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Abstract
Papillomaviruses are small DNA viruses which specifically infect epithelial 

tissue. The majority of papillomavirus types are associated with benign lesions 

(warts), but a small subset, which includes HPV 16, are associated with lesions 

that progress to neoplasia. The lifecycle of all papillomaviruses is dependent on 

epithelial differentiation, with late viral proteins being expressed only in the 

differentiating epithelial layers. The E1*E4 protein is generally considered to be 

a late viral protein and is expressed at high levels during the late stage of the 

virus lifecycle. At present the role of this protein is unclear.

The work described in this thesis shows that the HPV lifecycle follows a clearly 

defined pattern where E1*E4 is first expressed in cells expressing E7, whilst LI 

is expressed only in E1*E4 positive cells in the upper epithelial layers. This 

pattern was conserved in all papillomavirus types studied. An 11-week time 

course of ROPV infection demonstrated that wart formation occurs as early as 2 

weeks post infection (including the expression of ROPV E1*E4), and that the 

ROPV lifecycle follows the same defined pattern as observed in HPV infections. 

Regression of ROPV lesions occurs from week 8 onwards

The virus lifecycle is disrupted during progression to neoplasia with progressive 

loss of late viral markers and an increase in markers of the early virus lifecycle 

and cellular proliferation. The work presented here suggests that knowledge of 

the relative levels of E7, E1*E4 and LI at the surface of the epithelium during 

neoplastic progression may provide a rationale for predicting the grade of 

cervical neoplasia by facilitating the identification of abnormal cells in cervical 

smear samples.

Work described in this thesis indicates that there is no specific relationship 

between the late stage of the virus lifecycle and epithelial differentiation. 

However, certain disrupted patterns of cellular differentiation are conserved in 

lesions caused by different papillomavirus types. Striking similarities between 

the in vitro expression patterns of HPV2 E4 and HPV16 E1*E4 have also been 

observed, with both E1*E4 proteins co-localising to the keratin filament network 

and causing its collapse.
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Chapter 1 Introduction

Introduction

1.1 Papillomaviruses
Human papillomaviruses (HPV) are non-enveloped double stranded DNA 

viruses which are able to induce benign or malignant tumours of both cutaneous 

and mucosal epithelial tissue (Laimins 1996; zur Hausen 1996). Despite 

differences in oncogenic potential and tissue tropism, all HP Vs share a common 

genomic organisation and are dependent on the differentiation of the infected 

epithelium for the completion of their vegetative life cycle (Laimins 1996; zur 

Hausen 1996).

Over 200 types of HPV have been currently identified, each having a particular 

tissue tropism (de Villiers 1999). In addition to humans, Papillomaviruses (PVs) 

have been identified in a variety of other vertebrate species. The first animal PV 

to be identified was CRPV in the 1930s (Shope 1933). Since then 

papillomaviruses have been isolated from lesions in other animals including 

cattle (Bovine Papillomavirus, BPV), dogs (Canine Oral Papillomavirus (COPV) 

and mice (Micromys minutus Papillomavirus, MmPV) (Chambers and Evans 

1959; Koller and Olson 1971; Sundberg et al. 1988). Although papillomaviruses 

can be found in a wide range of vertebrates, they exhibit strong species 

specificity, with cross infection not giving rise to productive life cycles (reviewed 

in (Shah and Howley 1996)). Animal papillomaviruses are discussed further in 

section 1.19.

1.2 Classification of papillomaviruses
Papillomaviruses are classified according to the degree of homology between 

small regions of the E6 or LI open reading frames, as analysed by PCR and 

DNA sequencing. A new HPV type is assigned when there is less than 90% 

homology with other previously typed papillomaviruses, a subtype being 90-98% 

homologous and a variant >98% (van Ranst et al. 1993). Using this system PVs 

have been classified into groups based on sequence homology (fig 1.1), and this 

has been
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further advanced by considering the clinicopathological relationships of different 

virus types (Chan et al. 1995).

1.3 The epithelium
The epithelium forms a protective barrier (the skin) which covers the entire body. 

The major cell type of the epithelium is the epidermal keratinocyte. These cells 

undergo a complex process of morphological differentiation to form the highly 

structured layers of the epithelium. The epithelium can be divided into layers, the 

nomenclature of which differs between cutaneous and mucosal tissue (figure 

1.2), however the program of differentiation is the same in both cases.

Only the basal layer of the epithelium has the capacity for DNA synthesis and 

mitosis (Fuchs 1990). This layer contains the epidermal stem cell population. 

These cells undergo a transient amplification to produce daughter cells. 

Proliferation in the basal layer provides a continuous supply of new cells to 

repopulate the epidermis and replace the cells which are sloughed off the 

surface (Eckert et al. 1997). Under an as yet unidentified trigger (or combination 

of triggers) these daughter cells begin to terminally differentiate. The parabasal 

layer is defined as the first cell layers above the basal layer, and this and the 

intermediate layer can be referred to in cutaneous tissue as the spinous layer 

(figure 1.2). Parabasal cells contain a mixture of residual basal type keratins 

(e.g. K14) and newly synthesised differentiation specific keratins (e.g. K13 or 

K10), early markers of differentiation are also expressed (involucrin is first 

expressed in this layer). These cells are post-mitotic, but metabolically active 

and the differentiation associated changes in protein expression are regulated 

transcriptionally (Fuchs 1990; Fuchs 1993). Terminal differentiation occurs in the 

granular layer. The granular cells derive their name from the presence of 

keratohyalin granules which contain loricrin and the precursor of filaggrin, 

profi lag grin. The cornified layer consists of flattened cells that have lost their 

intracellular organelles and are essentially dead. These cells contain a stabilised 

array of keratin filaments contained within a covalently cross-linked protein 

envelope [Steinert, 1995 #607;
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Figure 1.2 Squamous epithelial tissue
The lowest layer of the epithelium consists of largely undifferentiated basal cells. 
The nomenclature of cells above the basal layer differs between cutaneous (a) 
and mucosal (b) epithelium. The mucosal epithelium is similar to the cutaneous 
epithelium but the layers separating the basal and cornified cells are known as 
the parabasal and intermediate layers, there is a lack of an obvious layer of 
granular cells and the cornified cells form a much narrower layer.
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Eckert, 1997 #407]. This is often referred to as the cornified cell envelope (COE) 

(Bryan and Brown 2000). It is this layer which provides the protective surface to 

the skin. In mucosal epithelium this layer is referred to as the superficial layer 

and is reduced in thickness compared to the cornified layer of the cutaneous 

epithelium. It takes approximately 2-4 weeks for an epithelial cell to leave the 

basal layer and reach the surface. Thus the adult epidermis is rejuvenated every 

few weeks (Fuchs 1995).

1.4 Papillomavirus pathology
Papillomaviruses infect the epithelia at specific body locations. Due to their 

preferred tissue tropisms the virus types can be loosely divided into mucosal or 

cutaneous viruses. These viruses can be further classified as high, intermediate 

or low risk depending on their ability to progress to malignancy (Lorincz et al. 

1992). However in most infected individuals the virus is carried sub-clinically and 

never produces clinically apparent lesions (Sonnex 1998).

1.4.1 Benign lesions
Low-risk virus types are not associated with the development of malignancy and 

cause benign epithelial lesions. HPV1 infection is a cutaneous virus type and 

infection results in plantar warts and verrucas (Egawa et al. 1993b). HPV2 

predominantly causes common warts in cutaneous mucosa, however HPV2 has 

also been demonstrated to infect mucosal tissue (Chan et al. 1997). Although 

HPV associated papillomas are found in the oral and nasal cavities, the larynx, 

trachea and lungs, the genital tract is the main reservoir for mucosal HPVs 

(Shah and Howley 1996). Low-risk mucosal virus types, such as HPV 6 and 

HPV 11, infect the genital tract and cause the vast majority of genital warts 

(Lacey and Fairley 1995; Sonnex 1998). However both HPV6 and HPV11 can 

also cause lesions in the oral cavity (Gissmann et al. 1982).

1.4.2 Malignant lesions
High-risk viruses were originally classified as such based on their frequent 

presence in anogenital cancers (zur Hausen and Schneider 1987). HPV 16 and 

18 are most commonly associated with anogenital cancer and can induce 

asymptomatic flat warts that can progress to cervical neoplasia and cancer. The
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presence of high-risk HPV DNA in cervical epithelial abnormalities is associated 

with an increased risk of neoplastic progression, with HPV16 being a major risk 

factor for high-grade Cervical Intraepithélial Neoplasia (CIN) (Lacey et al. 1996). 

Recent research indicates that 99% of cervical neoplasia contains high-risk HPV 

DNA (Walboomers et al. 1999; Woodman et al. 1996). HPV5 and HPV8 are 

associated with a rare inherited disease, epidermodysplasia verruciformis, which 

causes cutaneous lesions that can progress to malignancy (Fuchs and Pfister 

1990). The events leading to malignant progression are discussed in section 

1.17.

1.5 I  ransmission of papillomaviruses
Transmission of HPV is facilitated by the presence of a compromised epithelial 

barrier (see section 1.6). Anogenital infections are mainly transmitted by sexual 

contact (reviewed in (Schiffman 1994)). There is a correlation between the 

number of sexual partners and the prevalence of HPV infection, plus HPV DNA 

is rarely detected in people who are not yet sexually active (zur Hausen 1996). 

Oral-genital contact may lead to infections at oral sites with anogenital HPV 

types (Gross and Barrasso 1997). Penile lesions occur commonly in sexual 

partners of women with cervical intraepithélial neoplasia (Barasso et al. 1987). 

Cutaneous papillomavirus infection can be acquired either by personal contact 

or from the environment. Walking barefoot on an abrasive surface, such as 

around a swimming pool, is commonly associated with the spread of verrucas 

while BPV1 can spread amongst cattle which scratch at the same fence post 

(Bunny 1986; Chow and Broker 1994).

1.6 Papillomavirus infection
To establish an infection the virus must infect a mitotically active cell, and thus it 

is thought that viral infection of the basal cells occurs through a micro-wound in 

the epithelium. Alpha 6 integrin, present on basal epithelial cells, has been 

proposed as the cellular receptor for viral entry (Evander et al. 1997) however 

further analysis revealed that this receptor is not obligatory for either BPV4 virus 

or HPV11 virus like particle (VLP) binding to cells (Joyce et al. 1999; Sibbet et 

al. 2000). Papillomaviruses can bind a number of cell types in addition to normal 

host epithelial cells (Muller et al. 1995) and thus tissue tropism does not appear
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to be due to a cell specific receptor. Recent studies have shown that HPV 

infection requires cell surface heparan sulphate (Giroglou et al. 2001; Joyce et 

al. 1999). It is likely that additional internal cellular factors contribute to the 

species specificity of HPV infection. Attachment of capsids to the basal cell 

leads to endocytic uptake (Volpers et al. 1995) however it is not clear how or 

when uncoating occurs.

1.7 Papillomavirus genomic organisation
All papillomaviruses have a similar genetic organisation, with viral gene products 

expressed from differentially spliced mRNAs at different times during the 

migration of the infected cell towards the epithelial surface. The viral genome is 

approximately SOOObp and is divided into early and late regions (Fig. 1.3). The 

early region (E) encodes the genes required for viral DNA replication, gene 

regulation and cellular transformation. The late region (L) codes for the capsid 

proteins LI and L2. In addition the genome contains a regulatory region, 

referred to as the long control region (LCR) or the upstream regulatory region 

(URR). The URR is a non-coding region located between the early and late 

genes, which contains sequences responsible for regulating gene expression 

and DNA replication. This region contains the origin of DNA replication which is 

contained within the transcriptional control region of the E6/E7 promoter. The 

origin of replication also contains binding sites for the viral transcription factor E2 

and a binding site for the viral replication initiator E l. Several binding sites for 

cellular transcription factors are present including Spl, API and the TATA box 

essential for viral transcription.
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Figure 1.3 The HPV16 genome
The H PV  16 genom e consists of a double stranded DNA molecule that encodes  
eight genes. The genes are all located on the sam e strand and some degree of 
overlapping is present. The two major promoters from which the genes are 
expressed are the early promoter, P97, and the differentiation dependent promoter 
P670. The LCR is a non-coding region of the genom e that contains sequences that 
regulate the expression of the H P V  genes.
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1.8 Early viral events
In an infected basal cell the viral genome is present only at low copy number. 

Here the viral DNA is maintained as an episome, replicating in conjunction with 

cellular DNA at 25-50 copies per cell (Chow and Broker 1994). In basal cells, 

transcripts arising from the early genes are detectable. Early transcripts are 

initiated from a promoter in the URR, located at position 97 in HPV16 (p97). The 

activity of the early promoter is regulated both by cellular and viral factors acting 

on sequences located within the URR. Enhancer elements, specific to epithelial 

cells allow initial transcription to occur (Cripe et al. 1987; Taniguchi et al. 1993). 

E2 binds to E2 binding sites (E2BS) in the URR (section 1.10). As the majority 

of transcripts encoding El and E2 initiate from p97, E2 regulates its own 

expression in addition to the expression of other early proteins and viral copy 

number (reviewed in (McBride et al. 1991).

1.9 Papillomavirus El
The El protein is well conserved among papillomaviruses. It is a multifunctional 

nuclear protein which acts as an ATPase and has ATP dependent helicase 

activity which catalyses the unwinding of the DNA duplex (Sverdrup and Myers 

1997). El also brings the DNA polymerase to the origin of replication (or/) and 

can itself bind to this site when complexed with the E2 protein to initiate 

replication (Desaintes and Demeret 1996). El is required for elongation, in 

addition to initiation of replication (Liu et al. 1995).

1.10 Papillomavirus E2
DNA replication requires both the El and E2 proteins (Berg and Stenlund 1997). 

These two proteins bind co-operatively to the or/, which contains binding sites 

for both proteins, forming an E1/E2 replication complex which is essential for the 

initiation of DNA replication (Berg and Stenlund 1997). However El binds to 

DNA with low sequence specificity (Park et al. 1994). Thus E2 functions as an 

initiator of replication by locating the El protein to the origin of replication 

(Desaintes and Demeret 1996). E l and E2 bind co-operatively to the or/with 

greater specificity and affinity than El alone (Sedman and Stenlund 1995). E2 is 

not required post-initiation of replication and is lost from the replication complex 

after it has located El to the ori (Liu et al. 1995).
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In addition to its role in HPV DNA replication, the E2 protein is a transcriptional 

activator that regulates viral gene expression. The E2 protein binds specifically 

to an E2 binding site (E2BS) that is repeated several times in papillomavirus 

genomes. The number of E2BS varies between PV types but the majority are 

located in the URR (Howley 2001a). E2 can either stimulate or repress 

transcription by binding to E2BS in promoters. The result of E2 binding is 

dependent on the location of the E2BS and the concentration of E2. Additionally 

several E2BS can cooperate to result in increased enhancer activity (McBride et 

al. 1991). Low amounts of HPV E2 stimulate the HPV early promoter whilst 

increasing amounts resulted in promoter repression (Steger and Corbach 1997). 

The mechanism of p97 transcriptional down regulation may involve the proximity 

of an E2BS to the TATA box, inhibiting the formation of the transcription initiation 

complex (McBride et al. 1991). The mechanism of E2 transcriptional activation is 

not clear.

1.11 Papillomavirus E7
HP Vs do not encode a unique DNA polymerase or many of the other proteins 

required for DNA replication. They are thus dependent on cellular factors for 

complete viral replication (Melendy et al. 1995). As the productive stages of the 

virus life cycle only occur in differentiating cells, which would normally have 

exited the cell cycle and would no longer be expressing the proteins required for 

DNA replication, the virus must either maintain or reactivate the host cell 

replication machinery (Cheng et al. 1995).

It is the viral E7 protein that stimulates the host cell replication machinery 

(reviewed in (Munger et al. 2001)). E7 is able to induce S-phase entry in 

quiescent cells via its interaction with the tumour suppressing retinoblastoma 

protein (pRB) to inactivate its G1 cell cycle inhibitory function (Jones and 

Munger 1996). Under normal circumstances in quiescent cells the Rb protein is 

hypophosphorylated and is bound to the E2F family of transcription factors, 

inhibiting their transcriptional activities. During normal proliferation, Rb is 

phosphorylated by the cyclin dependent kinases (CDKs) Cdk4 or Cdk6, 

complexed with cyclin D, which results in release of E2F (Dyson 1998). Free 

E2F stimulates expression of proteins required for cellular proliferation (S-
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phase) including cyclins A and E, MOM and PGNA (Black and Azizkahn-Clifford 

1999). E7 stimulates unscheduled S-phase entry by binding to Rb and releasing 

E2F. Thus E2F is able to activate the cell cycle machinery.

E7 has been shown to bind other members of the cellular pocket protein family, 

p i07 and p i30, as well as the cyclin/cdk inhibitor (OKI) p21 (Jones et al. 1997). 

The association of E7 with p i 07 and p i 30 results in the formation of active 

Cdk2/cyclin A and Cdk2/cyclin E complexes (Katich et al. 2001). It has been 

proposed that E7 binding to p21 prevents the latter from acting as a cell cycle 

inhibitor, thus promoting the G1/S transition (Funk et al. 1997). However it has 

also been suggested that while E7 triggers Cyclin E expression, this also results 

in increased levels of p21. In a subset of cells Cyclin E and p21 bind to form a 

stable, inactive complex which prevents cellular replication (Jian et al. 1998; Jian 

et al. 1999). It is thought that this accounts for the heterogeneous nature of viral 

activities in the upper layers of benign HPV lesions. This is further enhanced by 

the presence of p27 (a CKI that is not affected by E7 expression) in 

differentiating cells which can also prevent E7 induced cell cycle entry (Noya et 

al. 2001).

Experiments with E7 knockout genomes have shown that E7 is required for the 

productive stages of the virus life cycle. It appears to create a favourable 

environment for DNA synthesis by perturbing the keratinocyte differentiation 

program and inducing the host DNA replication machinery (Flores et al. 2000).

The upregulation of cellular proliferation in epithelial cells by the activities of E7 

ultimately triggers the cells apoptotic mechanisms including p53 expression. 

This is an undesirable event for the virus, as the life cycle has not yet been 

successfully completed. To avoid this the viral E6 protein is expressed.

1.12 Papillomavirus E6
The E6 proteins are approximately ISOaa in size and contain four conserved 

Cys-X-X-Cys motifs that give rise to two zinc fingers. Unlike E7, which actively 

stimulates cell proliferation, the E6 protein promotes malignant progression. E6 

interferes with several cellular pathways in order to create a favourable
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environment for DNA replication, neutralising cellular surveillance controls that 

are turned on as the cell is forced to replicate by the presence of E7 (reviewed in 

(Mantovani and Banks 2001)).

The mechanism of E6 action involves binding to and inactivating p53, enabling 

E6 to act as an inhibitor of apoptosis. p53 is a tumour suppressor protein and 

cell growth regulator which acts as a sequence specific transcription factor to 

induce genes that govern G1 arrest, apoptosis and DNA repair. In normal tissue 

p53 is induced in response to stimuli such as DNA damage, resulting in a rapid 

increase in p53 levels and subsequent cell cycle arrest or apoptosis (Lane 

1992). In HPV infected tissue the E6 protein binds to the tumour suppressor 

protein p53 inactivating it and abolishing its ability to act as a transcription factor, 

allowing HPV infected cells to continue to divide (Huibregtse and Beaudenon 

1996).

Additionally in some virus types, binding of E6 to p53 results in selective 

degradation of the p53 protein via the ubiquitin proteolysis pathway (Scheffner et 

al. 1993). Normally, short-lived cellular proteins are tagged with ubiquitin by 

specific cellular enzymes. Once tagged these targeted proteins are degraded by 

the 26S proteosome. In the case of HPV infection the E6 protein binds to E6 

activator protein (E6AP) and E3 ubiquitin ligase protein to form a ternary 

complex. This complex functions as a ubiquitin ligase, binding ubiquitin to p53 

which is then degraded (Scheffner et al. 1993).

In addition to p53, Bak, c-Myc and MCM7 proteins are also targeted for ubiquitin 

degradation. Like p53, Bak is an inducer of apoptosis and c-Myc is a 

transcription factor whilst hMCM7 is involved in initiation of DNA replication and 

prevention of re-replication. Thus E6 can deregulate transcription and DNA 

replication by targeted ubiquination of cellular proteins in addition to p53 

(reviewed in (Mantovani and Banks 2001)).

E6 expression has been reported to interfere with terminal differentiation 

(Sherman and Schlegel 1996). By inhibiting terminal differentiation and 

senescence E6 also stimulates cell immortalisation. In addition E6 interacts with
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proteins containing a PDZ domain, which are involved in regulating cell contact, 

cell polarity and control of proliferation, which once disrupted can result in an 

invasive phenotype (reviewed in (Thomas et al. 1999)).

Different papillomaviruses utilise different mechanisms of E6 function, often 

exhibiting a combination of mechanisms. Thomas et. al. propose that this may 

be a result in the timing of E2F induction relative to the basal layer and that 

differences in induction of apoptosis may require different strengths of 

counterattack (Thomas et al. 1999).

1.13 Papillomavirus ES
The E5 ORF is located downstream of the E2 ORF and encodes a small 

hydrophobic, membrane associated, transforming protein. The sequence of the 

E5 protein is poorly conserved between papillomaviruses, especially between 

BPV1 and HPVs where the latter are nearly twice as long as the former (Halpern 

and McCance 1996). Despite this lack of conservation, several functional 

similarities have been observed between the E5 proteins including cellular 

localisation, transforming activity and modification of growth factor receptor 

processing.

The HPV E5 protein is localised predominantly to the endoplasmic reticulum 

(ER) but is also seen in the nuclear membrane and the golgi apparatus (Conrad 

et al. 1993). Several HPV E5 proteins have been shown to be transforming in a 

variety of assays, including anchorage independence, focus/colony formation, 

immortalisation and tumorgenicity (reviewed in (Halpern and McCance 1996), 

and discussed in section 1.17)

The BPV E5 protein has been shown to bind to and activate the receptors for 

epidermal growth factor (EGF-R) and platelet derived growth factor (PDGF-R) 

(Cohen et al. 1993). However reports vary on whether HPV E5 can complex with 

these receptors (Conrad et al. 1994). More recent evidence suggests that 

HPV16 E5 does enhance the activity of these and other receptors but may do so 

by decreasing their degradation rate and by delaying acidification of cellular 

endosomes (Straight et al. 1995; Thomsen et al. 2000).
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In E5 transformed cells the E5 protein binds to vacuolar ATPase (v-ATPase) 

inhibiting its activity. v-ATPase is a transmembrane proton pump responsible for 

the acidification of organelles such as endosomes, which are involved in 

receptor degradation. Thus E5 impairs endosome acidification and EGF-R 

degradation, resulting in increased recycling of the receptor to the cell surface 

and enhanced receptor signalling (DiMaio and Mattoon 2001). Cervical cancer 

cells often express elevated EGF-R (Tervahauta et al. 1994).

1.14 Late viral events
1.14.1 Late gene expression
Completion of the papillomavirus life cycle occurs in the upper layers of the 

epithelium, thus the late stage of the virus life cycle is dependent on epithelial 

differentiation. An as yet unknown trigger stimulates vegetative viral DNA 

replication and expression of the late proteins E1̂ ^E4, LI and L2, although it has 

been suggested that induction of the late promoter is triggered by differentiation 

specific transcription factors. Transcription of the late genes occurs from the 

differentiation dependent or late promoter (p670 in HPV16) found at the 3’ end 

of the E7 ORF (Grassmann et al. 1996). Late transcripts bypass the early 

polyadenylation site and terminate at the late polyadenylation site downstream 

of LI (Hummel et al. 1995).

Late gene expression is highly regulated at transcriptional and post- 

transcriptional levels ensuring that it is confined to the upper layers of the 

epithelium (Hummel et al. 1995). Posttranscriptional changes may occur through 

inactivation or down regulation of splicing factors which inhibit the use of the late 

region polyadenylation site, resulting in increased stability of late region 

transcripts (Furth et al. 1994; Hummel et al. 1995).

It has also been proposed that premature expression of the late proteins may be 

controlled directly at the level of translation by differentiation dependent changes 

in codon usage (Zhou et al. 1999). Furthermore, the mRNAs that encode the 

late proteins contain negative regulatory elements (NREs) that further act to 

inhibit their unscheduled expression (Schwartz 1998). These elements make 

transcripts containing them unstable in undifferentiated cells by targeting mRNA
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molecules for rapid degradation or by interacting with splice factors. Upon 

differentiation the negative regulatory effect of these elements is abrogated, 

possibly through a virally encoded factor, or differentiation dependent cellular 

factors (Koffa et al. 2000; Sokolowski et al. 1999).

One theory suggests that activation of viral DNA replication is the initial event, 

which then leads to titration of transcription factors that repress late expression 

in basal cells. Thus activation is dependent on increased viral DNA copy number 

(Frattini et al. 1996). Recent research demonstrates that a change in promoter 

usage during differentiation leads to increased El and thus increased 

replication. This results in increasing copy number providing greater late viral 

protein transcripts (Klumpp and Laimins 1999).

It is likely that the differentiation specific regulation of late viral events requires 

the co-ordinated action of several processes including initiation of transcription 

at the late promoter, abrogation of negative regulatory events and alternative 

splicing to generate late transcripts (Terhune et al. 2001).

1.14.2 Vegetative viral DNA replication
Up-regulation of El and E2 proteins during differentiation results in vegetative 

viral DNA replication, which is characterised by an increase in viral copy number 

to around 10,000 copies per cell (Lambert 1991). This is in contrast to the low 

level of DNA replication observed in basal cells where viral DNA is maintained at 

25-30 copies per cell (Chow and Broker 1994), or in latent infections where viral 

DNA is estimated to be present at less than 2 copies per cell (Selvakumar et al.

1997).

Although the trigger for vegetative viral DNA replication is not known, we have 

shown that it correlates with E1*E4 protein expression as discussed in section 

1.15.3. In addition to an increase in the level of viral replication, the method of 

DNA replication has been shown to change upon differentiation in high-risk 

types, however this is not observed in low-risk virus types (Aufiero et al. 1994; 

Flores and Lambert 1997).
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1.14.3 Papillomavirus E1*E4
Although E1*E4 can be expressed from the early promoter, it is predominantly 

expressed during late infection from the differentiation dependent promoter 

(Hummel et al. 1992). The massive upregulation of E1*E4 on differentiation 

means that it is often described as a late protein. Despite being one of the most 

abundant papillomavirus proteins, E1*E4 is also the least conserved (Doorbar et 

al. 1989). While its association with keratin has been well documented its 

function in the papillomavirus lifecycle is not yet known (reviewed in (Doorbar

1998)). The E1*E4 protein is discussed in greater detail in section 1.15.

1.14.4 Papillomavirus LI and L2
LI and L2 genes encode viral capsid proteins that are necessary for efficient 

encapsidation of viral DNA. They are expressed solely in the upper differentiated 

layers of the epithelium and both LI and L2 contain a nuclear localization signal 

(NLS) at the C-terminus (Howley 2001a). The virus capsid is made up of 72 

pentameric capsomers. These capsomers are made up of 5 LI molecules. The 

LI protein represents about 80% of the total viral protein (Howley 2001a).

Artificially expressed LI and L2 proteins can self-assemble into virus like 

particles (VLPs), although LI alone is sufficient for this process, most probably 

as LI is the major capsid protein (Hagensee et al. 1993; Kirnbauer et al. 1993). 

However, artificially manufactured LI VLPs failed to contain viral genomes in the 

absence of L2 (Zhao et al. 1998). L2 is a DMA-binding protein that has a specific 

role in virion formation by localizing the viral genome to the capsid (Zhou et al. 

1994). There is also evidence that L2 organises virion components by recruiting 

them to a distinct nuclear domain possibly via an interaction with the viral E2 

protein (Day et al. 1998).

1.14.5 Particle release
Virus particles produced in epithelial cells are ultimately shed from the surface of 

the epithelium during desquamation. Although the mechanism of release of virus 

particles is not fully understood it is thought not to be a lytic process (reviewed in 

(Howley 2001a)). The cornified cell envelope (CCE) has been shown to be
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abnormal in HPV infected tissues (Brown and Bryan 2000). It has been 

suggested that association of the E1*E4 protein with the CCE may result in 

increased cellular fragility providing a mechanism for virus particle release (see 

section 1.15.6.3).

1.15 Papillomavirus E1*E4
1.15.1 E1*E4 sequences
The HPV16 E1*E4 protein is formed from a single splice transcript between the 

beginning of the El ORF and the E4 ORF. The resulting 10-kDa polypeptide 

contains 5 amino acids from the N-terminus of El whilst the remainder come 

from the E4 ORF (Chow et al. 1987a; Doorbar et al. 1988; Nasseri et al. 1987). 

The E4 ORF lies within the E2 gene (see figure 1.3), and although it is in a 

different reading frame, this has complicated RNA analysis and the generation 

of specific antibodies.

The E1*E4 protein is one of the least conserved between virus types. However 

there are four main regions of interest that are conserved in almost all the E1'^E4 

proteins (table 1.1). These include the N terminal El region, the Leucine cluster 

and a conserved C-terminal region. The E1*E4 proteins also share several 

physical characteristic and because of this it is suggested that E1*E4 may play a 

specific role during infection (Doorbar et al. 1989).

1.15.2 E1*E4 expression patterns
Although a transcript that encodes E1̂ ^E4 is expressed from the early promoter, 

the high level E1*E4 expression observed during late infection is the result of 

transcription from the differentiation dependent promoter (Hummel et al. 1992). 

Thus although E1*E4 is an early protein, by definition of its promoter, it is often 

described as a late protein due to its massive upregulation upon differentiation. 

The mRNA that encodes E1*E4 is usually the most abundant viral mRNA 

(Crum et al. 1990; Crum et al. 1988; Egawa et al. 2000; Nasseri et al. 1987) and 

HPV1 E1'^E4 can constitute up to 30% of total cell protein in a wart (Doorbar et 

al. 1989).
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Type E1*E4 Peptide sequence aa

HPV 1 MADNKAPQGLLGLLQYTPTTQPYPRVTPPSNRRPSTTPNSQDRGRPRRSDKDSRKHLYADGLTDGEDPEV
PEVEDEEKENQRPLGHPDLSLLRETLEVYTQRLKRDILQDLDDFCRKLGIHPWSV

126

HPV 2a MEDSEAPRPAPRTTNHYPLLELLYPQSQPQSQPQQNQQEQEEQLRPPKRCAPPRRQRVRRPSASVSSSD
SSIPGPTLRERSERGKWSVTTSGASVTLTAQTPGGATVTLTLCL

114

HPV 11 MADDSALYEKYPLLNLLHTPPHRPPPLQGPPAPRKTACRRRLGSEHVDRPLTTPCVWPTSDPWTVQSTTSS
LTITTSTKEGTTVTVQLRL

91

HPV 16 MADPAATKYPLLKLLGSTWPTTPPRPIPKPSPWAPKKHRRLSSDQDQSQTPETPATPLSCCTETQWTVLQS
SLHLTAHTKDGLTVIVTLHP

92

HPV 63 MTDRAPHYGLLGLLQTPTQPPKDNPPKLPEKQRRRGRDTTRNRRLFASDGPTDEEGPEVPEIPPSDEEKEN
RPEPLPVVENGWHSFLRETLEHQLGRLQREVNQDFEDLYRRLGIHP

118

HPV 65 MADKAQQTPPPSTLRNNNYPGPQHPPTPSLPRRALVVGGNRGNLNRPPQRPPKPRGYEYDEDDDKENQG
PGQERPPAKEEEEEGEEEERPDWSLRHLLGKWESDIEQLKDKVCRDLDNYKLKLGIHP

128

Table 1.1 Sequences of a range of HPV E1*E4 proteins
Protein sequences and amino acid (aa) size of E1^E4 proteins referred to in this thesis. Key regions are highlighted by 
different text colours; MADXXA, conserved N-terminus from E l, also important for keratin binding and collapse: LLXLL, 
Leucine motif important in for E4 association with keratins; LTVIVTLHP, conserved mucosal collapse region; DLXDYW, 
hydrophobic residues, conserved between cutaneous E4 proteins, with a possible role in collapse.
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1.15.2.1 Temporal localisation
E1^E4 expression is observed in differentiating epithelium, however the timing of 

initial expression varies between virus types. In HPV11 and HPV 16 lesions 

E1^E4 expression is usually observed in the intermediate and superficial layers 

of the epithelium (Brown et al. 1994; Crum et al. 1990). Whilst in some 

cutaneous types such as HPV1, HPV2 and HPV4, E1^E4 staining first appears 

in the spinous layer (Breitburd et al. 1987; Croissant et al. 1985; Doorbar et al. 

1986; Doorbar et al. 1989). Unusually in canine oral papillomavirus infection 

(COPV) E1^E4 staining is found in the basal cells (Nicholls et al. 2001a). 

However in these lesions other late viral events also occur in the basal cells, and 

thus the role of E1^E4 as a late protein can be maintained.

Despite its abundance, E1^E4 is typically expressed in a subset of infected cells. 

This characteristic is observed in artificial systems and natural infection (Doorbar 

et al. 1989; Frattini et al. 1997; Nicholls et al. 2001a; Ruesch et al. 1998).

1.15.2.2 Intracellular localisation

The N-terminal El sequence of the E1^E4 protein plays an important role in its 

cellular localisation, which is predominantly cytoplasmic (Roberts et al. 1994; 

Rogel-Gaillard et al. 1992). In lesions caused by cutaneous virus types the 

E1^E4 protein typically forms inclusion granules that are characteristic of the 

infecting HPV type (Breitburd et al. 1987; Croissant et al. 1985; Doorbar et al. 

1989; Egawa 1994). In cells infected with HPV1 E1^E4 these granules appear to 

be accompanied by nuclear inclusions and cytoplasmic filaments (Roberts et al.

1993).

In lesions caused by mucosal H P V  types the E 1 ^ E 4  expression pattern is 

predominantly filamentous although a perinuclear aggregate has been seen in 

isolated cells in the upper epithelial layers of H P V 1 1  and H P V 1 6  infected tissue 

(Bryan et al. 1 9 9 8 ;  Doorbar 1 9 9 1 ;  D o o rb a r et a l. 1 9 9 7 ) .  It is not known if this is a  

feature of the E 1 ^ E 4  protein or an association with other cellular factors such as 

the cornified cell envelope (Bryan et al. 1 9 9 8 ) .
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1.15.2.3 E1^E4 expression in vitro

The expression patterns of E1'^E4 have been predominantly studied in vitro, but 

although considerable information regarding expression patterns and protein 

association is available, the data is conflicting. Factors including cell type, 

growth conditions, and methods of fixation are all likely to contribute to variations 

in E1^E4 expression pattern (discussed further in chapters 3 and 7).

These problems are further complicated by the differentiation dependent 

expression of E1^E4. Monolayer cells resemble the basal cells in which the 

differentiation dependent promoter is not normally triggered, and thus these cells 

cannot fully represent the differentiating cells in which E1^E4 is preferentially 

expressed. However recent advances, discussed in section 1.18, appear to be 

providing a more accurate representation of in vivo E1^E4 expression in the 

laboratory.

1.15.3 Correlation with DNA replication
An association between E1^E4 expression and upregulation of viral replication 

has been observed in cultured cells. In both HPV31 and BPV1 positive cell 

cultures, cells amplifying viral DNA were also positive for E1^E4 expression 

(Jareborg and Burnett 1991; Ruesch et al. 1998).

In natural infection E1^E4 positive cells have been shown to undergo vegetative 

viral DNA replication. The expression of E1^E4 has been shown to correlate 

almost exactly with vegetative viral DNA replication in HPV1 and HPV16 lesions 

(D o o rb a r  et a l. 1997). As mentioned earlier, in COPV where E1^E4 positive cells 

are found in the basal layer, these cells are also positive for viral DNA 

amplification (Nicholls et al. 2001a).

The cytoplasmic expression of the E1^E4 protein would suggest that a direct 

role for E1^E4 in viral replication is unlikely. However it is hypothesised that 

E1^E4 might have an indirect role in vegetative viral DNA replication (D o o rb a r  et 

al. 1997). The observation that CRPV genomes in which E1^E4 is mutated do 

not undergo DNA amplification supports this hypothesis (Davy et al. 2003).
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1.15.4 Correlation with LI expression
Whilst the E1^E4 protein is not found in virions produced in infected tissue, 

E1^E4 expression correlates with L1 expression to a certain extent. HPV11 

E1^E4 and LI have been shown to be expressed in the same cells (Brown et al.

1994). Although this direct association has not been demonstrated with other 

virus types, there is an association between the expression patterns of these 

proteins. Whilst not all E1^E4 positive cells contain LI, LI expression appears to 

be restricted to a subset of cells in which E1^E4 is expressed, with E1^E4 

expression often preceding expression of LI (Crum et al. 1990; D o o rb a r  et al. 

1997). As the mRNA that encodes LI also encodes E1^E4, it seems likely that 

the expression of these proteins should be related (Brown et al. 1996a; Chow et 

al. 1987a; Chow et al. 1987b).

1.15.5 Modification of E1^E4 proteins
As a result of proteolytic cleavage and multimerisation of E1^E4, certain E1^E4 

proteins appear on gels as multiple sized species. In addition, E1^E4 proteins 

can be modified by phosphorylation or metal ion bonding.

Dimers and higher order oligomers are a known feature of E1^E4 proteins and 

account for the appearance of multiple bands on protein gels. The E1^E4 

proteins of HPV1, HPV2, HPV4, HPV11 and HPV16 have all demonstrated 

oligomerisation (Brown et al. 1988; Doorbar et al. 1989; Doorbar et al. 1988; 

Roberts et al. 1997). For HPV1, HPV11 and HPV16 E1^E4 proteins, 

dimerization has been shown to be mediated through the C-terminus of the 

proteins (Ashmole et al. 1998; Bryan et al. 1998; Roberts et al. 1997). The 

significance of oligomerisation is not clear although it may be related to 

intracellular protein localisation (Bryan et al. 1998).

Whilst larger E1^E4 bands on gels represent E1^E4 oligomers, the appearance 

of E1^E4 bands smaller than the monomeric size represent truncated species. 

Antibodies directed against the N-terminus of HPV1 E1^E4 react with the 17kDa 

species, but not the 16, 11 or lOkDa species, thus it is though that the 17kDa 

species represents the full-length molecule whilst the other species arise from 

cleavage at the N-terminus (Doorbar et al. 1988).
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The significance of N-terminal cleavage is unclear but antibodies that bind to 

opposite ends of E 1 ^ E 4  show different staining patterns (D o o rb a r  et a l. 1 9 9 7 ) .  In 

H P V 1 -induced lesions, the 1 7  kDa species is found in cells in the spinous layer 

whilst the 1 6  kDa species is found above this layer (Breitburd et al. 1 9 8 7 )  

suggesting that proteolytic processing may be regulated according to cellular 

differentiation. Further evidence to support this comes from the lack of 

H P V 1 E 1 ^ E 4  1 6  kDa species in transfections of monolayer cells (Rogel-Gaillard 

et al. 1 9 9 2 ) .  In addition to occurring in different parts of the lesion, E 1 ^ E 4  

processing can give rise to variable intracellular staining patterns. For example, 

antibodies to the far N-terminus of H P V 1 6 E 1 ^ E 4  did not stain perinuclear 

aggregates that were identified with an antibody to the C-terminus of the protein 

(D o o rb a r  e t a l. 1 9 9 7 ) .

In vivo phosphorylation of E1^E4 proteins has been shown to occur by labelling 

HPV1-induced warts and HPV11-induced xenografts with radioactive inorganic 

phosphate (Bryan et al. 2000; Grand et al. 1989). Subsequent autoradiography 

of the purified E1^E4 proteins clearly showed incorporation of phosphate onto 

the E1^E4 molecule. The consequences of E1^E4 phosphorylation in the virus 

life cycle are not clear but phosphorylation of other proteins is known to regulate 

their activities, binding partners and sub-cellular locations. In accordance with 

this, mutation of the potential phosphorylation site for Mitogen activated protein 

kinase (MARK) of HPV11E1^E4 changed its staining pattern and lead to a 

failure to co-localize with wild type protein. This lead to the suggestion that 

phosphorylation is required for the formation of cytoplasmic filaments and 

oligomerization (Bryan et al. 2000).

1.15.6 Proteins that associate with E1^E4

1.15.6.1 DEAD box

Attempts to identify proteins that bind to HPV16 E1^E4 using a yeast two hybrid 

screen showed HPV16 E1^E4 interacted with a novel DEAD box protein 

E4-DBP (E4-DEAD box protein) (Doorbar et al. 2000). DEAD box proteins have 

roles in RNA processing, stability, export and biogenesis of ribosomes and are 

known to affect cell proliferation. The normal cellular function of E4-DPB is
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unknown but it is predominantly nucleolar and shuttles in and out of the 

cytoplasm (Doorbar et al. 2000). As the E^^E4 protein is predominantly 

cytoplasmic the significance of HPV16 E1^E4 binding to E4-DBP is not clear. 

However it does not seem to be a feature of all E1^E4 proteins since type 1 and 

type 6 E1^E4 are unable to associate with E4-DBP in the two-hybrid assay.

1.15.6.2 Cornified cell envelopes

In the upper layers of the epithelium, HPV11 E1^E4 is observed near to the 

cornified cell envelope (CCE) in the cytoplasm of cells (Bryan and Brown 2000). 

CCEs are formed by the cross-linking of proteins such as loricrin, involucrin, 

keratin 10 and small proline rich proteins to produce an insoluble durable barrier 

just inside the keratinocyte cell membrane. HPV11 E1^E4 usually co-purified 

with CCEs but not in the presence of reducing agents, suggesting that HPV11 

E1^E4 is cross-linked to the CCE by disulfide bonds. Immunofluorescence 

suggested that HPV11 E1^E4 and involucrin are found in the same cells, but 

cells that are positive for HPV11 E1^E4 expression, do not contain loricrin or 

keratin 10 and vice versa (Brown et al. 1995). It has been suggested that the 

altered expression pattern of the CCE proteins gives rise to a thinner wall, 

increased fragility and morphological aberrations seen in HPV11-infected CCEs 

(Brown and Bryan 2000; Bryan and Brown 2000; Lehr and Brown 2002). It has 

been proposed that HPV11 E1^E4 is able to facilitate virus particle release by 

weakening the cell via its interaction with the CCE.

