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1. SUMMARY



1. Summary

Human papillomaviruses (HPVsye small norenveloped viruses with a doukd&anded

DNA genome that infect cutaneous or mucosal squamous stratified epithelia of different body
sites. They can establish infections that usually remain latent in healthy individuals but also be
responsile for the development of benign or neoplastic proliferative lesions, depending on the
specific oncogenic properties of the different types.date, more than 180 HPV types have
been completely sequenced and classified into five genera based on phidageigses. The
Alpha genus((*HPVs) is the best characterized and comprises mttoogie types associated

with the development of genital cancer (e.g. HPV 16, HBNVs belonging to the skittopic

Beta genusitHPVs, e.g. HPV 5 and 8) appear to causdespread unapparent asymptomatic
infections without associated disease in the general populationpatients with
epidermodysplasia verruciformis (EV), an inherited primary immunodeficiency characterized
by a hi gh s dHPY iefection, theskiiugeyrepticate very efficiently and reveal
their full transforming potential, inducing disseminated viiig lesions and driving their
progression to Keratinocyte Carcinomas (KC).

Although their involvement in skin carcinogenesis in bimiimunocompetent and ndgfV
immunocompromised patients (either primary or acquired immunocompronissati)l a
matter of debatdoth experimental and epidemiological evidence suggests a carcinogenic role
of these viruses in the skin that takes plackeaetrly stagesnd contribute to the pathogenesis

of KC. Previous studies from our groghown detection of viral gene products and viral
genome amplificationn precancerous skin lesion derived from OTR (Organ Transplant
Recipient). These resulggeatlystrengthen the evidence for an involvemerit-6fPVs in the
pathogenesis of KC.

Based on these finding, we focusedon d er st andi ng the mol ecul ar
HPV-induced KC in immunocompromised patients through different approanbkslingthe

HPV8 transgenic mouse model andvivo tumorigenicity assays of tumours from OTRs
When <consideri ng -HPW & the devempmerd of &K@, tit is arfportént to

e Xx ami ne -HR\hie loaalizebl. Theurrenthypothesis is that theeservoir & r -HRV
resides within longdived hair follicle keratinocyte stem cells (HESC), however, the precise
HF-KSC popul at i o-HRV latem infection eethaini tcbe @efinélb determine

the role of HFK S C 4HRV irfduced skin carcinogenesis, welipéid a transgenic mouse
model in which the keratin 14 promoter drives expression of the entire HPV8 early region



(HPV8tg). HPV8tg mice developed thicker skin in comparison to wild type littermates
consistent with a hyperproliferative epidermi$F keratinocyte proliferation was evident
within the Lrigl+ KSC population (69 vs 55%, p<0.001, n=6), and not in the CD34+, LGR5+
and LGR6+ KSC populations. This was associated with gcki8expansion in Lrigl+
keratinocytes and 3.8 fold increased coldoyming efficiency. Consistent with this, we
observed nuclear p63 expression throughout this populatiomahd HF infundibulum and
adjoining I FE, associated with a switch fron
skin. EV keratosis andn some casesactinic keratoses demonstrated similar histology
associ at-eRV viws rehctivdtion and nuclear p63 expression within the HF
infundi bulum and perifollicular e-pRVdield mi s .
cancerization arises from tliF junctional zone and predisposestjuamous cell carcinoma
(SCO.

In addition,we haveestablishe@nin vivo orthotopic humanized xenograft model using skin
tumours fromOTR. This techniguallow to increase the availability of the tumoutkat is

usudly a limitation in skincancer researehto investigate detailed molecular mechanisms of

the events driving tumorigenesisn d t o -HRWVanfettionfeypred$sion in these lesions
Therefore, this methodology provides a highly promisexgvivoenvironment in which to

study the progression of the disease fromrpatignancy to malignangyg.g. from an AK to a
SCCas reported in this thesighich cannot be documented in the human beings due to the
necessary excision of such tumours.

However, it emains to be determined whether immunosuppression also facilitates
carcinogenesis by inhibiting tumour immune surveillance anagilliro test this hypothesis
andgenerate a mouse model recapitulating the events occurring in OTR, we have crossed the
HPV8 transgenic mice (FVB/N genetic background) with Rag2 deficient mice (which lack B
and T cells; C57BL/6 genetic backgrounthe results so far obtained with the F2 generation
indicate thatimmunosuppression facilitates carcinogenesis by inhibiting tumouonune
surveillanceas the number of skin lesions and their degree of dysplad\i8+:Rag2” mice

was found increased when compared toHR&/8tg+:Rag2™* mice.

Overall, the results obtaineh this studyadvance our understanding tife molecular
mechansms underlyind-HPV infectionand strengthen the hypothesis of a causativefoole

these virusem keratinocyte carcinoma development



1. Sommario

| papillomavirus umani (HPYsono piccoli virus nudi contenenti un genoma a doppia elica di

DNA circolare di 8 kbche infettano gliepiteli squamosi stratificati cutanei e mucosali di
differenti distretti corporei. Gli HPV possono stabilire infezioni latenti in individui sani, ma
inducono anchdesioni neoplastichebenigne omaligne in basealle proprieta oncogene
specifiche dei differentgendipi. Fino ad oggi sono stati identificati piu di 180 genotipi
differenti di HPV che sono stati classificati in &mgrisulla base del 6 anal i si filog
genere Alpha(¢HPV) & il piu caratterizato e comprendé genotipi a tropismo mucosale

associati b linéorgenza dcarcinoma a livello genitale (ad esempio HPV16 e 18). Gli HPV
appartenent iHPa/) goeomer evim | UlZi oni sti camente d
infezioni inapparenti o agomatiche molto diffuse nella popolazione generbllei. pazienti

affetti da epidermodisplasia verruciforme (EV), una immunodeficienza primaria caratterizzata

da wunobdalta susc e tbtHPW guestitvifus replichnd com ale 2fficemze d a
sviluppano il loro pieno potenziale trasformante, inducendo numerose lesioni simil verrucose

con alto rischio di progressione a carcinoma cutaneo .

Sebbene il loro coinvolgimento nel processo di carcinogenesi cutanea in pazienti
immunocompetenti e immunogm@ssi NoFEV (con immunosoppressione primaria o
acquisita) e ancora materia di dibattito, numerose evidenze epidemiologiche e sperimentali
suggeriscono un ruolo carcinogenico di questi virus che inizia nelle fasi precoci e contribuisce

alla patogenesi deatarcinoma cutaneo. Il nostro gruppo ha dimostrato precedentemente la

presenza di prodott.i dei geni virald. e | 6am
precancerose derivate da pazient.i trapiant a
Ques t i risultat:i raffor zano -HRV/s nelagpatagenesi ddli un

carcinoma cutaneo.

Sulla base dei dati gia acquisiti, abbiamo studiato i meccanismi molecolari alla base
del |l 6i nduzione del c &HBV in pamati incmunoeom@anessin d ot t
attraverso differenti approcci, quali il modello di topo transgenico HPV8 e il saggio di

t umo r i grevivadictumbradérivati da OTR.

Pe capire il ruolo do-HPV nello sviluppo del carcinoma cutaneo, € importante conoscere dove
guesto virus natural mente si | obeHPV risieda & . LOi f
cellule staminali con ciclo cellulare rallentato presenti nel follicolo pilifero-KHE); tuttavia,

la precisa popolazione di HESC coi nv ol t alatemte dib-HPV refaecera o n e

sconosciuta. Per determinare il ruolo dellel kil C n e | carcinomaHPY,ut aneo



abbiamo utilizzato un modello di topo transgenico nel quale il promotore della cheratina 14
guida | 6espressi one V8 @PV8tg). | topi PVEtg mesgniar® armc e  d |
spessore della cute piub6 ampio rispetto ai t
La proliferazione dei cheratinociti del follicolo pilifero & evidente nella popolazione di cellule
staminali Lrigl+ (® vs 55%, p<001, n=6), ma non lo & nelle popolazioni CD34+, LGR5+ e

LGR6 +. Questo  in linea con | 6osservazione
volte e dell 6efficienza di formare cobonie d
osservato | 6espressione nucl eare di p63 1 n

interfollicolare fiancheggiante, associata a un cambiamento di espressione tra la forma TA di
p63 in @Np63 nella cute dei EVoepaicundddharaiosig . Le

attiniche (AK) di pazienti non EV mostrano un istologia simile associata alla riattivazione di

b-HPV e all 6espressione nucleare di p63 nell o
dati suggeriscono che il campo dicancer&zz i one i-HhRIW titmoi zdiaa bdal | a 7
zoneo e predispone al carcinoma cutaneo.

Inoltre abbiamo realizzato un modello umanizzato di xenotrapianto ortotopico utilizzando
tumori cutanei derivati da OTR. Questa tecnica permette di aumentargdaibibta dei

tumori cutaneii che ~ una delle | imitazioni nel | 6 amb
analizzare in dettaglio i meccanismi molecolari coinvolti nella tumorigenesi e identificare

| 6i nfezi one e&HRPVAreqgste esioniinatre,equedta tecnica permette di

studiare la progressione della malattia da una situazioreapoErosa a una cancerosa, ad

esempio da AK a SCC come riportato in questa tesi, che non puo essere studiato a livello umano

per la naturale necessitadirimme r e | a | esi one prima dell 6evol
Il n guesto contesto, rimane da stabilire se |
attraverso |l a riduzione dell 6i mmunosorvegli e

modello murino cheicapitolasse gli eventi che si verificano nei pazienti trapiantati, abbiamo
incrociato i topi transgenici HPV8 (background genetico FVB/N) con i topi deficienti per il

gene RAG2 (background genetico C57BL/6), che non producono cellule B e T. | risultati

oo tenut.i fino ad ora con | a generazione F2 |
carcinogenesi anche inibendo | 6i mmunosorveg!
ottenuti; infatti,il numero di tumori cutanei nella cute dei topi HPV8+:Rag loro grado di

displasia & risultato significativamente maggiore rispetto ai topi HFR&"*.

Nel |l 6i nsi eme, [ risultat:i ottenuti i n quest
del | 6i nb-elRVieomeafdaor zano | 6i pot esi di un ruol

tumore cutaneo.
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2.1 PAPILLOMAVIRU SES

2.1.1General features

Papillomaviruses (PV) are small renveloped viruses with an icosahedral capsid and a
circular doublestranded DNA genome of 8Kb in length. They are spespesific and exhibit
a strict tropism for the squamous stratified epithelia where they can induce cutaneous and
mucosal hyperplastic lesions in a broad spectrum of vertebrates, mgclhdmans, other
mammalians, birds and reptilé@3oorbar et al., 2012

Human Papillomaviruses (HPV) can infect different body sites, such as the upper
respiratory, oral and genital mucosaed the skin according to the specific tropism of the
differentviral species. HPV prevalence has increased in many parts of the world during the
past few decades. They typically establish persistent infections which can either remain in an
unapparent silent status or cause clinical manifestations after a latenay pewnariable
duration; reactivation of latent HPVs seems to be favored by several conditions affecting the
host, such as immune status, genetics, environmental and unknown factors. HPVs can be
responsible not only for benign hyperproliferative lesionspi(fsemas) in mucosal and
cutaneous sites, but also for malignancies (especially squamous cell carcinoma, SCC)
depending on their ability to establish chronic infections and stimulate cellular proliferation
(Akgl et al., 2008.

HPVs have been implicated cancers at several sites; in particular, the best documented
HPV oncogenic activity concerns cervical cancer, where the association between HPV
infection and the onset of precancerous lesions that can subsequently progresgytadaigh
tumaurs is welldefined. Roughly 610000 new cancer cases per year (among these, 530000
cervical cancer cases) have been attributed to HPV infection, of which more than 80% in
developing countrie€Crosbie et al.2013.

Although the causal association of HPV infection hwitervical carcinogenesis is
epidemiologically and experimentally ascertained, its implication in the development of
precancerous skin lesions that can evolve to -Qmgide tumors of epithelial origiii
comprehensively grouped intoetliKematinocyteCarcinanas (KCs: basal and squamous cell
carcinomas) has been much less clear to date; such uncertainties partly come from the fact
that cutaneous HPVs have been shown to be ubiquitously present in the skin in the general

healthy population. Nevertheless, salezpidemiologic and experimental evidences are in



favour of their potential oncogenic role in the insurgence of skin lesions (Knipe & Howley,
iFi el ds Weidriotlioognyd,, 42001 ; Pfister, 2003).

2.1.2 Classification, evolution, tropism and disease assation

Papilomaviruses were originally groed together with Polyomaviruses (PyVs) in a family
called Papovaviridae; this classification was based on similarities in the capsid proteins and
some proteins involved in viral replication and on the factttieste were the only viruses with
circular doublestranded DNA genomes xh a norenveloped icosahedral capsid.
Subsequently PVs and PyVs were split into two different viral families (Papillomaviridae and
Polyomaviridae) because of substantial differemcggnomic sequence, organization and size
(de Villiers et al., 2004; Bernard, 2013).

After many years of research and genomic sequencing of thousands of PV isolates, PV
classification was based on phylogenetic criteria following hierarchical taxononets lev
(family, genus, species, types, subtypes and variants). The L1 gene, encoding the major capsid
protein, represents the most conserved gene of the PV genome, showing clusters of sequence
similarity throughout its whole length among different PVs; fas leason, L1 nucleotide
sequence is used to perform comparative alignments for PV identification and classification.
By this approach, more than 200 PV types have been discovelateieencompassing more
than 1® HPV types and 103 animal PV types (Fdrhttp://pave.niaid.nih.gov/#home

A novel PV type is established when L1 nucleotide sequence exhibits at least 10% diversity
from the closest known PV type:10% diversity define a PV subtype, while less than 2%
diversity introduce a PV varianDifferent PV genera share less than 60% sequence identity
and different PV species belonging to the same genus sha@68equence identity; finally,

PV types belonging to the same species shatf@9%d sequence identity (de Villiers et al.,
2004; Forslud, 2007; Bernard et al., 2010; Bernard, 2013).

PV phylogenetic analyses indicate that PV evolution is linked to their hosts. A major part
of PV evolutionary diversification must have proceeded clearly through mechanisms that
restrict PVs to their host spes; these hostirus associations strongly suggest that PV
phylogenetic trees reflect a time scale similar to the host phylogenetic trees and that specific
events in host evolution may have created new ecological niches for PV totolepter, it
has ato always been a generally accepted view that beyondimkedtl evolution yet other

evolutionary mechanisms drive PV diversification, as there exist remotely related PV taxa in



the same species, but in part separated by diverse target tissues (skisosa)RYs and
their hosts have not gone through an identical evolutionary path, even though initial niche
sorting followed by hostirus cespeciation was a key determinant of the PV evolutionary
history. Recombination may have played an important rai@glV evolution, however it is
likely that these events mainly occurred early in the evolutionary process; in addition, further
mechanisms may have contributed to the current PV diversity, includingwitshing and
possible extinction of the PV lineagn some hosts. The tight hastus interactions that have
underlain PV evolution are thought to have led over time to a balance between viral replication
and immune tolerance, allowing the viruses to become well adapted to their hosts where in
most insances can complete their life cycle and be maintained without causing any overt
diseaséDoorbar et al., 2012

PV molecular evolution progresses several orders of magnitude slower than that of RNA
viruses, possibly even approaching the slow speed ofahenge of the host species. This
property is shared with other doutldranded DNA viruses infecting vertebrates such as
Polyomaviruses and Herpesviruses, reflecting the fact that these viral genome sequences are
stabilized by the higffidelity proof-readirg capability of host DNA polymerases; for these
reasons, mutations are fixed at a very slow rate in the PV genome, which is therefore highly
stable (Bemard, 2013; Van Doorslaer, 2013

On the basis of L1 nucleotide sequences, HPVs are divided into figeag@iigure 1), with
the different species and types exhibiting different sites of infection, life cycle characteristics
and functions of specific viral gen#lPY),roduct
Bet ddP(VH , GedPrva , (-BWPY)a(had NRV) (Bernard etal., 2093
The Alpha genus is the most represented one and comprises both mucosal and cutaneous
species. Based on their oncogenic potential and association with the development of
mal i gnanci ¢B\s arefurther subdided thto lowrisk and highrisk groups.
The World Health Organi zH®Y typesn(HPN 465 18 B¢, B3, 3ve d 12
39, 45, 51, 52, 56, 58, 59) as being higtk cancercausing types; they are mainly responsible
for the development of capal cancer and can also be associated with cancers at other sites
with much lower incidence (head and neck carcinomas such as oropharyngeal cancers, and
cancers of the penis, anus, vagina and vulva). Nevertheless; highHPVsldo not cause
cancer inte vast majority of the individuals they infect.
Low-r i s-KPVsUcause benign mucosal lesions. Certain types (e.g. HPV 6 and 11) are
associated with the development of respiratory papillomatosis (especially HPV 11), which is a

laryngeal disease often ocaag in children, and with benign external agenital warts
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(especially HPV 6); these types are sometimes occasionally found to be associated with cancers
in these sites especially in individuals with immune defects, where such infections are more
difficult to manage. Other low i sHPV types(e.g. HPV 13 and 32) are responsible for the
development of oral papillomas as it occurs in the case of oral focal epithelial hyperplasia.

Cut aneHPVs (e.dJ HPV 2, 3, 7, 10, 27, 28, 57) are associated wih th
development of different types of benign skin warts arising on various sites of the hands, face,
elbows and knees.

The Beta genus comprises to date 43 types, which exhibit cutaneous tropism (e.g. HPV
5, 8, 9, 14, 17, 2-BRVsa?elevolutriarly didtiict frod &he Alphd , 4 9 )
genus and establish widespread unapparent asymptomatic infections that remain latent without
any clinical manifestation in the general healthy population. In subjects with impaired immune
function, it seems thahése viruses can spread unchecked and they have been implicated in
the development of KCs. In particular, in individuals suffering from epidermodysplasia
verruci formis (EV), a primary i mmunodeficien
HPV infecion, they are responsible for the development of disseminatedikelgsions that
often undergo malignant progression; there is also increasing evidence for their involvement
in the onset of precancerous skin lesions with potential to evolve to KCgher o
immunosuppressed populations (e.g. OTRs, organ transplant recipients). Their involvement in
the pathogenesis of KC in immunocompetent individuals is more controversial.

