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a  b  s  t  r  a  c  t

Human  papillomaviruses  (HPVs)  comprise  a diverse  group,  and  have  different  epithelial  tropisms  and
life-cycle  strategies.  Many  HPVs  are  classified  as  low-risk,  as they  are  only  very  rarely  associated  with
neoplasia  or cancer  in the  general  population.  These  HPVs  typically  cause  inapparent/inconspicuous
infections,  or benign  papillomas,  which  can persist  for  months  or years,  but  which  are  eventually  resolved
by the  host’s  immune  system.  Low-risk  HPVs  are  difficult  to manage  in  immunosuppressed  people  and
in individuals  with  genetic  predispositions,  and  can give  rise to  papillomatosis,  and  in  rare  instances,  to
cancer.  The  high-risk  HPV  types  are,  by  contrast,  a cause  of  several  important  human  cancers,  including
almost  all cases  of cervical  cancer,  a  large  proportion  of  other  anogenital  cancers  and  a  growing  number
of head  and  neck  tumours.  The  high-risk  HPV  types  constitute  a  subset  of  the genus  Alphapapillomavirus
that  are  prevalent  in  the  general  population,  and  in  most  individuals  cause  only  inconspicuous  oral
and  genital  lesions.  Cancer  progression  is  associated  with  persistent  high-risk  HPV  infection  and  with
deregulated  viral  gene  expression,  which  leads  to  excessive  cell proliferation,  deficient  DNA  repair,  and
the accumulation  of  genetic  damage  in  the  infected  cell. Although  their  life-cycle  organisation  is  broadly
similar  to that  of  the  low-risk  HPV  types,  the  two  groups  differ  significantly  in their  capacity  to  drive

cell  cycle  entry  and  cell  proliferation  in  the basal/parabasal  cell layers.  This  is  thought  to  be linked,  at
least  in  part,  to  different  abilities  of the  high-  and  low-risk  E6  proteins  to modulate  the  activity  of  p53
and  PDZ-domain  proteins,  and the differential  ability  of  the E7  proteins  to  target  the  several  different
members  of the  retinoblastoma  protein  family.

This  article  forms  part  of  a special  supplement  entitled  “Comprehensive  Control  of HPV  Infections  and
 Volu
Related  Diseases”  Vaccine

. The diversity of human papillomaviruses and the
iseases that they cause

To date, more than 150 human papillomavirus (HPV) types
ave been completely sequenced (Fig. 1), along with over 60 ani-
al papillomaviruses (PV) (see Papillomavirus Episteme (PaVE);

ttp://pave.niaid.nih.gov/#home) and [1]). The presence of PVs
n mammals, as well as in various diverse hosts, including birds,

urtles and snakes, suggests that they may  be ubiquitously present
mongst present day amniotes (i.e., mammals, birds and reptiles)
2].

∗ Corresponding author. Tel.: +44 20 8816 2623; fax: +44 20 8906 4477.
E-mail address: jdoorba@nimr.mrc.ac.uk (J. Doorbar).
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me  30, Supplement  5,  2012.
Crown Copyright ©  2012 Published by Elsevier Ltd. All rights reserved.

Papillomavirus types found in humans are divided into five
genera based on DNA sequence analysis, with the different types
having different life-cycle characteristics and disease associations
[1,3–5] (Fig. 1). In recent years, it has become clear that many HPV
types, including the majority of those contained within the Beta and
Gamma  genera, cause only asymptomatic infections in immuno-
competent individuals and can be detected in skin swabs, and for
some Gamma  types, also in mucosal rinses [6–9]. Such viruses are
well adapted to their host, and can in most instances complete their
life-cycle and be maintained in the population without causing any
apparent disease [5,10].  Such characteristics suggest that the PV-

host interactions are very old, and that over time, this has lead to
a balance between viral replication and immune tolerance [11].
Indeed, the evolutionary origins of PVs can be traced to the ori-
gin of the amniotes themselves (approximately 350 million years

ghts reserved.
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Figure 1. Evolutionary Relationship between Human Papillomaviruses.
Human Papillomaviruses comprise five evolutionary groups with different epithelial tropisms and disease associations. The Alpha papillomaviruses include the low-risk
mucosal types (many of which are within the orange shaded branch) that cause genital warts, and the high-risk mucosal types (contained within the branch highlighted with
pink  shading) that can cause cervical neoplasias and cancer. Although the cutaneous HPV types (most of which are contained within the grey (Alpha), green (Beta) and blue
(Gamma) shaded branches) are not generally associated with cancers, certain Beta types have been implicated in the development of non-melanoma skin cancers (NMSC)
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nresolved. The image shows the best known maximum likelihood phylogenetic tre
ith  MUSCLE, filtered with GBLOCKS, and the corresponding codon sequences con
er  gene, one per codon position, using the GTR + G4 model. Branch lengths are pro

go [12–14]), with many evolutionary mechanisms contributing to
heir current diversity, including host/virus co-evolution, recombi-
ation, host-switching and the possible extinction of the PV lineage

n some hosts [15].
In humans, the PV types that cause visible papillomas are gener-

lly of most concern for the individual, especially when they occur
t oral or genital sites and are persistent. Approximately one-third
f individuals who present for treatment with genital warts will
till have their lesions 3 months later, with recurrence after treat-
ent being a significant problem [16]. The low-risk Alpha types

hat cause these lesions (typically the Alpha 10 species [e.g., HPV6
nd 11]; Fig. 1) are also implicated in the development of respira-
ory papillomatosis (RRP) [17]. Although rare, juvenile RRP (which
ffects around 4 per 100,000 children [18–20])  is a serious con-
ition that can only be managed by repeated surgery, and can
rogress to cancer in a small percentage (approximately 5%) of per-
istently infected individuals where the infection spreads to the
ung [20,21].

The various types of epithelial disease that HPVs cause (i.e.,

hronic asymptomatic infection or transient visible papillomas)
ppear linked to their different strategies of transmission and
ropagation within the epithelium, and probably also to their
s. Their possible role in cancer progression in the general population is currently
he E1E2L2L1 genes of 132 HPVs. The sequences were aligned at the amino acid level
ted. Phylogenetic inference was performed with RAxML including three partitions
nal to substitutions per site.

different interactions with the immune system [22]. During evolu-
tion, HPVs have adapted to specific epithelial niches, with different
types having different disease associations and disease prevalence
[13,14,23]. Amongst cutaneous HPVs, the diversity within the Alpha
(species 2, 3, 4 and 14; see Fig. 1), Beta and Gamma genera con-
trasts sharply to what is seen in the apparently less successful Mu
and Nu genera. The most well studied HPV types are, however,
the mucosal Alpha types that cause cervical cancer (see Fig. 2A)
[24], and for these the biology of disease is relatively well under-
stood [3].  This is certainly the case for HPV16 (Fig. 2B) infections
of the ectocervix and the cervical transformation zone where the
majority of HPV16-associated cervical cancers develop (Fig. 3). The
life-cycle organisation of HPV16 (and Alpha types in general) at
other important epithelial sites, such as the anus, the endocervix,
the penis [25,26] and the oropharynx [27] is, however, still poorly
understood [28].

2. High- and low-risk types and their association with
The Alpha PVs are divided into cutaneous and mucosal types,
and the mucosal types are further subdivided into high-risk and
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Figure 2. Alpha Papillomavirus Disease Association and Genome Organisation.
A. The high-risk Alpha types have been clearly linked with the development of squamous cell carcinoma (SCC) and adenocarcinoma (AC) of the cervix. IARC category 1 and
2A  HPV types are classified (respectively) as carcinogenic and possibly-carcinogenic. Despite limited epidemiological data, the 2B classification is proposed for types that are
probably  carcinogenic because of their close phylogenetic relationship with the established carcinogenic types. HPV types in category 3 are considered non-carcinogenic.
The  remaining types have not yet been classified because of insufficient data. Types that are closely related evolutionarily (e.g., HPV16 and 31) can exhibit different degrees
of  cancer risk, which is thought to be related to different protein functions and patterns of gene expression. HPV16 is predominantly associated with SCC originating at the
transformation zone and HPV18 with AC of the endocervix, but both can cause cancers at either type of tissue. Although cutaneous/mucosal classifications are not tight, the
different Alpha species have tropism preferences which are indicated on the right. Data shown is based on information contained in [45,229,230].
B.  The genome organisation of HPV16 is typical of the high-risk Alphapapillomaviruses (including HPV18), and comprises a long control region (LCR) and 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 sites for cellular
transcription factors (e.g., SP1, AP1, Oct1), as well as for the viral E1 and E2 proteins that control viral replication and gene expression. HPV16 has two  well-characterized
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romoter elements known as PE (early promoter; also referred to as p97) and PL (lat
RNAs during epithelial differentiation (position 97 and 670 in the HPV16 genom

ositions of the early and late polyadenylation sites within the genome.

ow-risk groups [1].  The cutaneous Alpha types are also ‘low-risk’,
nd include HPV2 and 57, which cause common warts, and HPV3
nd 10, which cause flat warts [1,20].