1.15.6.3 Keratins

One of the major roles of the E1^E4 proteins that has been analysed is their 

ability to bind to keratins. Keratin networks are found in epithelial cells and 

provide structural integrity. Keratin expression is tissue specific with different 

keratin networks present in different epithelial cells. In addition, keratin 

expression is differentiation dependent (outlined in detail in chapter 6). The 

nature of keratin expression lead to the hypothesis that the tissue tropisms of 

different HPV types could result from specific E1^E4/keratin interactions.
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Filamentous E1^E4 staining patterns have been shown to co-localise with the 

keratin networks for HPV1, HPV16 and HPV31 (Doorbar et al. 1991; Pray and 

Laimins 1995; Roberts et al. 1993). In the case of HPV16 and HPV31, 

association of E1^E4 with the keratins causes collapse of the keratin network 

(Pray and Laimins 1995: Doorbar, 1991 #140; Roberts et al. 1994). The fact that 

no collapse is observed with HPV1 E1^E4 indicates a difference between the 

cutaneous and mucosal virus types and may offer an explanation over tissue 

tropism. (Doorbar et al. 1991).

The regions of the E1^E4 proteins responsible for keratin association and 

collapse have been mapped. The N-terminal El sequence of the E1^E4 protein 

plays an important role in cellular localisation (Roberts et al. 1994; Rogel- 

Gaillard et al. 1992) and also in the interaction of E1^E4 with cytoplasmic 

networks (Rogel-Gaillard et al. 1993). The leucine motif was found to be 

essential in both HPV1 and HPV16 for the formation of cytoplasmic filamentous 

networks although deletions of the El region altered but did not abrogate the 

formation of cytoplasmic networks whilst deletion of the leucine motifs did 

(Roberts et al. 1994). Thus, this conserved motif is likely to play a central role in 

the interaction of the E1^E4 proteins with the cytokeratin intermediate filament 

networks (Roberts et al. 1994). However, differences in the expression patterns 

of HPV1 and HPV16 E1^E4 suggest that the formation of filament networks 

and/or inclusions involves similar but not identical E1^E4 sequences. The C- 

terminus has been shown to be important for collapse, and mutation of this 

region of HPV16 E1^E4 (table 1.1) reduced the number of cells demonstrating 

intermediate filament collapse (Roberts et al. 1997). Interestingly, deletion of a 

hydrophobic region in HPV1 E1^E4, conserved between cutaneous virus types 

(table 1.1), resulted in the collapse of the keratin network (Roberts et al. 1994).

Despite the documented association between E1^E4 and keratins in vitro, in 

naturally occurring lesions, cells expressing E1^E4 have been shown to lack 

normal markers of terminal differentiation such as keratins and filaggrin (Bryan 

and Brown 2000; D o o rb a r  e t a l. 1997). In HPV1 lesions, E1^E4 and keratin 

expression appear to be mutually exclusive (Breitburd et al. 1987; D o o rb a r  et al. 

1997). Thus the evidence for keratin association is conflicting.
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The host cell, its differentiation status and the level of expression can 

significantly affect the distribution of the E1^E4 proteins such that the in vitro 

expression pattern may not accurately represent the in vivo expression pattern 

(Pray and Laimins 1995; Roberts et al. 1994). For example, in HPV1 warts more 

than 95% or E1^E4 protein was found as soluble monomers that did not 

associate with keratins (Doorbar et al. 1996). Additionally the significance of the 

leucine motif in HPV life cycle events remains to be addressed as not all 

papillomavirus E1^E4 proteins contain this motif (table 1.1).

1.15.7 E1^E4 and cell cycle arrest
Although the papillomavirus E1^E4 protein has been widely studied, the exact 

nature of the role of this abundant late protein has remained unclear. Recent 

research has determined that E1^E4 can arrest the cell cycle at G2 by 

sequestration of cyclin B to the cytoplasmic keratin network (Davy 2002; Davy et 

al. 2002b). In doing so, the E1^E4 protein maintains the differentiated cell in an 

S-phase state where vegetative viral replication can take place. This role of 

E1^E4 correlates with its association with vegetative viral replication in vitro and 

in vivo, as discussed earlier and supports the theory of an indirect role for E1^E4 

in DNA amplification.

1.16 Papillomavirus latency and regression
Following infection, the virus may remain present but quiescent within cells. HPV 

DNA has been found in the skin and mucosa of apparently clinical normal 

patients and in animals following lesion regression (Amelia et al. 1994; Astori et 

al. 1998). It is thought that latent viral DNA may act as a reservoir for active 

infection in the future. This theory is supported by results from animal PV 

infection studies and studies in immunocompromised patients where reactivation 

of latent infections are observed as a result of tissue trauma or immune 

suppression (Amelia et al. 1994; Benton et al. 1992). Most HPV lesions naturally 

regress although the time taken for this can vary greatly. Regression of PV 

lesions is associated with the infiltration of lymphocytes which supports the role 

of the immune system in lesion regression (Coleman et al. 1994; Selvakumar et 

al. 1997).

42



Chapter 1 Introduction

1.17 Events leading to malignant progression
Most papillomavirus infections are associated with purely benign tumours, which 

usually regress spontaneously after a period of months or years. However in 

some instances HPV infections may progress to neoplasia as outlined above in 

section 1.4.2.

In normal HPV infection the viral genome is maintained as an episome whilst in 

HPV-associated cervical cancers the viral genome is often integrated into the 

host chromosome. This leads to disruption of the viral genome and deletion or 

partial deletion of downstream genes E1^E4, E5 and L2 (zur Hausen 1996). 

However the E6 and E7 oncogenic ORFs are preserved and remain 

transcriptionally active both in cervical cancer cell lines and HPV-associated 

neoplasias. Transformation by HPV requires expression of E6 and E7 together 

(Hudson et al. 1990; Sherman and Schlegel 1996).

Whilst the site of integration into the host genome varies, the integration site in 

the viral genome remains relatively constant, with integration usually occurring in 

the E2 gene and sometimes in the El gene resulting in a loss of function (Choo 

et al. 1987). The disruption of expression of the E2 transactivator results in 

upregulation of the HPV early promoter and increased production of both the E6 

and E7 proteins (Jeon and Lambert 1995). This results in increased cellular 

proliferation by E7 with a concomitant removal of cellular tumour suppressor 

function by E6. The mechanism of viral integration is not known, although high 

risk virus types show an increased integration into the host genome compared to 

low risk virus types (Keiss et al. 1996)

The secondary effect of integration leads to the production of E6 and E7 mRNAs 

that do not terminate at the early polyadenylation site. Thus the 3’ termini of 

these genes contain cellular sequences and lack the 3' destabilising elements 

which would otherwise regulate the levels of early proteins in normal infection. 

Thus E6 and E7 mRNAs are increasingly stable in neoplasias with integrated 

DNA. A higher level of E7 protein has been found in cervical epithelial cells 

containing integrated DNA when compared to those containing episomal DNA 

(Jeon and Lambert 1995).
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Whilst the immortalising potential of the viral oncogenes is not disputed, full 

neoplastic progression requires additional events or co-factors. The time lag 

between primary infection and malignancy is often several decades which 

suggests a requirement for secondary events in addition to viral infection (zur 

Hausen 1994). The abrogation of p53 mediated growth arrest as a result of DNA 

damage allows the accumulation of secondary mutations which contribute to the 

development of cancer. In fact, E6-expressing cells appear not to undergo arrest 

in response to irradiation or DNA damaging chemicals (Kessis et al. 1993). 

Progression to neoplasia is accelerated by exposure to carcinogens such as 

tobacco smoke (Kjellberg et al. 2000).

Despite the role of integration in cervical neoplasia, over two thirds of cervical 

biopsies still contain exclusively episomal viral DNA (Matsukura et al. 1989). 

Although the HPV E6 and E7 proteins contribute to malignant progression, this 

is as a result of the roles that they play in the normal virus life cycle, which are 

common to both high and low risk virus types. Thus the progression to neoplasia 

in high risk rather than low risk virus types cannot be explained solely by 

integration, there must be additional differences in protein functions.

Although low risk HPV types in general do not bind Rb as efficiently as high risk 

types (Munger et al. 1989), this is not always the case since HPV1 and HPV16 

E7 bind Rb with almost equal efficiency (Ciccolini et al. 1994). It appears that the 

crucial factor distinguishing high and low-risk types is their ability to stimulate 

degradation of Rb, which is limited solely to high risk types (Giarre et al. 2001). 

Similarly, although low risk E6 interacts with p53 it is only the high-risk types 

which induce its degradation (Crook et al. 1991). These differences in oncogene 

function may also be accentuated by the stabilisation of E6 and E7 resulting 

from integration.

Like HPV E6 and E7, the HPV E5 protein also has transforming ability and can 

thus also be referred to as an oncogene (DiMaio and Mattoon 2001; Halpern 

and McCance 1996). However the extent of E5 involvement in tumour formation 

is not known. HPV16 E5 stimulates anchorage independent growth, a reduced 

requirement for serum and tumorgenicity (Leechanachai et al. 1992). All of
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which indicate transforming ability. However the role of E5 in malignant 

conversion is uncertain, as although some cervical neoplasias have been 

reported to express relatively high levels of E5, the HPV E5 gene is often 

deleted during integration of HPV into the host genome (Schwarz et al. 1985; 

Stoler et al. 1992). Thus E5 may play a role in the early stages of neoplastic 

progression or contribute to neoplasia in cells where the viral genome remains 

episomal. However the E5 protein of HPV6, a low risk virus associated only with 

benign lesions, demonstrates the same in vitro transforming ability as the E5 

protein of the high risk HPV16 (Pim et al. 1992). Thus it is likely that the three 

viral oncogenes act in concert, in addition to secondary events, to stimulate 

neoplastic progression. Indeed, the E5 gene may play a role in the pathogenesis 

of early HPV infections by potentiating the effects of E6 and E7 (Stoppler et al.

1996).

1.18 Methods of studying HPV in the Laboratory
The HPV life cycle is difficult to recreate in the laboratory. The dependence of 

the life cycle on cellular differentiation and viral species specificity has hampered 

the use of traditional monolayer culture and animal models respectively. Despite 

these hurdles methods have evolved to study the virus life cycle in the 

laboratory.

1.18.1 Tissue culture
Traditional keratinocyte monolayer culture has been successfully used to 

analyse the early stages of the virus life cycle for which epithelial differentiation 

is not required. Suspension of these monolayer cells in semisolid medium (e.g. 

methylcellulose) results in cellular differentiation and the initiation of late viral 

events. Although the late stage of the virus life cycle can be recreated in this 

system, including the production of viral genomes, the complete life cycle is not 

replicated as capsid proteins are not expressed (Ruesch et al. 1998).

1.18.2 Epithelial Raft culture
Epithelial raft culture involves seeding HPV-infected basal kératinocytes onto a 

dermal equivalent, such as collagen gel, containing fibroblasts which do not 

divide rapidly or migrate to the dermal surface. The kératinocytes are grown at
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the medium-air interface and are nourished by medium containing growth 

factors, serum and a high concentration of calcium via capillary action through 

the dermal equivalent (Chow and Broker 1997; Flores et al. 1999)

Although this method is time consuming and technically demanding, it is the 

current method of choice for analysing the HPV life cycle as it accurately 

recreates the stratification and differentiation of epithelial tissue (Chow and 

Broker 1997). Modifications to the technique have resulted in a system in which 

the entire virus life cycle is recreated, including the productive stages and virion 

assembly (Dollard et al. 1992; Meyers et al. 1992). Infection of the basal 

kératinocytes with mutant HPV genes provides an excellent method for 

analysing the effects of viral proteins with respect to cellular differentiation 

(Cheng et al. 1995; Chien et al. 2002; Noya et al. 2001).

1.18.3 Analysis of Clinical samples
Analysis of clinical samples is the best way of studying the HPV infection in vivo, 

as it gives access to the host cells in their natural environment. However 

problems arise when studying infection, progression and latency as although the 

infections are naturally occurring there is often no way of reliably determining the 

point of initial infection, the duration of infection or whether this is a new infection 

or a reactivation of an old infection. Clinical material, although valuable, offers 

only a snapshot of infection at any given time.

Additional problems arise in the ability to obtain clinical material for research due 

to the recent tightening of rules governing the retention of clinical material. Also 

different treatments regimens can limit the availability of clinical material. For 

example the monitoring of CIN lesions which are low grade or the treatment of 

verrucas and VINs with topical agents rather removing them through surgery.

1.18.4 Xenotransplantation

Due to the species specificity of papillomavirus infection the complete life cycle 

of the virus is usually only completed in the natural host tissue. This presents a 

considerable problem with HPV, as due to ethical considerations the entire life 

cycle cannot be studied in the natural host. Completion of the HPV life cycle in
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natural host tissue can however be achieved by implanting human foreskin 

tissue infected with HPV virions under the kidney capsule of athymic mice 

(Kreider et al. 1986). The resulting lesions appear identical to those that occur 

naturally, and this system has been used in particular to study HPV11 infection 

(Brown et al. 1995; Kreider et al. 1987; Stoler et al. 1990). An alternative method 

has also been developed, in which human foreskin kératinocytes grafted onto 

the back of Severe Combined Immunodeficiency (SCID) mice, can be infected 

with HPV DNA and allowed to differentiate. SCID mice have a limited adaptive 

immune response, which precludes the rejection of human tissue grafts (Renz et 

al. 1996). This method has been used successfully with different HPV types, 

most notably the high-risk types which are difficult to propagate in the kidney 

capsule model (Bonnez et al. 1998; Brandsma et al. 1995; Taylor et al. 1999). 

The resulting lesions are identical to those arising from natural infection, and 

the life cycle is completed with the production of virus capsid proteins (Bonnez 

et al. 1998; Brandsma et al. 1995; Taylor et al. 1999).

1.19 Papillomavirus animal models
The methods outlined above have all provided valuable insights into the 

papillomavirus life cycle. However none of these models are suitable for 

studying papillomavirus regression, either due to ethical considerations as 

outlined for human clinical material, or due to the lack of a functioning immune 

response in raft culture or xenotransplantation. Animal models provide an 

excellent system with which to study not only regression, but also initial 

infection, the virus life cycle and the effects of viral mutations.

1.19.1 Canine oral papillomavirus (COPV)
This system is considered to be the best animal model to date and has 

generated promising results in vaccine development (reviewed in (Nicholls and 

Stanley 1999)). However, research with this model is compromised by the fact 

that the virus does not infect the genital mucosa, and that the genome differs 

from HPV in that it has a large non-coding region between the E5 and L2 

reading frames (Delius et al. 1994). The life cycle of COPV is also different to 

that of HPV and many other animal PVs, as the expression of the E1^E4 protein 

and vegetative viral DNA replication are both detectable in the basal cells
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(Nicholls et al. 2001a). In addition, experiments involving dogs are unpopular 

due to their cost and the shortage of facilities large enough to house them.

1.19.2 Cottontail Rabbit papillomavirus (CRPV)
This virus causes cutaneous warts in wild cottontail rabbits. Initial problems of 

the viruses inability to infect laboratory rabbits was overcome by using wild 

rabbits, although they do not adapt to the laboratory environment well (Neil 

Christensen, Personal Communication). However infection of the laboratory 

rabbit (New Zealand white) does result in productive infection although to a 

much lesser extent than in the natural host. This virus only infects cutaneous 

tissue and is thus not suitable for studies of genital infection.

1.19.3 Rabbit oral papillomavirus (ROPV)
Of the existing rabbit models, rabbit oral papillomavirus (ROPV) is the most 

valuable tool currently in use. The virus produces a complete life cycle in the 

oral mucosa of its natural host the laboratory rabbit. Recent studies have shown 

that the ROPV model is most comparable to HPV11 infection (Peh et al. 2002). 

This combined with the fact that it can also productively infect the genital 

mucosa makes it an excellent model for human genital infection (Harvey et al. 

1998; Nicholls et al. 2001b; Selvakumar et al. 1997). This model will be 

discussed in greater detail in chapter 8.

1.19.4 Small mammal papillomaviruses
Hamster Oral Papillomavirus (HOPV) has not yet been widely used as unusually 

hamsters contain HOPV sequences within their host genome (Iwasaki et al.

1997).The European harvest mouse papillomavirus (Micromys minutus 

papillomavirus, MmPV) has been isolated, but attempts to introduce the virus 

into laboratory mice have not yet resulted in an animal model (O'Banion et al. 

1988).

1.20 Aims of the project
As outlined above, the role of the E1^E4 protein in the papillomavirus life cycle is 

not clearly known. The E1^E4 protein is one of the least conserved proteins 

between papillomaviruses, and both its temporal and intracellular expression
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patterns vary between virus types. The primary objective of this thesis was to 

analyse the expression of E1^E4 in different virus types with respect to events 

during epithelial differentiation.

1) To determine if there was a common pattern to HPV life cycle events

The temporal expression patterns of E1^E4 were analysed in lesions caused by 

different HPV types. These included mucosal and cutaneous lesions, and 

infections with both high and low-risk viruses. The aim of HPV infection is the 

same regardless of the tissue it infects. The virus must replicate its genome and 

produce virus particles. As the pattern of E1^E4 expression differed between 

virus types, we sought to determine if the pattern of key viral events, including 

early gene expression and cellular proliferation, genome amplification and 

synthesis of capsid proteins differed significantly in infections caused by a 

variety of HPV types.

2) To characterise the effect of neoplastic progression on the HPV life 

cycle
It is acknowledged that the HPV life cycle is altered during neoplastic 

progression (Laimins 1993). However to date the exact nature of these changes, 

in terms of viral protein expression, has not been fully characterised. The aim 

was to determine if there was any significant difference in the expression 

patterns of key viral proteins with the progression to neoplasia.

3) To establish the value of lifecycle markers as indicators of disease 

status in cervical neoplasia
The E1^E4 protein is abundantly expressed at the surface of the epithelium in 

productive infection (D o o rb a r  et a l. 1997). As HPV16 is the virus type most 

commonly associated with cervical neoplasia (Lorincz et al. 1992), the aim was 

to determine whether the expression of HPV16 E1^E4 at the surface of the 

epithelium in cervical neoplasia could be used as an indicator of disease status 

in these lesions. The possibility that immunostaining using HPV lifecycle 

markers could be used to improve the reliability of the cervical screening 

program was examined.
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4) To determine whether HPV E1*E4 expression correlates with the 

expression of markers of epithelial differentiation
The mechanism of differentiation dependent E1*E4 expression is not currently 

known. Although E1*E4 expression in semisolid medium is shown to correlate 

with the onset of differentiation (Ruesch et al. 1998), the exact nature of the 

relationship between E1*E4 expression and epithelial differentiation has not 

been investigated. The aim was to use immunostaining to determine if the 

expression of E1*E4 correlated in vivo with any markers of epithelial 

differentiation, and examine the possibility of common regulatory mechanisms.

5) To determine if the expression pattern of HPV E1*E4 in vitro is 

representative of the in vivo expression pattern
The majority of E1*E4 functional investigations have been carried out in tissue 

culture with cells transfected or infected with plasmids expressing E1̂ ^E4. The 

aim was to compare the in vitro expression patterns of different E1̂ ^E4 proteins 

to the expression patterns observed in lesions caused by the same virus type, to 

determine if the in vitro expression of E1*E4 was representative of the pattern 

observed in natural infections. The co-localisation of HPV1 and HPV16 E1*E4 

with keratins in vitro has been well documented (as outlined in section 1.16). 

Thus the in vitro keratin/E1^E4 co-localisation patterns were also compared with 

those observed in natural infections.

6) To establish and analyse the ROPV animal model
As outlined above, animal models are an excellent method for analysing the 

events in the papillomavirus life cycle. It has been determined that the ROPV 

model most closely represents human genital HPV11 infection (Peh et al. 2002). 

The aim was first to establish the ROPV model system, and secondly to use 

immunostaining to characterise the expression of key viral proteins throughout 

the ROPV life cycle from initial infection to regression.
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2 Materials and Methods

2.1 Suppliers of reagents
All chemicals were obtained from Sigma-Aldrich Company Ltd. (Poole, UK) or 

BDH Laboratory Supplies (Poole, UK) unless otherwise specified. Tissue culture 

plastics were obtained from Corning Inc. (New York, USA). Protein and DMA 

electrophoresis reagents were obtained from BioRad (Hemel-Hempstead, UK).

Antibodies and antibody detection systems were obtained from the following 

suppliers; ICRF, London, UK; Research Diagnostics Inc., New Jersey, USA; 

Neomarkers, California, USA; Novocastra, Newcastle upon Tyne, UK; 

Biogenesis, Poole, UK; Covance, California, USA; Serotec, Oxford, UK; Santa 

Cruz, Wiltshire, UK; MTM Laboratories, Heidelberg, Germany: DAKO, California, 

USA; Amersham Pharmacia Biotec., Buckinghamshire, UK; NEN, Cambridge, 

UK; Roche Diagnostics Ltd., Lewes, UK. Further details are given in chapter 3.

2.2 Media and buffers
The following media, solutions and buffers were obtained from NIMR media 

services and were prepared as follows:

Name Components
LB Medium 1% tryptone, 0.5% yeast extract, 1% NaCI
LB agar LB medium plus 2% Bacto agar
TV Broth 1.6% tryptone, 1% yeast extract, 0.5% NaCI
Trypsin versene, 
pH 7.8

0.8% NaCI, 0.02% KCI, 0.12% Na^HP0 4 ,
0.02 % KH2PO4 , 0.01% EDTA, 0.13% trypsin, 0.001% 
phenol red.

Antibiotics [penicillin 
and streptomycin 
(Pen/Strep)]

0.6% penicillin, 1% streptomycin

1 X Phosphate 
Buffered Saline 
(PBS)

1% NaCI, 0.025% KCI, 0.14% Na2HP0, 
0.025% KH2PO4

10 X Tris borate / 
EDTA (TBE)

12.1% Trizma base, 6.2% boric acid, 1.9% EDTA
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2.3 Tissue sources
2.3.1 Human mucosal tissue
Archival material of human cervical biopsies of different grades was obtained 

from collaborating hospitals (Queens Medical Centre, Nottingham; 

Addenbrookes Hospital, Cambridge; University of Tubingen, Germany; 

University of Otago, New Zealand). The biopsies had previously been fixed in 

formalin and embedded in paraffin. They were provided for analysis either 

sectioned onto aminopropyltriethoxysilane (APES) coated slides, or as tissue 

blocks.

2.3.2 Human cutaneous tissue
Verruca samples were obtained from collaborating centres in Plymouth, UK; 

Northampton, UK; Kumamoto, Japan. Tissues were untyped and supplied either 

fixed in formalin or obtained directly from the patient (Northampton) and frozen 

or fixed as outlined below. Normal foot tissue was obtained from Addenbrooks 

Hospital, Cambridge.

2.3.3 SCIDS
SCID mice xenografts of HPV11 infected normal neonatal foreskin were 

prepared as outlined by Bonnez et al (Bonnez et al. 1993) at Roche Discovery, 

Welwyn, UK and supplied formalin fixed and paraffin embedded.

2.4 Tissue Preparation
2.4.1 Formalin fixation
Tissue sections or cell pellets were placed in 10% neutral buffered formalin 

(100ml 40% formaldehyde, 4g NaH2P0 4 .2 H2 0 , 8.1 g Na2HPO4.2H20, to 1000ml 

with dH20). A volume of at least 3 times the section was used to ensure efficient 

fixation. The specimen was placed at 4°C overnight. For larger specimens a 

longer fixation time was used proportional to the size of the specimen. On 

completion of fixation, the specimen was processed and embedded in paraffin 

wax.
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2.4.2 Frozen tissue
Tissue was excised from the host and immediately either placed in concentrated 

sucrose solution (O C T. compound; BDH) and frozen indirectly in a propanol, 

dry ice bath (HPV2), or snap frozen in liquid nitrogen (ROPV). Tissues were 

stored at -70°C. Before sectioning, the ROPV tissue was also mounted, from 

frozen, in O C T. 10pm section were cut onto electrostaticlly charged slides 

(BDH, UK) on a Leica cryostat (Jung CM3000; chamber temperature: -24°C, 

operating temperature: -18°C) and stored at-70°C until required.

2.4.3 Tissue section preparation
Sections were cut from paraffin embedded blocks by the histology department at 

NIMR. Using a Leica RM2165 microtome (Leica, Milton Keynes, UK) sections 

were cut onto electrostatically charged slides. Unless otherwise stated 6pm 

sections were used for all immunostaining. Protocols and optimisation of 

immunostaining are discussed in chapter 4.

2.5 Human Cell Culture techniques
2.5.1 Cell lines
African Green Monkey kidney fibroblast cells (COS-7, from the European 

Culture Collection) were cultivated at 37°C, 5% CO2 in DMEM (containing L- 

glutamine) supplemented with 10% Foetal Calf Serum (both supplied by Gibco 

Life Sciences, Paisley, UK) containing penicillin/streptomycin in 75cm^ flasks. 

Cells were passaged by rinsing in trypsin/versene, before incubation in 

trypsin/versene (4ml) until the cells detached from the flask. The trypsin/versene 

was neutralised by the addition of 6ml DMEM, before dilution for passage in 

DMEM. For transfection experiments cells were split into 24 well plates, 

containing sterile 13mm glass coverslips, at 3x10^ cells per well.

2.5.2 Transfections
The QIAgen Effectine transfection kit was used according to the manufacturers 

instructions (QIAgen, Crawley, UK). The following conditions were previously 

optimised (Deb Jackson, NIMR). 0.4pg of DNA was diluted with 60pl of EC 

buffer and incubated for 5 min at room temperature. lOpI of effectine was added
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to this solution, which was mixed briefly and collected at the bottom of the tube 

by centrifugation. After incubation at room temperature for 10 min, 350pl of 

media was added to the mix which was transferred to 350pl of fresh media in 

each tissue culture well. After incubation at 37°C for 6 hours the media was 

replaced with 1ml of fresh media. Coverslips were washed and fixed as outlined 

below.

2.5.3 Preparation of fixed cells
Cells on coverslips were washed three times with PBS followed by incubation in 

4% paraformaldehyde for 20 minutes at room temperature. Paraformaldehyde 

was removed by three PBS washes, followed by rinsing in water to prevent 

crystal formation. Coverslips were immunostained as outlined in chapter 4.

2.6 ROPV infection protocols
2.6.1 Rabbits
Pathogen free female New Zealand White (NZW) rabbits, 7-9 weeks old, were 

supplied by Murex Biotech Ltd. (Kent, UK). Animals were floor housed according 

to the Home office code of practice for the housing and care of animals in 

scientific procedures (RS/UFAW) (BMC 1986). Where possible animals were 

either siblings or had been previously housed together.

2.6.2 ROPV virus
The ROPV virus genome and virus particles (Christensen et al. 1996) were a 

kind gift from Neil Christensen.

2.6.3 ROPV infection
Rabbits were sedated with Hypnorm (Janssen-Cilag, Buckinghamshire, UK) at 

0.3mI/kg body weight, by injection into the hind thigh muscle. Approximately 

10ml of blood was taken from the lateral ear vein for the purpose of generating 

pre-immune sera. Rabbits were anaesthetised with Hypnovel (Roche 

Diagnostics Ltd.) at 2mg/kg body weight, by injection into the lateral ear vein (in 

the ear not used for the blood draw). ROPV lesions were generated on the 

dorsal surface of the tongue as outlined by Christensen et al (Christensen et al. 

1996). Animals were treated with Vetergesic buprenorphine (Reckitt and Colman
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Products Ltd., Melton Mowbray, UK), by sub cutaneous injection into the scruff 

at 0.03mgl/kg, as post-operative analgesia, and allowed to recover from the 

anaesthetic. Wart formation was monitored at weekly intervals in all animals. To 

enable inspection of the underside of the tongue, rabbits were sedated with 

Hypnorm at 0.5mI/kg as above. Animals were euthanased with a minimum dose 

of Euthatal (> 140/kg; Rhone Merieux Ltd., Essex, UK) and oral tissue was 

harvested for analysis. ROPV infection protocols were carried out in 

colaboration with Dr M. Robertson.

2.7 Production of HPV16 E4 antibodies
2.7.1 Production of Synthetic B11n13 Fabs and scFvs in E. Coli
F-chain antibodies were purified from the periplasmic space of bacteria by 

nickel-NTA chromatography. Overnight cultures of E. coli cells, transformed with 

pUCI 19His.6myc containing an HPV16 E1*E4 immunoglobulin gene (D o o r b a r e t  

al. 1997), were set up in 10ml glucose rich TY broth (1p.g/ml Ampicillin; 10% 

glucose). These cultures were used to inoculate 2x 750ml cultures (TY broth 

plus 1p.g/ml Ampicillin) that were then grown overnight at 37°C to an OD of 0.8 

at 260nm. Cultures were induced at the specified OD with ImM IPTG for 3 

hours at 30°C. Cells were pelleted by centrifugation at 4000rpm for 20 minutes 

(all centrifugation was carried out at 4°C unless otherwise stated) and gently 

resuspended in 40ml ice cold resuspension buffer (20% sucrose; ImMEDTA; 

30mM Tris pH 9), followed by a 20min incubation on ice. The bacteria were 

pelleted by centrifugation at 10,000rpm for 10 min, the supernatant was retained 

and stored at 4°C. The cell pellet was resuspended in 40ml ice cold 5mM 

MgS0 4 , followed by a 20min incubation on ice. The bacteria were again pelleted 

by centrifugation at 10,000rpm for 10 min. The supernatant was pooled with the 

previously retained supernatant to form a crude periplasmic prep.

For 2 x750ml cultures, 2ml of Nickel-NTA agarose (QIAgen) were washed twice 

and resuspended in binding buffer (5mM imidazole, 500mM NaCI, 20mM Tris 

pH 7.9). To purify the antibody, the resin was added to the periplasmic prep 

(combined from the two cultures) and placed on an end-over-end rotator for 

Ihour at 4°C.The excess periplasmic prep was removed by centrifugation at 

1500rpm for 5 min. The resin was washed in 80ml binding buffer on the roller for
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10 min, followed by centrifugation at 1500rpm for 5 min. The resin was 

resuspended in 30ml binding buffer and placed on a column, where the excess 

buffer was allowed to drain through. The column was washed with a further 5ml 

of binding buffer.

The antibody was eluted with 15ml elution buffer (1M imidazole, 500mM NaCI, 

20mM Tris pH 7.9) andcollected in 1ml fractions. The fractions with the highest 

protein concentrations were pooled and dialysed overnight in PBS/0.2mM 

EDTA, then snap frozen in 200^1 aliquots.

2.7.2 Purification of A4H10 monoclonal antibody
The anti HPV16 E1*E4 Mouse IgG (A4H10) (Doorbar et al. 1992) was purified 

from 1000ml hybridoma supernatant using a high salt protocol, carried out at 

4°C.

1.5ml Protein A sepharose was washed twice with binding buffer (0.05M Tris- 

HCL, 3M NaCI pH 7.8). The sepharose was resuspended in binding buffer 

(75%:25%) and placed into a column. The column was then sealed tightly with a 

bung, a needle was placed through the bung to which a peristaltic pump was 

connected. The bottom outlet of the column was opened and binding buffer 

pumped through to pack the column. The column was packed at 653ml/hour, the 

packing flow rate was maintained for 3 bed volumes after a constant bed height 

was reached.

Prior to addition to the column, the NaCI concentration of the crude antibody 

prep (hybridoma supernatant) was adjusted to 3MNaCI, at pH 7.8. The 

supernatant was passed through the column twice to ensure complete binding, 

without allowing the column to dry out. After binding the column was washed 

with binding buffer until the baseline was stable. The IgG was eluted in 0.5ml 

fractions with 1M citric acid, pH 5, into a predetermined volume of 1M Tris-HCL, 

to neutralise the fractions and preserve the activity of the antibody. Fractions 

were collected until the baseline was stable. The fractions with the highest 

concentrations were pooled and dialysed overnight in PBS/0.2mM EDTA, then 

snap frozen in 200pl aliquots.
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2.8 Protein analysis
2.8.1 Protein Quantification
Protein concentrations were assayed using a 1201 UV-visible 

spectrophotometer (Shimadzu, Milton Keynes, UK). Protein solutions were 

diluted 1:100-1:500 and their absorbance at 280nm was measured. Protein 

concentrations were calculated assuming that 1 A280 unit is equivalent to 1 mg/ml 

protein.

2.8.2 Polyacrylamide gel electrophoresis (PAGE)
Antibodies were analysed by PAGE to assess their size and the purity of the 

preparation. 12% resolving gels were cast in Protean II mini-gel apparatus 

(Biorad) using the recipe below.

Resolving gel Stacking gel 

12% 5%

Protogel( 30% acrylamide, 0.8% bis-acrylamide) 4ml 1.7ml

1M Tris-HCL pH 8.8, 0.4% SDS 2.5ml

1.5M Tris-HCL pH6.8, 0.4%SDS, bromophenol - 2.5ml

blue

H2O 3.5ml 5.8ml

10% Ammonium persulphate lOOpI lOOpI

TEMED lOpI 20pl

Antibody samples were incubated at 95°C for 5 min in 3 x SDS Loading Buffer 

(NEB). Gels were run in SDS protein gel running buffer (25 mM Tris.HCI, pH8.3, 

200 mM glycine, 0.1% SDS), limiting to 300V, 30 mA (per mini-gel). Proteins 

were visualised with coomassie brilliant blue (Pierce, Illinois, USA) and 

destained with 20% methanol/10% glacial acetic acid in H2O overnight. Protein 

size was determined by comparison with Molecular Weight Markers.
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2.8.3 Antibody labelling

2.8.3.1 Digoxygenin labelling (DIG) of proteins

Antibodies were labelled using a commercial DIG protein labelling kit (Roche 

Diagnostics Ltd.). The labelling reaction was carried out as described in the 

manufacturers protocol.

2.8.3 2 Fluorescent labelling of proteins

Alexa 488 (A488) and Alexa 594 (A594) are fluorophores that are analagous in 

their absorption and emission spectra to FITC (Fluorescine isothyocyanate) and 

Texas Red respectively. These dyes are more stable than their traditional 

counterparts and have a brighter fluorescent signal. In addition to this the 

labelling protocols for these fluorophores are simple and involve no hazardous 

chemicals. The labelling reaction was carried out as described in the 

manufacturers protocol (Molecular Probes, Leiden, Netherlands)

2.9 Molecular biology techniques
2.9.1 E. coli transformation of PV DNA
Papillomavirus DNA was transformed into bacterial cells by electroporation as 

follows. Competent DH5a cells (supplied by Clare Davy, NIMR) were mixed on 

ice with the transforming DNA (50|il competent cells plus 1ng DNA) and 

transferred to a chilled cuvette. Electroporation was carried out at 200Q, 25|liFD 

and 2.5V in a BioRad Gene Pulsar after which 500pl LB media was added to the 

cuvette. The cuvette was incubated at 37°C whilst shaking at 200rpm for 40 

minutes. 50pl of culture was plated out and grown overnight at 37°C on 

ampicillin (50|ig/ml) containing agar plates. Colonies were picked and cultured 

overnight at 37°C, 200rpm, in 3-5ml LB medium containing ampicillin.

Plasmid DNA was isolated from E.coli using either a Plasmid Mini kit or a 

Plasmid Midi Kit (QIAgen) according to the manufacturer’s instructions.

2.9.2 E.coli glycerol stocks
For long term storage, equal volumes of transformed E.coli and 50% 

glycerol/H20 were mixed and stored at -70°C.
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2.9.3 DNA quantification
DNA concentrations were assayed using a 1201 UV-visible spectrophotometer 

(Shimadzu, Milton Keynes, UK). DNA solutions were diluted 1:100-1:500 and 

their absorbance at 260nm was measured. DNA concentrations were calculated 

assuming that 1 A260 unit of dsDNA is equivalent to 50pg/ml in H2O.

2.9.4 Restriction endonuclease digestion
Analytical digests were performed in a total volume of 20pl, containing 1 x 

appropriate buffer, approximately 1|ig DNA and 5U enzyme, made up to 20pl 

with dH20. Digests were incubated at 37°C for Ihour. Preparative restriction 

digests for DNA labelling used approximately lOpg of DNA and 10U of enzyme 

in a total volume of 50|xl, incubated at 37°C for a minimum of 2 hours.

2.9.5 Agarose gel electrophoresis
Separation of DNA was carried out on 1% agarose gels buffered with 1 x TBE 

containing ethidium bromide (lOmg/ml; lOpI). Samples were mixed with lOx 

loading buffer (50% glycerol, 0.5% bromophenol blue, 0.4% xylene cyanol). 

Electrophoresis was carried out at a constant voltage of 90V, limiting to 200mA. 

DNA bands were visualized by trans-UV illumination and compared to DNA 

markers of known molecular mass.

2.9.6 Gel extraction
DNA was extracted from agarose gels using a Qiagen gel extraction kit 

according to the manufacturers specifications, with the following amendments 

recommended by the manufacturer. The elution buffer (EB) was prewarmed to 

70°C before addition to the column, which was further incubated at 70°C for 5 

mins before centrifugation. Additionally the eluate was passed through the 

column an additional time to increase the yield.

2.9.7 Random Primed DIG labelling of DNA probes
Linear HPV DNA was generated by restriction digest of the plasmids outlined in 

table 2.1. Linear DNA was random primed with digoxygenin-dUTP using a 

commercially available DIG DNA labeling kit (Roche, Manheim) following the
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manufacturers protocol. To increase the specific activity of the probes, the 37°C 

incubation was increased from one hour to overnight. Protocols and optimisation 

of In Situ Hybridisation with DIG labelled probes are discussed in chapter 3.

Table 2.1 Papillomavirus cloning sites

HPV Plasmid Cloning sites

HPV1 pBR322 BamHI

HPV2a pSP65 EcoRI

HP V II pBR322 BamHI

HP V I6 pBR322 BamHI

HPV63 pUG19 EcoRI

HPV65 pUG9 EcoRI

ROPV pUG19 Spel

2.9.8 Polymerase Chain Reaction (PGR)
Polymerase chain reaction (PGR) was used to prepare high fidelity DNA inserts 

for cloning, specifically the TOPO cloning procedure in 2.9.9 (preparative PGR) 

or to confirm the presence of E4*E4 inserts directly from bacterial colonies 

(analytical PGR).

2.9.8.1 Primer design

Primers were designed complementary to the target sequence with additional 

sequences incorporated as outlined in 7.2.1. Primer Select software (DNA Star, 

Madison, USA) was used to anticipate and minimize the formation of primer 

dimers, hairpin loops and sites of mis-priming. Primers were obtained from 

Oswel (Southampton, UK).

2.9.8.2 PGR reactions

PGR reactions were carried out on a Thermal Gycler 200 (GRI, Braintree, UK), 

in 0.2ml thin walled Eppendorf tubes. Reactions were assembled on ice and 

where possible a master mix was prepared containing all the components
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except the template DNA and the DNA polymerase. The DNA polymerase was 

added to the reaction mix last.

2.9.8.2.1 Preparative PGR

2.9.8.2.1.1 Reaction components

Template DNA 50 -  lOOng

PGR buffer (supplied with enzyme) 1ÜX

Magnesium Chloride 2.0mM

dNTP’s 40mM

Forward Primer 25pmol/|il

Reverse Primer 25pmol/|il

Pfu DNA polymerase 5U/pl

(Stratagene, Amsterdam, Netherlands)

Sterile Water To 50pl

2 Reaction Conditions

Step 1 94°G 5 min

Step 2 94°G 1 min

Step 3 55°G 1 min

Step 4 72°G 5 min

Step 5 Goto step 3 X 25 cycles

Step 6 72°G 3 min

Step 6 60°G 10 min

Step 7 4°G Hold
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2.9 8.2.2 Analytical PGR

2.9.8.2.2.1 Reaction components

Template DNA Colony pick

PGR buffer (supplied with enzyme) lOx

Magnesium Chloride 2.5mM

dNTP’s 40mM

Forward Primer 10pmol/pl

Reverse Primer 10pmol/pl

Taq DNA Polymerase 5U/|xl

(APBiotech, Surrey, UK)

Sterile Water to 50|il

A sterile toothpick was touched first on the surface of an individual bacterial 

colony and then placed into the PGR reaction mix. Step 1 of the PGR cycle was 

extended to 12 minutes to lyse the bacterial cells and expose the template DNA.

2.9.8.2.2.2 Reaction conditions

Step 1 94°G 12 min

Step 2 94°G 1 min

Step 3 55°G 1 min

Step 4 72°G 1.5 min

Step 5 Goto step 3 X

25 cycles

Step 5 60°G 10 min

Step 6 4°G Hold
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2.9.9 TOPO cloning
TOPO cloning is a method of directionally cloning PGR fragments into a 

transfection vector very rapidly and with high efficiency (Invitrogen, Paisley, UK). 

PGR products are directionally cloned by adding four bases to the forward 

primer (GAGG). The overhang in the cloning vector (GTGG) invades the 5’ end 

of the PGR product, anneals to the added bases and stabilises the PGR product 

in the correct orientation. Blunt ended PGR products were generated using high 

fidelity pfu DNA polymerase (see above). The TOPO cloning reaction and 

subsequent transformation into One-Shot Chemically Competent E. coli were 

carried out according to the manufacturers protocol.

2.10S-phase assay
2.10.1 introduction
When frozen nuclei from S-phase cells are thawed and incubated in a buffer 

containing ribonucleoside triphosphates and deoxyribonucleotide triphosphates 

they continue to synthesize DNA in vitro (Mills et al. 2000). Thus by including 

DIG labelled dUTP in the buffer, S-phase cells can be identified when they 

incorporate the labelled precursor into newly synthesised DNA. The advantage 

of this technique is its speed and simplicity. Plus unlike Bromodeoxyuridine 

(BrdU) labelling it does not require pre-operative labelling of tissues by injection 

in vivo. This technique was carried out only on HPV2 lesions where frozen 

biopsy material was available.

2.10.2 Protocol

The method outlined by Mills et al was followed with the inclusion of a blocking 

step (1:20 goat serum, Ihr at room temperature) prior to incubation with the anti- 

DIG antibody (Mills et al. 2000). An anti-DIG monoclonal antibody (1:25, Roche, 

Ihr at room temperature in PBS) was used to detect the DIG signal, followed by 

detection with an anti-mouse Alexa 594 antibody, following an immunostaining 

protocol described previously (Freeman et al. 1999).
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2.11 Microscopy
2.11.1 Standard microscopy
Fluorescent images were acquired using a Nikon Labophot II microscope 

(Nikon, Surrey, UK). Digital images were captured with a SenSys monochrome 

camera and IPLab imaging software (Roper Scientific, Marlow, UK). Brightfield 

images were captured as above using a tuneable liquid crystal filter (GRI Inc, 

Massachusetts, USA) or using a Nikon Eclipse 600 microscope with a Nikon 

Lucia imaging camera and associated software.

