ENHANCEMENT OF ONCOLYTIC
COXSACKIEVIRUS A21 WITH CONVENTIONAL
CHEMOTHERAPIES AND IMMUNE
CHECKPOINT INHIBITORS FOR THE
TREATMENT OF MELANOMA

by
Min Yuan QUAH

B.Biomed Sci (Hons I)

A DISSERTATION SUBMITTED AS FULFILLMENT OF THE REQUIREMENT FOR
THE AWARD OF A DEGREE OF

DOCTOR OF PHILOSOPHY

3

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

School of Biomedical Sciences and Pharmacy,

The University of Newcastle

August 2015



Statement of Originality

The thesis contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution and, to the best of my
knowledge and belief, contains no material previously published or written by another

person, except where due reference has been made in the text. I give consent to the final
version of my thesis being made available worldwide when deposited in the University’s

Digital Repository**, subject to the provisions of the Copyright Act 1968.

**Unless an Embargo has been approved for a determined period.



Acknowledgements

I would like to express my appreciation and heartfelt gratitude to the people who supported
me during my PhD, because without them I would not have gotten very far. First and
foremost, I would like to thank my supervisor, Dr. Gough Au, without whom this project
and thesis would not have been possible. Your guidance and unwavering support have
consistently been above and beyond all hopes and expectations throughout the entire
duration of this journey. Through your guidance, I have gained confidence in my scientific
capabilities and judgement, and this has shaped me into the scientist I am now. I will
always remember my time as your PhD student with pleasure and I am deeply indebted

to you.

I would like to thank my other supervisor A/Prof. Darren Shafren for his thoughtful
insights into this project. Years ago in one of our lab meetings, you said that the work we
are doing is making a difference in the ‘real’” world. As a young Honours fledgeling, your
words were lost on me at the time, but I am proud to say that I now grasp the magnitude
of your words and feel truly privileged to have been given the opportunity to undertake a
PhD with Viralytics. I cannot thank you enough for your time and invaluable knowledge

you have imparted on me.

I would also like to thank the members of the Viralytics team whom I have worked
with over the past few years; Prof. Richard Barry, Dr. Roberta Karpathy, Dr. Susanne Jo-
hansson, Robert Herd, Bronwyn Davies, Rebecca Ingham, Dr. Camila Salum De Oliveira,
Amanda Kelly, Penny Yates, Jack Hockley, Lincoln Smith, Jaclyn Stewart, Erin Green,
Ruth Buxton and Dr. Eric Chan. Special thanks to Mr Robert Herd, for reminding me
that there is a life outside the PhD. You have taught me so many precious things, always

with patience and inspiration for which I cannot thank you enough.



To my family and all of my friends, thank you to each of you for your support through-
out these years. Mom and Dad, thank you for always believing in me and and your never
ending supply of encouragement from thousands of miles away. To my three younger
brothers, Min Chern, Min Shern and Min Han, thank you for sounding impressed when I
explain my work over Skype. Finally to my loving girlfriend Yvonne, thank you for being
my partner in science, crime and in life. For that, you have my utmost thanks, love and

appreciation.

ii



To all of the cancer patients,

I hope this work will make a difference...

iii



Contents

List of Figures

List of Tables

List of Abbreviations

1 Synopsis

2 Introduction and Literature Review

2.1 Melanoma . . . . . . . .

2.1.1
2.1.2

2.1.3

2.14

2.1.5

Anatomy of normal skin . . . . . .. ... ... . L.
Non-melanoma skin cancer . . . . . . . ... ... ... ... .. ..
2.1.2.1 Basal cell carcinoma . . . . . . ... ... ... L.
2.1.2.2 Squamous cell carcinoma . . . . . ... ..o
Malignant melanoma . . . . . . . . ... ... ...
2.1.3.1 Superficial spreading melanoma . . . . . . . . ... ... ..
2.1.3.2 Nodular melanoma . . . . . . .. .. ... L.
2.1.3.3 Lentigo maligna melanoma . . . . . . . ... ... ... ..
2.1.3.4  Acral lentiginous melanoma . . . . . . ... ...
2.1.3.5 Desmoplastic melanoma . . . . . . ... ...
2.1.3.6 Metastatic melanoma . . . . . ... .. oo
Epidemiology . . . . . . . ..
2.1.4.1 Incidence . . . . . . . . ...
2.1.4.2 Demographics and trends . . . . .. .. ... ... ... ..
2.1.4.3 Economic impact . . . . . ... ... L
Risk factors . . . . . . . .
2.1.5.1  Environmental risk factors . . . . ... .. ...

2.1.5.1.1  Natural ultraviolet radiation exposure . . . . . . .

v

XV

xXvi

XXv



CONTENTS

2.1.6

2.1.7
2.1.8
2.19

v
2.1.5.1.2  Artificial ultraviolet radiation exposure: tanning
beds . . . . . . 20
2.1.5.2  Phenotypic risk factors . . . . . ..o 21
21521 Nevi. .. ... 21
2.1.5.22 Pigment . . . .. ..o 22
2.1.5.3 Genetic risk factors . . .. ... 22
2.1.5.3.1  Personal or family history . . . . . . ... ... .. 22
2.1.5.3.2 Melanoma susceptibility genes . . . . . . ... .. 23
2.1.5.4 Additional risk factors . . . . . .. ... 24
2.1.5.4.1 Immunosuppression . . . . . . .. ... ... .. 25
2.1.5.4.2  Socioeconomic status . . . .. .. .. ... ..., 25
Pathogenesis . . . . . . . .. .o 26
2.1.6.1 Ultraviolet-induced melanoma . . . . . . . .. .. .. ... 26
2.1.6.2  Genetic susceptibility in melanoma . . . . . . .. ... ... 31
2.1.6.2.1  Driver mutations arising from ultraviolet muta-
genesis ... ..o 31
2.1.6.2.2  Signalling molecules . . . . .. ... ... ..... 31
2.1.6.2.3  Cell cycle regulators . . . . . ... ... ... ... 33
2.1.6.3 Immune dysregulation of melanoma . . . . . ... ... .. 33
Diagnosis . . . . . . . . 34
Prognosis and staging . . . . .. ... .. L oo Lo 35
Treatment . . . . . . . . ... 39
2.1.9.1  Surgery . . ... 39
2.1.9.2 Cytotoxic chemotherapy . . . . . . . . ... ... ... ... 40
2.1.9.2.1 Hydroxyurea . . . . .. .. ... ... ....... 40
2.1.9.2.2 Dacarbazine . . ... ... ... ... ... 41
2.1.9.3 Immunotherapy . . .. .. ... ... .. .. .. .. .. .. 41
2.1.9.3.1 Interferon-a2b (INTRON®) A; Merck & Co.) . . . 42
2.1.9.3.2  Interleukin-2 (Proleukin®); Chiron Corp.) . . . . . 42
2.1.9.3.3  Peginterferon-a-2b (Sylatron™; Merck & Co.) . . . 43
2.1.9.4 Kinase inhibitors . . . . . ... ... o000 43
2.1.9.4.1  Vemurafenib (Zelboraf®); Roche) . . . . . . .. .. 44
2.1.9.4.2  Dabrafenib (Tafinlar®); GlaxoSmithKline) . . . . 45

2.1.9.4.3  Trametinib (Mekinist®); GlaxoSmithKline) . . . . 45



CONTENTS

2.1.9.5 Immune checkpoint inhibitors . . . . . . . . ... ... ...
2.1.9.5.1  Ipilimumab (Yervoy®); Bristol-Myers Squibb) . . .
2.1.9.5.2  Pembrolizumab (Keytruda®); Merck & Co.)
2.1.9.5.3  Nivolumab (Opdivo®); Bristol-Myers Squibb) . . .

2.1.9.6  Oncolytic viruses . . . . . . . . . .. ...

2.2 Oncolytic virotherapy . . . . . . . . . .. ..

2.2.1
2.2.2
2.2.3

2.24

2.2.5

A brief history of oncolytic virotherapy . . . . . .. .. ... .. ...
The ‘renewed’ oncolytic virus paradigm . . . . . . .. ... .. ...
Mechanism of oncolytic virotherapy . . . . . . ... ... ... ...
2.2.3.1 Mechanism of anti-tumour specificity . . . . ... .. ...
2.2.3.1.1  Tumour-tropism mediated by viral receptors
2.2.3.1.2  Attenuation of wild-type viruses through targeted
deletion of viral genes . . . . . . . ... ... ...
2.2.3.1.3  Targeting defective antiviral response pathways . .
2.2.3.1.4  Transcriptional targeting . . . ... ... ... ..
2.2.3.1.5  Targeting the hypoxic tumour microenvironment .
2.2.3.1.6  Activation through cancer-specific proteases in the
tumour microenvironment . . . . . ... ...
2.2.3.1.7  MicroRNA regulated tropism . . . ... ... ...
2.2.3.2 Mechanisms of anti-tumour efficacy . . .. ... ... ...
2.2.3.2.1 Direct oncolytic cell death . . . . . . ... ... ..
2.2.3.2.2  Induction of ‘bystander cell killing’ . . . . . .. ..
2.2.3.2.3 Innate anti-angiogenic properties of OVs . . . . . .
2.2.3.2.4  Oncolytic immunotherapy . . . . . . .. ... ...
Current clinical status of oncolytic virotherapy in melanoma . . . . .
2.24.1 Adenovirus . . . . .. ...
2.2.4.2 Coxsackievirus . . . . . . . . . .. ..o
2.2.4.3 Herpes simplex virus . . . . .. .. ... ...
2244 Reovirus . . . . ..o
2.2.4.5 Vaccinia virus . . . . . . ...
Barriers to oncolytic virus monotherapy . . . . . .. ... ... ...
2.2.5.1 Immunological barriers . . .. .. ... ... ... .....
2.2.5.2  Challenges of intravenous delivery . . . . .. .. ... ...

2.2.5.3 Challenges of the tumour microenvironment . . ... . ..

vi

46
47
48
48
49
51
51
93
54
54
o6

o7
99
60
61



CONTENTS vii

2.3 Coxsackievirus A21 . . . . . . .. 80
2.3.1 Taxonomy of Coxsackieviruses. . . . . . . . . . . .. .. . ... ... 80
2.3.2 Virion structure . . . . . . . ... Lo 82
2.3.3 Picornavirus genome . . . . . . . ..o o 82

2.3.3.1 Genome organisation and processing . . . . . ... .. ... 83

2.3.3.2 Viralassembly . . . ... ... ... ... .. 84

2.3.4 Replication cycle of the Picornaviruses . . . . . .. ... ... ... 86
2.3.5 Viral receptors . . . . . . . .. 89
2.3.5.1 Intercellular adhesion molecule (ICAM-1) . . . ... .. .. 89

2.3.5.1.1  Structure of ICAM-1. . . . . . ... ... ..... 89

2.3.5.1.2  Function and regulation . . . . . .. ... ... .. 91

2.3.5.2  Decay accelerating factor (DAF) . . .. ... .. ... ... 92

2.3.5.2.1 Structure of DAF . . . ... ... ..., 92

2.3.5.2.2  Function and regulation . . . . . .. ... ... .. 94

2.3.5.3 ICAM-1 and DAF interaction with CVA21 . ... ... .. 96

2.3.6  Clinical manifestation . . . . . .. .. .. ... ... ... ..., 100
2.3.7 CVA21l as an oncolyticagent . . . .. .. ... ... ... ...... 100

2.4 Study aims and hypothesis . . . . . . . . . ... L 103
3 Materials & Methods 105

3.1 Celllines. . . . . . . e 105
3.1.1 Melanoma cells lines . . . . .. .. .. . . . 0. 105
3.1.2 Luciferase-expressing cells . . . . . .. .. ... ... L. 105
3.1.3 ICAM-1-transfected murine melanoma cells . . . . . . ... ... .. 106

3.2 Virusanddrugs. . . . . . . . L 106
3.21 VIrus. . . . . e 106
3.2.2 Chemotherapies . . . . . . . . . .. 106
3.2.3 Vaccine preparation . . . . . . . . . . ... 107

3.3 Antibodies and flow cytometry . . . . .. .. .. L 107
3.3.1 Antibodies . . . . ... 107
3.3.2 Flow cytometry . . . . . . . .. 108

3.4 Cell viability and synergy assay . . . . . . . . ... ... 108
3.4.1 Viral infectivity assay (TCIDsg assay) . . . . . . . . ... ... ... 108
3.4.2 Chemosensitivity assay . . . . . . . .. ... L 109

3.4.3 In vitro Synergy assay . . . . . . . .o 109



CONTENTS viii

3.44  Cell viability assay . . . . . . . .. .o 110
3.4.5 One-step viral growth curve assay . . . . . . . . ... ... ... ... 111

3.4.6 Fluorescence-activated cell scanning analysis of cell cycle distribution 112

3.4.7 Caspase 3/7 analysis by caspase-glo assay . . . . ... ... ..... 112
3.5 Animals . . . . .. 113
3.5.1 Ethics statement and housing conditions . . . . . .. ... ... ... 113
3.5.2  Tumour inoculation . . . . . ... .. L o 113
3.5.3  Animal monitoring and tumour measurement . . . . . . ... .. .. 113

3.6 In wvivo investigations of CVA21 in combination with conventional chemo-

therapeutic agents for the treatment of melanoma . . . . . . . . . ... ... 114
3.6.1 Immunodeficient mouse melanoma model study design . . . . . . .. 114
3.6.1.1 Animals and treatment schedule . . . ... ... ... ... 114
3.6.1.2  In witro bioluminescent imaging . . . . .. ... ... ... 114
3.6.1.3 Bioluminescent imaging of tumours in vivo . . . . .. . .. 115
3.6.2 Immunocompetent mouse melanoma model study design . . . . . . . 115

3.7 Optimisation of the immunocompetent B16-ICAM-1 mouse melanoma model 116

3.7.1 Animals and treatment schedule . . . ... ... ... ... ... .. 116
3.7.2 Histological evaluation of tumours using H&E staining method . . . 116
3.7.3 Tumour cell isolation and primary culture . . . . . . ... ... ... 117
3.8 Animal immunisation with oncolysates and tumour challenge . . . . .. .. 117

3.9 CVA21 in combination with immune checkpoint inhibitors for the treatment
of melanoma in vivo . . . . . .. oL 118
3.9.1 CVA21 and PD-1 blockade in an immunocompetent murine model
of melanoma . . . . .. ... 118
3.9.2 CVA21 and CTLA-4 blockade in an immunocompetent murine model
of melanoma . . . . .. ... oo 119
3.10 Serum analysis . . . . . . ... 119
3.10.1 Quantitative RT-PCR detection of CVA21 viral genomes in sera . . 119

3.10.2 Detection of CVA21 viraemia levels . . . . . . . . .. ... ... ... 120
3.10.3 Anti-CVA21 neutralising antibody assay . . . . . . . ... ... ... 120
3.10.4 Cell viability assay with serum ex vivo . . . . . . . . . . . ... ... 121
3.11 Statistical analysis . . . . . . . . ... Lo 121

4 Combination of CVA21 with conventional chemotherapy drugs in vitro 122
4.1 Oncolytic activity of CVA21 in a panel of human melanoma cells . . . . . . 123



CONTENTS ix

4.2

4.3
4.4
4.5

4.6
4.7

In wvitro chemosensitivity assay of DTIC and P + C on a panel of melanoma
cell lines . . . . . . e 124
In vitro combination studies with CVA21 . . . ... ... ... ... .... 132
Examination of viral replication within cells in the presence of chemotherapy 139
Cytotoxic activity of CVA21 with DTIC or P + C at clinically relevant
concentrations . . . . . . . .. L. 140
Effects of CVA21 with DTIC and P + C on the cell cycle . . .. ... ... 144
Effects of combination therapy with CVA21 and P + C on caspase-3/7

activation . . . . . . . e 145

5 In vivo evidence for CVA21 as a monotherapy and in combination with

DTIC and P + C for the treatment of melanoma 147

5.1

5.2

5.3

5.4

Immunodeficient xenograft mouse model of melanoma . . . . . . . ... .. 148
5.1.1 Development of SK-Mel-28 human melanoma cells stably expressing
the firefly luciferase gene . . . . . . . .. ... L 148

5.1.2 Establishment of a subcutaneous murine model of melanoma for com-

bination therapy . . . . . . . . . ... L 150
5.1.3  Animal weights throughout the course of study . . . . . . ... ... 150
5.1.4 Tumour volume data . . . . . . . . .. . ... ... ... 153
5.1.5 Bioluminescent imaging tn vivo . . . . . . . .. ... 154
51.6 CVA21 viraemia . . . . . . . . . . . . 158
Development of a syngeneic model of B16-ICAM-1 murine melanoma . . . . 160
5.2.1 Establishing B16-ICAM-1 cells for tumour development . . . . . .. 160
5.2.2  Assessment of tumour growth and survival analysis . . . . . . . . .. 161
5.2.3 Haematoxylin and eosin analysis . . . . . . .. ... ... ... ... 163

5.2.4 Isolation and in vitro expansion of murine cells from tumour explants 166
Combinatory effects of CVA21 and DTIC and P + C on B16-ICAM-1 cells . 168
5.3.1 Dose response of B16-ICAM-1 cells to CVA21 in combination with
DTICand P+ C . . . .. ... 168
5.3.2 Effects of P + C on CVA21 viral replication in B16-ICAM-1 cells . . 171

In vivo assessment of combination oncolytic CVA21 and chemotherapy in

an immunocompetent mouse model . . . . . ... ... 173
5.4.1 Animal weights throughout the course of study . . . . . .. ... .. 174
5.4.2 Tumour volume data . . . . . . .. .. ... .. ..o 175

5.4.3 CVA21 viraemia . . . . . . . . o o 178



CONTENTS

6 Combining oncolytic CVA21 with immune checkpoint inhibitors for the
180

5.4.4 CVA21 neutralising antibodies . . . . . . ... .. ... ... ...,

treatment of melanoma

6.1

6.2

6.3

Induction of anti-tumour immune response by CVA21 oncolysates . . . . . .
6.1.1 Animal weights throughout the course of study . . . ... ... ...
6.1.2  Anti-tumour effect of CVA21 oncolysate . . . . . .. ... ... ...
6.1.3 Survival data of animals treated with CVA21 oncolysate . . . . . ..
In vivo assessment of combination oncolytic virotherapy and anti-PD-1 im-
munotherapy in an immunocompetent mouse model . . . . . . . ... ...
6.2.1 Body weights following treatment with either saline or CVA21 in
combination with anti-PD-1 or control antibody . . . . . . . . .. ..
6.2.2 Tumour volume data . . . . . . . ... ... ... L
6.2.2.1 Tumour volumes of primary B16-ICAM-1 nodules . . . . .
6.2.2.2 Tumour volumes of secondary B16 nodules . . . . .. . ..
6.2.3 Survival in mice treated with CVA21 in combination with anti-PD-1
or a control antibody . . . . ... ... oL
6.2.4 Serum analysis . . . . . . . ... L
6.2.4.1 CVA21l viraemia . . . . . . .. .. .. ... ...
6.2.4.2 CVA21 neutralising antibodies . . . . . .. ... ... ...
In vivo assessment of combination oncolytic virotherapy and anti-CTLA-4
immunotherapy in an immunocompetent mouse model . . . . . . ... . ..
6.3.1 Body weights following treatment with either saline or CVA21 in
combination with anti-CTLA-4 or control antibody . . . . . . . . ..
6.3.2 Tumour volume data . . . . . . . ... . ... ... ... ...
6.3.2.1  Tumour volumes of primary B16-ICAM-1 nodules . . . . .
6.3.2.2 Tumour volumes of secondary B16 nodules . . . . .. . ..
6.3.3 Survival in mice treated with CVA21 in combination with anti-CTLA-
4 or a control antibody . . . . . . ..o oo L
6.3.4 Serum analysis . . . . . . .. ...
6.3.4.1 Viraemia analysis . . . .. ... .. .. ... ... .. ..
6.3.4.2 Neutralising antibodies . . . . . . . . ... ... ...

6.3.4.3 FEzx vivo cytotoxicity of serum-mediated cell death . . . . .



CONTENTS

7 Discussion and Conclusion

7.1 Discussion of research findings . .

7.2 Rationale of combination oncolytic virotherapy . . . . . .. ... ... ...

7.3 Challenges of combination therapy with OV . . . . .. .. ... ... .. ..

7.4 Quantifying synergy in drug combination studies . . . . . . ... ... ...

7.5 Future directions and conclusion

References

plal

212
212
235
237
239
242

247



List of Figures

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.14

2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.13

4.1
4.2
4.3

Anatomy of normal skin. . . . . . . ... ... L
Four major subtypes of melanoma. . .. ... ... ... ........
World age-standardised incidence rates of melanoma, 2012.

Risk factors for melanoma. . . . . .. .. .. ... ... ... ...
Pathogenesis of melanoma. . . ... ... ... .. ... .. .......
Molecular steps in UVR-induce melanogenesis. . . . ... ... ...
Clinical significance of dermoscopy. . . . . . .. ... ... ... ....
Timeline of FDA regulatory approval for metastatic melanoma. . .
The oncolytic virotherapy paradigm. . . ... ... ... ........
Mechanism of oncolytic virotherapy. . . . ... ... ... .......
Barriers to optimal delivery of OVs to tumours. . . . . . . ... ...
Classification of the Picornaviridae family. . . . . .. ... ... ...
The enterovirus genome, polyprotein products and their major
function. . . . . . ..
Assembly pathway of picornavirus virions. . . . ... ... ... ...
Replication cycle of the picornavirus. . . . . . . ... ... .......
Structure of the ICAM-1 surface molecule. . . . . . . ... ... ...
Structure of the DAF surface molecule. . . . ... ... ... ... ..
Surface cryo-EM reconstruction of coxsackievirus A21. . .. .. ..
Surface cryo-EM reconstruction of Echovirus 7. . . . . ... ... ..
Interaction between ICAM-1 and DAF. . . .. ... ... ... ....

Virion structure of picornavirus. . . . . . . ... ... ... .......

Oncolytic effect of CVA21 in melanoma cells. . . .. ... ... ...
Cytopathic effects of CVA21 in melanoma cells. . . . . . ... .. ..

