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TIIVISTELMÄ

Krooninen virusinfektio on tila, jossa virus on jäänyt persistoimaan elimistöön alkuperäisen primaari-
infektion jälkeen. Krooninen virusinfektio voi aluksi olla lieväoireinen tai jopa täysin oireeton, 
jolloin alkuperäinen tartunta jääkin usein kokonaan toteamatta. Viruksen hidas tai vaiheittainen 
lisääntyminen, tai elimistön olosuhteiden kuten immunologisen tilanteen muuttuminen, voi kuitenkin 
johtaa vakavien tautimuotojen kehittymiseen ja jopa kuolemaan. Kroonisten virusinfektioiden 
aiheuttamien tautien mahdollisia oireita ja tunnettujen riskitekijöiden ilmaantuvuutta tulee 
seurata, jotta virustartunta voidaan todeta ja vakavat tautimuodot ehkäistä tai hoitaa. Vaikka jo 
virusinfektion osoittaminen voi olla haasteellista, tarvitaan usein myös tarkempaa tietoa viruksen 
lisääntymisestä, viruskannasta tai viruksen ominaisuuksista sekvenssitasolla tautiriskin tai hoidon 
tarpeen arvioimiseksi. Tässä väitöskirjatyössä tutkittiin ja testattiin erilaisia uusia molekulaarisia 
menetelmiä ja biomarkkereita ihmisen papilloomaviruksen (HPV), BK-polyoomaviruksen (BKPyV) 
sekä hepatiitti C -viruksen (HCV) aiheuttaminen kroonisten infektioiden diagnosoimiseksi tai niiden 
aiheuttaman tautiriskin arvioimiseksi. Kaikkien edellä mainittujen virusten aiheuttamat krooniset 
infektiot voivat aiheuttaa vakavia, jopa kuolemaan johtavia tautimuotoja.

Väitöskirjatyö koostuu viidestä osatutkimuksesta, joissa 1) verrattiin DNA- ja mRNA-pohjaisia 
menetelmiä kohdunkaulan näytteiden HPV-diagnostiikassa, 2) testattiin kaupallisen HPV-
testin soveltuvuutta kohdunkaulan ja tonsillakarsinooma-kudosnäytteiden analysoimiseksi, 
3) arvioitiin HPV:n ja 4) BKPyV:n koodittamien mikro-RNA-molekyylien ilmentymistä 
ja diagnostista potentiaalia kohdunkaulan syövän ja nefropatiariskin arvioinnissa, sekä 5) 
pystytettiin uusi, sekvensointiin perustuva HCV-genotyypitysmenetelmä. Tutkimuksessa käytettiin 
nukleiinihappojen monistukseen, kuten polymeraasiketjureaktioon (PCR) perustuvia menetelmiä 
sekä perinteisiä ja uuden sukupolven sekvensointimenetelmiä, joiden avulla voitiin joko todeta 
virusnukleiinihappojen läsnäolo tai selvittää virusperimän emäsjärjestys viruskantojen tarkkojen 
ominaisuuksien selvittämiseksi.

Väitöstutkimuksessa ei havaittu merkittäviä eroja DNA- ja mRNA-osoitukseen perustuvien 
HPV-testien välillä kohdunkaulan tautien arvioimisessa, mutta todettiin molempien 
menetelmien kiistaton etu mahdollisen taudin diagnostiikassa ja vakavan taudin poissulkemisessa. 
Kasettipohjaisen HPV-testin todettiin soveltuvan parafiiniin valettujen kudosnäytteiden 
testaamiseen, ja se havaittiin käyttökelpoiseksi yksittäisten, erityisesti pään ja kaulan alueen 
kudosnäytteiden HPV-statuksen määrittämiseksi. Virusten koodittamien mikro-RNA-molekyylien 
diagnostinen potentiaali on erilainen eri viruksilla. HPV-mikro-RNA:lla on mahdollisesti 
merkitystä viruksen replikaation säätelyssä, mutta mikro-RNA-ekspressiolla ei pystytty osoittamaan 
selvää tautiyhteyttä tai diagnostista potentiaalia. Sen sijaan BKPyV:n koodittamien mikro-RNA-
molekyylien määrä oli merkittävästi suurempi nefropatiapotilailla kuin terveillä verrokeilla, mikä 
viittaa diagnostiseen potentiaaliin munuaisensiirtopotilaiden monitoroinnissa ja nefropatiariskin 
arvioinnissa. Sekvensointipohjaisen HCV-genotyypitysmenetelmän pystyttämisessä onnistuttiin 
suunnittelemaan diagnostiseen laboratorioon soveltuva, päägenotyypit erottava menetelmä, mutta 
samalla todettiin muuntelevan RNA-genomin haastavuus.
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Väitöskirjatutkimuksessa kehitettiin käytössä olevia analyysimenetelmiä sekä arvioitiin uusien 
potentiaalisten analyysimenetelmien ja merkkiaineiden soveltuvuutta kroonisten virusinfektioiden 
diagnosoimiseksi. Tutkimuksessa saatiin uutta tietoa kroonisista virusinfektiosta ja erilaisten 
viruskantojen kliinisestä merkityksestä. Molekyylidiagnostiset menetelmät ovat lisääntyneet 
nopeasti ja muuttaneet virustautien diagnostiikkaa. Uusia molekulaarisia testimenetelmiä 
kehitetään jatkuvasti, ja näiden avulla voidaan vaikuttaa merkittävästi kroonisten virusinfektioiden 
aiheuttamien tautien ennaltaehkäisyyn, hoitoon sekä potilaiden selviytymiseen.
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ABSTRACT

Chronic virus infection is a state where the virus persists in the body after primary infection. 
Primary infection can be asymptomatic and may remain unnoticed, but gradual replication of the 
virus, or a change in the immunological status of the host, may lead to the development of severe 
or even fatal disease. Symptoms and risk factors of virus-induced diseases have to be monitored 
to identify chronic infections and to prevent or treat the disease. The mere detection of the virus 
may be challenging and still insufficient. Often more detailed information about the virus strain 
or nucleotide sequence is needed for patient management. This doctoral thesis explores new 
molecular methods and novel biomarkers in the diagnostics and monitoring of chronic virus 
infections. The work focuses on three virus groups causing severe and fatal chronic infections: 
human papillomaviruses (HPV), BK polyomavirus (BKPyV) and hepatitis C viruses (HCV).

This thesis is based on five published studies on 1) evaluation of DNA- and mRNA-based HPV 
assays in detecting high-grade cervical lesions, 2) detection of HPV infections in cervical and 
tonsillar tissue samples, detection of 3) HPV-encoded and 4) BKPyV-encoded miRNAs from 
clinical samples and the assessment of their diagnostic potential, and 5) the establishment of a 
sequencing-based method for HCV genotyping. The methods included nucleic acid amplification 
as well as traditional and next generation sequencing (NGS) methods in the detection and 
characterization of specific virus strains.

In the present work the DNA- and mRNA-based HPV assays were found equal in performance. 
The unquestionable value of HPV testing in the diagnostics of cervical lesions, and a particular 
value of a negative test result in indicating the absence of the disease were observed. The cartridge-
based HPV assay was found suitable for testing individual paraffin-embedded tissue samples often 
collected from cancer patients. This testing method showed particular potential in analysing the 
HPV-status of tumours in the head and neck region. The diagnostic potential of virus-encoded 
microRNAs was found to vary depending on the virus. Detection of HPV microRNAs was scarce, 
and no obvious connection with cervical pathogenesis was found. However, BKPyV-encoded 
microRNAs were frequently detected, and their expression levels were substantially increased in 
renal transplant recipients as compared to healthy controls. This suggests that BKPyV microRNAs 
may have biomarker potential in monitoring kidney transplant patients and in risk assessment of 
polyomavirus-associated nephropathy. The evolving nature of RNA genomes became evident in 
the establishment of the sequencing-based HCV genotyping method. However, a robust method 
to distinguish the main HCV genotypes was successfully established.

This doctoral thesis focused on developing and assessing new molecular methods for the 
diagnostics and monitoring of chronic virus infections. New information regarding chronic virus 
infections, specific virus strains as well as potential diagnostic markers was gathered. The field of 
virus diagnostics is rapidly changing as new methods for molecular diagnostics are continuously 
being developed. Novel molecular methods and markers to diagnose chronic virus infections may 
significantly improve patient management and patient survival.
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REVIEW OF THE LITERATURE

1.1 Introduction to virus infections

1.1.1 Taxonomy and genetic diversity of viruses

Viruses are a diverse group of organisms currently classified in nine different orders (Bunyavirales, 
Caudovirales, Herpesvirales, Ligamenvirales, Mononegavirales, Nidovirales, Ortervirales Picornavirales, 
Tymovirales) 131 families, 46 subfamilies, 803 genera and 4853 species (King et al. 2018). Unlike 
other organisms encoding their genetic material as double-stranded DNA (dsDNA), virus genomes 
encompass also single-stranded DNA (ssDNA) or RNA (ssRNA) and dsRNA. Viruses also maintain 
their genetic material in many different configurations, including single or segmented genomes as 
single unit or multiple copies in linear or circular forms. Despite the vast genetic diversity between 
viruses, one common nominator for all viruses is that they cannot reproduce without other organisms 
(Villarreal and Witzany 2010). Several virus families propagate in human hosts, causing medically 
important infections in humans. Both DNA and RNA viruses may establish significant chronic 
infections in humans, and examples of such viruses are listed in Table 1. 

Table 1. Notable viruses causing chronic infections in humans.

Family Virus name Abbreviation Genome

Hepadnaviridae Hepatitis B virus HBV
Partially dsDNA, circular or 
integrated

Herpesviridae

Herpes Simplex virus 
(Human herpesvirus 1 & 2)

HSV 

dsDNA, linear or circular

Varicella Zoster virus
(Human herpesvirus 3)

VZV

Epstein-Barr virus
(Human herpesvirus 4)

EBV

Cytomegalovirus
(Human herpesvirus 5)

CMV

Human herpesvirus 6 HHV-6

Kaposi’s sarcoma-associated herpesvirus
(Human herpesvirus 8)

KSHV

Papillomaviridae Human papillomavirus HPV dsDNA, circular or integrated

Polyomaviridae

BK polyomavirus
(Human polyomavirus 1)

BKPyV

dsDNA, circular
JC polyomavirus
(Human polyomavirus 2)

JCPyV

Merkel cell polyomavirus 
(Human polyomavirus 5)

MCPyV

Flaviviridae Hepatitis C virus HCV (+)ssRNA, linear

Retroviridae
Human immunodeficiency virus HIV 

HTLV

(+)ssRNA and DNA replication 
intermediate, linear or 
integratedHuman T-lymphotropic virus

Parvoviridae
Human parvovirus B19
(Primate erythroparvovirus 1)

Parvovirus B19 ssDNA, linear
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1.1.2 Structure and replication of viruses

Viruses are independent particles known as virions comprising the virus genome that is surrounded 
by a protective protein structure called capsid (Forterre and Prangishvili 2009). Capsid, composed 
of capsomers, and the virus genetic material form an entity called nucleocapsid. In the case of 
enveloped viruses, the nucleocapsid is surrounded by a lipid membrane named the envelope. 
Non-enveloped or naked viruses do not have additional structures surrounding the nucleocapsid. 
Both cellular and virus-encoded enzymes are utilized in virus replication and in the production of 
virus proteins. Many DNA viruses, such as human papillomavirus, use host polymerase in their 
replication (Conger et al. 1999), whereas other DNA viruses, such as herpesviruses, encode their 
own polymerases for the replication of their genomes (Weller and Coen 2012). Certain DNA 
viruses, such as hepadnaviruses, replicate via an RNA intermediate and require a virus-encoded 
reverse transcriptase to synthesize genomic DNA using RNA as a template (Hu and Seeger 2015). 
Retroviruses with positive-sense RNA genomes also rely on reverse transcriptase in their replication 
cycle. In the case of human immunodeficiency virus, the ssRNA HIV-genome is replicated and 
transcribed through reverse transcription of a dsDNA intermediate forming a provirus integrated 
into the host genome (Zhao, Li, Bukrinsky 2011). In addition to retroviruses, apparently myriad 
of viruses have the ability to integrate into the host genome for the dissemination of their genetic 
material. These endogenous viral elements (EVE) propagate as integrated sequence elements 
within host genome, and their clinical significance still remains unclear (Feschotte and Gilbert 
2012). RNA-dependent RNA polymerase is essential for the replication of RNA viruses. Negative-
sense RNA viruses require the RNA-dependent RNA polymerase for the production of positive-
sense RNA copies from the negative-sense genome to serve as mRNA for protein translation or 
as templates for the production of new negative-sense genomes. For positive-sense RNA viruses, 
such as HCV, the genome functions directly as mRNA template for protein translation. RNA-
dependent RNA polymerase is needed for the production of complementary sense copies of the 
genomic RNA, which again serve as templates for further opposite strand RNA copies (Sesmero 
and Thorpe 2015).

1.1.3 Course of virus infection

As viruses are dependent of host cells in their replication and production of new virus particles, 
every virus infection starts with the attachment of virus particle to the target cell membrane, 
where the virus releases its genetic material into the host cell (Figure 1). The virus envelope or 
capsid proteins bind to one or several specific receptor molecules on the cell surface, which leads 
to the internalisation of the virus particle (Grove and Marsh 2011). After internalisation the 
virus genome is released from the capsid, and DNA genomes are typically transported into the 
nucleus, while most RNA genomes remain in the cytoplasm for virus replication and translation 
(Kobiler et al. 2012). 
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Figure 1. Virus entry mechanisms. Viruses can enter the cell by various mechanisms, including endocytosis, fusion 
at the plasma membrane, cell-to-cell transport or pore-mediated penetration. After internalisation their genome is 
released into the cytoplasm. For virus replication and expression of virus-encoded proteins virus genome is either 
transported to the nucleus or remains in the cytoplasm. Modified from (Hulo et al. 2011).

After production of virus proteins and replication of virus genomes, new virus particles are mainly 
self-assembled with some folding help from cellular components. Assembly of enveloped viruses 
takes place in the vicinity of different membrane structures, and the complete virus particles 
are transported directly or via the Golgi apparatus to the cell membrane where new viruses are 
released by budding or exocytosis (Chen and Lamb 2008). Most non-enveloped viruses are released 
through lysis of the infected cells, but also non-lytic release strategies do exist, such as release of 
newly formed papillomavirus particles upon degradation of terminally differentiated epithelial 
cells (Harden and Munger 2017). Virus exit strategies are illustrated in Figure 2.
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Figure 2. Strategies for virus exit. After replication of virus genomes and production of structural proteins new virus 
particles are assembled. New viruses are transported to the cell membrane where they exit the cell through lysis, 
exocytosis, budding or cell-to-cell transport. Modified from (Hulo et al. 2011).

Primary virus infection can either be cleared, or the virus may persist within the host resulting in 
a chronic infection. The establishment of a chronic virus infection involves two main strategies: 
latency and continuous virus replication. In latency the virus genome remains quiescent within 
the host, without producing new virus particles. Still, the latent virus retains its ability to reactivate 
and resume propagation, exemplified by herpesvirus infections. The opposite strategy is continuous 
replication, where new viruses are continuously reproduced. Both strategies involve several virus- 
as well as host-related factors, but the immunological status of the host is one deciding factor. In 
extreme cases chronic virus infection results in cancer or acquired immune deficiency syndrome 
(AIDS). The basic requirement for the establishment of every chronic virus infection is the ability 
to escape and hide from host immune surveillance, and consequently, the detection of such 
infections can often be quite challenging. Furthermore, the mere detection of the virus is not 



16

Review of the Literature

always enough for the assessment of disease risk or suitable treatment strategy, but instead more 
detailed information about the virus strain on nucleotide sequence level would be needed. The aim 
of diagnosis and monitoring of chronic virus infections is always to prevent the onset or progress of 
severe diseases. Diagnostics may also help in further patient management, assisting in the selection 
of suitable treatment strategy. The following chapters focus on three virus groups causing chronic 
virus infections in humans: human papillomaviruses (HPV), human polyomaviruses (HPyV) and 
hepatitis C viruses (HCV). Each of these may cause severe and fatal disease forms.

1.2 Human papillomaviruses

Human papillomaviruses are non-enveloped dsDNA viruses with an approximately 8 kb circular 
genome that replicates within host cell nuclei (Figure 3). The genome can be divided into three 
distinct regions: the early region encoding several early regulatory proteins (E1-8, depending on 
the virus), the late region encoding two capsid proteins (L1-2), and the upstream regulatory region 
(URR) or long control region (LCR) controlling virus gene expression and DNA replication 
(Harden and Munger 2017).

 
Figure 3. HPV genome as represented by HPV 16. The expression of early (E) and late (L) proteins is controlled by 
the long control region (LCR). Modified from (Doorbar et al. 2012).

 

Members of the Papillomaviridae family are classified into two subfamilies and 53 genera based on 
homology within a partial L1 gene sequence. Currently over 200 human papillomavirus types are 
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known, and they can be found in five genera: alpha, beta, gamma, mu and nu (Bzhalava, Eklund, 
Dillner 2015; de Villiers 2013). Alpha papillomaviruses infecting mucosa and skin include the 
best-established human pathogens causing a variety of diseases ranging from genital and skin 
warts to various cancers. Alpha-HPVs are divided into low-risk (lr) and high-risk (hr) HPV types 
based on their association with cancer (Table 2). For the hrHPV types a confirmed or suspected 
carcinogenic role in humans has been established, while the lrHPV types are rarely associated 
with cancers in general population (Egawa and Doorbar 2017; IARC Working Group on the 
Evaluation of Carcinogenic Risks to Humans 2012).

Table 2. Established risk classifications of alpha-HPV types. 

Table adapted from (Egawa and Doorbar 2017; IARC Working Group on the Evaluation of Carcinogenic Risks to 
Humans 2012).

1.2.1 Transmission and epidemiology of HPV infection

HPV is known as a sexually transmitted infection, but the virus can also be transmitted through 
number of other ways, such as close skin contact with HPV-infected skin as well as vertically and 
horizontally from mother to child (Castellsague et al. 2009; Kjaer et al. 2001; Ryndock and Meyers 
2014). The main route for HPV infection is through a breach in skin, through which the virus gets 
into contact with the basal layer of the epithelium. HPV replication and the production of new 
virus particles are quite unique since they are directly connected to the host cell differentiation 
process (Harden and Munger 2017). HPV infects primarily keratinocytes in the basal layer of 
the epithelium. After infection the virus replicates and expresses the early genes, while low copy 
numbers of the vir genome are retained and passed to the daughter cells upon cell division (Zheng 
and Baker 2006). As cells differentiate and progress towards the surface of the epithelium, HPV 
DNA replication and late virus protein expression is induced to produce new virus particles, which 
are released as cells reach the granular layer and perish due to terminal differentiation (Harden 
and Munger 2017; Zheng and Baker 2006).

