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Les papillomavirus humains (HPV) sont de petits virus icosaédriques non-enveloppés à ADN circulaire double brin. À ce jour, plus de 200 HPV ont été identifiés. La classification des Papillomaviridae est basée sur les identités de séquence nucléotidique du gène L1.

La découverte de nouveaux HPV est d'une importance cruciale pour élargir nos connaissances sur ces virus. Alors qu'un sous-groupe HPV du genre alpha communément appelé "à haut risque", a été clairement associé aux cancers anogénitaux, et à certains cancers de la tête et du cou, il existe peu d'informations sur le rôle des HPV des genres bêta et gamma-HPVs dans les cancers humains. Des études récentes montrent que des bêta-HPVs pourraient jouer un rôle dans les cancers de la peau de type non-mélanome (NMSC), en association avec le rayonnement ultraviolet (UV). Toutefois, des études supplémentaires sont nécessaires pour confirmer cette hypothèse chez l'homme.

Jusqu'à présent, les méthodes de choix utilisées pour l'identification de nouveaux HPVs dans des échantillons humains reposaient sur l'utilisation de la PCR et le séquençage de Sanger. Plusieurs amorces spécifiques ou à large spectre ciblant le gène L1, ont été développées pour l'amplification de séquences de HPV. De nos jours, avec l'avènement des méthodes de séquençage à haut débit (NGS), la possibilité d'élargir ces familles virales s'est accrue. Cependant, de grandes quantités de données sont générées par ces nouvelles méthodes de séquençage nécessitant le développement de méthodes bioinformatiques d'analyse spécifiques pour une identification et une reconstruction efficaces des séquences virales.

Le but de ce travail de thèse a été de développer une stratégie pour l'identification des HPV, ainsi que la caractérisation du génome complet de nouveaux types, dans des échantillons humains. Au cours de ce travail de thèse, l'utilisation d'amorces à large spectre connues et validées, mais aussi l'utilisation d'amorces améliorées par notre laboratoire, toutes ciblant une portion du gène L1, ont été utilisées pour la recherche de séquences HPV dans des échantillons cutanés et oraux. L'analyse des données NGS a permis l'identification de 105 possible nouvelles séquences de PVs, ainsi que l'identification de 296 HPV connus. Une méthode d'analyse bioinformatique a été développée pour l'analyse des données de séquençage.

La deuxième partie de ma thèse a consisté, à partir des données NGS précédemment obtenues, d'obtenir le génome entier de plusieurs HPVs. Ainsi, le génome entier de HPV227, un nouveau bêta-HPV, a été obtenu, en combinant plusieurs méthodes c.à.d. l'amplification par cercle roulant (ou rolling circle amplification -RCA), PCR pour amplification de longs fragments (ou "Long Range PCR"), le séquençage de Sanger par "primer walking", et le clonage.

Enfin, la technologie de séquençage par nanopores (MinION, Oxford Nanopore Technologies) a été utilisée afin d'obtenir le génome entier du HPV227, directement à partir de l'échantillon cutané d'origine et ainsi permettre un gain de temps important dans la caractérisation du génome complet des HPV. Pour ce faire, une méthode d'analyse bioinformatique des données de séquençage MinION pour la reconstruction des génomes de HPV a été développée. L'ensemble du génome du HPV227 a été reconstruit, confirmant l'efficacité de cette stratégie.

Dans l'ensemble, cette thèse décrit et valide plusieurs approches pour l'identification et la caractérisation complète de nouveaux génomes de HPV. De plus, la découverte de 105 possible nouveaux PVs élargit nos connaissances sur cette famille de virus, bien que pour des analyses supplémentaires soient nécessaires pour la caractérisation complète de ces nouveaux virus.

fragments (ou "Long Range PCR"), le séquençage de Sanger par "primer walking", et le clonage. Le nom officiel «HPV227» a été attribué à HPV-ICB2. Enfin, le troisième objectif de ma thèse a consisté à utiliser la technologie de séquençage par nanopores (MinION, Oxford Nanopore Technologies). Cette technologie a été évaluée et validée en séquençant le génome entier de HPV227 précédemment caractérisé par le séquençage de Sanger. L'utilisation de cette technologie, directement à partir de l'échantillon d'origine, a permis un gain de temps important dans la caractérisation du génome complet de HPV. Une méthode d'analyse bioinformatique des données de séquençage MinION pour la reconstruction des génomes de HPV a été spécifiquement développée. L'ensemble du génome du HPV227 a été reconstruit avec plus de 99.9% d'identité, confirmant l'efficacité de cette stratégie. Dans l'ensemble, cette thèse décrit plusieurs stratégies efficaces pour l'identification et la caractérisation complète de nouveaux génomes de HPV. De plus, la découverte de 105 nouveaux types de PV potentiellement humains permet d'élargir nos connaissances sur cette famille de virus.

Role of infectious agents in cancer development

The first evidence of the existence of viruses came from the experiment of Ivanovski, who allowed the discovery in 1892 of the tobacco mosaic virus [START_REF] Lecoq | Discovery of the first virus, the tobacco mosaic virus: 1892 or 1898[END_REF] , while the primary hypothesis that animal virus could play a role in cancer formation was formulated by Loeffler and Frosch in 1898 [START_REF] Cai | Overview of Infectious Causes of Human Cancers[END_REF] . In 1901, Reed identified the yellow fever virus in human [START_REF] Javier | The history of tumor virology[END_REF] . A few years later, viruses were proposed as a common cause of human cancers.

The first tumor virus, Rous Sarcoma virus that causes sarcoma in chickens, was discovered by Peyton Rous from Rockefeller Institute in 1911 [START_REF] Rous | A SARCOMA OF THE FOWL TRANSMISSIBLE BY AN AGENT SEPARABLE FROM THE TUMOR CELLS[END_REF][START_REF] Rous | A transmissible avian neoplasm (sarcoma of the common fowl)[END_REF] .

In 1964, Epstein, Achong and Barr, identified Epstein-Barr virus (EBV), the first human tumor virus, from Burkitt lymphoma cell line by using electron microscopy [START_REF] Epstein | VIRUS PARTICLES IN CULTURED LYMPHOBLASTS FROM BURKITT'S LYMPHOMA[END_REF] .

In 1984, Warren and Marshall discovered Helicobacter pylori, a bacterium associated with gastritis and peptic ulceration [START_REF] Marshall | Unidentified curved bacilli in the stomach of patients with gastritis and peptic ulceration[END_REF][START_REF] Warren | Unidentified curved bacilli on gastric epithelium in active chronic gastritis[END_REF] .

In 1970 Harald Zur Hausen hypothesized the relationship between HPV and cervical cancer, for which he received the Nobel Prize in Physiology or Medicine 2008 [START_REF] Zur Hausen | Attempts to detect virussecific DNA in human tumors. I. Nucleic acid hybridizations with complementary RNA of human wart virus[END_REF] .

It is also worth mentioning the Kaposi's Sarcoma-associated virus (KHSV) discovered by Yuan Chang in 1994, and the Merkel cell polyomavirus (MCV) found in Merkel cell carcinoma, by Patrick Moore in 2008 [START_REF] Feng | Clonal integration of a polyomavirus in human Merkel cell carcinoma[END_REF][START_REF] Shuda | T antigen mutations are a human tumor-specific signature for Merkel cell polyomavirus[END_REF][START_REF] Chang | Identification of herpesvirus-like DNA sequences in AIDS-associated Kaposi's sarcoma[END_REF] (Figure 1). It has been established that, during their lifetime, 99% of the population is infected with organisms known to cause cancers [START_REF] De Martel | Global burden of cancers attributable to infections in 2008: a review and synthetic analysis[END_REF] .

Different infectious agents can cause cancers, particularly in less developed countries [START_REF] De Martel | Global burden of cancers attributable to infections in 2008: a review and synthetic analysis[END_REF][START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

The global burden of infections-related cancers is a topic of particular interest studied to understand the mechanisms of cancer development and prevention. Several studies assessed the contribution of infectious agents in cancer development [START_REF] De Martel | Global burden of cancers attributable to infections in 2008: a review and synthetic analysis[END_REF][START_REF] Parkin | The global health burden of infection-associated cancers in the year 2002[END_REF][START_REF] Pisani | Cancer and infection: estimates of the attributable fraction in 1990[END_REF][START_REF] De Martel | Global burden of cancer attributable to infections in 2018: a worldwide incidence analysis[END_REF] .

A total of 14 million new cancer cases worldwide are diagnosed every year (Table 1) [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

In 2018, an estimated 2.2 million infection-attributable cancer cases were diagnosed worldwide, corresponding to an infection-attributable age-standardized incidence rate (ASIR) of 25 cases per 100,000 person-years [START_REF] De Martel | Global burden of cancer attributable to infections in 2018: a worldwide incidence analysis[END_REF] .

Sixty-six percent of all the infection-attributable cancers occur in developing countries [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . This percentage is lower than 5% in the USA, Canada, Australia, New Zealand, and some countries in northern and western Europe, but higher than 40% in many countries in sub-Saharan Africa and Mongolia [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] (Table 1).

In general, in more developed regions, the percentage of cancer cases attributed to infections is lower than 10% while in less developed countries, it exceeds the 23% [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] More than 90% of infection-related cancers are due to viral infections 2 including human papillomaviruses (HPV 16 and 18) [START_REF] Zur Hausen | Papillomaviruses and cancer: from basic studies to clinical application[END_REF] , hepatitis viruses (HBV and HCV) [START_REF] Mcglynn | Epidemiology and natural history of hepatocellular carcinoma[END_REF] , Epstein-Barr virus (EBV) [START_REF] Andersson | An Overview of Epstein-Barr Virus: from Discovery to Future Directions for Treatment and Prevention[END_REF] , Kaposi's sarcoma-associated herpesvirus (KSHV) [START_REF] Li | Kaposi's Sarcoma-Associated Herpesvirus: Epidemiology and Molecular Biology[END_REF] , human T lymphotropic virus-1(HLTV-1) [START_REF] Chan | Human T-Cell Leukemia Virus Type 1 Infection and Adult T-Cell Leukemia[END_REF] and Merkel cell polyomavirus (MCV) [START_REF] Macdonald | Merkel Cell Polyomavirus: A New DNA Virus Associated with Human Cancer[END_REF] .

In addition to viruses causing cancers, there are also other non-viral infections like the bacterium Helicobacter pylori [START_REF] Ahmed | Helicobacter pylori and gastroduodenal pathology: new threats of the old friend[END_REF] and some parasites like Schistosoma haematobium [START_REF] Mostafa | Relationship between Schistosomiasis and Bladder Cancer[END_REF] that are known to be involved in cancer development [START_REF] Cai | Overview of Infectious Causes of Human Cancers[END_REF] .

In an epidemiological study published in 2020, Catherine de Martel and colleagues evaluated the incidence of cancers attributable to infectious agents. Helicobacter pylori was identified as the primary cause of infections-related cancers (810,000 cases, ASIR 8.7 cases per 100 000 personyears), followed by HPV (690,000 cases, ASIR 8.0), HBV (360,000 cases, ASIR 4.1) and HCV (160,000 cases, ASIR 1.7). Additional 210,000 new cases were attributed to Epstein-Barr virus, human herpesvirus type 8 (HHV8; also known as Kaposi sarcoma herpesvirus), human T-cell lymphotropic virus type 1 (HTLV-1), and parasitic infections (i.e., Schistosoma haematobium, Opisthorchis viverrini and Clonorchis sinensis) (Table 2) [START_REF] De Martel | Global burden of cancer attributable to infections in 2018: a worldwide incidence analysis[END_REF] .

In men, the leading cause of infection-related cancers in 2018 was Helicobacter pylori, with 525.700 new cases, followed by HBV (270,000 new cases), HCV (108,700 new cases), Epstein-Barr virus (104,100 new cases) and HPV (69,400 new cases). In women, HPV represents the first cause of infection-related cancer with more than 620,000 new cases in 2018, followed by Helicobacter pylori (286,500), HBV (90,000), Epstein-Barr virus (48,500) and HCV (47,200), (Table 2) [START_REF] De Martel | Global burden of cancer attributable to infections in 2018: a worldwide incidence analysis[END_REF] .

There is also a relation between cancer incidence and age. Overall, a significant percentage of cancers, i.e., 64%, occur before age 70 years [START_REF] Ferlay | Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012[END_REF] , and regarding those caused by infectious agents, this percentage is even higher both in less developed and more developed countries [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

For Helicobacter pylori, a higher infection-related cancer incidence is registered after age 50, while for HPV the 86% of cases occur before age 70 [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . [START_REF] De Martel | Global burden of cancer attributable to infections in 2018: a worldwide incidence analysis[END_REF] Stomach-, liver-, and cervix-cancers are the most frequent cancers worldwide associated with infectious agents [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] , representing the fifth, sixth, and seventh-most common cancers worldwide, respectively [START_REF] Pisani | Cancer and infection: estimates of the attributable fraction in 1990[END_REF] .

These cancer types also have very high infection-related proportions [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . All cervical cancers are associated with HPV [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . In 2012, 530,000 cervical-cancer cases worldwide had been attributed to HPV infections, while only 113,000 cancer cases other than cervical cancer cases had been assigned to HPV [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . In 2012, in both less and more developed countries, the attributable population fractions derived from infection-related cancers were generally higher in younger people, between 40 and 45 years old. For women in more developed countries, these values were higher in people younger than 40 years (Figure 2) [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

Figure 2: Representation of the relation of the percentages of cancer cases in 2012 attributable to infection with sex, age group, and development status [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] 

Vaccination programs for the prevention of the HPV-related cancers

Human papillomavirus infection-related cancers include those of the cervix, vulva, vagina, penis, anus, rectum, and oropharynx [START_REF] Harper | HPV vaccines -A review of the first decade[END_REF] . Over 80% of anogenital cancers occur in the cervix. Several studies aim to develop effective vaccines for the prevention of HPV-related cancers [START_REF] Bray | Cancer Incidence in Five Continents: Inclusion criteria, highlights from Volume X and the global status of cancer registration[END_REF] .

Three vaccines are available nowadays (i.e., Gardasil, Gardasil9, and Cervarix), all containing synthetically manufactured virus-like particles (VLPs) of the L1 epitope (Table 3). All three vaccines prevent infection with HPV types 16 and 18 [START_REF] Chaturvedi | Human Papillomavirus and Rising Oropharyngeal Cancer Incidence in the United States[END_REF][START_REF] Gillison | HPV prophylactic vaccines and the potential prevention of noncervical cancers in both men and women[END_REF] .

Gardasil offers additional protection against genotypes 6 and 11, causing over 90% of anogenital warts and virtually all cases of Recurrent Respiratory Papillomatosis (RRP) in both sexes [START_REF] Von Krogh | Management of anogenital warts (condylomata acuminata)[END_REF][START_REF] Von Krogh | European guideline for the management of anogenital warts[END_REF][START_REF] Armstrong | Incidence and prevalence of recurrent respiratory papillomatosis among children in Atlanta and Seattle[END_REF] .

Gardasil 9 prevents infection with the same four HPV types (i.e. 6, 11, 16, and 18) plus five additional cancer-causing types (i.e. 31, 33, 45, 52, and 58) [START_REF] Joura | A 9-valent HPV vaccine against infection and intraepithelial neoplasia in women[END_REF] . Cervarix includes only the two most important high-risk types, HPV 16 and 18 [START_REF] Monie | Cervarix: a vaccine for the prevention of HPV 16, 18-associated cervical cancer[END_REF] .

According to the main guidelines, pre-adolescent girls (9-15 years) can receive a two-dose HPV vaccine at either a six-month or one-year series interval, acquiring protection from HPV16, the most common type associated with cervical cancer, and other less common types. Vaccination protects from HPV infection until girls enter the routine screening program (HPV testing and cytology). Since 2015, the World Health Organization (WHO) recommends a two-dose program for younger girls, and a three-dose program for women of 15 years and older.

The primary target of vaccination is pre-adolescent girls, ideally before sexual debut. Other potential targets for the vaccination are females >15 years old, males and other high-risk individuals (e.g., HIV-positive patients), whether affordable and sustainable. However, the main goal is to achieve high vaccination coverage in pre-adolescent girls [START_REF]Electronic address: sageexecsec@who.int. Human papillomavirus vaccines: WHO position paper, May 2017-Recommendations[END_REF] .

In the last ten years, Gardasil was used and showed to be effective in preventing HPV 16 and 18 infection in countries where high coverage was reached. After, Gardasil9 has replaced Gardasil.

Gardasil9 has the same rapid anti-HPV 18 and HPV45 titer loss as Gardasil did. Cervarix, includes HPV16 and 18 L1 and has different adjuvants than Gardasil. It showed to be effective in the prevention of HPV infections as well, maintaining high antibody titers for at least ten years. Even just one dose of Cervarix protects against HPV 16 and 18 infections with robust antibody titers, offering a cost-effective vaccination program, especially in developing countries.

Table 3: HPV vaccines composition [START_REF] Fernandez | Chapter 29 -bivalent HPV vaccine approved for cervical cancer prevention in females[END_REF][START_REF] Lajoie | Chapter 30 -quadrivalent and nonavalent HPV vaccine approved for males and females for HPV associated diseases[END_REF] Screenings and vaccination programs have an essential role in reducing the incidence and mortality of cancers related to HPV infection [START_REF] Meggiolaro | The role of Pap test screening against cervical cancer: a systematic review and meta-analysis[END_REF][START_REF] Horn | Reduction of cervical cancer incidence within a primary HPV screening pilot project (WOLPHSCREEN) in Wolfsburg, Germany[END_REF][START_REF] Goodman | HPV testing as a screen for cervical cancer[END_REF][START_REF] Bonanni | Efficacy, duration of immunity and cross protection after HPV vaccination: a review of the evidence[END_REF] .

In the past ten years, most developed countries, e.g., many European countries, have conducted HPV vaccination programs targeting young girls, with coverage between 30 and 80% [START_REF] Hanson | HPV Programs: Application to Implementation[END_REF] .

Australia represents an excellent example as vaccination coverage is above 80% for girls and 75% for boys. Cervical cancer is expected to be almost eradicated by 2066, assuming the maintenance of this vaccination coverage and a 5-yearly HPV testing for cervical cancer screening [START_REF] Hall | The projected timeframe until cervical cancer elimination in Australia: a modelling study[END_REF] .

In the United States, the human papillomavirus (HPV) vaccine was introduced for females 11-12 years old in 2006 and also recommended through age 26 years for women not vaccinated previously.

In the beginning, three doses were recommended in the USA. Now just two doses are considered sufficient for girls younger than 15 years, while three doses are kept for older women.

In 2013, a median of 12% and 19% of adolescent girls covered by commercial health plans and Medicaid plans, respectively, had completed the vaccination series by age 13 [START_REF] Ng | Human Papillomavirus Vaccination Coverage Among Female Adolescents in Managed Care Plans -United States, 2013[END_REF] .

In 2011, the United States was the first country to adopt a gender-neutral routine HPV immunization policy. Thus, routine HPV vaccination was also recommended for boys aged 11 or 12 years and for those through 21 years not vaccinated previously [START_REF] Centers For | Recommendations on the use of quadrivalent human papillomavirus vaccine in males--Advisory Committee on Immunization Practices (ACIP), 2011[END_REF] .

In France, HPV vaccination is promoted especially in girls aged 14 with a catch-up program for females from 15 to 23 years old. In this country, there is a reimbursement of the 65% of the vaccine price, resulting in Gardasil ® being the fifth-highest drug expenditure of the main scheme of the French National Health Insurance in 2008. The maximum uptake in the catch-up group, for both 1 and 3 doses, was observed for women born in 1992 (15 years in 2007) with 52.5% and 35.6%, respectively [START_REF] Fagot | HPV vaccination in France: uptake, costs and issues for the National Health Insurance[END_REF] .

In Italy, since 2008, vaccination is offered for free to all young girls aged 11 years. In 2017, with the release of the National Vaccine Prevention Plan (PNPV) 2017-2019, vaccination was extended to boys in the twelfth year of life, men who have sex with men (MSMs), and immunocompromised patients (e.g., HIV-positive patients) [START_REF] Hall | The projected timeframe until cervical cancer elimination in Australia: a modelling study[END_REF] . These new recommendations are aligned with the recent evidence about the cost-effectiveness of HPV vaccination in other targets [START_REF] Soe | Should human papillomavirus vaccination target women over age 26, heterosexual men and men who have sex with men? A targeted literature review of costeffectiveness[END_REF] .

The target set by the PNPV is to achieve a 95% vaccination coverage. However, in Italy, the latest full-course vaccination coverage was 50% among females and 20% among males [START_REF]Vaccinazione contro il papilloma virus (HPV) -Coperture vaccinali[END_REF] .

The introduction of vaccination programs in less developed countries is harder to achieve.

However, good results have been obtained in countries like Rwanda and Bhutan [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] . The promotion of HPV vaccination programs in less developed countries is of paramount importance, considering that in these countries, HPV infection is the leading cause of at least 50% of the infection-related cancers in both sexes [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

The high incidence of HPV and HIV infections in less developed countries, associated with limited screening and vaccination programs, increases the rates of cervical cancer [START_REF] Crosbie | Human papillomavirus and cervical cancer[END_REF] .

The socioeconomic status of a country has a significant impact on the infection-associated cancers burden, and specific population-based measures are required to reduce the incidence of these cancers worldwide [START_REF] Plummer | Global burden of cancers attributable to infections in 2012: a synthetic analysis[END_REF] .

However, compared to other carcinogenic infections, HPV is less linkable with socioeconomic development even if it remains a leading cause of infection-related cancers, especially in less developed countries [START_REF] Crosbie | Human papillomavirus and cervical cancer[END_REF] .

.

Human Papillomavirus

Human papillomaviruses, a member of the Papillomaviridae family, are small viruses with a tropism for mucosal or cutaneous squamous epithelia. Some of these viruses are associated with the development of human cancers in different anatomical areas, such as the anogenital tract, and head and neck [START_REF] Harden | Human papillomavirus molecular biology[END_REF][START_REF] Tommasino | The human papillomavirus family and its role in carcinogenesis[END_REF] .

These viruses possess a non-enveloped icosahedral capsid (Figure 3) and a double-stranded circular DNA genome, which ranges in length from 5,748 bp for Sparus aurata papillomavirus 1 (SaPV1) to 8,607 bp for canine papillomavirus type 1 (CPV1) [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF] . The genome is organized in three major regions: the early, the late, and the long control region (LCR) that are separated by two polyadenylated (pA) sites called early pA (AE) and late pA (AL) sites [START_REF] Doorbar | Human papillomavirus molecular biology and disease association[END_REF] .

Genomic organization and viral proteins

The early region contains up to seven ORFs encoding viral regulatory proteins (E1, E2, E4, E5, E6, E7, and E8), and the late region encodes the two viral capsid proteins (L1 and L2) (Figure 4) [START_REF] Doorbar | Human papillomavirus molecular biology and disease association[END_REF][START_REF] Knipe | Fields virology[END_REF] . The LCR contains the origin of DNA replication and transcription control sequences [START_REF] Knipe | Fields virology[END_REF] . However, some HPVs from different genera lack an ORF. For example, the E5 is lacking in beta, gamma, and mu genera, while both E5 and E6 are missing in HPV101, 103, and 108 from genus gamma [START_REF] Chen | Human papillomavirus (HPV) types 101 and 103 isolated from cervicovaginal cells lack an E6 open reading frame (ORF) and are related to gamma-papillomaviruses[END_REF][START_REF] Nobre | E7 oncoprotein of novel human papillomavirus type 108 lacking the E6 gene induces dysplasia in organotypic keratinocyte cultures[END_REF] . The alpha HPV6 and 11 encode for E5γ and E5δ, two E5-like proteins [START_REF] Van Doorslaer | Molecular archeological evidence in support of the repeated loss of a papillomavirus gene[END_REF] .

HPV types belonging to beta and gamma genera present a shorter LCR compared to alpha HPVs (Figure 4, right).

All PVs have the potential to express a particular transcript, E8∧E2C, that encodes for a fusion protein composed of E8 fused to the hinge and DNA-binding domains of E2 (Figure 4) [START_REF] Mcbride | The papillomavirus E2 proteins[END_REF] . After the internalization of the viral particle, the viral DNA is delivered into the nucleus of the infected host cell [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF] The virus has to reach the basal layer of the epithelium, to infect the basal keratinocytes or the epithelial stem cells. This is achieved by passing through micro-wounds or micro-fissures, or via hair follicles [START_REF] Schmitt | The primary target cells of the high-risk cottontail rabbit papillomavirus colocalize with hair follicle stem cells[END_REF][START_REF] Kines | The initial steps leading to papillomavirus infection occur on the basement membrane prior to cell surface binding[END_REF][START_REF] Schiller | Current understanding of the mechanism of HPV infection[END_REF] .

HPV lifecycle and natural history of the infection

The squamocolumnar junction is the place where endocervix and ectocervix merge. In this portion of the cervix, the columnar epithelium flanks the squamous non-keratinized epithelium [START_REF] Herfs | A discrete population of squamocolumnar junction cells implicated in the pathogenesis of cervical cancer[END_REF] .

In prepubertal girls, the squamocolumnar junction is placed in the cervical canal. After puberty and during pregnancy, it extends outward over the ectocervix, and the junction gets exposed to the acidic vaginal environment [START_REF] Kurita | Normal and Abnormal Epithelial Differentiation in the Female Reproductive Tract[END_REF] . In this context, the columnar epithelium can undergo physiological metaplasia and turns into the metaplastic squamous epithelium. This process causes the moving of the squamocolumnar junction in the inner part of the cervical canal, and all this metaplastic area is called transformation zone [START_REF] Fluhmann | Comparative studies of squamous metaplasia of the cervix uteri and endometrium[END_REF]69 . The metaplastic epithelium is more susceptible to HPV infection, thus prepubertal and mainly pubertal girls are considered at higher risk of contracting HPV infection. The sexual contact is considered the primary way to contract HPV infection.

HPV infection has a higher prevalence in girls younger than age 20, and after this age, there is a significant decrease in the number of positive individuals [START_REF] Castle | A prospective study of age trends in cervical human papillomavirus acquisition and persistence in Guanacaste, Costa Rica[END_REF][START_REF] Moscicki | Persistence of human papillomavirus infection in HIV-infected and -uninfected adolescent girls: risk factors and differences, by phylogenetic type[END_REF] .

In the oral cavity, the tonsillar crypts have a similar cellular structure to the transformation zone of the cervix, facilitating the HPV infection [START_REF] Rautava | Biology of human papillomavirus infections in head and neck carcinogenesis[END_REF] .

In a recent publication, Broniarczyk and colleagues showed that the viral particles could stay infectious, even after several weeks of permanence on the surface of senescent cells, resistant to the viral infection. This work showed that the reactivation of the cell cycle, mediated by p53 siRNA, allowed the entry of the virus [START_REF] Broniarczyk | HPV-16 virions can remain infectious for 2 weeks on senescent cells but require cell cycle re-activation to allow virus entry[END_REF] .

The virus, with the major capsid protein L1, binds the heparin sulfate chains of proteoglycans (HSPGs), placed in the cell membrane or at the extracellular matrix (ECM), and thus initiates the infection.

This interaction causes conformational changes of the capsid structure mediated by cyclophilin (CyP) B that exposes the minor capsid protein L2 on the surface of the virus (Figure 5).

A key event in this process is the cleavage of the L1 protein performed by kallikrein-8 serine protease [START_REF] Cerqueira | Kallikrein-8 Proteolytically Processes Human Papillomaviruses in the Extracellular Space To Facilitate Entry into Host Cells[END_REF] .

Laminin-322 on the ECM can allow a transient binding of the virus at the early stages of the infection [START_REF] Culp | Keratinocyte-secreted laminin 5 can function as a transient receptor for human papillomaviruses by binding virions and transferring them to adjacent cells[END_REF] .

After, a conserved furin consensus site of the L2 protein is cleaved, allowing the exposure of the RG1 neutralizing epitope (Amino acids 17 to 36). This step seems to be important for the interaction of the virus with an unidentified secondary receptor, and thus for the internalization of the virus [START_REF] Bronnimann | Furin Cleavage of L2 during Papillomavirus Infection: Minimal Dependence on Cyclophilins[END_REF][START_REF] Rubio | The N-terminal region of the human papillomavirus L2 protein contains overlapping binding sites for neutralizing, cross-neutralizing and non-neutralizing antibodies[END_REF] .

Actin protrusions on the cell membrane showed to play a role in the transport of the HPV16 virions inside the cells by actin retrograde flow [START_REF] Schelhaas | Human papillomavirus type 16 entry: retrograde cell surface transport along actin-rich protrusions[END_REF][START_REF] Schelhaas | Entry of human papillomavirus type 16 by actin-dependent, clathrin-and lipid raft-independent endocytosis[END_REF] . Furthermore, actin polymerization and depolymerization showed to be significant events in the HPV16 endocytosis process, in particular for scission of endocytic vesicles [START_REF] Schelhaas | Entry of human papillomavirus type 16 by actin-dependent, clathrin-and lipid raft-independent endocytosis[END_REF] .

Once inside the cell, the virus is delivered to an early endosome, that matures into a late endosome [START_REF] Siddiqa | Papillomaviruses and Endocytic Trafficking[END_REF] where the capsid is disassembled in a low pH environment by host-cell CyPs, leading to the dissociation of L1 and L2 proteins [START_REF] Bienkowska-Haba | Cyclophilins facilitate dissociation of the human papillomavirus type 16 capsid protein L1 from the L2/DNA complex following virus entry[END_REF] . Based on a recent study, residual L1 proteins can remain in complex with the viral DNA [START_REF] Digiuseppe | Human Papillomavirus Major Capsid Protein L1 Remains Associated with the Incoming Viral Genome throughout the Entry Process[END_REF] .