The low-risk mucosal types (Fig. 2A), which despite their name
an also cause cutaneous genital lesions, share a low-risk HPV life-
ycle organisation and do not typically cause neoplasia [29] (Figs. 4B
nd 5). Cutaneous lesions caused by Alpha, Beta, Gamma and Mu
ypes can become difficult to manage in patients with SCID (severe
ombined immunodeficiency) [30] and EV (epidermodysplasia ver-
uciformis) and in organ transplant recipients and others who
re pharmacologically immunosuppressed [31], with certain Beta
ypes being associated with the appearance of neoplastic precur-
ors (Bowen’s disease, actinic keratosis) [32] and the development
f non-melanoma skin cancer at sun-exposed sites in these indi-
iduals [6,31,33,34]. A predisposition to HPV-associated disease
nd cancer progression is also seen in WHIM syndrome (warts,

ypogammaglobulinemia, infections, and myelokathexis) patients,
hich is associated with defective CXCR4 signalling [35]. The
olecular defects that underlie these conditions are known [36],

ut it is not yet clear (in most cases) exactly how they predispose
oter; also referred to as p670) that regulate the expression of differentially-spliced
te the 5′ cap site/RNA initiation site of viral transcripts). PAE and PAL indicate the

to disease and whether it is the infected keratinocyte [37,38] or
the immune system that is primarily compromised [39,40]. Thus,
the low-risk viruses are occasionally found to be associated with
human cancers and can in some instances be associated with papil-
lomatosis, especially in individuals with immune defects.

Carcinomas associated with the high-risk HPV types are, how-
ever, a far more significant burden [4,24].  Twelve HPVs (16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, and 59) are defined by the
World Health Organisation (WHO) as being high-risk cancer-
causing types (category 1 in Fig. 2A), with additional types (68,
73)[41–43] being recognised as ‘possibly’ cancer-causing (cate-
gory 2 in Fig. 2A). Several other HPV types also belong to the
high-risk clade based on evolutionary similarity to the known
cancer-causing types [44,45] (shaded pink in Fig. 2A), although
so far, the epidemiological data confirming this have not been
obtained. Recent studies also suggest that variant lineages may  dif-

fer in risk of persistence and association with high-grade disease.
Together, these viruses cause approximately half a million cases
of cervical cancer per year worldwide, with approximately half
of these being fatal (530,000 cases per year with 275,000 deaths
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Figure 3. Life Cycle of High-Risk HPVs in Cervical Epithelium.
In  multi-layered stratified epithelium, such as the ectocervix, infection is thought to require the presence of a microwound that allows the infectious virions to access the basal
lamina. The infected basal cells form the reservoir of infection, and in these cells, the viral genome is maintained as a low copy number episome. As these cells divide, they
produce  daughter cells that are pushed outwards towards the epithelial surface. Different events in the virus life cycle are triggered at different stages during this migration.
In  lesions (such as CIN1) caused by high-risk HPV types (such as HPV16), cells in the lower layers express E6 and E7 and are driven through the cell cycle and are stimulated to
divide (cycling cells marked with red nuclei). In the mid  layers, proteins necessary for genome amplification become elevated in these cells, allowing genome amplification
to  occur. These cells express the viral E4 protein and are typically in the S or G2 phases of the cell cycle (E4 presence marked in green, with red nuclei indicating replication
competence). In the upper epithelial layers, the cells leave the cell cycle, and in a subset of the E4-positive cells, the virus L2 and L1 proteins are made, allowing packaging
of  the amplified viral genomes. The site of expression of the different viral gene products is shown to the left of the image, with the key stages during productive infection
listed  alongside. At the cervical transformation zone and the endocervix, it is thought that HPV may  also be able to infect columnar epithelial cells, the epithelial reserve
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romoter, also referred to as p97; PL: late promoter, also referred to as p670.

WHO/ICO Information Centre on Human Papilloma Virus (HPV)
nd Cervical Cancer; http://www.who.int/hpvcentre/en/]). Impor-
antly, these viruses are also associated with cancers at other sites,
ncluding the penis in men, the vagina and vulva in women and, in
oth genders, the anal transformation zone, the tonsils, orophar-
nx and base of tongue. It appears that deregulation of viral gene
xpression may  occur to different extents at the different sites of
igh-risk HPV infection, and that squamo-columnar junctions, such
s the cervical transformation zone, are particularly prone to neo-
lastic disease. Nevertheless, high-risk HPVs do not cause cancer in
he vast majority of the individuals that they infect [3,24].

As with all HPV infections, the high-risk types are maintained in
he general population because of productive infections rather than
nadvertent cancers. Low-grade squamous intraepithelial lesions
LSIL), where infectious particles are produced, are generally flat
nd inconspicuous, and in most cases these will regress sponta-
eously within 18 months [4,46,47]. For reasons that we do not
et clearly understand, the high-risk HPV types have evolved the
bility to persist, often for many years, and to drive cell prolifera-
ion in the basal and parabasal cell layers at some sites of infection
48,49]. This is not a prerequisite for virus production, and does
ot happen to any extent in lesions caused by low-risk types. High-
rade lesions (high-grade squamous intraepithelial lesions; HSIL)
re abortive infections in which normal patterns of early virus gene
xpression are perturbed [29]. In particular, it is thought that an ele-
ation in the level of E6 and E7 is directly related to the increasing
everity of neoplasia [50], and that the deregulated expression of
hese genes is directly responsible for the accumulation of genetic
rrors in the infected cell and the eventual integration of viral epi-
omes into the host cell chromosome [51–53],  which is seen in

any cervical cancers [53–57].  Cancer progression is facilitated
hen integration preserves the integrity of the long control region

LCR) and the E6 and E7 genes and the 5′ portion of the E1 gene,
ut disrupts the ability of the integrated genome to express the
ciated with different patterns of disease progression and with the development of
 early polyadenylation site; PAL: Position of the late polyadenylation site; PE: Early

DNA-binding protein that represses the viral early promoter, and
the full-length E1 gene, which can regulate episomal copy num-
ber.

3. The normal productive life-cycle of high- and low-risk
papillomaviruses

Whether a productive life-cycle is or is not completed depends
on the nature of the epithelial site where infection occurs, as well
as on the presence of external factors such as hormones [58] and
cytokines [59]. Experimental models suggest that infection requires
access of virus particles (composed of viral DNA and two  capsid
proteins, L1 and L2, which form icosahedral capsid [60,61]) to the
basal lamina, and the interaction with heparin sulphate proteo-
glycans [62–64] and possibly also laminin [65]. Structural changes
in the virion capsid, which includes furin cleavage of L2, facili-
tate transfer to a secondary receptor on the basal keratinocyte,
which is necessary for virus internalization and subsequent trans-
fer of the viral genome to the nucleus [22,66–69].  Although the
Alpha 6 Integrin and growth factor receptors have (amongst oth-
ers) been implicated in this process [70–75],  the precise nature
of the entry receptor remains somewhat controversial [67,75–78].
Once internalised, virions undergo endosomal transport, uncoat-
ing, and cellular sorting. The L2 protein-DNA complex ensures the
correct nuclear entry of the viral genomes, while the L1 protein is
retained in the endosome and ultimately subjected to lysosomal
degradation [79,80].

In many cases, infection is thought to require epithelial wound-
ing or micro-wounding to allow access of the virus to the basal
lamina [67], and a role for the wound healing response in simulating

the expansion of the infected cells has been suggested [3,67,81,82].
Indeed, active cell division, as would occur during wound healing,
is thought to be necessary for entry of the virus genome into the
nucleus, and it has been proposed that lesion formation requires

http://www.who.int/hpvcentre/en/
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Figure 4. Protein Function and Patterns of Gene Expression in High and Low-Risk HPV Disease.
A. Key differences in E6/E7 protein function between the high- and-low-risk HPVs (based on fuller data presented in [105]). It is important to note that the high- and low-risk
HPV  types also have significant differences in promoter positioning and promoter regulation, as well as in patterns of mRNA splicing. These differences affect expression from
the  E6 and E7 genes [3,22].  Current thinking suggests that different patterns of viral gene expression (as well as different protein functions) play a major role in determining
disease phenotype following infection.
B. Immunostaining of cervical lesions caused by high-risk (HPV16) and low-risk (HPV11) Alpha types reveals key differences in the life-cycle organisation of these viruses.
In  lesions caused by HPV16 (left), the stimulation of cell cycle entry (as visualized by staining for the cellular MCM  protein (red)) is apparent in the basal layer and above,
with  some cells also being driven through mitosis. The blue stain (DAPI) highlights the condensed chromatin in these cells. The HPV16 E4 protein (green) appears as the
r ed by
o is app
u orting
p

t
d
p
r
b

c
p
s
u
t
j
u
a
t
t

ed  MCM signal begins to decline in the upper layers of the lesion. In lesions caus
bvious, and the red MCM  signal indicating cell cycle entry (but not cell division) 

pper  epithelial layers in cells that are strongly MCM  positive and which are supp
roliferation correlates with a lower incidence in neoplasia.

he initial infection of a mitotically active cell [83]. Given the
iversity of HPV types and HPV-associated diseases, we should
erhaps be cautious when making such broad generalisations
egarding the route of infection, as multiple entry pathways have
een invoked depending on the virus type under study [80,84–87].