HPV infection is common in general population and upto 90% seroprevalence has been reported 
for both men and women (Iannacone et al. 2010). Seropositivity varies between different HPV 
types and highest rates are detected for cutaneous HPV types (Antonsson, Green, Mallitt, 

Classification HPV type IARC classification Associated manifestations

High-risk

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

Carcinogenic to humans 
(Group 1)

Anogenital and oral cancers, 
mucosal lesions

68
Probably carcinogenic to 
humans (Group 2A)

26, 30, 34, 53, 66, 67, 69, 70, 
73, 82, 85, 97

Possibly carcinogenic to 
humans (Group 2B)

Low-risk

6, 11
Not classifiable as to its 
carcinogenicity to humans 
(Group 3)

Low-risk mucosal and 
cutaneous lesions, genital and 
skin warts2, 3, 7, 10, 27, 32, 40, 42, 43, 

44, 54, 57, 61, 71, 72, 81, 89
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O'Rourke, Pandeya et al. 2010). Variation is detected also for HPV DNA prevalence, and cervical 
positivity rates among general population vary between 1.4–27.0% in different countries (Clifford 
et al. 2005; Franceschi et al. 2006). Highest prevalence rates are detected in young, sexually active 
women, and the most common genotype overall detected in 19.7% of HPV-positive women is 
the high-risk type 16 (Clifford et al. 2005). High HPV DNA positivity rates have been detected 
in cervical samples collected from pregnant women (46.2%) and in skin samples of mothers 
(85%) with infants under four years of age (Antonsson et al. 2003; Castellsague et al. 2009). 
Varying prevalence rates (4–72%) have been reported in infants during the first four years of life, 
but infections are typically transient, and persistence is rare (Castellsague et al. 2009; Smith et al. 
2004). Men have a significant role in transmitting HPV infection to women, and high genital 
HPV DNA prevalence (65.2%) is detected among general male population (Giuliano et al. 
2008). Contrary to women, most common genotypes present in males are low-risk types 6 and 
11 resulting in genital warts (Giuliano, Anic, Nyitray 2010).

1.2.2 Course of infection and HPV-associated clinical manifestations

Human papillomavirus infection is connected to a number of clinical conditions ranging from 
beningn lesions, such as condylomas and skin warts to neoplastic lesions and several different 
cancers. Benign manifestations are a result of productive HPV infection resulting in the production 
of new virus particles. A persistent non-productive infection may develop if the expression of 
virus E2 transcriptional suppressor protein is disrupted, leading to increased expression of E6 and 
E7 oncoproteins (Münger et al. 2004).  The dysregulation on virus gene expression may occur 
if HPV genome integrates into the host genome, which often is the case in anogenital cancers 
(Steenbergen et al. 2005). E6 and E7 proteins target several cellular proteins and are associated 
to the inactivation of cellular p53 and pRb tumour suppressor proteins (Münger et al. 2004; 
Steenbergen et al. 2005; Zheng and Baker 2006). The resulting stimulation drives cell cycle for the 
amplification of virus genomes, further assisting in tumour development (Ghittoni et al. 2010). 
The difference between lr and hrHPV types and the development of cancer is mainly due to the 
different regulation mechanisms of E6 and E7 oncogenes. While the lrHPV types regulate E6 and 
E7 expression by separate promoters, the hrHPV types utilise differential splicing in controlling 
the expression of these oncoproteins (Egawa and Doorbar 2017).

HPV is most known as the causative agent for cervical cancer, which is associated with a persistent 
non-productive hrHPV infection (IARC Working Group on the Evaluation of Carcinogenic Risks 
to Humans 2012; Walboomers et al. 1999). Persistent anogenital HPV infection may result in the 
development of neoplastic lesions and eventually cancer, particularly among women above 30 years 
of age (Schiffman and Castle 2003). Still, great majority of HPV infections are cleared after persisting 
on average one year (Skinner et al. 2016). The high-risk types most associated to the development of 
high-grade cervical lesions and cervical cancer include HPV types 16, 18, 31, 33 and 45 (Jaisamrarn 
et al. 2013; Skinner et al. 2016). The progression of HPV infection and development into cervical 
cancer is described in Figure 4. Besides cervical cancer, HPV infection is also associated to several 
other anogenital malignancies. As cervical cancer is virtually always caused by HPV infection, HPV 
contribution has been identified also in 70% of vaginal, 40% of vulvar, 97% of anal and 45% of penile 
cancers (Grce and Mravak-Stipetic 2014). Benign anogenital HPV-manifestatios include condyloma 
acuminata (genital warts) mainly caused by lrHPV types 6 and 11 (Grce and Mravak-Stipetic 2014).
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Figure 4. Progression of HPV infection into cervical cancer. Most HPV infections are transient and clear naturally, 
while a prolonged, non-productive HPV infection can lead to the development of cervical cancer. Development of 
cervical lesions is monitored by cytological samples and disease diagnosis is made based on histology. ASC-US = 
atypical squamous cells of undetermined significance; CIN = cervical intraepithelial neoplasia; HSIL = high-grade 
squamous intraepithelial lesion; LSIL = low-grade squamous intraepithelial lesion. Modified from (Leinonen, Anttila, 
Nimeinen 2015).

Cancers associated to HPV infection do not limit to the anogenital trackt, but instead also 
oral and skin-related manifestations are known. An emerging HPV-related disease is head 
and neck squamous cell carcinoma (HNSCC), covering cancers of oral cavity, oropharynx 
and larynx (Kreimer et al. 2005). The majority of HNSCCs have previously been associated 
to tobacco and/or alcohol use particularly in men, but a continuously growing proportion of 
these carcinomas, particularly among oropharyngeal carcinoma (OPC), is incused by hrHPV 
infection likely transmitted by oral sex (Gillison et al. 2008; Martin-Hernan et al. 2013). The 
proportion of HPV-positive OPCs has drastically increased over the past decade, with 72.2% 
prevalence detected between 2005 and 2009 (Mehanna et al. 2013). Overall the prevalence of 
HPV-associated oropharyngeal and oral cavity cancer cases is 47.7% and 11%, respectively (Grce 
and Mravak-Stipetic 2014; Mehanna et al. 2013). HPV infection is also associated to several 
benign oral manifestations. These include oral warts (verruca vulgaris) caused mainly by beta-
HPV types 4 and 2, as well as oral condylomas caused by alpha-HPV types 6 and 11 (Grce and 
Mravak-Stipetic 2014). lrHPV types 6 and 11 are also associated to a rare condition known as 
recurrent respiratory papillomatosis. The condition is caused by genetical immune deficiency 
allowing the proliferation of lrHPVs and the development of rapidly growing benign tumors in 
the respiratory tract (Bonagura, Hatam et al. 2010). The tumors appear frequently, complicate 
breathing and require surgical removal, making the condition sever and potentially fatal. Alpha- 
and beta-HPV infections are also associated to skin-related manifestations, including common 
and flat skin warts (IARC Working Group on the Evaluation of Carcinogenic Risks to Humans 
2012), non-melanoma skin cancers (Quint et al. 2015) as well as epidermodysplasia verruciformis, 
a hereditary skin disored linked to genetic susceptibility to HPV infections causing skin lesions 
(Agrawal et al. 2013).

Despite the strong association between HPV infection and several cancers, the vast majority 
of HPV infections are still transient and subclinical causing no apparent disease. Clearance is 
accomplished by a healthy immune system, mainly through T cell mediated responses (de Jong 
et al. 2002; Stanley 2008). A cleared HPV infection does not necessarily mean that the virus has 
been eliminated from the body. Due to strictly intraepithelial maintenance, the virus may remain 
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hidden from the immune system and persist in the epithelium even for decades. A decline of 
immune surveillance may lead to the reactivation of the virus.

1.3 Human polyomaviruses 

Human polyomaviruses (HPyV) are non-enveloped dsDNA viruses with circular 5 kb genome. 
The first human polyomaviruses, BKPyV and JCVPyV, were isolated in 1971(Gardner et al. 
1971; Padgett et al. 1971). Since 2007 eleven additional HPyVs (KIPyV, WUPyV, MCPyV, 
HPyV6, HPyV7, TSPyV, HPyV9, MWPyV, STLPyV, HPyV12, NJPyV) have been identified 
(DeCaprio and Garcea 2013; Korup et al. 2013; Mishra et al. 2014), and one (LIPyV) is currently 
waiting for confirmation (Gheit et al. 2017). All HPyVs have similar genomic structure (Figure 
5) containing early and late coding regions as well as a regulatory non-coding control region 
(NCCR) (DeCaprio and Garcea 2013). The regulatory NCCR contains the origin of replication 
(ORI) as well as promoter and enhancer elements for virus replication. Archetype NCCR is 
represented as a series of sequence blocks marked with capital letters O, P, Q, R and S (Figure 
5). The mRNA encoded by the early coding region of BKPyV and JCPyV is alternatively spliced 
into small T antigen (sTAg) and large T antigen (LTAg). The T antigens are expressed early in 
infection to support virus replication. These proteins also disrupt normal cell cycle control and 
contribute to cell transformation. LTAg controls virus gene expression by suppressing the early 
genes and promoting the late genes (Farmerie and Folk 1984). The late region harbours three virus 
capsid protein genes (VP1-3) and a non-structural agnoprotein gene (Figure 5). VP1-3 genes are 
expressed later in infection to produce capsid proteins for new virus particles. The late strand of 
both BKPyV and JVPyV encodes also two microRNAs (miRNA) (Lagatie, Tritsmans, Stuyver 
2013) that have been shown to assist in host immune evasion and to control virus replication by 
binding to the LTAg (Bauman et al. 2011; Broekema and Imperiale 2013; Seo et al. 2008). Despite 
their close relation and genomic similarity, the different polyomaviruses utilise different routes to 
enter their target cells. BKPyV enters the cell via caveolin-mediated endocytosis by binding to the 
ganglioside reseptors GD1b and GT1b (Low et al. 2006) while JCPyV utilises clathrin-mediated 
endocytosis by binding to the serotonin reseptor 5HT2A (Elphick et al. 2004). Both viruses are 
transported into the nucleus for virus transcription and replication via the endoplasmic reticulum 
(Jiang, Abend, Tsai et al. 2009; Nakanishi et al. 2007). When the DNA has been replicated, capsid 
proteins are produced for the assembly of complete virus particles in the nucleus.
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Figure 5. Polyomavirus genome as exemplified by BK polyomavirus (BKPyV). The circular dsDNA genome is divided 
into three regions: the early region (encoding T antigens), the late region (encoding agnoprotein, VP1, VP2 and VP3), 
and the non-coding control region (NCCR; represented as sequence blocks O, P, Q, R and S). Transcription of early 
and late genes proceeds in opposite directions. Solid arrows represent coding regions, while dashed lines represent 
alternative splicing regions for the production of different proteins. The virus miRNAs are encoded by the late DNA 
strand. Modified from (Ambalathingal et al. 2017).

1.3.1 Transmission and epidemiology of BKPyV and JCPyV

The two first isolated HPyVs, BKPyV and JCPyV, are common in general immunocompetent 
population with very mild or no apparent symptoms caused by the primary infection (Sundsfjord 
et al. 1994). The seroprevalence for BKPyV ranges between 55–85% while 50–70% seropositivity 
has been reported for JCPyV (Antonsson, Green, Mallitt, O'Rourke, Pawlita et al. 2010; Egli et 
al. 2009; Knowles et al. 2003). Despite their frequent presence in general population, the natural 
transmission route as well as the initial site of virus replication still remain uncharacterised. Studies 
indicate that BKPyV is encountered early in childhood as the seroprevalence rates increase rapidly 
during the first years of life (Flaegstad, Traavik, Kristiansen 1986). As age increases significant 
exposure does not seem to occur in immunocompetent individuals, as seroprevalence decreases 
along with age (Egli et al. 2009; Knowles et al. 2003). Studies indicate that JCPyV infection is 
acquired later in childhood as compared to BKPyV and significant exposure is encountered in 
adult life as the seroprevalence of JCPyV increases along with age (Egli et al. 2009; Knowles et 
al. 2003; Knowles 2006).
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Both BKPyV and JCPyV establish a life-long persistence in the reno-urinary tract (Chesters, 
Heritage, McCance 1983; Heritage, Chesters, McCance 1981) causing no apparent disease in 
healthy immunocompetent indivisulas. Asymptomatic urinary virus shedding is common among 
solid organ transplant patients and has also been identified in healthy individuals (Egli et al. 
2009; Polo et al. 2004). While urinary shedding has been identified for both viruses in healthy 
individuals, it seems to be more frequent with JCPyV. Among 400 healthy blood donors, clearly 
higher urinary virus loads were detected for JCPyV as compared to BKPyV (40000 compared to 
3000 genome equivalents/mL, respectively) (Egli et al. 2009). A long-term study among 51 healthy 
adults found long-term or continuous JCPyV excretion in 21.4% and 50.0% of individuals, 
respectively, while long-term or occasional BKPyV excretion was detected in 14.3% and 21.4% of 
healthy adults, respectively (Polo et al. 2004). JCPyV urinary shedding appears to increase along 
with age while no apparent age-related associ ation has been identified for BKPyV shedding (Egli 
et al. 2009). Interestingly, immunodeficiency does not seem to have a significant impact on the 
level of JCPyV urinary shedding while both the incidence and level of BKPyV viruria increase 
significantly along with immunodeficiency (Markowitz et al. 1993). These findings suggest that 
immune surveillance is less efficient in controlling JCPyV replication as compared to BKPyV 
replication. BKPyV or JCPyV are not commonly detected in the blood of healthy individuals 
(Egli et al. 2009), but viremia for both viruses is seen in individuals under immunosuppressive 
treatment (Drachenberg et al. 2007). It is not known whether polyomaviruses enter a latent stage 
or retain a continuous low-level virus replication, but the common observation of urinary shedding 
suggests that at least periodic replication takes place. T-cells and interferon gamma (INF-γ) seem 
to play an essential role in controlling BKPyV replication and reactivation (Abend, Low, Imperiale 
2007; Binggeli et al. 2007), while CD4+ cells seem to be crucial in containing JCPyV replication 
(Berger et al. 1998; Gasnault et al. 2003).

1.3.2 Polyomavirus-associated complications and diseases

Primary HPyV infections are not known to cause any apparent disease in immunocompetent 
individuals. However, reactivation of these viruses, mostly in immunocompromised patients, 
has been connected to severe diseases. The risk group for developing a severe polyomavirus-
associated disease comprises individuals with altered or compromised immunological status. 
These include kidney and stem cell transplant patients under immunosuppressive treatment, 
immunodeficient HIV-infected and AIDS patients, as well as multiple sclerosis (MS) patients 
treated with immunomodulatory drugs, especially natalizumab (Dalianis and Hirsch 2013; Jiang, 
Abend, Johnson et al. 2009). Upon virus reactivation rearrangements in the NCCR may occur, 
which may lead to increased expression of the early genes. This has been shown for BKPyV 
and JCPyV in immunocompromised patients (Gosert et al. 2008; Gosert et al. 2010), and for 
JCPyV the connection between NCCR rearrangements and development of progressive multifocal 
leukoencephalopathy (PML), a neurodegenerative disease with frequently fatal outcome, has 
been well established (Ferenczy et al. 2012; Gosert et al. 2010). BKPyV is the main causative 
agent of polyomavirus-associated nephropathy (PyVAN) in kidney transplant patients, and is 
also associated to hemorrhagic cystitis in hematopoietic stem cell transplant recipients (Cesaro et 
al. 2018; Hirsch, Randhawa, AST Infectious Diseases Community of Practice 2013). Rare cases 
of PyVAN can also be caused by JCPyV (Kantarci et al. 2011), but mainly JCPyV is associated 
to the development of PML (Ferenczy et al. 2012). Although the HPyV T antigens have been 
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associated to oncogenic cell transformation (White and Khalili 2004), MCPyV is the only clearly 
oncogenic HPyV connected to Merkel cell carcinoma (Feng et al. 2008). No clear association with 
human cancers has been established for BKPyV or JCPyv, but both have been classified as “possibly 
carcinogenic to humans” by WHO (Bouvard et al. 2012). As for the other polyomaviruses, HPyV7 
and TSPyV have been connected to rare skin diseases: HPyV7 to pruritic hyperproliferative 
keratinopathy (Ho et al. 2015) and TSPyV to trichodysplasia spinulosa (van der Meijden et al. 
2010). As yet, no clear disease associations have been confirmed for the other HPyVs.

The disease-causing effects of HPyVs are induced by various different mechanisms. Extensive virus 
replication resulting in lysis of the infected cells can be accompanied by inflammatory responses. 
Immune-reconstitution inflammatory syndrome (IRIS) is caused by the inflammatory responses 
induced by ample amounts of virus antigens, especially in immunosuppressed patients whose 
immune responses are restored. Polyomavirus-induced IRIS responses cause the BKPyV-associated 
hemorrhagic cystitis (Hirsch 2005) and contribute also to the worsening of PML in HIV-AIDS 
patients after the start of antiretroviral therapy, as well as in multiple sclerosis (MS) patients after 
the removal of natalizumab treatment (Gheuens, Wuthrich, Koralnik 2013). The HPyV LTAg can 
also form complexes with host molecules, such as DNA or nucleosomes, leading to autoimmune 
inflammatory responses (Bredholt et al. 1999). Oncogenic effects may arise if virus early genes are 
expressed to drive host cell proliferation, but the expression of late genes is disrupted, and virus 
production and cell lysis are suspended. This can be inflicted by the integration of vir genome to 
the host genome, as MCPyV does in Merkel cell carcinoma (Feng et al. 2008), or if regular gene 
expression patterns are interrupted, as may be the case in rare BKPyV-associated urothelial cancers 
(Bialasiewicz et al. 2013; Geetha et al. 2002).

1.4 Hepatitis C virus

Hepatitis C viruses (HCV) are enveloped single-stranded positive-sense RNA viruses with a 
9.6 kb genome (Choo et al. 1991; Dubuisson and Cosset 2014). The genome has untranslated 
regions (UTR) at 5’ (340 nt) and 3’ (250 nt) end of the open reading frame encoding the virus 
proteins (Figure 6). The structural capsid (C) and envelope (E1, E2) proteins form the virus 
particle, while p7 assembly factor and non-structural NS2 protease are required for the assembly 
of virions. NS3, NS4A, NS4B and NS5A encode proteases and regulatory proteins required 
for the formation of virus replication complex, while NS5B encodes the RNA-dependent RNA 
polymerase responsible for virus replication (Dubuisson and Cosset 2014). Due to the error-prone 
nature of RNA polymerase (Behrens, Tomei, De Francesco 1996a) HCV is a rapidly evolving 
species consisting of a very diver group of viruses classified into seven different main genotypes 
and over 60 confirmed subtypes (Smith et al. 2014). In addition to the classified subtypes, also 
similar but still distinct virus strains known as quasispecies are found circulating within an infected 
individual (Martell et al. 1992).