The L2 protein mediates the endosome exit of the viral genome that is transferred to the trans-Golgi network, by the retromer complex [START_REF] Popa | Direct binding of retromer to human papillomavirus type 16 minor capsid protein L2 mediates endosome exit during viral infection[END_REF] .

The Retromer complex plays a role in the transfer of different cargo proteins from the endosome to the trans-Golgi network. It is composed of sorting nexins-dimers (SNX1, SNX2, SNX5, and SNX6) and a vacuolar protein sorting (Vps) trimer containing Vps26, Vps29, and Vps35. The retriever complex and the cellular adaptor protein SNX17 are also involved in this process of endosomal trafficking [START_REF] Mcnally | Retriever is a multiprotein complex for retromer-independent endosomal cargo recycling[END_REF] . A study on the SNX17 showed that this protein interacts with HPV16 L2 [START_REF] Bergant Marušič | Human papillomavirus L2 facilitates viral escape from late endosomes via sorting nexin 17[END_REF] .

SNX17 binding site is conserved among different PVs, thus may play a key role in regulating the PV life cycle and replication.

The interaction between SNX17 and the viral L2 proteins is essential to protect viral capsids from lysosomal degradation and also for an effective capsid disassembly [START_REF] Bergant | Characterizing the spatiotemporal role of sorting nexin 17 in human papillomavirus trafficking[END_REF] .

SNX27, part of the retromer complex, interacts with L2 through its PDZ domain and is important for the virion trafficking process [START_REF] Pim | A Novel PDZ Domain Interaction Mediates the Binding between Human Papillomavirus 16 L2 and Sorting Nexin 27 and Modulates Virion Trafficking[END_REF] .

L2 plays an essential role in the trafficking of the viral genome to the nucleus [START_REF] Popa | Direct binding of retromer to human papillomavirus type 16 minor capsid protein L2 mediates endosome exit during viral infection[END_REF] . The L2 in complex with the viral DNA is translocated into the nucleus [START_REF] Digiuseppe | Human Papillomavirus Entry: Hiding in a Bubble[END_REF] together with residual L1 [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF] .

The transfer of the L2-viral DNA complex into the nucleus requires a cell in early mitosis phase [START_REF] Pyeon | Establishment of human papillomavirus infection requires cell cycle progression[END_REF] , with a disrupted nuclear envelope [START_REF] Aydin | Large scale RNAi reveals the requirement of nuclear envelope breakdown for nuclear import of human papillomaviruses[END_REF] (Figure 5).

Once inside the nucleus, the viral genome is delivered to the ND10 domain (the promyelocytic leukemia bodies), and the viral transcription and replication can start [START_REF] Ascoli | Identification of a novel nuclear domain[END_REF][START_REF] Day | Establishment of papillomavirus infection is enhanced by promyelocytic leukemia protein (PML) expression[END_REF] .

ND10 domains act as a natural defense against viral infections [START_REF] Tavalai | Evidence for a dual antiviral role of the major nuclear domain 10 component Sp100 during the immediate-early and late phases of the human cytomegalovirus replication cycle[END_REF] repressing transcription, replication, and establishment of incoming HPV DNA in the early stages of infection [START_REF] Stepp | Sp100 provides intrinsic immunity against human papillomavirus infection[END_REF] .

L2 indices the alteration of the ND10 protein composition, and this causes the release or degradation of Sp100 [START_REF] Florin | Reorganization of nuclear domain 10 induced by papillomavirus capsid protein l2[END_REF] .

The Daxx protein is part of the ND10 complex and seems to be involved in the early gene expression and the transient replication of the viral genome [START_REF] Kivipõld | DAXX modulates human papillomavirus early gene expression and genome replication in U2OS cells[END_REF] .

The replication of the virus is dependent on the differentiation status of the epithelium. The first step of this process is the establishment of the replication, where the maintenance of a constant number of episomal copies is established (50-100 per cell) (Figure 6) [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF] . E1 and E2 early proteins support the viral DNA replication, which relies on the host DNA replication machinery [START_REF] Mckinney | Brd4 Activates Early Viral Transcription upon Human Papillomavirus 18 Infection of Primary Keratinocytes[END_REF] .

Once the viral DNA is transferred into the nucleus, E2 binds specific sites of the LCR, recruiting E1 to the origin of replication, and the viral DNA replication is initiated [START_REF] Sanders | Recruitment and loading of the E1 initiator protein: an ATPdependent process catalysed by a transcription factor[END_REF] . Cell proteins like TopBP1 and Brd4 are involved in the HPV16 DNA replication process 100 .

The interaction of NCOR/SMRT repressor complexes with E8∧E2C proteins inhibits the viral replication, and limited viral genome amplification is obtained 101,102 . After this initial step in which the viral genome is replicated in low copies, the maintenance phase starts (Figure 6) [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF] .

In this phase, in the nucleus of undifferentiated basal cells, the viral genome in extrachromosomal form is replicated with the perspective of establishing persistent infection.

The attachment of the viral genome to cellular chromosomes helps the correct segregation of the viral genome during the cell division.

E2, through the transactivation domain at the N-terminus, and Brd4 protein, through the bromodomain, both interact with the mitotic cell chromosomes. Brd4 is known to interact with the E2 of most PVs 103 .

Simultaneously, the DNA binding/dimerization domain of E2 binds the LCR of the viral genome at the E2 binding sites [104][105][106][107][108] .

The ATP dependent DNA helicase ChIR1 seems to be involved in the interactions between the chromatin and HPV16 E2 and, also, in the maintenance of the episomal form of the viral genome [109][110][111] .

The SMC5/6 complex seems to influence the maintenance of viral episomal DNA by interacting with the papillomavirus E2 protein 112 .

Also, E6 and E7 oncoproteins play a role in the maintenance of the viral episomal form 113,114 .

Following the cell differentiation in the stratified epithelium, after the initiation of the viral genome replication, progeny virions are produced [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF]115,116 (Figure 6).

In normal conditions, in a non-infected epithelium, cells leave the basal layer for terminal differentiation, exit the cell cycle, and stop the replication of the DNA. In this context, the late promoter (P670 for HPV16, P811 for HPV18, and P742 for HPV31), located in the E7 region, is activated, inducing the expression of high levels of E1 and E2 viral proteins required to ensure viral DNA replication. Also, the activity of E4 and E5 is essential for an efficient, productive replication 117,118 .

The expression of L1 and L2 capsid proteins is controlled by the late promoter. Their expression leads to the packaging of the newly replicated viral DNA. Finally, virions are released in the superficial layer of the epithelium during desquamation 119 (Figure 6).

The interaction of E4 with the keratin network is also crucial in this part of the viral life cycle 120 .

Furthermore, epigenetic mechanisms regulate access to viral genes, controlling their espression 121 . CTCF (CCCTC-binding factor) and YY1 (Yin Yang 1) are critical factors in this process. CTCF binds to E2 ORF and YY1 to the viral LCR.

CTCF and YY1 factors are involved in the formation of a loop and, therefore, in the interaction of E2 with the LCR. This event induces epigenetic repression of the chromatin in HPV18, resulting in attenuated expression of oncoproteins in undifferentiated cells.

During cell differentiation, a drop in YY1 expression levels leads to loss of chromatin loop formation, inducing the expression of oncoproteins 121 .

Transforming activities of the oncogenic papillomaviruses

The study of high-risk HPV types (mainly HPV16 and 18) allowed the identification of the main factors inducing cervical cancer development. E6 and E7 oncoproteins, from oncogenic HPV types, were identified as the main factors involved in this process. These oncoproteins act by altering pathways involved in host immune response and cellular transformation.

E6 and E7 oncoproteins alter the regulation of the cell cycle and apoptosis control by interacting with many cellular proteins.

Also, E5, a small hydrophobic oncoprotein, seems to play a role in the malignant progression.

E6 and E7 need to be constitutively expressed to induce cellular transformation. Experiments conducted to evaluate the effect of E6 and E7 inhibition in HPV-positive cancer cells resulted in cell growth arrest and induction of apoptosis or senescence 122,123 .

E6 acts inhibiting the activity of p53, while E7 inhibits pRb. p53 is a key factor in the DNA damage response and apoptosis, while pRb regulates cell cycle control. While the activity of E6 and E7 from HR HPV types was extensively studied, less clear is the role of the corresponding proteins from beta HPV types in human cancers. A different mechanism seems to control skin cancer development since cutaneous E6 and E7 transcripts are not detected in skin tumors. A hit-andrun mechanism is hypothesized to explain this process.

Moreover, E5 is not present in the genome of beta and gamma types, confirming the idea of a different mechanism of tumor induction [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF] .

Cancers associated with high-risk HPV types infection often show the expression of viral proteins without the production of new viral particles. These non-productive infections could occur after the integration of viral genomes into the DNA of infected host cells. This integration can disrupt the E2 gene that has a role in the negative regulation of E6 and E7 expression 124,125 . Thus, after this event, the expression of E6 and E7 is upregulated.

In many cervical cancers, HPV16 genomes are found integrated into the host cell chromosome.

A study demonstrated that integration of HPV16 DNA leads to increased steady-state levels of mRNAs encoding the viral oncogenes E6 and E7. The integration of viral genomes into the host chromosome disrupts the 3' UTR of the early region of the viral genome, increasing the stability of E6 and E7 mRNAs. Furthermore, A+U-rich element within the 3' UTR seems to contribute to the instability of the heterologous mRNA.

Thus, integration of HPV16 DNA can result in the increased expression of the viral E6 and E7

oncogenes through altered mRNA stability, inducing cervical cancers development 126 .

Genome-wide analyses of cancers related to HPV infections showed integration sites often flanked by chromosomal aberrations, including focal amplifications, rearrangements, deletions, and translocations 127 . These alterations can be the result of the genomic instability induced by the activity of E1 and E2. E1 and E2 are capable of causing over-amplification of the genomic locus where HPV origin was integrated. Genomic analyses of cells with integrated HPV genomes showed excision, rearrangement, and de novo integration of the HPV and flanking cellular sequences. The papillomavirus replication machinery, with this mechanism, can induce genomic changes of the host cell that may facilitate cancinogenesis 128,129 . A "looping model" describes how viral-host DNA concatemers can be generated after the formation of a loop that acts as a substrate for rolling circle replication 127 . Other rearrangements could be due to the intrinsic genomic instability of a specific host region and from other E6/E7-mediated genetic instability 130 .

If the integration of the viral genome into the host cell chromosome seems to have a significant impact on the ability of the virus to induce cancer development, in some cervical cancers, the viral genome is maintained in episomal form. In this context, the deregulation of viral genes seems to occur through another mechanism, which implies the accumulation of aberrant epigenetic mutations on the viral genome [131][132][133][134] .

Several studies highlight that overexpression of high-risk HPV E6 and E7 oncoproteins induces the progression of the neoplastic process [START_REF] Doorbar | Human papillomavirus molecular biology and disease association[END_REF]135 .

In healthy human cells, spontaneous mutagenesis occurs with low frequency, but the expression of high-risk HPV E6 and E7 oncoproteins triggers the genomic instability 136 .

The expression of the high-risk HPV E6/E7 genes first induces the accumulation of premalignant alterations and, at a later time, directly contributes to malignant progression by promoting genomic instability 137,138 .

Finally, in cervical carcinomas, mutations in recurrent host cell genes have been identified. These include EP300, FBXW7, PIK3CA, HLA-B, TP53, MAPK1, PTEN, ERBB2, NFE2L2, and STK11 139 . E6 is a protein of approximately 18 kDa with two zinc finger domains composed of two CXXC motifs each, essential for the protein function (Figure 7A) 140,141 .

Structure and function of E6

High-risk HPVs E6 interacts with the ubiquitin ligase E6AP inducing degradation of p53 through the proteasome pathway. This interaction causes a conformational change that allows the formation of the complex E6/E6AP/p53, leading to the rapid degradation of p53 142 . E6 can also interact with CBP and p300 transcriptional co-activators, inhibiting the expression of p53regulated genes 143 (Figure 8). In mucosal low-risk, high-risk, but also in some cutaneous types, including some beta types, the apoptotic response is inhibited by inducing degradation of Bak, a member of the Bcl-2 family [144][145][146] (Figure 8). The interaction with E6AP and thus, the induction of the proteasome pathway contributes to this process. Studies on the skin cell lines showed that Bak is stabilized and induced in response to UV irradiation. Thus, the Bak inhibition results to be a pivotal event to contrast the anti-proliferative effect of the UV irradiation [START_REF] Tommasino | The human papillomavirus family and its role in carcinogenesis[END_REF] (Figure 8). Members of the guanylate kinase MAGUK family are also targets of the high-risk HPV E6 147 .

Survivin, a member of the inhibitor of apoptosis (IAP) gene family, suppresses apoptosis and controls cell division. HPV 16 E6 and E7 oncoproteins showed to upregulate endogenous survivin mRNA 148 .

HPV 16 E6 oncoprotein also binds to tumor necrosis factor TNF R1 preventing cells from undergoing TNF-induced apoptosis 149 . HPV 16 E6 protein also binds to the Fas-associated death domain (FADD), protecting cells from apoptosis 150 . Furthermore, HPV 16 E6 oncoprotein seems to promote the activity of caspase 8 in the nucleus. Caspase activity appears to be essential for the later stages of the viral life cycle in differentiating keratinocytes 151,152 . A typical E7 protein owns three principal domains: CR1, CR2, and CR3 (Figure 7 B). CR1 provides the ability to induce S-phase progression and cellular transformation 153,155 . CR2, through the LXCXE domain, mediates the interactions with pRb protein and its related proteins, p107 and p130. These proteins control the cell cycle. E2F1-3, a member of the E2F family, is inhibited by pRB1, thus maintaining the cell in a quiescent state during the G0/G1 phase (Figure 8).

Association of high-risk HPV E7 with pRb leads to degradation of pRb via proteasomal pathways and transcription of E2F, leading to cell cycle progression (Figure 8) 156 .

In many HPV types, the E7 CR2 domain holds two serine residues (Ser31 and Ser32) susceptible to casein kinase II (CKII) phosphorylation [START_REF] Tommasino | The human papillomavirus family and its role in carcinogenesis[END_REF] (Figure 7 B).

CR3, which contains the two CXXC motifs, is involved in the interaction with different proteins such as p21WAF1/CIP1 and p27KIP1, causing neutralization of their inhibitory effects on the cell cycle 157-159 (Figure 8). E7 interacts with several other transcription factors like AP-1, TBP, or c-Jun, inducing the disruption of cell cycle control 160 .

Classification of the Papillomaviruses

The classification of the Papillomaviridae family is based on pairwise nucleotide sequence identity

across the L1 open reading frame, as it is reasonably well conserved in all known PVs, allowing a genome-based approach to PV nomenclature (Figure 9). According to these guidelines, Papillomaviridae members are divided into genera designed by Greek letters and into species by addition of a number to the letter.

Different genera share less than 60% nucleotide sequence identity in the L1 ORF. Species within a genus share between 60% and 70% nucleotide identity. PV types within a species share between 71% and 89% nucleotide identity within the complete L1 ORF 165,168 .

Moreover, PVs sharing between 90% and 98% nucleotide identity within the complete L1 ORF are named subtypes, while those sharing >98% L1 ORF nucleotide identity are named variants 168 (Figure 9).

In 2010 Bernard and colleagues performed an alignment analysis comparing the L1 genomic sequences of 189 HPV types and PVs from non-human mammals, birds, and reptiles (64, 3, and 2 PV types, respectively) 168 . They described a total of 29 genera (Figure 9), which confirmed the consistency of the current classification method based on the L1 genomic sequence.

The Papillomavirus Episteme (PaVE) is a database of curated papillomavirus genomic sequences.

According to the rules of the PaVe database, to be recognized as a novel papillomavirus type, a viral genome has to fulfil strict requirements 165,168 Additionally, more than 200 "not referenced" HPV genomes are present in the PaVe database (update May 2020); thus, the numbers of species belonging to the different genera will probably grow 171,172 .

Moreover, the NCBI Nucleotide database, a collection of sequences from several sources (e.g., GenBank, RefSeq, TPA, and PDB) 173,174 , abound of "partial HPV sequences" (roughly 20,000 in May 2020), representative of many other human papillomaviruses that need to be fully characterized. 

Tropism of the Human papillomaviruses

Epithelial tissue is composed of three elements: epidermis, dermis, and subepidermal tissue (subcutaneous tissue at skin sites). The epidermis is composed of multiple keratinocyte layers, and many papillomaviruses are detected in this epithelium. Moreover, the skin presents other functional appendages, including hair follicles, sebaceous glands, eccrine and apocrine sweat glands, nails, and the inter-appendageal epidermis. Specialized epithelial sites contain additional appendages, such as the salivary glands of the oral cavity and the tonsillar crypts of the oropharynx. For papillomaviruses, these "specialist" structures represent particularly vulnerable sites, as they lack the highly structured barrier function usually associated with the epithelium.

The transformation zones have an even more complicated structure. Here, squamous epithelium and columnar epithelium intersect, and these areas are particularly susceptible to cancer-related HPV infections 175 .

Nowadays, alpha, beta, and gamma are the most represented HPV genera and are subdivided into two categories according to their tropism: mucosal and cutaneous types.

In table 4 are reported the main HPV types, their tropisms, and the associated diseases [START_REF] Harden | Human papillomavirus molecular biology[END_REF] .

Approximately 40 alpha HPVs infect mucosal epithelia and are divided into two groups, low-risk, and high-risk types, based on their association with benign warts or lesions that have a propensity for malignant progression [START_REF] Harden | Human papillomavirus molecular biology[END_REF] . A subgroup of 12 alpha types (IARC Group 1: HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59), based on epidemiological and biological data, have been classified as high-risk carcinogenic types. Additional eight types (IARC Groups 2A and 2B: HPV26, 53, 66, 67, 68, 70, 73, and 82), have been classified as probably or possibly carcinogenic 176,177 .

Genus

Furthermore, the alpha genus also includes a few cutaneous HPV types (HPV2, 3, 7, 10, 27, 28, and 57), which cause common and plantar warts [178][179][180][181] .

Cutaneous HPVs are dispersed across all five HPV genera and have most frequently been detected in healthy skin samples, suggesting their commensal nature 170,182 .

The majority of the HPV types belonging to genus beta have a cutaneous tropism. Around 50 different beta HPV types, divided into five species, have been fully characterized so far. They are primarily found on the surface of the skin 183 .

Nevertheless, many studies detected beta HPV types at different anatomical sites other than the skin, such as the oral mucosal epithelium, genital sites, and the anal canal [184][185][186][187] .

In particular, beta 3 HPV types were identified both in cutaneous tissues and mucosal epithelia, suggesting a dual tropism 186,188 .

Moreover, different studies showed that beta 3 HPV types share biological similarities with mucosal HR HPV types such as HPV16 in vitro and in vivo experimental models 189,190 .

Gamma types are known to have a cutaneous tropism, but the growing number of types belonging to this genus, highlight the need to investigate more on the tropism and biology of these viruses [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF]191 . Gamma 6 appears to be only in mucosal epithelia 191 .

Recent studies showed the presence of gamma types in additional anatomical sites, other than the healthy skin, including cutaneous and mucosal lesions and healthy mucosa, suggesting their double, mucocutaneous tissue tropism, and adding more questions about their clinical importance [START_REF] Chen | Human papillomavirus (HPV) types 101 and 103 isolated from cervicovaginal cells lack an E6 open reading frame (ORF) and are related to gamma-papillomaviruses[END_REF]188,192 .

Figure 10 shows a maximum likelihood phylogenetic tree obtained in 2012 by aligning sequences from 139 HPV types. The sequences were aligned at the amino acid level using the MUSCLE alignment tool considering only the E1, E2, L2, and L1 coding regions concatenated. RAxML with GTR + G4 model was used to generate the tree [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF] . HPV infection is associated with a broad spectrum of pathologies from benign lesions (e.g., cutaneous warts, recurrent respiratory papillomatosis) to cancers [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF] . One of the most critical risk factors for cancer development is the persistence of the HPV infection [START_REF] Doorbar | The biology and life-cycle of human papillomaviruses[END_REF]193 .

Long-lasting HPV infection is related to the occurrence of different kinds of cancers, particularly cervical, oropharyngeal, anal, penile, as well as vaginal and vulvar cancers. HPV16 and 18 are the most common HPV types detected in HPV related cancers 193,194 . Most of the people with a functional immune system can clear HPV infections with no consequences or recurrences [195][196][197] .

Instead, people with a compromised immune system, like those HIV positive patients, AIDS, or patients undergoing solid organs transplantation, showed to be more susceptible to high-risk lesions development and subsequent progression to malignancy [195][196][197] .

The most represented HPV genera detected in different anatomical areas of the human body are alpha, beta, and gamma 169,198 .

HPV types belonging to the Alpha genus are of primary medical interest because of their clear involvement in different human mucosal cancers. Nowadays, the association of alpha HPV with vulva, vagina, penis, anus, and oropharynx cancers is widely accepted by the scientific community 193,199 .

Alpha genus includes the low-risk types (LR) that are linked with the development of ubiquitous asymptomatic infections and benign papillomas and the high-risk types associated with the development of malignant lesions 200 . The high-risk carcinogenic types of HPV (Group 1) designated by the International Agency for Research on Cancer (IARC) in 2012 are HPV16, HPV18, HPV31, HPV33, HPV35, HPV39, HPV45, HPV51, HPV52, HPV56, HPV58, and HPV59.

HPV68 is classified as probably carcinogenic (Group 2A), and HPV26, HPV30, HPV34, HPV53, HPV66, HPV67, HPV 69, HPV70, HPV73, HPV82, HPV85, and HPV97 have been associated

with rare cases of cervical cancer and are considered probable carcinogens (Group 2B) 201 .

Beta HPV types are widely present on the surface of the skin of the general population and were firstly characterized in Epidermodysplasia verruciformis (EV) patients. In EV patients, recent studies indicate the involvement of cutaneous β-HPV types, together with UV radiation, in the development of skin cancer [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF][202][203][204][205][206][207] .

Gamma genus represents a large group of HPV types ubiquitously found on the skin of healthy individuals. Epidemiological and biological studies have been performed on the role of gamma HPV types, and do not support an etiological role in human skin cancers. Nevertheless, this genus includes an increasing number of members that may deserve more investigation. A member of species γ27 (HPV197) was isolated exclusively from skin cancers, using deep sequencing.

However, additional studies are required to demonstrate an etiological link between gamma types and skin cancer [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF]208,209 .

Cutaneous and mucosal warts

Warts, also known as human viral papillomas, are benign epidermal tumors proliferations. Their infectious nature, due to human papillomaviruses (HPV), was first described by Jadassohn in 1896 210,211 .

Seven different clinical types of warts are distinguished: Common warts (verrucae vulgaris), flat warts, deep palmoplantar warts, cystic warts, focal epithelial hyperplasia, Butcher's warts and anogenital warts (venereal warts, or condyloma acuminate) 212 .

Common warts are found mainly on the dorsal side of hands and fingers, under and around nails, on the knees and the ankles; however, they may occur anywhere on the skin 212 .

Common warts are associated with HPV types 2,4 (most common), followed by HPV types 1,3,27,29 and 57 213 .

Flat warts have a higher incidence in children. They often occur in vast numbers and can even be spread out on the cheeks, the chin, the back of the hands, the wrists, and sometimes the legs 212 .

Flat warts are caused by HPV types 3,10 and 28 213 .

Deep palmoplantar warts are similar to common warts except the lesion lies deep to the plane of the skin surface. These warts are mainly found on the planter face of the toes, the roots of metatarsi, and the heel 212 . Deep palmoplantar warts are caused by HPV types 1 (most common) followed by types 2, 3, 4, 27, and 57 213 .

Cystic warts tend to appear on weight-bearing surfaces like the sole and have a smooth appearance. Cystic warts are caused by HPV type 60 213 .

Focal epithelial hyperplasia includes warts that occur in the oral cavity. These small lesions appear as whitish papules, measuring 1-5 mm in size and arranged in groups. Focal epithelial hyperplasia is caused by HPV types 13 and 32 213 .

Butcher's warts are seen in individuals who handle raw meat products. These warts tend to have a cauliflower-like appearance and tend to be extended. Butcher's warts are caused by HPV type 7 213 .

Anogenital warts (AGW), also known as Condyloma Acuminatum (CA), are a benign cellular proliferation of the anogenital skin and mucosa in response to an HPV invasion, and there are hundreds of thousands of new cases every year. The number of new cases of genital warts registered every year in the USA is 350,000 193,214 and around 750,000 in Europe 215

Anogenital warts are mainly transmitted during sexual intercourse and seem to be more frequent in males. They are mainly found on the foreskin of the glans, and the ridge of the foreskin in men;

on the clitoris and the large and small lips of the vulva in women. They may spread out to the mucous membranes in the anal canal, vagina, and cervix 212 .

Regarding anogenital warts, human papillomavirus types 6 and 11 are considered responsible for 90 per cent of the cases 216 .

As described here, some studies found a specific relation between different kinds of clinical and histological manifestations and particular types of HPV causing warts.

However, since HPVs are found ubiquitously on the human body, the identification of the ones causing the specific diseases is challenging, and these correlations need to be confirmed 217 .

Finally, both cutaneous and mucosal warts are common manifestations in immunocompromised patients, such as HIV positive individuals and renal transplant recipients [218][219][220][221][222][223] .

Epidermodysplasia verruciformis

Epidermodysplasia verruciformis (EV) is an autosomal recessive dermatologic condition in which patients show a decreased immunologic ability to defend against certain types of HPVs. These last are facilitated in establish persistent infections, often leading to the occurrence of verrucous cutaneous lesions such as multiple persistent verrucae, pityriasis Versicolor-like lesions, and other verrucous or "warty" cutaneous lesions as well as in the development of Bowen disease and squamous cell carcinoma 196,224,225 . Patients in this condition are more prone to develop cutaneous lesions. 50% of patients with EV develop skin cancer by age 50 225 .

EV is a sporadic disease, but its relation with HPV infection and the high incidence of the malignant outcome, kindle the interest of the scientific community. The study of this disease can help the comprehension of viral infections and their role in carcinogenic pathways 224 .

There are two forms of EV, a primary type, inherited in an autosomal recessive pattern and a secondary one, clinically indistinguishable, observed mainly in HIV-infected, solid organ transplant recipients, both immunocompromised, or immunosuppressed individuals 224,[226][227][228] .

The main HPV types associated with EV (EV-HPV) and cancer occurrence are HPV5, HPV8, and HPV14 225 . Many other HPV types are related to EV disease but not with cancer occurrence. In general, the role of EV in the onset of cancer is not clear and still debated 229 .

Head and neck cancer

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide, with an estimated annual burden of 355,000 deaths and 633,000 incident cases 230 .

HNSCC can arise from mucosal epithelial cells from the oral cavity, oropharynx, hypopharynx, larynx, sinonasal tract, and nasopharynx.

The majority of HNSCC is keratinizing or non-keratinizing squamous cell carcinoma, ranging from well-differentiated to undifferentiated types 231,232 . The higher incidence of these cancers has been registered in white men in the age range 40-55. HNSCCs are etiologically heterogeneous, being caused by tobacco use, alcohol consumption, poor oral hygiene, exposure to certain chemicals, and genetic features [233][234][235] , as well as viral infections 232,236 . HR HPV infections, particularly with HPV16 237 , have been associated with a subset of HNSCCs, and in particular, with oropharyngeal cancer (OPC). HPV16 infection accounts for the 90% of the HPV-related OPCs [START_REF] Chaturvedi | Human Papillomavirus and Rising Oropharyngeal Cancer Incidence in the United States[END_REF]238 .

While the overall incidence of HNSCC is decreasing, consistently with declines in tobacco use, an increased incidence of oropharyngeal cancers related to HPV infection in younger people with no history of alcohol abuse or tobacco consumption has been registered [239][240][241] 241,243 .

A correlation between the number of oral sex partners and the risk of oropharyngeal cancer has been reported 244 .

Oropharyngeal cancers associated with HPV infections seem to have a better prognosis than HPV-negative tumors, with better response to chemotherapy and radiation therapy 232 .

HPV-associated oropharyngeal cancers arise most commonly from the lingual and palatine tonsils 245 . It seems that HPV preferentially targets the highly specialized reticulated epithelium of the tonsillar crypts. Still, the intrinsic properties of this epithelium that make it vulnerable to HPV infection are not clear 246 .

In HPV-positive oropharyngeal cancer, key events are the p53 degradation 247 , pRb pathway inactivation 248 , and p16 upregulation 249 . In contrast, oropharyngeal cancers related to tobacco consumption are characterized by p53 mutation, downregulation of p16, and pRB upregulation 250 .

In this context, immunohistochemistry for p16 can be used as a surrogate marker 232 and HPV test to predict the likely or expected development of the disease (Figure 11). Oropharyngeal cancers often occur without pre-cancerous manifestations, causing a late identification of the malignancy and belated treatments. Survival rates range from 40 to 50%, and this is probably due to late diagnosis 218 .

In a study conducted in India in 2017, the contribution of HPV infection in head and neck cancers was evaluated.

This work indicates that the proportion and types of mucosal HR-HPV associated with HNC in India differ from those in other more developed parts of the world. Differences in smoking and sexual behaviour between India and North America and northern Europe may underlie these variances. Moreover, this work showed that p16 INK4a staining appeared not to be an excellent surrogate marker of HPV transformation in the Indian HNC cases 239 .

In patients like HIV-positive individuals, the immunocompromised status can favour the HPV infection of the oral cavity 251 . In particular, HIV positive patients are three times more prone to HPV infection of the oral cavity compared to healthy individuals 252 .

Among the oral HPV infections in HIV positive patients, HPV16 is the most frequent papillomavirus usually detected 232,253 .