Dose response curve of DTIC in melanoma cells. . . . ... ... ..

xii

35
39
54



LIST OF FIGURES xiii

4.4

4.5

4.6

4.7

4.8

4.9

4.10
4.11

4.12

4.13

4.14

4.15

5.1
5.2

5.3
5.4

5.5

5.6

5.7

5.8
5.9

Dose response curve of P + C doublet chemotherapy in melanoma
cells. . . . . e 128
Cytotoxic effect of DTIC on melanoma cells. . . . . . .. ... .. .. 130
Cytotoxic effect of P 4+ C doublet chemotherapy on melanoma cells.131
Dose response curves of CVA21 in combination with chemotherapy
in SK-Mel-28, Mel-RM, ME4404 and MV3 cells. .. ... ... ... 133
Isobolograms showing the interaction between CVA21 and DTIC
at EC59, EC75 and ECgg. . . . . . . . . .. ... o 136
Isobolograms showing the interaction between CVA21 and P + C
at EC5g, EC75 and ECgg. . . . . . . . . . ... 137
Fraction affected (Fa) - combination index (CI) plot. . . . . . .. .. 138
Effect of DTIC and P + C on CVAZ21 one step replication kinetics
over time. . . . . ... 141
Dose-dependent cytotoxicity of CVA21 in combination with DTIC
and P + C on SK-Mel-28 cells. . . . . . . . ... . ... ... ...... 142
Morphological changes in SK-Mel-28 cells observed using crystal
violet stain. . . . . . . . ... 143
Effects of CVA21 and chemotherapy individually and in combina-
tion on the cell cycle. . . . . . . . ... ... Lo 145
Caspase-3/7 activation in a panel of melanoma cells by caspase-glo

ASSAY. . -t e e e e e e e e e 146

Establishment of SK-Mel-28-luc cells using a lentiviral vector. . . . 149
Overview of experimental protocol for immunodeficient murine
melanoma model. . . . . .. ..o 151
Mean body weights of mice (g) over time (days). . .. ... ... .. 152
Combination of chemotherapy and CVA21 virotherapy on SK-
Mel-28-luc melanoma xenografts in SCID mice. . . . .. ... .. .. 154
Bioluminescent imaging of BALB/c SCID mice transplanted with
luciferase expressing SK-Mel-28 cells. . . . . .. .. ... ... .... 156

In vivo response monitoring in SK-Mel-28-luc melanoma model

with BLI. . . . . .. . 157
Detection of viraemia using one-step qRT-PCR. . . . . . . . . .. .. 159
Characterisation of B16-ICAM-1 melanoma cells. . . . ... .. .. 161
Growth of B16 and B16-ICAM-1 flank tumours. . ... ... .. .. 162



LIST OF FIGURES xiv

5.10

5.11

5.12

5.13

5.14

5.15
5.16

5.17

5.18
5.19

5.20

5.21

6.1

6.2
6.3

6.4

6.5

6.6

6.7

6.8

Growth rate and survival analysis for tumour bearing animals. . . 164
Histological analysis of tumour deposits using H&E staining. . . . 165
Lytic infection of primary B16 and B16-ICAM-1 culture from in
vivo tumour explants. . . . . .. ..o o oL 167
Cytotoxicity of combination CVA21 and chemotherapy on B16-
ICAM-1 murine cell line. . . . . ... ... ... ... ... ....... 169
Synergistic activity of CVA21 and chemotherapy in B16-ICAM-1
cells. . . . . 170
Effects of P 4 C on CVAZ21 viral production.. . . . . ... ... ... 172
Dose-dependent cytotoxicity of CVA21 in combination with P +
C on B16-ICAM-1cells. . . . ... ... ... ... . ... ....... 172
Overview of experimental protocol for immunocompetent murine
melanoma model. . . . . ... Lo 173
Mean body weights of mice (g) over time (days). . .. ... ... .. 175
Combination of chemotherapy and CVA21 virotherapy on B16-
ICAM-1 murine flank tumours. . . . ... ... ... ... ... .... 177
Detection of viraemia following CVA21 oncolytic virotherapy with
and without chemotherapy. . . . . . ... ... ... ... ... .. 178
Presence of nAbs in serum following treatment with CVA21 and

CVAZ21 in combination with DTICor P +C. . .. ... ... .... 179

Overview of experimental protocol for CVA21-oncolysate immun-
isation murine melanoma model. . . . . . . . . .. ... ... 182
Individual body weights of mice (g) over time (days). ... ... .. 183
B16 tumour growth following immunisation with saline, CVA21,
control vaccine, CVA21 + control vaccine, or CVA21 oncolysate. . 185
Survival of C57BL/6 mice following immunisation with CVA21
oncolysates. . . . . . . . ... 186
Treatment scheme of anti-PD-1 combination immune-competent
murine melanoma protocol. . . . . . ... ..o 188
Body weights of mice (g) vs time (days). . ... ... ......... 189
Tumour volumes following combination anti-PD-1 antibody and
CVAZ21 virotherapy on primary B16-ICAM-1 murine melanoma
tumours. . . . ... 191

Tumour development of secondary B16 tumour nodules. . . . . .. 193



LIST OF FIGURES XV

6.9

6.10

6.11

6.12

6.13
6.14

6.15

6.16

6.17

6.18

6.19

6.20

Survival of C57BL/6 mice following treatment with saline or CVA21

in combination with the control antibody or anti-PD-1. . . . . . .. 194
Detection of viraemia following CVA21 administration with and
without anti-PD-1 immunotherapy. . . . . . . ... ... ... ... .. 196
Detection of CVA21-specific neutralising antibodies following CVA21
administration with and without anti-PD-1 immunotherapy. . . . . 197
Treatment scheme of anti-CTLA-4 combination immune-competent
murine melanoma protocol. . . . . . ... ... 198
Body weights of mice (g) vs time (days). . ... ... ......... 200
Tumour volumes following CVA21 virotherapy and CTLA-4 block-

ade on B16-ICAM-1 primary tumours. . . . . . .. .. ... .. .... 202
Tumour volumes of secondary B16 murine melanoma tumours. . . 204
Analysis of primary and secondary with cure rate. . . . . . ... .. 205
Kaplan-Meier survival analysis for CVA21 virotherapy with CTLA-

4 blockade. . . . . . ... 206
Detection of viraemia following CVA21 administration with and
without anti-CTLA-4 immunotherapy. . . . . . ... ... ... .... 208
Serum neutralising antibodies against CVA21 in animals following

CVA21 administration with or without anti-CTLA-4 immunother-
APY: - - e e e e e e e 210

Ezx vivo cytopathic effects of serum collected from animals treated

with anti-CTLA-4. . . . . . . . . . 211



List of Tables

2.1 Comparison of basal cell and squamous cell carcinoma. . .. .. .. 9
2.2 Risk factors and relative risk for melanoma. . ... .. ... ... .. 27
2.3 TNM staging for cutaneous melanoma. . . . ... .. ... ... ... 37

2.4 Anatomic stage grouping for cutaneous melanoma with 5- and 10-
year survival rates. . . . . . . ... ... L 38

2.5 The most clinically advanced OVs for the treatment of melanoma. 73

2.6 Common diseases caused by Coxsackieviruses. . . . . .. ... .. .. 101
3.1 Description of the combination index (CI) method. . . . . . . . . .. 110
4.1 EC;y values of CVA21 in four melanoma cell lines. . . . . . . .. .. 123
4.2 EC;5y values of DTIC and P + C in four melanoma cell lines. . . . 129

4.3 Combination index (CI) values of each cell line treated with CVA21

and chemotherapy. . . . . .. . ... ... .. Lo 134

xXvi



List of Abbreviations

« alpha

I} beta

~ gamma

5-FC 5-fluorocytosine

5-FU 5-fluorouracil

Ab antibody

ACEC Animal Care and Ethics Committee
Ad-MMP adenovirus expressing matrix metalloproteinases
Ad5 serotype 5 adenovirus

ADCC antibody-dependent cellular cytotoxicity
AIDS acquired immune deficiency syndrome
AJCC American Joint Committee on Cancer
ANOVA analysis of variance

APC antigen presenting cell

ASIR age-standardised incidence rate

ATCC American Type Culture Collection
BCC basal cell carcinoma

BLI bioluminescent intensity

cAMP cyclic adenosine monophosphate

cDNA complementary DNA

C carboplatin

CAR Coxsackievirus and adenovirus receptor
CD cytosine deaminase

CDC complement-dependent cytotoxicity
CDK4 cyclindependent kinase 4

CDKN2A cyclin-dependent kinase inhibitor 2A
CEA carcinoembryonic antigen

Xvil



LIST OF ABBREVIATIONS xviii

CI combination index

COs carbon dioxide

CPA cyclophosphamide

CPD cyclobutane pyrimidine dimer

CPE cytopathic effect

CR complete response

CRAd conditionally replicative adenovirus

CT computed tomography

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
CVA Coxsackievirus type A serotype

CVA13 Coxsackievirus A13

CVA15 Coxsackievirus A15

CVA18 Coxsackievirus A18

CVA21 Coxsackievirus A21

CVA21-DAFv a bioselected variant of CVA21 that exclusively utilises DAF as a primary receptor
CVB Coxsackievirus type B serotype

CVBI1 Coxsackievirus Bl

CVB3 Coxsackievirus B3

CVB5 Coxsackievirus B

DAF decay accelerating factor

DAMP damage-associated molecular pattern
DEAE-D Diethylaminoethyl-Dextran

DFS disease-free survival

DMEM Dulbecco’s Modified Eagle’s Medium
DMSO dimethyl sulphoxide

DNA deoxyribonucleic acid

DTIC dacarbazine; 5-(3,3-dimethyl-1-triazenyl)-imidazole-4-carboxamide
e.g. exempli gratia

elF-4F eukaryotic protein synthesis initiation factor 4F
et al. et alibi

ECso effective concentration 50%

ECM extracellular matrix

ECOG Eastern Cooperative Oncology Group



LIST OF ABBREVIATIONS xix

EGFR epidermal growth factor receptor

EORTC European Organisation for Research and Treatment of Cancer
EV1 Echovirus type 1

FACS fluorescence-activated cell sorting

FCS foetal calf serum

FDA Food and Drug Administration

FITC fluorescein

GBM glioblastoma multiforme

GFP green fluorescent protein

GM-CSF granulocyte-macrophage colony-stimulating factor
GPI glycosylphosphatidylinositol

hTERT human telomerase reverse transcriptase

H haemagglutinin

H&E haematoxylin and eosin

HCC hepatocellular carcinoma

HDACi histone-deacetylase inhibitors

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
HIF hypoxia-inducible factor

HR hazard ratio

HRV human rhinovirus

HRV2 human rhinovirus type 2

HSP heat-shock proteins

HSV herpes simplex virus

HSV1 herpes simplex virus type 1

HSV1-TK herpes simplex virus type 1 thymidine kinase
HUVEC human umbilical vein endothelial cell

i.c. intracranial

id. intradermal

i.m. intramuscular

i.p. intraperitoneal

i.t. intratumoural

iv. intravenous

irAE immune-related adverse event

irPFS immune-related progression-free survival



LIST OF ABBREVIATIONS XX

Ig
IARC
ICAM-1
ICD
ICTV
IFN
IFN-PEGa-2b
[HC

IL
IRES
JX-594
KPMG
LCMV
LDH
LFA-1
LPS
m’G
mAb
mRNA
miRNA
Mac-1
MAC
MAPK
MCI1R
MDSC
MHC
MITF
MMP
MOI
MPM
MRI
MRV
MSH
MTD

immunoglobulin

International Agency for Research on Cancer
intercellular adhesion molecule-1
immunogenic cell death

International Committee for the Taxonomy of Viruses
interferon

pegylated interferon-a-2b
immunohistochemical

interleukin

internal ribosomal entry site
pexastimogene devacirepvec

Klynveld Peat Marwick Goerdeler
lymphocytic choriomeningitis virus
lactate dehydrogenase

lymphocyte function-associated antigen-1
lypopolysaccharide

monoclonal antibody

monoclonal antibody

messenger ribonucleic acid

micro ribonucleic acid

macrophage antigen-1

membrane attack complex
mitogen-activated protein kinase
melanocortin 1 receptor

myeloid-derived suppressive cell

major histocompatability complex
microphthalmia-associated transcription factor
matrix metalloproteinase

multiplicity of infection

multiple primary melanoma

magnetic resonance imaging

mammalian orthoreovirus

melanocyte stimulating hormone

maximum tolerated dose



LIST OF ABBREVIATIONS xxi

MTIC
MTT
MV
MV-CEA
MV-Edm
MV-MMP
MV-NIS
nAb

nt

NDV
NF-xB
NHS

NIS

NK
NMSC
NSCLC
NTC
NTR

NU

OD

ORF
ORR

0OS

oV

pfu
poly(A)
pOMC

PAF
PAMP
PBMC
PBS
PCR
PD-1

methyl-triazeno-imidazole-carboxamide

methyl thiazolyl tetrazolium

measles virus

measles virus expressing carcinoembryonic antigen
Edmonston strain of measles virus

measles virus expressing matrix metalloproteinases
measles virus expressing sodium iodide symporter
neutralising antibody

nucleotide

Newcastle disease virus

nuclear factor kappa-light-chain-enhancer of activated B cells
National Health Service

sodium-iodide symporter

natural killer

non-melanom skin cancer

non-small cell lung cancer

no tumour control

non-translated region

neutralizing units

optical density

open reading frame

objective response rate

overall survival

oncolytic virus

plaque-forming unit

polyadenylic acid

pro-opiomelanocortin

paclitaxel

population-attributable fraction
pathogen-associated molecular pattern

peripheral blood mononuclear cell

phosphate buffered saline

polymerase chain reaction

programmed cell death 1



LIST OF ABBREVIATIONS xxii

PDT photodynamic therapy

PE phycoerythrin

PFIE Plasmodium falciparum infected erythrocytes
PFS progression-free survival

PI propidium iodide

PI-PLC phosphatidylinositol-specific phospholipase C
PI3K phosphatidylinositol-3-kinase

PNP purine nucleoside phosphorylase

PR partial response

PSA prostate-specific antigen

PV poliovirus

PV1 poliovirus type 1

PV3 poliovirus type 3

PVR poliovirus receptor

Rb retinoblastoma

RD rhabdomyosarcoma

RFS relapse-free survival

RHC red hair colour

ROI regions of interest

ROS reactive oxygen species

RNA ribonucleic acid

RdARP RNA-dependent RNA polymerase

RR relative risk

RT-PCR reverse transcription polymperase chain reaction
s.C. subcutaneous

SS single-stranded

sckv single-chain fragment variable

SCC squamous cell carcinoma

SCID severe combined immunodeficient

SCR short consensus repeat

SD standard deviation

SeV Sendai virus

SEER Surveillance Epidemiology and End Results

SEM standard error mean



LIST OF ABBREVIATIONS xxiii

SES
SFV
SLAM
SPF
SR
SVV
T-Vec
TAA
TCIDsg
TCR
TK
TNF
Toca 511
Treg
uPA
UICC
UK
USA
UTR
[OAY
UVR
Vs
VEGF
VGF
VP
VPg
VSV
VA%
XP

socioeconomic status

Semliki Forest virus

signaling lymphocyte activation molecule
specific-pathogen-free

somatostatin receptor

Seneca Valley virus

talimogene laherparepvec
tumour-associated antigen

Tissue culture infectious dose 50%
T cell receptor

thymidine kinase

tumour necrosis factor

vocimagene amiretrorepvec
regulatory T cell

urokinase plasminogen activator
Union for International Cancer Control
United Kingdom

United States of America
untranslated region

ultraviolet

ultraviolet radiation

versus

vascular endothelial growth factor
vaccinia growth factor

viral protein

viral protein genome-linked protein
vesicular stomatitis virus

vaccinia virus

xeroderma pigmentosum



LIST OF ABBREVIATIONS

UNITS

NUCLEOTIDES
A

C
G
T

angstrom

degrees Celsius
base

base pair

day

dalton
gravitational force
gram

hour

international unit
litre

meter

Molar

million unit
minute

mol

revolutions per minute
second

volts

volume per volume

weight per volume

adenine
cytosine
guanine

thymine

XXiv



LIST OF ABBREVIATIONS

PREFIXES
k

kilo
milli
micro
nano

pico

10712

XXV



Chapter 1
Synopsis

Malignant melanoma is one of the most aggressive and lethal cancers of the skin. Clinical
reports have shown patients diagnosed with stage IV of the disease have no longer than
five years to live. Depending on the sub-stage of the disease, median survival of patients is
between 6 - 18 months. To date, current Food and Drug Administration (FDA) approved
anticancer drugs for melanoma have demonstrated limited response rates, few complete
remissions and no significant survival benefits. The development of new therapies to ef-
fectively eradicate malignant melanoma are desperately in need. Recent growth in the field
of oncolytic virotherapy has led to an increased number of clinical trials and acceptance
of tumour selective viruses as a promising anticancer strategy. Numerous viruses have
emerged as potent oncolytic agents because of their capacity to preferentially infect and
destroy cancer cells while leaving normal cells intact. Like most anticancer modalities, it is
very likely that oncolytic virotherapy will be used in combination with other existing thera-
peutics. Numerous groups have begun to explore the possibility of combining oncolytic
virotherapy with conventional cancer therapies. The combination of oncolytic virotherapy
with other existing cancer therapies may be an effective strategy to overcome the barriers

faced by either therapeutic agents when used as monotherapies.

The Kuykendall strain of Coxsackievirus A21 (CVA21) is a naturally occurring common-
cold virus that has the inherent capacity to preferentially infect and destroy malignant cells.
The oncolytic properties of CVA21 as an anticancer agent have been demonstrated both
in vitro and in vivo studies, against numerous types of cancer, including breast cancer,
prostate cancer, glioma, multiple myeloma, non-small cell lung carcinoma, and melanoma.
In the clinic, tumour regression was observed in both injectable and distant non-injected

lesion without any significant adverse events. Despite CVA21’s impressive progress to
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date, it is becoming clear the oncolytic viruses (OVs) cannot be viewed as monotherapies.
The current trend is for the combination of virotherapy with mainstream therapies. A
fundamental requirement for the success of this strategy is that the combination does not
interfere with the life cycle of the oncolytic virus from the point of viral entry, to the release

of viral progeny.

In Chapter 4, we demonstrated that not only does the co-administration of clinically
relevant cytotoxic anticancer drugs such as dacarbazine, paclitaxel and carboplatin not
interfere with replication cycle of CVA21, enhanced cell destruction of melanoma cells
was achieved when both oncolytic agent and chemotherapy were combined. To determine
whether actual synergism was present, we subjected our data to the Chou-Talalay median
effect equation which provides a robust measurement of drug combination relationships
based on combination index values. When the constant drug-ratio design was applied to
our combination assays, we discovered that CVA21 does indeed act synergistically with
conventional chemotherapy in all melanoma cell lines except SK-Mel-28. However, we
anticipate that it is possible to achieve synergistic or additive effects in all cell lines by
carefully adjusting the drug concentrations used. Indeed, the combination of CVA21 with
either of the chemotherapeutic agents at clinically relevant drug concentrations, resulted
in increased cell death in SK-Mel-28 cells. Next, we were interested in identifying the
underlying mechanism by which CVA21 is able to synergise with dacarbazine, paclitaxel
and carboplatin. No increase in viral replication was observed in any of the test cell lines
following combination chemotherapy treatment vs virus alone. Cell cycle analysis revealed
an increase in the sub-G1/Gq cell population after treatment with the combination of
CVA21 and paclitaxel + carboplatin, but was not associated with the activation of caspase-
3/7. Taken together, the combination of CVA21 plus chemotherapy has significant activity
in a panel of melanoma cells though the mechanism behind this effect remains to be

elucidated.

In Chapter 5, we sought to determine whether the synergistic cancer cell death was
reproducible in vivo. Two melanoma animal models were designed; an immunodeficient
melanoma xenograft model and a syngeneic immunocompetent mouse model. Intrat-
umoural injection of infectious CVA21 particles in the presence or absence of cytotoxic
chemotherapy mediated complete regression of all injected melanoma xenografts. However,

there was no statistical difference between single agent CVA21 and CVA21 in combination
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with chemotherapy in our immunodeficient mouse model. Such a result was not unexpec-
ted, as the absence of neutralising antibodies in the immunodeficient model allowed the
virus to replicate indefinitely until all tumour cells were destroyed. Having proven that
cytotoxic chemotherapy failed to interfere with the replication cycle of CVA21 in wivo,
we developed a syngeneic immunocompetent mouse model and treated the animals with
the same combinations as per the immunodeficient study. Overall, we observed an excel-
lent level of treatment tolerability and tumour clearance in both single agent /combination
therapy treatment groups. Results from both animal models show that the presence of
either chemotherapy does not harm the infectivity or integrity of CVA21 virions in vivo

and provides a strong rationale for clinical translation.

In Chapter 6, we explored the immunotherapeutic potential of oncolytic CVA21. In
the first section of this chapter, we examined whether vaccination of immunocompetent
animals with cell lysates induced by CVA21 oncolysis (an oncolysate) could initiate the
activation of anti-tumour immunity. Following immunisation with the oncolysates, anim-
als were challenged with B16 cells and the development of flank tumours was recorded.
Although B16 challenged animals showed reduced tumour growth, it became apparent that
viral-mediated lysis of tumour cells alone was insufficient for complete tumour eradication.
Thus, based on these observations, the next logical step was to combine oncolytic CVA21
with other immunotherapeutic agents to enhance the activation of anti-tumour immune
responses. In the next section, we investigated if the immunomodulatory effects of two
T cell regulatory receptors, PD-1 and CTLA-4, together with CVA21 could be harnessed
to improve therapeutic efficacy. Animals were treated with intratumoural injections of
CVAZ21 and intraperitoneally with either anti-PD-1 or anti-CTLA-4 antibodies. Animals
were rechallenged with B16 cells lacking the CVA21 targeting receptor human ICAM-1
and the development of the secondary flank tumour was used as a measure for the gener-
ation of a protective anti-tumour immune response. Remarkably, the combination group
displayed a superior anti-tumour response when compared to control animals or either of
the agents as monotherapies. We were particularly successful in demonstrating this effect
with the CVA21-CTLA-4 combination as indicated by the the complete regression of the
primary tumour in all treated animals, followed by durable resistance to the secondary

tumour challenge in 40% of the animals on study.