The primary targets of HCV infection are hepatocytes, and virus entry is mediated by the 
binding of virus E1 and E2 envelope glycoproteins to cellular glycosaminoglycans and scavenger 
receptor B1 (Dubuisson and Cosset 2014). Virus particle is internalised through clathrin-
mediated endocytosis after a complex process involving several receptors, cellular entry factors 
and singnaling proteins on cell surface (Blanchard et al. 2006). The internal ribosomal entry site 
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within the 5’UTR initiates the translation of virus proteins. After translation the virus proteins 
accumulate to endoplasmic reticulum (ER) derived membrane structures resulting in an extensive 
rearrangement of membrane structures and the formation of a membranous web required for 
the replication of HCV RNA (Egger et al. 2002; Gosert et al. 2003). All non-structural proteins 
and the membranous web structure are needed to form a complete replication complex (Gosert 
et al. 2003). Lipid droplets and lipoproteins are also associated to this complex and are required 
for the formation of infectious HCV particles (Huang et al. 2007; Miyanari et al. 2007). The 
non-structural porteins and p7 assist in HCV virion assembly between lipid droplets and the ER 
membrane, and the assembly process is tightly linked to very-low-density lipoprotein (VLDL) 
metabolism. The new virus particles bud into the ER lumen and are released from the cell in a 
non-lytic manner associated with VLDL and clathrin-dependent secretion pathway (Benedicto 
et al. 2015; Coller et al. 2012; Huang et al. 2007).
 

Figure 6. Genome of Hepatitis C virus. The 9.6 kb single-stranded RNA genome has 5’ and 3’ untranslated regions 
(UTR) flanking the open reading frame (ORF) encoding three structural proteins (Core, E1, E2) and seven non-
structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B). Modified from (Bartenschlager, Cosset, Lohmann 2010).

 

1.4.1 Transmission and epidemiology of HCV infection

The main route of HCV transmission is through blood contact or contaminated instruments, 
including intravenous (IV) procedures such as blood transfusion and IV drug use, and percutaneous 
practices such as tattooing, acupuncture and circumcisions (Thomas 2013). The virus can be 
transmitted also perinatally from mother to child (Mast et al. 2005) as well as through sexual 
intercourse, particularly among men who have sex with men (van de Laar et al. 2011). The global 
spread of HCV started along with blood transfusions and through unsterilized intravenous medical 
procedures, affecting all areas and populations worldwide. As sterilization of medical equipment 
improved and organised screening of blood products started, the spread of HCV was reduced, 
and currently new infections are clustered mainly among injection drug users.

According to recent estimates 1.6% of world’s population (115 million people) have encountered 
HCV infection, and 70% of these (80 million people) are estimated to be viremic carriers of the 
virus (Gower et al. 2014). Highest (>10%) prevalence rates are found in Norther and Central 
Africa and in Central Asia, while the lowest rates (<1%) are found in Oceania, the Caribbeans, 
Western Europe and Andean parts of Latin America. Vast majority (90%) of HCV infections occur 
among adult population, more often among males as compared to females, although differences 
between countries exist. The most common genotype (GT) convering 46% of all infections is 
GT1, dominating in Europe, the Americas and Australasia. The second most common genotype is 
GT3 dominating in the Asia and covering 22% of all infections. The other genotypes have clearly 
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lower prevalence, covering 13% (GT2), 13% (GT4), 2% (GT6), and 1% (GT5) of all infections 
(Gower et al. 2014). In Finland the most prevalent genotype is GT3, which accounts for almost 
half of all infections (Sillanpää et al. 2014).

1.4.2 Clinical manifestations of HCV infection

Acute HCV infection can be spontaneously cleared, but vast majority (54–86%) of patients will 
develop a chronic infection defined by detectable HCV RNA in blood after six months of the initial 
infection event (Maasoumy and Wedemeyer 2012). The exact mechanisms of HCV persistence 
still remain uncharacterised, but the high virus diversity resulting in variation of glycoprotein 
epitopes has been shown to allow the escape from both humoral and cell-mediated immunological 
responses (von Hahn et al. 2007). HCV can also spread through cell-to-cell transmission in the 
presence of neutralising antibodies, allowing the escape from immune recognition (Timpe et al. 
2008; Witteveldt et al. 2009). Consequently, high-level virus production is associated with chronic 
HCV infection while no apparent latency is established. Chronic infection is a slowly progressing 
disease leading into the deterioration of liver functions and to the development of HCV-associated 
liver cirrhosis. Cirrhosis occurs in approximately 20% of chronic infections, and annually 1–4% 
of these will progress into hepatocellular carcinoma (Axley et al. 2018). Chronic HCV infection 
has been identified as a major causative agent and risk factor for the development of hepatocellular 
carcinoma (de Martel et al. 2015) and is the leading cause for liver transplantation in Europe, 
Japan and United States (Tsoulfas et al. 2009). In addition to cirrhosis, HCV infection causes also 
a wide variety of extrahepatic manifestations, including lymphomas, vasculitis, as well as metabolic, 
cardiovascular, renal and central nervous system related diseases in 40–74% of infected individuals 
(Ferri et al. 2016; Maasoumy and Wedemeyer 2012). Of these, mixed cryoglobulinemia vasculitis 
is the most common, inducing inflammation of small blood vessels in various organs through 
autoimmune-like actions caused by precipitating immunoglobulin antibodies. Cryoglobulins are 
frequently detected (50–70%) from the serum of HCV-infected patients, but only a minority 
(15–30%) of these will develop mixed cryoglobulinemia related clinical manifestations (Ferri et 
al. 2016). Also type 2 diabetes, non-Hodgkins lymphoma, Sicca/Sjögren’s syndrome, nephritis, 
arthritis, and several other autoimmune- and inflammation-related conditions have been associated 
to chronic HCV infection (Cacoub et al. 2016).

1.5 Strategies for immune evasion and virus escape

Every persistent virus infection requires strategies for escaping elimination by the host immune 
system. While each virus has its own specific methods for immune evasion, common main 
strategies are shared between different viruses. These include: 1) latency or non-productive 
infection, 2) formation of a provirus i.e. integration of the virus genome into the host genome, 
3) modulation of cellular immune responses and inhibition of host cell apoptosis, and 4) antigenic 
variation and escape variants.
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1.5.1 Latency, non-productive infection and provirus formation

The establishment of any persistent or chronic infection requires the ability to maintain the 
virus genome inside the infected cell and to avoid clearance. One strategy for this is latency, 
where virus replication is ceased, and gene expression is down-regulated or even completely shut 
down. The virus can, however, reactivate and resume its replication even after long periods of 
inactive latency. This strategy for persistence is exploited by herpesviruses, among whom HSV 
alternates successfully between a latent, non-productive infection and a lytic cycle with active 
virus production (Wilson and Mohr 2012). The switch between productive and non-productive 
infection can also be connected to the differentiation state of the infected cell. In HPV infection 
the production of new virus particles is connected to the terminal differentiation of epithelial 
cells. New viruses are released in non-lytic manner as cells from the outer layer of epithelium 
perish (Harden and Munger 2017; Zheng and Baker 2006). In EBV infection the replicative cycle 
of latent viruses is triggered by the terminal differentiation of circulating memory B cells into 
plasma cells (Laichalk and Thorley-Lawson 2005), while the replication of HIV is also connected 
to the state of the cell: viruses in activated CD4+ T cells produce new viruses, while viruses in the 
dormant CD4+ T cells remain latent (Siliciano et al. 2003).
 
Interactions between viruses and host histones contribute to virus persistence as well. Interplay 
resulting in chromatin structure changes modulates host gene expression and this feature is 
employed for example by HSV. HSV latency-associated (LAT) genes interact with host chromatin 
structures to inhibit lytic gene expression contributing to HSV latency in neurons (Wang et 
al. 2005). Histone interactions are also essential for the retroviruses, who form host-genome 
integrated proviruses. For example, HTLV-1 has a chromatin modifying Tax protein for activation 
and/or repression of virus and host genes enabling provirus persistence (Currer et al. 2012). 
Proviral latency is also seen in HHV-6 infection, which is able to spread as a latent provirus from 
mother-to-child and reactivate in the new host (Gravel, Hall, Flamand 2013).

1.5.2 Modulation and inhibition of host immune responses

All chronic and persistent viruses inhibit or modulate immunological responses of the host. Many 
chronic viruses stimulate interleukin-10 (IL-10) production, which is an immunosuppressive 
cytokine inhibiting a variety of immunological responses, such as B cell responses, T cell 
proliferation and stimulatory cytokine production. HCV persistence is contributed by NS4 
protein, which stimulates monocyte IL-10 production thus inhibiting CD4+ T cell responses 
(Brady et al. 2003). Also HIV induces elevated IL-10 expression levels (Clerici et al. 1996), 
while EBV and CMV encode their own viral IL-10 with immunosuppressive activity (Kotenko 
et al. 2000; Salek-Ardakani, Arrand, Mackett 2002). To inhibit clearance by the immune system, 
also cytotoxic T cell (CTL) and natural killer (NK) cell responses and antigen presentation has 
to be limited. Thus, antigen-presenting major histocompatibility complex (MHC) molecules 
are targeted by many viruses. The expression of MHC class I molecules is down-regulated for 
example by HPV E5 and E7 proteins (Ashrafi et al. 2006; Georgopoulos, Proffitt, Blair 2000), 
while HSV ICP47 prevents antigen processing and loading to MHC (Hill et al. 1995). HCV 
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core and envelope E2 proteins inhibit NK cell recognition by stabilising NK-inhibitory ligands 
and inhibiting NK-activating ligands (Crotta et al. 2002; Nattermann et al. 2005; Tseng and 
Klimpel 2002).

To maintain virus production and elimination of infected cells, viruses have also mechanisms to 
inhibit apoptosis. A common target for many virus-encoded suppressor proteins is the tumour 
suppressor protein p53. Both HPV- and HCV-encode proteins, HCV NS3 and HPV E6, which 
inhibit the function of p53 (Beaudenon and Huibregtse 2008; Deng et al. 2006). HPV-encoded 
E6 and E7 proteins target several cellular proteins and are associated also to the inactivation of 
pRb tumour suppressor proteins in addition to p53 (Münger et al. 2004; Steenbergen et al. 2005; 
Zheng and Baker 2006). Non-productive HPV infection involves over-expression of E6 and 
E7 proteins disrupting cell differentiation process and suspending the production of new virus 
particles while maintaining the proliferation of host cells (Münger et al. 2004; Steenbergen et al. 
2005; Zheng and Baker 2006). Other antiapoptotic effects of HCV infection include prevention 
of apoptotic stress response to oxidative stress. This is achieved by NS5A-mediated suppression 
of host cell K+ channel (Mankouri et al. 2009). Also other antiapoptotic virus proteins have been 
identified, such as EBV LAT proteins preventing apoptosis of infected B cells (Gregory et al. 1991), 
and CMV-encoded proteins inhibiting apoptosis and caspase-8 activation (Skaletskaya et al. 2001). 
An overview of virus factors and strategies associated with immune evasion is presented in Table 3.

MicroRNAs (miRNA) are small, non-coding RNA molecules that regulate gene expression by 
binding to complementary mRNA and inhibiting the translation of transcribed genes (Auvinen 
2017). Both host and virus miRNAs are able to control virus gene expression, and virus miRNAs 
can target cellular as well as viral proteins. This is exemplified by polyomavirus miRNAs, which 
control both virus replication as well as interfere with cell-mediated immunity promoting immune 
evasion (Bauman et al. 2011; Lagatie, Tritsmans, Stuyver 2013; Seo et al. 2008). HIV trans-
activation response element (TAR) has also been shown to encode miRNA that prevents several 
cellular apoptotic factors (Klase et al. 2009). In addition to virus miRNAs, cellular miRNAs further 
contribute to the persistence of certain viruses. For example, HTLV trans-activating transcriptional 
regulatory protein Tax activates host miRNAs inhibiting apoptosis and promoting cell proliferation 
(Yeung et al. 2008). Several herpesvirus miRNAs are involved in the establishment of virus latency, 
such as EBV-encoded miRNAs (Iizasa et al. 2010), as well as HSV-encoded miRNAs that prevent 
lytic gene expression promoting latency (Tang, Patel, Krause 2009; Umbach et al. 2008).
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Table 3. Overview of strategies for virus persistence and immune evasion.

1 The affiliated gene or protein names are given as their established abbreviations.

Table adapted from (Alcami and Koszinowski 2000; Kane and Golovkina 2010; White, Pagano, Khalili 2014).

Virus Viral factor1 Mechanism

CMV vICA, vMIA

Inhibition of apoptosis

EBV LAT, BALF-1

HCV NS5A

HPV E6

HSV US3

KSHV K13

HCV NS3

Inhibition of tumour suppressor protein p53

HBV HBx

HPV E6, E7

HIV Tat

HTLV Tax

MCPyV LTAg

HIV Tar miRNA Inhibition of cellular pro-apoptotic proteins

CMV US2, US3, US6, US11, UL83

Inhibition of normal MHC functions 

EBV EBNA-1

HIV Nef, Tat

HPV E5, E6, E7

HSV ICP47, ORF14

VZV ORF66, UL49.5

KSHV K3, K5

CMV miRNA, m144, m154, m157, UL18

Inhibition of NK activation
EBV miRNA

HCV Core, E2

HIV Nef

HCV NS5A

Inhibition of interferon signalingHSV US3

VZV ORF62/71, IE63/70, ORF66

EBV EBNA-2, EBER RNA

Inhibition of INF-induced proteins

HBV Capsid protein

HCV NS5A, E2

HIV Tat, Tar RNA

HPV E6, E7

HSV γ134.5, ICP34.5, US11

CMV UL144, UL146, UL147, UL111A

Interference with cytokine signaling

EBV BCRF-1, BARF-1, LMP-1

HCV NS4

HIV Tat

KSHV K2

BKPyV
miRNA Inhibition of immune recognition

JCPyV

EBV
miRNA Establishment of latency

HSV
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While latency allows virus persistence at the cost of replication, another strategy for virus escape is 
continuous replication. This strategy is common for RNA viruses, such as HCV and HIV. Immune 
recognition is avoided by rapid and error-prone replication of the RNA genome (Behrens, Tomei, 
De Francesco 1996b), through which new variant strains originate that are able to escape from 
immune recognition and elimination (Gomez et al. 1999; Richman et al. 2003).

1.6 Impact of host-related factors on virus persistence

Host-related factors contribute to the establishment of chronic virus infections and to the 
development of virus-related diseases. The immunological state of the host is a critical factor in 
inhibiting or enabling virus replication. Immunocompetent hosts are able to restrain and clear 
many virus infections, but in immunocompromised individuals, chronic virus infections are more 
common and cause more severe manifestations. One susceptible population highly affected by 
virus infections are organ transplant patients whose immunological responses have been suppressed 
to prevent allograft rejection. Several chronic viruses, including most human herpes viruses (CMV, 
EBV, HSV, VZV, HHV-6), HIV and hepatitisviruses (HBV, HCV) as well as polyomaviruses 
(BKPyV, JCPyV), are screened and/or monitored in transplant recipients to prevent virus-induced 
manifestations (Karuthu and Blumberg 2012; Lin and Liu 2013). Genetic polymorphism of the 
host is also one contributing factor in the establishment of chronic virus infections. Genetic variats 
affecting Toll-like reseptors, immune regulatory proteins and human leukocyte antigens (HLA) are 
associated with susceptibility to virus infections and their persistence. Mutations affecting Toll-like 
reseptor signaling have been linked for example to the susceptibility to HSV-induced encephalitis 
in children, increased rate of HSV2-induced genital lesions as well as to more rapid progression of 
HIV infection (Bochud, Magaret et al. 2007; Bochud, Hersberger et al. 2007; Perez de Diego et al. 
2010; Sancho-Shimizu et al. 2011). Genetic polymorphisms causing deficiencies in complement 
acitivating lecitin pathway have also been associated to recurrent HSV infections (Seppänen et al. 
2001; Seppänen et al. 2009). As for HPV infection, genetic polymorphism and specific genetic 
variants of killer-cell immunoglobulin-like receptor (KIR) genes are associated to the ability to 
clear lrHPV infection. Deficiency in expressing KIR receptors KIR3DS1/2DS1 may result in 
failure to clear the infection and to the development of severe recurrent respiratory papillomatosis 
(Bonagura, Du et al. 2010). Genome-wide array and sequencencing-based studies have led to 
the identification of several single-nucleotide polymorphisms (SNPs) associated either to the 
susceptibility or protection against chronic virus infections. In the case of HCV, genome-wide 
studies have identified several SNPs, mostly affecting apoptosis-associated genes, to be connected 
with persistent infection and the progression of liver fibrosis (Patin et al. 2012), while SNPs in 
IL28B and HLA class II genes have been linked to virus clearance (Duggal et al. 2013). Genome-
wide association studies have also identified associations between HLA class II SNPs and HPV-
induced oropharyngeal and cervical cancers (Lesseur et al. 2016). X-linked lymphoproliferative 
syndrome involves dysregulation of immune cells such as T-, B- and NK-cells in males. Mutations 
in SH2D1A gene (encoding signaling lymphocytic activation molecule-associated protein) and in 
XIAP gene (encoding X-linked inhibitor of apoptosis protein) have been associated to inhibition 
of apoptosis and to a fatal form of EBV infection resulting in uncontrolled B-cell proliferation 
and the development of lymphomas (Filipovich et al. 2010). In addition, EBV is linked to 
nasoparyngeal carcinoma in populations with specific HLA calss I allele, encountered specifically 
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in China (Tang et al. 2012). Chronic virus infections have also been associated to the stimulation 
of several autoimmune diseases in susceptible individuals, including type 1 diabetes and multiple 
sclerosis (Christen et al. 2010; Getts et al. 2013). As mentioned earlier, HCV infection is associated 
to several autoimmune conditions, including type 2 diabetes, mixed cryoglobulinemia as well as 
lymphoproliferative and thyroid autoimmune disorders, through incucing uncontrolled cytokine 
responses in susceptible hosts (Antonelli et al. 2014).

1.7 Burden of chronic virus infections 

As described in previous chapters, chronic virus infections may result in various different clinical 
manifestations depending on the virus. Virus infections are causative agents in numerous severe 
clinical conditions, including cancers. According to estimations, approximately 15% of human cancers 
in 2012 were caused by carcinogenic infections, and 64.1% of these were attributable to viruses, to 
HPV, HBV, HCV, EBV, HHV-8 and HTLV-1, specifically (Plummer et al. 2016). Of these, human 
papillomavirus is the most significant carcinogenic viral agent, accounting for 29.5% of cancers caused 
by infections in 2012 (Plummer et al. 2016). According to estimations, approximately 53 000 new 
HPV-induced cancer cases emerge annually in Europe, nearly 35 000 of these being cervical cancer 
cases (Hartwig et al. 2017). In the United States the total number of HPV-induced cancers is estimated 
to be approximately 31 000 cases, including 11 000 cases of cervical cancer (Saraiya et al. 2015).

