ECHO: The Epidemiology of HPV Infection in
Oropharyngeal, Oral Cavity, and Laryngeal Cancer in
Ireland

A thesis submitted to Trinity College, The University
of Dublin

For the degree of Doctor of Philosophy,
Histopathology and Morbid Anatomy in 2019

by

Imogen Sharkey Ochoa BA (Hons) MPhil (Hons)
Molecular Pathology Research Group and CERVIVA
The Coombe Women and Infants’ University Hospital
Trinity College Dublin

Under the supervision of Dr. Cara Martin and
Professor John O’Leary



Declaration
| declare that this thesis has not been submitted as an exercise for a degree at this or

any other university and it is entirely my own work.

| agree to deposit this thesis in the University’s open access institutional repository or
allow the Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity

College Library conditions of use and acknowledgement.

| do not consent to the examiner retaining a copy of the thesis beyond the examining

period, should they so wish (EU GDPR May 2018).

Imogen Sharkey Ochoa



To my mum, Katrina, and my late grandmother, Bridie

This third generation would not have made it this far without you



Acknowledgements

The English language is not expansive enough to extend the appropriate thanks due to my Supervisor, Dr.
Cara Martin. Thank you for giving me the opportunity to take this project on as your Supervisee in 2016 and
dedicating so much of your time and energy to the ECHO study no matter the burden of all other
responsibilities. Most importantly, thank you for believing in me and supporting me in developing beyond the
bounds of academia, constantly providing an inspiration to aspire to both professionally and personally. |,
and the ECHO study, would not be where we are today without your unwavering leadership, support,

encouragement, and kindness.

To my Supervisor and Principal Investigator, Professor John O’Leary, thank you for making the decision to
take me on as a part of your team three years ago. Your constant encouragement, optimism, and enthusiasm
about the ECHO study and belief in my ability to “take on the world” have made me eternally grateful to have

you as a leader and have forever changed me as a person.

To my colleagues, and now certainly close friends, in the Molecular Pathology Laboratory of the Coombe
Women and Infants’ Hospital and within the CERVIVA group, | would never have made it through with your
generous donation of time and patience to answer all of my questions, train me in new techniques, and
simply make day-to-day lab life a real pleasure, even in the most frustrating of times. To the original “bold”
member, Prerna Tewari, the sky-diving queen, Christine White, the cell-culture oracle, Cathy Spillane, the
INNOLIiPA expert, Helen Keegan, “not-today Satan” Mark Ward, “looks 20 years younger than she is” Tanya

Kelly, “not funny” Laura Edgerton, and all the members of our lab team, my gratitude is never-ending.

My deepest thanks are also extended to all of the participating hospitals, and the pathologists and lab
scientists who made such immense efforts to allow the acquisition of samples for the ECHO study to proceed
and reviewed thousands of slides without any qualms or questions. This project was nothing without its
treasured “blocks” and their assessment, and your support was irreplaceable. Importantly, to Dr. Esther
O’Regan, thank you for being the biggest supporter of this project from all sides, and for being the most kind-

hearted and inspirational boss-lady | could have ever hoped to look up to.
| extend my eternal gratefulness to the Histology Departments in both the Coombe and St. James’. Jacqui
Barry-O’Crowley, Niamh Kernan, and the rest of the infinitely giving team, thank you for dedicating your

machinery and expert skills so kindly to helping this project progress.

Lastly, to my mum, Katrina, thank you for your unfaltering support of my every endeavor, and mostly for

being you, the most accomplished person | know who never fails to still be the kindest and most loving.



Table of Contents

DECIATAtION ..ccceeeeiiiiiiiiiiiiciicrirennenreeeettteeeesssseesssssssssnnnneeesesseessssssssssssssssssnnnnseeessesesssssssssssssssnnnnnnneeeesssssssssssssnes i
o G Lo AT T =T P T =T o N iii
Table Of CONEENTS ...ttt irrcers s sssnesneeeseeeee e e s sssssssss s sssssnnssssseeessesssssssssssssssssnnnnssseanessesssssssssssnns iv
LI o T LT - ix
(IS e -1 <1 =SSP xiii
SUMMAIY ittt it trraee st rraa s s s s sass st s s e sasss st rasassssstaasssssstrensssssssessssssssrsnssssssssnsssssstnenssssssrennes Xviii
Awards, Publications, Press, Presentations, and POSLErS .........ccceeeeeeeeeennniieecieeeieeeeeeeeenennsssssssssesssssseeeesennnnns XX
ADDIEVIAtIONS. .. . ueeeeneeetiitiiiiiiiie e ssennnnnreeeee st e eesssssssssssssssssnnseeeeessesessssssssssssssssnnnnseeessessessssssssssssssnnnnns xxviii
1 CHAPTER 1: INTRODUCTION......cceirrnnnneereeeneeeeiisissssssssssssnnnnssssssessssssssssssssssssssnsnssssssssssssssssssssssssssnnnnnnes 2
1.1 2 l=eTo e Talo AV [=ol 6o g ol USRS 2
1.1.1  Physiology of Head and NECK CAnCErS .......cc.eoiueriieriirie ittt ettt et 2
1.1.2  Epidemiology OFf HNSCC .....co.uiiuiiiiiitieieeteete ettt ettt ettt b ettt et et s b st saeesaeesbaesbaenaeas 2
1.1.3  HiStOIOZY Of HNSCC ...ttt sttt be e bbb et et e abe et e eabesasesbaesbaenaeas 4
1.2 Oropharyngeal, Laryngeal, and Oral CAVIty SCC........cccueeiueeiiiesieeiiiesieesieesiieesciaesisasssaasssessssesssns 5
1.2.1  Physiology of Oropharyngeal, Laryngeal, and Oral Cavity SCC ........cccocvvvevireiieeniieesieeecreeesiee e 5
1.2.2  Epidemiology of OPSCC, LSCC, aNd OSCC.......ccccueiruierireerieeeiieesitesesieeesseseseeessseesseessesssessssessssesen 9
1.3 HUMQAN PAPIOMA VITUS ...ttt e e et e e ettt a e e taaeeeasaaeessasaeesssenaenanns 11
0 0 A I o T T VTSP 11
1.3.2 HPV @S @ CArCiNOZEN ...eiiiiiiiiiiiitiee ettt s b e s rr e e s ebae e s snre e e 13
1.4 HPV in HNSCC, OPSCC, LSCC, QNA OSCC .....cc.vveeeeieeieesiiesieeecieeesieessiteesieassitaesssaesstaesssaessssssssassssnanans 13
1.4.1 The Epidemiology and Genotype Distribution of HPV in HNSCC, OPSCC, LSCC, and OSCC......... 14
1.4.2 Histology of HPV-related HNSCC, OPSCC, LSCC, and OSCC ......cccceeevueerireeeireeeiieeenieeseeeseseesveesens 18
1.43  TNM Staging of HPV-related and HPV-unrelated HNSCC, OPSCC, LSCC, and OSCC..................... 18
1.5 RiSK FACLOIS IN HINSCC .....oeeveeeeeeee ettt ettt ettt ettt e st a st aetaa s bt e s stasassaasssaesstaesssaassseasssesssnanass 22
0 V- £ OSSP 22
0T Y - RO PSRPS 23
1.5.3 Socio-Economic Status, Region, aNd RACE.........ccvuieiiiiiiieiieesieeciee st eeeesreesae e sae e saaesree s 23
L1.5.4  HPV SEIOIOY ...ttt st st b ettt et e st e s at e satesheesbe e bt e beeabeeabesabesatenae 24
1.5.5  SEXUAI BENAVIOUN...ciiuiiiiieiieeciee sttt et et ste e st e st e e s ba e e be e ebaeebaeesseeensteesaseesntes 24
(N I O 1 |l o |V o] =T ot o o DO ST USRRPSP 25
1.5.7  IMMUNOUETICIENCY uvviiiiieiieeciee sttt ettt ettt et e st e st e e s be e sabaeebeeebaeebaeessseessteesaseenases 26
1.5.8  Tobacco and AICONOI EXPOSUIE .....cccuieiieiieieeiieiee sttt ettt ettt st st sbe et e bt ebeete e 26
1.6 CarciNOGENESIS [N HINSCC .......coooeieeeeeee ettt ettt e e e e ettt e e e e e e s s asateeaaeeeeaaaas 27
1.6.1  Carcinogenesis iN HNSCC .....cooociiiiiiiiii et rae e s e e 27

1.6.2 HPV-Related Carcinogenesis in HNSCC: Persistent Infection, Immune Evasion, Viral Integration,
oo VAT =]l Mo T Lo [ SRR RROPRRRTN 30
1.6.3  HPV-Related Carcinogenesis: Oncogenes and Genome Alterations........c.ccceceeveenerniensiennienneennes 32
1.6.4  HPV-Related Carcinogenesis in HNSCC: Anatomical and Functional Vulnerabilities ................... 36
1.6.5 A Comprehensive Model for HPV-Related Carcinogenesis in HNSCC .........ccccceveenerniensiennienneenes 39
1.7 BIiOMAIKEIS i HINSCC ......vveeeveeeieeeee ettt ettt e s e sttt e s e e s e e s taa s teaeastasassaessssesstaesssaassseenssaesssnanass 40
1.7.1 DEfINING BIOMAIKEIS  ...neviiiiieeiee ettt ettt ettt e st e e st e s be e e beeebeesbeeenbaeesaaeesaseesaseesases 40
1.7.2  Biomarkers in HPV-related and HPV-unrelated HNSCC ..........coociiiviieiiiieeciee et 41



1.7.3  HPV STAtUS ..ot 41

L7.8  PL6 ettt s h e bt bt ke be e bt eabe st e eaeeeheeehe et e e bt et e e beeabe et eae 41
175 EGFR ittt st h e bt bt ekt ke e beeabe st e sae e eheeehe et e e bt e beeabeeteeatenae 43
1.7.6  Cervical Squamocolumnar Junction Biomarkers..........ccoeeceeierienieniie it 44
1.7.7  Other and Combined BIOMarkers .........coceoiiiiiiiiieneee ettt 45
1.7.8  IMMUNE IMIAIKEIS. ..ottt sttt ettt ettt st e s ae e sheesbe et e e beeabeeabesabesatesae 46
1.8 CliNICAI IMPIICATLIONS ..ottt ettt ettt e e e et e st e st e s st e e sstaesstaessssesaseasssaesseanass 48
1.8.1 Diagnosis, Treatment, and Prognosis of HNSCC..........cccovuiiriieiiiieeniie e s eseeesiee e saeesiee e sae e 48
1.8.2 Diagnosis, Treatment, and Prognosis of HPV-Related HNSCC ........cccoccveevieiiiieenie e 49
1.8.3  De-Escalation and Targeted Treatment in HPV-Related HNSCC .........ccoceeiiiniinieneniienieeieeeee 50
1.8.4  Additional and Personalized Treatments for HPV-Related HNSCC .........ccocceveeneenienniensiennieneenes 55
1.8.5 The Use of HPV Vaccines to Prevent and Treat HNSCC........cccceeverieriienieneeneenieee e 56
1.8.6  Future Directions and Screening Tools for HNSCC........ccccoviriieriieriienienie et 58
1.9 ClASSIfICATION Of HNSCC ..ottt ettt e e e sttt e st e s te e s tee s bt essstasastaesssaesstaessssassssesssasssseanass 59
1.10 The Justification for and Value of the “Epidemiology of HPV Infection in Oropharyngeal, Oral Cavity,
and Laryngeal Cancer in IrelaNd” SEUAY ...........c.veecuieeieeciieeieeete et escte ettt s s ee ettt estte ettt esteesstsessaessaassseasans 60
1.11 AAIMIS ettt ettt ettt ettt ettt h e at et et et e ekeeheeat et e ke ebe ekt eae e et et et e ateeheeaneaean 61
1.12 HYDOUTNESIS . .eeeeeeiiteeeeeee ettt e e ettt e et e ettt ettt e st e s st e s taaaaseasateaaseaestaastaesstaenssaessseanssaesseenass 63

2 CHAPTER 2: REVIEW OF THE METHODS FOR HPV DETECTION: RE-DEFINING ‘HPV POSITIVITY’ AND A

CASE STUDY OF HEAD AND NECK CANCERS ......ccciiiiiimriiniissnneiisisssssesisssssssnsssssssssesssssssssessssssssssssssssssesssssss 98
2.1 Lo e [V o Lo PSSRt 98
2.2 HPV Indicators and the Technologies That DeteCt TNEM .......cccueccveecieeesiresiresieesiieescivesiseessaeesseas 100

2.2 1 HPV DNA ettt b e bt e bt e bt e bt et e e a bt eab e ea b e e he e e he e sheeshe e ebe e bt e bt eabeeabeeateeateeaeenae 102
2.2.2  HPV MRNA ettt b ettt et ea bt eabeeatesheesheesheesbeesbeenbeenbeeabeeabeeabesatesaeenae 108
2.23 HPV INEEGIAtiON ..eeiiiiiiiiiii e 110
2,24 HPV VIral LOAG. .. ittt ettt ettt s ae e sae e s bt et et e et e eabesabesatesaeesae 111
2.3 RE-AEfINING HPV POSILIVILY c.vveeeuiieeeeesieessieeestteestesstttesteesttaastaessteastaasstsasssesessssasssassssasssessassasses 111
2.3.1  Three-tiered Heterogeneity of the Current Definitions for ‘HPV positivity’ .........cccceeververerne. 111
2.3.2  The Consequences of Three-tiered HEterogeNEItY ......ccceevveeecieiirieciii et 112
2.3.3  Re-defining ‘HPV Positivity’: Further Diversification Before Standardization...........cccccecueneene. 113
2.3.4  Re-defining ‘HPV Positivity’: A Suggested Systematic Structure for Delineating the Contexts and
Standardizing the Definitions of ‘HPV POSITIVITY .....c.ccccvueiiiiiiieiiiiesiec ettt 114
2.3.5  Re-defining ‘HPV Positivity’: The Role of BIomarkers .........cccocerieieineeneeneeneeseeie e 117
2.4 Re-defining ‘HPV Positivity’: A CaSe StUAY iN HNC....c.vveeueesireesiiesiiieeiiesesieesisesieesisesiaesssessssaeeseas 121
2.5 The Future of Defining HPV POSIEIVITY ...uveeeeeeeiieeseeesiieesisesieesiseesitsesisesssseesssesssssssssssssssssssssssseenns 126

3 CHAPTER 3: MATERIALS AND METHODS.........ccettiiiiinniiiiissnneisissssnsessssssssssesssssssssesssssssssesssssssssssssssns 137
3.1 R A0 L)V D=2 1o T SRRt 137
3.2 (0 [a]1ole [l e 1o ] o To K -2 PR 137

3.2 1 TRE NCRI ittt ettt et ettt e a bt eab e ea b e s abesheesheesbeesbe e bt enbeeabeeabesabesatesaeesas 137
3.2.2  Evaluation of the NCRI @S @ SOUICE .....cc.eiiuiiiiiiiieieeiteie ettt sttt et ettt et saee s 137
3.3 (0 [a]1ole e L (ol 64 1 =1 [ B UR 138
I8 750 A 1Yol [V T T T o I 04 =T o - [ OSSP 138
R T8 20 A ool VT [o Y @ 1 11 - T OSSR 138
3.3.3  Ethical Approval and CONSENT .....cc.eeiiiiiiiiiiee ettt sttt ettt be st st e 139
3.4 Identification, Retrieval, Inclusion, and Storage of Clinical Specimens (FFPE Tissue) ..................... 142
3.4.1 Summary of Specimen Identification, Retrieval, and Inclusion.........cc.cccoceeveeienieniensenneneee 142
3.4.2  Step 1: Initial Identification of Cases in the NCRI Database.........cccoceeveeneenieeniensienienieeie e 143
3.43  Step 2: Review Of Pathology REPOIES .....ccouiiiiiiiiiiiieie ettt 144



3.4.4  Step 3: The Retrieval of FFPE BIOCKS .....cocuiiiiieiiieiiiecec ettt s 147
3.45 Step 4: The Generation and Histopathological Review of H+E Slides .......c...cccceeveriieniieniienecnne. 150
3.4.6  Overview of Acquisition of FFPE Blocks and the Cases Eliminated During Each Step of the
Process 151

3.5 Overview, Principles, and Application of Laboratory Methodologies ..............ccceeccvevciveeieevsunannen. 152
3.5.1 Overview of Laboratory MethodolOIes ........ccceeiuiiiiieiiniiinienie et 152
3.6 Sectioning of FFPE Blocks, and Creation and Review Of H+E Slides............ccccvevvuvevcvescvesiiasirnannns 154
3.6.1  Principles of MICIOTOMY ......coiiiiiiiiiieiere ettt ettt sttt et ettt st e saee e e e 154
3.6.2  Sectioning Of FFPE BIOCKS........coutrieriiitienieesiee ittt ettt ettt st st e et e b et eabe st esaee st e 154
3.6.3  Creation and Review Of H+E SIAES ....cc.eiiiiiiiiiieeeeee et 158
3.7 HPV DINA DEEECEION ...ttt ettt ettt s at e at et e st s te s bt et et eseasessesaeeneas 160
3.7. 1 PriNCIPIES OF PCR ...ceiiiiie ettt ettt ettt st sae e sbe e s bt et e et e et e eabesabesatesaeesae 160
3.7.2  SPF10 PCR and Gel El&CtrOphOresis .....ccccueeiieiriieiiieeiieecsiteesieseseeeseeesae s te e s ae e e e sveesbeaeavee s 161
3.7.3  Multiplex PCR and LUMINEX GENOLYPING ....cerveeruieriieiieiieieeite sttt ettt ettt et be e s 166
3.8 Statistical ANGlYSis ANA SAMPIE SiZE........ocecueeeeiieeieesiieeiesteestessteeste s ste e sttt esta e st e siaessaessseanans 173
3.8. 1 StAtiSTICAl ANAIYSIS c.eeeueeieieie ettt e sttt ettt et st et 173
3.8.2  SAMIPIE SIZE..ntiiiieteee ettt ettt she e she e bt e bt et et e beeabesatesaeenae 176

4 CHAPTER 4: THE ORGANIZATION AND EXECUTION OF SAMPLE ACQUISITION: REFLECTIONS ON THE

EFFICIENCY AND IMPACT OF CLINICAL RESEARCH IN IRELAND .....ccccotiiiiiueriiiisssnnninsssssaneesssssssnsessssssssssesssssns 182
4.1 INEFOTUCTION ...ttt ettt ettt et e e st e st e s bt e bt e sae e st ese e e eaneas 182
4.2 AAIMIS ettt ettt ettt ettt e at e bt e eat e ete e te e te et e et e e bt eteeaneeaeeeae 184
4.3 MALerials ANA MELROUS..........cocueeeeeiieeieee ettt ettt ettt et eane s 184

I 704 R AW e LV ToT o 01 F=1 T o R SR S 184
4.3.2  Outline of the pathology report review and FFPE block retrieval process.........ccccccveevvierveennne. 185
e TR B - 1 A S o | I Y g 1 V2 [OOSR S 187
4.4 The number and type of procedures and parties necessary to complete the review of pathology
rEPOrtS QNG rELIIEVE FIFPE BDIOCKS ......c.c.vvveeieeiiieee ettt e e te ettt e s e ettt estaestaessaesbaasseasaseaesseas 188
4.5 Time taken to organize and execute pathology report review and FFPE block retrieval................ 192
4.6 Extent and causes of sample attrition throughout the sample acquisition process........................ 194
4.6.1  Summary of sample attrition during each step of the sample acquisition process................... 195
4.6.2  Causes Of attrition dUMNG STEP L..ecccueiiiiieiiiie ettt ae e e srae e ra e e sareesens 197
4.6.3  Summary of the causes of attrition during steps 2, 3, and 4 ......ccccevvievieeiiieccie e 197
4.6.4  Causes and origins of attrition dUring StEP 2 ...ceecuiiivieiiiierieeseecee e s 199
4.6.5  Causes and origins of attrition during SteP 3 ......coiiiiiiiiiieeeee e 203
4.6.6  Causes and origins of attrition during StEP 4 ......coueeiieiiiiieeeee e 207
4.7 DISCUSSION ...ttt sttt ettt e st e s st e e s st e e stn e e s stnee e e 210

5 CHAPTER 5: VALIDATING HPV DNA DETECTING METHODOLOGIES ........cccccetiiinnnnensisnssnnessssssssnnessssnns 227
5.1 INEFOQUCEION ettt ettt et ettt e at e at e s at e s bt e s bt e st e nse e st eteeaseeaneas 227
52 AAIMIS ettt a ettt ettt at e e at e e ut e ut e eae e ehe e ete e te e te e bt eate e teeteeaneeaeeeae 229
53 MALEriQIS ANA METNOUS ..ottt ettt ettt ettt sae st seeseeaneas 230

5.3.1  Study Population @nd OVEIVIEW .......cccuuierieiiiieeieesieesiteesstte st s esiaessee e saae e ssaessaeesabeesnseesabeesaseen 230
5.3.2  SeCtiONING Of FEPE tiSSUB...ciiuieiitiieiieiiteesie e stee st e st e s te e st esbe s s stee e baeessaeessseasaseesnseesaseesnseesnsenan 231
5.3.3  EXraction Of DINA ...ttt ettt ettt he e sae e sbe e sbe e st e et e et e eabesabesatesaeesaae 231
5.3.4  HPV DNA Detection and GENOLYPING ....ccccueerieeriieiiieeiieeiiteeesresesteeesteeeseesssseasseesssessssesssessssess 232
5.3.5  StatistiCal ANAIYSIS ...cccuieiieiiiieciie ettt ae et e e be e s beesbe e sbaeeareeen 232
54 Ao [T g Lol @l T e To L Yo L RS 232

55 Concordance Between SPF10 PCR Gel Electrophoresis and Multiplex PCR Luminex POST Methods 234

Vi



56 [ ety R X [ ¢ BT PO PRPOS 235

6 CHAPTER 6: CHARACTERISATION OF THE STUDY POPULATION .....ccccitiiiiiiiinnnnnenneeneeeeeeesssssssssssssnsnnns 247
6.1 INEFOQUCTION .. ettt e ettt e e ettt e e ettt e e e e ata e e e e assaaeesssaaeaasssaaeasssssensssaeesassnaaans 247
6.2 AAITYIS ettt ettt e e e e ettt e e ettt e e e ettt e e e taaaeatataaaattbteeaaaaaaaaatbaaeaattraeeatbaaeantreraaanns 250
6.3 MGLEIIAIS QNG METROUS ...ttt e e ettt e e ettt e e et e e e st saeeattsaeeessssaseassnaaaas 250

L T I - |41y ot | 2 4 =1 1Y 2 LTSRS 250
6.4 Distribution of Patient, Tumour, and Treatment CAQracCteriStiCs .......couvuvuresvresvieesirressresisessseeessens 252
6.4.1  Patient and TUMOUI CharaCteriStiCS.......cuiuiiiieiiieeeeiiee et ettt e et e et e e tre e e e eate e e e eanaeas 252
6.4.2  Treatments AdMINISTEIE ......ccooiiii ittt ettt e ettt e e e et e e e e eate e e e e baeeeeateeeeenneeas 255
B.4.3  RAW INCIENCE ..ttt e e e et e e e e ba e e e e taeeeeebaeeeeabaeaesataeeeeasseeeennnenas 256
6.5 Comparability of the Study Population to the National Oropharyngeal, Oral Cavity, and Laryngeal
YOO o1 o1V o 1 (o E PSSRSOt 257
6.6 Correlation Between Patient and TUmMOUr CRAIGCLEIISTICS ..ueecuvureeeeeeeeeeiieeeecieeeeeeieeeesiieeeesveaeeenns 261
6.7 Overall and Cancer-SPECIfiC SUIVIVAL......ccuueeueeecieeeiiiesseeesieseste et sie e st e ssteesstaessassstaasssaassrsaesssaens 269
6.7.1  Overall and Cancer-Specific Survival by CharacteristiCs.......c.ccvvvvueriiiiniieiriiesree e evee e 269
6.8 PrediCtors Of SUMVIVA ...uucuuiesieeeiteeieesteeette et eete sttt e s ta ettt e s tae st aetaasatsassstaesstaasatsesstsassessssasases 279
6.9 DISCUSSION ettt et e et s s e e e e e s e s e s e s e s e s et e s e s e s e s asssssasasasasasaaaaaasaaaaaseaasaaasaaaaaaaeaasaaaaaaaeaaeaaaaaaeaaaess 283

7 CHAPTER 7: PREVALENCE, GENOTYPE DISTRIBUTION, AND INCIDENCE OF, AND RISK FACTORS FOR HPV
DNA IN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER IN IRELAND BETWEEN 1994 AND 2013

296
7.1 INEFOQUCEION ettt ettt ettt ettt et e s ae e st e s bt e st e naeeaeeseeaneeaneas 296
7.2 AAIMIS ettt ettt a ettt ekttt at e at e e at e ut e eue e eae e eae e te e te e teeateeteeteeaneeaeeeae 300
7.3 MALEriQIS ANA METNOUS ..ottt ettt ettt ettt e sae sttt e e eaneas 300
28 2% R {01 VA o T o 1V - 14 o TSRS 300
7.3.2  The Definition of an HPV-related Case..........ccereiiuieiiiriinieeiesie ettt 301
7.3.3  HPV DNA DEEECHION ...ttt ettt ettt st st sae e sbe e s bt e bt et e et e eabeeabesatesaeesaae 302
7.3.4  Patient CharaCteriStiCs ....c. i ittt ettt st st sae e bt et e et et e e be s besaee st e e 302
7.3.5  StAtistiCal ANAIYSIS ..cccvieiiii ittt et e s reesbeesbeeeree s 304
7.4 The Prevalence and Genotype Distribution of HPV DNA in Oropharyngeal, Oral Cavity, and Laryngeal
Cancer in Ireland between 1994 AN 2013 ......coueeueeeeieeeeeseese ettt ettt st sttt ie e eaesaeesaeenas 305
7.4.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........ccccvueeceririeeieienieesieesreesreesveesveesvee s 305
7.4.2  OropharyNBEal CANCEN .....ciccueeiiiiieiie et esie st e st e steesteessteesbeeesbae e baeessaeessseassseesateassseesseesseeen 308
2 T O T -1 @ 1V YA 6=V Vo T OSSP 310
2 -1 Ve Y- E | 0 T Vol <1 USSR 311
7.5 Raw Incidence for HPV-related and HPV-unrelated Oropharyngeal, Oral Cavity, and Laryngeal Cancer
Diagnosed Between 1994-2013 iN IFEIANG ......cecvveecueeeciiiesieesiiieeteesiteectee s tessttessttaesitaesstaesseesssassesssseesases 318
7.5.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........ccccceeceiivieeiiienieesieesreesreesveesveeevee s 319
7.5.2  OropharyNBEal CANCEN .....ciccueeiiiiieeieeiiteste st e st e steeste e seteeebe s esbae e baeessaeessteassseesaseassseesaseessesan 320
=T T O 1 -1 61V YA =Y Vo T OSSPSR 321
AN -1 VeV T | - T Vol <T OSSPSR 321
7.6 Risk Factors for HPV-related and HPV-unrelated Oropharyngeal, Oral Cavity, and Laryngeal Cancer
Diagnosed between 1994-2013 iN Ir@IANG ......cccueeecueeeciiieiieeiiteeieestteeetee s tesetae s teesttaesstaessaestsesssesssseasssens 322
7.6.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........ccccvueeveiirieeieieieeesieeseeesreesveesveesvee s 323
7.6.2  OropharyNBEal CANCET ......iccueeiiiiieeieeiieeste st e st esteesteessteeebe s esbae e baeessaeessteassseesateasaseesnseessenan 334
T T O T -1 61V YA =Y Vo T TSRS 342
N -1 Ve Y- E | 0 Vol <T OSSR 345
7.7 DISCUSSION ettt ettt sttt s et e st e sttt e s sttt e e st e e s b e e s s e e e 347

Vii



8 CHAPTER 8: SURVIVAL, PROGNOSIS, AND TREATMENT FOR HPV-RELATED AND HPV-UNRELATED

OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER........cccceetisrimnniinissnnneisssssneessssssnssssssssssssesssssns 374
8.1 INEFOQUCTEION ettt ettt ettt ettt et e et e s ae e s bt e s bt e bt e nse e st eteeseeaneas 374
82 AAMIS ettt ettt at ettt ettt at e e at e at e e ut e eue e eaeeehe e te e te e bt et e eteeteeaneeateeae 376
8.3 MALEIIQL ANA METROGS. c..c.eeieeeee ettt ettt sttt ettt sbe st et eseeane s 376

S0 20 Y (U T VA o T o 1V - 14 o OSSR 376
8.3.2  The Definition of an HPV-related Case..........cceviiiiieiiriieiieieeie ettt 377
8.3.3  HPV DNA DEEECHION ...ttt ettt ettt ettt et e sae e s bt e bt et e et e eabesabesatesaeesaae 378
8.3.4  Survival and TreatmMent Data ......cceecieiierieeee ettt sttt ettt et ee st e 378
8.3.5  StAtiSTICAl ANAIYSIS .eeeueieiieii ettt sttt ettt ae et e 379
8.4 HPV Status and Survival for Oropharyngeal, Oral Cavity, and Laryngeal Cancers.........cccccevevvens... 380
8.4.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........ccccvueeieiirieeieienieesieesreesreesveesveesvee s 380
8.4.2  OropharyNBEal CANCET .....ciicueeiiiiieiieeiteeste st e st e steeste e s teeebe s esbae e baeessae e steassseesateasaseesnseesnseeen 382
e B 0 T | 6= 1V YA =Y Vo T SRS 384
S I 1 VoY T | 0 Vol <1 OSSR 386
8.5 Treatment and HPV Status in Oropharyngeal, Oral Cavity, and Laryngeal Cancer ...........cccceeeuvena. 388
8.5.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........cccccueeceririeeiiienieesieesireesreesveesveesvee s 388
8.5.2  OropharyNBEal CANCEN .....ciccueeiiiiieiieeiie et st e st e steesste e ssbeeebe e esbaeebaeessaeessteassseesnteasaseesnseesnsenan 390
8.5.3  Oral CaVity CANCOI ..ciiiieiieeeitie ettt ettt ettt ettt ste e st e e ste e s te e s beeebeeebaeebaeessae e steassseesnteesaseesaraasreean 392
S I Ve VT | 0 T Vol <1 OSSP 393
8.6 HPV Status, Treatment, GNA SUIVIVA] .........ccoeeeeeeeeiee ettt eestssir e es e eesssaareeaeeeeeesaas 395
8.6.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........cccvueeviierieiieienieesieeseeesreesveesveesvee s 395
8.6.2  OropharyNBEal CANCEN .....ciicueeeiiiieiieeiteeste st e st esteesteessteeebe e e sbae e baeessaeessteassseesateassseesnbeesnsesan 398
8.6.3  Oral CaVity CANCOI . ciitieiieeeitee ettt ettt ettt et s e e sttt e s te e st e e s beeebe e e baeebaeessae e steassseesnteesaseesabeesnseean 400
S SN I Ve VT | 0 T Vol <1 OSSP 402
8.7 PrediCtors Of SUMVIVA ...uueuuiesieeeiteeieesteete et este sttt e s ta ettt e st e st aesaa s tsaesseaesstaasasaesstaassessseasases 404
8.7.1  Oropharyngeal, Oral Cavity, and Laryngeal CanCer........cccccueeieririeeieeenieesieesreesreesveesveesvee s 404
8.7.2  OropharyNEal CANCEN .....ciicuieiiieieiieeiieeste st e st e steessteessteesbe e esbaeebaeessaeessteassseesateasaseesnbeesnsesan 408
S e T O T -1 @1V YA =Y Vo T OSSPSR 412
S A I Ve Y- T | 0 Vol <] OSSPSR 416
8.8 DISCUSSION ettt ettt sttt sttt ettt e st e s sttt e st e e s ane e s e e e e 419

9 CHAPTER 9: DISCUSSION .....cciiiiuriiiiisiuneisiisssssteiisssssnesssssssssesssssssssesssssssssssssssssssesssssssssessssssssnsessssns 442
9.1 THE FOrmer StAte Of the LItEIGLUIE .....uecvveecieeeiieeseeesiieesieesteesteesttesteessteeessesssssasssssesssessssessseenans 442
9.2 The Initial Value Of the ECHO StUAY .....coeueerueeeeeee ettt ettt 443
9.3 N aaTaale Ve i 2l L2 e [T SRSt 444
94 The Irish POPUIGLION N CONTEXE ....eeueieeeieeieee ettt ettt ettt ettt sbe e 447
9.5 The Irish Population and Prevention: The HPV Vaccine, Sexual Education, and Smoking Prevention448
9.6 The Irish Population and HNC SCreening TOOIS ....cc.eevueeueeeieieeieesieeseee ettt 450
9.7 The Irish Population and De-escalation of Treatment for HPV-related OPSCC........ccccvevvvesvivevieanans 451
9.8 Contributions to World-wide Epidemiological DAtQ............c.cevueeveeieeieesieseeseeeeeee e 452
9.9 Limitations Of tNe ECHO STUAY ...uuveeueesiieeeiieeieeseie ettt eeteesita e st e s staaetaassttaasstaesstaassssesssaessessssaasses 452
9.10 FULUIE DIFECEIONS w.vvveeiiieiiiiie ettt sttt ettt e s st e e s stne s e stneessnneeeeaas 454

viii



List of Figures

FIGURE 1.1 ANATOMICAL SUB-SITES OF THE HEAD AND NECKY. 1.veevteeteeereeereeeseeesesesesesesssesssesssesseesseesseessesssssssssssesssesssesssessees 2
FIGURE 1.2 INCIDENCE OF HNCS IN THE UNITED STATES AS A FUNCTION OF SMOKING TRENDS®. +..vvveveeereesueeereeeseessessesssesssessees 3

FIGURE 1.3 ESTIMATED AGE-STANDARDIZED INCIDENCE OF HNCs PER 100,000 PERSONS FOR VARIOUS COUNTRIES AROUND THE

WORLDY . .eteeeeeette et esuteeueeeateeseeseeeaessesesesaeesatesssease et e eesesesesasesesesetesssanseenseesesasesasesasesasesasesaeenssenseeanesasesnesanenans 3
FIGURE 1.4 DETAILED ANATOMICAL SUB-SITES OF THE HEAD AND NECK 2. 1.oviitiieteeeee et et et eeeeeere e st esreesaeeeaeseneesaesnnessesnesaeas 5
FIGURE 1.5 PHYSIOLOGY OF WALDEYER’S TONSILLAR RING IN THE HEAD AND NECK®. .. .viiuieieieeeieeteeeteeereeere e eeveeeveeeesneseesneas 6

FIGURE 1.6 MICROANATOMY OF THE PALATINE TONSIL WITH EVIDENT FOLDS/DIPS OF CRYPTS, A PORTION OF WHICH ARE HIGHLIGHTED
WITH A BOX. DRAWING BY IMAX BRODELZL. .....eeeeeite sttt ettt sttt ettt ettt esas st s svesneenaesaestesessrseneeneeeens 8

FIGURE 1.7 THE STRUCTURE AND ORGANISATION OF THE HPV16 GENOME®. ....oooviieiiiictiitecteceeteete ettt st 11

FIGURE 1.8 INCIDENCE OF OROPHARYNGEAL CANCERS PER 100,000 BETWEEN 1988 T0 2004 IN THE UNITED STATES OVERALL AND
FURTHER SUBDIVIDED BY HPV STATUS . ..ottt ettt sttt ettt sat st et stssneententesasstesaeensenseneas 15

FIGURE 1.9 SCHEMATIC DIAGRAM OF HPV ONCOPROTEIN E6’S MAIN INVOLVEMENT IN THE CARCINOGENESIS OF HPV-RELATED

HINSCC ettt ee ettt et e e e e e et aeaeeeeeeeseaattaeeeaaeeeaaabbaseeaaaeeaaassstaassaaeseaassbaseaasaeesaasstaaseaaasaanan 34
FIGURE 1.11 THE RETICULAR EPITHELIUM OF A TONSILLAR CRYPT, DRAWING BY T. PHELPS®.....vtiveeveereseeseeseeseeseeseesssesseens 38
FIGURE 1.12 PROPOSED MODEL FOR CARCINOGENESIS OF HPV-RELATED HNSCC. ..uuniiiieiiiiiee ettt e eeearaeee s 40

FIGURE 2.1 SUMMARY OF THE TYPES OF HPV INDICATORS (HPV DNA, HPV MRNA, HPV VIRAL LOAD, AND HPV INTEGRATION),
THE PRINCIPLES USED TO DETECT THEM, AND THE TECHNOLOGIES THAT ARE CURRENTLY AVAILABLE ON THE BASIS OF THESE
PRINCIPLES. +eeteteteeereeesesesesesesesesesesessssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnsnsnnssnsnsnnnsnnsnnnnsnsnnssesssesesssesesssssssens 101

FIGURE 2.2 POSITED SYSTEMATIC STRUCTURE FOR DELINEATING THE CONTEXTS REQUIRING STANDARDIZED DEFINITIONS FOR 'HPV
POSITIVITY', AND THE SUGGESTED TECHNOLOGIES AND/OR CHARACTERISTICS OF TECHNOLOGIES THAT SHOULD BE USED TO
CREATE THESE DEFINITIONS. 1.utuutuuuutuusunenannnennnnnnnnnsasasasasasasasesssesesesesesesasasasassssssssssssessssasasssssesesesesesesesesesesesenseens 115

FIGURE 3.1 SUMMARY OF THE STEPS INVOLVED IN THE PROCESS OF IDENTIFICATION, RETRIEVAL, AND INCLUSION OF FFPE BLOCKS IN
THE ECHO STUDY. iiiiiiiiiiiiiiiiiieieeeeeet ettt eeee e s ere e et e eesetetesesebasasasasasabasasasasss e aaaeaaaesesnsasesasens 143

FIGURE 3.2 SCHEMATIC DIAGRAM REPRESENTING THE LABORATORY TECHNIQUES APPLIED TO CASES THROUGHOUT THE ECHO sTuDY.

.................................................................................................................................................................. 153
FIGURE 3.3 SECTIONING PROTOCOL FOR EACH FFPE BLOCK IN THE ECHO STUDY AS DEFINED BY THE HPV-AHEAD®® sTuDY

DIRECTED BY IARC, LYON, FRANCE. ...eevttuuieeereittuueeeeereetsuieeesersesssneeeeessssssnnnasessssssssneeessessssnneseesssssssmneesesssssnnnns 155
FIGURE 3.4 DETAILED SECTIONING AND STERILITY PROTOCOLS FOR THE ECHO STUDY WITH REFERENCE TO SECTIONS OUTLINED IN

[ L1035 TR0 TR 157
FIGURE 3.5 STEP-BY-STEP PROTOCOL FOR THE FABRICATION OF H+E SLIDES AND P16 SLIDES FOR FUTURE STAINING. .....cvvvuuennens 158
FIGURE 3.6 IMAGE OF GEL ELECTROPHORESIS OF SPFLO AMPLIFIED DNAL. ...cciiiiiiiiiiiiieieeeeeeeeteeveveseeeseseeeeesessseseseresasanananae, 166
FIGURE 4.1 SUMMARY OF THE STAGES IN THE ACQUISITION OF FFPE BLOCKS FOR THE ECHO STUDY. ....cvvvvrviivvierniereveinnannnennns 187
FIGURE 4.2 PERCENTAGE OF CASES RENDERED INELIGIBLE BY CAUSE DURING STEP 2, PATHOLOGY REPORT REVIEW. ....vvvvvvvevvvnnns 200
FIGURE 4.3 PERCENTAGE OF CASES RENDERED INELIGIBLE BY HOSPITAL SITE DURING STEP 2, PATHOLOGY REPORT REVIEW........... 201
FIGURE 4.4 PERCENTAGE OF CASES RENDERED INELIGIBLE BY CAUSE DURING STEP 3, BLOCK RETRIEVAL. v.vvvvvvvreverererererernsennnennns 204



FIGURE 4.5 CASES RENDERED INELIGIBLE BY HOSPITAL SITE DURING STEP 3, BLOCK RETRIEVAL. 1.uuveeeererrineeeeererennneeeeeeeessnnneeeens 205

FIGURE 4.6 PERCENTAGE OF CASES RENDERED INELIGIBLE BY CAUSE DURING STEP 4, HISTOPATHOLOGICAL ANALYSIS OF H+E SLIDES.

FIGURE 4.7 PERCENTAGE OF CASES RENDERED INELIGIBLE BY HOSPITAL SITE DURING STEP 4, HISTOPATHOLOGICAL ANALYSIS OF H+E
SLIDES. uuueeeeeeaseeaeasesesatasasatatataaataeaeaeeaeaeatetaeeeaeeeeeeeeeteterererereteretetetetetatettettatatata..—....—.————a—etetatetetetatatababababaha—, 209

FIGURE 5.1 PERCENTAGE OF CASES DEEMED HPV DNA PosITIVE AND HPV DNA NEGATIVE BY SPF10 PCR GEL ELECTROPHORESIS
AND MULTIPLEX LUMINEX POST (NZ139). etiiiiiiiiii ettt eeeecitee e ettt e e et e e e eeate e e eeataeaeeabeeesensseeesnsaaeeensseaeanns 234

FIGURE 5.2 HPV DNA STATUS CONCORDANCE BETWEEN SPF10 PCR GEL ELECTROPHORESIS AND MULTIPLEX PCR LUMINEX POST

(NE139). ettt ettt st b e h e a et e e b e bt e heea e et et e bt skt e he e Rt et e A e beeheehe et e s be et e beeaeeht et entenes 235
FIGURE 6.1 DISTRIBUTION OF THE POPULATION BY SUB-SITE (N=861). ....uviiiiiiieeeeiiieceeieee e eitee e ettt eeettee e et e e e e e 254
FIGURE 6.2 DISTRIBUTION OF THE POPULATION BY SMOKING STATUS (NZ=861)....cceciuiiiieeiiieeeiiieeeeieeeeeeireeeeeveeeeeeareeeeeaneeas 254
FIGURE 6.3 DISTRIBUTION OF THE POPULATION BY TNIM STAGE (N=861). ..eccuurieeeeiiieceiieeeeitee e ettt ettt e e e e 255

FIGURE 6.4 PROPORTION OF PATIENTS TREATED USING VARIOUS COMBINATIONS OF RADIOTHERAPY, SURGERY, AND CHEMOTHERAPY
(NS 758 ettt ettt et e e e e e ettt e e e ettt e e e eeabaee e eetaeaaeaabaeeeaasbaeeeabaaeaeanbaeaeaataeeeataaaaeattaeaeaaraeeeanraeas 256

FIGURE 6.5 RAW INCIDENCE OF TOTAL OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL SCC DIAGNOSED IN IRELAND BETWEEN 1994
AND 2013 REPRESENTED BY MOVING AVERAGE FURTHER BROKEN DOWN BY SUB-SITE OF ORIGIN. ..ccvvvvvvvverevvrnrereserenennns 257

FIGURE 6.6 PERCENTAGE OF MALE AND FEMALE CASES ARISING IN THE OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL SUB-SITES.

FIGURE 6.7 PERCENTAGE OF OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CASES THAT WERE CURRENT, EX, NEVER, OR UNKNOWN
SIVIOKERS. . eettvuruueeeerersssunaeeeesessssnseeesssssssnnaseessssssannesesesssssnnnseesssssssnnseessssssssnnsessssssssnnseessssssssnnsessssssssnnseesesenns 267

FIGURE 6.8 PERCENTAGE OF OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CASES ARISING AT TNM STAGES |, 11, IIl, AND IV.. 267

FIGURE 6.9 AGE AT DIAGNOSIS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CASES. ....eetreeeeerirrrreeeeeeesaninreeeeeeeaaanns 268
FIGURE 6.10 AGE AT DIAGNOSIS BY SOCIAL DEPRIVATION SCORE. .uuuuuutettreeeeasaurerrteeeeeeaaaunreeeeeeesasaansssseeeeesssasannsenseeseaaanan 268
FIGURE 6.11 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY SEX (N=861) ..ecuvviiieiiiieeeiiieeeeiiee ettt e e e 269
FIGURE 6.12 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY AGE YOUNGER THAN OR EQUAL TO 50 (N=861)................... 270
FIGURE 6.13 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY SMOKING STATUS (N=861).....ccceicuiiieeirieeeciiieeeiieee e 270
FIGURE 6.14 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY GRADE (NZ861) ....ecceeuiiiieeiiieeeeiieeceitieeecteeeeeeiveee e 271
FIGURE 6.15 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY T STAGE (N=861) ...cceeuiiieeiiieeeciieeceireeeeeteee e e e 271
FIGURE 6.16 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY N STAGE (N=861) ...cccuviiiiiiiieeeeiiee e ceteee e e 272
FIGURE 6.17 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY M STAGE (N=861).....c.cuviieiiiieeeeiieeeeiiieeccieeeeeereee e 272
FIGURE 6.18 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY TNIM STAGE (N=861) ...eeeeiiiireeiiiieeeiiieeceieeeeeeireee e 273
FIGURE 6.19 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY TREATMENT TYPE (N=752) c.uvviieeiiiieeeiieeccieee et e 273
FIGURE 6.20 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL BY MARITAL STATUS (N=830).....cceeeeiiiiieeciieeeeieeeeeireee e 274
FIGURE 6.21 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY AGE YOUNGER THAN OR EQUAL TO 50 (N=861) ....... 275
FIGURE 6.22 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY SMOKING STATUS (N=861)....cccvvreeiriieeeirieeennneen. 275
FIGURE 6.23 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY GRADE (N=861) ......cviveeiiiieeeiiieeceieeeeeereee e 276
FIGURE 6.24 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY T STAGE (N=861)......ceeeiiuiiieeiiieeeciiee e e 276
FIGURE 6.25 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY N STAGE (N=861) .....ceeeiiiiieeiiee et 277



FIGURE 6.26 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY M STAGE (N=861) ....ceeeeviiieeiiieeeciiee e e 277
FIGURE 6.27 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY TNM STAGE (N=861) .....evvvieeirieeciiiieeeciieee e 278
FIGURE 6.28 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL BY MARITAL STATUS (N=830).....ccccuieeeiriieeeirieeennien. 278
FIGURE 7.1 HPV DNA PREVALENCE IN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER CASES DIAGNOSED IN
IRELAND BETWEEN 1994 AND 2013 (N=861).....ceueeeeeeerereseeeeeesesesesesesessssssssesssesssessssssssssssesssssssessesssssesasesssssssnsesssesssasssesssessssesasannns 301
FIGURE 7.2 DISTRIBUTION OF HPV DNA GENOTYPES IN THE POPULATION OF HPV DNA POSITIVE CASES OF OROPHARYNGEAL, ORAL
CAVITY, AND LARYNGEAL CANCER DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (N=147). .ccceciureeeiriieeecreee e 307
FIGURE 7.3 HPV DNA PREVALENCE IN OROPHARYNGEAL CANCER CASES DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013
[0 ) R PSSR 308
FIGURE 7.4 DISTRIBUTION OF HPV DNA GENOTYPES IN THE POPULATION OF HPV DNA POSITIVE CASES OF OROPHARYNGEAL
CANCER DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (N=86). ..uvvieeeiiieeeeiieeectiee e ettt e e e 309

FIGURE 7.5 HPV DNA PREVALENCE IN ORAL CAVITY CANCER CASES DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (N=331).

FIGURE 7.6 DISTRIBUTION OF HPV DNA GENOTYPES IN THE POPULATION OF HPV DNA POSITIVE CASES OF ORAL CAVITY CANCER
DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (N=36)..eecciuiieeeeiiieeeiiiieeeeiteeeeeteeeeeetteeeeetaeeeesareeseenreeeenanaeas 311
FIGURE 7.7 HPV DNA PREVALENCE IN LARYNGEAL CANCER CASES DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (N=321). 312
FIGURE 7.8 DISTRIBUTION OF HPV DNA GENOTYPES IN THE POPULATION OF HPV DNA POSITIVE CASES OF LARYNGEAL CANCER
DIAGNOSED IN IRELAND BETWEEN 1994 AND 2013 (NZ25)..ueieiiiieeeeiiieeeeiiieeeeitteeeeeveeeeeeiteeeeetaeeeesataeeeeaseeeeeanaeas 313
FIGURE 7.9 PERCENTAGE OF CASES HR HPV POSITIVE AND NEGATIVE IN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER BY
SUB=SITE . teetteteesesesasasasesesesasasasesasaseseseeseeeseeeeeseeeeeeeasesesesesesesesesesssssssesssssssssssssssssssssssssssssssssssssssessssssssssssnnsssnnn 316

FIGURE 7.10 PERCENTAGE OF CASES HR HPV POSITIVE AND NEGATIVE IN DETAILED SUB-SITES OF THE OROPHARYNX

FIGURE 7.11 RAW INCIDENCE REPRESENTED BY MOVING AVERAGE OF OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER
DIAGNOSED BETWEEN 1994 AND 2013 IN IRELAND SUB-DIVIDED BY HPV STATUS. ...uuuiiiiiiiiiiieicieneseseseseeeseeeeeeeee e 319
FIGURE 7.12 RAW INCIDENCE OF OROPHARYNGEAL CANCER DIAGNOSED BETWEEN 1994 AND 2013 IN IRELAND SUB-DIVIDED BY HPV
STATUS REPRESENTED BY MOVING AVERAGE. ....iitetiiitititieieieteteeeteteteteeeseeessesesssessssssssssesesesssssssesesesssesssemssersssnnnnnnns 320
FIGURE 7.13 RAW INCIDENCE REPRESENTED BY MOVING AVERAGE OF ORAL CAVITY CANCER DIAGNOSED BETWEEN 1994 AND 2013
IN IRELAND SUB-DIVIDED BY HPV STATUS. ..eutttuuiuruuururtrurruuenruesrueusssnnnnnnnnnnnnnnnnnnnnnannnnnnnnnnnnnnnsnsesesesesssssssesssesssens 321

FIGURE 7.14 RAW INCIDENCE REPRESENTED BY MOVING AVERAGE OF LARYNGEAL CANCER DIAGNOSED BETWEEN 1994

AND 2013 IN IRELAND SUB-DIVIDED BY HPV STATUS (N=321)..ccueteeetreeeeereeneeresestessessssesesesessssesssesssesssesssessssssssesssessesssssesssasens 322
FIGURE 7.15 AGE AT DIAGNOSIS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER BY HR HPV STATUS. ......vuuuee.... 323
FIGURE 7.16 SMOKING STATUS BY HR HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER. .....cvvvuunnnnns 326
FIGURE 7.17 N STAGE BY HR HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER. ...cevvvuuereeerrerrnnnaeeans 328
FIGURE 7.18 TNM STAGE BY HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER. ...ccvvvuuereeerrrrrnnnaeeans 331
FIGURE 7.19 AGE AT DIAGNOSIS FOR OROPHARYNGEAL CANCER BY HR HPV STATUS. ..ot 334
FIGURE 7.20 SMOKING STATUS BY HR HPV STATUS IN OROPHARYNGEAL CANCER. ....cetteeeiauunretereeeeesauiiereeeeesssasnnreeeeeeesannnn 337
FIGURE 7.21 N STAGE BY HR HPV STATUS IN OROPHARYNGEAL CANCER. «.ceeteeiuuttttteeeeeeaaiunreteeeeesesauseeneeeaeessasnnseeeeeeeaannan 339

FIGURE 8.1 KAPLAN-MEIER ANALYSIS OF OVERALL SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR OROPHARYNGEAL, ORAL

CAVITY, AND LARYNGEAL CANCER (NZ8B1)....eieeuiiieiiiiieeeiitieeeeite e e eetteeeetteeeeettaeeestaeeeeetaeeeeasaeaesataeseensseeeennnenas 381

Xi



FIGURE 8.2 KAPLAN-MEIER ANALYSIS OF DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR

OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER (NZ861). ...uuviiiieiiieieeiieeceitie ettt e e e 382
FIGURE 8.3 KAPLAN-MEIER ANALYSIS OF OVERALL SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR OROPHARYNGEAL CANCER
(INS200) 0001t veesssesessss e sss s et s 585858 58 8405558 5858 £ 5814 558 5888 1581 R8s 383
FIGURE 8.4 KAPLAN-MEIER ANALYSIS OF DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR
OROPHARYNGEAL CANCER(NZ209).......ocv e vevsssees s esss e sessss e e ss s 2528 58511158558 5550855858558 5505 5 384
FIGURE 8.5 KAPLAN-MEIER ANALYSIS OF OVERALL SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR ORAL CAVITY CANCER
(INS330)ct et et sss e s es s s s 88 585858 58 5888 RS RS RS s st e SOD
FIGURE 8.6 KAPLAN-MEIER ANALYSIS OF DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR
ORAL CAVITY CANCER (NZ331).ccuuurruveruseeieeiesssseessessss e sss s s sss s 58510 558 5858558455858 5801 58558 58 00 386
FIGURE 8.7 KAPLAN-MEIER ANALYSIS OF OVERALL SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR LARYNGEAL CANCER

(N=321)...... ...387

FIGURE 8.8 KAPLAN-MEIER ANALYSIS OF DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL IN MONTHS BASED ON HR HPV STATUS FOR

LARYNGEAL CANCER (N=321).....

