the supplementary material D.

Ethical approval

This study was approved by the regional committee for medical and
health research ethics, Oslo, Norway (REK 2017/447).

3. Results
3.1. Characteristics and sequencing statistics

In total, 518 HPV16, HPV18, HPV31, HPV33 and HPV45 positive
cervical cell samples stratified into the diagnostic categories non-
progressive, CIN2 and CIN3+ were sequenced. Six samples were
removed from further analysis based on a MNV pattern suggestive of co-
infection of different viral sublineages (Supplementary figure A1). After
removing samples that did not pass the filtering criteria (n = 164), 77
HPV16, 49 HPV18, 84 HPV31, 88 HPV33 and 56 HPV45 samples un-
derwent comparative MNV and integration analysis. The mean
sequencing depth for samples within the different diagnostic categories
ranged from 4462 for HPV16 CIN2 to 55097 for HPV18 CIN2. The
proportion of the genome covered with a minimum depth of 100x within
the categories ranged from 0.70 for the HPV16 CIN2 category to 0.97 for
the HPV33 CIN3+ categories (Table 1).

3.2. Minor nucleotide variation profiles reveal a higher number of MNVs
in HPV45 positive samples

A total of 10664 MNVs were identified in the 354 analysed samples.
Most of the MNVs were low-frequency variants with 1716 MNVs having
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a minor base frequency >5% and 850 with a minor base frequency
>10%. The number of MNVs were significantly higher in HPV45 sam-
ples compared to other HPV types (p < 0.001), the average being 47.9,
47.92 and 34.91 in the HPV45 non-progressive, CIN2 and CIN3+ cate-
gories, respectively (Fig. 1, Table 2). Excluding HPV45, HPV16 non-
progressive was the category with the highest average number of
MNVs with 34.57, while HPV33 CIN2 category had the lowest number of
MNVs with an average of 19. The standard deviation of the number of
MNVs within categories was also found to be highest in HPV45 samples.
The same were true when investigating the MNV frequencies, with
HPV45 having the highest mean and SD MNV frequency in all categories
(Supplementary figure A2 and Table 2). No significant differences were
found in comparisons of diagnostic categories.

HPV MNVs were found within genomic elements of all the different
categories. Most variation was found in HPV45 positive samples, where
the genomic elements E4, URR and NCR in non-progressive samples and
the E4 and E2 in CIN2 samples had the highest number of mean variants
(Supplementary figure A3).

In total, 5734 nonsynonymous and 244 nonsense mutations were
observed in the dataset. Most genes, across all categories, had a dN/dS
ratio >1 or close to 1 (Supplementary figure A4).

3.3. APOBEC-related mutational signatures

The two most common substitutions in the dataset, C > T and T > C,
were observed across all the diagnostic categories for all HPV types
(Supplementary figure A5 and A6). To investigate APOBEC3-induced
mutations, C > T mutations in the APOBEC3-preferred trinucleotide
context TCN found within different diagnostic categories for the
different HPV types were compared against each other. We observed
that TCA was the trinucleotide context with the highest proportion
across all diagnostic categories in Alpha-9 samples, while no such
pattern was observed for Alpha-7 samples (Fig. 2). C > T mutations in
the TCA context were found to differ significantly between the Alpha-7
and Alpha-9 clades (p < 0.001), and the results were found to be
consistent when the analysis was extended to include the TCW trinu-
cleotide context and the inclusion of C > G substitutions, but not when
investigating C > G substitutions by themselves. When investigating
each HPV-type separately, HPV16 showed a decrease in TCA proportion
of C > T MNVs with increased lesion severity compared to HPV31 and
HPV33 (Supplementary figure A6). The extended mutation signature
analysis did not reveal any strong signal for either APOBEC3A (YTCA) or
APOBEC3B (RTCA) preference in the dataset (Supplementary figure A7).

The number of TCA motifs found within each HPV types differed
between Alpha-7 (164 HPV18, 159 HPV45) and Alpha-9 (186 HPV16,
190 HPV31, 208 HPV33) (Supplementary table B1), with most motifs
being present on the minus strand (Supplementary figure A8). Values for
RTCA and YTCA motifs can be seen in supplementary figure A9 and
supplementary table B1. To further investigate if the number of C > T
substitutions in the TCA context occurred more frequently than expected
the proportion of TCA motifs out of all available NCN motifs were
calculated. The proportions of TCA motifs were found to range from 0.05
(HPV45) to 0.07 (HPV33) and were interpreted as the expected pro-
portion of C > T substitutions in that trinucleotide context, assuming
that substitutions are equally likely in all NCN motifs (Supplementary
table B2). The difference in observed/expected C > T substitutions in the
TCA context were found to be significantly larger for Alpha-9 samples (p
< 0.001), thus there were found to be significantly more C > T mutations
in the TCA context than would be expected in Alpha-9 relative to Alpha-
7 (Fig. 3).

3.4. Higher integration frequencies (IFs) in Alpha-7s compared to Alpha-
9s

The number of integrations in the Alpha-7 significantly outnumber
those of the Alpha-9 clade although more than twice as many Alpha-9
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Fig. 1. Number of variants in HPV16, HPV18, HPV31, HPV33 and HPV45 positive samples. Violin plots representing the number of variants in the different
diagnostic categories on the x-axis. Box-and-whisker plots are added to show the median number of MNVs (horizontal line), the box represents the 25% and 75%
percentiles, and the whiskers represents the minimum and maximum number of MNVs found within one sample. The number of samples (n) is indicated below each
category. Double asterix (**) represents that HPV45 has significantly more MNVs compared to all other types (p < 0.01).