The experimental data presented herein highlights the potential of CVA21 as a useful
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platform for combination strategies. Using the newly established, fully immunocompetent
CVA21-susceptible mouse model of malignant melanoma, we showed that CVA21 in com-
bination with dacarbazine or paclitaxel and carboplatin had significant advantages over
either agents as monotherapies. Furthermore, the model was extended to evaluate the pro-
tective anti-tumour response generated from CVA21 oncolysis by challenging animals with
murine melanoma cells without ICAM-1 surface receptors after the initial treatment. Fa-
vourable immune responses and increased therapeutic benefits were observed when CVA21
was administered with the immune checkpoint inhibitors PD-1 and CTLA-4. This study
is further proof-of-concept that immunovirotherapy of cancer is achievable with CVA21,

leading the way for future clinical trials combining checkpoint modulation with CVA21.



Chapter 2

Introduction and Literature Review

2.1 Melanoma

Cutaneous melanoma, a type of cancer of the skin, is a pre-eminent global public health
issue. Despite accounting for only 5% of all skin cancer cases, malignant melanoma is
responsible for 75% of all skin cancer-related mortalities. Highly treatable in its early
stages, the five-year survival rate of those with localised melanoma is 98%, compared to
62% and 15% for patients with regional and distant metastases respectively. Subsequently,
the vast majority of melanoma-related deaths are due to disseminated malignancy, where
the median survival of metastatic patients is 6 - 9 months. Only 14% of patients with

metastatic melanoma survive for five years.

In the past decade, major advances have been made in the understanding of melan-
oma. New predisposition genes have been reported, and key somatic mutations in genes
such as BRAF have directly translated into therapeutic management. Surgery for local-
ised melanoma and regional lymph node metastases is the standard of care. Sentinel-node
biopsy provides precise staging but has not been reported to affect survival. The effect of
lymph-node dissection on survival is still a topic of investigation. Two distinct approaches
have emerged to try to extend survival in patients with metastatic melanoma: immun-
omodulation checkpoint inhibitor antibodies such as anti-CTLA-4, and targeted therapy
with BRAF inhibitors or MEK inhibitors for BRA F-mutated melanoma. The combination
of BRAF inhibitors and MEK inhibitors might further improve progression-free survival

(PFS) and possibly, increase overall survival (OS).

The response patterns of melanoma to immunomodulatory drugs and targeted therapies
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can differ substantially. Anti-CTLA-4 immunotherapy can induce long-term responses,
but only in a few patients, whereas targeted drugs induce responses in most patients,
but nearly all of them relapse because of pre-existing or acquired resistance. Thus, the
long-term prognosis of metastatic melanoma remains poor. The anti-PD-1 and anti-PD-L1
antibodies have emerged as breakthrough drugs for melanoma that have high response rates
and long durability. Biomarkers that have predictive value remain elusive in melanoma,
although emerging data for adjuvant therapy indicates that interferon (IFN) sensitivity is
associated with ulceration of primary melanoma. Intense investigation continues for clinical
and biological markers that may predict clinical benefit of immunotherapeutic drugs, such
as [IFNa or anti-CTLA-4 antibodies, and the mechanisms that lead to resistance to targeted

drugs.

2.1.1 Anatomy of normal skin

Normal skin can be divided into three layers, the epidermis, dermis and subcutaneous
tissue (Figure 2.1). The epidermis or the outer layer consists primarily of keratinocytes
and can be further divided into four sublayers. These sublayers represent different stages of
maturation of the actively dividing keratinocytes, which occur over a 30-day period [270].
The stratum basale, the deepest sublayer abutting the basement membrane, is composed
of keratinocytes that push existing cells to a higher layer. Next are the differentiating
cells of the stratum spinosum sublayer, then the stratum granulosum sublayer, where the
cells lose their nuclei and secrete lipid into the intercellular spaces. The most superficial of
these sublayers is the stratum corneum, which is composed of several laminated and loosely
attached keratinised cells. The stratum corneum provides an important barrier function,
protecting the underlying layers. Melanocytes reside in the stratum basale and produce

the pigment melanin which protects the skin from ultraviolet (UV) radiation.

Underlying the epidermis is the dermis which provides support and nutrients for the
epidermis. The dermis is composed of fibres, collagen and elastic tissue throughout the
upper papillary layer and the lower reticular layer. Within these layers are some special-
ised cells including the hair follicles, sebaceous glands (oil glands), apocrine glands (scent
glands), and eccrine glands (sweat glands), as well as blood vessels and nerves that allow
sensations of touch, temperature, and pain. Fibroblasts in this area produce collagen and
elastin. The subcutaneous tissue layer varies in thickness from person to person, contains

fat, connective tissue some larger blood vessels, and nerves. It contributes to fat storage
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and regulation of temperature of both the skin and body.

Figure 2.1: Anatomy of the skin, showing the epidermis, dermis, and
subcutaneous tissue. Melanocytes are in the layer of basal cells at the
base of the epidermis. Source:  The National Cancer Institute, available at
http://www.cancer.gov /cancertopics/pdq/genetics /skin /HealthProfessional /pagel.

2.1.2 Non-melanoma skin cancer

Skin cancer is commonly categorised as malignant melanoma and non-melanoma skin
cancer (NMSC), the latter encompassing basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC) as the major subtypes (other subtypes include cutaneous lymphomas,
Merkel-cell carcinomas, and other rare primary cutaneous neoplasms) [474]. Non-melanoma
skin cancers are the most common human cancers, and despite growing public awareness

of the harmful effects of sun exposure, NMSC incidence continues to rise.

The actual number of NMSC cases is difficult to estimate because BCC and SCC cases
are not required to be reported to national cancer registries [36, 351|. However, the overall
upward NMSC trend observed in most parts of Canada, Europe, the United States of
America (USA), and Australia suggests that the increase in NMSC incidence averages
has averaged 3% and 8% annually since 1960 [474]. The majority of NMSC are highly
curable, particularly if diagnosed at an early stage. However, malignant melanoma is less

predictable and a more lethal form of skin cancer, particularly if diagnosed at an advanced
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stage.

2.1.2.1 Basal cell carcinoma

With over 2 million new tumours diagnosed annually and accounting for 80% of all NMSC,
BCC is regarded as the most common skin cancer [70]. The mortality is low, but due to
its high prevalence, BCC is a significant and costly health problem. The neoplasm is
derived from basal cells with 80% of BCC cases occurring on the head and neck of patients
[56, 70, 616]. Intermittent UVR exposure and UVR exposure during childhood are cited
as predisposing factors to this disease [616, 639]. BCC generally presents as small shiny
papules, with pearly borders, prominent engorged vessels on the surface and a central ulcer
[270]. Local growth can be highly destructive resulting in recurrent crusting and bleeding,

though metastasis is extremely rare with an estimated incidence of 0.0028 - 0.55% [495].

Complete surgical excision is the gold standard treatment because the tumour grows
slowly and only rarely metastasise. Radiation therapy is the next option for inoperable
tumours or for those where the post-operative defect would be cosmetically disfiguring
or functionally disabling [70]. In recent years, new therapeutic approaches have been
developed both for locally advanced or metastatic disease (systemic medications) as well
as for superficial BCC (topical medications). Topical medications include photodynamic
therapy (PDT) [24, 663], imiquimod [24, 464| and 5-fluorouracil |24, 464] while the first
agent to be used successfully systemically is the Hedgehog pathway inhibitor, vismodegib
(GDC-0449) |663]. These therapeutic options should be considered in the multidisciplinary

management of patients with sporadic or hereditary BCC.

2.1.2.2 Squamous cell carcinoma

Squamous cell carcinoma, the second-most common skin cancer, comprises of approx-
imately 15-16% of skin cancer cases [270]. It arises from the malignant proliferation of
epidermal keratinocytes and invades the dermis [427]. Cumulative habitual sun exposure
has a strong association with the incidence of the disease [229, 639], however, heavy metals
(arsenic), chemical carcinogens (tar), sites of scars, chronic trauma, and inflammation have
been cited as other contributing factors [8]. Chronically immunosuppressed patients de-
velop very aggressive SCC with a high rate of recurrence and metastatic potential [8, 229].
The clinical presentation of SCC is highly variable but most commonly appears as a firm,

smooth, or hyperkeratotic papule or plaque, often with central ulceration [474].
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The primary aim of treatment is complete removal of the lesion while achieving a good
and acceptable cosmetic outcome as an important secondary goal. Surgical excision, in-
cluding Mohs micrographic surgery is recommended as first-line treatment for most SCC
[528]. Radiotherapy is recommended for high risk tumours, surgically difficult areas and
patients greater than 50 years of age. Table 2.1 compares the major differences distin-

guishing BCC and SCC cases.

Table 2.1: Comparison of basal cell and squamous cell carcinoma.

Basal cell carcinoma Squamous cell carcinoma
Characteristics
UV exposure Weaker association, exposure in Stronger association, cumulative
childhood and adolescence more exposure more important.
important.
Tumour location Most tumours occur on the head More common on the back of the
and neck region; one-third occur hands, forearms, head and neck,
on areas that receive little or no . .
where sun exposure is maximal.
UV exposure.
Patient age Up to 20% of tumours occur in Uncommon in patients younger
patients younger than 50 years. than 50 years.
Treatment
Surgical Excision, Mohs micrographic surgery, cyrosurgery, laser ablation,
carbon dioxide laser vaporisation, radiotherapy.
Non-surgical PDT, imiquimod, 5-fluorouracil, N/A

vismodegib.

Abbreviations: PDT, photodynamic therapy; N/A, not available; UV, ultraviolet.
Source: Adapted from Madan, V., Lear, J. T., and Szeimies, R.-M. (2010). Non-melanoma
skin cancer. Lancet, 375(9715):673-685.

2.1.3 Malignant melanoma

Malignant melanoma represents only 5% of skin cancer cases, but accounts for 75% of all
skin cancer-related mortalities. Malignant melanoma is derived from epidermal melano-
cytes and can occur in any tissue that contains these cells. Malignant melanoma is induced
through multiple mechanisms, including suppression of the immune system of the skin, in-
duction of melanocyte cell division, free radical production, and damage of melanocyte

deoxyribonucleic acid (DNA) [252, 510]. Identification of the melanoma susceptibility
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gene, p106, has elucidated the association between genetics and malignant melanoma [790].
The relationship between p16 and melanoma has been explained by the observation that
UVR can induce pl6 expression in human skin [790]. Furthermore, random mutations at

the p16 location are also responsible for many sporadic (non-familial) cases of melanoma.

Most cases of malignant melanoma arise on the skin surface and are therefore detect-
able by visual examination. Clinical features of malignant melanoma vary greatly. The
ABCDE gueidelines for evaluating pigmented lesions outlines the clinical presentation and
warning signals for most melanomas. ‘A’ stands for asymmetry (one half of the mole
does not match the other half); ‘B’ stands for border irregularity (the edges are ragged,
notched, or blurred); ‘C’ stands for colour (the pigmentation is not uniform, with variable
degrees of tan, brown, or black); ‘D’ stands for diameter greater than 6 mm; and ‘E’ rep-
resents evolution, changes in the appearance of the lesion [626]. Many lesions suggestive
of melanoma will have some but not all of these characteristics. The following types of
malignant melanoma are recognised: superficial spreading melanoma, nodular melanoma,
lentigo maligna melanoma, acral lentiginous melanoma and desmoplastic melanoma (See

Figure 2.2).

2.1.3.1 Superficial spreading melanoma

Superficial spreading melanoma is the most common type of melanoma in patients with
white skin [654]. Although any site can be affected, the commonest sites are the leg in
women and the back in men [654]. The lesions are usually flat and variably pigmented.
The colour may vary from brown, red to black and range in size from a diameter of less
than 5 mm to several centimetres. Lesions may become palpable, indicating invasion and
in advanced lesions there may be nodules and ulceration. An amelanotic variant has also

been reported and may clinically be mistaken for a banal lesion or vitiligo.

2.1.3.2 Nodular melanoma

Nodular melanoma is more frequent in men than in women and usually presents in the
5th and 6th decades of life [40, 345|. It most commonly arises on the trunk. This type of
malignant melanoma grows rapidly and has often invaded deep into the dermis by the time
of diagnosis. The clinical presentation is an elevated and dome-shaped nodule that often
bleeds and ulcerates [654]. Nodular melanoma may initially be black or deeply pigmented,

but often tumours lose pigmentation, causing difficulty with diagnosis.
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2.1.3.3 Lentigo maligna melanoma

Lentigo maligna melanoma typically occurs in elderly patients and on sun-damaged skin
[37, 415]. Lentigo maligna presents as a flat lesion with variable colour and areas of brown
and black and even red or pink [654]. It has an irregular border that expands over many
years. Clinically this is apparent as the tumour develops as a single or multiple raised

nodules, or plaques within the lesion.

2.1.3.4 Acral lentiginous melanoma

Acral lentiginous melanoma is more common in patients of African and Asian origin [40]. It
is more commonly found in elderly males. Acral lentiginous melanoma presents mainly on
the sole of the foot, palm of the hand or under the nails. This type of malignant melanoma
is characterised by an irregular large, flat, variably pigmented area, from which a raised
pigmented and/or ulcerated area may arise [654]. Subungual melanomas may present as

longitudinal streaks in the nail and in late stages there may be destruction of the nail.

2.1.3.5 Desmoplastic melanoma

Desmoplastic melanoma is rare and is usually found on the head and neck [654]. The lesions
are generally not pigmented and presents as a plaque or nodule, and is often mistaken for a
benign tumour or a scar. This subset of melanoma is often recurrent but rarely metastasises

to lymph nodes. The lesions are not usually pigmented.

2.1.3.6 Metastatic melanoma

Recurrence and metastases occur in 25% of cases, usually in the first few years, but some-
times decades later [59]. The risk of recurrence is related to the depth of invasion. Local
recurrence and metastases do occur, but the majority of metastases occur through lymph-
atic spread initially. Metastatic disease occurs in areas of high blood flow such as the lung,

liver and brain, and less commonly in bone and gastrointestinal tract [13].
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Figure 2.2: Four major subtypes of melanoma. (A) Superficial spreading melanoma,
characterised by a dark brown plaque with highly irregular, scalloped borders and extensive
colour variegation. (B) Nodular melanoma, appears as a relatively symmetric, sharply
circumscribed nodule with a blue-grey dermal invasive component. (C) Lentigo maligna
melanoma, manifest as an irregular, kidney shaped, thin brown plaque on the face. (D)
Acral lentiginous melanoma, appears as a large ulcerative nodule on the plantar surface.
Source: Adapted from Gordon, R. (2013). Skin cancer: an overview of epidemiology and
risk factors. Seminars in oncology nursing, 29(3):160-169. [270].

2.1.4 Epidemiology

A relatively infrequent malignancy in the early 20th century, cutaneous melanoma has
evolved to become an increasingly important public health problem worldwide. Although
accounting for less than 5% of all skin cancers diagnosed, the disease burden of melanoma
is significant, with an estimated 50,000 deaths annually worldwide [351]. Its incidence has
steadily increased over the last 50 years in most fair-skinned populations and is predicted
to continue increasing for at least two more decades [110, 155, 250, 357, 551, 736]. While
mortality rates of melanoma increased in the 1970s and 1980s, these rates have stabilised
since the early 1990s in Australian, USA, and certain European countries [48, 179, 173],
possibly reflecting the effects of early recognition and the diagnosis of thin melanomas with

a more favourable prognosis [108, 251].

On the therapeutic front, several novel agents such as ipilimumab and vemurafenib,
have recently been approved for the treatment of metastatic melanoma, opening the era

of targeted immune- and mutation-based therapy in advanced disease. Both these agents
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have provided promising results with meaningful effects on progression-free and overall
survival. The next section of the review discusses the recent trends in melanoma incidence

and mortality, economic impact, and demographic trends.

2.1.4.1 Incidence

Melanoma is the 19th most common cancer worldwide with its incidence rising faster than
any other solid tumour [351]. The global incidence is approximately 232,130 new cases per
year, with 55,489 deaths [351]. Incidence rates are highest in Australia/New Zealand and
lowest in South-Central Asia, with around a 135-fold variation in world age-standardised
incidence rates (ASIRs) between the regions of the world for males, and around a 150-
fold variation for females [351]. Australia has the world’s highest ASIR of malignant
melanoma (37 per 100,000), which is more than 12 times the average world rate (3 per
100,000) (Figure 2.3) [36, 351|. The Australian Institute of Health and Welfare reported a
tremendous increase in ASIR in both males and females from 1991 to 2009, with no signs
of it declining. The increase was more marked for males - from 44 per 100,000 in 1991
to 62 per 100,000 in 2009 (an increase of 42%). For females, the ASIR increased by 18%,
from 34 per 100,000 to 40 per 100,000 over the same period [36].

In the USA, Siegel et al. reports that it is predicted that there will be 73,870 invasive
melanomas diagnosed in 2015 and 9,940 people will lose their lives to this disease [682].
Incidence trends released by the Surveillance Epidemiology and End Results (SEER) found
rising incidence rates of melanoma for older men, and this trend has worsened for the
10-year period from 2001 to 2011, during which men aged 60 and above experienced a
1.5-fold increase in incidence [332|. Furthermore, between 1992 and 2004, the incidence of
melanoma increased for tumours of all histologic subtypes and thicknesses [449]. While this
increase may be attributed to higher rates of melanoma screening, the sharpest increase in
incidence was evident among low socioeconomic status areas, where individuals are least
likely to undergo screening, suggesting that increasing incidence rates are not simply an

artefact of screening [449].

In Europe, the estimated ASIR (European standard) of new melanoma cases for 2012
was, 11.4 per 100,000 for males and 11.0 per 100,000 for females [219]. Wide north/south
and east/west variations have been reported, ranging from 6 cases for Central and Eastern

Europe, 10 cases for Southern Europe, 15 cases for Western Europe, and up to 19 cases
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per 100,000 for Northern Europe [219]. Melanoma incidence has been more profoundly
raised in Northern Europe, with examples of 10-fold increases in Scandinavian countries
between 1953 and 1997 [173]. A recent analysis of the GLOCAN 2012 dataset confirmed
that the incidence rate of Central and Eastern Europe is less than half that of Western
Europe [351]. Variations among populations in Europe could be explained by differences

in skin phenotype as well as in sun-exposure behaviours.

Differing patterns of melanoma incidence have been also noted in relation to age. Des-
pite the reported stabilisation of incidence in younger cohorts in several countries, recent
data from the USA have shown an alarming increase in melanoma in young female subjects
over the past three decades [602]. An analysis of the SEER data in the 20 - 49 age group
showed an increase in the age-adjusted rate from 8.1 in 1975 to 17.1 per 100,000 in 2008 for
women, whereas in men the same rate increased from 8.3 to 11.1 per 100,000, respectively
[332]. A closer examination of the data revealed that the increase in incidence rates in
females peaked in the age group of under 40 years while men exhibited higher incidence
rates after the age of 44 years [96]. It is noteworthy that changes in clothing patterns,
tanning bed usage and sun seeking behaviour have been evaluated as the most probable

cause of the rising melanoma incidence rate in young women [109, 348|.

2.1.4.2 Demographics and trends

Some differences in the incidence and anatomic distribution patterns of melanoma are
related to race. Melanoma occurs far more common in Caucasians than in persons of other
races [156, 250, 551, 357]. A study using data from 38 population-based cancer registries
in the USA analysed trends for various racial groups [807]. Overall, Caucasians, African
Americans, Asians/Pacific Islanders, and American Indians/Alaskan Natives account for
95%, 0.5%, 0.3%, and 0.2% of the cases reported to SEER in the USA, respectively [807].
Overall, the median age of diagnosis was 59 - 63 years of age for African American and
Caucasian patients alike and 52 to 56 years of age in the other racial groups including
Hispanics, American indians, and Asians [807]. In the report, 63% of Caucasian patients
were diagnosed with thin melanomas (<1.0 mm in thickness). In African Americans, acral
lentiginous melanoma was the most common histologic type, whereas superficial spreading
melanoma was most common among the other racial and ethnic groups [807]. The most

common anatomic site among Caucasians and American Indians was the trunk, whereas
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Figure 2.3: Malignant melanoma (C43), World age-standardised incid-
ence rates, world region, 2012 estimates. The main reason for the rise in
incidence could be increased exposure of pale white skin to natural UVR. Source:
Adapted from J, F. et al. (2013). GLOBOCAN 2012: Estimated Cancer In-
cidence, Mortality and Prevalence Worldwide in 2012. IARC. Retrieved from
http://globocan.iarc.fr/Pages/fact sheets population.aspx [351].
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in African Americans and Asian Pacific Islanders the most common sites were the lower

limbs and hip [807].

Apart from racial differences, melanoma is more common in men than in women, and
survival is worse in men [682]. The American Cancer Society estimates that in 2015
approximately 42,670 men and 31,200 women in the USA will be diagnosed with melanoma
[682]. In a recent Minnesota review, from 1970 to 2009 there was an 8-fold increase in
incidence in young women aged 18 to 39 years, with only a 4-fold increase in young men
[615]. The probability of developing melanoma in women younger than 49 years is higher
than men, after this age, men experience a sharp increase in incidence and have an overall
higher likelihood of developing this malignancy. In males, the most common anatomic sites
are the head and neck, whereas in females the extremities and the torso/trunk are most

commonly affected.

Interestingly, the male/female ratio of melanoma varies among different countries. A
male predominance has been recorded in countries with a high melanoma incidence, such
as Australia and the U.S.A. [155, 255]. In Europe, there is a discrepancy concerning
sex predominance. The majority of Western and Northern European countries report
high incidence rates in females vs males, whereas in most Central, Eastern and Southern
European countries melanoma predominates in men [219]. In New Zealand, Richardson et
al. found that the male and female incidence rates were similar but the site of melanoma
differed by gender, with the leg being the most common site for females, while the trunk

was the most common site for males [625].

