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Abstract

Human Papillomavirus (HPV)-related oropharyngeal carcinoma is considered to be in the
early stages of an epidemic®*2. A marked rise in the incidence of this sexually-transmissible
cancer has captured the public interest, and much debate exists over both the prophylactic

and therapeutic strategies currently employed to manage this healthcare priority.

HPV-positive oropharyngeal carcinoma is associated with highly favourable oncological
outcomes. Clinical attention over recent years has been paid to the potential de-escalation of
therapy in order to account for the disease’s favourable prognosis, in addition to reducing
therapeutic burden in a well-prognosticating, younger patient cohort, for which
consequences of radical chemo-radiotherapy strategies may disproportionately impact on
longer-term quality of life. Whilst optimising the management of the ever-increasing
proportion of HPV-positive oropharyngeal carcinomas is desirable and highly justifiable, it
appears the poorer prognosticating HPV-negative oropharyngeal carcinoma has at least in

part become overlooked.

Oropharyngeal carcinoma is unigue in comparison to many other established HPV-related
cancers inasmuch as a clear HPV-negative subset exists, to which established aetiological
factors (tobacco smoking and alcohol consumption) strongly correlate. For most other HPV-
related carcinomas, such as cervical, anal and penile, tumours classified as HPV-negative
are either regarded as potentially-virus containing, or else cannot be correlated to a definitive
aetiological agent. Comparison of HPV-positive and -negative oropharyngeal carcinoma
therefore offers unprecedented insight into the biological significance of each aetiological
agent, and how prognostication of each disease may relate to tumour behaviour at a
molecular level. Whilst improved outcomes may be attributable in part to greater radio-
sensitivity due to preservation of key wild-type genes in HPV-positive tumours, more
comprehensive biological differences are likely to underpin the overall behaviour of disease

—indeed, surgical outcomes are also favourable in HPV-positive disease.

This thesis explores the potential for the tumour microenvironment to differ between HPV-
positive and -negative disease. We hypothesised that due to the strictly epitheliotropic nature
of the Human Papillomavirus, activation of the tumour microenvironment would potentially be
suppressed in order to avoid host clearance of pathogen during the natural history of viral
infection, whereas penetrating carcinogens linked to tobacco smoking and alcohol
consumption may either directly derange the stroma or, less contentiously, induce an
increased mutational load which in turn in turn may offer greater opportunity for tumour

evolution towards deranged microenvironmental signalling.



A 2D tissue culture model of the tumour microenvironment was created and used to test the
hypothesis of a difference in microenvironmental interactions between HPV-positive versus
HPV-negative disease, and normal stroma. Confirmation of an increase in migration-
inducing signals from the modelled normal fibroblast stroma in HPV-negative disease led to
further investigation at a molecular level using cytokine array technology. Further ELISA
guantification and recombinant protein dose-response analysis ultimately identified Human
Hepatocyte Growth Factor (HGF) as a primary candidate molecule for driving the additional
migration observed in response to activated stroma. IL-6, co-secreted with HGF by
stimulated fibroblasts, was also found to have a supporting role through the co-induction of
STAT3. Final confirmation of HGF’s principal role in inducing HPV-negative tumour migration
was undertaken using the clinically relevant c-Met inhibitors, foretinib & INCB28060 (recently
rebranded as capmatinib).

Further experimentation using 3D models of HPV-negative tumour spheroid invasion found
fibroblast co-culture with tumour lines a necessary prerequisite for invasion. Moreover,

disruption of HGF signalling within co-cultures led to near-total abrogation of invasion.
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1. Introduction

The Human Papillomavirus (HPV) is a non-enveloped, double stranded DNA virus capable
of infecting skin and mucosa®* 4. HPV infection has not been identified outside of the skin,
oropharynx and anogenital mucosa, leading to the virus being considered as strictly
epitheliotropic®®. The reason for this is unknown although the virus has limited capacity for
host invasion, requiring a breach in the continuity of epithelial lining in order to access and
infect cells of the basal layer*®. A prerequisite for successful host invasion also appears to be
maintenance of an intact basement membrane in order for the virus to evade the immune
response; sub-epithelial exposure to the virus appears to act as a stimulus to the adaptive
immune system?$, whilst has capacity to suppress underlying inflammation whilst residing in
epithelial’.

The HPV particle consists of an icosahedral capsid that acts to enclose and also assist in
packaging of the viral genome, as well as contributing to host entry by interacting with cell
surface heparan sulfate to trigger endosomal absorption!®. The major component of this
shell is the L1 protein, so-called due to the “late” expression of the gene encoding this
protein during the viral life cycle®. A further viral protein, L2, also has a minor contribution to

the viral capsid structure.

To date, over 100 HPV “types” have been identified, with estimates of around 200 types
being in existence!® . A type is defined as having at least a 10% difference in the
nucleotide sequence encoding the major viral capsid component (L1 gene) when compared
to any other known HPV type'®. Specific types have been heavily implicated with

carcinogenesis, and have therefore been ascribed the term “high-risk”.

The HPV genome is very slowly evolving, and has remained relatively unchanged since the
origin of the human species. It is estimated that between 1-5% of the HPV nucleotide
sequence has evolved with the human species, leading to “variants” within each HPV type*°.
A variant of a specific HPV type is considered as having 2% variation in coding regions of
the HPV genome, and 5% in non-coding regions!® 2, Diversity between HPV types is

thought to have evolved over several millions of years?2,



Figure 0.1: The Human Papillomavirus Genome
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The HPV genome comprises a circular DNA sequence of approximately 8 kilobase pairs,
complexed by host cellular histones**. A total of 9 genes exist, encoding 7 early (‘E”) and 2
late (“L”) proteins?® (Figure 0.1). As aforementioned, the 2 “L” proteins form the viral capsid,
and their late expression reflects the requirements of capsid production; virally infected
keratinocytes must progress to the more superficial layers of epithelium before virion release
can occur. In fact, L1 production is governed by the maturation process of basal to
superficial epithelial cells, hence much stronger L1 expression is seen in the superficial
epithelial layers?+26, The release of viral particles is assisted by the expression of the E4
protein (also expressed relatively late in the viral cycle despite its nomenclature), which acts

to disrupt intermediate filaments of the cell cytoskeleton?’.

The other “E” proteins are largely involved in influencing viral replication. The E1 gene
encodes a protein that binds to the viral origin of replication and acts as a helicase,
separating the viral DNA strands so that replication can occur through the use of host cell
factors?4. The E2 protein acts as a major transcriptional regulator, in addition to tethering
viral DNA to host chromosomes?8. The E2 protein further acts as a negative regulator of E6
and E7 expression — genes heavily implicated with carcinogenesis?® *°. Inactivation of E2,
which is thought to occur as a result of integration of viral DNA into the host chromosome,

leads to the increased expression of E6 and E73.

The E3 gene is not known to have any important function. E5, although oncogenic in some
animal papillomavirus types, is generally regarded as having only an early destabilising

function within human cells; a substantial portion of the E5 gene is deleted during viral

2



integration®?. E5 does however act to upregulate EGFR in the early stages of infection,
leading to the downregulation of p213%; the potential for E5 to have a carcinogenic effect is

therefore not entirely ruled out®*.

The E6 and E7 genes encode oncoproteins that disregulate cell cycle control®* 2. Although
both E6 and E7 proteins have effects on multiple intracellular signalling pathways, their
major actions are on the tumour suppressor proteins p53 and pRb, respectively?? 3 3, E6
complexes with E6GAP (“E6-associated protein” — a cellular protein ligase), which then binds
P53 and induces Ubiquitin-mediated degradation'> 2°, E7 binds to hypophosphorylated pRb;
this form of the pRb protein exists complexed with E2F®’. The interactions between E7 and
pRb leads to the release of E2F, a factor that promotes DNA synthesis and cell cycle
progression when in its free form*4. Release of E2F by pRb usually only occurs as a result of
phosphorylation, most notably by CDK4 (a cyclin-dependant kinase that is activated during
cell proliferation)®®. This is summarised in Figure 0.2b.

The functional sequestration of p53 and pRb leads to the loss of important pathways in cell
cycle control; p53 normally acts to hold the cell at the G1/S regulation point when DNA
damage is detected, along with mediating DNA repair and when appropriate inducing
apoptosis®. Free E2F further compounds this through the activation of genes linked to cell

cycle progression and turnover.

It is important to note that there is some degree of conflict between the actions of the E2
protein and E6&7. In addition to repressing E6&7, E2 also acts to arrest the cell cycle in S-
phase?. Arrest in S-phase allows replication of viral DNA, which would otherwise be limited

if cell cycle were to progress.



Figure 0.2 Normal versus HPV-infected regulation of p53, pRB and p16
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pRb is normally hypophosphorylated and complexed
to E2F. CDK4, when active, can phosphorylate pRb,
leading to disassociation of E2F, which promotes
cellular proliferation in its unbound form.

A negative regulatory loop exists whereby an
increase in unbound, phosphorylated pRb increases
p16 expression through release of E2F, which in turn
reduces available CDK4, thereby preventing further
phosphorylation of bound pRb.
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b). Effects of HPV E6 and E7 oncogenes. E6 acts on
p53 to induce Ubiquitin-mediated degradation. E7
acts on pRb, leading to Ubiquitin-mediated
degradation of pRb and the release of free E2F.
Note the rise in p16 gene expression in response to
this — overexpression of pl6 is a feature well
documented in HPV-related head and neck

carcinoma.




2. HPV as a Causal Agentin Cancer

In 1983 Harald Zur Hausen announced his discovery of HPV type 16 as the major causal
agent in cervical carcinoma®. Despite widespread recognition of Zur Hausen’s
groundbreaking work, the role of HPV-related lesions in carcinogenesis had for some time
already been acknowledged. Malignant transformation of condyloma acuminata had been
reported in the literature as far back as 19504, with Siegel's 1962 review concluding a role
for such lesions in occasional malignancies of the anogenital region*t. Dun et al described
the presence of intranuclear viral particles in human genital wart tissue in 196842, with Zur
Hausen himself postulating the role of the as-yet undiscovered “condyloma agent’ in
carcinomas of the anogenital tract in a brief correspondence published in Cancer Research
in 1976*. Perhaps the greatest leap Zur Hausen took was to acknowledge the numerous
reports of malignant transformation of condyloma acuminata, and divert his efforts away
from attempting to confirm a then-popularised role of HSV-2 in carcinogenesis and instead
search for the presence of the condyloma agent in cervical malignancies 4.

Following the publication of Zur Hausen’s paper, a snowballing of further research linking
HPV to anogenital and other epithelial malignancies ensued. Whilst there was rapid
acceptance of the role of the virus in other carcinomas, suggestions of its role in cancers of
the orofacial region were met with some resistance. The International Agency for Research
on Cancer (IARC) now recognises HPV as a risk factor for oropharyngeal carcinoma
(OPC)#*5t, The acceptance of HPV as a causal agent in OPC has been delayed in
comparison to its cervical cancer counterpart, largely due to the latter being almost
exclusively linked to preceding HPV infection (Table 0.1). In contrast, the major risk factors
for OPC are historically tobacco smoking and alcohol intake, with HPV (until recently) being
linked to a small subset of carcinomas. Compounding this, HPV related OPC is linked to
specific anatomical sub-sites, namely base of tongue and tonsils; inclusion of these tumours
in the more generic group of “oropharyngeal carcinoma” leads to dilution of any correlative

findings®.



Table 0.1: Proportion & Prognostic Significance of Tumours with a HPV-positive Status in Relation to
Anatomical Location

Site Proportion (%) of HPV Types occurring with Proportion of virus-  HPV Prognostic
cancers HPV+ significant frequency positive cancers Significance
(descending order) HPV 16 (%)
Cervixs2 53 79-89 16, 18 60 HPV 16 favourable

HPV 18 unfavourable

Vaginas* 70 16, 18 77 Favourableinlate stage
disease

Vulvas2 54 40 16, 33 79 Favourable

Penis>> 48 16, 6, 18 64 Inconclusive

Anus>54 84 16, 18, 33 87 Favourable

Oropharynxsé: 57 36 16 90 Favourable

There is now a good body of evidence for a causal relationship between HPV and OPC.
Several studies have addressed many of the criteria set out by Bradford-Hill for the

demonstration of causality®®. These are discussed below;

Strength of Association

Although there is clearly a much lower strength of association between HPV and OPC in
comparison to cervical carcinoma, there is a marked increase in the relative risk of OPC in
the base of tongue and tonsillar regions related to sexual practice. A higher number of
lifetime sexual partners, younger age of sexual debut, higher number of oral sexual partners
and history of oral-anal intercourse have all been implicated with an increase in relative risk
of OPC%%, Risk is particularly linked to males®: ©; it is postulated that this is due to
exposure to a higher HPV viral load in cervical secretions during oral sex in comparison to

oral contact with penile tissue*?.




A further interesting relationship which reinforces direct evidence of association is the
increased risk of OPC in husbands of females with a history of cervical carcinoma®’. Joint

disease mapping of cervical carcinoma and male OPC also infers a shared risk®.

Consistency

The presence of high risk HPV within a tonsillar/tongue base subset of OPC has been
consistently demonstrated in a number of studies, a systematic review and a large
multicentre trial*®: 50 56. 62. 89 " Serological markers of HPV infection have also been repeatedly
linked to head and neck cancer risk™. Furthermore, the improved prognosis of HPV-positive
OPC is well documented, and has been subject to meta-analysis in addition to prospective
clinical trial’*"". A summary of studies assessing the prognostic significance of HPV status is
given in Table 0.2.



Table 0.2: A Summary of Clinical Studies assessing HPV as a Prognostic Marker in OPC

Year First Author n Method ofanalysis Outcome Treatment HPV+ HPV- Conclusions
measures survival survival
1996 Snijders™ 63 C-PCR OS RR S - - No
difference*
1997 Paz" 167 C-PCR oS Not stated 43.1 (3) 48.8 (3) No
difference*
1999 Pintos® 117  C-PCR OS, DFS Not stated 66.7 (5) 58.3 (5) No
difference*
2000 Gillison®* 253  C-PCR, TS-PCR, DSS § RT/CRT 91 (3) 79 (3) Favourable
ISH
2000 Mellin®* 60 C-PCR SR, CSMR RT 53.5 (5) 31.5 (5) Favourable
2001 Friesland®® 40 C-PCR oS RT 30 (5) 19 (5) Favourable
2002 Ringstrom® 89 C-PCR DSS Not stated 94.1 (5) 54 (5) Favourable
2003 Klussmann® 34 C-PCR, p16 OS, DFS S +/- CRT 62 (4) 33 (4) Favourable
2003 Li® 86 C-PCR, TS-PCR, DSS S/RT/SRT 89 (5) 65 (5) Favourable
pl6
2003 Ritchie® 139 C-PCR SR S/RT/CRT 71 (5) 49 (5) Favourable
2004 Baez®' 118 TSPCR OS, DFS Not stated 50 (3) 31.8 (3) No
difference*
2005 Wittekindt® 34 C-PCR, p16 DFS, RR Not stated 72 (4) 23 (4) Favourable
2006 Licitra® 90 RT-PCR oS S +/-RT 798 (5) 46 (5) Favourable
2006 Weinberger® 79  RT-PCR, pi6 0S, DFS SRT/RT 79 (5) 20 (5) Favourable
2007 Badaracco®* 115 TSPCR DFS, 0OS S 66.1 (2) 53.2(2) No
difference*
2007 Reimers® 106  C-PCR, p16 0S, DFS S+-RT/ 84 (5) 49 (5) Favourable
CRT
2007 Na’* 108  C-PCR SR YRT+-C 100 (5) 44 (5) Favourable
2008 Fakhry** 96  C-PCR, ISH 0S, RR CRT 95 (2) 62 (2) Favourable
2008 Klozar* 81  C-PCR 0S, DSS S+-RT 73 (3) 35 (3) Favourable
2008 Smith?® 294  C-PCR DSS, RFS Y RT/SRT 58 (5) 15 (5) Favourable
2009 Chung®’ 46 RT-PCR,ISH 0S, LRR, CRT 86 (5) 35 (5) Favourable
MFS
2009 Kong™® 82 C-PCR oS Not stated 79 (5) 50 (5) Favourable
2009 Lassen®? 195  ISH, p16 0S, DSS, RT 62 (5) 26 (5) Favourable
LRR
2009 Shit! 111  RT-PCR,ISH,p16  OS, DFS RT +/-C 88 (3) 67 (3) Favourable
2009 Hafkamp** 77 PCR, ISH, p16 DSS Not stated 69 (5) 31 (5) Favourable
2010 Rischin*’“ 172 ISH, p16,PCR OS, FFS CRT 91 (2) 74 (2) Favourable
2010 Hannisdal*** 137 C-PCR cs S +/-RT 54 (5) 33 (5) Favourable
2010 Fischer'"* 365 pl6 oS S/ CRT 76.7 (5) 41.5 (5) Favourable
2010 Ang'”® 323 ISH, pl6 oS CRT 82.4 (3) 57.1 (3) Favourable
2010 Fischer*® 102 pl6 oS YRT+-C 593 (5) 245 (5) Favourable
2010 Smith*"’ 237 C-PCR,pl6 0S, DSS Not stated 83°% (2) 54 (2) Favourable
2010 Lewis'"® 239 ISH, C-PCR, p16 OS, DFS, S S+RT/S 86.2(2) 44.2 (2) Favourable
DSS +C
2011 Chernock*” 148  ISH, pl16 DFS RT HR0.41 - Favourable
2012 Kim** 33 PCR, pl6 DFS S(C)RT HR9.53 - No
difference
2012 Holzinger** 199 PCR OS, PFS S/(C)RT HR0.55 - Favourable
2012 Cheng 112 60 PCR OS, DFS, PFS  (C)RT HRO0.23 - Favourable
2012 Huang'** 66 PCR 0S, DSS Not stated 90 (3) 52 (3) Favourable
(Chinese:
abstract only)
2013 Lin* 176  ISH, p16 0S, DFS SRT/CRT 89 (5) = N/A
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Mizumachi
Semrau**®