FIGURE 8.9 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL AMONGST HPV POSITIVE OROPHARYNGEAL, ORAL CAVITY, AND
LARYNGEAL CANCER STRATIFIED BY TREATMENT TYPE (N=131). ...uuiiiiiiiiii ettt ettt et e 396
FIGURE 8.10 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL AMONGST HPV NEGATIVE OROPHARYNGEAL, ORAL CAVITY, AND
LARYNGEAL CANCER STRATIFIED BY TREATMENT TYPE (N=621). ...uuiiiiiiiiieieiiee ettt ettt e et 397
FIGURE 8.11 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL AMONGST HPV NEGATIVE OROPHARYNGEAL, ORAL CAVITY,
AND LARYNGEAL CANCER STRATIFIED BY TREATMENT TYPE (NZ621). wueiiiiiiieeiiiiieeeiieeeeeieeeeeitee e et e e eeareeeeevaeeeennns 398
FIGURE 8.12 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL AMONGST HPV POSITIVE OROPHARYNGEAL CANCER STRATIFIED BY
TREATMENT TYPE (NT80). ..uutieeieitiee e ettt e e ettt e eeitteeeeettee e sttt e e eetbeeeeeeasaeeeeabasaeessaeeaanssseeaassaeeeasseseeanssaeesassenanan 399
FIGURE 8.13 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL AMONGST HPV POSITIVE OROPHARYNGEAL CANCER
STRATIFIED BY TREATMENT TYPE (NZ80). oo utiieeieiiieeeitiieeeeteee e ettt e eeateeeeetbeeeeeateeeeeasaeaeessesesanssesesasseeeeassesenanns 400
FIGURE 8.14 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL AMONGST HPV NEGATIVE ORAL CAVITY CANCER STRATIFIED BY
TREATMENT TYPE (NT257). cuttieeieitiieeeeitee e ettt e e ettt e eeettteeeetaeeeeetbeeeeeasaeeeeabaeaeeasbaeesassaaesassesaeansseeesansseeesassenannn 401
FIGURE 8.15 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL AMONGST HPV NEGATIVE ORAL CAVITY CANCER STRATIFIED
BY TREATMENT TYPE (NZ257). 1oiiieiiiieeiiiee e ettee e ettt e e ettt e e e ettt e e e ate e e e eabaeaeetaeeaeaabaeaeesasaeesaasseeaeastaseeensreeeennnenas 402
FIGURE 8.16 KAPLAN-MEIER ANALYSIS FOR OVERALL SURVIVAL AMONGST HPV NEGATIVE LARYNGEAL CANCER STRATIFIED BY
TREATMENT TYPE (NT255). uutiieiiitiii e ettt e ettt e ettt e e ettt e e e ettt e e eetbeeeeeabaeeeeabaeeeeasbaeeeansseeeeassasaeanssaeeeansseeesassenanan 403
FIGURE 8.17 KAPLAN-MEIER ANALYSIS FOR CANCER-SPECIFIC SURVIVAL AMONGST HPV NEGATIVE LARYNGEAL CANCER STRATIFIED BY

TREATMENT TYPE (NT255). uutiieiiitiii e ettt e ettt e ettt e e ettt e e e ettt e e eetbeeeeeabaeeeeabaeeeeasbaeeeansseeeeassasaeanssaeeeansseeesassenanan 404

Xii



List of Tables

TABLE 1.1 ROLES AND FUNCTIONS OF EACH PROTEIN ENCODED BY GENES OF THE SAME NAME IN HPV. ..o 12
TABLE 1.2 TNM STAGING CLASSIFICATIONS ACCORDING TO THE AJCC 5™ EDITIONY’ FOR ORAL CAVITY AND OROPHARYNGEAL
CANCERS . 1vttvvvuvutreususassesnsnsnasasaaaneaeaenasanesesanasnnsanssssssssasesssssesesesesesesesesesasesesaeeeeeseesaeeseesssseeesesesesesesesesesesesesssennns 20
TABLE 1.3 TNM STAGING CLASSIFICATIONS ACCORDING TO THE AJCC 5™ EDITIONY” FOR LARYNGEAL CANCERS. ....eovrevervrerreneennes 21
TABLE 1.4 TNM STAGE GROUPINGS FOR ORAL CAVITY, OROPHARYNGEAL, AND LARYNGEAL CANCERS ACCORDING TO THE AJCC 5™
207 T T 22

TABLE 1.5 SUMMARY OF KEY COMPLETED AND ONGOING TRIALS ON TREATMENT AND DE-ESCALATION FOR HPV-RELATED HNSCC.52

TABLE 1.6 HPV VACCINES CURRENTLY AVAILABLE AND THE GENOTYPES AGAINST WHICH THEY PROTECT, RESPECTIVELY. cccevvvererenens 56
TABLE 1.7 GENERALIZED PATIENT AND CLINICAL CHARACTERISTICS OF HPV-RELATED AND OTHER HNSCCS....ccovvvviiiiiiiiiiiieieeenens 60
TABLE 2.1 2017 CAP RECOMMENDATIONS FOR HPV TESTING IN HNCI02, L ..ottt 123
TABLE 3.1 A COMPREHENSIVE LIST OF HOSPITALS WILLING TO PARTICIPATE IN THE ECHO STUDY...cccoviiiiiiiiiiiiiiiiiecececeeeceeeeeees 140

TABLE 3.2 AN EXHAUSTIVE LIST OF THE HOSPITALS INCLUDED IN THE ECHO STUDY AND FOR WHICH THE RESEARCHER WAS ABLE TO
CONTACT AND ESTABLISH PATHOLOGY REPORT REVIEW PROTOCOLS. vvvveereeeeeeiuurrereeeeeeesansssreeseessessissaseeesssesssssssseeess 144
TABLE 3.3 SUMMARY OF PROTOCOLS ESTABLISHED TO REVIEW PATHOLOGY REPORTS, AND THE PARTIES INVOLVED IN BOTH THE
ORGANIZATION OF REPORT REVIEW AND THE EXECUTION OF REPORT REVIEW ITSELF. ceeeeevuerrireeeeeeeeeinrreneeeeeeesennnsseeeeas 146
TABLE 3.4 SUMMARY OF PROTOCOLS ESTABLISHED FOR BLOCK RETRIEVAL AND THE PARTIES INVOLVED IN THE ORGANIZATION OF
BLOCK RETRIEVAL AND THE EXECUTION OF BLOCK RETRIEVAL ITSELF . .eeeeeeieeurrreeeeeeeeesiunrseeeeeeeessesnsseessesssessnsseseesssennas 149
TABLE 3.5 NUMBER OF CASES REMAINING IN THE STUDY AFTER EACH OF STEPS 1, 2, 3, AND 4 INVOLVED IN SAMPLE IDENTIFICATION
AND RETRIEVAL SUMMARIZED IN FIGURE 3. L. 1o iiiiiiiiiiiiiiiiiccereeeceeeeeeeeeee ettt e e e e e e et e e e e e e s e e e aaaeeesasssesesesasesssesenanans 151
TABLE 3.6 SEQUENCES OF HPV SPF10 PRIMERS USED IN SPF10 PCR. HPV DNA FROM ALL EXTRACTED SAMPLES WAS AMPLIFIED
USING A MASTER MIX CONTAINING 300NM OF EACH OF THE SIX OF THESE PRIMERS. ...uuuuuuuuiiierererenesesssesssesesesesesasens 164
TABLE 3.7 SEQUENCES OF FORWARD AND REVERSE HPV-TYPE SPECIFIC PRIMERS AND SIZES OF THE PCR-AMPLIFIED FRAGMENTS" AS
DEVELOPED AND REPORTED BY IARC FOR IMIULTIPLEX PCR. ..evvttiiiiieiiiiiiiii e e e e e e e e e e e 170
TABLE 4.1 ASSIGNED LETTER CODES FOR THE PROCEDURE AND PARTY TYPES REQUIRED TO REVIEW PATHOLOGY REPORTS AND RETRIEVE
FFPE BLOCKS FOR THE ECHO STUDY. .etttttuitiiiuiuiuirruiuriiiiinrernieueneseneesannneannnnaennnnnnnnnnnnnsnesesesesssesesssssssens 189
TABLE 4.2 COMPILATION AND SUM OF PROCEDURE AND PARTY TYPES REQUIRED TO CARRY OUT PATHOLOGY REPORT REVIEW AND
BLOCK RETRIEVAL FOR EACH HOSPITAL INVOLVED IN THE ECHO STUDY. ..uuuutiiiiiiiicccec e s e e e e 191
TABLE 4.3 LENGTHS OF TIME (DAYS) TAKEN TO ORGANIZE PATHOLOGY REPORT REVIEW, EXECUTE PATHOLOGY REPORT REVIEW,

ORGANIZE FFPE BLOCK RETRIEVAL, AND EXECUTE FFPE BLOCK RETRIEVAL FOR EACH HOSPITAL INVOLVED IN THE ECHO sTuUDY.

TABLE 4.4 LENGTHS OF TIME (DAYS) TAKEN TO ORGANIZE BOTH PATHOLOGY REPORT REVIEW AND FFPE BOCK RETRIEVAL, AND TO
EXECUTE BOTH PATHOLOGY REPORT REVIEW AND FFPE BLOCK RETRIEVAL. ..uuuuuuuuuuennnnnannnnnnnnnnnsasesesesesesasssssssesesesanens 193
TABLE 4.5 STATISTICAL COMPARISONS BETWEEN MEAN LENGTHS OF TIME (DAYS) TAKEN TO ORGANIZE REPORT REVIEW, EXECUTE
REPORT REVIEW, ORGANIZE FFPE BLOCK RETRIEVAL, AND EXECUTE FFPE BLOCK RETRIEVAL. «.eeevvvvuenereeerernrnneeeeeeeensnnnns 194
TABLE 4.6 NUMBER OF CASES REMAINING IN THE STUDY AFTER EACH STEP OF STEPS 1, 2, 3, AND 4 INVOLVED IN SAMPLE

IDENTIFICATION AND RETRIEVAL SUMMARIZED IN FIGURE 4. 1. ....iieeiiiiieieeeeeeiiiee e e ee ettt e e e eeeevanneeeeeseaabnneeeeesesannnns 195

Xiii



TABLE 4.7 SUMMARY OF THE NUMBER OF CASES ELIMINATED DURING EACH OF STEPS 2, 3, AND 4 INVOLVED IN SAMPLE ACQUISITION
AND RETRIEVAL BROKEN DOWN BY HOSPITAL SITE (NSL1666). ..vveeeeciiiieiiiiieeeiitieeeeiteeeeeieeeeeetteeeeetreeeeeaaeeeeeaeeeeeanns 196
TABLE 4.8 SUMMARY OF THE NUMBER OF CASES ELIMINATED DURING EACH OF STEPS 2, 3, AND 4 IN THE SAMPLE ACQUISITION
PROCESS WITH COMBINED CATEGORIES FROM TABLE 4.7, wvvvvtvueueiuuntuieiiuninuniniisssssssssssssssesssssesesesesssssnsnsesesssasens 197
TABLE 4.9 CATEGORIES OF REASONS FOR WHICH CASES WERE RENDERED INELIGIBLE DURING STEPS 2, 3, AND 4 OF SAMPLE
ACQUISITION FOR THE ECHO STUDY WITH FURTHER DETAILS REGARDING EACH CLASSIFICATION. v.vvvvvvvvvvvvererernrernsesnsennns 198
TABLE 4.10 SUMMARY OF CASES ELIMINATED DURING STEP 2, REVIEW OF PATHOLOGY REPORTS, BY HOSPITAL SITE AND CAUSE OF
ELIMINATION. tetetteetetereseresesesesesesesessssssssssssssssssssssssssssssssssssssssssssssssssssnsssnsnsnsnssnnsnsnsnsnssnnnnsnsnnssesssssesssssssssssssens 202
TABLE 4.11 SUMMARY OF CASES ELIMINATED DURING STEP 2, PATHOLOGY REPORT REVIEW, BY HOSPITAL SITE AND CAUSE OF
ELIMINATION WITH COMBINED CATEGORIES FROM TABLE 4.10 AND THE RELEVANT ASSOCIATION TEST. ceeeveieieieiereeereeenn, 203
TABLE 4.12 SUMMARY OF CASES ELIMINATED DURING STEP 3, BLOCK RETRIEVAL, BY HOSPITAL SITE AND CAUSE OF ELIMINATION.. 206
TABLE 4.13 SUMMARY OF CASES ELIMINATED DURING STEP 3, BLOCK RETRIEVAL, BY HOSPITAL SITE AND CAUSE OF ELIMINATION WITH
COMBINED CATEGORIES FROM TABLE 4.12 AND THE RELEVANT ASSOCIATION TEST. teeteieiiiiieieeieieeeeeeeeeieeeeeeeeeseeeseseneeans 207
TABLE 4.14 SUMMARY OF CASES ELIMINATED DURING STEP 4, HISTOPATHOLOGICAL REVIEW OF H+E SLIDES, BY HOSPITAL SITE AND
CAUSE OF ELIMINATION. 1.t ttututuuuuuenenenenenenenenennnsnsnssasasasasasssssssesesesssesesasasesasasssssssssssssssssssssesesesesasesesesesesssssesseens 209
TABLE 4.15 SUMMARY OF CASES ELIMINATED DURING STEP 4, HISTOPATHOLOGICAL ANALYSIS OF H+E SLIDES, BY HOSPITAL SITE AND
CAUSE OF ELIMINATION WITH COMBINED CATEGORIES FROM TABLE 4.14 AND THE RELEVANT ASSOCIATION TEST. .ccvvveeens 210
TABLE 5.1 HPV DNA PREVALENCE STATISTICS GENERATED BY SPF10 PCR GEL ELECTROPHORESIS, MULTIPLEX PCR LUMINEX PRE,
AND MULTIPLEX PCR LUMINEX POST (N=139). ..utiiieiiiieeeeiieeeeiite ettt eeeitee e eear e e e eetaeeeeeabeeeeennaeeeeanaeeeeasseaennnns 233
TABLE 5.2 TABULAR COMPARISON OF HPV POSITIVE AND NEGATIVE CASES AS DETERMINED BY SPF10 PCR GEL ELECTROPHORESIS
AND MULTIPLEX PCR LUMINEX POST METHODS. .iiiiiiiiiiiieiiitieieieeeeeeeeeeeeeeseeeseseesesasssesssssssssssssesasssessssssssrssennsssans 234
TABLE 6.1 SUMMARY OF ICD10 CODES REPRESENTED IN THE STUDY POPULATION AND THE CLASSIFICATION UNDER WHICH THEY WERE
PLACED FOR THE ANALYSIS. 11ttttettrererereresssensssssssssssssssssssssssssssssssssssssssssssnsssnsnsnsnsnnnsnsnnnsnsnnnsnsnsesssssssesssssssssssssssens 247
TABLE 6.2 VARIABLES MADE AVAILABLE BY THE NCRI FOR THE POPULATION OF THE ECHO STUDY AND NOTES ON ANY ADJUSTMENTS
MADE FOR THE PURPOSES OF THE ANALYSIS. 1vvvvuvurutususssusssssssssssssssssnnsssssssnnnsnnnsnsnnnsnsnsnnnsnssnnnsnssesesssssssssssssssesssssens 248
TABLE 6.3 VARIABLES RELATING TO TREATMENT TYPE AND SURVIVAL MADE AVAILABLE BY THE NCRI FOR THE POPULATION OF THE
ECHO STUDY, THEIR MEANINGS, AND DEFINITIONS. «.ueeevevtruueeeererrrsnneeeeressssnnaeeesssssssnseessesssssnnesessssssssmneesesssssnnnns 249
TABLE 6.4 PATIENT AND TUMOUR CHARACTERISTICS OF THE ECHO STUDY POPULATION (N=861). .cccvvvieiiiieeeciieeeeiieee e 252

TABLE 6.5 TREATMENT ADMINISTERED TO PATIENTS INCLUDED IN THE ECHO STUDY WITHIN 12 MONTHS OF DIAGNOSIS (N=758).

.................................................................................................................................................................. 255
TABLE 6.6 REPRESENTATIVE NATURE AND SELECTION BIAS OF SAMPLE POPULATION USING CHI-SQUARE ANALYSES COMPARING

DIFFERENCES BETWEEN THE SAMPLE AND THOSE PATIENTS ELIGIBLE BUT NOT INCLUDED, BY EACH PATIENT AND TUMOUR

CHARACTERISTIC. 11ttttvuvtutetuuutaassaassnaneaenanenesnnsnnnsnsssnsssssasssssssssesesesssssesesssesasaeesessssssessseasesssssesesesesaseseseseseseressnens 259
TABLE 6.7 CORRELATION BETWEEN PATIENT AND TUMOUR CHARACTERISTICS. 1eitiiiieeiieiiieiieiiieeieieeeeeeeeeeeeeeeeeeseeesesesesesesesenens 262
TABLE 6.8 DETAILED EXPLANATION OF KEY SIGNIFICANT RELATIONSHIPS PRESENTED IN TABLE 6.7. «eeeveviiiiiiiiiiieieieeeeeceeeceeeeeees 264

TABLE 6.9 VARIABLES SIGNIFICANTLY PREDICTIVE OF OVERALL SURVIVAL BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS. ... 279
TABLE 6.10 VARIABLES SIGNIFICANTLY PREDICTIVE OF OVERALL SURVIVAL BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL. THE

INITIAL MODEL INCLUDED ALL UNIVARIATELY SIGNIFICANT VARIABLES EXCEPT T, N, AND M STAGE (N=727). ..cceeuvvreenneen. 280

Xiv



TABLE 6.11 VARIABLES SIGNIFICANTLY PREDICTIVE OF CANCER-SPECIFIC SURVIVAL BY UNIVARIATE COX PROPORTIONAL HAZARD
IVIODELS . eevtttuuneeeerersnsneeeessesssnaaeeeesessssnnaesesssssssnnsesssssssnnnesessssssssnnsessssssssnnnsessssssssnnseesesssssnneseesssssssnneesesssssnnnns 281
TABLE 6.12 VARIABLES SIGNIFICANTLY PREDICTIVE OF CANCER-SPECIFIC SURVIVAL BY MULTIVARIATE COX PROPORTIONAL HAZARD

MODEL. THE INITIAL MODEL INCLUDED ALL VARIABLES UNIVARIATELY SIGNIFICANT EXCEPT FOR T, N, AND M STAGE (N=830).

TABLE 7.1 SUMMARY OF THE ICD10 CODES REPRESENTED IN THE STUDY POPULATION AND THE CLASSIFICATION UNDER WHICH THEY
WERE PLACED FOR THE ANALYSIS. 1iiiiiiiiiiiiiiiiititetitieteteeeeeeeeeeeteeeeeteteeaeaeasaeaea e s e s s e s e s e s e s e s e s e s e sesasesesasesesssesnsesssssssssnnn 301

TABLE 7.2 VARIABLES MADE AVAILABLE BY THE NCRI FOR THE POPULATION OF THE ECHO STUDY AND NOTES ON ANY ADJUSTMENTS
MADE FOR THE PURPOSES OF THE ANALYSIS. 1vvvvuvururususususssssssssssssnssssnsssssssnsnsnnnsnsnnnsnsnsnnnsnnsnnssnsssesssssesssssssssssssssens 303

TABLE 7.3 HPV DNA POSITIVE CASES OF OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER IDENTIFIED AS HAVING DUAL

INFECTIONS. 1uuueeeerersuuneeeeessesssnnaeeesssssssnnsesesssssssnnesesssssssnnesessssssssnnsessesssssnnsessssssssnnsessssssssnneseessssssnnneeessssssnnnns 308
TABLE 7.4 HPV DNA POSITIVE CASES OF OROPHARYNGEAL CANCER IDENTIFIED AS HAVING DUAL INFECTIONS. ..cevvvvreeeeeeeeevennnn. 310
TABLE 7.5 HPV DNA POSITIVE CASES OF LARYNGEAL CANCER IDENTIFIED AS HAVING DUAL INFECTIONS. .evvuuneeeeerernrnneeeeereessnnnns 313

TABLE 7.6 HPV DNA PREVALENCE FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER DIAGNOSED IN IRELAND BETWEEN
RS S N[ 1A 0 TSP U UPUPURN: 314
TABLE 7.7 RELATIONSHIP BETWEEN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER SUB-SITE AND HR HPV STATUS
(NSBBL). ottt ettt e e e e e ettt e e e et b e e e eeatae e e e baeeaeaabaeeeeasbaeaeataaeaeanbaeaeeaabaeeeataaeaeantaeaeanraeeeanraeas 315
TABLE 7.8 RELATIONSHIP BETWEEN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER SUB-SITE AND HPV GENOTYPE
(NSL52). ettt e e e ettt e e e et b e e e e eatae e e e taeeaeeabaeeeaaabaeaeatbaeaeaabaeaeeaataeeeataaaaeaataeaeaaraeeeannaeas 318
TABLE 7.9 RELATIONSHIP BETWEEN AGE YOUNGER THAN OR EQUAL TO 50, OR OLDER THAN 50, AND HR HPV STATUS FOR
OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER (NZ861). ...uuviieieiiieieeiiee et eeite et e et e 324
TABLE 7.10 RELATIONSHIP BETWEEN SMOKING STATUS AND HR HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL
CANCER (NZ8B1). .uutiieiiiiieeeeiieeeett et e e ettt e e ettt e e e et e e e e tbeeeeeabee e e tbaeeeenbbeseeassaeaessseaeeansseseessaeeesatasaeaasseseeansenns 325
TABLE 7.11 RELATIONSHIP BETWEEN N STAGE AND HR HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER
(NSBBL). ottt ettt e e e e e ettt e e e ettt e e e e eataee e etaeaaeaabaeeeeaabaeeeataaeaeanbaeaeeaataeeeabaaaaeantaeaeearaeeeanraeas 327
TABLE 7.12 RELATIONSHIP BETWEEN M STAGE AND HR HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER
(NSBBL). ottt ettt e e e e e ettt e e e ettt e e e e eataee e etaeaaeaabaeeeeaabaeeeataaeaeanbaeaeeaataeeeabaaaaeantaeaeearaeeeanraeas 329
TABLE 7.13 RELATIONSHIP BETWEEN TNM STAGE AND HR HPV STATUS IN OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER
(NSBBL). ctiiee ettt et et e e e e e ettt e e e ettt e e e eeataee e e taeeaeaabaeeeeasbaeeeatbaaaeanbaeaeaaabaaeeantaaaaaattaeeeantaeeeanraeas 330
TABLE 7.14 VARIABLES SIGNIFICANTLY PREDICTIVE OF HPV POSITIVITY BY UNIVARIATE LOGISTIC REGRESSION FOR OROPHARYNGEAL,
ORAL CAVITY, AND LARYNGEAL CANCER. ...uuuuuuuuuieseasesasasasasasssesasesesesesesasasasasasassssassssssssasssssssssesasesesesesesssssssesssan 332
TABLE 7.15 VARIABLES SIGNIFICANTLY PREDICTIVE OF HPV POSITIVITY BY MULTIVARIATE ANALYSIS FOR OROPHARYNGEAL, ORAL
CAVITY, AND LARYNGEAL CANCER. THE INITIAL MODEL INCLUDED ALL VARIABLES DEEMED SIGNIFICANT BY UNIVARIATE ANALYSIS
EXCEPT FOR T, N, AND IV STAGES (N=861). ..uuuiiieeiiiieeeiiiee e ettt e e ettt e eettte e e e taeeeeeabeeeeesasaeeeeasseeaesstaeaeesseeeennnanas 333

TABLE 7.16 RELATIONSHIP BETWEEN AGE YOUNGER THAN OR EQUAL TO 50, OR OLDER THAN 50, AND HR HPV STATUS FOR

OROPHARYNGEAL CANCER (NZ209). ...uiieiitieeeeiiie e eeiiee e ettt e eeat e e e ettt e e eetteeeeeataeeestsaaeeeasaeseessaeaesntaeaeaasseeeeannenas 335
TABLE 7.17 RELATIONSHIP BETWEEN SMOKING STATUS AND HR HPV STATUS FOR OROPHARYNGEAL CANCER (N=209). ............ 336
TABLE 7.18 RELATIONSHIP BETWEEN N STAGE AND HR HPV STATUS FOR OROPHARYNGEAL CANCER (N=209).......ceeeeurereennnee. 338

XV



TABLE 7.19 VARIABLES SIGNIFICANTLY PREDICTIVE OF HPV POSITIVITY BY UNIVARIATE LOGISTIC REGRESSION FOR OROPHARYNGEAL
CANCER. 11vtvtuvurueusssuasesssessusssasaaeneneneaenananesananannnssssssssasasesssesesesesesesesesesesesessseseeseseessessesseesesesesesesesesesesesesesseens 340

TABLE 7.20 VARIABLES SIGNIFICANTLY PREDICTIVE OF HPV POSITIVITY BY MULTIVARIATE LOGISTIC REGRESSION FOR OROPHARYNGEAL
CANCER (NZ209). . .urieeiitiie e ettt e ettt e e ettt e e ettt e e e ettt e e e e tbeeeeeabee e e tbaeaaabbeseeassaeseasseaeeansseseessaesesstseaeaasseseeansenas 341

TABLE 7.21 RELATIONSHIP BETWEEN AGE YOUNGER THAN OR EQUAL TO 50, OR OLDER THAN 50, AND HR HPV STATUS FOR ORAL
CAVITY CANCER (NT331). utieeeiiiieeeiiiee e ettt e e ettt e eettee e ettt e e eeabeeeetaeeaeestbeeeeassaeeeessaaaeastseseessaeeeantaeseasseeeeanneeas 343

TABLE 7.22 TNM STAGE CLASSIFICATIONS BASED ON THE NEW 8™ EDITION AJCC STAGING MANUAL PUBLISHED IN 2016.

TABLE 8.1 SUMMARY OF ICD10 CODES REPRESENTED IN THE STUDY POPULATION AND THE CLASSIFICATION UNDER WHICH THEY WERE
PLACED FOR THE ANALYSIS. 11tttttrererereseressssnsssssssssssssssssssssssssssssssssssssssssssnsssssnsnsnssnnsnsnnnsnsnnnsnnssesssssssssssssssesssssssens 377

TABLE 8.2 VARIABLES REGARDING PATIENT TREATMENT PROVIDED BY THE NCRI. THESE VARIABLES WERE USED INDIVIDUALLY AND IN
COMBINATION WITH ONE ANOTHER FOR THE ANALYSIS. ..vvvtteeeeeeseiuuurrereeeeseainsseseeeseeesasssssesssessssssssasssesssesnnsssssesees 379

TABLE 8.3 VARIABLES REGARDING PATIENT SURVIVAL PROVIDED BY THENCRIL. ..cccooiiiiiii e 379

TABLE 8.4 TREATMENT ADMINISTERED BY HPV STATUS FOR OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER (N=758). 389

TABLE 8.5 TREATMENT ADMINISTERED BY HPV STATUS FOR OROPHARYNGEAL CANCER (N=191)....ccccuviiiiiiiieiiiieeeieee e, 391
TABLE 8.6 TREATMENT ADMINISTERED BY HPV STATUS FOR ORAL CAVITY CANCER (N=290). ..uvviieeiieeeeiieee et 392
TABLE 8.7 TREATMENT ADMINISTERED BY HPV STATUS FOR LARYNGEAL CANCER (N=277). ceeeeeiiieeeeiieeeeiieeeeeteeeee e e 394

TABLE 8.8 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST OROPHARYNGEAL,
ORAL CAVITY, AND LARYNGEAL CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS. ....vveeeeurreernannen 405
TABLE 8.9 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST OROPHARYNGEAL,
ORAL CAVITY, AND LARYNGEAL CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL. THE INITIAL MODEL
CONTAINED ALL VARIABLES UNIVARIATELY SIGNIFICANT EXCEPT FOR T, N, AND M STAGE (N=727). cvvveeeerieeeereee e, 406
TABLE 8.10 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD
Y T0] o] = KOO PP PP PP PPPPPTIN 407
TABLE 8.11 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST OROPHARYNGEAL, ORAL CAVITY, AND LARYNGEAL CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD
MODEL. THE ORIGINAL MODEL INCLUDED ALL SIGNIFICANT VARIABLES FROM UNIVARIATE ANALYSIS BUT EXCLUDED T, N, AND M
STAGE (NT828). et eeuiiieeiitiie e ettt et e e e ettt e e e et e e e eettteeeeebeseeeasbaeeeasssaaeesbaeeeassaseeassssaeesseseeanssaessassaaeeasseaennnes 408
TABLE 8.12 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST OROPHARYNGEAL
CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS. ..ccceeuvreternuireeesireeeenieeesssseeesssseesssseeesssnnees 409
TABLE 8.13 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST OROPHARYNGEAL
CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL (N=189). ..ecciiuiieeeeiiieceieee et e 410
TABLE 8.14 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST OROPHARYNGEAL CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS. ...vevervvieeerveeeennnne 411
TABLE 8.15 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL

AMONGST OROPHARYNGEAL CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL (N=209)............. 412

XVi



TABLE 8.16 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST ORAL CAVITY CANCER
PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD IMODELS. «..vveeeeurreeesereeessireeessssreeessssaeesssseessnseeessssseeessnseees 413
TABLE 8.17 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST ORAL CAVITY CANCER
PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL (N=282).....utiiiiiiieeeeiieeeeciee e et eeteeeeeave e e 414
TABLE 8.18 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST ORAL CAVITY CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS....cceevuvrererirreeenreeeennnne 415
TABLE 8.19 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST ORAL CAVITY CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL. THE INITIAL MODEL
INCLUDED ALL THOSE VARIABLES SIGNIFICANT BY UNIVARIATE ANALYSIS BUT EXCLUDED T, N, AND M STAGE (N=282)....... 416
TABLE 8.20 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST LARYNGEAL CANCER
PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD IMODELS. «..vvteeeurreeesurreessreeessnsreeesssusaeessssseessssseeessssseeessnseees 416
TABLE 8.21 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING OVERALL SURVIVAL AMONGST LARYNGEAL CANCER
PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL (N=306)......ccceiiuiieeeiiiieeeiiieeeeireeeeereeeeeireee e 417
TABLE 8.22 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST LARYNGEAL CANCER PATIENTS BY UNIVARIATE COX PROPORTIONAL HAZARD MODELS. «..veverruireeerireeeesveeeennnne 418
TABLE 8.23 PATIENT AND TUMOUR CHARACTERISTICS SIGNIFICANTLY PREDICTING DISEASE-SPECIFIC (CANCER-SPECIFIC) SURVIVAL
AMONGST LARYNGEAL CANCER PATIENTS BY MULTIVARIATE COX PROPORTIONAL HAZARD MODEL. THE INITIAL MODEL INCLUDED
ALL SIGNIFICANT VARIABLES BY UNIVARIATE ANALYSIS BUT EXCLUDED T, N, AND M STAGE (N=262). ...ovvreerrieeeerireenne 419
TABLE 8.24 PATIENT CHARACTERISTICS INDICATIVE OF STEREOTYPICALLY HPV-DRIVEN OROPHARYNGEAL, ORAL CAVITY, AND
LARYNGEAL SCC THAT MAY BE THE BASIS FOR THE PRECISE SELECTION OF PATIENTS FOR WHOM TREATMENT DE-ESCALATION IS

POSSIBLE . .etvvuuueeesrersssneeeeessessnnaaeeeesessssnnaesessssssnnnasesssssssnnesessssssssnnseesessssnnnasesessssnnnnteesersssnnaseeersssnniareeererrsnnnns 424

XVii



Summary

Human Papillomavirus (HPV) infection has been identified as a significant etiologic agent in the
development of head and neck squamous cell carcinoma (HNSCC), particularly those of the oral
region of the head and neck. There is mounting evidence from North America and Europe that
HPV-related HNSCC is becoming the principal driver of increasing incidence trends amongst all
HNSCC, as HPV-unrelated cases have seen a plateau or a decline in the last 20 to 30 years. This is
especially true of HPV-related trends of oropharyngeal squamous cell carcinoma (OPSCC). HPV-
related HNSCC has also consistently been shown to present at younger age and later stage, and
have better survival and prognosis than its HPV-unrelated counterparts. No data on the
epidemiology of HPV infection in oropharyngeal, oral cavity, and laryngeal SCC in Ireland currently

exists in the literature.

The ECHO study thus investigated the epidemiology of HPV infection in oropharyngeal, oral cavity,
and laryngeal cancer in Ireland, acquiring and assessing primary oropharyngeal, oral cavity, and
laryngeal squamous cell carcinoma (SCC) diagnosed between 1994 and 2013 in Ireland and
recorded at the National Cancer Registry of Ireland (NCRI). Cases were tested for HPV DNA using
Multiplex PCR Luminex technology based in and sanctioned by the International Agency for

Research on Cancer (IARC).

Samples were obtained from 7 hospitals spanning both the West and East parts of the country. The
study found a significant disparity between the length of time needed to organize the review of
pathology reports and retrieval of included samples from hospital and private storage [273.67 days
(Cl: 121.04, 426.30)] and the length of time needed to execute report review and retrieve blocks
[7.17 days (CI: 1.35, 12.99)]. A preliminary pilot investigation also revealed the significant impact of

technology type and sterility protocols used for determining HPV prevalence.

In total, 861 cases were included in the ECHO study, showing an overall HPV DNA prevalence of
17.1% (Cl: 14.6, 19.6). The oropharyngeal sub-site saw the largest prevalence of 41.1% (Cl: 34.5,
47.8), followed by the oral cavity with a prevalence of 10.9% (CI: 7.5, 14.2)

, followed by the larynx with a prevalence of 7.8% (Cl: 4.9, 10.7). The tonsillar sub-site within the
oropharynx saw the highest prevalence of all (60.0%). HPV16 was the overwhelmingly dominant
genotype amongst all cases regardless of sub-site, representing over 80% if not 90% of infected
cases. Two LR HPV6 cases were detected in the larynx. HPV-related and HPV-unrelated

oropharyngeal, oral cavity, and laryngeal SCC saw significantly increased average annual percentage
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change in the time-period, but the highest average annual percentage change of any sub-site or HPV

status was seen in HPV-related oropharyngeal cases at 16.4% (p<0.0001).

Significant predictors of HPV positivity amongst oropharyngeal, oral cavity, and laryngeal SCC were
younger age, oropharyngeal sub-site, and never- and ex-smoking status. HPV positive cases
presented disproportionately at later TNM stage and with higher extent of nodal involvement. The
only sub-site within which there were significant predictors was the oropharynx, and these
mirrored overall findings with younger age and ex- and never-smoking status predicting HPV
positivity. The only sub-site for which a relationship existed between HPV positivity and stage
classifications was the oropharynx, with HPV positive tumours seeing greater extent of nodal

involvement (N stage).

Both overall and cancer-specific survival were significantly improved amongst HPV positive SCC
patients, though this relationship emanated strictly from oropharyngeal cases. Improved survival
for HPV positive cases in the larynx and oral cavity was not observed. HPV positive tumours were
more likely to be treated with surgery/radiotherapy/chemotherapy whereas HPV negative tumours
were more likely to be treated with radiotherapy or surgery alone, likely due to their greater extent
of nodal involvement and thus later TNM stage. For HPV positive OPSCC, surgery alone saw the
best overall and cancer-specific survival, followed closely by surgery/radiotherapy and
surgery/radiotherapy/chemotherapy. Significant predictors of survival in all cases together and
OPSCC alone included HPV status, TNM stage, and age, amongst other characteristics. HPV status

did not predict survival in the larynx or in the oral cavity.

The study highlighted the oropharyngeal sub-site as the only region of the head and neck to which
carcinogenic HPV is relevant, though indicated the possible emergence of “hybrid” cases, involving
both smoking history and the virus. It also emphasized the urgent need for imminently achievable
and required prevention for HNSCC in the form of vaccination-based prophylaxis and head and
neck cancer screening tools possibly involving HPV as a triage mechanism. It stressed the relevance
of the intended introduction of the nona-valent Gardasil vaccine and the inclusion of boys into the
Irish vaccination program in September 2019. Importantly, it alluded to the potential for de-
escalation of treatment in HPV-related OPSCC in particular, to both maximize survival and minimize
long-lasting side effects for patients. The study was funded by the Health Research Board and the

Coombe Women and Infants’ University Hospital.
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CHAPTER 1

Introduction



1 CHAPTER 1: INTRODUCTION

1.1 Head and Neck Cancers

1.1.1 Physiology of Head and Neck Cancers
Head and neck cancers (HNC) include those oncogenic growths of the oral cavity, pharynx, oropharynx,

nasopharynx, hypopharynx, and larynx (Figure 1.1).

Nasopharynx

Pharynx—| Oropharynx

Hypopharynx

Larynx

Esophagus——i
Trachea >

Figure 1.1 Anatomical sub-sites of the head and neck®.

There are a vast number of types of malignancies that arise in the head and neck, with diverse
pathologies and genetic profiles. Squamous Cell Carcinoma (SCC) growths comprise almost 95% of
cancers of the head and neck, making head and neck squamous cell carcinoma (HNSCC) a valuable

cancer group for epidemiological investigation?.

1.1.2 Epidemiology of HNSCC

HNSCC is the sixth most common type of cancer worldwide, accounting for an estimated 633,000 new
cases diagnosed annually accompanied by 355,000 deaths?. Over the last two decades, there has been
a downward trend in HNSCC incidence and mortality, with variability based on anatomical site and

geographic location or region®.

Those variations based on geography tend to follow trends in tobacco use. For instance, the general
incidence of HNSCC in the United States has varied and ultimately declined unwaveringly in tandem
with changes in smoking activity (Figure 1.2)°. Similarly, the age-standardized incidence of HNSCC has

increased in the last several decades in areas of Asia due to high rates of tobacco use®.
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Figure 1.2 Incidence of HNCs in the United States as a function of smoking trends>.

According to the National Cancer Registry of Ireland (NCRI), HNSCC, including the 5% of HNCs not
diagnosed as SCC, is the ninth most common cancer in Ireland’. It accounts for approximately 1.7% of
all invasive cancers in women, and 3.9% of all invasive cancers in men*’. Comparatively, Ireland’s
estimated incidence of HNSCC is 8.3 per 100,000, as exhibited in Figure 1.3, where comparisons are

shown with other countries and a difference in incidence between males and females is evident’.
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Figure 1.3 Estimated age-standardized incidence of HNCs per 100,000 persons for various countries around

the world’.



1.1.3 Histology of HNSCC

HNSCCs arise in most cases from preneoplastic lesions grouped under the term dysplasia.
Microscopically, dysplasia is defined as architectural and cytological change of the epithelium, without
evidence of invasion. In dysplastic lesions, the epithelium presents with irregular stratification, loss of
polarity of basal cells, drop-shaped rete ridges, increased number of mitotic figures, abnormal
superficial mitoses, premature keratinization in single cells (dyskeratosis), and keratin pearls within
rete pegs®. Cytological changes include abnormal variation in nuclear or cell size and shape, increased
nuclear to cytoplasmic ratio, increased nuclear size, atypical mitotic figures, increased number and

size of nucleoli, and hyperchromasia®.

The spectrum of dysplasia in HNSCC is divided into mild, or Squamous Intraepithelial Neoplasia 1 (SIN
1), moderate (SIN 2), and severe (SIN 3), based on the extent of architectural disturbances and
cytological atypia. Once dysplasia surpasses severe, it becomes carcinoma in-situ presenting with full

thickness or almost full thickness architectural abnormalities accompanied by cytological atypia.

HNSCC is characterized by invasive growth with disruption of the basement membrane, and squamous
differentiation, often called keratinization, sometimes with keratin pearl formation. Extension into the
underlying tissue is often accompanied by desmoplastic stromal reaction and a dense inflammatory
infiltrate, mainly comprised of lymphocytes and plasma cells®. Angiolymphatic and perineural invasion

may be seen.

SCCis graded into well-, moderately-, and poorly-differentiated classifications. Well-differentiated SCC
resembles normal squamous mucosa whereas moderately-differentiated SCC displays nuclear
pleomorphism, mitoses, and less keratinization. Poorly-differentiated SCC are composed
predominantly of immature cells with typical and atypical mitoses, minimal keratinization, and

sometimes necrosis. Most SCCs are moderately-differentiated®.

Other noted epithelial markers for HNSCCs include cytokeratins, which are usually adequate for the
diagnosis of well-differentiated tumours. In less well-differentiated lesions, further
immunohistochemistry is useful for discerning grade, including staining for cytokeratin cocktails,

AE1/AE3, pancytokeratin, CK5/CK6 and p632°.



1.2 Oropharyngeal, Laryngeal, and Oral Cavity SCC

1.2.1 Physiology of Oropharyngeal, Laryngeal, and Oral Cavity SCC

HNSCC includes tumours from a number of subsites, three of the largest of which are the oropharynx,
the larynx, and the oral cavity (Figure 1.1). Oropharyngeal SCC (OPSCC) accounts for approximately
10%*! of HNSCC, while laryngeal SCC (LSCC) and oral cavity SCC (OSCC) account for approximately
33%"*2 of HNSCC each.

The oropharynx begins at the soft palate, and descends through the base of the tongue (back 1/3 of
the tongue), the lateral pharyngeal walls, the posterior wall of the throat, and the palatine tonsils
(Figure 1.4). It is composed of three main anatomical sites: The palatine tonsils, the lingual tonsils at
base of the tongue, and the soft palate. These are all flanked at the base by the larynx, and at the top

by the oral cavity and the nasopharynx (Figures 1.4).
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Figure 1.4 Detailed anatomical sub-sites of the head and neck®.

The palatine tonsils are a pair of soft tissue masses located at the rear of the throat, composed entirely
of lymphatic tissue. Similarly, the lingual tonsils are two small mounds of lymphatic tissue that are
vertically adjacent to the soft palate and behind the circumvallate papilla taste buds which demarcate
the base of the tongue from the oral tongue. The soft palate is the soft tissue constituting the back of

the roof of the mouth, composed of muscle and connective tissue.



Embryologically, the lingual and palatine tonsils are respectively derived from the first and second
pharyngeal pouch endoderm, as they become aggregated with mesodermal cells from the third and
fourth pharyngeal pouches'®. They contain four lymphoid compartments that influence immune
functions, namely the reticular crypt epithelium, the extrafollicular area, the mantle zones of lymphoid
follicles, and the follicular germinal centers'®. They are part in parcel of the Waldeyer’s ring, the

cumulative name for the four pairs of tonsils in the head and neck (Figure 1.5).
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Figure 1.5 Physiology of Waldeyer’s tonsillar ring in the head and neck®.

In more detail, according to the American Joint Committee on Cancer (AJCC), the oral cavity site
extends from the skin-vermilion junction of the lips to the junction of the hard and soft palate above
and to the line of circumvallate papillae below?’. It is divided into the mucosal lip, the buccal mucosa,
the lower alveolar ridge, the upper alveolar ridge, the retromolar trigone, the floor of the mouth, the
hard palate, and the anterior two thirds of the tongue. The oropharynx is the portion of the continuity
of the pharynx extending from the plane of the inferior surface of the soft palate to the plane of the
superior surface of the hyoid bone (or floor of the vallecula) and includes the base of tongue, the
inferior surface of the soft palate and the uvula, the anterior and posterior tonsillar pillars, and the
glossotonsillar sulci'’. By contrast, the anterior limit of the larynx is composed of the anterior or lingual
surface of the suprahyoid epiglottis, the thyrohyoid membrane, the anterior commissure, and the
anterior wall of the subglottic region. The posterior and lateral limits include the laryngeal aspect of
aryepiglottic folds, the arytenoid region, the interarytenoid space, and the posterior surface of the
subglottic space, represented by the mucous membrane covering the surface of the cricoid cartilage?’.
The superolateral limits are composed of the tip and the lateral borders of the epiglottis. The inferior

limits are made up of the plane passing through the inferior edge of the cricoid cartilage.



The oropharyngeal subsites, the larynx, and the oral cavity are all at least partially if not fully lined
with mucosa-associated lymphoid tissue (MALT). The term MALT was first coined to emphasize that
solitary organized mucosa-associated B-cell follicles and larger lymphoid aggregates have common
features and are the origin of cells that traffic to mucosal effector sites'®!°. The MALT mucosa is
populated by lymphocytes such as T cells and B cells, as well as plasma cells and macrophages® and
shows many histological similarities to the cervical mucosa. Given the position of the oropharynx, the
larynx, and the oral cavity, their MALT is well positioned to encounter antigens passing through the

mucosa’s non-keratinising squamous epithelium.

The mucosa is particularly unique in the palatine and lingual tonsils, and the base of tongue (back 1/3
of tongue). Parts of the mucosal linings contain folds, or dips, often referred to as tonsillar and lingual
“crypts” that extend through the full thickness of the tonsils (Figure 1.6). Crypts appear at around
three to six months of age, with the capsule developing around the fifth month and germinal centres

developing after birth.



Figure 1.6 Microanatomy of the palatine tonsil with evident folds/dips of crypts, a portion of which are

highlighted with a box. Drawing by Max Brédel?.

Functionally, the crypts serve to greatly increase the total surface area of the oropharyngeal regions,
dramatically increasing the efficiency of their antigen capture and immune surveillance!®. Each
palatine tonsil, for instance, has about 20 crypts which increase their contact surface area to

approximately 295 cm?, a 700% increase from the equivalent but unfolded region®?2.

Unlike the rest of the oropharynx however, the crypt mucosa is lined with a squamous reticular crypt
epithelium composed of three layers. The basal layer and membrane is disrupted and porous, thus
allowing for the direct passage of lymphocytes, mononuclear phagocytic cells, plasma cells, and

antigenic transport cells known as M (membranous) cells®. The intermediate layer is permeated by



lymphocytes and antigen-presenting cells®. The superficial squamous layer is thin and fragile.
Complete desquamation of the superficial cells exposes the internal environment of the tonsil to

external pathogens. Nonetheless, the crypts are a highly specialised region for antigen recognition.

It is from this squamous cell epithelium, most often in its unique reticulated state in the crypts, from
which SCC originates. 44% to 51% of OPSCC in particular arise in the squamous lining of the palatine
tonsil, while 35% to 55% originate in the base of the tongue, with another 2% to 12% developing in

other squamous cell oropharyngeal sites?>?*,

1.2.2 Epidemiology of OPSCC, LSCC, and OSCC

While the incidence of other HNSCCs has decreased over the past three decades, correlating with
decreased tobacco use, the age-standardized incidence of OPSCCs has been increasing over the same
period across North America and Europe®?°. This is especially true of the SCCs of the base of the
tongue and tonsillar region?. The incidence of these increased by 2% to 3% annually from 1974 to
2001, and then by 5.22% from 2000 to 2004 in the United States?’. Most of Europe has had a similar
experience, with Sweden seeing over a three-fold increase in tonsillar SCC, and the Netherlands
observing an almost 2.7% annual increase in OPSCC between 1989 and 2011'%?62731 |n the United
Kingdom, statistically significant increases in incidence of OPSCC of 18% and 30% were seen in males
and females respectively between 1990 to 199932, A 51% increase of OPSCC in men was then observed
from 7 per 100,000 to 11 per 100,000 between 1989 and 2006°3. Danish data is even more resounding
showcasing a constant linear increase in age-standardized incidence in tonsil cancers from 1980 to

2014343,

Ireland is no different. Between 1996 and 2007, age-standardized oropharyngeal cancer incidence
(excluding the tonsil) wavered between 0.23 cases per 100,000 per year to 0.1 cases per 100,00 per
year®. A constant and annual increase after 2007 yielded an incidence of 0.98 cases per 100,000 per
year by 2015. In fact, the Irish age-standardized incidence rate for cancer of the tonsil increased by
4.9% annually for women and 4.3% annually for men between the periods 1994 to 1998 and 2004 to
2008%. This consistent increase in age-standardized incidence continued after 2008 vyielding an
enormous and linear trend exemplified most succinctly in men from 1.2 cases per 100,000 per year in
1994 to 2.5 cases per 100,000 per year in 2015%. The base of tongue was the only other region of the
oropharynx to experience a similar increase with the remaining regions seeing no change or in fact a

decrease in the comparable age-standardized incidences.



Worldwide, the incidence of oropharyngeal cancer in white males under the age of 60 has since the
1980s been increasing directly in opposition to the trend of other HNSCCs (see Figure 1.2). As a
consequence, OSSC is now the most common HNC in the world with an estimated 85,000 new cases

of OPSCC diagnosed every year®’.