With regard to age at diagnosis, generally older melanoma patients have poorer survival
in comparison to younger patients [38]. A recent report from the expanded American
Joint Committee on Cancer database demonstrated that patients older than 70 years had
melanomas with more aggressive prognostic features compared with other age groups [47].
Howlader et al. report a similar mortality rate for men and women; however, among those
aged 65 years and older, the increase in mortality was higher in men (21.5 per 100,000 in
men compared with 7.7 per 100,000 in women) [332]. More specifically, in men and women
aged 60 to 69, mortality rates were 2-fold higher in men. Mortality rates also further
increased in men older than 70 years, more than 3-fold greater than the trend observed in

women in the same age group [332].
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2.1.4.3 Economic impact

The rapidly increasing incidence of melanoma has created a major economic burden on
the public and private healthcare system globally. In Australia and New Zealand where
melanoma incidences are highest in the world, the expenditure on melanoma is staggering.
A report prepared by Klynveld Peat Marwick Goerdeler (KPMG) for Melanoma Patients
Australia estimates the economic burden on the national healthcare system for advanced
melanoma to be AU$163.9 million in 2014 [414]. Furthermore, the detailed economic study
assessing other factors such as loss of productivity, scientific research and informal care,
places the estimates at an alarming AU$422 million in 2014 alone [414]. A retrospect-
ive study conducted by Fransen et al. esimated that the total cost of NMSC alone was
AUS$511.0 million in 2010, and is estimated to increase to AU$703 million by 2015 [241].
Similarly in New Zealand, O’Dead reports the total cost of skin cancer was NZ$123.1

million in 2006 and is expected to increase annually [558|.

In the USA, the annual direct cost of treating newly diagnosed melanoma has been
estimated to be approximately US$563 million, and the addition of indirect costs could
bring the estimate to more than a billion dollars [739]. The most striking finding in the
Tsao et al. analysis was that 90% of the total annual direct costs account for less than 20%
of patients with melanoma disease (stage III and stage IV patients), strongly suggesting
that the cost of advanced disease management is exceedingly high [739]. Differentiation by
stage revealed that the cost of treating a single stage III or stage IV patient is roughly 40-
fold more expensive than the cost of treating one stage I patient [12, 739]. Furthermore, in
their analysis of the SEER database from 1991 to 1996, Seidler et al. estimates the annual
cost of treating melanoma in the population 65 years or older to be a hefty $390 million

662].

The increase in melanoma incidences has also placed a large financial burden within
several Furopean countries. In France, Chevalier et al. showed that the annual hospital
costs for melanoma care in 2004 was approximately €59 million, 45% of which were from
patients with stage IV disease [140]. Vallejo-Torres et al. estimate the National Health
Service (NHS) cost of skin malignancies in England in 2008 ranged from £106.4 to £112.4
million [750], an increase from the previous estimate of £101.6 million in 2002 [527|. Fur-
thermore, projections estimate the cost to the NHS due to skin cancer to be over £180

million in 2020 [750]. Another research group reported that the total healthcare costs of
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skin cancer in Sweden during 2005 were €142.4 million [729], and this increased by €35.2

million 6 years later [213].

2.1.5 Risk factors

Melanoma causation and risk association is complex with genetic and environmental factors
affecting individual risk. As noted earlier, Caucasian race, male sex, and older age are
also well-recognised factors associated with an increased risk of developing melanoma.
In addition to these factors, natural UV exposure, indoor tanning, family history, nevi
and several other factors have been identified (Figure 2.4) |270, 471, 600|. Traditionally,
these risk factors for melanoma can be categorised as either personal host factors (genetic
determinants) or environmental. However, it is likely that this is a false division in that
multifactorial genetic features often determine the host’s response to environmental events,
such as severity of sunburns and the ability to tan. Each of these risk factors corresponds
to a genetic predisposition and/or environmental stressor, contributing to the genesis of
melanoma. In addition, other factors such as immunosuppression and socioeconomic status
may influence melanoma development, all of which are further discussed below. A summary

of the relative risk (RR) of each melanoma risk factor is tabulated below (Table 2.2).

fgl

Figure 2.4: Risk factors for melanoma. The major risk factors can be broadly classi-
fied into four categories: environmental, phenotype, genetic, and others. The interactions
between these factors promote melanogenesis and are currently the subject of ongoing re-
search. Adapted from Azoury, S. C. and Lange, J. R. (2014). Epidemiology, risk factors,
prevention, and early detection of melanoma. The Surgical clinics of North America,
94(5):945-62- vii [40].

Iy
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2.1.5.1 Environmental risk factors

The most widely accepted environmental factor contributing to melanoma development
is ultraviolet radiation (UVR) [176, 259, 691]. Exposure to UVR, either from sunlight or

indoor tanning devices, is the most important, avoidable known risk factor for melanoma.

2.1.5.1.1 Natural ultraviolet radiation exposure

Lifetime exposure to UVR is a well-established risk factor for melanoma development. Ul-
traviolet radiation has damaging effects on the skin via direct and indirect mechanisms,
such as the formation of cyclobutane pyrimidine dimers, gene mutations, immunosuppres-
sion and oxidative stress [379]. The role of UVR exposure as a leading environmental cause
of melanoma is further supported by a wealth of evidence, including a high prevalence of
melanoma in populations that migrated from a low to a high ambient UVR environment
[37], a higher incidence in fair-skinned compared with darker-skinned individuals, and a
latitude-dependent rise in melanoma rates among white populations with proximity to the
equator [111, 520]. Armstrong and Kricker suggest that the amount of average annual UVR
exposure correlates with the incidence of melanoma [25]. A more recent meta-analysis con-
ducted by Dennis et al., maintains this notion, reporting an increased risk of melanoma in

individuals with an increased number of sunburn episodes [180].

However, examination of the anatomical distribution of cutaneous malignancies sug-
gests a more complex association of melanoma with UVR that does not conform to a
straightforward dose-relationship model [209, 248]. A pooled analysis and 7,216 controls
at different latitudes showed that different amounts and pattern exposures of UVR exert
a differential effect on site-specific melanoma risk [134]. Individuals with melanomas of
the head and neck often have had high levels of occupational sun exposure, and therefore
develop lesions more frequently on these sun-exposed body areas [134, 785]. Conversely,
melanomas occurring on areas that were less frequently exposed such as the trunk tend to

occur in people with lower levels of sun exposure and fewer solar keratoses [114, 785].

Molecular studies have given further credibility to the notion that melanoma is a het-
erogenous disease comprising distinct biological subtypes possibly arising through different
causal pathways [167]. For example, BRAF mutations, which are the principal causal
mutation in melanoma are detected in lesions typically arising in anatomical locations

of intermittent UVR exposure and in patients with high early-life ambient UV exposure
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[72, 204, 725]. In contrast, ¢-KIT mutations and cyclin D1 gene amplifications are com-
monly detected in acral and mucosal melanomas or in melanomas related to chronic sun
exposure, in which a relative paucity of BRAF mutations is noted [166, 300]. These data
suggest important differences between melanomas on a molecular level based on their site,

type of sun exposure and genetic factors that are not yet entirely clear.

2.1.5.1.2 Artificial ultraviolet radiation exposure: tanning beds

Over the past 20 years, indoor tanning has become popular among white populations, and
particularly in young women [379, 551|. It has been estimated that 70% of the estimated 28
million people in the USA who engage in artificial tanning are women aged 16 to 49 years
[423, 716]. To date, there is strong evidence that sun bed users have an increased risk of
melanoma development [89, 254, 348, 658]. The Centres for Disease Control and Prevention
and the National Cancer Institute reported higher rates of indoor tanning among women,
whites and adults aged 18 to 29 years [128]. In a Swedish study, more than half of female
subjects 15 to 24 years of age had ‘ever used’ sun bed or sunlamps [783]; and in a survey

in England and Wales, 24% of persons 16 to 24 years of age had used these devices [112].

A large case-control study from the Nurses’ Health Study reviewing cancer incidence
data over a 20-year span (1989 - 2009) among 73,494 female nurses who used tanning
beds prior to the age of 35 years showed a significantly increased risk of melanoma, BCC,
and SCC, with multivariable-adjusted hazard ratios of 1.1, 1.5, and 1.5, respectively [823].
This is further supported by the significant increase of trunk-located melanoma in females
over the past 20 years, mainly in countries with widespread access to indoor tanning
[96, 168, 532|. A recent meta-analysis of 63,942 new cases of cutaneous melanoma diagnosed
each year in the 15 countries of the European Community and three more member countries
of the European Free Trade Association revealed that 3,438 (5.4%) of these cases were
related to sun bed use [89]. Women represented most of this burden with 2,341 cases
related to sun bed use; 1,096 cases occurred in men. Boniol et al. showed an overall RR
of 1.2 (95% CI 1.08 - 1.34) of melanoma development in ‘ever use’ of sun beds and a 1.8%
increase of risk for each additional session of sun bed use per year [89]. In addition, a
dose dependency underlying this risk association has been also reported, expressed by the
length, duration or number of treatment sessions. In a subgroup analysis of subjects who
first used sun beds at an age below 35 years, the RR rose to 1.87 (95% CI 1.41 - 2.48)

indicating a higher melanoma risk with an early onset of tanning bed exposure [89).
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A meta-analysis of 19 other studies conducted by the International Agency for Research
on Cancer (IARC) found similar results. The study concluded that ever use of indoor
tanning was associated with the development of melanoma with a RR of 1.15; and first use
before the age of 35 years significantly increased the RR to 1.75 [348]. On this basis and
several other seminal studies, the IARC classified UVR exposure from tanning beds at its
highest carcinogenic risk category (‘carcinogenic to human’) in 2007 [348]. The National
Institutes of Health has also concluded that “exposure to sun beds and sunlamps is known
to be a carcinogen based on sufficient evidence of carcinogenicity from studies in humans,
which indicate a causal relationship between exposure to sun beds, sunlamps and cancer”

[540].

2.1.5.2 Phenotypic risk factors

The major constitutional risk factors for melanoma include fair pigmentation, poor tanning

ability, multiple nevi, clinically atypical or dysplatic nevi and freckling.

2.1.5.2.1 Nevi

The number of nevi and dysplastic nevi are important markers for melanoma risk. The
total number of dysplastic nevi on the whole body is the most important independent risk
factor for melanoma, and the risk for melanogenesis increases almost linearly with increased
numbers of melanocytic nevi [690, 715|. The common criteria used to diagnose a dysplastic
nevi includes two obligate features: size greater than 5 mm in the largest diameter and
a prominent flat component; and two of three additional features: asymmetric outline,
indistinct borders, and variable pigmentation [745|. The risk conferred by dysplastic nevi
are much greater than those conferred by an increased number of common nevi [745].
Studies have demonstrated that dysplastic nevi are reported in up to 34% to 56% of

melanoma cases [743, 744].

In their meta-analysis, Gandini et al. showed a gradient of risk, proportional to the
number of common or dysplastic nevi [247|. The RR for patients with one dysplastic nevi
was 1.45 (95% CI 1.31 - 1.60), 3.03 (95% CI 2.23 - 4.06) for patients with three dysplastic
nevi, and 6.36 (95% CI 3.80 - 10.33) for those with five dysplastic nevi. Patients with a
high number of common nevi (> 100) carried a 7-fold (RR = 6.89; 95% CI 4.63 - 10.25)

increased risk for melanoma, compared with those with low numbers (0 - 15 common nevi)
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[247]. Furthermore, a joint case-control study conducted by Bataille et al. found that
dysplastic nevi were three times more frequent in the Australian cohorts (6%) than in the
British cohorts (2%), but the prevalence of nevi on non-sun exposed area was the same [58|.
In addition, studies have shown that the development of dysplastic nevi can be inhibited
by regular use of sunscreen [533, 541]|. Taken together, these findings suggest that UVR
exposure could lead to the expression of atypical nevi, resulting in an overall increase in

melanoma risk.

2.1.5.2.2 Pigment

Apart from nevi counts, the characteristics of an individual’s pigment have been consist-
ently associated with an increased likelihood of melanoma development. In a systematic
meta-analysis of 60 studies, Gandini et al., concluded that light skin colour (RR 2.06; 95%
CI 1.68 - 2.52), poor tanning ability (2.09; 95% CI 1.67 - 2.58), light eyes (1.47; 95% CI
1.28 - 1.69), and hair colour (1.78; 95% CI 1.63 - 1.95) are risk factors for melanoma and
are highly correlated [249]. With respect to hair colour, the RR for melanoma of ‘light hair
colour’; consisting of ‘blond, red and light brown colour’, was 1.87 (95% CI 1.63 - 1.95)
compared with the ‘medium dark, brown hair colour’, with the ‘red hair colour’ having the
highest RR (3.64; 95% CI 2.56 - 5.37). A recent meta-analysis by Olsen et al. investigated
the contribution of eye and hair colour, skin phototype and the presence of freckling, on
melanoma risk [562|. The highest population-attributable fractions (PAFs) were observed
for skin phototypes I/II [fair skin, burns easily and poor tanning ability| (0.27), presence
of freckling (0.23), and blond hair colour (0.23). The PAF for blue/blue-grey eye colour
was higher than for green/grey/hazel eye colour (0.18 vs 0.13), while the PAF for red hair

colour was 0.10.

2.1.5.3 Genetic risk factors

The genetic basis of melanoma is complex and has both inherited and acquired compon-
ents. Interactions between the two components plays an important role in melanoma

predisposition.

2.1.5.3.1 Personal or family history

A personal history of melanoma is well established as a strong risk factor for melanoma.
Several studies have shown that 1 - 8% of patients with prior history of melanoma will

develop multiple primary melanomas (MPM) later in life [221, 249, 698|. Once the first
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primary melanoma has been diagnosed, Mackie suggests that the RR of a second primary
is around 70-fold higher compared with the risk of developing the first primary melanoma
[471]. A retrospective analysis of several population studies by Goggins and Tsao identified
an increased risk of developing a second melanoma (standardised incidence ratios ranging
from 4.5 - 25.6) in patients with a history of a previous primary melanoma [264|. Further-
more, DiFronzo et al. calculated the 5- and 10-year risks for developing a second primary

melanoma among patients to be 2.8% and 3.6%, respectively [188|.

In addition, approximately 8 - 12% of melanoma patients display a familial propensity
for the disease [315, 600]. In a combined analysis of 2,952 melanoma patients from eight
case-control studies, Ford et al. concluded that the risk of cutaneous melanoma was 2-fold
higher in patients with a family history of melanoma [237]. Ferrone and colleagues found
that 21% of these patients had a positive family history of melanoma compared with only
12% of patients with a single primary melanoma [221]. The risk of these individuals devel-
oping multiple melanomas is greatly increased as the genetic factors involved in melanoma
pathogenesis can be inherited [237, 268]. These patients should undergo intensive derma-

tologic screening and should consider genetic testing.

2.1.5.3.2 Melanoma susceptibility genes

Genetic analysis of melanoma related pedigrees has resulted in the identification of two
high-penetrance susceptibility genes, the cyclin-dependent kinase inhibitor 2A (CDKN2A)
on chromosome 19p21 [588| and cyclin-dependent kinase 4 (CDK/ ) on chromosome 12q14
[738, 831]. A recent global study identified that 39% of 385 melanoma-prone families had
CDKN2A mutations ranging from 20% in Australia, to 45% in North America, to 57% in
Europe [266]. Goldstein et al. found that the overall cumulative risk of melanoma by the
age of 80 among mutation carriers from families with CDKN2A mutations was 0.67, but
ranged from 0.58 in Europe, to 0.76 in the USA, to 0.91 in Australia [266]. In addition,
CDKNZ2A has also been implicated as a nevus susceptibility gene [80]. However, the rela-
tionship between CDKN2A mutations and the presence of dysplastic nevi is complex, in
that not all patients with atypical nevi were carriers of the CDKN2A mutation [80]. On the
other hand, the frequency of mutations in CDK/ is much lower and has been reported in
less than 15 families worldwide [267, 692, 831]. It is unlikely that CDK4 has a substantial
impact on melanoma risk in the general population, thus, most studies have focused on

mutations in CDKN2A.
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Another well studied genetic variation associated with increased melanoma susceptib-
ility is the presence of certain polymorphisms in the melanocortin 1 receptor (MCIR) gene
on chromosome 16q24.3 [609, 713]. The MCI1R gene encodes for melanocyte-stimulating
hormone receptor and polymorphisms of this gene are commonly associated with the red
hair colour (RHC) phenotype [609]. The RHC phenotype is typical of melanoma patients,
characterised by fair pigmentation (fair skin, red or blond hair and freckles), and by sun
sensitivity (poor tanning response and solar lentigines) [568, 609, 751|. Interestingly, large
independent studies from both Australia and the Netherlands support the notion that
certain MCIR polymorphisms maybe involved in melanogenesis in two ways, one, as a
determinant of the red hair colour (RHC) phenotype, and another as a component in the
mitogen-activated protein (MAPK) pathway [703, 753]. In addition, in his seminal pa-
per, Box et al. found that when the MC1R polymorphism was present, the penetrance of
the CDKN2A mutations increased from 50% to 84%, and the mean age of disease onset
decreased to 37.8 years from 58.1 years [94]. The study provides evidence that variant
alleles at the MC1R locus significantly increases the penetrance of mutations of CDKN2A,

exacerbating the disease.

As noted above, although high risk susceptibility genes CDKN2A and CDK/ have been
identified, they explain less than half of familial melanoma cases. Rare genetic syndromes
such as xeroderma pigmentosum (XP) can also increase an individual’s predisposition to
the disease. Kraemer et al. found that XP patients carry a 1000-fold increase in risk for
melanoma above that of the general USA population [415]. Furthermore, these patients
are diagnosed with melanoma at a significantly younger age than individuals in the general
population; on average, melanoma diagnosis occurs at age 22 years in XP patients vs 55

years of age in the general population [97].

2.1.5.4 Additional risk factors

Both environmental and genetic factors are major risk factors in the development of melan-
oma. However, intense research has unravelled additional factors that may contributed to

melanogenesis. These include the immune and socioeconomic status of a patient.
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2.1.5.4.1 Immunosuppression

Besides these risk factors, chronic immunosuppression has also been associated with melan-
oma, especially in those patients with prior cancer (chronic lymphocytic leukemia and
non-Hodgkin’s lymphoma) [437] or suffering from acquired immune deficiency syndrome
(AIDS) [563]. Medically induced immunosuppression, common in organ transplantation
recipients is well documented as a significant melanoma risk factor [216, 328, 749|. It ac-
counts for 6.2% of post-transplantation skin cancers in adults and 15% in children [216].
Hollenbeak et al. showed that of the 89,786 patients who underwent transplantation, 246
patients developed melanoma, which represented an increase in risk that was 3.6 times
greater than the general population [328|. Interestingly, several authors have found that
melanocytic nevi, a marker of propensity for melanocytic proliferation, occurs in excess in
paediatric and adult transplant recipients [278, 686|. Similarly, excess melanocytic nevi

have also been observed in people with HIV infection [278§].

2.1.5.4.2 Socioeconomic status

In recent years, there has been an increasing amount of literature describing the influence
of socioeconomic status (SES) on cancer survival. There is general agreement that pa-
tients from a high SES were more likely to develop melanoma, but were less likely to die
from the disease [472, 620, 773]. Reyes-Ortiz and colleague’s review of 25 studies in the
USA and other countries suggest that high SES groups have greater recreational time and
more opportunity for periodic excessive sunlight exposure, thus increasing an individual’s
exposure to UVR [620]. On the other hand, a population study in the United Kingdom
demonstrated that patients from more socially deprived districts were more reluctant to
seek advice for a suspicious lesion, resulting in the later diagnosis of the disease and poorer
prognosis [208]. Similarly, a review of insurance status using the USA National Cancer
Database noted a significantly higher likelihood of uninsured patients (low SES) being dia-
gnosed with advanced-stage melanoma in comparison with privately insured patients (high

SES) [293)].

A similar relationship between high SES and melanoma incidence has been reported
in Europe. In Denmark, Birch-Johansen et al. evaluated all 3.22 million Danish residents
born between 1925 and 1973 without a previous history of cancer [78]. The population
study supports earlier reports that the increased risk for malignant melanoma is associated

with higher SES. Similar findings have been found in England where Shack et al. reports a
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clear correlation between the relative risk of melanoma and the least deprived population

(high SES).

Although melanoma incidence parallels SES, more recent studies conducted in the USA
suggested that there has also been a marked increased in melanoma incidence in lower SES
groups [273, 449]. According to Linos and colleagues, patients living in low SES areas
experienced the greatest increase in incidence, and the greatest increases in incidence were
among the thickest tumours (2.01 - 4 and > 4mm) [449]. Similarly, Greenlee and Howe
demonstrated that living at higher poverty levels increased the odds of late-stage melanoma
by 2-fold [273]. Both studies draw the conclusion that individuals from lower socioeconomic
backgrounds are less likely to have access to medical care or participate in cancer screening

programmes than those from more affluent backgrounds.

2.1.6 Pathogenesis

Melanoma originates from malignant transformation of melanocytes, a specialised cell type
whose major function is to produce the melanin pigments that determine skin, hair and eye
colour, and levels of photo-protection [444]. The traditional Clark model of the progression
of melanoma emphasised the stepwise transformation of melanocytes to melanoma, from
the formation of nevi to the subsequent development of dysplasia, hyperplasia, invasion
and metastasis [513]. However, this ordered stepwise progression from the melanocyte to
nevi to melanoma is relatively uncommon. Bevona and colleagues found that only 26%
of melanomas arise from nevi, of which 43% arose from dysplastic nevi |73]. This finding
would suggest that for the majority of melanomas, the existence of alternative pathways
that bypass the nevus as an intermediary step. Evidence from epidemiological studies
suggest a more complex model of pathways to melanoma determined by genetic factors,
germ-line predisposition and the interplay with environmental factors, most notably UV
exposure, and more recently immune dysregulation (Figure 2.5) [40, 57, 177, 459, 649|. This
section of the thesis will briefly review aspects of melanoma pathogenesis that are supported

by UV induction, the constitutively active MAPK pathway, and immune dysregulation.

2.1.6.1 Ultraviolet-induced melanoma

The role of UVR in inducing melanoma has been well established. When skin is exposed
to UVR, UVR gets absorbed by DNA leading to genomic damage [149]. To prevent this

from happening, keratinocytes stimulate melanocytes to produce melanin when exposed
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Table 2.2: Risk factors and relative risk for melanoma.