2.11.2 Confocal microscopy
A confocal microscope with TSCNT software (Leica, Milton Keynes, UK) was 

used to acquire confocal images. Sections were scanned at the following 

absorption/emission maxima: FITC/Alexa 488, 495/519nm; Texas red/Alexa 

594, 590/617nm; DAP I, 359/461 nm. A sequential script was used to prevent 

bleed through. Scans were taken at approximately 0.4pn intervals with 8 

accumulations per frame.
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3 Method Development

3.1 Introduction.
One of the most powerful methods of studying the interactions between a virus 

and its host is to analyse the virus life cycle in situ. In this way the effects of the 

virus on the host can be determined with respect to its normal site of infection.

Three in situ techniques have been used in this study. Immunocytochemistry 

and immunohistochemistry (IHC) are the study of antigens and antibodies in 

cells and tissue respectively, although now more frequently these terms are 

interchangeable. In situ hybridisation (ISH) is the detection of DNA and RNA, 

and employs many of the principles of standard filter hybridisation whist applying 

them to fixed tissues or cells. All these techniques are multi-step processes 

involving exposure of the target (either antigens or DNA/RNA) followed by 

detection and amplification. In each case these variables need to be optimised 

to give a sensitive and specific signal and enable accurate analysis.

3.2 Immunohistochemistry
The design of an immunohistochemistry protocol can be divided into four main 

areas. The type of tissue and the fixative used, the method of antigen retrieval, 

the extent and type of blocking and finally the immunostaining and detection 

methods. Each of these areas must be addressed and optimised individually for 

optimal immunostaining.

3.2.1 Introduction

3.2.1.1 Tissue Fixation and type

Fixatives are used to preserve cells and tissues to ensure that they retain their 

morphology during processing and staining. Fixatives work by altering proteins, 

usually by either the formation of cross-linkages or by denaturing the proteins by 

coagulation or a combination of the two. Aldehyde fixatives such as formalin are 

most commonly used in tissue preparation. They react primarily with basic 

amino acids to form cross-linking ‘methylene bridges’ (Farmilo et al. 2001).
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These fixatives are well tolerated by tissues and their good penetration is 

especially useful for large specimens (Chemicon 1998).

The majority of tissues are embedded in paraffin after fixation. However 

although tissues are preserved very well by this method, additional 

conformational changes can occur during processing as the tissue is heated to 

the melting point of paraffin (50-60°C) and many epitopes are heat sensitive. 

Studies have shown that the epitopes of vimentin reacting with some 

monoclonal antibodies have a half-life of 10-15 minutes at 60°C (Farmilo et al. 

2001). Thus overheating of tissues during embedding or drying can induce 

detrimental effects on immunostaining.

Requirements for fixation can vary widely between tissues. It is the great 

variation in time and conditions for fixation that cause the majority of problems in 

immunochemistry (Battifora 1991). Even the composition or quality of fixative 

solutions, which can vary between labs, can affect the results of staining fixed 

tissues (Spector et al. 1998). Thus wherever possible the methods of 

preservation and preparation must be selected on an individual basis to retain 

tissue structure without irreversibly damaging the tissue.

3.2.1.2 Antigen retrieval

During fixation, the bonds that are created to stabilize proteins can often form in 

such a way that the epitopes on the antigens are masked. For example 

conformational changes resulting from the reaction of formaldehyde with amino 

acids adjacent to the epitope under investigation. In most cases this process can 

be reversed by pre-treatment of the specimens to expose these epitopes and 

increase the immunological reaction of antibodies with antigens in tissues. 

Antigen retrieval methods (often also called epitope exposure, or antigen 

unmasking) work by breaking the bonds formed between proteins during fixation 

to restore the conformation of the antigen (reviewed in (Shi et al. 2001)).

High temperature heating was the first antigen retrieval technique to be used 

and is now the most common for formalin-fixed, paraffin-embedded tissue
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sections (Shi et al. 1991). Microwave irradiation, pressure cooking and water 

bath heating are methods of heat treatment commonly used for antigen retrieval. 

Although microwaving and pressure-cooking are essentially similar, preservation 

of the cytological detail may be slightly inferior in sections which undergo 

pressure-cooking (Chemicon 1998). As temperatures used with water bath 

heating are maintained below boiling there is less problem with evaporation of 

retrieval buffer, and although the incubation times are usually longer, this is an 

advantage where only mild heat treatment is required or the amount of heat 

treatment needs to be carefully controlled.

In all heat treatment protocols it is essential that conditions are optimised and 

subsequently remain consistent between experiments. Changes in the number 

of slides, buffer volumes, incubation times and the make of equipment used can 

all produce variability in results (Taylor et al. 1996).

Proteolytic treatment uses enzymes to break the bonds formed during fixation, 

and uncover antigenic sites. However enzymes can abolish the activity of some 

antigens and thus great care should be taken not to digest the antigen 

completely (Pileri et al. 1997). Thus the enzyme concentration, temperature and 

time of digestion need to be carefully controlled. In some cases a combined 

antigen retrieval method is more suitable, where both heating and proteolytic 

treatment are used (Iczkowski et al. 1999).

3.2.1.3 Blocking and Immunostaining

One of the common problems in any immunohistochemistry is the presence of 

background staining, when antibodies bind to proteins in tissues in a non- 

specifically manner. This can be the result of antibody cross reactivity, ionic and 

hydrophobic interactions or contaminating antibodies. In the case of enzymatic 

detection, background can be caused by endogenous enzyme activities.

Background activity can be influenced by the choice of fixative and varies with 

tissue type. The most common method of managing background staining is to 

include a blocking step before antibody incubations. This involves incubating the
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tissue with a dilute protein solution to mask any cross-reacting epitopes. Bovine 

serum albumin, foetal calf serum and goat serum are all commonly used 

(Boenisch 2001). In order to prevent non-specific binding of the secondary 

antibody, sera from the species in which the secondary antibody was generated 

should be used.

It has been reported that sera from non-immunised rabbits and goats contain 

antibodies to keratins (Osborn et al. 1977). Many of the E1*E4 antibodies used 

in this study were generated in rabbits. As an association with keratins and 

E1*E4 was being investigated goat serum was used to eliminate non-specific 

binding to keratins.

3.2.1.4 Immunostaining and detection

Ultimately one of the most important factors in immunostaining is the selection 

and optimisation of the antibodies. The primary antibody binds directly to the 

tissue antigen, whilst the secondary antibody binds to the primary antibody 

either directly or via a protein label. In the first case the secondary antibody must 

be generated against the immunoglobulins of the primary antibody source, e.g. if 

the primary antibody is raised in mouse then the secondary antibody should be 

goat-anti-mouse. In the second case the secondary antibody must bind to the 

protein label.

If formaldehyde reacts with the amino acids within the epitope, the primary 

antibody will be unable to bind and will therefore be of no use in formaldehyde 

fixed tissues. Due to this, most companies have developed antibodies suitable 

for formalin-fixed, paraffin-embedded tissues which recognise epitopes that are 

not affected by tissue processing.

When conducting double staining it is essential to select secondary antibodies 

that are highly species specific, to prevent background staining caused by cross 

reactivity. Cross reactivity can occur between primary antibodies generated in 

closely related species (for example'mouse and rat), or between secondary 

antibody and the target tissue. In this case secondary antibodies which have
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been cross absorbed against other potentially cross reactive species should be 

used (Pii 2000).

Antibody titre and dilution, in addition to incubation time and temperature, greatly 

affect the quality of immunostaining and can be manipulated to achieve a 

balance between specific staining and minimal background. Both primary and 

secondary antibodies must be optimised for optimal staining. The detection 

method employed depends on the tissue used, the type and abundance of the 

target species and the visualisation method used (Nadji and Ganjei 1990).

Antibodies bound to tissue can be detected in several ways. Four detection 

methods have been tested here (outlined in figure 3.1). Direct, where a labelled 

primary antibody is used and two-step indirect, a primary antibody is detected by 

a labelled secondary antibody, are the two basic detection methods used. Signal 

amplification methods may be used in conjunction with either of the above 

techniques. Here a three-step indirect method (labelled tertiary antibody reacts 

with the secondary antibody) and a soluble immune complex method (preformed 

streptavidin-biotin complex (SABC) reacts with a secondary biotinylated 

antibody) are described. However it should be noted that when signal 

amplification is used to amplify a specific signal, non-specific background 

signals may also be amplified (Chemicon 1998).

In addition two types of label can be used. Enzymatic detection where an 

enzyme label catalyses a reaction in which the substrate is converted into a 

coloured product (chromogen), and fluorescence where one of the antibodies 

(primary, secondary or tertiary) is labelled with a fluorophore which can be 

visualised under UV light.
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Direct Method: Labelled primary 
antibody reacts with tissue antigen.

E g. HPV16 E4 directly labelled with 
Alexa 488

AA
Three-Step indirect method labelled 
tertiary antibody reacts with secondary 
antibody

E g Mouse anti-MCM amplified with 
anti-mouse biotin followed by 
streptavidin Alexa 594

AA

A
Tissue Antigen 

Primary Antibody 

Secondary Antibody 

Tertiary Antibody

Two-step indirect method: labelled 
secondary antibody reacts with primary 
antibody bound to tissue antigen

E g Mouse anti-keratin 14 detected 
with anti-mouse Alexa 594

AA
Soluble enzyme immune complex 
method Preformed complex reacts 
with secondary antibody

E g Mouse anti-MCM amplified with 
anti-mouse biotin followed by incubation 
with preformed SABC-AP complex and 
Fast red detection.

Fast Red

Fluorescent Label

SABC

Alkaline Phosphatase

Figure 3.1 immunostaining detection methods
Adapted from Boenisch, T. 2001 .
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Enzymatic detection is preferred for diagnosis as the chromogen can be 

visualised by light microscopy and thus does not require expensive equipment. 

In addition the chromogen is insoluble in water making it more stable, an 

advantage for diagnostic slides which must be archived. Enzymatic detection is 

not commonly used for double staining for research purposes as the precipitate 

staining for one epitope can block out (mask) the staining of another, especially 

where one reaction produces a particularly dark colour (Harlow and Lane 1999). 

Fluorescent detection is widely used for research as it gives high resolution 

staining. Fluorophores have different absorption and emission spectra and can 

be viewed separately under different wavelengths of light. Thus tissue can be 

analysed for different epitopes with different fluorophores without the problems 

of masking discussed earlier, making double staining easier to interpret. 

However, florescence microscopy requires expensive and complex equipment to 

enable visualisation, and flurophores will fade over time and with repeated 

exposure to light (Harlow and Lane 1999).

3.2.2 Protocol
As formalin-fixed paraffin-embedded archival material formed the basis of this 

analysis it was not possible to alter the fixation methods for different antigens. A 

protocol backbone (3.2.2.1) was used where epitope exposure method, antibody 

dilution and detection methods were manipulated for each antigen and tissue 

type. Optimisation experiments were carried out as far as possible on normal 

tissue, and appropriate controls were performed in all cases by omission of 

antibody layers.

Immunostaining for cellular proteins on papilloma lesions was always carried out 

in addition to E1*E4 staining, either by direct staining (HPV16) or by two-step 

indirect staining (all other PV types).

Unless otherwise specified, all dilutions and wash steps were in PBS and all 

incubations were for 1 hour at room temperature in a humidified box. Following 

immunostaining fluorescent samples were mounted in citifluor mounting medium 

(Agar Scientific, Essex, UK), while immunoenzymatic stains were dried and 

mounted in DePeX (BDH).
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3.2.2.1 Protocol backbone

Sections were de-waxed and rehydrated with 5-minute washes as follows. Four 

washes in xylene followed by five in industrial methylated spirit (IMS) and finally 

two H2O washes.

1) Epitope exposure followed by 3 x 5min wash in PBS.

2) Block with 1:20 goat serum.

3) Primary antibody incubation.

4) 3 X 5min wash in PBS.

5) Secondary antibody incubation,

OR Mount and view if direct method used.

6) 3 X 5min wash in PBS.

7) Incubation with tertiary antibody or soluble enzyme immune complex,

OR Mount and view if two-step indirect method used.

8) 3 X 5min wash in PBS.

9) Incubation with chromogenic substrate,

OR Mount and view if three-step indirect method used.

10) Stop enzyme reaction, wash, mount and view.

5.2.2.2 IHC protocol 1 (microwave treatment, followed by two-step indirect 
detection)

Sections were placed in a glass slide holder inside a 21 plastic beaker containing 

500ml antigen retrieval buffer (lOmM citric acid, pH 6.0). The beaker was 

covered with tissue paper and microwaved on high power (BOOW) for 18 min, 

and allowed to cool for 15 min at room temperature. Antigens were detected 

with primary antibodies followed by Alexa conjugated species specific secondary 

antibodies.

3.2.2 3 IHC protocol 2 (pressure cooking, followed by SABC-Fast red
detection)

21 of citrate buffer (5.88g sodium citrate, 44ml 0.2M hydrochloric acid in dh20) 

was heated to boiling in a stainless steel pressure cooker, the slides were 

placed directly on the base of the pressure cooker in a metal rack. The lid was
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sealed in place and the slides were incubated for 2 minutes once pressure had 

been reached. The pressure cooker was cooled under running water, and the 

slides removed as soon as possible and washed 3 x 5  minutes in PBS. 

Following blocking and primary antibody incubations, sections were incubated 

with a biotin labelled secondary antibody (Amersham). The biotin signal was 

amplified with an SABC-Alkaline Phosphatase kit (SABC-AP, DAKO) according 

to the manufacturers instructions, followed by 3 x 5min PBS washes. The 

alkaline phosphatase signals were detected by a 10-min incubation with Fast 

Red. The reaction was halted after 10 min by rinsing in water.

3.2.2.4 IHC protocol 3 (proteolytic digestion followed by water bath 

heating and two-step indirect detection)

Dewaxed and re hydrated sections were digested with proteinase K (DAKO) 

prepared fresh at 50pg/ml in PBS for 20 min at 37°C. The sections were washed 

in PBS for 3x 5 minutes with strong agitation. They were then incubated at 96°C 

in prewarmed antigen retrieval buffer for 5 min followed by immediate cooling in 

PBS for 3 X 5 minutes. Following blocking and primary antibody incubations, 

sections were incubated with a biotin labelled secondary antibody and detected 

as in IHC protocol 1.

3.2 2.5 IHC protocol 4 (Microwave treatment, SABC-Fast red detection)

Following microwave treatment, blocking and primary antibody incubations, 

sections were incubated with a biotin labelled secondary antibody and detected 

as in IHC protocol 2.

3 2.2.6 IHC protocol 5 (Microwave treatment, SABC-Tyramide)

In this protocol the biotin signal (biotin labelled secondary antibody) was 

amplified with an SABC-Horseradish Peroxidase kit (SABC-HRP, DAKO), 

followed by 3 X 5min PBS washes. The HRP signals were detected by an 8-min 

incubation with Tyramide-coumarin substrate (NEN).
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3.2.2 7 IHC protocol 6 (Microwave treatment, Biotin-avidin A594)

The biotin signal was detected with an Avidin Alexa 594 conjugate (1:300).

3.2.3 Results
Of the high temperature methods used, pressure-cooking, although giving good 

results for immunoenzymatic detection, often resulted in high background 

staining with antibodies to viral and cellular proteins when detected with 

fluorescent antibodies. Microwave treatment was less harsh and gave excellent 

staining for most viral and structural proteins, with both the direct and indirect 

detection methods. However in the case of the HPV65 E1*E4 and HPV11 

E1AE4 antibodies the background staining was high with this method (fig 3.2a 

and c).

This increase in background was restricted to HPV65 and HPV11 and was 

possibly due to the antibody or the fixation method rather than the tissue type. 

Altering the antibody concentration or the incubation conditions did not 

significantly improve the staining. However by using proteolytic digestion 

followed by water bath treatment (IHC protocol 3) the background staining was 

eliminated (fig 3.2b and d). However, this epitope exposure method, although 

suitable for HPV65 and HPV11 E1*E4 immunostaining, was not sufficient to 

expose cellular antigens, making double staining with this method difficult due to 

incompatibility of techniques.

For the detection of abundant cellular proteins the IHC protocol 1 microwave 

treatment, followed by two-step indirect detection was the most specific. Of the 

amplification methods, the IHC protocol 6 (Microwave treatment, Biotin-avidin 

A594) was found to be the best with a good specific amplification of signal and 

no corresponding amplification of background. This was chosen for the detection 

of cell cycle proteins whose expression levels are often too low for single step 

detection.

SABC-fast red staining produces a strong signal that is visible both with bright 

field and fluorescence microscopy (fast red is not a fluorophore but exhibits red 

auto-fluorescence), making it very versatile. However the substrate was found to

74



Chapter 3 Method Development

block out other fluorescent staining making it unsuitable for double staining with 

fluorescent antibodies. Although the fluorescent coumarin-tyramide detection 

eliminated the problem of signal masking found with fast red, the background 

staining was unacceptably high using the staining procedures and antibodies 

described here. In addition this deposition of the flourophore resulted in diffuse 

staining which made it difficult to determine cellular structures. A summary of the 

immunostaining methods and antibody concentrations are given in tables 3.1 

and 3.2 respectively.

Despite the use of different epitope exposure techniques, antibodies and 

detection methods, it was not possible to detect keratin filaments in many of the 

tissue sections. The keratins could only be visualised as small ‘dots’ or granules 

that appeared to align as if forming filaments. Subsequent investigations have 

revealed that intermediate filament structure is often poorly preserved with 

formalin fixation. While cytoskeletal proteins are generally less likely to form 

such artefacts, their structures are still preserved to varying extents in different 

fixatives (Melan and Sluder 1992). If these structures are to be analysed in detail 

then alternatives to formalin fixation such as methanol or glutaraldehyde fixation 

are recommended (Allan 2000; Spector et al. 1998). As this study was carried 

out primarily on archival formalin-fixed, paraffin-embedded tissue, it was not 

possible to optimise this aspect of the protocol. The relevance of this will be 

discussed in chapter 7.
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Figure 3.2 HPV E1*E4 Immunostaining optimisation
(a) and (b) are HPV65 lesions immunostained with an HPV65 E4 rabbit 
polyclonal antibody followd by detection with an Alexa488 labelled secondary 
conjugate, (c) and (d) are HPV11 lesions with HPV11 E4 detected in the same 
way except using a rabbit polyclonal anti-HPV11 E4 and the same secondary 
antibody.(a) and (c) were epitope exposed using the standard microwave 
technique (IHC protocol 1). The reduction in background staining when IHC 
protocol 3 is used instead can be clearly observed in figures (b) and (d).Sections 
were counterstained with DAP I and photographed at x10 magnification.
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IHC
protocol

Epitope
exposure

Detection Amplification method Cellular antibodies detected with each 
protocol

1 Microwave
treatment

Two step 
indirect

Alexa 594 (red) conjugated 
species specific secondary

Keratins, Involucrin, Filaggrin, Loricrin, L1,

2 Pressure
cooking

Immune
complex
method

SABO- Fast red Not suitable

3 Proteolysis/ 
water bath

Two step 
indirect

Alexa 488 (green) conjugated 
species specific secondary

HPV11 and HPV65 E4 only 

Not suitable for cellular antigens
4 Microwave

treatment
Immune
complex
method

SABO- Fast red MOM, PCNA, Cyclin A

5 Microwave
treatment

Immune
complex
method

SABO- Tyramide Not Suitable

6 Microwave
treatment

Three step 
indirect 
method

Biotin-avidin A594 (red) MOM, PCNA, Cyclin A

Table 3.1 Immunostaining protocol summary

Regardless of the epitope exposure and detection method used for cellular antibodies, all HPV E1*E4 primary antibodies were 

detected with a species specific secondary antibody conjugated to Alexa488. The exceptions to this were HPV1 and ROPV 

E1*E4 which were detected with an anti-rat-FITC secondary antibody, and HPV16 E1*E4 which was directly conjugated to 

Alexa488.
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Table 3.2 -  Antibody Information
Sp. = Species antibody raised in, M = Mouse, R = Rabbit, Ra. = Rat, 8  = Sheep, G = Goat, 

* = optimised by other investigators. Optimal dilutions are underlined.

Immunhistochemistry
Antibody (Clone) Supplier Sp. Dilutions Tested Comments

K 1

(LHK1)

ICRF M 1:3, 1:4, 1:10, 

1:20

DE-K10 is preferred

K 4

(6B10)

Sigma M 1:100 KS 13.1 is preferred

K9

(KS-9.70/KS-

9.216)

Research 

Diagnostics Inc.

M T5, 1:10, 1:20

K 10

(DE-K10)

Neomarkers M 1:100

K 10

(K8.60)

Sigma M 1:20 DE-K10 is preferred

K 13

(KS 13.1)

Roche M 1:4, 1 l8, 1:10 discontinued

K 13

(KS-1A3)

Sigma M 1:50, 1:100, 1:200 Novocastra KS-1A3 is 

preferred

K 13

(KS-1A3)

Novocastra M 1:100*

K 14

(LL001)

ICRF M 1 :3 ,1 4 , 1:10, 

1:20

K 14 

(CKB1)

Sigma M 1:100 LL001 is preferred

Pan K 

(Clonal mix)

Sigma M 1:100, 1:150

Pan K Roche M 1:25 Sigma antibody is 

preferred

Involucrin 

(Cat. No. 5391- 

0006)

Biogenesis R Neat, 1:5, 1:10, 

1:15

Unsuitable for double 

staining with rabbit 

E1AE4 antibodies or on 

ROPV

Involucrin (SYS) Neomarkers M 1:20, 1:30, 1:50, 

1:100

Used on tissues where 

Biogenesis antibody is 

unsuitable

Filaggrin

(576)

Biogenesis M 1:50, 1:100, 

1:200, 1:300

1:50 (cutaneous tissue) 

1:300 (mucosal tissue)
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Loricrin

(AF62)

Covance R 1:100, 1:200, 

1:250

Unsuitable for double 

staining with rabbit 

E1'^E4 antibodies or on 

ROPV

MCM 2 

(CRCT2.1)

Serotec M 1:50 47DC147 is preferred

MCM 5 

(CRCT5.1)

Serotec M 1:50 47DC147 is preferred

MCM 7 

(47DC141)

Neomarkers M 1:25,1:50

MCM 7 t M 1:5, 1:10, 1:15 Used with IHC protocol 

2 only

PCNA

(PC10)

Santa Cruz M 1:40, 1:50 Neomarkers PC10 is 

preferred

PCNA

(PC10)

Neomarkers M 1:100, 1:200

Cyclin A  

(6E6)

Novocasra M 1:25*

p16

(MTM-E6H4)

MTM

laboratories

M 1:400*

In Situ Hybridization and S-phase
Antibody (Clone) Supplier Sp. Dilutions Tested Comments

Anti-DIG-POD  

(Cat. No n 207 

733)

Roche S 1:200, 1:500 POD is analogous to 

MRP

Anti-DIG

(1.71.256)

Roche M 1:25

Anti-mouse-DIG Roche G 1:25

Anti-DIG-FITC  

(Cat. No.1 207 

741)

Roche S 1:25
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Immunocytochemistry
Antibody (Clone) Supplier Sp. Dilutions Tested Comments

Pan keratin Sigma M 1:100, 1:150

Pahlloidin Sigma - 1:50, 1:100, 1:150

a-Tubulin 

(TUB 2.1)

Sigma M 1:150, 1:200, 

1:250

Vimentin

(LN6)

Sigma G 1:150, 1:200, 

1:250

Viral antibodies
Antibody (Clone) Supplier Sp. Dilutions Tested Comments

HPV1 2 1 *5 4  

(Plp7)

Doorbar et al, 

1986

Ra. 1:200*

HPV2 5 1 *5 4 § R 1:200, 1:250, 

1:300, 1:350, 

1:400, 1:450, 

1:500, 1:550, 

1:600

HPV11 5 1 *5 4 Y R 1:250*

HPV16 5 1 *5 4  

(TVG405)

Doorbar et al, 

1997

Fab 1:25, 1:50, 1:100 Directly conjugated to 

Alexa-488 or DIG (both 

used at 1:50)

HPV63 5 1 *5 4 Doorbar et al, 

1997

R 1:200, 1:250, 

1:300, 1:400, 

1:500, 1:600, 

1:700, 1:800

1:250 in tissue 

1:700 in cells

HPV65 5 1 *5 4 § R 1:250*

ROPV 5 1 *5 4 Y Ra. 1:400*

LI (CamVir 1) lCRF M 1:5, 1:10, 1:20

LI (anti-BPVI) 

(Cat. No. B0580)

DAKO R 1:100, 1:200 Unsuitable for double 

staining with rabbit 

5 1 *5 4  antibodies or on 

ROPV

LI (anti-HPVI) DAKO M 1:50 Clone K1H8
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Secondary and ertiary antibodies
Antibody 

Cat. No.)

Supplier Sp. Dilutions Tested Comments

Anti-mouse-A594

(A-11032)

Molecular

Probes

G 1:300

Anti-rabbit-A488

(A-11034)

Molecular

probes

G 1:200

Anti-rat-FITC

(F-6258)

Sigma G 1:50*

anti-mouse-biotin 

(E 0433)

DAKO G 1:250 Amersham antibody is 

preferred

anti-mouse-biotin Amersham S 1:200*

Avidin-Alexa-594

(S-11227)

Molecular

probes

1:100

Amplification Kits
Kit Supplier Application

SABC-AP DAKO IHC, Fast red 

amplification

SABC-HRP DAKO IHC, DAB amplification

Coumarin-tyramide MEN IHC, ISH and S-phase 

amplification, blue 

fluorescence

Fluorescent antibody enhancer set for DIG 

detection

Roche ISH, DIG amplification 

with FITC

Fast Red Sigma IHC, AP detection

DAB Sigma IHC and S-phase HRP 

detection

t  = A kind gift from Dr. N. Coleman (Williams et al, 1998)

§ = Rabbit polyclonal antiserum generated and supplied by Dr. J. Doorbar, NIMR.

Y  = Rabbit polyclonal antiserum generated and supplied by Woei Ling Peh (Peh et ai, 2002).
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3.3 Immunocytochemistry

The techniques for immunocytochemistry are essentially similar to that of 

immunohistochemistry except that due to the absence of connective tissue, 

fixation techniques can be less harsh and fewer problems are encountered with 

epitope masking. Antigen retrieval techniques were not required. However it was 

determined that fixing the cells in 4% paraformaldehyde/PBS for 20 min at room 

temperature gave better fluorescence with lower background staining than fixing 

in 5% formalin/PBS for 5 min at room temperature. Following fixation, cells were 

blocked and stained as outlined in IHC protocol 1, followed by optimisation of 

antibody concentration and incubation time.

3.4 In situ Hybridisation
In situ hybridisation (ISH) is the formation of a nucleic acid hybrid between the 

host or target DNA/RNA and a specifically designed complementary labelled 

probe within intact cells to allow the location of a sequence of interest. Using 

probes labelled with reporter molecules, followed by an appropriate detection 

system, the localised nucleic acid hybrid can be correlated with tissue 

morphology/pathology. In the case of this thesis the aim was to detect amplified 

viral DMA in HPV infected tissues.

Detection of DMA by ISH relies on four main factors. Adequate tissue fixation to 

preserve morphological features, the choice of probe and probe label, optimised 

hybridisation conditions to obtain good probe penetration and hybrid formation 

and a sensitive detection system to detect the formed hybrid. As with 

immunohistochemistry these conditions need to be optimised to obtain optimal 

DMA ISH signals.

3.4.1 Introduction

3.4.1.1 Tissue fixation

During formalin fixation DMA is cross-linked in a similar reaction to the formation 

of formalin-protein cross-links (Shi et al. 2001). In addition cross-links may form 

not only between nucleic acids but also between nucleic acids and proteins. 

Adenine appears to be the most critical base in this reaction as it is rich in amino
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groups. As highlighted in the previous section, one limitation of this study was 

the inability to chose the fixation method used. However as with protein, most 

reactions between formalin and DMA are reversible (Shi et al. 2001).

3.4.1.2 Probe and probe label

A number of different probe types can be used for DMA ISH included double 

stranded DMA, oligonucleotide or PGR generated probes. Double stranded DMA 

probes are often favoured, and were used in this study, as they give much 

greater sensitivity than the shorter oligoprobes (usually 20-50bps). DMA probes 

can be labelled by nick translation or random primer extension to produce 

probes of approximately 50-500bps with 60-70% label incorporation. With direct 

labelling the label/ detection system is directly attached to the nucleic acid, for 

example FITC. Indirect labelling employs a hapten attached to the probe that is 

subsequently detected by immunohistochemistry, biotin and digoxygenin (DIG) 

are commonly used. Although radioactive labels are highly sensitive and provide 

good resolution, signal development using autoradiography can take up to a 

month. Non-isotopic labels provide good resolution in a shorter time and avoid 

the inherent hazards of radioactive use.

The random primer method was used here as it generates probes of 

approximately 700bp with a high specific activity. The precipitation of labelled 

DMA removes the original template increasing the effective specific activity. DIG 

was chosen as the hapten as unlike endogenous biotin, which can be cause 

problems with background staining, endogenous DIG apparently does not exist 

(Diagnostics 2001b). In addition a wide range of reagents for the detection and 

amplification of DIG labelled probes are available.

3.4.1.3 Hybridisation conditions

In order to allow the probe access to the target sequence, any aldehyde-induced 

cross-links must be broken. Proteolytic treatment, similar to that used in antigen 

retrieval, is used to expose DMA in tissues for ISH protocols allowing DMA 

probes access to complementary DMA target sequences inside the nucleus
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without destroying the nuclear structure. The conditions of proteolytic treatment 

depend on the type and extent of fixation and vary between tissues. Thus the 

optimal conditions should be determined empirically. Tissue sections were 

incubated with 50pg/ml proteinase K in PBS at 37°C for different times (10, 15, 

20, 25, 30 minutes) after which the sections were washed in PBS, stained with 

haematoxylin and mounted. The condition chosen was the longest incubation 

before significant tissue degeneration was observed.

For hybridisation to occur both the probe and the target sequence must be 

single stranded. This is most commonly achieved by heat dénaturation. The 

probe and target DNA can be denatured simultaneously. Dénaturation of the 

target DNA is achieved by heating the section to temperatures near boiling in 

the presence of the probe. Usually the temperature of dénaturation is 

determined according to the thermal stability of double stranded DNA. However 

in the case of viral DNA hybridisation, high temperatures of 95-96°C for 6min are 

often used where the viral DNA may be encapsidated.

During hybridisation, duplexes can form between perfectly matched sequences 

and between imperfectly matched sequences. The extent to which the latter 

occurs can be manipulated by varying the stringency of the hybridisation 

reaction. The term stringency refers to the level at which the reaction conditions 

favour dissociation and are determined by temperature, formamide and sodium 

ion concentration. Under high stringency conditions, only duplexes with high 

homology are stable. Low stringency conditions allow the detection of both 

closely and distantly related sequences.

Formamide reduces the melting temperature of DNA-DNA and DNA-RNA 

duplexes. The inclusion of formamide in the hybridisation buffer enables 

hybridisation to be performed at lower temperatures and provides an additional 

mechanism for manipulating the temperature conditions. Sodium ions interact 

with nucleic acids so that the repulsion between the two strands of a DNA 

duplex decreases with increasing salt concentration. Thus higher salt 

concentrations increase the stability of the hybrid.
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In addition to increasing or decreasing stringency, the hybridisation buffer has 

additional functions. To limit non-specific DNA cross reactivity, salmon sperm 

DNA is used in the buffer as a blocking agent. Denhart’s solution is also 

included as a blocking agent to prevent non-specific binding of the probe to the 

tissue. The inclusion of the strongly hydrated dextran sulphate causes an 

apparent increase in probe concentration, increasing hybridisation rates.

3.4.1.4 Detection

In addition to the stringency of hybridisation, post-hybridisation washes also 

control stringency to a certain extent. The stringency of washes can be 

manipulated by varying the formamide concentration, salt concentration and 

temperature as outlined above. Unbound probe is initially removed by washes in 

buffer containing high salt (2xSSC) and formamide. Subsequent lower 

stringency washes may also be included. Based on standard 

immunohistochemistry, a number of detection systems can be used to detect the 

DNA hybrid. These methods were optimised as outlined in section 3.2.

3.4.2 Protocol
A standard hybridisation protocol was used with DIG-labelled random primed 

DNA probes (2.9.7). This was based on the protocol for HPV11 detection with 

DIG labelled probes outlined by Roche Diagnostics (Diagnostics 2001a). Probe 

concentration and detection methods were optimised.

Sections were de-waxed and hydrated to distilled water as described previously. 

Sections were circled with a PAP pen (DAKO, UK), and if a peroxidase method 

was used, covered with 1%H2Û2 and incubated in a humid chamber for 15 

minutes. The excess hydrogen peroxide removes any endogenous peroxidase 

activity by binding to HRP and forming a catalytically inactive complex. Following 

2x two-minute washes in PBS, with strong agitation, the sections were digested 

with proteinase K prepared fresh at 50pg/ml in PBS for 20 min at 37°C, after 

which they were air-dried. DIG labelled DNA probes were tested at two 

concentrations, 0.7ng/pl and 1.2ng/|xl, in hybridisation buffer (50% formamide, 

4x SSC, 5% w/v dextran sulphate, 1x denhart’s solution, 200pg/ml salmon
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sperm DNA, to 2ml with distilled water. Stored at -20°C) and 10-25pl was added 

to each section and covered with a glass coverslip. The probe and viral DNA 

were simultaneously denatured on a heating block at 96°C for 5 min before 

being immediately cooled on ice. Hybridisation was carried out at 37°C overnight 

in a humid chamber.

3.4.3 Detection 

3 4 3.1 ISH protocol 1 (DIG-HRP-Tyramidé)

The coverslips were removed by agitation in 0.5x880 at room temperature for 5 

min. Stringent post hybridization washes were carried out at 42°C in stringent 

wash buffer (2x880, 50% formamide, 0.05% Tween20 - 2x5 min) followed by 

2x880 (2x5min). The in situ signal was detected with an anti-DIG-POD antibody 

(1:500, Roche) followed by coumarin T8T-Direct kit (NEN Life Science Products, 

Boston) according to the manufacturers protocol. Sections were counterstained 

with propidium iodide at 50pg/pl. The sections were washed 3 x 5min in PBS 

and mounted in citifluor mounting medium.

3.4.3.2 ISH protocol 2 (DIG-ampliflcation-FITC)

The DIG signal was detected using a fluorescent antibody enhancer set for DIG 

detection (Roche) according to the manufacturers instructions. A mouse 

monoclonal anti-DIG followed by anti-mouse-DIG was detected with an anti DIG- 

FITC conjugate.

3.4 3.3 ISH protocol 3 (DIG-amplification-tyramide)

ISH protocol 2 was followed to the addition of the monoclonal anti-DIG. This DIG 

amplification was then detected using the anti-DIG-POD/ tyramide detection 

from ISH protocol 1.

3.4.4 Results
The tyramide detection without amplification (ISH protocol 1) gave no signal 

when used to detect HPV DNA in tissue sections known to be undergoing 

vegetative viral DNA replication. Although punctate nuclear signals were 

observed with FITC detection on the same tissue, the presence of unacceptable
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levels of background staining meant this could not be reliably interpreted. The 

incorporation of Tyramide-coumarin into ISH protocol 2 gave strong signals in 

cells undergoing vegetative viral DNA replication with an acceptable signal to 

background ratio (3.3a).

Increasing the probe concentration from 0.7ng/|xl to 1.2ng/|il gave an increase in 

signal with no corresponding increase in background staining. It was found that 

sealing the coverslips onto the slides prior to hybridisation did not enhance the 

signal. It has been observed in our laboratory that adequate in situ hybridisation 

occurs after only three hours incubation (W. Peh, personal communication). The 

overnight hybridisation time was used subsequently for convenience only.

To determine sensitivity, HPV16 probes labelled using the protocol outlined in 

2.9.7 were used to detect HPV16 DNA in SiHa and Caski cells. SiHa cells 

contain 1-2 copies of HPV16 DNA whilst Caski cells contain 500-600 copies. 

The detection method did not detect DNA in SiHa cells, but detected HPV16 

DNA in Caski cells (figure 3.3b). Thus a three step amplification method is able 

to detect high copy number HPV16 DNA but not low copy number DNA. 

Although sensitive protocols have been developed to detect single copy DNA 

(Lizard et al. 1998; Plummer et al. 1998), this was not the objective of this study 

as the aim was to detect vegetative viral DNA amplification as a late viral event. 

ISH protocol 3 was subsequently used to detect HPV DNA in tissue sections 

infected with different HPV types.
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Figure 3.3 In Situ hybridisation optimisation
In Situ hybridisation of HPV2 lesions with a DIG labelled HPV2 DNA probe with 
(a) ISH protocol 3, tyramide detection with propidium iodide counterstain, (b) ISH 
protocol 3 with an HPV16 DNA probe on Caski cells. Cells were prepared for 
hybridisation as outlined by Guerin-Reverchon eta! (1989). All images were taken 
at x40 magnification.
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4 Analysis of events In the productive human papillomavirus 
lifecycle

4.1 introduction
The aim of this study was to analyse key events in the transition between the 

early and late stages of the virus lifecycle in lesions caused by different virus 

types, in order to identify common features in the lifecycle of all 

papillomaviruses.

The virus types studied here are associated with productive infections of the 

epidermis, and unlike HPV16 have not been linked to the development of 

neoplasia. The onset of the late stage of the virus lifecycle was marked by the 

presence of E1^E4 immunostaining and vegetative viral DNA replication. Early 

viral gene products such as E7 have proved difficult to detect in tissues, possibly 

because they are expressed at levels that are too low to be revealed by 

immunostaining, or because of epitope masking by cellular proteins (Greenfield 

et al. 1991; Selvey et al. 1990). The low level of expression of HPV gene 

products in the basal cell layers is thought to be necessary to enable the virus to 

escape immune surveillance (Stanley 1998).

The HPV E7 protein is hypothesised to cause cells in the suprabasal layer to 

become permissive for DNA synthesis (Cheng et al. 1995; Demeter et al. 1994). 

Previous studies in which E7 has been expressed in the absence of the rest of 

the HPV genome have demonstrated that E7 alone is sufficient to induce DNA 

synthesis in differentiated kératinocytes, and that E7 alone induces factors of the 

host DNA replication machinery such as PCNA (Cheng et al. 1995; Chien et al. 

2002; Jian et al. 1999). The most well established mechanism of E7 activity is 

the dissociation of the E2F transcription factor from pRB and the subsequent 

transactivation of E2F responsive genes. Cellular proteins expressed from the 

E2F responsive genes stimulated by E7 (Chellappan et al. 1992; Ohtani 1999), 

can accumulate to levels that facilitate immunocytochemical detection, and 

present a reliable method for identifying E7 expressing cells in the upper layers 

of the epidermis. In lesions caused by HPV, cellular proteins activated by E2F 

may be used as surrogate markers of E7 activity. E2F-regulated proteins include
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the cellular proliferation markers PCNA, MCM and Cyclin A (Black and 

Azizkahn-Clifford 1999; Ohtani et al. 1999).

Previous research into the expression patterns of viral proteins has used 

enzymatic immunostaining methods on serial sections (Brown et al. 1996b; 

Demeter et al. 1994; Egawa et al. 2000; Syrjanen et al. 1996). Here the use of 

double immunofluorescence has enabled exact correlation's to be made 

between protein expression patterns. This coupled with the availability of both 

cutaneous and mucosal lesions has enabled comparisons to be made between 

lesions caused by different HPV types. From this analysis it was found that the 

progression from the early to late stages of the HPV lifecycle follows a precisely 

defined pattern that is conserved in both mucosal and cutaneous virus types.

4.2 Clinical Material
Two HPV1 lesions, four HPV63 lesions and three HPV65 lesions were provided 

by Dr K. Egawa at the University of Kumamoto in Japan, where the lesions had 

been previously typed by in situ hybridisation with virus specific DNA probes 

(Egawa et al. 1993a; Egawa et al. 2000). In the case of the HPV1 lesions this 

typing was confirmed by immunostaining with HPV1 E1^E4 antibodies. Sixteen 

HPV2 lesions were provided by Mr A. Percival at the University of Northampton. 

The presence of HPV2 DNA was confirmed by in situ hybridisation with HPV2 

specific DNA probes (chapter 3). Eighteen HPV11 SGID xenografts were 

obtained from Roche Research and Development in the UK. The lesions were 

assessed for papilloma formation by histological analysis. Twelve xenografts 

had developed papillomas whilst the remaining lesions either had no xenograft 

(2/18) or the xenograft did not contain any morphological abnormalities (4/18). 

Once again the presence of viral DNA was confirmed by in situ hybridisation 

with HPV11 specific DNA probes.

Double immunostaining was carried out using the microwave epitope exposure 

method, described in section 3.2.2. Two step indirect detection with anti-mouse 

Alexa 594 (red) was used to detect LI (K1H8, DAKO). Three step indirect 

detection with anti-mouse-biotin followed by avidin-Alexa 594 (red) was used to 

detect the following monoclonal antibodies at the concentrations outlined in table
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3.2: MCM (47DC147, Neomarkers); PCNA (PC10, Neomarkers); Cyclin A (6E6, 

Novocastra). Two step indirect detection with anti-rabbit or rat Alexa 488 (green) 

was used to detect the polyclonal E1^E4 antibodies at the concentrations 

outlined in table 3.2. DNA in situ hybridisation, was carried out, as outlined in 

section 3.4, followed by staining with E1^E4 antibodies. Haematoxylin and Eosin 

(H&E) staining was carried out by the histology department at NIMR. Areas of 

productive HPV infection were defined as those containing E1^E4 positive cells. 

All figures show representative examples of immunostaining patterns.

4.3 Results
4.3.1 Initiation of E1^E4 expression varies in its timing between virus 

types.
In all lesions studied E1^E4 was only expressed in differentiating cells although 

the extent of E1^E4 expression varied greatly between virus types. Although 

only two HPV1 lesions were available for analysis in this particular investigation, 

the pattern of E1^E4 expression observed was typical of over 10 lesions 

examined previously in the lab (John Doorbar, Personal Communication). HPV1 

lesions contained many papillae projections (Figure. 4.1a), which made it difficult 

to obtain a section where a complete lesion, from the basal cells to the surface, 

could be clearly seen, in these lesions, E1^E4 expression began one cell from 

the basal layer and persisted to the surface layers (figures 4.1a and 4.2a). 

E1^E4 was expressed as small round cytoplasmic inclusion granules in the 

lower epithelium, which became larger towards the surface of the epithelium 

(figure 4.2a, corresponding to the cytoplasmic inclusions observed on H & E 

staining as previously seen by Breitburd et al (Breitburd et al. 1987). The 

expression of HPV2 E1^E4 was delayed compared to that of HPV1 E1^E4, with 

E1^E4 expression first observed in the cytoplasm of cells above the parabasal 

layer (figure. 4.1b). As with HPV1, the HPV2 lesions also had multiple papillae. 