Hong"*'

Oguejiofor**
Kawakami‘*?
Evans**
Bledsoe***
Cerezo'**

Tural**®
Nichols*“*
Psychogios™
Melkane*®
Dengu/
Meyer**®
Elgoff+**
Hasegawa**"
Nomura***
Caildl
Vermorken™*
Lorch**
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Lam**®
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Rainsbury®
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Wang'®

Yuanyuan‘’
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g3**
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416
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N/A
N/A

N/A
N/A

N/A

N/A

PCR
PCR, p16

PCR, pl6
PCR, p16

PCR, p16
PCR, ISH, p16
ISH +/-p16
pl6

PCR

PCR, p16
pl6

RT-PCR
PCR,p16
PCR, p16

ISH

PCR, p16
PCR, p16
RNA-ISH, p16
Cervista, p16
PCR/p16/both
PCR

PCR
p16, ISH

Systematic Review
Systematic Review

Systematic Review

Systematic Review

Systematic Review

Meta Analysis
(article in Chinese;
abstract reviewed)

(O]
OS, PFS

(O]
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LRR
(O8]

OS, PFS

OS, DFS,
LRR

OS, DFS,
LRC

(O8]

OS, DFS
DSS

OS, PFS
RFS, DFS
(O8]

(O]

DFS, TTF
DSS

(O]
(O]

(O]
(O]

OS, DSS

0S, LRC,
PFS
0S, DFS

OS, DSS, PFS

(O]

OS, DSS,
DFS

0S

DSS, DFS,
PFS

SIRT/CRT
CRT

RT +/-SC
RT +/- All

RT/CRT
SRT/CRT

CRT
CRT

RT+/-S/C
Not stated
S +/- C/IRT

SRT/CRT
Not stated
All

CRT +
Cetuximab
CRT +/-S

All

SR/CRT

CRT +
Cetuximab
CRT

St/-
RT/CRT

RT +/-
Cetuximab
All

All

All
RT +/-S/C

Surgery Vs
CRT

Not reported
in abstract

79 (5)
70 (3)

N/A
77 (5)

HR0.21
75 (5)

94 (2)

67

90 (3)
81

68 (5)
100 (3)
71 (5)
90 (5)

94 (3)

89.1/90.3

3)
86

HR0.59-
0.83
91 (3)

65 (5)
HPV16

46 (5)
HPVother
63 (5)

HR0.40

HRO0.72,
0.51
HR0.46,
0.28,0.40
HR0.39

HRO0.33,
0.24,0.31
HR0.283
Tongue,
0.475
Tonsil
HRO0.31,
0.38,0.46

51 (5)
37(3)

N/A
39 (5)

25 (5)
73(2)
50

HR2.4
65 (3)
80

40 (5)
77(3)
56 (5)
33(5)
67 (3)
76.8/745

®3)
30

85 (3)
28 (5)

30 (5)

Favourable

Improved
PFS, no
difference in
oS,
advanced
disease
Favourable

Favourable

Favourable

Favourable
Favourable
Favourable

Favourable
Favourable

No
difference
Favourable

Favourable
Favourable

Favourable

Favourable

Favourable

Favourable

Favourable

Favourable

Favourable

Favourable
Favourable

Favourable
Favourable

Favourable
Favourable

Favourable

Favourable

Table 0.2: OS — Overall Survival, PFS — Progression-Free Survival, DHR — Death Hazard Ratio, CS —
Cumulative Survival, CSS — Cancer Specific Survival DSS — Disease-Specific Survival, DR — Disease
Recurrence, FFS — Failure-Free Survival, SR —Survival Rate, CSMR — Cause Specific Mortality Risk, RFS
— Recurrence Free Survival, PFS — Progression Free Survival, RR —Response Rate, LRR — Locoregional




Recurrence, MFS — Metastasis Free Survival, TTF — Time to Treatment Failure, HR —Hazard Ratio of
respective outcome measure. (Legend continued overleaf)

* majority of samples not oropharyngeal

**only 31% of overall study population assessed for p16 status without reason given

Techniques: TS-PCR — Type-specific PCR, C-PCR — Consensus PCR, RT-PCR — Real-time PCR, ISH — In-
situ hybridization, p16 —p16 Immunohistochemistry, SAb —Serum antibodies

Where multiple outcome measures have been utilised, the first quoted outcome measure has been
used for HPV-positive/-negative disease survival

Specificity

There is a high degree of anatomical specificity seen in HPV-positive tumours. As previously
stated, HPV-positive OPC is site-specific to the base of tongue and tonsils, although HPV is
also detectable in a smaller proportion of oral carcinomas®® ¥’. In-situ hybridization studies
have further helped to demonstrate the specificity of HPV distribution to the nuclei of
carcinoma cells, with absence of staining within the surrounding stroma/ invaded tissue.

pl6 staining, a surrogate marker of HPV infection, is now an accepted method of
determining a likely oropharyngeal primary in patients presenting with nodal disease from an
occult source, due to its specificity to HPV-positive OPC.

A further marker of specificity is the viral type found in HPV-positive OPC. HPV 16 (a high
risk HPV heavily implicated with cervical carcinoma) has consistently been found to be the
predominant type detected (around 90% of HPV-positive tumours)® 57 8. 138,

Temporality

The temporal sequence of events in proposed HPV-related carcinogenesis is supportive of a
causal relationship (i.e. HPV infection as a result of sexual exposure will precede clinical
carcinoma by several decades). Temporality is also supported through the findings that an
earlier age of sexual debut and cumulative number of sexual/oral sexual partners increases
HPV-positive OPC risk.
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It should be noted, however, that some studies citing these relationships have detected
positive markers of HPV infection within known tumours and then correlated HPV status to
sexual history®®. This in isolation is not synonymous with evidence for HPV increasing risk of
tumourigenesis; that is, it would be possible that previous HPV exposure could result in sub-
clinical carriage in the oropharyngeal region, which, in the presence of phenotypically
aberrant epithelium (i.e. tumour) leads to localised HPV invasion. However, further evidence
through case-control study of OPC demonstrates that there is a statistically significant
difference in sexual history for all cases of OPC when compared to a control group®?; this
shows a specific increase in cancer risk associated with sexual behaviour rather than simple

correlation of tumour-laden virus to sexual history.

Biological Gradient

There is little data available to support a clear dose-response relationship between HPV and
OPC. Determining an appropriate objective measure of “dose” is more difficult than may be
assumed in the first instance. For example, studies demonstrating the increased risk of OPC
linked to number of oral/vaginal sexual partners present some evidence of a dose-
dependent relationship (i.e. higher numbers of partners increases OPC risk), but utilise what
is essentially a surrogate and non-specific marker of a sexually transmitted factor that may
or may not be HPV. Furthermore, by utilising sexual history alone, there is no true
quantitative measure of HPV “dose” — higher numbers of partners would increase the risk of

exposure to HPV rather than influence the viral load within an individual.

Quantitative analysis of virus within tumour is difficult, as many methods of assessing for
HPV involvement are dichotomous — for example PCR demonstrates presence or absence
of viral DNA, in-situ hybridization assesses presence or absence of hybridization signals
within tumour cell nuclei and p16 immunohistochemistry is ultimately interpreted as either
positive or negative. Real time PCR is perhaps the only established method of quantitative
analysis of viral load, although it has been found to have only 92% sensitivity in a small
study assessing the reliability of HPV-positive OPC detection methods38,

The sample to be assessed adds further complication, as viral load needs to be measured
prior to tumour formation to demonstrate dose-response. Due to the relatively rare event of

OPC formation, it may be concluded that assessing precursor lesions such as dysplasia may
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be the most appropriate method, so as to isolate a population within which malignant
transformation is more likely, and also allowing access to relevant tissue samples for viral
quantification. However, even with a higher risk group such as dysplasia, one must bear in
mind that not all dysplasia progresses to carcinoma, and in addition HPV-positive OPC
accounts for only a proportion of OPCs - this, in combination with any therapeutic measures
applied to dysplastic lesions, would lead to a high data set being required for dose-response

to be demonstrable.

Plausibility

There is a highly plausible mechanism through which HPV infection can lead to
carcinogenesis — this is discussed later. Molecular studies have corroborated a significant
proportion of what is thought to be the early events in a multi-stage process*®. It is generally
accepted that HPV infection is not capable of causing malignant transformation in isolation,
but rather eliminates the need to acquire genetic mutations in two tumour suppressor genes
important for the progression of head and neck carcinogenesis, namely p53 and pRb, and in
addition sends the cell into unrestrained turnover whereby the acquisition of further

mutations is more likely.

Coherence

There has been a recent increase in incidence of OPC in subsites linked to HPV positivity
(i.e. tonsils and tongue base), whereas this trend has not been seen in other head and neck
sites'? 149142 This rise in tonsillar and tongue base OPC has been coupled with an increase
in the proportion of tumours identified as HPV-positive, demonstrating a level of coherence
between the two variables!*®. The rise is thought to be linked to changes in sexual
behaviours subsequent to the 1960s, such as increased premarital sex and oral sex!? 140 144

145

Experiment

Due to the latent period between HPV inoculation and onset of OPC, any beneficial effect of

preventive measures such as HPV vaccination on OPC incidence would take a significant
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period of time to demonstrate. In addition to this, current estimates of cost-benefit preclude
the introduction of a population-based male HPV vaccine, even with the assumption of high
efficacy at preventing oral HPV infection and subsequent carcinogenesis#® 47, However,
cost-utility analyses have historically underestimated the contribution of HPV to carcinomas
in males; more recent work also suggests that vaccination is cost-effective for men who have
sex with men, and Australian vaccination programmes have now introduced male HPV
vaccination!4®10_ |t is therefore possible that future data may be available to demonstrate
that HPV vaccination reduces OPC incidence in males.

Current proof of causality through preventive experiment is difficult due to the widespread
limitation of vaccination programmes to females, although the effects of herd immunity as a
consequence of female HPV immunisation may indeed be demonstrable. Assuming oral
exposure to HPV in cervical secretions is the major source of inoculation in the male
oropharynx, highly efficacious vaccination of females should theoretically reduce male
exposure to HPV, with a demonstrable effect on OPC incidence in the future.

Therapeutic trials may go some way to provide experimental evidence for HPV as a
causative agent. Improved outcome of OPC as a result of HPV-targeted therapy would infer

causation, although one would have to consider the possibility of an idiosyncratic response.

Analogy

There are many similarities between HPV-positve OPC and cervical carcinoma.
Comparable mucosal structure, the potential for sexual exposure, along with the HPV types
associated with risk, makes both sites highly analogous. There is also recognition of distinct
lesions that precede carcinoma formation by many years in both oropharyngeal and cervical
tissues, within which HPV has been detected®— lending to a common concept of a
multistage process of carcinogenesis which may be initiated but not entirely achieved
through the actions of HPV.

13



3. Epidemiology of OPC

OPCin the UK

CRUK’s summary statistics for UK cancers, taken from data provided by the Office of
National Statistics, ISD Scotland, Welsh Cancer Inteligence and Surveillance Unit and
Northern Ireland Cancer Registry, currently groups OPC under the umbrella term of “oral
cancer’®®', The rationale for CRUK’s grouping of oral/oropharyngeal/pharyngeal tumours
relates to a large proportion of cases failing to have a specific site recorded in the cancer
registry data. Although the summary utilises a definition of oral cancer disparate to that used
in direct clinical context, CRUK’s statistics offer a comprehensive review of UK-specific data,
and also contextualises the proportion of oral/pharyngeal tumours attributable to OPC. OPC
was found to account for 38% of male, and 24.9% of female tumours occurring in this
region'®!. Conway et al reviewed 12 UK cancer registries from 1990-1999, finding an
average annual rise in oral/oropharyngeal cancer incidence of approximately 3%*%2. Louie et
al found a marginally higher annual rise of 3.7% in an English population from 1995-2011,
and predicted a further 45% increase by 2025%%3. UK oral and oropharyngeal incidence rates
are currently estimated at around 11:100,000 people yr?* 1% and account for 2% of all new
cancers®®,

Prevalence of HPV within Oropharyngeal Tumours

The reported prevalence of HPV in head and neck cancer varies considerably, with findings
of 0-100% of all head and neck tumours testing positive®®. Several variables influence the
proportion of tumour specimens testing positive for HPV, notably anatomical sub-site,

method used to detect HPV, study date and geographic location.

As discussed above, HPV has carcinogenic site specificity, with a predilection for causing
tonsillar and base of tongue tumours. Despite this, the reported prevalence of HPV-positive
OPC still varies widely (11-100%) 1%, A systematic review conducted in 2005 found
overall HPV prevalence to be 35.6%, with a 95% confidence interval of 32.6-38.7%°%. Data

analysed suggested a higher prevalence in North America and Asia (47.0% and 46.3%,
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respectively), and a lower prevalence in Europe (28.2%). More recent UK data suggest
prevalence has now risen to around 45-57%%7.

HPV-positive OPC is felt by many authors to be on the increase, accounting for the 0.5%-4%
per year rise in incidence rate of OPC seen over recent years® 12 100, 140, 141, 143, 154, 158
Conversely, there has been a general decrease in incidence of head and neck cancers at
sites other than oropharynx, largely attributed to changing trends in tobacco smoking®.
These temporal changes will undoubtedly have an effect on the proportion of OPC
specimens testing HPV-positive. Indeed, Nasman et al have found such a change in tonsillar
specimens collected from 1970-2007, with a rise in HPV prevalence from 23% of tumour
specimens taken between 1970-1979, to 79% of specimens taken between 2000-2007%43,

Incidence of HPV-Positive OPC

There is difficulty in directly assessing the incidence of HPV-positive OPC due to the
absence of a reliable and rapidly applied test, compounded by the relatively rare event of
OPC formation. However, it is possible to extrapolate data available from cancer registries
with respect to overall oral/OPC incidence, taking into account the likely percentage of
tumours attributable to HPV. US and UK age-adjusted rates of oral/OPC are 1.87:100,000
and 11:100,000 respectively*®*. Using the European prevalence of HPV as determined by
Kreimer et al's systematic review, in addition to CRUK statistics on the proportion of
oropharyngeal carcinomas contributing to tumours of the oral/pharyngeal region, the age-
adjusted rate of HPV-positive OPC can be estimated at 1.2:100,000 people yr! in the UK>®

151

Age, Sex, Risk Factors and Ethnicity

HPV-positive OPC has been generally found to occur in a younger cohort than HPV negative
OPC?®5: 72, 84, 89, 107, 159, 160 glthough this relationship has not been shown by some authors %
161 In those studies demonstrating an age difference, patients are around 3-5 years younger
than HPV negative cases'®. As with HPV negative OPC, a significant male predominance is

Seen65, 72, 162.
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Risk factors appear to be significantly different for HPV-positive OPC. Many studies have
shown that patients with HPV-positive tumours are less likely to smoke when compared to
their HPV negative counterparts® 72 107 although not all studies have found this
relationship®. Alcohol exposure is also thought to be less in this group’ 19, although this
finding is not as statistically significant or as consistently demonstrated as for smoking8* 7

159

Sexual exposure is the major risk factor for HPV-positive OPC. Risk from oral sexual
exposure has a reported odds ratio of between 1.6-3.9 for developing HPV-positive OPC>®
62.63. 85 Higher numbers of vaginal sexual partners is also implicated, with a history of over 6
lifetime vaginal sex partners being of increased risk (odds ratio 2.7-6.4)% 63 5 | ess than 6
lifetime vaginal sex partners has only been implicated in some studies®. History of oral-anal

contact is associated with marked risk (adjusted odds ratio 19.5)%°.