27

Category Feature Relative risk
(unless indicated otherwise)
Personal history of Melanoma 1 - 8% of melanoma patients will be
skin cancer diagnosed with another melanoma
Family history Any 1.74
Parent 2.40
Sibling 2.98
Two first-degree relatives 8.92
Parent with MPMs 61.78
Atypical nevi 0 1.00
1 1.45
2 2.10
3 3.03
4 4.39
5 6.36
Common nevi 0-15 1.00
16 - 40 1.47
41 - 60 2.24
61 - 80 3.26
81 - 100 4.74
101 - 120 6.89
Hair colour Red vs dark 3.64
Blond ws dark 1.96
Freckles High vs low density 2.10
Sun exposure Intermittent 2.35
Chronic 0.98
Sunburn history 2.02
Tanning salon 1.15
Genotype CDKN2A 35 - 70 fold
MCI1R 2-35
XP Approximately one in every 5 patients

will develop melanoma

Abbreviations: MPM, multiple primary melanomas; CDKN2A, cyclin-dependent kinase
inhibitor 2A; MC1R, melanocortin 1 receptor; XP, xeroderma pigmentosum.
Source: Adapted from Psaty, E. L., Scope, A., Halpern, A. C., and Marghoob, A. A. (2010).

Defining the patient at high risk for melanoma.

49(4):362-376 [600].

International journal of dermatology,
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to UVR. Initially, UVR~induced DNA damage induces stabilisation of the p53 tumour
suppressor proteins [283]. In turn, p53 transcriptionally activates the expression of pro-
opiomelanocortin (pOMC), which is cleaved to produce melanocyte stimulating hormone
(MSH) [160]. The release of MSH by keratinocytes acts on melanocytes through the
MSH receptor, otherwise known as MC1R. Activation of MC1R leads to elevation of cyc-
lic adenosine monophosphate (cAMP) levels, which subsequently increases transcription
of microphthalmia-associated transcription factor (MITF) thus initiating the synthesis of
melanin from tyrosine. The synthesised melanin is packaged in melanosomes and trans-
ported back to keratinocytes where it localises over the nucleus, thereby protecting the

keratinocyte genomic DNA from further damage by UVR (Figure 2.6).

Melanocytes produce two main types of pigment: brown/black eumelanin and yel-
low/red pheomelanin responsible for the RHC phenotype [252]. The protein MCI1R is
highly polymorphic and can exist in non-signalling variant forms that are responsible for
the production of pheomelanin [751]. Eumelanin is the photo-protective pigment that
provides UVR attenuation by transforming UV energy into harmless heat through a chem-
ical process called internal conversion [252, 259|. This photo-protective property enables
melanin to dissipate almost all of UVR as heat, thus preventing it from reaching gen-
omic DNA where it can cause damage. Pheomelanin does not exhibit this UV-absorptive
activity, and may even contribute to the formation of various reactive oxygen species
(ROS) such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine 6-4 pyrimidone
[525, 613, 751]. A photochemical reaction that takes place after DNA is exposed to UVB
occurring between pyrimidine dimers leads to the formation of these photoproducts [259].
Cyclobutane pyrimidine dimers are formed by the covalent binding of carbon atoms at the
Cbh and C6 positions of two adjacent pyrimidines, whereas covalent binding between C6
and C4 positions leads to pyrimidine 6-4 pyrimidone photoproducts [613]. Following the
formation of these photoproducts, DNA repair enzymes participate in the correction of the
damage. Although the DNA repair machinery is able to correct the damage, this is still
an error-prone process [324], resulting in the signature C — T and CC — TT transition

mutations [113].

It has also been suggested that UVR can directly activate cell surface growth factor
receptors in a ligand-independent manner [358|. The proposed mechanism for this receptor

activation is the inhibition of the protein tyrosine phosphatase mediated by oxidative stress
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Figure 2.6: Schematic diagram of molecular steps in UVR-induced carcinogen-
esis pathway. Exposure to UVR leads to tanning and skin cancer development through
DNA damage in keratinocytes. DNA damage leads to activation of p53, which leads to
expression of pOMC, the precursor of MSH. MSH is secreted by keratinocytes and acts
on melanocytes by binding to MC1R, leading to the elevation of cAMP levels. This in
turn increases transcription of MITF, which leads to the synthesis of melanin from tyr-
osine. Melanin is packed in melanosomes and transported to keratinocytes, where it acts
to protect the nuclei from further UV exposure. The accumulation of melanin in keratino-
cytes also leads to the appearance of tanning. Abbreviation: pOMC, pro-opiomelanocortin;
MSH, melanocyte stimulating hormone; MC1R, melanocortin-1 receptor; cAMP, cyclic ad-
enosine monophosphate; MITF, microphthalmia-associated transcription factor. Source:
Garibyan, L. and Fisher, D. E. (2010). How sunlight causes melanoma. Current oncology
reports, 12(5):319-326 [252].

[283]. Devary and colleagues detected a proliferative response from the RAS/RAF pathway
as a direct result of UV-activated tyrosine kinase receptors [182]. Several other studies
have also demonstrated that UV activation of these same receptors could also trigger other
tumour-promoting activities, such as the survival through the PI3-kinase/AKT pathway
[512, 768]. Furthermore, when epidermal keratinocytes in culture were treated with UV
radiation, they synthesised various growth factors such as endothelin-1 (ET-1) and basic
fibroblast growth factor (bFGF), stimulating the maturation of melanocytes [22, 717].
These UV-mediated responses are capable of establishing a potent paracrine signalling loop
in the skin, facilitating survival and growth of damaged melanocytes, ultimately leading

to melanogenesis [1, 358|.
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2.1.6.2 Genetic susceptibility in melanoma

All cancers, including melanomas, carry somatic mutations. Mutations in important
melanoma-associated genes such as CDKN2A, PTEN, NRAS, and BRAF are believed
to represent the key initiating factors in carcinogenesis [421, 510, 790]. These mutations
can arise de novo or be transmitted in the germ line from one generation to the next. In
the next section, we briefly discuss the impact of UV exposure on the advent of melan-
oma gene mutations, and the role of cell signalling pathways and cell cycle regulators on

melanogenesis.

2.1.6.2.1 Driver mutations arising from ultraviolet mutagenesis

There is an increasing appreciation for the confounding impact of high mutational load due
to UV-induced mutagenesis [114, 819]. Somatic alterations arising from these mutations
are termed driver mutations, conferring malignant growth advantage. Data presented by
Hodis et al. using whole-exome sequencing on paired tumour and normal genomic DNA
from patient samples found that hotspot-activating mutations in melanoma genes such as
RAC1, STK19, FBXW7, and IDH1 was positively related to direct UVB-mediated damage
[323]. These four genes all possessed a relative percentage of C — T mutations that was
markedly above the exome-wide-per-sample median. Furthermore, epidemiological and
experimental data reviewed by Garibyan and Fisher suggest a causal role for intense UV
exposure during development (e.g. blistering sunburns early in life, tanning beds used
by young adults) in melanoma pathogenesis [252]. This observation is almost entirely
attributable to increased abundance of the C — T or G — A transition, characteristic
of a UV-light-induced mutational signature [199, 591]. The collection of these findings
provide unequivocal genomic evidence for a direct mutagenic role of UV light in melanoma

pathogenesis.

2.1.6.2.2 Signalling molecules

The RAS/RAF/MEK/ERK pathway, also known as the MAPK pathway, is a signal
transduction cascade relaying extracellular signals from the plasma membrane to nucleus
through a series of consecutive phosphorylation events [494]. In a 2002 genome-wide screen,
mutations in BRAF were discovered at high frequency in melanomas but at lower frequen-
cies in other malignancies, such as thyroid and colon cancer [169]. This gene encodes a
kinase in the MAPK signal transduction pathway and is thus an important regulator of

a variety of cellular processes, including growth, survival and migration [494, 711]. On-
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cogenic BRAF mutations lead to constitutive activation of the kinase activity of BRAF,
which provides the cell with continuous growth signals in the absence of extracellular stim-
uli [479, 767]. Somatic BRAF mutations have been found in 50 - 70% of melanomas, with
a single substitution (V600E) in exon 15, accounting for > 90% of all BRAF mutations
[169]. The second most common substitution is V600K where lysine is substituted for
valine, occurring in 6 - 29% of BRAF mutant melanomas [644]. Less frequent mutations
include V60OR (valine to arginine) and K601E (lysine to glutamic acid) [462, 506]. These
mutations are distinct from the CC — TT or C — T changes associated with UVR expos-
ure, suggesting a different mechanism of pathogenesis. This is supported by several clinical
studies where clinicians have reported that V600E mutant melanoma is associated with
young age, a truncal primary melanoma site and a lack of chronic sun damage [462, 506].
Notably, BRAF mutations have also been found in up to 80% of benign and dysplastic
melanocytic nevi [595, 747], indicating that BRAF activation alone is insufficient for the
development of melanoma. This highlights the presence of complex molecular machinery
that provides checks and balances which prevent the vast majority of benign nevi from

undergoing malignant change.

It is currently unclear if patients with BRAF-mutant melanomas have a poorer pro-
gnosis compared with BRAF wild-type disease [462, 500, 524, 536]. However, research has
shown that melanomas without BRAF mutations usually carry mutations in other com-
ponents of the MAPK pathway [407]. NRAS mutations are commonly found in melanomas
of the skin [167, 184, 354|, KIT mutations are frequent in acral melanomas of the soles,
palms and mucosal membranes [166, 118], and GNAQ mutations are found in uveal melan-
omas and blue nevi [754]. Acral and mucosal melanomas have a lower frequency of BRAF
mutations, whereas uveal melanomas have not been shown to harbour BRAF mutations
[151, 627]. Interestingly, although commonly mutated as somatic events, studies have
shown that the BRAF, NRAS, PTEN and GNAQ genes are not associated with inher-
ited melanoma susceptibility [127, 310, 425]. While there are several other pathways often
abnormally regulated or activated in melanoma, such as the phosphatidylinositol-3-kinase
(PI3K), Wnt, and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
pathway [342, 407, 649|, to date most interest has focused on the MAPK pathway.
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2.1.6.2.3 Cell cycle regulators

The transformation of melanocytes to melanoma cells is characterised by abnormal pro-
liferation resulting from alterations in cell cycle regulatory mechanisms. Mutations in
CDKN2A together with CDK/, were first identified in clusters of melanoma-prone families
in the mid-1990s [589]. Located on chromosome 9p21, the CDKN2a locus encodes for
two tumour suppressor proteins, p16/N%4e and p14ARF . The protein p16/V&4¢ negatively
regulates cell growth by arresting cells at G1, while p144%F enhances apoptosis and blocks
oncogenic transformation [172]. Germ-line mutations in CDK/, located on chromosome
12q13, have only been identified in a limited number of families to date. When defective,
pl6/V K44 is ynable to inactivate CDK4 and CDK6 which initiates the phosphorylation of
retinoblastoma tumour suppressor protein (Rb) [66, 172, 311]. When Rb is phosphorylated,
it loses its function and releases the transcription factor E2F, leading to uncontrolled DNA
replication and cell cycle progression [560]. Another tumour suppressor of interest is the
protein product of the PTEN (phosphatase with tensin homology) gene, located on chro-
mosome 10. Mutations in PTEN are found in 10-20% of primary melanomas [740] and have
also been associated with thyroid, breast and endometrial carcinoma [210]. Recent studies
have demonstrated that PTEN is a negative regulator of the oncogenic PI3K signalling
pathway, which is an important driver of cell proliferation and survival, and inactivation

of PTEN by deletion or mutation leads to constitutive activation of this pathway [161].

2.1.6.3 Immune dysregulation of melanoma

The immune recognition of cancer cells typically begins at the cancer site where fragments
of dying cancer cells are taken up and processed by professional antigen presenting cells
(APCs) such as dendritic cells. This process requires specific APC maturation signals
such as damage-associated molecular patterns (DAMPs) [410], without which APCs in-
duce immune tolerance rather than activation [469, 476, 704]. Following activation, APCs
migrate to the lymph nodes, displaying a range of peptides including tumour-associated
antigens (TAAs) in the context of major histocompatibility complex (MHC) class I and
IT molecules [93, 760]. This enables antigen recognition by antigen-specific CD4 and CD8
T cells. In addition to the recognition of cognate MHC-peptide complexes, the activation
of T cells requires another immunostimulatory signal, which is provided by the activation
of a co-stimulatory receptor such as CD28 on the surface of T cells [136]. After successful
activation, T cells migrate to tumours through the systemic vasculature by following a

chemokine gradient [239, 302]. Adhesion molecules in the tumour endothelium then fa-
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cilitate the adherence and extravasation of T cells from the vasculature into the tumour
microenvironment [830]. Finally, the recognition of tumour targets proceeds through inter-
action between the T-cell receptor (TCR) and cognate MHC-peptide complexes on tumour

cells that ultimately results in T-cell mediated tumour destruction.

To avoid the recognition and destruction by the immune system, tumours have evolved
multiple strategies to attenuate the effectiveness of T-cell mediated responses. This is
achieved by interfering with nearly every step required for mounting an effective anti-
tumoural immune response, from deregulation of APCs, to establishment of a physical
barrier at the vasculature that prevents homing of effector cells, and the suppression
of effector lymphocytes [529]. The recognition of these pathways of immunosuppression
provides the basis for various immunotherapeutic interventions targeting these mechan-
isms. In particular, the identification of the co-stimulatory and co-inhibitory receptors
regulating T-cell activation provided a rationale for targeting of these proteins for cancer
therapy, with significant responses seen in animal models [349, 428|. Since then, anti-
bodies targeting the T cell co-stimulatory and co-inhibitory receptors have been at the
forefront of immunotherapy, with profound clinical benefit seen in multiple cancer indica-

tions [30, 62, 165, 295, 321, 630, 734, 796].

2.1.7 Diagnosis

The most important factor for the successful management of melanoma is an early dia-
gnosis. Most melanomas can be identified clinically by careful examination with good
lighting and magnification. Several characteristics are usually present and recognisable,
including asymmetry, border irregularity, colour variation and a diameter greater than 6
mm. These features have been used as the so-called ABCDE system of diagnosis [242, 626].
However, the ABC criteria (asymmetry in shape, border irregularity and colour variega-
tion) become more evident when melanoma is already relatively large in size (D > 6 mm)
and is evolving [626]. Hand-held instruments for skin surface microscopy (dermoscopy) are
now available and have made differentiating between benign and malignant skin lesions
more reliable [23]. These instruments all rely on the principle of epiluminescence, using
either polarised light or a film of liquid that prevents normal scattering of light at the
stratum corneum of the skin and thereby allowing a clear display of the structures beneath
it. The advantage of dermoscopy is that equivocal features are often present in very small

melanomas, thus increasing detection of suspicious spots even in the context of small and



CHAPTER 2. INTRODUCTION AND LITERATURE REVIEW 35

clinically banal-looking melanomas (Figure 2.7). When clinical diagnosis of a skin lesion is
uncertain and melanoma cannot be excluded, the appropriate course of action is to excise
the entire lesion for histological examination with a 2-mm clearance margin [726]. This
approach allows definitive treatment to be planned appropriately if the diagnosis of melan-
oma is confirmed. The biopsy will provide details of the thickness of the tumour and any

unfavourable features such as ulceration, regression or a high mitotic rate.

Figure 2.7: Clinical significance of dermoscopy. (A) Melanoma in situ on the
arm of a 45-year old man. Clinically, the lesion is small and relatively regular in shape,
border and colour. (B) Dermoscopically, a combination of melanoma-specific features are
clearly evident, including asymmetry of colour and structure, irregular streaks and blue-
white structures. Source: Adapted from Argenziano, G. et al. (2012). Early diagnosis of
melanoma: what is the impact of dermoscopy? Dermatologic therapy, 25(5):403-409 [23].

2.1.8 Prognosis and staging

The prognosis for a patient with a newly diagnosed cutaneous melanoma depends mainly
on two factors - the thickness of the primary tumour and the presence or absence of
metastases to regional lymph nodes [726]. In 2002, the American Joint Committee on
Cancer (AJCC) and Union for International Cancer Control (UICC) introduced a new
staging system based on the evaluation of the primary tumour, with Brewslow’s thickness
(T) and ulceration as the major prognostic factors; the presence or absence of regional
lymphatic metastases (N), with number of involved lymph nodes as secondary factors of
major prognostic significance; and distant metastases (M), with metastatic site and serum
lactate dehydrogenase (LDH) concentrations as factors of major prognostic significance

(Table 2.3) [45].
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The staging of melanoma has a significant impact on the course of the disease and
dictates the recommendation of treatment. Breslow depth is considered one of the most
important prognostic indicators as patients with melanomas measuring less that 1 mm in
depth have excellent (90% or greater) 5-year survival while those with tumours measuring
greater than 4 mm have a reduced 5-year survival rate (approximately 50%). Stage III
disease is defined by lymph node involvement, with stage IIIA being only microscopic
involvement of a limited number of lymph nodes and stage IIIC representing involvement
of multiple lymph nodes and macroscopic disease [46]. Stage IV disease represents any
distant lymph node involvement, as well as lung or any visceral involvement. Table 2.4

shows the survival predictions for patients according to stage.

Since 2002, the melanoma staging system was substantially revised in 2009 for the sev-
enth edition of the AJCC Cancer Staging Manual [46]. It is based on the details of 30,946
patients with stages I, II and III melanoma and 7,972 patients with stage IV melanoma
from 17 melanoma treatment centres around the world [46]. For evaluation of the primary
tumour, the 2009 AJCC system places heavy emphasis on mitotic activity (measured in
mm?) for the pathological assessment of thin melanoma (<1.00 mm) [727]. Moreover, the
2009 system emphasises the microscopic, rather than macroscopic involvement of sentinel
nodes. The use of a synoptic template for histopathological reporting of primary and
sentinel nodes using H&E and the addition of immunohistochemical (IHC) staining (dia-
gnosis is based on at least one melanoma associated marker eg: HMB-45, Melan-A /MART

1, S-100) increased diagnostic completeness and quality [559].
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Table 2.3: TNM staging for cutaneous melanoma.

T Thickness (mm) Ulceration status / Mitosis
Tis N/A N/A
T1 <1.00 a: without ulceration and mitosis < 1/mm?
b: without ulceration and mitosis > 1/mm?
T2 1.01 - 2.00 a: without ulceration
b: with ulceration
T3 2.01 - 4.00 a: without ulceration
b: with ulceration
T4 > 4.00 a: without ulceration
b: with ulceration
N No. of metastatic nodes Nodal metastatic burden
NO 0 N/A
N1 1 a: micrometastasis®
b: micrometastasis®
N2 2-3 a: micrometastasis®
b: micrometastasis®
N3 4 +
M  Site Serum LDH
MO  No distant metastases N/A
Mla Distant skin, subcutaneous, or nodal Normal
metastases
M1b Lung metastases Normal
Mlc  All other visceral metastases Normal
Any distant metastasis Elevated

Abbreviations: is, in situ; N/A, not applicable; LDH, lactate dehydrogenase.
a8Micrometastases are diagnosed after sentinel lymph node biopsy.
PMacrometastases are defined as clinically detectable nodal metastases confirmed patho-

logically.

Source: Adapted from Balch, C. M. et al. (2009). Final version of 2009 AJCC melanoma
staging and classification. Journal of clinical oncology, 27(36):6199-6206. [46].
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Table 2.4: Anatomic stage grouping for cutaneous melanoma with 5- and 10-

year survival rates.

Clinical staging®

Pathological staging®

Observed survival rate

T N M T N M 5-Year 10-Year
0 Tis NO MO 0 Tis NO MO N/A N/A
IA Tla NO MO IA Tla NO MO 97% 95%
1B T1b NO MO 1B T1b NO MO 92% 86%
T2a NO MO T2a NO MO
ITA T2b NO MO ITA T2b NO MO 81% 67%
T3a NO MO T3a NO MO
I1B T3b NO MO IIB T3b NO MO 70% 57%
T4a NO MO T4a NO MO
IIC T4b NO MO IIC T4b NO MO 53% 40%
IIT AnyT N>NO MO IITA Tl4a Nla MO 78% 68%]
T1-4a N2a MO
IIIB Ti1-4b Nla MO 59% 43%
T1-4b N2a MO
T1-4a N1b MO
T1-4a N2b MO
T1-4a N2c MO
IIIC T1-4b N1b MO 40% 24%
T1-4b N2b MO
T1-4b N2c¢ MO
Any T N3 MO
IV. Any T AnyN Ml IV. Any T AnyN M1 15 - 20% 10 - 15%

Abbreviations: is, in situ; N/A, not applicable.
@ Clinical staging includes microstaging of the primary melanoma and clinical /radiologic
evaluation for metastases. By convention, it should be used after complete excision of the
primary melanoma with clinical assessment for regional and distant metastases.

b Pathologic staging includes microstaging of the primary melanoma and pathologic in-
formation about the regional lymph nodes after partial (sentinel nodel biopsy) or complete
lymphadenectomy. Pathologic stage 0 or stage IA patients are the exception; they do not

require pathologic evaluation of their lymph nodes.

T Survival rate is higher for stage IITA cancers than for some stage II cancers. This is likely
because the primary tumour is often less advanced for IIIA cancers.
Source: Adapted from Balch, C. M. et al. (2009). Final version of 2009 AJCC melanoma
staging and classification. Journal of clinical oncology, 27(36):6199-6206 [46].



CHAPTER 2. INTRODUCTION AND LITERATURE REVIEW 39

2.1.9 Treatment

Historically, patients with advanced melanoma have a very poor prognosis with limited
treatment options and only until recently has systemic therapy become effective. Prior to
2011, there were four Food and Drug Administration (FDA) approved options for unresect-
able melanoma. Unfortunately the response rates for hydroxyurea [705] and dacarbazine
[206], the first cytotoxic drugs approved for metastatic disease; and interleukin 2 (IL-2)
[726], the first immunokine approved, were both poor and unpredictable . Furthermore,
interferon-a-2b (IFNa-2b), which was approved in 1995 to treat resectable disease with a
high risk of recurrence, has not been shown to reproducibly provide an OS benefit [387].
Since 2011, seven additional therapies have been approved and several more are likely in
the near future (Figure 2.8). The following section reviews all therapies approved by the

FDA for the treatment of advanced melanoma.