The particular susceptibility of the transformation zone to can-
er progression may  also be linked to the increased accessibility and
roliferation of the basal cell layers at this metaplastic epithelial
ite, particularly around the time of puberty and the onset of sex-
al activity [88]. In this case, we can hypothesize that the primary
arget cells for infection may  be cells close to the squamo-columnar
unction such as the epithelial reserve cells, which lie immediately

nderneath the columnar epithelium of the endocervix [89,90],
nd which eventually form the stratified epithelial layers of the
ransformation zone as the cervix matures. For some time now,
he general hypothesis has been that lesion formation begins with
 HPV11 (right), the stimulation of cell cycle entry in the basal layers is much less
arent only in the upper epithelial layers. The E4 protein becomes abundant in the

 viral genome amplification. The lower ability of low-risk HPV types to drive cell

the infection of a basal stem cell (rather than a basal transiently
amplifying cell) and that the longevity of the stem cells is a key
factor in the formation of a persistent lesion [3,50,91,92]. For the
low-risk HPV types, which do not generally cause neoplasia and
which do not massively stimulate basal cell proliferation, this is
a plausible hypothesis, even though not yet formally proven. For
the high-risk types, which can stimulate basal cell proliferation, it
is less clear whether this is a necessity. The nature of the initially
infected cell and how it relates to disease outcome is thus still a
matter of speculation.

3.1. Genome maintenance and cell proliferation in the lower

epithelial layers

Irrespective of the nature of the infected basal cell, it is gener-
ally thought that infection is followed by an initial phase of genome
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Figure 5. Regulation of Cell Cycle Entry and Proliferation in Infected and Uninfected Epithelium. The activities of the viral proteins underlie disease phenotype. This is
apparent when the role of the high- and low-risk E6 and E7 proteins are considered in the context of disease as indicated below.
Uninfected epithelium. In uninfected epithelium (left), cell cycle entry (red nuclei) and cell division in the basal/parabasal cell layers is controlled by growth factors that
stimulate the activity of G1 cyclins including CyclinD/Cdk. CyclinD/Cdk phosphorylates pRb and displaces it from E2F, which allows the transactivation of genes necessary
for  S-phase progression. As part of this regulated stimulation of cell cycle entry, p16ink4a forms a negative feedback loop that suppresses cyclinD/cdk activity, so preventing
the  over-expression of itself and other E2F-activated genes (MCM, Ki-67, PCNA). Because of this, p14arf levels remain low, which allows MDM  to carry out its normal role of
degrading p53. The molecular pathways and their regulation are shown to the right of the diagrammatic representation of the epithelium.
Low-risk HPV infection. In lesions caused by low-risk HPV types (centre), it is thought that basal cell proliferation is largely regulated by the presence of growth factors, as is
seen  in uninfected epithelium (left). The primary role of the HPV E6 and E7 proteins in these lesions is to drive cell cycle entry above the basal layer in order to facilitate HPV
genome amplification (red nuclei in mid  epithelial layers). This is thought to be dependent on the ability of E7 to bind the Rb family member p130, and to displace it and
the  associated E2F4 and five transcriptional repressors from target promoters required for S-phase gene expression (i.e., without the need for p130 phosphorylation). The
transcriptional activators E2F1,2 and 3 can then occupy these vacant sites and stimulate expression of the host genes necessary for DNA replication and cell cycle progression
(e.g.,  PCNA, MCM,  CyclinA, CyclinE). Cells expressing the HPV E4 protein are shown in dark green, with L1 expression being shown in yellow. Cells in cycle are shown with
red  nuclei. The molecular pathways involved are shown to the right of the diagrammatic representation of the epithelium.
High-risk HPV infection. In high-risk HPV infections (right), an additional function of the high-risk E7 protein leads to the displacement of E2F 4 and 5 from Rb as well as
p130  without the need for Rb phosphorylation. The absence of effective inhibition of cell cycle progression by p16ink4a can lead to its accumulation in the cell and to an
elevation in MCM,  Ki-67 and PCNA levels throughout the infected epithelial layers. The corresponding elevation in p14arf levels compromises the normal function of MDM
in  degrading p53, which subsequently leads to an increase in p53 abundance. P53-mediated cell cycle arrest is. however. countered in the proliferative cell layers by the
high-risk E6 proteins, which associate with E6AP and mediate the ubiquination and proteosomal degradation of p53. Recent studies have suggested that certain biomarkers
o  of E7
h e red n
r  right.
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f  high-risk HPV infection (such as p16ink4a) may  be also be activated as a result
ere.  In the diagram shown, the locations of cells driven into cycle are marked by th
evealing the appearance of L1. The molecular pathways involved are shown to the

mplification, and then by maintenance of the viral episome at low
opy number [83,93,94].  The copy number in the basal layer of
esions is often proposed as 200 or so copies per cell, based on the
tudy of episomal cell lines derived from cervical lesions. In benign
ral papillomas in animals, the basal copy number has been quan-
ified using laser capture methods as 50 to 100 copies per cell [95],
ut it is likely that there will be variation from lesion to lesion and
etween different sites.

The viral replication proteins E1 and E2 are thought to be essen-
ial for this initial amplification phase, but may  be dispensable for
pisomal maintenance-replication once the copy number has sta-
ilised [96–98].  The precise role of E1 and E2 in the epithelial basal

ayer during natural infection needs further clarification however,
iven the proposed role of E2 in genome partitioning (see below).
2 also regulates viral transcription, and has multiple binding sites
n the viral LCR (long control region or upstream regulatory region
URR]), and (during viral DNA replication) can recruit the viral E1

elicase to a specific E1 binding motif in the viral origin of repli-
ation. It has been speculated that the use of a viral DNA helicase
i.e., E1), which is distinct from the cellular replication helicases
 mediated epigenetic programming [172] in addition to the mechanism described
uclei in the diagrammatic representation of the epithelium, with the yellow nuclei

(MCM proteins), allows viral DNA replication to be disconnected
from cellular DNA replication during genome establishment and
amplification [3,99].  Although the role of viral and cellular heli-
cases in genome maintenance still needs some clarification, several
studies have proposed a role for E2 in the regulation of accurate
genome partitioning during basal cell division [94]. In bovine PV,
this involves the cellular Brd4 protein, but in HPVs, other E2 binding
proteins appear to be involved in the tethering of viral episomes to
the cellular chromatin during cell division [93,94,100–102].

The precise role of the HPV E6 and E7 proteins in infected basal
cells is also uncertain, particularly for the low-risk HPV types (such
as HPV6 or 11) that are not generally associated with neoplasia,
and which are thought to produce lesions following the infection
of a basal stem cell at the site of a wound or microwound. In these
HPV types, the role of the wound healing response in driving the
initial proliferation of the infected cell(s) may  well be critical [103],
with signalling from the local microenvironment influencing viral

gene expression [104] and/or protein functions. In the case of the
high-risk types that cause neoplasia, there is a clear role of the viral
E6 and E7 proteins in driving cell proliferation in the basal and
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arabasal cell layers, especially at cervical sites where neoplasia
an occur [3].  It is also clear that there are many functional dif-
erences between the high and low-risk E6 and E7 proteins (see
ig. 4A and [105]), and that these contribute, along with differences
n promoter activity and patterns of gene expression, to the differ-
nt HPV-associated pathologies seen in vivo. Indeed, recent studies
ave suggested that the deregulation of E6/E7 expression, even in
he absence of genome integration, is a critical event in determining
eoplastic grade [106], which is classified according to the extent to
hich basal-like cells extend into suprabasal epithelial layers [107].