From the public health perspective, HIV, HBV and HCV are of major concern. According to 
World Health Organization (WHO) estimations 36.7 million people were living with HIV by the 
end of 2016. Furthermore, 257 and 71 million people were estimated to carry chronic HBV or 
HCV infections (respectively) in 2015, causing 1.34 million deaths due to viral hepatitis (WHO 
2017). Over 1 100 new HCV infections are diagnosed in Finland every year, and in total over 30 
000 infections have been reported to the registry of infectious diseases (THL 2018). However, the 
total number of chronic carriers is not known because HCV incidence in population level has not 
been studied in Finland. In Europe, approximately 35 000 HCV infections have been reported to 
the European Centre for Disease Prevention and Control (ECDC) between 2006-2015, of which 
over 4 500 cases had been reported as chronic carriers of HCV (ECDC 2018). As for HBV, around 
300 new carriers of chronic HBV infection are reported in Finland each year, the total number of 
reported HBV carriers being currently over 7 700 (reported since 1995)(THL 2018). On European 
level the reported number of chronic HBV carriers is over 15 000 cases (reported since 2006), 
while approximately 30 000 new HIV infections are reported every year (ECDC 2018). Highest 
disease burden of chronic virus infections is in developing countries, and highest mortality rates 
for viral hepatitis are in Asia and Africa. HCV is a particular problem also in the developed western 
countries due to transmission via intravenous drugs and re-infections. According to WHO 23% of 
new HCV infections and 1% of new HBV infections worldwide occur as a result of injection drug 
use (WHO 2017). The situation is similar in Finland, as in 2017 injection drug use was reported 
to be the cause in 47% of new HCV infections, while no drug-related new HBV infections were 
reported (Jaakola et al. 2018). Of the HBV and HCV induced liver cirrhosis and hepatocellular 
carcinoma leading to death, 31.5% (HCV) and 0.9% (HBV) occur among intravenous drug users 
(WHO 2017). To treat an infection and to prevent its spread, it is essential that people carrying 
chronic virus infection would be diagnosed. Unfortunately, according to WHO estimations, only 
a minority of individuals carrying HCV (20%) or HBV (9%) have been diagnosed (WHO 2017).
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In recent years the increased use of immunomodulatory drugs, including monoclonal antibodies 
such as natalizumab, has introduced new risk groups for the development of virus-induced diseases. 
The use of targeted biological drug therapies in treating severe diseases such as hematologic 
malignancies or multiple sclerosis may enable virus replication and inflict the onset of another 
sever disese. This is exemplified by the increased overall incidence of progressive multifocal 
leukoencephalopathy (PML), a JCPyV-induced neurodegenerative disease associated to the use 
of natalizumab (Iacobaeus et al. 2018; Raisch et al. 2016).

Despite the strong cancer-associaton of several chronic viruses, cancer is still an extreme outcome 
of a chronic infection. Most chronic virus infections are subclinical with no symptoms or disease 
progression. However, in addition to cancer and other severe disease forms, chronic virus infections 
are associated to numerous non-malignant manifestations, immunological complications and 
inflammatory autoimmune responses. Thus, the implications and burden of chronic virus 
infections are extensive and not easily predicted or compiled.

1.8 Diagnosis of chronic virus infections

Virus diagnostics is applied in patient care to assess the cause, progression and prognosis of a given 
disease and to answer the question on how to treat the patient. At present, diagnostics of virus 
infections is based on targeted detection of a specific virus. In practice this means the detection of 
whole viruses, virus components or nucleic acids from the sample under analysis. Past exposure, 
whether recent or old, is assessed by detecting antibodies raised against a given virus from patient 
sera. Methods applied in diagnosing and identifying virus infections are discussed next with the 
emphasis on hepatitis C virus, human papillomavirus as well as human polyomaviruses, which 
are focused on in this thesis.

1.8.1 Conventional methods for virus detection

Detection of antibodies is used to reveal recent or past exposure to a given pathogen. Antibody 
testing is widely used in diagnosing virological infections, particularly in the diagnostics of 
HIV, HBV and HCV infections. The primary antibody produced first upon a virus infection is 
immunoglobulin M (IgM), which is followed by the production of IgG antibodies. Diagnosis 
of an initial primary infection can be made when a change in serological status from negative to 
positive, a process known as seroconversion, between paired samples can be detected. Detection 
and fluctuations of IgM and IgG antibody levels give an indication about the time frame of the 
initial infection. A significant rise in serum IgG level indicates an ongoing acute infection, while 
the discrimination between primary or past exposure is often based on a raise in antibody titer 
levels between paired samples. IgG antibodies raised upon past infections bind their target more 
tightly, and the strength of antibody-antigen complex can be assessed using avidity testing. The 
strength of IgG avidity matures and increases gradually over time, thus assisting further in the 
assessment of recent or past exposure. Avidity testing is used for example in diagnosing primary 
CMV infection during pregnancy (BaAlawi et al. 2012). Detection of antibodies employs capture 
antigens and secondary antibodies that are labelled with e.g. fluorescent dyes. A conventional 
method used in the detection of antibodies is enzyme-linked immunosorbent assay (ELISA) first 
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introduced in 1971 (Engvall and Perlmann 1971). Since then several variations of the method 
have been developed utilizing different enzymes and detection methods, and these methods are 
commonly referred to as enzyme-linked immunoassays (EIA). Labelled antibodies and EIA are 
also employed in detecting virus antigens from the sample under analysis. The most widely used 
antigen detection method in virus diagnostics is fluorescent antibody (FA) staining. FA staining is 
a common method in clinical laboratories and is utilised for example in rapid diagnostics of HSV 
and VZV from vesicles, and for rapid serological HBV testing. Other conventional methods used 
in the detection of antibody-antigen complexes include complement fixation test and agglutination 
assays, which, at present, are less frequently used in routine virus diagnostics. 

Virus culture is the method to enrich and isolate a virus. Virus growth in cell culture can be 
detected by observing virus-induced changes in the infected cell, such as inclusion bodies or altered 
cell shape, known as cytopathic effect (CPE) specific for each virus. Microscopic inspection of 
viral inclusion bodies has been used in the detection of HBV and HIV infections, while genotype-
associated CPE patterns have been characterised for HCV infection in hepatocytes (Rubbia-
Brandt et al. 2000). Suspected virus based on a charachteristic CPE can also be confirmed by 
antibody staining. For routine diagnostics virus culture is often too laborious and time-consuming. 
Furthermore, most viruses do not grow in cell cultures established for routine diagnostics. Some 
rapid cultivation methods do, however, exist and are in routine use for example in HSV and 
CMV diagnostics. These methods utilise labelled secondary antibodies to enable virus detection 
before visible CPE. Conventional light microscopy and fluerecence microscopy are utilised in 
observing cell culture morphology and staining reactions of e.g. fluorescent dyes, while high-
resolution electron microscopy (EM) can be used in virus diagnostics to detect complete virus 
particles directly. EM can be used particularly for detecting viruses from stool samples, but more 
convenient and rapid EIA methods are preferred in routine use.

Antibody testing is used as a first line of testing in diagnosing HCV infection, and several sensitive 
immunoassays are available for this purpose (AASLD/IDSA HCV Guidance Panel 2015; Kim 
et al. 2008). A rapid immunoassay for the detection of HCV core antigen is also available and 
used as an alternative to polymerase chain reaction (PCR) based virus quantification (Park et al. 
2010; Rockstroh et al. 2017). As for human polyomaviruses, IgG serology is used to identify 
past exposure to BKPyV and JCPyV (Kardas, Leboeuf, Hirsch 2015). BKPyV serology may be 
employed in risk assessment of PyVAN and hemorrhagic cystitis after kidney transplantation or 
hematopoietic stem cell transplantation, respectively. JCPyV antibody testing and quantification 
is applied particularly in risk assessessment for natalizumab-associated PML development (Plavina 
et al. 2014). Serological testing is not used in routine HPV diagnostics but can be applied for 
monitoring vaccine-induced HPV immunisation and coverage (Mesher et al. 2016).

1.8.2 Nucleic acid detection by polymerase chain reaction

Nucleic acids (DNA or RNA) reveal the presence of a particular pathogen. Quantification of virus 
DNA or RNA can also be used in patient management through monitoring the viral load. Increase 
in viral load is a direct indication of active virus replication. The activity of a virus infection can 
also be analysed through the detection of virus mRNA indicating that transcription takes place. 
The method commonly used in detecting virus nucleic acids is polymerase chain reaction (PCR), 
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a technique amplifying a strand of DNA by the help of a heat-stable DNA polymerase, specific 
oligonucleotide primers and thermal cycling (Mullis and Faloona 1987). Real-time PCR is a PCR 
application where amplification can be detected in real time by using fluorescent probes annealing 
to the target sequence (Heid et al. 1996). Amplification is revealed through measuring fluerescence 
after each amplification cycle. Because of the amplification, PCR methods are very sensitive 
and also very low quantities of nucleic acids can be detected. Consequently, PCR detection is 
very prone to contaminations. Sequence-specific primers and probes enable specific detection or 
particular viruses and strains. PCR-based methods are widely used in the detection and monitoring 
of chronic vir infections, and are the method of choice also in HCV, HPV and BKPyV diagnostics. 
Automated PCR analysers are available and commonly used for the detection of HCV and HPV, 
and quantitative real-time PCR is a key factor in monitoring HCV replication and treatment 
success in patients with chronic HCV infection (Halfon et al. 2006). Determining BKPyV load 
through real-time quantitative PCR is used also in monitoring renal and hematopoietic stem cell 
transplant patients (Descamps et al. 2015).

1.8.3 Alternative methods for nucleic acid detection

In addition to PCR-based nucleic acid detection, also several alternative applications for 
detecting and amplifying nucleic acids are exploited in diagnosing chronic virus infections. The 
alternative methods are mostly based on isothermal amplification which does not require thermal 
cycling (Zhao et al. 2015). Two similar methods utilizing isothermal amplification of RNA are 
transcription-mediated amplification (TMA) and nucleic acid sequence-based amplification 
(NASBA). These methods employ reverse transcriptases and RNA polymerase in combination 
with promoter sequence-containig primers for the production of cDNA and RNA copies from the 
target RNA (Compton 1991; Zhao et al. 2015). Both techniques have been applied in commercial 
virus assays: NASBA for example in NucliSENS easyQ platform (bioMérieux, Marcyl’Etoile, 
France) for HIV and HPV testing and TMA in Aptima assays (Hologic, Bedford, MA, USA) for 
HIV and HPV detection, as well as in Procleix assays (Grifols; Hologic) developed for screening 
of HCV, HBV and HIV from blood products. Other alternative amplification methods exploited 
also commercially are strand displacement amplification (SDA) and loop-mediated isothermal 
amplification (LAMP). SDA method amplifies the target sequence by the help of endonucleases 
and multiple consecutive nicking, extension and strand displacement steps while amplification is 
detected by detector probes as it occurs (Walker, Little et al. 1992; Walker, Fraiser et al. 1992). 
LAMP utilizes a set of highly specific primers and a DNA polymerase with strand displacement 
activity to produce a ssDNA copy of the target sequence, which is amplified through repeated 
formation of stem-looped DNA structures (Notomi et al. 2000). SDA-based assays are available 
for several bacterial species, but a commercial BD ProbeTec™ Qx Amplified DNA Assay (BD; 
Becton Dickinson, Franklin Lakes, NJ, USA) utilizing SDA technology is available also for HSV 
detection. LAMP technology is utilized for example in quantitative Q-LAMP Iam assays (Diasorin, 
Saluggia, Italy) available for CMV, BKPyV, VZV and parvovirus B19 detection. 

Other alternative methods for nucleic acid detection utilized in virus diagnostics are based on 
signal amplification methods. Signal amplification is exploited in hybrid capture (HC) as well as 
in branched DNA (bDNA) assays. HC technology uses RNA probes for the detection of DNA 
targets, and the resulting RNA:DNA hybrids are captured and detected by specific antibodies 
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conjucated with alkaline phosphatase producing a ligh signal when a chemiluminescent substrate 
is added (Poljak et al. 1999). Light signal is amplified as several antibodies conjucated with 
several alkaline phosphatase molecules are bound to one target hybrid. Hybrid capture techonolgy 
is applied in HC2 HPV DNA test (Qiagen, Hilden, Germany), a common and widely used 
assay in HPV diagnostics. Branched DNA technology employs target-specific probes and amplifier 
oligonucleotides to form a branched DNA structure to which multiple labelled probes can hybridise 
producing an amplified chemiluminescent detection signal (Collins et al. 1997; Horn and Urdea 
1989). In virus diagnostics bDNA technology can be applied as a quantitative method to determine 
viral load if a standard curve is added. This technology has been utilized also commercially for example 
in Versant HIV-1 RNA 3.0 and HCV RNA 3.0 assays (Siemens Healthcare, Tarrytown, NY, USA).

1.8.4 Sequencing techniques

There are several techniques to reveal the nucleic acid sequence of a given gene or pathogen. 
The conventional Sanger method is based on chain-terminating dideoxynuleotides and gives 
one sequence strand for one sequencing reaction (Sanger, Nicklen, Coulson 1977). Sequences 
produced by the Sanger method can be analysed using easy-to-use and freely available Internet-
based tools. The development of massive parallel sequencing techniques, commonly known as 
next generation sequencing (NGS), has enabled the discovery and sequencing of new, unknown 
virus strains as well as detailed characterisation of distinct virus strains within one sample. NGS 
techniques yield thousands of sequence reads from the given sample, allowing the identification 
of minor variations in individual strains. First NGS platforms emerged in 2005 and currently 
two major NGS techniques utilized by Illumina and Ion Torrent platforms prevail. Illumina 
uses sequencing-by-synthesis technique, which is based on cluster-forming bridge PCR and on 
the incorporation and detection of reversible dye-terminators (Bentley et al. 2008). Ion Torrent 
sequencing utilizes emulsion PCR and detects incorporated nucleotides through measurement 
of changes in pH (Rothberg et al. 2011). The thousands of parallel reads generated by NGS 
techniques produce vast amounts of data and require specialised bioinformatics tools and skills 
for the analysis and interpretation of sequencing results. Although some pipelines for the analysis 
and identification of microbial NGS data do exist, no widely established, easy-to-use methods are 
available for the analysis of virus strains and variants. Consequently NGS-based identification of 
viruses is not yet commonly used as a diagnostic method in routine virus diagnostics.

1.8.5 Surrogate markers

Presence of a virus infection or development of a disease can also be inspected through surrogate 
markers. Surrogate markers are available for diagnosing HPV infection and for the assessment of cervical 
cancer risk. Deviating DNA methylation patters are associated to the development of several human 
cancers. Promoter hypermethylation of host FAM19A4 and has-mir124-2 tumor suppressor genes has 
been associated to the development of cervical cancer, and methylation stage provides a surrogate marker 
for the detection of cervical cancer and advanced cervical lesions (De Strooper et al. 2014; Wilting 
et al. 2010). Another surrogate marker for HPV infection employed in diagnostics is p16INK4a, a 
cyclin-dependent kinase inhibitor. This protein is overexpressed in hrHPV-infected cells expressing 
E7 oncoprotein and thus serves as a biomarker for the activity of hrHPV E7 oncogene expression 



35

Review of the Literature

(von Knebel Doeberitz et al. 2012). p16 staining is particularly useful in differential diagnostics of 
HPV-associated oropharyngeal carcinomas (Cohen et al. 2017). Surrogate markers are also used in 
monitoring solid organ transplant recipients through the use of urine cytology. Detection of decoy 
cells (epithelial cells with viral inclusion bodies) in urine is indicative for high BKPyV replication and 
applied in assessing PyVAN risk in kidney transplant patients (Hirsch et al. 2014; Nankivell et al. 2015).

Viruses have been shown to utilise and alter the expression of host miRNA molecules, and both 
host- and virus-encoded miRNAs are involved in the pathogenesis of virus infections. As yet, 
miRNA testing has not been used in routine virus diagnostics, but these small regulatory RNA 
molecules do hold potential as diagnostic markers. This has been observed in HCV infection, where 
deregulation of host miRNAs has been associated to the development of hepatocellular carcinoma, 
and analysis of several host miRNAs has proven useful in management of chronic HCV patients 
(El-Abd et al. 2015). Thus, differential expression patterns in host miRNA levels may provide an 
additional biomarker for the diagnosis of chronic virus infections and for the associated diseases.

1.8.6 Sample material

In diagnosing chronic virus infections, sample type and sampling time have essential roles. Viruses 
are detected from various different tissues and bodily secretions but depending on the suspected 
infection or disease and the method of sample analysis, a specific sample type has to be collected 
for accurate diagnosis. Swab samples are probably the most convenient specimen type, as they are 
easily collected and practically non-invasive. Assay sensitivity is affected by the medium in which 
the swab sample is collected. Swabs collected in liquid-based sample media tend to have better 
sensitivity as compared to dry swabs (Druce et al. 2012; Sultana et al. 2015). In the detection 
of chronic viruses, swabs are used for example in collecting HSV, VZV samples from vesicles, 
and in obtaining cervical cell samples for HPV diagnostics. Blood, particularly plasma or serum, 
is a common sample material for diagnosing many chronic virus infections. Blood sampling is 
also quite easy procedure and not too discomforting for the patient. Serology, i.e. detection of 
antibodies from serum, is used to determine primary or past exposure to a given pathogen, but 
blood is a common sample material also for the detection of virus nucleic acids of many chronic 
viruses. Blood screening is perfomed for the blood-borne viruses such as HBV, HCV and HIV 
(Aberg et al. 2014; Guss et al. 2018; Song and Kim 2016), but also for other chronic viruses, 
such as polyomaviruses and herpesviruses among organ transplant recipients (Hirsch et al. 2005; 
Petrisli et al. 2010; Tomblyn et al. 2009). As for BK and JC polyomaviruses, both can be detected 
in various bodily fluids, such as urine, blood and cerebrospinal fluid (CSF) (Pietilä et al. 2015). 
Because these viruses are periodically shed to urine without causing any symptoms, the risk for 
PyVAN or PML is better assessed if these viruses are detected from blood or CSF, respectively. 
Tissue biopsies enable the detection of virus from the specified site of clinical manifestation, 
enabling diagnosis when other sample materials may remain negative (Dries et al. 1999). However, 
as a sample material, tissue biopsies are problematic as they require additional processing for 
accurate and sensitive detection. Virtually all clinical sample matrices, including blood, tissue, 
urine and feces, contain some inhibitory substances that may decrease the sensitivity of PCR 
detection (Buckwalter et al. 2014; Schrader et al. 2012). Plasma and serum are generally more 
suitable for PCR amplification as compared to whole blood, since haemoglobin and lactoferrin 
as well as anticoagulant heparin have been shown to inhibit PCR amplification (Schrader et al. 
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2012). Inhibitory effects are highest for formalin-fixed, paraffin-embedded (FFPE) tissues and 
urine samples (Buckwalter et al. 2014). Efficient processing and nucleic acid extraction protocols 
are able to overcome most, even if not all of the inhibitory effects, but this may come at the cost 
of reduced assay sensitivity (McKinney et al. 2009; Steinau, Patel, Unger 2011).