Yervoy
(Ipilimumab) Tafinlar
Hydrea Intron A Sylatron (Dabrafenib) Keytruda
(Hydroxyurea) (Interferon-a-2b) (Peginterferon-a-2b) & (Pembrolizumab)
DTIC Aldeskeukin Zelboraf Mekinist Opdivo
(Dacarbazine) | (IL-2) (Vemurafenib) (Trametinib) (Nivolumab)
J\ J\ T T J‘ T T >
1960 1970 1980 1990 2000 2010 2011 2012 2013 2014 2015

Figure 2.8: Timeline of FDA regulatory approval for the treatment of meta-
static melanoma. Between 1967 and 2011, hydroxyurea (1967), dacarbazine (1975),
interferon-a-2b (1995) and high dose IL-2 (1998) were the only approved agents for the
treatment of advanced melanoma. The number of approved agents has doubled in the past
four years with the approvals of ipilimumab, peginterferon-a-2b and vemurafenib in 2011,
dabrafenib and trametinib in 2013, pembrolizumab and nivolumab in 2014. Trade names
of therapeutics are labelled in green; generic names are labelled in purple.

2.1.9.1 Surgery

The primary treatment method, especially for non-metastatic melanomas is surgical ex-
cision. Surgery is an attractive option because patients are rendered ‘disease-free’ with
relatively limited associated morbidity while systemically administered therapies require
prolonged treatment courses to achieve any noticeable anti-tumour response. The largest
study to date reviewed 8,759 patients from a 24-year period and showed that stage IV
melanoma patients that underwent a complete metastasectomy of all clinically evident tu-
mours had a 5-year survival rate of 20%, as compared to 7% and 2.1% for those in the
palliative surgical and non-surgical groups respectively [561]. More evidence favouring an
aggressive surgical approach to resection of metastases was published recently in a retro-

spective review that evaluated 84 patients who underwent surgical removal of metastatic
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disease. Those who had multiple metastasectomies had a statistically significant longer
survival than those who underwent a single operative procedure, 62.7 vs 42.4 months,

respectively [721].

When considering surgical options, excisional biopsy is often the preferred choice, if
possible, as it provides an optimal specimen for the evaluation of excision margins for
the residual tumour [201, 290, 780]. Incisional biopsies are more difficult to interpret
histologically, and carry the risk of not sampling the worst area of the tumour [309].
Excision margins should be determined according to Breslow thickness of the tumour
[780]. Standard 1 - 2 cm narrow margins are appropriate for primary skin melanoma
[290, 368]. Lentigo maligna melanoma, genital melanoma and lentiginous acral melanomas
sometimes require wider safety margins due to the multifocality and poor delineation of
the lesion. Facial and acral lesions are often managed with Mohs micrographic surgery
for its tissue sparing effect and better cosmetic outcome [784]. Surgery is also helpful in

tumour debulking and in palliative therapy of metastases [513].

2.1.9.2 Cytotoxic chemotherapy

If diagnosed at an early stage, surgical excision is curative in most cases. For patients
with metastatic melanoma, cytotoxic chemotherapy has been widely used over the last
three decades. Hydroxyurea and dacarbazine are the only two chemotherapeutic drugs
that have received FDA approval for the treatment of advanced melanoma and will be

briefly discussed.

2.1.9.2.1 Hydroxyurea

Hydroxyurea was first synthesised in 1869 in Germany by Dressler and Stein [198]. The
precise mechanism by which hydroxyurea produces its anti-neoplastic effects remains un-
known. Assays conducted in Escherichia coli bacterial systems demonstrate that hydroxy-
urea causes an immediate inhibition of DNA synthesis by acting as a ribonucleotide re-
ductase inhibitor, without interfering with the normal synthesis of ribonucleic acid (RNA)
or protein [416]. In a separate study, Phillips and Tolmach found that treatment of HeLa
cells with hydroxyurea immediately after irradiation resulted in a significant decrease in
the fraction of surviving cells, but not in non-irradiated cells [586]. They postulated that
hydroxyurea may act as a radiation sensitiser by inhibiting the repair of radiation-mediated

damaged DNA. In 1967, hydroxyurea became the first drug to be approved by the FDA
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for the treatment of advanced melanoma [705]. Despite being well tolerated in patients,
hydroxyurea exhibited little efficacy in treating melanoma and was never widely employed
[7, 123]. In February 1998, hydroxyurea received a new indication, the treatment of sickle

cell disease [497], and its use in melanoma became obsolete.

2.1.9.2.2 Dacarbazine

In 1975, dacarbazine (5-[3,3-dimethyl-1-triazenyl|-imidazole-4-carboxamide, or DTIC) was
granted approval by the FDA for the treatment of metastatic melanoma based on object-
ive response rates (ORR). DTIC is one of the triazene derivatives that acts through DNA
alkylation, forming crosslinks within and between helices that lead to local denaturation
of the DNA strand, interfering with the form and function of cancer cells [206]. A pooled
analysis of 23 randomised, controlled trials showed that the ORR for 1,390 patients re-
ceiving DTIC monotherapy ranged between 5.3% and 28.0% (average 15.3%) [466]. The
majority of these responses were partial with 11.2% partial responses (PR), and 4.2 %
complete responses (CR). Evidence-based reviews show that responses are seldom durable,
and that these drugs fail to provide any meaningful improvements in patient survival [206].
The primary purpose of dacarbazine therapy for metastatic melanoma is palliation. Dacar-
bazine is typically administered intravenously at a dose of 150 to 200 mg/m?/d for 5 days
or at a single dose of 800 to 1,000 mg/m?, with doses repeated every 3 to 4 weeks [206].
The latter schedule is more convenient and is well tolerated by most patients. Common
toxicities include mild nausea and vomiting, myelosuppression, and fatigue, and most pa-
tients are able to maintain their baseline quality of life [39, 206]|. Despite its modest efficacy
and lack of data for survival benefit, DTIC continued to be the ‘standard treatment’ of

metastatic melanoma for many years.

2.1.9.3 Immunotherapy

As described previously, the benefits of cytotoxic chemotherapy are generally palliative and
usually does not lead to durable response or survival benefits. In an effort to develop new
treatment modalities, the field of immunotherapy continues to be investigated intensively
with the aim of mounting an effective immune response against melanoma. Several immun-
otherapeutics offering survival benefit have been approved by the FDA for the treatment

of melanoma and will be reviewed here.
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2.1.9.3.1 Interferon-a2b (INTRON®) A; Merck & Co.)

Interferon-a-2b was the first drug to demonstrate a significant benefit in relapse-free sur-
vival (RFS) as well as OS when used at high doses [404, 403]. On the basis of the results of
the Eastern Cooperative Oncology Group (ECOG) 1684 trial, IFN-a-2b was approved by
the FDA in December 1995 for adjunctive treatment of patients with advanced melanoma
(stages 1IB, TIC, or stage III) at high risk of recurrence after surgery. The mechanism of
action of IFN-a-2b is unclear but it is thought to exert its anti-tumour effects through in-
hibiting DNA /RNA replication of neoplastic cells, upregulating MHC molecules on APCs
[228, 387, 448], as well as stimulating T cells and natural killer (NK) cells [370]. Following
the demonstration of IFN activity against malignant cells in vitro and in vivo |53, 274, 275],

several clinical trials of the agent were conducted [404, 402, 403].

The most commonly used treatment protocol employed an induction phase of 20 MU /m?,
intravenous (i.v.) delivery for 5 days a week for 4 weeks, followed by a maintenance phase
at 10 MU/m?, s.c., 3 times a week for 48 weeks (total treatment duration of 52 weeks)
[387]. The rationale for the initial high-dose i.v. treatment phase was to provide maximal
dose intensity and minimise the induction of anti-IFN antibodies. In a randomised clin-
ical trial conducted by the ECOG, ESTG-1684, Kirkwood et al. reported a remarkable
improvement in RFS and OS in the high-dose IFN arm (RFS 1.72 vs 0.98 years, P =
0.0023; OS 3.82 vws 2.78 years, P = 0.0237) [404]. Interestingly, while effects on RFS have
been consistently reproduced over multiple independent trials, a systematic review of nine
randomised controlled trials confirms the lack of a clear OS benefit as an adjuvant therapy
for melanoma [433]. This has led investigators to question whether RFS is a clinically

meaningful endpoint and whether IFN-a-2b truly offers any clinical benefits.

2.1.9.3.2 Interleukin-2 (Proleukin®); Chiron Corp.)

The use of high-dose interleukin-2 (IL-2) was approved by the FDA in 1998 on the basis
of a phase II study showing durable CRs in patients with metastatic melanoma [32]. IL-2
stimulates T cell and NK cell proliferation, triggering the release of IFN-v and tumour
necrosis factor (TNF), resulting in the destruction of malignant cells [245]. To determine
the short- and long-term efficacy of high-dose IL-2 in patients with metastatic melanoma,
Atkins et al. evaluated 270 patients from 8 clinical trials conducted between 1985 and 1993
[32]. Patients were administered with either 600,000 or 720,000 IU /kg, i.v., every 8 hours

for up to 14 consecutive doses over 5 days. A second identical course of treatment was
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repeated after six to nine days of rest in stable or responding patients. The overall response
rate was 16%, including 17 CRs (6%) and 26 PRs (10%) [32]. The most striking finding of
that study was that 12 (28%) of the responding patients remained progression-free. Fur-
thermore, the disease did not progress in any patient responding for more than 30 months.
Although the promise of cure with high-dose IL-2 is attractive, its use is still limited due to
high toxicity [470]. Unfortunately, treatment with IL-2 is associated with significant tox-
icity that includes severe hypotension and vascular leak syndrome, resulting in interstitial
and pulmonary oedema, renal and hepatic dysfunction, cardiovascular failure, neurological
disturbances, nausea, vomiting and thrombocytopenia [661]. This has limited its use to
selected patients with good organ function who are treated by experienced clinicians at

selected specialised centres.

2.1.9.3.3 Peginterferon-a-2b (Sylatron™; Merck & Co.)

Peginterferon-a-2b (IFN-PEGa-2b) is characterised by the incorporation of a polyethylene
glycol molecule (pegylation) to IFNa-2b, which makes it larger and decreases its metabol-
ism. This strategy extended the plasma concentrations of IFN-a-2b in patients, allowing
a more convenient treatment regime of only one dose weekly, unlike the non-peglyated
formulation, which is administered three times a week [207|. IFN-PEGa-2b was approved
by the FDA in 2011 as adjunctive therapy for the treatment of patients with advanced
melanoma at high risk of recurrence after surgery based on a randomised phase III clin-
ical trial (18991) conducted by the European Organisation for Research and Treatment
of Cancer (EORTC) [207]. The study involved 1,256 patients with stage III melanoma
within the post-operative period. Patients received high-dose IFN-PEGa-2b at 6 mg/kg
per week for 8 weeks as induction, followed by 3 mg/kg per week for 5 years. Eggermont
et al. reported a statistically significant improvement in PFS in patients treated with
IFN-PEGa-2b compared with the control group (45.6% versus 38.9%), but there was no
improvement in OS [207]|. In addition, the study showed that 355 of the 608 patients who
received treatment (58%) required dose reductions due to toxicity. However, there were
no unexpected toxicities associated with IFN-PEGa-2b, and toxicity did not increase with

treatment duration.

2.1.9.4 Kinase inhibitors

A major advance in the treatment of melanoma is the identification of activating muta-

tions in the genes of a number of key cell signalling molecules that drive melanoma cell
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proliferation and malignant phenotype. A better understanding of the MAPK pathway
has led to the development of several new targeted therapies for components of MAPK
signalling that are over active in melanoma. Three agents have demonstrated significant
clinical benefit and have been approved for use in patients with BRAF mutations: the

BRAF inhibitors vemurafenib and dabrafenib; and the MEK inhibitor trametinib.

2.1.9.4.1 Vemurafenib (Zelboraf@®); Roche)

Vemurafenib orally administered twice daily was approved by the FDA in August 2011 to
treat patients with metastatic or unresectable melanoma containing the V600 mutation.
Vemurafenib is designed to selectively inhibit BRAF and is capable of blocking the function
of the V60OE mutant BRAF protein. The first clinical study of vemurafenib in humans
was the phase I clinical trial (BRIM-1) conducted by Flaherty and colleagues [231]. In
this trial, vemurafenib (formerly known as PL.X4032) given orally twice a day (960 mg
per dose) demonstrated an astonishing 81.3% response rate in patients with stage IV
melanoma, with two patients achieving aCR. A large phase II trial in 132 patients who
completed prior first-line therapy (BRIM-2; NCT00949702) confirmed a high response rate
of 52.3% and a median PFS rate of 6.2 months [623]. The results were so promising that
almost immediately a phase III clinical trial (BRIM-3; NCT01006980) comparing this drug

with DTIC in treatment-naive stage IV melanoma patients was conducted.

In this later BRIM-3 study, a total of 2,107 patients were screened in 104 centres across
12 countries worldwide. Patients were randomised to receive either vemurafenib (n = 337,
960 mg orally twice daily) or DTIC (n = 338, 1,000 mg/m?, i.v., once every 3 weeks).
There were no doubts about the superiority of vemurafenib over DTIC. RR were 48% for
vemurafenib and 5% for DTIC as well as , improved OS and PFS for vemurafenib with a
hazard ratio of 0.37 and 0.26 respectively (P < 0.001) [135].. These impressive benefits
observed at the time of the first interim analysis led to the recommendation by the data
and safety monitoring board to unblind the trial, allowing the crossover of patients in the

DTIC group to receive vemurafenib [135].

More recently, McArthur et al. presented updated findings on the BRIM-3 trial, show-
ing a significant improvement in OS and PF'S for patients receiving vemurafenib (OS 13.6 vs
9.7 months, P = 0.0008; PFS 6.9 vs 1.6 months, P = 0.0001) [490]. The toxicity of vemuraf-

enib was well tolerated with adverse events such as alopecia, arthralgia, diarrhoea, fatigue,
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nausea, rash, and keratosis of the extremities associated with the drug [135, 231, 490]. Two
specific side effects of the BRAF inhibitors observed were the appearance of squamous cell
tumours, none of them with malignant potential, and photosensitivity. Both symptoms
were not therapy-limiting, and were managed with the excision of benign tumours and
with the application of sunscreen, respectively (92, 135]. However, the curve of disease-free
survival (DFS), although it separates rapidly from the DTIC curve, falls after 5 - 6 months,

indicating an acquired resistance to vemurafenib in melanoma.

2.1.9.4.2 Dabrafenib (Tafinlar®); GlaxoSmithKline)

Dabrafenib is another potent BRAF kinase inhibitor that has demonstrated significant
activity in patients with advanced melanoma compared with DTIC. Dabrafenib was ap-
proved by the FDA in May 2013 for the treatment of patients with advanced melanoma
that harbour the V600E mutation. In the pivotal phase III trial (BREAK-3), 250 patients
with unresectable stage III or stage IV melanoma were randomly assigned in a 3:1 ratio
to either dabrafenib (150 mg orally twice a day) or DTIC (1000 mg/m?, i.v. every three
weeks) [307]. Similar to vemurafenib, patients were allowed to cross over to the alternative
treatment upon the development of progressive disease. The administration of dabrafenib
significantly increased PFS compared with DTIC (median PFS 5.1 vs 2.7 months, P <
0.0001) [307]. In addition, the PFS as estimated by independent review confirmed the
investigator-assessed results, with a median for dabrafenib of 6.7 months vs 2.9 months
for DTIC (HR 0.35, 95% CI 0.20 - 0.61) [307]. Confirmed objective responses were seen
in 93 of 187 patients treated with dabrafenib (49.7%), and only 4 of 63 patients treated
with DTIC (6.3%). Overall survival was updated at the 2013 ASCO meeting with the
OS favouring patients treated with dabrafenib (OS 18 vs 15 months, P > 0.05), but was
not statistically significant [308]. However, 36 of 63 patients (57%) originally treated with
DTIC crossed over to dabrafenib, potentially obscuring an OS benefit from initial dabraf-
enib therapy. Treatment with dabrafenib was generally well tolerated. The most common
side effects were the development of squamous cell carcinomas, arthralgia, fever, fatigue,

and headache [307].

2.1.9.4.3 Trametinib (Mekinist®); GlaxoSmithKline)

Trametinib is a potent, highly specific inhibitor of the signalling molecules MEK1/MEK2
in the MAPK pathway. Trametinib was originally approved for the treatment of patients

who had previously been treated with a BRAF inhibitor for advanced melanoma that
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contained a BRAF V600E or V600K mutation. This approval was based upon a pivotal
phase III trial (METRIC) showing prolongation of OS using trametinib as a single agent
(2 mg orally once daily) in patients who had not received prior treatment with a BRAF
inhibitor [232]. Flaherty et al. reported an increase in PFS and OS with trametinib when
compared to the chemotherapy arm (median PFS 4.8 vs 1.5 months, P = 0.001; 6-month
survival rate 81% wvs 67%, P = 0.01) [232]. Common toxic effects include rash, diarrhoea

and peripheral oedema.

More recently, trametinib has been combined with dabrafenib in an effort to delay
the development of resistance to treatment and reduce toxicities directly associated with
BRAF inhibition. In the phase III trial (COMBI-d), 423 patients were randomly assigned
to either dabrafenib (150 mg orally twice daily) plus trametinib (2 mg orally once daily)
or to dabrafenib plus placebo [463]. The primary endpoint of the trial which was PFS was
significantly prolonged with the combination compared to dabrafenib alone (median 9.3
vs 8.8 months, P = 0.03) [463|. In another phase III trial (COMBI-v), 704 patients with
previously untreated metastatic melanoma were randomly assigned to either dabrafenib
(150 mg orally twice daily) plus trametinib (2 mg orally once daily) or vemurafenib (960
mg orally twice daily) [628]. Remarkably, both OS and median PFS was significantly
increased with the dabrafenib plus trametinib combination (one-year survival rate 72%
vs 65%, P = 0.005; median PFS 11.4 vs 7.3 months, P < 0.001). Notably, the median
duration of response in the combination therapy group was almost twice as long as that
in the vemurafenib group (13.8 months vs 7.5 months). Furthermore, the incidence of
cutaneous SCC and keratoacanthoma occurred only in 1% of patients in the combination

group and 18% of those in the vemurafenib group [628].

2.1.9.5 Immune checkpoint inhibitors

The field of immunotherapy in melanoma has long been appreciated, with reports of spon-
taneous melanoma regression first published more than 50 years ago [152]. Several early
immunotherapies have shown durable remissions in small subsets of patients but have low
response rates and are often limited by high toxicity. The most successful immunotherapy
approach to date has been immune checkpoint inhibition, where the tumouricidal activity
of T cells is directed towards malignant cells. Clinical results with these agents have been

remarkable, leading to the accelerated FDA approval of several of these agents.
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2.1.9.5.1 Ipilimumab (Yervoy®); Bristol-Myers Squibb)

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is an inhibitory receptor expressed
on the surface of T cells after activation [9]. CTLA-4 competes with a positive receptor,
CD28, for ligands B7.1 (CD80) and B7.2 (CD86) located on the surface of APCs [304, 420,
434]. CTLA-4 has a greater affinity for its ligands than its counterpart, CD28 and delivers a
negative signal upon ligand binding [434|. Therefore, its activity results in downregulation
of T cell activation and impaired cellular immune function. Blocking CTLA-4 with anti-
CTLA-4 mAbs is thought to prevent downregulation of T cell activation, thus sustaining
immune responses such as those against tumour antigens. Work on targeting the receptors
regulating the state of T cell activation for cancer therapy was pioneered by James Allison
and colleagues in 1996 [428]. In their seminal paper, Leach et al. demonstrated regression

of tumours in different animal tumour models after blocking CTLA-4 [428|.

Following these studies, human CTLA-4 blocking antibodies, ipilimumab (IgG1) and
tremelimumab (IgG2), have been evaluated in multiple clinical trials, and both agents
demonstrated durable responses in phase I and II clinical studies in advanced melanoma
with a similar toxicity profile [116, 557, 630, 797]. An improvement in OS was only seen
with ipilimumab in phase III evaluation [321, 630]|, which led to the drug’s approval by the
FDA in 2011. The clinical trial showed that four treatments with ipilimumab at 3 mg/kg
were associated with a median OS of 10.1 months vs 6.4 months in patients receiving gp100
peptide vaccine alone [321], while tremelimumab failed to show any clinical benefit over
standard-of-care chemotherapy [622]. A possible explanation for this might be that human
IgG2 exist as a dimetric tetravalent, resulting in the problematic tendency of forming
covalent dimers [651]. In this regard, IgG2 dimerisation may aggregate in the serum

resulting in lower T-cell binding affinity.

Furthermore, a follow-up phase III study by Robert et al. showed that ipilimumab in
combination with DTIC was more effective at prolonging survival than DTIC alone (11.2
months vs 9.1 months) [630]. As expected, adverse effects of ipilimumab are consistent
with the hypothesis that CTLA-4 blockade breaks immune tolerance. The adverse events
associated have been designated as ‘immune-related adverse events’ (irAEs), with inflam-
matory conditions occurring in the gastrointestinal tract (diarrhoea and colitis), skin (rash

and pruritis) and liver (hepatitis) [321, 630, 777].
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2.1.9.5.2 Pembrolizumab (Keytruda®); Merck & Co.)

Pembrolizumab is an anti-programmed cell death 1 (PD-1) monoclonal antibody that has
been extensively evaluated in both ipilimumab naive and previously treated patients. The
PD-1 molecule, expressed by T cells, has two primary ligands; PD-L1, found on cancer
cells; and PD-L2, found on APCs [99, 734]. When bound to PD-L1, PD-1 acts as a negative
regulator of T cells. Similar to anti-CTLA-4 therapy, antibodies against both PD-L1 and
PD-1 have been developed to inhibit this down-regulatory pathway, allowing for unopposed
T-cell activation. This leads to activation of tumour-specific T cells that can contribute
to the anticancer response [193, 349|. Pembrolizumab was awarded an accelerated FDA
approval in September 2014 following data from an international multi-centre, randomised
dose-comparative phase I study involving 173 patients with unresectable or metastatic
melanoma whose disease had progressed after at least two ipilimumab doses [629]. All
patients were treated with pembrolizumab, either at 2 mg/kg or 10 mg/kg i.v. once every
3 weeks. The study reports an ORR of 26% at both doses, suggesting that pembrolizumab
could be an effective treatment option for patients with ipilimumab-refractory advanced

melanoma.