Table 2
Number of samples analysed and different statistics of MNVs for HPV16, HPV18, HPV31, HPV33 and HPV45 positive samples stratified across the diagnostic
categories.
Diagnostic Analysed Mean number of ~ Minimum number Maximum number Standard deviation of Mean MNV Standard deviation of
category samples variants of variants of variants number of variants frequency MNV frequency
HPV16
Non- 21 34.57 13 66 14.25 2.74 3.65
progressive
CIN2 25 27.80 14 48 7.88 2.80 4.82
CIN3+ 31 25.35 6 44 8.00 2.67 3.66
HPV18
Non- 12 25.08 12 40 9.97 3.21 4.69
progressive
CIN2 9 23.00 5 46 12.68 2.89 4.43
CIN3+ 28 26.36 6 59 11.05 4.35 6.79
HPV31
Non- 10 25.70 5 64 17.12 4.53 6.72
progressive
CIN2 20 23.90 3 64 14.84 3.30 5.40
CIN3+ 54 27.63 1 90 20.55 4.29 7.05
HPV33
Non- 9 30.78 4 60 21.16 2.59 2.50
progressive
CIN2 9 19.00 5 40 11.47 2.49 4.68
CIN3+ 70 30.74 2 107 24.77 3.36 4.77
HPV45
Non- 21 47.90 8 116 31.28 6.79 9.07
progressive
CIN2 12 47.92 18 113 28.52 4.16 6.64
CIN3+ 23 34.91 2 93 17.89 4.63 7.37

samples were sequenced (Fig. 4 and Table 3). In total, 42.8% of Alpha-7
samples had at least one integration site reported, significantly more
than Alpha-9 with 6.4% (p < 0.001). Overall, 154 integration sites were
observed in the whole dataset, of which 85% (131/154) were Alpha-7
and 15% (23/154) Alpha-9 (Table 3, Fig. 4). Alpha-7 also had the
highest IF in all diagnostic categories with 21% of non-progressive, 33%
of CIN2 and 61% of CIN3+ samples having integrations, thus higher IF
correlated significantly with diagnostic severity (p < 0.01). Alpha-7
samples had significantly more integration sites in samples with inte-
gration compared to Alpha-9 (p < 0.001), with an average of 3.4, 3.14
and 2.74 integrations in the non-progressive, CIN2 and CIN3+ cate-
gories, respectively, compared to Alpha-9 with 1.25, 1.5 and 1.5.
Comparing the HPV-types within the two clades revealed some dif-
ferences between the related types. Overall, HPV18 had significantly
more samples with integrations than any other type, while HPV45
CIN3+ (the only diagnostic category with HPV45 integrations) had
significantly more than all other Alpha-9 types. HPV18 also had signif-
icantly more integrations per sample than all other types, as well as the

sample with the most reported integrations with 21, compared to 4, 3, 1
and 1 for HPV45/16/31/33, respectively. Within Alpha-9, HPV16 re-
ported higher IF than both HPV31 and HPV33, as well as higher average
number of integrations per sample (Supplementary table B3). A com-
plete list of annotated integration breakpoints can be found in supple-
mentary table C1.

3.5. Deletions and breakpoints in the HPV genome

In Alpha-7 samples with integrations, breakpoints were found in all
genetic elements of the HPV genome, except NCR, while Alpha-9 in-
tegrations lacked breakpoints in E7 and E4 (Supplementary figure A10).
Any breakpoint location bias was investigated using the number of re-
ported Alpha-7 and -9 integrations divided by the average gene lengths
in each clade. It was observed that Alpha-7 samples had more break-
points in the E1, E2, E4 and L2 genes than would be expected by chance,
however, this difference was not statistically significant (p = 0.24).
Breakpoints in Alpha-9 samples were observed in E1, L2 and NCR more
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Fig. 2. C > T mutational signatures in Alpha-7 (HPV18 and HPV45) and Alpha-9 (HPV16, HPV31 and HPV33) positive samples across the different diagnostic
categories. The mean proportion of C > T mutations is shown on the y-axis and the different trinucleotide contexts are shown on the x-axis. Error bars represent the
standard error of the mean. Asterix (*) denotes C > T substitutions found in the TCA context and was found to be overall significant between the clades.
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Fig. 3. Violin plots representing the difference in observed/expected number of C > T substitutions in the TCA context for individual samples in Alpha-7 and

Alpha-9.

often than expected by chance, but was also not significant (p = 0.20).
Combining and investigating the percentage of integrations with
breakpoints in E1/E2 across the different diagnostic categories revealed
that 38%, 36% and 51% of the integrations caused breakpoints in E1/E2
in the non-progressive, CIN2 and CIN3+ categories, respectively
(Fig. 5a). A detailed figure showing sample integrations and number of
breakpoints in E1/E2 can be seen in Supplementary figure A11.

To investigate large HPV genomic deletions, coverage plots for each
sample were inspected for extended regions without or with excep-
tionally low relative sequencing coverage. In addition to the six samples
with deletions reported in the previous study (one HPV16 and five
HPV18), the coverage plots revealed 11 additional samples with de-
letions or partial deletions (One HPV31 and 10 HPV45). All HPV45
positive samples with deletions were reported as having integrations

while the single HPV31 sample did not.

3.8 Presence of human cancer-related genes within +10 kb of inte-
gration sites.

Due to the uneven number of integrations found within Alpha-7 (131
integrations) and Alpha-9 (23 integrations), all integrations in the
dataset were combined when investigating integrations in human genes
within £10 kb of the integration sites. The results revealed that CRGs
were present in 41% (12/29), 40% (10/25) and 59% (59/100) of non-
progressive, CIN2 and CIN3+ samples, respectively (Fig. 5b, see Sup-
plementary figure A12 and supplementary table C1 for more details). Of
the integrations within +10 kb of CRGs, 58% (7/12), 80% (8/10) and
78% (46/59) were integrated inside the ORF of the reported CRG in the
non-progressive, CIN2 and CIN3+ categories (Supplementary figure
A13). Three CRGs were each found twice +10 kb of integrations sites in
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Table 3

Number of integrations in Alpha-7 and Alpha-9 positive samples, stratified by
diagnostic category.

Diagnostic Number of samples Total number of ~ Mean number of
categories with integrations integration sites integrations per
(samples) (Frequency %) sample
Alpha-7
Non-progressive 7 (21.2%) 24 3.43
(n=33)
CIN2 (n = 21) 7 (33.3%) 22 3.14
CIN3+ (n=51) 31 (60.8%) 85 2.74
Total (n = 105) 45 (42.8%) 131 2.91
Alpha-9
Non-progressive 4 (10%) 5 1.25
(n = 40)
CIN2 (n = 54) 2 (3.7%) 3 1.5
CIN3+ (n = 10 (6.4%) 15 1.5
155)
Total (n = 249) 16 (6.4%) 23 1.44

different samples, being RCAN2 (HPV18 CIN2 and HPV18 CIN3+),
MIR205 (HPV16 CIN3+ and HPV45 CIN3+) and KLHL29 (HPV18 CIN2
and HPV31 CIN3+).

The percentages of integrations in the human genome with anno-
tated genes present within +10 kb of the integration site were 76% (22/
29), 68% (17/25) and 75% (75/100) in the non-progressive, CIN2 and
CIN3+ categories, respectively (Supplementary figure A14). The per-
centages of integrations inside the ORF of human genes were 45%, 44%
and 56% in the non-progressive, CIN2 and CIN3+ categories (Supple-
mentary figure A15).