The larynx shows a more classic HNSCC incidence trend. Incidence was relatively constant in the
United States between 1975 and 1990 at 5 per 100,000, and began descending after 1990 in an almost
linear fashion®°, Since 2015, incidence has hovered between 2 and 3 per 100,000%. Either the same
decrease or a plateau is true of most European countries with variation mainly due to cultural
differences between nations relating to smoking, alcohol, diet, and exposure to other
carcinogens3%3>403 |n |reland, however, there has been no significant change in laryngeal cancer
incidence regardless of gender or age since 1994 when data was first collected on the subject®.

Cancers of the oral cavity are relatively difficult to epidemiologically track as they are often grouped
into different subsets of the “tongue” and “mouth.” That said, all of those groupings excluding the
base of tongue have seen generally decreasing incidence trends across Europe and North America in
the last three decades®¥*%%%_ |n Ireland, cancers of the floor of the mouth and palate have seen
fluctuations in age-standardized incidence, but these have rested between 0.5 cases per 100,000 per
year to 1 case per 100,000 per year3®. Incidence of cancers of the mouth in women have actually seen
an increase in the last decade, likely due to a resurgence in smoking behaviours amongst younger Irish

people or the involvement of other carcinogens®®.

As the most common malignancy of the head and neck, that LSCC follows declines in smoking
behaviour is unsurprising. Similarly, no widespread increase in cancers of the oral cavity suggests that
behavioural and attitudinal changes towards health are having concrete effects on SCC incidence,
though variations remain by country*’. However, LSCC and OSCC resistance to unequivocal decline in
smoking behaviour in some European countries, and more specifically in Ireland, suggest other
possible carcinogens being involved. Furthermore, the larynx and oral cavity’s proximity to the
physiologically vulnerable parts of the head and neck in the oropharynx (see Section 1.6.4 for further
details) and their similar MALT lining make them a necessary inclusion in all epidemiological

assessments.

Thus, OPSCC incidence trends in particular have defied those seen across Europe and North America

with respect to other HNCs, suggesting that unique carcinogens and risk factors are increasing the
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incidence of oncogenesis in this particular physiological region. Several carcinogenic risk factors have
been suggested to explain these epidemiological trends, the most significant of which is Human

Papilloma Virus (HPV).

1.3 Human Papilloma Virus

1.3.1 The Virus
HPV is the most common sexually transmitted infection (STI)*. It is an epitheliotropic, non-enveloped
DNA virus. Within its 55nm diameter, it carries a single molecule of circular double-stranded DNA,

consisting of about 8,000 kilo-base pairs®.

The HPV genome, as represented by Figure 1.7 depicting HPV genotype 16, has three regions: The
early (E) region, the late (L) region, and the long control region (LCR), otherwise known as the
upstream regulatory region (URR). The E region is comprised of 8 genes, where the L region is
comprised of 2. The HPV genome encodes for 6 early proteins and 2 late proteins, called L1 and L2°°.
Each gene can be translated theoretically into three different proteins, depending on the site where
transcription begins>°. The LCR with E2 binding sites and the origin of replication of the virus contains

the highest degree of variation in the viral genome®®.
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Figure 1.7 The structure and organisation of the HPV16 genome®.

Generally, the early genes code for proteins responsible for virus replication, transcription, cell cycle,
cell signalling and apoptosis control, immune modulation, and structural modification of the infected

cell. Most of these proteins are expressed throughout the infectious cycle perhaps with reduced
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expression at late times®l. The late genes code for structural proteins, including the virus capsid
required for virus transmission, spread, and survival in the environment®. Early proteins E3 and E8
have only recently been described in a few HPV types but their functions are relatively unknown®.
Table 1.1 summarizes the functions of all of the proteins associated with the genes of the same name

in the HPV genome including those genes most strongly associated with carcinogenesis.

Table 1.1 Roles and functions of each protein encoded by genes of the same name in HPV.

Oncoproteins implicated in carcinogenesis are indicated as such.

Protein Role in the virus life cycle
El o Genome replication: ATP-dependent DNA helicase.
E2 o Genome replication, transcription, segregation,

encapsidation.
o Regulation of cellular gene expression.
o Cell cycle and apoptosis regulation.
E3 o Function relatively unknown.
E4 o Remodels cytokeratin network.
o Cell cycle arrest.
o Virion assembly.
ES5 o Control of cell growth and differentiation.
o Immune modulation.
E6 o Oncoprotein.
o Inhibits apoptosis and differentiation.
o Regulates cell shape, polarity, mobility, and signalling.
E7 o Oncoprotein.
o Cell cycle control.

o Controls centrosome duplication.

E8 o Function relatively unknown.
L1 o Major capsid protein.
L2 o Minor capsid protein.

o Recruits L1.

o Virus assembly.
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Though the general genomic structure of the virus is common to all of its types, there are over 200
different genotypes of papillomaviruses characterised by at least 10% nucleotide divergence in capsid
gene (L1)*2. The genotypes are classified in three ways. First, they are classified based on similarities
in their DNA sequences. Second, they are grouped into mucosal-, mostly those of the alpha genus, or
cutaneous-, mostly those of the beta genus, types. Third, they are most often classified into low-risk
(LR) and high-risk (HR) types based on virulence and ability to promote malignant transformation in

host cells.

HPV 16, 18, 31, 33, 34, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, 73, and 82 are some of those classified as
HR viruses, detectable in high grade squamous intraepithelial lesions in the cervix or in invasive cancer.
HPV 6, 11, 40, 42, 43, 44, 54, 61, 72, 81, and 89 are designated LR and can be isolated from low grade

epithelial lesions of the cervix'°. HPV 6 and 11 are responsible for 90% of cases of genital warts>3,

Not all HPV types have been classified under the HR and LR categorization, as some have currently
unknown oncogenic potential. In addition, there is a degree of intratypic variation, which may also

relate to pathogenesis, as well as geographic variation in genotype prevalence®°,

1.3.2 HPV as a Carcinogen

Though HPV is highly ubiquitous in humans, only a small percentage of infections result in HPV-related
cancers. In 1977, zur Hausen® first suggested a link between HPV and the pathogenesis of SCCs. By
1995, the International Agency for Research on Cancer (IARC) recognised that HR HPV types 16 and
18 were carcinogenic in humans®!. Since, the popular and research focus has been on the role HPV
plays in cervical cancer, now well-described with nearly all cervical cancer cases being caused by HPV®2,
HR HPV types are now also linked with other ano-genital tumours, including those originating in the

vulva, vagina, penis, and anus, along with cutaneous, esophageal, and HNSCCs®%4,

It is estimated that the virus currently accounts for 4.8% to 5.2% of the total global cancer burden,

making it the most powerful carcinogenic virus in the world®®,

1.4 HPV in HNSCC, OPSCC, LSCC, and OSCC

HPV was first suggested and subsequently identified as a major etiologic factor in HNSCCs in 1983 and
1985 respectively®”®8, Later its particular relevance to the subset of HNSCCs that arise mainly in the

oropharynx was clarified®®7°,
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Ever since, OPSCCs have been classified as a distinct clinicopathological entity in comparison to the
traditional smoking- and alcohol-related HNSCCs, mostly given a unique genetic signature that HPV E6
and E7 proteins induce in contrast to the more genetically diverse tobacco-associated HNSCCs'°. As a
result, HPV is less heavily implicated in the carcinogenesis of LSCC and OSCC, but it still remains a

carcinogen of interest given the varying epidemiology of LSCC and OSCC in many European countries.

1.4.1 The Epidemiology and Genotype Distribution of HPV in HNSCC, OPSCC, LSCC, and
0sccC

The epidemiological data strongly supports the involvement of HPV as a carcinogen in HNSCC,
specifically in OPSCC. The population-level incidence of HPV-positive OPSCC in the United States
increased by 225% between 1988 and 2004, with a concomitant decline of 50% for HPV-negative
OPSCC (Figure 1.8)"1. More recent modelling data using the SEER dataset confirms these diverging

trends in incidence®.
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Figure 1.8 Incidence of oropharyngeal cancers per 100,000 between 1988 to 2004 in the United States overall
and further subdivided by HPV status’.

The Australian data showcases precisely the same trends with increasing incidence of HPV-
associated oropharyngeal cancers between 1982 and 2005%. Canadian data also highlights that the
age-standardized incidence of HPV-associated oropharyngeal cancer rose significantly from 1.6 per

100,000 in 1992 to 2.6 per 100,000 in 200972,

In Europe, similar figures are found in Denmark’?, and more specifically in Sweden where the
incidence of HPV-positive tonsillar tumours almost doubled each decade between 1970 to 2007,
indicating a 7-fold increase over the whole period, in conjunction with a parallel decline of HPV-
negative tonsillar tumour incidence®. During the last 2 years of this Swedish study, 93% of all
tonsillar cancer was HPV-positive?®. Furthermore, Sweden has seen an overall increase in the
incidence of base of tongue cancer from 0.15 per 100,000 between 1970 to 1974 to 0.47 per
100,000 between 2005 to 200774, The prevalence of HPV in base of tongue cancer in Stockholm
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county alone increased from 58% between 1998 and 2001 to 84% between 2004 and 2007,

suggesting a link between the virus and base of tongue cancers’.

There is limited data from other European countries regarding the epidemiology of HPV in HNSCC.
Modelling work from Germany has shown without actual testing of archival samples that HPV-
related HNSCC incidence has been increasing over the last two decades and represents a significant
proportion of the overall HPV-related disease burden’>’. Preliminary French data also shows an

undeniable role for HPV in oropharyngeal and oral cavity cancers’’.

This said, in the United Kingdom, despite significantly increased incidence of cancers of the oral
cavity and oropharynx, the proportion of HPV-positive tumours in the region has hovered around
51% since 2002, suggesting that in the British context, HPV is not the only trend-driving carcinogen’®.
Data from northern Spain also shows relatively low HPV involvement in oropharyngeal and oral

cavity cancer’®.

Nonetheless, the fact that HPV-negative OPSCC incidence has declined whilst overall OPSCC
incidence has increased in the majority of North America and several European countries during the
same time period suggests the significant impact of HPV-positive OPSCCs in driving the overall

increasing incidence trend.

Prevalence statistics of OPSCC reflect this impact. A particularly steep rise of over 70% has been
reported for prevalence of HPV-related OPSCCs in the past decade, with prevalence in Europe
increasing at a faster rather than in North America®®8!. With the rise in HPV-related OPSCC coupled
with the decline of HPV-related cervical SCC, it has been suggested that the annual numbers of HPV-

related OPSCC cases could soon surpass that of cervical cancer®?23,

The long-term epidemiology of HPV in LSCC and OSCC is less clear. Since the late 1990s, it has been

long-established that HPV is absent in the majority of laryngeal carcinomas®*®

. Nonetheless,
prevalence data from across the globe suggests a significant role for the virus in certain geographic
regions. In the United States, 21% of invasive laryngeal cancers are HPV positive®, a figure that
plummets in Turkish patients to 7%%’, and skyrockets in Northeast China to 62%%. Systematic review
finds a more representative figure of 24% LSCC HPV positivity in North America and Europe®.

Comparisons of benign and malignant lesions of the larynx also suggest that LSCC appears to be

characterized by an active HR HPV infection.
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Several publications have found that HPV DNA is present in 10% to 25% of tumours of the oral cavity®™.
Frequencies vary between studies but the floor of the mouth and the tongue have been documented
as infected by HPV in anywhere between 8% to 42% of cases®. Systematic review suggests an OSCC
HPV prevalence very similar to that in LSCC at 24%%°. However, the very definition of what the ‘oral
cavity’ comprises in most studies is uncertain, which likely expands the range of available prevalence

data and makes it more difficult to discern HPV’s role in the anatomical region.

14 different oncogenic HPV types have been detected in cervical cancer, with HPV16 being the most
common type followed in order of prevalence by HPV18, 58, 33, 45, 31, 52, 35, 59, 39, 51 and 56°.
The genotype distribution of HPV in OPSCC, LSCC, and OSCC is similar with respect to detected types
but completely different in terms of proportional representation across almost all North American and
European populations analysed to date. Where, for instance HPV16 is identified in 60% of cervical
cancers®, it is overwhelmingly present in OPSCC, comprising at least 80% if not over 90% of cases in a

large proportion of studies®®’%778992 The same remains true in HPV-positive LSCC and OSCC3%3,

Furthermore, unlike in the cervix where HPV18 prevalence is as high as 16%°}, the prevalence and
incidence of HPV18 in HNSCC lags significantly behind that of HPV16, often representing less than 5%
of HPV-positive cases. In OPSCC, HPV18 accounts for less than 3%>* of HPV-positive cases, a figure that
often drops to 1% dependent upon the population’. LSCC and OPSCC also reflect this drastically
diminished role for HPV18, though prevalence of the genotype tends to be higher than in OPSCC,
between 4% and 8%%. In the developing world, HPV18 may play a larger role in HNSCC with evidence
of HPV18 in oral lesions rising to 34% in Sudan®®. Other genotypes that feature in OPSCC, LSCC, and
OSCC are types 6, 26, 30, 31, 33, 35, 44, 45, 52, 58, 61, 67, 69, 82, and 91'*%, the majority of which

are HR types.

HPV’s role in the carcinogenesis of other cancers is also becoming apparent®. The virus is increasingly

|96—102 103-106 |103,104 104,106-109

implicated in anogenita , vulvar , vagina , and penile cancers , all of which show
varying HPV genotype distributions. Interestingly, those cancers more closely associated with men
including anogenital and penile growths tend to see extreme HPV16 predominance, mimicking both
the sex and genotype most related to HNSCC. The crystallizing epidemiological evidence thus suggests
a crucial role for the preventative HPV vaccine and the development of further screening tools for

HNSCC and others.
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1.4.2 Histology of HPV-related HNSCC, OPSCC, LSCC, and OSCC

The pathological features of HPV-positive HNSCCs deviate from the moderately differentiated
keratinizing morphology that typifies most HNSCCs. The latter are associated with dysplasia of the
surface epithelium and are keratinizing. HPV-positive HNSCCs are consistently associated with lack of
dysplasia of the surface epithelium and are poorly differentiated!'°. They exhibit lobular growth, and
are permeated by infiltrating lymphocytes. They often involve central necrosis and cystic
degeneration. They also lack significant keratinization, and demonstrate prominent basaloid

morphology!°. Lymph node involvement is frequent and commonly cystic.

The differential histological morphology of HPV-related HNSCC gives rise to three factors that cause
diagnostic ambiguity in the field. The first is variation between the three subtypes in question. Those
HPV-positive characteristics are most typical of OPSCC, and are less common and more heterogeneous
in LSCC and OSCC given that much of their aetiology is still heavily influenced by the effects of smoking.
The second and third factors are microscopic features of HPV-related HNSCCs!*!, The first of these is
that HPV-related HNSCC is often mistaken as poorly differentiated carcinoma based on the immature
appearance of tumour cells. The appearance of the tumour cells closely emulates the appearance of
the reticulated epithelium of the region which is the specialized epithelium lining the tonsillar crypts
and base of tongue from which the grand majority of HPV-related cancers arise*2. Thus, most OPSCC
in particular are in fact well-differentiated and not poorly differentiated as is often presumed. Second,
the term “basaloid” is confusing for the way it invites an erroneous connection with basaloid

squamous cell carcinoma, a subtype of HNSCC notorious for its aggressive clinical behaviour!!?,

1.4.3 TNM Staging of HPV-related and HPV-unrelated HNSCC, OPSCC, LSCC, and OSCC

The TNM Classification of Malignant Tumours (TNM) is a cancer staging system that is used to describe
the stage of a particular cancer when it originates with a solid tumour. The Union for International
Cancer Control (UICC) TNM classification for OPSCC is identical to that of the American Joint Cancer

Committee (AJCC).

According to the classification system, T refers to the size of the primary tumour and whether it has
invaded nearby tissue or not. N refers to the degree of spread to regional lymph nodes. M refers to

distant metastatic spread of the cancer to another site in the body**3.

The 8" edition of TNM staging was recently published*'4. However, the 5" edition'” of the TNM staging

recommendations is most relevant to the current endeavour given that this was the most up-to-date
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staging system available at the time of diagnoses for the study between 1994 and 2013. It should be
noted that in recent years, the staging for OPSCC specifically has been updated to reflect HPV and/or
p16 status, showcasing the significance of the virus and its associated biomarkers in its carcinogenesis

and improved prognosis!!* (see Section 1.8 for further details).
The TNM staging for oral cavity and oropharyngeal cancers is shown in Table 1.2 and that for laryngeal

cancers is shown in Table 1.3. The stage groupings are then summarized for all of these cancers in

Table 1.4.
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Table 1.2 TNM staging classifications according to the AJCC 5" edition'’ for oral cavity and oropharyngeal

cancers.

X
TO
Tis
T1
T2
T3
T4

NX
NO
N1
N2

N2a

N2b

N2c

N3

MX
MO
M1

PRIMARY TUMOUR (T)
Primary tumour cannot be assessed
No evidence of primary tumour
Carcinoma in situ
Tumour 2cm or less in greatest dimension
Tumour more than 2cm but not more than 4cm in greatest dimension
Tumour more than 4cm in greatest dimension
Tumour invades adjacent structures. In the case of the oral cavity this includes
invasion through cortical bone, into deep (extrinsic) muscle of tongue, maxillary
sinus, or skin. Superficial erosion alone of bone/tooth socket by gingival primary
is not sufficient to classify as T4. In the case of the oropharynx including the
base of tongue this includes the pterygoid muscle(s), mandible, hard palate,
deep muscle of tongue, and larynx.
REGIONAL LYMPH NODES (N)
Regional lymph nodes cannot be assessed
No regional lymph nodes metastasis
Metastasis in a single ipsilateral lymph node, 3cm or less in greatest dimension
Metastasis in a single ipsilateral lymph node, more than 3cm but not more than
6cm in greatest dimension; or in multiple ipsilateral lymph nodes, none more
than 6cm in greatest dimension; or in bilateral or contralateral lymph nodes,
none more than 6¢cm in greatest dimension
Metastasis in single ipsilateral lymph node more than 3cm but not more than
6cm in greatest dimension
Metastasis in multiple ipsilateral lymph nodes, none more than 6cm in greatest
dimension
Metastasis in bilateral or contralateral lymph nodes, none more than 6cm in
greatest dimension
Metastasis in a lymph node more than 6cm in greatest dimension
DISTANT METASTASIS (M)
Distant metastasis cannot be assessed
No distant metastasis

Distant metastasis
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Table 1.3 TNM staging classifications according to the AJCC 5™ edition’’ for laryngeal cancers.

X
T0

Tis

T1
T2

T3

T4

T1

Tla
T1b
T2
T3
T4

T1
T2
T3
T4

NX
NO
N1
N2

N2a

N2b

N2c

N3

MX

MO
M1

PRIMARY TUMOUR (T)
Primary tumour cannot be assessed
No evidence of primary tumour
Carcinoma in situ
Supraglottis
Tumour limited to one subsite of supraglottis with normal vocal cord mobility
Tumour invades mucosa of more than one adjacent subsite of supraglottis or glottis or region
outside the supraglottis (e.g. mucosa of base of tongue, vallecula, medial wall of pyriform sinus)
without fixation of the larynx
Tumour limited to larynx with vocal cord fixation and/or invades any of the following: postcricoid
area, pre-epiglottic tissues
Tumour invades through the thyroid cartilage, and/or extends into soft tissues of the neck, thyroid,
and/or esophagus
Glottis
Tumour limited to the vocal cord(s) (may involve anterior or posterior commissure) with normal
mobility
Tumour limited to one vocal cord
Tumour involves both vocal cords
Tumour extends to supraglottis and/or subglottis, and/or with impaired vocal cord mobility
Tumour limited to the larynx with vocal cord fixation
Tumour invades through the thyroid cartilage and/or to the other tissues beyond the larynx (e.g.
trachea, soft tissues of neck, including thyroid, and pharynx)
Subglottis
Tumour limited to the subglottis
Tumour extends to vocal cord(s) with normal or impaired mobility
Tumour imited to larynx with vocal cord fixation
Tumour invades through cricoid or thyroid cartilage and/or extends to other tissues beyond the
larynx (e.g. trachea, soft tissues of neck, including thyroid and esophagus)
REGIONAL LYMPH NODES (N)
Regional lymph nodes cannot be assessed
No regional lymph nodes metastasis
Metastasis in a single ipsilateral lymph node, 3cm or less in greatest dimension
Metastasis in a single ipsilateral lymph node, more than 3cm but not more than 6cm in greatest
dimension; or in multiple ipsilateral lymph nodes, none more than 6cm in greatest dimension; or in
bilateral or contralateral lymph nodes, none more than 6cm in greatest dimension
Metastasis in single ipsilateral lymph node more than 3cm but not more than 6cm in greatest
dimension

Metastasis in multiple ipsilateral lymph nodes, none more than 6¢cm in greatest dimension

Metastasis in bilateral or contralateral lymph nodes, none more than 6¢cm in greatest dimension
Metastasis in a lymph node more than 6cm in greatest dimension
DISTANT METASTASIS (M)
Distant metastasis cannot be assessed
No distant metastasis

Distant metastasis
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Table 1.4 TNM stage groupings for oral cavity, oropharyngeal, and laryngeal cancers according to the AJCC 5t

edition?’.

STAGE GROUPINGS
Stage 0 Tis NO Mo
Stage | T1 NO MO
Stage Il T2 NO MO
Stage Il T3 NO MO
T1 N1 MO
T2 N1 MO
T3 N1 MO
Stage IVA T4 NO MO
T4 N1 MO
AnyT N2 Mo
Stage IVB Any T N3 MO
Stage IVC Any T Any N M1

1.5 Risk Factors in HNSCC

Most HNSCCs have traditionally been associated with patients with a long history of heavy smoking

and alcohol consumption!'®>, poor oral hygiene!'®!¥’ 3 diet low in fruit and vegetable

118,119 120,121

consumption , and chronic inflammatory disease in the oral cavity , with age of onset falling
in the seventh decade of life. HNSCC has also been associated with exposure to radiation!?,
occupational exposures like leather dust or asbestos!?, and underlying genetic factors like Fanconi
anemia!®*. Those HNSCCs, especially those of the oropharynx, that are HPV-related however, have

their own risk factor signature, distinct from all other HNSCCs.

1.5.1 Age

HNSCC generally present in patients over the age of 50, with the majority of LSCC and OSCC being
diagnosed from the age of 60 onwards!%144244125 Hpy_positive HNSCCs however present at a younger
age, averaging a few years lower than HPV-negative tumours'®148299.106126127 'UNSCCs developing in
these younger patients show different genetic signatures than those in older patients, with distinct

128-130_patients under 55 see up to a 3.4-fold higher risk of infection

germline and somatic mutations
with carcinogenic HPV*3!, and a strong association has been demonstrated with HPV16 infection and

tonsillar cancer in males under the age of 402, In the United States there has been an increasing
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incidence in OPSCC in particular in those aged under 60, with a steep rise seen between the ages of

50 to 593

1.5.2 Sex

HNSCCs show a male predominance ratio of approximately 3:1'°. The NCRI reports an incidence rate
for HNSCC of under 5 per 100,000 in women, and almost 15 per 100,000 in men®. American data shows
however that for tobacco- and alcohol-related HNSCC, the gender difference has converged in tandem
with smoking trends, with 43% of men and 30% of women smoking in 1974 compared to 26% of men

and 21% of women smoking in 2000*33,

Male predominance remains amongst HPV-related HNSCC, and cannot be fully explained by factors
like sexual behaviours. The literature also reports that oral HPV infection is more common in men than
in women®213%137 Thijs suggests that innate biological differences between men and women render
men particularly susceptible to the onset of HNSCC, including HPV-related HNSCC®. Some
characteristics that may preferentially predispose men to cancer of the oropharynx are hormonal

differences*>13813°

and the potential protective immunity from seroconversion in response to cervical
HPV infections among women*>14%14 |t js also possible that the transmissibility of oral HPV may be
higher for men performing oral sex on women, possibly due to a higher HPV copy number in the vagina

and cervix**.

1.5.3 Socio-Economic Status, Region, and Race

HNSCCs have historically been associated with patients from low socio-economic groups given the
higher rates of smoking and alcohol consumption amongst this group and the slower rates of decline
in these behaviours!*®. Indeed, recent data from North America indicates that socio-economic status
still plays a determining role in HNSCC patient outcomes, with lower socio-economic status being
associated with later stage presentation and worse survival**1%, LSCC and OSCC are also persistently
associated with smoking and alcohol behaviours and socioeconomic deprivation!?>147-14 However, in
the case of HPV-related HNSCCs, it is patients from higher socio-economic groups who have a better

baseline performance status that are at higher risk*%>1,

White males seem to be particularly at risk of HPV-related HNSCC, with a rise in incidence reported in
this group alone, mostly due to the influence of OPSCC37+152, HPV-positive HNSCC has a lower
incidence and prevalence in African Americans than in other racial groups, with poorer survival in this

racial group given that a higher proportion of HNSCC in this group is related to tobacco and alcohol
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exposure®®>1>* | SCC and OSCC are common in African Americans, reflecting their relationship to

tobacco and alcohol*>*,

Given the significant role that smoking and alcohol still play in LSCC and OSCC, their relative
contribution to HNSCC prevalence overall in the developing and developed worlds is less distinct than
that of OPSCC. The developing world has a relatively low proportion of OPSCC, comprising about 1%
to 10% of HNSCC, while the incidence rate of OPSCC has steadily increased in most developed
countries®®'>, The developed world features a relatively high proportion of OPSCC, comprising about
15% to 30% of all HNSCCs'*®. These varying proportions might be attributed to an ever-increasing
number of HNSCC cases in the developing world caused by increasing smoking and alcohol
consumption rates. Where the latter trend is the opposite in the developed world, non-smoking and

non-alcohol HNSCC carcinogens like HPV account for a larger proportion of the burden.

1.5.4 HPV Serology

There is a strong association between serologic evidence of HPV infection and HNSCC risk, even after
adjustment for other HNSCC risk factors'®®. One highly-cited study has even revealed a distinct
temporal association between HPV serology and HNSCC development. Pre-diagnostic serum samples
from ten year periods in this investigation that were positive for HPV16 capsid antibodies conferred
an increased risk of OPSCC of 14.4'%, An additional serum-based study also showed that patients with

pre-diagnostic E6 seropositivity had a significantly higher risk of oropharyngeal cancer®.

1.5.5 Sexual Behaviour

Sexual behaviours have not typically been deemed causal in HNSCC, but sexual behaviour and smoking
and alcohol consumption are often related to one another in risk analysis. With the emerging
relevance of HPV, HPV-positive HNSCCs have been strongly associated with number of lifetime sexual
partners, number of vaginal, oral, and anal sex partners, young age at first intercourse/earlier sexual
contact, and history of sexually transmitted diseases, including genital warts!?6:131162163 The greater
the number of partners and historical sexually transmitted diseases, no matter their classifications,
the larger the risk of HPV-positive HNSCC. In fact, even after adjusting for HPV16 serology, the
associations in case-control studies were no longer significant'®2. This finding reveals that sexual

behaviours may be considered a surrogate for HPV16 exposure.

Further data from Europe and North America indicates that markers of HR sexual behaviours, such as

earlier ages of sexual debut, practice of premarital sex, average number of lifetime partners, and
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practice of oral sex, have all increased among recent birth cohorts, a trend that very clearly follows

the patterns of incidence of HPV-related OPSCCs#142164,

These behavioural observations are sensical given that a greater number of partners and a larger
medical history suggests increased exposure to HPV or other immunocompromising pathogens.
Increased sexual exposure as a risk-factor for HNSCC is especially relevant to HPV-related HNSCC as
the virus is independently the most globally common sexually transmitted infection, suggesting a

potentially exponential risk increase in relation to particular sexual behaviours.

1.5.6 Oral HPV Infection

Oral HPV is most often acquired via sexual transmission. HPV acquisition increases around age of
sexual debut with oral HPV prevalence of 1.5% in 12 to 15 year-olds, 3.3% in 16 to 20 year-olds, and
4.5% to 6.9% in healthy adults3>136165166 Higher oral HPV prevalence has been reported in women

167,168

with cervical HPV infection , and people infected with Human Immunodeficiency Virus (HIV)%7/16%,

166,170

Some studies have posited that HPV transmission is possible through kissing , as well as

intrapartum transmission?’, and transmission during laser surgery®’2.

Previous studies and reviews have established that oral HPV16 infection is a strong risk factor for
oropharyngeal cancer, while the relationship has not always been clear for OPSCCs specifically'*1°%173,
More recent data suggests however that persistent oral HPV infection risk is significantly higher in
patients with HNSCC than in those with no malignancies’*. This is especially true in men whose of risk

OPSCC is significantly increased with detected oral HPV infection, specifically of the HPV16 variety!*’.

The relationship between oral HPV infection genotype and HPV-related HNSCC, and thus the exact
natural history of HPV infection in the oral cavity, is as yet still an undetermined one. Where it is well
known that HPV16 plays the largest role in HPV-related HNSCC carcinogenesis, oral HPV genotype
distribution does not always correspond to HNSCC HPV genotype distribution!”>'®. However, this may
simply be a testament to the unique persistence of HPV16 in the oral cavity after the onset of infection.
Recent data has shown that where, for instance, HPV18 is more frequently detected in the oral cavity

than in developing HNSCC, it is one of the most easily cleared HPV genotypes'’’.
In comparison to the cervix, HPV prevalence is lower than cervical HPV prevalence at an incidence of

3.5% to 3.7%!*%, This may be due to a lower proportion of oral-genital than genital-genital

partners®3®, Additionally, though type-specific concordance is low, HPV infection of the cervix and oral
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cavity are not independent!’® and so cervical HPV infection could be considered a risk factor for oral

cavity HPV infection.

1.5.7 Immunodeficiency

Immunodeficiency is a risk factor for all HNSCC!?2179:18

. However, given the viral origins of
carcinogenesis in HPV-related HNSCC, immunodeficient patients are at particular risk of developing
this subset of cancers. Patients infected with HIV for instance have a 2 to 6 times increased risk of
HPV-related HNSCC!87183 These patients are also at even greater risk of ano-genital SCCs*®4. This said,
amongst HIV-positive patients, risk factors for the development of HNSCC are similar to the general

population, including both HPV-related and tobacco/alcohol-related HNSCC®®.

In cervical cancer patients, immunosuppression leads to HPV persistence and disease progression.
This may translate to the relationship between immunosuppression and HPV-related HSNCC
development, and may also partly explain any potential association with tobacco exposure due to the

immunosuppressive effects of smoking®®’, including reduced antibody response in smokers*eé,

1.5.8 Tobacco and Alcohol Exposure
Tobacco and alcohol exposure are the two main carcinogens in the majority of HNSCC, especially those

10,26,38,43,44,147,155

of the larynx and oral cavity . This is clear in the literature and has been well-

documented since the 1970s.

The roles of tobacco and alcohol exposure in HPV-related HNSCC and in oral HPV infection are by
contrast uncertain based on the literature!®®. Some studies suggest a positive association by way of
smoking-induced immunosuppression, leaving patients more vulnerable to HPV infection or an
inability to clear the virus before persistent infection transforms cells. Others report a possible
additive and/or multiplicative role for smoking and alcohol in the genetic transformation of cells into

131,189-192

malignancies in HPV-infected patients . Recent investigations show a clear role for the

synergistic effects of smoking on increased HPV-related HNSCC risk in tandem with other risk factors

including oral HPV infection, age, and gender®*”:17>,

Many other studies report no association, especially when accounting for the confounding elements
that associate increased risk of HPV infection with smoking and alcohol given particular sexual

69,126,162,176,193,194

behaviours . It is possible that tobacco exposure potentiates the effects of HPV

carcinogenesis, but the resounding evidence does not yet exist in the literature®.
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The latter is reflected in the fact that the role for tobacco smoking in cervical cancer becomes a weak
one after adjustment for sexual and reproductive factors!®. Furthermore, in comparison to traditional
HNSCCs, patients with HPV-related HNSCC are less likely to have excessive tobacco exposure and

alcohol use’®7:1%8 though HPV-related HNSCC does also occur in both smokers and alcohol users.

1.6 Carcinogenesis in HNSCC

1.6.1 Carcinogenesis in HNSCC

Carcinogenesis in HNSCC can be summarized with reference to the hallmarks of cancer. Importantly,
genomic instability, resistance to cell death, evading growth suppressors, sustained proliferative
signalling are crucial to disease progression and are underpinned by exposure to carcinogens over
time leading to genetic and epigenetic changes that accumulate, resulting in the transformation of
cells due to altered transcriptional and translational activity to premalignant and eventually malignant
lesions. This said, HNSCC is a heterogeneous subset of cancers with various subtypes described, based

199,200

on histological appearance, and supported by different gene expression profiles . Deep-

sequencing studies on the HNSCC oncogenome have demonstrated a vast number of diverse genetic

alterations affecting multiple different molecular mechanisms and cancer hallmarks2°®.

As synthesized by Woods!4, these alterations coincide in four targetable hallmark molecular pathways.
The convergence of HNSCC genomic alterations highlights the fact that genes affected by smoking and
alcohol in carcinogenesis are for the most part distinct?®2. The four targetable pathways involved are

summarized here:

1. Mitogenic signalling, in particular the amplification or up-regulation of Epidermal Growth
Factor Receptor (EGFR) and the downstream pathway of phosphoinositide 3-kinase
(P13K)/mTOR as well as PTEN inactivation, each leading to pathways involving proliferation,
DNA repair, survival, and spread.

2. Defective differentiation involving NOTCH signalling alterations.

3. Cell cycle de-regulation involving inactivation of CDKN2a tumour suppressor gene encoding
p16, and the Cyclin D1 gene (CCND1) which encodes Cyclin D1 amplification.

4. Genomic instability involving loss of TP53 and other genes related to DNA damage recognition

and repair which is the most common genomic alteration in all HNSCC.
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Field cancerisation is a hallmark in the carcinogenesis of most HNSCC. First denoted in 19532%, field
cancerisation is the wide distribution of genetic alterations throughout mucosal lining in the
aerodigestive tract despite the absence of overt malignant histopathological changes!!?. Leukoplakia
and erythroplakia represent a minority of precancerous fields in the oral cavity?®*. A further minority
of patients presenting with either, between 6% to 36%, go onto develop oropharyngeal, oral cavity,
and laryngeal SCC'*?%, The accumulation of further genetic changes in these precancerous fields leads
to the development of HNSCC, with the presence of field change leading to a higher risk of multiple
synchronous or metachronous primary tumours®. However, there is no strong evidence for a field
effect in HPV-related SCC?® and the risk of second primary OPSCC has markedly decreased over
time?”. It is also well-established that the mutation rate of HPV-positive tumours is less than that of

HPV-negative tumours, with some studies citing a rate of half that found in HPV-negative HNSCC?%82%%,

Nonetheless, chromosomal alterations and gene transcription result in all HNSCC, though there are
noted differences identified between HPV- and non-HPV related HNSCCs?'%213, TP53 mutations, loss
of chromosome locus 9p21, hypermethylation of 14-2-2 sigma protein and RASSF1A promotions, and
overexpression of Cyclin D1 are all common in HPV-unrelated OPSCCs while pRb levels are normal and

p16 expression is often decreased?'42%,

With respect to induction of angiogenesis and reprogramming of energy metabolism in HNSCC, these
are induced by hypoxia, stimulating the production of vascular endothelial growth factor, platelet-
derived growth factor, fibroblast growth factors, and interleukin-8 (IL-8)°. High vascular endothelial
growth factor has been documented in HNSCC with the factor or its receptors increased in 50% of
premalignant and 75% of malignant oral and laryngeal lesions?'”2!8, The factor also shows high positive
correlation for IL-8 overexpression. Tumours that overexpress these angiogenic elements are more
aggressive and have shorter disease-free intervals?Y’. The role of tumour-promoting inflammation is
less clear in HNSCC, especially when divided by HPV status. High density of immune cells in some
tumours indicates better survival in HPV positive cases, where it seems to promote spread in HPV
negative cases?'°2%1, The same is true of immune evasion, which is discussed further in Section 1.6.2.
Furthermore, E-cadherin forms key protein complexes with catenins which link neighbouring cells, and
their under-expression in HNSCC is associated with lymph node metastases??2. Integrins,
transmembrane proteins that allow attachment to the extra-cellular matrix and have a key role in
migration, are often irregularly expressed in HNSCC causing disordered cellular attachment and local

tumour spread??,
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The role of mutational load in HNSCC, both HPV positive and negative, is as yet unconfirmed. Indeed,
some studies suggest an overall lower level of mutational loads in HPV positive HNSCCs, but others
observe a comparable level of mutational burden or frequency, albeit with differing profiles?2%%?>,
Mutational loads in HPV negative cases exhibit a mutational profile consistent with tobacco exposure,
while HPV positive cases rarely show mutations in these more classic HNSCC genes including TP53 and
CDKN2A, and PTEN??®. For all HNSCC, up to 30% of cases harbour mutations in genes that regulate
squamous differentiation (NOTCH1, IRF6, and TP63), implicating its dysregulation as a major driver of

HNSCC carcinogenesis??®.

The epigenome also contributes to the evolution of HNSCC, hypermethylation of various genes being
the most studied element of this area. Hypermethylated genes in HNSCC fall strictly into several of the
key hallmarks of cancer including apoptosis, cell cycle progression, DNA repair, inflammation, protein
glycosylation, and invasion and metastasis. In HPV negative cases, RASSF1, STAT5, CDKN2A, CHFR,
MGMT, SPDEF, and ESR2 are often hypermethylated, where the same is true of CCNA1, TUSC3, JAKS3,
CADM1, CDH11, IGSF4, TIMP3, and GRB7 in HPV positive cases??’. Recent studies have also identified
unique DNA methylation signatures in HPV-positive HNSCC, showing novel differentially methylated
CpGs and regions associated with viral infection that are independent of anatomic site. Most
hypomethylated regions appear to be characterized by a marked loss of CpG island boundaries??. E6
and E7 oncoproteins have also been show to affect histone acetylation and methylation pattern by
interacting with histone acetyltransferases, histone deacetylases, histone methyltransferases, and
histone demethylases. Non-coding RNA are also of biologic relevance to HNSCC due to their role in
modulating gene expression??’. They can interact with histone-modifying complexes and DNA methyl
transferases. In fact, using different cohorts of OPSCC, an miRNA panel that differentiated HPV positive
from HPV negative tumours has been recently identified. Strong upregulation of miR-9 for instance
has been observed in HPV positive cases compared to HPV negative cases in which miR-9 expression
has been found to be silenced by promoter methylation??>%3°, Behavioural factors, most notably
smoking and alcohol consumption, affect all of these epigenetic factors however, making HNSCC a

diverse set of disease regardless of HPV status.

Ultimately, it is exposure to carcinogens that brings about these field changes and genetic alterations

in all HNSCC, one of the most powerful of which is HPV.
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1.6.2 HPV-Related Carcinogenesis in HNSCC: Persistent Infection, Immune Evasion, Viral
Integration, and Viral Load

HPV-related carcinogenesis in HNSCC follows the same general progression as those in other HNSCCs,

starting with consistent exposure to a carcinogen over time. Drawing from the cervical experience,

exposure to HPV is generally temporary. HPV infections are almost always cleared by the immune

system with some studies reporting that 90% of infections are cleared within two years®?3,

However, HR HPV genotypes tend to persist longer than LR types?3232, |t is this persistence, a direct

result of immune evasion by the virus, that ultimately leads to carcinogenesis.

HPV evades the immune system in a variety of different ways related to both its natural life-cycle and
its specific oncogenic activity led by oncogenes E6 and E7?%3. HPV manipulates gene expression,
protein function, antigen processing, and the extracellular environment to evade the immune system
in an almost infinite number of ways?* 23, There are several key features of the virus’ activity however

that highlight its evasive potential.

First, HPV’s normal life cycle is conducive to immune evasion itself. The replication of viral DNA in
undifferentiated cells and subsequent particle formation in external epithelial cells reduce its
exposure to the host immune system?*®. HPV does not cross the basement membrane of these
epithelial cells where immune cells are far more abundant, and instead deposits on the basement
membrane (see Figure 1.11 for further detail). That its life cycle is non-lytic means that it does not
elicit any pro-inflammatory signals that activate dendritic cells. This also means that there is no blood-

borne phase of the HPV life cycle, again minimizing the virus’ exposure to the immune system.

Second, in initial infection, the virus keeps gene expression at low levels, controlled by protein E2
hindering the detection of infected cells by local immune cells?*’. These E6 and E7 proteins, though
up-regulated upon integration of the virus, are non-secreted proteins and remain within the nucleus
of cells, reducing the risk of immune detection. Furthermore, the virus has been implicated in
alterations of the gene expression of chemokines, cytokines, and adhesion molecules that facilitate its

immune evasion?®*’.

Third, HPV mediates the dysregulation of antigen processing machinery and the production of the very
antigens that are processed and presented to the adaptive immune system?3. The virus down-
regulates the peptide MHC-complexes on the surface of infected cells, protecting them from immune

detection and destruction. In fact, HPV-related tumours exhibit loss of MHC Class 1237238, E6 and E7
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immunogenic peptides are also not efficiently processed and presented. E6 and E7 from HPV16 and
HPV18 in particular actually repress promoters for MHC Class | heavy chain expression®°, while E7

actively disrupts antigen presentation.

Fourth, HPV dysregulates and avoids interferon type | effects. There is evidence to suggest that
interferon-a (IFN-a.) does not inhibit the transcription of E6 and E7 oncoproteins, though interferon-
¥ (IFN-y) does*®. HPV16 and HPV18 E7 can bind to the transactivation domain of some interferon
response factors which are downregulated as a result of E7 expression®’. E6-mediated down-
regulation of E-cadherin in keratinocytes may also limit the presentation of viral antigens by dendritic

cells to the immune system?3323,

Finally, HPV evades the immune system through the manipulation of extracellular strategies affecting
antigen presenting cells, T-cells, tumour-associated macrophages, myeloid-derived suppressor cells,
and regulatory T-cells?*’. Particularly, HPV E6 and E7 oncoproteins alter the recruitment and location
of epidermal dendritic cells, while soluble regulatory factors derived from HPV-induced hyperplastic
epithelium change dendritic development and influence the initiation of specific cellular immune
responses?*®. Even more importantly, HPV interferes with the recruitment of T helper cells through

suppression of associated cytokines including interleukin-6 (IL-6) and interleukin-10 (IL-10)%’.

Once HPV establishes immune evasion through these extensive and intricate mechanisms, integration
of HPV DNA into the cellular genome is likely the next critical step for carcinogenic progression. This

112

has been noted especially amongst patients whose HPV infections affect their tonsils***. In fact,

anatomically, HPV DNA integration is consistently centred on the tonsillar crypt epithelium?*2,

HPV’s integration into the host genome in particular cells is thought to be mostly a random process,
though it is very likely that along with systemic risk factors, there are certain cellular characteristics
that make some cells more at risk of infection and integration than others. Nonetheless, integration
results in the clonal selection of aggressively expanding cells that display altered gene expression of
integrated HPV genomes and potential perturbations of cellular genes at or near viral integration
sites?*1, Furthermore, integration immortalizes host cells with potential for malignant transformation
through increased proliferative capacity, upregulation of anti-apoptotic pathways, and increased
genomic instability!*?*2, Viral integration can also lead to loss of E2-mediated inhibition of viral

oncoprotein expression, further potentiating carcinogenesis?*.
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It should be noted however that transcription of E6 and E7 viral oncogenes can occur when HPV is still
episomal. Some studies suggest that episomal HPV alone contributes to the development of most
HPV-related HNSCC in contrast to SCCs of the cervix®**?%>. This said, in cervical SCC, alteration of E2 on
integration facilitates increased expression of E6 and E7 oncogenes?**, and some investigations have

concluded that viral integration in the tonsillar crypts is crucial to carcinogenesis?424,

Once integrated and replicating, a greater HPV viral load should logically result from an immune
evasive HPV infection. It has been suggested that high HPV viral load (at least one HPV copy per
tumour cell) in HNSCC predicts active HPV infection?*®2%%, but the cervical case has shown that it is
impossible to predict tumour progression based on viral load alone?*'. In fact, the proportion of HPV-
positive SCCs with high viral load varies dependent upon studies which report high viral load
prevalence between 33% to 77.5%’12*, It is possible that low viral load is representative of a transient
HPV infection that simply happens to be present in the tumour at the time of testing. However, gene
and oncogene expression in HNSCC varies greatly. Thus, the simple existence, rather than a high

expression of viral oncogenes may be sufficient to spur HPV-related HNSCC carcinogenesis?*°.

1.6.3 HPV-Related Carcinogenesis: Oncogenes and Genome Alterations

Following HPV’s persistent infection, immune evasion, and likely, integration, it is the oncogenes of
the virus, in particular E6 and E7, that are the driving force of HPV carcinogenesis®?2. The E6 and E7
genes produce E6 and E7 oncoproteins that respectively inhibit the activity of tumour-suppressing p53

and retinoblastoma (pRb) genes and proteins.

The E6 oncoprotein’s main contribution to HPV-related HNSCC carcinogenesis is the promotion of
ubiquitin-mediated proteolysis of the p53 protein through an E6 associated protein (E6AP) (Figure
1.9). When HPV E6 binds to the E6AP, the complex then binds to p53, ultimately leading to its
degradation (Figure 1.9). Under normal circumstances, p53 facilitates repair to damaged host DNA by
arresting cells in the G1 phase or inducing apoptosis. E6-expressing cells therefore face increased

mitotic stress and genomic instability*>3

. p53’s degradation is accompanied by E6’s interaction with c-
myc which results in increased proliferation through the consequential up-regulated transcription of
telomerase (hTERT in Figure 1.9)%**. Furthermore, under normal circumstances, p53 induces protein
p21 activity, whose overexpression results in cell cycle arrest and the maintenance of DNA repair
(Figure 1.9). Degradation of p53 therefore decreases p21 expression and cells proliferate freely*.
Finally, along with targeting the Wnt and NOTCH signalling pathways?>>, HR HPV E6 proteins bind to

PDZ domains containing proteins with tumour suppressor activity?>>2%,
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Figure 1.9 Schematic diagram of HPV oncoprotein E6’s main involvement in the carcinogenesis of HPV-
related HNSCC.

The E6AP binds to the E6 oncoprotein, a complex which then binds tumour suppressor protein p53. This leads to
ubiquitin-mediated proteolysis and degradation of p53. Under normal circumstances, p53 induces the activity
of protein 21, but when it degrades, p21 is less active and cell proliferation and DNA damage occur. E6 also
interacts with c-myc, causing the upregulated expression of telomerase through the transcription of the hTERT
gene. Overall, the downstream effects of E6’s genomic alterations include extended cellular proliferation, the

arrest of apoptosis, deregulation of DNA damage repair, and cellular senescence.
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The E7 oncoprotein is the most important driver of cell cycle deregulation in HPV-related HNSCC
carcinogenesis. It causes cell cycle disruption through its interactions with the pRb tumour suppressor
protein and thus increases the downstream activity of histone deacetylases, cyclins, and cyclin-
dependent kinases (CDK) (Figure 1.10). It does this primarily by mimicking the phosphorylation of pRb,
which cyclins and CDKs normally induce, resulting in the release of E2F transcription factors (Figure
1.10). E2F factors are necessary for the transcription of genes involved in proliferation and cell cycle
progression?’. Cells therefore abnormally enter the S-phase from the G1 phase in the cell cycle (Figure
1.10). E7 also binds to cyclin and CDK inhibitors, most importantly protein p21 (Figure 1.10). It also
binds and degrades the pRb protein itself, further releasing E2F and destabilizing regulation of cellular
senescence?®, This functional inactivation of pRb results in overexpression of the p16 tumour
suppressor protein, which is a CDK4A inhibitor (Figure 1.10). This renders HPV a somewhat masochistic

carcinogen but also allows the use of p16 as a surrogate marker for HPV-related oncogenesis'?"/2°9-262,
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Figure 1.10 Schematic diagram of HPV oncoprotein E7’s main involvement in the carcinogenesis of HPV-
related HNSCC.

E7 targets the pRb tumour suppressor pathway and protein, and deregulates the cell cycle during the G1 phase.
Under normal circumstances, mitogenic signals activate cyclins which promote progression though the G1-S
phase of the cell cycle in a manner dependent on cyclin-dependent kinases CDK4 and CDK6. pRb in its hypo-
phosphorylated form is associated with E2F molecules. E2F transcription factors allow cell cycle progression

through the G1 to S phases. Cyclin D/CDK4/CDK6 complexes cause the phosphorylation (represented by P in a

purple pentagon in the diagram) of pRb bound to E2F, which in turn results in the release of E2F. Thus, cells
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progress through the G1 and S phases. During HPV carcinogenesis, E7 mimics the phosphorylation of pRb which
leads to the release of E2F, progression into the S phase, and proliferation. E7 also interacts with the p21
protein leading to its degradation. This is significant because p21 plays a critical role in the cellular response to
DNA damage and its overexpression results in cell cycle arrest. p21 also inhibits the cyclin D/CDK4/CDK6
complexes and its degradation prevents this inhibition. Finally, E7 binds to pRb and induces its ubiquitin-
mediated proteolysis and degradation. This furthers the lack of binding of pRb to E2F transcription factors
which does indeed yield increased progression through the G1-S phase of the cell cycle. However, the release of
E2F through E7 actions also causes the up-regulation of p16. p16 is a tumour suppressor and binds to cyclin
D/CDK4/CDK6 complexes, inhibiting progression through the G1-S phase of the cell cycle and preventing

phosphorylation of pRb bound to E2F transcriptions factors.