.2. From genome maintenance to genome amplification in the
pper epithelial layers

The E6/E7-mediated proliferation of the basal and parabasal
ells following infection by the high-risk HPV types facilitates an
xpansion in lesion size, which is thought in part to be linked to
pecific functions of the high-risk E6 and E7 proteins (Fig. 4A).
unctional differences between the high- and low-risk E7 proteins
entre to a large extent on their differential ability to associate with
embers of the Retinoblastoma (Rb) protein (pRb) family, with the

igh-risk E7 proteins being able to bind and degrade both p105 and
107, which control cell cycle entry in the basal layer, as well as
130, which is involved in cell cycle re-entry in the upper epithelial

ayers ([48,108] and Figs. 4 and 5). The low-risk E7 proteins gen-
rally appear to have a lower affinity for p105 and p107 than the
igh-risk types, but can associate with and degrade p130 in order to
reate a replication-competent environment in the mid-epithelial
ayers that is suitable for genome amplification [105,109] (Fig. 5).
n unfortunate characteristic of the high-risk E7 proteins however

s their ability to stimulate host genome instability, particularly
hrough deregulation of the centrosome cycle in the proliferat-
ng basal cells [110–115]. The PDZ–domain-binding motif, which is
ocated at the C-terminus of all the high-risk E6 proteins, provides
nother key difference between high- and low-risk PVs. High-risk
6 proteins are able to interact with a several PDZ targets through
his motif, many of which are involved in the regulation of cell
olarity, cell proliferation and cell signalling [116,117].  A site for
rotein kinase A phosphorylation is found within the high-risk PDZ-
omain binding motif and can negatively regulate the association of
6 with its PDZ domain-containing substrates [118]. Recent studies
ave further suggested that only particular PDZ pools or isoforms
ithin the cell are susceptible to degradation [119,120],  and that

his function of E6 may  be carefully regulated during the virus life-
ycle [118]. Further studies are needed to precisely define the role
f these interactions in vivo.

Other unique characteristics of the high-risk E6 proteins include
heir capacity to upregulate telomerase activity [121–123] and to

aintain telomere integrity during repeated cell divisions, and
heir ability to mediate the degradation of p53 within the cell. Both
igh- and low-risk E6 proteins inactivate aspects of p53 function,
hich suggests an important life-cycle function, but only the high-

isk types stimulate its ubiquitination and proteosome-dependent
egradation [124–126]. In fact the high-risk types use degradatory
athways to target many of their substrates. For E7, this involves
omponents of the CUL2 ubiquitin ligase complex, while for E6 it
nvolves the cellular ubiquitin ligase E6AP [127]. With the use of

ore advanced proteomics technology, it is becoming clear that
oth E6 and E7 have a very large number of cellular substrates, and
hat the identity of these substrates differs between HPV types of
he same high-risk clade, as well as between the high- and low-risk
roupings themselves [128]. Indeed, there appears to be no sin-

le characteristic that can define high-risk types as cancer-causing.
his is exemplified by studies showing very little concordance
etween cancer risk, and the capacity of the E6 oncoproteins from
he high-risk types to degrade p53, degrade PDZ substrates and
0S (2012) F55– F70 F61

induce keratinocyte immortalisation. In the case of E6, recent struc-
tural studies are suggestive of a complex multimeric protein that
has potential to associate with multiple protein partners at any
given time [125,129].  While such functional differences undoubt-
edly contribute to the respective abilities of the high- and low-risk
HPV types to cause neoplasia and cancer, it is important to remem-
ber that a key function of the E6 and E7 proteins in most HPV types is
not to promote basal cell proliferation, but rather, to stimulate cell
cycle re-entry in the mid-epithelial layers in order to allow genome
amplification.

The expression of the E6 and E7 proteins in the upper epithe-
lial layers allows the infected cell to re-enter S-phase, and for
viral genome copy-number to rise. There is also a need for the
viral replication proteins E1 and E2, which increase in abundance
following the upregulation of the HPV ‘late’ or ‘differentiation
dependent’ promoter [130]. In HPV16, this promoter (P670) resides
within the E7 open reading frame near to nucleotide position
670. Thus, while the early promoter (P97 in HPV16) located in
the LCR (long control region) can control the expression of trans-
cripts with E6 and E7 as the first and second open reading frames,
it appears that the differentiation-dependent promoter (P670) is
positioned to upregulate the expression of E1 and E2 during dif-
ferentiation to allow genome amplification. The epithelial cell
that supports viral genome amplification, therefore, is subject to
differentiation signals and can express well-defined markers of
differentiation such as keratins 1 and 10 (cutaneous epithelia)
or 4 and 13 (mucosa), while at the same time expressing mark-
ers of cell cycle entry, such as MCM,  Ki-67, PCNA, CyclinE and
CyclinA. Careful analysis suggests that, in the case of the low-
risk HPV types, genome amplification begins as the infected cell
undergoes cell cycle reactivation in the mid- to upper epithelial
layers and enters an S phase-like state. For the high-risk types,
this S phase-like state marks the upper proliferative layers within
the neoplasia, rather than a region where cell cycle re-entry has
occurred. HPV genome amplification persists as the ‘differenti-
ating’ cell moves from an S-like to a G2-like phase, with viral
genome amplification occurring primarily in G2 after cellular DNA
replication has been completed [131,132].  Laser capture experi-
ments in animal models have shown at least a 2-log increase in
viral copy number per cell during the genome amplification phase
[95].

In addition to E1 and E2, it is thought that the E4 and E5 proteins
contribute indirectly to genome amplification success by modifying
the cellular environment, with E5 also being involved in koilo-
cyte formation [133]. E5 is a three-pass transmembrane protein
with a cytoplasmic C-terminus [134]. It is believed to possess pore-
forming capability and interferes with apoptosis [135] and the
intracellular trafficking of endocytotic vesicles [136,137].  E5 is also
thought to make an important contribution to genome amplifica-
tion success through its ability to stabilize EGFR and to enhance
EGF signalling and MAP  Kinase activity [138–141] and to modulate
both ERK 1/2 and p38 independently of EGFR [142,143].

The MAP  Kinases ERK 1/2 are critical modulators of nuclear
E1 accumulation through the phosphorylation and activation of
the nuclear localisation signal within the E1 protein, and their
activity is dependent on upstream MAPKs MEK  1/2 and p38.
Through both the S and G2-like phases, the accumulation of
Cyclins E and A and their associated cyclin-dependent kinase
cdk2 further contributes by phosphorylation and inhibition of
an E1 nuclear export sequence [144,145].  Recent work has sug-
gested that other post-translational modifications in E1 (e.g.,
cleavage by caspases) also facilitate differentiation-dependent

genome amplification, and that the accumulation of E1 in the
nucleus may  in itself enhance viral DNA replication at the
expense of cellular replication through induction of a DNA dam-
age response [146]. E4 is a viral protein that accumulates to
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ery high levels in cells that support virus synthesis [147,148],
nd it is likely that its primary function is in some aspect of
irus release or transmission [149,150],  with optimisation of
enome amplification occurring indirectly [151–155]. For HPV16,
he growth arrest functions of E4 contribute to amplification
uccess.

.3. The packaging of viral genomes and virus release

The completion of the HPV life cycle ultimately involves the
xpression of the minor coat protein (L2), the exit of the cell from
he cell cycle, and the expression of the major coat protein L1 to
llow genome packaging. This requires a change in splice site usage
ather than promoter activation, leading to transcripts initiated

t P670 (in HPV16) that terminate at the late polyadenylation site
ather than the early site [3],  an event that is aided by high levels
f E2 expression [156,157].  Interestingly, this results in a switch
rom the production of an E1∧E4, E5 message to an E1∧E4, L1

igure 6. High-Risk HPV Infection and its Possible Consequences.
i) The detection of HPV DNA in a tissue biopsy or in exfoliated cervical cells may  indicat
irus  particles at the epithelial surface without infection (e.g. from recent transmission),
f  viral gene expression (such as mRNA or proteins) are useful in confirming the presenc
he  entry of HPV virions into the mitotically active epithelial cells of the basal layer, whic
ayers, infection is thought to be facilitated by the proximity of the target cell to the epithe
he  full productive life cycle (right). The significance of infection of different cell types rem
ii)  Following infection (shown in (i)), expression from the viral genome can sometimes b
he  viral genomes are retained in the basal layer without apparent disease. Infection ma
ynthesis and release from the upper epithelial layers (productive infection or CIN1), or to 

igh-grade disease such as CIN2 and 3 is associated with a increasing risk of genome inte
ndicated by the presence of red nuclei. Cells expressing E4 are shown in green, while th
epresentations of the epithelium identify all the cells (differentiated and un-differentiat
iii)  In most cases, HPV infections are resolved as a result of a cell-mediated immune resp
f  viral episomes in the epithelial basal layer without life-cycle completion. Viral gene 

ostulated here as suggested from animal models [220]). Persistent deregulated gene ex
ccumulation of secondary genetic changes in the infected host cell and development o
ells  in cycle are shown by red nuclei. Brown shading in the immune latency state indic

ntegrated with loss of expression of full-length E1, E2, E4 and E5, and the L1 and L2 caps
0S (2012) F55– F70

message, as genome amplification gives way to genome packaging
[22,157,158]. Genome encapsidation involves the recruitment
of L2 to regions of replication via E2, prior to the expression of
L1 and the assembly of the icosohedral capsid in the nucleus
[159,160].  Virus maturation occurs in the most superficial, dying
keratinocytes, which lose mitochondrial oxidative phosphoryla-
tion and convert from a reducing to an oxidizing environment
just before virus release. This enables the progressive accumu-
lation of disulphide bonds between the L1 proteins, leading to
the production of extremely stable infectious virions [161,61].
Assembled particles contain 360 molecules of L1 arranged into 72
pentameric capsomeres, with a much smaller and variable number
of L2 molecules, which can occupy capsomeres at the 5-fold axis
of symmetry [60]. Although not precisely defined, the abundant E4

protein is thought to contribute to virion release and infectivity in
the upper epithelial layers, as it assembles into amyloid fibres that
disrupt keratin structure and compromise the normal assembly of
the cornified envelope [148,150,162].