Gamma (e.g. HPV 4), Mu (e.g. HPV 1) and Nu (HPV 41) genera comprise a smaller
number of types, exhibiting cutaneous tropism; they are associated with the development of
benign palmar and plantar skin warts (de Villiers et al., 280éter, 2003; Doorbaet al.,

2012.
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Figure 1. The phylogenetic tree of Papillomaviruses, obtained from multiple comparative alignments

of the L1 gene. Symbols at the end of each branch define PV types; the external half circles refer to PV
genera, while the internlhlf circles surround PV species (Bernard et al., 2013).
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2.1.3HPV structure, genomic organizationand life cycle

HPV virions have a 585 nm diameter. The icosahedral capsid is made of the two structural
proteins L1 and L2, repeated and organize@drtapsomers. L1 is the major coat protein and
accounts for 80% of the total amount of viral proteins; L2 is the minor coat protein and seems
to favor the assembly of new viral particles amplifying their infectious ability. The two capsid
proteins enclos¢he doublestranded DNA genome, which is about 8 kb in size (Krépe
Howl ey, AFielTadi tViionnd,ogQ014) . Genomic organ
among all HPV family membe(®oorbar, 200Y, with 7-8 open reading frames (ORFs) on a
single transriptionally active DNA strand encoding a larger number of gene products as a
result of mMRNA splicing (Figure 2). In the HPV genqrtieee regions can be distinguished:

- the early region coding for functional proteins (E1, E2, E4, E5, E6 and E7 for AlpdradP

El, E2, E4, E6, E7 for BetaPV) expressed in all the phases of the viral life cycle, which are
responsible for the persistence of the viral genome in a cell, its replication and the stimulation
of cell proliferation necessary to support viral replmaitself;

- the late region, coding for the structural coat proteins L1 and L2 that are expressed in the final
phases of the productive viral life cycle;

- the long control region (LCR), a namding fragment regulating the expression and
replication ofthe viral genome.

The L1 and L2 proteins are conserved across widely divergent PVs, and along with E1 and
E2 are key viral gene products that are thought to have been present in the common ancestor
of all PVs; other viral genes, such as E6, E7, E4 and E5, have been aoquigmificantly
modified during evolution and are not necessarily present or may not have the same function
in all PVs. Because of such evolutionary mechanistifferent HPV genera have some
exclusive features despite the highly conserved structute eft g e n 0 me . For inst
HPV genome is relatively s ho-HRVs, aogmgpfeom@é4d wi t h
kb to 7.7 kb; this is due to the considerably reduced size of the LCR, about 400 bp compared
with 6509 00 bp i n -®PVs alsadispldy ¥osne differences in the coding region:
most of them | ack a functional EHPV tgpBsFarea nd t |
much | onger compared wit hHPtVise -BRVbslexk thddH5V s . S
gene (Tommasino, 2@l Ciesielskeet al., 2012Quint et al. 2015).

13
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Figure 2. The genome organization of the prototype Beta HRWb Alpha HPV16The HPV genome
comprises a long control region (LCR) and seven or eight genes that are necessary for different stages
of the virus life cycle. These genes encode a larger number of gene products as a result of mRNA
splicing. The LCR contains binding sitéor cellular transcription factors (e.g., SP1, AP1, Octl), as

well as for the viral E1 and E2 proteins that control viral replication and gene expr8staiV types

lack an E5 ORF and have a much longer E4 ORF than the AlphaPV types. The positi@jerof
promoters and splice donor/acceptor sites are indicated by arrows (promoters) and circles (d, donor; a,
acceptor), respectively, alongside the positions of the early (PAE) and late polyadenylation sites (PAL)
(Quint et al, 20%).

The LCR is a signi€ant noncoding fragment of viral DNA located between the L1
and E6 ORFs, accounting for about 10% of the entire genome. It contains an origin of
replication and cisesponsive elements for regulatory transcription and replication factors of
viral geneticmaterial; in detail, there are binding sites for cellular transcription factors (e.g.
SP1, AP1, Octl), as well as for the viral E1 and E2 proteins that control viral replication and
gene expression (Figure @oorbar et al., 2002 All the LCR regions cetain enhancers that
provide the virus with specific tropism to the stratified squamous epithelial cells. Other
regulatory enhancer elements are positioned within gdimesLCR harbours one of the two
well-characterized promoter elements, namely the gadynoter upstream of the E6 ORF,
while in many HPV types the late promoter isdted within the E7 ORRhese promoters
regulate the expression of differentially spliced mostly polycistronic mMRNAs, being trans
activated in a timely and coordinated diffetiationdependent fashion in specific epithelial
layers where the different phases of the viral life cycle take place. The early promoter mainly
drives E6 and E7 expression, while the late promoter regulates the expdsalicthe other

viral genegCiesielska et al., 2012; Doorbar, 20T®mmasino, 204).
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The E1 protein, an ATHdependent DNA helicase, is the only enzyme encoded by the PV
genome. E1 is essential for the maintenance, replication and amplification of the viral episome
in the nucleus ofnfected cells; it does so by interacting with cellular DNA replication factors
and assembling with E2 to the origin of replication to trigger viral DNA replication.

The E2 protein acts both as repressor and activator of viral gene transcription by binding to
multiple sites in the LCR; in particular, it negatively modulates the expression of E6 and E7 by
downregulating the activity of the early promoter. Furtherm&2 recruits E1 to a specific
E1-binding motif in the origin of replication and is implicated in the maintenance of the viral
genome in its episomal (extrachromosomal) form.

The E4 protein is the most abundant viral gene product and is expressed lates titaer
early proteins. E4 is thought to be involved in viral genome amplification and suppression of
cellular proliferation in the late phases of the productive life cycle; it seems also to be able to
form multimers that assemble into amykike fibres that can destabilize the cytokeratin
network of the host epithelial cells facilitating the extracelloddease of new viral particles
(Bergvall et al., 203; McBride, 2013; Doorbar, 20).3

HPVs encode three proteins with transforming properties: Sh&& and E7 oncoproteins.
Through combined and cooperative action, they abrogate the activity ofirtsmapressor
factors, promoting evasion of all cell cycle checkpoints and inducing a deregoulaggession
of the cell cyclethe result is a stimulath of cell growth, survival and proliferation and a delay
of terminal cell differentiatiofiDoorbar, 200Y.

E5 is a transmembrane protein localizing to cell membranpsedominantly to the
endoplasmic reticulum and also to the Golgi apparatus and nowealbrane suggesting that
its activity must be related to the trafficking of membrane proteins through different cellular
compartments; it can dimerize in these sites and in certain HPV spegges tell fusion. It
is absent in HPV types from the Befanus(Connolly et al., 2014).

E6 and E7 are multimeric proteins with potential to associate with multiple cellular partners.
Such functional differences contribute to the respective transforming abilities of various HPV
species and type# the best caracterized HPV species, E7 binds and targets for ubiquitin
dependent proteasomal degradation the hypophosphorylated form of members of the Rb family
(pRb, p107, p130). In uninfected epithelium, cell cycle entry and cell division in the basal and
parabasatell layers is controlled by growth factors that stimulate the activity of G1 cyclins
including cyclinD/Cdk, which phosphorylates Rb family members and displace them from
transcriptional activators of the E2F family allowing the traoBvation of genesecessary for

S-phase progression (e.ginichromosome maintenance proteifMCM7), PCNA, Ki67,
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cyclins); the continual stimulation of these cells physiologically allows renewal of the
epithelium as surface cells exfoliglBommasino, 204).

E6 interferes with DNA damage repair, growth arrest and apoptosis. The function of E6
complements that of E7. The efficient binding of Rb proteins by E7 can lead to inhibited cell
growth and apoptosis through a p&&pendent pathway; as a result, E6 protefmeany HPV
types have evolved to target the tumeuppressor p53 for ubiquitalependent proteasomal
degradation or other forms of inactivation, resulting in the abrogation of its activity that plays
an essential role in protecting genomic integri®kgul et al., 2006; Ciesielska et al., 2012;
McLaughlin-Drubin et al., 2012; Moody et al., 2010).

TheHPV replicative cycldsummarizedn Figure 3) is tightly linked to the differentiation
program of stratified squamous epithelia. Most viruses infect atteet} and produce progeny
virus from that same infected cell; conversely, in HPV infections, the synthesis of new virions
occurs only after the infected cell has undergone mitosis and one of the infected daughter cells
has differentiated. HPV replicatiorequires the timely and coordinated expression of the
different viral gene products as the infected cell moves towards the epithelial surface; this
highly regulated pattern of gene expression allows the different stages of the life cycle to be
completed ppropriately. For this reasoRPV life cycle takes B weeksthe time necessary
for an epithelial cell to migrate from the basal to most superficial layers, mature, undergo
senescence and di@®oorbar, 2007; Moody et al2010; Romaret al 2013 Crosbie et al.,

2013; Doorbar et al., 2012).
Virus laden cells ready for

desquamation and infection of
naive individual

Virus particles assembled

E and L viral

Viral genomes at 1000 per cell
genes expressed !

Differentiated cells I = '

Dividing cells —= ¢ P B
Only E genes expressed - = < Viral DNA amplification in
Very low levels of LwO8 O Or--2 non-dividing cells

protein made

J D ‘} O“l Virus and cell replicate together
‘_‘l ol

Virus infects a primitive
basal keratinocyte

Figure 3. Productive HPV life cycle. HPVs replicate only in fully differentiating squamous epithelia.
The life cycle involves both temporal and spatial separation of viral protein expression. The virus first
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infects a cell in the basal layer of the epithelium ehagcess is naturally facilitated (e.g. microtrauma,
epithelial transitional zones, hair follicles). In the lower proliferative compartments of the epithelium,
there is a phase of viral episome maintenance al low copy number, in which viral and cell&lar DN
replicate together. As long as the cell is dividing, HPVs control the expression of their viral proteins
very tightly; the E6 and E7 oncogenes are thus expressed at very low levels, along with the genes coding
for E1 and E2 replication factors. When thest cells stop dividing and begin to differentiate into
mature epithelial cells, this provides a signal to the virus to activate all of its genes to amplify the viral
genome copy number to the thousands. In the top layers of the epithelium, all ofathgeres,
including those encoding the L1 and L2 proteins, are expressed, and many thousands of viral genomes
are encapsidated; finally, the newly assembled infectious viral particles exit the cells in the context of
epithelial surface desquamation. Thaditaken from infection to the generation of new virions is at
least 23 weeks (Stanley, 2012).

Experimental models suggest that infection requires access of virus particles to the basal
lamina and the interaction with hepagunlphate proteoglycans anadgsibly also laminin.
Structural changes in the virion capsid, which includes cleavage of L2, facilitate transfer to a
secondary receptor on the basal keratinocyte, which is necessary for virus internalization and
subsequent transfer of the viral genométb e nuc | e u s :6 intedrih dndgrogvth t h e
factor receptors have been implicated in this process, the precise nature of the entry receptor
remains somewhat controversi@boorbar et al., 2002 Once internalized by a clathfin
dependent endocytic fhavay, virions undergo endosomal transport, uncoating and cellular
sorting. The L2 protekDNA complex ensures the correct nuclear entry of the viral genomes,
while the L1 protein is retained in the endosome and ultimately subjected to lysosomal
degradatia (Doorbar et al., 2012

In many cases, infection is thought to require epithelial wounding or swicumding to
allow access of the virus to the basal lamina, and a role for the wound healing response in
simulating the lateral expansion of the infectetls has been suggest&bme HPV species
are thought to infect sites where access to the basal layer is naturally facilitated, such as the
base of the hair follicldHF) for cutaneous HPVs, or sites where columnar and stratified
squamous epithelial celimeet each other, such as the cervical or anal sgeatomnar
junctions for highr i sH®PVdJIt is thought that lesion formation begins with the infection of
a longlived, slow-cycling keratinocytestem cell (KSC) and that the longevity of the
keratinocytestem cells is a key factor in the formation of a persistent lesion, with these cells
being a reservoir for the infection (Doorbar, 20Quint et al., 201p

Infection of thestem cellds followed by the early neproductive stage of the lifeycle,
consisting of an initial phase of genome amplification and then by maintenance of the viral
episome al low copy number (1200 copies per cel(Doorbar et al., 2012

17



The HPV genome does not encode polymerases or other enzymes necessathyiNAvira
replication, which depends on the presence of the cellular DNA replication machinery, with
viral DNA replication accompanying cellular DNA replication as the cells progress threugh S
phase(Stanley 2012) The only viral proteins that are thoughti® necessary for this initial
amplification phase are E1 and E2, which are expressed from the late promoter and ensure viral
DNA replication and transcriptiofDoorbar, 200Y.

Viral proteins are not readily detectable prior to the onset of genome aatmificuring
normal productive infection; the low level expression of viral proteins in the basal layer is
thought to reflect, at | east in part,nethe ne
system (Doorbar et al., 20L2After an initial ncrease in viral copy number, the infected
odi fferentiat i n diketoa&2likephaseomtheviral germmem@ificati@
occurring primarily in G2 after cellular DNA replication has been completed; the virus at this
point fully recruits he cellular DNA replication machinery for its own replicat{@oorbar et
al., 2012.

A key function of the E6 and E7 proteins in most HPVs is not to promote basal cell
proliferation, but rather to stimulate cell cycleawstry in the migupper epithelialayers in
order to allow genome amplificatigBtanley, 2012)To complete the late productive stage of
the life cycle, the infected cells must undergo terminal differentiation in the most superficial
epithelial layers. The completion of the life cycleimalitely involves the expression of the
minor coat protein L2, the exit of the cell from the cell cycle and the expression of the major

coat protan L1 to allow genome packagitifoorbar, 2007).

2.1.4High-r i s-KPV#&Jand cervical carcinogenesis

Genital JHPV infection is the most common sexually transmitted viral infection all over
the world, with a peak of incidence in young individuals betweeBSl§ears of age following
the onset of sexual activity and a progressive fall with age; over 80% of yeaatale women
become infected at some stage in their life with one or severatiBlgand lowr i sHPV U
types(Crosbie et al., 2013)

The frequency of high i s-HPV-&bksociated cervical cancers is of arounét@@eople
per 100000 and over 99% of cexal lesions harbor viral sequences, although the proportion
associated with specific highi s-HPV types is different in different countries and shows

demographic, ethnic and soe@gonomic variation. HPV 16 and 18 cause approximately 50%
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and 20% of theases of cervical SCiCarising in the stratified squamous cells of the ectocervix

- respectively, and both types are equally associated with around 35% of the cases of cervical
adenocarcinoma arising in the columnar glandular cells of the endocervid amre
aggressivéDoorbar, 200Y.

Cervical precancerous lesions are named cervical intraepithelial neoplasia (CIN) and are
histologically classified for diagnostic purposes according to the grade of dysplasia: CIN1
(mild dysplasia), CIN2 (moderate dysgia), CIN3 (in situ carcinoma); CIN1 lesions are {ow
grade lesions (LSIL, lovgrade squamous intraepithelial lesions), while CIN2 and CIN3
lesions are higlgrade lesions (HSIL, higgrade squamous intraepithelial lesions). The
accurate identification of $gon grade has prognostic significance, as it has been estimated that
around 20% of CIN1 will progress to CIN2, and that around 30% of CIN2 will progress to
CIN3 if left untreated; CIN3 are generally considered to be the direct precursors of cervical
cance, and it has been suggested that around 40% of CIN3 lesions will progress to cervical
cancer in the absence of intervention. In general, more regions with different histological grade
can be found in the context of a cervical lesion; different-high sHPV types are usually
associated with discrete areas of disease except at junction regions (where lesions abut or are
in close proximity) where more than one type may be detébiarbar, 200Y.

Most cervical cancers develop in the transformation zomeesponding to the squamo
columnar junction the transitional site where the columnar glandular cells of the endocervical
canal meet the stratified squamous cells of the ectocervix. The particular susceptibility of the
transformation zone to cancer ons@id progression may also be linked to the increased
accessibility and proliferation of the basal cell layers at this metaplastic epithelial site,
particularly around the time of puberty and the onset of sexual activity; in this case, we can
hypothesize tht the primary preferential target cells for high  sHPV idfection may be cells
close to the squammolumnar junction, such as the epithelial reserve cells, which lie
immediately underneath the columnar epithelium of the endocervix, and eventuallghéorm
stratified epithelial layers of the transformation zone as the cervix mdoesbar et al.,

2012) Early acquisition of high i s-HPV Wfections, also facilitated by the low levels in
antigenpresenting cells in this site, can disturb the mesdigl@hanges occurring at this time
in the transformation zone and increase the risk of cervical cancer in the @ioie, (2013
Tommasino, 2013; Moodst al, 2010).
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2.2 b-HPV AND KERATINOCYTE CARCINOMAS

While the causative relationship between HPV infection and genital SCCs is well
established, the role of HPV in the development of cutaneous malignancy is, as yet, unclear.
However, there are an increasing body of evidence suggesting the involvéretaneous
b-HPV in the development of KC. To demonstrate that a pathogen causes cancer, convincing
epidemiologic evidence of association and a plausible biological mechanism for oncogenesis
are necessary; while this has been achieved fortighs-HPVsand cervical cancer, such
requirements have nolPVsyand KCbasdhere is great kadk iofe d  f «
consistency among epidemiological studies and no molecular role for these viruses in
cutaneous tumorigenesis has been certainly proven so far.