The E5 oncoprotein cooperates with E6 and E7 to promote proliferation of infected cells and probably
facilitates malignant progression2%. E5 primarily modulates EGFR signalling pathways and delays the
internalization and degradation of EGFR, leading to increased levels of EGFR on the surface of E5-
expressing keratinocytes through interaction with the 16kD subunit of the vacuolar ATPase, which
normally acts to acidify the endosomal environment®. HPV-related HNSCC, in particular OPSCC, is
strongly associated with low EGFR expression. In tandem, viral integration frequently leads to loss of
E5 expression. Thus, it is logical to conclude that E5’s oncogenic activity likely occurs in the early stages

of carcinogenesis?*,

Genomic instability underpins the development of dysplasia, malignancy, invasion, and metastasis in
cancers®®. Indeed, the aberrant proliferation induced by E7 described and pictured in Figure 1.10 is
facilitated by suppression of apoptosis by E6 mechanisms described and pictured in Figure 1.9.
However, it is the additional functions of E6 and E7, and to an extent E5, by multiple mechanisms that
result in chromosomal mutations and genomic instability. These chromosomal abnormalities include
centrosome irregularities and spindle checkpoint failure, both of which give rise to polyploidy,
aneuploidy, and chromosomal rearrangement?®%2%’, DNA damage?%®?%°, disruption of checkpoint
control mechanisms, variation in the Fanconi anemia DNA repair pathway*, and induction of the ATM-
ATR DNA damage repair pathway*®. Tobacco and alcohol consumption also cause genomic
instability?’%. This may be used as further evidence for a role for tobacco especially in the potentiation

of HPV-related HNSCC in the context of the effects of E5, E6, and E7.
With respect to DNA methylation, diverging patterns have been observed between HPV-related and

HPV-unrelated HNSCCs. HPV-related HNSCC methylation patterns are far more similar to those

demonstrated in cervical SCC than those in HPV-unrelated HNSCC?’%. The same is true of the miRNA
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profiles of HPV-related HNSCCs which are similar to those of cervical SCCs?’2. Excess DNA methylation
could be a mechanism used by the virus itself to evade the immune system, or it may by a defence

tactic utilized by the host cell?’%,

To note is that there are also differences in DNA methylation rates between HNSCCs in tobacco-users
versus non-users as well as specific mMRNA and miRNA clusters?’®. This suggests that in tandem with
differential methylation patterns for HPV-related HNSCC, there may be a distinct set of cancers with
unique genetic and molecular profiles that result from a combination of viral and behavioural origins.
There is evidence to suggest that smoking and HPV status for instance, when combined in survival

analysis, may segregate patients into distinct categories®#274,

It should be noted that despite differential carcinogenic mechanisms, the effects on downstream
pathways of HPV- and smoking-related cancers are often the same. This includes, for instance, mTOR
inhibition which results from TP53 mutations in tobacco related cases and from E6 induced
degradation of p53 in HPV-related cases?®. That said, the specific viral origins of HPV-related HNSCC
have very evident clinical implications for patient prognosis, survival, and treatment (see Section 1.8).
Thus, the early effects of HPV in carcinogenesis are significant and not to be dismissed simply because
their downstream effects converge with those of smoking- and alcohol-related cases. It is also
important to highlight that E6 and E7 proteins expressed in LR HPV types do not induce the same
genetic changes that HR HPV do in HNSCCs. These may therefore exist as latent passenger viruses with

no transcriptional activity?’>?7®,

In any case, there is a distinct group of HPV-related head and neck tumours arising from the epithelium
of lymphoid tissue characterised by viral oncoprotein expression. Much like in the cervix, HPV infection
is likely not only an early factor in carcinogenesis, but the origin of carcinogenesis in these cases. The
viral oncoproteins E6 and E7 of HR HPV genotypes, particularly HPV16, are the primary drivers of
cellular transformation in HPV-related HNSCC?*2. Their downstream effects result in the onset of

tumours in specific parts of the head and neck with particular genetic and molecular profiles.

1.6.4 HPV-Related Carcinogenesis in HNSCC: Anatomical and Functional Vulnerabilities

HPV is implicated in the carcinogenesis of cancers in a defined region of the head and neck, including
the oropharynx, the larynx, and the oral cavity. This suggests that there are particular anatomical and
functional characteristics of the region that render it especially vulnerable to persistent HPV infection

that evades the immune system and ultimately transforms cells.
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The oropharynx, larynx, and oral cavity are full of lymphatic tissue and MALT whose role is to enact
and support immune function. In fact, it is the palatine and lingual tonsils, protected only by the
immune properties of the saliva, that act as a first line of immune defence against pathogens and
carcinogens for the rest of the body (Figures 1.4 and 1.5). Positionally, the location of the oropharynx
and the palatine and lingual tonsils in particular, enhances their ability to immunologically defend
against pathogens entering through the mouth (Figures 1.4 and 1.5). However, these functional and
structural properties, though optimal for immunological activity, result in the sacrificial vulnerability
of the region, disproportionately exposing it to pathogens and carcinogens. This is in direct contrast
to for instance, the pharyngeal tonsils which are physically and biochemically protected from direct
pathogenic contact by the uvula and the major cavity of the nasopharynx (Figures 1.4 and 1.5). For
this reason, or perhaps despite it, the oropharynx, larynx, and oral cavity, though most especially the
tonsils, are known to harbour pathogenic viruses such as Epstein Barr virus, adenoviruses, and herpes

simplex virus?”’.

Much the same functional and structural vulnerability is present at the cellular level, as showcased in
Figure 1.11. HPV requires an exposed basement membrane to depose itself and become persistent.
In the cervix, the basal cell layer of the three-layered mucosa is not naturally porous or disrupted.
Thus, HPV infection not only requires desquamation of the superficial epithelium but also demands
trauma to the basal cell layer with subsequent deposition of the virus onto an exposed basement
membrane?’®, In the reticulated epithelium of the oropharynx and to some extent in the MALT of the
larynx and oral cavity, the natural state of the basal cell layer is disrupted (Figure 1.11). Thus,
superficial epithelial disruption and unrest leave the basement membrane exposed to viral deposition
without the need for mucosal trauma (Figure 1.11). The normal cellular structure of the tonsillar crypts
therefore uncovers the basement membrane of the tonsil to the precise pathogens, including HPV,

whose successful persistent infection necessitate its exposure (Figure 1.11).
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Figure 1.11 The reticular epithelium of a tonsillar crypt, drawing by T. Phelps®.

The drawing shows the three cell layers of the reticulated epithelium of the tonsillar crypts, highlighting the
fact that the basal cell layer exists in a naturally disrupted and porous state. Under normal circumstances, this
allows for the efficient transfer of lymphocytes across the basement membrane to support the best possible
immune function. However, the drawing also indicates that this natural porosity results in the exposure of the
basement membrane after partial or complete superficial cell desquamation. HPV, to become persistent in
infection, must be able to deposit itself on an exposed basement membrane. Thus, the natural exposure of the
basement membrane in the tonsillar crypt is the precise anatomical environment required for HPV to become

carcinogenic.
Viral entry itself may be facilitated by M-cells lining the crypt epithelium®?, as with other viruses?’*:%,
Increased cytokines related to nearby lymphoid tissue may additionally influence the promotion of
carcinogenic HPV infection specifically®®!. Furthermore, the permissive nature of the reticular

epithelium to cellular migration may contribute to the early metastasis of HPV-positive OPSCC®.

Functionally, the basal cells of the crypts are the only dividing cells in the epithelium, indicating that

their transcriptional and translational machinery, involved in cellular division, are uniquely and
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continuously operational. HPV’s genomic alterations to a basal cell may therefore not need to be as
significant as in the other epithelial cells of the crypts, or other parts of the head and neck, for a

carcinogenic pathway to develop.

That the vast majority of HPV-positive HNSCCs localize to the tonsillar crypts of the lingual and palatine
tonsils and head and neck sites lined with MALT is thus unsurprising. It is clear that the structural and
functional properties of the region that normally optimize its immunological functions ultimately

increase its risk for originating HPV-related HNSCC.

1.6.5 A Comprehensive Model for HPV-Related Carcinogenesis in HNSCC

Based on the cervical model, a small number of patients with persistent HR HPV infection, immune
evasion, viral integration, and significant viral load will ultimately see genetic changes which lead to
precancerous lesions. A further fraction of these patients will eventually develop cancer many years
after the original infection. Indeed, HPV-related precursor lesions in the oral cavity have been
identified?2. This said, there have so far been no detectable HPV-related precancerous lesions in the
oropharynx®?, despite SCC of this region being the most heavily associated with viral origins. This may
be related to the technical difficulties in clinically assessing and sampling deep tonsillar crypts?83284,

No dedicated HNC screening tools have been developed, nor have any accompanying screening

systems, due to the relatively newly discovered significance of HPV-related HNSCC.

Those patients who do go on to develop HPV-related HNSCC however will never do so without the
combination and cascade of events the foregoing discussion describes. In other words, none of the
genetic, molecular, or anatomical features of HPV-related HNSCC will work in isolation from one
another throughout carcinogenesis. For instance, the vulnerability of the oropharynx’s anatomy to
infection only becomes a risk when mechanisms of immune evasion allow persistent infection at these

sites, which is one of the main reasons why immunosuppressed individuals are particularly at risk.

Thus, based on the foregoing review of the unique epidemiology, physiology, and oncogenesis of HPV-
related HNSCC in comparison to HPV-unrelated HNSCC, it is possible to construct a distinct model of
HPV-related HNSCC carcinogenesis. The model is detailed and portrayed in Figure 1.12. It begins with
active HPV infection in the vulnerable anatomical sites of the head and neck, particularly in the MALT
tissue and tonsillar crypts, followed by viral immune evasion, the expression of viral oncogenes, E6/E7
mediated cellular transformation, progressive genetic alteration, eventual malignancy, and potential

metastasis.
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Figure 1.12 Proposed model for carcinogenesis of HPV-related HNSCC.

The model posits that carcinogenesis begins with HPV infection of vulnerable anatomical sites of the head and
neck, including the oropharynx, oral cavity, and larynx. In particular, HPV infection in palatine and lingual
tonsils, and base of tongue are suggestive of potential carcinogenesis given the partially desquamated
reticulated epithelium of the region that allows HPV’s deposition on the basement membrane. The virus then
evades the immune response through various mechanisms, becoming persistent in the vulnerable anatomical
sites. The virus, perhaps integrated or still episomal, then expresses its viral oncogenes including E5, E6, and E7.
The latter two then subsequently mediate cellular transformation through their interactions with the p53 and

PRb tumour suppressor pathways. This leads to progressive genetic alteration, and eventual malignancy.

1.7 Biomarkers in HNSCC

1.7.1 Defining ‘Biomarkers’

The word biomarker refers to a broad subcategory of medical signs, objective indications of medical
state observed from outside the patient, which can be measure accurately and reproducibly including
molecules, genes, and alleles?®. Medical signs stand in contrast to medical symptoms, which by

comparison are limited to indications of health or illness perceived by the patients themselves?>.
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The use of biomarkers in both basic and clinical research has become commonplace. Some biomarkers
have been so well defined that many serve as reliable predictors, detectors, confirmers, and identifiers

of clinical outcomes across a variety of diseases, treatments, outcomes, and populations.

Biomarkers can be pharmacodynamic based on their mechanistic action on tissue, prognostic based
on their effect on clinical outcome, predictive based on an effect on clinical outcome from any

intervention, and surrogate, acting as substitutes for clinical outcomes!*25,

1.7.2 Biomarkers in HPV-related and HPV-unrelated HNSCC

It is difficult to identify clinically useful biomarkers in HNSCC due to the heterogeneity in HNSCC
carcinogenesis, genome, and subsequent prognosis?®’. Nonetheless, as examined above, HPV-related
HNSCC, especially those of the oropharynx and to an extent those of the oral cavity and larynx, show
converging agreement for several biomarkers, some proving promising in treatment and prognosis
predictions. The same is true for HPV-unrelated HNSCC as a comparative sub-category. Biomarkers
therefore represent the opportunity to assess specific therapeutic approaches to dealing with these

subsets of cancer based on their developing genetic signatures.

1.7.3 HPV Status

HPV-status has been designated a predictor of prognosis, survival, and outcome in HNSCC in many
studies?®2%°, Those studies that find significance in statistical analyses find that HPV-positivity
predicts improved response to treatment, prognosis, and outcome?®”-2°12%_ These conclusions hold
true no matter the indicator of HPV-positivity including HPV DNA and HPV RNA88249.2942% However,
HPV-positive OPSCC patients with high expression of the E6 oncoprotein have 5 times greater a risk of
distant disease recurrence and significantly worse cancer-specific survival®*®. In addition to this,
though the literature is almost unanimous in its determination of HPV status as a positive prognostic

C*7. Individual

biomarker in HNSCC, one study did show poorer survival for HPV-positive OSC
experience of HPV infections, sub-site, and geographic region thus nuance more positive outcomes

documented for HPV-positive OPSCC patients.

1.7.4 pl6

pl6 has proven an extremely useful biomarker in HNSCC. As shown in Figure 1.10, the tumour
suppressor protein p16 is upregulated in HPV-related carcinogenesis as a result of the downstream
effects of the HPV E7 oncoprotein. p16 binds to the cyclin D/CDK4/CDK6 complex, stabilizing the pRb

tumour suppressor protein in its active hypophosphorylated form (Figure 1.10). It is therefore
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unsurprising that a huge number of studies observe a strong correlation between integrated HPV
detection and p16 protein overexpression in HNSCC, so much so that many researchers suggest p16
as a surrogate biomarker for HPV-related HNSCC!27:259-262,:288,293.298 pqgled analysis shows that 46% to

98% of HPV-positive OPSCCs demonstrate p16 positivity?®2.

By contrast, the upregulation of p16 is not evident in HPV-unrelated HNSCC, where downregulation
or loss of the p16 protein expression is a common early event and is associated with worse prognosis,

265 As a consequence of these diverging p16 profiles,

consistent with the tumour-suppressor role it has
p16is becoming a more routine part of clinical assessment of HNSCC in terms of subsequent treatment
options due to better survival in HPV-related cases, and its use has now expanded to the reframing of

staging for OPSCC and OSCC!"114,

Controversy remains however about pl6 as a true surrogate for HPV-positivity. What is defined as
HPV-positivity (e.g. HPV DNA positivity, HPV mRNA positivity) differs in most studies, and which
indicator equivocates to p16 as a biomarker changes accordingly. False positivity for HPV based on
pl6 may be higher outside the oropharynx where the prevalence of HPV-related SCC is lower. p16

expression can also occur in 5% to 8% of HPV-negative HNSCCs?*°.

Furthermore, p16 can often be a confounding factor when trying to differentiate between HPV-related
and smoking-related HNSCC. Many HPV-positive tumours are p16 negative. In fact, pooled analysis
shows that between 2% and 54% overexpression of p16 is absent from a subgroup of HNSCC with an
HPV infection?%3%, Furthermore, HPV positivity and p16 negativity/methylation often correlate with
patients who are smokers or have a history of smoking®3®3°?, Conversely, some HPV-negative tumours
are pl6 positive, with dysregulation of epigenetic control or multiple transcription factors being
mechanisms that lead to aberrant expression of p163°2. This may suggest the emergence of new hybrid
classes of HNSCC where either both HPV and smoking are involved in disease progression, or for some

other reason, p16 is upregulated in HPV-unrelated cases.

Preliminary data already suggests that though HPV-positive/p16-positive cases show the best overall
survival, p16-positive cases show better survival regardless of HPV status. Thus, several studies point
out that p16 might be a better independent prognosticator, regardless of HPV status26239-306_Qthers

disagree based on the fact that overexpression of p16 has been found in normal tonsillar tissue*%3%7,

42



The pairing of HPV DNA status and p16 status is one suggested diagnostic method that may help to
overcome the uncertainty surrounding p16’s use a surrogate biomarker and to improve its specificity.
Since p16 likely represents the activity of viral oncogenes, specifically E7, the identification of HPV-
positive/p16-positive cases may distinguish carcinogenic infections from transient ones, with likely
HPV-positive/p16-negative results. This may actually explain why HPV-positive/p16-negative HNSCCs

have a slightly worse prognosis than their dually positive counterparts'®1943%,

Having said this, some studies have found significant heterogeneity in overall survival rates for p16-
positive/HPV DNA-positive cases, despite the overall significance of a more favourable survival rate?®,
There are also suggestions that HPV E6/E7 mRNA expression may be just as if not more reliable and
representative of an active oncogenic HPV infection as the combination of HPV DNA detection and
p16 expression. The fact that HPV-negative HNSCC and HPV-positive but E6/E7 mRNA-negative HNSCC
show similar survival curves justifies this proposition?*. HPV mRNA use is still however mostly

309 3nd its use in the clinic

restricted to the laboratory as a result of its intensive labour and large costs
has not yet been fully validated. The same is true for p16 and HPV DNA, all of which continue to be

evaluated for their comparability, validity, reliability, feasibility, and ultimate use in the clinic.

For the moment, the pairing of p16 immunohistochemistry and HPV DNA testing represents the most
cost effective and valid way of using biomarkers for the benefit of patient outcomes. The current
literature thus suggests that combining immunohistochemistry for p16, with an estimated cost of €25
per slide, with a test for HPV DNA, either using ISH with estimated cost €49 per slide or PCR with an
estimated cost €38 per slide using SPF-10 primers, likely represents the best strategy for
determination of clinically relevant HPV infection in HSCC3'°. New emerging technologies detecting
HPV DNA that are more sensitive and specific than ISH and traditional PCR may come to replace them

given the high-stakes-, patient outcome-nature of HPV DNA'’s clinical use.

1.7.5 EGFR
EGFR is the cell-surface receptor for members of the epidermal growth factor family of extracellular
protein ligands3!!. EGFR’s binding to its associated family of epidermal growth factors results in cellular

proliferation, differentiation, and survival'?.

Across all HNSCC, EGFR expression is diverse. For the most part, EGFR overexpression is not hugely

common in patients with head and neck cancer, with the promising results of targeted treatment in

t312

cell line models being less applicable in the clinical context>**. Where it is overexpressed, it is
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associated with poor survival in HNSCC in several studies®'*3%, including HPV-related HNSCC>%328, |n
fact, many studies identify EGFR expression intensity as an independent predictor of response to
induction chemotherapy, chemo/radiotherapy, overall survival, and disease-specific

SurViva|10,125,317,318

HPV-related HNSCC is characterized by low EGFR expression'#310317-319 ‘Much like in the case of their
upregulation of tumour suppressor p16, low EGFR expression in another hallmark of the seemingly
self-defeating nature of some HPV-related HNSCC, especially those of the oropharynx. In fact, low
EGFR expression may partially explain the better response to treatment and better survival in these
patients*13314317 |n combination with other biomarkers of HPV-related HNSCC, the relationship
between low EGFR expression and better survival in these patients becomes incrementally

Stronger125'3l7'318

By contrast, HPV-unrelated HNSCC tend to show higher EGFR expression in tandem with an increasing
pattern of expression between never-smokers, past smokers, and current smokers®®. Given that
smoking is the primary carcinogen implicated in HPV-unrelated carcinogenesis, smoking make be
responsible for increased EGFR expression in these HNSCC through increased hypoxia in the pre-
cancerous and cancerous tissue of smokers. This renders the tumours more aggressive, but also better

targets for EGFR inhibitors including Cetuximab.

1.7.6 Cervical Squamocolumnar Junction Biomarkers

In the literature there are suggestions that cervical biomarkers might be translated to those for HPV-
related HNSCC given the similarities in carcinogenesis between these tumour-types. Biomarkers
specifically expressed in the cells of the cervical squamocolumnar junction (SCJ) have been discovered
through laser capture microdissection by Affymetrix exon array!*. The panel of biomarkers established
(CK7, AGR2, MMP7, and GDA) share expression with over 90% of high grade squamous intraepithelial
lesions and carcinomas. The biomarkers converge in a population of cuboidal epithelial cells of
embryonic origin at the SCJ32°32% which are the origin of the majority of cervical SCCs. Though tonsillar
crypt epithelial cells have previously been described as cuboidal, the expression of this protein
biomarker panel is not induced by HPV E6 or E7 in squamous epithelial cells in vitro, and their
expression is lost if the SCJ is removed by cone biopsy or excision®**. The SCJ-specific expression profile
in cervical lesions and cancers is likely not a result of the transformation of cells but instead is simply

a reflection of the already known embryonal origin of the cells.
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1.7.7 Other and Combined Biomarkers

The construction of a biomarker library for HNSCC, and HPV-related HNSCC presents a valuable
opportunity given the lack of any defined precancerous phase in HPV-related HNSCC especially. In the
case of HPV-related HNSCC, it might be logical to assume that oral HPV infection would be indicative
of eventual malignancy. However, given that the majority of HPV infections are cleared, it is
unsurprising that oral fluid shows correlation but lacks sensitivity and specificity for clinically relevant
HPV infections?*2. In this context, Raman spectroscopy may prove useful still, as may the potential for
analysing tumour DNA in blood via circulating tumour DNA or tumour cells to facilitate the early

detection and treatment surveillance of cancer®%.

Biomarkers related to treatment response, including radiation, chemotherapy, and
immunotherapeutic agents have been studied with mixed results31°3%6328  Suggested biomarker
correlations are often contradictory and inconsistent, so much so that the limited success of individual
markers to predict tumour behaviour has led to attempts to classify biomarker ‘signatures’ such as
panels of RNA, miRNA, and protein expression alterations'®428:329 Some studies have investigated
panels of predictive biomarkers in both HPV-related OPSCC and non HPV-related OPSCC in

particular®?, but not many of these have been clinically validated3..

Mutations of genes involved in unifying HNSCC carcinogenic pathways such as squamous
differentiation (NOTCH), apoptosis (TP63, FAS/FASL), cell cycle control (CCND1), and DNA repair (TP53,
TP73) may prove useful as biomarkers. Although HPV-related HNSCC tend to have far fewer genetic
mutations than HPV-unrelated HNSCC, notably in these precise genes, the downstream effects of viral
oncoproteins are still similar. For instance, the substitution of Pro for Arg in the transactivation domain

2 may alter susceptibility of p53 to oncogenic HPV E6-mediated degradation333,

of the p53 gene®:
Homozygous Arg/Arg genotype has been significantly associated with an increased risk of HPV
associated cancer®*%4 The same is true of 2 linked non-coding exon 2 polymorphisms of the p73
gene in the p53 pathway at positions 4 (Guanine to Adenine) and 14 (Cytosine to Tyrosine) which are
thought to affect gene function by altering expression, and efficiency of translational initiation3°.
MDM2, also in the p53 pathway, downregulates p53 given certain SNPs at codon 72. SNP G2580T of

MDM2 at nucleotide 309 in the promoter region has been shown to alter p53 expression levels with

subsequent attenuation of the p53 pathway>3®.

CCND1 downregulation is also strongly associated with HPV-positivity in tonsil carcinomas®¥’. The gene

promotes transition through the restriction point in the G1 phase of the cell cycle®**. A polymorphism

45



in CCND1 exists at codon 242 within the conserved splice donor site of exon 4, modulating the splicing
of CCND1 mRNA and causing two transcripts with different half-lives and functional activity to
result®°. Consequently, the reduced levels of CCND1 could facilitate the interaction of the HPV16 E7
protein with pRb, contributing then to p16 overexpression. Genetic polymorphisms of the FAS/FASL
promoters have also been suggested to contribute to HPV-associated cancer risk by inducing
differential apoptosis of immune cells in response to the micro-environment signals after HPV

infection3%.

Some studies have identified 10 cytokeratin genes (CK19, KLK7, KLK8, KRT10, KRT75, KRTDAP, DMKN,
SBSN, SPRR2A, SPRR2G, and SPRR4) that are down-regulated in HPV-positive tumours, which
correlates well with the fact that HPV-positive HNSCCs are predominantly non-keratinizing, poorly
differentiated, or basaloid carcinomas®1%3*!, This downregulation may be attributed to the E6 and E7
oncoproteins that are known to modulate keratinocyte differentiation, suggesting that this HPV gene

expression is intimately linked to differentiation states of the infected keratinocytes.

Other, and lesser-known markers, include EPS15, involved in clathrin-mediated endocytosis for HPV16
entry**2, MTMR14, an inhibitor of autophagy and HPV16 infectivity, DYRK1A, involved in stabilizing
HPV16 E7 oncoprotein and increasing its transforming potential®*3, and UBE3A, which interacts with
HPV16 E6 oncoproteins resulting in p53 proteolysis***. Many of these markers, including CK19, are
now considered markers of pre-malignancy and susceptibility to HPV-related OPSCC. What is
becoming apparent however, is that the collective analysis of significant markers will prove very useful
as determinants for prediction and prognosis when enough statistical analyses have been carried out
to personalize probabilities to specific combinations of markers. Research of this type is ongoing, with
the combination of EGFR expression, HPV16-positivity, and pl6 expression accurately stratifying
patients with the best and worst survival — low EGFR, high p16, and HPV positive tumours generally
presenting the best survival statistics — and the pairing of low p53 and high Bcl-xL expression

associated with poor prognosis®'73'8.

1.7.8 Immune Markers

Chronic inflammation is well-known to be related to increased risk of cancer and of HNSCC in general.
The role of inflammation, chronic or otherwise, in HPV infection and associated disease is complex,
on the one hand preventing initial infections and clearing ongoing ones and on the other promoting
the persistence and progression of related lesions?**. Chronic inflammation has been implicated in the

development of HPV-related cervical cancer*.
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Given that immune evasion is key to the pathogenesis of HPV-related cancer, pro-inflammatory
cytokines may play roles in regulating the growth of HPV-infected cells**. That viral perspective,
disease progression, and/or malignant transformation may involve escape of these cytokines could
modify the efficiency of HPV clearance, especially since the etiology of HPV-induced cancer is triggered
by persistent, repetitive, viral infection. Polymorphisms of a number of cytokine genes have been
implicated as biomarkers in influencing susceptibility or resistance to cancers caused by HPV infection

owing to their role in determining host immune response.

The IFN-y gene plays a pivotal role in defence against viruses and intra-cellular pathogens through the
induction of immune-mediate inflammatory responses®". IFN-y is significantly decreased in HNSCC
patients®*®, The T+874A SNP is located at the translation start site of the IFN-y gene and coincides with
a putative NF-KB binding site*°. This SNP could play a fundamental role in the induction of
constitutively high IFN-y production. IL-10 also has a suppressive effect on cell-mediated immunity,
which may be critical in the elimination of HPV-harbouring cells**°. A number of polymorphisms exist
at the -1082 position of the promoter region that play an important role in determining high, medium,
and low production of IL-10%*1. The G/A SNP at position -1802 is associated with low (AA), medium
(AG), and high (GG) cytokine production®*. Interleukin-1B (IL-1B) and Tumour Necrosis Factor a (TNF-
a) have also both been shown to influence cytokine expression, with the latter directly controlling HPV

infection by induction of apoptosis in HPV-infected cells, as seen in cervical cells>2.

Furthermore, the immune checkpoint ligand programmed cell death 1 (PD-L1) is present in normal
tonsillar crypts irrespective of HPV infection. Programmed cell death protein 1 (PD-1) expressing
lymphocytes are also found in both chronic tonsillitis and HPV-related oropharyngeal tumours3>3. The
PD-1:PD-L1 pathway may play a role in HNSCC, particularly in HPV-related oropharyngeal cases by

encouraging HPV-related carcinogenesis in an immune-rich site3>33>4,

348

In fact, that there is significantly decreased IFN-y in HNSCC patients®*® may be caused by inhibition of

T-cell regulation from increased expression of PD-1:PD-L1.

For these reasons, immune checkpoint blockades in the form of a monoclonal antibody that inhibits
the PD-1 receptor has the potential to play a role in future therapies for HNSCC. The initiation of the
anti-tumour response has already been documented in animal studies®>°. Pembrolizumab, a drug with
this specific function, has demonstrated promising clinical responses in head and neck cancer

patients®*®3>’ Trials are ongoing to further assess the role of these antibodies in HNSCC.
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1.8 Clinical Implications

1.8.1 Diagnosis, Treatment, and Prognosis of HNSCC

Prognosis and survival for HNSCC is generally poor. Approximately half of all patients with HNSCC have
advanced stage disease at the time of diagnosis, with an expected 5-year survival rate between 10%
to 40%3>8. This is mostly attributed to the fact that diagnosis of HNSCC is frequently delayed because
symptoms for which patients will seek medical attention such as pain, dysphagia, and shortness of
breath occur late in the stage of disease®°. Despite treatments that may consist of multiple
combinations of surgery, radiotherapy, and chemotherapy, overall long-term survival remains low due
to persistent or recurrent disease®*. In fact, the median overall survival for recurrent or metastatic

HNC remains less than 1 year despite modern chemotherapy and targeted agents>®°.

Palliative chemotherapy and cetuximab, the EGFR inhibitor, constitute the backbone of treatment for
patients with recurrent and metastatic HNSCC3®. Cetuximab in combination with chemotherapy has
been shown to improve response rate from 20% to 36% in some trials though toxicity continues to be
a problem??, Platinum chemotherapy in combination with 5-fluorouracil and cetuximab has resulted
in the longest median overall survival for HNSCC3®°. Other phase lll trials have been carried out on
platinum doublets including cisplatin/5-FU, cisplatin/paclitaxel, and cisplatin/pemetrexed. Most of
these have proven no consistent benefit over single agent therapy given that although they increase

response rates and toxicity, they do not increase survival®®?3>, Patients treated with other EGFR

b366 b363

inhibitors including Zalutumuma and Panitumuma also show no consistent improvements in
survival. These kinds of treatments should therefore be reserved for patients who are symptomatic of
the disease for whom the benefit of partial response may be worth the cost and increased treatment
side effects*®®. Other drugs used as single agents for patients with low disease burden and few

symptoms include docetaxel, paclitaxel, capecitabine, pemetrexed, and methotrexate3®°,

Given poor performance status in most HNSCC, most studies on the topic focus on palliative care and
the improvement of quality life for patients. Best supportive care, and not survival, are more often
than not the focus of HNSCC late-stage treatment. It is known that palliative radiation therapy, for
instance, is beneficial for treating symptomatic metastatic sites®®°. This said, mTOR inhibitors, IGF1R
inhibitors, and anti-angiogenic agents are currently under investigation to monitor impact on survival.
Most recently, mTOR inhibitors have been found to increase anti-tumour responses and reduce

tumour growth in HNSCC367368,
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1.8.2 Diagnosis, Treatment, and Prognosis of HPV-Related HNSCC
HPV-related HNSCC have a unique and distinct set of diagnostic, prognostic, and treatment-related
characteristics. These tumours generally present with a more advanced clinical stage, with a higher

369-371

nodal category , despite lower tumour extent®3”°, and have different tendencies for

extracapsular spread and perineural invasion®’2. They often present with early lymph node

89373 'which are sometimes confused with branchial cleft cysts®’%. However, tonsil SCCs in

metastases
general are known to present with early lymph node metastases®’® and it may simply be that the

anatomy of the site itself facilitates the early spread an depth of invasion3”3.

Treatment utilized for most patients with high-risk, resected HNSCC, is adjuvant radiation therapy with
high doses of cisplatin which appears to work well for HPV-positive tumours. 3-year overall survival
rates are between 86% and 91% while 3-year recurrence free survival rates are between 82% and
84%3"%377 Thus, despite more advanced presentation, improved survival, which is consistently higher
than 30%3"8, is evident in HPV-related HNSCC?73379-381 jrrespective of treatment modality>29%:293,382
35 The improved prognosis and response to treatment holds true for all indicators of HPV-positivity
including seropositivity, mRNA, oncoprotein expression, and viral load and copy number3, It also

remains salient in the case of HPV-positive HNSCC biomarkers, including p16, p53, EGFR, and Bcl-

XL289'318.

These response, survival, and prognosis statistics remain significant after adjusting for confounding
factors including age, sex, smoking-status, and performance status. Nonetheless, HPV-positive HNSCC
patients tend to be younger, and are less likely to have had significant exposure to tobacco, marijuana,
alcohol, diabetes, chronic obstructive pulmonary disease, anxiety disorders, and major

depreSSiO n 10,95,127,376,386,387

. Immune function in non-diabetics and those unaffected by pulmonary
ailments is also not symptomatically malfunctioning, and/or constantly under stress*’®. In all, this
indicates that the most at-risk populations for HPV-related HNSCC are those with the best immune

ability to combat it.

Furthermore, the viral nature of the origins of HPV-positive tumours, accompanied by their expression
of viral oncoproteins and related HPV-positive tumour antigens at sites of huge immune and lymphatic
activity likely attracts a more aggressive and specific immune response. This is especially relevant
given that immune evasion allows HPV to infect cells, but does not seem to play a role after viral
integration. HPV-positive tumours often show strong T-cell infiltration, especially CD8+ and CD3+

infiltration, compared to HPV-negative tumours?3*3%,_Genes involved in cell-based immunity are also
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more highly expressed in HPV-related OPSCC in particular®®°. Most HNSCC do not overexpress CD200,
a protein regulating myeloid cell activity and inhibitory signalling for macrophage lineage®®°. HPV-
positive tumours also contain a lower percentage of cells with CD44 and CD98 expression®!. Three
serological elements have additionally been shown to be correlated with HPV-related OPSCC: E1, NE2,
and E6 antibody positivity?®>. These immune biomarkers are all in turn related to increased overall
survival, better prognosis, low regional recurrences, and increased response to chemoradiation in vivo

in H N SCC388'389'391.

Genetically, given that HPV-related tumours have fewer genotype alterations than negative ones, they

have increased sensitivity to DNA-damaging agents®*2

. HPV-positive tumours often have TP53
mutations that do not confer chemo- and radio-resistance®**3%, It is also well-established that the
overexpression of pl6 dramatically affects radiation sensitivity in HNSCC cells since it impairs the
recruitment of RAD51 to the site of DNA damage by down-regulating cyclin D1 protein expression3’®
(Figure 1.10). Thus, a direct pathway between the E7 HPV oncogene and increased sensitivity to
radiation therapy emerges: Increased p16 expression correlates with decreased cyclin D1 expression;
the resulting cell cycle dysregulation and impaired DNA repair correlates with higher cellular

radiosensitivity; this results in an accumulation of cells in the G2/M phase, and a resulting increased

responsiveness to treatment.

1.8.3 De-Escalation and Targeted Treatment in HPV-Related HNSCC

The very significant better responses to treatment amongst HPV-related HNSCC patients is extremely
encouraging with respect to possible treatment de-escalation?>386394-3%7  Aq with all therapies, there
are many toxic, long-term, debilitating side effects associated with HNSCC treatments that affect
morbidity and quality of life. These include but are not limited to trouble swallowing and breathing,
difficulty speaking, and third degree burns as a result of radiation. The possibility of reducing the
severity of these symptoms is something to be capitalized on if the evidence confirms survival is not

compromised.

The population of mostly younger patients with improved prognosis is an encouraging population for
transoral resection (TOR), the removal of the tumour completely with sound oncological margins,
especially with emerging robotic techniques and laser microsurgery. Robotic TOR is particularly
attractive as it often results in better functional outcomes for patients than other surgical approaches
and radiotherapy3®®%, TOR without adjuvant therapy has been shown to be adequate treatment for

HPV-related HNSCC, with anywhere between 48% to 74% of patients not requiring chemotherapy*®*
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403 There appears to be no significant difference in the success of TOR alone in local control of disease
by HPV status for early stage OPSCC patients*®*, but the landscape of outcomes for later stage patients
by HPV status using TORs alone is less clear, especially given the newly updated 8" edition AJCC staging
criteria. The better survival of HPV-related tumours regardless of stage suggests that TOR has a better

chance of operating alone in these OPSCC patients, perhaps with de-escalated adjuvant radiotherapy.

There are also many Phase Il trials ongoing with several Phase lll trials underway examining the
possible replacement of cisplatin with cetuximab, less aggressive radiation/chemoradiation regimens,
and the removal of chemotherapy altogether. These are summarized in several extensive reviews!*38

and can be found at www.clinicaltrials.gov but an overview is found in Table 1.5 below.
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Table 1.5 Summary of key completed and ongoing trials on treatment and de-escalation for HPV-related

HNSCC.
Trial

RTOG 1016

ECOG E1308

De-ESCALATE
HPV

QUARTERBACK

LCCC1120

NCT01221753

SIRS

TROG 12.01

ADEPT

NCT01088802

ECOG E3311

Phase

1/

Inclusion

P16-positive locally advanced

OPSCC

Stage Ill-IVa HPV-positive OPSCC

Stage Ill-IVa HPV-positive OPSCC

Locally advanced HPV16 positive
OPSCC, unknown primary SCC, or
nasopharyngeal SCC showing
complete or partial response to

induction therapy

HPV-positive and/or p16-positive
low-risk OPSCC

Locally advanced HPV-positive

OPSCC

Early to mid-stage HPV-positive
OPSCC who receive transoral
robotic surgery plus a neck
dissection, where clinically
indicated

HPV-positive OPSCC

P16-positive OPSCC that has
underground TOR with negative

margins

HPV-positive T1-3 OPSCC

Stage Ill-IVa HPV-positive OPSCC
after transoral surgery and neck
dissection with negative
margins, no extracapsular spread
and less than 4 lymph nodes

involved

Arm 1

Radiation and concurrent

chemotherapy

Complete response to
induction chemotherapy
and reduced dose
radiation with
concurrent cetuximab
Cetuximab and

concurrent radiotherapy

Reduced dose radiation
with cetuximab and

chemotherapy

Decreased dose of
radiation and

chemotherapy

Docetaxel/Cisplatin/5-
Fluorouracil induction
chemotherapy followed
by concurrent
chemoradiation using
modified radiation dose

Observation only

Radiation and cetuximab

Postoperative radiation

alone

De-escalation radiation
from 70 Gy to 63 Gy with
concurrent
chemotherapy
TOR with standard

radiation

Arm 2

Radiation and

concurrent cetuximab

Incomplete response to
induction chemotherapy
and standard dose
radiation with
concurrent cetuximab
Standard concurrent
cisplatin
chemoradiotherapy
Standard dose radiation

with chemotherapy

Standard radiation and

chemotherapy

N/A

Low dose postoperative

radiation only

Arm 3: Chemoradiation

Radiation and cisplatin

Postoperative radiation

with cisplatin

De-escalated radiation
from 58.1 Gy to 50.75
with concurrent
chemotherapy
TOR with low-dose

radiation

Outcomes

Survival, toxicity,
locoregional recurrence,
and quality of life
Survival, toxicity,
response, quality of life,
and biomarker

correlation

Morbidity, quality of life,
cost, survival, and

recurrence

Survival, locoregional
control, toxicity, and

biomarker correlation

Pathological response
rate, locoregional
control, survival and
quality of life
Locoregional control,

survival, toxicity

Rates of locoregional
control, overall survival,
and use of salvage
chemoradiation in the
observation group
Symptoms severity,
swallowing, quality of
life, toxicity, survival,

locoregional recurrence

Survival, locoregional
control, toxicity, quality

of life

Toxicity, quality of life

and adverse events

Survival, surgical
complications, toxicity,

and swallowing
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Most of these trials understandably focus on originally good responders as the risk of more aggressive
progression is smaller in these patients. Low induction of chemotherapy followed by decreased
radiation doses or volumes in these patients has so far shown extremely good survival rates®®, but
these results are short-term and longer-time follow-up is necessary to make sure that these lower
doses are actually controlling and suppressing tumour growth effectively. Results from
chemoradiation with decreased dose of radiation and chemotherapy have also shown promising
potential for radiation being sufficient for disease control in HPV-driven OPSCC patients®®. Indeed,
the removal of chemotherapy altogether may be possible in patients with stage Ill/IV disease and non-

smokers.

With respect to EGFR, there have been conflicting reports on the benefit of replacing cisplatin with
cetuximab, an EGFR inhibitor, in HPV-related OPSCC specifically. Some suggest that it improves
survival for OPSCC patients®®, while others including the RTOG 0522 and SPECTRUM trials
disagree®’®4%_Given that low EGFR expression is a biomarker for HPV-positive tumours, population-
wide success of cetuximab should be expectedly low, suggesting a targeted use of cetuximab for HPV-
positive HNSCC with high EGFR expression and the majority of non-HPV related HNSCC with high EGFR
expression. In fact, the most recent evidence from the De-ESCALATE trials shows no improvements in
toxicity and expectedly and significantly worse outcomes amongst patients treated with cetuximab
instead of cisplatin®®’=4%, For this reason, pending results expected after 2020 of the ADEPT, SIRS, and
ECOG E3311 (Table 1.5) trials are highly anticipated to determine whether or not de-escalation in the
form of surgery with adjuvant low-dose radiation, or perhaps no radiation at all for some patients, is

the best form of de-escalated treatment for HPV-related OPSCC.

Potential for de-escalation in HPV-related HNSCC must be approached very cautiously, however.
Treatment de-escalation is really only conceivable in “low-risk” patients, in other words, not only
those with HPV-positive disease in the oropharynx and perhaps more specifically in the tonsil and base
of tongue, but also those who are non-smokers, young, and have little significant family history. In
fact, the parameters that determine “low-risk” are not defined in the research literature and are by

consequence not applied homogenously in the clinical context.
Furthermore, that there is no standard by which a tumour is definitively considered “HPV-positive”

makes this identification of “low-risk” patients more difficult. HPV DNA is not sufficient to determine

whether or not the virus is causal in the HNSCC given that the virus may be simply transient. That
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many trials use p16 as a surrogate biomarker for HPV infection is thus logical. However, as previously
indicated, p16 positivity is not a guarantee of an active HPV infection, and the pairing of p16 positive
and HR HPV DNA detection shows better surviving patients than p16 and HPV alone. Even paired with
surrogate biomarker p16, current HPV DNA detecting technologies used in the clinic are not as
sensitive as those being developed in the laboratory. Thus, some patients with HPV-related HNSCC
might be missed and relegated to more intense treatment schemes if their tumours only present as
p16 positive due to shortcomings in current HPV molecular testing. More importantly, some patients

could be under-treated on the basis of HPV-positivity alone.

Compromising patient safety when the parameters identifying “low-risk” patients are uncertain and
not optimized is unacceptable. It has also been noted that the benefit/risk balance between decreased
toxicity and cancer control is potentially narrow?®. It is understandable that on this basis, patients and
physicians are reluctant to risk the possibility of a worse outcomes in exchange for the possibility of
improved morbidity and less severe side effects. One of the only studies assessing patient attitudes to
de-escalation in its current state showed that nearly 70% of patients were not willing to risk a 5% or

less drop in survival likelihood to switch from chemoradiation to radiation alone®!°.

Given that patient-led rather than paternalistic treatment is becoming widespread in the clinic, it is of
the utmost importance that patients have access to the most detailed and certain research regarding
survival and side-effects. The need for more definitive “low-risk” and “high-risk” categorizations and
definitive outcome data based on a scale of both HPV and p16 status is therefore urgent if patients
are to not only survive disease, but thrive in its aftermath. That the AJCC has updated their 8"
edition!* staging guidelines to reflect the differential prognosis in HPV-related HNSCC is significant. It
is the first step in adjusting reliance on severe chemotherapy and radiation treatments without
compromising patient safety, but there is still justification for extending its use of only p16 to

determine HPV status to both p16 and HR HPV.

For now however, de-escalation is not a mandated part of HPV-related HNSCC treatment. The current
treatment of HPV-positive HNSCC of adjuvant radiation therapy with high doses of cisplatin is reliable
and safe and is the best available way thus far to preserve survival and minimize toxicity3’®3”’.
Furthermore, around 20% of HPV positive patients do not show an improved prognosis or respond to
treatment®'%. This may be due to the aforementioned synergistic involvement of tobacco use, which

has been identified as an additional risk factor in stratifying outcomes in patients with HPV-related
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cases, which was recently confirmed in clinical trials. Patients with large primary and lymph-node

tumours have also been described as high-risk groups that might have poor outcomes?®*,

1.8.4 Additional and Personalized Treatments for HPV-Related HNSCC

There are several novel therapies that may be useful for treating HPV-related HNSCC*’®. Everolimus,
an inhibitor of the mammalian target of rapamycin, Sorafenib, and Sunitinib, two multi-tyrosine
inhibitors, are three of the most promising. All three have shown anti-tumour effects against various
tumour entities with significantly higher sensitivity to the drugs in HPV-related HNSCC compared to
HPV-unrelated HNSCC. Each are administered orally with moderate side effects, high compliance, and

decreased hospitalization rates3®.

Further, as the PD-1:PD-L1 pathway of immune evasion may play a role in HPV-related and non-HPV
related HNSCCs, immunotherapy with antibodies, such as the anti-PD-1 inhibitors already approved
for use in advanced melanoma cases, could also prove useful treatments in primary or refractory

cases®,

The tumour microenvironment may also have a role to play in regulating unique response to
treatment and determining prognosis. Modulation of intercellular signalling in the tumour

A2 1t is well

microenvironment in particular could be a valid and robust therapeutic modality
recognised for instance that high expression of the VEGF-A factor, which supports tumour
vascularisation, is linked to poor prognosis**3. Combination of anti-VEGF-A humanised monoclonal
antibody with anti-EGF receptor antibody can be used for the treatment of recurrent and metastatic
HNSCC*3. Cytokines as prominent mediators of intercellular crosstalk include IL-2, IL-6, IL-u, and IFN
o/y have been subjected to clinical studies but with limited success**. Targeting PD-1 and PD-L1 both
on natural killer cells and on T lymphocytes represents an excellent strategy for many sensitive
tumours. Targeting numerous growth factors, cytokines, and chemokines produced by members of
the extra-cellular matrix (including cancer-associated fibroblasts) may also be a promising therapeutic
strategy for these cancers, though few HNSCC-specific experiments have been conducted. Those that
have show no consistently conclusive results. Galectin-1, for instance, produced by cancer-associated
fibroblasts, induces apoptosis in T lymphocytes and has an immunosuppressive effect*'®. However,

galectin-1 also diminishes resistance of cancer cells to anoikis, indicating a pleiotropic effect of the

factor in cancer biology**.
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1.8.5 The Use of HPV Vaccines to Prevent and Treat HNSCC

Epidemiological research is essential if the use of prophylactic HPV vaccines to prevent HNSCC is to be
determined. There are three FDA-approved prophylactic HPV vaccines that have primarily been
introduced for the prevention of cervical cancer in women. These are summarized, along with the
genotypes of the virus against which they protect, in Table 1.6. All three of the vaccines are approved
for a dosing schedule of 3 doses over 6 months, although more recent trials suggest that shorter dosing
schedules are just as effective®'”#18, All of the vaccines are currently based on virus-like particles of
the HPV L1 protein. In countries where the vaccines are available, girls and women between the ages

of 9 to 26 can avail of it.

Table 1.6 HPV vaccines currently available and the genotypes against which they protect, respectively.

Vaccine Type Genotypes Protected Against
Cervarix (bi-valent) 16, 18
Gardasil (quadri-valent) 6,11, 16, 18
Gardasil-9 (nona-valent) 6,11, 16, 18, 31, 33, 45, 52, 58

There is currently very little data evaluating the impact of the HPV vaccine on oral HPV infection or
HPV-related HNSCC in particular®®®. This is mainly due to the fact that epidemiological data regarding
the relationship between the virus and HNSCC is still emerging; the natural history of HPV in the oral
cavity is to be confirmed; and as a consequence, clinical trials have not been designed for the study of
oral HPV infection in the context of vaccines. Recent studies suggest an effective protection against
the virus in the oral cavity using the vaccine in both men and women®?°. Furthermore, in the CVT trial
on the Cervarix vaccine, oral rinses were taken at the 4-year follow-up mark after vaccination®?.
Overall and HPV16/HPV18 prevalence was lower in the vaccinated group compared to the control
group, with an estimated efficacy of 93.3% for HPV16/18%*1. While this data is promising, there was
no original oral rinse taken, and though HNSCC is most prevalent in men, this study only included

women given its cervical origins.

There is however ample evidence from animal studies that vaccination protects against oral infection
and the development of oral lesions from canine oral papillomavirus*?2. Predictive modelling studies
also suggest that with a 50% vaccination uptake and 50% vaccine efficacy, the vaccination of young
boys for the prevention of HPV-related OPSCC would be cost-effective?'®423424 Nonetheless, the

effectiveness of any HPV vaccine in protecting against HNSCC would not be able to be determined
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until 2060 should widespread vaccination be introduced immediately given the average age of onset

of HPV-related HNSCC in the fifth decade of life***.

This said, emerging epidemiological data plays an enormous role in predicting the potential impact of
the vaccine on HNSCC. HPV16 appears to be the main culprit in HPV-related HNSCC, accounting for
over 90% of HPV prevalence in these cancers?®3*71105425 A|| other genotypes, including the cervical
SCC-implicated HPV18, trail far behind in HNSCC prevalence. Despite accounting for few HPV-positive
cases, the rest of the HR HPV genotypes detected in HNSCC align with those in cervical cancer. Thus,
though modelling the impact of the vaccine based on this genotyping data has yet to be published,
preliminary logic would suggest that the currently available quadri- and/or nona-valent vaccines
should protect against persistent HPV infection in the oral cavity given the systemic rather than local

protection vaccines provide.

On the basis of this logic and epidemiological recommendations, the HPV vaccine, mostly the quadri-
and nona-valent Gardasil vaccines are already offered to both boys and girls in about 20 countries
including Australia, Austria, Brazil, Canada, Germany, Israel, Italy, New Zealand, Norway, and the USA.
In the United Kingdom, boys are to be offered the vaccine in 2019 where it was previously only
available to some men who have sex with men*%, In these nations, the quadri-valent Gardasil vaccine
is generally administered in boys and men between the ages of 9 and 26, with the nona-valent version
recommended between the ages of 9 and 15. In Ireland, HIQA recommended the inclusion of boys
into the national vaccination scheme in 2018, and boys will be included in the program from

September 2019, which will also see the introduction of the nona-valent vaccine*?’ 1,

Vaccines may also have a role to play in therapeutic treatment of HNSCC. Therapeutic vaccines can be
classified in to DNA, mRNA, peptide, viral/bacterial vector-based, and cellular vaccines®*?. The
majority of these target the E6 and E7 oncoprotein antigens. The most effective of these appear to be
DNA and mRNA vaccines which have been shown to induce tumour regression and improved T-cell
mediated immune response in HPV-related HNSCC. For instance, the Listena-based HPV vaccine ADX-
11-001 is currently being trialled in Phase Il to determine if it induces curating and tumour infiltrating
specific T-cell antigens in HPV16-positive OPSCC patients**3. Other recent phase | and Il clinical trials
have also reported that vaccines in combination with chemotherapy may boost effectiveness38434,

The literature on these trials is expanding at such a rate that summaries of those completed and

ongoing trials have already been published**?.
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1.8.6 Future Directions and Screening Tools for HNSCC

There is no single standardized treatment for HNSCC, but before recommended management
strategies are altered results from randomised controlled trials are needed to assess the efficacy of
the different treatment modalities available for both HPV-positive and HPV-negative HNSCC**,
although recruitment of sufficient numbers remains difficult®’2. Given the current literature, it is likely
that no single course of treatment will guarantee better prognosis for any one patient. Instead, the
idea of personalized medicine determining best treatment options, including the specific analysis of

tumour biomarkers independently and as groups, will predominate the future of HNSCC treatment.

Nonetheless, preventative medicine in the form of HPV-specific immune responses by prophylactic
vaccination with recombinant HPV virus-like particles is likely essential to successful prevention of
persistent HPV infection and its subsequent consequences. As such, bi-, quadri-, and nona-valent
vaccines are now widely available and have shown efficacy in prevention of anal, cervical, vaginal, and

vulvar pre-cancers in unexposed individuals4#436437,

It is not only vaccination that will lead to the effective prevention of HNSCC however. Other cancer
types, specifically cervical cancer, rely on pairing vaccination with sensitive screening tools and
programs for early detection. In Ireland, Cervical Check is responsible for the national screening
program for pre-cancerous and cancerous cervical lesions**®. HPV’s causal role in almost all cervical
cancers has already transformed other nations’ screening programs to HPV-based ones**. The Irish
government and the Health Service Executive (HSE) plan to introduce HPV-based screening

imminently.