e infection (productive (CIN1) or abortive (CIN3) as shown in (ii)), the presence of
 or a latent or silent infection (as shown in (ii)). To resolve this ambiguity, markers
e of active disease when HPV is detected using DNA-based tests. Infection requires
h in stratified epithelium is thought to require a microwound. In the columnar cell
lial surface, which may  allow the virus to access a cell type that is unable to support

ains to be properly assessed.
e suppressed (e.g., by genome methylation), leading to a ‘silent’ infection in which
y  alternatively lead to an ordered pattern of viral gene expression leading to virus
deregulated viral gene expression and high-grade neoplasia (CIN2/CIN3). Persistent
gration into the host cell chromosome and progression to cancer. Cells in cycle are
ose expressing L1 are shown in yellow. The brown shading on the diagrammatic

ed) that contain viral genomes.
onse (left). This may  lead to viral clearance or to viral latency and the persistence

expression patterns during latency are not well characterised (E1, E2 expression
pression, as occurs in CIN3 and following viral genome integration, can lead to the
f cancer. This is facilitated by over-expression of the high-risk E6 and E7 proteins.
ates cells harbouring viral episomes. In cervical cancer, the viral genome is often

id proteins, and with de-regulated expression of E6 and E7.



cine 3

4

v
s
b
e
1
d
l
a
w
p
h
d
i
h
n
t
C
i

F
A
t
o
p
d
B
H
(
d
H
p

J. Doorbar et al. / Vac

. Life-cycle deregulation and cancer progression

The ordered expression of viral gene products that leads to
irus particle production is disrupted in HPV-associated neopla-
ia (Figs. 6 and 7). In cervical disease, where most research has
een done, it is generally thought that the levels of E6 and E7
xpression increase from cervical intraepithelial neoplasia grade

 to 3 (CIN1 to CIN3), and that these changes in gene expression
irectly underlie the neoplastic phenotype. In this scheme, CIN1

esions typically retain the ability to complete the HPV life cycle
nd produce virus particles and can in fact resemble flat warts,
hich have a lower level of cell proliferation in the basal and
arabasal layers [29]. The elevation of E6 and E7 expression in
igh-risk HPV infection that leads to the CIN2+ phenotype pre-
isposes the cell to the accumulation of genetic changes, which

ncreasingly contribute to cancer progression. According to this
ypothesis, the relatively low levels of E6 and E7 present in CIN1 do

ot compromise the functions of their cellular targets sufficiently
o facilitate cancer progression. The viral deregulation seen in
IN2/3+ is also thought to facilitate integration of the viral episome

nto the host cell chromosome, which can further deregulate the

igure 7. Biomarker Patterns and the Identification of Causal HPV Type in Disease of Diff
.  Key life-cycle markers show distinct patterns of expression in cervical disease of diffe

ypical  pathology associated with either uninfected epithelium, CIN1, CIN2 or CIN3. The 

n  the right. The cellular marker MCM  (red) is expressed at low level in the basal and para
rotein is elevated to different extents in neoplasia. In HPV-induced lesions (but not in n
ecline  during differentiation. As an abundant viral protein, the detection of E4 using typ
.  Cervical biopsies often contain multiple HPVs, with different HPV types being associat
PV53  and HPV66, and which contained regions of CIN1, CIN3 and immature metaplasia

atypical immature metaplasia, AIM), with regions of p16 positivity (brown staining) in 

etected by laser capture microscopy and PCR (LCM-PCR) in all the CIN3 regions (sugges
PV66  in one area of CIN3. In general, different HPV types are associated with discrete
roximity) where more than one HPV type may  be found. CIN: Cervical intraepithelial ne
0S (2012) F55– F70 F63

expression of E6 and E7; genes which are often referred to as viral
oncogenes.

Although it is not clear exactly how gene expression from the
viral episome can become deregulated in early CIN, data from the
vaccine trials has indicated that CIN2+ can occur in young women
soon after infection [163–166]. In these instances, deregulated gene
expression may be driven by changes in cell signalling as can be
brought about by hormonal changes [58], or epigenetic modifica-
tions such as viral DNA methylation, which may  depend on the
nature of the infected epithelial cell [167]. The HPV16 LCR contains
hormone response elements that can be stimulated by estrogen,
and there is ample evidence of cooperation between estrogen and
HPV in the development of cervical cancer in both humans and
in model systems [58,168–170]. In CIN, it has been reported that
the LCR is differentially methylated according to disease severity,
which suggests that epigenetic changes may also regulate gene
expression [171] (and thus disease [106]). It is also thought that for

HPV16 at least, the E7 protein can induce epigenetic changes that
may  contribute to changes in cellular gene expression [172–174].

Although common fragile sites (CFS) in the host cell genome are
hot spots where integration is more likely to occur [53], integration

erent Severity.
rent grades. A histology section is shown on the left of the figure to illustrate the
same piece of tissue stained with two biomarkers (MCM and HPV16 E4) is shown
basal layers in uninfected tissue. As a surrogate marker of E7 expression, the MCM
ormal metaplasia), the viral E4 protein (green) becomes abundant as MCM  levels

e-specific antibodies confirms HPV16 as the causative HPV type in this lesion.
ed with discrete areas of disease. A histology section of cervical tissue positive for

 is shown in the central panel. Some of the metaplastic areas show nuclear atypia
the CIN and AIM regions (shown in detail in the boxed enlargements). HPV66 was
ting causality). HPV56 was found in an area of CIN1, and was  found together with

 areas of disease except at junctional regions (where lesions abut or are in close
oplasia.
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s, in general, a chance event that can sometimes result in the dis-
uption of viral genes that regulate normal transcription from the
CR. Key amongst these is E2, which is a virally-encoded transcrip-
ion factor that normally regulates E6/E7 abundance by binding to
ites within the viral long control region (LCR). The majority of cer-
ical cancers contain one or many copies of HPV, integrated more
r less randomly into the host chromosome, with the viral inte-
ration site frequently lying within the regulatory E1 or E2 genes
55,175]. Integration and the loss of E6/E7 regulation can facili-
ate persistent high-level expression of these genes [176,177] and
he accumulation of genetic errors that eventually lead to cancer
178]. In recent years, there has been much debate as to whether
arly integration events in CIN1 drive progression through CIN2
nd CIN3 to cancer, or whether some degree of viral gene expres-
ion de-regulation underlies the early CIN2 and CIN3 phenotypes,
nd whether it is this initial deregulation that causes chromosome
nstability and thus facilitates integration (Figs. 6 and 7). In general,
t is thought that integration occurs in high-grade lesions such as
IN2 and CIN3, and that once this occurs, the already deregulated
xpression of E6 and E7 can increase still further [50] or else be
aintained at a constitutive level [179]. Cervical cancer can arise

rom cells containing exclusively episomes, and for HPV16, around
0% (26–76% depending on study) of cervical cancers develop in
his way [54,180,181]. Around 70% of HPV16-associated cervical
ancers contain integrated HPV16 sequences, while for HPV18, the
iral genome is almost exclusively integrated [182–186]. In both
ases, however, it is the long-term expression, and in particular,
he over-expression of E6 and E7 and the accumulation of genetic
rrors, which are ultimately important in the progression from CIN3
o cervical cancer.

.1. Other HPV types have different mechanisms of disease
rogression

Although most research on HPVs has focused on the high-risk
ypes from the Alpha genus, it is apparent that the low-risk types
an very occasionally be linked with cancer progression, such as
n persistent RRP [187]. Several reports have suggested that dupli-
ations within the HPV genome or occasional integration may  be
mportant in these cases [188,189],  but given the different functions
f the low-risk E6 and E7 proteins, we would not expect the mech-
nisms of how these viruses predispose to cancer to be the same
s for the high-risk types. Even so, it does appear that persistence
s an important indicator of cancer risk in both cases, prompting
he search for better methods of disease treatment for low-risk PV
ypes.