KC is the most common cancer type among Caucasians, where it accounts for around 30%
of all malignancies and its rates are increasingil8gd yearly. Although the majority of KC
cases can be treated surgically and do not usually exhibit high aggress, these cancers
are associated with high morbidity and represent a significant burden on the healthcare system.
Immunosuppression and UV exposure are the main risk factors fortl&e tumours mostly
arise in surexposed skin sitgg\kgul et al., 206 Aldabagh et al. 2003
The major histological types of KCs are basal cell carcinoma (BCC) and cutaneous squamous
cell carcinoma $CC), associatewith different underlying mutational patterns. BCC is more
common in fairskinned individuals and origites from transformation of basal epidermal
cells. SCC, which is more aggressive than BCC, is more common among darker skin
population and arises from transformation of squamous epidermal cells; it is usually preceded
by precancerous lesions, namely actik&ratosis (AK), with high potential to undergo
malignant progression; other forms of skin tumours #nathistologically related t8CC are
keratoacanthoma (KA) a low-grade SCC subtype originating from the hair follicles, able to
regress spontaneousnd representing a midpoint betmea benign wart and invasi&Ci
and Bo we nidas eady stage ansitl intraepidermal form of SCC (Nindl et al., 2007;
Knipe & Howl ey, f'Feide Itd so;bstar, WARPG7Y , 5

The epidemiological demonst r a-HRPVanfectionfanda p o0 s S
KC development is complicated by the fact that these viruses are also presenaifectual
skin areas of patients and even ubiquitously widespread in the gaeatddy population,
establishing persistent, asymptomatic latent infections without apparent disease; it is thought
t hat everybody i s-HRVoypestWith encreasog agenthé numipet b
i nf ecHRW gt yop es s dPWpersidtece with tise sgme types is common, and
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family members often-HPWaseghheumsadme. tDipfefse r(
di fferent sampling techniques hahlP¥tysebhaevn t ha
HPV 5, 8 and 23; different ethnicities yna h ar b o u r-HPY type$, avith ¢1RU5 befing
the most prevalent type and the only type common to all countries s{édaatbaghet al,
2013.

b-HPV infection seems to be acquired very early in infancy, with exposure beginning soon
after birth; tke presence of the viruses on the skin surface of the mother and other people in
close contact with the newbor nHPV gansmisston mo s t
probably occurs by contact with infected skin or its ubiquitously present remnantsc@des,
dandruff); the likelihood of a prenatal vertical transmission from mother to fetus has also been
proposed. Transmission in later stages of postnatal life is thought to be limited; this may be due
to the fact that in the first postpartum days, tinner horny layer facilitates access to the basal
layer, or to the fact that after the sites available to infection have been occupied, the settlement
of o tHR\etypeshs more difficult because of the occurrence of a-ceasgtive antiviral
resporse following initial infection. In immunocopetent individuals, this early infection seems
to persist in a latency status and without clinical manifestations (Hast@gd2002 Bouwes
Bavincket al, 2008; Akgil et al, 2006; Feltkampt al, 2008.

2.2.1 Epidermodysplasia verruciformis

Epidermodysplasia verruciformis (EV), which is considered to be a primary immunodeficiency
(PI' D), IS t he only setti negdPVinhfectioe and skehn as s o
carcinogenesis has been ascertained. It is a rare autosomal recessive condituoh in

selective depletion of specificdell clones although the immunophenotype might be normal

in some patientsis associated with an abnormal susceptibility to persistent infection restricted

t o a s ub s e-HPVypes,eottea with m&elthadme infecting type. It arises in early
childhood with the development of disseminated benign plane warts and occurring enainly

the trunk, neck and extremities, and persist lifelong. EV patients also develdike/sions

(Figure 4A) that are intraggidermal proliferative lesion that display the typical cytopathic

effects of EV skin lesions, including acanthosis, koilocytosis, the presence of enlarged cells
with prominent bluégrey pallor and occasional perinuclear halgh greater malignant

potental on lightexposed areasigtre 4B, left panel). iese lesions are associated with HPV

5 and 8, often-HPVt It ymoer & eti magn doern etlRftepisbme and c

copy numbers per cédllindicating a high level of viral replicatiohandabundant E6 and E7
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transcriptg indicating viral gene expression in the lesional tissue. In the fourth decade of life,
around 3660% of EV patients develop malignant tumours in-eyposed sitefQuint et al.,

2014) which are usually low grade in sibarcinomas with some features in common with
Bowends di s e asnere aghressivBCGCt HP¥ b and & account for 90% of the
tumourswitHPV 14, 17, 20 and 47 &iP\¢tloadcanreanhgloOf or t |
300 genome copies per cell, ewough in a limited number of tumour celiad always in

episomal formb-HPV-induced EV skin tumours are assaed with productive infectionthe

high level of viral replication and subsequent active oncogene expression underlies skin
carcinogenesis ithese patients.

OQur group has throughly #HtPYdiied etchée oasaondi &
| esi ons by-HRlifepycleayents. e ddia hastgggestda progression pattern

from benign keratotic sIkSICC,| aani oV tdecycBedvee o s
is progressively disruptedn addition,our grouphas demonstrated that the abundaftiPV

seen in some lesions was tesult of genome amplificatiowithin the carcinoma tissue. E4

proteino f -HAY was very abundant drcouldbe easily visualised either superficial cells

supporting viral genome (cytoplasmic) or in the more basal proliferating cells (n|{Eigarg

4B, right pané€). The loss oftaining at the tumour bordeassuggestdthat E4 staining could

beexpl oi ted as a mar ke fHP\Gassoorated skih carecer progessi®n o n - ¢

(Borgogna et al., 2012; Borgogna, Landini et al., 2014)

MCM7
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Figure 4. (A, left panel) Clinical manifestation of epidermodysplasia verrucifonishe back of an

EV patient. The area surrounded by the black square is esliarglee right panel. The black arrow
showsthe characteristic lesian (B, left pannel) H&E staining of a wdike lesion displays the typical
cytopathic effects of EV skitesions. The section was double stained in immunofluorescence using
anti bodi eHPV (red) afiti4he prdlifertion marker MCM7 (green). The broken lines indicate
the position of the basal layer.

Homozygous truncating mutations ithe EVER1 or EMER2 genes have been reported in
approximately60% of EV patients; these two genes encode transmembrane proteins expressed

in a variety of cells types, including mostly blood cells. These pofeirm a complex

localized to the endoplasmic reticulum, whetbey seem to control intracellular zinc
homeostasis and in particular to decrease the nuclear zinc concentration, reducing the activity

of zincregulated transcription factors necessary for viral gene expression (e.gTA&,)the

EVER proteins mayaa s r est r i ct-HRVmgené expréssian sind feplicatiob in
keratinocytes, even though the exact underlying mechanisms are still unclear. EVER mutations
disrupt zinc transport between cell compartments; it is thought that this leadsetgulgton

of transcripti on f-HPYttranscsiptioh hra tstimaladenkeratinocyte c e b
proliferation, whi cHPVonooproteirrerpressiom (Quineetal., 8p | i f i
Lazarczyk et al., 2008) (Figukg

A Normal situation

—> no viral replication

n’ J,

B Situationin EV patient

= viral replication

BetaPV
BetaPV

2+ BetaPV
Zn

Figure 5. A. Normally, the EVER/ZnTL complex is responsible for a low level of free intracellular
Zn2+. This low level of free Zn2+ tonically inhibits the activity of ARranscription factors necessary
for BetaPV replication in keratinocytes. IB.EV patients, a dysfunctional EVER/ZffTcomplex leads

to a higher Zn2+ concentration, which causes increased activity of tHe tdPscription factors,
thereby initiating BetaPV remation (Quint et al., 2035
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Other HPV species may counteract EVRRtein function through different mechanisms in
order to facilitate viral gene expression; HPV16 E5 has been reported to be able to bind and
inhibit the EVER complex. It has also been postulated thab&dciated imbalance in zinc
homeostasis contributés HPV-specific immune deficiency through the same mutations.
However, in a substantial proportion of patients clinically diagnosed with EV, EVER genes are
not mutated; it is likely that unknown mutations affecting other genes are involved in the
genetidbackground of the disease (AKgt al, 2006; Pfister, 2003, Leidireg al, 2012; Cubie,

2013; Arronet al, 2011).

2.2.2b-HPV infection in the immunocompromised host

The association of cutaneous HPV infection with the development of skin lesiorel is
established in the case of EMore recently, mutations other two genes, RHOHencoding

a RhoeGTPase expressed predominantly in hematopoietic cells involved in intracellular
transduction form cell and Bcell receptord and MST1i encoding a kinse involved in

many biological processes in various cell types, including apoptosis, negative regulation of cell
growth and proliferation, and differentiatiefnave been identified in PID patients associated
wi th high s ulHRYanfettionb ekibiting gn EMlke pienotype. RHOH and
MST1 deficiencies lead to-gells defects, which probably play a role in the pathogenesis of

c hr oni cHP¥ mfedtione(Créqueiroegeret al, 2012; Crequer, Picaet al, 2012).

Other PID syndromege.g. SCID, WHIM), whose genetic backgrounds have been
described and affect various aspects of immune function, are characterized by recurrent severe
bacterial and viral infections since infancy. As a result, these patients have a number of
subsequent clinal manifestations, among which diffuse HR¥sociated warts and also
car ci n-oaisfections have also been reported in-liRé skin lesions from these
individuals and might be implicated in their onset and development, leaving open the
possibilitythat these viruses play a role in cutaneous carcinogenesis affecting many of these
subjectsOur group reported a patient with an unclassified primacgllimmunodeficiency
(characterized by a low number of naive T cells) that did not carry any ofrtegogmutations
associated with EV or WHIM syndrome, but displayed remarkable and specific susceptibility
to U and b HPV infection. The HPV susceptibi
the patient de wesltiepvartke les o he r fpdsiBve &hBPénile
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condylomas. This pattern is slightly different from the clinical picture of canonical EV patients
where the susceptibility is considered to be

Similarly to PID patiets, individuals with acquired -€ell immunodeficencies, whether
secondary (e.g. hematological malignancies, AIDS) or iatrogenic (e.g. OTRs undergoing long
term immunosuppressive therapy to prevent graft rejection) are all at increased risk of
developing gtensive, persistent and recurrent HR86ociated warty and keratotic skin lesions
especially on swexposed sitefl_eiding et al.,2012; Cubie, 2013; Aldabagit al, 2013) In
the particular case of OTRdtrough suppression of-Gell immunity and immuosuppressant
drugs per se can exert carcinogenic effects, the most obvious mechanismtcdrspdant
tumorigenesis is that iatrogenic doweygulation of celimediated immunity unmasks the
transforming activity of infectious agents resulting in the dgwalent of virusrelated
malignancies (Connollgt al, 2014).

Several epidemiological studies have demonstrated statistically significant associations
b e t weHPW inféction and KC development. For instance, large internationaicoase|
studies iINOTR and in immunocompetent individuals observed an association between the
presendRYV oDNA in eyebrow hairs and the devel
HPV serum antibodies and KC4fainck et al., 2010). The BCESCC ratio is inverted in OTRs
conpared to the generpbpulation, withSCC occurringt times more often than BCGCC
represents the most common de novo malignancy in the OTR setting, who exhibit @ risk 6
250-fold as great as that of munocompetent subjects witl5&€C frequency over 50%t 10
years and over 80% at 20 years poahsplantatiori while BCC is increased 140 fold
(Euvrard et al.2003; Tessari et al2010). In addibn, SCC arising in OTRs can be multiple
and highly aggressive, with increased rates ofrrecce and mesaasis they usually develop
within the first decade postansplantation in suaxposed sites elmcalizing with other
precancerous lesions, suggesting that their persistiawoes malignant progression, and
affectslarge skin areas in a process callettifcancerization
The major weakness tiie available studies is that the proposed associgtiomostly based
on the presence of viral DNA itumaur tissues or positive antibody responses. ey
studies have addressed whetheftPV detected in tese cases are actually localizethin
the malignant cells or whether they dranscriptionally active, the confirmation of which
would greatly strengthen the evidence faagecinogenic role of these pathogens.

Studies from our group havkemonstratdthat detection ofhe abundant viral E4 protein of
b-HPV washelpful for the visualization of activie-HPV infectionin skin tumars fromEV

patients(Borgogna et al., 2012; Borgogna, Landini et al., 20B4ked on these finding, our

25



group has decidedionvesti gat e wh-ERVigene praticts, acdefinedmEW f b
skin cancer, could also be observed in lesions from OTRs. Using a combination of antibodies
against the viral proteins E4 or Lldf the b-genotypesand fluorescenin situ hybridisation

(FISH) to detect the viral genome, we were able to visualise viral infection in premalignant
lesions, such as actinic keratosis and keratoakantoma as well as in the pathological hyperplastic
edges of either SCC or BCC from OTRs. Insexh expression of the cellular proliferation
marker MCM7, that extended into the upper epithelial layers, was a common feature of all the
E4-positive areas, indicating that cells were driven into the cell cycle in areas of productive

viral infection (Borggna, Lanfredini et al., 2014gure 6).

Figure 6. (A) Distribution of the viral and cellular markers E4, L1, human papillomavirus 25 (HPV25)
DNA and MCM7 in a caseof hypertrophic actinic keratosfsom a handirom akidney transplant
recipient. The top picture (scale bar: 1000 mm) shows the scan of the tissue section of the actinic
keratosis using hematoxyliand eosin (H&E) staining. The region shown in the lower panels
corresponds to the red square highlightecha dver H&E imagereproduced in the lower leftand
picture. The same section was double stained using antibodies to E4 (green) aidriei}Nsecond
picture); serial sections were double stained for the presence of viral genome amplification by HPV25
DNA-fluorescent in sitinybridization (FISH) (red) and for E4 expression (green) (third picture), and
also stained with antibodies to L1 (red) (fourth picture). Whie arrows indicate nuclear L1 staining.

All sections were counterstained witbAPI (blue) to visualize cell nuclei. Scale bars: 50 mm

26



(Borgogna, Lanfredini et al., 20L4B) Schematic table of skin tumours derived from our OTRs cohort
analysedy immunofluorescencer detectt h e pr e $iRVimargersof D

These data demonstrdtthat b-HPV transcriptionoccurs at the site of skin transformation in
the organ transplant recipient setting and also goirs possible involvement in the process
of skincarcinogenesis (Borgogna et al., 2014).

Based on these results, we have decided testigatethe association betwednrHPV
infection and OTRs KCs using an orthotopimougraft model developed by Patel et al at the
NCI-Bet hesda by xenografting fresh skin tumour
repopulated with human fibrtdsts in nude mice (Patel et.al2012). This methodology
provides advantages in our study for the following reasons: i) skin tumours are usually very
small, thus the material left from the routine diagnostic procedure is often insufficient and does
not allow fa the storage of fresh tissues; ii) the xenograft is usually bigger than the original
tumour, it can be exploited in its entirety for molecular investigation and split in half for fresh
and fixed storage; iii) this is currently the only way to allow prégnaint lesions continue their
natural malignant progression once they have been removed from the patient, thus it provides
a unique opportunity to analyse thedmaddition, in order to recapitulate the events occurring
in OTRs and analyse how their immuihefects increase virdiaduced skin carcinogenesis, we
have decided to cross the HPV8 transgenic mice (a model of HfelBed skin
carcinogenesjsShaper et al., 2005with Rag2KO mice (that lack B and T cells). If
immunosuppression also facilitates ¢aogienesis by inhibiting tumour immune surveillance,
we would expect the grHPY¥8RagKOn8ce.C frequency i

2.2.3Molecular mechanisms underlingb-HPV-induced skin cancer

Although both experimental and epidemiological evidence suggests a carcinogenic role
o f-HRY, little is known about the initial events of persistent infection. It is generally accepted
that tumour initiation primarily involves a population of lelied cells such askKSC.
However, although some specific types of HPV were detected on plucked hairs from different
body sites, supporting the idea thila¢ HF (hair follicle) is an important site of infection for
HPV, there is as yet no evidence to suggest wtrdlis are initially infected by HPVSs.
Recent work has suggested that ovedP¥éxpr ess
types 5 and 8 can enhance the shdm characteristics of transduced keratinocytes (Hufbauer
et al., 2013). The capability dhese viruses to increase the number of sterlikelicells

present during early carcinogenesis may enable the persistence and accumulation of DNA
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damage necessary to generate malignant stem cells. These clinical and molecular observations

suggestfundamnt al di fferences inrtbhk Wayyphatchuss
To initi at edP¥meeditorgaireaccess o the badal keratinocytes, and probably

a KSC within the basal cell layer, which is normally protectedifferentiated sttified

epithelium In many cases, it is thought that this is facilitated by an exogenous (micro) trauma

or other localized break in the epithelial barri¢owever, at particular epithelial sites, infection

may be less dependent on epithi a | damage. Cur r e-HRV infetsian ki ng

long-lived, slowcycling KSC, such as may be foumdthe HF bulge region (Figure 7 left

parel). Division of these infected cells populates the surrounding basal layer with cells

containingvirae pi somes, wi t h-HE\WIifepytleupan differerdidtiont(Higare b

7 right panel).

Virus infection

. : i : i Sites of productive

infection

Figure 7. To initiate infection, HPV virions must gain access to the epithelial basal cels@ably

an epithelial stem cell localized in the bulge region (coloured purple), either through a wound or
possibly through the hair follicle ({HBMIgsiompannel)
has formed (right pannel), it is thought tkiz viral genome persists as a low copy number episome in

the basal layer, often with limited viral gene expression. Cell cycle entry (cells with red nuclei) can be
driven by the viral E6/E7 proteins, with E4 expression (green), genome ampificatiorbligzyland

L1 expression (yellow) occurring as the infected cell migrates towards the epithelial surface. It is
thought that viral gene expression may become deregulated indEvhanunosuppressed individuals

(Quint et al., 2015).

Based on the idea h aHPVsbhave evolved to persist in a lelnged, slowcycling stem cell,

it is not surprising that, unlike the highi s k U tHPY epsame is incapalfle of being
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reliably maintained in fasterycling cancer cells. This is consistent with th@poseddo hi t and
rund mechani s m Aocbrding tothig madel, ghe viresesi meght play a role in
early stages of the patpenesis of KA particularly SCC, which appear to be the KC type
wi t h str ongeHPWisfestmre asdandifecand possiblyfiransiemarcinogens.
b-HPV couldbeing involved in tumour initiation in the presence of additional risk factors rather
than in malignant progression or in the maintenance of the transformed phenotype as on the
contrary occurs in high i sHPV-triven cervical tumorigenesfBorgogna Lanfrediniet al.,
2014)
The Ahit and runo byypfoliowing evidences:s supported
 the lower transforming potential bfHPV oncoproteins compared to higk UHPV
oncoproteins
1 the low viral loadand minimal gene expression in RBN tumor tissuesand the fact
that even in ENSCC the higher amount of viral DNA and gene expression is confined
to few tumor cells
the high prevalence @HPV DNA at high viral loadén AK precursor lesions
the lackof evidence fob-HPV DNA integration itumourcells, which on the contrary
is a pivotal event in highisk UHPV-induced cervical cancer.
Taken togheter, these evidences suggestiti?V oncogenexpression in early stages of
SCC development could beandition facilitating a transforming process previously triggered
and subsequently carried on by other tumorigenic factors such as UV exjpasisiegDNA
damage, and immunosuppression, a condition that altbe reactivation ob-HPV.
It s e e nHPVst ds@edtiallyfby means of the E6 oncoprotein, can inbither the
apoptotic pathways triggered by LUiduced DNA damager therepair of DNA damage itself,
favouring a condition of genetic instability that may lead to the accumulatiotutations in
proto-oncogenes and tumour suppressor genes and subsgdoemdist celltransformation
(Akguletal,2009.1 n t hi s pi c tHPY mersistencercduld bewmmlenger rbquired
whenthe cells are alrady initiated toward malignan@nd in more advanced stages of the
carcinogenic procesthe viruses might findy belostsu b st ai ned b-{PVismet f ac't
integrated into the human cellular DNA.
In conclusion, twamportant factors (UV radiation and immunosuppressneglication)
contribute to the devel opment of-H®RE€inthea OTR.
development of early premalignant lesiomsl &KC has been proposed imdividuals with

compromised antiviral immune surveillance mechasisthis might bedue to an increased
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viral replication and gene expression in the context of a reactivation of previously unapparent
b-HPV infections kept under control by cetlediated immunity rather than inesed de novo
b-HPV infections (kgure8).

