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Abstract

HPYV testing has a higher sensitivity than cytology for identification of women
at risk of cancer. Primary HPV testing was introduced in the organized
screening program in Skane, Sweden in 2017 for women 30 years and older.
High-risk HPV E6/E7 mRNA was detected in 7.0% of these women. Primary
HPV-screening identified a similar proportion of abnormal cytology
(ASCUS+) as cytology-based screening (3.70% vs 3.52%). All co-tested
women 40-42 years old, with high-grade cytology were HPV positive,
indicating that primary HPV testing did not miss cases of cervical dysplasia.
The introduction of primary HPV screening resulted in a 54% increased
follow-up rate.

After treatment of high-grade cervical lesions by conization, persistent
infection with at least one high-risk HPV type was seen in 16% of the women.
Low-risk HPV infections more often persisted after treatment. Testing for
high-risk HPV showed high sensitivity (92%) for detection of residual high-
grade cytology.

Testing for DNA methylation is a promising alternative to cytology for triage
of HPV positive women in the screening. Analysis of DNA methylation of the
human genes FAM19A4 and miR124-2 in cytology samples collected up to
eight years prior to histologically confirmed severe dysplasia and cancer
showed a higher sensitivity than cytology. Screening samples collected within
three years from histologically diagnosed cancer were positive for methylation
of FAM19A4/miR124-2 in 12/14 (86%) cases, while 13/17 (76%) showed
abnormal cytology. However, the methylation test was less sensitive than
cytology for detection of precancerous lesions (HSIL and AIS). Approximately
one third of samples with normal cytology prior to cancer or severe dysplasia
were positive in the methylation assay. Adding methylation analysis to HPV
positive samples with normal cytology would thus increase the sensitivity for
detection of cancer in the screening program.
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Populdrvetenskaplig sammanfattning pa svenska

Livmoderhalscancer &r en av de vanligare cancerformerna i Sverige och varje
ar insjuknar cirka 500 kvinnor varav ungefér hilften &r under femtio ar. I hela
virlden drabbas Over en halv miljon kvinnor av livmoderhalscancer arligen.
Sjukdomen utvecklas langsamt och tack vare screening med sa kallat cellprov
som har funnits i Sverige sedan slutet av 1960-talet kan man ofta hitta och
behandla forstadier som annars skulle ha utvecklats till livmoderhalscancer.
Eftersom nidstan all livmoderhalscancer orsakas av humant papillomvirus
(HPV) har cellprovet ersatts av HPV-test. Om man inte ér infekterad med HPV
har man mycket lag risk att f4 livmoderhalscancer. HPV-testning ér kénsligare
an cellprov for att uppticka kvinnor som riskerar att utveckla
livmoderhalscancer. I Skane bytte man fran cellprov till HPV-testning i
screeningen 1 januari 2017, for kvinnor som var 30 ar och dldre. Det innebér
att man tar ett cellprov, men att man bara studerar cellerna i mikroskop om
man detekterar HPV i provet. I den forsta studien har vi visat att lika manga
kvinnor med allvarliga cellfordndringar upptécktes efter inforandet av HPV-
test 1 screeningen. 7% av alla kvinnor 6ver 30 &r var infekterade med HPV.

Utan HPV utvecklas inte livmoderhalscancer. Men det &r inte samma sak som
att HPV nodviandigtvis ger livmoderhalscancer. Tvartom ar det bara en liten
del av alla HPV-positiva som fér allvarliga cellférdndringar. For att inte alla
HPV-positiva ska behova utredas vidare anvinder man ytterligare ett test.
Hittills har det varit cytologi, alltsd att man tittar pa cellprovet i mikroskop. De
kvinnor som béde dr HPV-positiva och har avvikande celler foljs upp pa
kvinnokliniken medan de som har normala celler far avvakta med uppf6ljning
och 1 stéllet ta ett nytt HPV-test senare. Ofta har HPV-infektionen ldkt ut till
ndsta prov och da behodvs ingen uppfoljning. Om infektionen finns kvar ska
kvinnan foljas upp med undersékning pa kvinnokliniken didr man studerar
livmodertappen i uppforstoring och eventuellt tar vivnadsprover. Cytologi &r
en ganska bra metod, men kréver ldng upplarning och kontinuerligt arbete for
att uppratthélla god kvalitet. En alternativ metod som foreslagits for att avgora
vilka HPV-positiva kvinnor som behover foljas upp dr testning av DNA-
metylering. Var arvsmassa utgors av DNA. Fel kan uppstd nar DNA:t kopieras
infor att cellerna ska delas. Om dessa inte upptéacks och réttas till blir det ett
skrivfel 1 DNA-sekvensen, en mutation. Men DNA :t kan dven fordndras pa
andra sétt som dr mer flexibla. DNA-metylering &r ett exempel pa en sé kallad
epigenetisk fordndring dar metylgrupper ldggs till pa vissa DNA-baser. Det gor
DNA-molekylen péd dessa stdllen mer fettloslig och den drar ihop sig och blir
mer svartillgénglig for de delar av cellmaskineriet som skriver av DNA:t s att
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proteiner kan bildas. Om proteiner som skyddar mot cancer inte uttrycks okar
risken for cancer. Genom tidigare studier vet man att de tva generna FAM19A44
och miR124-2 oftast dr metylerade vid livmoderhalscancer. 1 studie II
undersokte vi om det gick att testa cellprov som togs upp till atta ar innan
allvarliga cellforandringar och cancer, och redan da se att cellproven var
metylerade. Frysta cellprov fran kvinnor som senare fick cellfordndringar eller
cancer fanns sparade i en biobank. Man hade sett vid undersdkning av
vavnadsprov frdn dessa kvinnor att de verkligen hade allvarliga
cellférdndringar eller cancer. Vavnadsprov kan ge sikrare diagnos dn cytologi.
Alla cellprov som var tagna pa kvinnor som fick cancer var inte metylerade.
Testet kunde alltsa inte med perfekt sékerhet forutsdga alla fall av cancer. Men
det kunde & andra sidan inte cytologi heller. Metylering kunde pavisas i 33 av
77 (45%) av prov didr cellerna sdg normala ut. Andra prov var negativa for
metylering men hade en cellbild som var onormal. Nir det giller
adenocarcinom, en cancertyp som utgdr fran kortelceller, kunde metylering
ofta upptickas 1 cellprov som var tagna langt tidigare, trots att cellbilden inte
hade avslojat ndgot onormalt.

Eftersom proven i studie II var ganska gamla och i vissa fall tagna lang tid
innan cancer eller allvarliga cellférandringar utvecklades, ville vi dven studera
metylering i prov som togs under forsta aret med HPV-screening, 2017. De
kvinnor som dd var HPV-positiva har nu haft nigra ar pa sig att utveckla
cellférdndringar och cancer. Av ca 4 300 kvinnor som var HPV-positiva 2017
hade knappt hilften onormala celler och skulle foljas upp med gynekologisk
undersokning dir vdvnadsprov eventuellt skulle tas. Bland dem hittades
allvarliga cellforandringar i vavnadsprov hos knappt 600 och cancer hos 20
kvinnor. Bland dem som hade normala celler hade ett sjuttiotal allvarliga
cellférdndringar enligt vavnadsprov och fem hade cancer. De flesta allvarliga
cellférdndringar uppticktes alltsa tack vare undersokning av cellprovet i
mikroskop. Det var médnga HPV-positiva kvinnor som hade onormal cytologi,
men som dnd4 inte utvecklade allvarliga cellfordndringar eller cancer. Néstan
hilften av de HPV-positiva kvinnorna behdvde f6ljas upp pa grund av onormal
cytologi. (De flesta i onddan, med facit 1 hand). Med metyleringsanalys skulle
formodligen farre kvinnor behova foljas upp. Ungefir 10% av HPV-positiva
kvinnor med normal cytologi, som ldkte ut HPV-infektionen, testade positivt i
metyleringstestet. Metyleringstestet var ungefar lika bra som cytologi for att
forutsidga vilka kvinnor som hade cancer eller skulle utveckla cancer innan
nésta cellprov. Men nér det géller att uppticka allvarliga cellférdndringar som
annu inte utvecklats till cancer var cytologi battre. Det skulle darfor inte vara
rimligt att byta ut cytologi mot analys av metylering. Eftersom en del prov var
positiva i metyleringstestet trots att cellerna sdg normala ut, skulle man kunna
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lagga till metyleringstest for normala cellprov och pa sa sitt upptécka fler
kvinnor som haller pa att utveckla allvarliga cellforandringar eller cancer.
Tyviérr skulle det 6ka kostnaderna for screeningen och dnnu fler kvinnor skulle
behova foljas upp hos gynekolog.

Naér allvarliga cellférdndringar dr ett faktum, behover de behandlas genom att
en bit av livmodertappen skidrs bort, sd kallad konisering. Det finns inget
effektivt sétt att bli av med HPV-infektionen utan att ta bort den infekterade
vavnaden. [ studie IV beskrivs hur forekomsten av olika HPV-typer
paverkades av konisering. Det finns ménga olika typer av HPV, déir
hogrisktyper ger okad risk for cancer till skillnad frén 1dgrisktyper. Malet med
behandlingen ar att HPV-infektionen ska léka ut och att cellfordndringen ska
forsvinna, vilket lyckades 1 de flesta fall. Men efter behandlingen hade 16%
kvar samma hogrisk-HPV som innan behandlingen och 17% hade fortfarande
onormalt cellprov. Lagrisk-typer paverkades inte av behandlingen, vilket kan
bero pa att infektionen ofta sitter i vivnad som inte tas bort vid behandlingen,
eller pa att lagrisktyper i allménhet ldker ut efter kortare tid och ersétts av nya
infektioner. Hos kvinnor dir hogrisk-HPV inte kunde pavisas efter behandling
var risken for kvarvarande cellférdndringar mycket l1ag.
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Abbreviations

HPV
HR HPV
LR HPV
CIN
CIN1
CIN2
CIN2+
CIN3
CIN3+
ASCUS
ASC-H
LSIL

HSIL

AlS
ADC
SCC
ADC
AGC
NIML
LBC
NKCx
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Human papillomavirus

High-risk HPV

Low-risk HPV

Cervical Intraepithelial Neoplasia

Cervical Intraepithelial Neoplasia grade 1

Cervical Intraepithelial Neoplasia grade 2

Cervical Intraepithelial Neoplasia grade 2 or worse
Cervical Intraepithelial Neoplasia grade 3

Cervical Intraepithelial Neoplasia grade 3 or worse
Atypical squamous cells of undetermined significance
Atypical squamous cells, cannot exclude high-grade lesion

Low-grade squamous intraepithelial lesion. Corresponds to
CINI.

High-grade squamous intraepithelial lesion. Includes CIN2 and
CIN3.

Adenocarcinoma in situ

Adenocarcinoma

Squamous cell carcinoma

Adenocarcinoma

Atypical glandular cells

Negative for intraepithelial lesion or malignancy
Liquid Based Cytology

Swedish National Cervical Screening Registry



Overall aims

The overall aim of the thesis was to validate and improve the population-based
Cervix cancer screening program.

The aim of

Study I: To evaluate the first year with primary HPV testing for women 30
years and older in the organized cervical screening program.

Study II: To investigate if methylation of FAMI1944/miR124-2 could be
detected in cytology samples collected before development of severe dysplasia
or cancer.

Study III: To further evaluate the sensitivity of the methylation test for
detection of cancer or severe dysplasia within one screening round, with the
intention to implement this test in the screening program.

Study IV: To study the dynamics of different HPV types and to evaluate HPV
testing as a test of cure after conization treatment.
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Introduction

The human papillomavirus

The human papillomavirus (HPV) is non-enveloped and has a genome
consisting of an 8 kb double stranded, circular DNA molecule. The capsid is
50-60 nm in diameter, has an icosahedral structure, and is built up by 72
capsomeres, each made up of five L1 molecules, in total 360 copies of the L1
protein, and a variable number of L2 molecules. The L1 and L2 proteins are
coded by the late genes L1 and L2. In addition to the late genes, the HPV
genome contains the early genes E1, E2, E4, ES5, E6, E7 and a regulatory
element named the long control region (LCR). The virus has two promotors,
the early promotor p97 located in the LCR, and the late promotor p670 which
is dependent on differentiation of the cell and located within the E7 coding
region.