The introduction of antiretroviral therapies (ART) in the late nineties resulted in a dramatic improvement of clinical outcomes and life expectancies for people living with HIV.

The improved immunological status achieved thanks to the ART therapies, was supposed to produce also an inhibitory effect on the HPV infections of the oral cavity, being the immune system more responsive, but results are not clear 253,254 .

Transplant recipients are also susceptible to contract oral HPV infection and develop HPV-related oral cancers 253 . In these patients, oropharyngeal carcinoma is the third most common HPVrelated cancer, after vulvar and anal carcinoma 255 .

Hematopoietic Stem Cell Transplantation (HSCT) recipients are also particularly susceptible to oropharyngeal cancer development, and the HPV infection seems to play a role in this process 253 .

Many studies suggest that HPV copy number is low in oropharyngeal cancers. HPV DNA was found, using in situ hybridization, in scattered foci of epithelia, indicating a non-clonal origin of the tumor. The hypothesis is that HPV replication occurs only in some infected cells.

Differently from other oropharyngeal cancers, the copy numbers of HPV in tonsillar carcinomas display a wide variation 256 . A study conducted by Koskinen and colleagues detected a higher median HPV copy number in tonsillar specimens compared to other non-tonsillar oropharyngeal cancers 257 .

Analyses on tonsillar carcinomas showed an HPV copy number between 10 and 100 copies per one beta-actin, and patients with tumors containing >190 copies per beta-actin showed a significantly better clinical outcome 256 .

Additionally, patients with episomal viral DNA, more frequently have large (T3-T4) oropharyngeal tumors than patients with integrated or mixed forms of viral DNA 257 . 

Anal cancer

Anal cancer is a very rare malignancy with low incidence rates (2/100,000 for both men and women) 258 .

In the last few years, its incidence increased in men who have sex with men (MSM) and in HIV positive individuals [259][260][261][262][263] . High-risk HPV and HIV coinfection are considered a risk factor for anal cancer 264 . More than 90% of anal cancers are associated with persistent HPV infection, and the majority of these cases are attributed to HPV16 and HPV18 264,265 .

In men and women with HIV, the prevalence of anal HPV detected surpasses 90%, though not all will have abnormal pathology 218 .

In HIV positive patients, the incidence of anal cancer is 30-fold higher compared to healthy individuals. In men who have sex with men (MSM), this value increases to 80-fold 260,264 . The increased lifespan of HIV positive people, due to the development of effective therapies, is associated with an increase of anal cancer cases in this cohort of patients 260 .

Also, immunocompromised solid organ transplant patients are more susceptible to anal cancers with an increased risk of 10-fold.

There are currently no formal recommendations for routine anal cancer screening, but general algorithms are present 266 (Figure 12).

There are sub-groups of patients like men having sex with men that are more encouraged in following screening programs. In those particular cases, HPV testing could be a useful prevention method; however, as for the cervical cytology, also anal cytology results of difficult interpretation 267 .

Anal Papanicolau test and high-resolution anoscopy (HRA) with biopsy represent the gold standard for the identification of anal cancers 218,268,269 .

Precancerous anal lesions are termed anal intraepithelial neoplasia (AIN) of grade 1, 2, or 3 (mild, moderate, or severe). The p16 immunohistochemistry (IHC), a well-validated surrogate marker of HPV transformation in the cervix [270][271][272][273] , is recommended to determine the appropriate lesion classification 267 (Figure 12). In 2018, Donà and colleagues evaluated the HPV status and the presence of anal lesions in HIV-infected and HIV-uninfected men who have sex with men (MSM).

Both HIV-uninfected and HIV-infected participants positive at least for one HR (i.e., HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68) and at least one LR (i.e., HPV6, 11, 40, 42, 54, 61, 72, 81, or CP6108) types showed significantly increased odds of having LSIL+ in comparison with those with only HR types. Thus coinfection with HR and LR types could affect the anal lesions formation 274 . Most penile cancers are HPV negative and are usually classified as keratinizing squamous cell carcinomas. The ones associated with HPV infection are warty, basaloid, or mixed histologic types that show intense p16 IHC staining and the presence of lymphovascular invasion 280,282 .

HPV status, morphology, and p16 IHC are used in the differential diagnosis of primary high-grade urothelial carcinoma versus HPV-related basaloid or warty/basaloid squamous cell cancer of the distal penile urethra 283 . The absence of p16 was associated with recurrence, especially in patients with lymph node involvement 284 . Cervical cancer is the fourth most common cancer worldwide, with 500,000 new cases every year 201 .

Cervical cancer

The pathogenesis of cervical cancer has been extensively studied in the last decades. The most critical risk factor for developing cervical cancer is infection with HR HPVs 286 . It has been established that HPV persistent infection is associated with cervical cancers 287 .

Once an HR HPV type infects the cervix, this infection can be cleared by the immune system or persist for years. A longer persistence of the virus (from 1 to 10 years) correlates with a higher probability of developing high-grade lesions or even a carcinoma in situ (Figure 13) 285 .

An exception to this rule is represented by HPV61 that can establish a persistent infection that does not flow into cancer development 288 .

In most cases, the infection is cleared in a few months, and the epithelium return in his normal status. In this process, the innate immune system plays a central role.

In a small number of cases, the infection persists and leads to microscopic abnormalities. At this step, the host immune system can still eradicate the infection leading to the regression of cervical abnormalities.

In rare cases, the HPV infection persists despite the immune system, leading to the progression to precancer and invasion 285 .

HPV types 16 and 18 together are responsible for the 50% of precancerous lesions of the cervix and 70% of cervical cancers 289,290 .

HPV16 or 18 infections are cleared more slowly than infections caused by other high-risk types, favouring the progression to cervical lesions and cancer 291 .

Risk factors for cervical cancer development are tobacco consumption, early sexual debut, a high number of sexual partners, a history of other sexually transmitted infections like HIV, and a history of cervical lesions or carcinoma 292 . A higher risk of developing HPV infections and cervical cancer were registered in women with HIV and solid transplant (SOT) recipients 196,293 . However, the incidence in HIV-positive and SOT patients undergoing modern therapies is not clear [293][294][295] .

Cervical carcinoma is the third most common secondary malignancy in HSCT (Hematopoietic Stem Cell Transplantation) recipients 296,297 . Women who receive long-term treatment for chronic Graft-versus-Host disease (cGVHD) and those with an unrelated HLA-matched donor are at the highest risk for developing lesions after transplantation 297,298 .

The HIV positivity seems to correlate with a 22-fold higher incidence of HPV infection even when the CD4 count is normal [START_REF] Moscicki | Persistence of human papillomavirus infection in HIV-infected and -uninfected adolescent girls: risk factors and differences, by phylogenetic type[END_REF]299 . Although the majority of women counteract HPV infection at least once in their lifetime, most of these infections regress in a couple of years.

Since 1941, Papanicolaou-stained cervical cytology has been the standard screening test for the detection of premalignant lesions and cancer 218 . More recent technology for the sample preparation is the liquid-based cytology that requires placing cervical specimens into a vial of liquid preservative. This preparation preserves the sample and gives more reproducible results.

Then, stained slides are examined manually using a standard light microscope 300 .

The Bethesda System has been the standard terminology used for reporting cervical cytology since 1988 and is continuously updated.

Atypical squamous cells (ASC) are common abnormal findings that are divided into ASC-US and ASC-H. Low grade squamous intraepithelial lesion (LSIL) is a mild dysplasia caused by HPV infection, characterized by squamous cells with nuclear atypia, perinuclear halo, and dense cytoplasm. High grade squamous intraepithelial lesion (HSIL) is a more severe abnormality that includes moderate to severe dysplasia and carcinoma in situ. An older classification method describes three levels of pre-cancerous lesions, CIN 1, CIN2, and CIN3, with a progressively higher amount of cellular aberrations and tissue abnormalities. The Bethesda system also allows for the description of glandular cell abnormalities, which are caused by HPV but are far less common and are categorized as atypical glandular cells (AGC). "Adenocarcinoma in situ" and "AGC favour neoplastic" are also included as subcategories of AGC.

Human-papillomavirus (HPV) DNA testing is now used as an alternative to primary cervical cancer screening using the cytological examination.

In the past, cervical cytology has been very useful in cervical cancer screening programs but carries a false-negative rate of about 5% to 20% 301 . Thus, HPV DNA testing has been introduced

in cervical cancer screening programs to compensate for the limitations of the cytology tests 218 .

In a study conducted to evaluate the effectiveness of HPV DNA testing for cervical cancer screening, the relative detection, relative specificity, and relative positive predictive value (PPV)

of HPV DNA testing versus cytology were assessed. Overall evaluation of relative detection showed a significantly higher detection of CIN2+ and CIN3+ for HPV DNA testing versus cytology. The cytology had higher relative specificity in detecting both CIN2+ and CIN3+ lesions, considering all age groups. In contrast, HPV DNA and cytology tests had similar specificity in detecting both CIN2+ and CIN3+ lesions, considering just women of age 30 or older.

Therefore, primary screening of cervical cancer by HPV DNA testing appears to offers the maximum detection of CIN2+ and adequate specificity, if performed in the age group ≥30 years 302 .

On the other hand, HPV DNA screening in women aged <30 years may lead to overdiagnosis of regressive CIN lesions, and women in this age group should not be screened with HPV DNA testing 303,304 .

The high sensitivity of HPV DNA testing could only marginally improve by systematically adding the cytology test with an irrelevant increase of precancerous lesions detected, as already shown by the results of several other studies [305][306][307][308] .

The high sensitivity of the HPV DNA testing has to be taken into account, especially to evaluate the procedures to be implemented in case of test positivity, to avoid overdiagnosis 302 .

Several HPV DNA assays have been developed. Most of these tests have been designed for the detection of a few high-risk HPV types, including HPV16 and 18.

More recent protocols allow the detection of the HPV E6/E7 mRNA, which provides an essential advantage because E6/E7 mRNA expression correlates with increased cervical lesion severity and thus is a better indicator of disease progression than the only HPV DNA detection 309,310 .

The establishment of productive infections by oncogenic types of HPV is a critical early event in the natural history of cervical cancer. There is a positive relationship between viral load and the likelihood of persistent HPV infection 311 and, consequently, also with the risk of developing cervical neoplasia 312 .

Therefore, measurement of high-risk HPV types viral load, as a surrogate for HPV persistence, may identify women at risk of developing cervical cancer precursors 313 .

Moreover, several studies suggest that HPV16 integration into the host genome is associated with neoplastic progression. Thus the evaluation of the HPV16 E6/E2 ratio has been proposed as a potential marker of cervical neoplastic progression [314][315][316] .

However, the presence of both integrated and episomal HPV genomic forms in cervical cancers has been proven. Thus the evaluation of integration events cannot be used as an effective method to define the risk of neoplastic progression 314

The different countries use different algorithms for screening, diagnosis, and follow-up. More and more countries are using HPV DNA testing as a preferred method for the first screening. In contrast, the cytology is mainly used as a complementary analysis for the diagnosis and followup 317 (Figure 14). 

Skin cancer

Skin cancer is the most common human cancer worldwide. The main risk factors for skin cancer development are UV-radiation-exposure and older age 318,319 . The incidence rate of both nonmelanoma and melanoma skin cancers steadily increased over the last decades 320 .

The annual incidence of NMSC reaches 2 to 3 million cases and 132,000 cases for melanoma skin cancer worldwide. A potential decrease of around 10% of the ozone in the atmosphere is estimated to cause an additional 300,000 non-melanoma and 4,500 melanoma skin cancers cases per year 321 .

Also, recent studies support the involvement of beta HPVs together with UV radiation (UVR), in the development of cutaneous squamous cell carcinoma (cSCC) [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF][202][203][204][205][206][207] .

Two members of the genus beta, HPV5, and HPV8, were firstly detected in skin lesions of patients with epidermodysplasia verruciformis (EV) and were classified as possibly carcinogenic to humans (IARC Group 2B) 177 . In 30 to 60% of EV cases, these skin lesions can evolve into squamous cell carcinoma at anatomical sites exposed to sunlight 183,322,323 .

Cutaneous squamous cell carcinoma (cSCC) is the most common malignancy developed by solid organ transplant recipients (OTRs) with a 65-250-fold increased risk to develop cSCC compared to the general population [324][325][326] . Life-long immunosuppressive therapy, adopted with OTRs patients, is the most crucial risk factor for developing cSCC in these patients. Other important risk factors include sun exposure, male gender, older age, smoking, and fair skin with susceptibility to sunburn 327 . Moreover, the role of human papillomaviruses (HPVs) in the development of cSSC in OTRs has been frequently suggested 205,[328][329][330] .

In HIV patients, a 2-fold increased risk of cSCC compared with HIV-uninfected people has been registered 331,332 . The correlation between the immunodeficiency state and an increased risk of developing cSCC suggested a possible role of infectious agents 333 , such as cutaneous HPV 202 .

The involvement of beta HPVs in cSCC is hypothesized but challenging to prove, as beta HPV types are found ubiquitously on the skin of healthy individuals. Also, it has been shown that beta-HPV viral loads decrease with the progression to the cancer 334 .

However, several epidemiological studies have reported a correlation between the presence of beta HPV DNA in eyebrow hairs, serology, and history of cSCC 202,[335][336][337][338][339][340][341] . At the same time, no association was found with skin basal cell carcinoma (BCC) 342 .

A possible scenario has been recently proposed where beta HPVs may play a role at the beginning of the carcinogenesis facilitating the accumulation of UVR associated mutations and aberrations induced by UV radiation 343 . At the beginning of the process, mutations can occur in key genes such as p53. This event can facilitate the loss of proliferative control and the progression of the transformed phenotype (Figure 15). In vitro experiments showed the transforming abilities of E6 and E7 proteins from beta HPVs in different cell lines and primary keratinocytes 183 . HPV38 E6 and E7 can suppress the activity of p53 and pRb, thus promoting cells immortalization 344,345 .

In another study, the properties of E6 and E7 oncoproteins from six uncharacterized beta HPVs (i.e., 14, 22, 23, 24, 36, 49) were compared. Only HPV49 E6 and E7 immortalized primary human keratinocytes and efficiently deregulated the p53 and pRb pathways. Instead, the other beta types (i.e., 14, 22, 23, 24, 36) were only capable of extending the lifespan of primary human keratinocytes without inducing cells immortalization. Moreover, HPV49 E6, similarly to E6 from the oncogenic HPV16, promoted p53 degradation 189 .

Other studies showed that beta HPV5, 8, and 38 were able to alter the cell cycle, DNA repair, apoptosis, and activation of immune-related pathways 183,340 .

E6 from several beta types, including HPV8, 25, 98, 17A, 38, 76, and 92, inhibits the Notch pathway, through the interaction with Mastermind-like 1 (MAML1), delaying the keratinocyte differentiation [346][347][348][349] .

Also, studies on mouse models demonstrated the ability of beta HPV8 and 38 E6 and E7 in promoting cSCC upon initialization with UV irradiation 343,350,351 .

A mouse model expressing HPV38 E6 and E7 specifically in skin keratinocytes was developed and showed higher susceptibility to cancer formation upon UV irradiation. Several genes were mutated, in particular p53 and Notch. The silencing of the expression of the viral genes in established skin lesions didn't affect further tumour growth. Once p53, and likely other cellular genes, were irreversibly inactivated by DNA mutations induced by UV radiation, the progression, and maintenance of the carcinogenic skin process seamed to become independent of the expression of viral genes. In contrast, the loss of the viral genes at the early stages of the irradiation protocol prevented the development of UV-induced skin lesions, underlining the key function of HPV38 E6 and E7 in the early stages of the UV-mediated carcinogenesis 343 .

Another study, using a mouse model infected with murine PVs sharing functional similarities with human beta HPV types, confirmed the potential role of HPV types in skin cancer development.

As previously shown, in human cancers, there is a substantial decrease of viral load in the late stages of the malignancy, confirming the theories about the role of beta HPVs in early stages on skin lesions 351 .

Altogether these studies support the hypothesis that beta HPVs have developed strategies to maintain infected cells in a proliferative status to efficiently complete their life cycle in the skin, leading to the accumulation of UVR-induced mutations and increased risk for skin cancer.

Molecular tools for the discovery of new HPVs

The discovery of new HPVs has followed the evolution of the technologies. During the last few years, the number of new HPV types has grown dramatically due to the arrival of high throughput sequencing methods (Figure 16). 

PCR primers systems for the detection of HPVs

The polymerase chain reaction (PCR) represents the first method used to detect and identify HPV sequences in different samples [353][354][355]355,356 . The L1 ORF is used to characterize the different HPV types, and several consensus or degenerate primers sets have been developed so far targeting this region 357 . 

of HPVs discovered per year

The MY09/MY11 358,359 and the GP5/GP6 360 were developed around the beginning of the 1990s and represent the first and widely used primer sets for the detection of HPV DNA sequences.

These primer sets were initially designed for the identification of mucosal HPV types in the human genital tract 361 .

MY09-MY11 primers set, developed in 1989, is composed of a mix of 25 degenerate primers capable of amplifying a broad spectrum of HPV types 359 .

In 1990 the GP5/GP6 primer system was developed. This system is composed of GP5 ( 5 HPV6, 11, 16, 18, 31 and 33) 360 . These general primers showed to amplify a broather spectrum of HPV types (i.e. HPV 6, II, 13, 16, 18, 30, 31, 32, 33, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54, 55, 56, 57, 58, 59, 61 and 66) under conditions that allow mismatch acceptance 362,363 .

In 1991, Snijders et al., designed two degenerate primers GP17 and GP18 and one general probe GPR22, targeting the L1 ORF of HPVs. The effectiveness of the primers and the probe was tested on a panel of 24 cloned HPV DNAs, isolated from cutaneous and mucosal lesions, including HPV-2a and -57, which are known to be associated with lesions at both anatomical sites.

This primers set was able to amplify most of the HPV types tested, namely pHPV-1a, -2a, -5, - -7, -8, -11, -13, -18, -25, -31, -32, -33, -38, -39, -41, -43, -45, -46, -51, -56 and -57. In 1994 a new PCR assay for the detection of HPV sequences was developed. A study of the sequences of 45 HPVs and 9 animal PVs, known at that time, allowed the identification of conserved sequences located in the L1 ORF 364 . These regions happened to coincide with the primer regions previously described by Snijders and colleagues in 1991 365 . The sequences of the original GP17 and GP18 primers, as well as the sequence of the oligonucleotide GPR22 used as the degenerate probe, were modified to cover a broader spectrum of known PVs and also to attempt to detect unknown, distantly related PV types.

The use of these degenerate primers generated some unspecific amplification, raising concerns about the specificity of the assay. DNA sequencing of the obtained PCR product was used to verify the specific amplification of PVs sequences.

In 1995, a nested-PCR protocol was developed for the amplification of E1 and L1 HPV sequences based on the alignment of 19 different mucosal HPV types 366 . The use of a nested-PCR approach showed to be effective in reducing the unspecific amplification of non-viral sequences present in the samples. This new nested-PCR protocol showed a better sensitivity, compared to the MY09/MY11 protocol of 1989, in detecting different HPV types in the genital tract (i.e. HPV6, 11, 16, 18, 30, 31, 33, 34, 35, 39, 40, 42, 45, 51, 52, 53, 56, 57, and 58).

In 1995, Berkhout and colleagues developed a new nested PCR protocol, based on the use of degenerate primers, enabling the detection of known EV-associated HPV types with high sensitivity 367 .

These degenerate primers revealed many multiple infections never characterized before. An improved version of these primers was subsequently developed by Boxman and colleagues, allowing the detection of a wide range of cutaneous PV types 368 .

In 1995 the GP5+/GP6+ primer system, an improved version of the original GP5/GP6 primer system, was generated. Alignment of the L1 region from 24 mucosotropic HPVs and the sequences from GP5 and GP6 primers allowed the identification of the consensus sequences Thr-Arg-Ser-Thr-Asn (TRSTN) immediately downstream of the GP5 (forward primer) region and Arg-His-X-Glu-Glu (RHXEE) upstream of the GP6 (backward primer) region 369 . These amino acid conservations reflect codon conservations at the nucleotide level 370 . Part of these conserved sequences was used to elongate GP5 and GP6 at their 3' ends to generate the primers GP5+ and GP6+, respectively. Compared with the GP5/6 PCR, GP5+/6+ specific PCR on 22 cloned mucosotropic HPVs (i.e. HPV6, 11, 13, 16, 18, 30, 31, 32, 33, 35, 39, 40, 43, 45, 51, 52, 54, 55, 56, 58, 59 and 66) revealed an improved HPV detection 370 .

In 1996, Shamanin and colleagues analyzed tumors, obtained from both immunosuppressed and non-immunosuppressed patients, for human papillomavirus (HPV) DNA using degenerated primers, combined into 16 different PCR protocols, all amplifying a portion of the L1 ORF. The putative HPV sequences were cloned and sequenced to verify the specificity of the amplification and to characterize the HPV types present in the samples 371 .

In a study of 1997, the PCR procedures described by Shamanin and collegues 371 and Berkhout and collegues 367 were used to amplify different DNA samples, including some of the ones previously analysed in the studies by Barr and collegues 372 and Stark and collegues 373 . This study aimed to clarify the diversity of published results for prevalence and spectrum of HPV types detected in benign and malignant lesions of the skin. In this study, 18 novel cutaneous HPVs associated with Epidermodysplasia Verruciformis (EV) were discovered, in addition to the detection of known cutaneous and EV-associated HPV types 374 .

In 2000, the PGMY09-PGMY11 (PGMY09/11) primer system was developed as an improvement of the original MY09/11 primers system. This new primer system was designed to increase the sensitivity of amplification across the broad spectrum of known HPV types by using the same primer binding regions in the L1 open reading frame. Sequence heterogeneity was accommodated by designing multiple primer sequences that were combined into an upstream pool of 5 oligonucleotides (PGMY11) and a downstream pool of 13 oligonucleotides (PGMY09), thereby avoiding the use of degenerate bases that yield irreproducible primer syntheses. The PGMY09/11 primers showed a higher sensitivity in the amplification of several HPV types (i.e., HPV26, 35, 42, 52, 54, 55, 59, 66, and 73) compared to the MY09/11 primers system when tested on a set of 262 cervicovaginal lavage specimens 375 .

In 2005, Baines and colleagues developed consensus-degenerate hybrid oligonucleotide primers (CODEHOP), to detect novel PVs 376 . The development of these primers was based on the concept that some HPVs are related more closely to animal PVs than to human genital or mucosal PVs.

They hypothesized that some HPV-associated tumors could be erroneously classified as HPVnegative because of an inability to detect HPV types that are phylogenetically distinct from the genital/mucosal known types. This study aimed to design broad-spectrum PCR primers for the detection of papillomaviruses from each of the six groups, discriminated generating a phylogenetic tree based on the L1 ORF of 106 PV sequences using the HPV Sequence Database (Los Alamos National Laboratory Bioscience Division, 2002), (Figure 17) 377 . According to the conserved sequences identified among these groups of PVs (i.e., A, B, C, D, E, and S), new partially degenerate primers were generated.

When compared to previous MY09/11 primers, CODEHOP primers showed to be more effective in detecting PVs from 5 of the 6 groups, when tested on plasmids and clinical samples from esophageal and tonsillar cancer.

Using these PCR primers, in 2013, more than 200 sequences representative of putative new HPV types were identified, but only a few of them have been full characterized 378

In 2008, the BSGP5+/6+ primer system was developed, based on the original GP5+/GP6+ primers, to allow the amplification of a broader spectrum of HPVs 379 .

The L1 regions of 48 completely sequenced HPV genotypes (HR HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82; pHR HPV types 26, 53, and 66; and LR HPV types 6, 7, 11, 13, 30, 32, 34, 40, 42, 43, 44, 54, 55, 61, 62c, 67, 69, 70, 72, 74, 81, 83, 84, 85, 86c, 87c, CP6108, 90, 97, 102, and 106) were used to develop these new primers.

The addition of eight upstream and two downstream BSGP5+/6+ (BS) primers improved amplification of plasmids of 14 genital HPV types (i.e. HPV6, 11, 16, 18, 26, 31, 33, 35, 39, 42, 43, 44, 45, 51, 52, 53, 56, 58, 59, 66, 68, 70, 73, and 82) 10-to 1,000-fold versus GP5+/6+ PCR without altering sensitivity for the 10 others.

Moreover, BSGP5+/6+ was significantly more sensitive than GP5+/6+ for detection of HPV 30, 39, 42, 44, 51, 52, 53, 68, 73, and 82, detecting 212 additional HPV infections and increasing the proportion of multiple infections from 17.2 to 26.9% in cancer patients. This new primer system showed to be suitable for epidemiological and diagnostic applications.

Besides, the integration of internal Beta-globulin PCR allowed simultaneous DNA quality control without affecting the sensitivity of HPV detection. This protocol was later combined with Luminex technology to perform large-scale epidemiological studies 380,381 .

Among the several primers systems designated to identify known and putative new HPV types, FAP 382 and CUT 383 primers, developed in 1999 and 2010 respectively, so far represent some of the most used and effective primers sets.

FAP primers

In 1999 Forslund and colleagues generated a single pair of broad-spectrum degenerate primers for the detection of HPVs 382 .

A total of 80 HPV types L1 ORF sequences were aligned (Figure 18), leading to the identification of two relatively conserved regions, used after for the design of the FAP primers (i.e., FAP59 and FAP64), generating an amplicon of about 480 bp.
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The use of these primers allowed the amplification of DNA from 87% of the HPV types tested, its sensitivity being 1-10 copies for HPV5, 20, and 30 clones (Figure 19).

These primers were tested on patients with various cutaneous tumors and healthy skin biopsies.

HPV was found in 63% of tumor samples and 63% of normal skin biopsies. HPV5, HPV8, HPV12, HPVvs20-4, and six putatively novel HPV types were identified. Thirty-seven percent of HPV-positive samples were found to manifest more than one HPV type.

All the HPV detected manifested high similarity with HPV types associated with skin lesions and epidermodysplasia verruciformis. The overall HPV finding in the skin samples was 50% using the FAP primers as compared to 18% using the nested PCR protocol described by Berkhout and colleagues 367 , designed for skin types. These results suggest that the FAP protocol is sensitive and generally applicable to the detection of cutaneous HPV.

A limitation of this protocol was represented by the presence of multiple infections interfering in the direct sequencing of the HPV amplicons from clinical material.

The single-round PCR system developed by Forslund and collegues 382 was capable of amplifying a broad spectrum of HPVs from both human and animal samples 182,384 . However, by using that PCR protocol, an HPV prevalence of only 26% was observed in biopsies of non-melanoma skin cancers from immunocompetent Australian patients 385 . Thus, to improve the sensitivity of this protocol, in 2003, the same author developed an improved version of the original FAP protocol, using single-tube nested 'hanging droplet' PCR, for detection of cutaneous human papillomavirus DNA of the phylogenetic group B1 385 .

The 'hanging droplet' PCR showed to be effective in the amplification of HPV sequences in different skin tumors samples and also in the presence of multiple infections. Thus, this new protocol represented a valid improvement of the original FAP protocol for the detection of HPV sequences.

The advantage of this new protocol was the use of a single tube nested 'hanging droplet' PCR approach, reducing the risk of cross-contamination caused by the two PCR steps, typically required in nested PCR protocols 386 .

Aligned DNA sequences from the L1 gene of characterized cutaneous HPV types of the 1996 HPV Sequence Database compendia 387 and candidate HPV 92 and HPV 93, within the region between the original FAP 59/64 primers 382 , were reviewed to identify conserved regions suitable for targeting in a nested PCR.

Two regions with a relatively high degree of nucleotide sequence homology were identified and a couple of new primers, FAP 6085F (5'-CCWGATCCHAATMRRTTTGC) and FAP 6319R (5'-ACATTTGIAITTGTTTDGGRTCAA), were generated. The sensitivity of the nested PCR was increased 10-fold compared to that of the original FAP protocol when compared by testing a dilution series of a clinical sample. Moreover, the nested HPV-PCR using these primers showed to be capable of amplifying a broad spectrum of HPV types from different human samples 385 .

For some samples, the FAP primers showed to be more effective in detecting HPVs compared to the new nested PCR protocol. However, the new nested PCR protocol proved to be effective in the detection of different HPV types representing a valid improvement of the original FAP protocol 385 .

Even today, FAP protocol represents one of the most used broad-spectrum PCR protocols for the identification of HPV sequences and allows the characterization of both novel human 182 and animal 384,[388][389][390][391][392] PVs.

FAP primers system has been a successful approach in studying the HPV diversity in different human samples 382,385,393,394 , and hundreds of subgenomic amplicons of putative HPV types (FA sequences) from the skin and mucosal samples have been identified using this protocol 182,338,382,385,395,396 .

FAP primers were also used to develop new HPV detection protocols 397,398 . For example, FAP protocol was used in combination with Luminex 399 or with next-generation sequencing (NGS) 400,401 for the detection of known and novel HPV types.

CUT primers

In 2010, Chouhy and colleagues developed new generic primers, targeting most mucosal/genital and cutaneous HPVs within all genera, and compared them to the widely used FAP primers 382,397 .

Based on the L1 ORF of 88 cutaneotropic and mucosotropic HPVs, four forward primers (i.e., CUT1Fw, CUT1AFw, CUT1BFw, and CUT1CFw), and one reverse primer (i.e., CUT1BRv) were developed (Figure 20). The PCR with CUT primers generates an amplicon of around 370 bp.

The effectiveness of the new CUT and the FAP protocols were compared. Both these primers systems were used to amplify HPV sequences in 304 skin samples collected from a total of 71 patients under different pathological conditions (i.e., NMSCs, premalignant and benign skin lesions) at the Hospital Provincial del Centenario.