Alpha-7 samples had integrations in all human chromosomes except
chromosome 18 and 21 (Supplementary figure A16). 28/131 Alpha-7
integrations were in chromosome 1 and 2. Alpha-9 samples had in-
tegrations in 15 different chromosomes, with chromosome 5 and 8
having most.

3.6. Validation of reported integration sites by sanger sequencing

In total, 31 reported integration sites in 21 patient samples qualified
for validation by Sanger sequencing after QC filtering based on read
mapping and sequencing artefacts [55]. Of the integration sites, 5 in-
tegrations were detected in HPV31 samples (84 analysed samples), 1
integration in HPV33 samples (88 analysed samples) and 25 integrations
in HPV45 samples (56 analysed samples). In total, 21 of the 31 reported

integrations sites were validated by Sanger sequencing which confirmed
correct chromosomal coordinates and HPV type. The remaining 10 did
not yield high-quality chromatograms, possibly due to low DNA con-
centrations, suboptimal PCR amplification, unspecific primer hybridi-
zation or genomic structural rearrangements often associated with HPV
integrations [36,56]. Microhomology regions were identified in 19%
(5/21) of the confirmed HPV integrations, the length ranging from 3 bp
to 12 bp and are presented in supplementary table C2.

4. Discussion

This study aimed to investigate and compare type-specific intra-host
variation and integration characteristics of five high-risk HPV types
belonging to Alpha-7 and Alpha-9 across diagnostic categories of
increasing severity. We observed differences between the diagnostic
categories, as well as between Alpha-7 and Alpha-9 clades. The differ-
ences adhere to their phylogenetic assortment, where there is a statis-
tically significant signal of APOBEC3-induced C > T mutations in Alpha-
9 samples that is not found in Alpha-7. IF is also significantly higher in
samples positive for Alpha-7 HPV-types relative to Alpha-9.

Minor nucleotide variants (MNVs) are variants found below the
consensus level that might play a role in the development of cancer [16].
In our dataset, we observe that HPV45 samples have more MNVs
compared to the other four investigated HPV types, and that Alpha-7s
have more variation in E4 compared to the Alpha-9s. The biological
significance of these results is currently unclear. The MNVs are called in
a reference-independent manner, and we rule out that these results are
artefacts that could arise from mapping to divergent reference genomes.
Co-infections with two or more variants of the same HPV type could be a
likely alternative source of diversity [57] and six apparent co-infections
were excluded from the analysis based on indicative MNV patterns
(Supplementary figure A1). When comparing the amount of MNVs, we
observed no differences between the diagnostic categories, suggesting
that the total quantity of MNVs in a sample is not directly associated
with carcinogenic risk. Rather than quantity, the quality of MNVs in
their HPV genomic context may be of significance, as has been shown for
the HPV16 E7 gene in cervical cancer cases and for certain positions in
HPV16 URR where MNVs have been shown associated with developing
CIN3+ [16].

C > T substitutions in the trinucleotide context TCA and TCT is
correlated with APOBEC3A/B activity [20]. While they are part of the
innate immune system in response to viral infections, their mutation
signatures are also commonly found in host genomes of HPV-positive
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Fig. 5. A) Percentage of integrations with breakpoints in E1/E2, stratified by diagnostic category. B) Percentage of integrations with CRGs within £10 kb of
integration site or inside the ORF, stratified by diagnostic category. n is the number of integrations in each category.

cancer cells as well as in viral HPV genomes [58]. Most research
investigating APOBEC3-HPV interactions have had a focus on HPV16,
while less research has been done on the other high risk types [17,20,59,
60]. In our study, APOBEC3A/B induced C > T mutations were found to
be most common in the trinucleotide context TCA for Alpha-9s, while
the Alpha-7s did not have this pattern. This is to our knowledge the first
study to show that differences in APOBEC3-induced mutation profiles
between any HPV types are highly significant and that the difference is
in concordance with phylogeny. The number of all available TCA motifs
in the HPV genomes studied here differs between the types, with
Alpha-7s (average 162) having less than Alpha-9s (average 195). To
investigate whether this difference in the number of available motifs
affected the observed mutational C > T patterns, the proportion of TCA
motifs out of all available NCN motifs were compared against the
observed proportion of C > T mutations in TCA motifs found within
samples. The difference between observed and expected proportions of
C > T mutations in TCA motifs were found to be significantly higher for
Alpha-9s than Alpha-7s. Thus, Alpha-9 samples were found to have
relatively more C > T mutations in the TCA-motifs, even when cor-
recting for the higher abundance of TCA motifs in the genomes relative
to Alpha-7. This finding suggests that the Alpha-9 infections trigger a
detectable APOBEC3-response not found in Alpha-7 infections; a finding
that warrants further investigation considering their differences in

clinical epidemiology [10], human molecular and genomic cancer
characteristics [44,61], evolutionary histories [62] and impact of viral
life-cycle factors and expected tropisms [63]. Our previous study looked
at HPV16 and HPV18 and by including one additional Alpha-7 and two
more Alpha-9 types in the comparative analysis, the phylogenetic di-
chotomy in mutational signature was established more broadly and
emphasises the biological significance of the results. Using different
whole genome sequencing protocols Hirose et al., 2018 identified the
same APOBEC signature (C > T in the TCA context) across the three
Alpha-9s HPV16/52/58, and the exact same signature was described in
HPV16 (signature A) in Zhu et al., 2020 [17,20]. The combined presence
of the APOBEC signature in the Alpha-9s now therefore encompass
HPV16/31/33/52/58. Yet, contrary to current understanding it cannot
be established that APOBEC3-induced mutagenesis in viral genomes is a
general detectable feature in high-risk HPV infections. In HPV16 posi-
tive samples, the number of APOBEC3-related nucleotide substitutions
decreases with lesion severity, which also has been shown in previous
studies [17,20,43]. However, this decrease is not observed in HPV31
and HPV33 positive samples, suggesting this is not an Alpha-9 specific
tendency, but rather a feature of HPV16 carcinogenesis. Our results are
in corroboration with previous studies that have observed that the
number of APOBEC3-related nucleotide substitutions decreases with
lesion severity in HPV16 positive samples [17,20,43].
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The lack of APOBEC3 activity found in Alpha-7 genomes might be
driven by differences in host-response to viral infections between the
different cell types and/or by genomic variation between the HPV types.
Alpha-7 types have been found to be significantly more common in cases
of adenocarcinoma (ADC) than squamous cell carcinoma (SCC), while
Alpha-9 is the predominant type found in SCC [64,65]. These differences
are likely reflecting type-specific tropisms and cells of cancer origin,
where Alpha-9 is found to associate with lesions in squamous cells while
Alpha-7 predominantly cause lesions in glandular cells [66]. Addition-
ally, expression profiles of SCC tumours caused by Alpha-7 and Alpha-9
types have been shown to differ in expression levels of keratin gene
family members [44]. APOBEC3 substitutions are associated with viral
clearance in HPV16 infections [20], and it is interesting to note that
while HPV31 and HPV33 have been shown to have a high risk to
progress to CIN3, their risk to progress from CIN3 to invasive cervical
cancer is relatively low compared to HPV16,/18/45 [66]. We observe a
decrease in APOBEC3-related nucleotide substitutions in HPV16 posi-
tive CIN3+ samples, however, this pattern is not present in HPV31/33.
Thus, one can speculate that the different HPV types possess different
abilities to trigger APOBEC3-activity, and that this differs both between
Alpha-7 and Alpha-9 types as well as between HPV16 and HPV31/33. In
a genome evolution perspective, we note that the preferred APOBEC
TCN-motif is underrepresented in Alpha-HPV genomes generally and
more so in the URR of HPV16 than HPV18/31 which includes the origin
or replication and promoter of the E6/7 oncogenes [67]. Further
comparative studies into APOBEC-HPV interaction mechanisms and
evolutionary dynamics are warranted in order to better understand the
trade-off between immune exposure and oncogenicity in individual HPV
types.