A number of US studies have found a significant difference in the proportion of HPV-positive
OPCs demonstrated in White and African-American patients® 163 164 A greater percentage
of HPV-negative tumours helps to account for the reduced prognosis of OPC seen in
African-Americans when compared to Whites%: %6, Overall survival of HPV-positive and
negative OPC appears comparable for both ethnic groups, further supporting the notion that
HPV is the responsible variable for the differences seen'®. It is thought that differences in

oral sexual behaviour may account for this disparity®:.
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4. Mechanism of Carcinogenesis

As alluded to above, viral oncogenes E6 and E7 are known to have a critical role in HPV-
related carcinogenesis. The major effect of E6/7 is a functional blockade of tumour
suppressor genes encoding p53 and pRb; this is in stark contrast to HPV negative OPC,
whereby genetic aberration must occur to result in loss of p53/pRb expression. Such losses
of heterozygosity are acquired as a result of exposure to chemical carcinogens, principally
as a result of tobacco smoking and alcohol intake?®’.

Sporadic (HPV-negative) head and neck carcinogenesis is accepted as a multistage
process, with clearly identified precursor lesions. Cumulative chromosomal loss and proto-
oncogene mutations are thought to occur through the phenotypic stages from hyperplasia to
dysplasia, carcinoma in situ and then invasive carcinoma!®® (Figure 0.3). TP53 (i.e. the gene
encoding p53) aberration occurs early at chromosome 17p13, as does pl6 (encoded on
chromosome 9p21)%8 169 | oss of heterozygosity at chromosome region 3p21 is also an
early event that involves loss of tumour suppressor function mapped to that locus?°.
Chromosome 3p has been shown to contain at least three distinct regions that represent
tumour suppressor loci, all of which can be affected during carcinogenesis'’®. Latter events
include alterations of chromosome regions 11913, encoding Cyclin D1 (a proto-oncogene),
and 13g (housing Retinoblastoma)!¢® 171, A characteristic feature of events seen in non-HPV
related carcinogenesis is the loss of whole or large portions of chromosomal arms that result

in gross deletions inclusive of the aforementioned regions.
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Figure 0.3: Genomiceventsseeninthe multistep process of head and neck cancer formation

Alternate
Precursor
—N
Normal Mucos§ Dysplasia 11q, 139,149/ Carcinoma 6p,8,4q Invasion
Hyperplasia

Figure 0.3: A summary of the genomic events associated with carcinogenesis in the head and neck
region, adapted from Califano et af*%®. Rectangles represents clinico-histopathologically classifiable
lesions, arrows denote genomicaberrations (principally losses of heterozygosity) that are linked to
progressionintothe nextclinically discernible stage. It should be noted that Califano’s original model
made careful reference to the fact that it is the accumulation of genetic aberrations and not the
orderof acquisition thatisimportantto cancer progression; arrows illustrate the point at which the
frequency of each aberration plateaus in a cohort of lesions. Although no recognised precursor
lesion exists in the case of HPV-related oropharyngeal carcinoma, the model proposes either
hyperplasia or an alternative precursor lesion precedes clinical dysplasia.

Califano’s analysis of areas of apparently benign mucosa adjacent to premalignant lesions suggested
that early genetic events are shared by cells in the anatomical region, inferring a common clonal
ancestor. This feature supports the concept of field cancerisation. Chromosome 9p encodes the
tumour suppressor protein p16; loss of heterozygosity may therefore be linked to reduced binding of
E2F (please refer to Figure 0.2 for a summary of pl16’s regulatory function of E2F), allowing
promotion of cell turnover leading to hyperplasia. Loss of p53 (located on chromosome 17p) may
permit the transition from hyperplasia into dysplasia, with subsequent genomic aberrations
progressing unchecked. The subsequent aberrations may be illustrated by the progressive haphazard
cellular arrangements and visible cellular atypia observed in dysplasia as lesions progress from
“mild” through to “severe”. Additional allelic losses may mark the transition from dysplasia to
carcinoma, with further aberrations linked to regulators of E2F — Retinoblastoma protein (an E2F-
binder) and cyclin D1 (a controller of CDKs 4&6, which in turn regulate Retinoblastoma binding to
E2F) are encoded within chromosomes 11q and 13q; loss may therefore exaggerate the
derangements in cell turnover, in addition to further accrual of derangements that select for an
invasive phenotype.
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Conversely, HPV-related carcinogenesis involves much fewer genetic events, as
demonstrated in microsatellite analysis of HPV-positive OPC in comparison to HPV negative
OPC?%, Genetic aberrations are also more conservative in comparison to the gross
deletions seen in HPV negative OPC. Deletions of 17p, 9p and 13q are unnecessary due to
the actions of viral oncogenes E6 and E7, which is reflected by infrequent allelic loss in
these regions!®®. Chromosome 3p aberrations are also rare in HPV-positive OPC (whereas
common in HPV negative OPC) — this is not easily explained through the classical functions
of E6 and E7, although it has been hypothesised that there may be further inhibitory effects
of HPV proteins on the tumour suppressor proteins encoded in this region, which would

account for the lack of aberrations seen'®°.

If there is indeed a viral mechanism of inhibiting the tumour suppressor proteins encoded by
chromosome 3p, all important mutational events seen in the carcinogenesis model proposed
by Califano et al are bypassed to the stage of dysplasia (Figure LR3). In cervical carcinoma
models, expression of E6 and E7 is considered as necessary but not independently
sufficient to achieve cell immortalisation without further genetic events*® 172, The features of
HPV related carcinogenesis described above would suggest that this is also true in the case
of OPC, with virally infected cells requiring subsequent genetic events to progress beyond
dysplasia.

The loss of p53 and pRb activity promotes the acquisition of such aberrations, as cellular
proliferation is allowed to proceed unchecked. High risk HPV E7 causes further instability by
inducing centromere over-duplication during cell division, an effect independent of its actions
on pRb#. Accumulation of relatively small chromosomal changes (in both size and number
when compared to the large deletions seen in non-HPV OPC) may ultimately lead to

phenotype change from dyplasia through carcinoma in situ, to invasive carcinoma.

Viral integration into host chromosomes has been implicated with carcinogenesis,
particularly in cervical cancer*. It is considered that the major effect of integration is through
the loss of E2, which subsequently leads to E6 and E7 expression as discussed earlier. Viral
integration does not normally occur in benign HPV lesions; HPV is usually episomal and in
low copy number?® 173, As keratinocytes terminally differentiate during their progress through
the more superficial epithelial layers, E2 expression is switched off; this allows for florid viral
replication and release®. By restricting replication within the basal layer, viral
immunogenicity is kept to a minimum, avoiding a host response!”. This also has the host
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advantage of avoiding potentially mutagenic cellular turnover through the actions of E6 and
E7; integration of virus bypasses this protective effect.

Although the change in viral proteins triggered by chromosomal integration is adequate to
account for HPV’s carcinogenic potential, it is unclear as to whether this is the sole
mechanism by which the virus has its effect. The role of insertional mutagenesis at viral
integration sites may also be of importance, although this is of contention. A systematic
review of genomic integration sites of HPV in cervical dysplasia and invasive cancer showed
a random distribution of viral integration over the whole genome, albeit with a strong
predilection for common fragile sites'’*. A study included in the systematic review
corroborated this specifically for HPV16, the viral type most heavily implicated with OPC7>,
However, subsequent studies have concluded that although there is indeed a spread seen
throughout the genome, integration occurred commonly around cytogenetic bands 4q13.3,
8024.21, 13q.22.1 and 17921 (23% of integrations detected)'’® 7. Of particular note is
8024.21, as integrations in this region were found to be 1-860kb upstream of the MYC gene
— a gene commonly disregulated in cancer'’®. Furthermore, in vitro study of genital tumour-
derived cell lines have shown MYC overexpression to only occur in cell lines that contain
integrated viral DNA at the 8g24 region!’®. Whether these findings are reliable, and if so,
whether they translate to OPC is yet to be determined. Relatively little data is available from
the direct study of HPV related head and neck cancer, although it appears that integration at

common fragile sites is also likely in these tumours?*’®: 180,

In addition to bypassing need for losses of heterozygosity through the activity of viral
oncoproteins, virus-related epigenetic aberrations also occur. A key function of HPV E6
oncoprotein appears to be activation of the hTERT promoter*®!, leading to activation of the
telomerase complex!®2, Capacity of E6 to activate telomerase via increased expression of
hTERT appears to be one of the defining features of virally-induced immortalisation; this
telomerase activity is regarded as independent of E6’'s effect on p53, and moreover has
been documented as a crucial process in combination with pl6 abrogation for
immortalisation!®. This view is not shared by all authors, however — McMurray et al found
that keratinocyte transfection with a combination of wild-type E7 plus a mutant form of E6
capable of inducing telomerase but incapable of inducing p53 degradation, did not induce
immortalisation, whereas mutant E6 capable of inducing p53 degradation without telomerase
function retained capacity to induce immortalisation. The authors concluded that p53

degradation was therefore the necessary process via which E6 induces immortalisation

20



when in combination with E7. There are however some limitations of McMurray’s work;
telomerase-inducing-but-p53-retaining E6 clones demonstrated an extended lifespan
compared to control (53 population doublings versus 28 for control), and measurements to
confirm cell crisis leading to mortality was difficult; p16 elevation, a usual marker of cell crisis
was appropriately deemed irrelevant due to the effects of E7, and the authors therefore
assessed accumulation of p21°©'?* — a product of p53 activity. Whist this may be a reasonable
marker of cell crisis, a caveat is that results may by definition be confounded by those lines
expressing E6 capable of degrading p53; cell crisis may not necessarily be ascertained
using this marker in the presence of wild-type or p53-degrading E6. A final comment
regarding McMurray’s findings also lies in the fact that in vivo, wild-type E6 oncoprotein will
exert an effect on both telomerase and p53 simultaneously; concomitant lack of p53 activity
may support E6’s telomerase-inducing effects.

Irrespective of the absolute nature of virally-induced immortalisation, increased telomerase
activity has been identified as being linked to an increased risk of progression of cervical
premalignant lesions!®. Moreover, telomerase activity has been found to be stringently
repressed in mortal tissue and reactivated in approximately 90% of cancers®®. The
telomerase-inducing activity of the E6 protein is therefore a clinically significant parameter
which may contribute to the process of carcinogenesis.
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5. Accounting for Prognosis

The favourable prognosis of HPV-positive OPC is well documented (Table 0.2). It was
initially thought that the improvement seen in outcome was a function of increased tumour
radiosensitivity. Although HPV-positive OPCs are indeed more responsive to radiotherapy,
the improved outcome of these tumours appears to also be translated to surgery®: 1%, A
more comprehensive effect of viral carcinogenesis must therefore be responsible for tumour
behaviour. The contemporary view is that the improved prognosis of HPV-positive cancers is
largely accounted for by the lack of genetic aberration seen in tumour tissue!®®; persistence
of wild-type TP53 and RB1 genes is thought to underpin the altered behaviour in response to
therapy. It has been proposed that the cellular insult sustained as a result of radiotherapy
may send the cell beyond a critical threshold necessary to overcome the effects of viral
oncogenes, allowing p53 expression to become re-established!®. Indeed, use of siRNA to
TP53 in E6/E7 expressing lines led to increased radioresistance®’,

Despite the generic effects of viral infection on treatment success, modality-specific effects
have also been noted. Gubanova et al recently demonstrated the downregulation of SMG-1,
a potential tumour suppressor protein, in a small cohort of patients with HPV-positive OPC.
This downregulation also occurred in both normal keratinocytes and HPV-negative cell lines
in response to E6G/E7 transfection as a consequence of SMG-1 promoter hypermethylation.
Gubanova went on to demonstrate that experimentally downregulating SMG-1 in HPV-
negative cell lines led to increased radiosensitivity, whereas upregulating SMG-1 in HPV-
positive cells decreased sensitivity'®® SMG-1 is a Phosphatidylinositol 3-kinase-related
kinase (PIKK), and one of many regulators of the DNA damage reponse (DDR). It is itself
activated in response to ionising radiation'®. In the absence of SMG-1, the accumulation of
irreparable DNA double strand breaks triggers apoptosis; HPV-positive tumour depletion of

SMG-1 may therefore account for a significant proportion of its radiosensitivity.

Tumour repopulation after radiotherapy also appears compromised in HPV-positive
disease®®®. Signalling cascades which drive surviving tumour cells to proliferate may be an
important aspect of radioresistance. Conflicting reports exists as to the degree of EGFR
signalling in HPV-positive versus HPV-negative head and neck cancer, although
experimental data suggest that Akt (downstream of EGFR signalling) is less active in HPV-
positive disease!®: 19,
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Immunomodulation may also play an important role in the HPV-positive tumour response to
therapy; it has been proposed that radiotherapy may cause an increased immune response
through many potential pathways. These pathways include increased antigen presentation
as a result of uptake of necrotic, viral-loaded cells; improved penetrance of immune cells into
tumour as a result of reduced cellular adhesion post-radiotherapy; upregulation of MHC
class I; and induction of pro-inflammatory cytokines such as TNF, which may act to reverse
viral tolerance!®. Alterations in viral antigenicity as a response to therapy may also explain
improvements in outcome seen in the surgical management of HPV-positive OPC. Local
inflammatory response to the trauma of tissue excision, in addition to the release of cellular

contents at incomplete surgical margins may very well influence immunity in a similar way.

One must also consider the potential for a phenotypically less aggressive tumour, which by
virtue is more responsive to treatment, irrespective of the therapeutic modality chosen. Lack
of field cancerization is well recognised in HPV-positive tumours, and may contribute in part
to the improved outcome seen?®2, The true cause of survival benefit will have implications on
providing targeted treatment for HPV-positive OPC, as HPV infection may ultimately be a
non-manipulable prognostic factor.

Ang et al identified a reduction in the prognostic benefit of a HPV-positive status when
associated with OPCs occurring in smokers; Ang et al proposed an “intermediate” group,
where prognosis lay in between that of non-smoker HPV-positive disease and that of HPV-
negative disease in heavy smokers®, The underlying mechanism through which outcome is
reduced in this intermediate group is unclear — again, this may represent a change in cellular
process triggered in response to smoking which is subject to targeted therapy, or
alternatively may represent more general accrual of genetic aberrations which cannot be
targeted with a standardised approach but may offer opportunity for the development of

stratified medicine in the management of HPV-negative disease.
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6. Methods of HPV Detection

There is currently no accepted standard test for the detection of HPV in OPC specimens!®.
No single method is available that can be applied to both frozen and formalin-fixed paraffin-
embedded (FFPE) specimens, that is also 100% sensitive and specific. Proxy measures of
HPV infection, such as serum analysis of antibodies to E6, E7 and L1, are poorly specific
due to the potential for HPV infection at other sites!®. No other systemic markers of HPV
infection exist, as there is no blood-borne phase of HPV infection®™.

Reverse transcriptase polymerase chain reaction (PCR) amplification of viral EG/E7 mRNA is
now considered as “gold standard” for the detection of clinically significant HPV infection
within tumour specimens®: 1% However, the method is only reliable when applied to fresh
frozen specimens, with an estimated 50% reduction in sensitivity when applied to FFPE
samples®®. This reduction in sensitivity is related to RNA instability in specimens which have
not been fresh frozen'*.

PCR amplification of viral DNA is a highly sensitive method of HPV detection, and can be
applied to either a single HPV type by amplification of a sequence specific to that type, or
can be used less specifically to assess presence of multiple HPV types by use of a
consensus primer®. Despite this, there are significant limitations of the method due to its
inability to distinguish clinically relevant HPV infection. Presence of latent virus leads to false
positive results due to the ability of PCR to detect just a few copies of HPV DNA per cell3,
Attempts have been made to resolve this issue through use of real-time PCR, which
provides a quantitative analysis of viral load. However, a criticism of this method is that it still
provides no direct evidence of viral integration or oncogene expression. Furthermore,
sensitivity is estimated at 92% and specificity 97% when using a cut-off viral load of >0.5
copies per cell; false positives and false negatives therefore still exist**8. Increasing the cut-
off for viral load improves the specificity of this method, but at the expense of further

reductions in sensitivity.