1.9 Disease prevention

Virus-specific direct-acting antiviral treatments are available for some virus infections and have 
revolutionized the treatment of major chronic virus infections such as HCV and HIV. First 
HIV-specific antiretroviral durg came to market over 30 years ago, and since then numerous 
other antiviral drugs for the treatment of chronic virus infections such as CMV, HSV and HCV 
have been developed (Chaudhuri, Symons, Deval 2018). With the new currently available pan-
genotypic drugs, HCV infection can be cleard from over 95% of infected individuals over the 
course of 8–12-week treatment period (Vermehren et al. 2018). Hovewer, for most chronic virus 
infections no specific treatment exists. In the absence of specific antiviral drugs, treatment strategies 
include the use of non-specific antiviral drugs, such as interferon-based drugs or the reduction of 
immunosuppressive treatments to regain natural immune responses against viruses. In lowering 
the burden of chronic virus infections and the diseases caused by them, measures preventing 
the initial infection or disease-inducing factors would be ideal. The ultimate goal for primary 
prevention of any virus infection is the development of vaccines, and success stories do exist. One 
of such is the HBV vaccine, which is currently administrated globally. HBV vaccine has been 
recommended for infants in risk areas starting from the 1990’s, and in 2015 the coverage was 
84% (WHO 2017). Vaccination has reduced the incidence of new HBV infections considerably, 
and most people carrying chronic HBV infection today have required the infection before the 
era of HBV vaccination. Another more recent success in lowering the disease burden of chronic 
virus infections is the development of HPV vaccines. In 2006 the first HPV vaccine protecting 
against hrHPV type 16 and 18 infections and cervical cancer was approved. Shortly after this a 
second, quadrivalent vaccine with two additional lrHPV types (6 and 11) protecting also against 
condylomas was introduced. At present a third, nonavalent vaccine including five additional 
hrHPV types (31, 33, 45, 52, and 58) has become available. The immunisation mechanism of all 
HPV vaccines is based on virus-like particles, and these vaccines have been found highly effective 
in preventing the infections (Joura et al. 2015; Naud et al. 2014). HPV vaccination is currently 
included in the national vaccination program of most countries world-wide. In Finland the 
bivalent vaccine has been administered to 11–12-year-old girls in schools since 2013.

In preventing diseases caused by chronic virus infections, accurate and effective diagnostic methods 
and markers are required for and play an essential role. Virus diagnostics is always performed 
in the best interest of the patient, to prevent the onset or progress of a disease, or to assist in 
patient management, guiding the selection of suitable treatment. This doctoral thesis explores new 
molecular methods and diagnostic approaches to detect and monitor chronic virus infections, as 
exemplified by HPV, HCV and BKPyV.
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2 MATERIALS AND METHODS

2.1 Patients and samples

Samples analysed in the different studies of this thesis comprised several different sample types 
ranging from plasma samples to tissue biopsies. Both previously analysed archived samples, as well 
as samples collected particularly for a given study were utilised as a study material. A summary of 
all samples used in studies I–V is presented in Table 4.

2.1.1 Cervical cell samples (I, II, III)

Cervical cell samples were used in three different studies. The performance of two commercial 
hrHPV testing methods, Hybrid Capture 2 HPV DNA test (HC2; Qiagen, Hilden, Germany) 
and Aptima HPV Assay (Aptima; Hologic, Marlborough, MA, USA), was evaluated in a cohort 
of 481 Finnish women that attended colposcopy at Women’s Hospital in Jorvi, Espoo, Finland. 
The cohort represented a typical population attending a tertiary-care colposcopy clinic comprising 
women with recent cervical alterations as well as already treated and monitored individuals. 
Samples were collected using two devices: Digene Cervical Sampler and Specimen Transport 
device (for HC2, Qiagen) and Aptima Cervical Specimen Collection and Transport device (for 
Aptima, Hologic). During the same visit, also biopsies and/or cytological samples for conventional 
Papanicolaou (Pap) testing were collected.

Cervical samples were also collected from 48 women attending colposcopy at Women’s Hospital 
in Helsinki University Hospital to assess the performance of a third commercial hrHPV testing 
method, Xpert HPV (Cepheid, Sunnyvale, CA, USA). The purpose was to evaluate whether this 
cartridge-based test would be suitable for analysing formalin-fixed, paraffin-embedded (FFPE) 
samples. For the assessment, two different sample materials were used: cervical scrapes collected 
with ThinPrep sampling devices (Hologic), as well as cervical FFPE biopsies collected at the same 
visit. Cervical ThinPrep samples were processed using the HC2 Sample Conversion Kit (Qiagen) 
before preforming the Hybrid Capture 2 HPV DNA test. Aliquots of 6 ml of each ThinPrep 
sample were converted according to the manufacturer’s instructions before HC2 testing.

Cytological and histological analyses of all cervical samples were carried out at the Department of 
Pathology, while HPV testing was performed at the Department of Virology and Immunology, 
in Helsinki University Hospital Laboratory. 

The cervical cell samples collected for the abovementioned studies were also utilised in the 
detection of HPV 16 encoded miRNAs. The different sample types are listed in Table 4.  

Collection of cervical samples was approved by the Ethics Committee of the Hospital District of 
Helsinki and Uusimaa (reference number 130/13/03/03/2013) and a written informed consent 
was obtained from all patients.
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2.1.2 Paraffin-embedded cervical and tonsillar tissue samples (II, III)

FFPE tissue samples were utilised in two studies. Twenty cervical FFPE tissue samples from the 
archives of the Department of Pathology, Helsinki University Hospital Laboratory, were included 
in HPV miRNA analysis. The samples had been collected for a previous study (Qian et al. 2013), 
and the RNA preparations had been stored at -70°C for ca 2 years before analysis.

FFPE samples were also used in Xpert HPV testing. Cervical FFPE samples were available from the 48 
women that attended colposcopy at Women’s Hospital, Helsinki University Hospital. In addition, 29 
tonsillar carcinoma FFPE samples were collected from the archives of the Department of Pathology, 
Helsinki University Hospital Laboratory, where the histological analyses were performed. From all 
tonsillar carcinomas also p16INK4a (p16) immunohistochemical staining results were available. 

For Xpert HPV testing, the FFPE samples were pre-treated before nucleic acid extraction 
using a protocol presented by (Guerendiain et al. 2016). Individual 10 µm FFPE sections were 
deparaffinised using 320 µl of Deparaffinization Solution (Qiagen) and incubated 3 min at 
56°C. After this, 10 µl of Tween 20, 20 µl of proteinase K (20 mg/ml) and 180 µl of sterilized 
water were added to the tube. Samples were incubated at 56°C overnight, followed by a 30 min 
incubation at 90°C. The nucleic acids were extracted from 200 µl of the pre-treated sample 
that was pipetted into 2 ml of EasyMag Lysis Buffer before the automated extraction. For 
Xpert HPV testing 1–3 sections per sample were each treated separately and combined before 
extracting the nucleic acids.

2.1.3 HPV-containing cell lines (III)

Four HPV 16 containing cell lines (HPK IA, HPK II, CaSki and SiHa) were included in HPV 
miRNA analysis. HPK IA and HPK II cells, established by transfection of primary human foreskin 
keratinocytes, were provided by Dr. Matthias Dürst (Dürst et al. 1987), while CaSki epidermoid 
cervical carcinoma cells and SiHa human cervical tumour cells were purchased from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). All cells were cultured in DMEM (Sigma-
Aldrich Inc., Saint Louis, MO, USA) with 10% fetal bovine serum and penicillin/streptomycin, 
and incubated in a humidified incubator at 37°C with 5% CO2.

2.1.4 Plasma and serum samples (IV, V)

Altogether 53 plasma samples from nine renal transplant recipients with PyVAN were analysed 
for BKPyV miRNA. Kidney transplant biopsy was performed to all patients and PyVAN stages 
and diagnosis of presumptive or definitive PyVAN were defined as described (Hirsch et al. 2013). 
One plasma sample from each patient was also sequenced to characterize the transcriptional 
control region (TCR) of the detected BKPyV populations. As control samples for the assessment 
of BKPyV miRNA expression levels, two plasma samples from two renal transplant recipients 
with stable graft function and no BKPyV viremia or viruria were selected. The control samples 
tested negative for BKPyV DNA in quantitative PCR.
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Altogether 238 previously analysed serum samples were collected for the establishment and 
validation of a sequence-based HCV genotyping method. The samples included 236 previously 
genotyped and/or quantitated HCV-positive samples, one HCV-negative control sample, and one 
sample for which no genotyping result has previously been obtained. After the initial analysis of 
HCV viral load or genotype at the Department of Virology and Immunology, Helsinki University 
Hospital Laboratory, the samples had been stored at -20°C. 

Table 4. Clinical samples used in studies I–V.

2.2 Extraction methods

2.2.1 DNA extraction (II, IV)

For DNA extractions two automated extraction systems were used. For FFPE samples analysed 
with Xpert HPV test, the NucliSENS® easyMAG® instrument (BioMerieux, Marcy-l'Étoile, 
France) with Generic 2.0.1 protocol for lysed samples was used. The nucleic acids were extracted 
from 200 µl of sample and eluted into 110 µl. The extracts were diluted into 1 ml volume by 
adding 890 µl of sterilized water and used directly for Xpert HPV testing.

For BKPyV DNA extractions the MagnaPure LC 2.0 instrument (Roche Molecular Systems, 
Pleasanton, CA, USA) was used. Nucleic acids were extracted from 200 µl of plasma using the 
Total Nucleic Acid Isolation Kit and eluted into 50 µl.

2.2.2 RNA extraction (III, IV, V)

For the extraction of HPV-encoded miRNAs the miRCURY RNA Isolation Kit — Cell and Plant 
(Exiqon A/S, Vedbaek, Denmark) was used, applying the extraction protocol for nasal or throat 

Study Number of samples Sample type Analysis method

I
481 Digene, cervical cells Hybrid Capture 2

481 Aptima, cervical cells Aptima HPV

II

48 ThinPrep, cervical cells Hybrid Capture 2, Xpert HPV

48 Cervical FFPE tissue
Xpert HPV

29 Tonsillar carcinoma FFPE tissue

III

4 Cell line

Exiqon miRCURY LNA assays

4 Digene, cervical cells

12 Aptima, cervical cells

16 ThinPrep, cervical cells

20 Cervical FFPE tissue

IV
55 Plasma TaqMan miRNA assay

9 Plasma MiSeq sequencing

V 238 Serum Sanger sequencing, LiPA
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swabs. Various volumes of different sample types were used: 600 µl of Aptima samples, 300 µl of 
HC2 samples and 4 ml of ThinPrep samples. For HC2 and ThinPrep samples the cells were first 
centrifuged down (5 min 12 000 g for HC2 and 15 min 2900 g for ThinPrep), after which the 
supernatant was removed and 600 µl of lysis solution was added to the tubes. The samples were 
incubated for 5 min at room temperature before adding 600 µl of 70% ethanol. From this point 
onwards, the extraction was carried out according to the manufacturer’s purification protocol for 
total RNA. Since the Aptima sample collection medium contains lysis buffer in itself, no additional 
lysis solution was added. Instead, the 600 µl of 70% ethanol was added directly to the Aptima 
sample aliquots. From all sample types, the total RNA was eluted into 50 µl of elution buffer.

HPV miRNA extractions from cervical FFPE samples were performed using four 20 µm sections 
and the RecoverAll Total Nucleic Acid Isolation Kit (Ambion, Thermo Fisher Scientific, Waltham, 
MA, USA). For the cultured HPV cell lines, the mirVana™ PARIS™ RNA and Native Protein 
Purification Kit (Ambion, Thermo Fisher Scientific) was used.

The mirVana™ PARIS™ kit was also used for BKPyV miRNA extractions. Total RNA was extracted 
from 620 µl of plasma and eluted into 95 µl according to the manufacturer’s protocol. The extracts 
were also spiked with 5 µl of Caenorhabditis elegans cel-39-3p miRNA (5 fmol/µl, Integrated DNA 
Technologies, Coralville, IA, USA) to control the reverse transcription and miRNA amplification.

RNA for HCV genotyping was extracted from 200 µl of serum and eluted into 25 µl using the automated 
NucliSENS® easyMAG® instrument (BioMerieux). All extracted RNA preparations were stored at -70°C 
until analysed. RNA concentrations for miRNA assays were measured using the NanoDrop 1100 
(Thermo Fisher Scientific) or Infinite 200 NanoQuant (Tecan, Männedorf, Switzerland) instruments.

2.3 Detection of nucleic acids

2.3.1 hrHPV assays (I, II)

For hrHPV detection and partial genotyping three commercial tests (HC2, Aptima HPV and 
Xpert HPV) were used.

The HC2 test was used for Digene and ThinPrep cervical samples. HC2 is a qualitative test, 
that detects the DNA of 13 different hrHPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
59, 68). The HC2 test is a hybridization assay, that uses specific RNA probes to detect hrHPV 
DNA. The RNA:DNA hybrids are detected using alkaline phosphatase conjugated antibodies and 
chemiluminescent substrate. Each hybrid is detected by multiple antibodies with several alkaline 
phosphatase molecules, which results in amplification of the emitted light signal. The results are 
given as relative light units per cut-off value (RLU/CO), and value ≥1 indicates positivity for hrHPV 
DNA. Samples that had RLU/CO values between 0.8–1.5 were retested to confirm the result.

Cervical Aptima samples were analysed using the Aptima HPV Assay with the fully automated 
Panther system (Hologic). Aptima assay detects virus E6/E7 mRNA of 14 different hrHPV types 
(the same as HC2 and additionally HPV 66) by using transcription-mediated amplification (TMA) 
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and hybridization protection assay (HPA). Target mRNA is captured by capture oligomers attached 
on magnetic microparticles and amplified using reverse transcriptase and RNA polymerase. The 
RNA polymerase generates multiple RNA copies of the cDNA template which are detected by 
complementary chemiluminescent probes. Light emitted from the hybrids is measured in a 
luminometer as RLUs (similar to HC2 test), but the results are interpreted based on the analyte signal-
to-cutoff (S/CO) ratio. S/CO value ≥0.5 indicates positivity for hrHPV. No genotyping information 
is provided in either HC2 or Aptima hrHPV assays, but a separate Aptima HPV 16 18/45 Genotype 
Assay (Hologic) was also evaluated for partial HPV genotyping. This assay uses the same principles 
as the basic Aptima HPV assay to detect the E6/E7 mRNA of hrHPV genotypes 16, 18 and 45.

The Xpert HPV (Cepheid) is a cartridge-based real-time PCR test that detects the E6-E7 gene region 
of the same 14 hrHPV types as the Aptima assay. The GeneXpert system is a self-contained testing 
platform where DNA extraction, target amplification and detection are all performed within the 
Xpert cartridge. The results are automatically analysed by the GeneXpert software and a qualitative 
(positive or negative) result is given for genotypes 16, 18/45 and for the other hrHPV types as 
combined. Xpert HPV was used to analyse cervical and tonsillar FFPE samples as well as ThinPrep 
samples, and the Xpert cartridges were run in a GeneXpert IV or XVI instrument (Cepheid).

In the evaluation of hrHPV assays, the new Aptima and Xpert HPV testing methods were 
compared against the validated testing methods currently applied in Helsinki University Hospital 
Laboratory. For the cervical cell samples this was the HC2 assay, while for the archived tonsillar 
FFPE samples p16 staining was used. HPV results were also compared against histological results 
and the performance of detecting histologically verifiable diseases was assessed. Samples for HPV 
testing, cytology and histology were all collected at the same visit. In addition to the Aptima, HC2 
and Xpert HPV assays, also the commercial Luminex genotyping assay (Multimetrix/Mikrogen, 
Neuried, Germany) as well as a LDR-PCR microarray genotyping assay (Qian et al. 2013; Ritari 
et al. 2012), developed previously in our laboratory, were used in study III.

All HPV analyses were carried out according to the manufacturer’s instructions at the Department 
of Virology and Immunology of Helsinki University Hospital Laboratory (HUSLAB).

2.3.2 Statistical analysis

Data analysis of Aptima and HC2 test performance was done using CIN2 or more severe lesion 
(≥CIN2) as a cut-off for presence of the disease. The results were also stratified according to patient 
age, reason for colposcopy and cytological status. Sensitivity and specificity, as well as positive 
and negative predictive values were calculated for HC2, Aptima and cytology. The p-values for 
comparing sensitivity and specificity of tests were calculated using McNemar's test (McNemar 
1947), and the agreement between the two hrHPV assays was evaluated by Kappa statistics 
(Cohen 1960). All statistical analyses were performed with STATA software (StataCorp 2013, 
Stata Statistical Software: release 13.1, College Station, TX, USA).

In the assessment of test concordance between the Xpert HPV and comparison tests, the strength 
of agreement was assessed using the GraphPad QuickCalcs tool, available at: http://graphpad.
com/quickcalcs/kappa1/.
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2.3.3 Quantitative PCR (IV, V)

Viral loads were determined for samples used in the BKPyV miRNA and HCV genotyping 
studies. For BKPyV viral loads, an in-house quantitative PCR assay was used. The qPCR reactions 
consisted of 10 µl of template, 1× TaqMan Universal Master Mix (Applied Biosystems, Thermo 
Fisher Scientific), 900 nM forward and reverse primers, 175 nM probe, and sterilized water to final 
reaction volume of 50 µl. The primer and probe sequences were as previously published (Hirsch, 
Mohaupt, Klimkait 2001). The reactions were amplified using the ABI Prism 7900HT instrument 
(Applied Biosystems, Thermo Fisher Scientific) in the following conditions: 50°C for 2 min, 
95°C for 10 min and 45 amplification cycles of 15 sec at 95°C and 1 min at 60°C. The amount 
of virus copies was determined by using an external standard curve made by amplifying 101–105 
copies of ampicillin resistant pIDTblue plasmid cloning vectors (Integrated DNA Technologies) 
containing the target sequence.

For HCV, quantitated viral loads were determined for a portion of the samples by using the 
fully automated COBAS® AmpliPrep/COBAS® TaqMan® testing system and HCV Quantitative 
Test version 2.0 (Roche Molecular Diagnostics, Pleasanton, CA, USA). The results are given as 
international units per millilitre (IU/ml) and the detection limit is 15 IU/ml.