Overall, HPV DNA was present in 55% of the samples. HPV DNA was detected more often by FAP than by the CUT primer system (128/304 vs. 94/304, respectively), and only 55 samples were HPV-positive by both. Moreover, 137 samples were negative for HPV DNA using both primer systems. DNA sequencing was performed to identify the HPV types detected by each primer system.

Overall, 69 different HPV types/putative types were identified with both primer systems (Figure 21).

CUT primer system identified 22 different HPV types or putative types, 9 of them (41%) being novel putative types (GC05, GC06, GC08, GC09, GC10, GC11, GC12, GC13, GC14). FAP primer system detected 37 different HPV types or putative types, 5 of which (14%) corresponding to novel putative types (GC01, GC03, GC15, GC16, GC17).

The differential capacity of CUT primers in detecting novel putative viruses compared to FAP primers showed to be significant (p<0.01). Finally, only ten different types were detected by both primer systems, 3 of them representing novel putative types (GC02, GC04, GC07). This work also allowed the identification of a novel HPV type that was subsequently fully characterized and designated HPV115.

Overall, CUT primers system showed to be effective in detecting HPVs belonging to different genera and species, and represents a valid tool for the detection of known and novel HPV types.

CUT primers system is currently used in different prevalence studies 402 , also in combination with other techniques, such as NGS 403 . A portion of the genome of a putative novel HPV can be used to reconstruct the whole genome of the virus, using inverse PCR. One limitation of this strategy is the identification only of viruses related to known sequences 404 .

Rolling circle amplification (RCA) is a novel technology enabling the amplification of any circular single-or double-stranded DNA molecule. This technology uses the bacteriophage phi29, a highfidelity enzyme, with a strong strand-displacing capability, high processivity (>70,000 bases per binding event), and proofreading activity 406 (15), in combination with random hexamers (Figure 22) 404 . Random hexamers can now anneal to multiple sites on this template DNA, after which the phi29 DNA polymerase binds (B) and isothermally extends these primers at the 3' end (C). Strand displacement synthesis occurs when the DNA polymerase reaches a downstream extended primer, and hexamer primers can anneal to the displaced single-stranded product strands and will again be elongated by the 29 DNA polymerase (D). The exponential amplification of the template DNA generates linear double-stranded, highmolecular-weight repeated copies of the complete PV genome (E). Digestion of this RCA product with a restriction enzyme which has only a single recognition site in the PV genome will result in multiple doublestranded, linear copies of the PV complete genomic DNA (F), which can be visualized using agarose gel electrophoresis (G) 404 The multiply primed RCA method for amplification of circular PVs genomes is based on the use of random hexamers that bind the circular target DNA, after denaturation that generates ssDNA molecules. Thus, the phi29 DNA polymerase binds and isothermally extends these primers at the 3' end. When the DNA polymerase reaches a downstream extended primer, strand displacement synthesis occurs, and hexamer primers can anneal to the displaced single-stranded product strands that will again be elongated by the phi29 DNA polymerase. The exponential amplification of the template DNA generates linear double-stranded, high-molecular-weight repeated copies of the complete PV genome. The digestion of this RCA product with a restriction enzyme, which has only a single recognition site in the PV genome, will result in multiple double-stranded, linear copies of the PV complete genomic DNA, which can be visualized using agarose gel electrophoresis(Figure 22 G) 404 .

RCA was applied to amplify the complete circular double-stranded DNA of different PVs, without any need for prior knowledge of their sequences 404 . Moreover, used in combination with genus-specific primers, RCA can be directed towards specific PV types 407 .

After the RCA amplification, restriction analysis, cloning, and Sanger sequencing are required for the identification of a novel HPV 408 . One limitation of the RCA technique is that the host genome, albeit to a lesser extent, can be amplified together with the circular viral genome, due to RCA's ability to amplify also linear DNA molecules. Therefore, pretreatment with exonuclease or separation of the targeted DNA fragment by gel electrophoresis must be applied 409 . The use of RCA protocols, in combination with restriction enzyme analyses and qPCR, allowed the detection of HPV16 in human keratinocytes 404 .

The sequencing technologies

All the information necessary to develop and maintain an organism is contained in his genome.

In 1869 the chemist Friedrich Miescher first identified what he called "nuclein" inside the nuclei of human white blood cells. The term "nuclein" was later changed to "nucleic acid" and eventually to "deoxyribonucleic acid," or "DNA.". Miescher aimed to characterize protein components of leukocytes, but he discovered the DNA instead 410 .

During the following years, the contribution of many scientists like Phoebus Levene and Erwin Chargaff paved the way for the characterization of the DNA molecule. Finally, in 1953, Watson and Crick, following the crystal structure studies conducted by Franklin and Wilkins, obtained the three-dimensional, double-helical model for the structure of DNA 411,412 .

The methodologies used for the study of the proteins came much before the ones used for the nucleic acids, and those techniques were not suitable to analyze this large and redundant molecules 413 . Thus it was necessary to develop new methodologies.

In 1965, R. Holley determined the complete nucleotide sequence of an alanine transfer RNA, isolated from yeast 414 .

In the same period, Frederick Sanger developed a two-dimensional fractionation method, that uses radiolabeled partially digested fragments, for the determination of the nucleotide sequence with spleen phosphodiesterase 415 . This work allowed the identification of other ribosomal and transfer RNA sequences [416][417][418][419][420] .

In 1972, using the method developed by Sanger, Fiers obtained the complete sequence of the bacteriophage MS2 coat protein gene 421 , and just a few years later also the whole genome 422 .

In 1977, Sanger developed the 'chain-termination' technique 423 that makes use of chemical analogs of the deoxyribonucleotides (dNTPs), the monomers of DNA strands. Dideoxynucleotides (ddNTPs) lack the 3′ hydroxyl group thus cannot form a bond with the 5′ phosphate of the next dNTP. Once the ddNTP is incorporated, the extension of the DNA is terminated 424 . In the reaction, both normal dNTPs and radiolabeled ddNTPs are present. The concentration of ddNTPs in the reaction is lower than the one of normal dNTPs, and this causes the generation of DNA fragments of different lengths with the ddNTPs always in the last position of the sequence (Figure 23). With the use of autoradiography and by discriminating the sizes of the fragments, the nucleotide sequence of the original template is obtained (Figure 23 c).

In the following years, many improvements were made to Sanger sequencing.

Particularly noteworthy is the replacement of phospho-or tritrium-radiolabelling with fluorometric based detection, allowing the reaction to occur in one vessel instead of four and the introduction of capillary-based electrophoresis, leading to the development of newer and more effective machines [425][426][427][428][429][430][431] up to commercial DNA sequencing machines 432 .

In 1987, Applied Biosystems introduced AB370, the first automated, capillary electrophoresis (CE)-based sequencing instrument, followed in 1998 by the AB3730xl. These instruments became the primary workhorses for the NIH-led and Celera-led Human Genome Projects 433 . These first-generation DNA sequencing machines could produce reads of less than one kilobase (kb) in length.

With the advent of the "Shotgun" sequencing, overlapping DNA sequences were obtained by cloning and sequencing shorter fragments of the original long sequence, and then assembled into one long contig in silico 434,435 .

After, the introduction of the polymerase chain reaction (PCR) 436,437 and recombinant DNA technologies 438,439 allowed the production of a higher amount of high-quality input DNA required for sequencing, and this further aided the genomic revolution 425 .

In the next years, a great effort has been made to improve sequencing technology. Applied Biosystems produced ABI PRISM, a new sequencer that allowed simultaneous sequencing of hundreds of samples 440 .

While the development of large-scale dideoxy sequencing methods was progressing, another technology emerged; the Pyrosequencing. It uses a luminescent method for measuring pyrophosphate synthesis. ATP sulfurylase is used to convert pyrophosphate into ATP, which is then used as the substrate for luciferase, thus producing light proportional to the amount of pyrophosphate 441 . The sequence is inferred by measuring pyrophosphate production in a cycle, where each nucleotide is washed through the system over the template DNA affixed to a solid phase 442 . In each cycle, when the correct base is incorporated, as a consequence of pyrophosphate production, light is generated as the result of luciferin oxidation by luciferase (Figure 24) 443 . Like Sanger sequencing, also Pyrosequencing is a 'sequence-by-synthesis' (SBS) method, as the template is used to synthesize a complementary strand allowing the sequence to be inferred 443 .

One advantage of the Pyrosequencing is the possibility to obtain the sequence in real-time, while the principal difficulty is to sequence homopolymer regions correctly 444 .

Pyrosequencing was later licensed to 454 Life Sciences, becoming the first successful commercial next-generation sequencing (NGS) technology 425 .

The 454 sequencing machine (after purchased by Roche), by mass parallelization of the sequencing process, increased consistently the possibility to sequence large amounts of DNA 445 .

The introduction of mass parallelization increased the yield of sequencing efforts, allowing the sequencing of entire genomes (including the human genome) in a short time 446,447 .

The 454 chemistry is characterized by the bond of the DNA molecules on microbeads, followed by emulsion PCR producing clonal DNA populations. These DNA-coated beads are then washed over a picoliter reaction plate containing wells large enough to fit only one bead. Then dNTPs are washed over the plate, and pyrosequencing reactions occur (Figure 25 a,c). This set up was capable of producing reads around 400-500 bp 445 .

Then, many other parallel sequencing techniques have been developed, and one among the others is Solexa (later acquired by Illumina) 448 . In 2005 Solexa presented the Genome Analyzer, capable of producing paired-end reads, where both the forward and the reverse of each sequence are generated. This machine was able to generate around one gigabase (Gb) of data per run 449 . These novelties together have been translated into the production of higher quality data. By 2014, the amount of data produced reached 1.8 terabases (Tb) in a single sequencing run.

Another remarkable second-generation sequencing platform is the Ion Torrent (Life Technologies). Similarly to 454 chemistry, DNA fragments are bound to beads, and clonal populations are generated through emulsion PCR and washed over a picowell plate. Then, in each sequencing cycle, the incorporation of a nucleotide causes the release of protons (H+), and the pH variation is detected thanks to the metal-oxide-semiconductor (CMOS) technology. This technology allows a high-speed sequencing, even sharing some weak points with the 454 technology like the difficulties with homopolymer sequeces [450][451][452] .

The first human genome to be fully sequenced was co-published by Science and Nature and required 15 years of work and billions of dollars. In 2014, a new sequencing machine, the HiSeq X®Ten System, was placed in the market. This new technology was capable of sequencing 45 complete human genomes in parallel for the cost of 1000$ in a single day 453 .

From the 1980s to today, the development of always newer technologies allowed the sequencing of ever longer DNA fragments, producing also increasing amounts of data (Figure 26) and thus expanding our science horizons 454 . The principle of the Illumina sequencing is not so far from the previous technologies based on capillary electrophoresis. It is an SBS sequencing in which, in each cycle, fluorescently labelled deoxyribonucleotide triphosphates (dNTPs) are incorporated from the polymerase on the DNA template. Four different fluorophores are used to identify the four nucleotides, and in each cycle, the fluorescence is detected by a sensor (Figure 27). Mass parallelization is the feature that characterizes this methodology, together with the other high throughput sequencing methods, and billions of bases are sequenced in a single run. This technology generates very high quality reads with low error rates and a high percentage of base calls above Q30 [456][457][458] .

The so-called paired-end sequencing permits to sequence both the forward and the reverse strand of a DNA fragment represented by one cluster on the flow cell, thus allowing to obtain higher quality sequences (Figure 28), especially when homopolymeric sequences are present, reducing the sequencing error rates in these regions 459,460 . The first step of a typical Illumina sequencing protocol is the library preparation, where the DNA template to be sequenced, is fragmented through a tagmentation process. Then Illumina adapters containing either one (i7 index) or two index sequences (i7 and i5 index) for each sample library are added (Figure 29 A). Different libraries can now be pooled (multiplexed), sequenced on the same flow cell, and de-multiplexed with later in silico analyses, allowing cost savings and experiment scalability 461 . Follows the cluster amplification step, where the DNA fragments are loaded on the flow cell, where DNA fragments hybridize with the oligonucleotides fixed on the solid surface. After bridge amplification occurs, and the different DNA fragments are amplified, generating clonal clusters (Figure 29 B). Now the SBS sequencing can start. At each cycle, one base is added, and the fluorescence produced by each of the clusters is recorded. In each cycle, just one nucleotide can be added because a fluorophore occupies the 3′ hydroxyl position on the just bonded nucleotide. This must be cleaved away before polymerization can continue, which allows the sequencing to occur in a synchronous manner 448,462 (Figure 29 C).

The last step of this process is the data analysis (Figure 29 D). The machine generates paired FASTQ files where forward and reverses reads can be identified through their ID. Additional steps can be performed to align the reads to a reference genome or to assemble them for the generation of longer consensus sequences. Different kinds of analyses can be performed, such as single nucleotide polymorphism (SNP), insertion-deletion (indel) identification, transcriptome, phylogenetic or metagenomics, and much more. One of the first things to do in the data analysis is the raw reads quality check. The reads quality can be assessed using tools like FASTQC. Figure 30 shows a typical bases quality score graph generated using FASTQC. A decrease in base quality with the increase of the base position is quite common (Figure 30). The SBS chemistry underlies the occurrence of this phenomenon. In each sequencing cycle, a nucleotide is added to the sequence. A fluorophore is present in the 3' (terminator), and no other nucleotides can be added in the same cycle. If the terminator is not correctly removed, in the next cycles, that specific DNA fragment will be n-1 shorter compared to the other sequences of the same cluster. In the next cycles, this DNA fragment will produce a different fluorescent signal, compared to the other sequences of the same cluster. In this context, a lower quality will be registered by the detector, since the quality is computed based on the intensity of the fluorescent signal. This phenomenon is named phasing (Figure 31 Left) 464 . Another similar phenomenon is the prephasing, where, in a single cycle, more than one nucleotide is added because of a defective terminator (Figure 31 Right) 464 . In this case, from the next cycle, the sequence will have n+1 nucleotides compared to the other sequences of the same cluster.

In the first steps of the sequencing, these kinds of errors occur with a low probability. However, with sequencing progression, they tend to be accumulated, and the signal gets more and more asynchronous, affecting the quality of the bases in the last part of the fragments. A workaround, used by the companies, is to develop chemistries with more cycles, helping in the sequencing of longer fragments before the quality drop 463 . Targeted Sequencing Some different strategies and protocols can be applied to best fit with the needs of a particular experimental condition and to maximize the yield. For example, targeted sequencing strategies are particularly useful when the objective is to amplify a specific region of a genome or to increase the coverage of a DNA sequence to be reconstructed, especially when the target sequence is particularly long and if it is in low copy number.

A specific DNA region can be amplified using a targeted sequencing strategy, and after the sequencing, being represented by hundreds or even thousands of times. This strategy is particularly useful in low-frequency genetic variants studies.

Commercial NGS sequencing panels for specific analysis are available, including kits with probe sets focused on particular areas of interest such as cancer, cardiomyopathy, or autism. Moreover, custom targeted sequencing protocols can be developed. Custom probe sets can be produced, enabling researchers to target regions of the genome relevant for specific studies.

Some other applications of the targeted sequencing are studies on genes in specific pathways, follow-up in whole-genome sequencing (WGS) studies, and genome-wide association studies (GWAS).

There are two main targeted sequencing methods proposed by Illumina. The first, named "target enrichment", is characterized by the binding of the target DNA with biotinylated probes and then purified by magnetic pulldown (Figure 32 A). The second one, named "amplicon generation", involves the amplification and purification of the target DNA using highly multiplexed PCR protocols. In this strategy, first custom primers are used to amplify the specific region of interest.

Then the sequencing adaptors are added to the 3' and 5' of the amplicons through another amplification step or ligation (Figure 32 B). In the final product, the sequence copy number will be significantly enriched. This second approach is particularly useful in genetic variant studies, reconstruction of whole bacterial or viral genomes, the discovery of rare somatic mutations in complex samples, such as cancerous tumors mixed with germline DNA, bacterial 16S rRNA gene analyses in taxonomy or metagenomics studies [465][466][467] .

More recently, amplicon sequencing has been used for HPV genotyping, and it showed to be very useful in the discovering of new HPVs [468][469][470] . viruses [470][471][472][473] . Studies on HPV integration sites, disrupted genes and pathways, and common and distinct genetic and epigenetic alterations, are just some of the fields where NGS is giving his substantial contribution to understanding the role of the different HPVs in human diseases 474,475 .

In 2017, the effectiveness of the HPV genotyping performed using NGS methodologies and previously developed and standardized in-situ hybridization protocols were compared. NGS has shown a sensibility 22% higher if compared to the hybridization method and also a higher resolution allowing the identification of genetic variants 476 .

In Contigs were generated from the raw reads, with a de novo assembling approach (SPAdes) 478 .

After, the contigs were identified using Megablast algorithm against the whole nr/nt NCBI database. Further analyses allowed the identification of known and putative new HPVs, and the reconstructed sequences were confirmed by Sanger sequencing 477 .

A phylogenetic tree was generated, representing the 83 novel HPVs detected (Figure 33).

From the 83 new HPV types, 69 were Gamma types, 8 are Beta types, 1 is Mu, 1 is Alpha, and 4

were potential new HPV species (<70% identity). Incomplete genomic sequences of an additional 35 potentially novel Gamma types (including some possible new species) were also observed.

No representatives of new papillomavirus genera (L1 with 60% identity to the nearest neighbor) were found 477 .

artifactual assembly of chimeric genomes, mainly when closely related viral strains are present in the same sample 477 .

In the work of Pastrana and colleagues, to check the presence of chimeric sequences, phylogenetic trees were generated, based on E1 and L1 protein sequences, followed by evaluation of the topology for the novel sequences 477 . In another work published in 2018 by Tirosh and colleagues, 250 putative new HPV genomes were identified from dedicator of cytokinesis 8 (DOCK8)-deficient skin samples. DOCK8deficiency is a rare primary human immunodeficiency characterized by recurrent cutaneous and systemic infections, as well as atopy and cancer susceptibility 479 .

Contigs were obtained from the raw data, using a de novo assembling tool (SPAdes) 478 

PCR-based and WGA NGS for HPVs identification

The use of PCR primers for the amplification of HPV sequences in combination with NGS is a valid strategy for the study of the HPV diversity in human samples 209,400,401 .

In 2011 Ekström and colleagues used the FAP primers to amplify HPV sequences in biopsies from different skin lesions (e.g., squamous cell carcinoma, actinic keratoses, and keratoacanthomas), followed by high throughput sequencing 400 . This work allowed the identification of 44 putative novel HPV types. The raw reads were processed to assemble contiguous sequences and then identified using BLASTN against the GenBank database (NCBI).

Known and putative new HPV types were discriminated considering the percentage of identity with the closest known HPV types. In addition to the identification of many known HPV types in the different samples, 44 novel putative HPV types were identified, most of which belonging to the gamma genus 400 .

In 2013, Ekström and colleagues published another work where different skin samples, representative of different pathologies (i.e., squamous cell carcinoma, actinic keratosis, and keratoacanthoma), were analysed for the detection of known and putative new HPV types. An extended HPV general primer PCR and high-throughput sequencing of amplimers were used in this analysis. In this study, FAP59/64 primers were used alone and in combination with five forward and four reverse partially degenerate new primers.

The raw data were analysed to remove chimeric sequences, assembled using MIRA software 482 , and identified using Blastn against GenBank database (NCBI) 483 .

This work allowed the identification of 273 different HPV isolates (87 known HPV types, 139 previously known HPV sequences (putative types), and 47 sequences from novel putative HPV types). Among the new sequences, five were representative of the genus beta and 42 of the genus gamma. The Luminex assay was also used to confirm the presence of the putative new HPVs, and only a part of them was identified in various skin samples using this technique, probably because of low copy numbers or mismatches between the probes used and the viral sequences.

In 2015, the same research group used another strategy to detect HPV sequences from different lesions (squamous cell skin carcinomas, keratoacanthomas, actinic keratoses, basal cell carcinomas, and SCCs in situ) 209 . Whole-genome amplification (WGA) was performed using

Illustra TM Ready-To-Go TM GenomiPhi TM DNA Amplification Kit (GE Health Care, United Kingdom), and the sequencing was performed without any specific PCR amplification step 209 .

For comparison, a pool of the same samples after general primer PCR amplification was also sequenced. Not all the HPVs were detected using this second approach, indicating that sequencing without prior PCR gives a more unbiased representation of the HPVs present. On the other hand, the use of a PCR-based strategy can help in the detection of HPV sequences less represented. This work allowed the identification of 10 different HPVs in 47/91 specimens. These sequences represented four established HPV types (HPV types 16, 22, 120, 124), two previously known putative types (present in GenBank), and four previously unknown HPV sequences (new putative types). The most commonly detected virus was cloned, sequenced, and designated as HPV197 209 .

To conclude, both WGA and PCR-based approaches are useful in the identification of known and new HPV types, but with different specificity and sensitivity 209,401 .

Third-generation sequencing

The evolution of DNA sequencing technologies has always promoted scientific discoveries. In This process can sequence single molecules in a small amount of time. Some of the most interesting features of this technology are the possibility to identify modified bases and the considerable length of DNA fragments that can be sequenced (up to 10 kb) 487,489 . 491,425,460,492,493 .

All the previous sequencing technologies are based on sequencing by synthesis (SBS)

technology. The nanopore sequencing drives the single helix of a DNA molecule through a nanopore, and the sequencing takes place by the detection of ionic current changes, without DNA synthesis processes 494,495 .

In nanopore sequencing, a pore-forming protein is set in an electrically resistant polymer membrane. The nanopore works as a biosensor, representing the unique connection between two sides of the membrane. A constant voltage bias produces an ionic current and drives ssDNA through the pore. An enzyme (e.g., a polymerase or helicase) named "motor" is bound to the DNA and helps the opening of the double helix and the passage through the nanopore, nucleobase by

nucleobase. An ionic current is passed through the nanopore by setting a voltage across this membrane. The ionic conductivity through the lower part of the nanopore is particularly sensitive to the nucleotides and their specific mass. When a nucleotide passes through the pore, this event creates a characteristic disruption in the current. Each nucleotide generates a specific current alteration that is translated in his identification (Figure 35) 496 . In the newest chemistries, the stepping rate is more than 300 bases per second 497 . According to the kind of sample that has to be processed, there are different strategies to optimize the protocols, control the read length, or maximize the throughput.

During the library preparation, both the template and the complement strand are linked with adaptors and motor proteins. Thus, both the forward and the reverse strand of a DNA fragment can be sequenced (Figure 36) 499 . The sequencing adaptors can be added to the DNA template through a ligation step (Figure 37 Left), after end-prep and nick repair or through transposases activity for a faster protocol (Figure 37 Right) 499 .

This technology can be used to answer different scientific questions: whole-genome sequencing, targeted sequencing, metagenomics, epigenetics, and even direct RNA sequencing. The most significant advantages of this technology are the portability and the rapidity of the library preparation. These characteristics make this technology particularly useful, for example, in experiments on the field 499 .

The main problem of this technology is the high error rate in the sequencing. Nevertheless, it represents a new cost-effective technology being quite cheaper compared to the previous machines, suitable for the sequencing of very long DNA fragments, such as viral and bacterial genomes 494,500 . Moreover, the portability of this technology also allows the sequencing in limiting conditions, such as when instant results are required on the field 491 . In a study conducted by Vanmechelen and colleagues in 2016, the Nanopore sequencing technology was used for the identification of novel species of papillomavirus (PV), in warts of giraffes (Giraffa camelopardalis) 501 .

Wart tissue was excised from the giraffe skin biopsies, and amplification of the viral genomes was performed using rolling circle amplification (RCA) 501 . The RCA product was digested with EcoRI and BamHI to reduce the presence of potentially co-amplified plasmids. The resulting fragments were separated on an agarose gel (0.9%) to look for bands that had a cumulative size of ~8 kb.

These specific bands were extracted and purified. Extracted DNA fragments were then subjected to multiple displacement amplification (MDA) using the REPLI-g Mini Kit (QIAGEN) 501 .

Both digested fragments and undigested RCA products were pooled and sequenced using MinION sequencer. The sequencing library was loaded onto a primed MinION flow cell (R7. This protocol allowed the complete characterization of a new deltapapillomavirus named Giraffa camelopardalis papillomavirus 1 501 .

In another work published in 2019 by Quan L. and colleagues, cervical cancer samples were analysed both for HPV infections and microbiome 503 .

In this work, multiplex PCR, targeting both HPV16 E6/E7 and full-length 16S rRNA, and Nanopore sequencing were combined.

The Nanopore sequencing results were compared with Illumina sequencing results and showed a similar microbiome composition 503 .

QUIIME and LAST were used to perform the taxonomic classification of the sequences. Different databases were used to obtain better annotation results: the HPV genome, the NCBI 16S ribosomal RNA (Bacteria and Archaea) database, and the GreenGenes database 503 .

A minimum of 15 min Nanopore sequencing was enough to identify the top 10 most abundant bacteria. Furthermore, two HPV integration sites were identified and verified by Sanger sequencing.

This method has many potential applications in pathogen identification and can potentially help in providing a more rapid diagnosis 503 .

Both these studies confirm the effectiveness of the MinION technology in the identification and characterization of novel papillomaviruses.

The sequencing data analysis

Nowadays, the use of computers and specific software has become an essential part of the biologist's work. In modern science, there is often a need to parse meaningful information from large sets of data, and this became even more clear with the advent of high-throughput sequencing technologies that changed all the scientific approaches 504 .

Margaret Dayhoff (1925-1983) was an American physical chemist who pioneered the application of computational methods to the field of biochemistry and is considered the mother of the bioinformatics 505 . She developed a program in FORTRAN for de novo protein sequence assembling. Dayhoff and Eck in 1965 created the first-ever biological sequence database representing amino acids with single letters. This first protein database helped in developing the early theories about the evolutionary relations between proteins from different species and introducing the new term "Paleogenetics": the study of the evolution of the species based on the proteins sequence similarity 506 .

In 1970 Needleman and Wunsch 507 developed the first dynamic programming algorithm for pairwise protein sequence alignments.

In the 1980s, the first multiple sequence alignment (MSA) algorithms emerged. This tool is based on a generalization of the Needleman-Wunsch algorithm, which involved the use of a scoring matrix whose dimensionality equals the number of sequences 508 . This first approach was not very efficient because of the long time required to find the correct alignment.

Da-Fei Feng and Russell F. Doolittle, in 1987, developed the first valid algorithm for MSA 509 . Also, their tool uses the Needleman-Wunsch algorithm. From each pairwise alignment, it extracts pairwise similarity scores and uses these scores to build a tree. Then, the tree guides the alignments between the most similar sequences 504 .

In 1988 the famous CLUSTAL software was released. It was based on the Feng-Doolittle algorithm 510 and is still maintained and used to the present day 511 .

While the evolution of protein sequences alignment tools was proceeding, several milestones in molecular biology were setting DNA as the primary source of biological information. In 1977 The study of DNA sequences has led to the development of new algorithms and models to represent the evolutionary relations between different organisms.

The maximum parsimony method is one of the main algorithms used to generate evolutionary trees. It is based on the assumption of the maximum parsimony as the primary mechanism driving evolutionary changes.

Another notable method for the inference of phylogeny from DNA sequences is the maximum likelihood (ML) method. ML tests which trees yield the highest probability of representing the observed data 513 .

Nowadays, many models for the inference of phylogeny are based on the maximum likelihood (ML) method.

In the 1990s, Bayesian statistics was also introduced in the molecular phylogeny and is still widely used 514,515 .

The first programming languages used to develop bioinformatics tools were difficult to implement and not very intuitive. Thus the approach of biologists to these languages has not been immediate.

The progressive evolution of the programming languages has led to the generation of even more intuitive and easy-to-use programming languages, facilitating the development of novel algorithms for the analysis of biological data.

Nowadays, the two major programming languages used by most of the bioinformaticians are Perl and Python.

Perl (Practical Extraction and Reporting Language), was introduced by Larry Wall in 1987 as an addition to the GNU operating system to facilitate parsing and reporting of text data 516 . Until the late 2000s, Perl was the principal programming language used by most bioinformaticians, because of its great flexibility 517 and the development of BioPerl in 1996 contributed to his popularity in life science 518 . BioPerl provides several modules to facilitate the work of a bioinformatician. It can help in accessing sequence data from local and remote databases, switching between different file formats, similarity searches, and annotating sequence data.

The implementation of Python started in 1989. Python is characterized by a more straightforward vocabulary and syntax to make code reading and maintenance simpler 504 . After the 2000s, Python becomes the dominant programming language used in bioinformatics 519 .

The information from other researchers and their progress became gradually more accessible, and several public databases appeared. In 1992 the NCBI made available the GenBank. In the same period, the EMBL Nucleotide Sequence Data Library, including databases such as SWISS-PROT and REBASE, was released 520,521 .

In 1994 the BLAST tool appeared in the NCBI site, together with other famous databases:

Genomes (1995), PubMed (1997), and Human Genome (1999) 504 .

Always newer sequencing technologies allowed the production of much more data, resulting in an exponential increase of sequences in public databases such as GenBank and WGS and further preoccupations towards Big Data issues. The scientific community has now generated data beyond the Exabyte (Figure 38) 522 . Archive 526 and the European Nucleotide Archive 527 appeared. These databases store raw sequencing data from different studies, making them available for other reserchers 504 .

The development of more user-friendly tools for the data analysis, not requiring a particular background in informatics and programming, like Galaxy, is becoming of paramount importance 528 . Moreover, websites such as SEQanswers 529 and BioStar 530 represent an essential resource, helping scientists to share their work and find help in the community 504 .

In the beginning, the sequencing of a single gene required a great deal of hard work and the development of scripts and tools to analyze the data. Today there are many user-friendly tools, allowing the reconstruction of whole genomes using just a desktop computer and short computation time. In conclusion, bioinformatics has become an integral part of life science 504 .