DNA in-situ hybridization (DNA-ISH) is felt to overcome some of the limitations of PCR in
detecting only clinically relevant infection. Nuclear hybridization signals can be visually
inspected for punctuate or diffuse staining, representing integrated and episomal viral DNA

respectively’®” 1% Presence of a punctate hybridization signal, either alone or in
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combination with diffuse nuclear signals, therefore reflects clinically relevant HPV infection.
Although specificity of this method is high (100%), sensitivity is not ideal (83%)%. It has
been estimated that around 10 copies of virus per cell must be present in order for DNA-ISH
to detect HPV, although newer ISH kits are thought to be more sensitive®.

pl6 immunohistochemistry (IHC) has become an established surrogate marker of HPV
infection and has been used in studies to determine HPV-positive OPC. The method
identifies clinically relevant infection, as pl6 overexpression is in response to the loss of
bound pRb (Figure 0.2b), which in turn implies active transcription of viral oncogene E7.
However, there appears to be a number of HPV negative tumours that also overexpress
pl6, leading to false positives®s. Although sensitivity is quoted as high (100%)8 19,
Weinberger et al. have reported a subset of HPV-positive tumours which do not overexpress
pl16; this would infer a sensitivity of less than 100%°°. However, Weinberger used real time
PCR as conclusive evidence of HPV infection, with a lower cut-off of 1 viral copy per 10 cell
genomes’ worth of DNA®. Given the specificity of 97% for a lower cut-off of 0.5 copies per
cell, Weinberger's work would almost certainly include a number of false positives. The
existence of true HPV-positive tumours that do not overexpress pl6 is therefore contentious,
as it may be such false positives that are p16 negative. However, Wiest et al also noted HPV
E6/E7 positive, pl6 negative tumours, albeit with a lower prevalence than that seen by
Weinberger et al (14% versus 37%)°®. Those tumours of multifactorial aetiology (that is,
HPV-positive tumours arising in smoker/drinkers) would indeed appear to offer a route
through which the pl6 axis can be abrogated through mutagenesis whilst otherwise
maintaining DNA/MRNA features of viral infection. Irrespective of the existence of a non-p16
overexpressing subset of HPV-positive tumours, p16 IHC is not an ideal test in isolation due
to its low specificity (79%)*® 1%, in addition to variability in defining what constitutes a
positive test?®’, A number of authors have suggested criteria for a p16 IHC H-scoring
system, although proposals have not been in full agreement. Jordan et al proposed a system
of multiplying semi-quantitative IHC intensity staining score by percentage of tumour
positivity in order to achieve a final H-score, with ROC analysis against HPV16E6/E7 gold
standard — leading to a proposed cut-off of 60 on a scale of 0-300, yielding a sensitivity of
91.6% and specificity of 90.4%72°2, El Naggar & Westra on the contrary have advised a more
generic definition until a consensus view is agreed, limiting their definition to “strong and
uniform” p16 staining and recommending additional HPV testing for weak/negative p16
staining tumours?®, A number of recent articles have utilised a definition of 70% or more
tumour staining strongly positive?°4+20; indeed, a systematic review correlating human
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papillomavirus and pl6 status also advocated a 70% cut-off?%t, Although this cut-off may
infer greatest correlation between pl16 IHC and other HPV-specific tests, this is not

necessarily synonymous with the clinically most valuable point at which to ascribe positivity.

In the absence of a single, ideal method of HPV detection, some authors have applied a
combination of tests to improve reliability. Smeets et al recommended p16 immunostaining,
followed by GP5+/6+ PCR (general primer consensus PCR) in those samples pl6
positive!*®. Their rationale for using this method was based on data suggesting 100%
sensitivity and specificity when compared to an E6 mRNA gold standard. However, it should
be noted that there were independently several false positives for both pl6 IHC and
GP5+/6+ PCR, and the size of the study (48 samples) makes interpretation difficult, as the
absence of simultaneous false positive results for pl6/general primer analysis may have
occurred by chance. Smeets et al acknowledged this, and calculated a likely 2% chance of
concurrent false positives when using the technigue.

The combination of two tests considered 100% sensitive should improve specificity with no
detriment to sensitivity and is therefore commendable. As discussed above, p16 IHC is not
necessarily 100% sensitive and one must therefore consider the potential for false negatives
in using this technique. Despite this, p16 IHC is perhaps the most appropriate marker to use
in combination with another test, as it assesses a very different parameter to other available
techniques. HPV16 PCR, GP5+/6+ PCR and in-situ hybridization all assess for presence of

viral DNA; combining such tests is therefore of questionable value.

Determining the most appropriate DNA-based method to compliment p16 immunostaining
should take into account the relative merits of each available test. For PCR, the use of
consensus primers such as GP5+/6+ has an advantage over HPV16-specific primers in that
any tumours attributable to HPV types other than HPV16 will also be detected as positive.
The disadvantage of GP5+/6+ is the reduction in specificity in comparison to HPV 16 PCR,
due to false positive results that would occur from the other viral types. DNA-ISH is a highly

(100%) specific test, and combining p16 IHC with this test therefore has no benefit.

It therefore follows that many authors have adopted a PCR-based technique in combination
with p16 IHC to identify HPV-positive tumours. Whilst EG/E7 mMRNA detection remains the
gold standard, its limitations with FFPE specimens have thus far precluded the technigue
from becoming universally adopted. DNA-ISH also has its advantages due to a high
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specificity, and is therefore an appropriate test for research in which sensitivity is not of

paramount concern.

RNA-ISH is a recent advancement which allows detection of transcriptionally active HPV
infection and offers (in combination with p16-IHC) the most accurate prognostication of
patient outcome to date?®’. E6/E7 mRNA hybridization is achieved using a number of “Z’
stranded DNA probes complimentary to the target mMRNA sequence. Once aligned, two
adjacent “Z’ strands can be subjected to a sequential chromogenic amplification reaction.
This process circumvents the inherent difficulties with RNA instability in FFPE specimens.
Schache et al found RNAScope RNA-ISH to have a sensitivity and specificity of 97% and
93%, respectively'®®. Schache also found that all RNAScope RNA-ISH false negatives and
false positives were similarly misclassified using p16 IHC, when compared to the E6/E7
MRNA gPCR standard®®®. These findings may suggest there is no additional benefit of
undertaking p16 IHC in conjunction with RNA-ISH, although the relatively small data set in

Schache’s study (n=79) precludes any definitive judgement in this respect.

HPV Typing

The HPV detection techniques described above are generally incapable of discerning HPV
type. Type specificity is often sacrificed in order to achieve a single test capable of
determining tumour HPV status through the use of consensus probes capable of flagging a
number of high-risk HPV types. It is possible to achieve specific HPV typing by use of
multiple type-specific, rather than pooled probes. Alternative methods of typing include the
use of western blot or through use of newer techniques such as INNO LiPA HPV genotyping

or next generation sequencing?°e.

Studies into cervical carcinoma suggest HPV 18 infection imparts a poorer prognosis than
even sporadic cancers, whereas HPV 16 infection is associated with a highly favourable
prognosis2°%-21t, HPV typing therefore has direct clinical implications in the management of
cervical carcinoma. However, due to the almost exclusive role of HPV16 in OPC, the
prognostic influence of HPV 18 remains less clear in head and neck disease, although

recent work suggests HPV types other than 16 carry less survival benefit?!2,
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7. Management of HPV-Positive Disease

Current oropharyngeal cancer chemo-radiotherapy regimens have been established through
the addition of concurrent chemotherapy to radical radiotherapy prior to any appreciation of
the existence of a HPV-related subset?®. Whilst this has improved the overall survival of
non-surgically managed oropharyngeal carcinoma per se?4, it remains unclear whether
current standard therapy is necessary to treat HPV-positive disease successfully; there is at
present no high-quality evidence to either support or refute the de-escalation of therapy in
HPV-positive disease?®. As previously discussed, HPV-positive oropharyngeal carcinomas
are extremely radiosensitive?'®, calling the role of concomitant systemic treatment into
guestion. Proposals for de-escalation of therapy have been met with reservation within the
head and neck oncology community, due to the potential for a worsened outcome should
withdrawn therapy in fact prove beneficial. Despite this, it is accepted that there is an urgent
need for evaluation of de-escalated therapy through clinical research?'. It is essential to
research potential withdrawal of treatment through either successive prospective
randomised trials, or to retrospectively assess clinical outcome of HPV-positive disease prior
to and after the introduction of therapeutic escalation.

Two large clinical trials are currently underway to address the feasibility of therapeutic de-
escalation in HPV-positive disease; RTOG 1016 and DeESCALaTE-HPV?8 21°, Both studies
aim to compare standard cisplatin-based chemotherapeutic regimens against cetuximab, an
EGFR inhibitor. Although not specified, the approach of each trial appears consistent with
non-inferiority assessment of cetuximab when analysing overall survival rates. A criticism of
this approach relates to the assumption of definite benefit from current chemotherapeutic
strategies in HPV-positive disease; cisplatin-based treatment is therefore defined as a
“positive” control against which to demonstrate cetuximab’s non-inferiority. Should
chemotherapy in fact provide no additional benefit over radiotherapy alone in HPV-positive
disease, both trials actually compare two unnecessary treatments, and vindication of
cetuximab’s use in HPV-positive disease will ensue on the grounds of lower toxicity in
comparison to cisplatin — irrespective of any true effect of this expensive drug??®-?22, Indeed,
there is some evidence that in the case of T1-3 HPV-positive tumours with NO-2c nodal
status, chemotherapy may be of little benefit??®. Fortunately, both RTOG 1016 and
DeESCALaTE have exclusion criteria of all TO-2 NO carcinomas; this may reduce the

potential confounding population of tumours to those of T3 NO status.
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8. Management of HPV-Negative Disease

Blanchard et al recently published an updated meta-analysis of the efficacy of chemotherapy
as additional treatment in head and neck cancer??*. Preceding meta-analyses by Pignon et
al, as part of the same “meta-analysis of chemotherapy in head and neck cancer” (MACH-
NC) collaborative group found “only a small significant survival benefit in favour of
chemotherapy” when compared to radiotherapy alone, corresponding to an absolute survival
benefit of 4% over 2-5 years?®. Pignon et al failed to recommend chemotherapy for routine
use on this basis. Interestingly, a further updated MACH-NC meta-analysis published in
2009 found a more appreciable 6.5% absolute survival advantage of additional
chemotherapy??®. Blanchard’s most recent update included analysis of benefit to specific
anatomical sub-sites, confirming a 5 year absolute survival benefit of 8.1% in oropharyngeal
carcinoma. The period reviewed by the 2011 study was from 1965-2000, inferring that the
majority of carcinomas within the oropharyngeal sub-group were HPV-negative. Brotherston
et al recently published data to show that 69% of oropharyngeal carcinoma patients
considered a survival benefit of 5% or less as reason to switch from radiotherapy alone to
chemoradiotherapy; the data from MACH-NC'’s reviews therefore provide evidence for both a
clinically and statistically significant increase in survival rates with chemoradiotherapeutic

regimens??’,

On the basis of MACH-NC’s analyses, platinum-based chemoradiotherapy remains
treatment as standard for the management of oropharyngeal carcinoma in the UK. A number
of alternative therapeutic approaches are available including transoral laser microsurgery
(TLM) & transoral robotic surgery (TORS), although no studies directly comparing surgery to
chemoradiotherapy in a randomised fashion have been undertaken??®, The ORATOR trial
may offer preliminary evidence of TORS efficacy, although primary outcome measures are
quality of life, with overall survival and progression-free survival being limited to secondary
outcome measures??®. Surgery is generally limited to stage | and Il disease?°, and is reliant
on access to both specialist surgical equipment and highly skilled operators. Some operators
reserve this approach to HPV-positive disease, driven by calls to de-escalate management
in order to reduce post-therapeutic sequelae?!, although others have presented data to
suggest that oncological outcomes are not sacrificed regardless of HPV status 232

29



It remains beyond the scope of this thesis to discuss the intricacies of current therapy
beyond that outlined above, other than to make passing reference to the vast combinations
of modified chemotherapeutic and radiotherapeutic strategies which are available. A number
of these techniques have been subject of further recent meta-analyses, including altered
fractionation in locoregionally advanced disease (improved outcome)?33, induction
chemotherapy in locoregionally advanced disease(no difference in outcome)?*, cetuximab
versus platinum-based chemotherapy in locally advanced disease (platihum more
effective)?*® and use of intensity-modulated radiotherapy (IMRT; reduced incidence of grade
2-4 xerostomias)®®. What is clear even in this brief summary is that although
chemoradiotherapeutic strategies for HPV-negative oropharyngeal carcinoma have
developed as part of the management of head and neck cancer as a single entity,
contemporary data suggest that current management strategies offer greater absolute
survival benefit than most other cancers of the head and neck region??, and furthermore
survival benefit is of paramount importance?®’. Therapeutic advances in HPV-negative
disease are therefore likely to be aimed at therapeutic escalation; indeed, the current
CompARE trial (Institute of Head and Neck Studies and Education, University of
Birmingham, UK) aims to validate the benefit of therapeutic escalation by comparing 3
treatment arms against a concomitant cisplatin plus IMRT standard in intermediate and high
risk disease, as classified by Ang'%. Treatment arms will investigate the benefits of induction
chemotherapy, dose-escalated radiotherapy and primary resection as addition to current
standard therapy, offering great scope in refining outcomes in oropharyngeal-specific cohort.
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9. Stromal Derangement

Differences in the molecular characterisation of HPV-positive tumours may not be limited to
the epithelium; the importance of epithelial-connective tissue interplay in the progression of
cancer is becoming increasingly recognised. Thurlow et al *” used a combination of spectral
clustering and gene ontology analysis to determine the most significant pathways influencing
prognostication in head and neck cancer. Expression of genes associated with the
composition of the extracellular environment, along with genes linked to cytokine-cytokine
receptor interaction, highly correlated with clinical outcome. Notably, the over-expression of
genes encoding a number of matrix metalloproteinases (discussed below in the context of
fibroblast senescence) was found to be linked with poor clinical outcome. Similarly, Lim et al
noted a fibroblast gene expression profile that correlated with tumour progression; fibroblast

expression of a-SMA and ITGA6 correlated with survival, and furthermore IGFBP7 (a marker

of the fibroblast senescence-associated secretory profile) was upregulated in those tumours
demonstrating greatest genetic aberration. Roepman et al also demonstrated a metastasis-
associated pattern of stromal-specific genes in head and neck cancers through laser capture
microdissection. Upregulated stromal genes included CTGF, MMP-2, Thrombospondin 2 (a
TGF-B inducer) and ADAMI12%8, inferring a strong role of the microenvironment in

supporting tumour metastasis.

HPV is a strictly epitheliotropic virus and tumour stroma may therefore remain relatively
undisturbed, in stark contrast to tumours of tobacco/ alcohol origin in which the associated
connective tissue has been chronically exposed to penetrating carcinogens. Recent
progress in assessing the role of epithelial-connective tissue interaction in cancer formation
suggests that penetrating carcinogens may lead to oxidative damage of the principal cell
residing in connective tissue, the fibroblast?®°. Furthermore, the instructive capacity of HPV-
related carcinomas may be less than that of their sporadic counterparts; Hassona et al found
that conditioned medium from genetically unstable oral squamous cell carcinoma lines
(defined as those lines carrying greater chromosomal damage) more readily instructed
fibroblasts to acquire a secretory phenotype supportive of tumour invasion compared to

genetically stable comparators, with TGF-B central to this process®. The lack of

chromosomal damage linked to HPV-positive OPC may lead to a weaker instructive capacity
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of tumour epithelia, which may in turn lead to a disparity between stromal behaviour in virus -
positive and -negative disease.

There is some conflict against the concept of decreased stromal support in HPV-positive
disease; Erez et al found that in cervical carcinoma, epithelial-stromal interaction was active
through the NF-xB pathway?**. Moreover, HPV-positive OPCs present at a more advanced
stage than sporadic tumours, with nodal metastases being more frequent?. In isolation, this
observation could be attributed to the invasive capacity of the epithelia alone, or may
alternatively reflect patient demographics. However, recognised difficulties with culturing
non-smoker, non-drinker HPV-positive cell lines in-vitro would suggest that virus-positive

tumours are highly reliant on the support of their microenvironment.

Those connective tissue markers linked to cancer progression and prognostication, such as
smooth muscle actin (SMA)?*2 and markers of fibroblast senescence (HIRA and SA-BGal)*3
are yet to be characterised for HPV positive disease. Similarly, epithelial-stromal interaction

in-vitro remains undocumented.

Fibroblast Senescence

Penetrating carcinogens from cigarette smoke and smokeless tobacco have been shown to
raise levels of reactive oxygen species (ROS) within fibroblasts?*4. Oxidative damage occurs
within the cell, driving entry into a viable, but replicatively quiescent state, known as
senescence?®. In addition to cell cycle arrest, an altered secretory phenotype has been
demonstrated in a number of senescent cells?*¢, including fibroblasts associated with various
oral cavity lesions?*. Pitiyage et al observed that in oral submucous fibrosis (OSMF),
senescent fibroblasts accumulate as lesions progress; 1.9% of fibroblasts from early OSMF
were noted to be senescent (compared to 0.4% of control fibroblasts), increasing to 3.7% of
fibroblasts in cases of advanced OSMF with dysplasia?*®. Pitiyage demonstrated cell culture
evidence that oxidative stress resulting from mitochondrial damage was the major process
through which senescence had been induced, and furthermore demonstrated that the
senescent population expressed high levels of MMP-1 and MMP-2. Increased secretion of
osteopontin and matrix metalloproteinases (particularly MMP-3), in addition to a reduction in
tissue regulators have been identified as a characteristic feature of tumour-associated
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senescent fibroblasts, leading to a connective tissue microenvironment that is supportive of
tumour invasion?#+ 245 247 The findings of Thurlow et al suggest that poor prognosis head
and neck tumours have increased genetic expression of these aforementioned factors,
further corroborating the influence of the microenvironment on tumour behaviour?’. There is
also evidence that gene expression varies greatly between HPV-positive and -negative
tumours, with marked differences seen in expression of genes involved in cell cycle
control?8, Although these analyses of gene expression have fundamentally addressed the
cellular processes undertaken within neoplastic epithelium, the influence this has on the
surrounding connective tissue and associated microenvironment is anticipated to be

appreciable.