2.3.4 Qualitative PCR (IV, V)

To characterize the BKPyV transcriptional control region (TCR) architectures, a new amplification 
method was established (IV). Since the aim was to sequence complete BKPyV TCR regions 
in a single read, a region within the origin of replication (nucleotides 102…123 according to 
BKPyV Dunlop strain; GenBank accession number V01108.1), and a region at the 5´end of the 
agnoprotein gene (399…419) were chosen for forward (5´- AGA GGC GGC CTC GGC CTC 
TTA T -3´) and reverse (5´- AGA AGC TTG TCG TGA CAG CTG G -3´) primers, respectively. 
The PCR reactions contained 1 x PCR Buffer I (Thermo Fisher Scientific), 0.2 mM dNTP mix, 
0.5 µM forward and reverse primers, 0.625 U of Amplitaq Gold® DNA polymerase (Thermo Fisher 
Scientific), 1-3 µl of template DNA, and sterilized water to a final reaction volume of 25 µl. The 
PCR conditions were as follows: 95°C for 10 min and 35 cycles of 95°C for 15 sec, 67°C for 30 sec, 
72°C for 25 sec, and finally 72°C for 5 min. The success of amplification was inspected in 1.75% 
agarose gel, and the PCR products were stored overnight at 6°C or at -20°C for longer storage. 

A new amplification method was established for the sequencing-based HCV genotyping (V). The 
precondition for the method was a straightforward approach suitable for the clinical laboratory 
workflow, amplifying all genotypes using one primer pair. The variable Core/E1 and NS5B genomic 
regions were chosen for testing along with the homogeneous 5’UTR. Several primer options were 
designed and tested in various reaction set-ups using a set of samples comprising all main genotypes 
and the common subtypes circulating in Finland (1a, 1b, 2a, 2b, 3a, 4, 5 and 6). Despite several 
attempts and different reaction set-ups, the 5’ untranslated region turned out to be the only suitable 
option for the desired workflow. For the amplification, the SuperScript III One-Step RT-PCR 
System with Platinum Taq High Fidelity polymerase (Invitrogen, Thermo Fisher Scientific), where 
RT and PCR reactions are run in one set-up, was used. The PCR reactions contained 1 x reaction 
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mix (Invitrogen), 0.9 µM of forward (5´-GTC TAG CCA TGG CGT TAG TAT GAG TG-3´) 
and reverse (5´- ACA AGT AAA CTC CAC CAA CGA TCT G-3´) primers, 0.5 µl of SS III RT/
Platinum Taq HiFi enzyme mix and 3 µl of template in a 25 µl reaction. The RT-PCR conditions 
were as follows: 30 min at 55°C, 2 min at 94°C, 40 cycles of 15 sec at 94°C, 30 sec at 58°C and 1 
min at 68°C, followed by a final extension for 5 min at 68°C and cooling to 4°C. The success of 
amplification was inspected in 1.8% agarose gel or using the FlashGel fast electrophoresis system 
(Lonza, Basel, Switzerland). The sequence-based HCV genotyping results were compared against 
results obtained using the Versant HCV Genotype 2.0 assay (Siemens Healthcare, Tarrytown, NY, 
USA). Amplification prior to this hybridization-based line probe assay (LiPA) was done using the 
COBAS® Amplicor HCV Test version 2.0 (Roche Molecular Diagnostics, Pleasanton, CA, USA).

All PCR reactions were run using the DNA Engine Tetrad®2 Peltier Thermal Cycler (BioRad, 
Hercules, CA, USA).

2.3.5 MicroRNA assays (III, IV)

Tailored Exiqon miRCURY LNA assays (Exiqon, Vedbaek, Denmark) were used for the detection 
of HPV16-miR-H1, -H2, -H3, -H5 and -H6 miRNAs in cervical cell and tissue samples (Qian 
et al. 2013). The assays utilise universal reverse transcription for mature miRNAs, and miRNA-
specific, locked nucleic acid (LNA) enhanced primers in real-time PCR amplification (Kauppinen, 
Vester, Wengel 2005; Koshkin et al. 1998). Human endogenous RNU6B small nuclear RNA, 
abundant in normal tissues, was used as a control for sample adequacy. The performance of reverse 
transcription and real-time PCR reactions was controlled by the manufacturer-established UniSp6 
small RNA spike-in (Exiqon). The RT reactions contained initially 10 ng of extracted RNA, 2 
µl of 5× reaction buffer (including universal RT primer), 1 µl of enzyme mix, 0.5 µl of 75 amol 
UniSp6 RNA spike-in template and water to a final volume of 10 µl. To increase the detection rate, 
a maximal 6.5 µl volume (15–300 ng) of the extracted RNA was later used in the RT reactions. 
Otherwise the miRCURY LNA Universal RT microRNA PCR assays were run according to the 
manufacturer’s instructions (Exiqon). The RT reactions were incubated at 42°C for 1 h followed 
by 95°C for 5 min. Before the amplification, the complementary DNAs (cDNAs) were diluted 
1:100 in nuclease-free water. Each amplification reaction was a 1:1 mix of diluted template and 
2× ExiLENT SYBR Green master mix (Exiqon), and 10 µl of this mix was added per well of 
the readily designed 96-microwell assay plates. Each assy was run in triplicate reactions in the 
following conditions: 95°C for 10 min, followed by 40 or 60 amplification cycles of 10 sec at 95 
°C and 1 min at 60°C. The amount of amplification cycles was raised to 60 in order to improve 
sensitivity. The assays were designed so that all miRNA assays from any individual sample were 
run in the same plate. If amplification was detected in two or three of the replicates and the cycle 
thresholds (Ct) were within one amplification cycle, the sample was interpreted as positive. If Ct 
was obtained only from one replicate, or if Ct variation between replicates was more than one 
amplification cycle, the sample was not regarded as true positive.

BKPyV miRNA expression in plasma samples from PyVAN patients was quantified using readily-
available TaqMan miRNA assays (Thermo Fisher Scientific) for bkv-miR-B1-5p (5p), bkv-miR-
B1-3p (3p) and cel-miR-39-3p miRNAs. The TaqMan miRNA assays utilize miRNA-specific 
stem-looped primers in reverse transcription and sequence-specific TaqMan minor groove binder 



44

Materials and Methods

probes in the real-time PCR amplification and detection of mature target miRNAs. Each 15 µl 
RT reaction contained 10 ng of total RNA, 1x RT buffer, 0.25 mM of each dNTP, 1x RT primer, 
49.95 U of MultiScribe RT enzyme and 3.25 U of RNase inhibitor. The reactions were incubated 
at 16°C for 30 min, 30 min at 42°C and 5 min at 85°C. If real-time PCR was performed directly 
after RT run the tubes were cooled to 4°C, otherwise they were placed in -20°C. Each 10 µl 
PCR reaction contained 1.3 µl of diluted (1:2) RT reaction, 1x TaqMan® assay and 1x TaqMan® 
Universal Master Mix II, no UNG (Thermo Fisher Scientific). All assays were amplified in three 
replicate reactions in the following conditions: 10 min at 95°C, followed by 45 cycles of 15 sec 
at 95°C and 1 min at 60°C.

All miRNA assays were amplified using the ABI 7500 Real-Time PCR System (Applied 
Biosystems, Thermo Fisher Scientific), and the functionality of all assays was confirmed using 
synthetic oligonucleotides (Integrated DNA Technologies) representing the target sequence of each 
specific miRNA assay. If amplification was detected in two or three of the replicates, the sample 
was interpreted as positive and a mean threshold cycle (Ct) was calculated. If Ct was obtained 
only from one of the replicates, the sample was not interpreted as true positive. BKPyV miRNA 
cycle counts were normalized against the cel-miR-39-3p miRNA.

Normalized cycle counts (∆Ct) were calculated by subtracting the mean Ct value of spiked cel-
miR-39-3p miRNA from the mean Ct values of each BKPyV miRNA for every sample. A mean 
∆Ct was calculated from all samples from individual patients. Comparison between patients and 
controls was done by subtracting the mean ∆Ct of both controls from the mean ∆Ct of each 
individual patient (∆∆Ct). The fold change of miRNA expression in patients versus controls 
was then calculated according to the 2−∆∆Ct method (Livak and Schmittgen 2001). Correlations 
between viral load and normalized miRNA cycle counts were assessed using the CORREL function 
in Excel 2011.

Below is an example on how to conduct the ∆∆Ct and fold change calculations:
∆Ct = mean Ct (3p/5p miRNA) – mean Ct (cel-miR-39-3p)

∆∆Ct = mean ∆Ct (patient) – mean ∆Ct (controls)

Fold change in miRNA expression = 2−∆∆Ct

 

2.4. DNA sequencing methods

2.4.1 Sanger sequencing (V)

Sequencing of HCV was done at the Institute of Biotechnology, University of Helsinki. The 
PCR products were sequenced in both directions using the amplification primers, and the 
forward and reverse sequences were analysed separately for each sample without making one 
consensus sequence. The chromatograms were inspected using Chromas LITE 2.01 program 
(Technelysium, South Brisbane, Queensland, AU) and the technically unambiguous sequence 
portion was subjected to analysis using NCBI’s Internet-based genotyping tool available at: http://
www.ncbi.nlm.nih.gov/projects/genotyping (Rozanov et al. 2004). The tool compares the input 
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sequence to a database of confirmed HCV sequences and gives a list of best matches with clear 
genotype and subtype information arranged according to similarity scoring. The genotype with 
best scores was interpreted as genotyping result for the sample. All sequencing-based genotyping 
results were compared against the previous genotyping results obtained using the LiPA assay 
(Siemens Healthcare).

2.4.2 Massive parallel sequencing (IV)

The products from BKPyV TCR amplification were sequenced using the MiSeq massive parallel 
sequencing platform (Illumina Inc., San Diego, CA, USA) with Reagent Kit v3. Sequencing was 
performed in paired-end manner, and the obtained R1 and R2 read lengths were 326 bp and 
286 bp, respectively. On average, 174 967 (143 719 to 217 372) paired-end reads per sample 
were obtained, and the read pairs were subjected to adapter removal and PHRED sequence 
trimming with quality score of 30 and minimum read length of 50 base pairs by using the cutadapt 
tool (https://pypi.python.org/pypi/cutadapt/). Read pairs containing low-quality N-bases were 
removed. Only read pairs containing both forward and reverse primer sequences were chosen 
for further analysis and combined using FLASH tool (http://ccb.jhu.edu/software/FLASH/
MANUAL) yielding on average 151 205 (125 964 to 187 630) sequences per sample. Clustering 
of sequences was done using DNACLUST tool (http://dnaclust.sourceforge.net/manpage.html) 
with identity cut-off of 97.5%. The clustering results were confirmed using the Burrows-Wheeler 
Aligner (BWA-MEM) mapping tool (http://bio-bwa.sourceforge.net/) followed by alignment 
file visualization using Tablet (Milne et al. 2013). Clusters containing less than 1000 sequences 
(average 1% of all sequences per sample) were regarded as insignificant sequence populations 
and were thus discarded. The reference sequences of each cluster were used to characterize the 
architecture of the BKPyV TCR regions (blocks P, Q, R and S), as described in (Moens and Van 
Ghelue 2005). Nucleotide numbering is according to the reverse complement of archetype BKPyV 
strain WW (GenBank accession number: M15987.1) TCR sequence (nucleotides 182...414), 
against which obtained TCR sequences were compared to.
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3 RESULTS

3.1 Evaluation of hrHPV testing methods in the detection of 
high-grade cervical lesions (I)

In Study I we compared the mRNA- (Aptima) and DNA-based (HC2) assays to determine their 
performance in detecting histologically verified cervical lesions. The results from both hrHPV assays 
were compared to results obtained from histology to determine the ability of hrHPV assays to detect 
the presence of high-grade cervical lesions. The results were stratified according to patient age and 
reason for colposcopy referral. Similar hrHPV positivity rates were obtained using both tests (42.1% 
for HC2 and 42.9% for Aptima), and the overall agreement between the assays was 92.9% (Kappa 
coefficient of 0.855). High sensitivity (>92.0%) with under 60.0% specificity in detecting CIN2 or 
more severe lesions (≥CIN2) was observed for both tests (Table 5). Thus, the tests performed well in 
identifying hrHPV infections, but a positive test result did not necessarily indicate the presence of 
detectable alterations. The positive predictive values (PPV) remained under 40.0%, indicating that 
the probability of actually having high-grade cervical lesions when a positive test results was obtained 
remained quite low. However, the negative predictive values (NPV) were very high, reaching up 
to 100.0% (Table 5), indicating a very high probability for the absence of lesions if a negative test 
result was obtained. When the results were inspected according to the reason for colposcopy and in 
different age groups, the highest specificities were obtained for patients over 30 years of age and for 
those patients whose cervical lesions were histologically verified or already treated at the previous 
visit (Table 5). Among long-monitored patients or patients referred to colposcopy for reasons other 
than indicative Pap or histology results, the sensitivity and NPV reached 100.0% for both tests, 
indicating that the tests were highly accurate in identifying true negativity and the absence of high-
grade lesions. As for Aptima test, this was the case also for patients under 30 years of age, helping 
to rule out severe histological alterations in the younger age group as well. 

Table 5. Performance of HC2 and Aptima hrHPV tests in detecting ≥CIN2 in different age groups and according to 
the reason for colposcopy (n = 330 samples with histology).

Colposcopy 1 = Patients who had Pap test suggestive of cervical lesion, n = 191.
Colposcopy 2 = Patients who had a treatment or control visit at which histology was obtained, n = 118.
Colposcopy 3 = Other patients, n = 21.
Aptima, Aptima HPV Assay; CIN, cervical intraepithelial neoplasia; ≥CIN2,
CIN2 and higher-grade lesions; HC2, Hybrid Capture 2 HPV DNA test.

HPV test Group Sensitivity (%) Specificity (%) PPV (%) NPV (%)

HC2

Overall 92.5 58.2 36.0 96.8

< 30 year-olds 94.1 50.0 39.0 96.2

≥ 30 year-olds 92.0 60.1 35.1 97.0

Colposcopy 1 94.3 49.3 41.7 95.8

Colposcopy 2 83.3 69.8 23.8 97.4

Colposcopy 3 100.0 57.9 20.0 100.0

Aptima

Overall 94.0 59.3 37.1 97.5

< 30 year-olds 100.0 48.0 39.5 100.0

≥ 30 year-olds 92.0 62.0 36.2 97.1

Colposcopy 1 94.3 51.4 42.7 95.9

Colposcopy 2 91.7 69.8 25.6 98.7

Colposcopy 3 100.0 57.9 20.0 100.0
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Although some differences were detected in the performance of DNA- and mRNA-based hrHPV 
tests in detecting histologically verified alterations, these were not found statistically significant 
and the two tests were thus found equal in performance. The results from traditional cytology 
(Pap test) were also compared to histology, and additional comparison was performed between the 
performance of hrHPV assays and Pap testing. In this comparison, clear differences were detected. 
When ASC-US was used as a cut-off for Pap test positivity, the sensitivity and specificity were slightly 
higher with hrHPV testing, but the differences were not statistically significant (Table 6). When LSIL 
was used as a cut-off for test positivity, hrHPV testing was found clearly more sensitive than Pap 
testing (p-value 0.003 for Aptima and 0.002 for HC2). On the other hand, cytology was found more 
specific (p-value <0.001 for both hrHPV assays) but at the cost of decreased sensitivity (Table 6).

Table 6. Performance of hrHPV and Papanicolaou testing in detecting histological ≥CIN2 in different age groups 
(n = 330 samples with histology). Two different thresholds of test positivity (≥ASC-US+ and ≥LSIL+) were used for 
Pap testing.

As could be expected, the rate of hrHPV positive findings increased towards higher-grade lesions, 
and, importantly, all CIN3 lesions and carcinomas were found hrHPV positive with each test 
(Table 7). Furthermore, the prevalence of genotypes 16 and 18/45 increased towards more severe 
lesions, and both were also detected in the two carcinomas (Table 7).

Table 7. hrHPV positive samples within histological categories detected with each of test.

Test Age group Sensitivity (%) Specificity (%) PPV (%) NPV (%)

HC2

Overall 92.5 58.2 36.0 96.8

< 30-year-olds 94.1 50.0 39.0 96.2

≥ 30-year-olds 92.0 60.1 35.1 97.0

Aptima

Overall 94.0 59.3 37.1 97.5

< 30-year-olds 100.0 48.0 39.5 100.0

≥ 30-year-olds 92.0 62.0 36.2 97.1

≥ASC-US

Overall 86.2 52.0 31.3 93.7

< 30-year-olds 76.5 40.8 31.0 83.3

≥ 30-year-olds 89.6 54.6 31.4 95.8

≥LSIL

Overall 75.4 72.7 41.2 92.1

< 30-year-olds 58.8 63.3 35.7 81.6

≥ 30-year-olds 81.3 74.9 42.9 94.5

Histology HC2+ Aptima+
Aptima Genotype Assay+

16 18/45 Other hrHPV

Category N N % N % N % N % N %

Normal 154 47 30.5 48 31.2 10 6.5 4 2.6 34 22.1

CIN1 109 63 57.8 59 54.1 13 11.9 6 5.5 40 36.7

CIN2 35 30 85.7 31 88.6 11 31.4 3 8.6 17 48.6

CIN3 30 30 100.0 30 100.0 12 40.0 4 13.3 14 46.7

Carcinoma 2 2 100.0 2 100.0 1 50.0 1 50.0 0 0.0

No data 150 30 20.0 36 24.0 2 1.3 4 2.7 30 20.0
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3.2 Detection of hrHPV from FFPE samples using a cartridge-
based testing method (II)

In addition to cervical cancer, an HPV-related disease of increasing importance is head and neck 
squamous cell carcinoma (HNSCC), especially oropharyngeal carcinoma (OPC), among which 
the number of HPV-positive cases is continuously rising. The HPV-status of these carcinomas has 
a direct impact on treatment because HPV-induced cases respond considerably better to radiation 
and chemotherapy than HPV-negative cancers (Fakhry et al. 2008; Li et al. 2003). Therefore, we 
wanted to assess whether the cartridge-based Xpert HPV, which is a rapid test and suitable for 
testing single samples, could be used for hrHPV testing from OPCs. FFPE samples were used, 
because they are routinely collected from cancer patients for tumor classification and diagnosis.