E1^E4-positive cells extended to the surface of the epithelium and the overall 

distribution pattern of E1^E4 expressing cells was sporadic. E1^E4-negative 

cells surrounded HPV2 E1^E4 positive cells that occurred individually or in 

groups. The HPV2 E1^E4 protein formed cytoplasmic filaments that could be 

observed by immunofluorescence (figure. 4.2b). Histological evidence of HPV2
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Figure 4.1. Histology and E1^E4 expression in lesions caused by different 
HPV types. E1^E4 expression was analysed by immunostaining in lesions 
caused by different virus types using type specific E1^E4 antibodies (green). 
E1^E4/DAPI, sections were counterstained with DAPI (blue) to identify the nuclei. 
Haematoxylin and eosin (H and E) staining shows the cellular morphology. The 
patterns of expression in different lesions was analysed at x4 and xIO 
magnifications to determine the topographical expression pattern of E1^E4 
thoughout the lesion. Broken lines indicate the basal layer.
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Figure 4.2 Histology and E1^E4 expression at high magnification
E1^E4 expression was analysed by immunostaining using E1^E4 antibodies 
(green). E1^E4/DAPI sections were counterstained with DAPI (blue). 
Hematoxaylin and eosin staining (H&E) highlights the cellular morphology. 
Arrows in a, d and e indicate E1^E4 inclusion granules in both E1^E4 and H&E 
stains. Arrows in b and c indicate E1^E4 filaments. In b,H&E, the arrows 
indicate sporadic cells with darker staining. The broken lines indicate the basal 
layer. E1^E4/DAPI and H&E lesions were photographed at x40 magnification 
with a standard fluorescent microscope. Confocal images were taken at x200 
to reveal E1^E4 morphology.
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infection could be seen by H & E staining, where sporadic cells demonstrated 

darker haematoxylin staining (Figure 4.2b, H & E).

HPV11 E1^E4 expression showed a more continuous distribution than the 

sporadic pattern observed for HPV2 E1^E4, with HPV11 E1^E4 being detected 

in the majority of cells throughout the upper intermediate layer and surface 

layers of the epithelium (Figure 4.1c). The mucosal tissue, although showing 

abnormalities in the basal layer, did not demonstrate the high degree of papillae 

formation observed with the cutaneous virus types discussed above. Although 

the HPV11 lesions used in this investigation were generated using the SGID 

mouse xenotransplantation model, infections by this method are widely 

acknowledged to support the complete infectious lifecycle of HPV11 (discussed 

in section 1.18.4). The HPV11 E1^E4 protein formed filaments (Figure 4.2c), 

although this was more difficult to observe in HPV11 lesions due to koilocytosis 

in E1^E4 positive cells. The vacuolation of the cytoplasm often caused the 

E1^E4 protein to appear localised to the cell membrane, a feature observed by 

other investigators (Brown et al. 1994; Bryan and Brown 2000). No histological 

evidence of HPV11 E1^E4 expression could be seen with the H & E  staining.

In the HPV63 lesions studied, E1^E4 expression was first detected in the 

parabasal layer two to three cells above the basal layer (figure 4.Id). This is 

similar to the distribution observed for HPV1 E1^E4, and is not unexpected as 

the HPV1 and HPV63 DNA sequences show considerable homology (Chan et 

al. 1995). However the HPV63 lesions showed a different morphology to HPV1 

lesions with less papillae formation. The E1^E4 expression was predominantly 

diffuse in the lower layers with small cytoplasmic inclusion granules that 

increased in size and became more irregular in shape towards the surface of the 

epithelium. The HPV63 E1^E4 granules are identifiable on H & E staining 

(Figure 4.2d). The associated diffuse staining can be seen as the darker blue 

cytoplasmic colour in cells with inclusion granules, similar to the staining 

observed in lesions caused by HPV2. Although the granules in HPV63 induced 

lesions appear fibrous in the H&E stain (as previously observed (Egawa 1994)), 

this pattern is not observed in the fluorescent E1^E4 staining which is diffuse 

and granular.
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HPV65 E1^E4 expression was delayed compared to HPV1 and HPV63, with 

expression first observed in the spinous layer (figure 4.1e). Papillae were 

observed high into the epithelium. Like HPV2 E1^E4 expression, HPV65 E1^E4- 

positive cells were sporadic but extended to the surface of the lesions. E1^E4 

formed a single, large cytoplasmic inclusion granule which occupied the entire 

cytoplasm and could be observed after H & E  staining (Figure 4.2e and (Egawa 

1994; Egawa et al. 1993a)). The H & E  staining of HPV65 lesions revealed 

pronounced granular staining in the E1^E4-positive areas that was not observed 

with the other virus types, and which did not correlate with the E1^E4 staining 

pattern (figure 4.2e).

In all cases, E1^E4 expression was not observed in areas of tissue displaying 

normal morphology. The expression of E1^E4 only in differentiating cells further 

supports the differentiation dependent nature of the HPV lifecycle. However, 

differences in the timing of the onset of E1^E4 expression indicates that there 

may be differences in the regulation of lifecycle events between different 

papillomavirus types.

4.3.2 E1^E4 expression and the onset of vegetative viral DNA replication 

correlate in lesions caused by different HPV types
The expression of the HPV E1^E4 protein has been shown to co-localise with 

vegetative viral DNA replication in lesions caused by both HPV1 (Breitburd et al. 

1987; D o o rb a r  e t al. 1997; Egawa et al. 2000) and HPV16 (D o o rb a r  et al. 1997). A 

similar association between E1^E4 and vegetative viral DNA replication has also 

been observed in animal papillomaviruses (ROPV, COPV, CRPV (Peh et al. 

2002)). Here the expression of E1^E4 has been correlated with vegetative viral 

DNA replication in HPV2, HPV11, HPV63 and HPV65 induced lesions, using 

double immunofluorescent staining for viral DNA and E1^E4. As discussed in 

chapter 3, the ISH technique used here detects vegetative viral DNA replication 

(of at least 500 copies) but not low level viral DNA replication, as quantified 

using HPV infected cells of known viral copy number.

In HPV2, HPV11 and HPV63 induced lesions E1^E4 expression and vegetative 

viral DNA replication showed exact co-localisation, with the nuclei of E1̂ ^E4
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positive cells staining positive for in situ viral DNA replication (figure 4.3a, b and 

c). Viral DNA was not detected in the lower layers of the HPV infected 

epithelium or in areas of normal morphology and these cells are probably either 

uninfected or non-permissive for vegetative viral DNA replication as previously 

described for HPV1 and HPV16 (D o o rb a r  e t a l. 1997; Egawa et al. 2000). In 

HPV65 induced lesions (figure 4.3d) the in situ signal was observed before 

detection of E1^E4 expression, in the nuclei of cells in the parabasal layer 

(indicated by large arrows). Figure 4.3e shows a magnified area of HPV65 

staining, where it can be seen that the HPV65 DNA signal was usually more 

intense in E1^E4 positive cells (indicated by a small arrow) when compared to 

cells with no E1^E4 expression (large arrow).

Although the exact sensitivity of DNA detection was not established, this 

increase in intensity of DNA in situ signals between E1^E4 positive and E1^E4- 

negative cells appears to indicate an up-regulation of DNA synthesis on 

expression of E1^E4. We presume that HPV2, HPV11 and HPV63 probes were 

only able to detect the abundant DNA signals that were the result of vegetative 

viral DNA replication, whilst the HPV65 probe was sensitive enough to detect 

DNA at lower copy number. This data demonstrates that in lesions caused by 

these virus types, as in lesions caused by HPV1 and HPV16 (D o o rb a r  e t ai.

1997), E1^E4 expression correlates directly with the accumulation of viral DNA 

to high levels.

96



Merge E1^E4 Viral DNA amplification
-  -t '

■'P‘i ■' Î
(ayHPV2 ' i

1

'„•• X.
-I > ' l  -

:  I T -  : / A y ,  • •  ■ - ;* •> / *
(c) H i^é3..,.:/C ...„ ..:...

Figure 4.3. E1^E4 expression and viral DNA amplification in lesions caused 
by different HPV types. Detection of viral DNA amplification with type specific 
DNA probes followed by tyramide detection (blue) is shown in addition to type 
specific E1^E4 immunostaining (green) and a propidium iodide nuclear counter
stain (red). Small arrows indicate cells expressing E1^E4 with vegetative viral 
DNA amplification, large arrows indicate cells where viral DNA is detected without 
E1^E4 expression, the basal layer is shown by a broken line. All images were 
captured at a magnification of x10, except (e) at x20.
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4.3.3 Expression of the L1 capsid protein is restricted to a subset of cells 

that are already expressing E1^E4.
HPV L1 was expressed in the nuclei of cells in the differentiating epithelium only. 

Double staining for E1^E4 and L1 showed that in all virus types L1 was 

expressed after the onset of E1^E4 expression and was only observed in cells 

expressing E1'^E4. In lesions caused by HPV1 and HPV2 lesions, L1 positive 

cells were detectable in the upper epithelium, after E1^E4 expression was first 

observed in the lower layers (figure 4.4a and b). This is also true for HPV63 

(D o o rb a r  et a l. 1997). In HPV65 and HPV11, LI expression was first observed a 

few cells after the appearance of E1^E4. In HPV11 the number of cells 

expressing LI varied between lesions but did not correlate with extent of E1^E4 

expression.

Although LI was expressed in only a subset of the E1^E4-positive cells, there 

appeared to be no correlation in the timing of these two viral events. The timing 

of E1^E4 expression varied between lesions, while the expression of LI showed 

less variation, however LI was never found in cells that lacked E1^E4. The 

expression of LI only in the upper epithelial layers suggests a need for 

additional differentiation before the virus life cycle can be completed.
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Figure 4.4. Double staining for HPV E1^E4 and L1 proteins
The viral L1 protein was detected with a monoclonal antibody (red), in addition 
to immunostaining with type specific E1^E4 antibodies (green) and a DAPI 
nuclear counterstain (blue). The large arrows indicate cells in which only E1^E4 
is expressed. Small arrows indicate cells in the uper epithelium in which both 
E1^E4 and L1 are expressed, the broken line indicates the basal layer. All 
images were taken at a magnification of x10.
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4.3.4 The detection of cells expressing surrogate markers of E7 reveals 

an overlap between early and late viral events
Lesions were stained with antibodies to surrogate markers of E7 in addition to 

HPV E1*E4 antibodies. MOM proteins are necessary for cellular DNA 

replication, and comprise a family of 6 proteins (Mcm2-7) (Bell and Stillman 

1992). As no difference in staining pattern was apparent between antibodies to 

Mcm2, Mcm5 or Mcm7 (Freeman et al. 1999), only MCM2 was used to 

represent MOM expression in this study. In all normal tissue, MOM expression 

was confined to the nuclei of replicating cells in the basal layer (Kearsey and 

Labib 1998). In the virus types examined, expression of MOM proteins was 

apparent in the basal cells and persisted into the higher epithelial layers (Figure 

4.5). In HPV1, HPV2, HPV11, and HPV63 productive infections (figure 4.5a, b, c 

and d) MOM expression persisted into the intermediate layers, where cells that 

were positive for both E1*E4 and MOM were observed (small arrows). This 

indicated an overlap region between the early and late events of the virus 

lifecycle. Although the extent of MOM expression varied between these virus 

types, expression always ceased before it reached the surface of the epithelium 

although cells continued to contain E1'^E4 (large arrows). The complete absence 

of MCM staining in the surface layers of cutaneous warts probably reflects the 

fact that differentiation is more extensive at these sites.

HPV65 was unusual in that while MCM positive cells were observed above the 

basal layer, the intensity of staining varied with the extent of differentiation. In 

other virus types, MCM expression was elevated above the epithelium, 

decreasing in intensity towards the surface. In HPV65 induced lesions, MCM 

protein expression decreased in the spinous layer, but appeared to be up 

regulated again upon expression of E1*E4 (figure 4.5e). This made the overlap 

between E1*E4 and MCM much more pronounced, and indicated that whilst E7 

has a role in maintaining the cell in S-phase, E1*E4 may have a co-operating 

role in arresting these cells in S-phase in differentiated epithelium.
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Figure 4.5 Double staining for MCM and HPV E1*E4
MCM was detected by immunostaining with a three step indirect method (red), 
In addition to E1*E4 staining (green). Sections were also stained with DARI 
(blue) to identify the nuclei. The small arrows indicate cells positive for both 
E1*E4 and MCM, whilst the large arrows indicate cells in the upper layers that 
are only expressing E1'^E4. The broken line represents the basal layer. All 
images were taken at a magnification of x10, except HPV1 which was taken at 
x20.
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In addition to MCM staining, the expression patterns of PCNA and Cyclin A were 

also analysed with respect to 51*54 staining (figures 4.6 and 4.7). PCNA plays 

a fundamental role in the initiation of cell proliferation and is essential for cellular 

and viral DNA replication. Like MCM, PCNA is expressed in the nuclei of 

proliferating cells (Kelman 1997). Cyclin A is required for the early steps of S- 

phase entry and is expressed in the cytoplasm and nuclei of cells in S-phase 

and G2 and in normal tissue is confined to the basal cells (Desdouèts et al. 

1995). In HPV lesions both PCNA and Cyclin A showed a spatial expression 

pattern similar to MCM (figure 4.6i). Both proteins were expressed above the 

basal layer and an overlap region between 51*54, and surrogate markers of 57 

was observed in all cases (figure 4.6ii).
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Figure 4.6. E1*E4 and proliferation marker staining in lesions caused by 
HPV63. Double immunostaining for HPV63 E1̂ ^E4 (green) and proliferation 
markers (red) was carried out in addition to DAP! staining (blue) on HPV63 
lesions.(i) Merged images of E1^E4, proliferation markers and DAPI at x10 
magnification, (ii) Higher power images of the E1^E4/marker overlap with 
different proliferation markers, x20 magnification. Arrows indicate cells that are 
both E1*E4 and proliferation marker negative amongst cells which are positive 
for both proteins. Broken lines indicate the basal layer.
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4.3.5 E1^E4 is first expressed in cells that are capable of supporting DNA 

replication
When frozen nuclei from S-phase cells are thawed and incubated in a buffer 

containing ribonucleoside triphosphates and deoxyribonucleotide triphosphates 

they continue to synthesis DNA in vitro. Thus by including DIG labelled dUTP in 

the buffer, S-phase cells can be identified as they incorporate the labelled 

precursor into newly synthesised DNA. In normal epithelial tissue, S-phase 

positive cells are only observed in the basal layers (Mills et al. 2000) but in HPV 

2 infected tissues S-phase positive cells are observed above the basal layer 

(figure 4.7a). The S-phase staining shows a pattern similar to that of MCM, 

PCNA and Cyclin A (figure 4.7b, c and d) demonstrating that there is a strong 

correlation between cells preserved in S-phase and expression of these 

proteins. Positive cells extend into the intermediate layers but do not reach the 

surface of the epithelium (large arrows). Double staining with HPV2 E1*E4 

shows that cells capable of both S-phase DNA replication and vegetative viral 

DNA replication are observed in an overlap region (small arrows). It appears that 

E7 stimulates entry into S-phase in lesions caused by HPV2, creating an S- 

phase environment permissive for vegetative viral DNA replication. The 

correlation between E1*E4 and vegetative viral DNA replication, combined with 

the presence of surrogate markers of E7 points to a possible role for E1̂ ^E4 in 

vegetative viral genome amplification.
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Figure 4.7. HPV2 lesions double stained with E1*E4 and proliferation 
markers. E1^E4 immunostaining with a type specific antibody (green) was 
carried out on lesions caused by HPV2, in addition to marcers of cellular 
proliferation (S-phase DNA replication (a) and E7 expression as marked by 
MCM, PCNA and cyclin A (b, c and d respectively)). The merged imaged also 
shows a DAPI nuclear counterstain (blue). Small arrows show double positive 
cells whilst large arrows show cell positive for E1'^E4 only in the upper 
epithelium. The broken line represents the basal layer. All images were 
photographed at a magnification of x10.
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4.4 Discussion

Only two HPV gene products are highly expressed in productive infections. 

These are the E1*E4 protein, whose expression coincides with the onset of 

vegetative viral DNA replication, and L1, which forms the major structural protein 

of the virion (Brown et al. 1995; D o o r b a r e t a l .  1997; Doorbar and Gallimore 1 9 8 7 ;  

Egawa et al. 2000).

E1*E4 expression coincides with the onset of genome amplification in HPV1 and 

HPV16 induced lesions (D o o rb a r  e t a l. 1997; Egawa et al. 2000). The data 

presented here demonstrates that E1*E4 expression coincides specifically with 

vegetative viral DNA replication and that this is the case for additional diverse 

virus types (HPV2, HPV11, HPV63 and HPV65). Thus an indirect role for the 

E1*E4 protein in vegetative viral DNA replication seems possible (Doorbar

1998). Mutation analysis of the E1'^E4 gene in BPV1 showed that E1'^E4 was 

not essential for DNA replication in vitro (Hermonat and Howley 1987; Neary et 

al. 1987), however this data was generated in monolayer culture, where E1*E4 

expression and vegetative viral genome amplification is not naturally supported. 

Recent in vivo studies with rabbit papillomavirus models have shown that E1'^E4 

mutant viruses failed to support genome amplification (Davy et al. 2002b; Peh et 

al. 2001).

Although the extent of both E1*E4 and LI expression varies between virus 

types, during productive HPV infection the E1*E4 and LI proteins are expressed 

as the infected cell migrates towards the surface of the epithelium, with capsid 

synthesis being confined to a subset of the cells that already express E1*E4. 

The expression of LI in HPV infection is a late viral event and demonstrates that 

the virus is completing its lifecycle. Although E1'^E4, LI and L2 are all expressed 

from mRNAs transcribed from the late promoter (Barksdale and Baker 1995; 

Bohm et al. 1993; Chow et al. 1987a; Chow et al. 1987b; Stoler et al. 1989), L I  

and L2 gene expression is also regulated at the post transcriptional level. The 

transcripts for LI and L2 contain negative regulatory elements, which inhibit their 

unscheduled expression (Schwartz 1998). These negative regulatory elements 

have been shown to bind to cellular factors (Koffa et al. 2000; Sokolowski et al.

1999). Interestingly LI was only detected in a subset of E1^E4-positive cells.
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This suggests that negative regulation of late viral protein expression may be 

abrogated, not only by differentiation dependent cellular factors but also by a 

virally encoded factor, which could be related to E1*E4 expression or the 

completion of genome amplification.

Expression of HPV E7 alone from a retroviral vector in raft cultures is necessary 

and sufficient to induce an S-phase state, as determined by proliferation marker 

expression and cellular DNA replication (Cheng et al. 1995; Jian et al. 1999). 

The significance of this in the context of the virus lifecycle could not be 

addressed, as viral replication could not take place due to the absence of the El 

and E2 proteins. However, recently it has been demonstrated that the HPV E7 

protein is necessary to induce DNA synthesis and viral DNA amplification during 

the productive stage of the virus lifecycle (Flores et al. 2000). By 

immunostaining for surrogate markers of E7, correlated with S-phase replication 

studies, it has been shown that in the virus types studied, cells are maintained in 

an S-phase state above the basal layer and into the intermediate layers of the 

epithelium. By comparison to previous studies of E7 function it is likely that this 

is a result of E7 expression.

In this study the activity of E7, as assessed by the presence of E2F activated 

genes such as PCNA and MCM, appears to persist after E1*E4 expression has 

begun. This is not unexpected as E1*E4 expression coincides with the onset of 

viral genome amplification, which is dependent on the presence of cellular 

replication proteins. These include PCNA and cyclin A, which are directly 

stimulated by E7. E1'^E4 protein expression and vegetative viral DNA replication 

are first detected in cells expressing E7, supporting the theory that E7 

reactivates the host DNA replication machinery to enable vegetative viral DNA 

replication (Demeter et al. 1994). However it has been reported that E7 alone 

does not increase the duration of, or prevent exit from S-phase (Chien et al. 

2002).

Studies carried out in our laboratory have demonstrated that while expression of 

E1*E4 did not affect entry into S-phase, cells expressing E1*E4 failed to 

progress through mitosis and were shown to arrest in G2 (Davy et al. 2002b). A
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cyclinB/Cdk1 complex known as the mitosis-promoting complex (MPC) 

regulates progression through mitosis. It has been shown that E1*E4 binds to 

cyclin B and by association with the cytokeratin network, sequesters this active 

cyclin B in the cytoplasm (Davy 2002; Davy et al. 2003). Thus by preventing 

cyclin B from entering the nucleus the cell cannot leave G2 and is retained in a 

pseudo S-phase state. It has been speculated that this E1*E4 mediated cell 

cycle arrest may be necessary to retain E7-expressing cells in a replication 

competent state during the productive stage of the virus lifecycle. Interestingly 

E1*E4 was first observed only in cells where E7 was elevated and in HPV65 

lesions an up-regulation of E7 surrogate markers was observed concomitant 

with the appearance of E1*E4. These results support the theory that E1*E4 may 

have a possible role in pseudo S-phase maintenance.

Despite the up-regulation of E7 and the presence of E1*E4, cells are not 

retained in S-phase indefinitely, and expression of E7 (as determined by the 

presence of surrogate markers) ceases before the cells reach the surface of the 

epithelium despite the continued presence of E1*E4. Although nearly all of the 

DNA replication machinery required by papillomaviruses is provided by the cell 

(Chow and Broker 1994), the virus encodes two proteins, El and E2, which are 

essential for the initiation of viral DNA replication. In addition to its role in viral 

DNA replication E2 also regulates the viral early promoter to control expression 

of the early proteins (Steger et al. 1996). Studies with HPV18 have shown that 

whilst low amounts of HPV18 E2 stimulate the viral early promoter, increased 

amounts resulted in promoter repression (Steger and Corbach 1997). It can be 

hypothesised that the activity of E2 in the basal cells activates the early 

promoter, resulting in E7 expression and an increase in cellular proliferation. 

Eventually the accumulation of abundant viral transcripts leads to an increase in 

E2 to levels sufficient to repress the early promoter. Studies have shown that E2 

can suppress E7 expression, resulting in the activation of cell cycle regulatory 

proteins including pRb and p21 (Wells et al. 2000). Thus in lesions in which the 

productive lifecycle is being completed, E7 will not be expressed at the surface 

of the epithelium due to repression by E2.
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In raft cultures which contained only the E7 protein, PCNA did not reach the 

surface and thus repression by E2 is not the only mechanism for down 

regulation of E7 in this case (Cheng et al. 1995). Studies in Louise Chow’s 

laboratory have highlighted the role of p21 in the inhibition of cellular and viral 

DNA synthesis (Jian et al. 1998; Jian et al. 1999; Noya et al. 2001). p21 is a cell 

cycle inhibitor which binds to cyclin/cdk complexes and inhibits their kinase 

activity, preventing cell cycle progression. p21 can also bind to PCNA and block 

DNA replication. In differentiated kératinocytes p21 appears to be induced in 

response to E7 expression in the superficial layers of the epithelium. Only cells 

in which p21 protein is not induced support viral DNA amplification. HPV DNA 

amplification and p21 were found to be mutually exclusive in lesions caused by 

HPV11 (Jian et al. 1999) The presence of p21 in cells does not permit 

replication and appears to be a host response to inhibit the unscheduled DNA 

synthesis reactivated by E7 expression (Jian et al. 1998). This is in contrast to 

earlier studies which concluded that E7 can associate with p21, abrogating its 

inhibitory effect on the cell cycle and thus promoting unchecked DNA synthesis 

in differentiated kératinocytes (Funk et al. 1997; Jones et al. 1997).

Interestingly p21 was expressed in a sub-population of cells positive for PCNA 

(Jian et al. 1998). On expression of E7, two populations of PCNA positive, post 

mitotic, differentiated kératinocytes are observed. In one p21 accumulates and 

there is no active DNA replication. In the other p21 is not detectable and active 

DNA synthesis takes place. It is thought that this could account for the 

heterogeneous nature of viral activities in the suprabasal cells of productive HPV 

lesions (Noya et al. 2001).

This hypothesis fits with the pattern of vegetative viral DNA replication and 

E1*E4 expression seen in the lesions stained here. The pattern of E1*E4 

expression is usually heterogeneous in HPV lesions with only a proportion of all 

differentiating cells expressing E1'^E4, despite the fact that theoretically they are 

all subject to the same cellular and viral stimuli. The inhibitory effect of p21 when 

present in PCNA positive parabasal cells, would ensure that only the population 

of cells without p21 will be capable of proceeding to the late stage of the virus 

lifecycle. If this theory were true then the expression of E1*E4 and p21 would be
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mutually exclusive. Preliminary studies of E1^E4/p21 double immunostaining in 

our laboratory suggest this to be the case in HPV16 lesions (Shirley Southern, 

personal communication).

From the studies presented here, a pattern of events necessary for completion 

of the virus life cycle has emerged. In the lower layers of all productive infections 

including those caused by HPV1, HPV2, HPV11, HPV63 and HPV65, staining 

for E2F-activated genes such as PCNA or MCM is widespread. The extent to 

which these cells extend into the upper layers varies depending on the infecting 

FIPV type, but in productive infection such proteins are never found in the 

surface layers. It is also demonstrated that E1*E4 expression begins in 

replication-competent cells as shown by S-phase analysis, but that this pseudo 

S-phase state is not maintained throughout the epithelium.

Similar data has been obtained for FIPV1, and although BrdU and E1*E4 

staining was carried out on serial sections, the results also demonstrated that 

replication did not persist to the surface of the epithelium (Egawa et al. 2000). 

We speculate that the viral DNA is amplified in the overlap region where cells 

are positive for both E1*E4 and E7, after which E7 expression ceases whilst 

E1AE4 and viral DNA are retained in cells to the surface.

Thus in the virus lifecycle it appears that there exists a small window of 

opportunity for vegetative viral DNA replication where cells are both replication 

competent and arrested in G2. We believe that cells in the upper epithelium that 

are E7 negative but contain high copies of viral DNA have ceased to replicate. 

The eventual loss of PCNA and MCM staining in the E1^E4-positive cells 

presumably marks completion of viral DNA replication and may be the trigger for 

packaging genomes into infectious virions (Wiley et al. 1993).

This analysis of viral early and late events has shown that the HPV lifecycle can 

be segregated into three fundamental compartments based on the expression of 

three viral markers (figure 4.8). E7 (which causes unscheduled entry into S- 

phase), E1AE4 (which marks the onset of genome amplification, and causes G2 

arrest) and LI (which marks the start of capsid synthesis).

110



' $**##; Ml

Figure 4.8 Cartoon representing the pattern of events in the 
productive HPV lifecycle. The HPV lifecycle is closely linked to 
epithelial differentiation with viral proteins expressed in a clearly 
defined order. Expression of the E7 early protein (as studied here 
using surrogate markers of E7 expression) was apparent in the 
basal cells and persisted into the higher epithelial layers, with 
expression ceasing before reaching the surface layers. These cells 
are indicated by red nuclei. The timing of E1*E4 expression, 
indicated by green cells, varied between virus types, but expression 
was always first observed in cells also expressing E7. E1*E4 
expression persisting to the surface of the epithelium. L1 expression, 
indicated by cells with yellow nuclei, was observed only in a subset 
of E1^E4 positive cells.
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This pattern was observed in all the productive HPV infections analysed here 

and has also been seen in low- and high-grade squamous intra-epithelial lesions 

(LSIL/HSIL) caused by HPV16 (chapter 5) and experimental warts caused by 

rabbit oral papillomaviruses (ROPV, chapter 8).

The molecular events which regulate the late stage of the virus life cycle are 

poorly understood, and the discovery that this lifecycle pattern is conserved in 

the diverse virus types studied, despite differences in the timing of events, 

highlights the need to investigate the control mechanisms involved. Here the 

productive life cycle of low risk HPV infections has been characterised and a 

correlation between proliferation and differentiation in the HPV lifecycle has 

been noted. In high-risk infections where progression to neoplasia is observed, 

the balance between proliferation and differentiation is altered. To fully 

understand the virus lifecycle, these events need to be analysed both in the 

context of cellular differentiation and neoplastic progression.
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5 Analysis of the HPV16 lifecycle in cervical neoplasia

5.1 Introduction
Cervical cancer is the most common female cancer in developing countries and 

the second most common female cancer worldwide (CRC 1994a). Cervical 

neoplasia is almost entirely a consequence of human papillomavirus (HPV) 

infection (Bosch et al. 2002; Walboomers et al. 1999). Over 25 HPV types infect 

the cervix, although only the high-risk types are associated with the 

development of cervical cancer (Lorincz et al. 1992; Walboomers et al. 1999). 

HPV DNA is present in around 99.7% of cervical cancers (Walboomers et al. 

1999) with HPV 16 being found in approximately 50% of all cases (Lorincz et al. 

1992).

As outlined in chapter 4 the productive HPV lifecycle follows clearly defined 

stages that are conserved in different virus types. Here it is shown that the HPV 

lifecycle changes significantly during neoplastic progression, and that low-grade 

lesions usually represent productive infections, while high-grade lesions 

represent abortive infections in which the virus lifecycle is not completed. From 

this it is hypothesised that the grade of cervical neoplasia can be predicted using 

molecular markers of HPV infection present at the epithelial surface.

Recent research has centred on identifying the host genes up regulated in 

association with HPV infection, and on using these as ‘surrogate markers’ in 

tissue biopsies or cervical smears to identify HPV-associated epithelial lesions 

(Keating et al. 2 0 0 1 ) .  The abundance of E 1 * E 4  in the surface layers of viral 

papillomas (Doorbar et al. 1 9 9 2 ;  D o o rb a r  e t a l. 1 9 9 7 ) ,  and the availability of 

reliable antibodies, indicates that E 1 * E 4  may be a useful marker of virus 

infection. Here we have investigated the theory that viral protein markers could 

be used in the diagnosis of cervical neoplasia.

5.2 Cervical neoplasia

5.2.1 Nomenclature and grading of cervical neoplasia

Normal cervical epithelium shows a gradual ascending maturation, with 

proliferating cells only present in the basal layers, and cells above this becoming
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progressively more differentiated towards the surface of the epithelium. In 

cervical cancer there is a characteristic lack of differentiation, and proliferating 

cells extend through the full thickness of the epithelium (Richart 1973). Cervical 

carcinoma is thought to evolve through well-defined non-invasive intraepithélial 

stages, which are often referred to as precursor lesions. The morphological 

sequence associated with this progression is classified as cervical intra- 

epithelial neoplasia grades 1-3 (CIN1-3) (Richart 1973), or as low- or high- 

grade squamous intra-epithelial lesions (LSIL/HSIL) (Nguyen and Nordqvist

1999). LSIL is equivalent to CIN1, whereas CIN2 and CIN3 are equivalent to 

HSIL (figure 5.1).

5.2.2 Natural History and epidemiology of cervical cancer
HPV is now widely acknowledged to be the causative agent of cervical cancer 

(Walboomers et al. 1999). However, little direct information is available on the 

natural history or disease process of CIN/SIL due to ethical considerations 

(Pinto and Crum 2000). In addition, only a minority of women exposed to HPV 

will develop GIN and not all GIN lesions will progress to invasive carcinoma. The 

reasons for this may include clearance of infection by the host defence 

mechanism or mutations in the viral genome (Owens et al. 1999). In lesions 

which progress to higher grade neoplasia, which may take months or years, it 

has been suggested that this occurs in a stepwise fashion following interactions 

with other co-factors (figure 5.2), resulting in the ability of the cells to overcome 

normal control mechanisms (Owens et al. 1999; Southern and Herrington 1998). 

The most significant environmental risk factor for cervical neoplasia, aside from 

HPV infection, is smoking (Gastle et al. 202; Kjellberg et al. 2000).

LSIL (GIN1) generally represent productive HPV infection with a relatively low 

risk of progression to invasive disease. Approximately 16% will progress to more 

severe disease (HSIL and invasive cancer), 37% persist without progression 

and 47% spontaneously regress without treatment (Wright et al. 1994). By 

comparison HSIL (GIN2/3) have a higher risk of progression. If untreated up to 

22% will progress to invasive cancer (Mclndoe et al. 1984, Gustafsson and 

Adami, 1989).
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Squamous Intraepithélial Lesion (SIL)
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Figure 5.1 Cervical carcinoma precursors
Schematic representation of cervical cancer precursors and the different 

terminology’s used to refer to them. Precursor lesions are graded according to 

the degree to which undifferentiated cells occupy the full thickness of the 

epithelium. In GIN 1 only the lower-most layers of the epithelium are 

undifferentiated (approximately 25% of the epithelium). In GIN 2 50-75% of the 

epithelium is composed of undifferentiated neoplastic cells, and in GIN 3 almost 

the full thickness of the epithelium contains neoplastic cells (Richart 1973). The 

histological features of GIN are a mild degree of nuclear pleomorphism, an 

increased nuclear cytoplasmic ratio, some degree of nuclear enlargement and 

abnormalities in chromatin pattern. The presence of abnormal mitotic figures can 

also be used to aid diagnosis (NHS 1996). Redrawn from (Wright et al. 1994).
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Figure 5.2 Molecular events in the development of cervical cancer.
(1) Cells are exposed to an initiating agent.
(2) Further contact with co-factors results in genetic alterations.
(3) Cell escapes normal control mechanisms including cell cycle ‘check-points’ 
which prevent replication of genetically altered cells. Proliferation occurs to give rise 
to a clone of atypical cells.
(4) the neoplastic lesion evades the host defence mechanism and increases in size.
(5) Simultaneously, the severity of abnormality may increase.
(6)Clones of atypical cells break through the basement membrane into the stroma 
developing a micro-invasive carcinoma. (Adapted from Southern, S.A., 1998)
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5.2.3 Cervical screening
The prime objective of cervical screening is to prevent cervical cancer by 

detecting and treating those pre-cancerous lesions that are likely to progress. 

The Papanicolaou (Pap) smear test, introduced in 1943, samples superficial 

cells from the epithelium of the cervix, which are stained and screened for the 

presence of precursor malignant cells using morphological criteria 

(Papanicolaou 1942). The histological status of the cervix is then predicted from 

the morphological appearance of these surface cells. Screening is effective 

because cervical cancer generally evolves through a long pre-cancerous 

progression (Wright et al. 1994). Cervical screening has reduced mortality 

rates by up to 60% (Quinn et al. 1999).

Each smear contains up to 600,000 overlapping cells, each of which have to be 

individually analysed for subtle changes. Cervical screening is highly subjective 

and is prone to inter-observer variation, even amongst experienced cytologists 

(Ismail et al. 1989). Sampling variations, drying artefacts and the presence of 

vaginal discharge can all further influence the diagnosis. The false negative rate, 

as defined as interpreter error, can be significant. It has been estimated that 

between 20-50% of abnormal cells are missed on the initial Pap smear reading 

(Keating et al. 2001; Larsen 1994). Thus it is acknowledged that improvements 

to the smear test need to be made.

There is strong presumptive evidence that high-risk HPV testing could be useful 

in cervical screening (reviewed in (Jenkins 2001)). The current HPV detection 

methods used are PCR and hybrid capture. One of the limitations of HPV 

detection is that up to 30% of cytologically normal women harbour high-risk HPV 

types, predominantly HPV16 (Schiffman 1994). Additionally most cervical HPV 

infection is transient, with 50% of infections clearing by eight months and most 

by two years (Evander et al. 1995). It has been determined that the frequency of 

multiple HPV infection is 17.5% (Peyton et al. 2001). Preliminary research 

suggests that in multiple infections only one virus type is active (Nuovo et al. 

2001; Stoler and Baber 2001) thus a lesion could contain an asymptomatic 

HPV16 infection and an additional low-risk HPV that was transcriptionally active.
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There is greater variability in HPV types in CIN1 lesions as compared to CIN3, 

although in all cases HPV16 was the most common type (Chang et al. 1997).

Thus there are two perspectives on the clinical use of HPV testing. One is that it 

should be limited to research studies and is of little or no use in the clinic 

(Kaufman and Adam 1999). The other is that it could be of value in the triage of 

borderline smears, although the evidence is not conclusive and requires further 

evaluation (Bovicelli et al. 2000; Jenkins 2001).

5.3 Clinical material
22 archival cervical biopsies of different grades were obtained from four centres 

- Addenbrookes Hospital (Cambridge, UK), Queens Medical Centre 

(Nottingham, UK), University of Tubingen (Tubingen, Germany) and the 

University of Otago (Dunedin, New Zealand). Where possible, tissue samples 

were assessed for the presence of HPV using general HPV primers (GP5+ and 

GP6+) (n = 15). PCR products were then separated by agarose gel 

electrophoresis (1.5%), and autoradiography was performed using a cocktail of 

14 digoxigenin-labelled high-risk HPV types (16, 18, 31, 33, 35, 45, 51, 52, 56, 

58, 59, 62, 66 and 68) and two low-risk HPV types (6 and 11). These probes 

were then used separately to identify the infecting HPV type.

In some instances (n = 6) typing was carried out using an alternative 

selection of probes consisting of HPV types 6/11, 16, 18, 31, 33, 35, 39, 42, 43, 

44, 45, 52, 56 and 58. One biopsy was identified as being HPV16-positive using 

antibodies to the HPV16 51*64 protein (TVG405), indicated by * in table 1. In 

this case the presence of other HPV types was not established. Of the 21 

lesions typed by PCR, six contained between 2 and 4 multiple HPV types, 

including HPV16 (table 5.1). These included HPV6/11, 18, 33, 39, 42 and 45. 

Normal cervical tissue was obtained from patients undergoing hysterectomy for 

diseases unrelated to the cervix, and was negative for HPV infection by PCR.
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Table 5.1 Summary of HPV16 CIN lesions

Case
no

Overall 

CIN Grade

HPV Type Case
no

Overall 

CIN Grade

HPV Type 1

001 2 16 012 3 16

002 1 16 013 2 16

003 2 16 014 3 16

004 2 16 015 2 16

. 005 2 16* 016 3 16

006 2 16,45 017 2 16/18

007 3 16 018 2 1 6 ,6 /1 1 ,4 2

008 3 16 019 1 16, 6/11, 42

009 3 16 020 1 16

010 3 16 021 3 16

011 3 6, 16, 33, 39 022 2 16,42

10 Vulval intraepithélial neoplasia lesions (VIN) were kindly provided by Dr. P. 

Baldwin (Addenbrookes Hospital, Cambridge, UK). These had been typed as 

positive for HPV16 DNA using the second set of probes outlined above. The 

HPV2 and HPV11 lesions were from the panel described in chapter 4.

Double immunostaining was carried out using the microwave epitope exposure 

method, described in section 3.2.2. Two step indirect detection with anti-mouse 

Alexa 594 (red) was used to detect LI (K1H8, DAKO). Immune complex 

detection with SABC-Fast red, described in section 3.2.2.4, was used to detect 

the following monoclonal antibodies at the concentrations outlined in table 3.2; 

MCM (47DC147, Neomarkers); PCNA (PC10, Neomarkers); Cyclin A (6E6, 

Novocastra). HPV16 E1*E4 was used directly conjugated to Alexa 488 (green) 

in fluorescent immunostaining, or directly conjugated to DIG in enzymatic 

detection, as detailed in the legend to figure 5.3. The immunostaining in figure 

5.8 was conducted with the help of Lesley Morris. Here the pressure cooking 

epitope exposure method was used, as described in section 3.2.2.2, and 

proteins were detected using the Immune complex method with SABC as 

outlined in the figure legend.
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5.4 Statistical analysis
Statistical analysis of the immunostaining patterns was carried out on lesions to 

determine if the difference in the expression patterns of viral proteins, between 

productive and abortive infections, was statistically significant. The patterns of 

virus lifecycle markers were mapped in 25 lesions (n = 5 for HPV2, HPV11, 

HPV16 CIN1, HPV16 CIN2 and HPV16 CIN3). In all lesions, staining was 

analysed only in areas of HPV infection, as determined by the presence of 

HPV16 E1*E4 immunostaining. Due to the heterogeneity of HPV16 infected 

tissues (most lesions contain more than one grade of abnormality) an area of 

approximately 300 cells, directly below the E1*E4 positive staining, was 

assessed for the presence of markers of infection in areas of different grades. In 

CIN3 areas without E1̂ ^E4 staining, an area of 300 cells was arbitrarily selected 

in lesions positive for HPV16 only. The lesions were further divided into thirds for 

analysis, bottom, middle and top, based on the grading system outlined in figure 

5.1.

As the data was not normally distributed, a combination of the Kruskal-Wallis 

and Mann-Whitney U tests was used to analyse the data. These tests compared 

the protein expression patterns with increasing lesion grade and the protein 

expression patterns between lesion grades, respectively. Statistical analysis was 

carried out using the SPSS statistical analysis programme, version 6.1 (SPSS 

inc., Chicago, USA).

5.5 Results
5.5.1 E1*E4 expression demonstrates a negative correlation with lesion 

grade in HPV16 infected cervical tissue.

Expression of HPV16 E1*E4 was examined in cervical lesions of different 

grades by immunoperoxidase staining with type specific E1*E4 antibodies. The 

E1*E4 protein was visualised with a DAB stain to enable concomitant analysis of 

tissue morphology. E1̂ ^E4 was not detectable in lesions that were negative for 

HPV 16 DNA by PCR, or in lesions caused by HPV18, and was not expressed in 

regions of normal tissue immediately adjacent to areas of neoplasia (Figure 

5.3a). Lesions that were positive for HPV16 DNA but which displayed a normal 

morphology also failed to stain. In LSIL (CIN1), E1*E4 was present in the
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intermediate and superficial layers in cells showing some evidence of 

morphological differentiation. Expression was most extensive in the top 3̂  ̂ of 

low-grade lesions (table 5.2). E1*E4 expression did not correlate with the 

presence of koilocytes (see arrows in Fig5.3b and c). This has also been 

observed in HPV11 where high levels of E1*E4 mRNA transcription were not 

restricted to koilocytes (Stoler et al. 1989).

In CIN2, whilst a small number of positive cells were still observed in the middle 

layers, E1*E4 staining was mostly restricted to the top 3̂  ̂ of the epitheHum 

(table 5.2). In all HSIL (CIN2/3), E1*E4 expression was usually restricted to 

small pockets of differentiating cells close to the surface of the epithelium 

(figures 5.3c and d). Such regions were often surrounded by more extensive 

areas of high-grade disease that showed little or no staining with antibodies to 

E1AE4, and which did not show evidence of morphological differentiation (figure 

5.3d). The E1̂ ^E4 protein was not abundant in HSIL (CIN3) (Table 5.2). Thus it 

can be determined that HPV16 E1*E4 expression in infected cervix is inversely 

related to the severity of cervical neoplasia.