Pembrolizumab’s safety was evaluated in a large phase I trial (KEYNOTE-001; NCT01295827)
where 411 patients suffering from advanced melanoma were treated with one of the three
dose schedules (10 mg/kg every two weeks, 10 mg/kg every three weeks, or 2 mg/kg every
three weeks) [621]. Using multivariate analysis of the entire study population, Ribas et al.
found no significant differences in outcomes between the three dose schedules [621]. The
study resulted in an ORR of 34%, a PFS of 5.5 months, and an OS of 69% at one year
and 62% at 18 months. In addition, the study included a cohort of patients who were
randomly assigned to either 2 or 10 mg/kg of pembrolizumab administered every three
weeks [296]. Similarly, Hamid et al. did not find a significant difference in ORRs between
patients treated with either 2 or 10 mg/kg every three weeks [296]. Adverse effects in-
cluded arthralgia, fatigue, rash, diarrhoea and pruritus, all of which were manageable and
not treatment-limiting [621]. Success in these phase I studies has led to on-going phase 11

(KEYNOTE-002; NCT01704287) and III (KEYNOTE-006; NCT01866319) trials.

2.1.9.5.3 Nivolumab (Opdivo®); Bristol-Myers Squibb)

Nivolumab is another humanised monoclonal antibody that targets the PD-1 protein. On

December 2014, the FDA granted accelerated approval to nivolumab for the treatment
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of patients with unresectable or metastatic melanoma and disease progression following
ipilimumab or BRAF inhibitor treatment (for BRAF V600 positive tumours). The approval
was based on the ORR and durability of response in the first 120 patients who were treated
with nivolumab and had a minimum 6 months follow-up from an on-going, randomised,
open-label phase III trial (CheckMate-037; NCT01721746) [779]. Patients with advanced
melanoma who progressed on anti-CTLA-4 therapy and a BRAF inhibitor were randomised
(2:1) to receive nivolumab (n = 268, 3 mg/kg i.v. every two weeks) or the investigator’s
choice of chemotherapy (n = 102, DTIC, 1000 mg/m? every 3 weeks; or carboplatin, AUC 6
plus paclitaxel, 175 mg/m? every 3 weeks) until disease progression or unacceptable toxicity
[779]. Nivolumab consistently achieved higher clinical activity when compared with the
investigator’s choice of chemotherapy (ORR 32% vs 11%, CR 4 vs 0, PR 34 vs 5), regardless
of PD-L1 expression status, BRAF mutation status and prior anti-CTLA-4 benefit [779].
Furthermore, the first interim analysis of the trial confirmed that there were no unexpected
irAES, with investigators eagerly anticipating the OS result of nivolumab treated patients
[778]. Currently, nivolumab is the only PD-1 antibody that has demonstrated efficacy in
a phase III trial [778|.

2.1.9.6 Oncolytic viruses

More recently, several studies have explored oncolytic viruses (OVs) as an in situ vac-
cination strategy to potentiate the efficacy of immunomodulatory antibody therapy. The
development of OVs as tumour lytic agents to date has been hampered by their poor sys-
temic delivery to metastatic tumour sites and the development of neutralising antibodies.
Recently, however, with a better understanding of the interplay between OVs and the im-
mune system, came the recognition that the virus-induced anti-tumour immune responses,
rather than direct viral lysis, may be the dominant factor in driving the efficacy of these

therapies.

The current leading OV in the field is an oncolytic herpes simplex virus (HSV) encod-
ing granulocyte-macrophage colony-stimulating factor (GM-CSF) (OncoVex®M-C5F) " also
known as talimogene laherparepvec (T-Vec). Injection of the virus into accessible lesions
in patients with advanced melanoma led to responses not only in the injected lesions, but
also at distant sites, with improved durable response rate and an OS that approached,
but did not meet statistical significance [19, 384, 383|. The phase III trial reported an
ORR of 26% in the T-Vec arm and 6% in the control arm [383]. In an analogous study
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also performed in patients with advanced melanoma, intralesional injection of another OV,
Coxsackievirus A21 (CVA21), similarly led to responses in the virus-injected and distant
tumours [20]. The use of OVs is known as oncolytic virotherapy and will be discussed in

detail in the following section.
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2.2  Oncolytic virotherapy

Oncolytic viruses are live, competent viruses that replicate selectively in tumour cells lead-
ing to the destruction of malignancies without causing excessive harm to normal tissues
[648]. The selectivity of these viruses for tumours, termed oncotropism, is usually depend-
ent on the expression of surface receptors that allow specific viral binding and entry, as
well as, the permissiveness of the tumour cell viral replication. Genetic manipulation of the
viral genome is one approach to improve the inherent therapeutic index of OVs by redu-
cing their pathogenecity for non-malignant tissue but enhancing their capacity for targeted
tumour killing [31]. In addition to this direct oncolytic activity, OVs are also very effective
at inducing immune responses to themselves and to the infected tumour cells, stimulating
both anti-viral and anti-tumoural immune responses. Taken together, OVs offer appealing
advantages over conventional cancer therapy and are a promising new approach for the
treatment of human cancer. The intention of this section of the review is to provide a
brief history and highlight the mechanisms of oncolytic virotherapy, discuss the main chal-
lenges of oncolytic virotherapy; and lastly, summarise the key clinical oncolytic virotherapy

experience to date.

2.2.1 A brief history of oncolytic virotherapy

The notion that naturally occurring viruses may be used as a therapeutic modality against
cancer has existed for more than 100 years [389]. Since the mid-1900s, there have been
sporadic reports of patients achieving tumour regression in association with concurrent
viral infection, caused by agents such as hepatitis virus [461, 781], influenza [192], measles
[86, 719], mumps virus [29], smallpox [301], and varicella [76]. One of the earliest cases of
tumour regression associated with viral infection was in 1904, where a woman with leuk-
aemia dramatically improved following an episode of presumed, but not clinically proven,
influenza [192|. In a paper published in 1912, the italian physician Nicola DePace presented
findings that a female patient suffering from cervical carcinoma had undergone a complete
spontaneous remission after receiving an inoculation of the live attenuated Pasteur-Roux

rabies virus vaccine. She was receiving treatment after being bitten by a stray dog [181].

In another independent case, in 1951, a four year old boy was admitted into the Labor-
atory of Experimental Oncology, Switzerland, and was diagnosed with lymphatic leukaemia

[76]. His white blood cell count was grossly elevated at 175,000 cells/mm?® [normal range
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is between 4,300 - 10,800 cells/mm?®|, bone-marrow aspirate revealing that 98.5% of which
were lymphocytes. He also had a greatly enlarged liver, spleen and cervical lymph nodes.
During his stay in the hospital, he developed varicella. Onset of the disease led to a drastic
drop in his white blood cell count, 7,500 cells/mm? [falling within the normal range], and
both his liver and spleen receded in size. However, the therapeutic phase was only transient

as the patient succumbed to the disease 6 months later.

Observations of these spontaneous remission cases sparked the interest of using live
viruses as a treatment for various cancers, and led to the initiation of experimental human
trials {122, 330, 331, 339, 338|. In 1949, 21 patients suffering from Hodgkin’s lymphoma
received a total of 37 inoculations of serum and tissue extract containing infectious hep-
atitis viral agents [331]. Following treatment, thirteen displayed clinical evidence of the
development of viral hepatitis infection, however only seven among them showed amelior-
ation of Hodgkin’s lymphoma. In a separate study in 1956, and perhaps one of the most
notable human trials of oncolytic virotherapy, a group of clinicians at the National Cancer
Institute, USA, led by Smith R.R. injected different serotypes of adenoidal-pharyngeal-
conjunctival virus [currently known as adenovirus|, into 40 patients suffering from cervical
carcinoma [338|]. Twenty-six (65%) of the forty patients responded to the viral treatment.
A localised area of necrosis limited only to the carcinoma and formation of cavities in the
central portion of the tumours were reported between the fourth and tenth day. However,
despite continuous inoculation of the virus, rapid tumour regrowth in all patients soon

followed after the initial tumour regression.

From studying these reports, we can ascertain the following: (i) naturally occurring
replicating competent viruses are able to eradicate tumour cells under the right circum-
stances; (ii) successful tumour regression following viral infection was mostly observed in
children with immune systems that were not fully mature or in adult patients who were
immune compromised, suffering from lymphoma or leukemia; (iii) tumour remissions were
generally temporary and transient; and (iv) these early trials were most often uncontrolled
and used crude virus preparations with uncharacterised potencies. Consequently, clinicians
abandoned the idea of using viruses as cancer therapies, partly due to the early success of
chemotherapies and radiation therapies. It was only decades later, in the 1990s, with the
advent of molecular biology and gene therapy that the concept of viruses as anti-neoplastic

agents was rekindled. Genetic engineering enabled a broad range of potentially pathogenic



CHAPTER 2. INTRODUCTION AND LITERATURE REVIEW 93

viruses to be manipulated for safety and targeting.

2.2.2 The ‘renewed’ oncolytic virus paradigm

Oncolytic virotherapy is the use of viruses that are naturally occurring or have been engin-
eered to selectively replicate in tumours and kill malignant cells without harming healthy
host cells. Traditionally, the aim of this approach was to harness the self-amplifying lytic
replication cycle of OVs to cause direct oncolysis of cancerous cells, leading to regression
of the bulk of the tumour [170, 759]. It has become increasingly clear that OVs also util-
ise other anticancer mechanisms to eradicate tumours. Oncolytic viruses such as vaccinia
virus (VV) and vesicular stomatitis virus (VSV), for example, interfere with tumour vas-
culature, thereby compromising the growth of tumours [21]. However, the most relevant
systemic mechanism of action of OVs is likely the virus-induced engagement of the immune
system to recognise tumour antigens that were previously either unrecognised or had been
subject to immune tolerance [141, 442, 597, 598]. Replicating virus within tumour cells
can attract immune cells into the tumour environment, leading to cross-priming of TAAs
for the activation of an effective anticancer immune responses. For instance, T-Vec showed
a potent anti-melanoma immune response after local intratumoural injection in patients

with metastatic malignant melanoma in phase II/III clinical trials [384].
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Figure 2.9: The oncolytic virotherapy paradigm. Oncolytic viruses selectively
target tumour cells by exploiting differences between tumour and normal cells. It has
become apparent that there are two driving forces behind OV anti-tumour efficacy. Aside
from direct cytopathic effects and oncolysis of tumour cells, interactions of OV with the
immune system can trigger systemic anti-tumour immunity through the release of tumour-
associated antigens. In the diagram on the right, virus particles preferentially infects
tumours cells expressing high levels of viral entry receptors. The OV replicates, rupturing
the tumour cell, releasing progeny virions and TAAs into the tumour microenvironment.
Dendritic cells process and present tumour antigens to mediate an anti-tumour specific
immune response. Adapted from Russell, S. J., Peng, K.-W., and Bell, J. C. (2012).
Oncolytic virotherapy. Gene Therapy, 30(7):658— 670 [648].

2.2.3 Mechanism of oncolytic virotherapy

Oncolytic virotherapy offers several appealing advantages over the use of conventional can-
cer therapies, including improved anti-tumour selectivity and efficacy. Many viruses show
intrinsic selectivity for replication in cancer cells, and selectivity can be further augmented
if required by using a range of strategies such as introducing essential virus genes that are
under the transcriptional control of tumour-associated transcription factors. The potency
of oncolytic virotherapy arises from the ability of the lytic virus to replicate itself within
tumour cells before spreading to infect adjacent cells. The mechanism of oncolytic viro-
therapy can be divided into anti-tumour specificity and anti-tumour efficacy (Figure 2.10),

which will be further discussed below.

2.2.3.1 Mechanism of anti-tumour specificity

Specificity for cancer cells at the cell-entry level or during the viral replication process is an
essential trait of OVs to allow therapy without harming normal tissue. Over the centuries,

viruses have developed many different mechanisms by which they can successfully infect
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a host cell to maximise their replication. The hallmark changes of malignancies such
as self-sufficiency in growth signals, resistance to programmed cell death, immune evasion,
limitless replicative potential, sustained angiogenic capacity, tissue invasion, and metastasis
[299], bears a striking resemblance to the cellular changes caused by viral infection. Hence,
it is not surprising that many viruses have taken advantage of this dynamic environment,
preferentially replicating within tumour cells. Furthermore, the next generation of OVs
have been genetically modified to improve tumour-tropism. Engineered viruses may be
placed under the transcriptional control of tumour cell-specific promoters or under cell-
specific translational control. Generally, seven main approaches have been employed by

OVs to maintain their oncotropism.

2.2.3.1.1 Tumour-tropism mediated by viral receptors

Many of the cancer-specific mutations result in the over-expression of molecules on the
cell surface, which are expressed at relatively lower levels, or absent, on corresponding
normal cells. Shafren et al. have identified a collection of picornaviruses that have the
inherent capacity to preferentially infect tumour cells based on their over-expression of virus
cell-entry receptors. For example, echovirus type 1 (EV1) normally infects cells through
the B integrin, which is often over-expressed on ovarian [675] and gastric cancer cell
lines [291]. Several serotypes of the Coxsackievirus species A (CVA) bind to intercellular
adhesion molecule-1 (ICAM-1) or decay accelerating factor (DAF), two proteins that are

often found in abundance on the surface of melanoma cells [33, 35, 670].

In a similar fashion, a recombinant type 1 poliovirus (PV1) with reduced neuropatho-
genicity targets the poliovirus receptor (PVR, CD155) often over-expressed on glioma cells
[282, 555]. In contrast to wild-type measles virus (MV), the Edmonston vaccine lineage
of measles virus (MV-Edm) enters cells more efficiently through the membrane cofactor
protein (MCP; also known as CD46) [195], which coincidently is expressed at high density
on several cancer indications [14, 284, 579, 580]. More recently, the selectivity of Seneca
Valley virus (SVV) is also believed to be via targeting of over-expressed cell-surface re-
ceptors, although the host receptor has not yet been identified [757]. The Sindbis virus is
an OV that gains preferential access to tumour cells as a result of over-expression of the

67 kDa high affinity laminin receptor in ovarian cancers [741, 769].

A further extension of this feature is that OVs can be engineered to target antigens
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or receptors expressed exclusively on the tumour cell surface. This approach is most
suitable for larger sized viruses and thus, has been extensively validated using recombinant
MV and adenoviruses [489, 539, 758|. Wild-type MV is an enveloped virus (100 - 200
nm in diameter) that is highly contagious, responsible for millions of deaths worldwide
[799]. Measles-related mortality has been attributed mostly to severe immune suppression
as a result of the virus binding to its primary receptor, signalling lymphocyte activation
molecule (SLAM; also known as CD150) [185, 720], which is expressed on activated T and
B cells, dendritic cells, and macrophages [150, 333, 514].

To engineer a safer oncolytic MV, the first step was to introduce specific mutations into
the SLAM- or CD46-dependent fusion domains, ablating cognate receptor recognition,
thus generating a ‘blind’ recombinant MV [761]. The next step was to redirect virion
binding to tumour-associated receptors or ligands using single-chain fragment variable
(scFv) antibodies. Specific scFv antibodies can be generated against any human proteins
of interest and are relatively easy to produce [124]. The envelope of oncolytic MVs can
then be tailored to bind to the protein of interest. Nakamura et al. were the first group
to demonstrate oncolytic efficacy after completely ablating the productive interactions of
the MV-Edm to its native receptor, retargeting the virus to CD38 and epidermal growth
factor receptor (EGFR) using scFv antibodies [538]. These retargeted viruses replicated
within and killed cancer cells that expressed CD38 and EGFR, but were unable to infect
cells that expressed SLAM or CD46 [538]. In summary, receptor retargeting allows for

more virulent viruses to be used in a safe manner, thus increasing its therapeutic index.

2.2.3.1.2 Attenuation of wild-type viruses through targeted deletion of viral

genes

The most potent OVs are arguably wild-type viruses. However, these viruses may kill
normal cells and cause dose-limiting toxicities. Ideally, OVs should be highly attenuated in
normal cells, but retain their normal replicative abilities within cancer cells. Efforts have
therefore been made to reduce the toxicity of most OVs by the deletion of key viral genes
whose function can be reconstituted within cancer cells only. The leading example high-
lighting this mechanism of tumour-tropism is the oncolytic adenovirus d11520/ONYX-015.
Developed by Onyx Pharmaceuticals, ONYX-015 is a mutant adenovirus that lacks the
gene E1B-55K [313, 314, 392|. Normally, the viral protein E1B55K binds and inactivates

the tumour suppressor p53 to allow viral replication to take place[380, 816]. Another key
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fact is that genetic studies have shown that the pb3 tumour suppressor pathway is inac-
tivated in nearly all human tumours, highlighting the potential of ONYX-015 in treating
pH3-deficient tumours [133, 676].

Taken together, Bischoff et al. published the first paper in which they employed a
conditionally replicative adenovirus (CRAd) deficient in the E1B-55K early gene to ac-
complish tumour-specific oncolysis of p53-deficient human tumour cells [79]. The targeted
deletion of F1B-55K resulted in impeded adenoviral replication in cells with normal p53
function but yielded a virus that was capable of destroying tumour cells carrying mutations
of the p53 tumour suppressor |79, 430]. Other adenovrial genes that have been targeted
include the introduction of specific mutations in the E1A gene to block its binding to
the Rb protein [243, 362, 788]. The E1B protein has been shown to bind to p53 to help
immortalise cells such that adenovirus replication can continue. Furthermore, Kim et al.
have shown that a deletion in the Rb-binding sites of E1A together with E1B 19kDa and
E1B 55kDa deletions generated a novel Ad that was more cancer-cell-specific than the

single-mutant viruses [394].

This approach has been extended to other OVs such as HSV, VV and more recently
poliovirus (PV). The first genetically attenuated HSV type 1 (HSV1) mutant (also known
as dlsptk) contained a deletion of the thymidine kinase (7TK) gene and was described for
the treatment of malignant gliomas [486]. The TK deficient HSV1 mutant effectively lysed
glioma cell lines in vitro and prolonged survival of mice bearing intracranial (i.c.) tumours
[486]. However, the TK gene deletion rendered disptk resistant to anti-herpetic drugs, such
as acyclovir and ganciclovir, thus, preventing the advancement of this virus into human
trials due to safety concerns [121, 386|. Since then, numerous HSV1 genes, including v34.5
[378, 516, 611], ICP6 [5, 269, 515], ICP47 [265], UL24 [67, 504|, UL39 [516, 577], and US3
[382], have been deleted /mutated to generate oncolytic prototypes. Furthermore, several
of these oncolytic HSV1 mutants (G207, 1716, OncoVex®M-CSF NV1020, HF10, G47A)
are being clinically tested in a range of cancer indications [385, 454, 756]. In a similar way,
McCart et al. was successful in further improving the specificity of VV for replication in
tumours by mutating the vaccinia growth factor (VGF) gene in parallel with the TK gene
[492].

In addition to the three OVs described above, there has been recent interest in the use
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of a recombinant PV for the treatment of glioma [263, 262|. Gromeier et al. demonstrated
that the neuropathogenicity of PV could be attenuated by mutations within the internal
ribosomal entry site (IRES) sequence located in the 5’ untranslated region of its RNA
genome [279]. Remarkably, substitution of the PV1 (Mahoney strain) IRES sequence with
the IRES sequence from human rhinovirus type 2 (HRV2) severely attenuated the virus in
normal cells while maintaining its ability to replicate in glioma cells [279]. This mutant,
referred to as PV1(RIPO), was demonstrated to be safe for intracranial administration in

mice and Cynomolgus monkeys [280)].

Recombinants of PV such as PV1(RIPO) and PV3(RIPO) (a chimera of wild-type
Leon/37 PV3 carrying the HRV2 IRES) are naturally tropic for glioblastoma multiforme
(GBM) due to expression of the PVR CD155 on these tumours [279, 282, 507|. Sub-
sequently, these chimeric phenotypes have led to intense efforts to develop a derivative of
PVI(RIPO), called PVS-RIPO (a virus in which the IRES of the Sabin 1 vaccine virus
has been exchanged with the HRV2 IRES, not the wild-type PV1 Mahoney strain) [555].
The virus PVS-RIPO was shown to be genetically stable after in vivo passage in GBM
xenografts while still retaining excellent cytotoxic properties in malignant cells [191]. Fur-
thermore, PVS-RIPO is incapable of causing poliomyelitis or encephalitis in non-human
primates even after high-dose intracerebral inoculation, alleviating concerns regarding its
phenotypic stability in the context of its replication in malignant glioma [281]. Taken
together, these findings validate the continuation of PVS-RIPO research into clinical tri-
als for patients with recurrent GBM. In summary, recombinant OVs have demonstrated
marked attenuation in vivo while still preserving the ability to replicate efficiently in the

tumour environment.

2.2.3.1.3 Targeting defective antiviral response pathways

For viruses which utilise receptors that are also abundant on normal cells, the mechanisms
that govern the natural preferential replication in cancer cells are generally intracellular. An
important intracellular pathway frequently altered during the transformation of a normal
cell to a malignant cell is the IFN-mediated response pathway [75, 448, 718|. Interferons
have a diverse range of biological functions; they inhibit cell proliferation by causing cell
cycle arrest at Gy [27, 655|, induce apoptosis [137, 695, and promote the maturation of
various lymphocytes [214, 228|. As these activities oppose the establishment of uncontrolled

growth, it is not surprising to find that this pathway is often dysfunctional in cancer cells



CHAPTER 2. INTRODUCTION AND LITERATURE REVIEW 60

[75, 614, 718]. Interferon is also a key mediator of a host’s antiviral response and thus,
tumour cells which acquire mutations allowing them to escape the I[FN-mediated growth
control program, will simultaneously compromise their antiviral response. This is the major
mechanism of selectivity for Newcastle disease virus (NDV) [418], and VSV, [708, 709]

which are both exquisitely sensitive to the antiviral effects of IFN.

Despite NDV [617] and mumps virus [534]| using sialic acid as their receptor and al-
phaviruses using heparan sulphate or ICAM-1, all of which are abundantly expressed on
many normal cells, these viruses show high cancer cell selectivity. In these cases their
preference to cancer cells stems from the fact that many, if not most, tumour cells display
an impaired antiviral response due to failure of critical components of the IFN response
system [708|. In fact, one strategy to enhance the tumour cell specificity of OVs is to
mutate them to induce a more potent IFN response. While this reduces the replication of
such viruses in normal cells, cancer cells remain permissive to the viruses because they are

unable to launch an antiviral response due to deficient IFN signalling.