Figure 1. The HPV16 genome.

Abbreviations: Long control region (LCR), early promotor (PE), late promotor (PL), early genes
(E1-E7), late genes (L1-L2). Genes are defined according to the HPV reference genome (NCBI
accession number NC_001526.4).
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During infection, the L1 protein binds to heparin proteoglycans in the basal
membrane, possibly through a microabrasion in the epithelium.
Conformational changes of the virus particle cause exposure of the L2 protein
on the surface. Following cleavage of L2 by furin (a protease which cleaves
precursor proteins of parathyroid hormone, the von Willebrand factor and
numerous other human proteins) the virus particle is internalized in the
epithelial basal stem cell (1, 2). The cellular receptor in not fully characterized.
After transportation to the cell nucleus, the E1 protein, a helicase, unwinds the
viral DNA and binds to the origin of replication within the LCR. The binding
is enhanced by the E2 protein, and DNA replication can begin (3). Initially, the
early promotor is used for RNA transcription. This promotor allows expression
of the early proteins E6 and E7. Expression of these early proteins causes cell
cycle re-entry in cells that would normally exit the cell cycle and undergo
termination differentiation. Through this mechanism, the virus can use the
replication-machinery of the host cell and production of viral DNA can
continue (4). When the virus reaches the upper layers of the epithelium, the
late promotor is activated and allows for expression of the proteins L1 and L2.
The process is facilitated by expression of higher levels of E2 that down-
regulate the early promotor (5). The L1 and L2 proteins make up the capsid of
new virus particles, which are released by shedding of epithelial cells. The
virus can evade the immune system by not expressing the immunogenic capsid
proteins until late during the infection. The L1 protein can self-assemble to
icosahedral particles. Indeed, empty shells of recombinant L1, so called virus
like particles (VLP) are used in the HPV vaccine.

Virus Release
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Figure 2. Life cycle of high-risk HPVs in cervical epithelium.

Reprinted from Vaccine, vol. 30 Suppl 5, Doorbar J et al., The biology and life-cycle of human
papillomaviruses, F55-F70, Copyright (2012), with permission from Elsevier.
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Sometimes the HPV infection persists in the lower epithelial layers, with
expression of E6 and E7 but without production of viral particles. Prolonged
expression of these proteins can cause DNA damage by forcing the cell to stay
in the cell cycle. E7 interacts with members of the retinoblastoma protein (pRb)
family (6). Through binding of E7 to pRb, the transcription factor E2F is
released, and DNA synthesis and proliferation of cells is upregulated (7, 8)
(Figure 3). Normally, this elevated DNA synthesis would lead to apoptosis of
the cell. But E6 binds to and causes degradation of p53, with reduced apoptosis
as the effect (9, 10). The long-term consequence is an increased risk for cancer
development. HPV is the known to cause cervical cancer, but also other types
of anogenital cancers as well as oropharyngeal cancer (11). In many cases of
cervical cancer, the viral DNA is integrated in the chromosomal DNA (12).
When the viral DNA is integrated, cleavage of the circular DNA can cause
disruption of the E2 gene (13). The early promotor is thought to be
constitutively active during most of the viral life cycle but is downregulated by
E2 (14). When E2 is no longer expressed, the downregulation of the early
promotor is ceased and expression of E6 and E7 increases (15). But integration
is not necessary for oncogenicity - also episomal HPV DNA can cause cancer

(16).

Degradation and inactivation of tumor suppressor p53 and pRb HPV E6 and E7
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Figure 3. HPV E6 and E7 oncogenes.

The tumor supperssor protein p53 is marked for degradation through ubiquitination facilited by
E6 and E6-AP (Ubiquitin ligase E6-associated protein). Binding of E7 to pRb releases the
transcription factor E2F-1 which promotes re-entry to the cell cycle. (Source: Yim EK, Park JS.
The Role of HPV E6 and E7 oncoproteins in HPV-associated cervical carcinogenesis. Cancer
Res Treat. 2005;37:319-324.(17) ©2005 Korean Cancer Association)
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HPYV types

The human papilloma virus is ubiquitous, and the majority of all humans carry
HPYV on their skin surface without any symptoms (18, 19). Actually, many
other vertebrates also carry papillomaviruses (20). Hundreds of HPV types
have been identified. They are divided into five different genera alfa, beta,
gamma, mu and nu, based on differences in the DNA sequence of the L1 gene
(21). Different genera share less than 60% nucleotide sequence identity in the
L1 (22). A HPV type is defined as a HPV with at least 10% dissimilar L1
sequence from that of other HPV types (23). The alfa genus includes both
cutaneous types and mucosal types. Low-risk mucosal alfa genus types, such
as HPV6 and HPV 11, cause genital warts (condyloma) while high-risk types,
especially HPV16, are known to cause cancer (24-26). Skin warts on hands
and feet are often caused by HPV2 from the alpha genus or HPV1 from the mu
genus. The 2009 Nobel prize laureate Harald zur Hausen and coworkers cloned
HPV16 in 1983 and noted that DNA from this HPV typed was present in about
50% of cervical cancer biopsies (27). The following year, 1984, HPV18 was
identified by the same group (28). HPV16 has a particularly high oncogenic
capacity (29, 30). HPV16 is the most frequent cause of cervical squamous cell
carcinoma, while HPV18 is more often associated with adenocarcinoma (31).
HPV16 and HPV18 together cause 70% of cervical cancer (32, 33). In 2012,
the International Agency for research on Cancer (IARC) published a report on
biological agents which present carcinogenic risks to humans (34). Twelve
HPV types were classified as having a clear carcinogenic potential, while
others were classified as probably carcinogenic or possibly carcinogenic
(Table 1). During the last years, focus on different oncogenicity for different
high-risk types has been emphasized (35, 36). The reason is that both the
prevalence and the oncogenic potential varies hugely between different high-
risk types, which has implications when primary HPV testing is used in
cervical cancer screening. Young women infected with a low-oncogenic HPV
type may not need follow up, since the risk for cancer is very low. The new
classification, defined in the IARC Handbook for cervical cancer screening
(35), is presented in Table 2. This classification is also used in the 2022
Swedish national guidelines for cervix cancer prevention (37).
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Table 1. Classification of HPV types according to IARC in 2012 (34)

CLASSIFICATION HPV TYPES

Carcinogenic types 16, 18, 31, 33, 35, 39, 45, 51,
52, 56, 58, 59

Probably carcinogenic types 68

Possibly carcinogenic types 26, 53, 66, 67, 70, 73, 82

Table 2. Classification of high-risk HPV types according to the 2022 IARC Handbook of
Cervical cancer screening (35). This classification is used in the current Swedish national
guidelines (37).

CLASSIFICATION HPV TYPES
High-oncogenic 16, 18, 45
Mid-oncogenic 31, 33,52, 58
Low-oncogenic 35, 39, 51, 56, 59, 68

Natural course of HPV infections

HPYV infections are common in young women and are usually cleared within a
few months or years without causing cervical cancer (33). A longitudinal study
of teenage girls in Indianapolis (USA) showed a median duration of persistence
of a specific HPV type of 168 days (38). Nobbenhuis et al. showed that the
46% of women with normal cytology clear the HPV-infection within one year,
and after 36 months approximately two thirds had cleared the infection (39).
Low-risk types seem to clear faster than high-risk types (33, 40-42).
Persistence of the same type is associated with a higher risk for cervical cancer
(43). What determines if an HPV infection will persist or regress, is not yet
fully understood. The virus can escape the immune system in many ways, also
in an immune competent host. The HPV virus can stay unnoticed by the
immune system since its entire life cycle is within the epithelial cell. The
activity of antigen presenting cells is low after the HPV infection and so is the
release of cytokines (44). Anti-viral effects of interferons are disrupted by
HPV E6 and E7 genes (45). Sustained inflammatory response with infiltration
of macrophages and neutrophils is associated with persistence of infection.
Repression of the expression of TLRs by HPV is another feature related to
persistence, while increased levels of TLR2, TLR7 and TLRS have been
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observed prior to regression of cervical lesions (CIN2) caused by HPV (46).
Cell-mediated immunity, with CD4 responses to E6 and E7, plays an important
role for clearance of HPV infection, whereas only about half of women
infected with HPV16 develop antibodies against HPV16 L1. Thus, antibodies
are not necessary for clearance of HPV infections, and protection against
reinfection with the same HPV type is often not obtained. Antibodies,
however, are crucial for prevention of HPV infection after vaccination (45).

Microbiome studies have shown correlation between progression of cervical
dysplasia and high vaginal microbial diversity and high abundancy of bacteria
associated with bacterial dysbiosis, such as Gardnerella vaginalis (47).
Lactobacillus dominance, especially of L. crispatus, is associated with regress
of cervical intraepithelial dysplasia (48-50). However, it remains unclear
whether the dysbiosis is caused by a persistent HPV infection and development
of dysplasia, or vice versa.

Cervical cancer

Cervical cancer has an incidence of 500 cases per year in Sweden. For
comparison, 8 600 women were diagnosed with breast cancer and 2 600
women were diagnosed with colon cancer in 2021 (51). But while the median
age of women diagnosed with breast cancer and colon cancer was 66 years and
75 years, respectively, the median age for women diagnosed with cervical
cancer was only 51, and one third was under forty years of age. Cervical cancer
is a disease which often affects young women and deprive them of healthy
years of life. In Sweden, approximately 150 deaths per year are caused by
cervical cancer.

Since cervical cancer develops slowly and precursors can be treated, it is
suitable for screening. After the introduction of cervical screening in the late
1960s the incidence has decreased dramatically, from 1000 to 500 cases per
year today (52). The decline ceased in the mid-2010s, when an increase from
about 450 cases to about 550 per year was seen. Cervical cancer had increased
among women who had participated in the screening (53). Rereview of
cytology slides collected before cancer revealed an increase in false negative
smears (54). Fortunately, the incidence of invasive cervical cancer in Sweden
has decreased since 2019, although an increase is seen in some regions (55).
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Globally, the estimation was 570 000 new cases in 2018. The incidence of
cervical cancer is higher in low- and middle-income countries, and 90% of the
annual more than 300 000 deaths worldwide occur in these countries (56).

The vast majority, 99.7%, of cervical cancers are caused by HPV (57). Only in
a few cases of cervical cancer, HPV has not been detected despite modern
detection methods (58). Risk factors for cervical cancer are early sex debut,
multiple sex partners, use of oral contraceptives, high parity, smoking, HIV
infection, immunodeficiency, and last but not least: not attending the screening
program (59-64).

The most common histological type is squamous cell carcinoma (SCC) which
accounts for about two thirds of the cases followed by adenocarcinoma (ADC)
which accounts for most of the remaining cases. Whereas SCC has decreased
since the introduction of screening, ADC is still increasing (65). Both
histotypes are strongly correlated to HPV infection. HPV16 is the most
common cause of SCC while HPV18 is more often present in ADC (66).

Cervical cancer usually arises in the squamocolumnar junction where the
squamous epithelium of the ectocervix meets the glandular epithelium of the
endocervix. During childhood and after menopause, the squamocolumnar
junction is located inside the cervical canal. When oestrogen level rise during
puberty, the glandular epithelium grows out on the endocervix. After exposure
to the acidic environment of the vagina, the squamous epithelium grows back,
to some extent. The reason why the squamocolumnar junction is vulnerable to
cancer development, is thought to be that the HPV can come through and infect
the basal membrane, or that metaplastic cells present at this site are more
susceptible to HPV-infection, particularly at puberty (23). This could explain
why early sex debut is associated with increased risk for cervical cancer. When
collecting a cytology sample, it is important to include cells from the
squamocolumnar junction, which can be difficult when sampling post-
menopausal women.

Early stages of cervical cancer, without spread outside the cervix or the upper
third of the vagina are usually treated by hysterectomy. For small tumours,
fertility sparing surgery, trachelectomy, or conization can be a possibility.
More advanced cases are treated by local radiation (brachy therapy) or external
radiation in combination with chemotherapy. In a study by Hellsten et al., 247
women with cervical cancer were identified in Skane between 2017 and 2020,
of which 11% received fertility sparing surgery, 30% hysterectomy, 44%
radiotherapy and/or chemotherapy and 11% a combination of hysterectomy
and radiotherapy and/or chemotherapy (67).
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The overall five-year survival for cervical cancer in Sweden in 2014 was
approximately 70% (65), but the prognosis differs between different stages of
the disease. The overall survival has improved since 1960 but the survival for
older women has not improved (65).