No such comparative screening tools exist for HNC in general, let alone those that are HPV-related.
Most HNC and HNSCC are detected only when they become symptomatic or by external physical
presentation during routine doctor visits, something that likely explains the late stage of presentation

for all HNC3>%373,

HNSCC and HPV-related HNSCC present a particular challenge for screening tools given the difficult-
to-access areas of the head and neck in which they originate?®*2, |t is problematic, for instance, to
design a sampling tool to access the full scope of deep tonsillar crypts and the base of tongue down
to the larynx. Furthermore, the role that HPV might play in this screening process is uncertain. It is
well-documented that though HPV16 is the most common genotype detected in the oral cavity, the

genotype distribution of oral HPV prevalence does not exactly correlate to that in HPV-related
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HNSCCY®17 However, given that HPV16 is the least easily cleared by the immune system in the oral
cavity?’®1”7, smear-like sampling and detection of HPV16 may be an extremely valuable predictor of
eventual HNSCC. At the very least, it could be the basis for closer monitoring of patients with HPV16
infection detected from oropharyngeal sampling specifically. Though suggestions for screening have
been previously proposed based on logical extrapolation from the cervical context**, further clarity
on the natural history of HPV16 infection in the oropharynx in particular is needed if a monitoring-

based screening system is to be targeted at infections that are likely to become carcinogenic.

Public health schemes including vaccination and screening, much like in the cervical case, will likely
underpin the successful eradication of HNSCC and HPV-related HNSCC in particular. The development
of screening tools is therefore essential, along with the validation and further supporting evidence for

the usefulness of the HPV vaccines for those genotypes most implicated in HNSCC.

1.9 Classification of HNSCC

The previous review determines that HPV-related HNSCC are a unique set of HNSCC with
characteristics providing for a new focus for prevention and treatment in patients. The generalized

differentiators of HPV-related HNSCC from other HNSCCs are summarized in Table 1.7 below.
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Table 1.7 Generalized patient and clinical characteristics of HPV-related and other HNSCCs.

Characteristic HPV-related HNSCC

Physiology MALT tissue, more often than not in
oropharynx
Epidemiology Increasing incidence in Europe and
North America since the 1990s
Carcinogens HPV
Histology Lobular growth, infiltrating
lymphocytes, non-keratinizing, poorly
differentiated unless misdiagnosed
based on cellular immaturity
Risk Factors Young, white, male, higher
socioeconomic status, developed
world, HR HPV infection
Biomarkers HPV-DNA, HPV-E6/7 mRNA, HPV
serology, p16 upregulation, EGFR
downregulation, immune markers
Clinical Better prognosis and outcome than
Implications other HNSCC, de-escalation of

treatment promising, still constructing
biomarker profiles, heterogeneity still

apparent

Other HNSCCs

All regions, less prevalent in
oropharynx
Decreasing incidence in Europe and
North America in tandem with

smoking trends

Smoking, Alcohol
Moderately differentiated,
keratinizing, few infiltrating

lymphocytes

Older, smoker, heavy drinker, lower
socioeconomic status, developing
world
EGFR upregulation, p16
downregulation, mutations associated
with smoking- and alcohol-related
cancers
Poorer prognosis than HPV-related
HNSCC, treatment more akin to
smoking-related lung cancer,
cetuximab more successful given

EGFR, heterogeneity still apparent

1.10 The Justification for and Value of the “Epidemiology of HPV Infection in

Oropharyngeal, Oral Cavity, and Laryngeal Cancer in Ireland” Study

CERVIVA is a multi-investigator collaboration led by Trinity College Dublin, encompassing researchers
at several national and international academic institutions, health agencies, and commercial
diagnostic and biotechnology companies. The purpose of the consortium is to provide relevant and
necessary research evidence to support health policy and health services in the area of HPV-associated

diseases. The “Epidemiology of HPV Infection in Oropharyngeal, Oral Cavity, and Laryngeal Cancer in
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Ireland” (ECHO) study is being conducted within the CERVIVA consortium on the basis of the

differential characteristics of HPV-related HNSCC emerging in the literature (Table 1.7).

Currently, the Irish epidemiological data regarding HPV’s role in HNC does not exist in the literature.
The foregoing analysis clearly defines why establishing the HPV prevalence, HPV genotype
distribution, time-trends, risk factors, survival, and treatment data of HNSCC is crucial to creating the
best preventative and curative mechanisms to eradicate the disease. The World Health Organization
(WHO) is also currently conducting a worldwide meta-analysis on HPV-related HNSCC called the HPV-
AHEAD study**. HPV-AHEAD uses standardized sectioning, extraction, and testing methods for which

the ECHO study will provide the first ever Irish data.

The homogenous nature of the methodology used in the ECHO study as a part of the larger HPV-
AHEAD study is extremely valuable given the extent of heterogeneity of technologies and principles
used to test for HPV throughout the literature. The consequences of varying detection methods and
differing definitions for what constitutes an ‘HPV-positive’ case for the validity, feasibility, and
reliability of results are significant (see Chapter 2). In fact, not only does the ECHO study provide the
opportunity to review the currently available technologies for detecting DNA (see Chapter 2), but the
pilot study for the ECHO project provides an additional chance to assess the validity of two different
HPV DNA-detecting methodologies. Currently, only a few comparisons between technologies

optimized for cervical samples have been carried out**?%#, with no such studies existing for HNCs.

Finally, the size of the intended ECHO study makes it possible to evaluate and make constructive
suggestions regarding the manner in which Irish clinical research is carried out. The significance of this
lies in the impact that the current systems have on the patient and academic impact of Irish research.
No appraisal of this nature has yet been conducted. Thus, the essential nature of the ECHO study for

the current gaps in the literature is evident.

1.11 Aims

The aims of the ECHO study are three-tiered. The first tier is to conduct a population-based
investigation of the epidemiology of HPV infection in oropharyngeal, oral cavity, and laryngeal cancer

in Ireland. More specifically, the ECHO study intends to:
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1 estimate the prevalence of HPV DNA positivity in archival tumour specimens from patients
diagnosed with oropharyngeal, oral cavity, and laryngeal SCC in Ireland in the period between
1994 and 2013.

2 describe the genotype distribution in HPV positive tumours in this population.

3  estimate the raw incidence of HPV-positive and HPV-negative oropharyngeal, oral cavity, and
laryngeal SCC.

4  identify patient (e.g. sex, age at diagnosis, smoking status) and clinical (e.g. stage, grade) factors
associated with HPV-positivity for oropharyngeal, oral cavity, and laryngeal SCC.

5 compare treatment received and survival in patients with HPV-positive and HPV-negative

tumours and identify significant predictors of survival.

The achievement of the above mentioned aims gives rise to the opportunity to assess the
comparability of and implications of this for two different HPV DNA detecting
methodologies/technologies. Thus, the pilot study for the ECHO project creates a second tier of aims.

These are:

1 To compare HPV DNA detection between SPF10 PCR Gel Electrophoresis and Multiplex PCR
XMAP® Luminex laser-based technologies.

2 To assess the effect of altering sterility protocols on the validity of results.

3 Todetermine which method is best suited for the epidemiological endeavours of the ECHO study

as a whole.

Finally, the execution of the ECHO study allows for the evaluation of the current logistical manner in
which Irish medical research is conducted on the basis of data collected whilst acquiring samples for

the ECHO study. In particular, the study expects:

1 To establish the number of procedures and parties necessary to acquire pathology reports and
retrieve sample FFPE blocks from hospital sites.

2  To determine the lengths of time (days) taken to organize and execute the review of pathology
reports and the retrieval of FFPE blocks from hospital sites.

3  To pinpoint the steps of the pathology report review and FFPE block retrieval process
contributing most to the attrition of cases from the study.

4  To identify the reasons for which attrition occurred at each step of the pathology report review

and FFPE block retrieval process.
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1.12 Hypothesis

HPV is unequivocally involved in the carcinogenesis of a significant portion of HNSCC. This is
particularly true in North America and Europe, where the incidence of HPV-unrelated HNSCC has been
decreasing tandem with trends in smoking and alcohol consumption3*7#2, The risk factors and

positive clinical implications of HPV-related HNSCC summarized in Table 1.7 are well-established in

28,34 75-77

Scandinavian®®34, American’’, and a limited number of continental European countries.
Nonetheless, not all developed nations see precisely the same epidemiological patterns in HNSCC, the
United Kingdom being a prime example of this due to more mixed smoking, alcohol, and sexual
behaviours amongst younger people to this day’®. That said, the United Kingdom has still seen

increasing HPV-related HNSCC incidence trends.

Whether Ireland fits or diverges from the epidemiological landscape of HNSCC found in developed
world has yet to be determined. Demographically and with respect to population size, Ireland is similar

4 and sexual

to Scandinavian countries, as are its cultural practices with reference to smoking*
behaviours. That said, alcohol consumption is much higher per capita in Ireland and is not dissimilar
to that of the United Kingdom*®. It is therefore expected that HPV DNA positive cases will be prevalent
in the Irish oropharyngeal, oral cavity, and laryngeal cancer population, from anywhere between 18%

and 40% based on generalized prevalence data from across Europe.

Broken down by anatomical subsite, there is nothing to suggest that Irish people would be any less
anatomically susceptible to persistent HPV infection in the oropharyngeal subsites including the tonsil
and the base of tongue. There should be some laryngeal and oral cavity involvement given the
vulnerability of MALT tissue, but the prevalence of HPV DNA in SCC of these regions is likely to be less
significant given their stronger relationship to smoking and alcohol behaviours. Oropharyngeal cases
would be expected to represent the majority of HPV DNA positive cases. HPV16 should also remain
the most HR genotype for HNSCC with HPV18 and other HR and LR types being very poorly

represented.

It would be expected that younger age, non- and/or ex-smokers, and higher socioeconomic status Irish
patients would have a higher risk of HPV DNA-positive tumours. This said, smoking rates amongst
young people in Ireland have not dropped as drastically as in other countries*. In fact, younger
women have seen increasing smoking rate in the last 10 years***. The raw incidence numbers for HPV-

related and HPV-unrelated cases may therefore not have increased and decreased in the 1994 to 2013

63



time-period as distinctly as in, for instance, the United States or Sweden. It is anticipated however that
HPV positive OPSCC in particular will have better survival than HPV negative cancer as a whole, with
these cancers potentially being treated quite severely due to the later stage at which they generally
present as seen in the literature. HPV positivity would also be expected to be a significant predictor of

better survival amongst oropharyngeal, oral cavity, and laryngeal SCC, and OPSCC especially.

Regarding the second tier of aims, there are no major comparative studies in the literature regarding
HPV-detecting technologies which could be used to predict the outcomes of the ECHO pilot study.
Some comparative studies do exist using cervical cases**?%*3, but none involve xMAP® technologies.

446,447 5

The reported differential sensitivities and specificities of the SPF10 PCR Gel Electrophoresis
the Multiplex PCR xMAP® Luminex**®%*° glone would suggest that there may be differences in HPV
DNA prevalence detected in the same population. Even more variation might result from altering the
sterility protocols for two platforms with unequal sensitivities. This comparison will delineate a more
valid technology for the ECHO study as a whole and have implications for the current standards of HPV

detection in research and in the clinic.

Lastly, with respect to the third tier of aims, no studies exist in the literature regarding the evaluation
of the logistical steps and sample attrition involved in conducting nationwide research in Ireland. The
current decentralized state and public-private nature of the management of patients and samples in
Ireland would insinuate that organizing sample acquisition for studies involving multiple hospital sites
may cause delays. There may also be disconnects between documentation at different public
hospitals, private storage sites, and national registries given the sheer number that are involved in the

storing of patient data.

The Irish data regarding HPV infection in oropharyngeal, oral cavity, and laryngeal cancer is currently
absent from the literature. The context of the HPV-AHEAD study provides the perfect opportunity to
fill this gap by using a globally standardized and hyper-sensitive DNA-detecting technology. Obtaining
data that is generated using precisely the same WHO protocols from around the world is powerful
given the currently heterogeneous landscape of HPV-detecting technologies. This is particularly true
given the already well-evidenced notion that HPV-related HNSCC have better survival in the clinic, but
more importantly that they might be almost entirely preventable using the HPV vaccine and
appropriately developed screening tools. Only when standardized, comparable, and valid data is
generated from across the globe regarding these virally-caused cancers will patients in the clinic

ultimately see the benefits of discovering the strangely self-destructive nature of their HPV-related
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disease. Furthermore, it is only then that the already established power of preventative medicine will

come into full force to eradicate not only an imminently treatable, but avoidable class of disease.
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2 CHAPTER 2: REVIEW OF THE METHODS FOR HPV DETECTION: RE-DEFINING
‘HPV POSITIVITY’ AND A CASE STUDY OF HEAD AND NECK CANCERS

2.1 Introduction

HPV is the most common sexually transmitted infection?. It is an epitheliotropic, non-
enveloped DNA virus consisting of 8,000 kilo-base pairs?. The virus is a leading cause of
cancer worldwide®. HPV16, 18, 31, 33, 34, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, 73, and 82
are classified as HR carcinogens®. HPV6, 11, 40, 42, 43, 44, 54, 61, 72, 81, and 89 are

designated as LR carcinogens?.

HPV’s origins as a carcinogen were first unveiled in its relationship to cervical cancer?, the
oncogenesis of which is well documented’. However, HPV is now understood to be a
carcinogen in many other types of disease including anal, vulval, and vaginal cancers®’.
HNCs, first linked to the virus in the 1980s%°, are emerging as the second most common

form of HPV-related cancer.

Despite its ever-clarified role in the etiology of non-cervical cancers, the majority of the
technologies available for detecting HPV in human tissue have been optimized for the
clinical analysis of fresh cervical samples for the purposes of triage. Particularly, techniques
have been developed for the testing of cytology-based sampling. Indeed, HPV’s role in
cervical cancer screening is revolutionizing the entire screening process itself!°. However,
this population of cervical patients is becoming an increasingly narrower proportion of the
rapidly expanding population of HPV-related cancers!!. The majority of the available
technologies are therefore not developed for testing samples, fresh or otherwise (e.g. FFPE,
frozen), from the ever-emerging HPV-related disease sites including the head and neck, and

other ano-genital regions.

Furthermore, the methods available for detecting HPV in non-cervical, non-fresh samples
are entirely heterogeneous. This is firstly due to the multiple indicators (e.g. DNA, mRNA,
viral load, integration, p16) of HPV’s presence in a cell. Second, there are numerous

technologies developed to detect each individual indicator. Each of these technologies is
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also based on different theoretical assumptions, principles, and chemistries. Third, the
presentation of results for each technology is different. For some, an HPV positive case is
simply defined by the lowest limit of detection of the technology in a binary manner!?-14,
and for others, results are quantitatively determined with cut-offs set to distinguish

negative from positive cases®.

A review of the literature showcases this heterogeneity. In some studies, HPV DNA

detection is tantamount to designating a case HPV positive for HPV DNA using PCR and gel
electrophoresis®%13, In others, the detection of HPV E6/E7 mRNA, or HPV DNA and other
surrogate biomarkers including p16 classifies an HPV positive case'®, either individually or

paired together.

What is also important to note in the case of emerging HPV-related diseases, HNC in
particular, is that technologies available for detecting HPV in all sample types have varying
implications for the significance of virus detection. If HPV DNA is detected in an HNC sample,
for instance, there is no guarantee that this infection has a causal relationship to the HNC in
question. It may just be a transient infection that happens to be present at the time of
sample collection. This is especially significant for HNCs in the clinical context because
distinguishing transient from clinical infections is equivalent to identifying patients with

better predicted overall response to treatment>1718,

Thus, the majority of available HPV-detecting technologies have been validated using
different clinical end points for the most part in cervical cytology samples. What constitutes
a HPV positive case outside the cervical clinical context has consequently never been
explicitly defined. This has large implications for the value of HPV testing in non-cervical,
non-fresh, and non-clinical scenarios. For example, determining what constitutes a HPV
positive case for future screening tools developed for HNC in tandem with developed
vaccines will be tantamount to creating an HPV-based triage and monitoring system to
prevent these cancers in the first place. Conversely, defining what constitutes a HPV positive
case outside the clinic in the research context is crucial if reflective epidemiological

indicators like prevalence, incidence, and risk factors are to be established.
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On the basis of the heterogeneous landscape of HPV-detecting technologies and emerging
non-cervical HPV-related cancers, especially HPV-related HNCs, this Chapter explores three
topics. In the first instance, it reviews the different methods and technologies currently used
to test for HPV in cervical samples and other HPV-related diseases. In the second instance, it
deconstructs the heterogeneous state of the definition of ‘HPV positivity’ in the literature
and suggests the revolutionizing of the current approach. It posits that there should not be a
singular definition for ‘HPV positivity’ across all research and clinical contexts. Instead, it
states that there should be heterogeneous definitions of what constitutes an HPV ‘positive’
case. However, these definitions should vary based on the contexts that require them and,
within each context, they should be homogenous. The article thus conceives of a necessary
systematic structure for determining what standardized definition of ‘HPV positivity’ is

applicable to particular contexts.

In the third and final instance, the Chapter uses HNC as a case study for the application of
this systematic structure. It ultimately concludes that this structure, or one based on similar
logic, is crucial should the emerging uniqueness of HPV-related disease, especially that of
HNC with respect to survival and potential prevention, be capitalized on, and the maximal

number of lives be saved.

2.2 HPV Indicators and the Technologies That Detect Them

As a virus, HPV can be detected using several different indicators and sample types. These
indicators include HPV DNA, HPV mRNA, HPV viral load, and HPV integration into the host
cell genome. Each indicator is also associated with various different technologies, based on
different chemical and biological principles. Figure 2.1 is a summary of the majority of the
available HPV-detecting technologies, the principles upon which they are based, the

indicators that they detect, and the sample types for which they are used.

100



HPV Indicator Principle
HPV DNA
Nucleic acid
hybridization
Signal amplification
Nucleic acid
amplification
HPV mRNA
Hybridization
Transcription-mediated
amplification
Monoclonal antibodies
HPV Viral Load
Amplification
HPV Integration

Amplification

Molecular methods

Technology Type/Name

Southern blot
In-situ hybridization
Dot-blot hybridization
Digene® HPV (hybrid capture 2)*
CareHPV*

Cervista® 16/18*, Cervista® HPV HR*
PCR: Many types including pure PCR and
real-time PCR, key examples of which are

detailed in the below rows

Gel electrophoresis, Microarray analysis
(post-PCR)
Papillo Check®*
COBAS® 4800 HPV *
Abbott RealTime High Risk*
BD Onlcarity HPV* Assay

Xpert HPV

CLART® HPV 2

INNOLiPA®

Linear Array®

Clinical Arrays® HPV

Colorimetric Hybridization Assay (MCHA)
Genome sequencing (dideoxy-fluoro-

integrated Sanger sequencing)

mRNA In-situ hybridization
PreTect® HPV Proofer

APTIMA® HPV E6/E7
HPV E*6 Assay
AVantage® HPV E6

Various PCR tests including real-time PCR

Various PCR tests including pure and real-
time PCR

Fluorescence in-situ hybridization

Optimized for...

Cytology samples, FFPE tissue, frozen tissue

FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen samples

Cytology samples
Cytology samples

Cytology samples

Cytology samples, FFPE tissue, frozen samples

Cytology samples, FFPE tissue, frozen samples

Cytology samples
Cytology samples
Cytology samples
Cytology samples
Cytology samples

Cytology samples, FFPE tissue

Cytology samples, FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen tissue

FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen tissue

FFPE tissue, frozen tissue
Cytology samples

Cytology samples
FFPE tissue

Cytology samples

Cytology samples, FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen tissue

Cytology samples, FFPE tissue, frozen tissue

Figure 2.1 Summary of the types of HPV indicators (HPV DNA, HPV mRNA, HPV viral load, and HPV

integration), the principles used to detect them, and the technologies that are currently available on the

basis of these principles.
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Sample types for which these technologies are optimized are also listed. ‘Cytology samples’ refers to liquid-

based cervical cytology samples and/or swabs. * indicates a test that is clinically validated.

The coming section elaborates on the indicators of HPV and their associated detection

platforms summarized in Figure 2.1.

2.2.1 HPV DNA

As showcased in Figure 2.1, HPV DNA is the most widely used target for identifying the virus
in samples. There are three central approaches for detecting HPV DNA for which there are
multiple different technologies. These three techniques are nucleic acid hybridization, signal
amplification, and nucleic acid amplification'®. The majority of these are optimized for
cytology samples (swabs included), and all clinically validated tests for the virus fall within

this DNA category for cervical cytology samples alone.

2.2.1.1 Nucleic Acid Hybridization and Signal Amplification

Nucleic acid hybridization assays are all based on nucleic probe technology. They include in-
situ hybridization and dot-blot hybridization. These can be used to test for HPV DNA in fresh
cervical cytology samples, FFPE tissue, and frozen tissue. Signal amplification is another
molecular method for detecting HPV DNA. It forms the basis of the Digene® HPV platform
with hybrid capture 2 (hc2) technology (Qiagen Ltd, Manchester, UK)?° and the Cervista®
HPV HR assay (Hologic®, MA, USA)?L. These are both optimized for cervical cytology samples

and are clinically validated.

The Digene® HPV test is an in-vitro microplate assay based on signal-amplified nucleic acid
hybridization, whereby an antibody enzyme conjugate and antibody are paired with a
chemo-luminescent substrate should hybridized viral DNA be present?%?2. Chemo
luminescence is indicative of a positive result. hc2 is optimized for detecting 13 HR and 5 LR
HPV types including HR HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68, and LR
HPV6, 11, 42, 43, and 442, It functions as a cervical cancer-screening test as it is highly
sensitive and gives a high negative predictive value??. However, the test has a low specificity

and it can only be used for testing fresh cervical samples. Additionally, it cannot identify the
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HPV type or whether one or more HPV types are present in one sample. It also does not
assign a quantitative value to the level of luminescence intensity. This is particularly
important in the context of cervical screening given that HPV16 and 18 determine a risk of

pre-cancerous lesion over 5 times higher than the risk of all other HR types combined?®.

The Cervista® HPV HR (and Cervista® HPV 16/18) is another signal amplification method that
is analytically and clinically validated as an in-vitro diagnostic test for the qualitative
detection of 14 HR HPV types in cervical specimens including HPV16, 18, 31, 33, 34, 39, 45,
51, 52, 56, 58, 59, 66, and 6821, Invader chemistry forms the basis of the Cervista® tests
which uses two types of isothermal reactions that occur simultaneously?2. The first reaction
occurs on the targeted DNA sequence and a secondary reaction produces a fluorescent
signal. The instrument itself has an internal control that reduces false negatives produced by
a low of number cells?2. The Cervista® platforms give results that are highly reproducible
and sensitive, and the internal control to confirm sample quality makes it a good competitor
in the clinical context??. However, like the hc2, the technology cannot determine specific
HPV type, nor can it be used on any other sample type but those of the fresh cervical
variety. Furthermore, cross-reactivity of two HPV types of unknown risk and the false
negative risk in cases with low levels of infection or sampling error are significant

disadvantages of the platforms.

2.2.1.2 Nucleic Acid Amplification

Nucleic acid amplification methods are based on the extraction of DNA from relevant tissue,
followed by an optimized PCR. The PCR product can then be treated in different ways.
Often, the PCR product is subjected to gel electrophoresis alongside positive and negative
controls to determine HPV status. Microarray analysis is an alternative that uses probe
amplification and further hybridization of the PCR product onto a chip that is visualized with
a DNA chip scanner?3, The chip method shows increased sensitivity and specificity in
comparison to gel electrophoresis, and gives better results than DNA sequencing?®. Other
amplification methods are pure PCR, PCR-RFLP, real-time PCR, Abbott real-time PCR, Papillo
Check® (Greiner Bio-One, Kremsmiinster, Austria)?®, and the newer COBAS® 4800 HPV Test

(Roche Diagnostics, Basel, Switzerland)?®. Pure PCR, PCR-RFLP, real-time PCR, and Abbott
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real-time PCR can be used for cytology samples, FFPE tissue, and frozen tissue. Papillo
Check® and the COBAS® 4800 HPV Test are both optimized for fresh cytology samples and

clinically validated.

PCR-based techniques are generally highly sensitive, using consensus primers including
PGMY09/PGMY1 and GP5+/GP6+ which amplify a large number of HPV genotypes in a single
reaction?®. These mainly target highly conserved parts of the HPV genome like the L1 capsid
gene. However, it has been remarked that in samples where copy number is very low, PCR’s
reliance on other technologies, including the aforementioned microarray analysis and gel
electrophoresis, for the visualization of enough amplified DNA may underestimate
positivity. Furthermore, in samples where there are multiple HPV infections, competition for
PCR reagents may result in inaccurate assessments of present genotypes!®. There may in
fact be much stronger amplification of one of the HPV genotype sequences present. The
range of genotypes that can be detected is also varying, and their specific identification

depends on the PCR technique.

Papillo Check® detects 24 HPV types including HPV®6, 11, 16, 18, 31, 33, 34, 39, 40, 42, 43,
44, 45,51, 52, 53, 55, 56, 58, 59, 66, 68, 70, 73, and 822°. The assay is a Multiplex PCR using
fluorescent primers to amplify a fragment of the E1 gene, comprising 28 probes, each in 5
replicate spots fixed on a DNA chip®. It distinguishes between HR and LR genotypes and is

reliable in the case of multiple infections.

The COBAS® 4800 is one of the most widely used HPV DNA tests in the clinic for liquid-based
cervical cytology samples. It is a combination of automated sample preparation with real-
time PCR technology to detect 14 HR HPV types including 12 types (HPV31, 33, 35, 39, 45,
51,52, 56, 58, 59, 66, 68) and to specifically report on HPV16 and 18. Beta-globin is used as
the control for extraction and amplification adequacy, and data is extremely reproducible?’.
The COBAS® 4800 fulfills international guidelines for validated screening, and is approved
for ASC-US triage?®. The system is particularly efficient, carrying out 96 tests in
approximately five hours?2°, There is also no cross-reaction with non-carcinogenic
genotypes. Furthermore, the operator has minimal contact with the samples, preventing

contamination and reducing processing and work time, and errors due to fatigue??.
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Limitations mentioned by the manufacturer include that testing needs to be done by
personnel with experience in PCR techniques and with the COBAS® HPV test system itself.
The test can also only be used with liquid-based cervical cytology samples, and the presence
of PCR inhibitors, as well as low virus copy numbers, may cause false negatives or invalid

results?2.

The Abbott RealTime HR HPV assay (Abbott Molecular, IL, USA)*° detects 14 HR HPV types
(HPV1e6, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68) and reports on HPV16 and 18
separately from other HR types. Like the COBAS® 4800, this system is an automated in vitro
qualitative process that is clinically validated according to international requirements for use
in screening of fresh cervical cytology samples in women starting at age 30%2. Internally, the
system consists of an m2000sp instrument that prepares the nucleic acid and an m200rt
analyzer that carries out real-time PCR using a mixture of multiple primers and probes for
amplification and detection of HR HPV DNA. The beta-globin gene is used as an internal
quality control®°. Slightly slower than the COBAS® 4800, it processes 96 samples in six to

eight hours depending on the DNA extraction method used?°.

Two Real-Time PCR-based tests target the HR HPV E6/E7 oncogenes. The BD HPV Assay
(Becton, Dickinson, and Company, MD, USA)3! is clinically validated for fresh cervical
cytology samples and provides information for six HPV types (16, 18, 31, 45, 51, and 52) as
well as detection of 14 HR HPV types. The system, which also utilizes an internal quality
control, is automated and can process 1 to 30 samples per run, giving 120 results per patient
per day including genotype. The test performs as well as other tests approved by the FDA
including hc222. The Xpert HPV test (Cepheid, CA, USA)32 detects DNA encoding for E6/E7
oncoproteins of 14 HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68) in
liquid-based cervical cytology samples. It has the capacity to process one test at a time, with

up to 80 tests in one hour3?,

2.2.1.2.1 Genotyping Technologies

Several nucleic acid amplification technologies have been developed to provide information

on a wide scope of individual HPV DNA genotypes present in a sample. HPV genome
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sequencing is one which relies on dideoxy, fluoro-integrated Sanger sequencing and the
technological advances that have led to throughput sequencing3334. Though it is not yet
validated for clinical use, genome sequencing is less expensive than other methods and is
also more efficient, reading out a sequence rather than projecting a fluorescent signal that
must then be converted to a sequence. This financial efficiency results from the approach’s
sequence-by-synthesis process where a DNA sequence is read in real-time and synthesized
by the addition of inexpensive and unlabeled nucleotides®®. Furthermore, genome
sequencing methods can be used on a wide variety of sample types including fresh cervical
cytology samples, FFPE tissue, and frozen tissue, along with blood, saliva, cell lines, plasma,

serum, and whole genome-amplified DNA.

The CLART® HPV 2 (Genomica, Madrid, Spain)3® is another platform that details HPV
genotypes present in a sample. It uses biotinylated primers that amplify a fragment within
the L1 region of the HPV genome. Amplicons are then detected by hybridization in a low-
density microarray which has probes for 35 HPV genotypes including HPV®6, 11, 16, 18, 26,
31, 33, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54, 56, 58, 59, 61, 62, 66, 68, 70, 71, 72, 73, 81,
82, 83, 84, 85, and 893%. The platform can be used with fresh cytology samples and has also

been employed with FFPE tissue.

The INNOLIPA® assay (Fujirebio, Dublin, Ireland)3’ genotypes based on the amplification of a
65bp region of the L1 gene using biotinylated SPF10 primers. It does not however detail
HPV35, 39, 52, 56, and 66, and appears to be ineffective for genotyping HPV42 and 59%’.
Genotypes are visualized on strips and assessed based on the associated INNOLIPA® results
guide. FFPE tissue, frozen tissue, and liquid-based cytology samples can be used with the
INNOLIPA®. It is particularly good at dealing with the complexities of processing FFPE tissue
as it is a highly sensitive technology. However, due to its expensive nature and laborious
protocol, it is often used after binary HPV status (positive or negative) has already been

determined by another method. Its higher sensitivity can therefore be undercut as a result.

The Linear Array® Genotyping (Roche Diagnostics, Basel, Switzerland)®® platform is another
PCR-based assay coupled with a reverse line blot hybridization. It discriminates between 36

types of HPV including HR HPV16, 18, 31, 33, 35, 36, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73,
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and 82, along with LR types HPV®6, 11, 40, 42, 54, 61, 70, 72, and 8132, It also discriminates
between other risk-as-yet-undetermined genotypes HPV55, 62, 63, 67, 69, 72, 83, and 83. It
makes use of biotinylated PGMY09/11 primers to amplify a portion of the L1 region3%.
Similar to the INNOLIPA®, these are then visualized by coloured signals on strips assessed
according to the associated results guide. The platform can be used with liquid-based

cytology samples, FFPE tissue, and frozen tissue.

The Clinical Arrays® Assay (Genomica, Madrid, Spain)3° uses absorption columns, employing
biotinylated primers to define a sequence of 451 nucleotides within the L1 region. It detects
HR HPV16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 70, 73, 82, and 85 as well
as LR HPV6, 11, 40, 42, 43, 44,54, 61, 62, 71, 72, 81, 83, 84, and 89%. The Clinical Arrays® is
less widely employed than its alternatives due to lower sensitivity. This said, it can be used
with a wide variety of tissue types including fresh cytology samples, FFPE tissue, and frozen

tissue.

Finally, Microplate Colorimetric Hybridization Assays (MCHA) can identify HR HPV16, 18, 31,
33, 39, and 45. It uses PCR to amplify a fragment within the L1 region using GP5+/6+ primers
accompanied by colorimetric hybridization on to type-specific probes on microwell plates?®.

It appears to show higher sensitivity than other technologies, specifically Papillo Check® for

HPV16 and 18. However, it is generally optimized dependent upon the tissue type used

(FFPE or frozen) and sensitivities and specificities can vary.

2.2.1.3 Challenges for All HPV DNA Platforms

Though each HPV DNA-detecting platform described above has its advantages and
disadvantages, all of them are united by several faults. None of these technologies have
been evaluated in HPV-vaccinated individuals. Their detection of HPV DNA depends on the

number of viral copies in the specimen, and false positives can also occur with LR HPV.
In addition to this, the aforementioned technologies are for the most part optimized for

HPV detection in fresh cervical cytology samples, with the exception of some nucleic acid

hybridization and amplification techniques. PCR methods in particular have been re-
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optimized to deal with FFPE and frozen tissue for research, especially for the head and
neck!?13. However, sensitivities and specificities vary based on tissue type, and none of

these have been clinically validated.

Indeed, the field of HPV-related disease outside the cervix is still an emerging one, and one
mostly confined to research. This said, in-situ hybridization has already been in use in the
clinic in the preliminary assessment of HNC patients, for instance. Enough evidence has
therefore accrued to support HPV’s role in the carcinogenesis of HNCs. However, HPV DNA
technologies have not yet been developed to: Fulfill the clinic’s need to distinguish between
clinically relevant and transient HPV infections; assume their role in potential HPV-based
screening for HNCs; and appropriately deal with non-fresh sample types like FFPE or frozen

tissue in this context.

2.2.2 HPV mRNA

HPV’s proteins E6 and E7 are known as “oncoproteins”, as they are central to the
carcinogenic properties of the HR virus types. The detection of associated mRNA transcripts
is significant as it indicates a transforming HPV infection if HR HPV genotypes are identified.
This is the key difference between HPV DNA and mRNA tests. Where the former is only
proof of the presence of the virus in tissue, mRNA is indicative of an HPV infection that plays

a causal role in the onset of the associated cancer.

With respect to HPV mRNA detection, technologies for fresh cervical clinical samples focus
on E6/E7 mRNA and can be considered a marker for diagnosis in pre-cancerous lesions by
HPV4. The chemistry of most mRNA tests is based on transcription-mediated amplifications
of full-length E6/E7 transcripts pre-empted by target capture®®. The PreTect® HPV Proofer
(PreTect, Klokkarstua, Norway)*! and the APTIMA® assay (Hologic, MA, USA)*? are the two
main technologies used for mRNA detection and are both optimized for fresh cervical

cytology samples.

Though based on similar principles, the APTIMA® assay is becoming a more widespread

technology in research than the PreTect®, given that its limit of detection is lower than the
gy
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limits reported for other tests'®, and because the PreTect® predates it and detects 5, rather
than 14, HR HPV types. The APTIMA® assay detects HPV E6/E7 mRNA for HPV16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, 59, 66, and 68*2. Further genotyping for HPV16, 18, and 45 can be
achieved using the APTIMA® Genotyping Assay. It is a fully automated processing system
that involves three main steps, all of which take place in a single tube. These steps begin
with target capture, followed by target amplification, and detection of the amplification
products by the hybridization protection assay*?. The assay incorporates an internal control
to monitor all steps, as well as operator or instrument error. The system is efficient, and can
carry out up to 250 tests in approximately five hours*2. It was also approved by the FDA in

2011 for cervical screening in women starting at age 30, in combination with Pap smears?2.

Several mRNA assays have been developed for non-cervical samples that may function with
both FFPE tissue and frozen tissue. The most sensitive of these is the E¥*6 mRNA assay
developed by Halec et al.*3, optimized for FFPE tissue of HNCs. Though not yet tested, it
follows that the assay may work with tissue from other anatomical regions and could also

be optimized for use with frozen tissue.

Much like all DNA tests, all mMRNA detection platforms have several limitations, including
that: The tests have not been evaluated in HPV-vaccinated individuals; detection of HR HPV
mMRNA depends on the number of copies in the specimen; and false positives can occur with
LR HPV. This said, the APTIMAZ® in particular has been shown to have a higher specificity
than most DNA-based tests. It is however still unclear if mRNA testing alone is in any way an
improvement upon HPV DNA detection for liquid-based cervical samples in HPV-based
cervical screening, let alone for any other kind of HPV-related disease for which screening

tools and approaches are far less developed.

For HNCs in particular, mRNA detection is not clinically validated given that it is still an
emerging indicator of HPV-positivity in this disease type. The relationship between HPV
mMRNA status and clinical outcomes is less well established in the literature than for HPV
DNA, p16, and the two combined. It is also known that some cases of HNC have

characteristics of both HPV positive and smoking-related carcinogens, so the detection of
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HPV mRNA may not be a foolproof way to determine the origins and best treatment

protocols for a particular HNC.

2.2.3 HPV Integration

Part in parcel of HPV’s life cycle is the integration of the virus, and thus viral DNA, into the
human host cell genome?**. Detection of an integrated virus, rather than one that is simply
episomal, may be more indicative of a transforming infection if the genotype detected is HR.

This is especially true since integration only occurs after successful active infection.

The main methods used for HPV integration detection are PCR, real-time PCR, and
fluorescence in-situ hybridization, all of which can be used with fresh samples, FFPE tissue,
and frozen tissue. Real-time PCR allows for calculation of the ratios between the levels of

E2, and E6/E7 genes. When there is HPV integration, the viral genome shows a 1:1 ratio®.

PCR is a widely available tool and is a relatively efficient method for detecting integrated
viral DNA, even in the context of available sequencing. However, PCR provides no
mechanism for determining the site of integration, or the unknown carcinogenic
implications of that integration. In addition to this, it does not allow the distinguishing of

extrachromosomal or episomal forms of HPV, and the pure integrated form of the virus?®.

The use of integration as indicative of a carcinogenic HPV infection is also conceptually
misleading. The assumption underlying detecting integrated HPV DNA is that all integrated
HPV is also successfully replicating, and more specifically, replicating viral oncogenes. These
assumptions are not necessarily true and make integration a risky test in the clinical
diagnostic and screening contexts. It is also documented in many studies that for HNC in
particular, integration has no relationship to carcinogenic activity and that instead, most
clinically relevant HPV infections are episomal*’#8, Thus, where integration may not be
appropriate for clinical use, it is also an inappropriate test for population-level studies given

that epidemiological endeavors are not just interested in integrated DNA.
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2.2.4 HPV Viral Load

Once a virus is integrated and replicating, it is logical to assume that assessments of HPV
viral load would indicate the extent or success of an active HR infection and its carcinogenic
potential. Methods for assessing viral load are generally limited to a variant of PCR, which
must be quantitative*°°, Indeed, some studies using PCR show that viral load declines in
response to therapy, and provides an acceptable detection mechanism for fresh samples,

FFPE tissue, and frozen tissue®?.

However, many others show no added value over pure cytology in the case of fresh cervical
samples, and that testing for high-load levels may not be clinically useful except in the case
of HPV16°1-33, Even in the cervical case, there is little evidence to suggest that there are
persistent and graduated differences between viral load in CIN |, Il, and 1lI lesions®!. Most
studies conclude that though increases in copy-number are associated with an increased
risk of abnormality, “a single measurement of viral load made at an indeterminate point
during the natural history of HPV infection does not reliably predict the risk of acquiring

cervical neoplasia”°.

The same is true in the emerging field of HPV-related HNCs, where viral load does not seem
to correlate with an active HPV infection®*°°. This may indicate that the simple fact, rather
than the quantity, of the virus’ presence may be enough to implicate carcinogenic activity.
Thus, the indicator’s value for research and clinical purposes overall is likely not as great as

that of HPV DNA and mRNA.

2.3 Re-defining ‘HPV Positivity’

2.3.1 Three-tiered Heterogeneity of the Current Definitions for ‘HPV positivity’

The preceding review of the methods for detecting HPV reveal three tiers of heterogeneity
in defining an HPV positive case in any given study in the current literature. The first tier is
the type of HPV material targeted: DNA, mRNA, integrated DNA, or viral load. The second is
the technology used to detect that single type of HPV indicator, as there are several

platforms that can be used to detect the same material. These platforms use heterogeneous
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principles and mechanics. They also have drastically different sensitivities and specificities,
making each one optimal for different detection purposes. Third, the presentation of results
varies. Some platforms give quantitative results for which cut offs must be set. Others
define positivity in a more binary manner, identifying a positive case as one containing any
extent of HPV material. An HPV positive case is therefore determined solely by the lowest
limit of detection of the given technology. Thus, what constitutes ‘HPV positivity’ is currently

a moving target.

2.3.2 The Consequences of Three-tiered Heterogeneity

This three-tiered variation is problematic for a multiplicity of reasons. The first is a resulting
inability to meaningfully compare the results of studies. If there is no standard manner with
which to determine an HPV positive case, then the seemingly agreeing or powerfully
diverging results across the literature are not as impactful as they could be, or even
comparable in the first place. For example, in the case of HPV-related HNCs, the prevalence
of the virus in seemingly similar European and North American populations can vary from
anywhere between 18% to 90%°*°%%2, Whether this range is due to the heterogeneity in
technologies used to define an HPV positive case, or genuine population-level variance is
unclear. However, the difference between sensitivities of technologies, and the HPV

indicators used to define ‘HPV positivity’ undoubtedly contribute to this enormous scope.

Second, that the majority of detection technologies were developed and validated using
different clinical end points and for the most part with liquid-based cervical cytology
samples makes it difficult to distinguish between clinically relevant and transient infections
in other sample types from other anatomical regions. This is especially pertinent in the case
of HNCs where the determination of a carcinogenic infection in surgically removed tissue in
FFPE blocks or frozen samples could mean the difference between life and death, or a life
with or without long-term side-effects for patients. As HPV is emerging as a predictor of
survival in HNCY/1863-65 ‘natients may also suffer from unnecessary anxiety regarding their
cancer’s origins, or false hope regarding their outcome. Furthermore, the potential for

screening tools to prevent HNC may require another definition of ‘HPV positivity’ more akin
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to that used in screening for cervical pre-cancer, especially given the differing sampling

technique that this could involve.

Third, enormous variation in what constitutes an HPV positive case means that conclusions
drawn from research cannot always be translated to the clinical context with certainty, and
vice versa. One emerging example of this in the case of HNCs is the possibility of the de-
escalation of treatment for HPV-related HNSCC given their overall improved survival
compared to HPV-unrelated HNSCC. On the basis of the evident role of the virus in HNSCC,
many trials are exploring what indicators of HPV-positivity can robustly identify a
carcinogenic infection in an HNSCC that will, as a result, respond just as well to lower doses
of harsh treatments (see Table 1.5)%>7%7, Results are not resounding for all types of HPV
indicators or any other associated biomarkers, most notably p16. Whether or not evidence
from the research context can actually be successfully applied in the clinic is thus still

unclear.

Finally, the enormous variation in HPV detecting technologies not only puts into question
what platforms should be used in particular contexts, but also highlights that the majority of
those optimized for non-cervical samples are not particularly cost effective. This is especially
true in research, meaning that their current potential for use in the clinic en masse is in

jeopardy.

2.3.3 Re-defining ‘HPV Positivity’: Further Diversification Before Standardization

At first glance, it is logical to assume that the currently wide range of available HPV-
detecting technologies should be narrowed down to standardize the definition of an HPV
positive specimen and to subsequently eliminate the consequences of heterogeneity
discussed in Section 2.3.2. This is not the case. There should be heterogeneous definitions
of HPV positivity based on varying technology types. These definitions should be defined by
the contexts that require them (e.g. cervical screening, penile cancer epidemiology, HNC
triage), which are becoming more diverse every day. Further diversification of the
definitions for ‘HPV positivity’ should therefore be expected as the number of contexts

demanding them grows.

113



However, within these present and multiplying contexts, there should only be one
standardized and homogenous definition of an HPV positive case. In this way, the
challenges associated with heterogeneity (Section 2.3.2) are minimized given that
definitions are optimized for particular contexts but are entirely comparable and reliable
within them. This is already the current protocol for the developed screening programs for
cervical pre-cancer, where only particular technologies have been validated for country-
wide screening programs that have recently added HPV-testing to their triage. For instance,
in the United States, the COBAS® 4800 is the standard approved technology used for this

primary HPV cervical screening context.

Standardizing definitions of ‘HPV positivity’ outside the liquid-based cervical cytology
context is difficult given that the currently available technologies are not themselves fully
optimized and are still developing. This is simply a product of time and resources, where up
until the last few years, cervical cancer has been the main target of HPV-related research.
Platforms that are increasingly sensitive are still emerging, as is the role of biomarkers in
addition to HPV-detection. This said, it is possible to identify the kinds of technologies that
would be optimal for different contexts, taking into account sample types, anatomical sites

from which samples are taken, and the research and/or clinical goals of the required test.

2.3.4 Re-defining ‘HPV Positivity’: A Suggested Systematic Structure for Delineating the

Contexts and Standardizing the Definitions of ‘HPV Positivity’

7

Figure 2.2 is a posited systematic structure of the way in which definitions of ‘HPV positivity
can be diversified to fit particular contexts, and subsequently standardized to ensure
comparability and reliability within these contexts. The figure references no particular
technologies, but simply defines current and potential methods for deciding upon the
appropriate definitions of ‘HPV positivity’. It is by no means a summary of the current state
of HPV’s use in research and in the clinic but is instead a suggested method for delineating
the contexts of ‘HPV positivity’ and what characteristics would be necessary for the singular

technologies defining an HPV positive case within these contexts. These suggestions include
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the use of biomarkers discussed in Section 2.3.5, many of which are not yet validated for use

in the clinic.

Figure 2.2 posits that the emerging contexts demanding definitions of ‘HPV positivity’ can be
stratified by two crucial characteristics. The first level of stratification is that of cancer site
(orange bubbles in Figure 2.2). Though the viral origins of HPV-related cervical, head and
neck, and ano-genital cancers are the same, their eventual carcinogenesis are extremely
different®®73. As a consequence, they have distinctive molecular profiles and signatures
resulting in singular optimal treatment methods, and survival rates. The greatest amount of
variation in HPV-related cancers is thus between sites, rather than within them. What

constitutes an HPV positive case therefore varies in the first instance by the site of tumour

emergence.
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Figure 2.2 Posited systematic structure for delineating the contexts requiring standardized definitions for 'HPV
positivity', and the suggested technologies and/or characteristics of technologies that should be used to create these
definitions.

The first level of stratification is that of cancer sub-site, represented by the orange bubbles. The second level is that of the
goals and constraints of the context itself, represented by the yellow bubbles. Goals include the hypothesis made, and the
information and conclusions being sought. Constraints include the type of tissue being assessed. The resulting standardized
definition for a context is represented by the blue bubbles. It should be noted that this schematic is a suggested method for
identifying and/or developing the appropriate technologies for HPV detection in each context. It is not a finalized
stratification for standardizing definitions of ‘HPV positivity’ but simply a visualization of what this might eventually look
like when the spectrum of technologies evolves to allow it. Some proposed methods are thus purely projection and have not
yet been validated for use in the clinic. For instance, methylation markers are still under evaluation as a triage mechanism
to add to HPV-based cervical screening. p16/ki-67 dual staining is also emerging as a method just as valuable as cytology

for assessing risk of pre-cancerous cervical lesions in screened women but has evidently not been clinically introduced.
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The second level of stratification is defined by the goals and constraints of the context itself
(yellow bubbles in Figure 2.2). The goals of the context include the hypothesis made, and
the information and conclusions being sought. This may change the optimal sensitivities and
specificities required of technologies and the kind of indicator that would achieve these
goals best. The constraints are limited to the status of the tissue (e.g. fresh, frozen, FFPE).
Both goals and constraints designate the optimal principles and technologies for a given
HPV test. These circumstantial factors therefore determine the ultimate homogenous

definition of ‘HPV positivity’ for one particular context (blue bubbles in Figure 2.2).

For example, if an HPV test is required for research purposes to determine HNC (first level of
stratification: Orange bubble in Figure 2.2) epidemiological characteristics (second level of
stratification: Yellow bubble in Figure 2.2), a highly sensitive test is needed to ascertain the
presence of HPV in the population, regardless of the virus’ true relationship to the cancer. It
would be prudent to use HPV DNA as an indicator given that it designates the presence of
the virus and does not define whether or not it is active and replicating. Furthermore,
research and epidemiological work more often than not require the use of non-fresh
samples, like FFPE tissue and frozen tissue. For that reason, HPV DNA tests in this context
have to be optimized to deal with the difficulties of working with genetic material from
paraffin-embedded and frozen specimens. The definition of a HPV positive case in this
context might therefore be standardized as: An HPV DNA positive case detected by the most

sensitive available technology with optimal specificity (blue bubble in Figure 2.2).

Thus, what constitutes an HPV positive case should indeed vary by cancer type and context.
However, within one context, the definition of ‘HPV positivity’ should be standardized and
homogenous. Homogeneity within a definite context will yield exacting definitions of ‘HPV
positivity’, more powerful meta-analytical conclusions, and increased clinical effectiveness

of HPV as a screening and triage tool.

However, this definitional precision can only be achieved with technologies and principles
rigorous and unique enough to generate this level of clarity. This approach to defining ‘HPV

positivity’ therefore demands further assessment of HPV indicators and their implications,
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and the acknowledgement and exploration of non-HPV indicators. A shift in focus to
biomarkers related to HPV and the extent of its activity (e.g. upregulated proteins,
methylation markers) is necessary to realize this clear-cut contextual standardization. These
related biomarkers have the potential to give far more accurate and useful definitions of

‘HPV positivity’ for the multiplicity of contexts that demand one.

2.3.5 Re-defining ‘HPV Positivity’: The Role of Biomarkers

Biomarkers represent the way forward for defining ‘HPV positivity’ given methodological
heterogeneity, cost effectiveness, the varying carcinogenesis of different kinds of HPV-
related cancers, as well as the diverging demands of both the research and clinical arenas.
Biomarkers provide a cost-effective mechanism for standardizing HPV-based triage in
cervical screening and distinguishing clinically significant from transient HPV infections in
head and neck, ano-genital, and penile cancers. They consequently have the potential to
achieve the heterogeneous goals of clinical and research-based HPV testing whilst

simultaneously homogenizing the definitions for ‘HPV positivity’ in these different contexts.

2.3.5.1 p16/ki-67

The p16 protein is a tumour suppressor protein that in humans is encoded by the CDKN2A
gene, colloquially known as the p16 gene. The protein plays an important role in cell cycle
regulation by decelerating cell progression from the G1 phase to the S phase in mitosis’?. It
is a well-documented protein in the carcinogenic pathways of HNSCC, penile carcinoma, and
cervical cancer. Most importantly, up-regulation of p16 is a known by-product of HPV’s
integration into the host human genome. It serves as an indicator of an active as opposed to

a transient HPV infection’?.

ki-67 is another nuclear protein that is associated with cellular proliferation. The protein is
present during all active phases of the cell cycle, including G1, S, G2, and mitosis, but is
absent in quiescent cells. Dual staining of both p16 and ki-67 is commonplace in cervical
cancer research’#’>, but ki-67’s diagnostic role in other HPV-related cancers is not yet very

well explored.
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In the cervical case, p16 and the dual p16/ki-67 stain have proven promising biomarkers in
the risk-based triage of cervical screening, though they have not yet become standard in
screening programs. A study nested in a large Italian trial of HPV-based primary screening
evaluated the performance of p16 for triage of HPV-positive women’®’7. p16-positive
women were at high enough risk of immediate colposcopy referral, while p16-negative
women had low enough risk that they were judged in the Italian context to not need repeat

testing for at least two years’®7’.