Table 5.2 Mean percentage of HPV16 E1*E4 positive cells in the top 

middle and bottom 3rds of cervical neoplasia.

CIN 1 CIN 2 CIN 3

TOP 58 33 11

1 (range) (14-96) (7-74) (0-22)

MIDDLE S'"" 16 4 0

(range) (0-40) (0-11) -

BOTTOM 3'd 0 0 0

(range) - - -
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Figure 5.3 HPV16 E1*E4 immunostaining in different grades of cervical 
neoplasia HPV16 E1^E4 was detected by two-step indirect immunofluorescence. 
A DIG labelled anti HPV16 E1*E4 antibody was detected with anti-DIG-HRP 
followed by visualisation with DAB (brown). Sections were stained with 
haematoxylin (blue) to enable morphological analysis of E1^E4 positive regions. 
The large arrow marks the transition from HSIL to normal epithelium. The small 
arrows indicate E1'^E4 positive cells that do not demonstrate koilocytosis. The 
broken line indicates the basal layer. Images were taken at a magnification of 
x10.
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5.5.2 L1 expression decreases with increasing lesion grade in HPV16 

infected cervical tissue
As with other HPV lesions, L1 was only expressed in a subset of HPV16 51*54 

positive cells (indicated by arrows in figure 5.4). LI expression was most 

extensive in LSILs and like 51*54, showed a negative correlation with lesion 

grade (Figure 5.4 and Table 5.3). With increasing CIN grade, LI was lost from 

the surface layers before 51*54, and was often absent in HSIL/CIN2 lesions. 

When LI was expressed in HSIL, it was usually present in only a few cells, and 

was always confined to discrete regions showing some evidence of 

morphological differentiation. Some HPV16 lesions failed to show any LI 

expression despite having high levels of 51*54 protein in their cytoplasm. Thus 

the presence of 51*54 marked cells that were supporting the late stage of 

infection, while the presence of LI marked only those that were capable of 

producing infectious virions. 5xpression of the L1 capsid protein in infected 

cervix was inversely related to the severity of cervical neoplasia.

Table 5.3 Mean percentage of LI positive cells in the top middle and 

bottom 3rds of cervical neoplasia.

CIN 1 CIN 2 CIN 3

1 TOP 3'" 28 5 1

(range) (7-43) (0-11) (0-2)

MIDDLE 3̂ *̂ 0 0 0

(range) - - -

BOTTOM 3̂ *̂ 0 0 0

1 (range) - - -
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Figure 5.4 HPV16 21*24 and LI double staining in different grades of 
cervical neoplasia. HPV16 lesions were immunostained with HPV16 21*24 
antibodies (green) and 11 antibodies (red).Sections were counterstained with 
DAPI (blue) to identify the nuclei. The broken line represents the basal layer. 
Cells positive for both 21*24 and LI are indicated by arrows. Images were 
captured at a magnification of xIO.
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5.5.3 Expression of E7 surrogate markers increases proportional to lesion 

grade.
As in chapter 4, immunostaining for the E7 surrogate markers, MOM, PGNA and 

cyclin A was carried out on HPV16 cervical lesions. However, a different 

detection method was used in these experiments compared to those shown in 

figure 4.5. An immune complex method using a fast red substrate was used 

which gave a strong, diffuse staining pattern (outlined in chapter 3). This method 

was originally optimised and used on cervical tissue for brightfield microscopy 

(Williams et al. 1998), however it has the advantage that fast-red auto- 

fluoresces making it visible with a fluorescent microscope and thus suitable for 

both double immunofluorescent staining and histological analysis.

In normal cervix, PGNA, MGM and cyclin A expression is confined to replicating 

cells of the basal layer. In LSIL (GIN1), PGNA expression extended into the 

parabasal and intermediate layers, but never persisted into the surface layers in 

cells that were expressing E1*E4 (figure 5.5ib and iib). Gells expressing both 

PGNA and E1*E4 were apparent at the junction between the two area of 

staining (shown by arrows in figure 5.5). A similar pattern was found using 

antibodies to MGM proteins. MGM positive cells were usually observed below 

the region in which E1*E4 was abundant, and as with PGNA, cells expressing 

both E1*E4 and MGM were present at the junction between the two areas of 

staining. Gyclin A expression is observed in the cytoplasm and nuclei of cells in 

S-phase and late G2. As with other E7 surrogate markers, cyclin A persisted 

above the basal layer in LSIL but did not reach the surface in cells expressing 

E1*E4 (figure 5.5ic and iic). Unfortunately the presence of cytoplasmic cyclin A 

resulted in a failure to detect double positive cells, as the blocking out effect of 

the fast red substrate prevented the simultaneous detection of the cytoplasmic 

E1*E4 using Alexa 488.
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Figure 5.5 Staining for HPV16 E1*E4 and surrogate markers of E7 in low- 
grade cervical neoplasia. Double immunostaining for HPV16 E1*E4 (green) 
and surrogate markers of E7 expression (red) was carried out in addition to DAPI 
staining (blue) on low grade cervical neoplasia caused by HPV16. (i) Merged 
images of E1'^E4, E7 markers and DAPI at x10 magnification.(ii) Higher power 
images of the E1^E4/E7 overlap with different E7 surrogate markers,x20 
magnification. Small Arrows indicate cells positive for both E1*E4 and E7. Large 
arrows indicate cells that are E1*E4 positive but E7 negative. Broken lines 
indicate the basal layer.
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In HSIL, PCNA expression usually extended throughout the epithelium, and in 

these cases, E1*E4 expression was usually restricted to isolated cells (or 

pockets of cells) close to the epithelial surface (Figure 5.6ib and iib). The same 

temporal expression pattern was seen for MCM and cyclin A, both of which 

extended to the surface in HSIL. Small pockets of cells negative for surrogate 

markers of E7 expression, but positive for E1*E4 could occasionally be 

observed at the surface, although as in LSIL, cells positive for both E1*E4 and 

E7 could be observed in a region of overlap.

When directly compared, MCM staining was generally found to be more 

extensive than that of PCNA or cyclin A. Both PCNA and cyclin A are 

synthesised in a cyclical manner with expression at its peak in S-phase 

(Desdouets et al. 1995; Morris and Mathews 1989). In contrast, the amount of 

MCM protein does not change much during the cell cycle, but significantly 

decrease during differentiation (Musahl et al. 1998). MCM proteins have been 

demonstrated as excellent markers of dysplasia and malignancy (Freeman et al. 

1999) which coupled with their ease of detection makes them the preferred 

surrogate marker of E7 expression.

Table 5.4 indicates that the expression of MCM displays a positive correlation 

with lesion grade. All cells in the bottom were MCM positive in all grades of 

neoplasia, whilst the distribution of MCM in the upper layers of the epithelia 

varied with lesion grade. The percentage of positive cells in the middle and top 

layers increased as lesion grade increased until MCM staining extended almost 

through the whole epithelium in CIN3. In CIN 1, despite the fact that MCM didn’t 

extend to the surface of the epithelium in areas of E1*E4 staining, 39% of cells 

were positive for MCM. This was due to the fact that whilst MCM positive cells 

may not reach the surface in CIN1 they may still be present in the top 3""̂  of the 

epithelium in lesions where there is extensive hyperplasia.
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Figure 5.6 Staining for HPV16 E1*E4 and surrogate markers of E7 in high 
grade cervical neoplasia. Double immunostaining for HPV16 E1*E4 (green) 
and surrogate markers of E7 expression (red) was carried out in addition to DAPI 
staining (blue) on high grade cervical neoplasia caused by HPV16. (i) Merged 
images of E1*E4, E7 markers and DAPI at x10 magnification.(ii) Higher power 
images of the E1^E4/E7 overlap with different E7 surrogate markers,x20 
magnification. Small Arrows indicate cells positive for both E1*E4 and E7. 
Broken lines indicate the basal layer.
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Table 5.4 Mean percentage of MCM positive cells in the top, middle and bottom 

3rds of cervical neoplasia.

CIN 1 CIN 2 CIN 3

TOP 3'" 39 80 99

(range) (0-100) (0-100) (96-100)

MIDDLE 3''' 79 91 100

(range) (34-100) (48-100) (100)

BOTTOM 3̂ '* 100 100 100

(range) (100) (100) (100)

5.5.4 The expression pattern of E1*E4, L1 and MCM suggests that 
cervical neoplasia is an abortive infection in which the normal life 

cycle of the virus is not completed.
Statistical analysis of the virus lifecycle in productive and abortive HPV 

infections was carried out with the aim of determining whether protein 

expression patterns altered significantly with increasing lesion grade. 

Additionally the hypothesis that CIN1 lesions more closely represented 

productive rather than neoplastic infections was addressed by comparison of the 

CIN1 staining patterns with those of low risk HPV2 and HPV11 lesions. The raw 

counting data and final percentage data for all the lesions on which the statistical 

analysis was conducted are presented in Appendices 1, 2 and 3. The mean 

percentage of total cells positive for each marker, in each layer of the epithelium, 

is summarised in table 5.5.

While there is a significant inverse correlation between both E1^E4 and L1 

expression and lesion grade (P < 0.01, Kruskal-Wallis), the reverse is true for 

MCM proteins, which show a significant positive correlation with severity of 

disease (P < 0.01, Kruskal-Wallis). In some regions of LSIL/CIN1, E1*E4 was 

present in 100% of surface cells whilst MCM proteins were frequently absent 

from the surface cells of these E1^E4-positive regions. In HSIL/CIN 2 the 

differences between E1*E4 and MCM expression were less marked. In 

HSIL/CIN 3 the number of MCM positive cells became significantly larger than 

the E1AE4 positive population (P < 0.01, Mann-Whitney U).
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HPV2 HPV11 CIN1 CIN2 CIN3

LSIL HSIL

HPV2 HPV11 CINI CIN II CIN III

MCM E4 LI MCM E4 LI MCM E4 L1 MCM E4 LI MCM E4 L1

TOP
31 78 39 61 83 17 39 58 28 80 33 5 99 11 1

(11-56) (48-100) (15-51) (38-90) (23-100) (1-64) (0-100) (14-96) (7-43) (0-100) (7-74) (0-11) (96-100) (0-22) (0-2)

MIDDLE
58 72 0 89 16 0 79 16 0 91 4 0 100 0 0

(38-78) (27-97) - (75-100) (0-36) - (34-100) (0-40) - (48-100) (0-11) - (98-100) - -

BOTTOM
96 16 0 100 0 0 100 0 0 100 0 0 100 0 0

(81-100) (6-31) - (100) - - (100) - - (100) - - (100) - -

PRODUCTIVE
INFECTION

ABORTIVE
INFECTION

Table 5.5 Mean percentage of immunostained cells In the top, middle and bottom thirds of the epithelium in areas of HPV infection. Figures in brackets 
indicate the range. The cartoons above the table are arbitrary representations of the expression patterns of MCM (red nuclei), E1''E4 (green cytoplasm) and L1 
(yellow nuclei), observed in lesions caused by each virus type.
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There was a significant difference in the expression patterns of all the markers 

between CIN1 and CIN2 (P < 0.05, Mann-Whitney U) and CIN1 and CIN3 (P < 

0.01, Mann-Whitney U), whilst the difference between CIN2 and CIN3 was not 

significant. This supports the stratification of cervical lesions into LSIL (CINI) 

and HSIL (CIN2 and CIN3) as shown in figure 5.1.

With the exception of the presence of HPV2 E1*E4 in the bottom and middle 

epithelial layers (which is likely to be due to differences in E1*E4 expression 

observed between mucosal and cutaneous virus types, as outlined in chapter 4), 

there was no significant difference between HPV2, HPV11 and HPV16 CINI in 

the distribution of MCM, E1*E4 or LI (P <0.01, Kruskal-Wallis). This not only 

demonstrates that productive infections are homogenous regardless of epithelial 

tropism, but that HPV16 CINI closely resemble the productive infections 

observed in other HPV lesions with respect to the virus lifecycle. Consequently 

HPV16 CIN2 and CIN3 lesions demonstrate significant differences in the virus 

lifecycle compared to CINI and can be characterised as abortive infections.
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5.5.5 The pattern of E1*E4 and MCM expression is also observed in other 
lesions caused by HPV16

The increasing incidence of Vulval Intraepithélial Neoplasia (VIN) relates in part 

to HPV infection and an increase in cigarette smoking (Jones 2001). VIN is 

clinically important, principally due to the symptoms it causes and its potential to 

progress to invasive vulval cancer (Jones 2001). Due to the location of VIN 

lesions, clinicians try to avoid surgical treatment for low-grade conditions, 

preferring to use topical applications of immune stimulants (P. Baldwin, personal 

communication). Thus the tissue available for immunochemical analysis is 

usually limited to high-grade lesions. Of the 10 high-grade HPV16 VIN lesions 

studied, four contained cells positive for E1*E4. When these were double 

stained for E1̂ ^E4 and MCM, the expression patterns mimicked those observed 

for HSIL, with MCM expression elevated throughout the epithelium and E1*E4 

expression restricted to a subset of cells at the surface of the epithelium (figure 

5.7). Occasionally MCM expression was weaker or absent at the surface of VIN 

lesions (figure 5.7b). This was due to the presence of keratinised cells, as vulval 

tissue can demonstrate characteristics of both mucosal and cutaneous tissue. 

This limited analysis indicates that the pattern of E1'^E4/MCM staining observed 

in HSIL lesions is also present in high-grade VIN lesions. Thus it is possible that 

this pattern could be conserved in neoplastic HPV16 lesions, regardless of 

tissue type.
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Figure 5.7 HPV16 E1*E4 and MCM staining in high grade VIN lesions.
Double immunostaining for HPV16 E1*E4 (green) and MCM (red) was carried 
out in addition to DAPI nuclear counterstaining (blue) on high grade VIN lesions 
caused by HPV16. (i) Merged images of E1*E4, MCM and DAPI at x10 
magnification, (ii) Higher power images of the areas shown in (i) at x20 
magnification. Arrows indicate MCM/E1^E4 double positive cells. The basal layer 
is marked by the broken line.
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5.5.6 The relative abundance of MCM and E1*E4 in the upper layers of 
infected cervix highlights a possible role for MCM and E4 as 

markers of the grade of cervical neoplasia
As outlined in chapter 4, the HPV lifecycle follows a clearly defined pattern with 

respect to 51*24, MCM and LI expression that is conserved in different virus 

types. The data presented above demonstrates that this pattern is disrupted 

significantly during the progression to cervical neoplasia. There is a significant 

difference observed between CINI (LSIL) and CIN2/CIN3 (HSIL) with respect to 

the expression patterns of 21*24 and MCM.

In the cervical smear test it is the top few cell layers that are removed and 

analysed for morphological abnormality. The changing ratio of 21*24 to MCM at 

the epithelial surface in lesions lead us to hypothesise that the ratio of these 

proteins would therefore also be altered in cervical smear preparations. This 

indicated the possibility that 21*24 and MCM double staining could be used as 

an adjunct to the standard cervical smear test.

Due to difficulties in obtaining smear preparations, it was not possible to test this 

theory directly on cervical smear samples during the present study. Instead, 

double staining for 21*24 and MCM was carried out in low and high-grade 

lesions using immunoenzymatic detection methods which would be most 

compatible with the standard Pap smear.

The marked difference in expression of 21*24 and MCM can be seen at the 

junction between normal and neoplastic epithelia (figure 5.8a and b). In 

LSIL/CIN1 21*24 expression was abundant at the surface of the epithelium 

whilst MCM proteins were generally absent in regions where 21*24 was 

expressed (figure 5.8a, c and d). However, double positive cells were usually 

detected at the junction between the two regions of staining (indicated by arrows 

in figure 5.8). In a small number of cases cells expressing 21*24 and MCM 

proteins in the 21*24-positive regions appeared to be separated by several cell 

layers.
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Figure 5.8 E1*E4 and MCM double staining in cervical neoplasia of different 
grades, (a. c and dYThe E1'^E4 protein was detected with a DIG labelled antibody 
followed by anti-DIG-HRP and DAB detection (brown), while the MCM protein was 
detected with a mouse secondary antibody linked to AP and a fast red substrate 
to give the pink staining These images were taken at x20.
(b. e. f. 0 . and h) E1*E4 was detected with anti-DIG-AP and fast red, while the 
MCM was detected with anti-mouse-HRP and DAB. These images were taken at 
x10 Large arrows indicate the transition from normal to neoplastic epithelia. Small 
arrows indicate E1^E4/MCM double positive cells. The basal layer is indicated by 
a broken line. This staining was carried out with the help of Lesley Morris (Dept.of 
Pathology, Addenbrookes hospital, Cambridge)
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In HSIL/CIN2 the intensity of MCM staining varied at the surface of the 

epithelium, as did the abundance of E1*E4 positive cells. E1*E4-expressing 

cells often had flattened nuclei and/or lower levels of MCM protein as would be 

expected following the onset of terminal differentiation (figure 5.8e and f). This 

difference in morphology would be visible with the Pap smear cytological 

analysis. In HSIL/CIN3 lesions MCM staining was present in all cells at the 

surface of the epithelium (Figures 5.8g and h). Careful analysis revealed that 

E1*E4 expression was occasionally apparent in lesions that showed no 

apparent signs of differentiation (figure 5.8g).

The relative abundance of E1*E4 and MCM positive cells in the top 5 cell layers 

is shown in table 5.6. As with the previous analysis of entire lesions, there was a 

significant inverse correlation between E1*E4 and L1 expression and lesion 

grade (P<0.05, Kruskal-Wallis). The reverse was true for MCM which showed a 

positive correlation with severity of disease (P<0.05, Kruskal-Wallis). With 

respect to E1̂ ^E4 and MCM expression, E1*E4 was significantly more abundant 

than MCM in the top 5 cell layers of LSIL/CIN1 (P<0.01 Mann-Whitney U). As 

the lesions progressed to HSIL/CIN2 the difference was less marked with no 

significant difference between E1*E4 and MCM expression (P>0.05, Mann- 

Whitney U). In HSIL/CIN3 the situation was reversed with the number of MCM 

positive cells becoming significantly larger than the E1*E4 population (P<0.01, 

Mann-Whitney U).

Immunostaining, combined with this statistical analysis of staining in the cells 

that would be present in a cervical smear sample, suggests that the detection of 

E1*E4 and MCM proteins could be used to establish the grade of cervical 

neoplasia in the cervical smear test.
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Table 5.6 Percentage of immunostained cells in the five most superficial cell 

layers in areas of different grades of cervical neoplasia similar to figure 5.8. 

Each value was calculated from the analysis of 5 different sections (4 sections 

for L1).

LSIL HSIL

1 CIN1 CIN2 CIN3

1 MCM E4 LI MCM E4 LI MCM E4 LI

Mean 1 2. 

(range) | (0-11)

59

(28-100)

28

(8-44)

22

(1-51)

47

(12-91)

4

(1-11)

94

(71-100)

10

(3-28)

0

(0-1)

5.5.7 p16 on sections
p16 is a cyclin dependent kinase inhibitor which is stimulated by E2F 

accumulation, and acts by regulating the phosphorylation of Rb (Sherr 2001). 

The removal of Rb cell cycle control by the HPV E7 oncoprotein can result in 

over-expression of p16 in lesions caused by HpV (Klaes et al. 2001; Sano et al. 

1998). Thus p i6 has the potential to be used as a marker of neoplasia (Klaes et 

al. 2001).

A total of seven lesions were analysed for both E1*E4 and p i6 staining by 

double immunofluorescence. Normal tissue was completely negative for p i6 

staining. When p16 staining was present the expression pattern was 

predominantly cytoplasmic with a diffuse staining pattern, some nuclear staining 

was also observed. This expression pattern is similar to that previously 

described in cervical tissue (Klaes et al. 2001). Staining was strongest in the 

basal cells becoming weaker and more diffuse towards the surface of the 

epithelium. In areas of focal E1*E4 staining the transition from E1^E4-positive to 

E1^E4-neagtive areas within the tissue were sharply demarcated by a change in 

p i6 expression (figure 5.9b). This would suggest that E7 was not being 

expressed at levels sufficient to trigger p i6 expression in these p i6 negative 

cells.
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In CIN1 lesions p16 staining was restricted to the basal and parabasal cells and 

did not reach the surface of the epithelium (figure 5.9a). In CIN2 lesions p16 

staining was observed from the basal to the intermediate layers (figure 5.9b). In 

both CIN1 and CIN2 lesions no overlap between 51*24 and p16 was observed. 

In CIN 3, where 21*24 was absent, p16 staining was observed throughout the 

lesions, although expression was most intense in the basal cells, decreasing in 

intensity in the parabasal cells and above (figure 5.9c).

An unusual pattern was seen in one of the CINI lesions (figure 5.9a). Although 

the entire epithelium was stained for 21*24 and thus in the productive stages of 

the virus lifecycle, the p i6 staining in the basal cells was sporadic. This could be 

the result of lesion regression, although would seem unlikely to be confined to 

such a specific area, in which 21*24 is expressed at the same level as in 

adjacent tissue. It is more likely that this is the result of poor antigen fixation or 

preservation, which would also account for the ‘edge effect’ background staining 

at the surface of this lesion.

The p i6 expression patterns observed in this limited number of tissues mimic 

those of Klaes et al (Klaes et al. 2001), and indicate that double staining with 

21*24 and p i6 may be an alternative to the MCM/21*24 staining outlined 

above.
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Figure 5.9 HPV16 E1*E4 and p16 staining in different grades of cervical 
neoplasia. Double immunostaining for HPV16 E1*E4 (green) and p16 
(red) was carried out in addition to DAPI nuclear counterstaining (blue). p16 
(MTM-E6H4) was detected using the microwave epitope exposure method and 
three step indirect detection with anti-mouse-biotin, followed by detecteion with 
avidin-Alexa 594, as previously outlined in chapter 3. The basal layer is 
indicated by the broken line. Magnification (a) x20, (b and c) x10.
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5.6 Discussion
In HPV infected cervix, completion of the virus life cycle and the production of 

infectious virions is a characteristic of low-grade lesions. Abortive infections fail 

to make virus particles and can even fail to support genome amplification and 

E1*E4 expression. However, abortive infections should not be confused with 

latent infections which also fail to support genome amplification and do not 

express E1*E4. In latent infections the virus is not active and infected tissue 

displays a normal morphology and expression patterns of proliferation markers 

remain normal.

From the work presented here it is clear that the staining pattern of cells at the 

surface indicate the extent to which the virus life cycle has been completed. 

Thus the presence of E1^E4/L1 expressing cells indicate initiation of virus 

synthesis, where as cells expressing E1̂ ^E4 alone indicate the completion of 

genome amplification but failure to initiate virus synthesis. The presence of 

E1'^E4/MCM expressing cells suggests active genome amplification, while cells 

expressing just MCM are likely to be proliferating and are abundant at the 

surface in high-grade lesions.

Consequently, it was hypothesised that the severity of cervical disease can be 

predicted from the presence of these three markers of HPV infection which are 

expressed at the epithelial surface. To discriminate between uninfected cervix, 

LSIL (CIN 1) and HSIL (CIN 2/C IN 3), the expression patterns of all three 

markers in the surface layers of cervical neoplasia of different grades has been 

studied. While there was a significant inverse correlation between both E1*E4 

and L1 expression and lesion grade, the reverse was true for MCMs, which 

showed a positive correlation with severity of disease (Table 5.4). In some LSIL 

(CIN1), E1*E4 was present in 100% of surface cells whereas MCM was present 

in 0%. As the lesions progressed to HSIL/CIN2 the differences were less 

marked, with no significant difference between E1'^E4 and MCM expression. In 

HSIL/CIN3 the situation was reversed with the number of MCM positive cells 

becoming significantly larger than the E1̂ ^E4 positive population. Loss of E1'^E4 

follows loss of LI during cancer progression with the percentage of E1*E4 

positive cells that express LI decreasing as lesion grade increases.
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By analysing the virus lifecycle in different grades of HPV16 induced neoplasia it 

has been determined here that the expression patterns of the viral proteins 

E1*E4, L1 and E7 (as indicated by surrogate markers) change significantly as 

lesions increase in severity (figure 5.10).

We have determined that CINI lesions support productive infections, and are 

statistically comparable to low risk infections in both cutaneous and mucosal 

tissue. CIN2 and CIN3 lesions are statistically different from CINI, and represent 

abortive infections in which the virus lifecycle is not completed. When compared 

to the existing grading systems, this data supports the use of the Bethesda 

system of LSIL/HSIL rather than the three divisions of CIN, as we have 

demonstrated that there is no significant difference between CIN2 and CIN3 

(HSIL) with respect to lifecycle events, while CIN 1(LSIL) represents a separate 

morphology.

The most striking conclusion to arise from this work is that every cell supporting 

productive infection should express one or more of these proteins, and that the 

particular combination of proteins present in any particular cell identifies a 

particular stage in the virus life cycle. The morphological changes associated 

with HPV infections are identified during routine cervical screening and allow 

classification of the severity of disease. During progression to cancer, the extent 

of cellular differentiation decreases and actively proliferating cells are detected 

in higher numbers at the epithelial surface, (reviewed in (Wright et al. 1994)). 

Thus the ratio of E1'^E4 expressing cells to MCM expressing cells in a cervical 

smear preparation could indicate the grade of GIN in the underlying epithelium. 

Cells positive for E1*E4 alone would indicate lesions capable of productive 

infection and thus low-grade abnormality. Cells positive for MCM alone would be 

the result of cellular proliferation at the surface and would suggest high-grade 

abnormality. The presence of E1^E4/MCM double positive cells would indicate 

that whilst proliferation was present, some surface differentiation was still taking 

place. Thus the severity of cervical neoplasia might be predicted from the 

relative abundance of MCM and E1'^E4 in the upper layers of infected cervix.
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Figure 5.10 A cartoon showing how the expression patterns of key vial proteins change as lesion grade increases
LSIL/CIN1 lesions represent productive infections in which the virus lifecycle proceeds through clearly defined stages, marked by the 
expression of key viral proteins E7, E1*E4 and LI. This pattern was conserved in all productive infections studied. During progression 
from LSIL to HSIL(CIN2/CIN3), completion of the virus lifecycle is compromised, and the expression paterns of these markers is 
significantly altered. In HSIL/CIN2, E1*E4 and L1 expression are reduced, when compared to LSIL/CIN1, while MCM expression is 
increased. In HSIL/CIN3, very few cells express E1*E4 at the epithelial surface, while cells expressing MCM are abundant.Cells 
expressing L1 are rareely detected. The ordered expression of these proteins at the surface of the epithelium during productive infection 
and precancerous progression provides a potentially precise way of predicting the grade of underlying cervical precancer from a cervical 
smear.
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Cervical neoplasia can contain more than one HPV type (Crum et al. 1990) and 

several of the lesions used in this study were infected with multiple virus types. 

In this study we have confined our analysis to cervical neoplasia caused by 

HPV16, as the currently available antibodies to HPV16 E4 (TVG 405) are of 

extremely high affinity and allow the detection of the protein without the need for 

any form of signal amplification step (D o o rb a r  e t a l. 1997). The phage display 

approach used to generate these E1*E4 antibodies could be extended to 

produce antibodies to detect other E1*E4 proteins or for groups of E1*E4s so 

that a wider panel of biopsies can be examined. Type specific E1*E4 antibodies 

have been developed for several HPV types (Doorbar et al. 1986; D o o rb a r  et al. 

1997; Peh et al. 2002) including the closely related HPV11 and HPV6 types 

(Brown et al. 1991). Thus it should be possible to develop antibodies that would 

not only identify the presence of the HPV E1*E4 protein, but would also allow 

the infecting HPV type to be established as either high or low risk, allowing 

appropriate management of early cervical lesions.

The choice of cellular protein to use as a surrogate marker of E7 activity 

depends on its ease of detection and on the availability of high affinity antibodies 

with good specificity. Of the three antibodies used here (MCM, PCNA and cyclin 

A), cyclin A appeared the least suitable as its expression in the cytoplasm 

caused problems when double staining, as the fast red substrate blocked out 

E1*E4 staining (5.5.3). Both PCNA and MCM represent superior markers, as 

they are easily detectable using commercially available antibodies. The pattern 

of staining of MCM and PCNA in productive infections was very similar and the 

overlap region between loss of these proteins and the appearance of E1'^E4 was 

very apparent. Although PCNA is essential for viral genome amplification 

(where as MCMs are not thought to be), MCMs are abundant and stable 

proteins (Kearsey and Labib 1998) and thus more likely to be visualised during 

routine screening where conditions for detection may be suboptimal. Indeed, 

previous studies have suggested that MCM has advantages over PCNA in the 

detection of proliferating cells in cervical cancers (Williams et al. 1998).

The exclusive use of HPV16 lesions may account for our observation that only 

low numbers of MCM-positive cells can be found in the surface layers of LSIL. A
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higher frequency was reported previously using LSILs that were not typed for 

the presence of a HPV (Williams et al. 1998). Although differences in 

classification may also contribute to apparent differences in the level of surface 

MCM, both studies conclude that MCMs are useful markers of cervical 

neoplasia, and that their surface abundance increases during cancer 

progression. Indeed, the use of antibodies to MCMs in an immunoenhanced Pap 

smear has been proposed (Williams et al. 1998). Although proliferation markers 

such as MCMs are reliable indicators of HSIL they are less abundant in the 

surface layers of low-grade lesions or condyloma (Williams et al. 1998) and are 

absent in productive infections caused by several HPV types including HPV16. 

Although MCM proteins are absent in the upper layers of normal cervical 

epithelium (Freeman et al. 1999; Williams et al. 1998), they may be present 

during wound healing or in cells that are stimulated to proliferate as a result of 

inflammation (Klaes et al. 2001). In these situations, the finding of an MCM- 

expressing cell may be misinterpreted as indicating the presence of HSIL. It 

would be advantageous to detect a cellular protein as specific for virus infection 

as are E1*E4 and LI. Recently it has been shown that the cyclin dependent 

kinase inhibitor (CDKI) p i6 is upregulated in high grade lesions caused by HPV 

(Klaes et al. 2001; Sano et al. 1998). The rationale for this is well understood: 

unscheduled cell cycle entry caused by E7 stimulates a checkpoint response, 

the end result of which is that p i6 levels rise. In the absence of E7, such a 

response would result in the arrest of cells in G1 due to the inhibition of cyclin D 

activity. By binding directly to Rb and releasing the E2F transcription factor, E7 

by-passes cyclin D-mediated regulation of cell cycle progression (Klaes et al. 

2001; Sano et al. 1998). Thus in HPV infected cervix, p i6 levels are high and 

cell division continues. Such a situation is never seen in wound healing or 

inflammation (Magnus von Knebel Doeberitz, personal communication).

The additional advantage of p i6 over staining for MCM or other proliferation 

markers is its ability to differentiate between infections caused by high and low- 

risk HPV. In lesions of all grades caused by high-risk HPV types, p i6 

overexpression was observed whilst in lesions caused by low-grade HPV p i6 

could not be detected (Klaes et al. 2001; Sano et al. 1998). It is thought that this 

might be attributable to differences in functional inactivation of the Rb protein by
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different HP Vs (Klaes et al. 2001; Sano et al. 1998). This ability to differentiate 

between high and low-risk infections has significant implications in terms of 

progression and disease management, as p i6 staining is still absent from the 

superficial epithelia in low-grade lesions and from low-grade cervical smears 

(Klaes et al. 2001). Thus p16 immunostaining will only detect high-grade cervical 

abnormalities caused by high-risk virus types.

Cervical Intraepithélial Neoplasia represents a precursor for invasive cervical 

cancer. The risk of progression to invasive cervical cancer increases with 

increasing CIN grade (Pinto and Crum 2000). Thus survival rate for this disease 

is much higher for women whose CIN is treated early before progression to 

invasive cancer can occur (CRC 1994b). This coupled with the frequent absence 

of symptoms in early cervical neoplasia provides an incentive to detect the 

disease at an early stage when treatment is most likely to be successful.

With this in mind it would appear that one possible rational for HPV 

immunostaining in cervical lesions and smears would be to use combined 

immunostaining for p i6 and E1*E4. This could ultimately provide information not 

only on the grade of neoplasia but also the presence and type of HPV infection. 

This hypothesis needs to be fully validated on biopsies and cervical smear 

preparations. However, it is anticipated that when used in combination with the 

standard Pap test that this would result in better definition of the underlying 

disease state and enable more efficient and cost effective disease management. 

Although no analysis of E1'^E4 staining in cervical smears has been carried out, 

LI has been detected in smear preparations (Neumann et al. 2001). In this 

study LI was detectable in 91% of smear samples, although the grades of the 

samples studied is not known. As we have demonstrated, all LI positive cells 

contain E1*E4 and the disappearance of LI precedes that of E1*E4 with 

increasing neoplasia. From this it can be assumed that E1*E4 would be 

detectable in cervical smears, not only in the LI positive cells, but also in an 

additional proportion of LI negative cells depending on lesion grade.
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6 Analysis of differentiation in lesions caused by different HPV 

types

6.1 Introduction
The HPV lifecycle is differentiation dependent, and the late stages are only 

completed in differentiating epithelium. It has been suggested that differentiation 

regulates viral genome amplification and the late stage of the virus lifecycle 

(Bedell et al. 1991), Presumably, upon differentiation there is a decrease in the 

level of the transcriptional repressors and/or an increase in the level of the 

transcriptional activators necessary for the activation of the differentiation 

dependent late promoter. Many of the factors involved in the regulation of the 

early promoter are both tissue specific and involved in the transcriptional control 

of keratinocyte genes (Eckert et al. 1997; Howley 2001a). Thus it seems likely 

that the same would follow for factors involved in the regulation of the late 

promoter. Analysis of the patterns of keratinocyte-specific gene expression in 

productive HPV induced lesions may suggest mechanisms involved in the 

differentiation dependent activation of the late promoter.

In chapter 4 it was demonstrated that although the expression pattern of E1*E4 

varied between virus types, E1̂ ^E4 was always expressed in the differentiating 

epithelium and its expression correlated with the onset of vegetative viral DMA 

replication. As a result of this, E1*E4 can be used as a marker of the late stage 

of the virus lifecycle. The expression of E1*E4 has been correlated here with 

markers of cellular differentiation that were chosen based on their expression 

patterns in normal differentiating epithelium.

The relationship between HPV and differentiation has been analysed extensively 

in CIN lesions, where terminal differentiation is disrupted, and the expression of 

differentiation markers changes significantly with increasing lesion grade 

(reviewed in (Smedts et al. 1993)). The development of cervical neoplasia is not 

only dependent on the presence of HPV, but is the result of complex interactions 

between many factors and events that are not completely understood (see
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section 5.2.2). It is thought that secondary cellular events may contribute to the 

total loss of differentiation seen in HPV-induced neoplasia (Hudson et al. 1990).

In this study the late stage of the virus lifecycle has been examined, with respect 

to the expression of proteins associated with different stages of terminal 

differentiation, only in productive infections caused by a low-risk virus types. The 

aim of this investigation was to address three key points:

a) Whether the normal pattern of epithelial differentiation was disrupted 

by the virus lifecycle in productive HPV infections caused by different low-risk 

HPV types.

b) Whether initiation of the late stage of the virus lifecycle (as marked by 

E1*E4 expression) correlates with a specific event in the process of epithelial 

differentiation.

c) If either of the above are true, whether any pattern is observed 

between virus types which might point to factors involved in the control of the 

late stage of the virus lifecycle.

6.1.1 Differentiation markers
As outlined in chapter 1, epithelial cell differentiation is defined by morphological 

changes that take place as the cell migrates from the basal layer to the epithelial 

surface. Keratins are the main structural proteins of the epidermis, constituting 

up to 85% of the total protein content of a fully differentiated keratinocyte (Fuchs 

1995) and providing mechanical strength to the cell. Keratins are members of 

the intermediate filament (IF) protein family. Intermediate filaments derive their 

name from their width, which differs from that of the other primary components 

of the cytoskeleton, microtubules (25nm) and actin (7nm). IFs form a-helical 

coiled-coil dimers that associate to form filaments lOnm in diameter. Keratins 

are divided into two major groups, type I and type II, based on sequence 

comparisons (Fuchs and Weber 1994). Intermediate filament formation requires 

the presence of a type I and type II keratin to form a heterotypic filament (Eckert 

et al. 1997). Thus, pairs of keratins are expressed differentially in most epithelial 

cells at various stages of development and differentiation (summarised in table

6.1 and figure 6.1) (Moll et al. 1982; Sun et al. 1983)).
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Basal cells are distinguished by an intracellular cytoskeleton composed of a 

dispersed but extensive network of keratin filaments. These filaments are made 

up of a 1:1 ratio of two distinct keratin proteins: K5 and keratin 14 (Nelson and 

Sun 1983), which constitute 20-25% of the total basal cell protein content (Fuchs 

and Cleveland 1998). Figure 6.2a shows the pattern of keratin 14 expression in 

normal tissue.

Once the cells leave the parabasal layer they are post mitotic but still 

metabolically active. These cells commit most of their protein synthesising 

machinery to manufacturing two new differentiation dependent keratins, K1 and 

keratin 10 (K4 and keratin 13 in mucosal tissue) (Eckert et al. 1997). Thus the 

parabasal cells contain a mixture of these two keratin populations (i.e. basal and 

differentiation dependent). Although the keratin types differ between cutaneous 

and mucosal tissue, the expression patterns are similar with keratin 13 and 

keratin 10 being expressed as soon as the cells leave the basal layer. The 

expression of these keratins continues to the surface of the tissue (figure 6.2b). 

In addition to keratins these cells also make involucrin which is a soluble 

precursor of the cornified envelope. Involucrin is immunologically and 

biochemically unrelated to keratin, and its expression appears to be controlled 

independently of keratin production ((Eckert et al. 1993) and references therein). 

Involucrin is expressed in the cytoplasm of cells from the parabasal layer to the 

surface of the epithelium, and shows a pattern similar to that of keratin 10. 

Expression was first observed slightly later than keratin 10, with involucrin first 

being detectable in the upper parabasal cells (figure 6.2c), Although occasional 

basal cells stained positive for involucrin in SCID lesions.
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Figure 6.1 Schematic presentation of the pattern of gene expression during 
epidermal keratinocyte differentiation (Modified from Eckert, 1997).

Cytokeratin

Epithelial layer Epithelial type Type 1 Type II

Basal cells All stratified epithelium K14 K5

Suprabasal cells Epidermis K10 K1

Non cornifying stratified 
squamous epithelium

K13 K4

Table 6.1 Expression patterns of primary keratin pairs in normal epithelium 
(Moll, 1999).
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Figure 6.2. Differentiation marker staining on normal plantar cutaneous 
tissue and SCID mouse xenograft tissue. Markers were detected with an 
Alexa-594 labelled secondary antibody (red) and sections were 
counterstained with DAPI (blue) to identify the nuclei. Arrows indicate 
involucrin positive basal cells in SCID lesions, shown without DAPI in the 
inset. The basal layer is indicated by a broken white line. Lesions were 
photographed at x20 magnification.
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As the cells enter the granular layer, they cease expression of keratin and 

envelope proteins, and produce later markers of differentiation such as filaggrin 

and loricrin (Candi et al. 1995; Dale et al. 1993). Filaggrin is a keratin 

intermediate filament associated protein. Filaggrin is synthesised as a 

functionally inactive precursor, profilaggrin, which does not associate with 

keratin filaments (Ford 1986). Processing of profilaggrin to filaggrin occurs 

during transition of a granular cell to a cornified cell (Dale et al. 1993). Filaggrin 

then aggregates keratin filaments, cross-linking them to form a scaffold matrix 

which holds the keratins in place (Ford 1986). Filaggrin is expressed in the 

granular layers of epithelial tissue, where its distribution is granular and 

cytoplasmic (figure 6.2d). Loricrin is synthesised at the same time as filaggrin 

and functions as a major reinforcement protein in the cornified envelope (Candi 

et al. 1995; Fuchs 1990).

6.2 Clinical material
The lesions detailed in chapter 4 that were analysed for the presence of lifecycle 

proteins were also stained for markers of cellular differentiation. In some cases 

additional sections were not available for immunostaining. This was due to the 

limited availability of clinical material. HPV63, n = 4; HPV65, n = 3; HPV2, n = 

16; HPV11, n = 12. As outlined in chapter 3, it was not possible, in lesions 

caused by HPV11 and HPV65, to achieve optimal staining for both 

differentiation markers and E1*E4. This is because antibodies to HPV11 E1*E4 

and HPV65 E1*E4 gave high background staining despite repeated attempts to 

optimise the immunostaining protocol.

As keratins are expressed in pairs, staining for only one member of the pair is 

shown, although antibodies to other keratins were also tested. The keratin type 

examined depended on the availability of a suitable and specific antibody that 

worked on paraffin embedded tissue. Double immunostaining was carried out 

using the microwave epitope exposure method, described in section 3.2.2.1. 

Two step indirect detection with anti-mouse Alexa 594 (red) was used to detect 

the following monoclonal antibodies at the concentrations outlined in table 3.2: 

Keratin 14 (LL001, ICRF); keratin 10 (DE-KID, Neomarkers); keratin 13 (KS- 

1A3), Novocastra); involucrin (SY5, Neomarkers); filaggrin (576, Biogenesis).
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Two step indirect detection with anti-rabbit or rat Alexa 488 (green) was used to 

detect the polyclonal E1*E4 antibodies at the concentrations outlined in table 

3.2.

6.3 Results
6.3.1 Keratin 14 expression is disrupted to different extents by different 

HPV types
In normal tissue no keratin 14 staining was observed above the parabasal layer 

(figure 6.2a). In all lesions except those caused by HPV65, keratin 14 

expression was first observed in the basal cells and extended throughout the 

lesions to the surface (fig 6.3). This demonstrates that the initiation of basal cell 

keratin expression is not altered during HPV infection, but that the protein 

persists throughout the epithelium in HPV infected tissue. The intensity of 

keratin 14 staining varied within the different lesions. In lesions caused by 

HPV2, keratin 14 appeared to be present at consistent levels throughout the 

epithelium with E1^E4-positive and negative cells showing similar extents of 

keratin 14 staining (figures 6.3a and 6.4a). Although E1^E4-positive cells 

contained keratin 14, there appeared to be no obvious correlation between the 

proteins, although this will be discussed further in chapter 7. As the E1*E4- 

positive cells are morphologically different to E1^E4-negative cells some change 

in distribution of keratin 14 was observed, although it is not known if this is a 

result of an intracellular association between E1*E4 and keratins.