Prevention of cervical cancer includes detection of cancer precursors through
screening, treatment of precursors and HPV vaccination. Precursors of cervical
cancer as well as small, localized tumours are treated by conization, which is
excision of the lesion in an approximate cone shape, including the outmost part
of the cervical canal. Normally an electric loop is applied. Treatment of high
grade squamous intraepithelial lesions radically lowers the risk for cancer (68).
On the other hand, dysplasia can regress, especially in young women (69, 70).
Low grade squamous intraepithelial lesions have a regression rate of 90% in
young women (71, 72) and is not treated, but also high degree lesions can
regress. Studies have shown that 70% of CIN2 in young women regress within
three years without treatment (73, 74). An unwanted side effect of the
treatment is increased risk for preterm delivery in future pregnancies (75),
which advocates against overtreatment of young women.

The World Health Organization (WHO) presented a strategy for elimination of
cervical cancer in 2020 (56). In this context, elimination means an incidence
of less than four per 100 000 women per year. For Sweden, with a population
of 5 million women, this corresponds to less than 200 new cases per year,
which is a decrease of more than 50% from the current situation. For some
low- and middle-income countries the incidence in 2018 was more than 26
cases per 100 000 women. For the WHO strategy to be successful, by 2030 the
90-70-90 targets must be met, meaning 90% of girls fully vaccinated by the
age of fifteen, 70% of women tested by a high-performance test by the age of
35 and again by 45 years of age, 90% of women with precancerous lesions and
90% of women with cervical cancer will receive treatment.

In Sweden HPV vaccination commenced in 2012, for girls 11-12 years of age,
with catch up vaccination for girls 13-18 years of age (37). The first vaccine
used was the four-valent Gardasil 4 which protects against the most common
high-risk types HPV16 and HPV18 and the low-risk types HPV6 and HPV11.
The vaccine gives protection from the 70% of HPV-related cancer caused by
HPV16 and HPV18, and from condyloma caused by HPV6 and HPV11. The
vaccine consists of recombinant L1 protein which makes up virus like particles
(empty capsids) (76). Since 2019, the nine-valent vaccine Gardasil 9 has been
used in the vaccination program. This vaccine gives protection against HPV6,
11, 16, 18, 31, 33, 45, 52 and 58, genotypes which cause 90% of cervical
cancer. Since 2020 it has been offered also to boys.
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Cervical cancer screening

Cervical cancer screening was introduced in Sweden in the 1966 and was
implemented throughout the country in 1977 (37). The overall goal of the
organized cervical cancer screening is to prevent cervical cancer through
detection and treatment of precancerous lesions. The screening starts at age 23
with a three-year interval for women up to 50 years of age and a five-year
interval for women over 50. During the first forty years, cytology was the
screening method. A sample collected from the cervix, including the
squamocolumnar junction mentioned above, was directly applied to a
microscopy slide and dyed with hematoxylin and eosin. The method, called
Pap smear, was invented in the 1940s by Papanocolau (77). Cells affected by
HPYV get a different appearance in the microscope. Although the relatively low
sensitivity of cytology (60-70%) the screening program has been successful
since the slow development of cancer allows for repeated tests to detect each
case (78). Cytology results are graded according to the Bethesda system (79)
in the following cytological categories: negative for intraepithelial malignancy
(NILM); atypical squamous cells of undetermined significance (ASCUS);
atypical squamous cells, cannot exclude high grade lesion (ASC-H); low-grade
squamous intraepithelial lesion (LSIL); high-grade squamous intraepithelial
lesion (HSIL); squamous cell carcinoma (SCC); atypical glandular cells
(AGC); adenocarcinoma in situ (AIS) or adenocarcinoma (ADC). The former
system used three categories of cervical intraepithelial dysplasia: CIN1, which
in the Bethesda system corresponds to LSIL, and CIN2 and CIN3 which both
are included in the HSIL classification.

Introduction of liquid-based cytology (LBC) around 2010 allowed for HPV
testing of the same sample (reflex testing). Before introduction of primary
HPYV screening, HPV testing of women 35 years and older, with the less severe
cytology diagnoses ASCUS and LSIL, was used as a triage, where HPV
negative women were followed up with repeated cytology instead of
immediate colposcopy.

Since HPV testing has shown a higher sensitivity than cytology for detection
of cervical cancer (80-82) a natural consequence was to implement primary
HPV screening. Recommended by the National Board of Social Affairs and
Health in 2015, primary HPV screening was introduced in the Swedish
national guidelines in 2017 (52). Primary HPV screening was implemented in
Skéne in 2017, for women 30 years of age and older. The cytology was only
assessed if the HPV test was positive (Figure 4). Women with positive HPV
test and cytology of ASCUS or worse (ASCUS+) were referred for colposcopy
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within three months. HPV positive women with normal cytology were retested
after three years. If persistency of HPV was seen in the follow up test after, the
woman was referred for colposcopy regardless of cytology result. If the HPV
test was negative, the woman returned to the screening program, with an
invitation every three years for women under 50 years of age and every five
years for women over 50 years. Primary cytology screening continued for
women under 30 years. Since younger women more often are HPV-infected
and usually clear the infection without development of high-grade lesions,
primary HPV testing was not implemented for screening of young women, as
it would give rise to unnecessary colposcopies and unnecessary anxiety. For
screening samples with abnormal cytology, reflex HPV testing was performed
on samples from women under 30 years.

2 30 years
HPV test
HPV negative HPV positive
Return to screening Reflex cytology
Normal cytology Cytology ASCUS+
Follow up HPV test Colposcopy follow
after 3 years up

Figure 4. Overview of the primary HPV screening introduced in 2017.

An often observed drawback of primary HPV screening is an increase in the
number of women who need follow up (83-86). The reason is low specificity
of HPV testing, in the sense that most women will clear the infection without
development of cancer or precancerous lesions. Even though a complementary
test, usually cytology, is used to triage HPV positive women, the number that
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need follow up tend to increase. Alternative triage strategies could be retesting
of HPV positive women (87, 88), HPV genotyping (36) or analysis of DNA
methylation of either viral DNA, human genes or a combination thereof (89).

During the covid pandemic, the demand for self-collected samples increased,
since all unnecessary social contacts, including health care contacts, should be
avoided. In Skane, kits for self-collected samples had previously been sent out
to women who had not participated in the screening for over seven years. Self-
collected vaginal samples give a similar sensitivity for detection of HSIL, AIS
and cancer as clinician-taken cervical HPV-samples (90). Since September 1,
2021, self-collected vaginal samples for HPV testing has been the principal
method for cervical screening in Skane, including women of all ages, starting
from 23. The recommendation from the National Board of Social Affairs and
Health in 2022 is that HPV test should be used for cervical cancer screening of
women from 23 years of age, and that self-sampling can be offered as an
alternative to sample collected by a health care professional (37). So far, self-
sampled HPV positive women need to go to a midwife for a second sample
from the cervix with possibility of both HPV test and reflex cytology. In the
future it might be possible to decide directly from the self-collected sample, by
HPV genotyping or methylation analysis, if the woman needs follow up.
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Methods

HPYV testing

HPYV tests used for cervical cancer screening

In 2009 Meijer et al. proposed requirements for HPV DNA tests used for
primary cervical screening of women of at least 30 years of age (91). The FDA
(US Food and Drug Administration) approved Hybrid Capture 2 (hc2, Qiagen)
or the GP5+/6+ PCR-enzyme assay was used as a reference method in the
Meijer criteria. These two assays had been evaluated with a follow-up of eight
years or more. The hc2 had shown a clinical sensitivity of 95-98% for >CIN2
and a specificity 91-94%. A candidate test should have a clinical sensitivity of
at least 90% and a specificity of no less than 98% of the hc2. When these cut
offs were set, special consideration was taken to the redundant follow-up that
a test with low specificity would result in. During the years, several assays
have been validated according to the Meijer protocol, of which the majority
are systems for detection of HPV DNA.

The Aptima HPV assay (Hologic, San Diego, CA) detects HPV E6/E7 mRNA
from the 14 high-risk HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
68, 82 along with the potential high-risk types 26, 66, 67 and the low-risk type
70. The mRNA is captured on magnetic beads through hybridization to
complementary DNA probes and amplified through transcription mediated
amplification (TMA). TMA is an isothermal amplification method, where
RNA is transcribed to DNA by reverse polymerase. The resulting DNA, which
includes a promotor sequence for T7 RNA polymerase, is transcribed by the
RNA polymerase and an abundance of RNA copies are created. The RNA
amplicons are detected through hybridization to fluorescein labelled DNA.
Non-hybridized probes are degraded, whereas probes bound to RNA
amplicons emit light. The emitted light is registered by the highly automated
instrument.
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This assay, which has been used in Skane for cervical screening of women 30
years and older since January 2017, was validated in 2013 and fulfilled the
requirements (92), but the utility in screening at five-year or longer intervals
was not shown (93). Forslund et al. evaluated the Aptima HPV assay for
cervical cytology samples taken up to seven years before CIN3 or cancer, and
found a similar longitudinal sensitivity as the HPV-DNA test Cobas 4800
(Roche) which had previously been shown to perform according to the Meijer
criteria (91), The sensitivity was 76.3% (95% CI: 65.8%-84.3%) for the
Aptima assay and 82.5% (95% CI: 72.6%-89.4%) for the Cobas assay. Since
HPV E6/E7 mRNA is detected in the Aptima assay, and E6/E7 expression is a
key feature of neoplastic progression, it is reasonable to assume that the assay
efficiently identifies the relevant HPV-infections. A higher specificity for the
Aptima assay than for hc2 was seen in a review by Haedicke and Iftner in 2016
(85). A meta-analysis from 2022 (94) confirms that mRNA testing with
Aptima has a similar sensitivity for CIN2+ and CIN3+ and a slightly higher
specificity than DNA-based assays. However, due to scarce data for longer
intervals than five years, the authors only recommend use of mRNA testing for
screening intervals up to five years. The Swedish national guidelines
recommend a five year screening interval for women aged 23-49 and a seven
years screening interval for women 50-64 years old (37). In Skane, the
screening intervals have been kept at three years for the younger women and
five years for the older women.

In study I, primary HPV screening by use of Hologic’s system for HPV mRNA
detection is an evaluated. The women in study III have participated in the
cervix cancer screening program and tested positive by this assay.

HPV genotyping

In recent years, genotyping has gained increased attention. Large
epidemiological studies have increased the knowledge of how the HPV types
differ in prevalence and oncogenicity (36). Commercial systems for high-
throughput detection of HPV with so called extended genotyping have
evolved. Instead of just reporting the presence of any high-risk type in the
sample, the systems give information on the type or the oncogenicity group
(Table 2) that is detected.
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As mentioned above, the Aptima HPV assay currently used in Skéne reports
14 high-risk types and four other types. Positive samples are further tested with
Aptima GT, a genotyping assay which detects the high-oncogenic types
HPV16, and 18/45.

MGP-PCR

For wide use in the screening program, automated systems for genotyping are
required. For genotyping of selected samples or for research use, other methods
can be used, for example a bead-based multiplex PCR. The samples in study
IV had been analysed by the modified general primer PCR system developed
by S6derlund-Strand et al. (95). The system was a modification of the classical
HPV general primer system GP5+/6+ (96), with primers that could be used to
amplify the L1 region of many different HPV types. The resulting amplicons
were detected through hybridization to short oligonucleotide probes linked to
fluorescence-labelled polystyrene beads. Every probe, specific for a certain
HPV type, was linked to a bead with a specific fluorescence. Beads with
hybridized amplicons were identified, and counted, by a type of flow
cytometer, the Bioplex 200 Luminex system. The assay could identify twelve
different high-risk types: HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59,
as well as the former probable or possible high-risk types 26, 53, 66, 67, 68,
69, 73, 82 and the low-risk types 6, 11, 30, 40, 42, 43, 54, 61, 62, 70, 74, 81,
83, 85, 86, 87, 90, 91 and 114. In total 39 different HPV types could thus be
detected.