Clearly, the genetic susceptibility of the host can play an impor-
ant role in some cancers associated with low-risk HPV types, as
videnced from the study of WHIMS  and EV [35,38], the latter
f which is associated with Beta HPV types that are usually only
ssociated with asymptomatic infection in the general population.
n EV patients, Beta HPVs are clearly associated with the devel-
pment of non-melanoma skin cancer (NMSC; the most common
ancer in adult light-skinned populations [190]), but in the general
opulation and in immunosuppressed individuals, this has been
he subject of much debate [191–193]. These discussions have been
timulated, to a large extent, by the failure to detect Beta HPV DNA
biquitously in skin cancers (in contrast to the situation seen for
he high-risk Alpha PVs in cervical cancer), and the finding that
PVs from the Beta genus are prevalent in normal skin even in

he absence of disease. It appears however that these viruses may
timulate cancer progression in a manner that is mechanistically

ifferent to HPVs from the high-risk Alpha group. Indeed, our cur-
ent thinking suggests that the E6 and E7 proteins from these HPV
ypes may  exert their effects at an early stage in the carcinogenesis
rocess by inhibiting normal DNA damage repair or apoptosis in
0S (2012) F55– F70

response to sunlight [194–197]. According to this hypothesis, the
accumulation of genetic errors in the infected cell leads eventually
to changes in cellular phenotype and the eventual development of
cancer, with loss of the Beta HPV genome from the cell as the rate
of keratinocyte cell division increases ([198] and JD unpublished
results). This model fits well with much of our data on the role of
Beta HPV proteins and expression patterns, but still requires some
confirmation, perhaps by the analysis of intermediate disease states
during cancer progression.

Although there are many similarities in genome organisation
of HPVs, there are many differences, both in protein function and
expression patterns that underlie disease phenotype. The discov-
ery of Gamma  HPV types 101, 103 and 108 that lack an apparent
E6 gene, and which are associated with cervical disease [199,200],
emphasises the limitations of applying general principles across
wider groupings. Such considerations should also be borne in mind
when considering how HPV16 and 18 cause disease, and how even
more closely related types, such as HPV16 and 31, function in
infected epithelial tissue.

5. Lesion regression, latency and clearance

Although high-risk HPV infection is common, with over 80% of
women becoming infected at some stage in their life, cervical cancer
arises only rarely as a result of infection. Most infections are cleared
as a result of a cell-mediated immune response, and do not persist
long enough for deregulated gene expression and the accumula-
tion of secondary genetic errors to occur. HPV16 has an average
length of persistence that is longer than most other high-risk types,
and this may  contribute to its higher cancer risk [201,202].  Poorly
understood differences in cell tropism and disease progression pat-
terns associated with individual HPV types may  underlie the higher
association of HPV18 with adenocarcinoma (rather than squamous
cell carcinoma) and its relative infrequence in CIN2. Indeed, our
current thinking suggests that HPV16, 18 and 45, which are the
primary cause of adenocarcinomas, may  infect cells with potential
for glandular differentiation [203], and that an abortive or semi-
permissive infection in these cells is important for the development
of adenocarcinoma. Recent studies have suggested that the infec-
tion of specific cells in the junctional region between the endo and
ectocervix may  in fact underlie the development of many cervical
cancers [204].

In general however, genital tract infections by HPV are common
in young sexually active individuals, with the majority (80–90%)
clearing the infection without overt clinical disease. Most of those
who develop benign lesions eventually mount an effective cell
mediated immune response and the lesions regress. Regression of
anogenital warts is accompanied histologically by a CD4+ T cell-
dominated Th1 response, which is also seen in animal models
of PV-associated disease [205–208]. Such models provide evi-
dence that the response is modulated by antigen-specific CD4+
T cell dependent mechanisms. The failure to develop effective
cell-mediated immunity to clear or control infection results in per-
sistent infection, and in the case of the oncogenic HPVs, an increased
probability of progression to high-grade intraepithelial neoplasia
and invasive carcinoma.

Effective evasion of innate immune recognition seems to be
the hallmark of HPV infections. The viral productive life cycle is
exclusively intraepithelial, there is no viraemia, no viral-induced
cytolysis or cell death, and viral replication and release is not asso-
ciated with inflammation [209]. HPV globally down-regulates the

innate immune signalling pathways in the infected keratinocyte,
pro-inflammatory cytokines, particularly the Type I interferons,
are not released, and the signals for Langerhans cell activation
and migration and the recruitment of stromal dendritic cells (DCs)
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Figure 8. Immune clearance, latency and possible reactivation.
Several HPV proteins have roles in immune evasion as well as in cell cycle entry, which contributes to the ability of HPVs to persist in infected epithelium (see text).
Immune regression does eventually occur in the majority of active infections however, presumably as a result of cross-priming of Langerhans cells (shown in orange in
1.  Active infection (activated Langerhans cell shown in light blue)) and T-cell activation (resting T-cells shown in brown). The subsequent activation of a cell-mediated
immune response leads to the accumulation of activated T-cells (blue circles) in the vicinity of the lesion (shown in 2. Immune regression), with some degree of lymphocyte
infiltration. Our current thinking suggests that viral gene expression (marked by cells above the basal layer with red nuclei, green cytoplasm and yellow nuclei according to
the  different life-cycle stage (see Fig. 3)) is shut-off in the presence of the infiltrating lymphocytes (possibly as a result of cytokine signalling), but that the viral episomes are
n uctio
w rom l
p sease.

a
t
v
c
m
E
i
i
E
w
c
a
o
t
l
a
i
r

l
c
o
k
a
c
e
L
C
g
i
g
D
l
i
u
c
p

s
s

ot  effectively cleared from the basal cell layer, with occasional bursts of virus prod
hich  may  occur following a change in immune status (shown in 4. Reactivation f
eriod  of time in the slow-cycling epithelial stem cell in the absence of apparent di

nd macrophages are either not present or inadequate [210]. Fur-
hermore, the productively infected cells that express abundant
iral proteins are shed from the epithelial surface, well away from
irculating immune cells. For the high-risk Alpha types, many of the
echanisms of immune evasion have been established. The HPV16

6 protein is known to interfere with Tyk2 function, and as a result
s thought to affect STAT signalling [3,211,212]. Similarly, E7 can
nterfere with induction of Interferon response factor 1, and both
6 and E7 have been reported to reduce surface levels of E-Cadherin,
hich is thought to underlie the lower abundance of Langerhans

ells (the epithelial DCs) in the vicinity of the lesion [213–216]. In
ddition, the high-risk E5 protein can interfere with the processing
f classical MHC  molecules to the cell surface, and compromises
he display of viral peptides at the surface of the infected epithe-
ial cell [217]. The low-level presentation of viral antigens (and
ctive immune evasion strategies) in the absence of inflammation
s thought to favour immune tolerance rather than an effector T cell
esponse that can clear disease.

Although such tactics contribute to persistence, in most cases
esions are successfully resolved. Resolution of infection requires
ross-priming of DCs followed by T-cell infiltration into the site
f infection and shut-off of viral gene expression. As far as it is
nown, HPV gene expression is confined to keratinocytes and as

 result of this, cross-presentation of HPV antigens by Langerhans
ells (or other DCs) is considered essential for the induction of an
ffector T cell response to the nonstructural HPV proteins. Human
angerhans cells have been shown to prime and cross-prime naive
D8+ cells [218]; however, recent data in the mouse [219] sug-
ests that in the skin (and probably other squamous surfaces) the
mportant cross-presenting antigen-presenting cells are the Lan-
erin + ve, CD103 + ve DC, a subset most likely of dermal origin.
ermal DCs and macrophages recruited to HPV-infected epithe-

ium may  be key players in the recognition of HPV antigens and the
nduction of effector responses. However, the suboptimal codon
sage by HPV that results in very low protein levels in infected cells
ould provide a further constraint on the effectiveness of cross-

resentation by intra-epithelial DCs.

When lesion regression does occur, it is not associated with mas-
ive apoptosis or cell death, and it appears, from animal model
tudies, that the lesion is cleared by the replacement of actively
n (shown in 3. Viral latency) [95]. This model allows the possibility of reactivation,
atency). It has been suggested that the viral episome may persist for an extended

infected cells with ‘apparently normal cells’ as the basal cells con-
tinue to divide. These ‘apparently normal’ cells may  still contain
viral genomes but without concomitant viral gene expression, and
it has been suggested that the virus life cycle may  become ‘re-
activated’ subsequently following immune suppression or changes
in hormone levels (Fig. 8). Indeed, recent studies using laser cap-
ture approaches have demonstrated genome persistence in the
epithelial basal layer for over a year following regression in exper-
imental systems, and support a model in which the viral genome
can persist in the epithelial stem cell [95,220]. Low-level viral gene
expression and viral copy number have consistently been reported
in studies of both asymptomatic infection and immune-mediated
latency in humans and animal models [92,220–223]. Immunosup-
pression studies support the idea that reactivation can occur at
the site of previous infection, and persistence following regres-
sion has also been suggested in humans, although the duration is
not yet well defined [224]. It is clear that for cancer to develop,
the virus has to evade immune detection over a prolonged period
in order for genetic abnormalities to accumulate. Cervical cancer
patients have been reported to have a reduced or non-existent T-
cell response to antigens of the causal HPV type [59,225]. While this
suggests that persistence may  be linked to a failure of the immune
response or an inability to recognise viral antigens, no clear link
has yet been made with HLA type or other susceptibility indicators
[226–228].