Senescent fibroblasts, due to their lack of mitotic activity, become highly resistant to
radiotherapy and chemotherapeutic strategies. Thus, following (chemo)radiotherapy, an
environment highly supportive of any surviving tumour cells will persist. Experimentally-
induced senescent fibroblasts have been shown to infer radio-resistance to co-cultured

breast carcinoma cells in such a manner?*.

Myofibroblast Activation and Smooth Muscle Actin (SMA)

Carcinogen exposure may potentiate fibroblast differentiation into myofibroblasts within
tissue stroma. Myofibroblast secretory function differs from that of the native fibroblast,
demonstrating a change in epithelial-connective tissue interplay through ov@6 integrin-
dependent activation TGF-B1, of which SMA acts as a marker??2, This altered secretory

function appears to support tumours in an analogous way to the altered secretory function

induced through fibroblast senescence.

Stromal smooth muscle actin (SMA) expression has recently been demonstrated as the
single most reliable predictor of mortality in oral squamous cell carcinoma, superseding even
established measures such as tumour staging and grading?*2. SMA therefore represents a
highly robust measure of stromal derangement, and characterisation of SMA expression in
HPV-positive disease is of importance in establishing the role of epithelial-connective tissue
interplay. HPV-positive and negative disease may also show a difference in epithelial-
connective tissue interplay relating to av6 integrin dependent activation TGF-f1.
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10. Hypothesis, Aims & Objectives

Hypothesis

HPV-positive oropharyngeal carcinoma is microenvironmentally less active than HPV-
negative disease. This feature may account for prognosis and may be reflected in how
conditioned medium from representative oropharyngeal carcinoma cell lines interact with
fibroblasts. A characteristic, tumour-supportive fibroblast secretory response may be
accomplished de novo in normal oral fibroblasts exposed to cell line conditioned medium,
rather than requiring the presence of “pre-conditioned” cancer-associated fibroblasts. Those
factors secreted by fibroblasts in response to oropharyngeal cancer cell lines may be a
definitive feature in distinguishing HPV-positive and -negative disease, and may furthermore
be subject to clinical blockade.

(A) Aims & (O) Objectives

Al. To acquire and authenticate two HPV-positive and two HPV-negative oropharyngeal
carcinoma cell lines in order to model microenviromental interactions in HPV-positive and
HPV-negative disease

O1. Acquisition and successfully culture a number of oropharyngeal carcinoma lines of
mixed HPV status, validate the HPV status of each cell line using PCR in addition to external
validation of cell lines to confirm authenticity — inclusive of STR profiling. Determine the most
representative HPV-positive and -negative cell lines to take forward in experiments by
reviewing the available literature

A2. To optimise a 2D tissue culture model of microenvironmental interactions between cell

lines and fibroblasts, using conditioned medium incubations

02. Collect optimised and normalised conditioned medium from cell lines in order to
stimulate normal oral fibroblast cultures. Stimulate fibroblasts and collect a second

normalised conditioned medium containing the secretory response. Determine the most
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suitable periods over which conditioned medium should be collected, along with the most
suitable concentrations of conditioned medium in order to observe biological effect

A3. To determine any changes in biological activity of oropharyngeal carcinoma lines in
response to conditioned medium taken from fibroblasts stimulated by cell line conditioned
medium

03. Optimise and undertake suitable 2D migration and proliferation experiments of cell lines

exposed to stimulated fibroblast conditioned medium versus unstimulated fibroblast control

Ad. To determine any difference between HPV-positive and HPV-negative cell lines in terms

of their interactions with fibroblasts in conditioned medium experiments

O4. Statistically compare HPV-positive and HPV-negative cell line behaviour in 2D migration

and proliferation assays following exposure to stimulated fibroblast conditioned medium. Use
a triplicate of fibroblast cultures in order to robustly validate in-vitro findings

A5. To determine the underlying molecular profile of any changes observed

O5. Undertake cytokine array analysis of cell line and fibroblast conditioned medium, identify
key factors expressed differently in HPV-positive versus HPV-negative cell lines and/or
stimulated fibroblasts

A6. To identify potential therapeutic targets for the management of disease stratified by virus

status and microenvironmental biomarkers

O6. Validate those candidate factors identified by cytokine array in order to identify
molecules responsible for driving any changes observed. Use clinically-relevant inhibitor
drugs in order to confirm therapeutic potential of targeting the respective molecules and also
to further validate the respective candidates
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A7. To apply 2D findings to a 3D model of disease

O7. Successfully culture cell lines in an appropriate 3D model of invasion using either DED,

matrigel or alternative 3D matrix. Repeat inhibitor experiments in 3D as appropriate

A8. To validate tissue culture findings in a pilot cohort of oropharyngeal carcinomas

08. Collate biopsy specimens taken from a pilot cohort of oropharyngeal carcinomas,
confirm HPV status using a combination of p1l6 immunohistochemistry and RNA in-situ
hybridization, undertake biomarker analysis relevant to tissue culture findings using standard

immunohistochemistry and/or RNA in-situ hybridization
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Chapter 1: Confirmation of HPV Status, Validation of
Cell Lines & Optimisation of Migration Assay

Introduction

Analysis of HPV Status in Cell Lines

Analysis of HPV status remains a contentious issue within the realms of the clinical
assessment of oropharyngeal tumour specimens. Contention largely lies around the analysis
of formalin fixed tissue — whilst a gold standard exists for fresh specimens (E6/E7 mRNA
analysis)™® 1%/ this method of analysing formalin-fixed tissue specimens is recognised as
highly unreliable. For means of cohort analysis (see Chapter 8), a combination of p16 IHC
and RNAScope RNA ISH have been determined as providing the most clinically valuable
index of HPV status, as these two tests carry the greatest prognostic significance of all HPV

analyses?%’,

HPV analysis of oropharyngeal cell lines using PCR remains less disputed, presumably due
to PCR analysis being a common standard in the validation of any gene in vitro, along with
access to an unlimited source of “fresh tissue” equivalent and use of multiple probes?°,
Unlike pathological specimens, cell cultures should contain a pure sample of the carcinoma
line and therefore a positive finding of HPV DNA infers infection within that specific line;
there is no potential for incidental infection of surrounding tissue as may be seen in the
former.

PCR analysis of clinical specimens has commonly involved the use of general primers in
order to improve sensitivity?>?, although type-specific probes are available'®. Irrespective of
which probe is used in the clinical environment, as extensive an approach to PCR analysis

as in-vitro is likely prohibited by the fixation process and the cost of clinically-validated kits.

An HPV16 E1 PCR Tagman probe, based on DNA sequencing work by Seedorf et al and
Kennedy et al has been validated and is commercially available (Applied Biosystems, UK)
for use in cell culture®®? 253 whereas PCR involving other HPV genes/ types has been

undertaken using custom probes?1%: 250, 254,
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Analysis of Migration In-Vitro

Invasion is considered a hallmark of malignancy?®%; clinical “invasion” of tumour relies on a
group of aberrant characteristics including motility, directionality and enzymatic digestion of
extracellular matrix. Whilst not reflecting the comprehensive properties of invasion, analysis
of cellular migration remains an accessible method of tissue culture tumour modelling. It is
therefore an important component in the analysis of carcinoma behaviour in-vitro, although
methods used to undertake such migration analyses vary. A common approach is to review
cellular movement in two dimensions; that is, migration of a confluent cell culture across a
predetermined gap. Perhaps the most intuitive method of introducing such a gap in an
otherwise confluent cell culture is to mechanically debride a portion of the confluent culture
using an instrument tip — the so-called “scratch” assay. Whilst this method is an established,

cheap and readily accessible technique?®, there are some limitations in its validity.

One major factor in the validity of any migration assay lies in deciphering true cellular
migration from the net effects of cellular proliferation within an already-confluent culture
leading to passive gap infill. Whilst a recent Nature Protocols publication bears no reference
to addressing cellular proliferation whist undertaking the scratch assay technique®®, and
indeed many publications do not take proliferation into account®’-2%, the literature also
commonly sites serum starvation or the use of an inhibitor of cellular turnover such as
mitomycin C or DMSQ?250-26¢3, The variability in choice of technique may reside in whether a
particular piece of research needs to distinguish cell turnover from true migration. Some
authors have undertaken migration assays both with and without mitomycin C in order to
more accurately reflect migratory and proliferative contributions to wound closure?60: 261, 264,

Mitomycin C is an aziridine-containing isolate from Streptomyces spp, and is a potent DNA
crosslinker. DNA crosslinking leads to replication arrest, thereby inhibiting cellular
proliferation. Whilst mitomycin C’s anti-proliferative effect offers a reproducible method of
isolating true migration, a truly representative migration profile is not guaranteed — there may
be subtherapeutic mitomycin dosing, or conversely toxic effects leading to cell death.
Moreover, the intracellular consequences of DNA crosslinking may adversely affect cellular

motility. These features may have dissuaded some authors from its use.

The method of “scratch” introduction may also present a challenge in terms of disturbing the
immediate cellular milieu. Cell rupture during the mechanical scratch may lead to release of

a number of factors, thereby creating variability in subsequent migrational behaviour. The
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force at which the scratch is introduced may not only influence the behaviour of cells, but
also determine the width of scratch that is produced. Methods to circumvent these issues
include the use of silicone stoppers attached to the base of a culture well prior to cell
seeding and subsequent confluence; the removal of the stopper at the start of the assay
aims to avoid cell rupture and may potentially offer a process of creating a uniform gap.
Manufacturer's data suggest that in fact the reproducibility of gap size is comparable
between mechanical scratches introduced using a pipette tip and voids left by silicone
stoppers. The reproducibility of the subsequent cellular migration does however appear to be
superior using the silicone stopper technique?.

This chapter addresses the initial confirmation of HPV status & validation of cell lines, and
optimisation of a contemporary silicone stopper migration assay technique, taking into
account the limitations discussed above in order to achieve a method which is both

reproducible and representative of cellular migration in isolation from proliferation.
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Methods

Retrieval of Cell Lines

Seven head and neck cancer cell lines (UD SCC 02, UPCI SCC 072, UPCI SCC 089, UPCI
SCCO090, UPCI SCC 152, UPCI SCC154 and VU 147T) were received as a kind gift from Dr.
S. Thavaraj, London following completion of appropriate Material Transfer Agreement with
Prof. S. Gollin, University of Pittsburgh School of Public Health, Pittsburgh for lines with the
prefix “UPCIP. VU 147T (also known as 93-VU-147T) was originally cultured at the Free
University Hospital, Amsterdam?’®, and UD SCC 02 (UD SCC-2) was originally cultured at
the University of Dusseldorf, Germany?®¢. A further Human Tonsillar Epithelium (HTE) line,
experimentally-immortalised though insertion of HPV 16 E6 and E7 oncogenes (HTE E6 E7)
was received as a kind gift from Prof. E. Blair, Leeds, serving as a positive control for the

HPV16 EG6/E7 oncogenes, and negative control for all other viral genes.

All lines were expanded in the recommended media (Tables 1.1 & 1.2) and then frozen in
liquid nitrogen for stock. Lines were then carefully observed and weaned onto normal media
(DMEM plus 10 % FCS, with 2 mM L-glutamine & 50 1U/50 ug mL? penicillin-streptomycin)
in order for conditioned medium experiments outlined in Chapter 2 to be undertaken using
identical media in all cell lines and primary cultures. The literature was then reviewed to
confirm reported HPV status and to determine the most representative HPV-positive and
HPV-negative oropharyngeal carcinoma lines to be used in experimentation. Table 1.3
summarises the HPV status and demographics linked to each cell line, as reported in the
literaturet’®. 180. 250, 254. 267269 UPC| SCCO072 and UPCI SCC 089 were chosen as
representative HPV-negative lines, whereas UD SCC2, and UPCI SCC090 were chosen as
representative HPV-positive lines. A further cell line, FaDu was initially trialled in the
migration experiments described later in the chapter, but was discarded from use in further
work due to failure of trial ORIS™ migration assays, whereby cells retracted to form thin

anastomosing strands of non-viable cells.

All cell lines were tested for mycoplasma on a monthly basis using the Ez-PCR mycoplasma
test kit (Biological Industries, Kibbutz Beit Haemek, Israel).
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Table 1.1: Composition of Modified E-media, used for culture of HTE E6 E7

Additive Volume & Final Storage Supplier
Concentration Concentration

DMEM 330 mL 67% 4°C Sigma, Poole UK

Ham’s F12 108 mL 22% 4°C Sigma, Poole UK

FBS 50 mL 10% 4°C Sigma, Poole UK

L-glutamine 5 mL: 200 mM 2 mM 20 °C Sigma, Poole UK

3,3, 5- Tri- 500 pL; 1.36 ug mL? 1.36 ng mL? 20°C Sigma, Poole UK

iodothyronine
Apo-Transferrin

Hydrocortisone
EGF
CholeraToxin

500 pL; 5 mg mL?!
80 uL; 2.5 mg mL*?
25 ul; 100 pg mL*
500 pL; 8.47 ng mL*

5ug mL?! 20°C
4 ug mL? 4°C
5 ng mL? 20 °C

8.47 ng mL? 4°C

Sigma, Poole UK
Sigma, Poole UK
Sigma, Poole UK
Sigma, Poole UK

Table 1.2: Composition of Media Used for expansion of Cell Lines UD SCC02, UPCISCC072, UPCI
SCC089 and UPCI SCC090

Additive Volume & Final Storage Supplier
Concentration Concentration
MEM with Earle’s 450 mL 87 % 4°C Sigma, Poole UK
salts
FBS 50 mL 10 % 4°C Sigma, Poole UK
L-glutamine 5 mL; 200 mM 2 mM -20°C Sigma, Poole UK
Penicillin/ 5 mL; 5,000 U penicillin 50 U mL? -20°C Sigma, Poole UK
streptomycin and 5 mgstreptomycin 50 ug mL*?
mL?
NEAA 5 mL; 100X solution 1X 4°C Sigma, Poole UK
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Table 1.3: Summary of Retrieved Cell Lines

HPV
Cellline Site Nature status p53 status 11g13 Smoker Drinker
UPCI SCC090180, 250,267,269 | Base of tongue Recurrence Positive | Wild Type Not Y Y
UPCI SCC072%67-269 Tonsil New primary Negative | Mut (179) Amplified Y Y
UPCI SCC089267-269 Tonsil New primary Negative | - (**) Amplified Y Y
UPCI SCC154%57.269 Tongue New primary Positive | Wild Type Not Y Y
UPCI SCC152180.267 Hypopharynx New primary* Positive | Wild Type Not Y Y
93-VU-147T 179,254 Floor of Mouth New primary Positive | Wild Type Y Y
UD SC(C2254266,269 Hypopharynx Positive | Wild Type
HTE E6 E7 N/A Experimental Positive

Family
Cellline History | Outcome Age | Gender Histology Grade Stage
UPCI SCC 090 Y No evidenceof disease(*) | 46 M Poorly differentiated, basaloid 3 T2NO
UPCI SCC 072 Y No evidenceof disease 61 F Moderately differentiated 2 T3N2b
UPCI SCC 089 N Died of disease 58 M Moderately differentiated 2 TAN2b
UPCISCC 154 N 54 M 3 TAN2
UPCI SCC 152 Y 47 M 2 - (*¥)
93-VU-147T 58 M Moderately differentiated TAN2
UD SCC2 M TIN2MO
HTE E6 E7

* despite reports of norecurrence of disease in papers linked to UPClI SCC090, UPCI SCC152 is widelydocumented as a cell line derived from a recurrence in the same patient267. Conflicting

reports ofthe origins and viability of UPCI SCC152 can be found, wherebythe line was considered as a new primaryand even failed to grow in cell culture 18, UPCI SCC152 was a
hypopharyngeal tumouroccurring 1 year following UPCI SCC090; the timescale and proximity to the anatomical origin of UPCI SCC090 may have led to the conflicting re ports of

recurrence/new primary.

** reported with a strikethrough inthe literature, without explanation?26?
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M1.1: Validation of Cell Line HPV Status

Cell Pellet

For each cell line, a confluent 75 cm? flask was trypsinised and the cell suspension
centrifuged at 1,000 rpm for 5 minutes. The supernatant was then discarded, and remaining
cell pellet resuspended in PBS and centrifuged for a further 2 mins at 3,000 rpm. The final
cell pellet was immediately stored at -80 °C until use. Triplicate biological repeats were
undertaken for each cell line (HTE E6 E7, UD SCC02, UPCI SCC072, UPCI SCC089, UPCI
SCCO090).