Methylation analysis

Epigenetics is the study of DNA alterations which are generally not inherited
and where the nucleotide sequence is not affected. During development of the
human body, genes can be activated or silenced due to epigenetic changes.
Methylation is an important epigenetic mechanism where a methyl group
(CH3) is added to a protein or DNA. DNA-methylation generally means
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addition of a methyl group to the 5-position of the aromatic ring of a cytosine
(C) next to a guanine (G), a so called CpG motif, often but not necessarily in a
CpG island, a section of DNA with a high concentration of CpG sites. The
methyl group increases the hydrophobicity of the DNA, which can become
more condensed, so that genes or promoter regions may be switched off, or at
least be less accessible for transcription. Methylation of tumor suppressor gene
promoters increases the risk for cancer. Aberrations in the DNA methylation
pattern have an important role in cancer and other types of diseases (97).
Interestingly, smoking changes the methylation pattern, and increased
methylation of certain sites can predict lung cancer in buccal samples collected
more than 20 years before the diagnosis (98). Methylation is closely linked to
aging and studies are performed to find methylation biomarkers for biologic
age (99). In summary, DNA methylation profiling has been described as an
emerging tool in pathology, which as an addition to histomorphology can
increase accuracy of diagnosis (100).

Methylation of various human genes, HPV genes and combinations of human
genes and HPV genes have been investigated for detection of cervical cancer
and its precursors. Human genes shown to have elevated methylation in
cervical cancer and HSIL (CIN2 and CIN3) are among others CADM1, MAL
(101), EPB41L3 (102), FAM1944 (103, 104), miR124 (105), PAXI and SOX1
(1006).

A common method for DNA methylation testing is by quantitative
methylation-specific PCR. The Ct value (cycle threshold) of the methylated
gene is compared to the Ct value of a housekeeping gene, for example B-actin,
and if the difference is less than a set cut off, the result is considered positive.

The S5 classifier is a detection system based on methylation of the late regions
of HPV16, HPV18, HPV31 and HPV33 and the promoter region of the human
gene EPB41L3 (102). The S5 classifier uses pyrosequencing.

Prior to PCR or sequencing, the DNA must undergo bisulfite conversion. By
this approach, unmethylated cytosines are converted to uracil whereas
methylated cytosines are conserved (Figure 5). PCR probes can be designed
for detection of DNA segments with conserved cytosines, which indicate that
these nucleotides were methylated in the gene of study.
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Figure 5. Principles of bisulfate conversion

Bisulfite treatment will convert not methylated cytosine residues to uracil, which during PCR will
be replaced by thymidine. Methylated cytosine residues will not be affected by the bisulfate
treatment but will remain cytosines. Sequencing or methylation specific PCR will elucidate
whether the cytosines were methylated or not.

FAM19A4/miR124-2 methylation

Methylation of the promotor region of the gene hsa-miR124-2 is seen in
different types of cancer, including colon cancer, breast cancer, leukemia and
cervical cancer, and causes decreased expression of this microRNA (107).
MicroRNAs are 20-24 nucleotide long single stranded RNAs known to interact
with mRNAs and regulate gene expression post-transcriptionally. The exact
role of miR124 in cervical cancer is not fully elucidated, but decreased levels
of miR124 is associated with increased levels of /GFBP7 mRNA (107).
IGFBP7 belongs to a gene family associated with gynaecological malignancy.

FAMI19A4 (also known as TAFA4) is a chemokine-like protein involved in
the regulation of immune responses in the central nervous system and
regeneration after brain injury (108). Genome wide search for methylation
markers revealed increased methylation of FAM19A44 in human keratinocytes
transduced with HPV16E6E7, as well as in cervical carcinomas (109). Further
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evaluation has confirmed that methylation of FAM19A44 is a promising marker
for cervical cancer and advanced cervical lesions (103, 110).

In study II and study III, FAM19A44/miR124-2 methylation in liquid-based
cytology samples was evaluated for use in the cervical cancer screening
program. The assay is available as a commercial kit, the QIAsure test by
QIAGEN. It has shown high sensitivity for detection of cervical cancer (111).
Unlike the S5 classifier, the QIAsure test does not require pyrosequencing, and
could therefore be more readily implemented in routine clinical use. After
bisulfite treatment and the subsequent purification step, quantitative PCR is
performed on a Rotorgene instrument. ACTB (actin ) is used for quality
control of the specimen and the bisulfite conversion. If the Ct for ACTB
exceeds 26.4, the analysis is invalid. If the Ct value for the methylated
FAM19A4 is less than about 10 cycles higher than the Ct value for ACTB
(exact cut off is not communicated by the manufacturer) the samples is positive
for FAM19A4 methylation. For miR124-2, a Ct value lower than
approximately 6 cycles higher than the Ct value of ACTB is required for a
positive result. [f FAM19A4 or miR124-2 are amplified with a higher Ct value,
indicating low amounts of methylated DNA, the result is negative. If
methylated FAM19A4 or miR124-2 are not amplified in the PCR, but the
ACTB is amplified with a Ct value <26.4, the sample is negative for
methylation.
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Study designs

Study I

The study is an evaluation of the population-based cervical cancer screening
in Skéne after the introduction of primary HPV testing in January 2017. The
number of identified cases of pathologic cytology and the number of women
who needed follow up during a twelve-month period before introduction of
primary HPV-screening (January 21, 2016 - January 22, 2017) and after the
introduction of primary HPV-screening (January 23, 2017- January 21, 2018)
was compared. The HPV test used was the Aptima assay mentioned above,
which detects HPV E6/E7 mRNA from the 14 high-risk HPV types. Samples
were collected (by midwives) in Thinprep (Hologic) liquid-based cytology
medium, which made reflex cytology after HPV testing possible. The primary
HPV-screening only included women 30 years and older, while women
between 23 and 29 were screened by cytology. The women participating in the
screening could be up to 70 years, since yearly re-invitations were sent to them
who had not taken part in screening at age 64 or older.

2016 2017
Cytology screening Primary HPV screening
30-65 years old 30-65 years old
versus
N=45 906 N=49 842
HPV- / \ HPV+
Return to screening Cytology
N=45 945 N=3 897

Figure 6. Design of Study |
Overview of the groups of screened women compared in the audit.
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A head-to-head comparison of cytology screening and primary HPV screening
was performed for a control group consisting of women 40-42 years old, n=
4433 (Figure 7). The cytology samples from women in this age group were
assessed regardless of the HPV-result. For the rest of the samples, the cytology
was only assessed if the HPV test was positive. Women with a negative HPV
test returned to the screening program, which meant a new invitation to
screening three years later for women under 50 and five years later for women
over 50 years of age. Women who were HPV positive with cytology ASCUS+
should be followed up by colposcopy. Before 2017, women with cytology
ASCUS or LSIL were referred for colposcopy only if HPV positive, otherwise
they were reinvited for a new test one year later.

30-70 years old Control group
40-42 years old
HPV test Cytology and HPV-test
N=63 055 q N=5 039
7,0%
HPV- HPV+
Back to screening Cytology
N=58 622 N=4 433

Figure 7. Design of Study |
Women 40-42 years old were co-tested with cytology and HPV test.

All samples were analyzed at Clinical Pathology, Lund, where also the
cytology was assessed by cytology technicians and graded according to the
Bethesda system. Data on HPV- and cytology-results were collected from the
pathology laboratory information system.
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Study II

We had access to a collection of 1 225 LBC (liquid-based cytology) samples
stored at -80°C, from women who participated in the cervical cancer screening
program from May 2007 to January 2012 and who later developed CIN3+
diagnosed by histology. A selection of 113 of these samples were analyzed for
methylation of the human genes FAM19A44 and miR 124-2 with the QIASure®
kit (Qiagen) described above. All available samples from women with invasive
cancer and AIS (adenocarcinoma in situ) were selected, along with a fraction
of samples from women who developed CIN3 (Figure 8). The women had an
average age of 38.0 years (range 19-80 years) at the time of the histology
diagnosis (sampling time). The time between the histology diagnosis and the
previous cytology sample was in average 2.8 years (range 4-95 months).

% ‘ 4-95 months
: _Q LBC time

sample

Histology CIN3+

9’ Number of  Subsequent
tested histology
samples

\ 36 CIN3

42 AIS
FAM19A4/miR124-2
methylated? = BEE
10 ADC

Y113

Figure 8. Design of Study Il
113 LBC samples collected 4-95 months before histology CIN3+ were selected for methylation
analysis.

Samples from women who took part in the screening program 2007-2012 with
normal cytology (n=31) were analysed to estimate the specificity of the
methylation test. These women, with an average age 41.4 years (range 20-66)
had normal cytology and/or a negative HPV result in the next round of
screening 3-5 years later, and no abnormal histology result registered in the
pathology data base.
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Study III

During 2017, the first year of primary HPV-screening in Skéne, 4 227 women
30 years and older were positive for at least one of the HPV types included in
the Aptima HPV mRNA assay. These women took part in the population-based
screening and did not have any known history of dysplasia. Data was collected
from the pathology laboratory information system, and a review was made
including reflex cytology results of the samples from 2017 and future histology
diagnoses of HSIL, AIS, SCC and ADC for these women. The result of follow
up HPV testing in 2020, for HPV positive women with normal cytology in
2017 was retrieved from the pathology database.

All available cytology samples from 2017 from women who developed AIS
(n=34), SCC (n=13) or ADC (n=8) before 2023 were analyzed for methylation
of FAMI19A44 and miR124-2 with the QIASure® assay (Qiagen) described
above, together with a selection of samples from women who developed HSIL
(n=89) before the end of 2020.

Methylation analysis was also performed for samples from HPV positive
women with normal cytology (n=58) and ASCUS (n=65) in 2017 and a
negative HPV test by 2020, to estimate the specificity of the assay.

Study IV

From January 2010 through October 2012, 2 031 women in the Malmo area
were treated for cervical dysplasia by loop electrosurgical excision procedure
(LEEP) with histology diagnosis CIN2 or CIN3. 446 women (22%) who had
been HPV tested before and after the treatment with were identified in the
pathology registry. The HPV test had previously been performed with the
MGP PCR Luminex assay described above, identifying 39 different HPV
types, including 12 high-risk types (Table 3). The samples were collected in
average 4 months before treatment (range 0-32 months) and 7 months after
treatment (range 0-26 months). The average age of the women was 34.8 years
(range 18-59 years) at the time of the LEEP cone.

40



Cytology LEEP cone with histology Cytology

diagnosis
and CIN2 (40%) or and
HPV-test with CIN3 (60%) HPV-test with
genotyping n=446 genotyping

Figure 9. Design of Study IV

446 women with cytology samples analyzed with the MGP PCR Luminex assay both before and
after treatment of CIN2+ were identified in the pathology data base. The samples were collected
in average 4 months before treatment (range 0-32 months) and 7 months after treatment (range
0-26 months).

Table 3. HPV types identified by the MGP PCR Luminex assay. The assay could identify 12
different high-risk HPV types (HR), 8 different probable or possible high-risk types (PHR) and 19
different low-risk types (LR). Classification of HPV types according to IARC in 2012 (34).

CLASSIFICATION HPV TYPES

High-risk (HR) 16, 18, 31, 33, 35, 39, 45, 51,
52, 56, 58, 59

Probable/possible high-risk (PHR) 26, 53, 66, 67, 68, 69, 73, 82

Low-risk (LR) 6, 11, 30, 40, 42, 43, 54, 61,
62, 70, 74, 81, 83, 85, 86, 87,
90, 91, 114
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Statistics

Chi-square test with Yates’s correction was used for analysis of differences
between the rates of different cytology diagnoses before and after the
introduction of primary HPV screening (paper I). GraphPad Software was used
(www. Graphpad.com).

Pearson’s Chi-square test for trend was used for differences in HPV prevalence
between age groups in paper | and differences in methylation rates between
histology diagnoses in paper II. We used the Epitool epidemiological
calculators (epitools.ausvet.com.au).

Fisher’s exact test (two-tailed) was used in paper IV for comparison of the
number of HPV infections before and after treatment, for comparison of the
sensitivity of methylation analysis and cytology for identification of future
high-grade dysplasia and cancer in paper II, and for comparison of methylation
rate in samples with ASCUS and normal cytology prior to clearance of HPV
in paper III. GraphPad Software was applied.