Sun
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U¥-B

D A-pe p..er

Keratinne yte
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Figure 8 Pr opos ed me eHP& imfecsom antl &eratindicyte carcinoma developmént.

i mmunocompetent i ndHPVinfbatiens are s(pbreséet bypha mmuené Jystemb

I n this c¢ase, -HBVplotein willkbevprdsenttoartesacttivifiost éell proteins involved

in DNA damage repair and apoptosis, and genotoxic damage imposed by UV radiation will be managed
adequately. I n the presence of i mmunrHPYiofgction e ssi on
occurs and sufficientamotins  -tePfV prbtein, particularly E6, are expressed, inhibiting DNA damage

repair mechanisms and apoptosis. As a result, genomic instability develops in the infected keratinocytes,
which may lead ultimately to the development of KC (Quint e8l15.

These proposed mechanisms may not be relevant in the above epidermal layers where cells
have a short lifespan, but such effects could be significant iIK$i@& Indeed, the persistent

| ocal i z-HRVSs io theseocklls Wwhich may be the source of skdancerd is likely to

allow the acquisition of a condition of genetic instability that migdrisformthem into cancers

stem cell§Akgul et al., 2006Quint et al., 2015).

224 Mouse model s-HRVooleinkeratinodyte cpcinoenadevelopment

Different transgenic mice models have been developed so far for investigate the role of
HPVs in skin cancer. The first transgenic mouse model for-adsociated HPVs was
generated in 1992 at the University of Birmingham Medical School, by Bem6 s gr oup. I
model theMupapillomavirusHPV-1 early region was placed under the controgtiermis
specific promotekeratin 6 gene. Morphological alterations of the normal epithelial

differentiation have been observédhe effect was greatest on the tail, where the epithelium
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became hyperproliferative in appearance, with several layers of irregular odaubells
above the basal layer arah increase in the totalumber of cell layers wittabnormal
cornification. A simlar transient flaky appearance also associated with epidermal hyperplasia
was observed on other regions of the skin around 7 days of age. It is worth mgrhianthis
transgenic micevere notable to deviep any spontaneous skin lesion (Tinsley et892).

To further eval uat e tHP¥ ingkiosainogdnesis, fstertamdi b u t i
collegues established a transgenic mouse model where the complete earlgfreigv® (E1,

E2, E4, E6, E7) wasxpressed under the controltibé Keratin Z promoter. In the transgenic

mice, the first phenotypic alterations detectable started arBuvekks after birthshowing the
presence ospontaneousumor like growth on the back with hair loss, hyperkeratcsisl
ulceration. Almost all of these HPV8 transgenic mice (91%) developed single or multifocal
benign tumors, without any treatment with physical or chemical carcisogaasetumours

are characterized by papillomatosis, acanthosis, hyperkeratosis, adgvdegrees of
epidermal dysplasia; furthermore 6% bisttransgenic mice develop&LCC. The rapidity of

skin tumor development in teemice isno doubtrelated to the permanent expression of the
HPV8 early genes in all proliferation competent keratytes driven by the K14 promoter.
With this modelit could thus be showrfor the first timet hat e x p ftHE\6psoieiosn o f b
leads to skin cancer development without exposure to any further physical or chemical
carcinogengSchaper et al. 2005)

Using transgenic technology, several others mouse lines have been developed expressing
HPV8 E2 protein or -gehogpes, i6h/akHPV38ramdrhiPMEZleh er b
HPV38Tg mice had no spontaneous formation of tumours during the lifespan, but they
developedactinic keratosidike lesionsafter treatment with chronic UV radiation. The same
phenotype was observed in HPV20 EG6/E7 transgenic mice where again UV radiation was
needed to enhance proliferation of the epidermal layers of the skin that was refletied in
higher rate of papilloma formatiomnterestingly, E2 seems to act as an oncogene as E2
transgenic mice also develop skin lesions, even though to a lower extent, more slowly and with
less severe malignant feature$’V8, so far, has been the only cutaneous HPV type found to
induce skin cancer completely on its own in the absence of any additienatainogenic
treat ment , making it a gHPYdeneerpressiordcantindluenc® i nv
the keratinogtes differentiation(Schaper et al. 2005; Akgul et al., 200&ichel et al., 2006;

Pfefferle et al., 2008Yiarisio et al. 2011; De Andrea et al. 2010)
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2.3 KERATINOCYTE STEM CELLS

2.3.1 General characteristics of keratinocyte stem celKSC)
The skin of nmammalianderives from a single layer of ectodermalogenitor cellsforms

the outer covering of the bodgndconsistf two major areas: the upper area is an epithelium
called the epidermis, and the lower area is a connddaiee called the dermis. The epidermis
comprises a muHiayered epithelium, the interfollicular epidermis (IFE), and the
pilosebaceous unit composed of hair follicles (HF) and sebaceous gland&ige@) 9) The

sweat glands are not part of this uthiey regulate the temperature of the skin and whole body
by secreting an aqueous solution. The distribution of adnexal structures differs in different body
sites, as does the thickness of the IBBl&n& et al., 2013).

Hair shaft

Interfollicular epidermis|

—1nfundibuEm_

Secondary hair germ

Dermal papilla

Figure 9. Generalized structure of the epidermis and the hair follicle. The interfollicular epidermis
generates a protective barrier against dehydration and external aggressions. Hair follicles are scattered
in the interfollicular epidermis arglve rise to the hair shafts. The permanent portion of the hair follicle
consists of the infundibulum, the jetional zone, isthmus and bulggttached to the side of the hair

follicle is the sebaceous gland, which contributes to the generation of thénigdbarrier of th
epidermis with its secretions (Solanas et al., 2013)

Key functions of the epidermae the formation of a protective interface with the external
environmen (e.g. prevents body dehydratioprotects against radiation apenetration by

microorganisms), lubfiication of the skin with lipidghermoregulation bydirs and sweat and
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withstands mechanical streEsch function depends on nrdividing, terminally differentiated
keratinocytes that die and are shed from the body.

The skin is the tissue in which the existence of stem cells was first postulated. This is
because the terminally differentiated cells are unable to divide and must be replaced throughout
adult life by less differentiated cells, that both seliew and generate differentiated progeny.
These differentiated cells are replenished through a variety of keratinocytes stem cells (KSC)
populations localized in different epidermal ardasrati et al., 2015yVatt, 2014)

The epidermis contairthree distinct classes of cells: KSC which are capable of infinite
rounds of cell divisiontheir immediate descendants, transient amplifying cells (Whjch
are capable of numerous but finite rounds of cell divisicand finally, nordividing, and
differentiating cellsMoreover, KSG are relatively undifferentiated (ultstructurally and
biochemically)andposses many propertiesfallows: i) they have high proliferative potential
and are responsible for loitgrm tissue maintenand@;they may be slow cycling presumably
to conserve the proliferative potential and minimize the DNA replication etijothey are
often located in close proximity to rapidly dividing cellandin well-vascularized and well
protected arednstead,ie TAcells have the capability to withdraw from the cell cycle, migrate
and differentiate into the distinctive suprabasal spinous, granular and stratum corneum layers
of the epidermis.

Currently, there is also another hypothesis indicatinglihaal obnes are not organized
into these discrete functional unit, but, on the contrary, some clones were observed to increase
their size parallel to the underlying basement membrane (lateral expansion), and their growth
at the basal layer of the epidermis renadinlinear with time, constituting a unipotent
population of cells, termed committed progenit@m@h et al., 2012angkrama et al., 2013;
Solanas et al., 2013)

The proliferative hierarchy must be tightly regulated both temporally and spatiaithg dur
epidermal development and homeostasis in order to prevent uncontrolled growth leading to
hyperproliferative states and/or tumorigeneé&rachan et al.,, 2008). Furthermotége
epithelium homeostasis is maintained by a balance in the stochastiateefipkcification
following cell division (modified by the local microenvironment and mutations), which can
lead to three possible outcomewsvo proliferating cells, one proliferating and one

differentiating cell or two differentiating cellsKigure 10 (Kranjec et al., 2016).
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PROLIFERATION DIFFERENTIATION

@ Proliferating Progenitor
© Differentiating Cell

Figure 10.Cell dynamics in the homeostatic squamous epithelium. Each cell division can have one of
the three possible outcomes: two differentiating cells, one differentiating and one proliferating
progenitor and two proliferating progenitors (left panel). The ¢hteach division is stochastic and
unpredictable, however across the total population the probabilities of having one of the three possible
outcomes is balanced. As aresult, in the basal layer there iséiéstance of proliferating progenitors

(red cdls with circles) which compensate for the loss of postmitotic cells by terminal differentiation
(green cells with arrowhead) and stratification. Ultimately this ensures the regeneration and homeostatic
maintenance of the epithelium (Kranjec et al., 2016).

In adult humans the renewal of the entire epidermis from the KSC populdtikes
approximately 4 weeks. Since the skin is the largest human organ (it is estimated to cover a
surface area of approximately 1.8 am the average human body), this is &sie amount of
continuously renewing tissue whose proliferation must be tightly controlled. KSC populations
and their proliferative progeny are responsible for this remarkédé of epidermal
homeostasis by which a functional and even thickness ep&ler maintaine@Strachan et al.,

2008)

The first labelretaining experiments, that consist to label DNA in all dividing cells in the
epidermis at a time point and then identify those cells that do not divide subsequently and thus
retain the label DNAdescribed a population of slegycling cells residing at a protsion
below the sebaceous glands named the bulge region. These bulgetaibeig cells (LRC)
were later shown to be able to regenerate the cycling portion of the HF after each growth cycle,
confirming that they act as HKSC. However, bulge KSC do not contribute to the IFE
proliferation, unless it has been damaged. These fisgdunggest the hypothesis tlthtferent
KSC populationswith specific properties and lineage preferenass responsible for the
maintenance of théFE and HF. Further experiments have been done for disogvesw KSC
markers using the lineageacing techniques: #8seconsisédin thegenetic tagging of a certain
cell typesthat allows following its fate and that of its progeny during a particutargss, such

as development, homeostasiscarcinogenesis.
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Based on the latest advancesarises the idea that KSC populations in the epithelium
are highly compartmentaliseohd gradients expression of KSC surface markers are consistent
withgr adi ents of fAstemnessodo, as opposed to the
cell populations The epidermis has resident KSC populations localized in the HF where
KSC are activated at the start of a new hair cycle and upon wounding to poelisitor
HF and IFE regeneration and repair, which ensures tissue renewal in the absence of injury
(Watt 2014; Solanas et al., 2013; Donati et al., 2015).

2.3.2 Hair Follicle-Keratinocyte Stem Cells (HFKSC) features

In murine skinthe firststep of HF generation is the aggregation of a condensate of dermal
fibroblasts around an area of the developing epidermis that secretes signals essential for HF
formation. Embryonic HIKSC are characterized by the expression of different factors that, in
some cases, are later required to maintain HF stem cells throughotmoadulhese include
the transcription factors SOX9 (LIM homeobox 2), NFATC1 (nuclear factor of activated T
cells cytoplasmic 1), TCF3 (T cell factor 3) or TCF4 and TBXb¢k transaption factor 1),
which are normally involved in developmental processes. Once morphogenesis is completed,
approximately 18 days after birth, the first adult hair follicle cycle starts. Degeneration
(catagen), resting (telogen) and regeneration (anagetescwill sequentially follow during
the whole life of the mous®ifferent pools of KSC are distributed along the longitudinal and
vertical axes of the HF, which are defined by the expression of different superficial markers
(Figure 11).These different pools have been shown to contribute to distinct temporal phases
of the hair cycle and to different regions of the HF andrgeneration on wounding

35



Interfollicular epidermis

Infundibulum

Junctional zone

Isthmus

Dermal papilla

Hair shaft
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Telogen mouse back skin

Hair germ

Figure 11 Markers ofHF-KSC subpoplations inmurine adult skirfKretzschmar et al. 2014).

HF-KSC: bulge and germ region

In the bottom area dhe mouseHF (lower portion of the bulge}he more prolifertve

cells are in close contact with the secondary hair germ and are enriched in the expression of

the surface marker LGR (Leurich repeatcontaining G protektoupled receptor Spgether

with components of the Hedgehog signalling pathway, such as Hedigehog (SHH) and

proteingliomaassociated oncogene homologu&Lll-1). GLI-1+ cells are found in the lower

bulge and germ, as well as in the upper bulge. Interestingly, KSC expressiignét.bnly

gave rise to differentiated cells in all layersiud tower HF, but were also found in the isthmus

and junctional zone adjacent to the SG. In addition-Gtontribute to IFE regeneration on

wounding.

Among the bulge stem cell population, the first level of heterogeneity arise from the fact

thatonly a portion of bulge KSC is activated during anagehthat different bulge KSC show

distinct propensity to proliferate. The vertical axis in the bulge also gisthes between KSC

located in the migand upper bulge regions, which show lower lea#roliferation, and

rapidly cycling KSC found in the lower bulg8everal markers have been identified in the HF

bulge regionSignificant overlaps found between expression ddisters ofthedifferentiation

markerCD34 and keratin 15 (K15), which is expressed at low levels throughout the epidermal

basal layer and enriched in the bulge. There are two distinct layers of CD34+ bulge KSC, one

of which expresses

high

evel

S

o fmentbanej nt egr

whereas the other, which appears only after the first hair cycle, is suprabasal and expresses low
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l evels of U6 integrin. Another KSC marker
Y) - box 9 (SOX 9). SOX9 is expressed in the develogiHF at embryonic day (E) 15.5 and
marks slowly cycling and CD34+ HKSC that give rise to the entire pilosebaceous unit. As
mention before, several other functional bulge KSC markers have been described, such as
transcription factor 3 (TCB), LIM homeolox 2 (LHX2) and nuclear factor of activated T

cells, cytoplasmic 1 (NFATC1).

Characterizing HEKSC markers in human skin h&®en challenging because of the lack of
robust tools for lineage tracing. Nevertheless, further analysis has been done antihéed to
identification that human bulge and hair germ KSC are enriched for both CD200 and K15, but
negative for CD34 and CD271 (Kretbenar et al., 2014)

HF -KSC: bulge upper region and sebaceous glands

HFs connect with the epidermis through the infundibulum, the junctional zone, and the
isthmus which are positioned immediately above the bulge (FRufiéhese three areas have
recently attracted much attention, as they seem to contain several subsatgabfepdSC.

In murine skin, e first pool of stem cells is located at the upper area of the bulge, although
they can still be cons@ted as part of it on the basis of their location. They differ from lower
bulge populations in that they do not expr€s34 and K15 and have high ks of GLI1.
Intriguingly, although hair germ and lower bulge cells are the first to contribute to hair cycling,
upper bulge stem cells are as efficient as their lower counterparts in contributing to all the HF
lineages durig anagen. However, lower K15+ bulge cells contribute to the healing of IFE
wounds in a transient way, whereas the progeny of Kartid GLI1+ upper bulge cells stably
remain at the wounded area long after it has been repaired. This suggests that gpeiibul
might constitute a longerm reservoir of KSC that contribute to the repair of the IFE in a stable
manner.

The isthmus, a HF area just above the bulge, contains another KSC population marked by
the Lgr family member LGR6 (Figure 11) During postnatal hair morphogenesis, epidermal
Lgr-6 expression is mainly detectable in the isthmus region, but&6e&ells are also found
in the IFE basal layer, periphery of the SG and the lower HF. Upon injury;6.&Bm cell
progeny readily contribute toaund healingLGRE. cells show enriched expression of the
epithelial stem cell marker MTS24, but do not express bulge KSC markers such as CD34 or
K15. It is worth noting that the expression of MTS24 is broader than that of LGR6 and extends

upwards into thgunctional zone. This suggests that two distinct stem cell types coexist in the
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junctional area, one in the lower territory (LCR&nd the second in the upper region
(MTS24+). However, the specific fuion of upper MTS24 cells has not yet been deserib

Climbing up along the vertical axis of the HF junctional z¢aéjacent to the SG and
infundibulum) there is a quiescent pool of cells that expresses the surface rhadker
Leucinerich repeats and immunoglobulitke domain protein 1jFigure11). In mouseHF,
Lrigl+ KSCdefines the HF junctional zone adjacent to the sebaceous glands and infundibulum,
whereas in adult human is located in the IEEg1+ stem cells are enriched for PLET1, but
are negative for bulge stem cell markers fag€D34 or LGRS and only show low expression
of U6 iDaringenpmal momeostasisrigl+ cells predominantly contribute to the
junctional zone, the IFE and sebaceous glands but not to th®m#wounding, progeny of
Lrigl+ KSGs are rapidly recruitg to the site of injury and contribute permanently to tissue
regeneration(Jensen et al., 2009)

To summarizgfirst, the maintenance of the junctional zone requires two types of KSC (LGR6
and Lrigl+). Second, the progeny of both LGR@d Lrigl.stemcells feeds into the IFE,
although it is not known whether this contribution is random or restricted tifispgreas.
Another KSC markers localized in the upper arethebulge region is the Placer¢éxpressed
transcript protein 1 (PLET1), the firgbescific marker of HF KSC to be described outside the
bul ge. Besides expressing U6 integrin and
KSC bulge markers CD34 and K15.