Integration of HPV-genomes in the human genome is a suggested
driver event during HPV-induced carcinogenesis and previous studies
have shown that the IF differs between genotypes in cancers [30]. Our
results are in line with these studies showing that Alpha-7s HPV18/45
have a higher IF than Alpha-9s HPV16,/31/33, and that HPV16 have a
higher IF than HPV31 and HPV33 [45]. Women with invasive cervical
cancer caused by HPV16, HPV18 and HPV45 are typically younger than
women with cervical cancer caused by other HPV types, suggesting that
infection with these three genotypes progress to invasive cervical cancer
faster than other types [64]. In this study, Apha-7-positive samples show
a significant increase in IF with increase in diagnostic severity, and
HPV45-positive samples only had reported integrations in the CIN3+
category. Alpha-7 positive samples with integrations also had signifi-
cantly more integrations per sample compared to Alpha-9 positive
samples. These findings might reflect conserved differences in the
biology of Alpha-7 and Alpha-9 types that affects IFs, for example in that
Alpha-7s more often than Alpha-9s can warrant integration(s) as a
contributing factor to drive oncogenic transformation.

Integrations are associated with increased genomic instability,
mainly through overexpression of viral oncogenes E6/E7, but also by
triggering host oncogenes and disrupting of tumour suppressor genes
[28,68,69]. One of the mechanisms by which integrations can cause
overexpression of E6/E7 is the disruption of the E2 gene upon lineari-
zation of the circular HPV genome. When we looked at all HPV break-
points combined, 51% of samples with integrations in the CIN3+
category had breakpoints in E1/E2, compared to 38% and 36% in the
non-progressive and CIN2 categories, respectively. In addition, when
investigating the coverage plots, nine of out fifteen HPV45 samples with
reported integrations showed either full deletions or partial deletions in
regions encompassing E1/E2.

Another mechanism by which HPV integrations can step up carci-
nogenic transformation is by integrating inside the ORF or in genomic
proximity of host oncogenes and tumour suppressor genes, and thereby
disrupting their function or altering their expression levels, respectively
[30,68-70]. We found that the presence of at least one human CRG
within +10 kb of integration sites increased with almost 20% in the
most severe category (CIN3+ at 59%). Chromosomal integrations have
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been shown to cause genomic instability in the vicinity of the integration
sites by causing structural rearrangements and affecting host gene
expression [37,56]. Several observed CRGs in our dataset have previ-
ously been reported in studies investigating HPV integrations and are
associated with cervical cancer, including TP63, MIR205HG, MMP12
and ENO1 [30,71-73]. Additionally, RCAN2, KLHL29 and MIR205HG
were observed close to integrations twice in independent samples.
Decrease in RCAN2 expression has been associated with tumour prolif-
eration in colorectal cancers, while differential methylation patterns of
KLHL29 have been observed in small and large anal cancer tumours [74,
75]. MIR205HG, on the other hand, has been implicated in playing a role
in the development in cervical cancer by targeting and regulating genes
involved in proliferation, migration and apoptosis of cervical cancer
cells [71,76,77]. While the role of MIR205HG in HPV-induced carci-
nogenesis is established, the presence of RCAN2 and KLHL29 close to
integration sites in more than one sample may also suggest their
involvement in HPV-induced carcinogenesis. These findings warrant
further investigation.

Taken together, the increased number of integrations with the in-
crease in diagnostic severity observed for Alpha-7s and the general
tendencies for having breakpoints in E1/E2 and integrating within +10
kb of CRGs, supports the notion that integrations are key molecular
events in driving HPV-induced carcinogenesis. The differences between
the diagnostic categories regarding integration breakpoints in E1/E2
and proximity to CRGs, were not statistically significant when a glm
model was applied to the data. However, the number of observations in
the three categories differ substantially, and studies including more
samples in the “non-progressive” category combined with follow-up
data, should be conducted to ascertain their role in HPV-induced
carcinogenesis. Furthermore, the difference in IFs of the Alpha-7s and
-9s suggests that IF is a consistent phenomenon within phylogenetically
related HPV types. What drives this difference between the clades is
currently poorly understood. Different high risk HPVs produce different
splice isoforms of viral oncogenes E6 and E7 and do also have different
capabilities of inducing p53-degradation among other differences [62,
63,78,79]. It is possible that the discrepancy observed is due to Alpha-7
oncoproteins having weaker oncogenic potential relative to Alpha-9
oncoproteins and therefore Alpha-7 infections to a larger extent
require integrations to drive carcinogenesis, reflecting that nearly all
Alpha-7-induced tumours have integrated viral DNA and Alpha-9 can
induce cancer in episomal form [44]. HPVs are also known to induce
DNA damage and uses DNA damage response pathways for the ampli-
fication of the viral genome, which could consequently lead to inte-
gration of HPV DNA by nonhomologous end joining and/or
microhomology-mediated recombination [32,80-84]. To our knowl-
edge there is nothing in the existing literature that directly compares the
ability of different HPV types to induce DNA damage. Since viral pro-
teins have been shown to induce DNA damage an alternative explana-
tion to these clade-specific differences in IFs beyond oncogenic potential
of E6/7 remains an option. However, more research into the subject is
needed to better understand the molecular mechanisms which drive
different manifestation of IFs.