To analyze whether the prevalence of HPV types had changed significantly
after treatment of high-grade dysplasia (paper IV) Mc Nemar’s test was used
(MedCalc for Windows, MedCalc Software).

Cohen’s kappa was calculated in paper II and III for assessment of the
agreement between methylation and abnormal cytology, by use of GraphPad
Software.

The Epitool website was used for calculation of confidence intervals for
proportions (paper II-II1). The Clopper-Pearson exact method was applied.

G*Power was used for power calculation (112).
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Ethical considerations

The studies included in this thesis used previously collected liquid cytology
samples (study II-IIT) and previously collected data on the studied women
(study I-IV). No sampling or other interventions were added to the routine
procedure. When patients have samples taken, they agree to have their sample
stored in a biobank for future use in diagnostics, healthcare, quality control and
research, unless the opposite is stated. The person who takes the sample has
the duty to inform the patient on the purposes for which the sample may be
used, according to the Swedish Biobank Act. The patients should also be
informed that she has the right to limit the use of her sample. The patient can
always ask to have her sample removed without explaining why. Study II was
approved by the Swedish ethics review authority, reference number Dnr 2019-
01464, as well as study III, Dnr 2023-05041-01. Study III required an
advertisement in a newspaper to inform women that the study was planned,
and who they could contact if they had questions or objected to the use of their
sample in the study. Study I and IV were approved by the Ethical review board
in Lund, Dnr 2013/390.

A permit from the consultation group for quality registers and healthcare
databases (KVB) to extract data from the Regon Skane databases, in this case
the pathology laboratory information system, was required for study III, as well
as a permit to use samples from the biobank. The samples were tested
anonymously.
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Results

Study I

63 055 women 30-70 year of age participated in the 2017 screening, of which
49 842 were aged 30-65. In 2016, 45 906 women aged 30-65 participated in
the screening (Figure 6 and 7). The overall HPV mRNA prevalence in 2017
was 7.0% (4433/63055) for women aged 30-70. The HPV-prevalence
decreased by age, from 11.2% for 30—49-year-old women to 3.95% for the
oldest groups aged 66-70 (Figure 10). The rate of women with cytology
ASCUS+ also decreased with increasing age and was similar before and after
the introduction of primary HPV-screening for each age group (Figure 10).
The total proportion of women aged 30-70 years with cytology ASCUS+ was
3.13% in 2017. The proportion of abnormal cytology among HPV positive
women also decreased with increasing age, with proportions of 51% for
women aged 30-49, 34% for women aged 50-65 and 26% for women aged 66-
70.

The proportion of women aged 30-65 with cytology ASCUS+ was 3.52%
(95% CI: 3.36%-3.70) in 2016 and 3.70% (95% CI: 3.53-3.86%) in 2017
(Figure 11). In absolute numbers, 1 618 of 45 906 women had ASCUS+ in
2016, compared to 1 842 of 49 842 in 2017. The number of women with
cytology ASCUS+ did not differ significantly between 2016 and 2017

(p=0.16).
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HPV prevalence and detection of ASCUS+ cytology
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Figure 10. Prevalence of HPV and cytology ASCUS+ for different age groups

The overall HPV prevalence in 2017 ranged from 4.0-11.2% with the highest prevalence for the
youngest women. The proportion of women with ASCUS+ cytology was similar between 2016
(shown in blue) and 2017 (shown in gray). Women 66-70 years did not take part in the screening
in 2016. Figure from Paper I.
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Figure 11. Prevalence of cytology ASCUS+ among women 30-65 years of age.

The prevalence of cytology ASCUS+ was the same after introduction of primary HPV screening.
1618 of 45 906 women had ASCUS+ in 2016 and 1842 of 49 824 in 2017. 95% Cl is shown in
the histogram.
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Stratified by cytology diagnosis, a significant difference was seen only for
cytology ASC-H (Atypical squamous cells, cannot exclude high-grade lesion),
where the proportion increased from 0.13% to 0.23% of screened women
(p<0.0001). For the cytology diagnoses ASCUS, LSIL, HSIL, AGC (atypical
glandular cells) and cancer, no significant difference was seen (Figure 12).

2.0 A o g Cyt. Screening
1.8 - - Primary HPV screening
1.6 A
gl.ﬂf . ﬂ
o 1.2 4 o
9 0‘.
j 1.0 - (S
@
EO.S E o ~
o 0.6 A ° S
~
0.4 4 g S - o
0.2 - S e o o o
' © o o o
0.0
ASCUS LSIL ASC-H HSIL AGC Cancer
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Figure 12. Prevalence of cytology diagnoses in women screened with cytology based
screening in 2016 and primary HPV screening in 2017.

Women 40-42 years old were co-tested with cytology and HPV test. In this age
group, the HPV prevalence was 7.2% (364/5039) As shown in Figure 13, all
women with HSIL, and ASC-H were HPV positive. Four out of five women
with atypical glandular cells, 90% (56/62) of women with LSIL and 58%
(79/136) of women with ASCUS were HPV positive. Of women with normal
cytology, 3.9% (188/4787) were HPV positive.
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Figure 13. Proportion of HPV positive women 40-42 years old (n=5 039) stratified by
cytology diagnosis.

The number of cytology assessments decreased markedly with the introduction
of primary HPV screening, since only HPV positive samples were assessed.
During 2017, 7% of the screening samples were HPV positive, resulting in a
93% reduction of cytology assessments. But since women 40-42 were “double-
tested”, an extra 4675 (n = 5039 minus the 364 samples with a positive HPV
result) was added to the 4 433 HPV positive screening samples. Thus, 9108
cytology assessments were performed, 14% of 63 055, while 86% of the
samples were only HPV tested.

Women with a positive HPV test and cytology ASCUS+ were referred for
colposcopy follow up. In 2017, 1842 women 30-65 years (3.7%) had cytology
ASCUS+. For obvious reasons, all were HPV positive. In 2016, 1618 women
had cytology ASCUS+. But before the introduction of primary HPV screening,
women with ASCUS and LSIL were only followed up if they were also HPV
positive. Based on the percentage of HPV negative ASCUS and LSIL in 2016,
57% and 14 % respectively (data not shown) 513 women were subtracted from
the total number of 1618 women with cytology ASCUS+ in 2016. Thus, the
estimated colposcopy rate for women 30-65 years increased by 54%, from
1105 in 2016 to 1842 in 2017, assuming follow up according to the screening
program.

48



Study 11

The FAM19A4/miR124-2 methylation test gave a valid result for 106 of 113
(94%) tested LBC samples. The rest of the samples were invalid due to a too
high Ct value for the control gene ACTB (B-actin). In total 54 samples (51%)
were methylation positive. Most of the positive samples were positive for
methylation of FAM19A4 while only about half were positive for methylation
of miR124-2. Methylation of only FAM19A4 was seen in 28 samples,
methylation of only miR124-2 in three samples and methylation of both
markers in 23 samples. Of the samples from healthy women, 90% (28 of 31)
were methylation negative (95% CI: 74%-98%).

For all analysed samples from women who developed high grade dysplasia or
cancer (CIN3+) the agreement between the cytology result and the methylation
result was 58%, Kappa 0.157 (slight agreement) (Table 4). The positivity rate
for methylation, 51%, was significantly higher than the 31% positivity rate for
cytology ASCUS+ (p=0.005). Methylation was detected in 45% (33/73) of
normal cytology samples, while cytology ASCUS+ was detected in 36%
(12/33) methylation negative samples.

Table 4. Agreement between cytology ASCUS+ and methylation prior to CIN3+. Results for
LBC samples collected 4 months — 8 years before histology CIN3+. Concordant results are shown
in blue.

e B B

ASCUS+ 21 12 33 (31%)

Normal 33 40 73 (69%)
Total 54 (51%) 52 (49%) 106 (100%)

Cytology samples from women with subsequent CIN3, AIS, SCC and ADC
histology were methylation positive in 39% (95% CI: 23-57%), 51% (95% CI:
34-68%), 61% (95% CI: 39-80%) and 70% (95% CI: 35-93%) of the cases,
respectively (Table 5, Figure 14). The proportion of methylated samples
increased significantly with the severity of the dysplasia (chi-square for linear
trend p=0.036).
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Table 5. Frequency of methylation and cytology ASCUS+ prior to CIN3+ among methylation
tested samples. Frequency of ASCUS+ among all 1 225 cytology samples from from May 2007
to January 2012 from women who later developed CIN3+ is shown for comparison with the
frequency of ASCUS+ in samples selected for methylation analysis.

Methylation Cytology Cytology
Histology | positive/tested ASCUS+/tested ASCUS+/all
samples (%) samples (%) samples (%)
CIN3 14/36 (39) 4/36 (11) 589/1094 (54)
AIS 19/37 (51) 17/37 (46) 22/45 (49)
SCC 14/23 (61) 12/23 (52) 18/32 (56)
ADC 7/10 (70) 0/10 (0) 2/18 (11)
Other NA NA 6/36 (17)
cancers
all 54/106 (51) 33/106 (31) 637/1225 (52)
Methylation positive " Cytology ASCUS+
80% -
70%
70% - 61%
60% - 51%
> 50% -
= 39%
0%40% .
L 30% -
20% -
10%
10% A
0%
controls CIN3 AlS SCC ADC
n=31 n=36 n=37 n=23 n=10

Figure 14. Frequency of methylated LBC samples 4 months-8 years before CIN3+ histology.

Result for healthy women (n=31) is shown together with the results for the women with subsequent
CIN3+ (n=106). The frequency of cytology ASCUS+ for the methylation tested samples is shown
for comparison. For abbreviations of histology diagnoses, please see the list of abbreviations.
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As mentioned, the methylation rate for samples collected prior to CIN3
histology was 39%. However, the analysed samples had a higher percentage
of normal cytology (88%) than the entire group of cytology samples (46%)
taken before CIN3 histology. Only 11% (4/36) of the analysed samples had
ASCUSH cytology, whereas 54% (589/1 094) of all cytology samples collected
prior to CIN3 had abnormal cytology (Table 5). For the other histology
diagnoses, the methylation tested samples were more representative for all
cytology samples (n=1225) regarding the rate of cytology ASCUS+.

Prior to SCC, 61% (14/23) of analysed cytology samples were methylation
positive and 52% (12/23) had cytology ASCUS+ (Table 5). All samples
collected before ADC had normal cytology, but 70% (7/10) were methylation
positive. In total, before development of invasive cancer (SCC, ADC), 64%
(21/33) of the cytology samples were methylated, of which 36% (12/33) had
ASCUS+ and 64% (21/33) had normal cytology. Some samples were negative
for methylation but positive for cytology ASCUS+, while others were
methylation positive despite normal cytology (Table 6). The methylation assay
identified more cases of cancer than cytology did (p=0.048).

Table 6. Agreement between cytology ASCUS+ and methylation prior to cancer. Results for
LBC samples collected 4 months — 8 years before cancer (SCC n =23, ADC n=10). Concordant
results are shown in pink.

e B B

ASCUS+ 9 3 12 (36%)

Normal 12 9 21(64%)
Total 21 (64%) 12 (36%) 33(100%)

Samples collected up to two years before histological CIN3+ diagnosis were
methylation positive in 55% (30/55) of the cases and had cytology ASCUS+
in 55% (30/55) of the cases. Two to five years before the diagnosis 64%
(18/28) were methylation positive, but only 7% (2/28) had cytology ASCUS+
(p<0.0001) (Table 7).
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Table 7. Result of methylation test and cytology for samples collected at different time
spans before histological CIN3+ diagnosis.