With regard to the sebaceous glands, tlaeeeat leasthree types of stn cells, Lrid.,
LGR6.and bulge KSC that contribute to their maintenamcaddiion to these, a fourth
population of cells that expresses ttascription repress@LIMP1 (B lymphocyteinduced
maturation protein 1)Figure 11) and localized adjacentto the SG contains sebocyte
progenitors, suggesting a role for BLIMP1 in controlling the transition of quiescent stem cells
to proliferative progenitor cells.

In human skin, no markeis KSC residing in either the junctional zone or SGs have been
descriled so faSingh et al., 2012; Solanas et al., ZMretzschmar et al., 2014)

2.3.3 Interfollicular epidermis - keratinocyte stem cells (IFEKSC) features

The IFE is defined as the region of stratified epidermis flanked by HFs. The classic
hypothesis of IFEKSC stem cell behaviour, based on latsthining stuges, pronounced that
stem cells located at the basal layer give rise to diwed progenitors that undergo several

rounds of division, known as TA cells. These cells would amplify the keratinocyte population
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and migrate upwards as they differenti&ecent studies suggest, however, that the basal layer
of the mouse IFE is heterogeneous ,amither than basal cells that behave like cottred
progenitors, contain a reservoir of quiescent basal cells, predominantly implied in

regenerative purposes, and is possibly compartmentalized around tff@diffs 12)

Human interfollicular epidermis

Mouse interfollicular epidermis
- -8 :
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corneum {
Granular layer
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———
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Figure 12.Left panel:the basal layer of the moul€E contains a unipotent population of ceésmed
committed progenitors thativide in a stochastic manndn addition, the basal layer contains a
guiescent popation reserved for regeneratidRight panel: giiescent humailFE-KSC express high

levels ofUs andbl integrins, as well as Lrig(Leurich repeats and immunoglobulike domains 1)

and MCSP (melanorassociated chondroitin sulphate proteogly¢&ojanas et al., 2013).

Molecular anajsis of these two populations revealed that committed progenitors express lower
|l evel s of KSC markers, such as U6 and b1l |
epidermal and keratinocyte differentiation programme, like Notch 3, GRHL3 am& s
members of the SPPR family. In addition, committed progenitors show higher rates of

proliferation than the quiescent KSC population from which they origih@trestingly, the

nt

hi gher expression of b1l -KS@ has glsoibeen dbgervigtu i e s c e

human IFEKSC, with quiescent and proliferative KSC populations being distinguished by
several markers. For instanopiiescent human IFESC notonlye x pr ess hi gher
and bl integrins, but al storCD74.\Qeiescehce of leuman o f
IFE-KSC also relies on the activity of Delta 1, MCSP (melanassociated chondito
sulphate proteoglycan), Ldg(Leurich repeas and immunglobulin-like domains 1), the
polycomb protein CBX4 (chromobox protein homologue af) low levels of DSG3
(desmoglein 3And EGFR (epidermal growth factor receptor).

However, the location of human quiescentk&C within the basal layer &ill under debate,

and three different hypotheses have been proposed. One of these suggéstsdiiatwith

the highest expression of U6 integrin and
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on the basal layer of the human IFE) aratreély quiescent and display a higher clonogenic
potential than the more proliferative and K5 dimmer uppée ridge basal celldowever, there
is also strong evidence indicahg t hat t he b1 riglhquiesgentiK&C MCSF
clustered at the tomf the rete ridges harbour the highest stemness of all basal cells
Nevertheless, and contradicting both views, a third hypothesis based on -lirzeaug
experiments in human grafts suggests that all epidermal basal cells, irrespective of their
location, contribute equally to the maintenance of the epidermis. New approaches will be
required to solve this problem, but regardless of whether quiescent stem cells reside at the tip
or at the top of the ridges, it is important the information that the humdereps does contain
proliferative and quiescent pools of basal cells. This raises the possibility that the mechanisms
ensuring its daily renewal might not differ greatly from those tifled in the mouse IFE
(Jensen et al., 2008yetzschmar et al., 2014

Although epidermal stem cells reside in distinct locations and maintain homeostasis in a
highly compartmentalized fashion, each stem cell population retains the capacity to
differentiate into cells of all epidermal lineages, in response to wounalingenetic
manipulation. This remarkable plasticity of adult epidermal stem cells has become apparent
only recently and can be achieved by disrupting normal epidermal organizadiberiog key
signaling pathways. A network of intracellular signallinghpeays and reciprocal signaling
with other cell types, such as melanocytes and dermal fibroblasts, maintain epidermal stem cell
homeostasisStrachan et al. 2008; Solanas et al. 20¥8itet al., 2009; Page et al. 2013).
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3. Aims

Modern organ transplantation, which includes a multitude of different organs, is no longer
encumbered by graft rejection but instead morbidity and mortality from cancer as a direct
consequence of immunosuppressive therapy. The incidencanggr in organ transplant
recipient OTRSs)is at least double that of the general population, while the risk of skin cancer
(notably squamousell carcinoma, SCC) is xé250 and is the most frequent form of malignant
cancer in thseindividuals. In addibn to the other welknown risk factors, numerous studies
have also pointed to a possible causal role Rétapapillomaviruss ( #1PVs) in the
pathogenesis of skin cancétearly all adults are persistently infected in the skin with many
viruses belonging o  tHP¥ fanily. Although they appear not to cause xvelinical
symptoms in a greahajority of infected individualsyoth experimental and epidemiological
evidence suggests a carcinogenic roléhete virusem the skin thatakes place at the dar
stages,particularly in subjecs with impaired immune function. Borgogna and coworkers
clearly shovedthatb-HPVs are actively replicatingh precancerous lesions and in the vicinity

of malignant tumars of kidney transplant recipients and can therefmeperate with other
carcinogenic agents, such as UVB, favouring skin cancer prom@&@eorgogna,lanfredini et

al., 2014).

The aim of the present study was tedPWwinveil
induced skin cancer through different appteex that can be summarized in three main
objectives: 1) to demonstrate that the HPV8 oncoproteins target specific-likaa)
keratinocyte stem celpopulations and provide a mechanistic model for the increased
keratinocyte proliferation in HPV8 transgemgce. We pr ov i d e -HPV-indocdc | of
skin carcinogenesis that is based on the aberrant expansion of Lrigl+ KSC in the upper hair
follicle that spill out into the surrounding epidermis. Similarly expansion of the junctional zone
HF KSC population wasdentified by p63 labelling in human EXeratosis and actinic
keratosis 2) establishment of an in vivo tumorigenicity assays of skmoursfrom OTRs.

We have generated in vivo orthotopic tumoaftg in nude mice from human skin tumours
and investigatedb-HPV infection/expression in both original human tumours and
tumourgafts and 3)to determinewhether immunosuppression inhibits tumour immune
surveillance andilling, leading to an increased/faster SCC formation in HPV8 transgenic
mice Tothis end, we have establetha mouse model recapitulating the events occurring in
OTR by crossing thB-HPV8 transgenic micgHPV8tg)with Rag2 deficient mice (which lack
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B and T cells). We have determined spontaneous SCC frequency in the follwwiogttorts:
HPV8tg+Rag2" andHPV8+:Rag2”.

The results obtained during the three year period of my PhD program are reported in
the results chapter that includes three parts as follows: 1) HPV8 Field Cancerization in a
Transgenic Mouse Model is due Lrigl Keratinocyte Stem Cell Expansi¢accepted for
publication inJournalof Investigative Dermatologypril 2017); 2) Understanding the natural
hi st o-HRV infedtionbn skin lesions and theinalignant progression using tumourgraft
models 3) Establishment of an immunodeficient HPV8tguse model that recapitulate the

evensoccurring in OTR
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4. RESULTS



4.1 HPV8 Field Cancerization in a Transgenic Mouse Model is due to Lrigl+
Keratinocyte Stem CellExpansion (Accepted for publication in Journal of
Investigative Dermatology, April 2017)

The HPV8tg mice skin displays HF proliferative epidermal hyperplasia

After birth, HPV8tg mice develop thicker skin in comparison to wild type (WT) littermates
(Figure B). Adult HPV8tg skin thickness of the ear was 0.6+0.1 vs 0.4+£0.1 mm (p<0.05, n=9),
there was no difference in weight and tail width. More keratinocyte layers were evident in the
HF infundibulum and adjoining interfollicular epidermis (IFE) in HRRY, 4.2 £+ 0.47 vs 2.0 £

0.0 and 3.8 + 0.49 vs 1.5 + 0.43 respectively (p<0.01, n=5), but stratum corneum thickness

measured on histological sections was not different.
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Figure 13: Phenotypic and histologicalcharacterization of HPV8tg mice.

A, Schematic representation of the HPV8 transgenes, showing the human cytdikegaime
promoter upstream of the open reading frames of the HPV8 early regionggrematoxylin

and eosin staining of paraffin embedded skin sections from WT (left panel) and HPV8tg (right
panel) mouse skirC, Toluidine blue staining of mouse whole mount skin including the hair
follicle and overlying epidermis from WT (left panel) an&¥Btg (right panel) from the tail.

D, Ear thickness (upper graph) and tail width (bottom graph) measured using calipers on age
matched WT and HPV8tg littermates (n=8), with mea®®/ (*,p<0.05; unpaired t test). All

the images were processed using Imagefl ¢ war e ( NI H, USA). AIlIIl sc

Consistent with a hyperproliferative epidermis, keratinocyte proliferation assessed by Ki67
positive cells per basal keratinocyte was markedly increased within the HF (41+ 10.9 vs 23
11.8, n=7, p=0.01) and tde@sser extent the IFE (0.46+ 0.18 vs 0.31 + 0.11, n=15, p=0.01).

The expression of HPV8 early region genes in this transgenic mouse model has been previously
described (Schaper et al., 2005; De Andrea et al., 2010). While this HPV8tg mouse model yield
spmt aneous SCC f or nHPV tramsgenic mdddisedrivensby Kid pramoter b

do not develop SCC spontaneously (Viarsi@l 2011). Consistent with this, levels of E6 and

E7 expression in HPV8tg mouse skin were similar to that observed in Hit avitke natural

HPV18 infection(Figure14).

E6 and E7 gene expression

A=
HeLa cells HPV8tg mouse skin

ACt
-

—
2 . ——
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Figure 14: Expression of E6 and E7 genes of HPV8 and HPV18 in HPV8tgouse skin

and Hela cells respectively.

gRT-PCR of E6 and E7 genes from RNA isolated from Hela cells and HPV8tg mouse skin,
r el at 4Actire with meab +/ SD.

Together these findings suggested that HPV8 early region genes induce a proliferative

epidermal hyperplasia, notably in the HF. HPV8 induced keratinocyte proliferation was
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greatest in the HF and immediately adjoinifdt, as determined by Ki67 expression, even
though keratin 14 promoter driven HPV8 early region genes were uniformly expressed.

The Lrigl KSC population is expanded in HPV8tg mice
Within the HF, the mean area of the infundibulum was markedly increasetPW8tg

compared to WT mice (Figure A} while there was noifference in HF length (Figure Bj.

A 30t B
i Il HPVStg = 500+
“E gl £ I
= } <
3 S 300-
< 4104y 3
L
|l|i T 100
0 - ' 'Illi_ 0 r
HF WT  HPVStg

Infundibulum 1T Bulge HF Bulb

Figure 15 HPV8 transgenes induce hair follicle changes in HPV8tg mice.
A, B, Adult mice whole mount skin were photographed and analyzed for the area of HF regions
and length, WT and HPV8tg were compared, with me&i>/using an unpaireetést (n=20,

** p<0.01).

To determine which hair follicle keratinocyte population beconpaeaed in HPV8tg mice
compared to wild type littermates, we labelled skin sections in whole mount analysis with a set
of stem cell markers. Consistent with the observed HF infundibulum expansion, keratinocyte
proliferation was evident within the Lrigl+ KS@pulation (69 vs 55%, p<0.001, n=6), and

not in the CD34+ (1 vs 1%), LGR5+ (1 vs 3%) and LGR6+ (29 vs)4RSEC populations

(n=7, Figure 1% Flow cytometric analysis of dissociated skin confirmed d@dincrease in
Lrigl+ keratinocytes in the HPV8igice (7.4% + 2.2% vs 2.7% +/0.8%, n=6, p < 0.05),

but no difference in CD34+ KSC numbers (0.81% 6:24% vs 0.73% +/0.37%) (Figure

16B).
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Figure 16: Lrigl keratinocyte stem cell proliferation in HPV8tg

A, Whole mount immunofluorescence of adult WT and HPV8tg tail skin for Ki67 (red) and
HF-KSC markers (green, FACs analysis WT and HPV8tg mice skin keratinocyte isolates
(n=6), labelled with LrigiFITC and CD34647 antibodies, with DAPI to select livelts. C,

The number of Lrigl positive cells determined by FACs (n=6). (**, p<0.01; unpaired t test),
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with mean+/SD. D, Whole mount adult WT and HPV8tg (n=6) skin sections labelled with

Ki67 (red), Lrigl (green) antibodies and DAPI (blug) Number of proliferating cells within

KSC populations (Lrigl, LGR6, CD34, and LGR5) was enumerated, with m&inht#h WT

and HPV8tg tissue sections (n=7); (** p<0.01). All the images were processed using ImageJ
software (NI H, USA). Al I scale bars = 100 en

Flow sorted Lrigl+ and CD34+ keratinocyte sudipulations had similar levels of K14
promoter driven early regiogenes mRNA expression (FigureA)7 despite the observed
difference in proliferationTo exclude any difference in the EVER 1 and 2 geneessmn
levels in HPV8tg mice versus control, gfPTCR analysis was performed with the RNA
extracted from Lrigl+ sorted cells and found comparable levels as shown in Ei§ure

E6 and E7 gene expression EVER 1 and EVER 2 gene expression
A b 20=
[ HPV8tg CD34+ cells 1 WT Lrig1+ cells
HPV8tg Lrig1+ cell i
2 [ ] g Lrig1+ cells 15 T Il HPV8tg Lrig1+ cells
S o -
< -L:1> 10
] ] .
0 o N -
< <
& &
Qg -2~ & <&

Figure 17: HPV8 transgenes are uniformly expressed in thepidermis of HPV8tg mice.

A, qRT-PCR of early region genes of WT and HPV8tg mouse skin isolated KSC populations,
with mean+/SD.B, gqRT-PCR of murine homologues of EVER1 (TMC6) and EVER2 (TMC8)
genes of WT and HPV8tg mouse skin isolated Lrigl+ KSC pdpuoktwith mean+5D.

Flow sorted Lrigl+ keratinocytes from HPV8tg mice also demonstrated a 3.8 fold increased
colony forming efficiency (Figures #8&B), hence Lrigl+ cells retain KSC function. There
was no significant difference in colony forming efficiency from flow sorted Lrigl negative

keratinocytes from HPV8tg versus Wiice (Figurel8C).
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CFE Lrig1+ cells (%)

WT HPV8tg
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Figure 18 Lrigl+ cells retain KSC function

A, Keratinocyte colony forming assays from flow sorted Lrigl cells from WT and HPV8tg
(n=6) skin dissociates, with mean$D andB, A representative imag€, Keratinocyte colony
forming assays from flow sorted Lrigl negative cells from WT and HPV8tg (n=6) skin
dissociates, with mean-8D.

In keeping with Lrigl+ expansion and proliferation, we observed nuclear p63 expression
throughout this population and temanating keratinocytes of HF infundibulum aujoining

IFE (Figure 19\). RT-PCR and western blotting analysis confirmed the switch from p63 TA

i soforms to @Np63 i sof dIB-D)sconsistenthivih\e8rliegrepsrts i n
indicating HPV8 eayl proteins induce p63 expression (Meyetral, 2013). Thus Lrigl+ KSC
proliferation through induction of @Np63 i

overlying infundibulum and adjoining IFE.
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Figure19Swi t ch from TAp63 to @Np63 isoforms exp
A, p63 labelled frozen sections from adult WT and HPV8tg mice (n=3), the broken line
indicates the basal layer. Immutabelled tissue sections were visualized and photographed

by fluorescat microscope with x20 magnification then processed using ImageJ software (NIH,
USA).B&C, RT-PCR with mean+5D (**, p<0.01) and, Western blot gels of p63 isoforms

from RNA and protein isolates respectively from WT, HPV8tg skin, papilloma (pap) and SCC
(n=6).

b-HPV associated expansion of the HF junctional zone KSC population in human skin

field cancerization

The dilated HF infundibulum with increased keratinocyte layers and the crowded perifollicular
epidermis with hyperkeratosis were consistently observed in the HPV8tg mice, and resembled
Freudent hal s funnel, the patkeagas¢nr@8mice hi st

Figure 20.
HPV8tg EV-Keratosis Actinic Keratosis

Figure 20: H&E staining on HPV8tg mouse skin, EVKeratosis and Actinic Keratosis
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Hematoxylin and eosin staining of paraffin embedded skin sections from HPV8tg mouse, EV
Keratosis and Actinic Katosis correspnding to figure2A. Scal e bar is 100c¢

EV keratosi s uni formly demonstr aHP¥ dvirussi mi | a
reactivation and nuclear p63 expression within the HF infundibulum anéblipeular

epidermis (Figure 24, 6 patients with 44esions Tablel). Likewise, in some cases of actinic
keratosis from noEV patients, we were able to detect nuclear p63 expression within the
infundi bulum and peri f ol {HP\Cwrds aeactivatipn whewelni s |
evident, as detected lexpression of the viral marke# (Figure 24, n=2 of 25). Hence, our

findings suggest that similar to HPV8 mice, EV and some patients with AK demonstrate
expansion of a novel junctional zone HF KSC population identified by p63 labelling. These
findingswo u | d s u gHP¥ $idld candeazationbarises from the HF infundibulum and
predispose to SCC. Indeed, we observed p63 positive t¢lBV8tg and human SCC (Figure

21B, n=5); the latter were from immunocompetent patient froraesqoosed sites. Heagcwe

pr op os eHPM dardytregidn genes initiate proliferation of Lrigl+ KSC causing their
expansion into the HF i nf uHPY¥ drivem KSCrprolderatibn o v e r |
results in EV keratosis and occasionally +&W AK, which are predispsed to transformation

i nto SCC whalP\eapipomae and $oagend expression is Isse (Figure34 in

Conclusion).
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B K14

Figure 21: b-HPV induced keratinocyte stem cell expansion results in keratosis that are
predisposed to SCC

A, Images of tissue sections of HPV8tg mouse skin, human EV keratosis, and AK labelled with
p63 (green)b-HPV E4 (red) specific antibodies, and DAPI (blug)Images of tissue sections

of HPV8tg mouse and human SCCs labelled with K14 (red), p63 (green) specific antibodies
and DAPI (blue). Immundabelled tissue sections were visualized and photographed by
fluorescent microscope with x20 magnification then pseed using ImageJ software (NIH,
USA). All scale bars are 16n.