RNA Extraction

RNA extraction was undertaken for each cell line (ISOLATE RNA kit, Bioline Reagents Ltd.
London, UK). Cell pellets were suspended using 450 L lysis buffer and incubated for 3 mins
at room temperature. The cell suspension was then centrifuged for 2 mins at 10,000 x g in a
spin column, allowing separation of filtrate from cellular debris. 450 uL 70% Ethanol was
then added as an antisolvent. The ethanolised filtrate was then transferred to a second spin
column, and again centrifuged for 2 mins at 10,000 x g. The filtrate was discarded, and the
spin column placed over a fresh collection tube, 700 uL wash buffer added and then
centrifuged at 10,000 x g for 1 min to remove co-precipitated salts. The collection tube was
then discarded and a further centrifugation process undertaken at 10,000 x g for 3 mins. 50
uL RNAase-free water was then added to the spin column membrane to dissolve
precipitated RNA, incubated at room temperature for 1 min and then centrifuged at 6,000 x g
for 1 minute to elute the retained RNA. Successful RNA extraction was then confirmed using
a Nanodrop 1000 Spectrophotometer (Thermo Fischer Scientific), quantifying RNA
concentration and comparing absorbencies at 230, 260 and 280 nm to assess RNA purity. A
260 nm:280 nm absorbance ratio of approximately 2.0, in addition to a monophasic
absorption peak, were used as criteria to confirm RNA purity.

43



cDNA Formation

Each RNA sample was diluted to 500 ng uL?! prior to cDNA formation. An initial PCR run
using cDNA from 100 ng uL* RNA led to late amplification, and therefore prompted the use
of 500 ng uL'* RNA samples. cDNA reverse transcription reactions were undertaken using
10 puL RNA samples from each cell line in combination with 10 uL reverse transcription
reagent mixture, prepared according to manufacturer’s instructions (Applied Biosystems
UK). Components of the final reagent mixture are summarised in Table 1.4, below. cDNA
formation was undertaken using a DYAD™ “DNA Engine” PCR machine, using a thermal
cycling program summarised in Table 1.5.

Table 1.4: Reagents used in Reverse Transcription reaction

Component Volume (pL) per reaction
10 X RT buffer 2.0
25X dNTP mix (100mM) 0.8
10 X RT random primers 2.0
Multiscribe™ reverse transcriptase 1.0
Nuclease-freeH,0 4.2
500 ng uL* RNA sample 10.0
Total | 20.0

Table 1.5: Thermal Cycle Program for cDNA Formation

Temperature Time
25°C 10 mins
37 °C 2 hrs

85 °C 5 mins
4°C Indefinite

HPV16 E1 gPCR

A commercially available Tagman probe for HPV16 E1 (FAM reporter) was purchased from
Applied Biosystems, UK. A probe for the B2M housekeeping gene was used in parallel to the
E1 probe (VIC reporter). Concomitant 10 uL experiments on cDNA extracted from each cell
line were run in a 96-well PCR plate; each experiment was undertaken in triplicate repeat.
Table 1.6, below, summarises the components of the 10 uL PCR mixture. Reagents were
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centrifuged for 1 min at 1,000 rpm and then exposed to PCR reaction conditions of 50 °C for
2 mins, 95 °C for 10 mins, followed by 40 cycles of 15 s at 95 °C/ 1 min at 60 °C using a
7900 Fast real-time PCR Machine.

Table 1.6: PCR Reagents

Volume (uL)
Mastermix (Applied Biosystems, UK) 5
Nuclease free H,O 3.5
B2M reporter (Applied Biosystems, UK) 0.5
E1l probe (Applied Biosystems, UK) 0.5
cDNA sample 0.5

HPV16 E6 qPCR

A custom Tagman probe for HPV16 E6 (FAM reporter) was purchased from Applied
Biosystems, UK, using a previously published sequence of 5'-(FAM)-
CCCAGAAAGTTACCACAGTTATGCACAGAGCT-(TAMRA)-3" 29, The following primers
were used for HPV 16-specific E6 amplification. HPV 16 E6 forward primer, 5'-
TCAGGACCCACAGGAGCG-3' HPV 16 E6 reverse primer, 5'-
CCTCACGTCGCAGTAACTGTTG-3".

rtPCR was undertaken using a 7900 Fast real-time PCR Machine. A probe for the B2M
housekeeping gene was initially used in parallel to the E6 probe using a VIC reporter.
Concomitant 10 uL experiments on cDNA extracted from each cell line were run in a 96-well
PCR plate; each experiment was undertaken in triplicate repeat. Reagents were prepared as
summarised in Table 1.7, centrifuged for 1 min at 1,000 rpm and then exposed to PCR
reaction conditions of 50 °C for 2 mins, 95 °C for 10 mins, followed by 40 cycles of 15 s at 95
°C/ 1 min at 60 °C. Due to parabolic amplification plots encountered during initial
experimentation (see results section), PCR was initially re-run with increasing dilutions of
HPV16 E6 probe/primer to rule out a “hook” effect from using an over-concentrated
probe/primer solution and then further repeated without B2M reporter; identical amplification

plot patterns occurred in all experiments. Amplification products were therefore finally run
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under agarose gel electrophoresis to confirm presence/absence of PCR products of the
correct molecular weight, as described below.

Table 1.7: PCR Reagents

Volume (pL) with B2M Volume (pL) without B2M
for agarose electrophoresis
Mastermix  (Applied Biosystems, UK) | 5 5
Nuclease free H,O 3.5 4
B2M reporter (Applied Biosystems, UK) | 0.5 -
E1l probe (Applied Biosystems, UK) | 0.5 0.5
cDNA sample 0.5 0.5

2.5 % Agarose Gel Electrophoresis

Parabolic graphs obtained from HPV16 E6 Tagman PCR in cell lines HTE E6 E7, UD SCC2
and UPCI SCCO090 prompted further investigation to determine whether correct amplification
products had been created. Final confirmation of reaction products was achieved by means
of agarose gel electrophoresis appropriate to <100 kbp?"*. A 2.5% agarose gel was created
by dissolving 2.5 g anhydrous agarose in 100 mL X1 TAE (TAE constituents are
summarised in Table 1.8). 1 uL Ethidium Bromide was added to the solution before allowing

the gel to set in an electrophoresis tray. 2 uL loading dye was added to each 10 uL PCR

well, before loading separate lanes of the gel. A 100 bp DNA ladder was used as reference.
PCR reaction products from E1/B2M and E6 amplification were run for all cell lines.
Electrophoresis was undertaken at 120 V for 45 minutes.

Table 1.8: TAE Constituents (X50 solution)

Constituent Amount
Tris base 242 g

Glacial acetic acid 57.1 mL
EDTA 0.5M (pHS) 100 mL
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DNA Extraction for STR Profiling

Cell pellet formation was undertaken as described in PCR analysis, above, for each cell line.
DNA extraction was then performed on a cell pellet for each line using a Wizard® Genomic
DNA Purification Kit (Promega, Madison, USA). Cells were washed and resuspended in
PBS, then exposed to 600 uL Nuclei Lysis Solution and pipetted until all visible cell clumps
were dissolved. 3 uL RNase Solution was then added to the nuclear lysate and mixed by
inverting 5 times, followed by incubation at 37 °C for 20 mins. After 5 mins cooling to RT,
200 uL Protein Precipitation Solution was added to the sample and vortexed for 20 s. The
sample was then chilled on ice for 5 mins, followed by centrifugation at 13,000 X g for 4
mins. The DNA-containing supernatant was then removed and pipetted into a
microcentrifuge tube containing 600 uL isopropanol. The solution was mixed through gentle
inversion until strands of precipitated DNA became visible, and then centrifuged for 1 min at
13,000 X g. The supernatant was then discarded and 600 uL 70% Ethanol added in order to
wash the precipitated DNA. The tube was then centrifuged at 13,000 X g for 1 min, and the
Ethanol supernatant carefully removed before allowing the DNA pellet to dry for 15 mins at
50 °C. The DNA pellet was then resuspended in 50 mL dH20 and stored at -20 °C until use.
DNA samples were then transported on ice for external STR profiling by the CRUK Cancer
Centre Genomics Facility, Leeds Institute of Cancer and Pathology. STR profiling summaries
are given in Appendix 1.
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M1.2: Optimisation of ORIS™ Migration Assays

Trial Seeding Densities

The appropriate seeding densities for each cell line to be used in experimentation were
determined using serial dilutions of each cell line cultured to approximately 80 % confluence,
trypsinised and then resuspended in media. All cells lines were initially suspended to a
concentration of 1 million cells mL?, other than UD SCC02 and UPCI SCC 090 (suspended
at 2.5 million cells mL?). The increased concentration used for UD SCC02 and UPCI SCC
090 was in response to initial practice seeding, for which 1 million cells mL* was inadequate
for achieving overnight confluent seeding into assay wells.

For each cell line, 100 uL of suspension was pipetted into a well of a manufacturer-supplied
96-well ORIS™ assay-compatible plate at target concentration, with 100 uL of subsequent
dilutions from 90 % to 10 % of initial concentration pipetted into adjacent wells. Each well
was reviewed after overnight incubation to determine which dilution corresponded to the
optimal cellular confluence at the given time.

Optimisation of Mitomycin C Concentration for Migration Assay

Due to potential cellular toxicity at higher doses, optimal lowest dose of mitomycin C
concentration for the inhibition of proliferation in each cell line (UD SCCO02, UPCI SCC072,
UPCI SCCO089, UPCI SCC090) was confirmed through flow cytometry, using plots of cell
replication (CellTrace™, Far Red Invitrogen, Life Technologies, Paisley, UK). mitomycin C
was purchased from Sigma (Poole, UK, Cat number M4287-2MG), reconstituted in distilled
water to a concentration of 0.5 mg mL?, filter sterilised, snap-frozen in liquid nitrogen and
stored in a light-protected container at -80 °C. The available literature was then used as a
guide for appropriate mitomycin exposure period and concentrations in order to inhibit cell
proliferation?7 273,

CellTrace™ was added to separate 70 % confluent 75 cm? flasks containing each cell line at
a concentration of 0.5 uM in PBS, and incubated at 37 °C for 15 mins. The flasks were then
washed in PBS before adding standard media for 30 mins in order for cells to recover. Each
cell line was then trypsinised and seeded into 15 wells, using multiple 12-well plates, at a
concentration of 100,000 cells per well and left overnight to adhere. A 3.5 hr incubation with
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mitomycin C at concentrations of 10, 2, 0.5, 0.25 and 0 ugmL? in triplicate repeat was then

undertaken 24 hrs post-seeding. A PBS wash was then undertaken before adding fresh
standard media into each well and then incubating at 37 °C for 3 days.

After 3 days’ incubation at 37 °C, each experimental well was trypsinised, centrifuged at
6,000 rpm for 2 mins, supernatant carefully aspirated, washed X 2 by resuspension of pellet
in 1 mL PBS, repeat centrifugation for 2 mins at 6,000 rpm and supernatant aspiration. The
final pellet was resuspended in 300 uL 37 % formaldehyde, stored overnight at 4 °C
protected from light and then analysed using a Calibur flow cytometer, recording absorbance
at 660 nm.

Trial ORIS™ Migration Assay

Following optimisation of mitomycin C exposure and seeding densities for each cell line, a
trial ORIS™ migration assay was run in normal media (DMEM plus 10 % FCS, with 2 mM L-
glutamine & 50 1U/50 pg mL? penicillin-streptomycin) in order to determine the optimal

period over which to run each migration assay.

Cell lines UD SCC02, UPCI SCCO072, UPCI SCC089 and UPCI SCC090 were grown to 70
% confluence in separate 75 cm? flasks. Cells were washed twice in PBS, trypsinised,
centrifuged at 1,000 rpm and then resuspended in normal media. Each cell suspension was
then counted using a haemocytometer, appropriately diluted using normal media, and re-
counted in order to achieve the preoptimised seeding concentrations summarised in Table
1.10. ORIS™ assay plates were prepared under sterile conditions, mounting silicone
stoppers into each well using the manufacturer-supplied location device. 100 uL of each cell
suspension was then pipetted into respective ORIS™ assay wells and left overnight to

adhere.

Following cell adherence and confirmation of well confluency using an inverted lens
microscope, preoptimised mitomycin C suspension in normal media (please refer to Table
1.9) was prepared for each cell line from snap-frozen 0.5 mg mL* aliquots of mitomycin C
stored at -80 °C. All handling of mitomycin C was undertaken in a darkened tissue culture
hood in order to avoid excessive light exposure.

Silicone stoppers were then removed from assay wells using the manufacturer supplied
retrieval tool, exposing the respective cell exclusion zone, and normal media carefully
aspirated off each well ensuring contact was avoided with the well base. 2 X 100 uL PBS
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washes were then undertaken, and then 100 puL mitomycin C in normal media carefully

pipetted into respective wells and incubated for 3.5 hours at 37 °C in the dark. Following 3.5
hours incubation in mitomycin C, baseline void photomicrographs were taken using a X4
objective lens.

Following mitomycin C incubation, assay wells were washed X2 in PBS and then 100 uL

HGF/inhibitor suspension carefully pipetted into respective wells. ORIS™ assay plates were
then incubated and visually inspected at 10 h, 15 h, 20 h, 24 h, 48 hand 72 h.
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Results

Figure 1.1: Nanodrop™ Analysis of extracted RNA
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Figure 1.1: Nanodrop™ analysis of extracted RNA, demonstrating a monophasic peak plus 260/230
nm light absorption ratios of approximately 2.0 in all specimens, confirming high quality RNA

extraction throughout.
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Figure 1.2: HPV16 E1 qPCR amplification plot
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Figure 1.2: HPV16 E1 gPCR amplification plotsfor cell lines HTE E6 E7, UD SCC02, UPCI SCC072, UPCI
SCC089 and UPCI SCC090. X-axis denotes time, Y-axis denotes absorbance. Note HPV16 E1
expressioninlines UDSCC2and UPCI SCCO90, consistent withtheirreported HPV16-positive status.
Note the absence of amplification of HPV16 E1 in the HPV negative cell lines UPCI SCC072 and UPCI
SCC089, inadditionto HTE E6 E7 negative control. B2M control gene expression can be seen as tight
amplification plots for triplicate repeats in all cell lines.
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Figure 1.3: HPV16 E6 qPCR amplification plot
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Figure 1.3: HPV16 E6 gPCR amplification plots for cell lines HTE E6 E7, UD SCC02, UPCI SCC072, UPCI
SCC089 and UPCI SCC090. X-axis denotestime, Y-axis denotes absorbance. Note the parabolic shape
of amplification curves for HTE E6 E7, UD SCC02 and UPCI SCC090, prompting further validation
through agarose gel electrophoresis. As discussed furtherin the methods section, PCR was repeated
using a range of primer/probe concentrations to rule out “hook effect”, without change to
amplification plot pattern. Note the complete absence of amplification of HPV16 E6 in the HPV
negative cell lines UPCI SCC072 and UPCI SCC089.
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Figure 1.4: Agarose Gel Electrophoresis of HPV16 E6 and E1 qPCR Reaction Products. Inverted
image.

HPV 16 E6 PCR products HPV 16 E1 PCR products
500. ; 500 .
400 S— A0 — X
200 - , - 200 — .
100 “ . , 100 .. @ - -
50 50
HTE 2 72 89 90 HTE 2 72 89 90

Figure 1.4: Agarose Gel Electrophoresis of gPCR reaction products forcell lines HTE E6 E7, UD SCCO02,
UPCI SCC72, UPCI SCC089 and UPCI SCCO90.

HTE  —HTEE6E7 2 - UDSCcoz
72 — UPCI 5CC072 89 — UPCI SCC0O89
90 — UPCI SCC090

DNA ladder reference depicted to the left of each experiment; numerical figures denote size of ladder
bands, in base pairs (bp).

HPV16 E6 PCR products:

Note that a dense 150 bp band can be observed for HPV16 E6 reaction products of cell lines HTE E6
E7, UD SCCO2 and UPCI SCC090. A faint band can also be observed for cell line UPCI SCCO89;
although this band represents a very low amount of PCR product, as PCR amplification was
undertaken from a high initial RNA sample concentration of 500 ng mL?, even a small amount of
amplification productrelatingto aviral geneis an aberrant finding in a reputedly HPV-negative cell
line.