) Cytology
Time to Methylation ASCUS+ Number of
histology CIN3+ samples
- - + -

4-24 30 25 30 25 55
months

25-60 18 10 2 26 28
months

As mentioned above, 51% (54/106) of cytology samples collected prior to
CIN3+ cytology were methylation positive (Table 5). ASCUS+ cytology was
seen in 31% (33/106) of the methylation tested samples. 61% (66/106) were
positive for either methylation of FAM19A44/miR124-2, cytology ASCUS+ or
both.
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Study 11

During 2017, 4 227 women 30 years and older who took part in the population-
based screening program tested positive in the Aptima HPV mRNA assay.
They made up 6.8% of the total 62 231 who took part in the screening in 2017,
after the introduction of primary HPV testing (from 23 Jan to December 31).
The average age of the HPV positive women was 45.5 years (range 30-78).
Approximately half, 46%, had cytology ASCUS+, while the rest had normal
cytology. Women with normal cytology were offered a new HPV test in 2020.
Results from HPV testing in 2020 were identified for 55% of the women with
normal cytology in 2017. In 2020 63% of tested women had cleared the HPV-
infection, while 37% were still HPVpositive (Figure 16).

As shown in Figure 16, before the end of 2020, 617 (14.5%) of the HPV
positive women had been diagnosed with HSIL, histology diagnosis, in a
biopsy or cone. Histology diagnosis AIS, SCC and ADC were seen in 38
(0.9%), 13 (0.3%) and 12 (0.3%), respectively. In total 16% of the HPV
positive women were diagnosed with HSIL+ within 3-4 years. 88% (601/680)
of women with HSIL or cancer had been identified through abnormal reflex
cytology in the 2017 screening sample, but 12% had normal cytology in the
screening sample. The positive predictive value for HSIL or cancer (histology
diagnosis) was 31% (95% CI: 29-33%) for cytology ASCUS+.
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HPV + 2017

n=12*

HPV-test 2020

n=1 265 (55%)’

HPV+

n= 468 (37%)

n=4227
Cytology ASCUS+ Normal cytology
n=1940 (46%) n= 2 282 (54%) \
n=552 Histology HSIL n=65
n=617*
n=29 Histology AlS n=9 HPV-
n=38! n=797 (63%)
n=11 Histology SCC n=2
n= 13!
n=9 Histology ADC n=3

Figure 16. Overview of the women 30 years of age and older who took part in the cervical
cancer screening program in 2017 with a positive HPV result.
Of the 4 227 HPV positive women, 54% had normal cytology and were followed up with a new
HPV test three years later. Before the end of 2020, 617 women developed HSIL, 38 AlS, 13 SCC
and 12 ADC, diagnosed by histology of a biopsy or cone. The number of women with ASCUS+
and the number with normal cytology in the screening sample is shown in the figure. 'A subset of
the cytology samples from 2017 from these women were tested for methylation. 2Women tested
2018-2019 or after 2020 are not included in this number. For abbreviations of histology diagnoses,
please see the list of abbreviations. Figure from Paper IIl.
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In total 268 HPV positive cytology samples from 2017 were analysed for
methylation of FAMI1944/miR124-2, including samples from women with
development of HSIL or cancer before 2021 (n=135), samples from women
with SCC diagnosis 2021-2022 (n=4), samples from women with AIS 2021-
2022 (n=5), normal cytology samples from women with negative HPV test in
2020 (n=58) and samples from women with ASCUS in 2017 and a negative
HPV test in 2020 (n=65). Valid results were obtained for 238 samples (89%).
The agreement between cytology ASCUS+ and methylation was 60%
(kappa=0.22 (95% CI: 0.11-0.33)).

Methylation results for cytology samples collected prior to histology diagnosis
of HSIL, AIS or cancer 2017-2020 are shown in Table 8. Unfortunately, only
9/13 samples from women with SCC, 8/12 samples from women with ADC
and 29/38 samples from women with AIS could be retrieved from the biobank.
Of the tested samples, 8 samples collected prior to SCC and 6 samples
collected prior to ADC gave valid results. In total 122 valid and 13 invalid
results were obtained from 135 analysed samples.

Table 8. Frequency of methylation and cytology ASCUS+ for cytology samples collected in
2017 from women with histology HSIL, AIS or cancer before 2021. 122 valid methylation
results were obtained from 135 tested samples.

Methylation Cytology
Histology pos1t1ve/.t ested. ASCUS+/tested samples
samples with valid %)
result (%) °

SCC 7/8 (88) 8/9 (89)
ADC 5/6 (83) 5/8 (63)
AIS 19/28 (68) 24/29 (86)
HSIL 44/80 (55) 65/89 (73)

Samples collected before development of SCC and ADC showed a methylation
rate at least as high as the rate of cytology ASCUS+. The frequency of
methylation positive cytology samples prior to AIS and HSIL was 68% (95%
CI: 48-84%) and 55% (95% CI: 43-66) respectively. No significant difference
was seen between methylation and cytology for AIS (p=0.1) but for HSIL,
cytology detected significantly more cases (p=0.009).
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As mentioned, the correlation between methylation of FAMI19A4A4/miR124-2
and cytology ASCUS+ was not so strong. Some samples were methylation
positive but cytology negative and vice versa. For our cohort, 100% (9/9) of
women with SCC were either positive for cytology ASCUS+, methylation or
both in the previous cytology sample. For ADC and AIS, corresponding
number was 100% (8/8) and 93% (27/29),

Normal cytology samples from HPV positive women with no records of
abnormal histology and a negative HPV test in 2020, were positive for
methylation in 12% (95% CI: 4.5-24%, 6/50) of the cases (invalid results not
counted). The corresponding rate for HPV positive women with only ASCUS
cytology (not ASCUSH!) in 2017 but clearance of the HPV-infection by 2020
was 27% (95% CI: 16-40%, 15/56).

Study IV

In total 706 HPV infections were detected in the 446 women before treatment,
of which 542 were high-risk types, 72 were potential high-risk types and 92
were low-risk types. After treatment, the total number of HPV-infections had
decreased to 248. Type specific persistency, defined as detection of the same
HPYV type in a woman before and after treatment, was more often seen for the
low-risk types. 14% (76/542) of high-risk HPV-infections and 34% (31/92) of
low-risk HPV-infections persisted after treatment (p < 0.001). The potential
high-risk HPV-infections persisted in 8% of the cases (6/72) (Figure 17).
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Figure 17. Number of HPV-infections before and after treatment

The number of HPV-infections among 446 women before and after treatment. HPV 16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58 and 59 were classified as high-risk types (HR). HPV 26, 53, 66, 67,
73 and 82 were denoted potential high-risk types (PHR). The low-risk types (LR) included HPV
6, 11, 30, 40, 42, 43, 54, 61, 70, 74, 81, 83, 86, 87,89, 90, 91 and 114). Note that multiple HPV
types could be detected. “After treatment” is the total number of HPV-infections after treatment,
regardless of which type within the category HR, PHR or LR that was detected. “Persistent
infections” is the number of HPV-infections where the same type was detected in samples from
the same woman before and after treatment.

At least one HPV type, high-risk, low-risk, or potential high-risk, was detected
in 440 (99%) of the women before treatment. After treatment, 179 (40%) were
still positive for at least one HPV type.

Before treatment of CIN2+ 91% (404/446) of the women were positive for at
least one high-risk HPV type (Figure 18). After treatment, 23% (102/446) were
positive for at least one high-risk type. Persistency of at least one high-risk
type was seen among 16% (72/446).
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Figure 18. Number of women infected with HR HPV before and after treatment

Of the 446 eligible women, 404 were positive for at least one high-risk HPV type (HR HPV). After
treatment, 102 were still HR HPV positive, and 72 had at least one type detected also before
treatment. The other 30 had switched to a different HR type. Seven women not positive for HR
HPV before treatment were positive after treatment. (% of 446 women),

Low-risk types were detected in 76 of the 446 women before treatment (17%)
(Figure 19). Almost half, 36 women, still carried low-risk HPV after treatment
and 27 had at least one low-risk type which had been detected before treatment.
Of the 27 women with persistent low-risk HPV, 19 were infected with high-
risk HPV before treatment but not after treatment. While 40 women had lost
low-risk HPV after treatment, low-risk HPV was detected in 48 other women
who were negative before treatment.

27 LRHPV+
treatment same LR type
76 LR HPV+ 36 LRHPV+ 6%
17% 8%
9 LR HPV+
different LR type
48 LR HPV+ not 5
detected before %

treatment11%

Figure 19. Number of women infected with LR HPV before and after treatment

Of the 446 eligible women, 76 were positive for at least one low-risk HPV type (LR HPV). After
treatment, 36 were still HR HPV positive, and 27 had at least one type detected also before
treatment, while nine had different LR types. 48 women not positive for LR HPV before treatment
were positive after treatment. (% of 446 women).
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The most prevalent high-risk type before treatment was HPV16, 40% of the
women were infected. The second most common was HPV 31 (18%) followed
by HPV52 (13%), HPV18 (11%), HPV33 (8%), HPV51 (6%), HPV45 and
HPV 39 (both 5%). After treatment, the most common type was still HPV16
(6.5%), followed by HPV52 (4%), HPV31 and HPV33 (3%), and HPV45,
HPV51 and HPV56 (2%).

Cytology result, for the first sample taken after treatment, in relation to HPV
status is shown in Table 9. After treatment 83% of the women had normal
cytology. Samples with HSIL cytology were positive for high-risk HPV in 11
of 12 cases. High-risk HPV testing of the first cytology sample after treatment
thus showed a sensitivity of 92% (95% CI: 62-100%) for detection of residual
HSIL. The corresponding specificity was 313/372, 84% (95% CI: 80-88%) and
the negative predictive value was 336/337, 99.7% (95% CI: 98.2-100%). The
OR for HSIL cytology when high-risk HPV is detected after treatment was
37.7 (95% CI: 4.8-296) and for persistent high-risk HPV-infection after
treatment, 67.3 (95% CI: 8.5-530).

Table 9. Cytology diagnoses after treatment. Abbreviations: Atypical squamous cells of
undetermined significance (ASCUS), Low-grade squamous intraepithelial lesion (LSIL), High-
grade squamous intraepithelial lesion (HSIL). High-risk HPV type (HR HPV). ' Persistency of at
least one high-risk HPV type.

Cytology after | All 446 | Any HR HPV | Persistent HR | No HR HPV

treatment women (%) after HPV after | after
treatment treatment! treatment

Normal 372 (83) 59 35 313

cytology

ASCUS, LSIL | 62 (14) 39 26 23

or unclassified

atypia

HSIL 12 (2.6) 11 11 1

Total number | 446 109 72 337
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Discussion

Study I

The HPV prevalence of 7.0% for women 30-70 years taking part in the
population-based screening was in line with other studies. In Orebro 6.9% of
women 30-67 years of age were HPV positive with the Aptima mRNA assay
in 2016-2018 (83) and in the east part of the Netherlands, mRNA positivity
was seen in 7.5% of an unselected screening population aged 29-63 (113).
7.8% of women 30-65 were HPV positive in our study. In the Venice area,
5.7% of women 35-64 years and 7.0% of women 25-64 years were HPV
mRNA positive in the Aptima test (86). In southern Germany 4.9% of women
30-60 years in the routine screening were Aptima positive (114). A study from
the USA showed a rate of 9.1% Aptima positive among screened women in
Denver, Colorado, with a median age of 45.0 (115). A meta-analysis by de
Sanjosé et al. gave an estimate of 8.1% HPV prevalence in European women
with normal cytology (116). The results of the present study thus align with
those of other comparable investigations.

As already shown in previous studies and confirmed by later studies (36, 113,
117) the HPV prevalence was higher among younger women. This, in
combination with a high clearance rate in young women, was the reason not to
introduce HPV-based screening for women under 30. However, starting during
the covid pandemic, HPV-screening of self-collected vaginal samples is now
the principal screening method in Skéne, also for women below 30.

No cases of HPV negative HSIL or ASC-H and only one case of HPV negative
AGC (atypical glandular cells) was detected in the co-tested 40—42-year-old
women. Thus, HPV testing is reliable not to miss cases of severe cytology.
This has later been confirmed through continued follow up of this group until
December 2020, which showed that only 2 of 18 132 HPV negative women
had histologically confirmed HSIL (118). In a report published by the Swedish
National Cervical Screening Registry (NKCx) in 2024, only 1% of women
with HSIL histology in Skane, as well as 1% of all women in Sweden with
HSIL histology, had a negative HPV test within one screening interval (defined
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as five years for women under 50 and seven years for women over 50 years)
(55), confirming the sensitivity of HPV-based screening.