HPV8tg SCC

Human SCC

Table 1 summary of EV patient lesions

EV EVER 1/2 T-Cell Year  Nature of _ Yearof
atient genetics phenotypet of lesior? Anatomic site  lesion References|
P birth excision
Wart-like lesion forearm 2003
Slightly low
CD3 SCC temple 2003
1 wT Normal CD4 1967 scc forehead 2003 1.2
Low CD8 AK elbow 2003
Bowenoid lesion ~ forehead 2003
Normal CD3
Slightly low . :
2 WT cD4 1947 Wart-like lesion forearm 2005 2,3
Normal CD8
Low CD3 SCC temple 1999
3 WT Low CD4 1969 Bowenoid lesion temple 1999 2
Normal CD8 Wart-like lesion forearm 1999
4 1948 Bowenoid lesion baclk 1990 245
SCC eyelid 1993
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BCC eyelid 2007
NormalCD3 SCC/AK cheek bone 2007
Normal CD4 SCC temple 2008
mEu\t/EilF;nZ Normal CD8 scc eyelid 2008
(p.Y109fsX118 SCC nose 2008
SCC nose 2008
AK eyelid 2008
SCC nose 2008
Bowenoid lesion temple 2005
Bowenoid lesion ear 2005
Bowenoid lesion forehead 2007
Keratosis lower lip 2007
SK back 2007
EVER 2 Normal CD3 Keratosis back 2007
5 mutation Normal CD4 1952 AK scalp 2007 4,5
(p-V191fsX226, Normal CD8 scc scalp 2008
Bowenoid lesion neck 2008
SCC scalp 2008
SCC nose 2008
SCC ear 2008
Bowenoid lesion lower lip 2008
Wart-like lesion leg 1991
dorsum of
Wart-like lesion hand 1991
Wart-like lesion leg 1991
Skin fibroma armpit 1997
Normal CD3 Wart-like lesion elbow 2003
6 WT Low CD4 1958 Wart-like lesion elbow 2005 6
Normal CD8 AK temple 2006
Bowenoid lesion scapula 2008
SCC forehead 2010
SCC forehead 2010
Bowenoid lesion temple 2010
AK temple 2010

1Slightly low =greater than 20% but less than 50% reduction in total count; low = less than 50% reduction in total
count

2SCC (Squamous Cell Carcinoma), BCC (Basal Cell Carcinoma), AK (Actinic Keratosis), SK (Seborrheic
Keratosis).
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MATERIAL AND METHODS

Transgenic Mouse Model

HPV8tg and wild type litter mates were housed and managed under conditions approved by
the Italian Animal Care Committee. Age and sex matched mice ear thickness and tail width
were measured using Vernier caliper.

Whole mount skin preparation

Tail and back skin was cut into 0.5 £pieces and dissociated using 2.5 U/ml Dispase (Roche,
UK) over night at 4°C. The epidermis was gently removed and fixed in 10% neutral buffered
formdin for 2 hours at room temperature, tissue was labelled and mounted as previously
described (Braun Kt al.,2003).

Immunofluorescence labelling

Immunofluorescence on whole mount, frozen and paraffin embedded section was performed
using standard techniques as previously described (Borgetgah 2012). For the list of

antibodies used see the following table:

Antibody Cat.No Company Technique
K15 MA1-90929| ThermoFisher Scientific WM
Ki67 ab16667 Abcam WM
LGR6 ab12747 Abcam WM

LGR5 NLS1236 Novus Biologicals WM
CD34 (RAM34) 553731 BD Pharmingen WM
CD34 560230 BD Pharmingen FACS
Lrigl (C2C3) GTX119485 GeneTex IF
Lrigl AF3688 R&D Systems WM
Lrigl FAB3688G R&D Systems FACS
p63 (BC4A4) ab735 Abcam IF
K14 ab130102 Abcam IF
b-HPV E4 * IF
p63 ( g 619002 Biolegend wB
p63 (TA) 618902 Biolegend wB
GAPDH MAB374 Millipore WB

* E 4HPW antibody was kindly provided by John Doorbdnjversity of CambridgdJK.

57



Single cell suspension for flow cytometry and colony forming efficiency

Tail and back skin was cut into 0.5 gpieces and dissociated using 2.5 U/ml Dispase (Roche,

UK) over night at 4°C. The epidermis was gently removed amthdr dissociated with
TrypLEE Express Enzyme (ThermoFisher, UK), a
cell strainer (BD bioscience, UK). Enzymes were inactivated with DMEM with 10% FBS and
keratinocytes cell suspension werestspended as required

Flow cytometry, cell sorting andcolony forming efficiency assay

Samples were analysed and fl ow sorted wusing
Fusion (BD Biosciences, USA). The data were analyzed using Flowjo software (Tree Star Inc).
Keratinocytes were éw sorted for CD34Lrigl+ population and 3000 cells per well were
seeded in @vell plate and cultured for 15 days. Rheinwald and Green Media was changed
every 3 days. The colonies were staimed t h cr yst al violet O0.05%,
(Oxford Optonix), and analyzed using ImageJ software (NIH, USA).

RT-PCR

Mouse skin was homogenized in Trizol (ThermoFisher Scientific, UK). RNA isolation from
sorted cells and homogenized tissues was performed with RNeasy kit and cDNA was
synthetized usindQuantiTect Reverse Transcription Kit (Qiagen, UK). Seomantitative

reverse transcriptieRCR (RFPCR) reactions were carried out using GoTag® G2 Green
Master Mix (Promega, UK) and speciffsrimers sequence are listdmlow. Reaktime
quantitative reverseranscription analysis (QRIPCR) was performedo@u ant St udi o E
Flex ReaiTime PCR SystemThermoFisher Scientific UKY-or the determination of E6

and E7 gene expression levels, SyGreen (PCRBIOSYSTEM, UK) wasQys#idg condition

were previously described in Schaper et al., 2005, De Andrea et al., 2010. Totabpecite

b-Actin was used as the housekeeping gene.

EVER1, EVER2, TAp63 and @Np63 transcription
at standard auditions. Total mousspecific GAPDH was used as the housekeeping gene.
Primers details are described in the following table:

RT-PCR primers:

MpPNpPp 63 156 ATGTTGTACCTGGAAAAC
mMpENp63 1560 GATGGAGAGAGGGCATCA
MTAp63 fw 56 AGACAAGCGAGTTICCTCA
mTAp63rev |56 TGCGGATACAATCCATGC
HPV8E6fw |56 GCGGCTTTAGGTATTCCA
HPV8E6rev |56 GCTACACAACAACAACGA
HPVB8E7fw |56 CCTGAAGTGTTACCAGTT
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HPVE-E7 rev 50 CAGTTGCGTTGACAAAAA
m Bactin fw 56 CCAGAGCAAGAGAGGTAT
m Bactin rev 56 CATTGTAGAAGGTGTGGT
MGAPDH fw 56 TGTCAGCAATGCATCCTG
MGAPDHrev |50 TGTATGCAGGGATGATGT
HPV18E6 fw* |5 GTGCCAGAAACCGTTGAATCS 06
HPV18E6 rev* |5 ATGTGTTTCTCTGCGTCGTT3 6
HPV18E7 fw* |5 0GAAATTCCGGTTGACCTTC3 6
HPV18E7rev* | 5 €ACGGACACACAAAGGACAGS 6

*Lo Cigno |,

De Andrea M, Borgogna C, Albertini S, Landini MM, Peretti A, Johnson KE,
Chandran B, Landolfo S, Gariglio M. The Nuclear DNA Sensor IFI16 Acts as a Restriction
Factor for Human Papillomavirus Replication thghuEpigenetic Modifications of the Viral
Promoters. J Virol. 2015 Aug;89(15):75Q86.

Tagman primers:

®Np 63 | Mm01169470 m1l

TAp63 MmO01150797_m1l

Tmc6 EVERL | Mm00520751_m1

Tmc8& EVER2 | Mm01241000_m1

b-actin Mm02619580 gl

GAPDH Mm99999915 g1

Western blotting

100 mg of shaved back skin was homogenized in 1 ml of RIPA buffer containing 1% Triton
X-100, 1% Sodium Deoxycholate, 0.1% SDS, 1 mM EDTA, 160 mM NaCl, 20 mVHEIs

(pH 7.

4) and

25 ¢l / ml Protease | nhondwereor Co «

analyzed usindPierce BCA Protein Assay (ThermoFisher, UK). Thirty ug of protein lysate

was loaded on 8% SDBAGE, and transferred to polyvinylidene difluoride membranes
pore, UK). For the 1|ist dfeldntnighdodi es

( Mi |1 ]

Human tissue samples

EV patientséo

anal yzed

A

-kixed aand pamafiinsembeddedn{BHPE) nissue sections were

according to the protocol

approved

Committee, Italy. NofEV actinic keratosi§14-NW-1272) and squamous cell carcinoma-(09
WSE-02-1) tissues were obtained after UK NHS R&D and Local Research Ethics Committee

approval.

Statistical analysis

Paired ttests were used to compare HPV8 and wild type litter mates, using GraphPad software

(Prism).
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4.2 Understandi ng tHR\¢Iinfaecteon imgkialesiomsi st or y
and their malignant progression using tumourgraft models

A major limitation in skin cancer research is the small size of theseursthat are usually
formalin-fixed and paraffin embedded for routine patholdbus decreasinthe chance to get

fresh material for further analysit this contextthe orthotopic xenograft modeiay bean
essential technique increase the availability of tummomaterialind investigatéhemolecular
mechanismsinderlyingskin tumorigenesisFollowing thexenograft procedurdescribed by
Patelet al. (Figure 22, see material and method® vivo tumorigenicity assays df u mour s 0
for details), a total of 37 skin tumours were xenograftedatitgmicnude mice.

- Xenograft
| Creation of stromal bed | | In vivo tumour growth | excision
Gel 1%10° 1%106 Implant )

Foam : HFF HFF tumor

\ / tissue
3/6 , .
mouse ,

strain

Figure 22. Procedure for establishing vivo orthotopic xenogratft with creation of humanized
stromal bed (modified from Patel et al., 2012).

They were derigd from 24 organ transplant recipients (OTRs) enrolled since 2013 at the
University-Hospital in Novara. Most of the patients were older than 60 years (22 out of 24)
when the skin tumour was diagnosed and the majority were males (20 out of 24). Most of the
patients developed lesions within 10 years from transplantation, and 5 patients had a very long
history of immunosuppression; the tumours were removed 30 year®iosilece transplant
(Table2A). The rate of lesions affecting sixposed skin areas (head, hands, forearms and
shoulders) was 29 out of 37 (78.4%), confirming sun exposure as a major contributor to
epithelial transformationHistologically, the cutaneous lesions includedgh-gradetumours

such as basal cell carcinoma (BCC, n = 15) and squamous cell carcinoma (SCC, n = 4);
precancerous lesions like actinic keratosis (AK, n=13) and keratoacanthoma (KA, n=1) and

benign lesions such aeborrheikeratosis (SK, n=3) ancclhenoid keratosis (n=1J &ble2B).
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Male 20 31
SEX
Female 4 6
. >60 22 31
AGE 2 (BCC)
at surgery <60 2 6
KA 1 0 1 1
<10 13 19 1(AK)
AK 13 8 5 1
Years from 10-20 6 10 1 (SCC+ metastasis)
transplantation at = 3 5 1 3
surgery 20-30 0 0 N
Lichenoid
>30 S 8 Keratosis d U i L

Table 2 (A) Donord clinical features. (B) Histopathologic features of original tumours and
tumourgrafts.

Out of the37 lesionsengrafted 32 tumougrafts were collectedbecausea mouse died after
surgery and i@ cases no tumour growth was detecfeiter tumourgrafremova, the lesions

were formalin fixed and paraffin embedded (FFPE). If possibée,small piece of the
tumourgraft wastored in RNA LATER footheranalysis At the beginning, the tumours were
removed after 6 months from the graft (16 out of 37). Macroscopically, growing tumour masses
were detectedonto the back of the mice, but histologically, they were not resembling the
original tumour. In met of the cases the lesions observed were epidermal Eigare ).

They were characterized by a massive amount of keratin surrounded by dying epithelium.
Based on thisnegative experience,we decided to harvest the tumourgraft earlier,

approximately tree months aftehe graft

Figure 23. Representativelaematoxylin and Eosin (H&E) staining of epidermal cysts.
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Successful growth of the tumour mass was obtaineidur casesln two cases,he original
tumous werediagnosed as BCC. The first BCC was derived from a male patient born in 1949
He underwent two kidney transplantations: the first occurred in 1982gtimandn 1997and

the BCCappeared 31 years after fimst transplardtion Thesecond BCC was removed from

a male patient born in 1946le underwent kidney transplant in 20®dthe lesionappeared

5 yeardater. As shown in the representative H&mBages reported below ifftire 24), strong
retention ofthe overall tumour histology iciuding cell morphology, stromal component
architecture, and grade of differentiation of the epithelas observed between original
pat i entsaddtumourg@ftsBoth the original tumours were negative for the presence
of t he vi r a-HPV nnéectibne(e.¢ Edodnd LA expression), as well as the

tumourgrafts.

A Human BCC

Figure 24. Histopathologic features (H&E staining) ¢fwo pati entsd tumours (
tumourgrafts (right panels). The BCC in panel A was removed from the shoulder of the male KTR born

in 1949. The BCC in panel B was removed from the nose of the male KTR born inAll®&ilebars

are500 pm

The other 2 tumougraft case that showeda growing tumour massere named case A and
caseB(GbleB) and in bot h cas e-BRV-posiive gkintegoneeThd er i v €
case A tumourgraft was obtainédm a lesionremovedfrom a female patient with long

history of immunosuppressipas fie was transplanted in 1980. Due to her long lasting status

of immunosuppression, the patient developed anli/phenotype with many watlike

lesions. Consistent with her dioal picture, she developed more tH&skin cancerand they
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were diagnosed &8CC (n=7), BCC (n=4)KA (n=4) and AKSCC (n=1)(figure 25A). To
detect the presencelof HPV infection tissue specimens frothe available FFPE blocks were
costained using immunofluorescence analysis waitttE4 and antlL1l antibodies to detect
viral antigen expression, and with MCNini chromosomal maietanceprotein7), a marker

of cellular proliferationb- HPV viral protein expression wésund in 4 blocks corresponding
to 3 KA from theleft and righ leg, and an AKSCC fromthe right handPlucked eyebrows
were coll ected fHPVWganotyging ievegea thé peesence af MV 5p8, 23,
24, 75, 93 and 96=rom this patient3 differenttumours were grafted ioa nude mice. Two of
them were diagnosed as BCC and S&@e original specimenbut unfortunatelyhey failed

to grow as tumourgraftsThethird tumourgrafted into the nude mousesan AK with some
area displaying the histological features of well ddfgiated SCC (named case A) that was
remowed from the right hand (Figuresg ) . This tumour turned out
HPV late capsidic proteifiL1) in the upper layers of the epithelium where some differentiation
was still occurring, indicatinghe presence of productive viral life cycle in this infected
epithelium(Figure 25C).

A Case A
Sex Female
Date of birth 8.12.1950
Transplant date 1980
Years from transplantation at 35
xenograft

Skin tumour develop since 4 BCC : ;{I?
transplant 7 8CC o C'

Figure 25. (A) The table summarizes the clinical features of the case A patiert. ¢B)ical

picture of the original tumour removed from the hand. Blaek arrow indicates the tumour
area. (C)YTop panel)H&E staining of a tissue section from the parai#mbedded AKSCC

(case A)(hand).(Middle panel)A serial section of the AKSCC stainedvith antbodies tob-

HPV L1 (red).The region shown in the low@anel corresponds to the red square highlighted

in the upper picture The white dotted line indicates the basal layer. Immunofluorescence
sections were counterstained with DAPI (blue) to visualize cell nuclei. All scale bars are 200
pm.
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Three months &ér the engraftment onto the nude mouse, the tumourgraft mass was removed.
Histologically, it was diagnosed as AK with some area resaqltie original tumour (Figure

26A). To v i s4HRM infertion ibthe tumourgrafive performed immunofluorescence
anal ysi s -HPVY Eddpeoteir expresfion and FISH analysisig a HPV5 DNA probe

to detect the viral genome. We were able to detect sonp@&itve cells as well as HPV DNA
FISH-positive signal in some nuclei of the disorganized hyperplastic dpithel
Unfortunately, the overall architecture of the epithelium was not well preserved and the quality
of the FFPE tissues was poor very likely dughifixation procedure (FigurééB and C).

-

w

-

Figure 26. (A) H&E staining of the tumourgrafibtained fom the AK-SCC (case A) (Figure Z5.
The scale bar is 1000 um. (B)&E stainingof thea r e a p o sHPV E4v(panelfBaipper fpart).

Il mmunof |l uor es c e n-ERV E4 cytagdlagndci ssinirg In same cebs (green) (panel B;
bottom part) (C) Magnification of the histologicalreapositive for the presence of viral genome (panel
C; upper part). FISH (Fluorescence In Situ Hybridisation) analysisg HPV5 DNA probe to detect
the presence of viral genomehows some positive nuclei (re@hanel C; bottom part)All sections
were counterstained with DAPI (blue)visualisecell nuclei.The scale bars for panel B and C are 200
pm.

CaseB is a skin tumour that was removed from a male patient born in 1960. He underwent
kidney transplatationtwice. The first kidney transplant occurred1996 and wasejected
after 11 years. Theecond trandpnt was carried out in 201Erom2012onwardsthe patient
developed severabroliferative skin cancersn different areas, particularly shoutdeand
forearm, and they were diagnosedB£3C (n=1), AK (n=1), AK-BCC (n=1)and SK (n=1)
(Figure 27A). All these tumours were examined for the presewicthe viral markersand
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posi ti vHPY B4 wasdound 2 blocks corresponding to an AK and a 8tat were
removed fronthe back andheleft forearm respectivelyl h e s e -HPMWpmsitibetumours
werexengyrafted innude miceThe AK displayed highly keratotic epithelium witkear signs

of b-HPV-relatedcytopathic effectgFigure 27 B& C). Immunofluorescence analysis showed

large areas ob-HPV E4 expression in the more superficial layers of the epitheliam.
expected forb- HPV-infected tissuesthe cellular proliferation markeMCM7, whose
expressions normally restricted to the basal laye®gs strongly increasead the E4positive

area compared with the adjacent epithelium, and was apparent in the basal and suprabasal
layers, indicating that cells were stimulated to enter the cell ¢ydere27D).