Quality control

The output file of high-throughput sequencing methods utilizes the FASTQ format. A typical FASTQ file includes the nucleic acid sequence and the Phred quality score of the base call, both encoded with ASCII charactes 531 .

Phred quality score, corresponding to the probability that a base has been erroneously incorporated, was initially developed for the Human Genome Project, to evaluate the quality of the base calls from Sanger sequencing 531 . The software scans the peaks of the chromatogram and scores based on the certainty or accuracy of the call. The scores are logarithmically based, and scores higher than 20 represent greater than 99% accuracy of the base call (Figure 39) 532 .

Phred score allows the identification of low-quality reads, during the quality control stage.

One of today's most commonly used tools to perform the quality control of the sequencing data is FASTQC 533 , which generates a user-friendly HTML report.

The Oxford Nanopore Technology's (ONT) sequencers generate a sequencing output in FAST5

format. It contains the raw electrical signal levels measured by the nanopores. The FAST5 file structure is based on a typical HDF5 file. The primary data in these files are the "squiggles" that represent pico-amp measurements taken around thousands of times a second at the nanopores.

Each read resulting from sequencing a molecule is stored as a single FAST5 file 534 .
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Poretools toolkit (https://poretools.readthedocs.io/en/latest/) can extract data from FAST5 files (ONT sequencing raw data) and generate FASTQ files form the ONT sequencing raw data 534 .

Guppy toolkit can perform both the base-calling and de-multiplexing steps, generating FASTQ files representing different multiplexed samples 535,536 .

By using different tools, the FASTQ file is filtered to remove sequencing adaptors or low-quality sequences. This last step can be performed using Cutadapt, which aligns the reads with all adapter sequences, depending on the sequencing platform 537 . 

The assembly of sequencing data

Short reads often need to be assembled into more informative sequences. After the removal of adapter sequences, a reference genome can guide the assembly of these sequences. When a reference genome is not present, a more computationally intensive process of de novo assembly must take place. With de novo assembly, the long reads generated by ONT can help in creating scaffolds for the assembly into contiguous sequences or contigs.

In metagenomics, two different strategies can be applied, based on the aim of the study: readbased and assembly-based approaches. With a read-based approach, a sequence can be aligned to known reference genomes or genes to evaluate coverage and variation. However, this method is not suitable for the discovery of novel organisms. On the other hand, with an assemblybased approach, reads are first de novo assembled into contigs and then clustered into "genome bins", generating scaffolds. Contigs are continuous stretches of sequence without gaps. Scaffolds are created by chaining contigs together, taking into account the relative position and orientation of the contigs in the genome, and may contain gaps. In a metagenomics sample, there is a mix of different genomes from different taxa, and by assembling the sequences, it is possible to reconstruct entire genomes. However, the biological complexity of the sample can make this reconstruction process quite challenging.

The presence of homologous or paralogous sequences can lead to intragenomic or intergenomic chimeric assemblies 539,540 . Different tools are available to assemble reads into large contigs, and most of them are based on de novo assembly algorithms 541,542 . The performance of the genome assembly can be evaluated based on the size of the smallest contigs in a set of contigs that makes up at least 50% of the assembly, named N50 541 .

The greedy algorithm, which aims for a local optimum, and the graph-based algorithm, which aims for a global optimum, are the two main types of de novo assembling algorithms. Graph-based are nowadays the most commonly used type of de novo assembly algorithms and are mainly based on de Bruijn graph assembly. In graph-based algorithms, the sequences are divided into segments of size k, which form a network of overlapping paths leading to the generation of the contigs 542 .

In graph theory, k-mers are the nodes, and the overlapping parts are the edges, which can be weighted based on the overlapping length. One of the most recent assembly tools for metagenomics is MetaSPADES 543 , which is built upon the commonly used SPAdes genome assembler 478 and combines graphs of different k values. Spades also includes an option to look for circular genomes, a highly important feature in the context of PV detection.

For the ONT sequencing data, after the reconstruction of a sequence, using tools like Nanopolish 500 , an improved consensus sequence can be generated. This tool will align the reconstructed draft sequence against the raw sequencing data and will correct potential errors that occurred during the assembling steps, at the signal-level. This step can significantly improve the draft sequence, also considering the high error rate, typical of the raw data from ONT sequencing.

Nanopolish uses a probabilistic model to evaluate whether modifications to the draft sequence (substitutions, insertions, deletions, and substrings) can improve the probability of observing the electric signal data for the collection of MinION reads 500 .

Taxonomic classification

In metagenomics studies, the taxonomic classification of the sequences allows the identification of the microbial/viral community profile. There are two main strategies used to perform the taxonomic classification: reference-based and reference-free classifications.

The reference-based classification relies mainly on local alignment tools against a reference database. In contrast, the reference-free classification, which is less common, relies primarily on sequence composition, such as k-mer frequency.

MEGAN is a tool developed in 2016 that can identify sequences obtained after an assembling step (i.e., contigs) or directly short raw reads, not assembled. This tool uses a Blast-based algorithm to align the sequences against a reference database of known sequences 544 . MEGAN assigns the Last Common Ancestor (LCA) to each sequence, using the taxonomic information from the NCBI database. New HPV types are continuously discovered and fully characterized 550,551 . The advent of more and more effective molecular biology technologies make this discovery increasingly rapid.

HPVs are classified based on the L1 nucleotide sequence identity and divided into genera.

The major HPV genera are alpha, beta, gamma, mu, and nu 552 . Many types of the alpha genus have been extensively studied because of their clear involvement in human cancers 200 . This subgroup of viruses, named high-risk HPVs, includes at least 12 HPV types (i.e., HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59) which are the etiological agents of anogenital cancers and a subset of head and neck cancers, particularly oropharyngeal cancer 553,554 . The alpha genus also includes the low-risk types(e.g., HPV6 and 11), associated with benign lesions 555,556 .

Although the literature is rich in studies on the characterization of alpha types to understand their role in human diseases, less is known about other HPV genera.

The genus beta includes viruses widely present in the skin of healthy individuals. The majorities of the beta HPV types belong to beta-1 and beta-2 species, but there are other species much less represented. Recent studies showed the potential role of beta HPVs, in combination with UV light exposure, in the development of cSCC [557][558][559][560][561][562][563][564][565][566][567] .

The presence of beta HPV types was recently reported in additional anatomical sites other than skin, such as oral mucosal epithelium, eyebrow hairs, penile, external genital samples and, anal canal 471,472,551,568,569 .

In particular, species beta-3 HPV types appear to have a dual tropism, being present in the skin and mucosal epithelia 570,571 , and biological similarities between beta-3 HPV and mucosal HR HPV types have been identified 567,572 .

Gamma genus is represented by a significant number of viruses that have not yet been linked to any malignancy 573 . Several other HPVs from other genera have been discovered, and most of these viruses need to be fully characterized to understand their potential role in human diseases [START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF]477 . 105

In the past, the major strategies used to discover new HPV types were based on the use of hybridization methods, consensus or degenerate primers, cloning, and Sanger sequencing 382,383,[574][575][576][577][578][579][580] .

Often only a partial sequence, representative of a novel HPV, is reconstructed, and new strategies are required to extend these sequences and obtain the full genome of new viruses.

Therefore, the general aim of this work is the development of high-throughput sequencing-based methodologies for the identification of novel HPV types.

Specific aim #1

The first specific aim of this study was the development of a protocol for the amplification and identification of putative novel HPVs. As a first step, aside from well-validated primer sets, new primers were also designed, based on the HPV L1 genomic region of the known beta types, increasing our chances to expand this HPV genus. After, the different PCR protocols were used to amplify HPV sequences from two kinds of human specimens: skin swabs and oral gargles.

Finally, the PCR products were pooled and analyzed using an amplicon targeted sequencing NGS strategy 581 .

A pipeline was developed to analyze the NGS data for the identification of papillomavirus sequences.

Specific aim #2

After the identification of putative new HPV types, based on the NGS data analysis, the samples were re-screened to identify the ones positive for specific putative new HPV types. The second specific aim of this work was the reconstruction of the whole genome of one putative new HPV type identified in the previous NGS analysis, for complete genomic characterization.

Specific aim #3

The strategies applied so far for the characterization of HPV genomes are based on the use of outward-directed primers to amplify the whole genome of the virus, then cloned into a vector and sequenced by using a primer-walking Sanger-based strategy 582 . In specific aim #2 of the present work, we used this approach to characterize new HPV types, but often amplification, cloning, and sequencing steps were laborious and time-consuming.

The third and last specific aim of this study was to determine whether the MinION sequencer can be applied in the genomic characterization of papillomaviruses, with a minimal error rate. At this purpose, the whole genome of the new HPV-ICB2, characterized in specific aim #2, was sequenced using MinION technology. This approach also required the development of a bioinformatics analysis for the reconstruction of the viral genome, using ONT sequencing data.

Materials and methods

109 Specific aim #1 A total of 119 skin swabs from the VIRUSCAN study were selected for the present work.

The HPV Infection in Men (HIM) study is a large, multi-national prospective cohort study of the natural history of HPV infection in men [587][588][589][590] . A total of 62 oral rinses from the HIM study were selected for the present work.

Additional 85 oral samples were selected from a pilot study on the prevalence of Helicobacter Pylori infection in the Latvian population. This study was approved (No. 8-A/15) by the Ethics Committee of Riga East University Hospital Support Foundation.

The DNA extraction was performed using the EZ1 Advanced XL machine (Qiagen) and the EZ1 DNA Tissue Kit. After, all the samples were analyzed at the International Agency for Research on Cancer (Lyon, France) for HPV-DNA positivity.

PCR protocols

Six different PCR protocols were used in this study, all amplifying a portion of the L1 region of the HPV genome.

The Beta3-1 is a mix of 11 consensus beta-3 primers, while the Beta3-2 is a mix of 4 broad spectrum beta-3 degenerated primers. Both these primers mix amplify a fragment of roughly 450bp (Figure 40) and have been developed in our laboratory. These primers were synthesized by MWG Biotech (Ebersberg, Germany) and mixed to obtain a 10X solution containing 2µM of each primer. PCRs were performed with the QIAGEN Multiplex PCR kit (Hilden, Germany)

according to the manufacturer's instructions.

CUT primers are a mix of 5 broad spectrum cutaneous degenerate primers previously described, amplifying a portion of the L1 region of around 370bp (Figure 40 and Table 5) 591 .

FA-types (FAP) primers are a mix of 2 primers, one forward and one reverse, amplifying a portion of the L1 region of roughly 478bp (Figure 40 and Table 5) 592 .

Also, a new set of FAP primers was developed in our laboratory, i.e., FAP59.1, FAP59.2, and FAP64.1 (Table 5), amplifying the same region of the L1 targeted by the original FAP primers (Figure 40). FAPM1 is a mix of 5 primers, including both the original and the novel FAP primers (Table 5). FAPM2, rather, is a mix of just 2 of the new FAP primers (Table 5). The PCR conditions used for FAPM1 and FAPM2 were the same as for the original FAP protocol. 

Validation of the new set of primers

The new PCR primers, developed in our laboratory, were tested to evaluate their specificity and sensibility. For this purpose, an artificial mixture composed of a known cloned HPV and human genomic DNA was used at different relative concentrations of the viral genome (10-fold dilution series starting from 10.000 to 0 copies of the cloned virus). The PCR products were loaded on a 2% agarose gel and analyzed after gel electrophoresis.

NGS analysis

The QIAquick gel extraction kit (Qiagen®, Hilden, Germany) was used to purify the PCR products according to the manufacturer's instructions. After, the Agencourt AMPure XP PCR purification kit was used with a 1.8x beads ratio, to remove residual impurities and contaminants from previous steps.

Finally, eight pools of around 50 samples each were generated, based on the PCR protocol and the kind of human specimen used (Table 6).

Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, CA, USA) was used for the library preparation while, for the indexing of the pools Illumina MiSeq, double indexed adapters (Illumina Inc., San Diego, CA, USA) were selected.

AMPure XP beads were used again to clean-up the indexed libraries after the amplification and ligation steps. In this case, a 1x beads ratio was used to increase the average size of the libraries, removing short fragments.

After the purification step, the quality and average size of the newly generated libraries were assessed by using chip-based capillary gel electrophoresis (Agilent 2100 Bioanalyzer). likelihood (MCL) approach and then selecting the topology with the superior log-likelihood value (-389774.5274).

A generalized time-reversible (GTR) model was used in MEGA7 with 500 bootstrap replicates for the phylogenetic inference 598 .

The consensus sequences generated by CAP3 were mapped using PaPaRa 599 against the fixed reference multiple sequence alignment (MSA).

Then, the sequences were mapped into the reference species phylogenetic tree using the evolutionary placement algorithm (EPA) in RAxML (v8.2.11) 600,601 using the same nucleotide substitution model used to infer the phylogenetic reference tree.

A script was developed in our laboratory to parse the output format 602 of the EPA.

For better identification of the sequences, in parallel, the contigs were aligned against the whole PaVe database, including 330 PVs genomes at the time of the analysis (updated on March 2017), using the Blastn algorithm in the Blast package (v2.6.0+). Krona tool 603 was used for the graphical representation of the data.

PVampliconfinder

PVAmpliconFinder uses alignment similarity metrics, in combination with molecular evolution time for improved identification and taxonomic classification of novel PVs.

PVAmpliconFinder takes paired-end FASTQ files as input and, as the first step, using

TrimGalore 538 , performs a quality trimming of the raw sequencing data, removing adapter and primers sequences (Figure 41 A). This step also discards low-quality bases, sequences of less than 32 bp, poly-A sequences, and reads with low average quality score.

The quality of the sequences is assessed before and after the trimming step, using FASTQC 533 and MultiQC 593 .

Then, merging of the paired reads, de-replication, de novo chimera detection, and de novo clustering steps are performed using VSEARCH 594 tool. The merging step is followed by the generation of a FASTQC report for a quality check, enabling the identification of primer contamination (Figure 41 B).

The de-replication step collapses identical sequences into a single template keeping the information on the number of reads used to form the final template, reducing the data complexity.

The de novo chimera detection step identifies and removes chimeric DNA sequences that can occur during PCR amplification, especially when sequencing a unique region.

The de novo clustering step groups the sequences sharing more than 98% level of identity (default value), and the resulting unique sequence is used for the downstream analysis.

Follows the identification of the PV-related sequences (Figure 41 C) trough alignment against the complete NCBI "nt" nucleotide sequence database, which includes all sequences from all species (Figure 41 C). Next, groups of sequences are defined based on two characteristics: the best MegaBlast subject sequence for each query, and the percentage of similarity of each sequence with its corresponding best subject sequence. As a result of this process, the sequences are divided into two groups: putative known PVs and putative new PVs (Figure 41 C).

The grouped sequences are then de novo assembled using CAP3 595 de novo assembling tool, extending the sequence lengths to cover the full L1 region targeted by the different primer systems used in the PCR step (Figure 41 D).

The extended PV sequences are classified using two methods. The first is based on the taxonomic classification of the best subject match (using the e-value computed by Blastn 604 ) when aligned against a comprehensive database of PV sequences (the full L1 gene nucleotide sequence database available in the PaVE 171 database). The second is based on molecular 

Long-distance PCR, cloning and Sanger sequencing

After the identification of the sample positive for a specific putative novel HPV type, outwarddirected PCR was performed for the amplification of the whole genome of the virus. The primers were designed based on the L1 sequences obtained from the NGS.

TaKaRa LA Taq ® Hot Start (TAKARA Bio Inc., Kusatsu, Japan) enzyme was used to perform longdistance PCR, in agreement with the manufacturer's instructions. After, the PCR products were 120 cloned using Topo XL PCR cloning kit ® (Thermo Fisher Scientific, Waltham, USA), in agreement with the manufacturer's instructions.

Especially for some portion of the viral genome, where the sequence identity was uncertain since potential errors could be introduced by the reaction with the TaKaRa enzyme, additional PCRs were performed using AmpliTaq Gold™ DNA proofreading enzyme, (Thermo Fisher Scientific, Waltham, USA).

Sanger sequencing analyses were conducted by the GATC Biotech company (Costanza, Germany). This sequencing service uses cycle sequencing technology (dideoxy chain termination/cycle sequencing) on an ABI 3730XL sequencing machine. The assembling of the sequences was carried out using CAP3 DNA sequence assembly program 595 .

Specific aim #3 1. Human specimen

In the previous steps of the present work, the strategies used for the identification of novel HPV types allowed the discovery of HPV-ICB2 (accession number MK080568), a novel beta-2 HPV type with a genome of 7441 bp in length.

This virus has been isolated from a human forearm skin swab sample and fully characterized in our laboratory. The sample was originally collected for the VIRUSCAN study mentioned above.

DNA extraction and Rolling circle amplification

The DNA extraction of the swab specimen was conducted using QIAquick PCR purification columns (Qiagen). The purified DNA was digested with NotI (NEB) and Plasmid Safe (exonuclease V, Epicentre), then ethanol precipitated. The pelleted DNA was re-suspended and amplified using Illustra TempliPhi 100 RCA kit (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) as described by Schowalter et al. . 606 with supplementation of 450 μM dNTPs as described by Rector et al. 607 .

MinION library preparation

The SQK-LSK109 protocol for 1D PCR barcoding amplicons was followed to generate three independent libraries (Figure 42).

The entire genome of HPV-ICB2 was amplified form a 1/100 dilution of the RCA product, using KAPA HiFi HotStart ReadyMixPCR kit following the manufacturer's instructions (KAPA biosystems, Boston, MA, USA). HPV-ICB2-specific outward-directed primers tailed with MinION adapters were used for the amplification.

The sequences of the tailed primers used are: forward primer, 5'-TTT CTG TTG GTG CTG ATA TTG CCA GAC AGA ACA CAT CTT TTG ATC C-3' and reverse primer, 5'-ACT TGC CTG TCG CTC TAT CTT CTC GTC CCG TGA CCC ACC CTG A-3'. These primers were used at a final concentration of 1.6 pM each.

These primers were designed based on the NGS sequencing data obtained in aim #1 of the present work and specifically on an L1 fragment of 99 bp.

Only proofreading polymerases were used to avoid the introduction of errors during the amplification steps. A C1000 Touch thermal cycler (Bio-Rad Laboratories, Inc.) was used for the amplification, with the following protocol: an initial denaturation step of 3 minutes at 95°C followed by 35 cycles of denaturation at 98°C (20 seconds), annealing at 64°C (15 seconds), and extension at 72°C (8.5 minutes), with a final extension at 72°C (10 minutes) to generate a 7485-bp product.

Then, purification of the PCR product was conducted using a QIAquick gel extraction kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The barcodes used are BC01, BC02, and BC03 from the PCR Barcoding Expansion 1-12 kit (EXP-PBC001, Oxford Nanopore Technologies, Oxford, UK).

The PCR was performed with the following conditions: an initial denaturation step of 3 minutes at 95°C was followed by 35 cycles of denaturation at 98°C (20 seconds), annealing at 62°C ( 15seconds), and extension at 72°C (8,5 minutes), with a final extension at 72°C for 8,5 minutes.

The PCR was followed by a purification step using Agencourt AMPure XP beads (Beckman Coulter, Pasadena, California, USA) with a 1.8x beads to sample volume ratio following the manufacturer's instructions. Then, the purified product was resuspended in 40 µl of Invitrogen™ UltraPure™ DNase/RNase-Free distilled water (Gibco, Life Technologies, Paisley, UK).

MinION sequencing run

Following the SQK-LSK109 protocol (Oxford Nanopore Technologies, Oxford, UK), DNA repair, end-prep, adapter ligation, and clean-up steps were performed. The adapted and purified DNA was then quantified using Qubit fluorometer (Thermo Fisher Scientific, Waltham, USA) and loaded into the MinION sequencing flow cell according to the manufacturer's instructions (Oxford Nanopore Technologies, Oxford, UK). The kind of flow cell used for this experiment is the FLO-MIN106D. As shown in figure 42, two different sequencing protocols were used. In protocol A, three consecutive runs of 12 hours each were performed sequencing the three libraries separately (BC01, BC02, and BC03). Finally, a run of 48 hours was performed by pooling all the three libraries together.

After each run, the flow cell was cleaned using a Flowcell Wash Kit (Oxford Nanopore

Technologies Oxford, UK) following the manufacturer's instructions. (https://github.com/rrwick/Porechop) was used to remove adapter sequences from the raw reads and NanoFilt v2.2.0 (https://github.com/wdecoster/nanofilt) 611 to extract long (>200 bp) and highquality reads. Additional size and quality filtering steps were performed using Filtlong v0.2.0 (https://github.com/rrwick/Filtlong), removing reads shorter than 200 bp and low-quality reads (Figure 43).

After, consensus sequences were generated using SPAdes v3.10.1 612 . Two BLAST analyses were performed to assess the effectiveness of the filtering steps, one using the Megablast algorithm, after the base-calling, and another using Blastn on the contigs generated by SPAdes (Figure 43).

The second BLAST analysis allowed the identification of the closest HPV type that will be used as a reference for the filtering of the sequences.

CAP3 assembling tool 613 was used for a second assembling level, generating longer consensus sequences (Figure 43). Porechop v0.2.4, NanoFilt v2.2.0, Filtlong v0.2.0, SPAdes, and CAP3 tools were added in a script named "MinION_reads_filtering_pipe_steps2to6.py"

(https://github.com/IARCbioinfo/MinION_pipes).

BLASTn from the BLAST v2.9.0+ package 604,614,615 and MUSCLE v3.8.1551 616 were used to guide the assembling of the consensus sequences representing the virus, using the closer HPV type identified earlier, as reference.

At this point, a draft genomic sequence, representative of the whole genome of the virus was obtained. Draftpolisher cov v1.0 with default parameters was then used to remove potential errors that occurred in the assembling steps (Figure 43). Draftpolisher is an in-house script, developed in our laboratory, performing an alignment of the draft sequence with a reference genome, using the MUSCLE alignment tool, to identify the mismatches and gaps between the two sequences.

Then, the tool extracts k-mers of size 2*k+1 (k default parameter = 8 bp) representative of each of the mismatches and gaps, from both the query sequence (draft sequence) and the subject sequence (the "reference" genome).

At this point, the tool interrogates a database of sequences represented by the SPAdes assembling output, and the k-mers frequency (i.e., the number of occurrences of each k-mer) is evaluated for both draft and reference sequences. Per each not matching position, the k-mer frequency is evaluated comparing the draft and reference sequence, and this is used to generate the final polished sequence.

In the case of equal frequencies, the nucleotide from the draft sequence is selected by default.

Draftpolisher acts at the consensus level and generates a polished sequence in a few minutes.

The second step of signal-level polishing is performed using Nanopolish v0.11.0(https://github.com/jts/nanopolish) 609 , (Figure 43).

For this last step of polishing, a Nanopolish-based pipeline was developed in our laboratory, including Minimap2 v2.15 (https://github.com/lh3/minimap2) 617 and SAMtools v1.9

(https://github.com/samtools) 618 together with Nanopolish, for the processing of the sequence.

Nanopolish was used to improve the assembly using the FAST5 raw data as a reference.

Minimap2 and SAMtools were used to align the reads to the draft sequence and to sort alignments, respectively.

A script named "nanopolish_pipe_step9.py" including this Nanopolish-based pipeline (https://github.com/IARCbioinfo/MinION_pipes) was developed in our laboratory.

The RCA and PCR steps used to amplify the viral genome produced a large number of redundant sequences, making the Nanopolish step problematic because of the characteristics of the algorithm. To reduce the number of redundant sequences to be processed by Nanopolish, the raw FASTA file of the sequences was divided into 200 smaller files by using Fasta-splitter v0.2.4.

1. Isolation of novel HPV types using broad-spectrum primers and NGS Novel and well-validated sets of primers, targeting the HPV L1 ORF were used in combination with NGS for the detection of putative novel HPV types. Two types of human specimens were analyzed, skin swabs and oral gargles.

Design and validation of the novel HPV PCR primers

New primers were designed to identify putative new HPV types. We focused our research on the identification of new beta HPV types, and thus known beta types have been selected and aligned to define consensus sequences.

As a first approach, the L1 open reading frame (ORF) of the known beta-3 HPV types (HPV49, 75, 76, 115) was considered and aligned using the Clustal W2 multiple sequence alignment tool 619 , allowing the generation of two new sets of primers for the amplification of HPV sequences, (i) a mix of 11 specific primers named beta3-1 and (ii) a second mix of broad-spectrum degenerated primers named beta3-2. The composition of the new primers set is shown in table 5.

The second approach was to modify the original FAP primers 592 , developed in 1999, representative of 77 HPV types from different genera 7).

Therefore, three new broad-spectrum degenerate primers, namely FAP59.1, FAP59.2, and FAP64.1, were generated based on the original FAP primers sequences. The original FAP primers were modified according to the alignment of the L1 sequences from all the known HPV beta types (Table 7). These new primers, while keeping a general broad-spectrum nature, allowing the identification of a broad spectrum of HPVs, are slightly more beta-types oriented.

Two different mixtures were generated using these new primers. The FAPM1 mix includes the original FAP primers (i.e., FAP59 and FAP64) and the new ones (i.e., FAP59.1, FAP59.2, and FAP64.1) while the FAPM2 is a mix of FAP59.2 and FAP64.1, two of the new primers generated (Table 5).

To test the specificity and sensibility of the primers, artificial mixtures of known HPV types cloned genomes and human genomic DNA, were used to mimic the experimental conditions.

The Beta-3 protocol allowed the detection of beta-3 HPVs with a limit of detection of 10 copies.

FAPM1 protocol allowed the detection of beta-2 and beta-3 HPV types with a limit of detection of 10 copies.

FAPM2 protocol allowed the detection of beta-2 HPV types with a limit of detection of 10.000 copies, while for beta-3 the detection limit was 10 copies. As an example of the sensitivity and specificity test performed on the new sets of primers, figure 44 shows the results obtained for FAPM1 protocol using a 10-fold dilution series of HPVs 38 and 49. 1.2 NGS data analysis: Characterization and taxonomic classification

The different PCR protocols described above were used to amplify randomly selected DNA extracted from skin swabs (n=119) and oral gargles (n=147) collected from healthy individuals (Table 8).

Table 8: Description of the PCR and NGS pools. Per each of the pools, the PCR protocol and the kind of specimen used are specified

After the amplification, the PCR products were mixed, generating eight pools (Table 8) and sequenced using Illumina MiSeq platform.

The NGS analysis produced a total of 50,017,076 paired-end raw reads that after quality trimming, de-replication, and chimeric PCR sequence removal, were reduced to 23,647,656 (47.3%). The PV related reads were identified by aligning them to the whole NCBI database (nr/nt, March 2017) using the MegaBlast algorithm. A total of 16,043,298 raw reads (roughly 67% of the filtered reads)

were representative of PV sequences.

After, according to the RaxML-EPA classification, from the 119 skin samples, a total of 265 different PV types were identified (Figure 45 A; Table S1). The majority of the sequences were representative of the alpha (33.4%) and beta (29.5%) genera, describing the PV distribution in the skin.

Moreover, the 12.9% of the reads were assigned to taxonomically unclassified PV sequences (hereafter called "unclassified PVs"): bovine papillomavirus type 19 (BPV19), equine papillomavirus type 8 (EcPV8), Myotis ricketti papillomavirus 1 (MrPV1), Pudu puda papillomavirus type 1 (PpuPV1), and Sparus aurata papillomavirus type 1 (SaPV1). In addition, 9% of the reads were related to the genus gamma.

Using the FAPM1 protocol, a total of 107 PVs (8 alpha, 37 beta, 60 gamma, and 2 mu) were identified. CUT primers allowed the detection of 118 PVs (11 alpha, 36 beta, 68 gamma, 2 mu, and 1 nu) while FAP primers of 87 PVs (3 alpha, 34 beta, 49 gamma, and 1 mu).

The combined beta-3-1 and beta-3-2 protocols amplified mainly a non-human PV type: Colobus guereza monkey papillomavirus type 1 (CgPV1). Moreover, they allowed the detection of HPV16

(2 reads), five different beta HPV types (797,800 reads), of which three beta-3 types. The combination of the beta-3-1 and 2 protocols also allowed the detection of two non-referenced gamma HPV types (HPV-mDysk1 -KX781280 and HPV-mDysk6 -KX781285).

From the sequencing of 147 oral samples, a total of 161 different HPV types were identified. Here the most represented genus was the beta (29.5%), followed by gamma (19.6%) and alpha genera (7.8%) (Figure 45 B; Table S2).

Also, in the oral samples, a substantial fraction of reads were representative of taxonomically unclassified PV types: EcPV8, Miniopterus schreibersii papillomavirus type 1 (MscPV1), PpuPV1, and SaPV1 (Figure 45 B; Table S2).

In the oral samples, FAPM1 and FAPM2 protocols, allowed the detection of 55 different PV types (4 alpha, 30 beta, and 21 gamma) and 42 PVs (5 alpha, 21 beta, and 16 gamma), respectively.

The use of CUT protocol allowed the detection of 46 PV types (6 alpha, 17 beta, and 23 gamma) in the oral samples (Figure 45 B; Table S2).

A total of 745,860 reads in the skin and 163,448 reads in oral samples were assigned to taxonomically classified non-human PVs (i.e., PVs not belonging to the genera alpha, beta, gamma, mu, and nu) (Tables S1 andS2; Figure 45). Based on the initial blast analysis, performed using Megablast algorithm, the NGS sequences were divided into two groups: (i) known PV types (i.e., the sequences with ≥ 90% of similarity with the L1 genomic region of known PVs) and (ii) putative new PV types (i.e., the sequences with < 90% similarity with the L1 genomic region of any known PV type).