The prevalence of cytology ASCUS+ was approximately half of the prevalence
of high-risk HPV (Figure 10). Not only did the HPV prevalence decrease by
age, but also the proportion of abnormal cytology among HPV positive
women. Since it is not reasonable to believe that older HPV-infected women
are less prone to develop dysplasia then young HPV-infected women, a more
likely explanation could be a larger number of false negative cytology samples
in older women. Low sensitivity for cytology in older women has been shown
in several studies (119-121). HPV testing is less affected by the sample
quality, a few mRNA copies from a few exfoliated cells may be enough, while
adequate cytology samples are often difficult to obtain from post-menopausal
women. In conclusion, the prevalence of HPV in the older women is probably
closer to the truth than the prevalence of ASCUS+ cytology.

A disadvantage of primary HPV-screening is the increased need for follow up,
our estimation of 54% extra colposcopies is slightly lower than in the study
from Orebro (83), where 74% extra colposcopies were performed after the
introduction of primary HPV screening. A higher increase was seen in a Dutch
study where a three-fold increase of referral rates was seen after introduction
of primary HPV-screening by use of DNA-detection (PCR Cobas 4800,
Roche) (84). One reason could be the higher specificity of mRNA testing
compared to DNA testing (85). However, in an Italian study a duplication of
colposcopies was the result when HPV mRNA -testing replaced cytology in the
screening program (86).

The fact that all ASCUS and LSIL detected in 2017 were HPV positive, and
that the proportion of ASCUS and LSIL cytology was largely unchanged after
the introduction of primary HPV screening (Figure 12) means that the rate of
HPV positive ASCUS and LSIL was higher in 2017 than in 2016. In 2016,
57% of ASCUS and 14 % of LSIL were HPV negative, and these women were
not referred for immediate follow-up, but were scheduled for a new test one
year later. The question is whether these higher proportions of HPV positive
ASCUS and LSIL represent cases that would be missed by cytology based
screening, or if the cytotechnicians are biased when they know the HPV status,
which some studies suggest (122, 123).

What really is interesting is if the primary HPV screening could prevent more
cases of cervical cancer. A weakness of the present study is the lack of
histology data from follow up of the HPV positive women with abnormal
cytology. Bergengren et al. found that HPV-based screening in fact detected
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fewer HSIL+ cases (histology diagnosis) per 1000 screened women than the
cytology screening (83). However, like in our study, two different time periods
were compared, one before and one after the introduction of primary HPV
screening. It could therefore be that the true HSIL+ prevalence in the
population had decreased, independently of the change in screening strategy.

Study II

Testing for methylation of the human genes FAM19A44/miR124-2 is a potential
method for triage of HPV positive women in population based cervical cancer
screening. This assay may be an alternative or complement to cytology.
Possibly, methylation testing could identify more cases of cancer and severe
dysplasia and decrease the number of women who need follow up after a
positive HPV test.

In our study, methylation of the human genes FAM19A44/miR124-2 identified
more cases of cancer (SCC, ADC) than cytology did, in samples collected 4
months to 8 years before the diagnosis. The methylation assay was superior to
cytology particularly for identification of adenocarcinoma (ADC). Therefore,
analysis for methylation of FAMI19A44/miR124-2 can be considered in
scenarios where cytology is not established. However, cytology identified
cases that were negative in the methylation test, which makes switching to
methylation as a triage tool difficult in laboratories with high quality cytology.
Adding methylation as a complementary test for samples with normal cytology
would identify more women who will develop severe dysplasia or cancer.
While increasing the sensitivity, such a strategy would increase the cost for
testing and would increase the number of women referred for colposcopy.
Implementation of primary HPV screening, with cytology as the triage method,
increased the colposcopy rate by approximately 50%, why a more specific
triage method is warranted.

The methylation analysis could identify cases of future CIN3+ up to five years
before the diagnosis in more than half of the cases, while normal cytology was
seen in 24 of 26 samples collected two to five years before the diagnosis (Table
7). The reason why so few samples have abnormal cytology more than two
years before the CIN3+ diagnosis, is that if the cytology would have been
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assessed as abnormal, the women would have been followed up directly, and
the CIN3+ would have been diagnosed sooner.

One concern is whether the methylation analysis has enough sensitivity for
detection of CIN3. In the present study, the sensitivity for detection of CIN3
was not investigated enough, since mainly samples with normal cytology were
analyzed. Still, a large proportion (39%) of the samples showed methylation
of FAM19A44 and /or miR124-2. A large European multicenter study found a
sensitivity of 77% for detection of CIN3 and a sensitivity of 95% (19/20) for
detection of cancer (124).

Surprisingly few cytology samples showed abnormal cytology prior to CIN3+
histology (Table 5). The reason could be that the cytology samples were
collected up to eight years earlier. However, the average time between the
cytology sample and the CIN3+ diagnosis was 2.8 years. For use as triage for
follow up of HPV positive women, a test should be able to identify women at
risk for high grade dysplasia or cancer within three to five years. Currently,
HPV positive women with normal cytology will be retested after 18 months if
positive for HPV16/18/45 and after three years if positive for other high-risk
types. In this context, the fact that methylation could be detected up to five
years before the diagnosis of high-grade dysplasia or cancer is promising.

Study 111

Study II showed that methylation of FAMI1944/miR124-2 had a higher
sensitivity than cytology for detection of cancer (SCC, ADC) in cytology
samples collected four months to eight years earlier. The assay gave a positive
result for 10% of HPV negative women with normal cytology, indicating a
specificity of at best around 90%. Since relatively few samples were tested in
study II, and the samples were heterogenous in respect to the timespan from
collection to histology diagnosis, we performed a study with samples from the
first year of primary HPV screening, 2017. Preferably, to study the
performance of the methylation test for triage of HPV positive women, all, or
a representative selection of HPV low
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positive women with a distribution of cytology diagnoses reflecting that of all
screened women, should be tested for methylation of the 2017 cytology
sample. In a prospective study, the specificity and sensitivity for detection of
HSIL+ could be determined. Due to high cost of such test, we have instead
focused on investigating the sensitivity for detection of HSIL, AIS and cancer,
and to estimate the specificity by testing HPV positive women with normal
cytology and histology and clearance of the HPV-infection.

Three years after a positive HPV test, 37% of women with normal cytology
were still HPV positive. Since genotyping was not performed, there was no
way to know if the same HPV persisted or if one HPV-infection had replaced
another. Neither could we know if a woman had multiple infections or if she
had cleared one infection and later become reinfected. A type-specific
clearance rate of 43% within six months and 65% within 18 months for high-
risk HPV has previously been reported for women with normal cytology (43).
However, the high-risk types HPV16 and HPV31 had a lower clearance rate
of 49% and 50% respectively. A 91% clearance rate of HPV (low-risk and
high-risk) within 24 months for women with ASCUS or LSIL cytology has
also been reported (125). Factors affecting the clearance rate is the age of the
women, where young women clear the infection faster, and presence of
abnormal cytology, which is correlated to decreased clearance rate (43, 126).
Infections that have persisted for more than 18 months tend to persist longer
than newly acquired infection, Possible explanations for the relatively low
clearance rate for the HPV positive women with normal cytology in our study,
could be acquirement of new HPV infections, either with a different genotype
or reinfection with the same genotype, or a high prevalence of HPV types with
low clearance rates, such as HPV16.

Increased colposcopy rate has been described to be a consequence of primary
HPYV screening. One reason is the tendency to upgrade the cytology when the
HPV status is known (122, 123). When reviewing the 2017 screening program,
we found that 31% of HPV positive women with cytology ASCUS+ in the
screening were diagnosed with histological HSIL or cancer by 2020. Despite
a large proportion of cytology ASCUS+ (46%) among HPV positive women,
the PPV for HSIL and cancer was high, and a large proportion of colposcopies
were performed on women who really needed follow up.

We hypothesized that methylation testing would be more specific than
cytology, thus decreasing the need for colposcopy follow up. Women with
clearance of the HPV-infection by 2020, without development of dysplasia
were methylation positive in 12% (95% CI: 4.5-24%) of normal cytology
samples and in 27% (95% CI: 16-40%) of samples with ASCUS (not
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ASCUS+). Given that about one half of HPV positive women have normal
cytology and one quarter have ASCUS (Paper III, Figure 2), while the rest have
more severe cytology, the methylation rate for all HPV positive women could
be expected to be at least lower than the rate of cytology ASCUS+, which was
46%.

Study II showed that the methylation test detected more cases of cancer than
cytology did, in samples collected four to eight years before the diagnosis. This
result was confirmed in Study III, where the rate of methylation positive was
at least not less than the rate of abnormal cytology in samples collected in 2017
and histology verified SCC or ADC by 2020. Before SCC, 7/8 (88%) samples
were methylation positive and 8/9 (89%) had cytology ASCUS+. For ADC 5/6
(83%) samples were methylation positive and 5/8 had cytology ASCUS+. In
study II, all tested samples had normal cytology prior to ADC. In the 2017
screening, cytology had identified 9/12 women with development of ADC
(Figure 16). The cytology samples in study III were in average collected
shorter time before the histology diagnosis ADC, which could explain the
higher proportion of samples with ASCUS+.

More cases of HSIL were identified by cytology than through methylation
testing. Since most cases (88% of HPV positive women in the screening,
Figure 16) of cancer and high-grade dysplasia are identified through cytology,
it is not possible to make an objective comparison between the methods. Other
women who would have a positive methylation test may still be undiagnosed
because their cytology samples were (apparently) normal. It has been
suggested that methylation can point out cases of HSIL that will progress (127,
128). Increased methylation in high-grade lesions with long duration has also
been described (129). But there is not yet enough evidence for this, and the
Swedish national guidelines recommend excision of HSIL in HPV positive
women 30 years and older (130).

Samples with cytology ASCUS+ were often methylation negative and vice
versa. As illustrated by the low kappa-values and as seen in Table 4 and Table
6, the agreement between cytology and methylation result was quite low. A
possible explanation could be that the epigenetic changes take place before the
appearance of the cells” morphology change. Methylation could possibly be
detected when most of the cells still have normal epigenetic properties. The
fact that methylation and cytology often give different results speaks for the
use of both for triage of HPV positive women, to increase the sensitivity.
Unfortunately, that would increase the cost for testing and follow-up.
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A relatively high rate of invalid methylation results was seen, 6% in Study II
and 10% in Study III. The analysis was invalid if the Ct for ACTB was above
26.4. The probable reason was too low DNA concentration in the samples. We
used a fixed volume of extracted sample for the bisulfate reaction, which was
the maximum that could be used given that we could only use 200 uL from
each biobanked sample. (We could have used the double amount, but we
wanted to have a second chance to analyze each sample in case the analysis
failed). In the beginning we measured the DNA concentration by Qubit®
(Invitrogen), but since the maximum input volume gave the best result, we
continued to use maximum input without measurement of the DNA
concentration. In a real-life situation, a larger part of the sample and a different
extraction method could increase the amount of DNA used in the assay and
thereby the validity rate. In a large multicenter study (124), between 3% and
27% invalid FAMI19A4/miR124-2 methylation tests were seen in the
participating laboratories, where different sample collection media and
different DNA extraction platforms were used, indicating that the number of
invalid samples can be minimized during the right conditions.

The sensitivity for detection of HSIL is somewhat discouraging. Maybe an
alternative methylation method should be evaluated? The WID™ -qCIN test,
which assess methylation of three human genes by PCR, has shown a
sensitivity of 83% for detection of CIN3+ in women over 30 years of age, and
a 100% sensitivity for detection of cancer, with a specificity of 90% (131).
However, for women under 30 years, the sensitivity for detection of CIN3+
was moderate, 65%, and the sensitivity for detection of cancer 83%.

A comparison of the FAM19A4/miR124-2 methylation test, QIAsure®, and
the GynTect® assay showed that GynTect® had lower sensitivity for detection
of CIN2 and CIN3 (132). GynTect®, which is based on methylation on five
different genes, is thus not a promising alternative to the FAM19A4/miR124-
2 methylation.