5. Conclusions

This study reveals differences in APOBEC3-mediated mutations in
concordance with evolutionary related HPV types, where Alpha-9 pos-
itive samples have a clear APOBEC3 mutation signature not observed for
Alpha-7. Additionally, Alpha-7 samples are shown to have significantly
more integrations and an increase in number of integrations with
increased diagnostic severity. This study expands our knowledge,
beyond HPV 16 and HPV18, by including three additional high risk HPV
types and shows that the type-specific patterns for these molecular
events extends to more closely related carcinogenic HPV types within
the Alpha-7 and Alpha-9 clades. The results broaden our understanding
of the molecular mechanisms behind HPV-induced cancers while also
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shedding light on some of the similarities and differences between the
HPV types investigated.
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Background: During the SARS-CoV-2 pandemic, healthcare workers (HCWs) are being
exposed to infection both at work and in their communities. Determining where HCWs
might have been infected is challenging based on epidemiological data alone. At Akershus
University Hospital, Norway, several clusters of possible intra-hospital SARS-CoV-2 trans-
mission were identified based on routine contact tracing.
Aim: To determine whether clusters of suspected intra-hospital SARS-CoV-2 transmission
could be resolved by combining whole genome sequencing (WGS) of SARS-CoV-2 with
contact tracing data.
Methods: Epidemiological data were collected during routine contact tracing of poly-
merase chain reaction-confirmed SARS-CoV-2-positive HCWs. Possible outbreaks were
identified as wards with two or more infected HCWs defined as close contacts who tested
positive for SARS-CoV-2 less than three weeks apart. Viral RNA from naso-/oropharyngeal
samples underwent nanopore sequencing in direct compliance to the ARTIC Network
protocol.
Findings: Five outbreaks were suspected from contact tracing. Viral consensus sequences
from 24 HCWs, two patients, and seven anonymous samples were analysed. Two outbreaks
were confirmed, one refuted, and two remained undetermined. One new potential out-
break was discovered.
Conclusion: Combined with epidemiological data, nanopore WGS was a useful tool for
investigating intra-hospital SARS-CoV-2 transmission. WGS helped to resolve questions
about possible outbreaks and to guide local infection prevention and control measures.
© 2021 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic has created a heavy strain on

healthcare workers (HCWs) treating COVID-19 patients. In
addition to the risk of burnout and psychological distress
reported, HCWs may also be at risk of infection at work [1,2].
Furthermore, HCWs may also be a source of infection for
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patients and colleagues via asymptomatic carriage and
transmissibility prior to the onset of symptoms. Due to the
high mortality rate of COVID-19 among the elderly, a par-
ticularly difficult challenge has been to avoid virus entry to
nursing homes and hospitals. Studies describing the risk and
events of SARS-CoV-2 intra-hospital transmission are dis-
crepant [3—8]. During an epidemic, when there is frequent
viral transmission in the community, it is not always clear
whether HCWs are infected at work or during their spare
time. As the pandemic is constantly evolving, new awareness
towards specific variants has soared from fear of strains more
transmissible, pathogenic and likely to evade immunization
efforts. As outbreak definitions vary and outbreak reports
mainly depend on epidemiological data with SARS-CoV-2 test
results, the true transmission patterns remain uncertain [9].
An aggregation of infected HCWs in a ward over some days or
weeks does not necessarily imply intra-hospital transmission
or a local outbreak.

High-throughput sequencing technology enables the inves-
tigation of microbial outbreaks and transmissions at high res-
olution, including those of SARS-CoV-2. With an aim to reduce
time from sampling to interpretable epidemiological results in
viral outbreaks, the ARTIC network was established in the UK
and is now a global effort having partnered with the World
Health Organization and other public health bodies worldwide
(https://artic.network/ncov-2019). Through the employment
of portable sequencing instruments and rigging an online
integrative analysis platform, the protocols, primers, and bio-
informatics tools devised by the ARTIC network allow for real-
time epidemiology of the SARS-CoV-2 outbreak. Yet, only a few
studies have been published in which whole-genome
sequencing (WGS) has been combined with epidemiological
data to trace possible transmission chains in healthcare set-
tings [10—15].

In this cross-sectional study, the aim was to employ the
ARTIC network protocol and to combine resulting SARS-CoV-2
whole-genome sequence data with contact tracing data to
determine whether clusters of suspected intra-hospital SARS-
CoV-2 transmission could be resolved.

Methods
Contact tracing and epidemiological data

Akershus University Hospital is a secondary emergency care
hospital in Norway. It serves 640,000 people (12% of Norway’s
population) with approximately 1000 beds and 10,000
employees. Between March 5%, 2020 and July 1%, 2020, a total
of 200 COVID-19 patients had been admitted to the hospital.
The patients were treated in designated COVID-19 wards or in
the intensive care unit in single or double rooms, including
bathrooms. HCWs caring for COVID-19 patients used personal
protective equipment (PPE) in the form of gloves, gowns,
goggles and surgical face masks (respiratory masks if per-
forming aerosol-generating procedures). Other infection pre-
vention and control measures initiated in the hospital to
contain the spread of SARS-CoV-2 included testing of patients
and HCWs, isolation of SARS-CoV-2-infected patients, contact
tracing around all SARS-CoV-2-infected patients and employ-
ees, quarantine of close contacts, visitors restrictions, and
enhanced cleaning routines. Masks or other PPE were not worn

in contact with patients or colleagues without symptoms or
suspected infection.

Patients were tested for SARS-CoV-2 upon admission to the
hospital if they had any respiratory, gastrointestinal, or central
nervous system symptoms of infection, fatigue, or myalgia.
Patients who developed any of these symptoms during their
stay were also tested. Strict testing criteria were applied for
HCWs in March 2020 (fever, cough, or shortness of breath), but
changed during April 2020 to include any symptoms of respi-
ratory or gastrointestinal tract infections, headaches, myalgia
or fatigue. Symptomatic HCWs were tested regardless of
whether they had had any contact with known SARS-CoV-2-
infected individuals, either at work or in the community.
Close contacts of positive cases (whether patients or HCWs)
were kept in quarantine, but not routinely tested unless they
developed symptoms.