In another large study within the Kaiser Permanente Northern California (KPNC) Health
System, the p16/ki-67 dual stain was evaluated for triage of HPV positive women’4,
Compared to cytology, the dual stain had both higher sensitivity and higher specificity with
lower colposcopy referral rates. HPV-positive women testing positive for the dual stain were
at high enough risk for immediate referral to colposcopy, while dual stain negative women
could be retested at extended intervals, similar to the observations in the Italian study of
p16 alone’. Similar results were found for triage of HPV-positive, cytology-negative women.
That dual stain slides may eventually be evaluated in an automated manner may lead to

further improvements of its performance’> 787

In new unpublished data from Trinity College Dublin in Ireland, the p16/ki67 dual stain
seems to be the most risk-sensitive triage test being trialed in an extensive set of
biomarkers®. The dual stain’s emerging ability to distinguish between categories of
dysplasia is promising for building different definitions for ‘HPV positivity’ that strictly define

screening referral structures.

p16 also has enormous potential in determining the definition of ‘HPV positivity’ in the case
of HNCs. HPV-related HNCs, mainly arising in the oropharynx, show much better survival
outcomes than their HPV-unrelated counterparts!®. p16 up-regulation alone shows better
survival in oropharyngeal cancers8=%. In fact, p16 immunohistochemistry has long been
considered a surrogate biomarker for ‘HPV positivity’ and has been used by itself in the
clinic as proof of HPV infection. However, it is now well-established that p16 over- and

under-expression is not always related to HPV’s integration and/or replication of
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oncoproteins, and can simply be a consequence of normal cellular processes®®. This is
further complicated by the fact that hybrid HNC cases induced both by smoking/alcohol and

HPV may not overexpress p1l6.

For this reason, the pairing of HPV DNA positivity with p16 staining has been proposed as a
mechanism for identifying clinically relevant HPV infections in HNC®3#7, This pairing confirms
HPV’s presence in the tissue and signals that the virus is integrated, replicating, and active.
In the clinical context, identification of the true population of cancers caused by HPV has
critical survival implications. By eliminating those cases with transient HPV infections or
those that are smoking/alcohol-related, it will be possible to optimize the already-
documented better survival in HPV-related cases. Treatment types that work best and
minimize morbidity for HPV-related patients will then be identified and exploited. Though
survival comparisons are not as well documented in ano-genital cancers, p16’s clinical

relevance is similarly important in HPV-related penile cancers®%288,

2.3.5.2 Host Methylation Markers

Host methylation markers represent another promising method of detailing the
stratification and implications of ‘HPV positivity’, especially in the cervical case, though they

are not yet used in clinical practice.

Increased methylation of host genes has been observed in women with pre-cancer and
cancer compared with those with acute HPV infection’>. Several of these genes are
candidates for triage of HPV-positive women in the clinical cervical context. CADM1, MAL,
and miR-124-2 have been evaluated in cervical cancer screening studies in the Netherlands,
demonstrating similar performance as cytology for triage of HPV-positive women’9%9, New
unpublished research regarding these three genes is also emerging from Ireland®. The
increased post-test risk for pre-cancer in methylation positive and HR HPV positive women

is a promising characteristic underlying the positive triage capacity of these markers’>.

It should also be noted that molecular testing for methylation markers offers some

advantages over cytology triage. Molecular tests are not subjective, may offer higher
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throughput, and can be conducted using a variety of specimen types, including self-sampling
specimens’®. The list of potential host methylation markers for triage of HPV-positive
women keeps growing however, and the list of useful markers and optimal combinations of
markers needs consideration. The same consideration is required for determining the best
sample type, assay platform, and appropriate applications of the markers (e.g. triage of all

HPV-positive women or triage of HPV positive, HPV16/18 negative women)”>.

2.3.5.3 HPV Methylation Markers and Other Markers

In the cervical case, HPV methylation markers may serve to further standardize what
constitutes an ‘HPV positive’ case during screening. HPV genome-wide methylation studies
of carcinogenic HPV types have demonstrated an increase of viral methylation associated
with pre-cancer and cancer compared with HPV infection’®. Across a number of carcinogenic
types, a characteristic pattern has been observed with increased methylation particularly in
the E2, L2, and L1 regions’>%. Individual CpG sites from these regions have shown
discrimination between HPV infection and pre-cancer, suggesting that HPV methylation
testing could serve as triage marker for HPV-positive women®°. Furthermore, a combined
methylation assay for HPV16, HPV18, HPV31, and three host genes has shown promise for

the triage of HPV-positive women®.

This said, further studies are needed, particularly in comparison to established markers, to
assess the value of HPV methylation for cervical screening triage’. If successful, an HPV
methylation assay that covers the majority of carcinogenic types would yield combined HPV
test results, HPV genotyping, and HPV methylation results in a single assay that would
provide risk stratification for placing women in all but the highest risk groups’. A
methylation-based triage assay would not require the extensive cost and personnel that

cytology currently does and could provide the possibility of using self-collected samples®?.

Expression of viral oncogenes may be another refining marker for defining ‘HPV positivity’ in
cervical screening and other non-cervical HPV-related disease. E6 and E7 expression is much
higher in cervical pre-cancers compared to transient HPV infections®. The same is true of

both oncogenes in developing HNCs%93, However, what contribution E6 and E7 could make
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to triage that would add to cytology-based assessment and the potential use of p16/ki-67 or

methylation markers is uncertain.

HPV-related HNCs also show a significant correlation to the down-regulation of EGFR, which
in turn, is a positive prognosticator®*9>, EGFR, though not as valued as p16 in the head and
neck context, might represent a further indication of a clinically active HPV infection, or
rather, a triage marker of a purely HPV-related HNC that would react expectedly well to

standard treatments.

The potential for biomarkers to refine and standardize the definitions of ‘HPV positivity’
within each required context (Figure 2.2) is blatant. There are an innumerable number of
biomarkers that could ultimately form the basis of less invasive, and more cost-efficient
cervical screening, along with the treatment triage of other HPV-related diseases like HNCs.
The sheer mass of biomarkers available however is, for the moment, a detriment to their
clinical validation. The current scope of biomarkers requires further investigation to
determine what will likely be panels of markers optimized to define ‘HPV positivity’ in

cervical, non-cervical, research, and clinical contexts.

2.4 Re-defining ‘HPV Positivity’: A Case Study in HNC

The suggested principles for re-defining ‘HPV positivity’ in Section 2.3.4 are clear, relying on
stratification by cancer site, and the goals and demands of a particular context (Figure 2.2).
To contextualize these concepts using the potential exacting power of biomarkers, the
coming discussion illustrates the application of the systematic structure for defining ‘HPV
positivity’ posited in Section 2.3.4 using a case study of the foremost emerging HPV-related

disease: HNC.

In the head and neck space, two main areas of focus have emerged: Epidemiology, and
clinical testing, as showcased in Figure 2.2. In the epidemiological context, the goal of HPV
testing is to determine the general presence of HPV in a regional, national, or global
population of HNCs. Whether or not a present HPV infection is the causal agent in the

associated cancer is not important to this type of analysis. In fact, it is preferable to identify
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as many HPV infections as possible to ascertain the population-level prevalence and
incidence of the virus in these cancers. Thus, DNA-based technologies with the highest
sensitivity, paired with a reasonably high specificity would be optimal for this context. Most
epidemiological work in the HPV head and neck space is also conducted using FFPE or frozen
samples. Technologies used must therefore be selected and/or developed on this basis.
Thus, ‘HPV positivity’ in the head and neck epidemiological context could be standardized
and defined as any FFPE or frozen case identified as HPV DNA positive by the most sensitive

available detecting technology (Figure 2.2).

This logic for standardizing the definition of ‘HPV positivity’ in the epidemiological context of
HNCs is already emerging. In-situ hybridization, dot-blot hybridization, pure PCR, and real-
time PCR have all traditionally been used to detect HPV DNA at the population level. The
WHO has recently made the first step towards eliminating this technological heterogeneity
in the epidemiological arena in the form of the HPV AHEAD study®®%’. This study is the first
world-wide meta-analysis of the epidemiology of HPV in HNCs that has developed a
standardized protocol for processing and testing FFPE tissue to detect HPV DNA. The
technology being used is one of the most sensitive ever developed combining a Multiplex
PCR'® and laser-based Luminex technology®®%°. The goal of the study is to assess, without
methodological or definitional variation, the true epidemiological characteristics of HPV

DNA around the world.

In the clinical and diagnostic context, clinicians require a different but equally homogenized
definition of ‘HPV positivity’. Unlike in the epidemiological sphere, the clinic does not overtly
require the identification of as many HPV infections as possible. Instead, it demands the
specification of HPV infections that are clinically significant — causal carcinogens in the
associated HNC. The reason this delineation is crucial is given the opportunity that HPV-
related SCCs represent for maximizing survival*®, and also the major role that the currently
available prophylactic vaccinations!%919! and any future HNC HPV-related screening tools
may have in preventing these cancers to begin with. Additional methods are therefore
needed to delineate those cases with carcinogenic HPV infections from those that simply

contain transient infections.
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Indeed, the need for HPV testing is already well-established in clinic. The most recent

College of American Pathologists (CAP) recommendations of HPV testing in HNC of 2017

advise testing for HR HPV in newly diagnosed OPSCC, with some additional

recommendations for HPV-related biomarkers, p16 in particular®’. The exhaustive list of

recommendations are summarized in Table 2.1.

Table 2.1 2017 CAP recommendations for HPV testing in HNC%%,

Guideline Statements

1 Pathologists should perform HR HPV testing on all patients with newly diagnosed
OPSCC, including all histologic subtypes.
2 For oropharyngeal tissue specimens that are non-cytological, pathologists should
perform HR HPV testing by surrogate marker p16 immunohistochemistry.
Additional HPV-specific testing may be done at the discretion of the pathologist
and/or treating clinician, or in the context of a clinical trial.
3 Pathologists should not routinely perform HR HPV testing on patients with non-
SCC tumours of the oropharynx.

4 Pathologists should not routinely perform HR HPV testing on patients with non-

oropharyngeal primary tumours of the head and neck.

5 Pathologists should routinely perform HR HPV testing on patients with metastatic

SCC of unknown primary in a cervical upper or mid jugular chain lymph node.
6 For tissue specimens that are non-cytological from patients presenting with
metastatic SCC of unknown primary in a cervical upper or mid jugular chain
lymph nodes, pathologists should perform p16 immunohistochemistry.

7 Pathologists should perform HR HPV testing on head and neck fine needle
aspiration SCC samples from all patients with known SCC not previously tested
for HR HPV with suspected OPSCC or with metastatic SCC of unknown primary.

8 Pathologists should report p16 immunohistochemistry positivity as a surrogate

biomarker for HR HPV in tissue specimens that are non cytological when there is

at least 70% nuclear and cytoplasmic expression with at least moderate to strong

intensity.
9 Pathologists should not routinely perform LR HPV testing on patients with HNCs.
10 Pathologists should not repeat HPV testing on patients with locally recurrent,

regionally recurrent, or persistent tumour if primary tumour HR HPV status has
already been established.
11 Pathologists should not routinely perform HR-HPV testing on patients with
distant metastases if primary tumour HR HPV status has been established.
12 Pathologists should report primary OPSCC that test positive for HR HPV or its
surrogate marker p16 as HPV-positive and/or p16 positive.
13 Pathologists should not provide a tumour grade or differentiation status for HPV
positive/p16 positive OPSCC
14 Pathologists should not alter HR HPV testing strategy based on patient smoking

history.

Strength of
Recommendation

Strong recommendation

Recommendation

Expert Consensus Opinion

Recommendation

Recommendation

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion

Expert Consensus Opinion
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What the CAP guidelines do not detail is how an HPV positive case should be defined. There
are no strict suggestions regarding the type of technology that should be used, nor do they
specifically recommend the use of one particular HPV indicator, DNA or otherwise. DNA is
currently the most widely used HPV test in the clinic, with in-situ hybridization being the
most common technology for HNC, though p16 has historically been the indicator of an
active HPV infection upon which any possible treatment decisions are made. Neither of
these tests alone however effectively distinguish between carcinogenic and transient HPV
infections. HPV alone, especially DNA, identifies the spectrum HPV infections, from LR
transient infections to HR carcinogenic infections with no way to determine other than by
genotype if an infection is causal in the associated HNC. p16 alone is evidence of the
downstream effects of a potential HPV infection, but the marker can be upregulated in HNC

with no HPV infection.

One suggested method to overcome this is that of combining HPV DNA detection with p16
staining®®’ (Figure 2.2). Indeed, HPV DNA positivity is associated with better survival
itself¥17:193 and p16 is an independently good prognosticator of survival in HNSCC. However,
the best discrimination between survival groups in the literature is found when p16 and HPV
DNA status are paired together. Better survival is observed in HPV DNA and p16 positive
cases, more so than with either indicator separately!’1%4, This strongly intimates that it is
cases of HNSCC that are definitively caused by HPV, rather than those that harbor transient

infections, that are uniquely responsive to treatment and crucial to delineate.

There are inferential suggestions that HPV mRNA may identify the same cases as the pairing
of HPV DNA and p16 in HNC (Figure 2.2). This is based on the assumption that the presence
of HPV mRNA indicates the same integrated and active infection as p16 does in the
company of HPV DNA positivity. However, mRNA testing is still for the most part used in
research®°%105 gnd is currently much less cost effective than HPV DNA and p16 staining
paired together. In-situ hybridization and the E*6 assay*® are also the best methods
available for mRNA testing in tissue specimens at present, and the associated labour is

intensive.
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In either scenario, the HNC clinical context requires the most sensitive available technology
for detecting HPV. It is well-established that the mere presence of HPV in cells is enough to
evidence carcinogenesis, and that high viral load is not indicative of higher carcinogenic
potential or activity>*>>. The detection of small copy numbers of HPV as either DNA or
mMRNA is therefore crucial. However, especially in the case of HPV DNA, high sensitivity
might yield the detection of a large number of transient infections. The pairing of a highly
sensitive HPV DNA test with p16 thus represents a good opportunity to not only distinguish
carcinogenic infections in HNC from transient ones, but also to ensure that as few as
possible HPV-related tumours are missed. This will prove important in the context of
potential future screening in sampled tissue from the region and in that informing clinical
decisions regarding treatment. The alternative would be to employ a less sensitive HPV
DNA-detecting technology paired with p16 that might miss even a minimal number of
patients with optimal survival opportunity or the need to be monitored more closely in the
case of screening. Jeopardizing patient well-being in the clinic in this way would be

unacceptable.

In-situ hybridization is currently used in the clinic to detect HPV DNA, but it is by no means
the most sensitive currently available technology. Other assays have been developed in the
laboratory with much higher sensitivities, including genome sequencing, the INNOLIPA®, the
Linear Array®, and others making use of laser-based platforms, xMAP® technology®®, and
the Luminex Analyser®. These can all be optimized for FFPE and frozen tissue. They are not
yet validated for clinical use as they continue to be employed only for emerging
epidemiological data in the research context. However, their potential value, or the value of
other similarly sensitive technologies for fresh screening or diagnostic samples is extremely

promising.

Thus, in the head and neck clinical context, ‘HPV positivity’ could be homogenously defined
as any case positive for HPV DNA using the most sensitive available technology that is also
positive for p16 based on diagnostic staining (Figure 2.2). This could evolve in future given
current mRNA research (Figure 2.2), and another homogenized definition may be necessary

for ‘HPV positivity” in context of future HNC screening tools.
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2.5 The Future of Defining ‘HPV Positivity’

‘HPV positivity’ has never been a simple binary test using a single target and technological
platform. The foregoing review of the various indicators available for detecting the virus and
the multiplicity of technologies on the market to test for them, each with different
sensitivities, specificities, and result presentation methods (e.g. binary, quantitative), makes
this very clear. Despite this, the literature has tended to generalize results of HPV-related
studies under the assumption that all technologies, principles, and therefore definitions of

‘HPV positivity’ are somehow equivalent and have the same broader significance.

On this basis, it is evident that one sweeping definition of ‘HPV positivity’ across all HPV-
related cancer types, and in all research and clinical contexts, is not sufficient, useful, or
valuable. Where the cervical clinical context requires a definition of ‘HPV positivity’ optimal
for the triage of women in particular age groups using fresh samples, the head and neck
epidemiological context demands one that yields the most representative assessment of the
virus’ presence in a given population using archival tissue. A singular definition will never
suit both of these contexts, and it is unlikely that one technology will ever be optimized to

satisfy each of their needs.

Thus, there should indeed be many heterogeneous definitions for ‘HPV positivity.” However,
each defined context requiring such a definition must have its own homogenized way of
determining what constitutes an HPV positive case. These definitions should be generated
using a standardized systematic structure, like that suggested in Section 2.3.4 (Figure 2.2).
Given that clinical work and research findings are synergistic, these exacting definitions are

essential to maximizing clinical outcomes.

However, it is not possible to definitively refine the definitions of ‘HPV positivity’ in all
contexts presently as the study of non-cervical HPV-related cancers and the role of HPV and
its associated markers in cervical screening are still evolving. These definitions will likely
develop and change in years to come. Entirely new fields requiring their own definition will
also materialize with the growing need for non-cervical screening tools, especially in the

case of HNC. What is unequivocal though is the need for a systematic structure defining
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‘HPV positivity’ in discerning contexts. Only then will the greatest number of lives be saved

in a field of oncology that already represents a unique survival optimizing opportunity.
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3 CHAPTER 3: MATERIALS AND METHODS

3.1 Study Design
The ECHO study was a nationwide retrospective study of HPV infection in oropharyngeal,
laryngeal, and oral cavity SCC cases diagnosed between 1994 and 2013 in Ireland. It was the

largest all-encompassing project of its kind to be conducted in Ireland.

3.2 Clinical Database

It was through the NCRI’s database that the ECHO study identified relevant specimens to

create its own databank of cases.

3.2.1 The NCRI

The NCRI was founded in 1991 to collect data on all cancer cases in the Republic of Ireland,
and since 1994, it has recorded information on all tumours diagnosed in the country. The
NCRI utilizes active registration methods, and trained tumour registration officers based in
hospitals across the country to identify newly diagnosed cancers from a variety of sources
including pathology laboratories, hospital administration systems, hospital in-patient

episodes, and radiotherapy and chemotherapy records.

Following standard protocols based on international guidelines, the NCRI abstracts
information and records it for each incident tumour. This information includes personal
details (e.g. name, date of diagnosis, cancer site, morphology, clinical and pathological
stage, grade) and clinical/treatment related information (e.g. hospitals of diagnosis and
treatment, managing clinicians, treatment received within the first year post-diagnosis, GP).
The NCRI also records whether or not the tumour has been histologically verified, together
with the date of the histology, pathology laboratory, pathologist, and histology laboratory
number for the specimen. The Registry then follows-up through linkage with national death

certificate files, and details of any relevant date and cause of death are recorded.

3.2.2 Evaluation of the NCRI as a Source

The Registry is the only source to have kept a consistent record of cancer cases in Ireland for

more than 20 years. The Registry itself estimates a completeness of registration of 97%.
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Independent evaluation has found that the NCRI has a lower bound of completeness of case

ascertainment of 94.3% for all invasive cancers excluding non-melanoma skin cancers?.

3.3 Clinical Data Criteria

Very strict clinical data criteria were used to determine case eligibility for the ECHO study.
Assessment of eligibility was determined on the basis of narrow search parameters entered
into the NCRI database, patient consent, the examination of pathology reports, and the
histopathological analysis of newly generated H+E slides. The coming discussion details

precisely what kind of cases were included and excluded in the study.

3.3.1 Inclusion Criteria

Patients newly diagnosed with a primary, invasive, HNC between 1994 and 2013 were
identified in the NCRI database. They were categorized into three groups modeled on the
most recent classification recommended by IARC?: Oropharyngeal cancers (ICD10 C01.0,
C02.4, C05.1, C05.2, C09.0-C09.9, C10.0-C10.9, C14.2); oral cavity cancers (ICD10 C02.0,
C02.1, C02.2, C02.3, C02.8, C02.9, C03.0-C03.9, C04.0-C04.9, CO5.0, C05.8, CO5.9, C06.0,
C06.1, C06.2, C06.9, C14.0, C014.8); and laryngeal cancers (ICD10 C32.0-C32.9).

Within this population, patients diagnosed with SCC whose tumours were histologically

verified and/or who underwent surgery, were identified and included in the study.

3.3.2 Exclusion Criteria

Cancers of the salivary glands, nasopharynx, and hypopharynx were eliminated given that
these did not fall within the HPV-vulnerable region of the head and neck. The study also
excluded patients with no or insufficient tissue for all steps of the analysis from the primary

oropharyngeal, laryngeal, and oral cavity sites.

Only pure SCC cases were included in the study to eliminate any possible confounding by
SCC types or other tumour types that are not generally implicated in HPV carcinogenesis. A
non-exhaustive list of the pathologies diverging from pure SCC that were excluded follows:

Mucoepidermoid SCC, carotenoid SCC, basaloid SCC, adenoid cystic SCC, and spindle cell
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SCC. Other tumour types that were excluded given their blatant non-SCC pathology were:
Adenocarcinoma, verrucous carcinoma, acinic cell carcinoma, melanoma, epidermoid

carcinoma, sarcomachordoma, and rhabdomyosarcoma.

Similarly, cases were excluded if they were only ‘suspicious’ for SCC diagnosis. This strict
criteria ensured no skew in the data towards HPV-negativity and adhered to the literature’s

determination that SCCs comprise 95% of the relevant population3.

Cases for which only lymph nodes were available as tissue, either with or without invasive
SCC, were also excluded. It was important and necessary to only include samples of primary
tumour specimen available to avoid distortion of results should metastatic tumour have

different characteristics to primary tumours and suggest inaccurate carcinogenic pathways.

Specimens fixed in Bouins, or specimens that only had frozen tissue available were excluded
given that this kind of tissue was not suitable for the formalin-fixed paraffin-embedded

(FFPE)-based nature of the study and the technologies it employed.

3.3.3 Ethical Approval and Consent
Ethical approval for the use of archival tissue specimens was obtained from all relevant local
hospital ethics committees. This consisted of 11 committees in total representing the 14

potential participating hospital sites, summarized in Table 3.1 below.
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Table 3.1 A comprehensive list of hospitals willing to participate in the ECHO study.
Hospitals were represented collectively by 11 different ethics committees, from which ethical approval for all

required aspects of the study was obtained.

Beaumont University Hospital, Dublin Sligo General Hospital, Sligo
Cork University Hospital, Cork South Infirmary Victoria University

Hospital, Cork

Cork Dental Hospital, Cork St. James University Hospital, Dublin
Dublin Dental Hospital, Dublin St. Vincent’s University Hospital, Dublin
Kerry General Hospital, Tralee The Royal Victoria Eye and Ear Hospital,

Dublin

Mater Misericordiae University Hospital,  University Hospital Limerick, Limerick
Dublin

Midlands Regional Hospital, Tullamore = Waterford Regional Hospital, Waterford

The study was also conducted in compliance with the HSE National Consent Policy of May

2013* and was consistently benchmarked against best practice models internationally.

In terms of patient and pathologist consent, details of the pathology laboratories at which
the specimens were analysed were extracted from the NCRI database by collaborators in
the NCRI itself. Pathologists from the relevant hospital sites possessing specimens from
eligible patients were contacted for their agreement to collaborate with the study.
Specimens were sought for patients who were alive and for those who were dead at the

time the study population was selected.

For those who were still alive, consent for access to their specimens was sought from the
patient directly by collaborators in the NCRI. Considerable care was taken to ensure that
patients were not contacted inappropriately. Collaborators in the NCRI carried out two steps
to achieve this. The first was to access the data held by the NCRI (which included in-patient
admission from Hospital Inpatient Episode Statistics (HIPE)), and the second involved

establishing liaison with treating clinicians.
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For the first step, careful checks were made of the data held by the NCRI to identify and
exclude patients who had had a recent recurrence or a recent hospital admission. In
addition, checks for recent deaths were completed using the General Record Offices and
RIP.ie, methods standardly used by the Registry. Those patients who had died were moved

to the “deceased patients” list.

In the second step, letters were sent to clinicians inquiring after identified patients and
requesting confirmation that they could be included in the study. The treating clinicians
were thus given the opportunity to further exclude any patients from amongst those
believed to be still alive should they have reason to be believe the patients should not be
contacted for any reason. To minimize the burden on clinicians, if no response was received
by the specified date in the letter, the NCRI collaborators went ahead and contacted all the
patients on the sent list. In accordance with the data protection requirements regarding
secondary use of data, the patient details sent to the treating clinicians were provided solely
for the purposes of the study and clinicians were informed of this and instructed to destroy

these after review.

Patients still alive and eligible after this screening process were contacted by letter by the
NCRI collaborators and asked to consent to provide access to their tumour specimens. Non-
responders were followed-up with two reminder letters. The consent rate for alive patients
in the study was 44.56% with 595 patients of the 1335 eligible alive patients identified in the

NCRI database.

Originally, for those patients who had died at or before the time the study population was
selected and checked, there were no specific consent issues, and specimens were therefore
allowed to be accessed with the agreement of the pathologist concerned. However, with
the introduction of new General Data Protection Regulation (GDPR) guidelines in 2018 that
were implemented near the end of the study, the NCRI only allowed the Researcher to have
access to data regarding samples that were actually tested. Access to information regarding
those cases tested for patients who were deceased therefore ultimately required new and

further documentation and applications to the NCRI.

141



3.4 l|dentification, Retrieval, Inclusion, and Storage of Clinical Specimens (FFPE Tissue)

3.4.1 Summary of Specimen Identification, Retrieval, and Inclusion

The identification, retrieval, and inclusion of FFPE tissue specimens, referred to in shorthand
as ‘blocks’, that were ultimately included in the ECHO study was a multi-step process. At
each stage, cases had to be eliminated from the study population due to continuous
eligibility assessment based on criteria in Sections 3.3.1, 3.3.2, and 3.3.3, and due to

accessibility limitations.

The first step of the process was the scanning of the NCRI database for incident tumour
specimens, the narrowing of this population based on eligibility criteria in Sections 3.3.1 and
3.3.2, and the elimination of unconsented patients based on Section 3.3.3. This step was
carried out by NCRI collaborators. The second, third, and fourth steps were carried out by
the Researcher. The second step was the review of pathology reports for cases in this newly
generated database and the further elimination of cases based on the same eligibility
criteria. The third step was the retrieval of cases from relevant storage sites and the
elimination of those cases that were inaccessible or missing. The fourth step was the
histopathological analysis of newly generated H+E slides and the further elimination of cases
on the basis of the same eligibility criteria. This multi-step process, including each step at
which cases had to be eliminated due to continuous eligibility assessment, is summarized in

Figure 3.1 below.
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Figure 3.1 Summary of the steps involved in the process of identification, retrieval, and inclusion of FFPE
blocks in the ECHO study.

Pink numbered diamonds indicate an eligibility assessment using criteria in Sections 3.3.1, 3.3.2, and 3.3.3 after
which cases were eliminated. These pink diamonds will be referred to throughout the coming Chapters as “step
17, “step 2”, “step 3”, and “step 4”. The blue bubble in the top left-hand corner is the starting point for the
process. Incident tumours in the national database of cancers were identified here by collaborators in the NCRI.
Step 1 is the elimination of cases from this database on the basis of eligibility criteria and consent. The
pathology reports for those samples identified for the study were then reviewed (yellow bubble). Step 2 is the
elimination of cases during pathology report review. FFPE blocks were then retrieved from appropriate on- and
off-site storage facilities (red bubble). Step 3 is the elimination of cases during this retrieval due to
inaccessibility or missing cases. Retrieved samples were then processed, generating H+E slides that were
histopathologically evaluated by a pathology review board (purple bubble). Step 4 is the elimination of cases
during histopathological analysis of H+E slides. All remaining cases were brought forward for molecular testing

for the ECHO study (green bubble).

3.4.2 Step 1: Initial Identification of Cases in the NCRI Database

Step 1 (Figure 3.1), the initial scan of the NCRI database by NCRI collaborators, yielded the
discovery of 5792 incident tumours potentially viable for use in the ECHO study. Once
eligibility criteria in Sections 3.3.1 and 3.3.2 were applied to the database, 4166 cases
remained. This number represented 2831 dead patients and 1335 alive patients. All dead
patients were eligible for the study, and 595 (44.56%) of alive patients consented to

participate. Thus, the 4166 cases were further reduced to 3426 after patient consent
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procedures described in Section 3.3.3 were completed. Once this consented database was
generated by the NCRI collaborators, specimen numbers were assigned a random reference
study number which was used to identify the relevant block throughout all steps in the
study, and to provide a link to a file of anonymised socio-demographic, clinical, treatment,
and outcome data held securely in the NCRI. The Researcher therefore only ever had access

to the reference study number.

3.4.3 Step 2: Review of Pathology Reports

Once step 1 (Figure 3.1) had been carried out by collaborators in the NCRI, the Researcher
contacted the representing pathologists from the 14 potential hospital sites to review case
pathology reports (step 2 in Figure 3.1). It was possible to establish protocols with 8
different hospital sites on the basis of this contact. The Researcher made a sincere effort to
target hospitals with large head and neck treatment facilities, and to draw from a diverse
range of hospitals around the country. It should also be noted that the Royal Victoria Eye
and Ear University Hospital specimens were accessible through and in St. James’ University
Hospital storage and were thus considered merged as a site with the latter. Any reference to
St. James’ University Hospital therefore includes cases from both of these hospitals. The 8
(merged 7) hospitals that ultimately participated in the study are summarized below in

Table 3.2.

Table 3.2 An exhaustive list of the hospitals included in the ECHO study and for which the Researcher was able
to contact and establish pathology report review protocols.
Ultimately, The Royal Victoria Eye and Ear Hospital samples were accessible through St. James’ University

Hospital and these were from then on considered a merged site.

Beaumont University Hospital, Dublin
Cork University Hospital, Cork
St. James’ University Hospital, Dublin
St. Vincent’s University Hospital, Dublin
Kerry General Hospital, Tralee
Mater Misericodordiae University Hospital, Dublin
The Royal Victoria Eye and Ear Hospital, Dublin

University Hospital Limerick, Limerick
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Report review for these hospitals required months of logistical preparation as each site had
its own desired protocols. These included providing the Researcher with log-in details to
electronic systems in many cases. Table 3.3 is a summary of the protocols established with
each involved hospital for pathology report review, and the parties that undertook
organization of these protocols and the actual review of the reports. It should be stressed
that no matter how reports were accessed, either electronically or on printed paper, the
Researcher was blinded in all cases from any patient data during the review of pathology

reports, with the only reference to patients accessible being the anonymized study number.
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Table 3.3 Summary of protocols established to review pathology reports, and the parties involved in both the

organization of report review and the execution of report review itself.

Hospital Description of Protocol Established Parties Involved in Pathology Report Review
Cork Single meeting on hospital site to organize report Organization: Researcher, On-site Pathologist,
University review, followed by set-up of unique electronic log-in Chief Medical Scientist
Hospital for report access, followed by the Researcher’s review
of all reports on-site. .
P Report Review: Researcher
Kerry Phone meetings followed by review of pathology Organization: Researcher, On-site Pathologist,
General reports by on-site Pathologist themselves. Chief Medical Scientist
University
Hospital . . .
P Report Review: On-site Pathologist
St. James’ Several on-site and phone meetings to organize Organization: Researcher, On-site Pathologist,
University report review, followed by set-up of non-unique Chief Medical Scientist
Hospital electronic log-in for report access, followed by the
Researcher’s review of all reports on-site. e R
Beaumont Several on-site and phone meetings to organize Organization: Researcher, On-site Pathologist,
University report review, followed by set-up of non-unique Chief Medical Scientist
Hospital electronic log-in for report access, followed by the

St. Vincent’s
University

Hospital

University
Hospital

Limerick

Mater
Misericordiae
University

Hospital

Researcher’s review of all reports on-site.

Several on-site and phone meetings to organize
report review, followed by set-up of non-unique
electronic log-in for report access, followed by the

Researcher’s review of all reports on-site.

Phone meetings and e-mail correspondence to
organize report review, followed by print-off and

compilation of necessary reports by on-site

Pathologist, followed by the Researcher’s review of all

reports on-site.
Several on-site and phone meetings to organize
report review, followed by set-up of non-unique
electronic log-in for report access, followed by the

Researcher’s review of all reports on-site.

Report Review: Researcher
Organization: Researcher, On-site Pathologist,

Chief Medical Scientist

Report Review: Researcher
Organization: Researcher, On-site Pathologist,

Chief Medical Scientist

Report Review: Researcher

Organization: Researcher, On-site Pathologist,

Chief Medical Scientist

Report Review: Researcher

In these 7 hospital sites, the Researcher was able to gain access to a total of 2527 pathology

reports which she reviewed (with the exclusion of those in Kerry General University Hospital

as indicated in Table 3.3). Given that most pathologists preferred for the Researcher to

travel to the site and make use of their respective physical and electronic pathology report

files, the pathologists made sure that information accessed by the Researcher was only

146



associated with the relevant laboratory/histology number for the specimen. This was

essential to ensure patient anonymity.

The 2527 pathology reports were analyzed in-depth to confirm as accurately as possible,
that the primary site of the tumour conformed to the study requirements as described in
Sections 3.3.1 and 3.3.2; to confirm the relevant tumour’s pure SCC pathology; to ensure
that the tumour was invasive in pathological nature; and to select the precise blocks
associated with the case that contained tumour tissue fitting all of the above criteria.
Ultimately, this process was carried out to avoid processing a large number of blocks for
every case simply to find the singular block with the most tumour. Not only did this
minimize the number of blocks withdrawn and carried cross-country, but it also minimized
the waste of a large amount of tissue. For the most part, reviewing reports narrowed down
the number of blocks to only those potentially relevant, especially for cases with many

(sometimes over 20) blocks.

Some case numbers retrieved pathology reports in hospital systems that re-directed to
another case number associated with the same patient that actually diagnosed the relevant
tumour. The Researcher accepted this redirection after consulting with hospital-based
pathologists to confirm that the patient was indeed the same for each case number given

the anonymous nature of the review process.

It should also be noted that in the review of each pathology report, the Researcher
prioritized obtaining FFPE biopsy and/or resection specimens for all patients in the study
population. For patients whose ultimate treatment was non-surgical, the tissue samples
used were those obtained at diagnosis. For those patients treated surgically, resected

tumour samples were used if others obtained at diagnosis were unavailable.

3.4.4 Step 3: The Retrieval of FFPE Blocks
Once relevant blocks were identified through pathology report review, the Researcher
organized FFPE block retrieval and transport protocols with the representing pathologists

responsible for on-site FFPE tissue storage, and with the private companies responsible for
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FFPE tissue storage off-site (Step 3 in Figure 3.1). Each hospital had its own protocol and

individualized process for acquiring blocks.

Many of the sites made use of private off-site storage which generally charged for the
pulling of a single block. This charge ranged from 5EU per block to 20EU per block. Given
that this was an unforeseen expense, no budget remained in the study for this paid pathway
of block acquisition. The Researcher therefore decided to negotiate with the off-site storage
companies individually for every hospital to visit the private off-site warehouses herself. The
Researcher agreed with each company and hospital that visiting the warehouses would be

possible and would come at no cost to the project.

Table 3.4 below summarizes by hospital the protocols established for block retrieval and the

parties involved in organizing and executing retrieval.
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Table 3.4 Summary of protocols established for block retrieval and the parties involved in the organization of

block retrieval and the execution of block retrieval itself.

Hospital

Description of Protocol Established

Parties Involved in Block Retrieval

Cork University

Hospital

Kerry General
University

Hospital

St. James’
University

Hospital

Beaumont
University

Hospital

St. Vincent’s
University

Hospital

University
Hospital

Limerick

Mater
Misericordiae
University

Hospital

Telephone and in-person meetings with pathologist and
medical scientist to organize retrieval, followed by
Researcher visit to on-site storage to retrieve blocks.
Discussions with off-site company unable to yield cost-free
retrieval of other blocks.

Retrieval of all blocks required carried out by on-site
Pathologist themselves followed by Researcher in-person

pick-up of blocks retrieved.

Pathologist withdrew first half of blocks by internal request.
The Researcher then organized the collection of the next half
of blocks through a secondary application process to a
BioBank within the hospital in line with newly introduced
GDPR regulations. The Researcher then visited private off-site
storage facilities, searched for, and collected the blocks.
Researcher organized with on-site pathologist and chief
medical scientist to withdraw on-site blocks from internal
hospital storage. Lengthy telephone and in-person meetings
with private off-site company, pathologists, and medical
scientist to organize retrieval, followed by Researcher off-site
storage visits to acquire blocks.

Researcher organized with on-site pathologist and chief
medical scientist to withdraw on-site blocks from internal

hospital storage.

Researcher organized with on-site pathologist and chief
medical scientist to withdraw on-site blocks from internal
hospital storage. Lengthy telephone and in-person meetings
with private off-site company, pathologists, and medical
scientist to organize retrieval, followed by Researcher off-site

storage visits to acquire blocks.

Researcher organized with on-site pathologist and chief
medical scientist to withdraw on-site blocks from internal

hospital storage.

N/A: It was not possible to establish a cost-free

retrieval of blocks at this site.

Organization: Researcher, On-site Pathologist, Chief

Medical Scientist

Retrieval: On-site Pathologist

Organization: Researcher, On-site Pathologist, Chief
Medical Scientist, St. James’ Private Hospital Storage

Management, St. James’ Biobank Ireland Trust

Retrieval: On-site Pathologist, Researcher

Organization: Researcher, On-site Pathologist, Chief
Medical Scientist, Oasis Private Storage Management
Group, Beaumont University Hospital Internal Storage

Management

Retrieval: Researcher
Organization: Researcher, On-site Pathologist, Chief
Medical Scientist, St. Vincent’s Internal Hospital

Storage Management

Retrieval: Researcher
Organization: Researcher, On-site Pathologist, Chief
Medical Scientist, DSM Private Data Management and
Storage Ltd, University Hospital Limerick’s Internal

Hospital Storage Management

Retrieval: Researcher

Organization: Researcher, On-site Pathologist, Chief
Medical Scientist, Mater Misericordiae, University

Hospital Internal Hospital Storage Management

Retrieval: Researcher

The Researcher retrieved all blocks for the ECHO study except in the case of the 66 blocks

from Kerry General University Hospital and those from Cork University Hospital given that it
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was not possible to establish a cost-free retrieval of blocks at this site (Table 3.4). The on-
site Pathologist for St. James’ University Hospital also retrieved the first half of the blocks for

this site by internal request (Table 3.4).

It was possible to acquire a total of 1115 blocks from the on- and off-site storage sites for
the participating hospitals. Once these blocks were acquired, the Researcher transported
the blocks to the Coombe Women and Infant’s University Hospital (CWIUH) in secure,
waterproof boxes. CWIUH was the study center for the ECHO project, and the site for all
block processing. No couriers were used at the request of the pathologists. The specimen
blocks were stored securely in closed FFPE-specific boxes within the Molecular Pathology
laboratory at the CWIUH, which was only accessible by laboratory staff with fob security
access. The study database documenting these cases was also established using an
encrypted, password-protected Microsoft Access file and was kept in the fob-secured

laboratory office.

3.4.5 Step 4: The Generation and Histopathological Review of H+E Slides

Once the 1115 blocks were transported to the CWIUH, they were processed as described
later in Sections 3.6.2 and 3.6.3. This processing included the generation of two new H+E
slides, one before and after molecular sections were cut. Thus, the Researcher newly
generated a total of 2230 H+E slides for the study. For anticipated p16
immunohistochemistry in future studies, another slide was cut for each case, yielding

another 1115 slides. In total, the Researcher generated 3345 slides.

The 2230 H+E slides were histopathologically reviewed by a board of six pathologists, with
20% of them being reviewed by two of these pathologists to ensure consistency in
diagnosis. Blocks were again evaluated on the basis of their eligibility according to Sections
3.3.1and 3.3.2. Only those deemed eligible were brought forward for molecular testing.
After the review of these slides for the 1115 FFPE blocks retrieved, 861 were ultimately

included in the study.
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3.4.6 Overview of Acquisition of FFPE Blocks and the Cases Eliminated During Each Step of
the Process

Cases were eliminated at each stage of the FFPE block acquisition process due to eligibility

concerns and inaccessibility. A summary of the blocks remaining eligible at each step of the

process outlined in Figure 3.1 is showcased in Table 3.5 below. It should be noted that given

that NCRI collaborators generated the study database during Step 1, no information on the

hospitals from which cases were eliminated during this step was available. Information was

only available for the 2527 cases for which pathology reports were accessible and reviewed.

Table 3.5 Number of cases remaining in the study after each of steps 1, 2, 3, and 4 involved in sample

identification and retrieval summarized in Figure 3.1.

Hospital | Step After step 1: Number of After step 2: Number of After step 3: Number of After step 4: Number of
cases for which pathology cases eligible after cases found during block samples eligible after H+E
reports were pathology report review retrieval slide review

accessed/reviewed

Cork University 232 220 0 0
Hospital
Kerry General 66 65 65 40
University
Hospital
St. James’ 1172 1079 357 269
University
Hospital
Beaumont 313 290 235 156
University
Hospital
St. Vincent'’s 136 118 60 52
University
Hospital
University 315 277 268 237
Hospital
Limerick
Mater 293 248 130 107
Misericordiae
University
Hospital
Total 2527 2297 1115 861

An in-depth analysis of the procedures, parties, lengths of time taken to acquire FFPE blocks,

and reasons for case elimination is the subject of Chapter 4.
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3.5 Overview, Principles, and Application of Laboratory Methodologies

3.5.1 Overview of Laboratory Methodologies
Once brought to the CWIUH, FFPE blocks were subjected to a variety of laboratory
techniques and processes. These included sectioning, slide-making, slide-staining,

extraction, polymerase chain reaction (PCR), and genotyping.

The project commenced with an initial pilot study comparing two different HPV DNA-
detecting technologies and sterility protocols. The first attempt of the pilot study used an

III

“original sterility protocol” which is described later in Section 3.6.2. The first attempt made
use of both the Multiplex PCR Luminex Genotyping and SPF10 PCR Gel Electrophoresis
technologies described later in Section 3.7. Evidence of contamination appeared using this

III

“original sterility protocol” with the Multiplex PCR Luminex Genotyping technology. No such
evidence appeared using the “original sterility protocol” with the SPF10 PCR Gel
Electrophoresis. Thus, a second attempt of the pilot study was conducted using the “IARC

III

sterility protocol” described later in Section 3.6.2 paired with the Multiplex PCR Luminex
Genotyping technology alone. The comparisons of these technologies and sterility protocols

are the subject of the analysis of Chapter 5.

After this pilot study was conducted, the full ECHO study was carried out with the most valid
sterility protocol and technology determined by the pilot study: The “IARC sterility protocol”

using the Multiplex PCR Luminex Genotyping technology for HPV DNA detection.
For ease of understanding, the schematic Figure 3.2 below is an exhaustive summary of the

techniques that were applied, in what order they were applied, and to how many samples

they were applied.
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Figure 3.2 Schematic diagram representing the laboratory techniques applied to cases throughout the ECHO
study.

An initial pilot study was conducted on 139 cases to validate two types of HPV DNA-detecting technologies and sterility
protocols (left-hand side of diagram). The first attempt of the pilot study made use of an “original sterility protocol”
outlined in Section 3.6.2. The sections cut using this protocol were tested using both Multiplex PCR Luminex Genotyping and
SPF10 PCR Gel Electrophoresis. The extraction procedures for these two different technologies were different, the Multiplex
PCR making use of a home-made digestion buffer described in Section 3.7.3.2, and the SPF10 PCR Gel Electrophoresis using
the QIAGEN QIAamp® DNA FFPE Tissue Kit (QIAGEN Ltd, Manchester, UK)> method outlined in Section 3.7.2.1.
Contamination issues were detected in results using this sterility protocol with the Multiplex PCR Luminex Genotyping
method alone. The second attempt (left-hand side of diagram) of the pilot study therefore refers to the same 139 cases
being re-sectioned with a new sterility protocol established by IARC (“IARC Sterility Protocol”) and re-tested using the
Multiplex PCR Luminex Genotyping. No contamination issues were detected here and results were used for pilot study
analysis and determination of the best methodology for the overall ECHO study. The full ECHO study (right-hand side of
diagram) was thus conducted after the pilot study, including 1115 cases sectioned with the “IARC sterility protocol”, of

which 861 had relevant tumour tissue that was tested using the Multiplex PCR Luminex Genotyping technology.

153



It should be noted that all procedures were carried out in the CWIUH. However, though
cases subjected to Multiplex PCR Luminex Genotyping (Figure 3.2) were sectioned and
extracted by the Researcher in the CWIUH, testing using this technology was carried out in
the Infections and Cancer Biology Laboratory in IARC, Lyon, France. The samples were sent
by DHL in batches. The Researcher attended the laboratory in IARC in the summer of 2018
to be trained on the technology and to test two batches of the samples (n=330) sent in that
time-period. The rest of the samples were tested by the laboratory in IARC without the

Researcher present.

3.6 Sectioning of FFPE Blocks, and Creation and Review of H+E Slides

All cases in the ECHO study and the initial pilot study were subjected to sectioning using a
microtome (Figure 3.2) by the Researcher in the CWIUH. The coming sections describe the
principles of microtomy and the precise protocols that were applied to the FFPE blocks in

both the initial pilot study and the ECHO study as a whole.

3.6.1 Principles of Microtomy

Microtomes are instruments for cutting extremely thin sections of material for examination
under a microscope. In many cases, they are used to cut thin sections of um thickness from
rectangular FFPE blocks. Sections are used to create slides of varying types including H+Es to
diagnose tissue type and immunohistochemistry slides to stain for the presence of

biomarkers including proteins.

3.6.2 Sectioning of FFPE Blocks

The ECHO study and its initial pilot study made use of a fully manual microtome. The
microtome model was: Leica® RM2135 (Leica Biosystems, Wetzlar, Germany)°®. This
microtome however stopped functioning after the pilot study and 600 cases cut for the
study as a whole. A replacement was used for the rest of the sections cut for the whole
study. The replacement microtome was a semi-automated one which allowed for either
manual cutting of each section or electronic cutting of each section using only a button to
stop and start the process. The model used for the rest of the 1115 cases cut for the whole

study was: pfm Rotary 3006 EM (pfmmedical, KéIn, Germany)’.
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The sectioning protocol used in the ECHO study and its initial pilot study was that of the
international HPV-AHEAD Study Consortium®?, as directed by the Infections and Cancer
Biology Laboratory in IARC, Lyon, France. The sectioning allowed for the cutting of two H+E
slides (S1 and S9 in Figure 3.3), 1 p16 slide (S2 in Figure 2.3) for future use, three sections for
HPV mRNA detection (T1 in Figure 3.3) for future use, and three sections for HPV DNA
Multiplex PCR Luminex Genotyping (T2 in Figure 3.3). It should be noted that for the
purposes of the first attempt of the initial pilot study (Figure 3.2), T1 sections in Figure 3.3
were actually those cut for SPF10 PCR Gel Electrophoresis, and T2 sections in Figure 3.3
were cut for the first attempt of the Multiplex PCR Luminex Genotyping. For the second
attempt of the initial pilot study (Figure 3.2), only T1 sections were cut for Multiplex PCR

Luminex Genotyping alone.

Figure 3.3 Sectioning protocol for each FFPE block in the ECHO study as defined by the HPV-AHEAD®® study
directed by IARC, Lyon, France.
Sections S1 and S9 are H+E slides, one cut at the beginning and end of processing. S2 is a p16 slide cut for
future immunohistochemistry. These three sections were all cut at 5um as pictured. For the initial pilot study
and first attempt, T1 sections were cut for SPF10 PCR Gel Electrophoresis. T2 sections were cut for Multiplex
PCR Luminex Genotyping. For the second attempt of the pilot study with altered sterility protocols, only T1
sections were cut for Multiplex PCR Luminex Genotyping. For the ECHO study as a whole, T1 sections were cut

for future HPV mRNA testing, and T2 sections were cut for HPV DNA Multiplex PCR Luminex Genotyping.

The functional and sterility protocols for the cutting of all sections in Figure 3.3 is
summarized in Figure 3.4. The “IARC Sterility Protocol” mentioned previously (Figure 3.2) is
that described exactly in Figure 3.4. It makes use of DNA ZAP™ (ThermoFisher™ Scientific,
MA, USA)!° and 70% ethanol to clean the microtome. This was the sterility protocol used in

the second attempt of Multiplex PCR Luminex Genotyping in the initial pilot study, and for
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the full ECHO study (Figure 3.2). The first attempt of Multiplex PCR Luminex Genotyping and
the SPF10 PCR Gel Electrophoresis in the initial pilot study (Figure 3.2) instead used
Industrial Methylated Spirits (IMS) and Parapel™ (ThermoFisher™ Scientific, MA, USA)!?, a
paraffin wax melting solution, to clean the microtome. This is the previously referred to

“Original Sterility Protocol” (Figure 3.2).
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1. Place FFPE blocks ready for sectioning on a cooling plate to be chilled.
2. Prepare all Leica® Bond Plus slides (Leica Biosystems, Wetzlar, Germany)'2 and DNase/RNase-free 1.5ml
Micro tubes (Sarstedt, Wexford, Ireland)!! with study ID numbers.
3. Wearing a new set of disposable gloves, remove any blade left in the microtome and clean the
microtome completely with DNA ZAP™ (ThermoFisher™ Scientific, MA, USA)1 and 70% Ethanol using
disposable tissue paper.
4. Insert a new microtome blade.
5. Mount a chilled FFPE specimen block on to the microtome.
6.  Trim the block by flattening and removing any rough surface at 10um.
7. Clean the microtome thoroughly with DNA ZAP™ (ThermoFisher™ Scientific, MA, USA)1° and 70%
Ethanol using disposable tissue paper to minimize cross contamination between specimens by debris
created in step 6.
8. Cuttwo consecutive 5um sections onto separate Leica® Bond Plus slides (Leica Biosystems, Wetzlar,
Germany)12, one for H+E staining (S1 in Figure 3.3), and the other for future p16 immunohistochemistry
(S2 in Figure 3.3).
9. Cut three consecutive 10um sections for future mRNA extraction (T1 in Figure 3.3).
10. Collect the sections into a sterile DNase/RNase-Free 1.5ml Micro tube (Sarstedt, Wexford, Ireland)!
using sterile tweezers or a disposable pair of tweezers.
11. Cut three consecutive 10um sections for DNA extraction depicted (T2 in Figure 3.3).
12. Collect the sections into a sterile DNase/RNase-Free 1.5ml Micro tube (Sarstedt, Wexford, Ireland)!
using sterile tweezers or a disposable pair of tweezers.
13. Cut one 5um section onto a Leica® Bond Plus slide (Leica Biosystems, Wetzlar, Germany)2 for H+E
staining (S9 in Figure 3.3).
14. Return to step 3 above and process a new FFPE specimen block, until 10 specimens have been
processed. Then, move to step 15.
15. Process a blank block negative control, beginning by wearing a new disposable glove set, cleaning the
microtome and surface and bench with DNA ZAP™ (ThermoFisher™ Scientific, MA, USA)10 and 70%
ethanol using disposable tissue paper, and inserting a new microtome blade.
16. Mount the blank paraffin block and cut three consecutive 10um sections for a future mRNA control, and
another 10um section for a DNA control, collecting each set of 3 sections into separate DNase/RNase-
Free 1.5ml Micro tubes (Sarstedt, Wexford, Ireland)!! using a sterile pair of tweezers or a disposable
pair of tweezers.
17. Repeat steps 15 through 17 using a block of SiHA or HelA cells as a positive control.