Not all studies have given convincing support for methylation testing in
cervical cancer screening. Dick et al. report a comparable cumulative CIN3+
incidence for HPV positive women with a negative FAM19A4/miR124-2
methylation test and HPV positive women with a negative cytology triage test,
16.3% and 15.6%, respectively. The cumulative CIN3+ incidence of
methylation positive and cytology positive women were 39.8% and 46.5%
(133). Despite promising results, methylation was not proved to be better than
cytology for predicting CIN3+.
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Furthermore, analysis of more than 500 samples for methylation of
FAMI19A4/miR124-2 in a study from Orebro, found a methylation rate of 28%
in samples from women with no evidence of disease (including <LSIL
histology) and a rate of 67% in samples from women with HSIL+ histology
within three years (134). Thus, 33% of women were methylation negative prior
to HSIL+. Interestingly, an increased methylation rate with increasing age, in
the age span 30-59 year was seen in this study.

A pilot study of 55-59 year old women showed that cytology was superior to
both genotyping and FAM19A4/miR124-2 methylation, for triage of HPV
positive women in this age group (135), even though cytology is known to be
less sensitive for detection of HSIL+ in older women (120, 136).

Research has been performed where methylation of specific CpG sites is
studied, to obtain higher sensitivity and specificity for detection of CIN3+
(137). Itis also possible to perform whole genome methylation profiling (138).
However, more work is needed before implementation of these tests in clinical
use.

In summary, before introducing methylation testing in the screening program,
more research is needed.

Study 1V

Cervical cancer screening is successful only if the follow up of women with
abnormal screening results is appropriate. Women treated for CIN3 have an
increased risk of invasive cervical cancer up to 25 years after treatment (139).

We found that treatment of CIN2 and CIN3 by conization in the Malmo area
in 2010-2012 resulted in a negative high-risk HPV test in 73% of the follow
up samples taken in average seven months later. The cytology was normal at
follow up in 83% of the women, and 70% had both a normal cytology and a
negative high-risk HPV result.

A larger study of more than 8 000 women in Skdne who underwent conization
between 2015 and 2021 found a rate of cure, defined as negative HPV test and
normal cytology, of 69.7% after eight months (140), the same rate as we found
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in our study after in average seven months. The clearance of HPV was 79.6%
after eight months in the large study, which is consistent with our result of
75%.

In our study we were able to distinguish between persistent infections and
HPV-infections that either were not present or were not detected previously.
Only 18 % of high-risk HPV types detected before treatment were still detected
after conization, while the remaining 82% were eliminated. Previous studies
have shown that #ype-specific HPV persistence predict residual disease, and
genotyping can thus improve the specificity when using HPV testing in follow
up after treatment (43, 141). As a matter of fact, in our study, all cases of HSIL
cytology after treatment were seen in women with persistent HPV-infections
(Table 9) and the OR for HSIL cytology was higher for persistent high-risk
HPV infections compared to any high-risk infection, 67 vs 38. However,
presence of any high-risk type after treatment was strongly associated with
residual disease and it is thus reasonable to follow up these women regardless
of genotyping results.

Co-testing for HPV and cytology as a test of cure six months after conization
has been recommended in Skéne since 2010. We showed a high negative
predictive value for HSIL cytology with a negative (high-risk) HPV testing,
99.7%. This is consistent with a previous study from Skéne which showed a
negative predictive value of 99.2% (142). HPV testing has shown to be more
sensitive than cytology for detection of residual or recurrent disease after
treatment of CIN2+, while co-testing had a marginally higher sensitivity than
HPV testing alone (143). A Danish study, found that cytology added very little
extra sensitivity to HPV test as a test of cure for women with free resection
margins (144). As a matter of fact, in the next guidelines, a new cytology
sample is not required when endocervical cells are missing in follow up sample
after treatment of dysplasia, if the sample is HPV negative.

Low-risk HPV seemed to be affected by the conization to a less extent than
high-risk HPV, since 34% the low-risk infections persisted, compared to 14%
of the high-risk types. The number of women with low-risk types did not
change significantly after treatment (p=0.46). 19 of 27 women with persistent
low-risk infections after conization had cleared a concomitant high-risk
infection, suggesting that the low-risk infection was not restricted to the
excised tissue. The low-risk HPV infection could have involved the outside of
the cervix, the upper part of the endocervical canal or the vagina. When vaginal
self-sampling has been used in cervical cancer screening, which is now the
routine in Skéne, less than half of the women positive in the self-collected
sample are also HPV positive when followed up by a mid-wife collected
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cervical sample (145). Thus, there seems to be a discrepancy between HPV
detected in the vagina and HPV-infection of the cervix.

However, the number of low-risk HPV-infections before treatment was lower
than the number of high-risk-infections. The high number of high-risk
infections can be explained by the fact that the studied cohort were women
with confirmed CIN2 or CIN3 histology. In fact, it is surprising that not all,
but only 91%, were high-risk HPV positive before treatment. The number of
women with low-risk infections is approximately the same before and after
treatment, 76 vs 84. After treatment, about a third of the women with low-risk
types have persistent infections, while the rest have new infections (or
previously undetected infections).

Of the 446 women, 37 were positive after treatment for high-risk types not
detected before treatment and 57 were positive for previously not detected low-
risk types. The reason could either be new infections or that the treatment
“unmasked” HPV types hidden behind other types with a higher viral load.
There could also be a bias in the MGP PCR, favouring detection of certain
HPV types. If we trust the results of the PCR before and after treatment, more
women acquired new low-risk HPV infections than new high-risk HPV
infections, 57 of 446 vs 37 of 336, although the difference was quite small
(p=0.038). The acquirement of new infections has previously been shown to
be the same for oncogenic and non-oncogenic HPV (42, 126). One of the
signums of high-risk HPV is their ability to cause persistent infections
unnoticed by the immune system, while low-risk types more often cause
transient infections (40-42).

A recent publication by Wang et al. (36) lists the prevalence of different HPV
types in women with cervical cancer in Sweden between 2002 and 2011 as
well as the prevalence of different HPV types in the population. The most
common types in screened women with cervical cancer was HPV16 (51%),
HPV18 (19%), HPV45 (6%), HPV31 (3.5%) and HPV33 (3%). In the general
female population, the most common types were HPV16 (7.7%), HPV31
(1.6%), HPV45 (1.5%), HPV52 (1.4%) and HPV 51 (1.1%). Thus, there are
different distributions of types found in cancer and in the population.

In our study, the most prevalent high-risk type before treatment of CIN2+ were
HPV16 (40%), HPV 31 (18%), HPV52 (13%), HPV18 (11%), HPV33 (8%),
HPV51 (6%), HPV45 and HPV 39 (both 5%). After treatment, the most
prevalent types were HPV16 (6.5%), HPV52 (4%), HPV31 and HPV33 (3%),
and HPV45, HPVS51 and HPV56 (2%). Even though some women had
persistent infection with HPV16 after treatment, the percentage of HPV16-

70



positive was not greater than in the general population. Interestingly, HPV18
is unusual in the general population as shown by Wang et al. (36) as well as in
the women in our study after treatment of CIN2+, but one of the most common
types in women with cancer. Before treatment, HPV18 was seen in 11% of the
women in our study, which is slightly less than among women with cervical
cancer. It seems reasonable to believe that the prevalence of HPV18 in women
with CIN2+ should be somewhere in between the prevalence in women with
cancer and the prevalence in the general population. Surprisingly many women
with HPV31 and HPV52 before treatment were seen in our study. These types
are common in the population but less common than HPV18 among women
with cancer. Possible explanations could be local variations of HPV type
distributions in Sweden, different HPV types in cancer and CIN2+ or different
methods for HPV detection and typing.
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Conclusions

e Primary HPV screening by use of HPV mRNA detection identified the
same proportion of ASCUS+ cytology as cytology-based screening.

e 7.0% of women >30-70 years in the screening program were HPV
positive.

e No cases of high-grade cytology were seen among HPV negative
women 40-42 years old in the screening program.

e Primary HPV screening by use of HPV mRNA detection is safe and
reliable.

e Testing for methylation of FAM19A44/miR124-2 showed the same or
better sensitivity as cytology, for prediction of SCC and ADC.

e The detection rate of HSIL was lower for methylation than for
cytology.

e More studies are needed before introduction of methylation testing in
the screening program.

e After treatment of HSIL, 16% of the women had at least one persistent
high-risk HPV type.

e Persistent low-risk HPV infections were more common than persistent
high-risk infections after treatment of HSIL.

e High-risk HPV testing after treatment showed a sensitivity of 92% for
detection of residual HSIL and a negative predictive value of 99.7%.
HPYV testing is considered reliable as a test of cure.
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Future perspectives

Since the planning of the studies included in this thesis, the cervical cancer
screening has gone through major changes: HPV testing of self-collected
vaginal samples has become the principal screening method for women,
starting at age 23, genotyping has been more emphasized, and the oncogenic
potential of some HPV types has been downgraded (124). In the National
guidelines for cervix cancer screening from 2022, full genotyping is
recommended. In 2017 we only tested women for presence of any high-risk
HPV type, with a test which also gave a positive result for some low oncogenic
types and non-oncogenic types such as HPV66. Therefore, evaluation of a
screening program which includes extended genotyping, as well as evaluation
of methylation testing in combination with genotyping, would be an
appropriate next step.

The first cohort of vaccinated girls in Sweden reached screening age in 2023.
We can expect few of these women to be positive for HPV16 or HPV18.
Within a project for concomitant HPV vaccination and screening for
elimination of HPV and cervical cancer, 2 152 women born in 1999, the first
cohort offered school-based vaccination, were tested in 2021-2022 (146).
HPV16 was detected in 15 (0.7%) of these women, and only one single woman
(0.05%) was positive for HPV18. Among women born 1994-1999, where catch
up vaccine had been offered to women born 1994-1998, 2% were HPV16
positive and 0.5% were positive for HPV18. With our current assay for
detection of high-risk HPV mRNA and reflex testing with the Aptima GT test
for identification of HPV16/18/45, most HPV positive samples from women
born after 2000 are likely to fall in the category “other high-risk types than
HPV16, 18 or 45”. A more precise assessment of these women will be
necessary, since they can either be infected with a HPV of the mid-oncogenic
group, such as HPV31, or with HPV66 which is no longer considered a high-
risk type, and this will have great effect on the risk for cancer. A combination
of methylation and genotyping could be worth to investigate.

Another application of methylation analysis is to triage HPV positive women
with cytology ASCUS and LSIL. In a Dutch study, risk-stratification of these
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women with a combination of genotyping and methylation was estimated to
decrease the colposcopy rate by approximately 25%, with a CIN3+ after a
negative result of 2.8% (147).

Self-collected vaginal samples have largely replaced midwife collected
cervical samples in the screening. Currently, HPV positive women need to go
to a midwife to take a follow-up sample from the cervix. If genotyping and
methylation testing performed directly on the self-collected samples could give
reliable information on the risk for HSIL and cancer, direct colposcopy referral
will be favoured, and fewer women would be lost to follow up. HPV genotypes
found in CIN lesions have shown to be detected also in self-collected vaginal
samples (148).

For the next version of the Swedish National guidelines for cervical cancer
prevention, direct colposcopy without cytology is suggested for women with
HPV16, HPVI18 or HPV45. This policy has been implemented in the
Stockholm Region in 2024, resulting in only a small increase in colposcopy
referrals, due to the low prevalence of HPV16 and HPV18 in vaccinated
women (55). Direct referral of HPV16/18/45 positive women makes it possible
to omit the midwife-collected follow-up sample.

Since the youngest cohort have a low prevalence of HPV16 and HPV 18, thanks
to vaccination, full genotyping of self-collected samples is warranted. For
women with less oncogenic HPV types, methylation testing could possibly
help to decide who needs follow up. Methylation appears to be as frequent in
CIN3+ lesions caused by high-oncogenic HPV types as in CIN3+ lesions
caused by other high-risk types (148), and could thus give additional
information beside the genotype result.

Testing for FAM19A44/miR124-2 methylation has been studied also for self-
collected samples (105). A Dutch group found an increased sensitivity for
detection of HSIL in self-collected samples when miR124-2 was replaced by
two other genes, /7GA4 and ASCLI (149). A student project is currently
performed at Clinical microbiology, Lund, to investigate methylation testing
of self-collected samples in our setting.

Women with HSIL don’t always need treatment, since these lesions can regress
spontaneously. Together with a gynecologist, we are planning to study if
methylation can help to distinguish lesions that will regress from lesions that
will progress. There is some date indicating that methylation can predict
progression (128, 150) but more studies are warranted.
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