The hospital’s infection control staff routinely recorded
epidemiological data during concurrent contact tracing of each
reverse transcription—polymerase chain reaction (RT—PCR)-
confirmed SARS-CoV-2-infected HCW. A close contact was
defined as a person who had had physical contact with the
infected HCW without use of PPE, or who had been in close
proximity (<2 m) without PPE for >15 min to the infected HCW,
starting from 24 h (48 h from June 2020) before the onset of
symptoms. All close contacts were quarantined for 14 days (10
days since May 2020).

For the period from March 10", 2020 to July 1%, 2020,
possible outbreaks were searched for by identifying wards with
two or more infected HCWs who had had close contact as
previously defined, and who tested positive for SARS-CoV-2 less
than three weeks apart. If we had a suspected outbreak in a
ward, all isolates from HCWs in those wards were included in
the study, regardless of documentation of close contact
between all the cases. All the suspected outbreaks in the
somatic wards occurred in wards that were designated COVID-
19-wards, and where the HCWs used PPE when caring for
patients. Hence, the patients were not included as close con-
tacts, unless there were reported or suspected breaches of
infection control practices.

To assess the local diversity of SARS-CoV-2, we also included
viral genomes from some HCWs who had no known connection
to other cases in the hospital, and who worked in different
units, and some viral genomes from anonymous patients in the
hospital.

The numbers of eligible and included samples are presented
in Supplementary Figure S1.

RNA isolation

RNA was isolated using an easyMAG extractor following the
manufacturer’s instructions for extraction of total nucleic
acids from airways samples (bioMérieux, Marcy-l’Etoile,
France). The qualitative RT—PCR detects the SARS-CoV-2 virus
E-gene based on a method published by Corman et al. [16]. The
eluate and samples of all positive RT—PCR are routinely stored
at —80°C.

Library preparation and sequencing
Eluted RNA from 46 samples were reverse-transcribed and

PCR-amplified using information provided by ARTIC Network
(https://artic.network/ncov-2019). Briefly, the method uses
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random hexamers for RT and multiplex PCR amplification of
cDNA using a tiling amplicon scheme and the ARTIC nCoV-2019
version 3 primer set [17]. The annealing temperature of the
PCR reaction was lowered to 63°C to increase amplification
efficiency of problematic primer pairs. The PCR products were
sequenced on a GridlON sequencer (Oxford Nanopore Tech-
nologies, Oxford, UK). Five of the samples were sequenced
twice to assess the reproducibility of the method.

Bioinformatic analysis

The COVID-19 bioinformatics Medaka-pipeline developed by
the ARTIC network (https://artic.network/ncov-2019/
ncov2019-bioinformatics-sop.html) was used to generate con-
sensus sequences and call variant nucleotides relative to the
reference sequence. Called variants were visualized in Gene-
ious Prime (v2020.0.4) for validation using the BAM-files gen-
erated from the Artic pipeline. For the re-sequenced samples,
the sample with the highest coverage was used for further
analysis after determining the reproducibility of the method.

Phylogenetic analysis, Nextstrain clade assortment,
and pangolin lineage assignment

To compare the study samples in broader context, published
SARS-CoV-2 genomes were downloaded from GISAID
(Supplementary Table S1) as follows: all from Norway (N = 73);
international strains from European countries where contact
tracing early in the pandemic had identified cases of SARS-CoV-
2 importation to Norway (N = 250); and samples from China
(N = 6) with collection dates up to 1 July 2020 [18]. A multiple
sequence alignment (MSA) of the sequenced samples and
downloaded SARS-CoV-2 genomes from GISAID was generated
using MAFFT (v7.450) with the 1PAM scoring matrix. The MSA
was then manually inspected to remove low-quality sequences.
FastTree (v2.1.11) was used to generate phylogenetic trees,
using GTR substitution model. The phylogenetic tree was fur-
ther visualized and annotated using an in-house R-script with
the ggtree package (v2.2.1) [19].

Samples were assorted to clades according to the Nextstrain
nomenclature [20]. Clade assortment was carried out using a
combination of phylogenetic placement of the samples and the
presence of clade-specific sighature mutations. In cases where
samples had no coverage in areas of the genome with signature
mutations, variants could in some cases be extrapolated from
the presence of co-mutations.

Pangolin lineage assignment was done using the Pangolin
COVID-19 Lineage Assigner online tool [21].

Outbreak assessment

The data generated by the nanopore sequencing were used
to confirm or refute whether cases of close contacts were part
of the same transmission chain. Whereas many variants make
up the different SARS-CoV-2 clades, study-unique variants were
weighted when assessing whether cases were the result of a
suspected hospital transmission chain. Study-unique variants
were defined as SARS-CoV-2 variants that met the following two
criteria: (i) variants that showed no local geographic dis-
tribution and (ii) with two or more co-occurring mutations not
found together in any other genome in the GISAID database.

Ethical approval

The study was approved by Akershus University Hospital’s
Data Protection Official (2020_62). The data were recorded as
part of the hospital’s routine for outbreak investigations, as
authorized by the institutional infection control programme
and the Norwegian regulation of infection control in the
healthcare service (FOR-2005-06-17-610).

Results

Identification of transmission clusters based on
routine contact tracing

During the study period, 68 HCWs from 38 wards tested
positive for SARS-CoV-2. Based on routine contact tracings it
appeared that the majority of the HCWs had been infected
abroad or had a household/close social contact with SARS-CoV-
2 infection that preceded their own illness.

Data from 24 HCWs and two patients from 11 wards were
analysed (Table 1), as well as seven anonymous patient
samples from our hospital. Five of the wards had two or more
HCWs who tested positive for SARS-CoV-2 less than three
weeks apart. In one of the wards, there had been close
contact between the positive HCWs. Hence, these cases had
originally not been regarded as part of the same outbreak. In
the four other wards, there were five different clusters of
cases in which direct transmission was suspected among
some of the HCWs due to close contact or work on the same
shift (Table I, outbreaks A, C, and D). In addition, there was
a possible link between one HCW who reported a breach in
infection control procedures during treatment of a SARS-CoV-
2-infected patient (Table |, outbreak B), and a probable link
between five HCWs from two different wards who all dis-
played COVID-19 symptoms a few days after treating the
same SARS-CoV-2-positive patient (Table I, outbreak E). The
remaining samples were singletons with no epidemiological
links to other cases. In Table I, we list the cases by date and
ward, and illustrate which cases were linked by contact
tracing information, and how WGS helped us refute or con-
firm some of the suspected outbreaks.

Sequencing results

In total, 46 samples were sequenced on the GridION. The
average genome coverage for all the samples was 84.6%.
However, by removing samples with coverage <80% (N =9), the
coverage of the analysed samples increased to 95.5%. Thirty-
three samples were chosen for downstream analysis after fil-
tering out samples with <80% coverage and replicates (Table |
and Supplementary Figure S1).