The suitability of Xpert HPV test in analysing FFPE samples was assessed in 29 tonsillar carcinoma 
samples and in 48 cervical biopsies. Cervical ThinPrep liquid cytology samples (validated sample 
material) were collected and tested using Xpert and HC2 for comparison. For tonsillar carcinomas, 
the p16 staining results were used for comparison. Among valid results, the Xpert test detected 
hrHPV in 48.7% of cervical FFPE samples and in 46.8% of ThinPrep samples, whereas the 
positivity rate of ThinPrep samples using HC2 was somewhat higher, 55.3%. The agreement 
between Xpert and HC2 tests in ThinPrep samples was high (91.5%; Kappa coefficient 0.831), 
while the agreement between Xpert results from ThinPrep and FFPE samples was somewhat lower 
(84.6%; Kappa coefficient 0.693). The rate of invalid results was initially 27.1% for the cervical 
FFPE samples and remained quite substantial (16.7%) also after retesting with increased sample 
amounts. An error result was repeatedly obtained from one ThinPrep sample with blood and clots 
presumably causing failure of the test. All CIN3 lesions were hrHPV positive using Xpert test, 
and HPV 16 or 18/45 were common among the more severe lesions (Table 8). HC2 and Xpert 
positive findings within histological categories are presented in Table 8.

Table 8. Xpert HPV and HC2 results of the cervical samples within histological categories.

a Non-16/18/45 hrHPV type detected by the Xpert HPV test (31, 33, 35, 39, 51, 52, 56, 58, 59, 66 and/or 68). 
b From one sample in this category also “Other hrHPV” type was detected.
c Adenocarcinoma in situ.

For tonsillar FFPE samples the invalidity rate was considerably lower (6.9%). The agreement 
between Xpert HPV and p16 staining was very high, 96.3% (Kappa coefficient 0.908) and only 
one p16 positive sample was found hrHPV negative (Table 9). Among valid samples, hrHPV 

hrHPV test Xpert HPV (FFPE) Xpert HPV (ThinPrep)
HC2+ 

(ThinPrep)Histology 16 18/45
Other 

hrHPVa Invalid 16 18/45
Other 

hrHPVa Error

N N % N % N % N % N % N % N % N % N %

Normal 17 0 0.0 0 0.0 1 5.9 2 11.8 0 0.0 2 11.8 2 11.8 0 0 6 35.3

CIN1 15 1 6.7 0 0.0 3 20.0 5 33.3 2b 13.3 0 0.0 3 20.0 1 6.7 7 46.7

CIN2 10 3 30.0 0 0.0 5 50.0 1 10.0 2 20.0 0 0.0 5 50.0 0 0 8 80.0

CIN3 6 4b 66.7 1c 16.7 1 16.7 0 0 4b 66.7 1c 16.7 1 16.7 0 0 6 100.0

In total 48 8 16.7 1 2.1 10 20.8 8 16.7 8 16.7 3 6.2 11 22.9 1 2.1 27 56.2
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positivity rate was 70.4%. Genotype 16 was common in tonsillar carcinomas and was found in 
59.2% of the valid samples (Table 9).

Table 9. Xpert HPV and p16 staining results of the tonsillar carcinomas.

It appears that the Xpert HPV test can be applied for hrHPV testing of individual FFPE samples 
from cancer patients (II). For cervical samples high invalidity rate was observed. Invalid results 
are obtained when the internal sample adequacy control (SAC) cycle threshold is too high or no 
amplification is detected. The absence or late amplification of the SAC implies that the sample 
contains either inhibitory substances or too little DNA. Since increased sample amount increases 
the proportion of valid samples, it seems that sufficient amount of tissue rather than the inhibitory 
effects of left-over paraffin is crucial in obtaining valid results. If enough tissue is available, the 
Xpert HPV provides a very convenient platform for hrHPV testing. Extensive testing and 
refinement of sample processing is required for samples of the head and neck region to assess test 
performance and adequate sensitivity.
 

3.3 Detection of HPV 16 encoded miRNAs (III)

It is not widely established whether HPV encodes miRNAs of its own, and to address this 
intriguing issue our laboratory has previously identified and validated the expression of four 
HPV-encoded miRNAs in cervical samples and HPV-containing cell lines (Qian et al. 2013). 
This line of work was continued to confirm the findings and to validate further candidate HPV 
16 encoded miRNAs (III). Because these mirNAs are novel and have not been studied elsewhere, 
LNA-enhanced miRNA assays, designed for this purpose for the first time, were used.

The expression of HPV 16 encoded miR-H1, -H2, -H3, -H5 and -H6 miRNAs was assessed in 
52 cervical samples and in 4 HPV-containing cell lines. The samples were spiked with UniSp6 
exogenous small RNA, which was used as an assay control together with the endogenous RNU6B 
small nuclear RNA. Both control RNAs were successfully amplified from all except one sample, 
which was thus omitted from the analysis. For UniSp6, amplification was detected at 21-22 
cycle counts in the majority of samples. For the cervical samples RNU6B cycle counts were more 
variable (ranging between 24–38) reflecting the varying amounts of RNA pipetted into the RT 
reactions. There was variation in the cycle thresholds (Ct) between replicates, and a sample was 
interpreted as true positive only if the Ct values of the replicates were within one cycle. miR-H3 
and miR-H6 were most abundant, with 13 and 10 true positive signals (23.2% and 17.9% of all 
samples) detected for each, respectively. For miR-H5 four true positive signals, corresponding to 
7.1% of all samples, were detected, and two of these were from HPK IA and HPK II cell lines. The 
only true positive signals for miR-H1 were from HPK IA and CaSki cell lines. Amplification was 

p16 staining 
result

Xpert HPV testing result In total

16 18/45 Other hrHPV Negative Invalid N

Positive 16 0 3 1 0 20

Negative 0 0 0 7 2 9

In total 16 0 3 8 2 29
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detected for all six miRNAs but mostly from individual replicates and at cycle counts above 40 for 
most samples. For miR-H2 no true positive signals were detected (Table 10). Except for miR-H2, 
the expression of all other miRNAs in cervical samples and in cell lines was thus validated.

Table 10. Number of HPV16-encoded miRNA signals detected in cervical samples (n= 52) and HPV-containing cell 

lines (n = 4). Signals from cell lines are given in brackets.

Interestingly, miRNA signals were overall more abundant among severe and high-grade lesions 
(≥CIN2). H3 expression was shown in four out of five adenocarcinoma cases. More signals were 
also detected from liquid cytology and FFPE samples as compared to the cervical scrapes, which 
may correlate with the number of cells in the sample. 

HPV16-encoded miRNAs can be detected, and their detection rate seems to increase towards 
more severe lesions (III). However, the expression levels and overall detection rates appear to be 
very low (up to 23.2%) in clinical sample material, thus complicating the utilization of these 
miRNAs in the detection of cervical lesions and precancer.

3.4 BKPyV miRNA expression and sequence variation in 
PyVAN (IV)

BKPyV is a common virus in the general population. It persists in the body without causing 
any apparent disease, but severe diseases may be induced due to BKPyV reactivation in 
immunocompromised individuals. PyVAN, mainly caused by BKPyV, occurs in up to 10% 
of renal transplant recipients under immunosuppressive treatment (Hirsch et al. 2005). To 
prevent PyVAN and associated complications, such as graft loss, the patients are monitored for 
BKPyV viremia and viruria. We wanted to investigate the expression of BKPyV-encoded miRNA 
expression in PyVAN patients to study their role on the pathogenesis of PyVAN, as well as their 
potential as biomarkers in the diagnosis and monitoring of kidney transplant recipients. Further, 
the presence and impact of rearranged virus strains was assessed by massive parallel sequencing 
of the transcriptional control region (TCR) domain within the NCCR regulatory region. 

BKPyV-encoded bkv-miR-B1-3p and bkv-miR-B1-5p miRNA expression was analysed in 53 plasma 
samples from 9 renal transplant recipients with biopsy-confirmed (7 patients) or presumptive (2 
patients) PyVAN. Two of the patients had graft dysfunction at the time of viremia diagnosis, while 
others had stable graft function (Table 11). For the assessment of miRNA expression levels, two 
plasma samples from two renal transplant recipients without PyVAN or BKPyV viremia or viruria 
were chosen as controls. Both miRNAs were frequently detected: 85.5% of the samples were positive 

Amplification detected miR-H1 miR-H2 miR-H3 miR-H5 miR-H6

1 replicate 12 8 5 11 7

2 replicates 0 1 6 7 5

3 replicates (2) 0 19 (4) 2 (2) 22 (4)

In total 14 9 34 22 38

True positives (2) 0 9 (4) 2 (2) 6 (4)
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for 3p miRNA and 98.2% for 5p miRNA. On average, the expression levels of both miRNAs were 
substantially higher (8.9-fold expression for 3p and 8.7-fold for 5p) in PyVAN patients as compared 
to controls (Table 11). 5p miRNA expression levels were high in each individual patient, but for 3p 
the fold changes were more modest except for two patients (Table 11). Higher miRNA expression 
levels were also observed in biopsy-confirmed PyVAN patients as compared to presumptive patients 
(mean fold change of 2.2 for 5p miRNA and 8.0 for 3p miRNA). The negative correlation between 
cycle thresholds and viral loads detected in most patients indicates that high amounts of miRNAs 
were produced along with high viral loads, suggesting that miRNAs were not able to control virus 
replication. Intriguingly, positive correlations were observed in the two patients from whom only 
archetype-like strains were detected (Table 11 & 12; patients 3 and 8), suggesting that virus miRNAs 
were able to control virus replication when only archetype strains were present. Furthermore, the 
expression levels of both miRNAs were the lowest for these two patients (Table 11).
 
Table 11. BKPyV miRNA results of nine PyVAN patients.

a Normalised cycle threshold counts were obtained by subtracting the mean cel-miR-39-3p miRNA Ct from the 
mean BKPyV miRNA Ct.
b Correlation between miRNA Ct cycle counts and viral loads obtained using Excel CORREL function.
c Fold difference in miRNA expression levels between each patient as compared to controls.

BKPyV strain variation was studied by targeted sequencing of the TCR domain in one sample 
with high viral load per patient. Minor proportions of rearranged virus strains, representing 
1.2–22.4% of sequence reads, were found in seven out of nine patients. One patient (patient no 
5) had three rearranged BKPyV strains, while only one rearranged strain was observed in other 
patients (Table 12). However, archetype-like strains, harbouring minor point mutations and single-
nucleotide insertions and deletions as compared to the archetype BKPyV strain WW, prevailed 
in every patient, and in two patients only archetype-like strains were found. The rearranged virus 
strains had partial deletions of the Q and R blocks, truncated duplications of P and Q blocks, or 
full dublication of the Q block (Figure 5, Table 12). The sequence identity of rearranged strains 
with the archetype WW strain ranged between 69.5–82.4%. In this small patient population, 
no correlation between sequence alterations and clinical characteristics were found. Rearranged 
strains were detected in both presumptive as well as biopsy-confirmed PyVAN patients, and in 
patients with dysfunctional as well as stable graft. Both patients with graft dysfunction (patients 
5 and 7) had rearranged strains with R block deletions, and in patient 5 the strain harboring R 

Patient
Peak viral load 
(copies/ml)

PyVAN status
(graft status)

Mean ΔCta Correlationb Fold changec

3p 5p 3p 5p 3p 5p

1 58600 Biopsy-confirmed (stable) 23.3 23.1 -0.19 -0.24 5.0 18.4

2 401000 Biopsy-confirmed (stable) 21.9 23.0 -0.73 -0.84 13.6 19.1

3 26700 Presumptive (stable) 25.4 25.3 -1.00 1.00 1.2 3.9

4 89100 Biopsy-confirmed (stable) 24.6 24.9 -0.99 -0.98 2.0 5.2

5 256000 Biopsy-confirmed (dysfunction) 20.0 24.2 -0.76 -0.67 51.5 8.8

6 11200 Biopsy-confirmed (stable) 24.9 24.1 -0.61 -0.26 1.7 9.3

7 29600 Biopsy-confirmed (dysfunction) 24.0 24.8 -0.94 0.44 3.0 5.6

8 2700 Biopsy-confirmed (stable) 25.8 25.8 1.00 1.00 0.9 2.9

9 102800 Presumptive (stable) 25.0 24.9 -0.44 -0.39 1.6 5.0
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block deletion had also the highest sequence read counts. Further study in larger sample material is 
needed to assess whether deletions in R block could be associated with more severe clinical picture.

Table 12. Clinical details and detected TCR architectures of the PyVAN patients.

a Brackets indicate a truncated sequence block.
b Sequence identity with archetypal WW strain TCR sequence in percentages (%).
c Proportion of all sequences in sample (%).

BKPyV miRNAs were frequently detected from both BKPyV positive and negative plasma samples, 
and the expression levels were higher in PyVAN patients as compared to controls (IV). Sequencing 
of TCR regions revealed the dominance of archetype-like strains in all of the patients, suggesting 
that specifically the archetype-like viruses are associated with PyVAN. Still, rearranged strains were 
frequently detected along with increased miRNA expression levels, suggesting that rearrangements 
of BKPyV strains may be a biological phenomenon impacting PyVAN pathogenesis. Increased 
expression of BKPyV-encoded miRNAs in PyVAN patients suggests a role in PyVAN pathogenesis, 
and a potential as an additional biomarker for the diagnosis and monitoring of PyVAN patients.

3.5 Sequencing-based genotyping of HCV (V)

At the time of Study V effective direct-acting antiviral drugs (DAA) were available to treat HCV 
infection, but different genotypes had different treatment responses and resistance forming 
tendencies to these drugs. Thus, HCV genotyping was required for determining the optimal 

Patient PyVAN status (graft status)
TCR 
architecturea

Sequence 
identityb

Sequence 
proportionc

1 Biopsy-confirmed (stable)
WW-like
P-(Q)-(P)-Q-R-S

98.6
69.5

96.5
3.0

2 Biopsy-confirmed (stable)
WW-like
P-(Q)-(R)-S

98.6
74.2

97.2
2.7

3 Presumptive (stable) WW-like 98.6 99.9

4 Biopsy-confirmed (stable)
WW-like
P-(Q)-(P)-Q-R-S

97.1
82.4

96.5
2.5

5 Biopsy-confirmed (dysfunction)

WW-like
P-Q-(R)-S
P-(Q)-(P)-Q-R-S
P-Q-(P)-Q-R-S

96.8
76.4
79.2
70.9

89.8
5.9
1.2
1.2

6 Biopsy-confirmed (stable)
WW-like
P-(Q)-(P)-Q-R-S

98.6
81.1

83.9
15.9

7 Biopsy-confirmed (dysfunction)
WW-like
P-(Q)-(R)-S

98.6
81.4

77.6
22.4

8 Biopsy-confirmed (stable) WW-like 97.1 99.9

9 Presumptive (stable)
WW-like
P-(Q)-(P)-Q-R-S

98.6
73.0

97.6
2.1
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treatment strategy after the infection had been confirmed. The aim of Study V was to establish a 
sequencing-based method for HCV genotyping to replace the previous hybridization-based LiPA 
method, whose disadvantage was subjective result interpretation.

In order to enable amplification of all HCV genotypes in one reaction, the 5’ untranslated region 
(UTR) and a commercial one-step RT-PCR reaction mix were selected for the established set-
up. Amplification of Core/E1 and NS5B regions using one set of primers was unsuccessful. The 
genotyping method was validated using 238 serum samples, for which LiPA genotyping had been 
performed for comparison (Table 13). The workflow comprises automatic nucleic acid extraction, 
conventional PCR amplification and sequencing by the Sanger method. The 5’UTR amplicon 
length was suitable for Sanger sequencing in one complete read. The sequences were analysed using 
a freely available web-based genotyping tool, and the obtained genotyping results were compared 
to those obtained with the LiPA assay.

Table 13. Sanger genotyping results in 238 serum samples.

a Genotype as determined by Versant HCV Genotype 2.0 (Siemens Healthcare, Tarrytown, NY, USA) line probe assay.
b Unknown; Genotype could not be identified using the LiPA method.
c Negative control; Patient sample tested negative for HCV.
* Samples from which no genotyping result was obtained had no visible amplification product in agarose gel.

Out of the 238 samples, altogether 201 amplification products were sequenced, and for 197 
samples a sequence-based genotyping result was successfully obtained (Table 13). The four 
samples where no genotyping result was obtained were all amplification reactions that had 
no visible amplification product in agarose gel. For most samples, the length of the obtained 
sequences was approximately 300 bp. The sequence-based genotyping results were consistent 
with LiPA results except for three samples, for which a different result at main genotype level 
was obtained. For one sample the LiPA assay indicated genotype 2, while sequences in both 
directions matched to genotype 3a. For the second sample both sequences matched to genotype 
1b whereas LiPA had identified genotype 5a. For the third discrepant sample, no amplification 
product was seen in gel, and only a short reverse sequence could be derived indicating genotype 
2k, while the LiPA result had indicated genotype 1. Additionally, for two samples the LiPA 
hybridization patterns suggested possible mixed infection with two genotypes (2b and 1a for 
one sample, and 1a and 4 for the other). The forward and reverse sequences of both samples 
matched to genotype 1.

Of the total 238 amplified samples, altogether 19 had no visible amplification product in agarose 
gel. These included nine samples that had originally tested positive for HCV RNA with a 
quantitative method but had low viral loads (52–2550 IU/ml). The negative control sample and 
the sample that could not be genotyped using the LiPA method remained negative. The other 
eight gel-negative samples had not been quantitated but had previously been genotyped using 
LiPA. Based on the known viral loads, strong amplification products were generally obtained 

Genotypea 1 2 3 4 5 6 1a/4 2b/1a Ub NCc Total

Samples amplified 78 37 100 13 4 1 2 1 1 1 238

Samples sequenced 64 30 92 7 4 1 1 1 1 0 201

Retrieved genotype results 64 28* 91* 7 4 1 1 1 0 0 197
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if viral loads were over 10 000 IU/ml. Weaker products were obtained from samples with viral 
loads between 1000–10 000 IU/ml. Strength of amplification did not directly correlate with 
viral load, which may be due to long storage time and multiple freeze-thaw cycles of the samples.

HCV genotyping by PCR amplification and Sanger sequencing turned out to be a robust 
method to determine the main HCV genotype. However, the homogeneity of 5’UTR enabling 
efficient amplification of all genotypes also prevents detailed subtype determination. Further, 
Sanger sequencing produces only one sequence representing the predominant virus population. 
Preliminary studies have been conducted to investigate the potential of NGS in detailed 
characterization of the virus population (unpublished data). Fourty plasma samples were sequenced 
using both Sanger and Illumina MiSeq methods. Out of the 40 samples, 33 harboured several 
virus strains ranging between 2–9 different strains per sample. The study demonstrated that mixed 
infections and minor virus populations can be distinguished by MiSeq in samples where Sanger can 
only identify one sequence. This is a considerable advantage in diagnosing such a heterogeneous 
and variable virus as HCV.
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4. DISCUSSION

The focus of this doctoral thesis was on exploring new molecular methods and novel markers 
in diagnosing chronic virus infections. Established methods (Studies I and II) were assessed, 
new potential molecular markers were evaluated (III, IV) and a new diagnostic method was 
established (V) for the detection of chronic virus infections and diagnosis of resulting diseases. 
Current virus diagnostics is mainly based on precision diagnostics focusing on the identification 
of specific viruses. The challenge of virus diagnostics lies in the complex nature and vast diversity 
of virus species, which is underlined by the absence of any common nominator among different 
virus species, such as the 16S ribosomal RNA (rRNA) in bacteria or the 18S rRNA in fungi 
and lower eukaryotic species. Thus, except for virus culture or EM, a targeted approach starting 
from a suspicion of specific pathogen(s) is applied in virus diagnostics. Immune evasion and the 
establishment of chronic infections are enabled by the same viral functions that complicate the 
detection and diagnostics of these infections in the laboratory. Low virus copy number and high 
genetic diversity are particular diagnostic challenges. The cell, the physical barrier concealing the 
virus, can be abolished in the laboratory, but a specific viral target has to be set and searched for. 
The most common approach is to detect a specified gene or genomic region of the virus genome.
 