After this step of subgrouping, the sequences were subjected to the contigs generation step, using CAP3 de novo assembling tool, and then classified using RAxML-EPA tool.

A total of 8,002,617 reads were found to be representative of known PV types and the majority belonging to the genus beta (2,358,670 reads), followed by alpha (1,992,264 reads) and gamma

(1,002,061 reads) (Figure 46 A).

A total of 1,678,061 reads was assigned to the "unclassified PVs" category, mainly represented by SaPV1 (KX643372.1).

A total of 2,588,649 reads (pool 1, Table 8), were produced using beta-3-1 and beta-3-2 primers in skin samples. Alpha was the most represented genus (56.6%) followed by genus beta (30.8%) (Figure 46 A).

Using the FAP primers (pool 2), a total of 985,675 reads were produced in skin samples, with the 40.8% representative of the genus beta, followed by genus gamma with the 14.5% of the reads (Table 8; Figure 46 A).

A total of 861,810 reads were generated in pool 3 using the FAPM1 protocol on skin samples.

The most represented genera detected using this protocol were alpha (23.3%), beta (13.6%), gamma (14.3%), and mu (7.6%), (Figure 46 A).

Using the same PCR protocol (FAPM1) in pool 6, a total of 244,587 reads were generated. Here, the beta genus was the most represented with 53.6% of the reads followed by genus gamma (12.3%), while the alpha genus was poorly represented in this pool with the 0.1% of the reads (Table 7; Figure 46 A).

A total of 884,923 reads were generated using CUT primers on skin samples (pool 4). In pool 4, the most represented genus was gamma (23.3%) followed by beta (19.5%) and alpha (13%).

In oral samples (pool 7), CUT primers allowed the generation of 78.060 reads, and again the most represented genus was the gamma (17.2%) followed by beta (11%) and alpha (2.1%), (Table 7;

Figure 46 A). In pool seven, a high proportion of reads (43.4%) were assigned to the category "unclassified PVs" with SaPV1 identified as the closest PV type to these sequences.

In pool 5, using FAPM2 protocol in oral samples, 466,004 reads were produced with a distribution of 9.3% alpha, 39.6% beta, and 32.5% gamma PV-related sequences (Table 7; Figure 46 A).

Additionally, in pool 8 were the products of five PCR protocols (Table 7) were pooled, a total of 1,892,909 reads were generated, of which 24.5% representative of beta, 8.8% alpha, and 17.6% gamma PVs. Also, in this pool, the highest proportion of reads (44.3%) was representative of "unclassified PVs" with SaPV1 identified as the closest PV type to these sequences. (Figure 46 and Table S2).

Considered altogether, the reads related to PV sequences identified in this analysis are representative of a total of 296 different known HPV types. These include: (i) 30 alpha types, of which 14 were found in skin samples, 8 in oral samples, and 8 in both tissues; (ii) 54 beta types of which 13 were from the skin, three from the oral cavity, and 38 from both tissues; (iii) 123 gamma types of which 70 were isolated from the skin, eight from the oral cavity, and 45 from both anatomical sites; (iv) 3 mu types of which one was found in the skin and 2 in both skin and oral samples; (v) 1 nu found in the skin.

Moreover, six unclassified PV types were detected, two in the skin, one in the oral samples and 3 in both sites (data not shown).

Regarding PV sequences not related to any of the main HPV genera (alpha, beta, gamma, mu, and nu), a total of 909,308 (11.3%) reads were identified, representative of 79 different PVs, of which 34 were identified in the skin, 11 in the oral cavity and 34 in both sites (data not shown).

A total of 19.032 reads identified, were representative of putative new HPV types (with < 90% similarity to known PVs).

The beta genus was the most represented in this group of sequences (35.6%) followed by gamma genus (23.2%), (Figure 46 B; Table S3).

By using beta-3-1 and beta-3-2 protocols in pool 1, 22 reads (26.8%) representative of 2 putative new beta-3-related sequences were identified (Fig. 3B; Table S3). Additional 54 reads (65.8%) were identified in the same pool, representing an unclassified PV. However, by considering a smaller contig from the same cluster, a correlation with Psipapillomavirus was found (Table S3).

Six reads (7.3%) were related to Dyophipapillomavirus 1, but according to the PaVE classification, a correlation with HPV115 was found.

In pool two were the FAP protocol was used on skin samples, 40 reads (1.2%) were representative of new beta HPV types, and 2228 reads (69.2%) of new gamma types.

A total of 116 reads were representative of unclassified PV types according to the RAxML-EPA classification. Among them, two sequences were related to MTS2 623 (gamma-7) according to the PaVE classification.

Additional 833 reads were assigned to Taupapillomavirus 3, 4 reads to Deltapapillomavirus 5, and 3 reads to Dyorhopapillomavirus 1 (Table S3).

In pool 3, where FAPM1 was used on skin samples, 294 reads (70.2%) were representative of new beta, 48 reads (11.5%) of new gamma, 52 reads of new delta-2 (12.4%), and 7 reads of new lambda-3 (1.7%) PV types.

In pool 6, where the same protocol was used with oral samples, 21 reads were assigned of putative new PVs, of which 9.5% related to beta-1 HPV types, 23.8% to Sigmapapillomavirus 1, and 66.7% to Dyoiotapapillomavirus 2, considering the RAxML-EPA (Figure 46 B; Table S3).

In pool 6, no putative new gamma types were identified.

In pool 4, the use of CUT protocol on skin samples allowed the identification of 2126 reads (72.7%) representative of putative new gamma HPV types and a smaller fraction (4.2%) of beta types. In the same pool, 12 reads were related to nu, 12 to alpha types (species alpha-2 and alpha-3), and two reads to Lambdapapillomavirus 3 (alternatively identified as canine papillomavirus 6 according to the PaVe classification). An additional eight non-human PVs were identified (Table S3) in the same pool.

In pool 5, when FAPM2 was used on oral samples, 6295 reads (99.9%) were identified as putative new beta, and the 0.1% of the reads were representative of putative new gamma types (Figure 46 B; Table S3).

In pool 7, when the CUT protocol was used with oral samples, a putative new non-human PV, related to Chipapapillomavirus 2, and an "unclassified type" were identified according to the RAxML-EPA classification.

Both these two sequences were assigned to species beta-1 when the PaVe classification was considered (Table S3).

For pool 8, the majority of reads were assigned to unclassified PVs (3308 reads), Treisdeltapapillomavirus 1 (2713 reads), and other non-human PV genera (Treisepsilonpapillomavirus, Treisdeltapapillomavirus, and Treiszetapapilloamvirus; 16 reads). In this pool, a minority of reads were assigned to beta (0.07%) and mu (0.3%) HPVs.

In total, 105 putative novel HPV types were identified, including 29 beta HPVs, of which 21 were found in skin and 8 in oral samples.

Regarding gamma genus, 30 putative novel HPV types were identified in skin and 2 in oral samples, while for the alpha genus, only two putative new viruses were identified in the skin.

One putative new mu HPV type was identified in the skin, and 24 PVs, not belonging to any known HPV genera, were identified, of which 17 were found in the skin and 7 in oral samples.

Finally, 15 unclassified PVs were identified in the skin and 2 in the oral samples. Nine of these reads were found to be related to beta and eight to gamma HPV types, using the PaVe classification. 

Pipeline improvements and development of PVAmpliconFinder

In the second step of our work, the strategy used to analyze the NGS sequencing data for the detection of putative novel HPV types was further implemented and automatized.

PVAmpliconFinder, a data analysis workflow designed to rapidly identify and classify known and potentially new Papillomaviridae sequences from NGS amplicon sequencing with degenerate PV primers, was developed.

NGS and data processing

The PVAmpliconFinder workflow was applied to the data obtained from a preliminary study where targeted sequencing NGS was used to identify new PVs in human skin swab specimens and oral rinses from healthy individuals.

The samples were amplified using different primers, all targeting a portion of the HPV L1 ORF.

After the amplification, the samples were grouped based on the PCR protocol used, and eight pools were generated, and paired-end sequenced using the Illumina MiSeq system. A total of 2.65 million raw reads were generated (331,359 raw reads on average per sample pool) (Table 9 A). After the quality trimming, around 2% of reads were removed (Table 9 A).

The merging of paired reads reduced by at least two-fold the total number of sequences and extended the average size of the sequences. Around the 90% of reads were merged for all the samples, except for DNA sample pool 6, where only 60% of the reads were merged ( identified by both BlastN and RaxML-EPA (Data not showed). The second most represented group was constituted by "unclassified" sequences identified by MegaBlast (28% of the sequences), using the NCBI nt database.

Based on MegaBlast identification, the third most represented genus was the gamma genus (i.e., 24% of gamma-related sequences), followed by the alpha genus (2%) and a small proportion of Lambdapapillomavirus (0.03%) due to the identification of a feline PV partial cds sequence (EF535004.1) in sample pools 1 and 2 (Data not shown).

Based on BlastN and RaxML-EPA identification, the second most represented group was constituted by unreferenced PVs, with a major subset putatively classified as unreferenced

Gammapapillomavirus sequences (about 17%) and a small subset as unreferenced

Betapapillomavirus sequences (about 1%).

According to both BlastN and RaxML-EPA identification, the third and fourth most represented genera were the referenced gamma and alpha PVs (Figure 47 B and C). BlastN could not classify 0.008% of the sequences due to the best subject sequence associated with an e-value under the threshold defined as 1e-1 (Data not showed). RaxML-EPA classified the 0.8% of the sequences as "unclassified". Those sequences presented homology to a newly described Erethizon dorsatum PV (EdPV2; MH376689). Forty-six reads that were unclassified by BlastN (due to the e-value threshold) were classified as Taupapillomavirus by RaxML-EPA, with homology to Felis catus PV type 4 and 5 (Data not shown). and PV_3 (Table 10). According to MegaBlast, the best blast hit for PV_1 is an unreferenced Gamma-12 complete genome. Based on the BlastN and RaxMLEPA, PV_1 has its best hit with HPVmSK197 (MH777339), from the PaVe database. MegaBlast find the best hit for PV_2 in an unreferenced Gamma-13 complete genome (MF588722). Using the BlastN classification, PV_2

found its best hit in HPV-mEV03c45 (MF588721), an unreferenced Gammapapillomavirus genome, and RaxML-EPA to HPV213 (MF509818), a referenced, but unofficially classified Gammapapillomavirus genome.

C

For PV_3, MegaBlast found the best hit in an unclassified partial cds of the isolate GC04 (FJ969896), while it was related to the unreferenced HPV-mSK014 (MH777162) by both BlastN and RaxML-EPA identifications. The sequences representative of these putative new PVs ranged from 160 to 372 nucleotides in size, and all sequences presented more than 15% of dissimilarity with non-referenced PV sequences based on MegaBlast. All were amplified from skin DNA samples, using FAP 592 and CUT 383 primers.

A previous analysis of the same data had led to the characterization of the full genome sequence of a novel Gamma-8 PV (Table 10, "37VIRUSput") 624 . The official name HPV224 was assigned to this new virus. PVAmpliconFinder performed a correct classification and identification of this new virus. Starting from the NGS data, described in the paragraph "Isolation of novel HPV types using broad spectrum primers and NGS" of "specific aim #1" of the present work, a novel beta-HPV type was identified. After, using Sanger sequencing and a primer walking strategy, its genome was fully characterised.

Full characterization of the novel HPV genome

Starting from the NGS data described in the aim #1 of the present study, a partial L1 region sequence (99 bp) representing a putative new beta HPV type was isolated from the skin samples.

Specific primers were designed based on this partial L1 sequence and used to screen the original skin samples to identify the one positive for the specific putative new virus.

After the identification of the positive sample, rolling circle amplification (RCA) was performed to enrich the sample of viral copies, according to the manufacturer's instructions (illustra TempliPhi 100 amplification kit; GE Healthcare, USA).

To obtain the whole HPV genome, long-range PCR was performed on the RCA product using PrimeSTAR GXL DNA polymerase (TaKaRa Bio), outward-directed primers specific for HPV ICB2

(forward primer, 5′-CAGACAGAACACATCTTTTGATCC-3′; and reverse primer, 5′-TCGTCCCGTGACCCACCCTGA-3′). In the E7 protein are present one zinc-binding domain [CxxC(x)29CxxC] and one LxCxE motif 183 .

In the carboxy terminus of the E1 protein was identified one ATP-binding site (GPPDTGKS) for ATP-dependent helicase activity.

The complete genome sequence of HPV ICB2 is available in GenBank under accession number MK080568.

1. MinION sequencing for the reconstruction of the whole genome of HPV ICB2

The genome of HPV ICB2 was characterized in specific aim #2 of the present work, using a primer walking strategy. Here, the MinION sequencing technology (ONT) was tested to evaluate his capability in sequencing the whole genome of HPV ICB2. A new bioinformatics tool and a pipeline were developed for the analysis of the MinION sequencing data.

1.1 MinION sequencing and assembly using three independent runs (Protocol A)

The 1D PCR barcoding amplicons (SQK-LSK109) protocol was used to generate three different DNA libraries, after sequenced using a single MinION flow cell (R9.4.1), performing three consecutive 12-hours sequencing runs. The protocol "check your flow cell" in the MinKNOW software, was used to measure the number of available nanopores before each sequencing run.

The number of active nanopores decreased from run 1 to 3 (1577, 1124, and 857 respectively), maintaining the guaranteed level for an optimal sequencing run (800 pores). In total the runs generated 9,354,933 raw reads (run 1: 3,186,245 reads; run 2: 2,464,705 reads; and run 3: 3,703,983 reads). Roughly 92% of the reads generated by runs 1 and 2, and 82.8% of the reads from run 3 passed the quality control (QC) filtering (Table 11).

Under review: Rosario N. Analysis of the similarity between the sequencing reads and the reference genome of HPV-ICB2

(Figure 49 B) showed the presence of seven nucleotide positions (positions 882, 2165, 2612, 3491, 3492, 4182, and 4256) with the highest error rate in all three runs. The average error rates were 4.8, 4.3, and 4.6% for runs 1, 2, and 3, respectively, considering the raw sequences (Table 11).

BLAST tool was used with the Megablast algorithm and the whole nucleotide collection (nr/nt, February 2019) database, to identify the MinION sequences. The majority of the reads found their best match in HPV-ICB2 (78.7, 90.8, and 84.0% for runs 1, 2, and 3, respectively). The remaining reads were representative of bacteria, archaea, eukaryotes, cloning vector sequences, and other viral sequences (Table 11).

After read filtering and SPAdes assembly, a second BLAST alignment was performed using the BLASTn algorithm (Figure 43), and thus 99.9% of the contigs where identified as HPV-ICB2 in all three runs (data not shown).

After, the contigs generated by CAP3 were used to reconstruct the whole genome of HPV-ICB2.

For runs 1, 2, and 3, the percentage of identity to HPV-ICB2 was 97.56, 97.66, and 99.02%, respectively. Following, two polishing steps, using the DraftPolisher and Nanopolish tools, were performed (Figure 43), improving the percentage of identity with HPV-ICB2 to 99.95, 99.93, and 99.93% for runs 1, 2 and 3, respectively.

Lastly, after the alignment of the three genomes using MUSCLE, a consensus sequence was generated. The final percentage of identity to HPV-ICB2 was 99 11 and Figure 49 A). The similarity analysis of the MinION reads to the reference HPV-ICB2 genome showed that the seven nucleotides with the highest error rate were placed at the same nucleotide positions observed in runs 1-3 (Figure 49 B). More than 99% of the contigs were identified as belonging to the HPV-ICB2 genome after reads filtering and SPAdes assembly (data not showed).

The assembly of the contigs generated by CAP3 from each barcoded library allowed the reconstruction of the entire genome of HPV-ICB2, with percentages of identity to the reference genome of HPV-ICB2 of the 99.34, 98.69, and 96.86% for BC1, BC2 and BC3, which increased to 99.89, 99.87, and 99.92% after two polishing steps, respectively.

Finally, after the alignment of the three genomes performed with MUSCLE, a consensus sequence was obtained. The final percentage of identity to the reference genome of HPV-ICB2 was 99.89% (8 nucleotide gaps). In the past, broad-spectrum primers, such as FAP and CUT primers, have been used successfully to identify new HPV types 382,383 .

Though, this strategy is quite laborious and time-consuming, enabling mainly the identification of the most represented HPVs and resulting ineffective in the context of multiple infections.

With the advent of NGS and other molecular biology tools, in the last few years, the discovery of new HPVs has accelerated 409,629 .

NGS showed to be effective also in detecting low-copy HPVs and to discriminate multiple infections 400,[630][631][632] .

In this work, specific or degenerate primers targeting the L1 region of a broad spectrum of HPVs were used in combination with NGS, to discover new HPV types, particularly from the genus beta.

This strategy implies the selective enrichment of PV sequences before the NGS, and similar approaches have been described in other works 209,400,401 . Around two-thirds of the reads generated, were related to PV sequences.

Different studies showed that beta HPV types might be involved in pre-malignant and malignant skin lesions, generating a growing interest in the biology of this HPV genus 183,633 . Species beta-3

HPV types have been identified in the skin, and mucosal epithelia 186,401 and functional studies have highlighted some biological similarities between beta-3 and mucosal HR HPV types. Beta-3 HPV49 showed transforming activity in primary human keratinocytes, and shares some features with HPV16 189,190 .

Therefore, one major objective of our study was to expand the species beta-3, which includes only 4 HPV types, by using beta-3 consensus and degenerate primers.

With our protocol, that combines the use of different PCR protocols for the detection of HPV sequences and NGS, a total of 105 putative new PVs were discovered, in addition to the detection of 296 known PV types. A substantial number of beta and gamma HPV types were identified in the oral cavity, supporting the hypothesis of a possible mucosal tropism. Nevertheless, environmental contamination of the oral cavity cannot be excluded. Also, numerous other sequences related to unclassified and non-human PVs were detected in skin and oral samples.

The presence of non-human PVs in the skin and oral samples can be due to environmental contamination. Though, cross-species transmission of PVs between animals and humans may also be hypothesized 634,635 , although PVs are usually considered to be highly host-restricted (with a few exceptions). Interspecies transmission events have been considered, for example, in studies where sequences related to bovine PVs have been found in horses and other equids 636,637 .

Different cases of cross-species transmission of PVs have been reported. For example, between bat species 638 , between rhesus and cynomolgus macaques 639 and, between humans and cats 640,641 ; however, additional studies are needed to confirm the latter. Moreover, the definition of "non-human" PV genera needs to be interpreted with attention as they may also include some HPVs. Also, alpha and beta genera include a few non-human primate PVs 3-related sequences were identified in skin samples using the beta-3-1 and beta-3-2 protocols, (according to the RAxML-EPA classification), potentially expanding the beta-3 group to 8 PV types. In vitro experiments are required to characterize these PV types, to understand whether these types share biological features with HPV49 189,190 . A broad range of PV types was detected in skin and oral samples using the CUT primers, including alpha PV types, as previously reported 383 . Instead, the original FAP protocol was much less effective in identifying alpha types.

In oral samples, using the FAPM1 and FAPM2 protocols, the largest number of putative new PVs was identified.

In contrast, in skin samples, the largest number of putative new PVs was identified using the CUT primers. In skin samples, the FAPM1 and CUT protocols showed a good capability in detecting new PV types, belonging to non-human PV genera. In this study, a total of 62 putative new beta and gamma HPV types were detected, as well as 24 putative non-human PVs, in both skin and oral samples. The role of HPVs belonging to the gamma genus in human diseases is not clear.

Nevertheless, HPV197, from species gamma-24, that constitute a small group of viruses has recently been found in human skin cancer samples 208,209 The whole NCBI nt database is used for the MegaBlast analysis performed by PVAmpliconFinder.

This step allows the retaining of only PV related sequences favoring the generation of unbiased results. A de novo assembly step is performed, after the identification of known and putative new HPV-related sequence, to reconstruct the longest sequence for each potential PV identified.

PVAmpliconFinder uses sequence similarity and homology for an advanced identification and taxonomic classification of the sequences. The PaVe database, which also includes many "not referenced" genomes, is used with the Blastn algorithm to compute the sequence similarity 172 .

Using MegaBlast and BlastN classifications, PVAmpliconFinder identified most of the PV sequences, but using this approach, a consistent number of sequences remain unclassified because they match against incomplete L1 cds.

Furthermore, pairwise alignment with a low percentage of similarity raises a concern about the pertinence of the results produced. For example, regarding the putative new sequences identified in the application example reported here, all having at least 15% of dissimilarity against their best match. Thus, RaxML-EPA 601 was used to obtain an alternative identification of the sequences. A multiple sequence alignment is used to infer evolutionary time and to generate a phylogenetic reference tree of selected species. After, the Parsimony-based Phylogeny-Aware Read alignment (PaPaRa) algorithm is used to find the best position of the different sequences into the reference multiple sequence alignment 605 . Thus, RaxML-EPA is used to find the best position of those sequences in the reference tree. Also, the evolutionary-based method used here to identify the sequence has his limitations, and the classification of the sequences has to be considered carefully. RaxML suffers from long-branch attraction error, where distant lineages are inferred to be close relatives because both have undergone a large number of changes. In our experiment, the classification by EPA, identified Erethizon dorsatum sequences, and this could be due to the limitations of this approach in identifying some sequences correctly. Erethizon dorsatum PV is a recently referenced but unclassified virus 643 , presenting substantial differences from other known PVs on its L1 gene, and thought to represent a new genus in the Papillomaviridae family. Further analyses are required to characterize the sequences and to verify their real correlation with Erethizon dorsatum PV.

Another important point to consider is the possibility of cross-contamination events between samples during library preparation, amplification, and sequencing, or environmental contamination that are hard to detect using in silico methods. For example, low-abundance sequences may also come from cross-contamination events. In general low-abundance sequences should be considered with caution. Environmental contamination may explain the presence of non-human PV in human samples. Nevertheless, cross-contamination between species has already been described The NGS analysis produced partial L1 ORF sequences representative of 105 putative novel PVs.

The complete sequence of the L1 ORF is required to define a putative novel HPV type as truly new 168 . Therefore, to validate the effectiveness of the strategy used to detect novel HPV types, starting from the partial L1 ORF sequence of HPV ICB2 (99 bp), the putative novel HPV type obtained in specific aim #1 of the present work, the whole genome of this virus was reconstructed.

To obtain the complete viral genome, first, long-range PCR was performed after RCA, on the original skin sample, positive for HPV ICB2.

The resulting amplicon of approximately 8 kb was then cloned, and the sequence of the whole genome was obtained by Sanger sequencing using a primer-walking strategy.

The viral genome was covered at least twice, to identify and correct sequencing errors. Thirtyone sequences were generated and aligned to reconstruct the whole genome using CAP3 de novo assembling tool.

The clone has been submitted to the International Human Papillomavirus Reference Center in Stockholm (www.hpvcenter.se), and the virus name HPV227 was assigned.

The L1 open reading frame (ORF) of HPV227 showed 87.9% nucleotide identity with its closest relative, HPV37, from species beta-2 of the genus betapapillomavirus. HPV227 thus constitutes a novel human betapapillomavirus, sharing less than 90% nucleotide sequence identity with the closest HPV type in the L1 ORF 170 .

This result confirms the effectiveness of our strategy in detecting novel HPV types and contributes to the expansion of our knowledge about the diversity of the genus betapapillomavirus.

1. MinION sequencing for the reconstruction of HPV genomes

In specific aim #1 of the present work, the partial L1 ORF sequence of HPV ICB2, a putative novel HPV type, was discovered using broad-spectrum primers and NGS. In specific aim #2, the whole genome of HPV ICB2, identified as a novel beta-2 HPV type, was obtained using a primer-walking strategy and Sanger sequencing and the official name "HPV227" was assigned to this virus.

The strategies used to identify and reconstruct the entire genome of HPV227, based on Sanger sequencing and NGS, have been described previously [645][646][647][648][649][650][651] . These methodologies are lowthroughput and time-consuming, respectively. Moreover, whereas such technologies generate short reads of only up to a few hundred nucleotides, the use of metagenomics data for viral genome reconstruction can lead to the artefactual assembly of chimeric genomes. This risk is particularly high when several related HPVs are present in the sample [652][653][654][655][656] . Thus, the last aim of this study was to identify a novel strategy for the rapid and effective characterization of novel HPV types.

For this purpose, we evaluated the capability of MinION nanopore sequencer, developed by Oxford Nanopore Technologies (ONT), to sequence the whole genome of HPV227.

Many recent studies have reported the use of this technology for the sequencing of viral genomes from hepatitis B 652 , simian immunodeficiency virus 657 , Ebola virus 658 , hepatitis C 659 , herpesvirus 660 , poxvirus 661 , parapoxvirus 662 , or Zika virus 663 , with accuracies of up to 99%. A novel species of papillomavirus in giraffe lesions was also identified using this technology 664 . Moreover, several studies have used long-reads sequencing for transcriptomic studies of herpesvirus [665][666][667][668] , poxvirus 669 , and baculovirus 670,671 , or viral genome detection or analysis of avipoxvirus 672 , henipavirus 673 , and poxvirus 674 .

We established two sequencing protocols (A and B), both of which based on the sequencing of three barcoded libraries, either independently or pooled, to obtain an accurate sequence of the whole HPV227 genome and fully explore the potential of the MinION technology.

A novel bioinformatics pipeline was developed, allowing the reconstruction of the whole genome of HPV227 from both protocols with error rates of only 0.07 and 0.11%, respectively.

DraftPolisher, an in-house script that works at the consensus level, and Nanopolish, a recommended and widely used tool, performing a signal-level polishing 652,654,[675][676][677] , were used to generate high-quality consensus sequences.

Among the five errors (5 nucleotide gaps) in protocol A and the eight errors (8 nucleotide gaps) in protocol B, five (nucleotide positions 882, 2165, 2612, 3491, and 4182) corresponded to positions with the lowest percentage of similarities to HPV227 (Figure 49 B), thus representing potential systematic errors. Furthermore, sequencing errors may also be introduced during the bioinformatics analysis (e.g., base-calling or polishing steps), as reported elsewhere 652 . Though, the use of improved sequencing flow cells and chemistries and the development of ONT technologies with much better accuracy may help in generating higher quality raw data, reducing the error rate 627 . All the nucleotide gaps (N=13) identified in this study were due to the insertion or deletion of a single nucleotide within homopolymeric A (N=2), T (N=2), G (N=5), and C (N=4)

stretches. This base-calling limitation of the Oxford Nanopore technology has already been reported 627 . The potential introduction of errors occurred during the PCR steps, was verified, and no artefacts were found to be attributable to those amplification steps.

The results of this study also showed the importance of using filtering and assembly steps to avoid misclassification of the sequences. Before performing these steps, up to 21.3% of the reads were potentially misclassified as belonging to archaea, eukaryotes, or bacteria, while BLAST analysis, performed after upstream filtering and assembly steps, showed that at least 99.0% of the sequences were representative of HPV227.

In protocol B, only 560 nanopores were available for the sequencing run. Despite this low number of active nanopores, the reconstruction of the whole genome of HPV227 with a per cent identity of 99.89% was obtained, with 83% of the passed reads generated within the first 12 hours of the sequencing run.

According to our results, we can hypothesize that the use of a flow cell with at least 800 active nanopores and a single run of up to 48 hours, should allow the generation of good-quality sequencing data for the reconstruction of up to four viral genomes in triplicate. Furthermore, our data showed that a sequencing run of 3 hours was determined as the shortest run time sufficient to assemble the full-length viral genome from both protocols, with percentages of identity to HPV227 exceeding 99.9%.

The protocol described in this study can be performed in less than two weeks, representing an alternative to time-consuming methodologies generally used for the characterization of HPV genomes. The RCA step requires one day, followed by another day for the long-range PCR using HPV227-specific outward-directed primers, agarose gel purification, and library preparation. The total duration of the protocol depends on the sequencing run time and on the bioinformatics analysis, which can last several days (up to 8 days). In our analysis, SPAdes required several days to perform the de novo assembling, thus constituting the longer part of our protocol.

Between each of the runs, a washing step was performed to remove traces of DNA that could contaminate the following run. However, traces of DNA from the previous runs was detected in run 2, 3, and 4 of our study, and this phenomenon was also described in previous publications 626,627 .

However, data generated from runs 2 and 3 (Protocol A) showed that only 9.2% and 4.9% of the barcoded reads, respectively, were identified as contaminants from previous runs. Thus the impact of this technical limitation on our study is minimal. The use of different barcoded libraries on the same flow cells when applying this protocol is thus warranted. Moreover, our data confirmed that launching consecutive runs using the same flow cell leads to a drastic decrease of active nanopores. Since too many nanopores become inactive after consecutive runs, a single multiplexed run with barcoded libraries might be considered to obtain reads of sufficient quality and quantity to reconstruct multiple PV genomes.

An HPV is defined as a new type when its L1 ORF shows at least 10% of dissimilarity to the L1 ORF of the closest known type. Therefore, an error rate of around 0.1% using the MinION sequencing is tolerable to identify known or new HPV types. Additionally, this technology can be easily integrated into our protocol for the isolation and full characterization of novel HPV genomes 647,678,679 .

In conclusion, with this work, we showed that the MinION nanopore sequencer is an effective and rapid strategy for long-reads sequencing, allowing the full characterization of novel HPV genomes.

Moreover, we proposed a robust strategy to analyze the MinION sequencing data, obtaining the whole genome of HPV227 with a very low error rate. We believe that future improvements in this technology and specific data analysis tools will allow the full and rapid characterization of new HPVs.

Conclusions

In specific aim #1 of the present study, we used broad-spectrum PCR primers to amplify a portion of the HPV L1 ORF, combined with next-generation sequencing, for the identification of putative new HPVs. This strategy led to the discovery of 105 putative new PV types in addition to 296 known types, thus providing useful information about the viral distribution in the oral cavity and skin.