In HPV11 lesions, although keratin 14 was also present above the basal layer, 

staining was most intense in the basal cells and decreased in intensity towards 

the surface (figure 6.3c). Keratin 14 expression appeared to be upregulated in 

the surface layers in E1^E4-positive areas where isolated intense keratin 14 

positive cells were apparent. The keratin 14 positive staining did not correlate 

with E1*E4 staining as the apparent reactivation of keratin 14 expression 

occurred before the appearance of E1*E4. The E1^E4-positive cells were not 

always found to be keratin 14 positive (figures 6.3c and 6.4c).
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Figure 6.3 Keratin 14 and E1*E4 double stains in lesions caused by 
different HPV types. Lesions were stained for keratin 14 (red) and E1*E4 
(green). Sections were counterstained with DAPI (blue) and photographed at 
x10 magnification. Arrows indicate double positive cells in HPV11 and HPV63. 
The broken line indicates the basal layer.
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Figure 6.4. Areas of figure 6.3 magnified to x20.
Arrows in figure (b) show E1^E4 positive cells which are also expressing keratin 
14, although at a reduced level. In figure (c) the arrows indicate E1^E4 positive 
cells demonstrating different intensities of keratin 14 staining, despite similar 
E1*E4 expression. The broken lines indicate the basal layers.
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In lesions caused by HPV63, the keratin 14 expression pattern again extended 

throughout the epithelium from the basal cells to the surface, but as with HPV11 

the staining became less intense towards the surface (figure 6.3d). The pattern 

of keratin 14 expression was irregular with individual cells varying in their 

intensity of keratin 14 staining. Initial analysis of the keratin 14 staining pattern 

highlighted areas in the upper epithelium where the expression of E1*E4 and 

keratin 14 appeared to be exclusive (figure 6.3d). However although the 

intensity of keratin 14 staining was often reduced in E1^E4-positive cells, cells 

positive for both proteins were observed (figure 6.4d). However these double 

positive cells were present in the lower epithelium, whilst exclusion between 

E1*E4 and keratin 14 was observed in cells in the upper epithelial layers. This 

could indicate protein exclusion as levels of E1*E4 increase.

In lesions caused by HPV65, keratin 14 persisted into the parabasal layer, but 

was not expressed above this. No overlap with E1̂ ^E4, which was expressed in 

the granular layer and above, was observed (figure 6.3e and 6.4e).

6.3.2 keratin 10 expression is delayed in cutaneous lesions
Differentiation specific keratins are expressed when cells leave the basal layer in 

normal tissue (figure 6.2b). Unlike the basal cell specific keratin 14, which is 

found both in cutaneous and mucosal tissue, the differentiation dependent 

keratins are tissue specific. Keratin 10 is found in cutaneous tissue while keratin 

13 is the mucosal equivalent. In the HPV lesions studied, keratin 10 staining 

varied in intensity throughout the lesion with isolated intensely stained cells 

(figure 6.5). However this could not be directly correlated with the presence of 

E1*E4 expressing cells. In normal tissue, keratin 10 staining becomes more 

intense in the upper layers of the epithelium (figure 6.2b). Thus the differing 

intensities of keratin 10 staining in HPV lesions may thus indicate differences in 

the extent of cellular differentiation.

In lesions caused by the cutaneous virus types HPV2 and HPV63, keratin 10 

expression was delayed when compared to normal tissue (figure 6.5 and 6.6 a 

and c). In such lesions keratin 10 was first observed in the upper spinous layer, 

in contrast to the normal expression pattern where keratin 10 was apparent in
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the parabasal layers and above. Although the expression of keratin 10 was 

delayed, the timing of keratin 10 expression relative to the first appearance of 

E1*E4 varied between these virus types. In lesions caused by HPV2, keratin 10 

and E1*E4 could be first detected at the same point in the epithelium (figure 

6.5a and 6.6a). Whilst in HPV63 lesions, E1*E4 expression was observed 

before keratin 10 (indicated by arrows in figure 6.5c and 6.6c).

In lesions caused by HPV11, the temporal expression of keratin 10 did not differ 

from normal tissue (figure 6.2c) with expression being observed from the 

parabasal cells to the surface. However within the E1'^E4 positive areas, keratin 

10 expression was disrupted, with the staining appearing much weaker 

compared to the E1*E4 negative areas (figure 6.5b). This is similar to a staining 

pattern observed in ROPV lesions (discussed in chapter 8). Although in HPV11 

lesions the keratin 10 staining was reduced in areas of E1*E4 staining, this does 

not appear to correlate with E1*E4 expression as the reduced keratin 10 

staining is observed before the appearance of E1*E4 expression. Additionally 

cells positive for both E1*E4 and keratin 10 were present (figure 6.6b).

Due to difficulties in staining for HPV65 E1*E4 and keratin 10 in the lesions 

studied, it was difficult to determine specifically the pattern of keratin 10 

expression relative to E1*E4 (figure 6.5d). Isolated cells stained intensely for 

keratin 10, but these did not correlate with E1'^E4 expression, as E1*E4-positive 

cells that were both positive and negative for keratin 10 could be observed 

(figure 6.5d).

Previous analysis has suggested that E 1 * E 4  and differentiation dependent 

keratins are exclusive in their expression patterns (Breitburd et al. 1 9 8 7 ;  Bryan 

and Brown 2 0 0 0 ;  D o o rb a r  et a l. 1 9 9 7 ) .  Whilst in cells positive for HPV63 E 1 * E 4 ,  

some protein exclusion between E 1 * E 4  and keratin 1 4  expression was 

apparent, no such patterns were observed for keratin 10. Cells expressing both 

E 1 * E 4  and keratin 1 0  proteins could be observed in all virus types (indicated by 

small arrows in figures 6.5 and 6.6).
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Figure 6.5 Differentiation dependent keratins and E1*E4 double stains in 
lesions caused by different HPV types, lesions were immunostained for 
keratin 10 (red), E1*E4 (green) and counterstained with DAPI (blue). Images 
were taken at xIO magnification. Small arrows indicate cells where E1'^E4 and 
keratin 10 are detected at the same time. Large arrows indicate cells where 
E1*E4 can be detected in ceils without keratin 10. The broken line indicates the 
basal layer.
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Figure 6.6 Areas of figure 6.5 magnified to x20. Cells positive for both El *24 
and keratin 10 are indicated by small arrows and cells where 21*24 is detected 
in cells without keratin 10 are indicated by large arrows. Broken lines indicate 
the basal layer.
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Previous studies have used serial sections or double immunostaining followed 

by enzymatic detection where the exclusion is most likely the result of one stain 

blocking out the other rather than direct exclusion. The results outlined here are 

comparable with other fluorescent double staining results which demonstrated a 

reduced amount of K1/10 expression but no direct exclusion in HPV1 or HPV63 

lesions (D o o rb a r  et al. 1997).

6.3.3 Expression of keratin 13 is activated in productively infected HPV11 

xenograft tissue
In normal human foreskin epithelium, keratin 13 is absent (figure 6.7a and b). In 

lesions caused by HPV11, generated using the SCID model with human foreskin 

tissue, keratin 13 could be detected in areas of productive infection whilst areas 

of adjacent normal tissue were negative for keratin 13 (figure 6.7 a and b). In 

areas where E1*E4 was detected in the intermediate layers and above, keratin 

13 expression was observed from the parabasal cells to the surface (figure 6.7c 

and d). This corresponds to the normal pattern of keratin 13 observed in 

mucosal tissue (Moll 1999). Staining was also observed in occasional basal cells 

(figure 6.7c and d). In areas of reduced E1*E4 staining (where E1*E4 was 

expressed in the top 4 cell layers only) keratin 13 expression was first detectable 

in the intermediate layers (grey arrow in figure 6.7c). The extent of keratin 13 

expression relative to the abundance of E1*E4 would suggest that keratin 13 

expression was activated to varying extents by the activity of HPV11, although 

this is difficult to quantify as the number of cell layers differs within the lesions. 

E1*E4 and keratin 13 were not expressed at the same point following 

differentiation, and cells positive for both proteins could be detected (figure 6.7d) 

This suggests that activation of keratin 13 expression is unlikely to be related to 

E1*E4 expression. Interestingly the expression of keratin 13 occurred in areas 

where keratin 10 expression was reduced. Thus there may be protein exclusion 

between different keratins.
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Figure 6.7. Keratin 13 an HPV11 E1*E4 double immunostaining on SCID 
lesions caused by HPV11. Lesions were double stained for keratin 13 (red) 
and HPV11 E1''E4 (green). Lesions ere counterstained with DAPI (blue) and 
photographed at the magnifications indicated. Arrows in (a) and (b) indicate the 
boundary between areas of productive infecton and areas of normal tissue. The 
grey arrow in (c) indicates an area where expression of both E1*E4 and keratin 
13 are reduced. Arrows in (d) indicate cells positive for both E1'^E4 and keratin 
13. The broken lines indicate the basal layer.
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6.3.4 The expression pattern of Involucrin Is only minimally disrupted In 

productive HPV Infection
In lesions caused by HPV2, HPV63 and HPV65, involucrin is first expressed at 

the same point following differentiation as that observed in normal tissue, with 

expression first observed in the parabasal cells and above (Figure 6.2c and 

figure 6.8a, c and d). There are occasional areas in lesions caused by HPV63 

where involucrin is additionally observed in the basal cells (figure 6.8c). In 

lesions caused by HPV11, involucrin was also apparent in isolated basal cells, 

but this was also observed in normal tissue (figure 6.2c and 6.8c). That the 

temporal expression of involucrin remains unchanged between productively 

infected tissue and adjacent tissue without E1^E4-expression is best 

demonstrated in HPV11 induced lesions shown in figure 6.8d. The intensity of 

involucrin staining is consistent throughout the epithelium and is not significantly 

altered in the E1^E4-positive cells in lesions caused by HPV11, HPV63 and 

HPV65 (figure 6.9c,d and e). This is not the case in lesions caused by HPV2 

where involucrin staining is more intense in E1^E4-positive cells than E1*E4- 

negative cells (figures 6.8 and 6.9a). This does not appear to be a result of 

E1^E4/involucrin co-localisation, as the intracellular staining patterns of the two 

proteins differ (figure 6.9b).

161



Merge E1*E4 Involucrin

(b)HPV11

(d) HPV65

Figure 6.8. Involucrin and E1*E4 double immunostaining on lesions caused 
by different HPV types. Lesions were immunostained for involucrin (red) and 
E1*E4 (green). Lesions were counterstained with DAPI (blue) and photographed 
at x10 magnification.The arrow in (b) indicates the borderbetween E1^E4 positive 
and E1AE4 negative areas of the lesion. The basal layer is indicated by a broken 
white line.
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Figure 6.9. Areas of lesions from figure 6.8 at higher magnification.
All images were taken at x20 magnification, with the exception of (b) which was 
taken at xlOO to highlight differences in the intracellular staining patterns of 
involucrin and E1*E4 in HPV 2 lesions. The broken lines indicate the basal layer.
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6.3.5 Filaggrin expression in lesions caused by different HPV types
In normal tissue, filaggrin was observed in the granular layers of the epithelium, 

and was detectable only in the upper 3 to 4 cell layers of the epithelium (figure 

6.2d). Interestingly, in lesions caused by HPV infection, the number of surface 

cell layers stained for filaggrin was increased. This was also observed previously 

in HPV1 and HPV2 lesions (Viac et al. 1989). The increase in filaggrin staining 

appeared to be proportional to the thickening of the epithelium, as the proportion 

of the epithelium stained for filaggrin remained approximately the same 

compared to normal.

In lesions caused by HPV2, 51*54 and filaggrin were first detected at the same 

point in the epithelium as 51*54 (figures 6.10a and 6.11a). Filaggrin stained all 

cells in the top third of the epithelium with a diffuse/granular cytoplasmic pattern. 

The filaggrin pattern did not differ significantly between 51*54-positive and 

51*54-negative cells (figure 6.11b).

Compared to normal staining, filaggrin expression was disrupted in lesions 

caused by HPV11 (figure 6.10b and 6.11c). As observed with the pattern of 

keratin 13 expression discussed above, filaggrin expression appeared disrupted 

in proportion to the extent of 51*54 staining. In areas of abundant 51*54 

expression, filaggrin staining was patchy and irregular, and some cells had no 

filaggrin staining at all. In other areas that contained only small numbers of 

51*54-positive cells the filaggrin staining pattern, although not normal, was less 

disrupted (areas indicated by arrows in figure 6.10b). The distribution of filaggrin 

did not correlate with that of 51*54, and cells positive for 51*54 may of may not 

express filaggrin (figure 6.11b).

In HPV65 induced lesions, the filaggrin staining pattern was more granular than 

in HPV2 or HPV11 induced lesions, with diffuse staining being observed in the 

cornified layers. Isolated 51*54-positive cells were detected in the intermediate 

layers with the majority of 51*54-positive cells being detectable at 

approximately the same position in the epithelium that cells expressing filaggrin 

were observed (figure 6.10c). Occasional 51*54 positive cells were detectable 

before the first appearance of filaggrin.
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Figure 6.10. Filaggrin and E1*E4 double immunostaining in lesions caused 
by different HPV types. Sections were double stained with filaggrin (red) and 
E1*E4 (green). Sections were counterstained with DAPI (blue) and 
photographed at xIO magnification. In (b) the large arrow indicates an area with 
abundant E1^E4 staining, the small arrow indicates an area with only a few 
E1*E4 positive cells. The broken line indicates the basal layer.
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Figure 6.11. Areas of lesions from figure 6.10 at higher magnification. All
images were taken at x20 magnification, with the exception of (b) which was 
taken at xlOO to highlight the similarity in filaggrin expression patterns between 
51*54 positive and 51*54 negative cells. In c and d the large arrow indicates 
an 51*54 positive cell in which filaggrin is not expressed. The small arrow 
indicates an 51*54 positive cell in which filaggrin is expressed, although 
reduced compared to 51*54 negtive cells. The broken lines indicate the basal 
layer.
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This has previously been observed in the cutaneous virus types HPV1 and 

HPV63, where E1*E4 was expressed lower in the epithelium than filaggrin 

(D o o rb a r  et al. 1997). Filaggrin expression was reduced but not absent in HPV65 

E1*E4 positive cells, with the intensity of filaggrin staining increasing in the 

E1*E4 positive cells as they migrated towards the surface layers (figure 6.11c). 

This staining is comparable to staining previously observed in HPV1 and HPV63 

lesions, where in E1*E4 positive cells lacked detectable levels of filaggrin 

(D o o rb a r  e t a l. 1997), and indicates that there may be more pronounced filaggrin 

exclusion by E1*E4 in the granule forming virus types.

6.3.6 LI and filaggrin expression
To investigate whether the expression of LI is dependent on terminal 

differentiation, double immunostaining was carried out on HPV2 induced lesions 

to detect the terminal differentiation marker filaggrin and the HPV LI protein. 

The timing of expression of LI and filaggrin did not show any correlation, with LI 

being detectable in cells in the upper granular layer, after the first appearance of 

filaggrin (figure 6.12). In HPV2 induced lesions filaggrin expression was 

observed before LI regardless of the extent of LI staining.
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Figure 6.12.Double immunostaining in HPV2 lesions with mouse anti- 
filaggrin and rabbit anti-Li. Filaggrin staining is red and L1 stainng is green. 
The larger arrows indicate the first appearance of filaggrin. The smaller arrows 
indicate the cells in which LI is first observed. The basal layer is marked by a 
broken white line. Both images were taken at x20 magnification.
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6.4 Discussion

The majority of studies on cellular E1*E4 expression patterns have focused 

primarily on the association of E1̂ ^E4 with keratin, specifically the intracellular 

expression patterns of these proteins and the examination of possible co

localisation or exclusion (discussed in detail in 1.15.6.3 and chapter 7). Due to 

the limitations of monolayer culture, investigations into the relationship between 

the E1*E4 protein and markers of epithelial differentiation cannot be carried out 

using this system. This has been overcome in part by the use of methylcellulose 

culture (discussed in section 1.18.1). The timing of HPV31 E1*E4 expression, 

with respect to markers of cellular differentiation, has been addressed in 

methylcellulose culture of HPV31 infected cells (Ruesch et al. 1998). However 

this system was not sufficient to induce the complete virus lifecycle, as although 

LI transcripts could be detected, the synthesis of capsid protein could not be 

conclusively demonstrated (Ruesch et al. 1998). Although it has been 

subsequently demonstrated that the raft culture system is capable of supporting 

the entire virus life cycle (Flores et al. 1999), E1*E4 expression has yet to 

analysed in tissue generated using this method.

Thus although E1*E4 is a differentiation dependent protein, to date the 

relationship between E1'^E4 protein expression and epithelial differentiation has 

not been conclusively addressed. Whilst some studies have looked at 

differentiation in E1*E4 positive lesions, these have been restricted to single 

markers, and have focused on the intracellular expression patterns rather than 

the relative timing of expression (Breitburd et al. 1987; Bryan and Brown 2000; 

D o o rb a r  et a l. 1 997).

This study is the first time the temporal relationship between E1*E4 and 

epithelial differentiation has been compared in several different virus types, 

where a complete picture of differentiation in productive HPV infection has been 

obtained by studying the expression patterns off a combination of differentiation 

markers.

In normal cutaneous and mucosal epithelium keratin 14 is only detectable in the 

basal layers (figure 6.2 and (Moll et al. 1982)). As expression of keratin 14 is not
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normally observed in differentiating epithelium, it was initially thought that E1*E4 

expression might correlate with the disappearance of keratin 14 expression, and 

thus an inverse correlation between these to proteins may be observed. In all 

but one of the HPV types studied, however, keratin 14 was expressed 

throughout the lesion, making this unlikely. In lesions caused by HPV65, keratin 

14 expression ceased before E1*E4 expression was first detected and there 

was no correlation between the disappearance of keratin 14 and the appearance 

of E1*E4. The elevated expression of keratin 14 seen in most HPV infections 

could be due to either a prolonged up-regulation of keratin 14, an inability to 

down regulate keratin 14 or an increase in protein stability. Alternatively a 

combination of these mechanisms may contribute to the keratin 14 expression 

pattern observed in these lesions.

Several regulatory elements have been shown to be important in co-ordinating 

the expression of keratin 14 in kératinocytes (Leask et al. 1991; Leask et al. 

1990). The cellular transcription factor. Activator Protein 2 (AP2) is expressed in 

basal and parabasal cell layers, with a distribution similar to the pattern of 

keratin 14 expression, and has been shown in vitro to induce basal keratin 

expression (Byrne et al. 1994). Activator Protein 1 (API) is also required for 

transactivation of the keratin 14 promoter (Ma et al. 1997).

However, although API is required for expression of keratin 14, its expression is 

up-regulated on differentiation (Welter and Eckert 1995). This indicates that 

additional factors which down regulate keratin 14 in suprabasal cells are also 

important in preventing expression of keratin 14 above the basal layer. The 

presence of transcriptional repressors in the suprabasal layers overrides the 

positively acting factors such as API or AP2 leading to supression of keratin 14 

expression in the suprabasal cell layers (Sinha et al. 2000; Sugihara et al. 

2001). These repressors include the Skn-la and Tst-1 proteins, which are 

primarily expressed in differentiated, postmitotic epithelial cells (Anderson et al. 

1997; Sugihara et al. 2001).

There is in vitro evidence that E6/E7 transcription is also regulated by API, and 

that E6/E7 expression in differentiating epithelia is dependent on API (Kyo et al.
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1997). Staining with surrogate markers for E7 in lesions caused by low-risk virus 

types has shown that E7 expression is also observed above the basal layer and 

into the intermediate layers in productively infected lesions (chapter 4). We do 

not know the exact mechanism by which keratin 14 expression is disrupted, but 

it is possible that it is related to those which regulate E7 expression, due to the 

common involvement of API in the regulation of both these proteins.

However, although the expression of E7 and keratin 14 were both elevated in 

the HPV lesions studied (with the exception of lesions caused by HPV65) keratin 

14 persisted to the surface of the epithelium, whereas E7 did not. This could be 

due to the preservation of the keratin network upon terminal differentiation rather 

than being dependent on continued expression of keratin 14. This theory is not 

supported by the patterns seen in HPV65 lesions, where, although both E7 and 

keratin 14 are elevated into the parabasal layers, keratin 14 is not preserved to 

the surface. This indicates that additional factors may be involved in the 

regulation of these two proteins.

The viral E5 protein has been shown to upregulate API (Bouvard et al. 1994). 

This viral protein is also known to increase the cells sensitivity to epidermal 

growth factor which also stimulates API (DiMaio and Mattoon 2001: 

Leechanachai et al. 1992; Pim et al. 1992). Thus the viral E5 protein may play a 

role in the up-regulation of K14 by enhancing API activation of the K14 

promoter. It is possible that this stimulation of keratin 14 expression above the 

basal layer is sufficient to overcome the usual inhibitory effects in the suprabasal 

layers.

In normal epithelial tissue keratin 10 is expressed as the cells leave the basal 

layer and the protein is detectable to the surface of the epithelium (figure 6.2).

In HPV2 and HPV63, keratin 10 expression was delayed in areas of productive 

infection and in HPV11 keratin 10 expression was reduced, when compared to 

the normal keratin 10 expression pattern. In normal epithelium there is an 

element of mutual exclusion between the expression patterns of keratin 14 and 

keratin 10, although there is some overlap in the parabasal cells where both
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proteins are present. Thus it is possible that the prolonged expression of keratin 

14 in HPV tissue may result in the delayed expression of keratin 10.

Competition from the SV40 tumour antigen for AP2 binding sites in SV40 

transformed kératinocytes has been associated with a decrease in keratin 

expression (references in (Leask et al. 1991)). The keratin 1 gene, which is co

expressed with keratin 10, contains a sequence which competes with the keratin 

14 enhancer element for KER1, a keratinocyte specific binding protein (Leask et 

al. 1990). Thus it is possible that competition for transcription factors, which due 

to the continued expression of keratin 14 are unavailable or reduced in the 

suprabasal layers, may result in the delayed expression of keratin 10. These 

could include API or skn-la, which are involved both in the regulation of keratin 

14 and keratin 10.

The pattern of keratin expression observed in HPV11 lesions is compatible with 

this theory as keratin 10 and keratin 14 showed almost mutual exclusion in their 

expression patterns. Keratin 14 is expressed most intensely in the basal cells 

where keratin 10 is absent, whilst in areas of productive infection keratin 10 

staining is reduced whilst keratin 14 expression is elevated. A similar pattern is 

seen to some extent HPV63 induced lesions.

With the exception of HPV2 E1*E4 and keratin 10, none of the E1*E4 

expression patterns studied demonstrated any obvious link with the timing of 

keratin expression. The results presented here are in accordance with those of 

Ruesch et al who showed that in methylcellulose differentiated cells, the 

expression of keratin 10 was not coincident with expression of HPV31 E1*E4 

(Ruesch et al. 1998).

The disrupted keratin 10 staining pattern in lesions caused by HPV 11 is similar 

to that described by Bryan et al in condyloma acuminata lesions caused by 

HPV11 (Bryan and Brown 2000). Although the overall timing of keratin 10 

expression was the same as observed in this study, mutual exclusion between 

HPV11 E1*E4 and keratin 10 was observed (Bryan and Brown 2000). The 

pattern was similar to the keratin 10 expression shown in figures 6.5b and 6.6b,
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although here keratin 10 was reduced but not absent. This discrepancy is most 

likely due to differences in staining technique. The fluorescent detection method 

used here is more sensitive than the enzymatic detection used by Bryan et al 

and is more likely to detect reduced levels of keratin 10 (Bryan and Brown

2000). Additionally with enzymatic detection, one stain may have blocked out 

the other, weaker stain as described in chapter 3, giving the impression of 

mutual exclusion.

In contrast to the reduction in keratin 10 in areas of HPV 11 E1*E4 staining, 

keratin 13 expression was observed in E1*E4 positive areas of xenograft lesions 

caused by HPV11. Adjacent areas of normal tissue did not express keratin 13. A 

similar situation has also been observed in mouse epithelium. Mice express 

keratin 13 in terminally differentiated mucosal tissue, but not in cutaneous 

epidermis; a pattern analogous to that seen in human tissue (Nischt et al. 1988). 

It has previously been shown that keratin 13 can be expressed aberrantly in 

carcinomas of the skin and in benign papillomas, including those caused by 

targeted expression of the HPV18 E6 and E7 oncogenes (Greenhaigh et al. 

1994; Nischt et al. 1988). Keratin 13 expression was found to be regulated at the 

transcriptional level (Nischt et al. 1988; Sutter et al. 1991). Aberrant expression 

of this keratin in papillomas caused solely by HPV18 E6 and E7 suggests that in 

HPV11 induced lesions this altered expression pattern is more likely to be 

related to the early stage of the virus lifecycle, rather than late events.

Involucrin expression was largely undisrupted in the lesions studied, and 

although E1*E4 was expressed in cells positive for involucrin, no correlation 

between the timing of the expression of these two proteins was observed. This 

is similar to the result observed in methylcellulose differentiated cells, where 

expression of involucrin did not correlate with the appearance of HPV31 E1*E4 

(Ruesch et al. 1998). Thus, both results support the hypothesis that the 

expression of differentiation-dependent markers do not necessarily coincide with 

the induction of viral late functions. That involucrin expression remains normal 

despite HPV infection has also been observed in other analyses of HPV11 

lesions (Bryan and Brown 2000; Lehr et al. 2002). Studies of immunostaining in 

CIN lesions have also found that involucrin staining remains unaltered in low-
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grade lesions regardless of the infecting HPV type (Southern et al. 2001). That 

involucrin expression remains unchanged during the HPV lifecycle may be due 

to the fact that the regulatory mechanisms involved in its expression are 

unaffected by HPV infection.

As with involucrin staining, the timing of filaggrin expression was essentially 

unaffected by HPV infection in the lesions studied. However the intracellular 

filaggrin expression pattern varied with virus type. Filaggrin has previously been 

shown to be absent from E1^E4-positive cells in lesions caused by HPV1 and 

HPV63 (Doorbar et al. 1997). A similar pattern was observed here in HPV65 

where filaggrin was reduced but not absent in E1^E4-positive cells (figure 10 

and 6.11). Although the disruption to filaggrin staining was proportional to the 

extent of E1^E4 staining in lesions caused by HPV11, no direct exclusion was 

observed. Filaggrin expression also remained unchanged in HPV2 E4-positive 

cells. The reduction in filaggrin levels in cells expressing the HPV1, HPV63 and 

HPV65 E1^E4 protein is interesting as these are the cutaneous, granule forming 

virus types (Egawa 1994; Egawa et al. 1993a). This reduction in filaggrin levels 

may be the result of protein exclusion by the presence of E1^E4 inclusion 

granules which have been shown to comprise up to 30% of total cell protein in 

HPV1 induced warts (Breitburd et al. 1987; Doorbar et al. 1986). In HPV2 and 

HPV11 lesions where E1^E4 has a more filamentous expression pattern, (see 

chapters 4 and 7), the expression of E1^E4 may not be sufficient to exclude 

filaggrin.

It has been hypothesised that the expression of late region proteins is 

dependent, in part, on host cell factors present only in the most differentiated 

granular kératinocytes (Brown et al. 1995; Stoler et al. 1990; Stoler et al. 1989). 

This hypothesis is supported by the observation that LI expression requires 

differentiation-induced changes in splicing and polyadenylation site usage 

(Hummel et al. 1995). The level of differentiation observed in methylcellulose 

cultured cells was not sufficient for the differentiation-dependent expression of 

the LI protein, or the expression of filaggrin (Ruesch et al. 1998). However, the 

induction of virion formation in raft cultures correlated closely with the synthesis 

of filaggrin (Meyers et al. 1992; Flores et al. 1999).
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These results suggest that that the mechanisms controlling L1 gene expression 

and filaggrin expression may be similar. This appears unlikely however, as it has 

been demonstrated previously that although L1 protein can only be detected in 

the superficial layers of the epithelium, the transcripts encoding the protein are 

detectable much earlier, and their detection does not correlate with the synthesis 

of filaggrin (Ford 1986; Hummel et al. 1995; Ruesch et al. 1998). However it is 

still possible that the post-transcriptional changes required for translation of LI 

are related to the events that bring about filaggrin expression. The data 

presented here show no correlation between the in vivo expression patterns of 

the HPV2 LI protein and filaggrin however, indicating that they are likely to be 

regulated independently.

Research to date has indicated that the expression of keratinocyte specific 

proteins is not controlled by a single keratinocyte-specific transcription factor. 

Rather that expression is controlled by the combined action of a number of more 

broadly expressed transcription factors (Sinha et al. 2000). This assumption is 

supported by the fact that many transcription factors and their regulatory 

domains can have either activation or repression functions depending on the 

position of their binding sites with respect to the promoter. For example, Skn-la 

can inhibit keratin 14 expression but stimulate keratin 10 expression (Anderson 

et al. 1993; Sugihara et al. 2001).

Thus despite extensive research, no single transcription factor or regulatory 

motif has been found which is sufficient to confer keratinocyte-specific promoter 

activity. Current research suggests that basal keratinocyte-specific genes and 

differentiation-specific genes are governed in a combinatorial fashion by similar 

sets of transcriptional factor families, whose individual members are differentially 

expressed during terminal differentiation, thereby leading to switches in the 

expression patterns of structural epithelial genes (Sinha et al. 2000).

Interestingly, different studies have disagreed on whether differentiation is 

disrupted in HPV infection. In monolayer cells forced to differentiate by culture in 

high calcium containing media, the presence of HPV16 E7 alone was shown to 

cause disruption to epithelial differentiation resulting in delayed keratin 10
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expression (Jones et al. 1997). HPV18 E6 and E7 combined altered the 

morphological differentiation patterns of kératinocytes in the raft system more 

than the entire genome (Hudson et al. 1990). However this was assessed by 

histological analysis alone, rather than by immunostaining. Additional studies 

monitoring differentiation have demonstrated that the expression of 

differentiation dependent protein mRNA (keratin 1 and filaggrin) in raft culture is 

not altered by expression of the HPV11 and HPV18 E6 and E7 proteins, when 

compared to uninfected raft cultures (Cheng et al. 1995; Chien et al. 2002). 

However it is not known how this related to differentiation dependent protein 

expression.

Furthermore entry into S-phase, determined by the presence of PCNA 

immunostaining, did not result in de-differentiation, as cells infected with HPV18 

E6 and E7 containing retroviruses continued on the course of terminal 

differentiation in the same manner as did uninfected cultures (Cheng et al. 

1995). It has been demonstrated in HPV16 and HPV18 immortalised raft 

cultures that maintenance of proliferative activity does not preclude terminal 

differentiation as assessed by the expression of the differentiation markers, 

keratin 1 and filaggrin (Merrick et al. 1992). This is in contrast to normal 

epithelial cells where commitment to terminal differentiation is accompanied by a 

block to further cell division (Wilke et al. 1988).

The data presented here supports the expression of E1*E4 as a differentiation 

dependent protein. However, the timing of expression of different viral E1*E4s 

does not demonstrate a strong correlation with any of the differentiation markers 

analysed. No pattern between the late stage of the virus lifecycle and cellular 

differentiation could be shown between virus types. Despite this, a comparison 

of this data with staining conducted in low-grade cervical lesions points to a 

common pattern with respect to differentiation alone in HPV infected low-grade 

lesions.

It is commonly acknowledged that disruption of epithelial differentiation occurs 

more often in high-grade than in low-grade cervical lesions. However, as 

outlined in the introduction to this chapter, the complex interactions and
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numerous factors involved in the development of cervical neoplasia make it 

difficult to analyse the relationship between HPV and differentiation in neoplastic 

lesions. Previous studies in natural infections have focussed on the use of 

differentiation markers as biomarkers for tumour progression. They have thus 

concentrated solely on the expression patterns of markers compared to lesions 

grade, rather than characterising the HPV types involved or the expression 

patterns of viral proteins (Serra et al. 1990; Serra et al. 1989; Smedts et al. 

1990; Syrjanen et al. 1988).

A recent comprehensive study has analysed the expression patterns of 

differentiation markers in low-grade CINs, caused by low and high risk HPV 

types (high risk = 16,18,31, 33, 39, 51, 52, 56, 58 and 66; low risk = 6, 11, 42, 

43 and 44) (Southern et al. 2001). Although E1*E4 staining was not conducted 

in this study, the results are comparable with the analysis conducted here, as 

the expression of differentiation markers was recorded specifically in HPV 

infected areas as determined by in situ hybridisation with type specific probes.

In most low-grade lesions infected with low risk types, keratin 14 expression was 

present in all epithelial layers (Southern et al. 2001), as observed here in lesions 

caused by HPV2, HPV63 and to a lesser extent HPV11 (figures 6.3 and 6.4). A 

pattern of focally absent keratin 14 staining was also present in a small number 

of low-grade lesions that more closely resembled the staining observed here in 

lesions caused by HPV65 (figure 6.3 and 6.4).

Additionally, regardless of HPV type, the pattern of involucrin immunostaining in 

low-grade lesions was similar to that present in normal controls (Southern et al.

2001). This is analogous to the expression patterns observed here in lesions 

caused by HPV2, HPV11, HPV63 and HPV65 (figures 6.5, 6.6, 6.8 and 6.9).

It has been demonstrated earlier, in chapter 5, that with respect to the virus 

lifecycle, low-grade (CIN1) HPV16 lesions are significantly similar to productive 

infections that are caused by low-risk HPV types (HPV2 and HPV11). Staining 

for differentiation markers in addition to E1*E4 in lesions caused by the same 

virus types has demonstrated that the patterns of differentiation marker
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expression are also similar in lesions caused by these virus types. Additionally, 

comparison of these results and those of Southern et al in cervical lesions 

suggests that the expression patterns of differentiation markers are the same in 

low-grade lesions regardless of the underlying HPV type. This indicates that 

while the late stage of the virus lifecycle has not yet been mapped to a specific 

marker of differentiation, the effect that the virus has on differentiation may be 

conserved between virus types.

As papillomaviruses are highly adapted to successful reproduction in the 

epithelial keratinocyte, it is unlikely that the conserved effect the virus has on 

differentiation is coincidental. One hypothesis for this disruption to differentiation 

is that the virus alters the expression of proteins that form the cornified cell 

envelope (COE) resulting in a weakened COE which enables HPV virions to 

escape the host cell more easily.

Studies by Brown and colleagues have demonstrated that the COE is more 

fragile in HPV11 infected foreskin tissue compared to uninfected tissue (Brown 

et al. 2000). In HPV11 lesions expression of loricrin, which makes up 70% of the 

protein mass of the normal CCE, was greatly reduced in areas of vegetative viral 

DMA replication (Lehr et al. 2002). The mechanism for the reduction in loricrin 

protein expression is unknown but this study showed that transcription of loricrin 

was markedly reduced in HPV infected epithelium (Lehr et al. 2002).

Keratin 10 and filaggrin are both components of the CCE and the disrupted 

expression of these proteins outlined above indicates that the virus disrupts the 

expression of more than one protein involved in forming the CCE. However, the 

expression of involucrin, which is present in the CCE in similar quantity to 

keratins, is not disrupted by HPV infection. Therefore further studies are 

required to comprehensively address the effect that the virus has on each of the 

components of the CCE. An important part of this analysis will be to determine 

the expression pattern of loricrin in lesions caused by the virus types studied 

here.
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7 Intracellular E1^E4 and Keratin expression in  vitro and in 

vivo

7.1 Introduction
The pattern of E1'^E4 expression and its association with keratin filaments in 

vitro has previously been analysed in cells expressing HPV1 E1*E4 and HPV16 

E1*E4. Both these proteins co-localise with the keratin network in vitro, 

although the effects on keratin filament structure vary between the two virus 

types (Doorbar et al. 1991; Roberts et al. 1993). Mutational analysis has also 

shown that the association of E1*E4 with keratins occurs through sites 

conserved in many HPV types (Doorbar et al. 1991; Roberts et al. 1993; Roberts 

et al. 1997; Rogel-Gaillard et al. 1992; Rogel-Gaillard et al. 1993). Conversely, 

exclusion between E1*E4 and keratins has been demonstrated for HPV1 in vivo. 

In HPV1 induced warts E1*E4 forms soluble complexes and cytoplasmic 

inclusion granules that do not appear to contain abundant keratin (Breitburd et 

al. 1987; Doorbar et al. 1988; Doorbar et al. 1996). Such inclusions have also 

been seen following E1*E4 expression in vitro (Rogel-Gaillard et al. 1993).

In the previous chapter, it has been demonstrated that there is no obvious link 

between the timing of E1*E4 expression and the expression of the differentiation 

dependent keratins, although both proteins can be found in the same cells 

during migration of the infected cell towards the epithelial surface. Thus it is not 

known how closely the expression pattern of E1*E4 in vitro resembles the 

pattern seen in tissues, especially with respect to keratin association. Here the 

intracellular localisation of E1*E4 following expression in tissue culture cells has 

been compared with the expression patterns observed in natural infections. The 

association of E1*E4 with keratins was studied to determine whether all HPV 

E1*E4 proteins co-localise with keratins in vitro, and whether the patterns of 

E1^E4/keratin co-localisation observed in vitro are representative of the 

intracellular expression patterns observed in vivo. Considerable data is 

available regarding the expression patterns of HPV1 E1*E4 and HPV16 E1'^E4 

in vitro, as outlined above and in chapter 1 (1.15.6.3). Transfection with 

plasmids expressing these proteins was used to confirm that the expression
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system used in this study was comparable to those used in previous in vitro 

E1*E4 studies.

7.2 Materials and methods
7.2.1 Primer Design
Primers to amplify the E1*E4 sequences of HPV1, 2, 63 and 65 were designed 

based on the known splice sites of E1̂ ^E4 (Doorbar and Myers 1996). Forward 

primers contained the El sequence and a minimum of 21 base pairs derived 

from the beginning off the E1*E4 ORF (figure 7.1a). The Kozak consensus 

sequence upstream of the E1'^E4 start site was complementary to a sequence at 

the cloning site in the vector. The reverse primers included the native stop 

codon from the E4 ORF and did not contain sequences that were 

complementary to those in the vector to ensure efficient directional cloning. The 

HPV1 insert was generated from an E1*E4 clone (pREP.1E1^E4) provided by 

Clare Davy (Davy 2002). HPV2, HPV63 and HPV65 E1*E4s were generated 

from the full-length cloned genomes. The plasmid containing the HPV 65 

genome had a truncated E1*E4 ORF due to the cloning of the genome using the 

EcoRI site at the C-terminal end of E4. Thus the reverse primer provided the 

missing 14 C-terminal bases of the E4 ORF. Following ligation and 

transformation into E.coli the presence of inserts was confirmed by PCR 

analysis using a T7 forward primer and the relevant HPV reverse primer.

7.2.2 Cloning and expression of HPV E1*E4 proteins
Expression vectors containing the E1*E4 sequence were created using 

directional TOPO cloning into the pcDNA3.1 DA/5-His-TOPO vector (figure 7.1b) 

as outlined in section 2.9.9. E1*E4 expression vectors were transfected into cos- 

7 cells using the method outlined in 2.5.2. Cells were fixed in 4% 

paraformaldehyde for 20 minutes at 24 and 48 hours post transfection, and 

immunostaining was carried out as outlined in chapter 3. Pictures of HPV16 

E1*E4 transfected cos-7 cells were kindly provided by Ana Martin (NIMR).
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(a)

Primer Sequence

HPV1F CACCATGGCAGATAATAAAGjCTCCCCAA

HPV1R TTACACAGACCACGGGTGGAT

HPV2F PACCAT5(5AG(5ATTCCGA7®c a c c c a g g c c a g c g c c  i c g g a c g a c g a a c c

HPV2R TTACAGGCACAGAGTCAGTGT

HPV63F BACCATGACCGACAGACaCTCCCCACTACGGACTTCTGGGTCTCCTAGAG

HPV63R TTATGGGTGGATCCCGAGGCT

HPV65F CACCATGGCAGATAAAQCTC/\ACAAACAGGGGGAGGATCGACTTTGA

HPV65R TCATGGGTGGATCCCTAGCTTCAGCTTGTAGTTGTCCAAGTCGC

(b)

ccc « JLIG  OCT «X--
I « W  WkC TOO TTC ecu V5 ep itopeB  6xHis # i i

/pcDNAS.lD/ ^  
I  V5-His-T0P0'-O 

% 5.3 kb

PUC oh y  ^

Figure 7.1 Generation of HPV E1^E4 transfection constructs.
(a) Primer sequences for generating E1^E4 TOPO cloning inserts. Key: 
faséÿ, E4 bases, Kozak sequenwl, F = forward primer, R = reverse primer 
2) Directional TOPO cloning vector. Modified from http://www.invitroqen.com.
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Tissue sections of lesions caused by different virus types had previously been 

analysed with regard to their patterns of keratin and E1^E4 expression in 

chapterG. Here the intracellular association and distribution of E1^E4 and 

keratins was analysed in these lesions by confocal microscopy.

7.2.3 Analysis of E1^E4 protein sequence alignments
Alignment of the HPV E1^E4 protein sequences was performed using the 

Megalign software (DMA Star, Madison, USA). E1^E4 sequences were obtained 

from the HPV web page (http://hpv-web.lanl.gov/).

7.3 Results -  In vitro analysis
7.3.1 Pattern of HPV1 and HPV16 E1^E4 expression in Cos-7 cells
The expression of E1^E4 in transfected cells was confirmed by immunostaining 

with E1^E4 antibodies as described in chapter 3. In HPV1E1 ̂ E4-expressing 

cells the E1^E4 formed cytoplasmic inclusion granules of varying size (3-5|im) in 

70% of cells (figure 7.2a). The inclusion granules were surrounded by diffuse 

fibrous staining that was also seen in cells without inclusions (figure 7.2b, top 

right cell). The formation of HPV1 E1^E4 cytoplasmic inclusion granules in vitro 

is analogous to the pattern observed in vivo, although E1^E4 cytoplasmic 

inclusion granules are larger and more numerous in lesions compared to 

transfected cos-7 cells (shown in chapter 4 and by (Breitburd et al. 1987; Egawa 

1994; Egawa et al. 1993b)). In HPV1 the keratin network was disrupted to form 

granules, and co-localisation between E1^E4 and keratin was observed at the 

periphery of these structures (figure 7.2a and b). Not all the keratin was 

associated with E1^E4, and diffuse keratin staining could be detected faintly in 

E1^E4 inclusion containing cells. This staining observed here is identical to the 

pattern of HPV1 E1^E4 expression previously observed in cos-1 cells (Roberts 

et al. 1993; Rogel-Gaillard et al. 1992; Rogel-Gaillard et al. 1993). However the 

nuclear staining detected in other cell lines was not observed here. The pattern 

of E1^E4 expression did not differ between 24 and 48 hours in HPV1 E1^E4 

expressing cells.
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(a) HPV1

(b HPV1

(c)H P V 16 24h

(d )H P V 16 48h

Figure 7.2 HPV1 and HPV16 E1^E4/keratin co-localisation in vitro
HPVE1^E4 expression was detected in transfected cos-7 cells using E4 
antibodies detected with a fluorescent labelled secondary antibody (green).
Cells were transfected with either HPV1 E1^E4 or HPV16 E1^E4. Keratin 
expression was detected with a Pan keratin antibody and red fluorescent 
secondary antibody. The merged image includes a DAPI nuclear counterstain 
(blue), large arrows indicate E4 granules and small arrows indicate E4 filaments. 
The difference in E4 and keratin expression at 24 and 48 hours in HPV16 
transfected cells is shown in figures c and d. Areas of co-localisation appear as 
yellow staining. All images were taken at x40 magnification.
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HPV16 E1^E4 demonstrated a fine filamentous pattern throughout the 

cytoplasm at 24h when expressed in cos-7 cells, which co-localised exactly with 

the keratin filament network (7.2c). By 48 hours these E1^E4/keratin filaments 

had collapsed to form a perinuclear bundle (7.2d). This pattern of co-localisation 

followed by collapse has been previously observed in cells expressing HPV16 

E1^E4 (Doorbar et al. 1991; Roberts et al. 1994; Roberts et al. 1993). In all 

cases control cells did not stain with any of the E1^E4 antibodies.