4.1 Use of hrHPV testing in patient management

Among all HPV-associated diseases high-grade cervical lesions and cervical cancer are of highest 
clinical impact, and HPV testing is widely used in the screening of cervical cancer. The basis of 
cervical hrHPV testing is quite different from most virus diagnostics, as the aim is not to detect all 
HPV positive individuals, but instead to recognise those who have or will develop severe cervical 
lesions or cancer. The majority of HPV infections are transient and recover spontaneously, but the 
risk for high-grade lesions and the development of severe disease increases if a persistent infection 
is established. The main objective of cervical hrHPV testing is to identify persistent infections 
that may develop into cervical precancer and cancer. Thus, mainly cancer-associated hrHPV 
types are targeted in diagnostic tests. The inclusion of additional genotypes would decrease test 
specificity while increasing sensitivity, resulting in an increase of clinically false positive findings 
(Schiffman et al. 2005). Over-diagnosis and unnecessary treatments or follow-up visits should 
be avoided, and only histologically verified higher-grade cervical lesions (≥CIN 2) should be 
identified with hrHPV testing. Instead of high analytical test performance (i.e. detection of the 
virus), hrHPV testing requires an optimal balance between clinical sensitivity and specificity to 
detect alterations which should be treated. Acceptable hrHPV test should exhibit high clinical 
sensitivity in detecting ≥CIN2, resulting in positive test results in patients with histologically 
verified cell alterations (Meijer et al. 2009). Concurrently also high clinical specificity is required 
to accurately identify patients without histological alterations and to prevent unnecessary follow-
up and treatment procedures. Balancing between optimal sensitivity and specificity is challenging 
as increased sensitivity leads to positive test results also among cases that are not truly precancerous 
lesion, thus lowering test specificity. In hrHPV testing the detection of E6/E7 mRNA has risen as 
an alternative to the detection of virus DNA. Detection of mRNA may improve assay specificity, 
because only persistent HPV infection actively transcribing virus E6 and E7 oncoproteins may lead 
to the development of cervical lesions and cancer. Several studies have reported the mRNA-based 
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Aptima assay to be more specific in detecting cervical cancer and pre-cancer than DNA-based HC2 
testing. In all published studies the sensitivities in detecting ≥CIN2 lesions are similar (≥90%) 
while considerable differences are observed in overall specificities of both tests. In some studies 
the specificity of both tests range between 20–40% (Mesher et al. 2013; Ratnam et al. 2011; 
Szarewski et al. 2012), while in other studies 60–70% overall test specificities were reached (Clad 
et al. 2011; Reuschenbach et al. 2010; Stoler et al. 2013). Despite the varying overall specificity 
levels, the specificities for Aptima test were higher as compared to HC2.  In our hands the 
specificities were high (58–59%) as compared to other studies, but similar for both tests. Although 
differences between the DNA-based HC2 test and mRNA-based Aptima assay were observed also 
in the present study, these were not found statistically significant and the two testing methods 
were found equal in performance. Similar finding was made in a study among biopsy-confirmed 
cervical cancer patients, where equal specificity between Aptima and HC2 was also observed (Basu 
et al. 2016). The discrepancy between different studies may be explained by the study population. 
According to a recent study (Rebolj et al. 2017), it appears that concordance between different 
assays is higher in referral populations comprising mainly women with abnormal cytology, as was 
the case in our study. Among primary screening population where the majority of women have 
normal cytology the differences between assays become more apparent. This was pointed out in a 
systematic review by (de Thurah et al. 2018), who found that different HPV tests detect different 
HPV strains among women with normal cytology in primary screening. In this population viral 
loads are generally lower, and differences in assay design and technology (i.e. target sequence, 
assay cut-off and cross-reactivity) result in discordant results. Due to the momentary nature of 
HPV infections, the positive predictive value (PPV) of hrHPV testing, i.e. the probability that a 
positive testing result indicates the presence of high-grade lesions, remains quite low. However, 
the negative result has a particular value in HPV testing, and as observed in Study I, the negative 
predictive value (NPV) for HPV testing is very high. This means that the negative testing result 
is highly indicative for the absence of histological alterations. A multinational European cohort 
study showed that the cumulative incidence rate of high-grade cervical lesions and cervical cancer 
remains lower among initially hrHPV-negative as compared to hrHPV-positive women (Dillner 
et al. 2008), allowing longer screening intervals for women testing negative for hrHPV. Thus, the 
high NPV and the long-term disease-free prognosis of a negative test result is perhaps the most 
valuable feature in hrHPV testing.

Besides cervical testing, analysis of hrHPV status has become important in differential diagnostics 
of HNSCC, particularly among OPC (Bishop et al. 2015; Robinson, Sloan, Shaw 2010). The 
incidence of HPV associated OPC has increased significantly during the last two decades, 
presumably as a result of increased hrHPV infections of the head and neck region transmitted 
by oral sex (Gillison et al. 2015; Mehanna et al. 2013). HPV-positive OPC patients have better 
treatment response and altogether better prognosis as compared to HPV-negative OPC patients 
(Ang et al. 2010; Fakhry et al. 2008). Thus, the basis of HPV testing in head and neck region 
differs from cervical HPV testing because all HPV-positive cases should be identified. The 
cartridge-based Xpert test evaluated in Study II offers a fast and easy-to-use diagnostic platform 
for the analysis of individual samples from cancer patients. As FFPE samples are commonly 
prepared for pathological analysis of cancer tissue biopsies, this would the most convenient sample 
type for HPV testing. We tested the protocol presented by (Guerendiain et al. 2016) for FFPE 
sample treatment before performing the Xpert HPV test, and similar to that study, found that 
Xpert test appears to be amenable for HPV testing of FFPE samples. In Study II high invalidity 
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rates were obtained especially among cervical FFPE samples presumably due to the small amount 
of tissue in cervical biopsies. Indeed, Guerendian et al. reported that invalid samples had lower 
concentrations of nucleic acids as compared to samples with valid results. Interestingly, a study 
by (Dona et al. 2017) reported no invalid results in the evaluation of Xpert testing by using non-
purified cell lysates from one to three 5 µm FFPE sections. This suggests that Xpert test is not 
particularly sensitive to inhibitory materials present in minimally processed and purified FFPE 
samples, but instead the amount of tissue appears to be more critical. Simplified sample treatment 
without the need for nucleic acid extraction or purification protocols further increases the appeal 
and usefulness of Xpert HPV test as a fast and straightforward testing method of individual FFPE 
samples that could be used in the assessment of disease severity, treatment strategy and overall 
prognosis in OPC.
 

4.2 Potential of virus microRNAs as diagnostic biomarkers

In addition to detecting the viruses causing chronic diseases, new methods and markers for the 
assessment of disease severity and patient management are continuously sought. Detection of 
virus miRNAs represents a new intriguing approach for the diagnosis of chronic virus infections, 
and their diagnostic potential was examined also in the present study. At present, the presence or 
function of virus-encoded miRNAs has not yet been established or widely studied for many viruses. 
Previous studies have predicted and identified the presence of HPV-encoded miRNAs (Gu et al. 
2011; Qian et al. 2013; Weng et al. 2017). The putative cellular targets of these miRNAs suggest 
their involvement in host cell cycle, cell adhesion and migration as well as in immune evasion. 
Our results show that HPV-endoced miRNAs can be detected, but their expression levels seem to 
be low. The scarce expression and low expression levels of HPV miRNA suggests that, despite a 
putative role in HPV replication or pathogenesis, they do not show promise as diagnostic markers. 
Studies on HPV-encoded miRNAs still remain few, and further research is required for drawing 
conclusions on the function and clinical significance of these miRNAs. As for polyomavirus, the 
role of their miRNAs in virus replication and pathogenesis in polyomavirus-associated diseases 
is under active study. Virus-encoded miRNAs have been connected to the regulation of virus 
replication and persistence (Bauman et al. 2011; Lee et al. 2011; Martelli and Giannecchini 
2017; Seo et al. 2008). Studies by our group and by others have also shown promise as biomarkers 
in diagnostics and monitoring of JCPyV-associated PML and colorectal cancer (Basnyat et al. 
2017; Lagatie et al. 2014; Link et al. 2014; Rocca et al. 2015) as well as for BKPyV-associated 
PyVAN (Kim et al. 2017; Li et al. 2014; Tian et al. 2014). In the present study, BKPyV-encoded 
miRNAs were frequently detected among PyVAN patients, albeit their overall expression levels 
seem to be quite low. The presence of the virus pathogen can be shown by detecting DNA, but 
biomarker potential of miRNAs arises if their expression levels give additional information about 
disease severity or prognosis. As mentioned above, associations between BKPyV and JCPyV 
associated diseases and virus miRNAs have been indicated. In the present work, the expression 
levels of BKPyV miRNAs were found substantially increased in PyVAN patients as compared to 
controls, indicating biomarker potential of these miRNAs in the diagnosis and monitoring of 
kidney transplant patients. Similar findings have been made in the few studies conducted around 
this topic (Li et al. 2014; Link et al. 2014; Rocca et al. 2015). The present work showed that the 
detection rate and diagnostic potential of virus miRNAs differs depending on the virus. For HPV-
encoded miRNAs positive signals were few and no clear association between cervical lesions was 
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found in the limited study material. Instead, the diagnostic biomarker potential of miRNAs lies 
in comparing their expression levels between patients against controls. Further study is warranted 
to reveal the true biomarker potential of virus miRNAs. It is intriguing to speculate whether 
increased miRNA expression connected to the development of the disease could be observed 
before the detection high viral load. If this was the case, detection of miRNAs could provide a 
valuable prognostic tool for patient monitoring.
 

4.3 Effect of novel drugs on virus diagnostics and disease 
associations

The purpose of virus diagnostics is to detect a virus infection causing a disease or to assess the need 
and strategy for treatment or patient monitoring. The purpose of HCV genotyping has specifically 
been to design the optimal treatment for chronic infection that has led to deterioration of liver 
function. Until recently, the treatment of HCV infection was based on non-specific interferon-
based drugs and first-generation DAAs, which required different treatment regimens depending 
on the genotype (AASLD/IDSA HCV Guidance Panel 2015). We set out to establish a new HCV 
genotyping method. Due to the diversity between HCV genotypes the design of pan-genotypic 
primers turned out to be challenging. The Sanger-based method established in the present work 
consists of a RT-PCR, Sanger sequencing and straightforward BLAST-based sequence analysis. 
Complex RT-PCR and nested-PCR methods have been applied in HCV genotyping previously, 
but in recent years the focus has shifted towards intricate NGS techniques (Hedskog et al. 2015; 
Qiu et al. 2015). However, new DAAs are currently revolutionising the treatment of HCV 
infections, as these drugs have proven to be very effective in treating the infection regardless of 
the genotype (Puoti et al. 2018; Younossi et al. 2018). Along with the emergence of pan-genotypic 
treatment opportunities HCV genotyping may become unnecessary in patient management. In 
the era of pan-genotypic drugs the role of genotyping in resolving individual cases of treatment 
failure remains to be established. Virus strains with reduced DAA susceptibility may emerge 
among the highly polymorphic virus population as a result of the error-prone RNA replication. 
The possibility may remain that specific genomic regions (NS3/4A, NS5A or NS5B) need to be 
analysed, as was the case with the previous resistance-associated DAAs (Pawlotsky 2016).

New drugs and treatment regimens have affected also the dynamics of other chronic virus infections 
and their associated diseases. PML is a rare and often fatal neurodegenerative disease associated 
to neurotropic JCPyV strains with rearrangements in the non-coding control region (Ferenczy et 
al. 2012). PML cases were formerly seen particularly among HIV infected AIDS patients, but a 
new patient cohort has emerged along with the use of new immunomodulatory drugs. Most of 
these drugs are monoclonal antibodies that alter or inhibit normal T- or B-cell functions and entail 
increased risk of PML development (Zaheer and Berger 2012). These biological drugs are used 
in treating several inflammatory and autoimmune diseases, such as multiple sclerosis, psoriasis, 
Crohn’s disease, rheumatoid arthritis and systemic lupus, as well as hematologic malignancies, 
such as Hodgkin’s lymphoma (Raisch et al. 2016; Zaheer and Berger 2012). As demonstrated by 
a recent study from Sweden (Iacobaeus et al. 2018), the incidence of PML cases has increased over 
the last ten years, and majority of cases are now associated to monoclonal antibody treatments. 
This illustrates that when treatment regimens or overall immunological circumstances change, 
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also new disease associations can emerge. Changes in environmental and behavioural factors may 
also lead to the emergence of new disease entities caused by chronic virus infections. An example 
of this is oropharyngeal cancer, a disease previously connected predominantly to heavy smoking 
and alcohol consumption. At present, the incidence of smoking-related OPC is decreasing while 
the incidence of HPV-related OPC is rapidly increasing. As high as 90% hrHPV-positivity rates 
have been reported (Näsman et al. 2009). HPV-induced OPC has become more frequent within 
the past 20 years presumably due to the chances in sexual behaviour and the common practise of 
oral sex. Thus, the behavioural change has led to the increase of cancer cases among individuals, 
who were previously not considered being at risk of OPC.

4.4 Potential and vulnerability of nucleic acid-based virus 
diagnostics

The starting points of any diagnostic approach are the patients and their symptoms, as well as 
anatomical location and sample matrix. Ideally, virus diagnostics could have a broader approach not 
fixed to a specific sequence, allowing the identification of several and also unexpected pathogens. 
An optimal microbiological test would identify all pathogens, whether bacterial, fungal, parasitic or 
viral, causing similar symptoms, preferrably from an easily collectable sample matrix. An optimal 
test could be one that identifies a broad range of pathogens or disease markers for example from 
blood or urine. The different nature of microorganisms makes this task very challenging but 
sequencing the whole nucleic acid content of a sample has proven successful in identification 
of pathogens independent of their location in the tree of life. Several NGS-based applications 
for identifying the whole microbial content including minor populations and new pathogens in 
a given sample have already been developed (Bhaduri et al. 2012; Kostic et al. 2011; Naccache 
et al. 2014). Novel sequencing techniques have enabled the discovery of many new viruses and 
revealed the variety of already identified virus species, as is exemplified by the discovery of new 
polyomaviruses (Buck et al. 2012; Feng et al. 2008; Scuda et al. 2011; Siebrasse et al. 2012). 
Various applications have also been established specifically for identifying viruses (Daly et al. 
2011; de Vries et al. 2011; Kohl et al. 2015), their integration into the host genome (Chen et 
al. 2013; Li et al. 2013; Schelhorn et al. 2013; Wang, Jia, Zhao 2013; Wang, Jia, Zhao 2015), 
as well as for identifying particularly RNA viruses (Manso, Bibby, Mbisa 2017) from different 
sample matrices. This elucidates the effort and interest directed towards applying NGS techniques 
for virus identification. Despite the intense study involved in this field, NGS methods are not 
yet commonly applied in routine virus diagnostics and patient management, mainly because of 
the tools, skills and turnaround time required for analysing NGS data. The biggest challenge of 
NGS is the bioinformatics needed to retrieve the desired information amongst the enormous data 
typically produced by NGS, and to interpret the relevance of the acquired information. Despite 
these challenges, the breakthrough of NGS as method for routine virus diagnostics is rapidly 
approaching. 

The broader the approach comes often at the cost of decreased sensitivity. Techniques exploiting 
specific virus sequences, such as PCR, are widely used in virus diagnostics because of their 
sensitivity and ability to detect specific virus strains. However, in the diagnostics of chronic virus 
infections highly sensitive test is not always needed and may not be optimal for the purpose. In 
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addition to the mere detection of a virus, more detailed information about virus replication or 
virus strain is required. This is exemplified by HPV, BKPyV and JCVPyV infections which are all 
common chronic virus infections that do not cause problems in the vast majority of people. Thus, 
the goal in diagnosing these infections is to detect persistent infection associated with increaced 
risk of severe disease, reactivation, and/or emergence of highly pathogenic strains. PCR-based 
monitoring is applied in patient management to detect increase in viral load indicating active 
virus replication. This can be a risk factor associated to disease development, such as enhanced 
BKPyV replication in renal transplant patients. Also, specific strains of interest can be extracted 
from a pool of irrelevant or related sequences by using sequence-specific PCR methods. Yet, 
highly specific PCR is also vulnerable to mutations, and sequence variation within primer or 
probe sequences may lead to false negative results. Sequence-specificity relates particularly to the 
rapidly evolving and divergent RNA viruses, such as HCV, which require highly specific capture 
sequences for the identification of different strains and subtypes. To decrease the prevalence and 
disease burden of HCV, all infections should be identified to prevent HCV-induced cirrhosis, 
hepatocellular carcinoma, and the spread of this virus.

CONCLUDING REMARKS

As in life generally, things are hard to find if you do not know what you are looking for. Current 
diagnostics of chronic virus infections is based on a suspicion of a specific pathogen(s) associated to 
the symptoms of the patient. Diagnostics has focused on the viruses and their detection. However, 
the main reason for performing virus diagnostics is patient management and to prevent or treat 
a disease. Thus, prognostic markers indicating the development of a disease would be needed. In 
addition to the detection of a virus or a viral component, also new surrogate markers associated to 
disease development would be beneficial. An ideal diagnostic test would not need discrimination 
between classes of pathogens before testing, but instead identify all possible pathogens causing 
similar symptoms and affecting the same anatomical region. As more knowledge accumulates 
about cellular processes, viral pathogenesis and virus-host interactions, also new potential disease 
markers may be discovered. As demonstrated by the present study, a variety of new molecular 
methods and markers are already available. The field of virus diagnostics is rapidly evolving 
as the knowledge involving the biology and pathogenesis of viruses expands. Along with new 
molecular methods new disease patterns may emerge, and new viruses and disease association will 
be discovered. In the future we are likely to see highly effective diagnostic tests identifying several 
viral as well as other microbial pathogens. Hopefully these diagnostic tools can increasingly be 
applied as prognostic tools for the wellbeing of patients.
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