In the second phase of our work, the pipeline used to analyze the NGS sequencing data was further improved and optimized to identify putative new HPV types.

In specific aim #2 of the present work, starting from a partial L1 region sequence obtained in the NGS analysis (i.e., 99 bp fragment representative of the putative novel HPV-ICB2), using longrange PCR with specific outward-directed primers and Sanger sequencing, the full-length genome of the novel papillomavirus type was obtained. The official name "HPV227" was assigned to this new beta-2 papillomavirus.

Finally, in specific aim #3 of the present work, we used the MinION technology to sequence the whole genome of HPV227, starting from the original skin sample where this virus was discovered.

We specifically developed a bioinformatics analysis for de novo reconstruction of HPV genomes from MinION sequencing data. Using this strategy, the whole genome of HPV227 was obtained, with a pairwise identity to the reference genome of the virus, exceeding 99%.

Overall, this thesis describes a reliable protocol for the identification and full characterization of novel HPV genomes. Moreover, the discovery of 105 putative novel PV types expands our knowledge of this family of viruses. Further analyses will be required for a complete characterization of all these new viruses and to investigate their potential role in human diseases. 
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 3 Figure 3: Human papillomavirus type 16 structure. Three-dimensional reconstruction 56
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 4 Figure 4: Organization of the viral genome: alpha (left) and beta (right) HPV types 55
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 5 Figure 5: Early phases of the HPV infection. First, the virus enters in contact with the host cell membrane.After the internalization of the viral particle, the viral DNA is delivered into the nucleus of the infected host cell[START_REF] Gheit | Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology[END_REF] 
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 6 Figure 6: Schematic representation of the main phases of the HPV life cycle 97 .

  Papillomavirus has developed strategies to prevent the interruption of the cell cycle, and to inhibit apoptosis signals, favouring the conditions necessary for the viral DNA replication and the production of viral particles. The inactivation of tumor suppressor proteins (e.g., p53, pRb) and the induction of other activating signals controlled by HPV E6 and E7 that are expressed at relatively low levels in differentiated cells induce cells activation and progression in S phase.
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 7 Figure 7: High-risk HPV E6 and E7. Essential amino acid motifs for the function of the E6 protein are shown. Both proteins contain zinc fingers (CXXC motifs) domains that are important for the interaction with host cell proteins. E6 (A) has a consensus PDZ-binding motif (ETQL) at the C terminus. E7 (B) is divided into three domains: CR1, CR2, and CR3. Regions involved in pRb binding (LXCXE) and the two serine residues (Ser31 and Ser32) that are susceptible to casein kinase II (CKII) phosphorylation are shown 54 .
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 8 Figure 8: E6 and E7 interactions and activities.In dark grey events induced by the E6, while in light grey the ones mediated by E7[START_REF] Tommasino | The human papillomavirus family and its role in carcinogenesis[END_REF] 

  Moreover, PVs do not induce robust antibody responses, and thus neither a "serotype-based" classification can be used. In consequence, the classification of PV types is based only on nucleotide sequence similarities 161-165 . In the 7 th report of the International Committee on Taxonomy of Viruses (ICTV) held in 2002, Papillomaviruses was designed as a distinct family of viruses 166 . The work of de Villiers et al. (2004) 165 , proposed a classification of 92 human papillomavirus (HPV) and 24 animal PV types based on the guidelines established by the ICTV and the PV research community and this publication consolidated the classification method that was formalized later, in the 8 th Report of the ICTV in 2005 167 .
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 9 Figure 9: A global multiple sequence alignment matrix was generated by aligning the nucleotide L1 sequences of 189 different HPV types. L1 nucleotide global multiple sequence alignments were guided by amino acid alignments. Different clusters of identity percentages can be appreciated, according to intergeneric, interspecies, or intraspecies comparisons. In the X-axes the L1 percentage of identity and Yaxes the percentage of the total number of comparisons 168
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 10 Figure 10: Evolutionary relationship between 139 HPV types. Only E1, E2, L1 and L2 ORFs have been considered for this analysis 97
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 16 Figure 16: Number of new HPV types discovered per year according to the data from the Papillomavirus genome database (PaVe), updated in October 2017. In yellow the line representing the HPV discovery and in red the trend line that is exponential 352

  '-TTT GTT ACT GTG GTA GAT AC-3') and GP6 (3'-ACT AAA TGT CAA ATA AAA AG-5') couple of general primers, which span a region of 140-150 bp from the L1 open reading frame representative of 6 HPVs (i.e.
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 17 Figure 17: Neighbor-joining phylogenetic tree representative of 106 papillomaviruses based on the L1 ORF (from the Human Papillomavirus Sequence Database) 377
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 18 Figure 18: FAP primers alignment with 80 HPV types L1 ORF sequences: The mismatched nucleotides in each of the HPV sequences are reported. Degenerate nucleotides into the FAP primers sequences are indicated with letters: W = T, A ; I = inosine ; Y = C, T ; D = A, G, T ; B = G, C, T ; H = A, C, T ; V = A, C, G 382
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 19 Figure 19: Analysis of PCR sensitivity with FAP59 and FAP64 primers. HPV5, 20 and 30 were amplified in a background of 100 pg placental DNA. Lanes 1-4 show 1000, 100, 10 and 1 input copies of HPV DNA in the PCR, respectively. The arrowhead indicates the position of the expected amplicon of 480 bp 382
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 20 Figure 20: CUT generic primer system: A) Alignments of the CUTprimer sequences with the L1 ORF of 88 selected HPV types. B) Schematic positions of CUT, FAP59/64 and nested FAP-primers in the L1 ORF of HPV10 383
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 21 Figure 21: The differential capacity of CUT and FAP primer systems for the detection of known and novel HPV types 383
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 22 Figure 22: Schematic representation of the multiply primed RCA method for the amplification of circular PVs genomes. The first step of the process is the denaturation of the viral dsDNA into ssDNA molecules.
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 23 Figure 23: Sanger sequencing technology. a) Example of DNA sequence. b) Sanger "chain-termination" sequencing. The incorporation of a radiolabeled ddNTP interrupts further extension. c) The sequence is inferred by finding the lane in which the band is present for a given site. The 3′ terminating labelled ddNTP corresponds to the base at that position 425
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 24 Figure 24: The Pyrosequencing chemistry. At each cycle, only when the correct base is incorporated, the reaction takes place, and pyrophosphate is produced. The light is generated as the result of luciferin oxidation by luciferase 443
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 25 Figure 25: The parallelized amplification methods characterizing different second-generation sequencing technologies. (a): In 454 and Ion Torrent, the DNA binds to beads and is clonally amplified in an emulsion PCR and then sequenced. (b) Solexa or Illumina, are characterized by flow cells, where bridge amplification produces clusters of clonal DNA fragments in a planar solid-phase PCR, then sequencing occurs in an SBS manner. (c) Picotitre wells containing DNA-bearing microbeads (454 and Ion Torrent). (d) Flow cell clusters (Solexa and Illumina) 425
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 26 Figure 26: The evolution of the sequencing technology. In the x-axes, the year of presentation of the different new technologies. In the y-axes the amount (kilobases) of data produced in one day of a sequencing run by the various technologies 454 .

Figure 27 :

 27 Figure 27: Sequencing by synthesis (Illumina). (a) Flow cell structure; (b) one nucleotide is incorporated in each cycle; (c) flow cell detail during the sequencing process, each incorporation is followed by emission of fluorescent light 455
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 28 Figure28: Illumina paired-end sequencing. Both the 3' and 5' of the DNA fragments are linked to adaptors, and both forward and reverse strands are sequenced. Then, through in silico analyses, it is possible to pair them obtaining higher quality consensus sequences. Millions of reads are produced in a sequencing run and can be aligned to a reference genome454 
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 29 Figure 29: Illumina NGS workflow. (A) Library preparation. (B) Cluster amplification. (C) SBS sequencing. (D) In silico data analysis. A quality score is associated with each of the bases recognized from the machine, and quality trimming is performed to obtain high-quality sequences 454 .
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 30 Figure 30: FASTQC quality control with a typical decrease of the quality over the read 463
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 31 Figure 31: Phasing (Left) and prephasing (Right) processes that can affect the base quality, mainly at the end of the reads 464
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 32 Figure 32: Targeted sequencing workflow. (A) Target enriched workflow; specific regions of interest are hybridized to biotinylated probes and then purified by magnetic pulldown. (B) Amplicon generation; Specific regions of interest are amplified using highly multiplexed PCR primers, and then sequencing adaptors are added to the DNA fragments 454

Figure 33 :

 33 Figure 33: Phylogenetic tree representative of the 83 novel HPV types discovered, based on the L1 protein sequence identity. At least one HPV type from each previously known species (black font) was analyzed, along with each of the 83 complete HPV genomes catalogued. Asterisks show known representative species that did not fit due to the figure's space restrictions (counterclockwise, Beta 3-HPV49, Gamma 20-HPV163, Gamma 21-HPV167, and Gamma 2-HPV48). HPV genera are shown with different colors: orange, Alpha; red, Beta; blue, Gamma; pink, Mu; green, Nu. Arrows indicate potential new species 477

  particular, the advent of high-throughput technologies has driven the rapid progress of life science484 . The last milestone in DNA sequencing technologies is the advent of third-generation sequencing.Third-generation sequencing technologies are capable of analysing long DNA molecules and don't require a DNA amplification step, shared by all the previous technologies. The first third-generation sequencing technology was developed by Stephen Quake in 2003 and is based on a single molecule sequencing methodology (SMS) 485,486 . It works similarly to Illumina technology but without bridge amplification. The DNA fragments are bound on a solid surface, and then fluorescent terminator nucleotides are used in the sequencing process. Cycle by cycle, the sequence is elongated, and a fluorescent detector record the signal then converted in nucleotide sequence. The absence of clonal amplification in this technology reduces the sequencing error rate 487,488 . One of the most used third-generation technologies is the PacBio from Pacific Biosciences 489 , a single-molecule real-time (SMRT) platform performing the DNA polymerization on nanostructures called zero-mode waveguides (ZMWs), which are tiny holes in a metallic film covering a chip. The properties of these wells allow to generate a light signal only at the very bottom of the well, where the new nucleotide is incorporated, and the signal is recorded from the chip (Figure 34 a). The ZMWs structure allows the generation of a very clean light signal that makes this technology effective in sequencing 490 . The sequencing can be monitored in real-time, and in each well, a single polymerase with a single DNA molecule is present.
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 34 Figure 34: Third generation sequencing technologies. a) PacBio, zero-mode waveguides (ZMWs) technology. b) MinION Nanopore sequencing technology 425
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 35 Figure 35: Detail of nanopore technology. Two chambers filled with ionic solutions are separated by a voltage-biased membrane. An unwinding enzyme (helicase) drives a single helix of the DNA through the nanopore. Ions and DNA molecules pass through the nanopore from one side to the other of the membrane. Variations of the ionic current are measured by a sensitive ammeter and thus converted into nucleotide sequence 498

Figure 36 :

 36 Figure 36: Nanopore sequencing. Both the template and the complementary strand can be carried into the nanopore and sequenced. During the library preparation, sequencing adaptors and motor proteins are attached to the ends of the double strand 499
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 37 Figure 37: DNA library preparation protocols for nanopore sequencing. (Left) Ligation sequencing protocol. (Right) Rapid sequencing protocol with transposase 499
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 38 Figure 38: Number of sequences in Genbank and WGS databases over time, from 1982 to the present 504
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 39 Figure 39: Phred quality scores and relatives probabilities of incorrect base call and base call accuracy values 531

  KRAKEN is a k-mer-based tool for the classification of short sequences, usually obtained through metagenomic studies, allowing a fast classification of the sequences. In this tool, sequences are classified by querying the database for each k-mer in a sequence and then using the resulting set of LCA taxa to determine an appropriate label for the sequence. Sequences that have no k-mers in the database are left unclassified by KRAKEN 545 . A disadvantage of the k-mer-based classifiers is a large amount of memory required.Centrifuge 546 , developed in 2016, represents an improvement of these classification approaches.This tool for the classification of short sequences can analyze data generated in metagenomics studies. In this tool, an indexing scheme based on the Burrows-Wheeler transform (BWT) and the Ferragina-Manzini (FM) index, optimized specifically for the metagenomic classification problem, was developed to reduce the memory requirements and the processing time 546 . Moreover, this tool can compute the abundance of each taxon at any taxonomic rank, using a maximum likelihood estimation method. Some tools have been developed specifically for the taxonomic classification of viral sequences in high-throughput sequencing data.VirusSeq 547 tool allows the removal of host-genome sequences and then performs the classification of viral sequences present in the sample. VERSE 548 tool can assess the virus genome integration into the host DNA.

1. 1

 1 Samples collection and DNA extractionTwo different kinds of human specimens were used in the present study, skin swabs and oral rinses. Both skin and oral samples come from previous studies assessing the prevalence of viral DNA568,[583][584][585][586] .The VIRUSCAN is a five-year prospective cohort study put in place in 2014 by the Moffitt Cancer Center and the University of South Florida (R01CA177586-01; "Prospective study of cutaneous viral infections and non-melanoma skin cancer"). A 0.9% saline solution was applied to a small area (5 x 5 cm) of the forearm skin, normally exposed to sunlight. Thus a Dacron cotton-tipped swab (Digene, Gaithersburg, MD, USA) was rubbed on the skin a few times to collect exfoliated skin cells. The swab was then placed in a vial with Digene Standard Transport Medium (STM).

Figure 40 :

 40 Figure 40: Each of the primers sets used in this study amplifies a portion of the L1 gene of the HPV genome: Beta3-1 and Beta3-2 [~450 bp]; FAP* [478 bp]; CUT [370 bp]

  (i = Inosine; W= A or T; D = A, G or T; K = T or G; Y = C or T; M = A or C). 112 1.

Figure 41 :

 41 Figure 41: PVAmpliconFinder workflow

Figure 42 :

 42 Figure 42: Workflow strategy applied to sequence the HPV genome using MinION technology

125 6 .

 6 Bioinformatics data analysisSAMtools was used to calculate the coverage and Pysamstats v1.1.2 for the percentage of similarity by considering the number of matches and mismatches per each base (https://github.com/alimanfoo/pysamstats) 608 .

Figure 43 :

 43 Figure 43: Bioinformatics pipeline used in this work for the analysis of the MinION sequencing data and thus the reconstruction of a complete HPV genome
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 44 Figure 44: Sensitivity and specificity test for FAPM1 PCR protocol. 10-fold dilutions of HPV38 and 49 were used to evaluate the effectiveness of the FAPM1 PCR protocol. PCR products were analyzed by electrophoresis on a 2% agarose gel
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 4513 Figure 45: Absolute abundances (based on the number of reads) of different PV genera and species identified in this analysis: (A) skin samples, (B) oral samples

Figure 46 :

 46 Figure 46: (A) Percentage of reads, representative of the different known PVs detected in each NGS pool; (B) Percentage of reads, representative of the different putative new PVs detected in each NGS pool (RAxML-EPA)

Table 9 :

 9 Number of sequences at each step of the workflow. A) From the raw data to the clustering step. B) From the dereplication step to the end of the analysis A B

Figure 47 :

 47 Figure 47: Graphical representation of the unnormalized abundance of PV genera and species in terms of number of reads based on (A) Megablast, (B) BlastN and (C) RaxML-EPA

  Published: Brancaccio RN, Robitaille A, Dutta S, Rollison DE, Tommasino M, Gheit T. Isolation of a Novel Beta-2 Human Papillomavirus from Skin. Microbiol Resour Announc. 2019 Feb 28; 8(9):e01628-18g The two conserved zinc-binding domains of the viral E6 protein [CxxC(x)29CxxC and CxxC(x)30CxxC] are present and are separated by 36 amino acids 183 .

Figure 49 :

 49 Figure 49: (A) MinION reads coverage calculated using HPV-ICB2 genome as reference. (B) Percentage of similarity among each base when aligned to the HPV-ICB2 reference genome. An asterisk indicates the eight nucleotide positions with the lowest similarity percentage to HPV-ICB2 among the four runs.

  

  

  

  

  

  

  

  

Table 1 :

 1 Number of new cancer cases associated with infectious agents, by geographical region and level of development

Table 2 :

 2 Number of new cancer cases in 2018 attributable to infection, by infectious agent, cancer subsite, and sex

  It maintains the reference clones, as well as distributes samples of the reference material for research use.With the advent of the NGS, in the last few years, several novel HPVs have been described 170 that do not meet all these requirements and will therefore not be recognized as novel viral types by the International Human Papillomavirus Reference Centre.According to the Human reference clones database of the International Human papillomavirus (HPV) Reference Center (https://www.hpvcenter.se/human_reference_clones/), the whole genome of 228 different HPV types was identified and cloned. This database includes 65

	Alphapapillomaviruses,	54	Betapapillomaviruses,	99	Gammapapillomaviruses,	3
	Mupapillomaviruses, and 1 Nupapillomavirus (update April 2020) 171 .	
	Instead, according to the PaVe database (https://pave.niaid.nih.gov/), regarding the HPV types
	that were discovered and fully characterized, but not necessarily cloned into a vector, there are
	66 Alphapapillomaviruses, 67 Betapapillomaviruses, 301 Gammapapillomaviruses,

: (i) The entire viral genome must be cloned; (ii) the L1 sequence cannot share >90% nucleotide sequence identity with its closest neighbour and (iii) the cloned genome must be submitted to and reviewed by the International Human Papillomavirus Reference Centre 169 . If the cloned viral genome respects the parameters required, the International Human Papillomavirus (HPV) Reference Center assigns a HPV type number deposits. 5 Mupapillomaviruses and 1 Nupapillomavirus, discovered so far (update May 2020).

According to the PaVe database, updated on May 2020, genus alpha includes 14 species (plus an additional group of unclassified alpha types), genus beta consists of six species (plus another group of unclassified beta types), genus gamma contains 27 species (plus an additional group of unclassified gamma types), genus mu includes three species and genus nu includes one species.

Table 4 :

 4 Summary of the main HPV genotypes, their tropism, and related diseases[START_REF] Harden | Human papillomavirus molecular biology[END_REF] 

		Species	Representat ive HPV types	Tropism	Associated Diseases
		α1	32	mucosal	Heck's disease
	Alpha-PV	α2 α4 α7	3, 10, 28 2, 27, 57 18, 39, 45, 59, 68	cutaneous cutaneous mucosal	flat warts common warts intraepithelial neoplasia, invasive carcinoma
	Beta-PV Gamma-PV Mu-PV Nu-PV	α9 α10 β1c β2 β3 γ1 γ4 μ1 μ2 v	16, 31, 33, 35, 52, 58 6, 11 13 5, 8, 12, 14, 19, 20, 21, 24,25, 36, 47 9, 15, 17, 22, 23, 37, 38 49 4, 65 60 1 63 41	mucosal mucosal cutaneous cutaneous cutaneous cutaneous cutaneous cutaneous cutaneous cutaneous	intraepithelial neoplasia, invasive carcinoma condyloma acuminate Heck's disease Epidermodysplasia verruciformis Epidermodysplasia verruciformis Epidermodysplasia verruciformis Warts Warts plantar warts Warts Warts

  a metagenomics study published in 2018, Pastrana and colleagues discovered 83 novel HPVs,

	in	immunocompromised	patients	affected	by	different	pathologies	(warts,

hypogammaglobulinemia, infections, myelokathexis syndrome, or EV). In this study, virion enrichment (RCA) was used in combination with NGS 477 .

  and the sequences were identified based on the BLASTN best hit against the whole nr/nt NCBI database480 . Using the L1 taxonomy tool available on the PaVe website (https://pave.niaid.nih.gov/#analyze/l1_taxonomy_tool), 205 out of the 250 novel genomes were depicted as novel types, and 45 genomes were depicted as members of a single novel species. These novel species were subsequently verified by targeted PCR to the L1 region from the original DNA extracted from the skin swabs. In all, 229 of the 250 novel HPV genomes belonged to the gamma genus of HPV, 19 belonged to the beta genus, and two belonged to the mu genus 481 .

  Sanger developed the first effective DNA sequencing method, and the principle of this technology is the basis of the modern Sanger-based machines 512 .

	Roger Staden, in 1979, published the first software suite for the Sanger sequencing data
	analysis 434 . This suite could manipulate DNA sequences, search overlaps, and generate
	contigs 504 .
	With the improvements of the DNA sequencing technologies, larger quantities of genetic
	information became available. It was immediately apparent that the DNA is much more
	informative because it can contain the trace of an evolutionary event not visible at the protein
	level 504 .

  Trim Galore 538 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) is a wrapper tool, including the Cutadapt tool and the QC reports from FASTQC, and thus represents a useful tool for the QC step.

Porechop (https://github.com/rrwick/Porechop), Nanofilt (https://github.com/wdecoster/nanofilt), and Filtlong (https://github.com/rrwick/Filtlong) are specifically designed to perform quality filtering on ONT sequencing data.

Table 5 :

 5 Oligonucleotide sequences and composition of primers mixes used in this study

	Primer mix Beta3-1	Primer sequence (5'-3')
	B3L1FW3	AGGACATCCATACTTTGAGGTTCGAG
	B3L1FW4	TAGGACATCCATATTTTGATGTGAGAG
	B3L1FW5	GATGTTAGAGACACTGGAGATTCAACA
	B3L1FW6	GATGTTAGAGACACTGGGGATTCAACA
	B3L1FW7	GATGTTAGAGACACTGTGGATCAAACA
	B3L1RW	ATAATAGTATTTCTTAATTCTAATGGAGG
	B3L1RW4	ATAACTGAATTGATTAATTCTAATGGAGG
	B3L1RW5	ATAACTGTATTTACTAATTCTAAAGGTGG
	B3L1RW6	TACAGTATTTACCAGTTCCAAAGGTGG
	B3L1RW7	ATTACAGTATTAACTAATTCTAAAGGTGG
	B3L1RW8	ATTACAGTATTTACTAATTCTAAAGGTGG
	Beta3-2	
	B3L1FW1	GTAGGACATCCATAYTTTGAKGTKiGAG
	B3L1FW2	TTGATGTTAGAGACACTGiDGATYMAACA
	B3L1RW1	ATAAiWGWATTKYTTAATTCTAATGGAGG
	B3L1RW2	ATTACAGTATTiACKARTTCYAAAGGTGG
	CUT	
	CUT1Fw	TRCCiGAYCCiAATAARTTTG
	CUT1AFw	TRCCiGAYCCiAACAGRTTTG
	CUT1BFw	TRCCiGAYCCiAAtAGRTTTG
	CUT1CFw	TRCCiGAYCCiAACAARTTTG
	CUT1BRv	ARGAYGGiGAYATGGTiGA
	FAP	
	FAP59	TAACWGTIGGICAYCCWTATT
	FAP64	CCWATATCWVHCATITCICCATC
	FAPM1	
	FAP59.1	TAACAGTDGGiCAYCCWTWTT
	FAP59.2	TAACAGTDGGiCAYCCWTAYT
	FAP64.1	CCDATATCWVHCATATCiCCATC
	FAP59	TAACWGTIGGICAYCCWTATT
	FAP64	CCWATATCWVHCATITCICCATC
	FAPM2	
	FAP59.2	TAACAGTDGGiCAYCCWTAYT
	FAP64.1	CCDATATCWVHCATATCiCCATC

  Alexis Robitaille, Sankhadeep Dutta, Cyrille Cueni, Daiga Santare, Girts Skenders, Marcis Leja, Nicole Fischer, Anna R Giuliano, Dana E Rollison, Adam Grundhoff, Massimo Tommasino, Tarik Gheit. Generation of a Novel Next-Generation Sequencing-Based Method for the Isolation of New Human Papillomavirus Types. Virology. 2018 Jul; 520:1-10 MUSCLE (3.8) multiple sequence alignment tool 622 was used to align 46 sequences representative of all the beta HPV types known in March 2017 according to the PaVe database (https://pave.niaid.nih.gov/) 171 , (Table

	Published: Rosario N Brancaccio,
	620,621 , to generate new broad-spectrum
	degenerate primers.

Table 7 :

 7 Design of the new FAP primers based on the alignment of the original FAP primers with 46 known beta types using MUSCLE alignment tool. (A) Forward primer, (B) Reverse primers. The table shows the effectiveness of the new FAP primers in amplifying a broad spectrum of beta HPV types. Dots represent bases that are covered by the primers while the letters indicate the bases not covered by the primers, per each of the HPV types considered.

Table 9 A

 9 ).FASTQC report enabled the identification of primer contamination in about 10% of the reads Published: Alexis Robitaille, Rosario N Brancaccio, Sankhadeep Dutta, Dana E. Rollison, Marcis Leja, Nicole Fischer, Adam Grundhoff, Tarik Gheit, Massimo Tommasino, Magali Olivier. PVAmpliconFinder: a workflow for the identification of human papillomaviruses from high throughput amplicon sequencing. NAR Genomics and Bioinformatics. 2020

Table 10 :

 10 Putative new PV-related sequences identified using PVAmpliconFinder

	VIRUSname	PV_1	PV_2	PV_3	37VIRUSput
	%dissimilarity	16.67	18.75	20.49	0.85
	Abundance	0.0025	0.0049	0.0033	3.2918
	N°reads	2	3	2	698
	GInum	gi|1273499301|gb|MF588716.1|	gi|1273499348|gb|MF588722.1| gi|270048224|gb|FJ969896.1|	gi|1214938671|gb|MF356498.1|
	AlignmentPosition_MegaBlast	3-78	1-352	207-327	1-236
	VIRUS_closest_MegaBlast	Gamma12_EV07c367 isolate,c.g.	Gamma13_HIVGc158 isolate, c.g. HPV isolate GC04 L1 gene,	HPV isolate ICB1, c.g.
	Pool	pool3-skin-pathogen_S3_L001	pool5-skin-pathogen_S5_L001 pool5-skin-pathogen_S5_L001 partial cds pool4-skin-pathogen_S4_L001
	Tissu	skin	skin	skin	skin
	Primer	FAP	CUT	CUT	FAPM1
	Length	160	353	372	262
	Align.Pos-BlastN_start:stop(length) 1-160(160)	1-352(352)	3-370(368)	1-255(255)
	VIRUS_closest_Blast	HPV-mSK197(92.5%)	HPV-mEV03c45(78.69%)	HPV-mSK014(94.57%)	HPV224(97.25%)
	BlastN_Classification	Gammapapillomavirus	Gammapapillomavirus	Gammapapillomavirus	Gammapapillomavirus
	RaxML_closest_PV	HPV-mSK197	HPV213	HPV-mSK014	HPV224
	RaxML_Classification	Gammapapillomavirus	Gammapapillomavirus	Gammapapillomavirus	Gammapapillomavirus

  Brancaccio, Alexis Robitaille, Sankhadeep Dutta, Dana E. Rollison, Massimo Tommasino, Tarik Gheit. MinION nanopore sequencing and assembly of a complete human papillomavirus genome. Virology Journal

  As already reported626,627 , we observed the presence of 193,850 BC1 reads in run 2 (9.2% of the barcoded reads),and 27,343 BC1 and 116,625 BC2 reads in run 3 (4.9% of the barcoded reads) due to carry-over DNA from previous runs, despite intermediate washing steps.1.2 MinION sequencing and assembly using a single run (Protocol B)A final 48-hour run (run 4) was performed with BC01, BC02, and BC03 barcoded DNA libraries mixed in a single pool, using the remaining 560 active nanopores of the flow cell. The run was performed until the complete exhaustion of the nanopores. A total of 3,255,879 reads were generated in this run, among which 70.1% passed the QC filtering, and with an N50 value of 7362bp. Using BLAST, more than 90% of the reads generated by run 4 found their best match in HPV-ICB2, with a mean coverage of 200,454-fold (Table

	.93%, including five nucleotide
	gaps. The single nucleotide gaps were placed within homopolymeric A (N=1), T (N=2), C (N=1),
	and G (N=1) stretches at nucleotide positions 882, 2165, 2612, 4182, and 6268. Sanger
	sequencing was performed, verifying that those nucleotide gaps were not present in the DNA that
	was sequenced using the MinION.

Table 12 :

 12 Effect of run time on the sequencing output metrics and sequencing quality data 1. Identification of novel HPV types using a targeted NGS approach The first HPV type was discovered in 1978 by Orth and colleagues 628 , and to date, according to the Papillomavirus Episteme database (https://pave.niaid.nih.gov/) 172 , 66 Alphapapillomaviruses,

	67 Betapapillomaviruses, 301 Gammapapillomaviruses, 5 Mupapillomaviruses, and 1
	Nupapillomavirus, have been discovered (update May 2020).

  168,642 . The results described in this study are based on the identification of the sequences using the RAxML-EPA classification. A total of 105 putative new PVs (including 29 beta, 32 gamma, two alpha, and one mu PV types) were identified in this study. An additional 24 PVs not belonging to any of the five PV genera that contain HPVs were detected. Among the 105 putative new PVs, 17 (16.2%) were assigned to taxonomically un-classified PVs and thus may be representative of putative new genera. The taxonomic identification performed in this study must be considered carefully since only small portions of putative new PV genomes have been obtained. Moreover, the results of the Blastn analysis refer only to the portion of the sequence that is aligned by the algorithm. Also, the MegaBlast results used to define the known, and putative new sequences must be interpreted carefully since the definition of a novel PV type is based on the full L1 ORF length.In this work, different PCR protocols were used to amplify PV sequences in two different human samples, with different efficacies in detecting putative new PVs and known PVs. Four new beta-

  . The development of primers, based on the known gamma-24 types, can lead to the identification of new related PV types if any exist.Further experiments are required to evaluate the possible transforming activities of the new beta and gamma types identified in this study. In conclusion, this study describes a robust strategy for the detection of putative new PV types, using specific or degenerate primers and NGS.The isolation and full characterization of a novel HPV type (i.e., HPV ICB1)624 , obtained in a preliminary study, confirms the effectiveness of our protocol as a first step for the isolation and full characterization of the novel HPVs.The identification of novel HPV types remains of paramount importance to understand the role of HPVs in human diseases. 2. PVAmpliconFinder: a new workflow for the identification of PV sequences PVAmpliconFinder, a novel workflow for the identification of known and putative new PV sequences, was developed. This workflow was specifically designed to analyze targeted sequencing data obtained through NGS. The input required by this workflow is the FASTQ file generated by the sequencing run. Different tabular and graphical output files are produced, describing the nature and abundance of PV-related sequences present in a complex mixture of host, phage, bacterial, and viral DNA. The sequences representative of known and putative new HPV types are identified and divided into different output files. Sequencing metrics and sequence details are provided, enabling the design of subsequent laboratory experiments for confirming the in silico findings. Unlike read-subtraction methods, PVAmpliconFinder aligns the sequences against the entire NCBI database. Thereby, removing host sequences may remove potentiallynew viral sequences that present some similarity to the host, and this has to be taken into account.