Variants analysed

In total, 273 variants were called relative to the reference
genome (MN908947.3) over 62 sites. The lowest number of
variants in any sample was five (HCW19 and HCW22) and the
highest was 13 (Anonymous 5). The average number of var-
iants per sample was 8.3. The reported variants were iden-
tical for all the re-sequenced samples where they shared
coverage.
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Phylogenetic analysis, Nextstrain clade assortment,
and pangolin lineage assignment

The results from the phylogenetic analysis and clade assort-
ment showed that the samples mainly clustered into two large
clades based on shared mutation profiles (Figure 1,
Supplementary Table S1). Eleven of the samples were classified
as clade 20A, with three samples clustering within the Nextstrain
emerging clade 20A/20268G. Sixteen of the samples clustered
within 20C and these samples clustered within two distinct
groups. The largest group consisted of 12 samples that shared the
G24368T mutation causing the amino acid change D936Y in the
heptad repeat 1 (HR1) domain of the spike protein. The mutation
profile shared between these samples has a high frequency in
other Nordic countries [22]. Therefore, the name 20C/24368T is
used when referring to this group to distinguish them from the
rest. Furthermore, two samples were classified as clade 19A and
one as 20B. No samples were classified as clade 19B.

For the pangolin lineage assighment, the samples were
assigned to lineage B.1 (N=26), B.1.1.64 (N=1),B.1.114 (N =
1),B.1.35(N=1),B.1.5(N=1),B.1.5.6 (N=1),andB.2 (N=2)
(Table I).

20A -

okl

N
N

oyt

Resolving outbreaks by contact tracing, sampling
times, and phylogenetic relationships

In total, five possible outbreaks were identified based on
routine contact tracing and one additional outbreak was
identified based on WGS data (Table ). Groups A, C, D, and F all
consist of HCWs with close contact or simultaneous work on the
same ward, while outbreaks B and E consist of samples from
both HCWs and patients.

Group A

Virus from HCW1 was classified as clade 20B and virus from
HCW2 as 20C. Thus, they were classified as two different
genetic clades and direct transmission was ruled out.

Group B

Patient 1 and HCW5 both had viruses with two variants that
were neither shared with any other virus nor found with high
frequency in the GISAID database (G4300T, G7975A). However,
the virus from HCW5 had two additional variants. HCW5 was
tested nine days after the patient. Anonymous 4 was sampled
three days after the patient and shared G4300T, G7975A

Country
Austria

® China

® England

o Italy

® Norway

® Spain
Sweden

Figure 1. Phylogenetic tree of whole-genome-sequenced SARS-CoV-2 virus from Akershus University Hospital, Norway compared to all national
and a selection of international viral genomes collected up until July 1°* and published in the GISAID database. *Samples from this study.
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without additional variants. HCW5 reported that the patient
suffered from violent cough attacks, and that the PPE had felt
insufficient during treatment of this patient.

Group C

Viruses from HCW6 and HCW7 were classified as 20C/24368T.
However, as they bothhad one additional variantnot shared by the
other and did not share any study-unique variants, direct trans-
mission between HCW6 and HCW7 was interpreted as uncertain.

Group D

The two viruses were classified as clade 20A. However,
whereas virus from HCW8 had no additional variants, virus from
HCW9 had two (C21114T, A25442G). These HCWs were close
contacts and worked on the same ward for several shifts at a
time when there was very low transmission activity in the
community [23]. It is likely that they were linked in a trans-
mission chain within the ward, but since the viruses did not
share any unique variants this cannot be certain.

Group E

This group consists of primary case (Patient 2) and five
samples from HCWs (HCW14—18) known to have interacted
with them. Contact tracing indicated that HCW14—18 were all
infected during the same shift. The viruses in this group shared
the clade-defining G24368T variant and two study-unique var-
iants (G5036A, G6986A). During this study a Norwegian sample
was submitted to the GISAID database (Norway/2829/2020)
harbouring the same three co-mutations (G5036A, G6986A,
G24368T), leaving our set of variants in outbreak E not strictly
study-unique according to the defined criteria. The Norway/
2829/2020 sample was taken on June 29" 2020, towards the
end of this outbreak investigation, predating only the sample
obtained from HCW18 (July 1%, 2020). The viruses from the
patient and the two HCWs at ward 4 (HCW14, HCW15) were
identical. HCW14 and HCW15 were tested on the same day and
shortly after their only contact with the patient — nine days
after the patient had been tested (June 10", 2020). The viruses
from the three HCWs from ward 5, where the patient was later
transferred (HCW16—18), each had one or two additional non-
shared variants. These samples were taken 12, 15, and 21 days
after the patient’s sample. The associations between contact
tracing, individual sample timelines, and viral genotypes sug-
gest a common source of infection in outbreak E. In addition,
the low incidence of COVID-19 in the region at the time sug-
gests that a common source of infection was to be found at the
hospital and not in the community [23]. We elaborate on the
appearance of non-shared variants in the Discussion.

Group F

HCW12 and HCW13 had no close contact according to defi-
nitions used in the contact tracing, but they worked in the
same ward during the same week. Their viral samples had
identical sequences and they shared the study-unique variant
C6706T. Hence, they were most likely part of the same trans-
mission cluster. This potential outbreak within the hospital
would have gone undetected without the use of WGS data.

Discussion

By adding WGS of SARS-CoV-2 virus to routine contact
tracing in investigations of hospital outbreaks, this study shows

both the potential power and challenges with high-resolution
genotyping in local outbreak settings. Of the five suspected
outbreaks, two were confirmed, two remain undetermined and
one was refuted. In addition, one new possible transmission
was detected, previously unidentified by routine contact
tracing. Based on high-resolution genomic data, the timely
implementation of SARS-CoV-2 WGS can guide local infection
prevention and control measures. With the emergence of novel
variants in the second and third waves of the COVID-19 pan-
demic with feared capabilities, the importance of swiftly
obtaining high-resolution genomic SARS-CoV-2 data cannot be
overstated. Different protective measures from PPE and per-
sonal behaviour recommendations to regional and national
lockdowns and curfews are now guided by case-counts priori-
tized with data at the virus variant level. The rapid detection of
new and potentially more transmissible strains in hospitals can
raise the alert and devise even higher safety measures
including HCW routines and staff rotation.