18. Start a new set of 10 samples with step 1.

Figure 3.4 Detailed sectioning and sterility protocols for the ECHO study with reference to sections outlined in Figure 3.3.

For the second attempt of the initial pilot and the ECHO study as a whole, this precise protocol was used and named the “IARC Sterility
Protocol”. The first attempt of the initial pilot study for the ECHO study (Figure 3.2) used this protocol as well but with changes in the
sterilization products used. Anywhere in this protocol where DNA ZAP™ (ThermoFisher™ Scientific, MA, USA)* or 70% ethanol are mentioned,

IMS and Parapel™ (ThermoFisher™ Scientific, MA, USA)*! were used instead. This was called the “Original Sterility Protocol.”

157



3.6.3 Creation and Review of H+E Slides

The sectioning protocol described in section 3.6.2 includes sections cut for H&E and p16
slides for future staining. A more detailed sub-protocol for the fabrication of these slides
immediately after sections were cut is detailed below in Figure 3.5. For both H+E and p16
slides for future staining, Leica® Bond Plus charged slides (Leica Biosystems, Wetzlar,

Germany)*? were used.

1. Before sectioning any blocks, prepare cold (room temperature) and hot water (37°C) baths and a hot plate (40°C)
(Bibby Scientific Ltd, Staffordshire, UK)2.
2.  Before sectioning any blocks, prepare stable slide racks.
3.  Before sectioning any blocks, pre-heat oven (ThermoFisher™ Scientific, Waltham, MA, USA)?! to 70°C.
4.  After cutting section S1 in Figure 3.3, place the section into the cold water bath with tweezers.
5. Scoop up the flat section using the prepared Leica® Bond Plus slide (Leica Biosystems, Wetzlar, Germany)*2.
6.  Drop the section gently into the hot water bath (Bibby Scientific Ltd, Staffordshire, UK)?! from the slide to remove
any folds in the paraffin.
7.  Scoop up the flat, unfolded, section again with the slide and place the slide on the hot plate (Bibby Scientific Ltd,
Staffordshire, UK)?.
8.  Label the slide in pencil.
9. Repeat steps 3 to 8 for section S2 in Figure 3.3.
10. Repeat steps 3 to 8 for section S9 in Figure 3.3.
11. Once a maximum number of slides able to fit in the oven are on the hot plate, place the slides into stable slide
racks.
12. Bake the slides at 70°C for 30 minutes in the oven (ThermoFisher™ Scientific, Waltham, MA, USA)?.

13. Stain slides S1 and S9 as H+Es and store S2 slides for p16 for future studies.

Figure 3.5 Step-by-step protocol for the fabrication of H+E slides and p16 slides for future staining.

This protocol is standard in hospital histopathology departments and is drawn from the
procedure used in St. James’ University Hospital and the CWIUH in Dublin. This protocol was
an integral part of the sectioning protocol in Figure 3.4, as slides were fabricated, but not
stained, immediately after sections S1, S2, and S9 (Figure 3.3) were cut. Leica® Bond Plus
slides (Leica Biosystems, Wetzlar, Germany)*? were used for S1, S2, and S9 (Figure 3.3). S1

and S9 were stained as H+Es, and S2 was kept for future p16 staining.

Slides generated with sections S1 and S9 in Figure 3.3 using the protocol described in Figure
3.5 were stained using the Ventana HE 600 System (Roche, Basel, Switzerland)'3. This is an
automated machine that offers individual slide staining using racks of 20 slides at a time.
The system allows for the incubation of sections followed by the simultaneous staining,

dehydrating, and coverslipping of slide trays.
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Once sections S1 and S9 (Figure 3.3) were mounted on to Leica® Bond Plus slides (Leica
Biosystems, Wetzlar, Germany)??, they were placed on a Ventana staining slide tray and
loaded onto the system. The system first incubated the slides at 70°C or above for a further
30 minutes to that applied in Figure 3.5 to ensure adherence of the tissue section. The slides
were then washed using the Ventana HE600 washing solution (Roche, Basel, Switzerland)*3
and stained with Ventana HE600 Haematoxylin (Roche, Basel, Switzerland)'3. The
Haematoxylin was then blued with the Ventana HE600 Bluing agent (Roche, Basel,
Switzerland)®3. Ventana HE600 Eoisin (Roche, Basel, Switzerland)'? was applied followed by
the Ventana HE600 Organic Solution (Roche, Basel, Switzerland)3. The Ventana Eoisin
(Roche, Basel, Switzerland)!® was an acidic dye that had an affinity for basic tissue elements
(cytoplasm, most connective tissue fibers), and stained these various shades of pink, red,
and orange. Following this, differentiation was attained using the Ventana HE600 Acid
Differentiator (Roche, Basel, Switzerland)!3. A sequence of Ventana HE600 Transfer Fluid
(Roche, Basel, Switzerland)!® and accompanying Cleaning Solution (Roche, Basel,

Switzerland)®® was then applied before the slides were coverslipped.

The system coversliped the slides with the use of the Ventana HE600 Coverslipper Activator
(Roche, Basel, Switzerland)!® and pre-glued Ventana HE600 Glass Coverslips (Roche, Basel,
Switzerland)®3. Once slides were stained, they were stored in 100-slide boxes in the fob-

accessed Molecular Pathology Laboratory of the CWIUH.

The slides were then reviewed by a member of a six-person Pathology Review Board
composed of pathologists from four different hospitals. The pathologists assessed the slides
to confirm the presence of relevant tumour according to the eligibility criteria in Sections
3.3.1and 3.3.2. A subset of 20% of cases were reviewed a second time by another member

of the Pathology Review Board to confirm diagnosis.

If diagnosis of pure SCC was not confirmed for both H+E slides (S1 and S9 in Figure 3.3) for
the selected FFPE block, the Researcher returned to the database to select another FFPE
block identified as containing tumour by its associated pathology report. Protocols were

repeated and both H+E slides (S1 and S9 in Figure 3.3) were again reviewed. This was
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repeated until all FFPE specimen blocks highlighted in the pathology reports as containing
relevant tumour were examined. If none contained appropriate tissue according to review

of the H+E slides, the case was excluded from the study.

For the ECHO study as a whole, 1115 cases with two H+E slides each were
histopathologically analyzed. Those generated for the 139 pilot study cases were also
reviewed. With two H+Es per case, 2230 H+E slides were analyzed for the ECHO study as a
whole along with an additional 278 for the pilot study. For the ECHO study as a whole
however, this is a conservative estimate as several blocks had to be cut for multiple cases to

find appropriate tissue. 861 cases remained in the ECHO study as a whole after H+E review.

3.7 HPV DNA Detection

T1 and T2 sections (Figure 3.3) were subjected to HPV DNA detection following sectioning.
For the initial pilot study, two HPV DNA-detecting technologies were used: SPF10 PCR Gel
Electrophoresis and the Multiplex PCR Luminex Genotyping technology. Only Multiplex PCR
Luminex Genotyping was used for the ECHO study as a whole. The coming section outlines
the principles of PCR forming the basis for both technologies, and proceeds to describe each
DNA-detecting technique in detail including the principles of the Luminex xMAP®
Technology (Luminex Corp, TX, USA)1415,

3.7.1 Principles of PCR
PCR is a powerful biochemical method for amplifying a pre-selected segment of DNA. It is a

distinct process, different from both cloning and propagation within the host cell.

PCRs are composed of a single thermal cycle repeated many times to denature DNA,
segregate double-stranded DNA, and synthesize a new strand based on the template of
those single strands. The first step of a PCR thermal cycle entails the heating of extracted
DNA to sever the bonds between the two strands forming double-stranded DNA to produce
single strands. These single strands form a template for the desired sequence that is to be
amplified. Following this, a sequence-specific oligonucleotide primer pair is annealed to

each DNA single strand template. Third, a thermostable Tag DNA polymerase enzyme
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directs the synthesis of a complimentary DNA strand to the DNA template formed by the
initial single strand using deoxynucleotide substrates. These nucleotides are added to the 3’
end of the primer, thus generating an extended region of double stranded DNA for each

template, thereby doubling the DNA in each cycle.

The thermal cycle is then repeated multiple times to significantly amplify the target
sequence. Results can be measured by various methods including gel electrophoresis and

laser-based detection.

3.7.2 SPF10 PCR and Gel Electrophoresis

For the initial pilot study (Figure 3.2) on 139 cases, T1 sections in Figure 3.3 were subjected
to HPV DNA detection through SPF10 PCR and Gel Electrophoresis. This was a binary
detection process whereby the presence or absence without genotype of HPV DNA was
determined. This process was conducted by the Researcher in the CWIUH and included DNA
extraction, quantification and purity analysis of extracted DNA using a spectrophotometer,

SPF10 PCR, and gel electrophoresis.

3.7.2.1 DNA Extraction

Based on the optimization of DNA extraction and cost-effectiveness analysis'®, the QIAGEN
QlAamp® DNA FFPE Tissue Kit (QIAGEN Ltd, Manchester, UK)®> was used to extract DNA from
FFPE tissue sections T1 (Figure 3.3) in accordance with the manufacturer’s instructions
(QIAGEN Ltd, Manchester, UK)°. All associated positive (HeLa or SiHa) and negative (empty
paraffin or placenta-containing paraffin blocks) controls that were cut alongside each set of

10 samples were also extracted.

The extraction was performed in a ventilated and sterilized hood: ESCO Airstream® Class Il
BSC Hood (ESCO, Barnsley, UK)*3. Extraction commenced with the deparaffinisation of the
sections by adding 1ml of xylene to each sample. Samples were then vortexed vigorously for
10 seconds and centrifuged at full speed for 2 minutes at room temperature. Supernatant
was removed, and 1ml of ethanol (96-100%) was added to the remaining pellets for each

sample. All were again vortexed and centrifuged for 2 minutes at full speed at room
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temperature. Supernatant was again removed. All samples, with their tube lids open, were
left to incubate at room temperature for 10 minutes, or, until all residual ethanol had

evaporated.

All sample pellets were then resuspended in 180ul Buffer ATL from the kit. 20ul of
proteinase K (20 mg/ml) from the kit was added to each sample. All were then vortexed.
Samples were then incubated overnight at 56°C to allow for the best possible lysis. Samples

were then incubated for 1 hour at 90°C and briefly centrifuged.

200ul Buffer AL was added to the samples, followed by vortexing, the addition of 200ul of
ethanol (96-100%), further vortexing, and brief centrifugation. The remaining lysate was
transferred to a QlAamp MinElute column that itself was placed in a 2ml collection tube. All
columns were centrifuged at 8000 rpm for 1 minute. The 2ml collection tube containing the

flow-through was disposed of and replaced with a clean collection tube.

500ul of Buffer AW1 was added to each of the columns, which were then centrifuged at
8000 rpm for 1 minute. With a replacement 2ml collection tube, this process was repeated
with the addition of 500ul of Buffer AW2. Replacing the 2ml collection tube for the last time,
all columns were centrifuged at 14000 rpm for 3 minutes to dry the membrane of the
column completely. The collection tube was discarded and replaced with a clean 1.5ml

DNase/RNase-free 1.5ml Micro tube (Sarstedt, Wexford, Ireland)*..

50ul of Buffer ATE was then added to the column, and all samples were incubated at room
temperature with their column lids open for 15 minutes to allow for maximal DNA yield. Lids
were closed and all samples were then centrifuged at 14000 rpm 1 minute. Columns were

disposed of, lids of the sample tubes were closed, and all samples were stored at -80°C.

3.7.2.2 Quantification and Purity Analysis of Extracted DNA using a Spectrophotometer
For these 139 cases and their controls, DNA concentration and quality was assessed using
the Thermo Scientific NanoDrop 2000c Spectrophotometer (ThermoFisher™ Scientific,

Waltham, MA, USA)Y’.
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Each sample was retained between two fiberoptic cables using surface tension. The
machine was first calibrated by pipetting 1ul of DNase/RNase-free water (ThermoFisher™
Scientific, MA, USA)*8 onto the optical surface and closing the lever arm before zeroing on
the Nanodrop software. The Nanodrop dock was then wiped with a clean, dry, lint-free
tissue, and 1ul of the first sample was pipetted onto the optical surface for assessment.
Between each sample, the optical surfaces were again cleaned with new clean, dry, lint-free
tissue. The software assessed nucleic acid concentration, absorbance at 260nm and 280nm,
and the spectra of each sample. Purity of DNA was assessed by absorbance ratio 260/80 and

the spectra of each sample.

Only samples with a defined single-peak spectra, DNA concentration exceeding 10ng/ml,
and a purity of 260/80 between 1.8-2.0 were carried forward for SPF10 PCR and Gel
Electrophoresis. These cut-offs represented strict standards for DNA quantity and quality

and have been utilized as a standard for further PCR1®.

3.7.2.3 SPF10 PCR

HPV DNA was amplified by the SPF10 short PCR fragment HPV primer set (Life Technologies
Inc, Grand Island, NY, USA)!L. This set has the potential to amplify at least 54 HPV types, and
together, the primers amplify a 65-base pair fragment from the conserved L1 open reading

frame in the viral capsid region of the HPV genome!2°.

Each PCR reaction consisted of a mastermix mixture of 300nM of each of the six SPF10
primers (Table 3.6), 200uM deoxynucleoside triphosphates (Sigma Aldrich/Merck,
Darmstadt, Germany)?!, 10x PCR buffer at 1x concentration (containing 10mM Tris-HCI pH
8.3) (ThermoFisher™ Scientific, MA, USA)'!, 50mM KCI (ThermoFisher™ Scientific, MA,
USA)!L, 3mM MgClz (ThermoFisher™ Scientific, MA, USA)!?!, 1U of AmpliTaq Gold Taq
polymerase (Life Technologies Inc, Grand Island, NY, USA)?2, and UltraPure™ DNAase/RNase

free water (ThermoFisher™ Scientific, MA, USA)*8 .
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Table 3.6 Sequences of HPV SPF10 primers used in SPF10 PCR. HPV DNA from all extracted samples was

amplified using a master mix containing 300nM of each of the six of these primers.

Primer Name Primer Sequence (5’ to 3’ and 11-45 bases)
SPF10 1A GCICAGGGICACAATAATGG
SPF10 1B GCICAGGGICATAACAATGG
SPF10 1C GCICAGGGICATAATAATGG
SPF10 1D GCICAAGGICATAATAATGG
SPF10 2B GTIGTATCIACAACAGTAACAAA
SPF10 2D GTIGTATCIACTACAGTAACAAA

The 17ul of the mastermix for each reaction was placed in a separate well of a marked
Microamp 96-well PCR plate (ThermoFisher™ Scientific, MA, USA)?3, followed by the 3ul of
each sample, yielding a total reaction volume of 20ul. The plate was then sealed with an
optical seal and centrifuged briefly. The PCR was run on the 7500 real-time PCR System
(ThermoFisher™ Scientific, MA, USA)?4, although it was not a real-time reaction. The plate
was inserted into the 7500 real-time PCR System (ThermoFisher™ Scientific, MA, USA)?* and

the samples were labeled as per the plate markings.

The PCR was initiated by a five-minute denaturation and enzyme activation step at 95°C.
There were two PCR stages, the first of which contained one step, and the second of which
contained two steps. The first step of stage one was 30 seconds at 95°C for denaturation.
The first step of stage two was 45 seconds at 52°C for annealing, followed by step two for 45
seconds at 72°C for extension. The PCR was completed after 40 cycles of the thermacycling.
The corresponding negative and positive controls that were sectioned at the same time as a
particular set of samples were processed through the PCR alongside those samples. These
controls were used to monitor the performance of the PCR method in each experiment. The

amplicons were then analysed by gel electrophoresis.

3.7.2.4 Gel Electrophoresis
Amplicons of SPF10 PCR were then subjected to Gel Electrophoresis to determine HPV
status. This was done using 2.2% agarose with 16-wells and the Lonza FlashGel™ System

(Lonza Inc, Basel, Switzerland)?. Together these visualized a 65bp PCR product by
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comparison to a 50bp DNA ladder. This system allowed for fast separation of DNA fragments
greater than 10bp. For each PCR run, clinical specimens were run alongside a negative
template control of DNase-free water (ThermoFisher™ Scientific, MA, USA)!® along with the

negative tissue block and positive HeLA/SiHA tissue block controls.

Wells of the gels were first flooded with deionized water. 1ul of gel loading dye, Blue 6X
(New England Biolabs Inc, Ipswhich, MA, USA)?6, was mixed by pipetting up and down with
4ul of each sample’s PCR product in a new clean plate. The dye is a premixed tracking dye
with loading buffer for agarose gel electrophoresis. It contains SDS to obtain sharper DNA
bands, EDTA to chelate magnesium for stopping enzymatic reaction if present, and

bromophenol blue which is a universal tracking dye for electrophoresis.

The homogenous mixture of sample PCR product with loading dye was loaded by pipetting
into the sample wells of the 2.2% agarose gel. Each row in the 16-well gel contained 12 PCR
products, 1 positive control (SiHA/HelLA block), 1 negative control (blank or placenta block),
1 PCR negative control (DNase-free water (ThermoFisher™ Scientific, MA, USA)*), and a
DNA ladder (New England Biolabs Inc, Ipswhich, MA, USA)?®. The ladder consisted of

fragments ranging from 50 base pairs to 10 kilobases, with increased intensity at 1kb.

Once full, the 2.2% agarose FlashGel™ Casette (Lonza Inc, Basel, Switzerland)?®> was inserted
in to the FlashGel™ Dock (Lonza Inc, Basel, Switzerland)?> and the lid was closed. The Dock
was attached to the power supply and a constant voltage of 180V was applied until the DNA
separated enough to obtain as specific an amplicon length reading as possible. The
accompanying FlashGel™ Camera (Lonza Inc, Basel, Switzerland)?> was used to record the
results. A case positive for HPV was determined by a band at 65bp level in relation to the
DNA ladder on the recorded image. An example of wells captured by camera using the

system is exhibited in Figure 3.6 below.
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Figure 3.6 Image of Gel Electrophoresis of SPF10 Amplified DNA.

Lane 9: DNA ladder labelled at the 100bp and 50bp bands. Lane 8: PCR negative control (DNase/RNase free
water). Lane 7: Positive control (SiHA). Lane 6: Blank block negative control. Lanes 1, 2, and 4: Positives

indicated by a band at 65bp. Lanes 3 and 5: Negatives with no band at 65bp.

3.7.3 Multiplex PCR and Luminex Genotyping

For both the initial pilot study and the ECHO study as a whole (Figure 3.2), T2 sections in
Figure 3.3 were subjected to another HPV DNA genotyping procedure. This involved DNA
extraction, a Multiplex PCR, oligonucleotide probe coupling to fluorescent beads, a
hybridization of PCR product to probes, and a fluorescence intensity measurement by the
Luminex 200 Analyser (Luminex Corp, TX, USA)?’. Thus, HPV genotype was detected by a
type-specific multiplex genotyping (TS-MPG) assay, which combined Multiplex PCR and

bead-based Luminex Technology (Luminex Corporation, TX, USA)?’.

This method was developed and optimized in the IARC?%2° with the help of other
collaborators3%3, It is the standardized method utilized for the HPV-AHEAD Study®9, the
worldwide meta-analysis of HPV in HNC being conducted in the IARC and for which the

present study will provide the Irish data.

The coming section describes the principles of Luminex xMAP® Technology (Luminex Corp,

TX, USA)'* and goes onto outline the precise methods used to extract DNA, implement the
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Multiplex PCR, couple probes to fluorescent beads, hybridize PCR product to probes, and

analyze HPV genotypes using the Luminex.

3.7.3.1 Principles of Luminex xMAP® Technology

The Luminex System (Luminex Corp, TX, USA)?” is a flexible analyser based on the principles
of flow cytometry'41>27, The system enables the multiplex measuring (simultaneous
measuring of multiple analytes) up to 100 analytes in a single microplate well using small
sample volumes. The bioassay offers results in many formats including gene expression,

transcription factor profiling, and immunoassay profiling.

The Luminex System (Luminex Corp, TX, USA)?” is a combination of three central xXMAP®
technologies. The first is xMAP® microspheres, a family of 100 fluorescently dyed 5.6
micron-sized polystyrene microspheres that act as both the identifier and the solid surface
to build the assay'>?’. The second is a flow cytometry-based instrument, the Luminex
Analyser (Luminex Corp, TX, USA)?’, which integrates key xMAP® detection components
such a lasers, optics, advanced fluidics, and high-speed digital signal processors!>?’. The
third component is the assays that are designed around the microspheres to function with

the system’s integrated software.

The 5.6 micron polystyrene microspheres that xMAP® is based on are internally dyed with
red and infrared fluorophores. Using different ratios of the two dyes for different batches of
microspheres, up to 100 different microsphere sets can be created*. Thus, each bead is
unique with a spectral signature determined be a red and infrared dye mixture. The bead is
filled with a specific known ratio of the two dyes. As each microsphere carries a unique
signature, the xMAP® detection system can identify to which set it belongs, allowing for the

multiplexing of up to 100 tests in a single reaction volume!#1>27,

In a typical molecule-based assay (e.g. DNA), these beads will be coupled to specific and
known oligonucleotide probes, with one pre-determined coloured bead being associated
with one probe. These probes, coupled to the bead, will then be hybridized to most
commonly, a biotinlyated PCR product. If a particular probe, associated with its coupled

colour, hybridizes, then the complimentary molecule exists in the sample.
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To detect this hybridization by way of the associated fluorescent bead, the Luminex
Analyser (Luminex Corp, TX, USA)?’ combines two lasers, fluidics, and real-time digital signal
processing to distinguish the up to 100 different sets of colour-coded beads, each

representing a different probe and assay.

With respect to fluidics, the reader detects individual beads by flow cytometry. The fluidics
system aligns the beads into single file as they enter a stream of sheath fluid and then enter
a flow cell. Once the beads are in a single file within the flow cell, each bead is individually
interrogated for bead colour (e.g. the coupled probe hybridized to its associated molecule)
and assay signal strength (e.g. streptavidin-R-phycoerythrin (Strep-PE) present as a result of

biotinylation, representing fluorescence intensity).

There are two lasers in the system. The first is a 532nm green laser used to excite the Strep-
PE dye of the assay. It determines the magnitude of the Strep-PE-derived signal, which is in
direct proportion to the amount of bound analyte. Thus, a semi-quantitative measurement
of the amount of HPV present in each sample is obtained. The second is a 635nm solid state
laser used to excite the dyes inside the beads to determine their colour and thus their

associated probe/molecule. It is also used for doublet discrimination by light scatter.

Finally, the system has four detectors. These detectors are used to measure the
fluorescence of the assay, to determine what bead colour is being detected, and to

discriminate between single and aggregate beads.

3.7.3.2 DNA Extraction

All samples were extracted in the CWIUH by the Researcher. To prepare samples for analysis
using the Luminex, T2 (Figure 3.3) sections were extracted for HPV DNA using a home-made
digestion buffer developed by the Infections and Cancer Biology Laboratory, IARC, Lyon,
France for the HPV-AHEAD Study®. This homemade digestion buffer was prepared under
sterile conditions in a ventilated hood (ESCO, Barnsley, UK)*3. For each sample, 242.7ul of 10
mM Trizma® hydrochloride solution pH 7.4 diluted from 1M (Sigma Aldrich/Merck,
Darmstadt, Germany)3?, 6.3ul of proteinase K (20mg/ml) (QIAGEN Ltd, Manchester, UK),
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and 1ul of Tween 20 (Sigma Aldrich/Merck, Darmstadt, Germany)3** were needed. The
Trizma® was diluted appropriately using DNAse/RNase free water (ThermoFisher™

Scientific, MA, USA)?8,

For each batch of 100 samples and 20 associated controls, appropriate volumes of each of
Trizma®, proteinase K, and Tween 20 were made into a stock solution. 250ul of the digestion
buffer was then added directly into each 1.5ml Micro tube (Sarstedt, Wexford, Ireland)*!
containing the T2 sections for each specimen. The samples were then incubated for 2 hours
at 56°C under a 750rpm agitation using a GeneChip® Hybridization Oven 640
(ThermoFisher™ Scientific, Waltham, MA, USA)?L. To inactivate the proteinase K, each tube
was heated for 10 minutes on a Stuart® SBH130D Heat Block (Stuart®, Staffordshire, UK)® at
95°C. They were then centrifuged for 2 minutes at 13000rpm using the Eppendorf 5418R
(Eppendorf, Hamburg, Germany)3®. They were finally chilled on ice and stored in a -20°C

freezer (ThermoFisher™ Scientific, Waltham, MA, USA)!?, for further use.

3.7.3.3 Multiplex PCR

Samples were then shipped by DHL to the Infections and Cancer Biology Laboratory, IARC,
Lyon, France, for the rest of the HPV DNA detection procedures, including the Multiplex
PCR. The Researcher traveled to the IARC to be trained in the Multiplex PCR and Luminex
technology using a batch of samples sent (n=330), but the rest of the testing occurred

without the Researcher present.

10ul of extracted DNA for each sample was subjected to Multiplex PCR described
previously?®. This PCR used HPV type-specific primers targeting the E7 region of 19 HR or
probably HR HPV genotypes (16, 18, 26, 31, 33, 35, 39, 45, 51, 53, 56, 58, 59, 66, 68a, 68b,
70, 73, 82) and two LR HPV genotypes (6, 11). Detection limits ranged from 10 to 1,000
copies of the viral genome per reaction. Two primers for amplification of the B-globin gene
were also included to control for the quality of the template DNA. The slight modification of
the protocol described previously?>:3” for the amplification of shorter (~100bp) fragments
for ten HPV genotypes (16, 18, 31, 33, 35, 52, 56, 66, 6, 11) and 117bp for B-globin were

applied.
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The primers used to amplify the HPV DNA were originally developed by IARC3® with some
updates later made for greater sensitivity®. These primers are summarized in Table 3.7
below. All reverse primers were biotinylated to allow later detection with a Luminex 200

Analyser (Luminex Corp, TX, USA)?’.

Table 3.7 Sequences of forward and reverse HPV-type specific primers and sizes of the PCR-amplified
fragments® as developed and reported by IARC for Multiplex PCR.
All reverse primers were biotinylated to allow later detection with a Luminex Analyser (Luminex Corp, TX, USA)?’.

Associated GenBank Sequences that were used as references to develop the primers are also shown.

HPV Genotype Primer Sequence® PCR Fragment Size GenBank
(bp) Sequence
16 F. 5'-TTATGAGCAATTAAATGACAGCTCAG-3’ 212 K02718

R. 5'-TGAGAACAGATGGGGCACACAAT-3'

18 F. 5'-GACCTTCTATGTCACGAGCAATTA-3’ 236 X05015
R. 5'-TGCACACCACGGACACACAAAG-3'

26 F. 5'-CGAAATTGACCTACGCTGCTACG-3’ 239 X74472
R. 5-TGGCACACCAAGGACACGTCTTC-3'

31 F. 5-AGCAATTACCCGACAGCTCAGAT-3' 210 104353
R. 5'-GTAGAACAGTTGGGGCACACGA-3’

33 F. 5-ACTGACCTAYACTGCTATGAGCAA-3’ 229 M12732
R. 5'-TGTGCACAGSTAGGGCACACAAT-3'

35 F. 5'-CAACTGACCTATACTGTTATGAGC-3’ 234 M74117
R. 5'-TGTGAACAGCCGGGGCACACTA-3’

39 5-GGTTTGCAGTTGCACACCACGG-3’ 357 M62849
R. 5'-GACACTGTGTCGCCTGTTTGTTTA-3"

45 F. 5'-GACCTGTTGTGTTACGAGCAATTA-3’ 236 X74479
R. 5-TGCACACCACGGACACACAAAG-3'

51 F. 5'-GCTACGAGCAATTTGACAGCTCAG-3’ 242 NC_001533
R. 5'-ATCGCCGTTGCTAGTTGTTCGCA-3’

52 F. 5'-ACTGACCTAYACTGCTATGAGCAA-3’ 229 NC_001592
R. 5-CAGCCGGGGCACACAACTTGTAA-3'

53 F. 5-ACCTGCAATGCCATGAGCAATTGAA-3’ 253 X74482
R. 5'-TTATCGCCTTGTTGCGCAGAGG-3’

56 F. 5'-ACCTACARTGCAATGAGCAATTGG-3' 244 NC_001594
R. 5-TGATGCGCAGAGTGGGCACGTTA-3'

58 F. 5'-GCTATGAGCAATTATGTGACAGCT-3’ 219 NC_001443
R. 5'-TGTGCACAGSTAGGGCACACAAT-3'

59 F. 5-ACCTTGTGTGCTACGAGCAATTAC-3' 243 NC_001635
R. 5'-GCTGCACACAAAGGACACACAAA-3’

66 F. 5-ACCTACARTGCAATGAGCAATTGG-3’ 244 NC_001695
R. 5'-TGATGCGCAGAGTGGGCACGTTA-3'

68 F. 5-TTGTATGTCACGAGCAATTAGGAG-3' 258 Y14591
R. 5'-GATTACTGGGTTTCCGTTGCACAC-3’
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70 F. 5'-CACGAGCAATTAGAAGATTCAGACA-3’ 237 U21941
R. 5'-TTCCCGATGCACACCAGGGACA-3'
73 F. 5'-CTTACATGTTACGAGTCATTGGAC-3’ 221 X94165
R. 5'-GTTTCTGGAACAGTTGGGGCAC-3’
82 F. 5'-GCTACGAGCAATTTGACAGCTCAG-3’ 240 AB027021
R. 5'-CATTGCCGATGTTAGTTGGTCGCA-3'

aDue to the homology in the E7 gene of different HPV types, the following primers had identical sequences:
HPV18R/HPV45R, HPV33/HPV52F, HPV33R/HPV58R, HPV39F/HPV68F, HPV51F/HPV82F, HPV56F/HPV66F, and
HPV56R/HPV66R.

bF: forward sequence; R: reverse sequence.

Oligonucleotides were synthesized by Eurofins MWG Operon (Eurofins Genomics,
Ebersberg, Germany)3? and mixed to obtain a 10x solution containing 2uM of each primer.
The total number of primers used in the mix was 31 including the two primers for the
amplification of B-globin (GenBank Accession number AY260740). Some primers were used
for more than one HPV genotype due to the high similarities between the E7-region genes

(Table 3.7).

The PCR was performed with the QIAGEN Multiplex PCR Kit (QIAGEN Ltd, Manchester, UK)3°
according to the instructions of the manufacturer. Each PCR reaction was composed of 25ul
2x QIAGEN Multiplex PCR Master Mix (giving a final concentration of 3mM MgCl,) (QIAGEN
Ltd, Manchester, UK)3?, 5ul 10x biotinylated primer mix (containing each primer in Table 3.7
at 2uM), 15ul DNase/RNase-free water (ThermoFisher™ Scientific, MA, USA)*2, and 5ul of

extracted DNA. The final reaction volume was therefore 50ul.

The PCR was initiated by a 15-minute activation step at 95°C. This was followed by 45 cycles
of 30 seconds at 94°C for denaturation, 90 seconds at 63°C for annealing, and 90 seconds at
72°C for extension. Final extension was 10 minutes at 72°C. The PCR products ranged in size
from 210bp to 350bp. The PCR products were then hybridized to oligonucleotide probes

coupled to fluorescent beads for detection by the Luminex 200 Analyzer (Luminex Corp, TX,

USA)?7 (Section 3.7.3.5).
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3.7.3.4 Coupling of oligonucleotide probes to fluorescent beads

Before the hybridization assay proceeded, 5’-Amino-modifier Ci2-linked oligonucleotide
probes were coupled to distinctly coloured sets of carboxylated seroMAP beads (Luminex
Corp, TX, USA)?’ by a carbodiimide-based coupling procedure as described previously3!. This
was necessary so that any hybridization would result in a bead’s fluorescence, then

detectable by a Luminex 200 Analyser (Luminex Corp, TX, USA)?’.

For each combination of probe and bead set, 2.5 million carboxylated beads (Luminex Corp,
TX, USA)?” were suspended in 25ul of 0.1M 2-(N-morpholino)-ethanesulfonic acid, pH 4.5
(MES). Probe oligonucleotides (400 pmol) and 200ug of N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) were added and thoroughly mixed with the beads. Incubation was
performed in the dark under agitation for 30 minutes and was interrupted by a thorough

mixing step after 15 minutes.

The addition of EDC and incubation steps were repeated, and the coupled beads were finally
washed once with 0.5ml of 0.2g/L Tween 20 (Sigma Aldrich/Merck, Darmstadt, Germany)3*
and once with 0.5ml of 1.0g/L sodium dodecyl sulfate before being stored in 100ul of TE
buffer at 4°C in the dark.

3.7.3.5 Hybridization Assay and Luminex 200 Fluorescence Analysis
The beads coupled to oligonucleotide probes in Section 3.7.3.4 were then hybridized to the

biotinylated PCR products generated in Section 3.7.3.3 as described previously3%31.

10ul of each reaction mixture was transferred to 96-well plates (Costar, Wiesdbaden,
Germany)3! containing 33ul of tetramethylammonium chloride (TMAC) hybridization
solution (0.15M TMAC, 75mM Tris-HCIl, 6mM EDTA, 1.5 g/liter Sarkosyl, pH 8.0) and a
mixture of 2,000 probe-coupled beads of each set (Section 3.7.3.4). TE buffer (7.0ul) was
added, followed by gentle mixing with a 12-channel pipette (Biohit PLC, Helsinki, Finland)3°.
The mixture was heated to 95°C for 10 minutes in a laboratory oven (Bachofer, Reutlingen,
Germany)3!, immediately placed on ice for 2 minutes and then transferred to a thermomixer
(Eppendorf, Hamburg, Germany)*°. Hybridization was performed at 41°C for 30 minutes

under agitation.
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Using a 12-channel pipette (Brand, Roskilde, Denmark), the samples were transferred to a
96-well wash plate (Millipore, Bedford, MA, USA)* preequilibrated with blocking buffer
(phosphate-buffered saline, 1mg/ml casein). Subsequently, the beads were washed on with
100ul of blocking buffer on a vacuum wash station (Millipore, Bedford, MA, USA)*!. On a
horizontal shaker at room temperature, beads were resuspended for 20 minutes in 75ul of
Strep-PE (Molecular Probes/Life Technologies, OR, USA)!! diluted 1:1,600 in 2.0M TMAC,
75mM Tris-HCI, 6mM EDTA, 1.5 g/L Sarkosyl, 1.0g/L casein, pH 8.0. Beads were then washed
three times with 100ul blocking buffer and finally resuspended in 100ul blocking buffer for 5

minutes on a shaker.

Beads were then analyzed by a Luminex 200 Analyser (Luminex Corp, TX, USA)?’ reporting
on internal bead colour and Strep-PE reporter fluorescence. The results were expressed as

the median fluorescence intensity (MFI) of at least 100 beads per bead set.

For each probe, the MFI values obtained when no PCR product was added to the
hybridization mixture were considered the background values. The cutoff for HPV positivity
in each case was therefore computed by adding 5 MFI to 1.1*median background value. For
all probes, this cutoff value was above the mean background plus 3 times the standard

deviation.

3.8 Statistical Analysis and Sample Size

3.8.1 Statistical Analysis
Statistical analyses were conducted using IBM® SPSS® Statistics Version 25, XLSTAT

2019.1.3, Joinpoint Regression 4.7.0, and Microsoft Excel Version 16.25.

In Chapter 4, comparisons of means in any scenario were conducted using T-tests and One-
Way ANOVAs where data was normally distributed, and Mann-Whitney U tests and Kruskal-
Wallis tests where data was not normally distributed. Tabular tests for independence of
variables including hospitals and reasons for sample attrition were conducted using Chi-

square tests and Fisher’s exact tests when expected values were lower than 5.
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In Chapter 5, prevalence and genotype distribution of HPV DNA by the SPF10 PCR Gel
Electrophoresis and Multiplex PCR Luminex were calculated using simple proportions. Chi-
square association and Fisher’s exact tests were used to compare any difference in
prevalence, the latter being using when expected and/or observed values were less than 5.
Concordance between results by the different methods was determined by proportion and

Kappa values.

Throughout Chapters 6, 7, and 8, patient and tumour characteristics for which between 0%
and 10% of cases were missing data were analyzed with missing cases excluded. Variables
with more than 10% of cases missing data were analyzed with an additional
“unknown/missing” category as is conventional in the epidemiological literature to account
for non-random missing data. For treatment-related analyses, only patients who received

treatment (which was limited to treatment within the first year of diagnosis) were analyzed.

In Chapter 6, socio-demographic and tumour characteristics of patients for whom samples
were obtained and successfully analyzed were compared to characteristics of patients
whose samples were not obtained and/or who did not have samples available using
aggregated data using Chi-square tests. This provided information on the
representativeness of the HPV-tested patients, and the generalizability of the results to the
population level. Correlations between patient and tumour characteristics were assessed
with Chi-square, Fisher’s exact, T-, Mann-Whitney, ANOVA, and Kruskal-Wallis tests where
appropriate. Raw incidence was represented by moving average graphically, whereby the
incidence (number of cases) for a single year was the average of the previous year, the year
itself, and the year following (e.g. 1995 = (1994+1995+1996)/3). Average annual percentage
change for raw incidence was calculated using Joinpoint Regression 4.7.0. Survival by
patient and tumour characteristics was also assessed. Disease-specific survival was
measured in months from the date of diagnosis to censoring (either the date of latest
follow-up or the date of death by other cause) or death from disease, whichever occurred
first. Overall survival was measured in the same way except “death from disease” was
replaced by “death by any cause”. Survival, both overall and cancer-specific, was assessed

using Kaplan-Meier analysis, with a cross marking censored data, by log-rank statistic, and
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was further evaluated with the use of univariate and multivariate cox proportional hazards
models, including calculation of hazard ratios (HR). All variables significantly predictive at
the univariate level were included in the initial multivariate models. Backward regression,
whereby the least significant predictor was taken out, the model was run again, the least
significant predictor was taken out, the model was run again, and so on, was applied until all
variables in the model were significant or until removal of another variable rendered the

model as a whole insignificant.

In Chapter 7, overall HPV prevalence and type-specific prevalence were determined. Only
HR HPV types were then carried forward for further analysis from this point onwards due to
the extremely small number of LR cases and their unlikely involvement in carcinogenesis.
Overall and type-specific HR prevalence were compared between the three core subsites in
the population (oropharynx, oral cavity, and larynx) using Chi-square tests for independence
and Fisher’s exact tests in the case that expected values fell below a value of 5. If necessary,
HPV genotype categories were combined to allow the generation of meaningful statistics.
Raw incidence was represented by moving average graphically, whereby the incidence
(number of cases) for a single year was the average of the previous year, the year itself, and
the year following (e.g. 1995 = (1994+1995+1996)/3). Average annual percentage change for
raw incidence was calculated using Joinpoint Regression 4.7.0. The association between
patient and tumour characteristics and HR HPV status was carried out using Chi-square,
Fisher’s exact, T-, Mann-Whitney, and Krusal-Wallis tests where appropriate. Univariate and
multivariate logistic regression methods, including odds ratio (OR) calculation, were used to
identify patient- and tumour-related factors significantly associated with HR HPV positivity.
For multivariate logistic regression, all univariately significant variables were included in the

initial models and backward regression, as described above, was then carried out.

In Chapter 8, patterns of treatment received by HR HPV-positive and HPV-negative patients
were compared. To compare observed survival in HR HPV-positive and HPV-negative
patients, survival analysis employed the Kaplan-Meier method with different strata again
assessed for significance using log-rank tests. The same method was employed when
comparing survival by treatment type for HPV positive and negative cases individually.

Variation in treatment administered to HPV positive and negative cases was assessed using
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Chi-square and Fisher’s exact tests where appropriate. Univariate and multivariate Cox
proportional hazards models were then used to determine the impact of HR HPV status on
risk of death, adjusting for other significant confounders (e.g. patient, tumour and
clinical/treatment related). Analyses were repeated for deaths from all causes and cancer-

specific deaths.

The threshold for statistical significance was set at p<0.05 and all tests were two-sided. All

confidence intervals (Cl) were 95% Cls.

3.8.2 Sample size

4166 cases of oropharyngeal, oral cavity, and laryngeal SCC were identified in the NCRI
database as eligible for the ECHO study. Based on an estimate from systematic review for
HPV prevalence of 25.6%*2, a sample size of 681 cases would be required to estimate
prevalence in the population at the 95% confidence level and a 3% margin of error. The 861

cases included in the ECHO study fulfill this requirement.
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4 CHAPTER 4: THE ORGANIZATION AND EXECUTION OF SAMPLE
ACQUISITION: REFLECTIONS ON THE EFFICIENCY AND IMPACT OF
CLINICAL RESEARCH IN IRELAND

4.1 Introduction

Ireland boasts some of the world’s most renowned research institutions. From 1996 to
2017, the country’s research bodies have published almost 60,000 citable journal articles in
the field of Medicine which have an average of approximately 23 citations each®. The
country’s contribution to Medical advances is favorably disproportionate to its population

size.

The acquisition of data and patient samples for medical studies is a foundational necessity
for Ireland’s research impact. Some methods of data collection form an integral part of
patients being treated in hospitals, including clinical trials, whilst some require no patient
samples at all. Others involve more complex retrieval methods through archives of frozen or
FFPE samples. The latter relies on the continuous, long-term recording and archiving of
patient samples by hospitals, clinics, and biobanks. All of these face financial, organizational,

and governance challenges®™.

The archiving, storage, and biobanking of patient samples in Ireland is organized in a
hierarchical manner, starting at the level of the Department of Public Health, and
descending to the Health Service Executive (HSE), and public and private healthcare facilities
including hospitals and clinics®’. Each level utilizes both internal and private storage
facilities for patient material. In addition to this, there are many standalone biobanks
focused on the centralized recording and storage of particular types of patient samples. One

of the most recently created is a national biobank of diagnosed brain tumours?.

In the case of FFPE tissue, almost every hospital across the country has its own individual
procedure, database, and location for the archiving of blocks. These are homogenous within
a single hospital for all patient types, agglomerated within one or two databases accessible

electronically through software unique to the hospital site or through paper filing systems.
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Up until 2018, has been very little national synchronization between hospital databases, on-
and private off-site storage, and protocols for requesting and gaining access to FFPE tissue.
This extends to each hospital and BioBanks’ unique requirements for the ethical approval
for using FFPE blocks in the research context. The only part of the archival process that is
universal to all hospitals is that of the laboratory or histology number associated with the
particular sample and/or patient. This is the identifier that is sourced by registries at the
national level to pool personal data. The NCRI° acts as this registry for all histology numbers

associated with cancers diagnosed across the country in all hospitals.

The heterogeneity in the archival records, and storage of and access to FFPE blocks has
significant implications for the cyclical relationship between the Irish clinic, clinical research,
and the impact of research on patients®. The greater the number and diversity of steps and
parties involved in gaining access to patient data across different hospital sites, the longer
vital research is postponed as a result of repetitive, excess documentation and
organizational exchanges. The longer this organization process, the less time and fewer
samples researchers have to take full advantage of the acquired funding to conduct studies.
The larger the extent of dissociation between each party involved in research, including
registries, hospitals, clinics, and storage managements, the more likely samples will need to
be eliminated from the study. This is mostly due to mistaken, mismatched, or differentially
formatted patient identifiers and details in different biobanking, registry, and hospital
databases, and the greater potential for missing cases in the multiplicity of storage sites
involved. National level research therefore becomes more inefficient and potentially less

impactful for patients over time.

To ensure the highest quality, greatest output, and largest impact of research, especially
that of the retrospective variety, the procedures and protocols for FFPE block acquisition
must be assessed and standardized. No studies currently exist in the literature examining
the fine detail of exactly how heterogenous or complex processes of acquisition are in the
Irish research system. There are also no present analyses identifying what components and
stages of the acquisition process create the longest time delays or have the largest influence

on the attrition of samples from studies.
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The FFPE sample acquisition for the ECHO study provides a unique opportunity to identify
both the efficiencies and the shortcomings of conducting nationwide cancer research in
Ireland. The study’s large sample size and collaboration with parties across the research
spectrum including the NCRI, 14 different hospital sites, BioBanks, and private storage
companies makes it representative of the current complexities of sample acquisition. Thus,
in the coming sections, the process of acquiring FFPE blocks, from the identification of
relevant samples in the NCRI database to the transport of samples to the site of research
(Coombe Women and Infants University Hospital, Dublin 8) will be analyzed, and its

significance extrapolated.

4.2 Aims

To establish the number of procedures and parties necessary to acquire pathology

reports and retrieve sample FFPE blocks from hospital sites.

e To determine the lengths of time (days) taken to organize and execute the review of
pathology reports and the retrieval of FFPE blocks from hospital sites.

e To pinpoint the steps of the pathology report review and FFPE block retrieval
process contributing most to the attrition of cases from the study.

e To identify the reasons for which attrition occurred at each step of the pathology

report review and FFPE block retrieval process.

4.3 Materials and Methods

4.3.1 Study population

Sections 3.3 through 3.4 provide a comprehensive overview of the procedures used to
identify and retrieve the samples needed to carry out the ECHO study. The coming
investigation is an assessment of each stage of this process. The primary study population
for this analysis was therefore the 5792 incident tumours diagnosed in Ireland between
1994 and 2013 identified in the NCRI database. However, after a series of eliminations
based on eligibility, the Researcher was able to access pathology reports for 2527 cases. The

study population for more detailed analysis of attrition of cases was therefore 2527.
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4.3.2 Outline of the pathology report review and FFPE block retrieval process

Using the database of the identified 5792 cases generated by the NCRI, the Researcher
began the process of narrowing the study population on the basis of the eligibility and ethics
criteria outlined in Section 3.3. When a final eligible and consented database of patients was
compiled, the Researcher contacted the representing pathologists for the 14 hospital sites

collaborating with the ECHO study. These hospitals are summarized in Table 2.1.

On a hospital-by-hospital basis, the Researcher and the pathologists then organized the
review of pathology reports associated with all identified cases. Pathology report review,
whether electronic or paper-based, carried out by the Researcher was anonymized using
the study number assigned by the NCRI to the ECHO study. The review process was
necessary to confirm as accurately as possible, that the primary site of the tumour
conformed to the study requirements as described in Section 3.3; to confirm the relevant
tumour’s SCC pathology; to ensure that the tumour was invasive in pathological nature; and
to select the precise blocks that contained tumour tissue fitting all of the above criteria.
Ultimately, this process was intended to avoid processing a large number of blocks for every
case simply to find the singular block with the most tumour. Not only did this minimize the
number of blocks withdrawn and carried cross-country, but it also minimized the waste of a
large amount of tissue. For the most part, reviewing reports narrowed down the number of
blocks to only those potentially relevant, especially for cases with many (sometimes over

20) blocks.

Some case numbers retrieved pathology reports in hospital systems that re-directed to
another case number associated with the same patient that actually diagnosed the relevant
tumour. The Researcher accepted this redirection after consulting with hospital-based
pathologists to confirm that the patient was indeed the same for each case number given

the anonymous nature of the review process.

Once relevant blocks were identified through pathology report review, retrieval and
transport protocol was organized with the representing pathologists responsible for on-site
FFPE tissue storage and the private companies responsible for FFPE tissue storage off-site.

Each hospital had its own protocol and individualized process for acquiring blocks. Those
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hospitals utilizing private off-site storage generally charged for the pulling of a single block.
This charge ranged from 5EU per block to 20EU per block. Given that this was an unforeseen
expense, no budget remained for the normal pathways of block acquisition. The Researcher
therefore decided to negotiate with the off-site storage companies and pathologists for
every hospital to visit the warehouses herself. The Researcher agreed with each company
and hospital that visiting the warehouses herself would be possible and would come at no
cost to the project. In some instances, companies did not agree to have the Researcher

withdraw blocks herself free of charge.

Once blocks were collected at on- and off-site storage sites, the Researcher transported the
blocks to the Coombe Women and Infant’s University Hospital (CWIUH) in secure,

waterproof boxes. No couriers were used at the request of the pathologists.

Blocks were then sectioned and processed in accordance with the protocols described in
Section 3.6. Two H+E slides for each block were generated and reviewed by a board of
pathologists using the protocol in Section 3.6.2. The pathologists provided full diagnosis for
all of the cases and the Researcher eliminated any cases that did not adhere to the eligibility
criteria outlined in Section 3.3. Cases still deemed eligible were then carried forward for

molecular testing.

The foregoing summary establishes a clear number of stages involved in identifying blocks
eligible for the ECHO study. These stages varied by hospital, with each site requiring the
Researcher to follow different procedures and to interact with different parties to review
pathology reports and acquire blocks. Furthermore, at each juncture, cases were reassessed
on the basis of eligibility criteria and were thus vulnerable to elimination. The stages
involved in acquiring and reviewing pathology reports and FFPE blocks are summarized in
Figure 4.1. Between each stage is a numbered pink diamond indicating an eligibility
assessment on the basis of accessibility and eligibility criteria in Section 3.3 after which
cases were eliminated. In Figure 4.1, step 1 (pink diamond 1) is the evaluation and
subsequent attrition of incident tumours identified in the NCRI database based on the
eligibility criteria. Step 2 (pink diamond 2) is the same evaluation and attrition but following

pathology report review. Step 3 (pink diamond 3) is the attrition of cases during block
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retrieval itself. Step 4 (pink diamond 4) is the final eligibility evaluation and attrition
following the histopathological analysis of H+E slides by the pathology review board. These
pink diamonds will be referred to throughout the analysis as “step 1”7, “step 2”, “step 3",

and “step 4”.

Identification of Processing and

samples in molecular testing
national database of eligible
by NCRI samples

Eligible samples
carried forward...

carried forward...

Retrieval of
samples from on-
and off-site
storage

Histopathological

analysis of block

H+E slides
samples

Review of
pathology reports

carried forward... carried forward...

Figure 4.1 Summary of the stages in the acquisition of FFPE blocks for the ECHO study.