6. Conclusions

Human papillomaviruses have evolved over millions of years
to survive in a wide range of animal species, including humans. As
is typical of viruses that have co-evolved with their hosts, many
PVs produce only chronic, inapparent infections, and produce
virions from the surface of infected epithelium without apparent
detriment to the host. This is the case for many Beta and Gamma
HPV types. However, not all HPV types use the same strategy, and
it appears that several of the Alpha PVs, in particular, have acquired

immunoevasion strategies that allow them to cause persistent vis-
ible papillomas. As part of the PV life cycle in the epithelium, these
viruses must activate the cell cycle in differentiating keratinocytes
that would not normally be replication competent, so that they can
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mplify their genomes and package them into infectious particles.
o do this, they have evolved proteins (E6, E7 and E5) that interfere
ith normal cell cycle regulation, and can prevent apoptosis

s a result of unscheduled DNA replication. In contrast to the
ow-risk HPV types, the high-risk Alpha PVs not only drive cell
ycle entry in the upper epithelial layers, but (for reasons which
re not yet clear) have E6 and E7 proteins that can stimulate
he proliferation of infected basal cells and cause neoplasia. This
dditional characteristic reflects differences in the viral proteins
ut also differences in the way that the viral proteins are expressed

n the basal layer and above. Indeed, it is generally accepted that
eregulated expression of these cell cycle regulators underlies
eoplasia and the eventual progression to cancer in individuals
ho cannot resolve their infection.

Although most work to date has focused on the study of
igh-risk HPV types, and in particular on HPV16 and 18, there
ill be a need in future to better understand the different risks

ssociated with different high-risk types, and to more fully under-
tand the molecular pathways that they subvert. Such approaches
re expected to lead us eventually to the development of bet-
er strategies for disease treatment (i.e., targeted antivirals or
mmunotherapeutics), which are necessary to complement current

ethods of disease management (i.e., prophylactic vaccination,
creening, surgical ablation or local immune modulation). It
ill also be important to consider high-risk HPV-associated dis-

ases at sites other than the cervix, and to understand the
echanisms by which low-risk HPV types can give rise to papil-

omatosis and, rarely, cancer. Developing an understanding of
he natural history of the Gamma  and Beta HPV types both
ithin disease and cancer, will also be an important part of

his.
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differentiation-dependent life cycle of human papillomavirus type 31. J Virol
2005;79(11):6732–40.

153] Wilson R, Ryan GB, Knight GL, Laimins LA, Roberts S. The full-length
E1E4 protein of human papillomavirus type 18 modulates differentiation-
dependent viral DNA amplification and late gene expression. Virology
2007;362(2):453–60.

154] Wang Q, Kennedy A, Das P, McIntosh PB, Howell SA, Isaacson ER, et al. Phos-
phorylation of the human papillomavirus type 16 E1–E4 protein at T57 by
ERK  triggers a structural change that enhances keratin binding and protein
stability. J Virol 2005;79(20):13150–65.

155] Peh WL,  Brandsma JL, Christensen ND, Cladel NM,  Wu X, Doorbar J. The viral E4
protein is required for the completion of the cottontail rabbit papillomavirus
productive cycle in vivo. J Virol 2004;78(4):2142–51.

156] Ozbun MA,  Meyers C. Human papillomavirus type 31b E1 and E2 transcript
expression correlates with vegetative viral genome amplification. Virology
1998;248(2):218–30.

157] Johansson C, Somberg M,  Li X, Backström Winquist E, Fay J, Ryan F, et al. HPV-
16  E2 contributes to induction of HPV-16 late gene expression by inhibiting
early polyadenylation. EMBO J. 2012 May  22. doi: 10.1038/emboj.2012.147.
[Epub ahead of print].

158] Milligan SG, Veerapraditsin T, Ahamet B, Mole S, Graham SV. Analysis of novel
human papillomavirus type 16 late mRNAs in differentiated W12  cervical
epithelial cells. Virology 2007;360(1):172–81.

159] Holmgren SC, Patterson NA, Ozbun MA,  Lambert PF. The minor capsid protein
L2  contributes to two steps in the human papillomavirus type 31 life cycle. J
Virol 2005;79(7):3938–48.

160] Day PM,  Roden RB, Lowy DR, Schiller JT. The papillomavirus minor capsid
protein, L2, induces localization of the major capsid protein, L1, and the
viral transcription/replication protein, E2, to PML  oncogenic domains. J Virol
1998;72(1):142–50.

161] Buck CB, Thompson CD, Pang YY, Lowy DR, Schiller JT. Maturation of papillo-
mavirus capsids. J VIrol 2005;79(5):2839–46.

162] Brown DR, Kitchin D, Qadadri B, Neptune N, Batteiger T, Ermel A. The
human papillomavirus type 11 E1–E4 protein is a transglutaminase 3 sub-
strate and induces abnormalities of the cornified cell envelope. Virology
2006;345(1):290–8.

163] Paavonen J, Jenkins D, Bosch FX, Naud P, Salmerón J, Wheeler CM,  et al. Efficacy
of  a prophylactic adjuvanted bivalent L1 virus-like-particle vaccine against
infection with human papillomavirus types 16 and 18 in young women:
an interim analysis of a phase III double-blind, randomised controlled trial.
Lancet 2007;369(9580):2161–70.

164] Paavonen J, Naud P, Salmerón J, Wheeler CM,  Chow SN, Apter D, Kitchener
H. Efficacy of human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine
against cervical infection and precancer caused by oncogenic HPV types
(PATRICIA): final analysis of a double-blind, randomised study in young
women. Lancet 2009;374(9686):301–14.

165] Szarewski A, Poppe WA,  Skinner SR, Wheeler CM,  Paavonen J, Naud P,
et al. Efficacy of the human papillomavirus (HPV)-16/18 AS04-adjuvanted
vaccine in women aged 15-25 years with and without serological evi-

dence of previous exposure to HPV-16/18. Int J Cancer 2012 Jul 1;131(1):
106–16.

166] Quint W,  Jenkins D, Molijn A, Struijk L, van de Sandt M,  Doorbar J, et al. One
virus one lesion - Individual components of CIN lesions contain a specific HPV
type. J Pathol 2012 May;227(1):62–71.
0S (2012) F55– F70 F69

[167] Ding DC, Chiang MH,  Lai HC, Hsiung CA, Hsieh CY, Chu TY. Methylation of the
long control region of HPV16 is related to the severity of cervical neoplasia.
Eur J Obstet Gynecol Reprod Biol 2009;147(2):215–20.

[168] Pater MM,  Hughes GA, Hyslop DE, Nakshatri H, Pater A. Glucocorticoid-
dependent oncogenic transformation by type 16 but not type 11 human
papilloma virus DNA. Nature 1988;335(6193):832–5.

[169] Piccini A, Storey A, Romanos M,  Banks L. Regulation of human papillomavirus
type 16 DNA replication by E2, glucocorticoid hormone and epidermal growth
factor. J Gen Virol 1997;78(Pt 8):1963–70.

[170] Arbeit JM,  Howley PM,  Hanahan D. Chronic estrogen-induced cervical and
vaginal squamous carcinogenesis in human papillomavirus type 16 trans-
genic mice. Proc Natl Acad Sci U S A 1996;93(7):2930–5.

[171] Vinokurova S, von Knebel Doeberitz M. Differential methylation of the HPV 16
upstream regulatory region during epithelial differentiation and neoplastic
transformation. PLoS One 2011;6(9):e24451.

[172] McLaughlin-Drubin ME,  Crum CP, Munger K. Human papillomavirus E7
oncoprotein induces KDM6A and KDM6B histone demethylase expres-
sion and causes epigenetic reprogramming. Proc Natl Acad Sci U S A
2011;108(5):2130–5.

[173] Laurson J, Khan S, Chung R, Cross K, Raj K. Epigenetic repression of E-cadherin
by  human papillomavirus 16 E7 protein. Carcinogenesis 2010;31(5):918–26.