So far, data from the GISAID database has been useful for
detecting potential structural changes in the virus, monitoring
large-scale transmission dynamics, potential antigenic drift
and SARS-CoV-2 evolution [24—27]. However, until now, there
have been few attempts to use WGS in real-time outbreak
investigations. In a retrospective cross-sectional Dutch study,
genomes from three different hospitals were compared to
genomes previously entered in GISAID, allowing the research-
ers to conclude that nosocomial transmission was probably not
a common source of infection among the HCWs studied [11]. A
British prospective surveillance study found possible trans-
mission links involving patients and symptomatic HCWs,
although it was not reported whether the HCWs were index
cases [10].

The confirmed outbreaks in our study contained samples
that all shared study-unique variants. By emphasizing the
presence of study-unique variants instead of using a pre-
determined cut-off of maximum allowed differences in var-
iants to determine intra-hospital transmissions, we lean into a
more stringent confirmation criterion than other studies. This
approach was chosen because SARS-CoV-2 is a novel human
virus with low genetic diversity, and there were few SARS-CoV-
2 genomes from Norway available online for comparison at the
time of analysis [26].

With limited data on the genetic background of virus
circulating in the community, and few available genomes
from hospital patients, we cannot confidently conclude that
all our seemingly linked cases by contact tracing were in fact
intra-hospital transmissions. In the one suspected outbreak
that was refuted, the samples belonged to different Next-
strain major clades and pangolin lineages, with several dif-
ferent variants reported. These cases are the easiest to
resolve using WGS data, as the number of variants that dis-
tinguish them makes the probability for linked transmission
during a short timeframe infinitesimally small. Hence, this
method is, for the time being, a stronger tool for refuting
outbreaks than for confirming outbreaks when used on its
own. When suspected outbreak genomes fall into different
clades, they are not from the same intra-hospital trans-
mission chain.

However, the real challenge is that of cases that do not
share any study-unique variants, but which belong to the same
clade and are genetically very similar. It is difficult to deter-
mine whether the few variants they do not share are the result
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of genetic variability in the viral genomes from a common
source, de-novo mutations that have developed over time
within the study participants, or due to infection from differ-
ent sources. There is still little research into intra-host varia-
tion and the effects of transmission bottlenecks of SARS-CoV-2,
but more knowledge in this field may help us interpret out-
breaks at finer resolution [28—30]. In-hospital studies such as
this may be helpful in studying these anticipated effects on
transmission dynamics and genetic variability, since the envi-
ronment and SARS-CoV-2 infections therein are tightly moni-
tored and controlled.

Mutations found in one case but not in others from the same
outbreak may be due to mutations that arise in the new host de
novo. The association between sampling times and new var-
iants supports the notion that new variants are generated in
HCWs during outbreak B and E in the periods between sus-
pected transmission events and sampling. Late acquired (>8
days) samples in both confirmed outbreaks carry individual
variants (N =7) in a total of four HCWs not found in the primary
cases (Patients 1 and 2). Community acquisition of these
unique variants is considered highly unlikely for HCWs who
were under strict regimens to avoid SARS-CoV-2 infections at
work and in their spare time as Norway was in lockdown (March
12 to July 15, 2020). The SARS-CoV-2 mutation rate is esti-
mated to result in about two mutations per month and it is
possible that the consensus genome differs by one, or even
two, nucleotides from one case to the next, especially if the
date of sampling differs by about seven days, as is the situation
in some of our cases [31]. Further studies are required to
determine intra-person mutation rates and minor viral allelic
diversities (i.e. signs of de-novo generation of mutations) in the
context of COVID-19 disease severity and SARS-CoV-2
infectivity.

This study also discovered a potential outbreak using WGS
data that would otherwise go unnoticed (outbreak F). This,
again, shows the advantages of incorporating information from
WGS technology to guide local infection prevention and control
measures.

Oxford Nanopore sequencers have been used to investigate
the global spread of SARS-CoV-2 from its origin in China and to
follow transmissions between and within countries. This
genomic information has been valuable in identifying local
clusters of transmission and for evaluating the effect of pre-
ventive measures, as shown in studies from Iceland, China, and
USA [32—34]. Several studies have used the Oxford Nanopore
sequencing platform to generate whole genome sequences of
SARS-CoV-2 and the technology produces highly accurate
consensus-level results [35].

Regarding the reproducibility of the method, all re-
sequenced samples in our set called the same variants rela-
tive to the reference genome. While nanopore sequencing has
been shown to have a high per-read error rate, the strategy of
generating consensus sequences from samples sequenced with
enough depth overcomes this problem [36]. There were some
differences in the coverage between the replicates; however,
this is attributed to stochastic processes in the PCR reaction
from primer performances and not the sequencing step. Using
nanopore sequencing in real-time surveillance and outbreak
investigation would help with better identification and
demarcation of outbreaks and limit further spread by aiding
the implementation of targeted measures. However, our
results show that the analysis is dependent on samples with C+-

value <33 for consistent amplification efficiency and con-
sequently high genome coverage (Supplementary Figure S2).
Due to the low start-up cost, portability, in addition to the
short time from sampling to interpretable and actionable
results, nanopore sequencing is also well suited for ‘lab-in-a-
suitcase’ initiatives where sequencing core facilities are
missing.

Because we did not have the resources to sequence the viral
genomes from all the patients who had been cared for by the
infected HCWs, our study could not be used to investigate
possible transmissions between HCWs with PPE and their
patients in general. However, our sample includes one out-
break (outbreak E) in which the HCWs all wore PPE as recom-
mended by the Norwegian Institute for Public Health and where
no breach in infection control procedures was reported. The
patient was transferred from a regular ward where the staff
used surgical masks, eye protection, coats, and gloves to an
intensive care unit where the staff wore the same equipment
but with FFP2 or FFP3 respirators instead of surgical masks. All
five HCWs who cared for the patient that one night were
infected regardless of which mask was used. Hence, this is an
example of a super-spreader event where a single person
infected several other individuals within only a few hours. The
patient had severe cough and respiratory failure and was
treated with an oxygen mask with a flow of 12 L/min before
transfer to the ICU.

In terms of patient safety and for the protection of HCWs, it
is important to monitor and examine any possible SARS-CoV-2
outbreaks in healthcare settings. Our results show that nano-
pore WGS was a useful tool for investigating intra-hospital
SARS-CoV-2 transmission in combination with epidemiological
data. Epidemiological tracing alone falsely identified one hos-
pital outbreak and overlooked one outbreak. WGS can provide
a better understanding of nosocomial transmission pathways
and allow for necessary and timely adaptations of local infec-
tion prevention and control routines.
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