Pink numbered diamonds indicate an eligibility assessment using criteria in Section 3.3 after which cases were
eliminated. These will be referred to throughout the analysis as “step 1”, “step 2”, “step 3”, and “step 4”. The
blue bubble in the top left-hand corner is the starting point for the process. Incident tumours in the national
database of cancers were identified here by the NCRI. Step 1 is the elimination of cases from this database on
the basis of eligibility criteria and consent. The pathology reports for those samples identified for the study
were then reviewed (yellow bubble). Step 2 is the elimination of cases during pathology report review. FFPE
samples were then retrieved from appropriate on- and off-site storage facilities (red bubble). Step 3 is the
elimination of cases during this retrieval due to inaccessibility or missing cases. Retrieved samples were then
processed, generating H+E slides that were histopathologically evaluated by a pathology review board (purple
bubble). Step 4 is the elimination of cases during histopathological analysis of H+E slides. All remaining cases

were brought forward for molecular testing for the ECHO study (green bubble).

4.3.3 Statistical Analysis
Statistics were generated using IBM SPSS Statistics Version 25, XLSTAT 2019.1.3, and
Microsoft Excel Version 16.25. T-tests and one-way ANOVAs were carried out to compare

means where relevant. Where normality was not respected, Mann-Whitney and Kruskal-
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Wallis tests were employed instead. Chi-square and Fisher’s exact tests were carried out to
assess associations where necessary, the latter being used when observed or expected
values were less than 5. All significance tests were two-tailed and carried out at the 95%

level.

4.4  The number and type of procedures and parties necessary to complete the

review of pathology reports and retrieve FFPE blocks

As outlined in Section 3.4, each hospital involved in the ECHO study had its own protocols
for the review of case pathology reports and for the retrieval of required blocks associated
with each case. Table 4.1 below shows the generalized definitions and codes for the
different procedure and party types needed to acquire all necessary pathology reports and
block retrieval. A procedure type is defined as a general sequence of actions a hospital
required the Researcher and others to carry out in order to access reports and blocks. A

party type is considered a category of professional, individual, or a company.
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Table 4.1 Assigned letter codes for the procedure and party types required to review pathology reports and
retrieve FFPE blocks for the ECHO study.

Procedure types are defined as general sequences of actions a hospital required the Researcher and others to
carry out in order to access reports and blocks. A party type is considered a category of professional, individual,

or a company.

Assigned Code Description of Procedure/Party Type

A Single meeting on hospital site to organize report review, followed by set-up of unique electronic log-in for report
access, followed by the Researcher’s review of all reports on-site.

B Phone meetings followed by review of pathology reports by on-site Pathologist themselves.

C Several on-site and phone meetings to organize report review, followed by set-up of non-unique electronic log-in for
report access, followed by the Researcher’s review of all reports on-site.
D Phone meetings and e-mail correspondence to organize report review, followed by print-off and compilation of
necessary reports by on-site Pathologist, followed by the Researcher’s review of all reports on-site.
E Retrieval of all blocks required carried out by on-site Pathologist themselves followed by Researcher in-person pick-up
of blocks retrieved.
F Pathologist withdrew first half of blocks by internal request. The Researcher then organized the collection of the next
half of blocks through a secondary application process to a BioBank within the hospital in line with newly introduced
GDPR regulations. The Researcher then visited private off-site storage facilities, searched for, and collected the blocks.
G Researcher organized with on-site pathologist and/or chief medical scientist to withdraw on-site blocks from internal
hospital storage.
H Lengthy telephone and in-person meetings with private off-site company, pathologists, and medical scientist to
organize retrieval, followed by Researcher off-site storage visits to acquire blocks.
| Telephone and in-person meetings with pathologist and medical scientist to organize retrieval, followed by Researcher

visit to on-site storage to retrieve blocks. Discussions with off-site company unable to yield cost-free retrieval of other

blocks.
J Researcher
K On-site Pathologist
L Chief Medical Scientist
M St. James’ Private Hospital Storage Management
N St. James’ Biobank Ireland Trust
(o] Oasis Private Storage Management Group
P St. Vincent’s Internal Hospital Storage Management
Q DSM Private Data Management and Storage Ltd
R Mater Misericordiae University Hospital Internal Hospital Storage Management
S University Hospital Limerick’s Internal Hospital Storage Management
T Beaumont University Hospital Internal Storage Management

Ultimately, the Researcher was able to establish connections with 8 of the 14 different

hospital sites originally ethically inducted into the study. It should be noted that all relevant
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samples from the Royal Eye and Ear University Hospital were referred for clinical pathology
review to St. James’ University Hospital. All Royal Eye and Ear cases were therefore within
the St. James’ database. Thus, any reference to St. James’ University Hospital in this analysis
also includes all identified Royal Eye and Ear University Hospital samples. The total number

of hospital sites considered in the analysis is therefore 7.

Using the coded procedure and party types in Table 4.1, Table 4.2 summarizes the report

review and block retrieval process for each hospital involved in the ECHO study.
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Table 4.2 Compilation and sum of procedure and party types required to carry out pathology report review
and block retrieval for each hospital involved in the ECHO study.

Each coded letter represents a generalized procedure or party type, each of which are detailed in Table 4.1. Row
9 of this Table is the sum of the number of generalized procedure and party types involved at each stage of the
process. Column 6 is the sum of procedure and party types involved at each stage for every individual hospital.
Though procedure and party types are generalized by coded letters in Table 4.1, each was unique to every
hospital site. Thus, the cumulative number of distinct procedures and parties involved for all hospitals is summed

in the last row of column 6.

Hospital | Procedure Procedure types Party types involved Summary of Sum of
Procedures and types involved involved in throughout report procedure and party  party/procedure types
Parties in report block retrieval review and block types required for each hospital
review retrieval
Cork University A J, K, L Al J K L 5
Hospital
Kerry General B E J,K L B,E J, K L 5
University
Hospital
St. James’ C F J,K, LM, N C,FJ,KLM,N 7
University
Hospital
Beaumont C G, H J,KLO,T C,GHJKLOT 8
University
Hospital
St. Vincent’s C G J,K L P C,G,J,KLP 6
University
Hospital
University D G, H J,KLQ,S D,G,HJKLQS 8
Hospital
Limerick
Mater C G J,K L R C,GJKLR 6

Misericordiae

University
Hospital
Sum of (A-D) (E-1) (J-T) (A-T) 45
procedure/party 4 5 11 20
types for all

hospitals at

each stage

The mean number of generalized procedure and party types required to review reports and
retrieve blocks per hospital was 6.43 (Cl: 5.34, 7.52) (n=7) based on the sums in Column 6 of
Table 4.2. The Table also shows that to obtain cases from all 7 involved hospitals, 4

procedure types for report acquisition, 5 procedure types for block retrieval, and 11

191



different party types were necessary. A total of 20 generalized procedure and party types
were required to review and retrieve FFPE blocks for all hospitals. That said, though each
procedure and party type were similar for each hospital, there were distinct organizational
processes for each site. Thus, Table 4.2 reflects at the base of Column 6 that there was
actually a total of 45 unique procedures and parties required to review reports and retrieve

FFPE blocks for the ECHO study.

4.5 Time taken to organize and execute pathology report review and FFPE block

retrieval

For each hospital, the organization of pathology report review, the organization of block
retrieval, the execution of report review, and the execution of block retrieval took varying
amounts of time. Table 4.3 summarizes the time in days taken for each activity along with

associated means and standard errors.

Table 4.3 Lengths of time (days) taken to organize pathology report review, execute pathology report review,
organize FFPE block retrieval, and execute FFPE block retrieval for each hospital involved in the ECHO study.

For the length of time (days) to organize and review pathology reports, n=7. Given that no agreement could be
reached for cost-free retrieval of FFPE blocks by the Researcher for Cork University Hospital, n=6 for length of

time (days) to organize and execute FFPE block retrieval.

Hospital | Length of time Length of time (days) taken Length of time (days) Length of time (days) Length of time (days)
(days) to organize report review taken to review reports taken to organize taken to retrieve blocks
(n=7) (n=7) block retrieval (n=6)
(n=6)

Cork University Hospital 61 2 & *

Kerry General University 30 2 61 1
Hospital

St. James’ University Hospital 60 15 184 4

Beaumont University 122 4 212 4
Hospital

St. Vincent’s University 62 2 30 1
Hospital

University Hospital Limerick 183 2 244 3

Mater Misericordiae 423 8 31 2

University Hospital

Mean Time (days) 134.43 (Cl: 16.99, 251.90) 4.29 (CI: 0.192,8.39) 127 (Cl: 33.98, 220.02) 2.5 (Cl: 1.18, 3.82)

*Indicates that block retrieval was not possible due to inability to agree on cost-free

retrieval of blocks by the Researcher.
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To assess the difference between length of time in days for organization and execution in
general, a new Table was created combining Columns 2 and 4 followed by Columns 3 and 5
of Table 4.3. In other words, Table 4.4 represents the comparison between the total time
taken to organize both report review and block retrieval to the time it took to execute both

the review of reports and retrieval of blocks.

Table 4.4 Lengths of time (days) taken to organize both pathology report review and FFPE bock retrieval, and
to execute both pathology report review and FFPE block retrieval.

Column 2 is a combined sum of columns 2 and 4 of Table 4.3. Column 3 is a combined sum of columns 3 and 5 of
Table 4.3. Given that no agreement could be reached in time for cost-free retrieval of FFPE blocks by the

Researcher for Cork University Hospital, n=6.

Hospital | Length of time (days) Length of time (days) taken to organize Length of time (days) taken to execute both
both report review and block retrieval report review and block retrieval
(n=6) (n=6)
Kerry General University Hospital 30+61=91 2+1=3
St. James’ University Hospital 60 + 184 =244 15+4=19
Beaumont University Hospital 122 +212=334 4+4=8
St. Vincent’s University Hospital 62 +30=92 2+1=3
University Hospital Limerick (UHL) 183 + 244 =427 2+3=5
Mater Misericordiae University Hospital 423 +31 =454 3+2=5
Mean Time (days) 273.67 (Cl: 121.04, 426.30) 7.17 (CI: 1.35, 12.99)

T-tests, Mann-Whitney tests, and a Kruskal-Wallis test were carried out on all means
generated in Table 4.3 between lengths of time (days) taken to organize report review,
execute report review, organize FFPE block retrieval, and execute FFPE block retrieval. A
Mann-Whitney test was then conducted using the combined means calculated in Table 4.4
for length of time (days) taken for organization of report review and FFPE block retrieval,
and length of time (days) taken to execute report review and FFPE block retrieval. The

results of these tests are summarized in Table 4.5.
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Table 4.5 Statistical comparisons between mean lengths of time (days) taken to organize report review,
execute report review, organize FFPE block retrieval, and execute FFPE block retrieval.

These are the means calculated and shown in Table 4.3. Comparison of all four means is reported in the fifth row
of the Table. Drawing from Table 4.4, a comparison of the combined mean lengths of time (days) to organize
both report review and FFPE block retrieval, and to execute report review and FFPE block retrieval is also shown

in the last row of the Table.

Mean length of time (days) Mean length of time (days) to Mean length of time (days) to Mean length of time (days) to
associated with particular review reports (n=7) organize block retrieval (n=6) retrieve blocks (n=6)
activity
Mean length of time (days) to Mann-Whitney Mann-Whitney Mann-Whitney
organize report review (n=7) p=0.002* p=0.923 p=0.003*
Mean length of time (days) to Mann-Whitney Mann-Whitney
review reports (n=7) p=0.003* P=0.674
Mean length of time (days) to T-test
organize block retrieval (n=6) p=0.011*
Comparison of all 4 time Kruskal-Wallis
(days) means p=0.00029*
Comparison of combined Mann-Whitney
organization time (days) and p=0.005*

execution time (days) means

*Denotes a significant finding at the 95% level.

4.6 Extent and causes of sample attrition throughout the sample acquisition process

Each stage of the sample identification and retrieval process summarized in Figure 4.1
resulted in the attrition of cases from the study as a result of ineligibility based on either
inaccessibility and consent, or the criteria described in Section 3.3. The numbered pink
diamonds in Figure 4.1 indicate the points in the process at which cases were eliminated
and are referred to as “step 1”7, “step 2”, “step 3”, and “step 4”. Step 1 (pink diamond 1) is
the evaluation of incident tumours identified in the NCRI database based on eligibility
criteria. Step 2 (pink diamond 2) is the same evaluation but during pathology report review.
Step 3 (pink diamond 3) is the attrition of cases during block retrieval itself. Step 4 (pink
diamond 4) is the final eligibility evaluation during the histopathological analysis of H+E

slides.
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The coming analysis is first a summary of the number and extent of sample attrition at each
step of the sample acquisition process, followed by a more detailed analysis of the causes

and origins of sample attrition during each step for each involved hospital.

4.6.1 Summary of sample attrition during each step of the sample acquisition process
The number of cases remaining eligible after each step of the review and retrieval process

showcased in Figure 4.1 are shown in Table 4.6 below.

Table 4.6 Number of cases remaining in the study after each step of steps 1, 2, 3, and 4 involved in sample

identification and retrieval summarized in Figure 4.1.

Hospital | Step After step 1: Number of After step 2: Number of After step 3: Number of After step 4: Number of
cases for which pathology cases eligible after cases found during block samples eligible after H+E
reports were pathology report review retrieval slide review

accessed/reviewed

Cork University 232 220 0 0
Hospital
Kerry General 66 65 65 40
University
Hospital
St. James’ 1172 1079 357 269
University
Hospital
Beaumont 313 290 235 156
University
Hospital
St. Vincent’s 136 118 60 52
University
Hospital
University 315 277 268 237
Hospital
Limerick
Mater 293 248 130 107
Misericordiae
University
Hospital
Total 2527 2297 1115 861

The Researcher then calculated the number of cases eliminated during each stage of the
sample acquisition and retrieval process. This was simply done by subtracting each column

in Table 4.6 from the column preceding it. For example, the number of cases eliminated for
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the Mater Misericordiae University Hospital during step 2 is 293-248, which is 45 cases.
Given that no information was available on the hospital sites from which cases were
eliminated during step 1, this analysis was only possible for step 2 onwards. The results of

this data processing are shown in Table 4.7.

Table 4.7 Summary of the number of cases eliminated during each of steps 2, 3, and 4 involved in sample

acquisition and retrieval broken down by hospital site (n=1666).

Hospital | Step Step 2 Step 3 Step 4 Total

Cork University 12 220 0 232
Hospital
Kerry General 1 0 25 26
University
Hospital
St. James’ 93 722 88 903
University
Hospital
Beaumont 23 55 79 157
University
Hospital
St. Vincent’s 18 58 8 84
University
Hospital
University 38 9 31 78
Hospital Limerick

Mater 45 118 23 186
Misericordiae
University
Hospital
Total 230 1182 254 1666

To conduct valid statistical analysis on Table 4.7, it was necessary to combine two of the
smaller hospital sites, Kerry General University Hospital and Cork University Hospital. The

resulting tabulation is below in Table 4.8 with the relevant association test.
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Table 4.8 Summary of the number of cases eliminated during each of steps 2, 3, and 4 in the sample acquisition
process with combined categories from Table 4.7.

Cork University Hospital and Kerry General University Hospital cases were combined and are represented as ‘Cork
and Kerry University Hospitals’ in order to facilitate the most valid statistical association test, the result of which

is showcased at the base of the table (n=1666).

Hospital | Step Step 2 Step 3 Step 4 Total
Cork and Kerry 13 220 25 258
University Hospitals
St. James’ 93 722 88 903
University Hospital
Beaumont 23 55 79 157
University Hospital
St. Vincent’s 18 58 8 84
University Hospital
University Hospital 38 9 31 78
Limerick
Mater 45 118 23 186

Misericordiae
University Hospital

Total 230 1182 254 1666
Association Test Chi square
p<0.0001*

*Denotes a significant finding at the 95% level.

4.6.2 Causes of attrition during step 1

In step 1, the evaluation of incident tumours identified in the NCRI database, the originally
identified 5792 incident tumours were whittled down to 4166 cases on the basis of sample
eligibility (71.93% of the 5792) and then further reduced to 3426 cases (59.15% of the 5792)
after patient consent procedures were completed. Given ethical considerations, it was not
possible to determine the hospitals from which ineligible samples came from until patients
were actually consented. Of those 3426 consented patients, the Researcher was able to
access pathology reports for 2527 from 7 different hospital sites. Thus, 43.6% of samples (of

the original 5792) remained eligible and accessible for the study after step 1.

4.6.3 Summary of the causes of attrition during steps 2, 3, and 4

Samples eliminated during steps 2, 3, and 4 of the sample acquisition process were
disqualified for a number of generalizable reasons. The Researcher therefore broke down
the cases eliminated during steps 2, 3, and 4 by categories of ‘reasons for ineligibility’ on the

basis of notes recorded throughout the process. These ‘reasons for ineligibility” are
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summarized and detailed in Table 4.9. The details associated with each reason give an

exhaustive list of every documented cause falling within the category.

Table 4.9 Categories of reasons for which cases were rendered ineligible during steps 2, 3, and 4 of sample

acquisition for the ECHO study with further details regarding each classification.

Reason for ineligibility

Further details regarding reason/cause

Recurrence

Report not printed
No blocks available for
case
Only lymph nodes
available

Not found

No malignancy evident

Unconfirmed but highly

suspicious for SCC

Tissue or tumour in

another part of body

Tissue was found for recurrences of the primary tumour after treatment but no associated reports
detailing the primary tumour or incident were found.

The report was not printed for review, a mistake that was only identified after retrieval took place.
Case had no FFPE blocks associated. It may have had frozen or fresh sections available, or only slides cut
for H+E or immunohistochemistry.

The only tumour tissue available was that in lymph nodes. No primary tumour tissue existed according to
reports.

The case number registered in the NCRI database identified at the beginning of the study was not found
or associated with any reports in the relevant hospital database.

The Researcher deemed any report or H+E that that cited any of the below descriptions as no malignancy
evident: No evidence of malignancy, benign tumour, no tumour identified, no sign of tumour, no tumour
seen, tumour previously taken out but no new tumour seen or associated with retrievable relevant
reports, previous malignancy but no SCC seen here or found in all retrievable reports, no reference to or
detail about malignancy anywhere, no tumour evident, and no confirmation of malignancy or tumour
type.

Any case whose reports or H+E slides were only suspicious of SCC diagnosis in the appropriate
physiological sites was classified here. A detailed summary of the variation in these description follows:
Grander analysis suggests SCC but blocks are only described as in-situ carcinoma, only highly suspicious of
SCC, not clear that case is SCC, no SCC confirmed - advised only for further biopsy and no further reports
available, marked dysplasia with possible early micro-invasion, highly suspicious but not diagnostic of SCC
in biopsy, strongly suspicious of micro-invasion, not certain SCC diagnosis, only suspicious of invasive
tumour, metastatic carcinoma but unsure if SCC, oral mucosa with high grade squamous dysplasia,
carcinoma in-situ and suspicious for invasion but unconfirmed, at least carcinoma in-situ and may be SCC,
suspicious for early SCC but no confirmation, biopsy with features suspicious of early micro-invasive SCC
but not certain, severe dysplasia suspicious of potential SCC, squamous epithelial dysplasia with suspicion
for SCC.

Any case report or H+E that was associated with a part of the body that did not fall within the criteria
established in section 3.3 was classified here. The following is an exhaustive list of the descriptions that
fell within this category of exclusion: Placenta and cord showing inflammation, endometrial tumour, non-
secretory endometrial tissue with no appearance of malignancy, cervix-uterus-fallopian tube with no
malignancies, thyroid tumour, thyroid tissue, prostatic biopsy, benign prostatic tumour, bone marrow
biopsy, bone marrow sample, breast biopsy, basal cell carcinoma on skin, skin with intradermal
melanocytic nevus without atypical features, minor salivary origin, external skin lesion, benign
intradermal melanocytic nevus of the skin from right buttock, lipoma from sternum and right thigh, low-
grade salivary tumour, acinic cell carcinoma from salivary gland, esophagus sample, esophageal mucosa,
nasopharynx tissue, liver metastatic poorly differentiated SCC, renal biopsy, colon tumour, rectal biopsy
with no evidence of malignancy, normal duodenal mucosa, intestinal tumour, and neuroendocrine

tumour specimen.
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Impure SCC variant or

other tumour type

originating in appropriate

sites

No or not enough tissue

Samples inaccessible

Missing samples

Protocol change

Cases were classified here on the basis of reports or H+Es if the primary tumour was associated with the
appropriate ICD10 code but was not pure SCC, or was simply another tumour type entirely. What follows
is an exhaustive list of these divergent SCC or other tumour types: Melanoma, spindle cell melanoma,
malignant melanoma, morphology of high-grade neoplasia but uncertain, melanoma, carcinoma, early
invasive carcinoma, carcinoma cells, favouring poorly differentiated carcinoma, poorly differentiated
carcinoma, suspicious of carcinoma in-situ, favours high-grade carcinoma, anaplastic carcinoma and
carcinoma, undifferentiated carcinoma, areas of intraepithelial carcinoma and some foci micro-invasive
carcinoma, spindle cell carcinoma, verrucous carcinoma, invasive well-differentiated verrucous
carcinoma, adenoid cystic carcinoma, polymorphous low-grade adenocarcinoma with adenoid cystic
carcinoma, acinic cell carcinoma, muco-epidermoid carcinoma, metastatic epidermoid carcinoma,
sarcomachordoma, rhabdomyosarcoma, sarcomatoid SCC, basaloid SCC, adenocarcinoma, low-grade
adenocarcinoma, invasive moderately differentiated adenocarcinoma, polymorphous adenocarcinoma,

mild actinic keratosis and solar elastosis, verrucous hyperkeratotic stratified squamous epithelium,

atypical carcinoid tumour, and tubular adenoma with mild dysplasia.

Cases for which reports and H+Es revealed no tissue at all, no tumour at all, or not enough tumour to
conduct meaningful molecular analysis were eliminated and classified in this category. This included cases
for which the first H+E slide had tissue, but the second did not, suggesting that so little tumour existed in

the block that there was no guarantee tumour was present in the cut molecular samples.

Cases eliminated for this reason were simply not physically accessible by the Researcher. In some
hospitals, agreements were not able to be reached to access samples stored in private storage without a
major cost incurred. In others, boxes containing older samples from the 1990s were either not able to be

located in storage or their whereabouts were entirely unknown.

Any case falling within this category was searched for in all storage sites but had either been withdrawn
already for other research or was missing from its supposed position in storage boxes with no label
written to indicate the reason for its removal or whereabouts.

During the study, new GDPR regulations came into effect that changed the paperwork associated with
withdrawing samples from some hospitals. This caused major time delays in withdrawal and ultimately

prevented the retrieval of these cases.

With these ‘reasons for ineligibility’ or ‘causes’ detailed, each remaining step of the process

was then analyzed by cause of attrition and hospital site.

4.6.4 Causes and origins of attrition during step 2

For those cases eliminated during step 2 (n=230), the review of pathology reports, Figure

4.2 shows the percentage of cases rendered ineligible by cause.
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Figure 4.2 Percentage of cases rendered ineligible by cause during step 2, pathology report review.

Details of these causes can be found in Table 4.9 (n=230).

The percentage of cases eliminated during step 2 from each hospital site is shown in Figure

4.3.
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Figure 4.3 Percentage of cases rendered ineligible by hospital site during step 2, pathology report review.

Details of these causes can be found in Table 4.9 (n=230).

Table 4.10 below shows the raw direct comparison between the hospitals from which and

the causes for which cases were eliminated during step 2.
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Table 4.10 Summary of cases eliminated during step 2, review of pathology reports, by hospital site and cause
of elimination.

Details of these causes can be found in Table 4.9 (n=230).

Hospital | Tissue or Unconfirme  Impure Not No Only No Recurrenc Tota
Cause tumour  d but highly scc foun malignanc  lymph blocks eor |
in suspicious variant d y evident nodes availabl Printing
another for SCC or other availabl e failure
part of tumour e
body type
Beaumont 2 4 7 7 2 1 0 0 23
University
Hospital
St. James' 7 5 45 14 15 3 4 0 93
University
Hospital
Limerick 0 14 14 0 8 2 0 0 38
University
Hospital
Mater 11 4 15 2 0 6 5 2 45
Misericordia
e University
Hospital
Kerry 0 0 1 0 0 0 0 0 1
General
University
Hospital
St. Vincent's 4 4 4 3 0 0 0 3 18
University
Hospital
Cork 1 5 6 0 0 0 0 0 12
University
Hospital
Total 25 36 92 26 25 12 9 5 230

The only way to meaningfully assess this data was to combine various causes that, across all
hospitals, were not as prevalent as others. ‘Tissue or tumour in another part of body’ and
‘unconfirmed but highly suspicious for SCC’ were combined due to thematic similarity and
sample size. ‘Not found’, ‘no malignancy evident’, ‘only lymph nodes available’, and
‘recurrence or printing failure’, were combined due to the very small number of samples
eliminated for all of these reasons. Similarly, hospital sites that contributed very few
eliminated cases at this stage were combined. These were Kerry General, St. Vincent’s, and

Cork. An association test was performed on the resulting tabulation in Table 4.11.
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Table 4.11 Summary of cases eliminated during step 2, pathology report review, by hospital site and cause of
elimination with combined categories from Table 4.10 and the relevant association test.

For the purposes of conducting valid statistical tests, ‘Tissue or tumour in another part of body’ and ‘unconfirmed
but highly suspicious for SCC’ cases were combined and are represented as the ‘Suspicious for SCC and other part
of body’ column. ‘Not found’, ‘no malignancy evident’, ‘only lymph nodes available’, and ‘recurrence or printing
failure’ were combined and are represented as ‘Not found/no malignancy/lymph/no blocks/recurrence/print’.
Kerry General University Hospital, St. Vincent’s University Hospital, and Cork University Hospital were also

combined and are represented as ‘Kerry, St. Vincent’s, Cork University Hospitals’ (n=230).

Hospital | Cause Suspicious for  Impure SCC variant or Not found/no Total
SCC and other other tumour type malignancy/lymph/no
part of body blocks/recurrence/print
Beaumont 6 7 10 23
University
Hospital
St. James' 12 45 36 93
University
Hospital
Limerick 14 14 10 38
University
Hospital
Mater 15 15 15 45
Misericordiae
University
Hospital
Kerry, St. 14 11 6 31
Vincent’s, Cork
University
Hospitals
Total 61 92 77 230
Association Test Chi-square
p=0.012*

*Denotes a significant finding at the 95% level.

4.6.5 Causes and origins of attrition during step 3
For those eliminated during step 3 (n=1182), block retrieval, Figure 4.4 shows the

percentage of cases rendered ineligible by cause.
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Figure 4.4 Percentage of cases rendered ineligible by cause during step 3, block retrieval.

Details of these causes can be found in Table 4.9 (n=1182).

For those eliminated during step 3 (n=1182), block retrieval, Figure 4.5 shows the

percentage of cases rendered ineligible by hospital.
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Figure 4.5 Cases rendered ineligible by hospital site during step 3, block retrieval.

Details of these causes can be found in Table 4.9 (n=1182).

Table 4.12 below shows the raw direct comparison between the hospitals from which and

the causes for which cases were eliminated during step 3.
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Table 4.12 Summary of cases eliminated during step 3, block retrieval, by hospital site and cause of

elimination.

Details of these causes can be found in Table 4.9 (n=1182).

Hospital | Cause Samples inaccessible Missing samples Protocol Change Total
St. James’ University 0 84 638 722
Hospital
Cork University 220 0 0 220
Hospital
Mater Misericordiae 108 10 0 118
University Hospital
St. Vincent’s 50 8 0 58
University Hospital
Beaumont University 15 40 0 55
Hospital
Limerick University 0 9 0 9
Hospital
Total 393 151 638 1182

To conduct meaningful statistical analysis on this data, it was necessary to combine cases
eliminated due to ‘samples inaccessible’ and ‘protocol change’ causes, along with Cork
University Hospital and Limerick University Hospital cases. The results of this tabulation and

the associated statistical test are shown in Table 4.13.
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Table 4.13 Summary of cases eliminated during step 3, block retrieval, by hospital site and cause of elimination
with combined categories from Table 4.12 and the relevant association test.

‘Samples inaccessible’ and ‘protocol change’ were combined and are represented by ‘Samples
inaccessible/Protocol change’. Cork University Hospital and Limerick University Hospital were also combined and

are represented by ‘Cork and Limerick University Hospitals’ (n=1182).

Hospital | Cause Samples inaccessible/Protocol Missing samples Total
change
St. James’ University 638 84 722
Hospital
Cork and Limerick 220 9 229
University Hospitals
Mater Misericordiae 108 10 118
University Hospital
St. Vincent’s University 50 8 58
Hospital
Beaumont University 15 40 55
Hospital
Total 1031 151 1182
Association Test Chi square
p<0.0001*

*Denotes a significant finding at the 95% level.

4.6.6 Causes and origins of attrition during step 4
For cases eliminated during step 4 (n=254), histopathological analysis of H+E slides, Figure

4.6 shows the percentage of cases rendered ineligible by cause.
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Figure 4.6 Percentage of cases rendered ineligible by cause during step 4, histopathological analysis of H+E
slides.

Details of these causes can be found in Table 4.9 (n=254).

For those eliminated during step 4, histopathological analysis using H+E slides, Figure 4.4

shows the number and proportion of cases rendered ineligible by hospital site.
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Figure 4.7 Percentage of cases rendered ineligible by hospital site during step 4, histopathological analysis of
H+E slides.
Details of these causes can be found in Table 4.9 (n=254).

Table 4.14 below shows the direct comparison between the hospitals from which and the

causes for which cases were eliminated during step 4.

Table 4.14 Summary of cases eliminated during step 4, histopathological review of H+E slides, by hospital site
and cause of elimination.

Details of these causes can be found in Table 4.9 (n=254).

Hospital | Cause Tissue or Unconfirmed Impure SCC No or not enough Total
tumour in but highly variant or other tissue
another part of suspicious for tumour type
body SCC
Beaumont 25 3 23 28 79
University Hospital
St. James' 2 18 37 31 88
University Hospital
Limerick University 2 11 6 12 31
Hospital
Mater 0 8 5 10 23

Misericordiae
University Hospital

Kerry General 0 6 4 15 25
University Hospital
St. Vincent's 4 0 1 3 8
University Hospital
Total 33 46 76 99 254
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As evident from Table 4.14, Kerry General, the Mater, and St. Vincent’s contributed the least
number of eliminated cases at this stage. To facilitate the best possible and reliable
statistical assessment, cases from the Mater, Kerry General, and St. Vincent’s were
combined. ‘Unconfirmed but highly suspicious for SCC’ and ‘Tissue or tumour in another
part of body’ were also combined due to thematic similarity and sample size. The resulting

tabulation and relevant association test are shown in Table 4.15.

Table 4.15 Summary of cases eliminated during step 4, histopathological analysis of H+E slides, by hospital
site and cause of elimination with combined categories from Table 4.14 and the relevant association test.

‘Unconfirmed but highly suspicious for SCC’ and ‘Tissue or tumour in another part of body’ were combined and
are represented by ‘Suspicious for SCC and other part of body.” Kerry General University Hospital, the Mater
Misericordiae University Hospital, and St. Vincent’s University Hospital cases were combined and are represented

by ‘Mater, Vincent’s, and Kerry University Hospitals’ (n=254).

Hospital | Cause Suspicious for SCC Impure SCC variantor  No or not enough Total
and other part of other tumour type tissue
body
Beaumont University 28 23 28 79
Hospital
St. James' University 20 37 31 88
Hospital
Limerick University 13 6 12 31
Hospital
Mater, Vincent'’s, 18 10 28 56
Kerry University
Hospitals
Total 79 76 99 254
Association Test Chi square
p=0.028*

*Denotes a significant finding at the 95% level.

4.7 Discussion

The aims of the foregoing analysis were four-fold. The first aim was to establish the number
of procedures and parties necessary to acquire pathology reports and retrieve sample FFPE
blocks from all hospitals for the ECHO study. The second was to determine the lengths of
time (days) taken to organize and execute the review of pathology reports and retrieval of
FFPE blocks from these same sites. The third and fourth were to pinpoint the steps of the
report review and FFPE block retrieval process contributing most to the attrition of cases

from the study, and to identify the reasons for the attrition of cases at each step of the
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process. The significance of generating results for these aims is rooted in the constructive

evaluation of the way in which Irish clinical research is conducted.

The study established a total of 20 different procedure and party types necessary to
organize and execute the review of pathology reports and the retrieval of blocks (Table 4.2).
These procedure and party types were generalized across all 7 hospital sites. Based on these
generalized descriptions, each hospital required an average of 6.43 procedure and party
types to acquire requested blocks. However, each hospital had its own unique version of the
coded procedure, and its own hospital-based party. In other words, if a Chief Medical
Scientist was involved in the process, a unique Chief Medical Scientist was involved at each
site. Thus, a grand total of 45 unique procedures and parties were involved in the final

acquisition of sample blocks (Table 4.2).

This said, Table 4.2 identifies 11 different party types required to facilitate sample retrieval
compared to 4 different procedure types to review pathology reports, and 5 different
procedure types to retrieve blocks. The much smaller number of generalized procedure
types suggests that the way in which each individual hospital coordinates sample
acquisition, though still varied, is actually relatively similar. It just so happens that because
each hospital manages pathology reports and associated FFPE blocks separately, rather than
through a centralized system, a large number of party types are required to carry out the

same tasks in each site.

The enormous number of organizational steps required to acquire samples is clearly
reflected in the data generated regarding the length of time (days) it took to organize and
execute the review of pathology reports and the retrieval of FFPE blocks. The means
exhibited in Table 4.3 and statistically compared in Table 4.5 showcase the significant
difference between the length of time (days) it took to: Organize pathology report review
and execute pathology report review; organize block retrieval and execute block retrieval;
organize pathology report review and execute block retrieval; and organize block retrieval
and execute pathology report review. The four-way Kruskal-Wallis comparison further
establishes the significant divergence in the lengths of time (days) for each of these

processes. Most summative however is the analysis of the combined means in Table 4.4.
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This unequivocally reflects the fact that the organizing of report review and block retrieval
was the major contributor to delaying the acquisition of blocks. An average of 273.67 (Cl:
121.04, 426.30) days to organize the review of reports or block retrieval speaks for itself in
comparison to an average of 7.17 (Cl: 1.35, 12.99) days to actually carry out the review and

retrieve blocks.

These results highlight the fact and impact of the decentralized manner in which clinical
research is conducted in Ireland, especially for studies that require the collaboration of
multiple registries, biobanks, and hospitals. In comparison to other projects, the number of
parties and procedures required in this study is enormousi®*3, Indeed, the ECHO study is
one of the largest of its kind regarding HPV and HNSCC, but some even bigger than the
present study have had fewer organizational steps to overcome. As a consequence, the
organizational process for studies of this scale in Ireland is extremely lengthy and far longer

than the actual execution of the protocols decided upon.

Table 4.2 emphasizes that this is mainly due to the fact that each hospital site involved
required its own procedures and roster of parties to ultimately retrieve blocks from varying
storage sites across the country. However, that these procedures are relatively similar is
promising. Though it primarily indicates inefficiency because the same procedures have to
be repeated many times to access samples, it also suggests that the centralization of
managing patient samples from one national database is not only necessary but possible.
Hospitals in Ireland have individually established similar ways to access samples. They may
therefore be well prepared and amenable to using these same procedures but sourced from
a singular and integrated database for all hospitals. Such a move would change little for the
manner in which hospitals operate currently, but would simply require the homogenization
of both database software and patient sample storage across the country. The latter is often
centralized from one storage location in other nations!?, something which is feasible in

Ireland given its smaller and concentrated geographic size.

With respect to the attrition of cases, it is significant that 56.40% of incident tumours had to
be eliminated in step 1 due to ineligibility and lack of access to pathology reports before a

single pathology report was even reviewed. Indeed, 28.08% of this was a result of a lack of
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eligibility of samples in the original search of the NCRI database. This narrowing down of the
population is typical and necessary in most studies. The very particular specifications of
samples needed for the study, outlined in Section 3.3 actually make this 28.08% a
reasonable number of cases to exclude. A further 12.78% of this 56.40% was eliminated due
a lack of alive patient consent. Though the consent rate for the study was just above 44% for
alive patients, with all deceased patients not requiring specific active consent, this makes it

clear that ultimately, lack of consent played a relatively small role in attrition during step 1.

More disconcerting is the remaining 15.54% of the 56.40% of all potential cases eliminated
during step 1 that were removed simply because pathology reports could not be accessed
due to an inability to establish procedural protocols with 6 of the 14 participating hospitals
sites in a timely manner. In other words, not only were more than the established average
of 237.67 days involved in trying to organize FFPE block retrieval for these remaining 6
hospitals, but no protocols could actually be established before the end of the study. This is
by no fault of any individual site, but simply another consequence of the decentralized
manner in which patients and samples are managed. Should a single pathway for patient
management, consent, access have been available, an even greater diversity of patients and
hospitals may have been easily incorporated into the study. Thus, though the study did
establish as representative a population as possible, contacting hospitals across the country
in an effort to avoid sole focus on Dublin centers, an integrated data management system

would have improved the efficiency of its creation.

Sample attrition from step 2 onwards is summarized in Table 4.7. Along with the Table’s
associated significance test, it unequivocally showcases that hospitals were affected by step
number differently, with some seeing greater or less attrition than others at each step.
Examining the Table more closely reveals that Limerick had more cases than expected
eliminated during step 2, pathology report review, the same being true of Beaumont during
step 4, the histopathological analysis of H+E slides. What is even more evident however is
that the grand majority of cases eliminated from St. James’, St. Vincent’s, the Mater, and
Cork were removed during step 3, the retrieval of blocks. Overall, the inability to retrieve
blocks resulted in 1182 of the 1666 cases eliminated, thus making step 3 the largest

contributor to attrition overall.
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A closer examination of step 2, pathology report review, in Figure 4.2 highlights that despite
the elimination of seemingly ineligible samples from the 5792 incident tumours identified in
the NCRI database, more cases had to be disqualified using the same eligibility criteria. This
may be a reflection of the laborious and sometimes manual way in which data is recorded
(or transferred) from hospital records to the national database. It may also be an artefact of
the more general way in which the pathology of tumours are recorded, simply being
denoted as “Squamous” for the purposes of database searches. The 49% of cases eliminated
during step 2 due to ‘impure SCC variant or other tumour type originating in the appropriate
anatomical site’ justifies this conclusion. The same is true of the additional 11% eliminated
that were only suspicious and unconfirmed for SCC. The exhaustive lists detailing the
eliminated highly suspicious cases, and the impure SCC variants and other tumour types in
Table 4.9 is also a testament to the wide range of case types the database included even

after step 1.

That said, cumulatively, 31% of the cases eliminated after pathology report review were
removed because: The histological identification numbers provided in the NCRI-generated
database were not found in the hospital databases; the case referred to a tumourin an
irrelevant part of the body; no malignancy was reported; or the case was a recurrence and
not a primary tumour. Almost one third of cases eliminated during step 2 were thus
ineligible due to a disconnect between the recording of patient data into the national
database, and the hospital databases from which information was drawn. Those cases for
which no blocks were available, and the one case for which the pathology report was not
printed made a minimal contribution to attrition in step 2. These were therefore not

disqualified due to any database faults.

Figure 4.3 shows that the majority of cases eliminated during step 2 were from St. James’
University Hospital, Mater Misericordiae University Hospital, and University Hospital
Limerick. 40% of the cases disqualified came from St. James’, an attrition twice as high as
that of the Mater. Based on the number of cases from each hospital for which reports were
reviewed (Table 4.6), step 2 saw slight disproportionate elimination of cases from the three

aforementioned hospitals.
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This said, the significance of the statistical test conducted on Table 4.11 shows a clear
relationship between hospital site and the cause of elimination in step 2. The specific
breakdown of the numbers in Table 4.10 would suggest that St. James’ cases were
disproportionately eliminated due to impure SCC variants or other tumour types being
detected. The same is true of the Mater and cases drawn from other parts of the body.
Limerick saw a larger proportion of cases disqualified for only being suspicious of SCC. This
indicates that either the scan of the NCRI database during step 1 did not apply eligibility
criteria in the same way across all hospitals, or that the information registered in the
database was done so differently for each hospital. The latter is more likely as the scan of
the database was unilateral, of a standardized nature, electronic, and conducted at one

point in time.

Figures 4.4 and 4.5, along with Tables 4.12 and 4.13 and the associated significant statistical
test, showcase that protocol changes and inaccessible samples were the main reasons why
the 1182 of 1666 disqualified cases were eliminated during step 3. These originated
overwhelmingly from St. James’ Hospital as a result of regulations put in place after the
arrival of new GDPR guidelines which did not prohibit access by any means, but required a
re-application for access that caused months of time delays (Table 4.9). The remaining
eliminated cases during step 3 were removed slightly disproportionately from the Mater

and Cork due to samples being inaccessible (Table 4.9).

It is evidently impossible to predict the introduction of new regulations regarding data
protection and patient and sample management. However, that the consequences of these
guidelines would disproportionately affect some hospitals and their management of
samples is unexpected. St. James’ was the largest hospital site involved in the study given its
status as the center for referrals and treatment of head and neck cancer patients. It was still
very well represented in the study population despite step 3 attrition, but the new protocols
established changed the management of cases completely and due to time delays,

prevented even more cases from the important site being included from this site.
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Where these new guidelines presented a challenge in one hospital, they did not in another
where accessibility of samples was instead a roadblock. In the Mater and Cork,
inaccessibility was simply due to an inability to establish a cost-free procedure for retrieving
blocks from off-site private storage companies. This is by no means the responsibility of the
hospitals themselves, but instead just another artefact of the diversity of ways in which

patients and samples are currently managed.

Finally, another 254 cases were eliminated during step 4, the histopathological analysis of
H+E slides. This is a large number of cases to disqualify during the last step of the retrieval
process given that the samples had already been subjected to two eligibility screening
stages during steps 1 and 2. In fact, Figure 4.6 reveals that 61% of the eliminated cases were
disqualified because they did not adhere to the strict eligibility criteria of the study (e.g.
suspicious for SCC, tumours in another part of the body, and impure SCC or other tumour
type). The vast majority of this 61% were eliminated due to the diagnosis of an impure SCC
variant or other tumour type in the appropriate region, or they were only suspicious for
SCC. This is justifiable for impure SCC variants and suspicious cases if pathology reports
simply reported the general nature of the tumour without specifying detailed tumour sub-
pathology. Different tumour types (e.g. adenocarcinoma, acinic cell carcinoma) and the
remaining 13% of this 61% originating in an irrelevant part of the body are less explicable.
Their differential diagnosis is not easily confused with SCC and would have been expected to
be documented specifically in the pathology reports (step 2) and thus in the NCRI database

(step 1).

The continued appearance of cases originating in irrelevant parts of the body and other
tumour types could indicate a lack of synchronization between the hospital databases and
the labelling of FFPE blocks in storage. It is also possible that in some hospitals, one
identification number is associated with more than one patient. Often, a single additional
letter in the identification number may distinguish between these patients. This alphabetical
nuance is however sometimes absent from the labels of FFPE blocks in storage. Thus, blocks

are confused, stored in the incorrect bins, or simply withdrawn by mistake.
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The persistence of cases only highly suspicious of SCC after steps 1 and 2 is indicative of
disconnect between pathology reports and the real-time embedding of tissue in FFPE
blocks. As outlined in Section 3.4.3, reports were reviewed specifically to identify blocks that
had relevant tumour tissue. That blocks pinpointed in reports as having ample confirmed
SCC proved only suspicious of SCC suggests that either reports documented blocks
incorrectly or blocks were labelled mistakenly. It is possible that pure SCC was present in
other blocks associated with the case, but due to this epistolary discord, blocks containing

surrounding less defined tumour were drawn instead.

It should be noted however that overall, as shown in Figure 4.6, the many cases disqualified
during step 4 (39%) either had no tissue left in the associated blocks, or had insufficient
tumour tissue to reliably conduct molecular analysis. This is simply a product of former use
of the tissue for research or clinical needs, or a result of the very small size of available
biopsies. It is difficult to assess the size and block-by-block availability of ample tumour

specimen during steps 1, 2, and 3, so this attrition is almost unavoidable.

The three hospitals most heavily represented in case elimination during step 4 were
Beaumont University Hospital, St. James’ University Hospital, and University Hospital
Limerick. However, Beaumont and Kerry disproportionately contributed to attrition in this
step. The former saw 79 cases disqualified with 235 cases processed, with the latter having
25 cases disqualified when only 65 were processed. This is in comparison to for instance, 88
cases disqualified in St. James’ and 357 cases processed. The significant association test and
data in Table 4.15 highlights this disparate contribution. Beaumont appears to have suffered
more from attrition due to cases appearing from irrelevant parts of the body. Both James’
and Beaumont saw more elimination due to impure SCC or other tumour types in the
appropriate sites. Limerick showed disproportionate elimination due to only suspicious SCC
cases whilst almost half of those cases eliminated from Kerry were due to a lack of tissue in

blocks.

The cumulative analysis of attrition during steps 2, 3, and 4 definitively shows that the
refining of the eligible study population for nation-wide Irish investigations varies by

hospital. Each site, likely as a result of their own unique pathology report and FFPE bock
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filing and storing procedures analyzed above, experiences differential sample attrition for
statistically diverging reasons. Some have more flexible agreements with off-site private
storage companies while others do not. Some do not make use of private off-site storage at
all but instead have less precise translations between pathology reports and the labelling of

associated FFPE blocks. The combinations of strengths and limitations for each is diverse.

What can therefore be extrapolated is that the communication and synchronization
between decentralized registries, storage companies, biobanks, and hospitals is not evenly
distributed. The innumerable number of procedures that must be fulfilled and parties that
must generously dedicate their time to making sure procedures are followed ultimately
creates a sincere distance both temporally and in terms of impact between all of these
clinical and research bodies, and patients. It should be noted that this is not just an Irish
issue. Many database analyses from across Europe and North America have noted similar
heterogeneity in documentation and access to cases and information, whether it be for

observational, epidemiological, or treatment/drug-related data'4-16.

The need for a homogenized database and biobanking system for the nation is therefore
evident. Several studies have noted that in the era of big data, the larger the extent of
centralization in the research process, the greater the efficiency, quality, and impact of the
research on patients!’!8, Since the ultimate goal of clinical research is a realized
improvement in patient outcomes, the faster meaningful results can be generated, and the

greater the quality of these results, the more research serves its real purpose.

This is especially true in the case of HPV-related diseases, specifically those of the head and
neck. Based on the current literature, HNSCC is at least in part a preventable and
imminently treatable affliction'92, For instance, the better survival of HPV-related HNSCC
patients has raised the question of whether or not such severe treatment is necessary'%2’~
30 The possibility of de-escalation of treatment in HPV-related HNSCC has been discussed at
length for many years, the most significant result of which has been a change in the staging
of HNSCC tumours on the basis of viral origins3!:32, This said, de-escalation has still not been
introduced into the clinic due to continued uncertainties?’333¢, The rate at which studies

analyzing de-escalation is not yet enough to provide evidence for its implementation or
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conversely, its lack of legitimacy. The longer a firm conclusion takes to be drawn, the greater
the chance that more patients will be subjected to potentially unnecessary and debilitating
treatments. The same is true of the uncertain role the HPV vaccination in HNSCC

prevention?324,

It should be emphasized that the need for a centralized and efficient patient and sample
management system is not simply for the benefit of research’s long-term effects on
patients. First and foremost, the centralization and efficiency of health information
technology has a direct impact on the quality and success of patient care®’. This is especially
true in Ireland where several hospitals may be responsible for managing a single patient’s
care. This was even evident in pathology reports reviewed for the ECHO study where cases
for some patient could not be found or accessed because they were registered to one
hospital but were actually being managed by another hospital. As a consequence, this was
understandably not readily obvious to any external registries, including the NCRI. If health
information and associated patient material and samples can be managed from one point of
access, integrated within hospitals as a national standard, patients can be more efficiently
and effectively treated. Referrals between hospitals would be processed more quickly, and
the location of associated patient material would be less indeterminable with singular

tracking and management.

It should be noted that efforts to create such an integrated biobanking system are already
underway. A new International Organization for Standardization (ISO) guideline,
“Requirements for Biobanking” (ISO 20387), was adopted in Ireland in 2018. Furthermore,
the new GDPR Health Research Regulations implemented in 2018 attempt to standardize
the management of patient information and data for research purposes. Importantly,
BIOBANK: Ireland Trust is the country’s most noted push towards establishing an Irish
BioBank Network®. Their aims are to ensure that hospital biobanks collect samples using the
same procedures and database, with a view towards online access to samples and data for
potential projects. The establishment of a national BioBanking network would enhance or
complement other aims of national cancer strategy including better information technology
systems, communications, and a national research database. Most importantly, it would

help connect hospitals and focus on patient care rather than on competing institutions.

219



Collaborating with other countries whose national biobanking is already in order would also

be made far more efficient.

The BIOBANK: Ireland Trust project already has functioning arms in St. James’ University
Hospital and University Hospital Cork with goals, limited by funding, to expand further. That
the main wing of this BioBank is in St. James’ is particularly significant in the context of this
study. The present analysis determined 1182 of the 1666 total cases eliminated from the
ECHO study were disqualified simply due to an inability to physically access the cases. St.
James’ disproportionately contributed 722 cases to this 1182 due to time delays as a result
of new guidelines implemented after the introduction of GDPR through the BioBank itself.
Thus, though poorly timed in the framework of this study, the standardization of access
protocols through the BioBank across the nation will ultimately centralize all sample access
permissions to all storage sites, whether private or internally managed by the hospitals. Not
only will this avoid the inaccessibility of cases in St. James’, but also those emanating from

the other hospitals represented in Table 4.12.

The BIOBANK: Ireland Trust is the first step in a series for the implementation of several
proposals outlining the best strategies for homogenizing patient and healthcare information
databases to increase the quality of patient care and associated and varying types of clinical
research3®%, There would need to be further assessment of the Irish context, the number
of databases and facilities that exist for patient information and samples, and how they are
managed to determine which exactly which strategy is best. That said, this analysis

unequivocally points to three conclusions that make this centralization an achievable goal:

1. Hospitals already use similar databases and procedures for managing patients and patient
material and the integration of this process would not unduly disrupt systems already in
place, but simply improve them.

2. Singular patient and case identification numbers are already a facet of how hospitals,
registries, biobanks, and research bodies collaborate and would therefore not need to be
newly instated as in the case of other nations.

3. The disconnect between clinical, registry, and research bodies in Ireland only exists due to

the large number of procedures and parties involved in their management, something that if
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standardized and made less complex, could prevent miscommunications or mistaken

documentation of patients and patient material.

Ireland already garners more funding and publishes more impactful research at greater
rates than would be expected on average from a country its size. The impact on patients in
many realms is visible in real-time. Nonetheless, this research is mainly focused on small-
scale clinical studies conducted by research units attached to individual hospitals. Indeed,
collaborations and communications between hospitals on this scale are numerous and
successful. For instance, Ireland boasts the most highly cited groups studying rare metabolic
conditions due 