[174] Hyland PL, McDade SS, McCloskey R, Dickson GJ, Arthur K, McCance DJ, et al.
Evidence for alteration of EZH2, BMI1, and KDM6A and epigenetic repro-
gramming in human papillomavirus type 16 E6/E7-expressing keratinocytes.
J  Virol 2011;85(21):10999–1006.

[175] Wentzensen N, Ridder R, Klaes R, Vinokurova S, Schaefer U, Doeberitz MK.
Characterization of viral-cellular fusion transcripts in a large series of HPV16
and 18 positive anogenital lesions. Oncogene 2002;21(3):419–26.

[176] Jeon S, Allen-Hoffmann BL, Lambert PF. Integration of human papillomavirus
type 16 into the human genome correlates with a selective growth advantage
of  cells. J Virol 1995;69(5):2989–97.

[177] Jeon S, Lambert PF. Integration of human papillomavirus type 16 DNA into the
human genome leads to increased stability of E6 and E7 mRNAs: implications
for cervical carcinogenesis. Proc Natl Acad Sci U S A 1995;92(5):1654–8.

[178] Pett MR, Alazawi WO,  Roberts I, Dowen S, Smith DI, Stanley MA,  et al.
Acquisition of high-level chromosomal instability is associated with integra-
tion of human papillomavirus type 16 in cervical keratinocytes. Cancer Res
2004;64(4):1359–68.

[179] Häfner N, Driesch C, Gajda M,  Jansen L, Kirchmayr R, Runnebaum IB, et al.
Integration of the HPV16 genome does not invariably result in high levels of
viral oncogene transcripts. Oncogene 2008;27(11):1610–7.

[180] Vinokurova S, Wentzensen N, Kraus I, Klaes R, Driesch C, Melsheimer P, et al.
Type-dependent integration frequency of human papillomavirus genomes in
cervical lesions. Cancer Res 2008;68(1):307–13.

[181] Matsukura T, Koi S, Sugase M.  Both episomal and integrated forms of human
papillomavirus type 16 are involved in invasive cervical cancers. Virology
1989;172(1):63–72.

[182] Fehrmann F. Laimins LA.Human papillomaviruses: targeting differentiat-
ing  epithelial cells for malignant transformation. Oncogene 2003;22(33):
5201–7.

[183] Badaracco G, Venuti A, Sedati A, Marcante ML.  HPV16 and HPV18 in genital
tumors: Significantly different levels of viral integration and correlation to
tumor invasiveness. J Med Virol 2002;67(4):574–82.

[184] Woodman CB, Collins S, Rollason TP, Winter H, Bailey A, Yates M, et al. Human
papillomavirus type 18 and rapidly progressing cervical intraepithelial neo-
plasia. Lancet 2003;361(9351):40–3.

[185] Cullen AP, Reid R, Campion M,  Lörincz AT. Analysis of the physical state of
different human papillomavirus DNAs in intraepithelial and invasive cervical
neoplasms. J Virol 1991;65:606–12.

[186] Pirami L, Giache V, Becciolini A. Analysis of HPV16, 18, 31, and 35 DNA
in pre-invasive and invasive lesions of the uterine cervix. J Clin Pathol
1997;50(7):600–4.

[187] Go C, Schwartz MR,  Donovan DT. Molecular transformation of recurrent respi-
ratory papillomatosis: viral typing and p53 overexpression. Ann Otol Rhinol
Laryngol 2003;112(4):298–302.

[188] Rady PL, Schnadig VJ, Weiss RL, Hughes TK, Tyring SK. Malignant transfor-
mation of recurrent respiratory papillomatosis associated with integrated
human papillomavirus type 11 DNA and mutation of p53. Laryngoscope
1998;108(5):735–40.

[189] DiLorenzo TP, Tamsen A, Abramson AL, Steinberg BM.  Human papillomavirus
type 6a DNA in the lung carcinoma of a patient with recurrent laryngeal papil-
lomatosis is characterized by a partial duplication. J Gen Virol 1992;73(Pt
2):423–8.

[190] Pisani P, Bray F, Parkin DM.  Estimates of the world-wide prevalence of cancer
for  25 sites in the adult population. Int J Cancer 2002;97(1):72–81.

[191] Arnold AW,  Hofbauer GF. Human papillomavirus and squamous cell cancer of
the skin–epidermodysplasia verruciformis-associated human papillomavirus
revisited. Curr Prob Dermatol 2012;43:49–56.

[192] Pfister H. Chapter 8: Human papillomavirus and skin cancer. J Natl Cancer
Inst  Monogr 2003;(31):52–6.

[193] Arron ST, Ruby JG, Dybbro E, Ganem D, Derisi JL. Transcriptome sequencing

demonstrates that human papillomavirus is not active in cutaneous squa-
mous cell carcinoma. J Invest Dermatol 2011;131(8):1745–53.

[194] Muschik D, Braspenning-Wesch I, Stockfleth E, Rösl F, Hofmann TG, Nindl I.
Cutaneous HPV23 E6 prevents p53 phosphorylation through interaction with
HIPK2. PLoS One 2011;6(11):e27655.



F cine 3

nate and screen? The international perspective. Int J Cancer 2004;111(2):
278–85.
70 J. Doorbar et al. / Vac

[195] Jackson S, Storey A. E6 proteins from diverse cutaneous HPV types inhibit
apoptosis in response to UV damage. Oncogene 2000;19(4):592–8.

[196] Underbrink MP,  Howie HL, Bedard KM, Koop JI, Galloway DA. E6 proteins from
multiple human betapapillomavirus types degrade Bak and protect keratino-
cytes from apoptosis after UVB irradiation. J Virol 2008;82(21):10408–17.

[197] Viarisio D, Mueller-Decker K, Kloz U, Aengeneyndt B, Kopp-Schneider A,
Gröne HJ, et al. E6 and E7 from beta HPV38 cooperate with ultraviolet light
in  the development of actinic keratosis-like lesions and squamous cell carci-
noma in mice. PLoS Pathog 2011;7(7):e1002125.

[198] Borgogna C, Zavattaro E, De Andrea M, Griffin HM,  Dell’Oste V, Azzimonti
B,  et al. Characterization of beta papillomavirus E4 expression in tumours
from Epidermodysplasia Verruciformis patients and in experimental models.
Virology 2012;423(2):195–204.

[199] Chen Z, Schiffman M,  Herrero R, Desalle R, Burk RD. Human papillomavirus
(HPV) types 101 and 103 isolated from cervicovaginal cells lack an E6 open
reading frame (ORF) and are related to gamma-papillomaviruses. Virology
2007;360(2):447–53.

[200] Nobre RJ, Herráez-Hernández E, Fei JW,  Langbein L, Kaden S, Gröne HJ,
et al. E7 oncoprotein of novel human papillomavirus type 108 lacking
the  E6 gene induces dysplasia in organotypic keratinocyte cultures. J Virol
2009;83(7):2907–16.

[201] Schiffman M,  Rodriguez AC, Chen Z, Wacholder S, Herrero R, Hildesheim A,
et  al. A population-based prospective study of carcinogenic human papillo-
mavirus variant lineages, viral persistence, and cervical neoplasia. Cancer Res
2010;70(8):3159–69.

[202] Koshiol JE, Schroeder JC, Jamieson DJ, Marshall SW,  Duerr A, Heilig CM,  et al.
Time to clearance of human papillomavirus infection by type and human
immunodeficiency virus serostatus. Int J Cancer 2006;119(7):1623–9.

[203] de Sanjose S, Quint WG,  Alemany L, Geraets DT, Klaustermeier JE, Lloveras
B,  et al. Human papillomavirus genotype attribution in invasive cervi-
cal cancer: a retrospective cross-sectional worldwide study. Lancet Oncol
2010;11(11):1048–56.

[204] Herfs M,  Yamamoto Y, Laury A, Wang X, Nucci MR,  McLaughlin-Drubin,
et  al. A discrete population of squamocolumnar junction cells impli-
cated in the pathogenesis of cervical cancer. Proc Natl Acad Sci U S A
2012;109(26):10516–21.

[205] Nicholls PK, Klaunberg BA, Moore RA, Santos EB, Parry NR, Gough GW,
et  al. Naturally occurring, nonregressing canine oral papillomavirus infection:
host immunity, virus characterization, and experimental infection. Virology
1999;265(2):365–74.

[206] Nicholls PK, Moore PF, Anderson DM,  Moore RA, Parry NR, Gough GW,  et al.
Regression of canine oral papillomas is associated with infiltration of CD4+
and  CD8+ lymphocytes. Virology 2001;283(1):31–9.

[207] Wilgenburg BJ, Budgeon LR, Lang CM,  Griffith JW,  Christensen ND. Character-
ization of immune responses during regression of rabbit oral papillomavirus
infections. Comp Med  2005;55(5):431–9.

[208] Monnier-Benoit S, Mauny F, Riethmuller D, Guerrini JS, Căpîlna M,  Félix S,
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