Case B

Male

05.04.1960

1° 9.02.1996
2°21.09.2011

19

1BCC
1AK-BCC
1AK
18K

Figure 27. (A) The table summarizes thbnical feature®f the case B patienB) H&E stainingshows

the histology of the AK (case B as tumourgraft). The green box indicates the area of interest. The scale
bar is 500 um. (C) Magnification dhe arean the green boxh at c | e ar |-§PV selatedvs t he
cytopathic effect. (DThe section wadgouble staiedwith antibodies td=4 o f -HRYV (greer and to

the proliferation marker MCMTred). The sectionwas counterstained with DAPI (blue) tdsualise

cell nuclei.The white dotted line indicates the basal layidre scale bas for panel C and D ark00

pm.

The tumourgraft derived from the AK (case Bas removed adtr three monthdrom the
engraftment into the nude mousieshowed a high grade of vascolarizatigvhile removing

the tumour mass from theack of themouse, we noticed another tumour magslized
betweerthe neckand the left legBoth tumour masses were colied and processed by FFPE

H&E staining andimmunofluorescencanalysis were performed on these tissue sections.
Histologically, (Figure28 A& B) the tumourgraft case B was diagnosed as well differentiated
SCC. The tumour from the neck region was diagnosed as lymph node metastasis and

morphologically dsplayed the same cell types as the main tumsuggeshg that the
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metastasis wagenerated from the primary tumour cells that migrédevards the lymph node

vessels and recreat@ tumour mass in lymph nodi order to investigate whether viral

infection was still present in both SCC and metastasis of casajnofluorescence analysis

to dee c tHP\BE4 protein expression was performed. As expected fordiigha d e t-umour s
HPV E4 expression was absent in the SCC and metastasis of case B, whilditbeaton

rate was very high and widespread, as shown by the masgivessiorof the prdiferation

marker MCM7 (Figure 28 Of note, this case B tumourgraft allowed us to demonstrate in vivo

the progression from a prealignant lesion, specifically an AK with transcriptionally active

b-HPV infection, into a squamous cell carcinontdalf of the SCC and lymph node metastasis

were collected and stored in RNA LATER for further characterization of the transcriptome and

proteome profile.

Figure 28. (A, first pane)] Histopathologic feature$H&E staining) of the main tumour of the
tumougraft caseB diagnosed as SCC. Scale bar 1060 (A, second panel) Magnification of the area
enclosed by the white square shows cells in mitotic phase (yellow arrows). (A, third panel) The area
shows the nuclei stained with the proliferation marker MCM7 (red). (&, ianel) H&E staining of

tissue sections from the lymph node metastasis removed from the neck of the mouse. Scale bar is 500
pm. (B, second panel) Magnification of the area of interest highlighted with a white square. (B, third
panel) Proliferation marke MCM7 (red) staining. Te immunofluorescencesections were
counterstained with DAPI (blue) to visualize cell nuckeiale bars of the magnificatisare 100 pm.
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A SK was also excised frooase B patient and engrafted into the nude mouse. This lesion was
positive for t he pr es e nkdP¥ an fdisplayedcca widespraad pr o
expression of the phferation marker MCM7 (Figure29. Unf ortunately, it

nude mouse.

Figure 29. (Left panel)H&E staining of theseborrheic keratos{§K) removed from the case B patient
(Right panel ) Cy t-HPp Ed(greamn) evas sttoragly detectegl together with diffuse
nuclear MCM7 (red)The section &s counterstained with DARbIue) to visualize cell nuclei

Although the rate of successful engrafment for skin tumours is not very high, theHiR\-
infected tumourgraft described in this study represent a promising system by which to
investigate molecular alterations underlyim¢iPV-induced ska carcinogenesis. f{iote, the
b-HPV-positive AK that progressed to SCC in the nude mouse provides a powerful fystem
under st andi 4BV irt the eleveloprheat ofsKin céncer.
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MATERIAL AND METHODS

Collection of skin tumour

All fresh samples as well as the formafired and paraffirembedded (FFPE) blocks used in

this study were retrieved from the Universkipspital in Novara.

Mouse strain

The mmunodeficient mice used fdumougraft developmenivere male athymic Nude
FoxnI™ (Envigo). The two main defects of mice homozygous for the nude spontaneous
mutation Foxn1", formerlyHfh11") are abnormal hair growth and defective depaient of

the thymic epithelium. Thelack T cells and suffer from a lack of ceflediated immunity.
Homozygous nude mice show partial defect in B cell development probably thhe@bsence

of functional T cellsAthymic nude mice were usedstead of SCID mice, because thag
reportedto give the highest success rate in #msmalmodel(Patel et al., 2012Mice were
housed in accordanedth The Guide for the Care and Use of Laboratnymals.

In vivo tumorigenicity assays of tumours

Athymic nude FoxnI™ mice were anesthetized and a stromal reactios ivduced 2 weeks
earlier byimplanting apiece of 0,5 cm3 osterilized gelfoam(Johnson & Johnson, New
Brunswick, NJ) into the dorsalsubcutaneous spacegether with 10 primary human
fibroblasts suspended ih00 ul of Matrigel (BD Biosciences)Wounds were closed with
surgicalsuture(Ethicon). After 14 daysthe mice were anesthetized asdected tumas were
xenografted into the stromal bed in the form of intact tumissué (~0.5 cr) together with
10° primary human fibroblasts suspended in ul06f Matrigel (Patel et al., 2012After 3 or

6 monthsthe mice were killed via C®inhalation,the tumours wergemovedand formalin
fixed-paraffin embeddedlocks were prepared by the Pathology Uaitthe Uhiversity
Hospital in NovaraWhen it wa pasible, half of the tumour was storedRINA LATER for

further analysis.

Haematoxylin and Eosin staining

Consecutive fum thick tissue sections were cut from FFPE blocks ontac@ated microscope
slides, incubated at 60°C for 30 min to increase adhesion on slide surface, dewaxed and
rehydrated as follows: twice in xylene for 15 min each, twice in 100% ethanol for 10 min each,
followed by a series of graded ethanol (95%, 90%, 70%) for 5 min each and fiKaf3S

for 5 min.The slides were incubated aematoxylirfor 10 min, waskdin tap water for 510
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min, than soaked irosin for 5 minand waskd again quicklyn tap water. Tissue sections
were ttan dehydrated in a series of graded ethanol (75% fae2®5% for 2sec, 100% for

2 min), diaphanized twice in xylene for 2 min each and finally mounted with a mounting
medium for immunohistochemistrijectaMount Permanent Mounting Medium, Vector

Laboratories)

Immunofluorescent analysis

Consecutive fum thick tissue sections were cut from FFPE blocks ontepated microscope

slides, incubated at 60°C for 30 min to increase adhesion on slide surface, dewaxed and
rehydrated as follows: twice in xylene for 15 min each, twice in 100% ethanol for 10 mjn each
followed by a series of graded ethanol (95%, 90%, 70%) for 5 min each and finally 1X PBS
for 5 min. To quench endogenous peroxidase, tissue sections were incubated with 3% hydrogen
peroxide diluted in 1X PBS for 15 min at room temperature with shakiddgham rinsed in

1X PBS for 5 min. For antigen unmasking, slides were placed in a glass slide holder-and pre
soaked for 5 min in 1X Antigen Unmasking Solution (Vector Laboratories) diluted in
bidistilled water, then heated for three times in microwave @efb0W for 4:30 min each

with 1 min intervals inside a pressure cooker and finally cooled for 20 min and washed for 5
min in 1X PBS. All the subsequent incubation steps performed in the staining procedures
described below were carried out putting thdesiinside a dark humidified box.

For immunofluorescent detectionf -HHV E4 coupled to MCM7, tissue sections after antigen
retrieval were blocked with 10% NGS / 1X PBS for 1 h at room temperature. After blocking,
primary mouse monoclonal afMMCM7 antibaly (NeoMarkers) was 1:200 diluted in 5% NGS

/ 1X PBS and incubated onto tissue sections overnight at 4°C. The following day, slides were
washed in 1X PBS / 0.05% Twe@0 for 5 min at room temperature with shaking and tissue
sections were incubated witheth Avi di n/ Bi oti n Bl ocking Kit
Avidin Solution + 3.6 ¢l BCloHad5nforS0orinatragom n i n
temperature for signal amplification. After a 5 min wash in 1X PBS, tissue sections were
incubated with scondary biotinylated universal antibody (Vector Laboratories) for 30 min at
room temperature. After a 5 min wash in 1X PBS, streptaiRP (TSAM
Tetramethylrhodamine System, PerkinElmer) 1:100 diluted in 1X PBS was added onto tissue
sections for 1 h aibbom temperature. After another 5 min wash in 1X PBS, TSA fluorescent
substrate (TSAu Tetramethylrhodamine System, PerkinElmer) prepared according to the
supplierbés specifications was added for 10

min washin 1X PBS. Tissue sections were subsequently incubated overnight at 4°C with
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primary rabbit polyclonal anti E4 antibody (Kindly provided by John Doorbar, University of
Cambridge) 1:1000 diluted in 5% NGS / 1X PBS. On the third day, after a 5 min waX¥h in 1
PBS/ 0.05% Twee0 at room temperature with shaking, FHiaBelled secondary antabbit
antibody (Invitrogen) 1:600 diluted in 1X PBS was added onto tissue sections and slides were
incubated for 1 h at room temperature. After a 5 min wash in 1X P&S$etisections were
counterstained with DAPI 1:600 diluted for 10 min at room temperature, then washed again in
1X PBS for 5 min and finally mounted with a mounting medium for fluorescence (VectaShield
Antifade Mounting Medium, VECTOR laboratories).

For immunofluorescent detection @HPV L1, tissue sections after antigen retrieval were
blocked with 10% NGS / 1X PBS for 1 h at room temperature. After blocking, tissue sections
were incubated overnight at 4°C with primary rabbit polyclonal anti L1 antibodyd(K
provided by John Doorbar, University of Cambridge) 1:1000 diluted in 5% NGS / 1X PBS.
The following day, after a 5 min wash in 1X PBS / 0.05% Tw2@mat room temperature with
shaking, TexasReldbelled secondary antabbit antibody (Invitrogen) 10® diluted in 1X

PBS was added onto tissue sections and slides were incubated for 1 h at room temperature.
After a 5 min wash in 1X PBS, tissue sections were counterstained with DAPI for 10 min at
room temperature, then washed again in 1X PBS for 5 minfiaatly mounted with a

mounting medium for fluorescence.

For immunofluorescent detection of DNASH, DNA probe consisting of complete clorfed

HPV HPV5 genome was biotilabelled using the BiotiNick Translation Mix (Roche)
according to the manufactur@é s 1 nstructi ons. Biotinylated
hybridization buffer (50% formamide, 5X SSC, 0.1% TweeA, 0. 2 ng/ ¢ | yeasH
the probe mix was added to tissue sections previously allowed to air dry after antigen
unmasking. After lomeng a coverslip onto tissue sections, slides were heated on a hot block

for 5 min at 95°C for DNA denaturation and then cooled on ice and finally incubated overnight

at 37°C for probe annealing. The following day, stringent washes witlvgmaed SSC
solutions at decreasing concentrations were performed for 10 min each as follows: 2X SSC
(allowing also loosening of cowstips), formamide wash buffer (50% formamide, 2X SSC,
0.05% TweerR0), 1X SSC, 0.5X SSC. Next, a solution containing 1:100 dilutedtatidpy

HRP (TSAwm Tetramethylrhodamine System, PerkinElmer) was added onto tissue sections and
slides were incubated for 1 h at room temperature. After a 5 min wash in 1X PBS, TSA
fluorescent substrate (TSA Tetramethylrhodamine System, PerkinElmer) preg

according to the supplierbés specifications w
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by a 5 min wash in 1X PBS and nuclear counterstaining with DAPI diluited 1:600 for 5 min at
room temperature. After a final 5 min wash in 1X PBS, slides wmenented with a mounting

medium for fluorescence.

Images were acquired using a digital scanner (Pannoramic MIDI, 3D Histech Kft) allowing

overlay of immunofluorescent and H&E staining patterns.

b-HPV DNA genotyping

9-10 eyebrows containing hair folliclesere plucked from cask patient. DNA was isolated

using a QlAamp DNAMiniKiiaccor di ng to the manelftedm¥Our er 0 s
el AEr buQf agen, MPMV RNA ,analysis avasgarried ouiusing broad

spectrum PCR (PNPCR) in comhaation with a reverse hybriition system (RHA) Skt n b

HPV prototype researclassay; Diassay BV, Rijswijk, The Netherlands} previously
describedde Koninget al, 200§. The met hod was designed-to i de
HPV types (i.e., HPV 53, 9, 12, 14, 15, 17, 19, 20, 21, 22, 23, 24, 25, 36, 37, 38, 47, 49, 75,

76, 80, 92, 93, 96). PNPCR amplification, generating a biotinylated amplimer of 117 bp from

the E1 region, was carried out following all the precautions indicated by the manerfdaotur

avoid recurrence of crog®ntamination. Briefly, PMPCR reaction was performed in a final
reactionvolumeof50 L, contedi mifng heO0 i anMIMgGl2ela Gdbéddmp 2. 5
PCR buffer 1l, 0.2nM deoxynucleoside triphosphates, 1.5 U Amplitadd@NA polymerase

and 10ul of the PM primer mix. The PCR reaction was performed as foll®wsin pre

heating step at 4; 35 amplification cycles30 s at 94C; 45 s at 52C; 45 s at 72C; 5 min

final elongation step at ZZ. As a positive PCR cordl, ab-HPV plasmid clone was included.
Identification of the amplified-HPV types was performed by reverse hybridization analysis

of the amplimers on genotyping strips provided by the manufacturer. In each strip a probe line

contains a mbKWPVebbesiuni ver sal
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4.3 Establishment of an immunodeficient HPV8tg mouse model that
recapitulates the events occurring in OTR.

Findings to date suggest tithéimmunosuppressive therapedministered torgan transplant
recipientsp r o meHPé refhication, which, in turn, is associated with skin keratosis or field
cancerization. However, it remains to be determined whether immunosuppression also
facilitates carcinogenesis by inhibiting tumour immune surveillance and killifmyiest this
hypothesis, a mouse model that recapitsldtie events occurring in OTErgan Transplant
Recipient)has been generated. HPV8 transgenic mice (HPV8tg) have been crossed with Rag2
deficient mice(Rag2") (which lackB and T cells)The Rag2mutart mice (C57BL/6 genetic
background) were kindly provided by the groufCefciliaGarlandgrom Humanitas Research
Center, Milan(Italy). Rag2 deficient mice have beselectedecause their immupbenotype
mirrors the effect®f the systemic immunosuppresmsts used in transplant recipients, such as
cyclosporine, and their lifespaslong enougho allow the obsenation ofspontaneous SCC
growth. The Rag2" mice harbour a pan deletion of exon 3 of the targeted locus resulting in a
complete deletion of thentire Rag2protein coding region (Figure 30. They exhibit
hematopoietic and immune system defects including arrested B and desa&lopment at the

pro-B and preT cell stage, respectivelfjNeonatal Rag2 mice were healthyhad no gross
abnormalitiesand they have been maintained in barrier faciiftiginka et al., 1992; Hao et

al., 2001).

The HPV8tg mouse strain (FVB/N genetic background$kindly provided by the group of
HerbertPfister, University of ColognéGermany). Theexpres the complete early region of
b-HPVS8 (E1, E2, E4, E6, E7) under the controtled K14 promoter (Figure 3). The early

region in the HPV8tg mice has been maintained in heterozyg@éitye tumours were never
observed in transgefmreegative mice, papilloas occurred mostly multifocally and
disseminated in 91% of HPM&ositive mice. About 25% of the papillomas showed signs of
moderate or severe dysplasia such as disturbed stratification, suprabasal and atypical mitotic

figures, nucleus hyperchromatosis, amisonucleosis.
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Figure 30. (A) Schematic representation Bag2™* and RagZ genes. Black triangles indicate the
annealinggsites of the primergdFW: forward; wtREV: wild type reverse; mutREV: mutant reverse). In
the RagZ gene, the exon 3 is delet@dodified from Hao et al., 2001). (BBematic representation
of the HPV8tg transgene construdgich consist®f the promoter of the human cytokeratih gene,
intron 2 of the rabbit Bjlobin gene, all early genes of HPV8 {lwischematic overview of the open
reading frames), and the K14 polyadenylation sigBlaick triangles indicate thenneahg sites of the
primers(FW: forward; REV: reverse) (modified from Shaper et al., 2005).

If immunosuppressiopromotescarcinogenesis by inhibiting tumour immune surveillance, we
would haveexpecedagreatSCC frequencin a short period of tima HPV8tg+Rag2 mice.
Thus, he HPV8tg+:Rag2 mice may bevery useful in this context as thepuld provide a
reliable aninal model that closely resembles the immune defects occurring in transplant
recipients, thus providing mechanistic insgjinto this complex clinical problemThe RagZ

and HPV8tg mouse strains have been mated and the fi¥&t filial generationi hasbeen
generated. The F1 generatigave riseo HPV8tg+:Rag2" and HPV8tg:RagZ’ mice with a
mixed backgroundFVB/N-C57BL/6). Mice fromthe F1 generation (HPV8tg+:Raf2and
HPVS8tg:Rag2’") have been crossed ati F2 generationincludingsix different genotypes
with a mixed backgroundhas been generated detailed iTable 3. The mce heterozygous
for the Rag2gene(Rag2™) displayedthe same phenotyps the micehomozygoudor Rag2
wild type (Rag2’™) (Shinkai et al., 1992). Indeed, the miséth the following genotypes
HPV8tg:Rag2’* - HPV8tg:Rag2” and HPV8tg+:Rag?' - HPV8tg+:Rag?2" have been

considerediscontrob.