HPV16 E1 PCR products:

Note the presence of a 75 bp band in all cell lines, consistent with B2M reaction products. Note also
presence of a 200 bp band in HPV-positive cell lines UD SCC02 and UPCI SCC090, consistent with
HPV16 E1 amplification products. Note also the absence of any bands additional to B2Min cell lines
HTE E6 E7, UPCI SCC072 and UPCI SCC089, consistent with a HPV-negative status of the latter two
lines and E6/E7 oncogene-specific status of HTE E6 E7.
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Due to the weak band noted for UPCI SCC089 on HPV 16 E6 electrophoresis, samples of each cell line
were finally sent for external PCR validation of HPV status, confirming a HPV -positive status of UPCI
SCCO02 and UPCI SCC090, and HPV negative status of UPClI SCC072 and UPCI SCC089. External
validation was undertaken by the Royal Hallamshire Hospital department of cytology, using the
Cobas® HPV Test multiplex assay (Roche, New Jersey, USA).
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Figure 1.5: Flow Cytometry Analysis of Cell Lines Exposed to a Range of Mitomycin C

Concentrations.
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e). UPCI SCC089
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Figure 1.5: Flow cytometry analysis of cell turnoverusing CellTrace™ following pre-incubation with
mitomycin C at respective concentrations for 3.5 h.

a). HTE E6 E7 (E6/E7 immortalised tonsillar keratinocyte control)
b). UD SCCO2 (HPV-positive line)
¢). UPCI SCC0O90 (HPV-positive line)
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d). UPCI SCC072 (HPV-negative line)
e). UPCI SCC089 (HPV-negative line)

f). & g). Optimal mitomycin C histogram compared to 0 ug mL* negative control and 10 pug mL™
positive control

Leftimages depict raw data of forward/side scatter and positioning of gating to exclude regions of
debris. Right images depict flow cytometric fluorescence histogram at 660 nm, corresponding to
CellTrace™ emission spectra. Figure legends adjacent to histogram denote corresponding mitomycin
C concentrations; “0” represents negative control sample incubated without mitomycin C prior to
analysis, andis depictedinred. “10” represents 10 ug mL? positive control, and is depicted in blue.
All other numerical postscripts denote mitomycin C concentration in ug mL?, and are illustrated by
progressively dark greyscale histograms corresponding to increasing concentrations. HTE E6 E7 was
used as an immortalised tonsillar keratinocyte control.

Note the clear separation of histogram distributions between 0 and 10 ug mL* mitomycin C
incubations in cell lines HTE E6 E7, UPCI SCC089 and UD SCCO02. A left histogram shift denotes
continued proliferation following mitomycin Cexposure, with CellTrace™ content halving with each
cell division. The lowest mitomycin C concentration inducing a histogram distribution comparable to
that observed with 10 ug mL* mitomycin C was therefore determined as the optimal dose for each
cell line: this is summarised in Table 1.9, below.

A lessdiscerniblesplitbetween peaksisnotedinthe slowergrowingcell lines UPCI SCC072 and UPCI
SCC090, reflecting alower rate of cell division, and therefore reduced histogram shift between 0 and
10 ug mL* mitomycin C. Data relating to intermediate mitomycin C doses for these lines has been
censoredinfiguresf & g forease of viewing, with lowest adequate dose of mitomycin Cillustrated;
note the general mirroring of 10 ug mL* mitomycin Chistograms with 2 ug mL™* mitomycin C for cell
line UPCI SCCO72 and 0.5 ug mL* mitomycin C for cell line UPCI SCC090.

N.B. Optimisation of mitomycin C exposure in cell line UD SCCO2 was undertaken with the kind
guidance of Dr. V. Hearnden

Table 1.9: Optimal Mitomycin concentration determined for each cell line

Mitomycin C Concentration, ugmL*
HTE E6 E7 2
UD SCCO02 0.25
UPCI SCC 072 2
UPCI SCC 089 2
UPCI SCC 090 0.5
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Figure 1.6: Trial Cell Seeding Densities for ORIS™ Assay Loading
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Figure 1.6: ORIS™ assay confluence following overnight seeding of cell lines UD SCC02, UPCI SCC072,
UPCI SCC089 and UPCISCCO090 at progressive dilutions. Numbers denote percentage concentration
of original cell suspension — e.g. “100” denotes 100%, “90” denotes 90%. The following cell
concentrations were used for each cell line:

UD SCCO02- 2.2 million cells mL?
UPCI SCC072 — 3.2 million cells mL*
UPCI SCC089 —1.76 million cells mL*

UPCI SCC090 —1.93 million cells mL*

Red squares denote the percentage dilution for each cell line that provided optimal confluent
seeding. Note that concentrations exceeding the optimal seeding density led to non-adherent cells
beingvisible overlying the confluent monolayer (visualised as blackened areas inthe above images),
whereas cell-freeregions can be noted at concentrations lowerthan highlighted in red. Images taken
at X10 magnification, width of each square denotes 400 um.

60



Table 1.10: Optimal seeding densities determined following trial seeding in ORIS™ assay wells.

Concentration, cells mL*

Number of Cellsin 100uL Aliquot

UD SCCO02 2,200,000 220,000
UPCI SCC 072 1,600,000 160,000
UPCI SCC 089 880,000 88,000
UPCI SCC 090 1,160,000 116,000
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Discussion

HPV Status of Cell Lines

The HPV status of all cell lines has been comprehensively assessed using recognised PCR
and electrophoresis techniques to confirm presence/absence of HPV16 E1 & E6 mRNA. All
oropharyngeal carcinoma cell lines were validated as retaining a HPV status as described in
the literature!’® 180, 250, 254, 267269 = Although the experimentally-induced HTE E6 E7 control
remains poorly described in the literature, validation of viral E6 oncogene expression in the
absence of E1 infers experimental induction of E6 rather than acquisition through viral
infection, and is therefore consistent with the mRNA expression pattern expected of this cell
line. One limitation of using this line as a control is that whilst the line adequately acts as a
positive control for E6 mMRNA expression, it is limited to being a negative control for E1
MRNA expression. Unfortunately, HelLa, the commonly available HPV-positive cervical
carcinoma line is HPV18 infected and therefore could not be used as a positive control due
to primer specificity to the HPV16 sequence. HTE E6 E7 therefore offered a pragmatic and
accessible control for PCR analysis.

In order to fully validate UPCI SCCO089 given the faint band noted with electrophoresis of E6
PCR products (Figure 1.4), a cell sample of each line was sent for external PCR validation
against a panel of HPV types including HPV16 and 18, confirming UPCI SCC089's HPV-
negative status. The faint band seen on agarose E6 electrophoresis is therefore not of
biological significance. This is also in keeping with the complete absence of E1 banding
noted in agarose gel electrophoresis of PCR products derived from this line (Figure 1.4), In

addition to external validation of HPV status using the Cobas® HPV Test.

Final confirmation of cell line authenticity was achieved through STR profiling, allowing the

confident use of the cell lines in further experimentation.

Difficultiesin Obtaining Representative HPV-Positive Cell Lines for Use in Cell
Culture

As detailed in Table 1.3, all HPV-positive cell lines have been established from tumours of

mixed aetiology; that is, HPV-positive disease arising in known smoker/drinkers. As

discussed in more detail in the preceding literature review, data from Ang et al's seminal
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paper suggests tumours of mixed aetiology carry a prognosis intermediate to that seen in
HPV-positive and -negative disease!®®. Caution must be therefore employed not to over-
interpret cell culture findings relating to these cell lines, as they may not be fully
representative of HPV-positive disease. There are however, no reports in the literature of an
established HPV-positive oropharyngeal line derived from a non-smoker, due to sensitivities
leading to cell culture failure. This likely represents the less aggressive clinical nature of
HPV-positive disease. The obtained lines therefore offer the only pragmatic approach to in-
vitro comparisons between HPV-positive and -negative disease, although they do offer the
prospect that any observable difference between the available HPV-positive lines and HPV-
negative lines may in fact be more pronounced had a non-smoker/drinker HPV-positive line
been available.

ORIS™ Assay Optimisation

Each cell line has been optimised for application in ORIS™ migration assay. Mitomycin C
exposure has been optimised for each line, albeit with limited effect noted in flow cytometric
analysis of cell lines UPCI SCC072 and UPCI SCC090 due to their inherently low basal
proliferative rate. It is important however, to bear in mind that cell line incubation with
conditioned medium containing tumour-supportive factors could potentially alter proliferation
rate during the assay: the use of mitomycin C for these two lines is therefore critical to
ensure void closure relates to migration alone, and not passive infill as a result of cell
division. Cell lines UD SCCO02 and UPCI SCC089 demonstrated marked shift of flow
cytometry histograms in response to appropriate doses of mitomycin C, demonstrating
unambiguous requirements of mitomycin C in order to assess migration alone.

Use of 10 ug mL* mitomycin C throughout the duration of migration assay in order to inhibit
proliferation has been cited in the literature?®®, however this concentration led to marked cell
death during initial optimisation. Two possible explanations may account for the cell death
seen — perhaps the most forthcoming relates to the drug being incorrectly stored by other
authors, leading to loss of activity. Storage instability of mitomycin C has indeed been noted
by co-researchers in our group. The oropharyngeal carcinoma cell lines used may
alternatively exhibit greater sensitivity to mitomycin C in comparison to other lines quoted in
the literature, an effect which may become particularly notable due to the relatively
protracted time taken for cell migration to be observed in these lines?®.
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Optimal ORIS™ assay cell seeding densities have been established for each cell line under
investigation. Lines demonstrated appreciable differences in seeding density requirements,
with UD SCCO02 requiring seeding at an approximate 2-fold cell density in comparison to
other lines. This variation in seeding density in part appears to correlate to cell size, although
attempts to optimise seeding on cheaper, non-fibronectin coated 96-well assay plates
derived lower seeding densities than were necessary in ORIS™ assay wells. Well coating/

wettability may therefore also determine the final optimal seeding density for a given cell line.

ORIS™ assay void closure was noted to be near complete at 24 h using cell line UPCI
SCCO089. An optimal migration end-point for this line was therefore determined as 20 h. All
other cell lines (UD SCCO02, UPCI SCC072, UPCI SCC090) demonstrated progressive
migration to 48 h, with apparent migration arrest at 72 h: an optimal migration end-point for

these 3 lines was therefore determined as 48 h.

The ORIS™ assay offers a reproducible method of creating a standardised cell exclusion
zone for migration analysis through the removal of a silicone barrier rather than inducing
cellular trauma through the use of pipette scratches, as has historically been applied to the
“scratch” assay. Cell number and media requirements are also greatly reduced using this
method in comparison to individual scratches being introduced into a confluent 12-well plate.
The assay appears to have additional advantages over other commercially available assays
in that high throughput analysis may be undertaken due to the incorporation of the assay into
a 96-well plate set-up. Introduction of a circular void rather than linear scratch also offers
greater reproducibility with respect to measuring closure: void margins can be measured in
their entirety, and the assay therefore avoids risk of measuring different regions between
baseline and end-point.

Limitations of the assay include the more labour-intensive analysis necessary in order to
accurately measure the volume of an often irregular-shaped void, as compared to
measurement of distance across a simple scratch assay margin. The assay is also limited to
providing 2D migration data, and cannot readily distinguish between migration with
directionality versus the more random process of cell scatter; it does, however offer a
reproducible method of assessing cellular motility which may thereafter be analysed further

using more complex models.
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Chapter 2: 2D Modelling of the Microenvironment in
HPV-positive & -negative Disease

Introduction

The tumour microenvironment comprises a complex molecular network derived from the
dynamic interactions between tumour cells, surrounding stroma and immigrating vascular
and immune cell populations. Little has been reported on the role of the microenvironment in
HPV-positive versus HPV-negative oropharyngeal carcinoma, although a wealth of data is
available regarding the heterogenous group of diseases that fall under the umbrella term of
‘head and neck cancer”. More generically, activation of the microenvironment has been
linked to aggressive behaviour in a wide range of cancers, and has major prognostic

implications.

Much data is available on the capacity of tumours to hijack acute inflammatory pathways
linked to wound healing. Such inflammatory factors have the capacity to promote epithelial
proliferation, migration and Epithelial to Mesenchymal Transition (EMT), angiogenesis and
immune cell infiltration - properties that under the correct conditions, can all lead to the
progression of cancer through acquisition of an evolutionary advantage. Common
derangements in biomarkers linked to wound healing have been noted in a range of tumour
types; for example, elevated EGF is a feature of a number of head and neck,
hepatocellular®®, breast?”* and lung?”® carcinomas, and has a characteristic activity of
promoting proliferation, migration and invasion of all these tumour types. It appears however,
that certain microenvironmental factors have more varied effect on different cancer types;
this often reflects the varied physiological influence the given factor has on normal tissue, in

addition to the biology of the specific neoplastic disease.

In oropharyngeal carcinoma, HPV-positive tumour status is established as offering
favourable prognosis, and has been discussed in greater detail in the literature review.
Although the role of the microenvironment has yet to be confirmed, it is intuitive that given
the favourable prognosis of HPV-positive disease; in addition to the strictly epitheliotropic
nature of the virus, which actively evades immune recognition; that differences in HPV-
positive and -negative tumour microenvironments could offer insight into not only the reason
for the favourable prognosis in HPV-positive disease, but also offer therapeutic targets in the
management of HPV-negative disease.
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Hassona et al investigated the role of oral squamous cell carcinoma genetic instability in the
tumour microenvironment?*°. Hassona defined those oral cancers expressing significant
genetic mutation, with specific reference to loss of p53, as “genetically unstable” (GU-
OSCC). Conversely, those cancers retaining wild type p53 and having fewer mutations were
considered “genetically stable” (GS-OSCC). Hassona found that conditioned medium from
GU-OSCC cell lines more readily induced fibroblast expression of SA -Gal, a marker of
senescence, than did conditioned medium taken from GS-OSCC or dysplastic cell lines.
Conditioned medium taken from senescent versus normal oral fibroblasts was also
demonstrated as having a more profound effect on GU-OSCC cell line invasion into collagen
gels, whereas normal oral keratinocytes failed to demonstrate a change. It should be noted
however, that only a single normal oral keratinocyte cell line was assessed in this latter
experiment, and moreover no GS-OSCC lines were assessed. Hassona also went on to
demonstrate that normal oral fibroblasts could be induced into a senescent state through 4
hourly pulsatile exposure to TGF-B1; conditioned medium taken from the induced senescent
state increased invasion in a similar manner to senescent fibroblasts retrieved from

genetically unstable tumours.

Several inferences can be made from Hassona's article in terms of HPV-positive
oropharyngeal carcinoma; the low number of genetic mutations seen in HPV-positive
tumours, in addition to a characteristic preservation of wild-type p53 and p16, render these
tumours analogous to GS-OSCC. HPV-negative tumours contain the genetic aberrations
surmised by Hassona as GU-OSCC. It is therefore feasible that conditioned medium taken
from HPV-positive oropharyngeal cell lines have less ability to induce a fibroblast response
in comparison to HPV-negative counterparts, and thereafter HPV-positive tumours may not
be as responsive to instruction from fibroblast-derived conditioned medium.

This chapter explores the potential for HPV-positive versus HPV-negative tumours to induce
a secretory phenotype in normal oral fibroblasts and the potential for this phenotype to

instruct the tumours to migrate and proliferate.
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Methods

Overview

In order to model tumour-stroma microenvironmental interactions, a conceptual model was
translated into a 2D tissue culture duplicate model (Figure 2.1). We hypothesised those
tumours with greatest microenvironmental interactions in vivo would be, at a molecular level,
more instructive to the normal stroma; exposure of stromal fibroblasts to tumour conditioned

medium should therefore precipitate a fibroblast response to such instructions.

In order to precipitate the fibroblast response in vitro, tumour cell line conditioned medium
was first collected and then incubated with fibroblast cultures for 24 h (a more detailed
methodology is given below). Tumour conditioned medium was then aspirated from
fibroblast cultures, cultures washed, and then fresh normal media incubated with the
activated fibroblast cultures for a further 24 h to collect a “stimulated fibroblast” conditioned
medium. It became apparent that in fact an initial fibroblast secretory response could occur
concurrently with the initial 24 h incubation in tumour conditioned medium. Two sets of
conditioned media were therefore collected from each experiment: firstly, the original tumour
conditioned medium subsequently incubated with fibroblasts and therefore containing the
initial fibroblast response, hereon referred to as “Medium 1”; and a second conditioned
medium collected after washing activated fibroblasts and then incubating with fresh normal
media for the 24-48 h post-stimulation period — exclusively contributed to by stimulated
fibroblasts, hereon referred to as “Medium 2°. Media 1 & 2 were then use to determine
whether stimulating fibroblasts in such manner could lead to altered behaviour in the original
tumour cell line by assessing migration and proliferation compared to unstimulated fibroblast
conditioned medium control.

Conditioned medium was therefore collected from each cell line (UD SCCO02, UPCI SCC072,
UPCI SCCO089, UPCI SCC090), and used to induce cell line-specific stimulated fibroblast
Medium 1 & 2; each cell line was then exposed to its own respective stimulated fibroblast

medium in the ensuing experiments.
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Figure 2.1: Conceptual Model of Tumour-Stroma Microenvironmental Interactions, Plus 2D Tissue
Culture Duplicate Model
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Figure 2.1a: Conceptual model of microenvironmental interactions. The above model proposes that
microenvironmentally-active tumours (represented by blue cell) secrete activating factors (1), which
may lead to stromal activation (stromal fibroblast represented by red cell). This in turn leads to
stromal release of further factors (2), which may reinforce the hallmarks of malignancy, such as
tumour proliferation, migration and invasion.