7.3.2 Expression of HPV2 E1^E4 and co-localisation with the keratin 

network
Cells were double stained with HPV2 E1̂ ^E4 antibodies and an anti-pan keratin 

antibody. The cos-7 keratin expression pattern is shown in normal cells in figure 

7.3. The keratin filament network could be seen throughout the whole 

cytoplasm, and stained with varying intensity.

At 24 hours post transfection In HPV2 E1^E4-expressing cells, the E1^E4 

protein formed filaments that co-localised with the keratin network (figure 7.4). 

The keratin network did not appear to be significantly disrupted at 24h when 

compared to adjacent E1^E4-negative cells, (figure 7.4b and c). However the 

keratin filaments were easier to distinguish in E1^E4 expressing cells compared 

to in E1^E4 negative cells, suggesting that association with E1^E4 may stabilise 

the keratin network during fixation. At 48 hours both the E1^E4 and keratin 

networks had collapsed (figure 7.5). The extent of collapse varied between cells 

with some forming a small perinuclear aggregate (figure 7.5a and c) and others 

forming dense and broken filaments of varying sizes and lengths (figure 7.5). In 

all cases co-localisation between E1^E4 and keratins was still detected.

Although this pattern of E1^E4 filament formation and keratin co-localisation, 

followed by collapse, has previously been observed for HPV16 E1^E4 (as 

discussed above), this pattern has not been described for HPV2. This indicates 

striking similarities between the behaviour of these two different E1^E4 proteins.
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Figure 7.3 Pan Keratin immunostaining in normal Cos-7 cells
Cels were untransfected and stained with Pan Keratin antibody 
(red). The merged images contains a DAPI nuclear counterstain 
(blue). The images were taken at x40 magnification.
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Figure 7.4.HPV2 E1^E4 and Keratin colocalisation in vitro 24 hours post 
transfection
HPV2 E1^E4 expression was detected with a rabbit anti-E1^E4 antibody followed 
by a FITC linked anti-rabbit secondary antibody (green). Keratin expression was 
detected with a mouse anti-Pan Keratin antibody and red fluorescent secondary 
antibody. The merged image includes a DAPI nuclear counterstain (blue). Large 
arrows indicate adjacent E1^E4 negative cells. Areas of co-localisation appear 
as yellow staining. All images were taken at x40 magnification.
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Figure/.5 HPV2 E1^E4 and Keratin colocalisation in vitro 48 hours post 
transfection
HPV2 E1^E4 expression was detected with a rabbit anti-E1^E4 antibody followed 
by a FITC linked anti-rabbit secondary antibody (green). Keratin expression was 
detected with a mouse anti-Pan Keratin antibody and red fluorescent secondary 
antibody. The merged image includes a DAPI nuclear counterstain (blue). Large 
arrows indicate perinuclear E1^E4/keratin aggregates. Areas of co-localisation 
appear as yellow staining. All images were taken at x40 magnification.
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7.3.3 Double staining of HPV63 E1^E4 transfected cells with antibodies to 

E1^E4 and keratins
In HPV63 E1^E4-expressing cells, E1^E4 staining was diffuse and varied in 

intensity within the cell (figure. 7.6). Although the pattern of HPV63 E1^E4 

expression varied between cells, it was not characteristic of any obvious cellular 

structures and no predominant expression pattern was observed. In HPV63 

E1^E4 positive cells, the keratin expression pattern was abnormal with no 

detectable filamentous staining. As with E1^E4, the keratin staining was diffuse 

with areas of intense staining. In the majority of cases, the expression patterns 

of E1^E4 and keratin did not co-localise (figure 7.6). In the cells where co

localisation did occur (for example figure 7.6c) the staining pattern was not 

reproducible and thus likely to be a staining artefact. There was no significant 

change in expression pattern between 24 and 48 hours.

7.3.4 Double staining of HPV65 E1^E4 transfected cells with antibodies to 

E1^E4 and keratins
HPV65 E1^E4-expressing cells contained thick cytoplasmic filaments that 

appeared broken and did not always extend through the whole cytoplasm (figure 

7.7). HPV65 E1^E4, although demonstrating a filamentous structure, did not co- 

localise with the keratin network which appeared more diffuse than in normal un

transfected cells and formed no identifiable filaments (figures 7.7 and 7.3). 

Although there was some coincident staining between E1^E4 and keratins, no 

direct co-localisation with filaments was observed. Interestingly in HPV65 

E1^E4-positive cells, keratin detection was limited to the area within the 

cytoplasm where E1^E4 was observed. The pattern of E1^E4 expression did not 

differ between 24 and 48 hours in HPV65 E1^E4 transfected cells.
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Figure 7.6 HPV63 E1^E4 and Keratin colocalisation in vitro
HPV63 E1^E4 expression was detected with a rabbit anti-E1^E4 antibody followed
by a FITC linked anti-rabbit secondary antibody (green). Keratin expression was
detected with a mouse anti-Pan Keratin antibody and red fluorescent secondary
antibody. The merged image includes a DAPI nuclear counterstain (blue). Areas
of co-localisation appear as yellow staining. All images were taken at x40
magnification.
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Figure 7.7 HPV65 E1^E4 and Keratin colocalisation in vitro
HPV65 E1^E4 expression was detected with a rabbit anti-E1^E4 antibody followed 
by a FITC linked anti-rabbit secondary antibody (green). Keratin expression was 
detected with a mouse anti-Pan Keratin antibody and red fluorescent secondary 
antibody. The merged image includes a DAPI nuclear counterstain (blue). Areas 
of co-localisation appear as yellow staining. All images were taken at x40 
magnification.
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7.3.5 Co-localisation of HPV65 E1 ̂ E4 with other filament networks
Although HPV65 E1^E4 did not appear to co-localise with keratin, the 

filamentous appearance suggested a possible involvement with other 

cytoskeletal proteins. In epithelial cells, actin, tubulin and cytokeratins are the 

main structural components of the microfilament, microtubule and intermediate 

filament networks respectively (Goldman et al. 1991; Spector et al. 1998). 

HPV65 E1^E4 expressing cells were double stained with phalloidin and anti a- 

tubulin in addition to E1^E4 antibodies. HPV65 E1^E4 did not co-localise with 

actin filaments and the pattern of actin staining was not disrupted compared to 

normal (data not shown). Suprisingly, the HPV65 E1^E4 filamentous pattern co

localised exactly with the tubulin staining in these transfected cells. The tubulin 

network in E1^E4-positive cells appeared condensed into short, thick filaments 

whilst the adjacent un-transfected cells showed a normal tubulin expression 

pattern (figure 7.8a and b). HPV65 E1^E4 appeared to co-localise with the 

tubulin network, which formed abnormally thick filament bundles.
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a) Normal

(b) HPV65

(c) HPV65

Figure 7.8 Tubulin staining in normal and HPV65 E1^E4 transfected cells
Tubulin staining is shown in red in normal (a) and HPV65 E1^E4 transfected 
cells. E1^E4 was detected with a type specific antibody (green). The merged 
image includes a DAPI nuclear counterstain (blue). Areas of co-localisation 
appear as yellow staining. All images were taken at x40 magnification.
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7.4 Results -  E1^E4 and keratin expression in cells in vivo
The in vivo expression patterns of E1^E4 and keratins were analysed by double 

immunofluorescence and confocal microscopy in cells expressing both E1^E4 

and keratins. HPV E1^E4 antibodies were used in conjunction with antibodies to 

differentiation dependent keratins. The association with both basal and 

differentiating keratins were analysed where they were present in E1^E4- 

positive cells.

Despite the use of different epitope exposure techniques, antibodies and 

detection methods, it was not possible to detect distinct keratin filaments in 

sections obtained from formalin fixed, paraffin-embedded tissue. The keratins 

could only be visualised as ‘dots’ or granules. As filament networks could be 

clearly observed in cells in vitro, it is unlikely that the antibody detection method 

is insufficient. It is more likely that the fixation methods used, combined with 

prolonged storage of the archival material has affected the preservation of the 

intermediate filament network. Subsequent investigations have revealed that 

intermediate filament structure is often poorly preserved with formalin fixation, 

and that while cytoskeletal proteins are generally less liable to such artefacts, 

they are preserved to varying extents by different fixation methods (Melan and 

Sluder 1992). If these structures are to be analysed in detail then alternatives to 

formalin fixation such as methanol or glutaraldehyde fixation are recommended 

(Allan 2000; Spector et al. 1998). As this study was carried out on archival 

formalin-fixed, paraffin-embedded tissue, it was not possible to optimise this 

aspect of the protocol.

Interestingly the E1^E4 filaments have been preserved in these tissues more 

readily than the keratin filaments, and are more apparent following 

immunostaining. This is likely to be due to different protein compositions and 

thus different susceptibilities to formalin fixation.

7.4.1 HPV2 E1^E4 filament staining in vivo
HPV2 E1^E4 expression in cells in vivo mimics the expression pattern observed 

in vitro with E1^E4 forming a cytoplasmic filamentous network (figure 7.9). 

However no evidence of a collapse phenotype was observed in vivo. In HPV2
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lesions both keratin 14 and keratin 10 could be detected in cells that were 

E1^E4-positive. Confocal analysis of these cells revealed that in E1^E4/keratin 

double positive cells (either keratin 14 or keratin 10) HPV2 E1^E4 did not appear 

to co-localise extensively with keratin although some areas of similarity were 

apparent (large arrows in figure 7.9i and ii). However, as outlined above, 

filaments could not be easily detected and the keratin staining pattern was 

generally diffuse throughout the cells. Despite this HPV2 E1^E4 formed 

distinctive filamentous structures (shown by small arrows in figure 7.9ib and iib).

The pattern of keratin 14 expression was not disrupted in E1^E4-positive cells 

when compared to adjacent E1^E4-negative cells, and although the keratin 10 

expression levels varied from cell to cell, this did not correlate with the presence 

of E1^E4. Whilst the in vivo expression pattern of HPV2 E1^E4 does not co- 

localise with the keratin network to the same extent as observed in vitro, the 

difficulty in staining for keratins in formalin fixed tissue precludes a more 

definitive assessment of the in vivo association.
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Figure 7.9 HPV2 E1^E4 co-localisation with keratins in vivo
Confocal analysis of E4 and keratin double staining in lesions caused by HPV2.
(i) shows Keratin 14 and (ii) shows Keratin 10. E1^E4 staining is in green, keratin 
staining is in red. The merged image is an overlay of the E1^E4 and keratin 
staining in addition to a DAPI nuclear counterstain(blue). The small arrows indicate 
E1^E4 structures not observed in the keratin staining. The large arrows indicate 
areas of similarity between the E1^E4 and keratin staining patterns. Original 
magnification x200.
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7.4.2 HPV16 E1^E4 filament staining in vivo
In HPV16 infected lesions E1^E4 is easiest to detect in the surface layers of the 

epithelium, however here the cells are flattened and cornified, making it difficult 

to identify E1^E4 or cellular structures. Occasional cells could be identified in the 

lower epithelial layers where E1^E4 formed fine filaments analogous to those 

observed in vitro (figure 7.10). This was most evident when double staining was 

carried out with antibodies to keratin 13 rather than keratin 14. As with HPV2, 

there was no evidence of HPV16 E1^E4 collapse in vivo.

In low-grade HPV16 lesions cells positive for both E1^E4 and keratin 14 

expression were usually flattened and thus cytoplasmic structures were difficult 

to define. Despite this, it appeared that these two proteins co-localised, as 

indicated by arrows in figure 7.10i. However, due to the lack of observable cell 

structures it is possible that this is a result of disruption of the cytoplasm upon 

terminal differentiation rather than a direct association. In E1^E4-positive cells 

containing keratin 13 it was difficult to conclusively establish whether E1^E4 

filaments and keratin 13 filaments co-aligned (figure 7.10Ü). Areas of apparent 

co-localisation were evident although keratin filaments were difficult to discern 

(indicated by large arrows in figure 7.1 Oii). In places, E1^E4 could be detected in 

the absence of detectable keratin staining (small arrows in figure 7.10Ü).
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Figure 7.10 HPV16 E1^E4 co-localisation with keratins in vivo
Confocal analysis of E4 and keratin double staining in lesions caused by HPV16. 
(i) shows Keratin 14 and (ii) shows Keratin 13. E4 staining is green, keratin 
staining in red. The merged images are overlays of the E4 and keratin staining 
in addition to a DAPI nuclear counterstain (blue). Large arrows indicate areas 
where the expression patterns of E4 and keratins are similar. Small arrows 
indicate areas where the expression patterns of E4 and keratin differ. Original 
magnification x200.
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7.4.3 HPV63 E1^E4 inclusion granules and keratin expression in vivo
In vivo, HPV63 E1^E4-positive cells contained large cytoplasmic E1^E4 

inclusion granules surrounded by diffuse E1^E4 staining (figure.7.11). The size 

and number of inclusions varied from cell to cell ranging from 2 or 3 small 

inclusions (1pm), to up to 6 larger inclusions (6pm). No filamentous networks 

were observed, although in some cells short filaments could be seen in the 

inclusions as previously described (Egawa 1994). This pattern appears 

unrelated to the E1^E4 expression pattern observed in vitro, which may indicate 

that the in vitro pattern seen for HPV63 E1^E4 is artefactual. This may be a 

result of an incompatible cell type (Doorbar et al. 1991; Pray and Laimins 1995; 

Roberts et al. 1993; Rogel-Gaillard et al. 1992) or be due to limitations in the 

transfection protocol.

On initial analysis of the in vivo keratin/E1^E4 staining, it appeared that the 

proteins co-localised. However confocal analysis revealed that although the 

expression patterns were similar, co-localisation was not always extensive 

(figure 7.1 Ii). As with HPV2, coincident staining was present between E1^E4 

and keratin (as indicated by large arrows in figure 7.1 I i and ii) but the distinctive 

E1^^E4 structures were not generally apparent in the keratin staining (as 

indicated by small arrows in figure 7.1 Ii and ii).

The expression pattern of Keratin 14 was not significantly disrupted in cells 

containing E1^E4 granules - possibly because the granules are smaller in the 

lower layers of the epithelium where keratin 14 is detected most strongly 

(chapter 4). A greater disruption to the keratin 10 expression pattern was 

observed (figure 7.1 lii). This may be due to the fact that larger and more 

numerous E1^E4 inclusion granules are present in the upper layers which forces 

the keratin filament network to become distorted around the outside of the 

inclusions. This pattern of E1^E4/keratin expression is similar to the pattern 

observed following expression of the related HPV1 E1^E4 protein (Doorbar et al. 

1996; Rogel-Gaillard et al. 1993).
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Figure 7.11 HPV63 E1^E4 co-localisation with keratins in vivo
Confocal analysis of E4 and keratin double staining in lesions caused by 
HPV63. (i) shows Keratin 14 and (ii) shows Keratin 10. E4 staining is in green, 
keratin staining is in red. The merged image is an overlay of the E4 and keratin 
staining in addition to a DAPI nuclear counterstain (blue). Large arrows indicate 
areas of co-localisation. Small arrows indicate areas of differences in E4 and 
Keratin expression pattern. Original magnification x200.
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Interestingly, although there was more distortion to the keratin 10 staining 

pattern than observed with keratin 14 staining, there also appeared to be more 

CO- localisation between 51*54 and keratin 10 staining, as indicated by yellow 

colour in the merged images (figure 7.11iia). However, this was not observed in 

all double positive cells (figure 7.11iib).

7.4.4 HPV65 51*54 and reduced keratin expression in vivo
In lesions caused by HPV65 the 51*54 expression pattern is distinctive with the 

formation of large cytoplasmic inclusion granules which differ in morphology 

from those observed in lesions caused by HPV1 or HPV63 (figure 7.12). The 

granules can be up to ISpm in length and fill the entire cytoplasm (5gawa 1994: 

5gawa et al. 1993a). This is in contrast to the filamentous pattern seen in vitro. 

It is not known why such a drastic change in localisation would occur when the 

protein is expressed in vivo and in vitro.

In naturally occurring HPV65 lesions, 51*54 and keratin 14 were not expressed 

in the same layers of the epithelium (chapter 6). Keratin 10 expression appeared 

to be either reduced or absent in the 51*54-positive cells (chapter 6). However, 

confocal analysis revealed that rather than being excluded or reduced in 51*54- 

positive cells, the protein was detected only at the outer periphery of the 

cytoplasm close to the cell membrane (figure 7.12). It appears that the presence 

of the inclusion granules has forced the cytoplasm, and thus the keratin network, 

to the edge of the cell (shown in figure 7.12).

Unfortunately due to problems with the availability of lesions caused by HPV65, 

staining for 51*54 and tubulin in vivo has not yet been conducted. It is 

anticipated that the question of HPV65 51*54 and tubulin co-localisation in vivo 

will be addressed as new material becomes available.
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Figure 7.12 HPV65 E1*E4 and keratin co-localisation in vivo
Confocal analysis of HPV65 E1*E4 and keratin double staining. HPV65 E1*E4 
is shown in green, keratin expression is shown in red. The merged image shows 
overlays of the E1'^E4 and keratin stains in addition to a DAP I nuclear counter
stain (blue). Arrows indicate areas where keratin filaments appear to have been 
pushed to the cell membrane due to the presence of HPV65 E1*E4 inclusion 
granules. Images were taken at an original magnification of x200.
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7.5 Discussion
Using the method outlined here we have shown that not all the HPV 21*24 

proteins studied demonstrate in vitro expression patterns that exactly mimic 

those observed in vivo. HPV2 21*24 and HPV16 21*24 both formed 

filamentous structures that were apparent in vitro and in vivo, although they 

were more obvious in vivo in the cutaneous tissue infected by HPV2 (figure 7.9). 

Both virus types showed an 21*24 collapse phenotype 48h-post transfection, 

although no collapse phenotype was detected for either virus in vivo. HPV1 

forms inclusion granules both in vivo and in vitro and is closely related to HPV63 

(2gawa et al. 1993a). HPV63 21*24 is also expressed as inclusion granules in 

vivo and thus by comparison with HPV1 it would be plausible to expect HPV63 

21*24 to form granules in vitro also. The expression system itself obviously 

does not prohibit the formation of inclusions (see HPV1 data, figure 7.2) thus the 

evidence suggests that the HPV63 21*24 protein may not be correctly 

processed following expression in cos-7 cells.

HPV65 has been shown to be similar to HPV1 and HPV63 in terms of its DNA 

sequence and the morphology of the lesions that it causes, (2gawa et al. 

1993a). Like the 21*24 protein of these two virus types, the HPV65 21*24 

protein also formed inclusion granules in vivo (figure 7.12). However, HPV65 

21*24 expression in vitro did not result in granule formation, but instead resulted 

in the formation of large filaments (figure 7.7). It is possible that there are cellular 

factors involved in regulating the intracellular distribution pattern of the HPV63 

and HPV65 21*24 proteins that may not be provided in this transfection system. 

Alternatively post-translational modification of the HPV63 and HPV65 21*24 

proteins that occur in differentiated cells may not take place in monolayer 

culture. This hypothesis is supported by the observation that the cell type can 

play a pivotal role in facilitating protein: protein interactions in vitro, and that 

21*24 expression patterns can differ between cell lines (Doorbar et al. 1991; 

Pray and Laimins 1995; Roberts et al. 1993; Rogel-Gaillard et al. 1992).

The role of the 21*24 protein in the virus lifecycle is not yet known. The 

protein’s differentiation dependent expression and the fact that it is one of the 

least conserved viral proteins have complicated functional studies (Doorbar and
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Myers 1996). However the protein contains several conserved regions, which 

suggests that the E1*E4 protein may have evolved to perform a similar function 

at different epithelial sites. Comprehensive mutational studies with HPV1 and 

HPV16 E1*E4 proteins have identified conserved sequences involved in keratin 

binding which are crucial for keratin localisation in vitro, and include the residues 

contributed by El and the LLXLL motif, table 1.1, (Roberts et al. 1994; Rogel- 

Gaillard et al. 1992).

Of the E1*E4 proteins examined here, only HPV16 and HPV2 have been shown 

to co-localise with the keratin filament network in vitro. Although keratin filament 

co-localisation has previously been demonstrated for HPV16 E1*E4, this has not 

been reported for HPV2. The similarities between the E1*E4 expression 

patterns of HPV2 and HPV16 are striking, with both E1̂ ^E4 proteins co-localising 

with the keratin filament network in vitro and causing its collapse. Phylogenetic 

analysis of these two viruses reveals sequence similarity between the virus 

types, with HPV2 being placed along with HPV16 in supergroup A 

(mucosal/genital) rather than with the supergroup E or B viruses (cutaneous/EV) 

as would be expected from its predominately cutaneous tropism, figure 1.1, 

(Chan et al. 1995). However, unlike the exclusively cutaneous virus types, HPV2 

has been isolated from mucosal lesions indicating that this virus can infect both 

cutaneous and mucosal tissue ((Chan et al. 1997) and references therein).

Analysis of the sequence of HPV2 E1̂ ^E4 and comparison with HPV16 E1*E4 

reveals that the C-terminus of HPV2 E1*E4 contains a collapse region that is 

conserved among mucosal virus types (Roberts et al. 1997). The hypothesised 

collapse sequence in HPV16 is LTVIVTLHP (table 7.1). Deletion of this region in 

HPV16 affects the ability of the mutant protein to cause collapse but does not 

affect keratin binding (Roberts et al. 1997). Although this sequence is not 

entirely conserved between HPV2 and HPV16, collapse is still observed. This 

suggests that the four conserved bases, indicated by * in table 7.1, may be 

required for collapse to take place.
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Table 7.1 C-terminal amino acid sequences of cutaneous and mucosal 

HPV types

H P V Amino Acid Sequence Total a.a.

H P V 1 6 (84) T A H T K D G L T V I V T L H P  ( 9 2  ) 92

H P V 2 ( 106 ) t a q t p g g a t v t l t l c l  ( 114 ) 1 1 4

H P V 1 1 (76)  T T S T K E G T T V T V Q L R L  ( 9 1  ) 91

H P V 5 7 ( 1 1 0 ) T  A Q T  P G G  A T V T  L T L C  L  ( 1 2  5 ) 1 2 5

H P V 2 7 (115) T A Q L  P G G T T V T L T L C  L  ( 13  0 ) 1 3 0

H P V 3 ( 9 5 ) R V H T P S G I E V T L T V C L ( i i o ) 1 1 0

H P V 2 8 ( 8 8 ) H V H T P S G T Q V T L T V H L ( i o 3) 1 0 3

H P V 1 0 ( 87 ) E V H T P S G T Q V T L T V H L  ( 1 0 2  ) 1 0 2

H P V 2 9 ( i o i ) Q V K T P T G T Q V I L T V H L ( i i 6 ) 1 1 6

HPV1 (108) I L Q D L D D F C R K L G I H P W S V ( 1 2 6 ) 1 2 6

HPV63 (103)VNQDFEDLYRRLGIHP(ii8) 1 1 8

HPV65 (ii3)VCRDLDNYKLKLGIHP(128) 1 2 8

Pink letters indicate the hypothesised mucosal collapse region. Blue letters 

indicate the conserved C-term inal region of cutaneous H P V  types. * Indicates  

bases conserved between H PV2 and H P V 16 E 1*E 4 .
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These bases are also conserved at the C-terminus of HPV11, HPV57 and 

HPV27, which in addition show homology in this region to HPV2 (table 7.1). 

Thus it can be hypothesised that these three viruses would also show a collapse 

phenotype but this remains to be tested. HPV3, HPV28, HPV10 and HPV29 

show homology to both HPV16 and HPV2. It would also be interesting to 

determine the phenotypes of these E1^E4 proteins in vitro.

It has been previously suggested that the divergence between different HPV 

types may be an adaptation to different cytokeratin patterns at different 

histological sites, and that the collapse of the keratin network caused by HPV16 

E1^E4 in cultured cells could indicate a possible role in virus release (discussed 

in (Doorbar 1996)). Similarly, it has been suggested that the differences in 

collapse phenotypes between HPV1 E1^E4 and HPV16 E1^E4 could be related 

to tissue tropism (Roberts et al. 1993). However in vivo, no E1^E4 or keratin 

collapse could be detected in HPV2 or HPV16 lesions, although this could be 

due to increased cellular stability caused by the formation of protein cross links 

on differentiation, which would not be present in monolayer culture.

A conserved motif, unrelated to the mucosal collapse regions, is also found at 

the C-terminus of cutaneous virus types (table 7.1) (Roberts et al. 1994). 

Interestingly deletion of this DLXDYW sequence in HPV1 caused collapse of the 

cytokeratin network, essentially conferring the HPV16 and HPV2 phenotype 

onto the E1^E4 protein of HPV1 (Roberts et al. 1994). Thus is it possible that the 

presence of this motif prevents collapse in HPV1, or that this motif together with 

the LLXLL motif (known to be essential to in vitro keratin binding (see table 1.1)), 

may function to generate virus type specific cellular interactions.

For the granule forming HPV63 and HPV65 E1^E4 proteins, co-localisation with 

the keratin network was not demonstrated in vitro, and could not be conclusively 

demonstrated in vivo. In both viruses the presence of large inclusion granules in 

vivo appears to disrupt the keratin expression pattern, forcing the filament 

network to the outside of the cell. This is most clearly observed in HPV65- 

induced lesions where E1^E4 expression initially appears to be exclusive of
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keratin expression but on closer inspection the cells are positive for both 

proteins, but show hugely different expression patterns.

Whilst it could be predicted that HPV65 E1^E4 would not bind to keratin 

filaments in vitro due to the lack of an LLXLL motif, the presence of a 

pronounced E1^E4 filament network was unexpected. This E1^E4 filament 

network did not co-localise with keratin filaments but appeared instead to co- 

localise with the tubulin network causing its disruption. Previous investigation 

has demonstrated that HPV16 E1^E4 does not associate with either the tubulin 

or actin networks following expression in vitro (Doorbar et al. 1991). It is possible 

that the in vitro association of HPV65 E1^E4 with tubulin is a result of the 

absence of its preferred keratin-binding partner (e.g. K1 or K10).

When keratin binding is abrogated in HPV16 E1^E4 by deletion of the LLXLL 

region, E1^E4 is no-longer found in association with the keratin filaments, but 

shows a diffuse staining in the nucleus and a ‘spotty’ staining in the cytoplasm 

(Roberts et al. 1994; Roberts et al. 1997). This E1^E4 staining pattern is also 

observed in cells with no keratin network, and may indicate an association with 

other cellular components or cytoskeletal structures (Q. Wang, NIMR, personal 

communication).

Despite this, an in vivo association of HPV65 E1^E4 and tubulin seems unlikely, 

as although we have shown that HPV65 E1^E4 does not appear to associate 

with keratins in vivo, no cytoplasmic structures other than inclusion granules 

were observed. Further analysis is required to determine whether the 

association of in vitro HPV65 E1^E4 with tubulin is genuine or a cell specific 

artefact, and whether it is a feature of related papillomavirus types such as 

HPV4. Mutational studies, including the production of chimeric E1^E4 proteins, 

would provide interesting information on motifs, or combinations thereof, 

involved in filament binding.

The most recent advance in the investigations into E1^E4 function has been the 

discovery that it causes G2 arrest to maintain an environment suitable for 

vegetative viral DNA replication (Davy 2002; Davy et al. 2002b). The E1^E4
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protein causes a G2 arrest by sequestering cyclin B in the cytoplasm and 

preventing nuclear entry, resulting in cell cycle arrest (Davy 2002; Davy et al. 

2003). The sequestration of cyclin B in the cytoplasm is thought to be due to 

anchorage of E1^E4 to the cytokeratin. That E1^E4 does not appear to bind to 

keratins in natural infections would appear to conflict with this mechanism. 

However the data presented in chapter 4, of E1^E4 expression combined with 

markers of S-phase, supports the role of E1^E4 in genome amplification. This is 

further substantiated by the observation that viruses, mutated to abolish E1^E4 

expression, failed to support genome amplification in natural infections (Davy et 

al. 2003). In addition, HPV16 E1^E4 caused G2 arrest in SAGS cells, which do 

not contain a cytokeratin network (C. Davy, personal communication). Thus it 

seems likely that the function of E1^E4 as a mediator of vegetative viral DNA 

replication is independent of its ability to bind keratins in vitro.

The formation of inclusion granules appears to be the result of E1^E4 self

association via sequences in the C-terminal domain of E1^E4 (Bryan et al. 1998; 

Doorbar et al. 1996). The theory that E1^E4 forms inclusions to remain in the 

cytoplasm, and that this may also be a keratin independent mechanism for 

cytoplasmic sequestration of cell cycle proteins, remains to be addressed. Other 

HPV E1^E4 proteins are currently being investigated for the ability to cause G2 

arrest. These include HPV1 and HPV2 E1^E4 proteins.

As described previously the co-localisation between HPV1 E1^E4 and keratins 

in vitro has been well documented. However, when isolated from infected 

tissues, HPV1 E1^E4 does not co-precipitate with keratins, and no stable 

association between HPV1 E1̂ ^E4 and keratins could be demonstrated (Doorbar 

et al. 1996). It is hypothesised that the association of E1^E4 with keratins in vitro 

may arise from the stabilisation of a transient event that may occur in vivo 

(Doorbar et al. 1996). However, it is clear that the in vitro expression pattern of 

HPV1 E1^E4, at least with respect to keratin co-localisation, does not fully 

represent the pattern observed in vivo.

The results of the staining analysis carried out here suggest that, for the virus 

types examined, the pattern of E1^E4 expression in vitro is not always
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representative of the expression pattern observed in vivo. However, the 

expression of a differentiation dependent protein in cell culture cannot be 

expected to reveal the complex interactions observed in tissues.

The regions of E1^E4 required for both G2 arrest and keratin binding have been 

identified using in vitro expression systems. However, for the significance of 

these functions in terms of the virus lifecycle to be determined, it will be 

necessary to characterise mutants of both these key regions in an expression 

system that is more representative of natural infection.
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8 Characterisation of the ROPV animal model

8.1 Introduction
The clinical material studied so far, although valuable in terms of lifecycle 

analysis, can only represent a snapshot of PV infection. Key details are difficult 

to determine such as whether a new infection, or the reactivation of a latent 

infection, is the cause of the lesion. A complete chronological picture of the virus 

lifecycle can be provided using animal models. Regression and latency can be 

studied in these systems in addition to the involvement of the immune response.

Additionaly animals can be infected with mutant viruses to determine the role of 

proteins at various stages of the virus lifecycle. Animal systems have already 

been shown to be valuable for studying the role of PV proteins during natural 

infection (reviewed in (Chow and Broker 1997)). Animal model systems also 

have an advantage over xenotransplantation or raft culture, in that the entire 

lifecycle can be monitored from initial infection to regression in the natural host.

The merits of different animal models have been discussed previously (section 

1.8.4). Analysis of the virus life cycle in chapter 4 revealed an unexpected 

degree of heterogeneity between human papillomaviruses and similar variability 

has also been observed between animal papillomaviruses (Peh et al. 2002). In 

order for life cycle observations in animal models to be extrapolated to human 

infection, the animal model must closely represent human infection. Whilst there 

are significant differences in the timing of life cycle events between human and 

animal papillomaviruses, recent research in our laboratory has determined that 

ROPV closely represents human mucosal infection by HPV11 (Peh et al. 2002).

ROPV E1^E4 has a predominantly cytoplasmic intracellular distribution in vivo 

that broadly resembled that of the human mucosal viruses, although ROPV 

E1^E4 does assemble into cytoplasmic inclusion granules similar to those seen 

in warts caused by HPV1 (Peh et al. 2002). ROPV and HPV11 also show 

similarities in the timing of late viral events, including correlations between 

E1^E4 expression and genome amplification (Peh et al. 2002). Additionally 

these two viruses have similar tissue tropisms with both viruses infecting
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mucosal tissue (Howley 2001b). Recently ROPV has also been shown to infect 

rabbit genital tissue (Harvey et al. 1998).

Before the functions of viral proteins in the ROPV lifecycle can be analysed, 

primarily by infection with viruses containing mutations in key viral proteins, the 

lifecycle of natural infections must be characterised so that deviations from this 

pattern can be recognised. Although the broad timings of natural ROPV infection 

have been documented, such as first appearance of warts and wart regression, 

studies have been restricted to analysis of gross morphology and only limited 

histological analysis has been performed (Christensen et al. 1996; Harvey et al.

1998).

Here two studies are described through which events in the natural lifecycle of 

ROPV have been characterised. A time course with a small number of rabbits 

was conducted initially to determine the time between papilloma formation and 

regression. The patterns of viral and cellular protein expression were mapped by 

immunostaining on samples of infected tissue taken at three time points during 

infection. In the second study, samples were analysed at weekly intervals 

throughout the time course, to allow a more detailed analysis.

8.2 ROPV time courses

For the initial time course a group of six rabbits were infected with ROPV to 

determine the time from initial infection to regression. Infection was carried out 

with neat virus suspension, n = 2 (as outlined by (Christensen et al. 1996)); or 

diluted in distilled water; 1:5, = 2 and 1:25, n = 2. After infection, the extent of 

papilloma formation was monitored visually at weeks four, seven, nine, eleven 

and sixteen. Animals were euthanased in pairs at three time points. At 4 weeks 

post infection when papilloma formation was first observed by eye, n = 2; during 

regression at wk eleven, n = 1; and at the last week of the time course at week 

sixteen, n = 2. The tongues were excised and fixed in 10%NBF. Tissue was also 

taken from one uninfected rabbit as a control.

In the second time course twenty-four rabbits were infected with ROPV in two 

experiments. The first experiment contained 15 rabbits and the second 9 rabbits.
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Rabbits were sacrificed in pairs each week for a total of 12 weeks. One tongue 

was fixed in 10%NBF, the second was cut in half lengthways and half was snap 

frozen in liquid nitrogen, the other half was fixed in 10% NBF.

8.3 ROPV immunostaining
Double immunostaining was carried out using the microwave epitope exposure 

method, described in section 3.2.2. Two step indirect detection with anti-mouse 

Alexa 594 (red) was used to detect the following monoclonal antibodies at the 

concentrations outlined in table 3.2: keratin 14 (LL001, ICRF) and keratin 13 

(KS01A3, Novocastra). The following monoclonal antibodies were detected by 

three step indirect detection with anti-mouse-biotin followed by avidin-Alexa 594 

(red) as outlined in table 3.2: MCM (47DC147, Neomarkers) and PCNA (PC10, 

Neomarkers. All immunostaining for the above proteins was carried out in 

addition to ROPV E1^E4 immunostaining. Two step indirect detection with anti

rat Alexa 488 (green) was used to detect the polyclonal ROPV E1^E4 antibody 

(used at 1:400). Haematoxylin and Eosin (H&E) staining was carried out by the 

histology department at NIMR.

8.4 Results of the initial time course

8.4.1 Infection and gross morphology
Of the 6 rabbits in the first time course, one died under anaesthetic during the 

infection protocol. Of the 5 remaining rabbits all developed papillomas. All virus 

dilutions lead to the formation of papillomas and no obvious alterations in 

papilloma formation (number, size or duration of infection) were observed. Thus 

a dilution of 1:5 was chosen for the second time course. The scarification 

protocol did not affect the animals feeding habits and they continued to gain 

weight after infection. Papilloma formation was first observed at week four where 

small discrete papillomas were easily identified on the underside of the tongue 

as previously described (Harvey et al. 1998). Lesions were approximately 1 by 1 

by 1mm and lighter in colour than normal skin (figure 8.1).
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Figure 8.1 ROPV lesions at four weeks post infection
Papilloma formation on the dorsal surface of the tongue at four 
weeks post infection. Arrows indicate an area of small papilloma 
lesions
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The papillomas appeared to be fully formed at this point. At week seven 

papillomas were still present but by week nine they had begun to regress as 

determined by a reduction in papilloma in size and change in colour, becoming 

more flesh coloured. By week sixteen (the maximum length of the experiment 

requested in the animal licence) the remaining two rabbits still had small lesions 

on the dorsal tongue surface.

8.4.2 Histology
At week four tissues contained discrete papillomas separated by distinct areas 

of normal tissue (figure 8.2b). Warts were distinctive in their ‘molar tooth’ shape 

but varied in size. Lesions showed morphological changes typical of wart 

formation such as thickening of the epithelium, especially the parabasal layer 

(acanthosis), retention of the nuclei into the superficial layers (parakeratosis) 

and the presence of small koilocytes (koilocytosis). Cells in the upper layers 

contained cytoplasmic granules (indicated by arrows in figure 8.2b). By gross 

analysis individual lesions showed little size difference, although sectioning 

through lesions at different points leads to an illusion of variation in size on 

histological analysis. At week eleven the tissue no longer showed features of 

wart formation at the surface of the epithelium, and the number of cell layers had 

decreased compared to week 4 (figure 8.2c). However the basal layer still 

appeared to be proliferating, causing the formation of downward projections of 

the basal cells. The presence of infiltrating lymphocytes in the basal epithelium 

(indicated by arrows in figure 8.2c) suggests regression caused by an immune 

response. By week sixteen the tissue appeared normal (figure 8.2d) when 

compared to normal uninfected oral tissue (figure 8.2a). However small groups 

of cells could be observed at the surface of the epithelium in isolated areas, 

indicated by an arrow in figure 8.2d, despite the underlying tissue appearing 

normal. It is possible that these raised areas could be scar tissue, and may be 

the ‘small lesions’ seen by eye on the under surface of the tongue at week 16.
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Figure 8.2 H and E stains of ROPV infected tissue at different time points 
post infection.
Normal uninfected rabbit oral mucosa from the dorsal tongue surface is shown 
in (a). ROPV induced wart lesions at four weeks post infection are shown in 
figure (b) where small arrows indicate cytoplasmic inclusion granules.An area of 
mucosa at 11 weeks post infection is shown in (c). Infiltrating lymphocytes are 
indicated by long arrows, (d) shows an area of mucosa a 16 weeks post infection. 
The arrow indicates an area of abnormal morphology at the epithelial surface. 
Photographs of each lesion were taken at increasing magnifications as indicated.
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8.4.3 Detection of ROPV E1^E4 protein
ROPV E1^E4 could not be detected in uninfected tissue (figure 8.3a). ROPV 

E1^E4 could be detected in papillomas at week four (figure 8.3b). There was a 

pronounced demarcation between normal tissue and the region where wart 

formation was present (figure 8.3b). E1^E4 expression was first observed in the 

upper parabasal and intermediate layers and extended to the surface of the 

epithelium. E1^E4 expression formed cytoplasmic granules of varying size and 

number (indicated by arrows in figure 8.3b), with staining becoming more diffuse 

in the superficial layers. By week 11 E1^E4 could no longer be detected (figure 

8.3c). By week 16 (figure 8.3d) the epithelium appeared normal when compared 

to normal epithelial tissue and E1^E4 could not be detected. It has previously 

been demonstrated that ROPV E1^E4 expression correlates with vegetative viral 

DNA replication, and that ROPV LI expression is limited to cells expressing 

E1^E4 in the upper layers of the epithelium (Peh et al. 2002).
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Figure 8.3 Detection of ROPV E1^E4 expression in ROPV infected tissue 
at different time points post infection. ROPV E1^E4 was detected with an 
anti-rat-FITC (green). Sections were counterstained with DARI (blue) and 
photographed at the magnifications shown. Arrows indicate cytoplasmic E1^E4 
granules and the broken line indicates the basal layer. E1^E4 was only detectable 
at 4 weeks post infection (b). By week 11 (c), although there was still some 
disruption to the tissue which can be seen on the DARI stain, E1^E4 could no- 
longer be detected.
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8.4.4 Analysis of the cell cycle
In normal tissue PCNA and MCM proteins were only detected in the nuclei of 

basal cells and occasionally in cells in the layers above this (figure 8.4a and 

8.5a). In ROPV lesions at four weeks post infection, MCM and PCNA displayed 

almost identical expression patterns with expression elevated into the upper 

intermediate layers (figures 8.4b and 8.5b). Expression ceased before the cells 

reached the surface layers. E1^E4 was first expressed in cells that were MCM 

(or PCNA) positive. In a pattern analogous to that observed in chapter 4 in other 

HPV types, there was an overlap region where cells containing both E1^E4 and 

MCM (or PCNA) could be detected.

At week eleven MCM and PCNA expression was still disturbed but to a lesser 

extent than at week four (figures 8.4c and 8.5c). MCM and PCNA positive cells 

were observed in the intermediate layers but not at the surface of the epithelium 

while E1^E4 could not be detected By week sixteen the expression patterns of 

these markers had returned to normal (figures 8.4d and 8.5d).
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Figure 8.4 MCM and ROPV E1^E4 expression in ROPV infected tissue at 
different time points post infection. Tissue was immunostained for ROPV 
E1^E4 (green) and MCM (red). Lesions were counterstained with DARI (blue) 
and photographed at x20. The broken line indicates the basal layer.
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Figure 8.5 PCNA expression in ROPV E1^E4 expression in ROPV infected 
tissue at different time points post infection. Tissue was immunostained for 
ROPV E1^E4 (green) and PCNA (red). Lesions were counterstained with DAP! 
(blue) and photographed at x20. The broken white line indicates the basal layer.
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8.4.5 Analysis of differentiation
Keratin 14 and keratin 13 immunostaining was carried out on lesions at each of 

the time points. In normal rabbit tongue epithelial tissue, keratin 1,4 was only 

observed in the cytoplasm of basal and parabasal cells (figure 8.6a). At week 

four in ROPV lesions, keratin 14 staining was elevated above the basal layers 

through to the surface of the epithelium as previously observed for other 

papillomavirus types (chapter 6). The staining varied in intensity from cell to cell, 

with cells at the very surface of the epithelium being stained more intensely. 