73



F2 GENERATION
GENOTYPES

HPV8tg+:Rag2*
HPV8tg+:Rag2*-
HPV8tg+:Rag2’
HPV8tg-:Rag2*/*
HPV8tg-:Rag2*"
HPV8tg-:Rag2”/-

Table 3 Mouse genotypes obtained in th2 generation.

The F2 generation Bdbeen monitored for 12 weeks dnalyse the phenotype of the different
genotypes.Soon afterbirth, the skin ofthe HPV8tg+:RagZ genotype appeared severely
damagd in comparson to the HPV8tg mice (Figure 3A&) or the littermatesof the
HPV8tg+:Rag2* and HPV8tg+:Rag? genotypegFigure 31B). In HPV8tg+:RagZ mice,
therewasevidence of a significant hair loali over their bodyFigure 31C). Moreover, thg
developed large lesions thatickly progresedto highrgrade malignant tumours. Even though
the number of mickom the F2 generatiowas stilllimited, we measured the number and area
of the skin lesionsn HPV8tg+:RagZ? versusHPV8tg+:Rag2* and HPV8tg+:Rag?2" mice;
the latters serveds contrat. During the 12 weeks of monitoring, well evidestpansion of
the lesional area was observedn HPV8tg:Rag? mice that reduced the number of the
countable isolated lesionshen compared to the control genotyp&he observedinverse
correlation betweethenumber and area tielesions could be explained byeexpansion of
thelesionalarea thatcoveredall the mouse body. No differeain weight has beedetected

among the genotypesiffire 31D).

HPV8+Rag2 - . &

¥,

Papillomas 8 weeks Carcinomas
(91% of HPV3tg mice) (6% of HPV8tg mice)

———
A
. d

HPVBtg+:Rag2’

4 weeks 8 weeks 12 weeks
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Number of lesions Area of lesions HPVBig+Rag2+/+

- HPV8ig+.Rag2+/-
-+ HPV8tg+:Rag2-/-

Weight of mice

N
S
=]

Welght {(g)
N° of leslons
Area of leslons (mm’

Figure 31 (A) HPV8tg mice shows circumscribed tumours durihg 12weeksof the observation
period(left panels). The right picture shows an SCC. (B) Comparison between HPV8tg#:Rad2
HPV8tg+:RagZ phenotypes. (CJhe pctures show the phenotype of HPV8tg+:Ragause during
the monitoring period of 12 week&he leftpicture shows a magnification of the lesions a(pn
Weight, number and area dtfie lesions have been analysed and compared in HPV8+:Rag2
HPV8+:Rag2" and HPV8+:Rag2 mice.

Skin biopsies for each mouse genotypes have been colléotethlin fixed and paraffin
embedded (FFPE)When we looked at the histology of the skin lesions derived from
HPV8tg+:Rag2™*in comparison to those froRPV8tg+:RagZ, some interesting observations
were made. Whilehe HPV8tg+:Rag?" lesions showedthe classical histologgf papilloma
with acanthosis, hyperkeratosis, @hdpresence of horn pds, thosefrom HPV8tg+:Rag?
mice were characterized by higher degree of hyperplasja lowergrade of differentiation

and thepresence ofome atypical cells especially in the upper layErgure 33.
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HPV8-:Rag2*/*

HPV8-:Rag2+

HPV8+:Rag2*/*

HPVS+:Rag2/-

Figure 32. Comparisorof thehistological features (H&E stainingmongthe different genotypes. (A).
The black squares are enlaige the right column. (B). Scale bars for the right column are 500 um and
for the left column are 100 pm.

The HPVS8tg:Rag2" mice d the F2 generation have been backcrossed with HPV8tgtmice
obtainpure FVB/N background’he FVB/N backgroundvaschoserbecause previous studies
have shown the susceptibility of the FVB/Nbred mceto developepidermalesions(Shaper
et al., 2005; Hennings et al., 1998)e are currently irthe third generation obackcrossd
mice and we are planning to backcross astesix generations to yield a pure FVB/N
backgroundhat will be interbred to obtain the genotypiestailed in Table 3
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MATERIAL AND METHODS

Mouse strains

The HPV8tg FVB/N transgenic mice were kindly provided by the groupi@bertPfister,
University of Cologne and have been previously described (Schaper et al., THg®Rag2"
C57BL/6 mice were kindly provided by the group@écilia Garlandafrom the Humanitas
Research Center, Milan and have been previously described (Had2604)).The mce were
housed in the animal facility at the University of Piemonte Orieni2¢partment of Health
Sciences, Novarm accordancavith the Guide for the Care and Use of Laboraténymals.
Theylive in specific pghogen free rooms and autoclaved, aseptic, and microisolator cages
with a maximum of four animals per cage. Food and waége autoclaved and provideazt

libitum.

Genotyping of progeny

Tail biopsies of 1@ayold micewere cut and put in a microcentrifugebes. 40Qul of a

solution composed of 125 mM NacCl, 62.5 mM TadkpH.8, 9.375 mM EDTA pH.8, 0.5%

SDS and 1 mg/ml proteinaseviereadded into each tube and warmed up to 56° for at least 6
hours. At the end of the incubatidlQOpl of 7.5 M NH:OAc and600 pl of chlorofam were

added and mixed. After 15 minutes of incubation on ice, the microcentrifuge wares
centrifuged at maximun speed for 15 minutes at 400.ul of the upper aqueous layeere
transferred in a fresh tubes and 750 pl of 100% ethascd added. Téntubes werénverted

until white cotton like appeared. After a centrifugation at maximum speed for 5 minutes at 4°C,

the sypematantwas poured off.Five hundredsul of 70% ethanolwas added and another
centrifugation at maximum speed for 5 minutes atwa&Sdone. The spernatantwaspoured

off and the pellet kept to dry at room temperature for 10 minkighty pl of Tris-EDTA pH
7.5wasadded to the pellet.

Samples of genomic mouse DNA were asatl by PCR for the presence of the HPV8
transgene usingrimers that bind the early genes E6 and $€&Figure 30B). Forward (FW)

primers -GAATTTTCCTAAGCAAATGGAC-3 6 and reverse -pri mer
CACTACATTCAGCTTCCAAAATACA-3 0 . The PCR reaction condi
minutes denaturation step (94738 oycles of amplification (95°C, 45 seconds; 52°C, 1
minute; 72°C, 1.5 minutesand a final extension period at 72°C for 7 minuBSR products

were separated by 1.8% agaiio§RAE gel electrophoresis, and SYBR safe DNA gel stain
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(Invitrogen) was used to deit the separated bands. HPV8 band sizes were expected to be 842
bp.

For the PCR analysis ttieRag2 gene, 3 sets of primers (1 Forward and 2 Rewsese)ised

(Rag?2 FW 1CAAGEGACGCTCTAGGAATGCAS 6 WtREV 596
GCTATGTTATGACCCACTGTTAG3 Bandmu t R E-GCTFTACGGTATCGCCGCTE

3 06 ThewtREV was specific forexon 3,and the mutREV for theeplacement gend-igure

30A). The PCRprotocol wasz minutes denaturation step (95;3% cycles of amplification

(95°C, 45 seconds; 53°C, 1 minute; 72°C, lutes)and a final extension period at 72°C for

7 minutesPCR products were separated by 1.5% agarba& gel electrophoresis, and SYBR

safe DNA gel stain (Invitrogen) was used to detect the separated bands. Rag2 band sizes were

expected to be 324 bp ftre wt allele419bp for the mutant allele.

Mice monitoring

All the member of the F2 generation were monitored for 12 weeks once a week. A calliper was
used for measuring the size of the two diagonals of the lesions. (D*d)/2 formula was used for

calculatethe lesioml area. Mice weight was calculated with the animal facility scale.

Mice skin biopsy

Mice of F2 generation wersacrified via CQ inhalation. The dorsal skin of the mice was
shaved and the skin was excisedrmalin fixed and paraffin embeddbldcks were prepared

for histological analysis by the Pathology Uaitthe UniversityHospital in Novara

Haematoxylin and Eosin staining

Consecutive fum thick tissue sections were cut from FFPE blocks ontacpated microscope

slides, incubated at 60°C for 30 min to increase adhesion on slide surface, dewaxed and
rehydrated as follows: twice in xylene for 15 min each, twice in 100% dtfwari® min each,
followed by a series of graded ethanol (95%, 90%, 70%) for 5 min each and finally 1X PBS
for 5 min.The dides were incubated in haematoxylin for 10 min, washed in tap waterlior 5

min, than soaked in eosin for 5 min and waskagain gickly in tap water. Tissue sections

were than dehydrated in a series of graded ethanol (75% for 20 sec, 95% for 20 sec, 100% for
2 min), diaphanized twice in xylene for 2 min each and finally mounted wittoanting
medium for immunohistochemistrfVectaMount permanent mounting mediunvector

Laboratories).
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5. Conclusiors

Al t hough 1iHR\Win KCaédveoproent ismot yet fully understood, both experimental

and epidemiological evi deHP\eintkistypaobskincancex, car c
especially intheimmunocompromised settin@espite these findings, causal role of these

viruses has been difficult to verify because of their ubiquitous prevalence in the general
population their absence in some cangeasd the lack of experimental moddisthis thesis,

| report the work we have been doing to pde/mechanistic insights into-HPV-induced skin
carcinogenesisy immunosuppressed patients.

During the three year period of my PhD, we have successfully engrafted a series of skin tumour
from OTRs usingnin vivoorthotopic humanizetbmougraft model The possibility to grow

skin tumours in vivo may have important implications in skin cancer researtie main
limitationint hi s field is the smal/l size of the tu
investigations, especially with freshly frozessues. In additiorthis methodology provides a

highly promisingex vivo environment in which to study disease progression from pre
malignancy to malignancy e.g. from AK to SCC, which cannot be documented in the human
beings (due to the necessary excisddsuch tumours)ndeed, here we report of an AK excised

from a KTR patient with a long history of immunosuppression that gave rise to a tumourgraft

that was diagnosis as SCC as well as the lymph node metastatasis found in the neck region of
thenudemose. Worthy of not-ldPV-infedted asaocungemnted &ythe A K we
presence of intense E4 cytoplasmic staining in the middle and suprabasal layers. Consistent
with the Ahit and rund mechauni a meleVvipessiyr ci nog
being important for tumau initiation and progressiorbut not necessary for tumour
maintenancgthe viral proteins were no longer detected in either the SCC or metastasis. Similar
results were also obtained with another AK that was removed again fiKarR avith a long

history of immunosuppression and the development of atike\phenotype. In this case the
original AK had already some a+HP\isfecteadias h SCC
demonstrated by L1 expression in the more superficial layertheofepithelium. This
tumourgraft displayedstrong retention ofthe original AK histology, including cell
morphology, stromal component architecture, and grade of differentiation of the epithelia
Although the quality of the FFPE block was not very higa,were able to detect cytoplasmic

E4 staining in some cells alongside with HPV DNA FISH signal in some nuclei.

When consider i ng -HPY & the develmpmerd of &K@, tit is arfportdnt to

exami ne -HRW B oealizédin the natural infectionTher es er veHPYisf or b
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supposed to resideithin longlived hair follicle keratinocyte stem cells (HESC), since
plucked hair consi st entdHRV DiNA and KSCtcharmadteestsicst h e [
are enhanced by HPV 5 and 8 early region genes (Bortredn1997; Bouwes Bavinost al,

2008; Hufbaueret al, 2013). However, the precise WHEFSC popul at i o-HBY i nv ol
latent infection remain to be defined (Kranjec and Doorbar, 20b6jetermine the role of HF

K S C 4HRV ifduced skin carcinogenesis, we utilized a transgenic moudel imowhich

the entire HPV8 early region genes are expressed under a keratin 14 promoter (HPV8tg)
(Schapetet al.,2005; De Andreat al.,2010. Here we pr ovi dldPV-induced d e | 0 |
skin carcinogenesis that is based on the aberrant expansion bf IKBC in the upper hair

follicle that spill out into the surrounding epidermis. Different mouse KSC pools are distributed

along the HF, defined by the expression of cell surface proteins that facilitate isolation and thus
characterization. To date KSC lealveen identified within four HF regions: upper (Lrigl) and

lower (LGR®6) junctional zone, the bulge (CD34 and K15} aAnlb (LGR5) (Solanas et,al

2013; Krazschmaret al 2014) In this study, we have identified the HF Lrigl+ KSC
population as the putat target in HPV8tg mice skin carcinogenesis. Lrigl expression defines

a distinct multipotent stem cell population in mammalian epidermis, which resides in the HF
junctional zone in miceJengnet al., 2009). Although Lrigl expression defines an IFE KSC
population in humans, it is not expressed in the reciprocal HF juncdonalFigure 33 and

so prevented f urt hedPV targean hamanse(lensena PO00&G.n of t he

Normal Skin EV-Keratosis Actinic Keratosis

Figure 33: Lrigl immunolabelling of human skin, EV Keratosis and Actinic Keratosis.

Lrigl (green) and p63 (red) immunofluorescent immunolabelling of formalin fixed paraffin
embedded tissue sections from normal human skin, EV Keratosis and Actinic Keratosis
corresponding t&igure 21A.The sections were countgrined with DAPI (blue). Scale bar is
100¢e m.
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Reporter mice studies have shown that junctional zone Lrigl cells give rise to keratinocytes in
the infundibulum and adjoining IFE, akin to the expansion of this population in our HPV8tg
mice, human EV keratosis and AK.

p63 is a p53 protein family membexpressed primarily in epithelia as six distinct
isoforms, due to alternative transcription and C terminus splicing (Yang et al., 1998). Three
p63 isoforms contain an-érminal transcriptional activation (TA isoforms) sequence, while
the otherthreedono ( N i sof orms). All of the p63 isof
active and the o®N i sof or msnegateegmokallss (KRoger.i sof o
2010). Multiple lines of evidence support the role of p63 in KSC maintenance (Melino et al.,
2015): i) p63 null mice demonstrate a terminally differentiated epidermis with no proliferative
basal layer containing stem cells (Yang et al., 1999); ii) epidermal p63 knockdown induces
differentiation, which is induced by TAp63 (Truong et al., 2006);giNp 6 3 expr es s
maintains the proliferative basal layer (Truong et al., 2006); and iv) p63 nuclear accumulation
is prominent in KSC and holoclones (Pellegrini et al., 2001). UV directly and via p53 mutation
results in p63 downregulation and loss of tcaipgional activity (Liefer et al., 2000). Recently
it has been proposed that UV induced concomitant activation of oncogenic Ras aifid TGF
pathways can restore p63 activity in p53 mutant cells to promote tumor progression (Vasilaki
et al., 2016). In keepgwith this, UV induced AK and cutaneous SCC frequently demonstrate
nuclear p63 (Abbas et al., 201The frequency of nuclear p63 positivity is greater in HPV
associated SCC of the oral and anogentital regions, promoted by HPV E6 degradation of p53
(Melino, 2011).
b-HPV early region genes E2, E6 and E7 can induce KSC proliferation through inhibition of
Notch signaling and subsequent induction of p63 (Hufbauer et al., 2013; Meyers et al., 2013,
Pfefferle et al., 2008)providing a putative mechanism for thissHPV induced field
cancerizati on. H-elRVeearlyregoa gepes initate graiferatioreof Lrigi+
KSC causing their expansion into the overlyi
HPV driven KSC proliferation results in EV kerai® and occasionally ne&V AK, which are
predi sposed to transf or-ARRV/tepisonme andsdgene &Qé€ssiomh er e
is lost(Figure34).

82



Observed HPV8tg mouse model Proposed human B-HPV skin cancerization model

WT HPVatg Latent infection Active infection

Undefinad

[#] Keratinocytes (p63-) (8] Keratinocytes (p63-) (8 Infected keratinocytes (p63-)
[¥] Keratinocytes (p63+) 8 Kerafinocytes expressing HPVE transgenes (p63+) [8) Keratinocytes (p63+) M Infected Keratinocytes (p63+)

Figure 34: -HPV Field Cancerization Model

The mouse HF (left image) is composed by at least 4 different KSC populations. In the WT

HF, the LGRS is expressed in the hair bulb, CD34+ and K15+ KS@eae=d in the bulge,

and the Lrigl and LGR6 KSC are located in the upper and lower junctional zone respectively.

In HPV8tg, the Lrigl KSC population expand beyond the junctional zone niche dmigeo

express Lrigl but they maintain KSC function. Similay , i RAHPY reattavation fright

image), the expanded population occupies the hair follicle infundibwdadh adjoining
interfollicular epidermis, as shown by the yellow arrow. These chaogjesinate in the

histological phenotype known as Freudehtlias f unnel , tfindang ipactinio o g n 0 mc
keratosis and skin field cancerization.

However, it remains to be determined whether immunosuppression also facilitates
carcinogenesis by inhibiting tumour immune surveillance and killing. To test this hypothesis
and generate a mouse motletrecapitulagésthe events occurring in OTR, we haw®ssed

the b-HPV8 transgenic mice (FVB/N genetic background) with Rag2 deficient mice (which
lack B and T cells; C57BL/6 genetic backgrounil)immunosuppression also facilitates
carcinogenesis by inhibiting tumour immune surveillance, we would eapanotrease&CC
frequency in the HPV8+:Rag2mice compared with the control genotypEhe littermates

from the F2 generation have been already obtained and arelasikerossed with HPV8tg
miceto yield a pure FVB/N backgroun@/e are planning to backass at least six generations

to yield a pure FVB/N backgrounihat will be theninterbredto obtain inbredgenotypes.
Although the mice are still in a mix genetic background, the phenotype bitW&+:Rag2"

mice seems to be more aggressive in termshefrate of skin cancer development and
progressionTherewasevidence of a significant hair loai over the bodyn these miceand

they developed largskin lesions thaquickly progresed to high grade malignant tumours
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When we looked at the hist@p of the skin lesions derived frofPV8tg+:RagZ mice,some
interesting observations were made. Whhe HPV8tg+:Rag?" skin lesionsshowedthe
classical histologyf papillomawith acanthosis, hyperkeratosis, ath@é presence of horn
pearls, thosefrom HPV8tg+:RagZ micewerecharacterized bghigherdegree of hyperplasi

a lowergrade of differentiationand thegpresence odome atypical cells especially in the upper
layers Although these data need to be strengthen in the inbred mice, thggsstigat the
reduced tumour immune surveillance occurring in these mice is increasing the oncogenic
acti vi t-HPVeaflyregiore D
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