Figure 2.1b: Tissue culture duplicate model. Tumour cell lines are cultured to near confluence (step
1) and conditioned medium retrieved (step 2); this initial conditioned medium hypothetically
contains the activating factors depicted in Figure 2.1a (labelled “1” on diagram). Subsequent
incubation with fibroblast cultures (step 3) may lead to similar activation as occurs in vivo, leading to
a fibroblast secretory response that can be collected in further conditioned medium (step 4) that
also reflects the response in vivo, as labelled “2” in Figure 2.1a.
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M2.1: ORIS™ Assay Migration Analysis of Modelled
Microenvironmental Interactions

Collection of Cell Line Conditioned Medium

Cell lines UD SCCO02, UPCI SCC072, UPCI SCC089 and UPCI SCC090 were cultured in 75
cm? flasks using normal media (DMEM with 10 % FCS, plus 2 mM L-glutamine & 50 1U/50
ug mL? penicillin-streptomycin) until near-confluent. Flasks were then washed X3 in PBS
and then incubated for 24 h with 7 mL normal media. After 24 h, conditioned medium was
aspirated from each flask and centrifuged for 5 minutes at 3,000 rpm in order to remove
cellular debris. 6 mL supernatant was then carefully aspirated in order to avoid resuspension
of precipitated debris, and then immediately stored in a universal container at -21 °C until

use in experiments.

Flasks were washed X2 in PBS, trypsinised and then cells counted in order to calculate the
number of cells contributing to each mL of conditioned medium. Only conditioned media of a
cell count of 3 (+/- 1) million cells mL? conditioned medium 24 h' were kept for use in
experiments. A record of the exact cell count was maintained to allow conditioned medium to
be normalised to exactly 3 million cells mL?! immediately prior to experiments. Where
necessary, normalisation was undertaken by thawing two separate vials of conditioned
media from the same cell line (one vial over-concentrated and one vial under-concentrated)
and mixing media at a ratio that equalled a final conditioned medium concentration of 3

million cells mL2. All remaining thawed media was then discarded.

Fibroblast Stimulation with Cell Line Conditioned Medium and Collection of Media 1 & 2

Passage 6 DENOF08 normal oral fibroblasts were cultured in a 75 cm? flask to
approximately 80 % confluence. Cells were then washed X2 in PBS, trypsinised, centrifuged
and resuspended in approximately 6 mL normal media. In order to establish equal seeding
densities in multiple 75 cm? flasks for the subsequent passage, a sterile 1,000 uL pipette
was used to aspirate 1 mL of cell suspension and thereafter transfer the suspension into 5
separate 75 cm? flasks containing normal media.
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The 5 separate 75 cm? flasks of passage 7 DENOFO8 fibroblasts were then cultured to early
confluence. Flasks were visually inspected on a daily basis using a X10 objective lens until
intracellular spaces had been obliterated due to fibroblast culture confluence. Flasks were
also visually compared to confirm cell density was equal in each separate culture.

Confluent fibroblast cultures were then washed X3 in PBS and then incubated with 6 mL cell
line conditioned medium for 24 h to create “Medium 1”. Medium 1 was aspirated, centrifuged
at 3,000 rpm and 5 mL of supernatant carefully aspirated and immediately stored at -21 °C
until use in experiments. The fibroblast cultures were then washed X3 in PBS and then 6 mL
normal media added and incubated for a further 24 h to create “Medium 2”. Medium 2 was
then aspirated, centrifuged at 3,000 rpm and 5mL of supernatant carefully aspirated and
immediately stored at -21 °C until use in experiments. Fibroblast cultures were then washed
X2 in PBS, trypsinised and counted using a haemocytometer to confirm a final cell density of
4 X 10° cells per mL conditioned medium collected.

Preparation of Migration Assays & Inhibition of Cell Division

Two HPV-negative oropharyngeal carcinoma cell lines UPCI SCC072 and UPCI SCC089,
and two HPV-positive oropharyngeal carcinoma cell lines UD SCC02 and UPCI SCC089
were grown to 70 % confluence in separate 75 cm? flasks. Cells were washed twice in PBS,
trypsinised, centrifuged at 1,000 rpm for 5 minutes and then resuspended in normal media.
Each cell suspension was then counted using a haemocytometer, appropriately diluted using
normal media, and re-counted in order to achieve the pre-optimised seeding concentrations
of 1.6 X 108 cells mL* for UPCI SCC072, 8.8 X 10° cells mL* for UPCI SCC089, 2.2 X 10°
cells mL* for UD SCCO02 & 1.2 X 108 cells mL* for UPCI SCC090, allowing confluent ORIS™
assay well loading as described in Chapter 1. ORIS™ assay plates were prepared under
sterile conditions, mounting silicone stoppers into each well using the manufacturer-supplied

location device. 100 uL of each cell suspension was then pipetted into respective ORIS™

assay wells and left overnight to adhere.

Following cell adherence and confirmation of well confluency using an inverted lens
microscope, preoptimised (please refer to Chapter 1, Table 1.9) concentrations of 2, 0.5 &
0.25 ug mL* mitomycin C suspension in normal media were prepared from snap-frozen 0.5
mg mL? aliquots of mitomycin C stored at -80 °C. All handling of mitomycin C was

undertaken in a darkened tissue culture hood in order to avoid excessive light exposure.
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Silicone stoppers were then removed from assay wells using the manufacturer supplied
retrieval tool, exposing the respective cell exclusion zone, and normal media carefully
aspirated off each well ensuring contact was avoided with the well base. 2 X 100 uL PBS
washes were then undertaken, and then 100 pL mitomycin C carefully pipetted into
respective wells at preoptimised concentrations for each respective cell line (please refer to
Chapter 1, Table 1.9) and incubated for 3.5 hours at 37 °C in the dark. Following 3.5 hours
incubation in mitomycin C, baseline void photomicrographs were taken using a X4 objective

lens.

Following mitomycin C incubation, assay wells were washed X2 in PBS and then 100 pL of
either Medium 1, Medium 2 or unstimulated fibroblast conditioned medium control carefully
pipetted into respective wells. ORIS™ assay plates were then incubated for either 20 h
(UPCI SCCO089) or 48 h (UD SCC02, UPCI SCCQ72, UPCI SCCO090) in order for migration to
occur, and then endpoint photomicrographs taken using a X4 objective lens.

Analysis of Cell Migration

Analysis of cell migration was undertaken by comparison of baseline versus endpoint
micrograph images taken at X4 objective. The area of each stopper-induced cell exclusion
zone at baseline and endpoint was measured with ImageJ software (freeware, NIH, USA),
using the polygon selection tool. Percentage void closure was then calculated by dividing

area of closure at experimental endpoint by total baseline area of cell exclusion zone.
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M2.2: MTS Assay Analysis of Cell Proliferation

Following the observed results in ORIS™ assay migrations, Medium 2 was selected as the
most appropriate conditioned medium to assess the effects of stimulated fibroblast
conditioned medium on cell line proliferation. Further stimulated fibroblast Medium 2 was
collected as described above for migration assays, and immediately stored at -21 °C until

use in experiments.

Cell proliferation of UD SCC2, UPCI SCC72, UPCl SCC89 and UPCI SCC90 in the
presence of either respective stimulated fibroblast Medium 2 or unstimulated fibroblast
conditioned medium control was assessed by means of MTS proliferation assay. Cells were
grown to 70-80 % confluence in 75 cm? flasks, trypsinised, counted using a
haemocytometer, divided, centrifuged at 1,000 rpm for 5 minutes, resuspended in the
respective Medium 2 or control medium, re-counted and then 100 pL of cell suspension
seeded at a density of 10,000 cells per well into a 96-well plate, using triplicate repeats for
each condition. Wells were incubated at 37 °C in a 5 % CO: environment, and time points
taken at baseline, 24, 48, 72 and 96 h in order to assess proliferation over the observed
period. At each time point of interest, respective triplicate wells were rinsed with 100 uL
PBS, then 100 uL normal media added. 20 uL MTS (CellTiter, Promega, Madison, USA) was

then added in each well to be analysed, and incubated for 1.5 hours. Light absorbance at

492 nm was then assessed using a Tecan Infinite M200 plate reader.

M2.3 Repetition of Migration Assay Work to Include Tonsillar
Fibroblast Cultures

In order to ensure reproducibility of cell lineffibroblast interactions, migration experiments
were repeated to include two further fibroblast cultures derived from normal human tonsils.
Colleagues from the Murdoch research group recently isolated two tonsillar fibroblast
cultures from a total of 13 tonsillar excisions, named NTFO1 and NTF06. These cultures
offered anatomically representative stromal fibroblasts, and allowed experimentation to be
undertaken in triplicate biological and experimental repeat, on triplicate cell cultures.

All experimental methods were repeated as described above, substituting DENOF08
cultures with NTF1/NTF6. Again, where specified, fibroblast cultures were taken to early

confluence prior to incubation with cell line conditioned medium. A cell count was again
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undertaken following the collection of Medium 2; returning final conditioned medium
concentrations of 1 X 10° cells mL*? conditioned medium for NTF1, and 5 X 10° cells mL™*
conditioned medium for NTF6. Although NTF1-derived conditioned medium had been
contributed to by a greater cell population compared to DENOFO08 & NTF6, normalisation
was not undertaken due to the potential influence of media nutrient repletion on migratory
behaviour.
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Results

Figure 2.2: Additional ORIS™ Assay Migration of Cell Lines Exposed to Respective Stimulated
Fibroblast Medium 1
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Figure 2.2: Additional ORIS™ Assay Migration of cell lines UD SCC02, UPCI SCC072, UPCI SCC089 and
UPCI 090 exposed to respective stimulated fibroblast Medium 1, compared to unstimulated
fibroblast control conditioned medium, expressed as additional percentage void area closure. Blue
bars represent HPV-negative cell lines; red bars represent HPV-positive cell lines. Postscripts denote
the respective fibroblast culture contributing to Medium 1 (derived from either DENOF08, NTF1 or
NTF6). Error bars denote SEM. Asterisks denote statistical significance: * p<0.05, ** p<0.01,
**%¥p<0.001, Mann-Whitney U-test (Levene’s test demonstrates unequal variance between
treatmentand control). Note that the HPV-negative cell line UPCI SCC072 consistently demonstrates
increased migration throughout the range of fibroblast cultures tested. All other cell lines
demonstrate either insignificant change in migration compared to control, or a reduced migration
consistent with nutrient exhaustion within the conditioned medium.

Migration analyses were assessed against appropriate unstimulated fibroblast control medium
which had not been pre-incubated with an equivalent epithelial control, due to difficulty incubating
mortal epithelia or appropriate comparator in media other than KGM; early optimisation
experiments had also demonstrated that cell line migrationin 24 h cell line conditioned medium not
exposedto fibroblasts led to inferior migration compared to DMEM control; this general reduction in
migration was regarded as due to depletion of nutrients within conditioned medium.
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Note that forcell line UPCI SCC072, migration in DENOF08-derived stimulated fibroblast Medium 1
vastly out-competed all migrations observed with other fibroblast cultures, and also for the data
presented in Figure 2.3 relating to Medium 2.
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Figure 2.3: Additional ORIS™ Assay Migration of Cell Lines Exposed to Respective Stimulated
Fibroblast Medium 2
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Figure 2.3: Additional ORIS™ Assay Migration of cell lines UD SCC02, UPCI SCC072, UPCI SCC089 and
UPCI 090 exposed to respective stimulated fibroblast Medium 2, compared to unstimulated
fibroblast control conditioned medium. Blue bars represent HPV-negative cell lines; red bars
represent HPV-positive cell lines. Postscripts denote the respective fibroblast culture contributing to
Medium 2 (derived from either DENOF08, NTF1 or NTF6). Error bars denote SEM, n=9. Asterisks
denote statistical significance: * p<0.05, ** p<0.01, ***p<0.001, Mann-Whitney U-test (Levene’s test
demonstrates unequal variance between treatmentand control). Note the absence of any consistent
pattern of additional migrationin HPV-negative cell lines throughout the range of fibroblast media
tested, whereas all HPV-negative cell line-stimulated Medium 2 led to consistent additional
migration in both HPV-negative lines. Note also the reproducible trends in the degree of migration
observed with each Medium 2 in both HPV negative lines (i.e. greatest degree of migration with
DENOF08 Medium 2, least migration with NTF1).

76



Figure 2.4: Overlay Images of ORIS™ Assay Cell Migration Following Exposure to Medium 1,
Compared to Unstimulated Fibroblast Conditioned Medium Control & Cell Line Conditioned

Medium Control
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Figure 2.4:

a). Example of Image J analysis undertaken to obtain overlay plot of void margin. Leftimage denotes
original micrograph, centre image denotes Image J polygon selection tool mark-up with
approximately 200 mark-up squares identifying the void margin, right image denotes retrieved
overlay plot following subtraction of original micrograph.

b). Overlay images of first experimental repeat of ORIS™ assay migrations for DENOF8 Medium 1-
induced migration versus unstimulated fibroblast control. Note the marked additional migration
observed with Medium 1 compared to control (green area) in cell line UPCI SCC072 only. Baseline
void positions have been excluded from this overlay image for ease of visual interpretation, but were
comparable forall three experimental conditions for each cell line. All migration endpoints taken at
48 h, other than UPCI SCC089 (taken at 20 h).

Green squares —end position of void margin, cell line conditioned medium control

Red squares —end position of void margin, unstimulated fibroblast conditioned medium control
Blue squares —end position of void margin, Medium 1 not exposed tofibroblasts

Green area —additional closure with Medium 1

Pink area — additional closure with Control
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Figure 2.5: Overlay Images of ORIS™ Assay Cell Migration Following Exposure to Medium 2,
Compared to Unstimulated Fibroblast Conditioned Medium Control

Figure 2.5: Overlay images of first experimental repeat of ORIS™ assay migrations for DENOF8
Medium 2-induced migrations versus unstimulated fibroblast control. Note that both HPV -positive
cell lines (UPCI SCCO72, UPCI SCC089) demonstrate a clear net increase in migration compared to
control, whereas both HPV-positive lines (UD SCC02, UPCI SCC090) show no evidence of additional
migration, despite control migration being intermediate to that observed in the two HPV -negative
cell lines. All migration endpoints taken at 48 h, other than UPCI SCC089 (taken at 20 h).

Black squares - position of void margin at baselineforincubation with Medium 2
White squares — position of void margin at baseline for control medium

Blue squares —end position of void margin, Medium 2

Red squares — end position of void margin, control medium

Green area —additional closure with Medium 2

Pink area — additional closure with control
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Figure 2.6: MTS Assay of HPV-positive Cell Line Proliferation in Response to Stimulated Fibroblast
Medium 2 Versus Unstimulated Fibroblast Control
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Figure 2.6: Graphs depicting MTS assay absorbance of HPV-positive cell lines UD SCC02 (a) and UPCI
SCC090 (b), followingincubation with DENOFO08 stimulated fibroblast Medium 2versus control (light
absorption at 492 nm). Blue lines denote absorbance following incubation in stimulated fibroblast
Medium 2, red lines denote absorbance using control medium. Error bars denote S.E.M. * =
significance at 0.05, **= significance at 0.01 (Independent samples T-test, following Levene’s test to
confirm equal variance). n=9

Note that baseline absorbance was measured using respective conditioned medium due to cells
remaining in suspension, whereas all other timepoints were measured following PBS wash and
replacement with normal media: variation at baseline may therefore be attributed to differencesin
conditioned medium background absorbance. Note the significant increase in absorbance (P<0.01)
with cell line UPCI SCC090 at 96 hours. No significant change was noted for cell line UD SCC02.
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Figure 2.7: MTS Assay of HPV-negative Cell Line Proliferationin Response to Stimulated Fibroblast
Medium 2 Versus Unstimulated Fibroblast Control
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Figure 2.7: Graphs depicting MTS assay absorbance of HPV-negative cell lines UPCI SCC072 (a) and
UPCI SCCO089 (b), followingincubation with DENOF08 stimulated fibroblast Medium 2 versus control
(light absorption at 492 nm). Blue lines denote absorbance following incubation in stimulated
fibroblast Medium 2, red lines denote absorbance using control medium. Error bars denote S.E.M. *
= significanceat 0.05, **= significance at0.01 (Independent samples T-test, following Levene’s test
to confirm equal variance). n=9

Note that baseline absorbance was measured using respective conditioned medium due to cells
remaining in suspension, whereas all other timepoints were measured following PBS wash and
replacement with normal media: variation at baseline may therefore be attributed to differencesin
conditioned medium background absorbance. Note the significant increase in absorbance (P<0.05)
with cell line UPCI SCC072 at 96 hours. No significant change was noted for cell line UPCI SCC089.
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Discussion

HPV-negative cell lines were observed to induce a fibroblast response capable of promoting
additional void closure in contemporary 2D migration assays. Although Medium 2
consistently induced migration in both HPV-negative cell lines throughout the range of
fibroblasts tested, Medium 1 was observed to also induce migration in the cell line UPCI
SCCO072. The significance of the additional migration in UPCI SCC072 Medium 1 is
uncertain based on the data presented in this chapter; although this phenomenon may be
linked to an inductive pathway unique to UPCI SCCO72/fibroblast interactions, it is also
plausible that the underlying molecular basis of increased migration with UPCI SCCQ072
Medium 1 is the same as that observed for Medium 2. The