However, there was no correlation with between keratin 14 and the expression 

of E1^E4 (figure 8.6b). By week eleven the keratin 14 staining was still elevated, 

although staining in the upper epithelial layers was reduced compared to 

staining at week 4. E1^E4 could no longer be detected (figure 8.6c). Keratin 14 

staining had returned to normal by week 16 (figure 8.6d).

Keratin 13 was observed in the cytoplasm of the parabasal cells and above in 

normal rabbit mucosal tissue (figure 8.7a). Keratin 13 staining was most intense 

in the intermediate layers becoming weaker in the superficial epithelium. At 

week 4 Keratin 13 expression was delayed and greatly reduced in papilloma 

areas when compared to the adjacent normal tissue (figure 8.7b). Keratin 13 

positive cells were only observed in the superficial cell layers, whilst in normal 

rabbit oral mucosa these cells usually have reduced or no K13 staining. At 11 

weeks post infection, unlike keratin 14, keratin 13 staining appeared normal 

despite the fact that disruption of the basal epithelium could still be observed 

(figure 8.7c). E1^E4 could not be detected in this tissue. At sixteen weeks post 

infection the basal epithelium had returned no normal and again a normal 

pattern of keratin 13 expression could be observed (figure 8.7d).
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Figure 8.6 Keratin 14 and ROPV E1^E4 expression in ROPV infected tissue 
at different time points post infection. Tissue was immunostained for ROPV 
E1^E4 (green) and keratin 14 (red). Lesions were counterstained with DARI 
(blue) and photographed at x20. The broken white line indicates the basal layer.
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Figure 8.7 Keratin 13 and ROPV E1^E4 expression in ROPV infected tissue 
at different time points post infection. Tissue was immunostained for ROPV 
E1^E4 (green) and keratin 13 (red). Lesions were counterstained with DAP! 
(blue) and photographed at x20. The broken white line indicates the basal layer.
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8.5 Results of the second time course

8.5.1 Infection and gross morphology
Of the 24 rabbits in the second time course, two died under anaesthetic during 

the infection protocol. Thus in order to maintain duplicate time point samples, 

the time course was reduced to 11 weeks. Of the 22 remaining rabbits all 

developed papillomas. Papilloma formation was again first observed at week 

four, whilst no sign of papilloma formation was observed before this. At 9 weeks 

post infection the lesions began to regress, reducing in size and becoming paler. 

By week 11 the under-surface of the tongue in the two remaining rabbits 

appeared normal.

8.5.2 Histology
Histological analysis of tissue at 1 week post infection showed no apparent 

signs of papilloma formation (figure 8.8a). Although no papillomas had been 

observed by eye at 2 or 3 weeks post infection, histological analysis of sections 

from these time points revealed the formation of small papillomas (indicated by 

arrows in figure 8.8b and c). At 2 weeks post infection a small area of increased 

basal cell proliferation was seen, although the epithelium was not noticeably 

thicker than the surrounding area (figure 8.8b). At 3 weeks post infection a small 

lesion can also be identified (figure8.8c). This lesion does not appear exactly like 

the one at week 2, as no hyperproliferation of the basal layer can be seen, 

probably due to sectioning only through the edge of the lesion rather than the 

central proliferating area. However, it appears more developed as abnormal 

cells are observed closer to the surface of the epithelium, which also appears 

slightly raised. One cell also has a small cytoplasmic inclusion granule (arrowed 

at x40 in figure 8.8c)

The lesions at week 4 are similar to those observed in the previous study 

(figure8.8d). Lesions at 5, 6, 7 and 8 weeks post infection (figures 8.8e, f, g and 

h respectively) showed a similar morphology although the formation of basal 

papillae appeared more pronounced when compared to lesions at week 4. 

Lesions at week 9 still showed papilloma formation and the characteristic 

cytoplasmic inclusion granules, however a small number of infiltrating
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lymphocytes could be observed in the basal layers, indicating an immune 

response, although regression (as seen at week 11 in the first time course) was 

not yet apparent.

By week 10 the number of epithelial cell layers had reduced and the epithelium 

more closely resembled normal tissue (figure B.Bj) however the basal layer was 

still disrupted, demonstrating a ‘spiky’ appearance not observed previously. In 

addition the surface of the epithelium was disrupted. Although this did not 

resemble the scar tissue seen at week 16 of the first time course. At 11 weeks 

post infection the basal layer and the surface of the epithelium also appeared to 

be returning to normal (figure B.Bk). Although the tissue did not resemble normal 

epithelium as shown in figure B.Ba.

224



• -•

(a) Week r  i S  g /;V

.i^

'o ./- .

(c)Week3:t;,: r e - : ; , .

y'*'

a ;
(d) Week 4 ' : ; ,

m m

m m m

“ ' 40 <m:

' I S #
I
(e) Week 5

f m w .

(f) Week 6 ■ ' ■
-------------- x10 x20 x40

225



(g) W eek 7

(h) W eek 8

(i) Week 9 ^

(j) Week 10 ' •

m

(k) Week 11 $
x10

Figure 8.8 H&E stains of ROPV infected tissue at weekly timepoints post 
infection. Figures (a) to (k) are from weeks 1 to 11 post infection. Large arrows 
in (b) and (c) indicate areas where small warts are present. Black arrowsin the 
remaining figures highlight cytoplasmic inclusion granules. White arrows in (i) 
and (j) indicate infiltrating lymphocytes. Differences in the colour of H&E 
staining is due to differences in the staining procedure between the two time 
course experiments. Images were taken at the magnifications indicated.
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8.5.3 Detection of ROPV E1*E4 protein
ROPV E1*E4 was not detectable at 1 week post infection (figure 8.9a). E1*E4 

was first detectable in the small lesions at 2 weeks post infection. Indicating that 

the late stage of the virus lifecycle is activated as early as 2 weeks after initial 

infection (figure 8.9b). The E1*E4 staining was only present in a small number of 

cells in the upper parabasal and intermediate layers of the epithelium, although 

inclusion granules could already be seen in some cells (indicated by arrows in 

Figure 8.9b and c). By week 3 the expression of E1̂ ^E4 was detectable through 

to the surface of the epithelium (figure 8.9c).

The expression of E1'^E4 at later time points showed characteristic staining as 

observed at week 4 in the first time course. At 4, 5, 6, 7, 8, and 9 weeks post 

infection, E1*E4 was first detected in the upper parabasal and intermediate 

layers and extended to the surface of the epithelium (figures 8.9d, e, f, g and h 

respectively). E1*E4 expression formed cytoplasmic granules of varying size 

and number (indicated by arrows in figure 8.9). There was no apparent 

correlation between duration of infection and size or number of inclusion 

granules. However by week 9 the E1*E4 staining was patchy throughout the 

lesion and less intense (figure 8.9i). Inclusion granules became less pronounced 

and E1*E4 staining was more diffuse. By week 10 no E1*E4 could be detected 

(figure 8.9j). No E1*E4 could be detected in lesions at week 11 (figure 8.9k)
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Figure 8.9 The pattern of ROPV E1*E4 expression in ROPV infected tissue 
at weekly time points post infection. ROPV E1*E4 was detected with an anti- 
rat-FITC (green). Sections were counterstained with DARI (blue) and photographed 
at the magnifications shown. Arrows indicate E1*E4 granules and the broken line 
indicates the basal layer. E1*E4 was first detectable at 2 weeks post infection (b) 
and remained detectable up to 9 weeks post infection (i). E1'^E4 could no longer 
be observed in tissues at 10 and 11 weeks post infection, (j) and (k) respectively.
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8.5.4 Analysis of the cell cycle
MCM and E1*E4 double staining was carried out on tissue from each time point 

(figure 8.10). The MCM staining at week 1 resembled normal MCM staining on 

uninfected tissue as shown previously in figure 8.4 (8.10a). At week 2, MCM 

expression was abnormal (figure 8.10b). An area of overlap between E1*E4 and 

MCM could be seen even in this small lesion (figure 8.10b). Although the MCM 

staining did not extend directly from the basal layer to the E1*E4 positive cells, 

this is most probably due to sectioning through the edge of the small lesion 

rather than the middle hyperproliferative tissue.

In the lesion at week 3 no E1*E4 staining could be seen, although the MCM 

staining did appear slightly elevated (figure 8.10c). This again is probably a 

result of sectioning past the small lesion. In all other lesions where E1*E4 was 

detected (between weeks 4 and 9 inclusive), overlap between E1*E4 and MCM 

was always observed, with cells positive for both MCM and E1*E4 present 

(figures d to i inclusive). In lesions from week 6 onwards, MCM staining could 

occasionally be seen at the surface of the epithelium (figure 8.1 Of to i). This 

staining is diffuse and predominantly cytoplasmic, and is most likely to be 

background staining in the flattened surface cells. Similar background staining 

is observed at the surface of the epithelium in figure 8.10e, where MCM 

expression has clearly ceased in the lower epithelial layers.

Interestingly, at weeks 10 an 11 the MCM staining had returned to normal, even 

though disruption to the basal layer could still be observed (figures 8.10] and k). 

This suggests that the basal layer remains abnormal as a result of ROPV 

infection rather than because of continued viral activity. The sharp contrast 

between week 9 and week 10 suggests that regression of ROPV lesions takes 

place rapidly between these two time points.
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Figure 8.10 MCM and ROPV E1*E4 expression in ROPV infected tissue at 
weekly time points post infection. Tissue was immunostained for ROPV 
E1*E4 (green) and MCM (red). Lesions were counterstained with DAP! (blue) 
and photographed at x20. The broken line indicates the basal layer. Due to 
precipitate formation in the tertiary antibody, (anti-biotin-Alexa594), a spotty 
background can be seen in all sections. This can be eliminated in subsequent 
studies by centrifugation of the tertiary antibody before dilution.
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8.5.5 Analysis of regression in lesions at 8 weeks post infection
All pairs of lesions at each time point showed a similar extent of papilloma 

formation. The exception to this was one of the rabbits euthanased’at 8 weeks 

post infection. In this rabbit there was evidence of papilloma regression (figure 

8.11) whilst in its counterpart, large fully formed papillomas were observed 

(figure 8.8h). Morphological analysis and MCM/E1^E4 double staining 

demonstrated that the extent of regression varied throughout the tongue. 

Examples of this are shown in figure 8.11 A and B.

In A there is evidence of the characteristic papilloma shape however there is 

also a large amount of lymphocyte infiltration, even in the intermediate layers, 

and disruption to the basal layer (figure 8.11A i, ii and iii). MCM staining is still 

elevated compared to normal (figure A, MCM), however the staining does not 

extend as far towards the surface of the epithelium as observed in productive 

ROPV lesions. Interestingly E1*E4 staining can still be seen in isolated cells at 

the surface of the epithelium (figure A, E1^E4).

In B the lesion does not show any characteristics of a papilloma (figure 8.1 IBi, ii 

and iii). The morphology is more like that observed at 10 and 11 weeks post 

infection in figure 8.8. As with A, infiltrating lymphocytes can still be seen in the 

lower layers of the epithelium. Interestingly in this lesion the MCM staining 

closely resembles that of normal tissue with staining restricted to the basal cells 

(figure B, MCM). In addition no E1*E4 staining can be observed (figure B, 

MCM).
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Figure 8.11 Analysis of regressing ROPV lesions at 8 weeks post infection.
In one rabbit at 8 weeks post infection, ROPV lesions could be observed that 
appeared to be at different stages of regression (A) and (B). H and E stains of 
these lesion are shown in (i), (ii) and (iii) at xIO, x20 and x40 magnifications 
respectively. Black arrows indicate infiltrating lymphocytes. The fluorescent 
images show MCM and ROPV 51*24 double stains counterstaines with DAPI 
(blue). These images were taken at x20 magnification. The white arrow 
indicates an 21*24 positive cell. The broken white line indicates the basal layer.
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8.6 Discussion
Although the timing of the first appearance of ROPV warts and approximate 

duration of infection are known, a complete ROPV time course has not been 

published and the pattern and timing of viral and cellular events has yet to be 

mapped.

Fully formed ROPV warts were observed in the first time course at four weeks 

post infection, which correlated with the first detectable E1*E4 expression. Oral 

ROPV Warts have been shown to be present at 4 weeks post infection by gross 

analysis (Harvey et al. 1998). In COPV papillomas develop between 4 - 8  

weeks post infection (Nicholls et al. 2001b).

Analysis of the second time course however, revealed that whilst papillomas 

could not be observed on the surface of the epithelium by eye, histological 

analysis showed that small lesions had formed as early as 2 weeks post 

infection. At this time point E1*E4 was already detectable and MCM expression 

was elevated above the basal layer (figure 8.10b). Cells positive for both 

proteins could be observed in an overlap region. This pattern of E1*E4 and 

MCM overlap was present in lesions at all time points where E1*E4 was 

expressed. However it was unexpected that this characteristic pattern of E1*E4 

and MCM expression could be observed so early after infection.

In HPV11, viral late mRNA was first observed at week 4 (Stoler et al. 1990). 

However this analysis was conducted in the mouse xenograft system where 

there is a lag phase due to vascularisation of the implants. Thus in this system 

the virus life cycle may be delayed compared to normal infection.

The productive lifecycle of ROPV has been shown to most closely resemble that 

of HPV11 (Peh et al. 2002), although the greatest homology was observed 

between the ROPV and CRPV genes (Christensen et al. 2000). The results of 

morphological analysis outlined here at 4 to 9 weeks post infection indicate that 

ROPV lesions are similar morphologically to HPV11, with small raised 

papillomas appearing to form by increased proliferation of the basal layer. 

Interestingly the ROPV E1*E4 protein is closely related to HPV1 and HPV63
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E1*E4 (Christensen et al. 2000; Doorbar and Myers 1996), which is apparent in 

the formation of cytoplasmic ROPV E1*E4 inclusion granules similar to those 

seen in warts caused by HPV1 (Peh et al. 2002). It appears that a combination 

of phenotypes related to these virus types is apparent in ROPV infection. The 

ROPV E1*E4 protein was expressed in the intermediate layers and above which 

resembles the HPV11 lifecycle, rather than in the parabasal cells like HPV1 or 

HPV63 E1*E4. While the intracellular expression pattern of ROPV E1*E4 is 

more like the granules formed by HPV1 E1*E4 and HPV63 E1*E4, and not like 

the filamentous pattern observed for HPV11 E1'^E4 (chapter 4).

The ROPV lesions were also similar to lesions cause by different HPV types in 

their disruption of keratin expression. In ROPV lesions, keratin 14 

immunostaining was elevated to the surface of the epithelium whilst the 

surrounding normal tissue demonstrated a normal, basal keratin 14 expression 

pattern (figure 8.6b). This is similar to the pattern observed for HPV lesions 

outlined in chapter 6. Interestingly the disruption to keratin 14 was still apparent 

at 11 weeks post infection when E1*E4 expression could no longer be observed. 

This supports the theory that disruption of keratin 14 expression by 

papillomaviruses is related to early viral protein expression rather than 

expression of the late viral proteins.

Differentiation dependent keratin 13 was also disrupted in ROPV lesions with 

expression either delayed or absent in areas of papilloma formation compared to 

adjacent normal tissue. Again this is similar to the pattern observed in lesions 

caused by HPV although in ROPV the disruption was more pronounced, with 

keratin 13 greatly reduced compared to normal. However this could be due to 

tissue specific differences in keratin expression patterns, as in the HPV lesions 

the cutaneous keratin 10 was analysed whilst in ROPV the mucosal keratin 13 

was studied.

In the ROPV lesions studied here, the timing of regression varied between the 

two time courses. In the first time course, regression was observed at week 11 

with a small lesion showing evidence of infiltrating lymphocytes, providing 

indirect evidence for cell mediated immunity. However in the second time course
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regression appeared to occur as early as week 8, and was complete (in that no 

evidence of papilloma formation could be detected) by week 10. The timing of 

regression in oral ROPV infection has not been documented, but regression of 

genital ROPV lesions takes approximately two weeks (Harvey et al. 1998) and 

lesions are fully formed before an immune response can be detected 

(Christensen et al. 2000). From this time course data, regression appears to 

occur between seven and eleven weeks post infection, although an extended 

time course would be necessary to confirm if regression persists beyond this 

time point.

From the analysis of the two rabbits at 8 weeks post infection, the timing of 

regression would appear to vary between different individuals, despite being 

infected at exactly the same time. In one of the rabbits (figure 8.8h), fully formed 

papillomas were still present, whilst in the other rabbit (figure 8.11), lesions at 

different stages of regression were observed. The results from these rabbits 

highlight a possible sequence of events for ROPV regression.

Once the lesion began to regress, as evidenced by the presence of infiltrating 

lymphocytes, the E1*E4 protein was the first to disappear. As E1*E4 cells are 

still present at the surface of the epithelium, it could be suggested that E1*E4 is 

reduced when expression is no-longer occurring in the lower layers of the 

epithelium, and positive cells are sloughed from the surface. At this point MCM 

staining into the upper intermediate layers and the characteristic wart shape 

were still present (figure 8.11A). A similar pattern was seen in COPV infection 

where expression of the viral early genes remained at levels comparable to 

those in persisting papillomas, while late genes were absent in regressing 

lesions (Selvakumar et al. 1997).

As regression progressed it appeared that the number of MCM positive cells in 

the intermediate layers decreased, possibly due to dilution by the presence of 

normal cells moving up from the basal layer. E1*E4 was no longer detectable 

(figure 8.4c) and the superficial layers of the epithelium appeared normal (figure 

8.2c). As the lower epithelium also returned to normal, infiltrating lymphocytes

237



Chapter 8 Characterisation of the ROPV animal model

could still be observed and the basal layer was disrupted, however'the pattern of 

MCM expression had returned to normal at this point (figure 8.12B).

Infiltrating lymphocytes have been demonstrated in regressing ROPV, COPV, 

CRPV and HPV lesions (Coleman et al. 1994; Harvey et al. 1998; Nicholls et al. 

2001b; Selvakumar et al. 1997). The presence of infiltrating lymphocytes has 

been correlated with spontaneous regression of ROPV lesions and additionally 

with an inability to detect ROPV DMA by ISH (Christensen et al. 2000). It is 

suggested that the lymphocytes infiltrating regressing lesions may have an early 

effect upon the papillomas by reducing the levels of detectable ROPV DNA 

(Christensen et al. 2000). This would correlate with the disappearance of 51*54 

before complete regression of the papilloma, and could explain why the surface 

epithelium returns to normal before the basal layer.

Although the majority of CRPV lesions spontaneously regress, tissues remained 

positive for CRPV DNA at low copy number despite full regression. Papillomas 

reappeared at these regression sites following skin irritation, indicating the 

spontaneous re-emergence of papillomas and the presence of latent infection 

(Amelia et al. 1994; Selvakumar et al. 1997). Whether latent infection is also 

observed in ROPV remains to be addressed.

It has been demonstrated here that ROPV wart formation occurs as early as two 

weeks post infection, with fully formed warts present at four weeks post 

infection. It appears from this study that regression occurs from week eight 

onwards with the timing of regression varying between individuals. Although the 

duration of regression cannot be conclusively determined from this data, a 

sequence of events for regression has been suggested.

In addition, the similarities between ROPV and mucosal HPV infections have 

been extended beyond life cycle events to include the effect of infection on 

epithelial differentiation. In ROPV the expression of both keratin 14 and 

differentiating keratins are disrupted in a manner similar to that observed for 

lesions caused by a variety of HPV types (discussed in chapter 6).
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To date analysis of the role of CRPV proteins in the virus life cycle has been 

conducted using a method where mutant DNA is delivered into the epithelium by 

particle bombardment (Brandsma 1992; Brandsma et al. 1991; Wu et al. 1994). 

However these experiments were conducted in domestic New Zealand White 

rabbits and not the natural Cottontail rabbit host, plus immunostaining for viral 

proteins was not carried out on these lesions.

Studies with CRPV E1*E4 deletion mutants have shown that lesions 

superficially resembling wild type lesions were formed despite the fact that 

E1*E4 expression and genome amplification were not supported (Davy et al. 

2003). This indicates that papilloma formation alone is insufficient to monitor the 

effects of mutant viruses on the virus life cycle, and highlights the importance of 

analysing virus activity by immunostaining.

So far only wild type virus particles have been used to create ROPV lesions and 

problems have been encountered with the production of wild type ROPV DNA. 

During amplification of the wild type genome in E. coli, spontaneous mutations 

appear in the El ORF which are predicted to make the genome dysfunctional 

(Christensen et al. 2000). Investigations into the cause and repair of these 

mutations are ongoing (Neil Christensen, personal communication), and once 

these are overcome, studies can be conducted to determine how the ROPV life 

cycle deviates from the template outlined above, when key viral proteins are 

deleted or mutated.
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9 Conclusions

9.1 A pattern of viral life cycle protein expression is conserved between 

virus types
Papillomaviruses appear to differ from one another quite markedly with respect 

to the timing of vegetative viral DNA replication, the pattern of E1*E4 expression 

and the expression of late viral proteins (Peh et al. 2002). This study has 

examined key viral events in lesions caused by several different virus types. 

Expression of E1*E4 was found to coincide with vegetative viral DNA replication 

in lesions caused by diverse HPV types, while LI expression was shown to be 

limited to a subset of E1*E4 expressing cells in the upper layers of the 

epithelium. Despite temporal and spatial differences in viral protein expression, 

a pattern has emerged between the lifecycles of different HPV types. It appears 

that the virus lifecycle can be divided into three fundamental stages based on 

the expression of three viral markers.

It has been previously shown that E7 alone can induce factors of the host DNA 

machinery such as PCNA (Cheng et al. 1995; Chien et al. 2002; Jian et al.

1999). Additionally the HPV E7 protein is hypothesised to cause cells in the 

suprabasal layer to become permissive for DNA synthesis (Cheng et al. 1995; 

Demeter et al. 1994). In lesions caused by all the virus types studied here, the 

expression of E7 surrogate markers (MCM, PCNA and cyclin A) was detected in 

the nuclei of cells from the basal layer to the intermediate layers of the 

epithelium. Expression of these markers correlated with cells in S-phase, in 

lesions caused by HPV2.

In all papillomavirus lesions studied E1*E4 expressed first began in cells 

positive for surrogate markers of E7 expression. E1̂ ^E4 has been shown in vitro 

to cause G2 arrest (Davy 2002; Davy et al. 2002b). The E1*E4 protein may also 

have this function in vivo in order to facilitate vegetative viral DNA replication. 

That this occurs is supported by the correlation of E1*E4 expression and 

vegetative viral DNA replication in lesions caused by several diverse virus types, 

and also by the fact that HPV2 E1*E4 is first expressed in cells in S-phase. The 

LI viral capsid protein was only expressed in a subset of E1*E4 positive cells.
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indicating that expression of E1*E4 may be an important factor in its expression 

and possibly in the start of virus capsid synthesis. Here it has been shown that 

this pattern of E7, E1*E4 and L1 expression is typical of productive infections 

caused by diverse HPV types, including HPV1, HPV2, HPV11, HPV16 and 

HPV63. This pattern was also conserved in lesions caused by ROPV.

It did not appear that the onset of the late stage of the virus lifecycle correlated 

with expression of differentiation dependent proteins; keratin 14, keratin 10, 

keratin 13, involucrin or filaggrin. However, the extent to which the expression of 

these proteins were disrupted was found to be similar in the low-risk virus types 

studied.

Expression of keratin 14 was elevated to the surface of the epithelium in 

productive lesions caused by the low-risk virus types studied (with the exception 

of HPV65). This feature also appears to be common to low-grade lesions 

caused by high-risk virus types (Southern et al. 2001). In addition, the 

expression of the differentiation dependent keratin 10 was delayed or reduced in 

areas where keratin 14 was elevated. It is thought that the disruption to the 

expression patterns of these two keratin proteins may be related, as there are 

transcription factors that are common to the regulation of both these proteins 

(Eckert et al. 1997).

Expression of involucrin was unaffected in HPV lesions caused by low-risk virus 

types. This feature was also observed in lesions caused by high-risk virus types 

(Southern et al. 2001). Whilst the expression of filaggrin appeared unaffected by 

the virus lifecycle, its intracellular distribution was disrupted in HPV65 E1*E4 

positive cells, where E1*E4 formed cytoplasmic inclusion granules. It would 

appear that this is a feature common to the granule forming HPV types (Doorbar 

et al. 1997).

9.2 The virus lifecycle is disrupted in cervical neoplasia
While the virus lifecycle appears highly conserved in productive infections, it is 

disrupted in cervical neoplasia. As the severity of neoplasia increased the 

pattern of viral protein expression (E7 surrogate markers, E1*E4 and LI)
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changed significantly. Expression of E1*E4 demonstrates a negative correlation 

with lesion grade, with expression decreasing significantly as lesion grade 

increases from CIN1 to CIN3. Due to its expression in a subset of the E1*E4 

positive cells, L1 also shows a negative correlation with lesion grade. The 

reverse is true for MCM which demonstrates a positive correlation with lesion 

grade with expression increasing significantly as the severity of lesion grade 

increases.

It has been shown that with respect to the expression of these proteins, CIN1 

lesions can support productive infection and demonstrate a pattern of protein 

expression that makes them statistically comparable to papillomas caused by 

low-risk papillomavirus types. CIN2 and CIN3 lesions appear to represent 

abortive infections in which the virus lifecycle is not completed.

Changes in expression of the lifecycle markers can be observed at the surface 

of the epithelium. The results demonstrate that the relative abundance of E7, 

E1*E4 and L1 at the surface of the epithelium can be used to predict the 

severity of cervical disease. It is anticipated that the ratio of E1*E4 expressing 

cells to MCM expressing cells (as markers of E7 expression) in cervical smear 

samples could indicate the grade of CIN in the underlying epithelium.

It is predicted that a combination of these markers of viral infection would be 

used. Cells positive for E1*E4 alone would indicate lesions capable of 

supporting the late stage of the virus lifecycle and thus low-grade abnormality. 

Cells positive for MCM would be the result of cellular proliferation at the surface 

and would suggest high-grade abnormality.

Recent research supports the use of ‘surrogate markers' in tissue biopsies or 

cervical smears to identify HPV-associated epithelial lesions (Keating et al. 

2001a). A complimentary approach including Ki-67, cyclin E and p i6 has been 

suggested (Keating et al. 2001b). Cyclin E is required for initiation of viral DNA 

replication and is upregulated by E7 (Noya et al. 2001). Its expression correlates 

strongly with morphologic features of HPV in cervical smears (Weaver et al
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2000). The data outlined here demonstrates that MCM can be included in this 

panel of surrogate markers in preference to Ki-67 (Williams et al. 1998).

As outlined above, the addition of HPV E1*E4 to this approach would 

significantly enhance the detection of abnormal cells with the advantage of 

identifying specific virus types. At present antibodies to the E1*E4 protein of 

high-risk virus types (including HPV18, HPV31, HPV33 and HPV45) are being 

generated (Heather Griffin, Laboratory for Molecular Biology, Cambridge, 

Personal Communication). Antibodies that are cross-reactive to either high-risk, 

or low-risk E1*E4 proteins are also in development. This will hopefully enable 

easy detection of virus types in cervical screening and allow for efficient triage of 

high and low-risk infections. These antibodies would ultimately be used in 

conjunction with MCM proteins or other surrogate biomarkers.

Further research is required to analyse the expression patterns of cyclin E and 

E1*E4 in cervical lesions using double immunostaining. In addition the 

relationship between the expression of p i6 and E1*E4 needs to be examined in 

a greater number of lesions. With the development of additional HPV antibodies 

the results here in HPV 16 will be expanded to include additional high-risk HPV 

types. Ultimately E1*E4 will be included in a panel of surrogate biomarkers 

which will be validated on cervical smear samples.

Previously the detection of HPV DNA has been considered for use in cervical 

screening. Although HPV testing is accurate and sensitive, problems have been 

identified with the specificity of these tests (Bovicelli et al. 2000; Kaufman et al.

1999). Low specificity is encountered with the HPV test because of latent or 

transient infections, and is complicated by the fact that HPV DNA has been 

found in up to 35% of normal skin biopsies (Astori et al. 1998; Bovicelli et al.

2000). While the current data does not support implementing HPV testing as the 

sole primary screening test, it suggests a role for HPV testing as an adjunct to 

routine cytology (Bovicelli et al. 2000).

243



Chapter 9 Conclusions

9.3 Patterns of E1*E4 expression in vitro and in vivo

Analysis of the in vitro staining patterns of previously uncharacterised E1*E4 

proteins, from different virus types, revealed striking similarities and differences, 

both in expression patterns and keratin co-localisation. Expression of HPV2 

E1*E4 in cos-7 cells produced a filamentous staining pattern that co-localised 

with keratin filaments. By 48 hours this filament network had collapsed to form a 

peri-nuclear bundle, which remained co-localised with keratin.

In vitro, HPV16 E1*E4 keratin co-localisation and collapse has previously been 

documented (Doorbar et al. 1991; Roberts et al. 1993). To observe an identical 

staining pattern with HPV2 E1*E4 was quite unexpected as HPV2 is a 

predominantly cutaneous virus type. However comparison of HPV16 and HPV2 

sequences revealed a striking sequence similarity. The staining patterns of 

these two E1*E4 proteins were also similar in vivo. Both proteins demonstrated 

a filamentous cytoplasmic staining pattern, although collapse was not observed.

HPV16 E1*E4 has been shown to cause G2 arrest by sequestration of cyclin B 

in the cytoplasm (Davy 2002; Davy et al. 2002b). It has been shown here that 

that there are striking similarities between the expression patterns and keratin 

co-localisation of HPV16 and HPV2 E1*E4 proteins. It would be interesting to 

determine whether HPV2 E1*E4 causes a similar G2 arrest, as is hypothesised 

from the results of the S-phase analysis in chapter 4.

In vitro analysis of HPV65 E1*E4 highlighted an unexpected E1*E4 expression 

pattern with the E1'^E4 protein forming thick cytoplsmic filaments. This is unlike 

the in vivo expression pattern, where HPV65 E1*E4 forms single large 

cytoplasmic inclusion granules. Further staining in cells revealed that the E1*E4 

filaments did not co-localise with keratin but appeared to co-localise with 

condensed tubulin filaments. It is possible that this unusual association is a 

result of the absence of an LLKLL region in this particular E1*E4 (Doorbar and 

Myers 1996).

Analysis of the in vitro expression patterns of other HPV E1*E4 proteins would 

be especially interesting for viruses related to both HPV2 and HPV65. These
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could include HPV4, which is closely related to HPV65 or E1*E4 proteins that 

contain the hypothesised mucosal collapse region, such as HPV11. Comparing 

the expression patterns of these E1*E4 proteins and their associated cellular 

proteins would demonstrate whether expression patterns were conserved 

between evolutionarily related virus types.

9.4 HPV65 differs from other virus types
In addition to the unusual E1*E4 expression pattern and protein association 

observed for HPV 65 in vitro, HPV65 lesions demonstrated a pattern of lifecycle 

and differentiation events that differed from the common pattern observed in 

other papillomaviruses types. HPV65 is a cutaneous virus that is not closely 

related to any of the other virus types studied. However, the expression pattern 

of the HPV65 E1*E4 protein is similar to that of HPV1 and HPV63 E1̂ ^E4 in that 

it forms large cytoplasmic inclusion granules (Egawa 1994).

In HPV65 induced lesions, the MCM staining varied throughout the epithelium 

with the intensity of MCM expression appearing to increase in cells expressing 

E1*E4. Although this is different to the pattern outlined above, it still supports the 

hypothesis that E7 (as marked by MCM expression) may act in concert with 

E1*E4 to create an environment in which vegetative viral DNA replication can 

take place.

Similarly, in lesions caused by HPV65, the expression pattern of keratin 14 was 

different to that observed in other virus types. In HPV65 induced lesions 

expression of keratin 14 did not extend above the parabasal layer and no 

overlap between the site of keratin 14 and E1̂ ^E4 expression was observed.

It is not known why HPV65 differs in the expression of these two proteins. 

Analysis of infections caused by types related to HPV65, for example HPV60 

and HPV4, would be useful in determining if the unusual patterns with respect to 

MCM and keratin 14 expression are conserved between evolutionarily similar 

virus types. Antibodies to the E1*E4 proteins of these virus types are available 

thus this analysis is only limited by the availability of clinical material from these 

less commonly observed infections.
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9.5 Characterisation of the ROPV lifecycle
A week-by-week analysis of the ROPV lifecycle has not previously been 

conducted. Here an analysis of histology and the expression of key viral proteins 

has allowed the examination of the virus lifecycle from initial infection to 

regression.

Although ROPV warts have been observed previously at 4 weeks post infection, 

it has been shown that wart formation occurs earlier than this, at 2 weeks post 

infection. At this point expression of MCM is observed above the basal layer and 

E1*E4 expression is first detected in cells positive for MCM. Thus warts present 

as early as 2 weeks post infection display the characteristic pattern of the 

papillomavirus lifecycle observed in mature HPV lesions.

Histological analysis showed that fully formed warts are present by 4 weeks post 

infection, when they can be visualised on the surface of the tongue by eye. 

These lesions maintain a similar morphology until regression, which occurs 

between 7 and 11 weeks post infection, although the timing of regression 

appears to differ between individuals.

A hypothesis for the pattern of regression is suggested from the data. The first 

sign of regression is when lymphocytes infiltrate a fully formed wart (Christensen 

et al. 2000). The late viral proteins are the first to disappear from the surface 

layers of the epithelium, with early proteins still present in the lower epithelium at 

levels characteristic of fully formed warts (Selvakumar et al. 1997). Cells 

expressing MCM decrease in number, possibly due to the differentiation of 

uninfected cells from the basal layer. Through this process cells expressing the 

viral early proteins are removed from the epithelium. The tissue requires longer 

to return to normal morphology as infiltrating lymphocytes and disruption to the 

basal layer are still present at this point. The timing of regression, between two 

and four weeks, fits with this theory as it takes approximately 2-4 weeks for an 

epithelial cell to leave the basal layer and reach the surface of the epithelium 

(Fuchs 1995).
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The ultimate aim of establishing this system was to use it to analyse the effects 

of mutated viral proteins on the virus lifecycle. Although theTe are currently 

problems associated with obtaining functional wild type DNA (Christensen et al.

2000), there are several avenues of research to be investigated while these 

problems are being overcome.

Analysis of the existing weekly time course tissue by immunostaining for other 

cellular and viral markers would provide additional information. Immunostaining 

with antibodies to cellular proteins, such as the keratins, would expand the 

results obtained from the first time course. Frozen tissue from each of the 

weekly time points is also available. This could be used for RNA in situ analysis 

or S-phase assay staining.

The ROPV time course could be extended to further characterise specific points 

in the virus lifecycle. The preliminary events in wart formation, in the first two 

weeks after infection, could be analysed in greater detail to determine the exact 

point where E1*E4 is first expressed. Further experiments on the later stages of 

the time course could determine the exact duration of regression and how and 

why the timing of regression differs between individual animals. This could be 

used as a basis for immunology studies as similarities between ROPV and 

genital HPV infection, in terms of the timing of lifecycle events and site of 

infection, suggest that ROPV may be particularly appropriate for prophylactic 

vaccine studies (Peh et al.2002).

9.6 Successful completion of the aims of the project?

9.6.1 Determining if there was a common pattern to HPV life cycle events
The work described in this thesis aimed to determine similarities between the 

lifecycles of different papillomavirus types. Optimisation of staining techniques 

resulted in high quality double immunostaining allowing correlations between 

E1*E4 expression and other key viral and cellular proteins. Although 

immunostaining was optimised, it was still not possible to detect HPV11 and 

HPV65 E1*E4 to the same level of clarity as other E1*E4 proteins in double 

stains with cellular antibodies. Despite this, comparison of the E1*E4 expression
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patterns in double stains with the clearer patterns obtained in single stains 

allowed conclusions about the relative expression patterns to be made.

9.6.2 Characterising the effect of neoplastic progression on the HPV life 

cycle and establishing the value of lifecycle markers as indicators of 
disease status in cervical neoplasia

As this research was not conducted in a hospital laboratory, obtaining a reliable 

supply of typed cervical lesions was a limiting factor. Current clinical practices 

made it difficult to obtain biopsies of low-grade cervical lesions, and such tissue 

was often only found in tissues with associated high-grade disease. To enable 

conclusions to be drawn between different grades of neoplasia, the grades of 

each distinct E1*E4 area within each lesion were mapped. Although time 

consuming, counting a specific area of approximately 300 cells, within an area of 

E1*E4 staining standardised the data and allowed statistical comparisons to be 

carried out between lesions of different grades and between lesions caused by 

different virus types.

As a result of this approach it was possible to characterise the expression 

patterns of lifecycle markers in different grades of cervical tissue. It was also 

possible to compare data from different grades of lesions and different virus 

types to obtain a complete picture of lifecycle events. Unfortunately it was not 

possible to obtain cervical smear preparations on which to analyse the presence 

of lifecycle markers. However it is hoped that subsequent collaborations will 

make this possible.

9.6.3 Analysis of HPV E1*E4 expression in vitro and in vivo
Although no direct correlation between the temporal expression of E1*E4 and 

epithelial differentiation was observed, the analysis of epithelial differentiation in 

lesions caused by different virus types did highlight a common pattern in the 

disruption of differentiation by viral infection.

The technique used here to express previously uncharacterised HPV E1*E4 

proteins in cos-7 cells, was comparable to the systems previously used to
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characterise HPV1 and HPV16. The expression system revealed unexpected 

and interesting expression patterns for HPV2 E1*E4 and HPV65 E1*E4.

Despite careful optimisation it was not possible to identify keratin filaments in 

formalin fixed, paraffin embedded tissue. This made it impossible to reliably 

determine whether the co-localisation observed between keratin filaments and 

HPV2 E1*E4 and HPV16 E1*E4 in vitro, was also observed in vivo. Further 

studies, using HPV infected tissues preserved with different fixatives would be 

useful to investigate E1*E4 and keratin filament association in tissues in which 

these structures may be better preserved.

9.6.4 Characterising the ROPV animal model
The ROPV model system was successfully established in the lab, and a 

preliminary analysis of the virus lifecycle has revealed not only key similarities 

with HPV infections, but also outlines the events from infection to regression. 

Space limitations in the animal facility at NIMR meant that the second time 

course was carried out as two separate experiments, which could not be 

conducted in parallel. Although this caused an unfortunate delay, the availability 

of new animal facilities should enable larger experiments to be conducted 

without these constraints.

In summary the work presented here has established a pattern of virus lifecycle 

protein expression that is conserved between virus types. That this pattern is 

disrupted during progression from low-grade to high-grade neoplasia provides a 

rationale for identifying abnormal cells in cervical smear preparations and 

highlighting the grade of underlying neoplasia. Correlations between epithelial 

differentiation and papillomavirus infection have also been highlighted. The fact 

that lifecycle events are also conserved in the ROPV model highlights the 

significance of this model for studying the course of natural infections.
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Top epithelial 3rdBottom epithelial 3' Middle epithelial 3'
Case No. 
HPV2.1

TOTAL MCM MCM MCM E4Total E4E4 Total

HPV2.2
HPV2.3 42
HPV2.4 102 102
HPV2.5

HPV11.1 102 102
HPV11.2 108 108 47
HPV11.3 116 116
HPV11.4 115 115 42
HPV11.5 106 106
CIN1.1 43
CIN1.2 128 128
CIN1.3 100 100
CIN1.4 102 102
CIN1.5 101 101
CIN2.1 122 122
CIN2.2 101 101 102 102 44
CIN2.3
CIN2.4 108 108 104
CIN2.5 110 110 63
CIN2.6 101 101
CIN3.1
CIN3.2 114 114
CIN3.3
CIN3.4 113 113 103 103 113
CIN3.5 109 109
CIN3.6 106 106 46
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Appendix 1 Raw counting data. Number of cells positive for MCM and E4 in the bottom, middle and top epithelial layers in lesions caused by different 
HPV types



Bottom epithelial 3' Middle epithelial 3' Top epithelial 3rd
1  nCase No. MCM E4 MCM E4 MCM

HPV2.1 100 100 44
HPV2.2 100
HPV2.3
HPV2.4 100 44 100
HPV2.5 100 48

HPV11.1 100 100
HPV11.2 100
HPV11.3 100 100
HPV11.4 100 100 64
HPV11.5 100 100
CIN1.1 100 100
CIN1.2 100
CIN1.3 100
CIN1.4 100 100 100
CIN1.5 100 100
CIN2.1 100 74
CIN2.2 100 100
CIN2.3 100 100 100
CIN2.4 100 100
CIN2.5 100 100 100
CIN2.6 100 100
CIN3.1 100 100 100
CIN3.2 100 100
CIN3.3 100 100 100
CIN3.4 100 100 100
CIN3.5 100 100 100
CIN3.6 100 100 25

Appendix 2 Percentage counting data. Percentages of the total cells positive for MCM, E4 and LI in the bottom, middle and top epithelial layers in lesions 
caused by different HPV types. LI data is included only as percentage data here as the counts were determined from different lesions than the E4/MCM  
counting and thus cannot be directly compared



j Raw counting cata
Case No. TOTAL MCM E4

CIN1.1 112 12 107
CIN1.2 93 0 34
CIN1.3 79 1 79
CIN1.4 96 0 27
CIN1.5 76 0 25
CIN2.1 173 19 31
CIN2.2 44 17 30
CIN2.3 158 14 143
CIN2.4 206 106 25
CIN2.5 143 2 65
CIN3.1 272 272 10
CIN3.2 224 224 62
CIN3.3 68 68 8
CIN3.4 196 140 6
CIN3.5 116 116 3

Percentage counting data
Case No. MCM E4 LI

CIN1.1 11 96 30
CIN1.2 0 37 29
CIN1.3 1 100 44
CIN1.4 0 28 8
CIN1.5 0 33 -

CIN2.1 11 18 -

CIN2.2 39 68 1
CIN2.3 9 91 11
CIN2.4 51 12 0
CIN2.5 1 45 6
CIN3.1 100 4 -

CIN3.2 100 28 0
CIN3.3 100 12 0
CIN3.4 71 3 1
CIN3.5 100 3 0

Appendix 3 Raw data and percentage counting data from the top 5 cell layers of lesions caused by HPV16. L1 data is included 
only as percentages as the counts were determined from different lesions than the E4/MCM counting and thus cannot be directly 
compared.