	Moreover, the use of degenerate primers helps in the amplification of a broad spectrum of viral
	sequences, and this can facilitate the discovery of novel HPV types. This workflow was specifically
	designed for NGS data, and different steps are performed to obtain higher quality sequences that
	are subsequently identified. The number of dereplicated sequences corresponding to each
	template is used to calculate an unnormalized abundance. A step of sequence clustering is
	performed to correct potential sequencing errors. The tool uses a 98% identity threshold for
	clustering, and this because 2% of dissimilarity from any known L1 gene is enough to define a

new PV variant
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. This threshold is a good compromise when the aim is to identify putative new PV types (with more than 10% of dissimilarity to known PVs in the L1 ORF).

  634,635 and thus cannot be excluded. Few bioinformatics methods are available for the identification of HPV sequences in NGS data, and they are often restricted to a panel of already well-characterized PV types 644 . The use of PVAmpliconFinder, in combination with primers specifically developed for the amplification of PV sequences, and NGS, can represent a valid approach for the identification of novel PV types. The outputs generated by

	Specific aim #2
	1. Full genomic characterization of a novel Beta-2 Human Papillomavirus
	In specific aim #1 of the present work, putative new PVs were identified using different PCR
	protocols, designed for the amplification of HPV sequences, in combination with NGS.
	PVAmpliconFinder provide the necessary information to select the most promising putative new
	PV sequences that may be validated by further wet-lab approaches. Additionally,
	PVAmpliconFinder can be easily modified and applied to other viral families. PVAmpliconFinder
	could also be used in clinical research settings.

Table S2 :

 S2 PV-related sequences in oral samples. Each read was identified using the Evolutionary Placement Algorithm in RAxML

	Speci men Oral Vpu t 16 Vpu t 31 HP Vpu ski HP Vpu ski t n 12 t n 22 HP Vpu ski HP Vpu ski t n 8H t n 37 PV put ski n HP Vpu ski 20 HP t n 35 Vpu ski HP t n 5H Vpu t ski n PV put ski n 39 HP 17 HP Vpu t ski n Vpu t ski n 23 HP 9H PV put ski n Vpu t ski n 25 7H PV ski HP Vpu ski put n 6H t n 27 PV put ski n HP Vpu ski 10 HP t n 41 Vpu t ski n HP Vpu ski 13 HP t n 24 Vpu ski HP t n 15 Vpu t ski n HP Vpu ski 34 HP t n 21 Vpu t ski n HP Vpu ski 42 HP t n 30 Vpu t ski n HP Vpu ski 32 HP t n Vpu ski 29 HP t n 57 Vpu t ski n HP Vpu ski 36 HP t n 76 Vpu t ski n HP Vpu ski 33 HP t n 71 Vpu t ski n 28 HP Vpu t ski n HP Vpu ski 69 HP t n 38 Vpu t ski n HP Vpu ski 80 HP t n 40 Vpu t ski n HP Vpu ski 55 HP t n 26 ski Vpu t ski n HP n 49 ski HP n	Classification PV Species Alphapapillomaviru s 1 Alphapapillomaviru s 10 Alphapapillomaviru s 2 Alphapapillomaviru s 3 Alphapapillomaviru s 4 Alphapapillomaviru s 5 Alphapapillomaviru s 6 Alphapapillomaviru s 7 Alphapapillomaviru s 9 Betapapillomavirus Betapapillomavirus 1 Betapapillomavirus 2 Betapapillomavirus 3 Betapapillomavirus 5 Chipapillomavirus 2 Chipapillomavirus 3 Deltapapillomaviru s Deltapapillomaviru s 2 Deltapapillomaviru s 6 Dyochipapillomavir us 1 Dyoepsilonpapillo mavirus 1 Dyoiotapapillomavi rus 1 Dyoiotapapillomavi rus 2 Dyokappapapillom avirus Dyokappapapillom avirus 1 Dyonupapillomavir us 1 Dyoomikronpapillo mavirus 1 Dyopipapillomaviru s 1 Dyorhopapillomavi rus 1 Dyothetapapilloma virus 1 Dyoxipapillomaviru s 1 Dyozetapapillomav irus 1 Epsilonpapillomavi rus 1 Etapapillomavirus 1 Gammapapillomav irus Gammapapillomav irus 7 Gammapapillomav irus 8 HPV65(80.86%) PV Genus Alphapapillomavir us Betapapillomaviru s Chipapillomavirus Deltapapillomavir us Dyochipapillomav irus Dyoepsilonpapillo mavirus Dyoiotapapilloma virus Dyokappapapillo mavirus Dyonupapillomavi rus Dyoomikronpapill omavirus Dyopipapillomavir us Dyorhopapilloma virus Dyothetapapillom avirus Dyoxipapillomavir us Dyozetapapilloma virus Epsilonpapilloma virus Etapapillomavirus Gammapapilloma virus FAPM FAP 2-163(162) 1 HPV_MTS1(86.9%) 1-145(145) FAPM FAP HPV170(92.86%) 10-65(56) 1-1 HPV37(83.84%) 1-99(99) Gammapapillomav irus 9 FAP 139/ 100 HPV123(91.37%)/HPV1 23(92%) 139(139)/1-100(100) FAPM Kappapapillomavi rus Kappapapillomavir us 2 1 HPV126(78.97%) 1-192(192) Lambdapapilloma virus Lambdapapillomav irus FAP HPV_MTS2(77.21%) 1-215(215) FAPM 1 HPV15(89.29%) 3-142(140) Mupapillomavirus Mupapillomavirus HPV-md01c06 PV Related HPV42 HPV6 HPV10 HPV3 HPV77 HPV94 HPV84 HPV57 HPV26 HPV51 HPV69 HPV56 HPV66 HPV45 HPV16 HPV52 HPV-mHIVGc36 HPV-mMTS1 HPV-mRTRX7 1542 Number of reads (N) FAP M1 FAP M2 CU T MIX* 0 0 1474 88 0 0 13 0 0 968 0 0 272 0 0 0 0 0 184 0 0 0 665 0 0 0 0 8 0 1136 6 0 0 0 0 0 6648 8 Poo l 8 8 7 5 7 5 7 7 6,8 7 0 0 82 8 99 1131 387 5,6, 7,8 18 1812 6 0 5,6 98 2364 5 2 5,6, 8 0 0 2 8 307 2877 5 712 0 5,6, 7 129 53 260 5,6, 8 0 0 6 HPV-mm292c10 0 0 98 73 7,8 HPV-mm292c14 0 0 2929 4 8 HPV-mw15c111 2 0 2 6,8 HPV105 1471 2131 7 3973 5,6, 7,8 HPV12 19 3235 75 280 5,6, 7,8 HPV124 817 7586 2 2769 5,6, 8 HPV14 0 866 171 0 5,7 HPV152 4 0 0 6 HPV20 9479 9 1761 217 111 5,6, 7,8 HPV21 3799 7973 39 1337 5,6, 7,8 HPV24 624 1903 10 568 5,6, 7,8 HPV25 8 0 0 6 HPV36 0 91 194 196 5,7, 8 HPV47 0 0 12 0 7 HPV5 7041 2367 38 1026 5,6, 7,8 HPV8 39 0 28 14 6,7, 8 HPV93 46 0 0 6 HPV98 2 6 16 3158 5,6, 7,8 HPV104 4 14 0 5,6 HPV107 259 359 2174 7 5,6, 8 HPV111 8 0 12 6,8 HPV120 302 0 2023 8 6,8 HPV122 0 0 1372 9 8 HPV145 0 10 0 5 HPV159 2 7757 1369 2 5,6, 8 HPV17 0 130 0 5 HPV174 17 1146 0 5,6 HPV22 96 1516 2 0 5,6 HPV23 8 0 0 6 HPV37 458 0 26 6,8 HPV38 1882 0 2219 9 196 0 5,6, 7 HPV80 18 0 1357 6,8 HPV9 2 0 0 6 HPV115 0 0 372 0 7 HPV49 0 0 132 0 7 HPV75 14 114 0 5,6 HPV76 0 0 3507 87 8 HPV96 502 0 45 0 6,7 CPV16 0 0 0 7 CPV10 0 269 0 5 RalPV1 0 12 0 5 OvPV1 158 9774 642 3858 5,6, 7,8 CdPV2 0 0 233 121 7,8 EaPV1 0 884 0 0 5 FlPV1 1070 8 3619 0 1145 5,6, 8 EcPV2 0 0 0 64 8 EcPV4 14 0 0 8 6,8 EcPV5 125 0 0 0 6 BPV16 0 0 27 0 7 BPV22 0 0 0 22 8 OaPV3 0 0 2 0 7 ZcPV1 0 0 2 0 7 SscPV3 83 0 0 0 6 PphPV4 0 0 0 1910 8 EcPV7 0 0 0 1143 8 FcaPV2 0 0 219 0 7 BPV7 2 0 0 0 6 CcPV1 0 0 106 15 0 7 BPV5 1954 2961 0 0 5,6 BPV8 0 0 0 8391 8 FcPV1 1195 0 12 16 6,7, 8 HPV-mCH2 0 0 134 0 7 HPV-mEV03c05 0 4 0 0 5 HPV-mEV03c104 2543 2 0 107 2 0 6,7 HPV-mEV03c212 0 0 0 1488 8 HPV-mEV03c40 0 48 0 0 5 HPV-mEV03c434 0 260 0 0 5 HPV-mEV03c45 0 0 0 4 8 HPV-mEV07c390 0 0 4 0 7 HPV-mHIVGc70 0 0 41 0 7 HPV-mKC5 44 0 724 15 6,7, 8 HPV-mKN3 0 9 0 0 5 HPV-mMTS2 28 0 0 0 6 HPV-mTVMBSHc1 3 0 0 0 2 8 HPV109 0 0 14 0 7 HPV123 0 37 0 5 HPV134 15 4 0 5,6 HPV-mTVMBSWc1 41 48 0 151 1 0 6,7 HPV-mga2c01 352 0 0 0 6 HPV-mw07c34d 0 0 2 0 7 HPV-mw11C39 0 0 45 1838 98 7,8 HPV-mw20c04 22 0 0 0 6 HPV-mw27c39c 0 0 4 1762 7,8 HPV-mw27c52c 0 2 0 0 5 HPV-mw34c04a 0 0 0 7871 3 8 HPV-mw34c11a 0 0 41 HPV138 6 28 0 5,6 HPV119 54 558 1265 0 Gammapapillomavirus 1 Gammapapillomavirus 1 Betapapillomavirus 2 Betapapillomavirus 2 5,6, 8 HPV147 3402 0 0 Gammapapillomavirus 7 Gammapapillomavirus Betapapillomavirus 2 Betapapillomavirus 2 6 HPV129 0 1116 0 Gammapapillomavirus 7/Gammapapillomavirus 7 Unclassified/Gammapapillomaviru s 7 5 SfPV1 0 0 Gammapapillomavirus 11 Gammapapillomavirus 3402 4 8 AmPV4 0 0 Gammapapillomavirus 7 Unclassified Betapapillomavirus 2 Betapapillomavirus 2 0 7 0 0 FAP HPV148(86.57%) 1-67(67) Gammapapillomavirus 12 Gammapapillomavirus 12 18 8 FAPM 1 HPV100(89.13%) 1-92(92) Betapapillomavirus 2 Unclassified Mupapillomavirus 1 HPV1 0 0 34 FAP HPV23(89.83%) 1-59(59) Betapapillomavirus 2 Betapapillomavirus 2 8 Omikronpapillom avirus Omikronpapilloma virus 1 PphPV1 2 0 0 FAP HPV138(92.13%) 1-89(89) Gammapapillomavirus 7 Gammapapillomavirus 7 FAPM 1 HPV126(85.59%) 1-111(111) Gammapapillomavirus 11 Gammapapillomavirus 11 6 Pipapillomavirus Pipapillomavirus 1 MaPV1 0 0 3799 8 69/8 HPV99(85.51%)/HPV19 1-69(69)/1-Betapapillomavirus Betapapillomavirus FAPM 0 7 Gammapapillomav irus 1 HPV173 0 0 52 0 7 HPV4 2 42 0 0 5,6 Gammapapillomav irus 10 HPV121 0 0 29 0 7 HPV130 0 0 13 0 7 HPV142 10 0 829 5 5450 4 6,7, 8 HPV180 99 0 0 0 6 Gammapapillomav irus 11 HPV126 0 2 4 0 5,7 HPV136 2 0 6 0 6,7 HPV141 0 0 0 10 8 Gammapapillomav irus 12 HPV127 0 0 0 66 8 HPV148 25 0 2 0 6,7 HPV165 0 0 68 0 7 HPV199 40 0 0 0 6 Gammapapillomav irus 13 HPV128 0 0 2 0 7 Gammapapillomav irus 15 HPV135 0 1496 56 138 3 0 5,7 Gammapapillomav irus 17 HPV144 0 6 0 0 5 Gammapapillomav irus 19 HPV162 2 0 2 0 6,7 Gammapapillomav irus 2 HPV200 0 40 0 0 5 HPV48 6 0 0 0 6 Gammapapillomav irus 22 HPVMTS3 2 0 0 0 6 HPVMTS4 20 0 0 0 6 Gammapapillomav irus 23 HPV175 0 0 6 0 7 Gammapapillomav irus 27 HPV201 459 0 0 24 6,8 Gammapapillomav irus 3 HPV50 0 8 0 0 Psipapillomavirus Psipapillomavirus EhPV2 29 0 6 6,8 FAP 7 (86.05%) 86(86) 1/Betapapillomavirus 1 1/Betapapillomavirus 2 1 HPV37(85.06%) 2-88(87) Betapapillomavirus 2 Deltapapillomavirus 2 Psipapillomavirus 1 RaPV1 0 0 2 FAP HPV148(80.88%) 2-69(68) Gammapapillomavirus 12 Taupapillomavirus 3 FAPM 8 Rhopapillomaviru s Rhopapillomavirus 2 TmPV3 129 0 1 HPV15(93.6%) 2-126(125) Betapapillomavirus 2 Gammapapillomavirus 9 0 6 Sigmapapillomavi rus Sigmapapillomavir us 1 EdPV1 798 2785 7044 FAP HPV25(89.36%) 1-47(47) Betapapillomavirus 1 Dyorhopapillomavirus 1 FAPM 5,6, 1 HPV17(88.89%) 7-69(63) Betapapillomavirus 2 Betapapillomavirus 2 8 Taupapillomaviru s Taupapillomavirus MpPV1 0 0 56/5 HPV120(87.27%)/HPV1 2-56(55)/1-Betapapillomavirus Betapapillomavirus/Deltapapillom 242 8 Taupapillomavirus 1 CPV2 11 0 FAP 8 20(87.93%) 58(58) 2/Betapapillomavirus 2 avirus 5 FAPM 1 HPV166(81.48%) 1-81(81) Gammapapillomavirus 19 Lambdapapillomavirus 3 0 6 Treisdeltapapillo mavirus Treisdeltapapillom avirus 1 RfPV1 0 0 FAP HPV38(96.3%) 19-72(54) Betapapillomavirus 2 Betapapillomavirus 1 FAPM 1 HPV149(82.24%) 11-223(213) Gammapapillomavirus 7 Unclassified 2713 8 Treisepsilonpapill omavirus Treisepsilonpapillo mavirus PaPV2 363 0 FAPM 77/1 HPV36(89.61%)/HPV36 1-77(77)/1-Betapapillomavirus Treiszetapapillomavirus/Betapapil 419 6,8 Treisepsilonpapillo mavirus 1 PaPV1 0 441 700 2752 5 1 40 (85.71%) 140(140) 1/Betapapillomavirus 1 lomavirus FAPM 1 HPV149(87.5%) 1-104(104) Gammapapillomavirus 7 Unclassified 5,7, FAPM 8 Treiszetapapillom avirus Treiszetapapilloma virus FgPV1 1245 0 167 48 1 HPV120(89.13%) 1-46(46) Betapapillomavirus 2 Betapapillomavirus 2 FAPM 6,7, 1 HPV144(81.08%) 2-75(74) Gammapapillomavirus 17 Deltapapillomavirus 2 8 Unclassified Unclassified EcPV8 1009 1 0 FAPM 1 HPV116(80.37%) 10-116(107) Gammapapillomavirus 9 Unclassified 0 6 MscPV1 0 2 0 CUT HPV24(91.23%) 1-57(57) Betapapillomavirus 1 Treiszetapapillomavirus 5 PpuPV1 0 0 2 FAPM 1 HPV22(97.87%) 1-47(47) Betapapillomavirus 2 Betapapillomavirus 2 8 SaPV1 4585 5 6315 7 339 03 8422 20 CUT HPV92(82.08%) 1-106(106) Betapapillomavirus 4 Betapapillomavirus 5,6, 7,8 Upsilonpapilloma virus Upsilonpapillomavi rus 1 TtPV1 0 2 0 FAPM 1 HPV23(89.44%) 49-190(142) Betapapillomavirus 2 Unclassified CUT HPV38(90.91%) 1-85(85) Betapapillomavirus 2 Unclassified 5 TtPV3 0 2 10 0 FAPM 5,7 TtPV4 1224 0 386 6,8 1 HPV4(78.42%) 1-136(136) Gammapapillomavirus 1 Gammapapillomavirus CUT HPV17(90.91%) 1-66(66) Betapapillomavirus 2 Betapapillomavirus Upsilonpapillomavi rus 2 TtPV2 0 544 10 FAPM 5,8 Upsilonpapillomavi rus 3 PphPV2 0 0 1 HPV123(91.86%) 1-86(86) Gammapapillomavirus 7 Gammapapillomavirus 7 CUT HPV148(76.6%) 1-94(94) Gammapapillomavirus 12 Gammapapillomavirus 12 25 8 Xipapillomavirus Xipapillomavirus BPV20 9170 1248 0 FAPM 5,6 CePV2 0 41 0 1 HPV202(88.75%) 1-80(80) Gammapapillomavirus 11 Gammapapillomavirus 11 FAPM CUT HPV5(89.58%) 1-48(48) Betapapillomavirus 1 Betapapillomavirus 1 5 1 HPV37(85.92%) 6-76(71) Betapapillomavirus 2 Deltapapillomavirus 2 5 CUT HPV156(76.84%) 1-95(95) Gammapapillomavirus 18 Gammapapillomavirus
		251 252 260

Many of these tools, for the taxonomic classification of viral sequences, after a filtering step, perform an identification of the sequences using alignment algorithms like Blastn, against a reference database.VirusSeeker 549 is a new tool for virus detection and is a BLAST-based NGS data analysis pipeline designed for virome composition description and novel virus discovery. This tool takes advantage of the Blastn algorithm and the NCBI Taxonomy database to identify the viral sequences 549 .Nowadays, there are no specific tools for the identification and classification of PV sequences from high-throughput sequencing data.
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Thus, a loop was introduced to process each of the files generated. This strategy was also used to reduce processing time.

Finally, the "nanopolish_pipe_step9.py" script generates a consensus sequence "final_consensus.fasta" by assembling the 200 polished draft sequences using CAP3.

The output sequence of this process was loaded on the SRA database, together with the MinION raw sequencing data.

Before and after the polishing step, BLAST analysis was performed to evaluate the effectiveness of the process. Finally, the complete genomes generated from each of the first three runs were aligned to generate a final consensus sequence using the MUSCLE alignment tool.

Raw sequencing data are available at the Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra), under BioProject PRJNA602805. The workflow and the tool can be found at the IARC bioinformatics platform on GitHub (https://github.com/IARCbioinfo).

Aim of the study

Library generation and clean-up steps were repeated several times per each of the PCR pools to optimize the protocol, allowing the selection of libraries of around 200-300 bp in average size, then used as input DNA for the sequencing step.

Next-generation sequencing was performed on Illumina Miseq machine, using a sequencing kit v3 (600 cycles) and 10% of PhiX (Illumina, San Diego, California, USA) that helps to sequence low-diversity samples like our PCR products.

PCR pools PCR protocols

Specimens N NGS pools 1.5 Bioinformatics analysis FASTQC (v0.11.5) 533 and MultiQC (v1.0) 593 were used to perform quality control of the raw sequencing data. Trim Galore (v0.4.4) 538 was used to remove low-quality reads-ends and remaining adapter sequences. VSEARCH (v2.4.0) 594 was used to merge forward and reverse reads, de-replication, de novo identification of chimeric sequences, and sequences clustering.

Thus, the clusters of sequences generated were identified in a local server by aligning them to the NCBI Nucleotide collection (nr/nt) database (updated on March 2017) using Megablast in the Blast package (v2.6.0+) 480 .

Based on the MegaBlast results, the reads were clustered (based on the E-value), and then each cluster was processed using CAP3 assembling program 595 .

A total of 458 full-L1 ORF nucleotide HPV sequences from the PaVe database, updated in January 2018 (https://pave.niaid.nih.gov/) 171 were used to generate a reference species phylogenetic tree.

The L1 nucleotide sequences were aligned using the MUSCLE algorithm, with default parameters 596 , in MEGA7 597 . The final full-length L1-ORF alignment encompassed 458 full L1-ORF nucleotide sequences, 2259 positions, and 627 distinct alignment patterns.

The best substitution model and the phylogenetic inference were retrieved using MEGA7. The codon positions included were 1st + 2nd + 3rd + noncoding, and based on the alignment, the partial deletion parameter (all positions with < 95% site coverage discarded) was selected to enable the inclusion of taxa with potential missing data. The final dataset included 1383 positions.

Five rate categories were used for the discrete gamma distribution (parameter = 1.0326). The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 2.5307% sites).

Initial trees for the heuristic search were obtained automatically by applying neighbor-joining, and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite evolution using the Randomized Axelerated Maximum Likelihood-Evolutionary Placement Algorithm 601 (RaxML-EPA) (Figure 41 E).

For the RaxML-EPA-based taxonomical classification, a phylogenetic reference tree is constructed based on the full-L1 ORF nucleotide sequences of the available PV genomes present in the PaVE database.

Phylogenetic inference is performed using MEGA7 597 tool. The Parsimony-based Phylogeny-Aware Read alignment (PaPaRa) 605 program is used to align each contig sequence, reconstructed during the previous de novo assembly step (Figure 41 D), against the MSA 599 .

Subsequently, the evolutionary placement algorithm (EPA) (20) in RaxML 601 is run to place the sequences into the reference tree (Figure 41 E), based on PaPaRa 605 multiple alignments. The EPA is run using the same nucleotide substitution model used to infer the phylogenetic reference tree.

Several output reports are generated as Excel files, FASTA files, or graphical images from the different steps of the workflow.

A list of fully characterized putative new Papillomaviridae sequences and graphical representations of the relative abundance and diversity of HPV sequence detected in the tested samples are generated.

The PVAmpliconFinder workflow and its source code are freely available on the GitHub platform: https://github.com/IARCbioinfo/PVAmpliconFinder.

Results

explaining this low level of merged reads for pool 6. After the de-replication step, the number of sequences was dramatically reduced, showing that the different amplicons were highly represented (Table 9 B). Less than 1% of the sequences were identified as potentially chimeric (Table 9 B). After, the clustering step further reduced the number of unique sequences retained, from about 8% to 1% of the total sequences considered in the upstream step (Table 9 B). In total, about 28.5% (756,506/2,650,877) of the raw reads were retained for the MegaBlast step (Table 9 B). More than 90% of the centroid-clustered unique sequences of the five pools from skin swab specimens (S1-S5) had their best match in a Papillomaviridae family sequence (Table 9 B).

Regarding the three pools from oral rinses (S6-S8), about 86.5% of the centroid-clustered unique sequences were representative of Papillomaviridae family sequences (Table 9 B).

Taxonomic classification of the PV-related sequences

In DNA sample pool S5, two putative new PV sequences represented by five reads and 39

putative known PV sequences represented by 60,892 reads were detected. One of the putative new PV sequences in this pool was represented by three reads (PV_2). The MegaBlast algorithm (using the full "nt" database) aligned it against "Gammapapillomavirus 13 isolate Gamma13_HIVGc158, complete genome" (MF588722.1) with 81.25% of identity. The Gamma13_HIVGc158 is a complete genome not reported in the Papillomavirus Episteme (PaVE)

database. The BlastN algorithm (using the PaVE database) aligned this sequence against HPV-mEV03c45 (MF588721), an unreferenced Gamma PV genome, with 78.69% of identity. RaxML-EPA placed this sequence in the reference tree close to HPV213 (MF509818), also a potential Gamma PV. The MegaBlast algorithm identified the best hit for this sequence in a partial cds (342 bp) of a major capsid protein L1 gene (isolate GC12_1; FJ969907.1) with nearly 99% of identity.

The BlastN alignment against the PaVE database found the best hit in a Gamma-10 referenced PV genome (HPV130; GU117630), with a percentage of identity of the 86.12%. Finally, RaxML-EPA classification found EdPV2 (MH376689) as the closer PV sequence. PV_2 may represent a novel PV type, but a full characterization is required for the correct classification.

The relative unnormalized abundance of PV sequences

The relative unnormalized abundance of PV-related sequences identified by MegaBlast, BlastN, and RaxML-EPA is represented in Figures 47 A,B, and C, respectively. Detailed taxonomic assignations were reported in supplementary tables based on MegaBlast, BlastN, and RaxML-EPA, respectively (Data not reported in this thesis). Beta-3 species constitutes the most represented species, with 42% of beta-3 related sequences identified by MegaBlast, and 62%

An amplicon of roughly 8 kb was generated and cloned in pCR-XL-2 TOPO vector using the TOPO XL-2 complete PCR cloning kit, following the manufacturer's instructions (Invitrogen, Carlsbad, CA).

Once the complete genome of the virus was cloned into a vector, a primer-walking strategy was used to obtain the whole sequence of the virus, by performing consecutive Sanger-sequencing runs (GATC Biotech, Germany).

The complete genome was sequenced at least twice to correct potential sequencing errors.

A total of 31 sequences were produced in the analysis and aligned to reconstruct the whole genome. CAP3 625 sequence assembly program was used, with default parameters, to assemble these sequences, thus obtaining the entire genome of the virus.

The clone of the virus was submitted to the International Human Papillomavirus Reference Center in Stockholm (www.hpvcenter.se) for assignment of HPV type number, and the official name HPV227 was assigned to this new virus.

The analysis of the L1 ORF nucleotide sequence revealed an identity of the 87.9% with HPV37, identified as the closest HPV type. Being this percentage of identity less than 90%, defines HPV227 as a novel beta-2 HPV type 170 .

The G+C content of ICB2 is 40.7%. The virus has the typical genome organization of other cutaneotrophic HPVs, with five early (E1, E2, E4, E6, and E7) and two late (L1 and L2) ORFs, and no E5.

The long control region (LCR) is 382 bp and contains two polyadenylation sites (AATAAA) for L1

and L2 transcripts and four consensus palindromic E2-binding sites, as follows: ACCG-N4-CGGT (n = 2), ACC-N5-GGT (n = 1), and ACC-N1-GGT (n = 1). A putative TATA box domain (TATAAGA)

for the downstream early promoter is also present. All the first three runs have an N50 greater than 7300 nt (Table 11). The cumulative number of reads sequenced throughout the sequencing time are shown in Figure 48. 159

The blue line represents the number of reads passing the QC filtering, while the light blue line represents the number of reads that did not pass the filtering step.

From run 1 to 3, there was an increase in the proportion of reads passing the QC filtering from 7.3% to 17.2%. The coverage of the HPV-ICB2 genome was higher in the first run (mean coverage: 545,289-fold) compared to that observed in runs 2 and 3, which had coverages of 443,143-fold and 227,763-fold, respectively (Table 11 and Figure 49 A).

All the single nucleotide gaps identified, were located within homopolymeric A (N=1), G (N=4), and C (N=3) stretches at nucleotide positions 2197, 3350, 3491, 3513, 3574, 3583, 3586, and 6025. Sanger sequencing was performed on the DNA libraries loaded into the flow cell to confirm the absence of those gaps before the sequencing run.

Effect of run time on final assembly quality

MinION sequencing data were analyzed based on cumulative run-time to simulate the effect of run-length on final assembly quality. The analysis was performed on reads generated in the first 3, 6, 9, and 12 hours. Three hours of run time were sufficient to assemble the entire viral genome.

After 3 hours, the coverages ranged from 15,973-fold to 138,219-fold, and the mean similarities ranged from 94.9 % to 95.9%, allowing the reconstruction of the whole HPV-ICB2 genome with percentages of identity, against the reference genome of the virus, exceeding 99.9% for both protocols (Table 12, and data not showed).

Discussion

Supplementary data

242 Table S1: PV-related sequences in skin samples. Each read was identified using the Evolutionary Placement Algorithm in RAxML. 

Specimen