2.2.3.1.4 Transcriptional targeting

An alternative approach to create tumour-selective OVs is through the use of tumour-
specific gene promoters to drive the expression of viral genes essential for viral replication.
OVs derived from this method have limited replication capabilities in normal cells, but
can replicate unperturbed in malignant cells. Reprogramming the replication function of
OVs is better suited to DNA viruses with large genome-packaging capacities, and thus,
has been predominantly explored for adenoviruses [143, 406, 489|. There are two types of
tumour-specific gene promoters. The first type of promoters are those that are very active
in many different tumour types (tissue-specific), with little or no activity in normal cells.
For instance, the promoter of human telomerase reverse transcriptase (WTERT) (397, 424]
and survivin [811, 812] are highly active in most tumour and immortal cell lines, but
inactive in normal somatic cell types. Both the hTERT [336, 794] and the human survivin
gene promoter [375, 827| are often utilised to control the expression of several essential
early genes (F1A, F1B and EJ) in oncolytic adenoviruses, displaying high selectivity and
therapeutic potential in pre-clinical models. The second type of promoters that are in
use are exclusive for particular tumour types (tumour-specific), such as alphafetoprotein
for hepatocellular carcinoma (HCC) [292, 590, IAL.3B for ovarian cancer [294], estrogen-

response element for breast cancer [319], musashi-1 for glioma [377|, and prostate-specific
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antigen (PSA) for prostate cancer [631].

In 1997, Rodriguez et al. were the first group to publish the use of the PSA pro-
moter to restrict adenovirus replication [631]. They placed the essential adenoviral gene
E1A under the transcriptional control of the PSA promoter. Experiments in cell culture
systems demonstrated selective F1A expression and adenovirus replication only in PSA-
positive LNCaP prostate cancer cells, but not in the PSA-negative DU145 cancer cells.
Furthermore, Rodriguez et al. were also successful in showing the therapeutic effects of
the PSA promoter-driven adenovirus in LNCaP tumour xenografts [631]. In the same year,
Miyataken et al. retargeted the replication of HSV1 to albumin-expressing liver cells us-
ing the albumin promoter [518]. Since then, several other groups have published work on
HSV1 retargeting using other promoters including carcinoembryonic antigen (CEA) [619],
musashi-1 [377, 376], and nestin [374]. An extensive review on the various promoters and
viral genes exploited for reprogramming virus replication for oncolysis has been published

by Dorer & Nettelbeck [194].

2.2.3.1.5 Targeting the hypoxic tumour microenvironment

As tumours grow rapidly at an uncontrolled rate, tumour cells must adapt to the hyp-
oxic microenvironment by stimulating angiogenesis. The tumour selectivity of OVs might
be further improved by the incorporation of hypoxia-responsive elements into tumour-
specific promoters to exploit the relatively hypoxic conditions within tumours. The first
study harnessing the hypoxic environment for tumour selectivity was an oncolytic aden-
ovirus that incorporated an EIA gene controlled by a minimal dual-specificity promoter
that responded to hypoxia as well as estrogens for the treatment of breast cancer [318].
Subsequent studies made specific modifications such that the viruses were totally depend-
ent on hypoxia-inducible factor (HIF) for viral replication [142, 596]. A dual regulated
oncolytic Ad CNHK500 was developed where the F1B gene was controlled by a hypoxia
responsive promoter and the F1A gene was controlled by a hTERT promoter. In wvitro, this
virus showed improved specificity and i.v. delivery of the virus demonstrated significant

anti-tumour efficacy in a xenograft model of HCC [824].

In addition, Connor and colleagues have shown that wild-type VSV is capable of rep-
lication under hypoxic conditions, demonstrating that VSV had an inherent capacity for

infecting and killing hypoxic cancer cells [154]. In a similar fashion, Sgubin et al. showed
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for the first time that the HSV G47A could replicate and kill hypoxic human glioma stem
cells and that i.t. injection of the OV in orthotopic human glioma stem cell xenografts led
to successful infection and replication in hypoxic areas of the tumours in vivo [667|. More
recently, Gupta-Saraf et al. found that the oncolytic mammalian orthoreovirus (MRV)
could infect prostate tumours cells under hypoxic conditions and these cells showed re-
duced levels of HIF-1a, the master transcriptional regulator of hypoxia [288|. Together,
these findings provide evidence of OVs being a viable therapeutic option for selectively

targeting hypoxic cells.

2.2.3.1.6 Activation through cancer-specific proteases in the tumour microen-

vironment

The replication and pathogenesis of almost every virus is dependent on interactions with
host cell proteases. Enveloped viruses, such as paramyxoviruses, influenza and HIV-1,
require protease cleavage of viral glycoproteins for productive cell entry following receptor
recognition. Interestingly, many cancer cells express proteases that can be exploited to
enhance viral specificity. Desirable protease targets for OVs that require activation are
those that are expressed preferentially and/or at high levels by malignant cells. Notably,
matrix metalloproteinases (MMPs) are endopeptidases that are over-expressed in nearly
every malignancy [205]. For example, the protease cleavage specificity of the fusion protein
from MV and Sendai virus (SeV) was changed from being dependent on the ubiquitous
protease furin or the respiratory airway tryptase Clara, respectively, to being dependent
on MMPs [400, 697|. Recombinant MV that expressed the modified fusion protein (MV-
MMP) was unable to propagate or produce cytopathic effects (CPE) unless it was added
to cells that expressed MMPs [697]. In mice, MV-MMP retained full oncolytic activity
when inoculated into MMP-positive s.c. cancers, but unlike wild-type MV, MV-MMP did
not infect and kill susceptible mice after i.c. inoculation, which proved the safety of the

virus had been enhanced [697].

More recently, this approach has been tested in adenovirus, with the replication-
competent MMP-dependent adenovirus (Ad-MMP) showing increased anti-tumour activity
compared to the wild-type adenovirus in an orthotopic model of pancreatic cancer [372].
Moreover, no signs of pancreatic toxicity were detected. Another protease that is commonly
upregulated with other MMPs in the tumour microenvironment is the urokinase-type plas-

minogen activator (uPA) [16, 17]. Several groups in Japan have developed and optimised
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the design of a protease-specific oncolytic recombinant SeV that demonstrates catalytic
activity against MMPs and uPAs [399, 400, 526]. These new vectors showed dramatically
enhanced anti-tumour activity in vitro and in vivo. In summary, this retargeting strategy
could potentially be adopted by large enveloped viruses such as HSV and NDV that are

currently being trialled clinically to further enhance tumour selectivity.

2.2.3.1.7 MicroRNA regulated tropism

Given the potential off-target effects of transcriptional control and the significant risk of
reversion to wild-type, other tropism-modifying strategies are of interest. A relatively
new mechanism by which OV tumour-cell selectivity may be regulated is through viral
encoded targets for microRNA (miRNA). miRNAs are short (~22 nt) regulatory RNAs
that act post-transcriptionally to influence cell proliferation, cell differentiation, apoptosis
and tumourigenesis. Through complementary base pairing with short sequences, usually
located within the 3’ untranslated region (UTR) in cellular mRNA, miRNAs act to suppress
mRNA translation, and depending on the degree of complementarity, completely degrade

mRNA.

Currently, this targeting strategy has been shown to be successful in a broad range
of OVs, including PV [51], HSV [439], VSV [203, 391], VV [320], MV [44, 429]|, Semliki
Forest virus (SFV) [818] and adenovirus serotype 5 (Ad5) [126, 817|. For instance, Edge et
al. developed a tumour-specific VSV by inserting three copies of the miRNA-let-7 target
elements in the 3’ UTR of the VSV RNA genome [203|. Similarly, by inserting four copies
of muscle-specific miRNA target elements into the CVA21 genome, Kelly et al. prevented
myositis from developing in severe combined immunodeficient (SCID) mice infected with
miRNA-targeted CVA21 without compromising the potency of the virus [390]. Taken
together, these reports show that miRNA-mediated attenuation of OVs is a feasible and

promising strategy for generating safer oncolytic virotherapy agents.

2.2.3.2 Mechanisms of anti-tumour efficacy

Several mechanisms used by OVs to exert their anti-tumour effects have been proposed.
The first mechanism describes the capability of viruses to directly lyse infected cells as
a result of viral replication. The second strategy describes cell death in uninfected cells
through the anti-angiogenesis and anti-vasculature properties of certain OVs, a mechanism

termed ‘bystander cell killing’. Lastly, is the stimulation of the host’s immune response to
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recognise and engage tumour antigens that were previously either unrecognised or subject

to immune tolerance.

2.2.3.2.1 Direct oncolytic cell death

Many naturally occurring OVs have a preferential tropism for malignant cells while others
can be genetically engineered to change their cellular tropism toward cancer [648]. The
altered tumour microenvironment provides favourable conditions for OVs to replicate ef-
fectively, leading to direct oncolysis of the infected cells. The life cycle of viruses consists
of three stages; infection, replication, and finally, release. In a suitable environment, viral
replication cycle is continuously repeated, creating infectious viral progeny which can infect
adjacent tumour cells and destroy them through replication. This feature of replication-
competent viruses provides an exponential amplification of the initial viral dose, which
continues until the complete destruction of susceptible cells or inhibition by the immune
system. In addition to viruses causing direct oncolysis, some also exert cytotoxicity via
production of proteins that induce necrotic or apoptotic cellular destruction. For instance,
adenoviruses express E3-11.6K death protein [731, 732, 733] and EAORF4 [681] late in the

cell cycle triggering cell death and viral release through cell lysis.

2.2.3.2.2 Induction of ‘bystander cell killing’

OVs must infect and kill tumour cells to achieve efficacy, and despite in situ replication, ac-
cessing and infecting all malignant cells within a tumour remains a major clinical challenge,
one that is difficult to achieve. Therefore, the therapeutic efficacy of OVs can be enhanced
using strategies that induce ‘bystander cell killing’ in uninfected cells, whereby a protein
sensitises both the infected and surrounding uninfected cells to subsequent combination
therapies or immune destruction [124, 511]. Prodrug convertases that are expressed from
OVs can enhance the efficacy of chemotherapy by activating prodrugs and ion transport
proteins that can promote radiation poisoning of tumours owing to the concentration of
radioisotopes. The common goal of these strategies is to reduce systemic toxicity by giving
lower doses of minimally toxic chemotherapeutic drugs that are only converted to highly

toxic metabolites within the tumour microenvironment.

Prodrug convertases have been extensively studied for the TK, the cytosine deaminase
(CD) and, purine nucleoside phosphorylase (PNP) systems. Briefly, the HSV TK pho-

phorylates ganciclovir to generate ganciclovir triphosphate [508], CD converts chemothera-
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peutic 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) [337], and PNP converts fludarabine
phosphate into 2-fluoroadenine [393]. The CD and PNP systems have been engineered into
numerous OVs including adenovirus [186], MV [746], VV [236], and VSV [436]. The most
clinically advanced CD-virus is a replication-competent retrovirus known as vocimagene
amiretrorepvec (Toca 511) [581]. Toca 511 is currently being tested in combination with

5-FC in phase I and II clinical trials using i.t. administration in patients with grade 4

GBM (NCT01156584).

In addition, OVs have also been used induce ‘bystander cell killing’ through radiosensit-
isation. The normal physiological function of the human sodium-iodide symporter (NIS) is
to transport iodide ions into cells [408]. When NIS is expressed from the genome of an OV,
infected cells can concentrate radioactive iodide intracellularly, inducing radiation poison-
ing within the tumour microenvironment [511|. The NIS transgene system has undergone
extensive preclinical development in numerous virus families, and radiovirotherapy has
consistently achieved synergistic tumour destruction with MV expressing NIS (MV-NIS).
Preclinical evaluation of MV-NIS together with radiotherapy has shown success in HCC
[83], ovarian carcinoma [306], multiple myeloma [190, 535] and mesothelioma [438]. Phase
I clinical trials using MV-NIS have been initiated for ovarian cancer (NCT00408590), mul-
tiple myeloma (NCT00450814), mesothelioma (NCT01503177), and head and neck cancer
(NCT01846091).

2.2.3.2.3 Innate anti-angiogenic properties of OVs

The anti-vascular properties of OVs have been the topic of multiple preclinical and clinical
studies. Blood supply within a tumour drives progression and ultimately allows for meta-
stasis. OVs can infect both developing and established tumour vasculature without harming
normal vasculature. Current evidence suggests that there are three inherent mechanism
by which OVs affect tumour vasculature: (i) direct infection of tumour endothelial cells;
(ii) induction of virus-mediated immune responses that cause cellular accumulation and
decreased tumour perfusion; and (iii) the expression of viral proteins with anti-angiogenic

properties [21].

To date, the only OV that has demonstrated anti-vascular properties in humans is
the VV expressing GM-CSF, pexastimogene devacirepvec (JX-594). In a phase I/IT dose-

escalation clinical trial, JX-594 was administered i.t. at 3-week intervals to patients with
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primary HCC [456, 574]. Liu et al. reported a 43% decrease in tumour perfusion 6 days
post-treatment and a significant reduction in circulating vascular endothelial growth factors
(VEGFs) [456]. Besides that, in a preclinical three-dimensional reconstruction of VSV in-
fected tumours, Breitbach et al. showed that the replication of VSV in tumour vasculature
initiated an inflammatory reaction, leading to the recruitment of neutrophils and other
immune cells to the tumour bed [101|. Recruitment of these immune cells formed micro-
clots within tumour blood vessels, resulting in loss of perfusion and extensive tumour cell
death throughout the core of the tumour [101]. Not all engineered viruses however are
anti-angiogenic as studies have shown that the wild-type E1A protein expressed during
for the viral replication of adenoviruses, interacts with angiogenic cellular protein p300
to downregulate VEGF [650, 815|. Saito et al. demonstrated that cancer cells infected
with a mutant adenovirus lacking the p300 binding site in E1A induced a higher level of
VEGF expression and that only the wild-type adenovirus could significantly inhibit tumour
angiogenesis in vivo [650]. This finding may have implications for engineered oncolytic ad-

enoviruses that may be E1A deleted.

2.2.3.2.4 Oncolytic immunotherapy

The traditional paradigm of oncolytic virotherapy is that OVs cause direct lysis of all the
resident malignant cells, leading to the regression of the bulk of the tumour [647]. However,
it has become increasingly clear that OVs have the additional potential to stimulate both
innate and adaptive immune responses against tumours. During an OV infection, TAAs
released as a result of direct oncolysis are cross-presented to T cells by endogenous APCs
[521]. By recruiting immune cells through the cross-presentation of TAAs, OVs indirectly
drive anti-tumour immunity, leading to a more potent anticancer immune response [505,
803]. A number of preclinical studies using HSV [805], reovirus [599] and VSV [187] have
successfully demonstrated that anti-tumour immunity plays an important role in the overall

efficacy of oncolytic virotherapy.

There is also emerging evidence that OVs are capable of mounting a favourable ‘inflam-
matory storm’ that redirects the immune response to the normally immunosuppressive tu-
mour microenvironment [505]. Among the many different types of cell death mediated by
OVs, some are immunogenic, characterised by the exposure of crucial damage-associated
DAMPs, such as calreticulin, heat-shock proteins (HSP) to the cell surface, and/or the
release of high-mobility group protein B1 (HMGB1), uric acid, and TAAs all of which ac-
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tivate anti-tumour immunity [54, 287, 442]. Additionally, viruses encode structural motifs
known as pathogen-associated molecular patterns (PAMPs), that serve as ‘danger’ signals
to the host indicating the presence of virus that then triggers host defences [60, 287, 803].
A seminal review by Guo et al. provides a discussion on the multiple forms of immunogenic
cell death (ICD) induced by various OVs including adenovirus, Coxsackievirus B3 (CVB3),
HSV, MV, NDV, parvovirus and VV, and their potential effects on anti-tumour immunity
[287]. In general, the inflammatory cascade and ICD induced by OV infection of tumours

makes OVs powerful inducers of anti-tumour immunity [54, 442].

Furthermore, the immunotherapeutic potential of OVs can be further enhanced by
‘arming’ OVs with therapeutic transgenes. Some of the most clinically promising OVs are
T-Vec and Pexa-Vec, both of which are armed with the human GM-CSF gene. Kaufman et
al. showed that direct injection of melanoma nodules with T-Vec induced local and systemic
antigen-specific T-cell responses and decreased CD4"FoxP3" regulatory T cells (Treg),
CD8 " FoxP3™" suppressor T cells, and myeloid-derived suppressive cells (MDSC) in patients
exhibiting therapeutic responses [384|. On the other hand, inflammatory cell infiltration
and anti-tumour antibodies mediating complement-dependent cytotoxicity (CDC) were
induced after Pexa-Vec treatment of patients with liver tumours [316, 396]. These OVs
demonstrated anti-tumour responses in both virus-injected and non-virus-injected lesions.
In summary, present studies suggest that the most effective OV treatment regimens will
be those that combine potent viral oncolysis with an effective and long-lasting anti-tumour

immune response.

2.2.4 Current clinical status of oncolytic virotherapy in melanoma

There has been interest in using viruses to treat cancer for over a century. Partial and even
complete cancer remissions were observed in early clinical trials. However, ethical concerns
regarding several trials, complications resulting from viral shedding, quality control and
production issues of viruses soon led to the decline in enthusiasm for this treatment av-
enue [389, 426]. The resurgence of oncolytic virotherapy can be attributed to the advent
of recombinant DNA technology, strict governance from regulatory bodies, and improved
manufacturing standards. Current clinical efforts are driven by significant preclinical res-
ults and have focused on the safety of using replication-competent viruses [298]. Recently
published clinical trials of oncolytic virotherapy have demonstrated the safety of several

viruses after localised and systemic administration [455]. Furthermore, several OVs from
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five families have progressed to efficacy trials for the treatment of advanced melanoma

(Table 2.5).

2.2.4.1 Adenovirus

Serotype 5 adenoviruses are the most common strains used in adenoviral virotherapy for
melanoma. The virus has attracted considerable attention as an anticancer agent be-
cause it can be readily engineered and exhibits multiple tumour-targeting mechanisms for
enhanced anti-tumour activities [489]. One example is the replication selective Ad-DM-
E2F-K-A24RGD (also known as ICOVIR-5). ICOVIR-5 combines five different genetic
modifications: (i) deletion of A24; (ii) insertion of E2F-1 promoter; (iii) DM-1 insulator;
(iv) the Kozak; and (v) RGD sequence, to achieve a selective and potent anti-tumour effect
[120]. Dose response toxicological and efficacy studies performed in pre-clinical mouse mod-
els demonstrate the potential of this virus for the treatment of disseminated cancer [120].
ICOVIR-5 dosed at 1 x 10! virus particles/mouse was able to stop the growth of melan-
oma xenografts from day 20 after administration. Investigators are currently evaluating
the safety of a single endovenous infusion of ICOVIR-5 in locally advanced or metastatic

melanoma patients (NCT01864759).

Another oncolytic Ad5, Ad5/3-D24-GM-CSF (also known as ONCOS-102) features a
chimeric capsid for enhanced gene delivery to cancer cells, a 24 bp deletion in the RB bind-
ing site of E1A for cancer cell restricted replication, and is armed with GM-CSF [412]. A
total of 21 patients with advanced solid tumours refractory to standard therapies, including
3 melanoma patients were treated intratumourally and intravenously with ONCOS-102 (up
to 3 x 10! virus particles), combined with low-dose metronomic cyclophosphamide (CPA;
50 mg/day orally) to reduce Tregs [412]. Evidence of biological activity of the virus was
seen in 13/21 patients with no severe adverse events documented. Despite these promising
clinical results, progression of adenovirus for the treatment of melanoma appears to have

halted at phase I clinical trials.

2.2.4.2 Coxsackievirus

The only Coxsackievirus under clinical development is the naturally occurring CVA21
(also known as CAVATAK™). The phase I safety study involved two doses of CVA21
(up to 1 x 10 TCIDsg/dose) injected intratumourally into a single cutaneous melanoma

deposit of 9 stage IV melanoma patients [668]. The maximum tolerated dose (MTD) of
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CVAZ21 was not reached and no significant toxicities were reported. Following the success
of the phase I trial, a phase II trial (CALM; NCT01227551) evaluating the intratumoural
efficacy of CVA21 was conducted, recruiting 57 patients with unresectable stage IIIC and
stage IV melanoma [20]. Patients received up to 3 x 108 TCID5o of CVA21 on days 1,
3, 5, and 8 and then every three weeks for a further 6 injections. The study achieved
an immune-related progression-free survival (irPFS) of 38.6% (22/57) and an ORR of
28.1% (16/57). A major finding of this study was that tumour responses were observed
in injected lesions, non-injected non-visceral lesions and in distant non-injected visceral
lesions in the absence of circulating infectious CVA21, strongly suggesting the generation
of a potent anti-tumour immune response. Currently, the safety and efficacy of CVA21
delivered systemically in patients with solid tumours, including melanoma, lung, prostate,
and bladder cancers, in combination with cytotoxic chemotherapy are being evaluated
(NCT02043665). Furthermore, combination studies with ipilimumab in patients with stage
ITIIC and stage IV melanoma are underway (NCT02307149).

2.2.4.3 Herpes simplex virus

There are currently four strains of HSV that have progressed to clinical evaluation for the
treatment of melanoma. HF10 is a spontaneously occurring mutant HSV1 (loss of UL56
expression) [748]. Demonstration of pre-clinical efficacy using immunocompetent mouse
models led to the phase I clinical investigation of intratumoural HF10 injections (up to 1 x
107 TCID50/dose) in patients with refractory and superficial cancers including melanoma
[220, 775]. The treatment regimen was well tolerated with mild-drug related adverse events.
Importantly, one patient formed ulcers at both injected and non-injected lesions after a
single intralesional injection without affecting normal tissue. Following the success of this
trial, a phase II trial evaluating the combination effects of HF10 with ipilimumab is now

underway (NCT02272855).

The most clinically advanced HSV is T-Vec, generated from the HSV JS-1 strain. The
OV was attenuated by functional deletion of the ICP34.5 and ICP47 viral genes, and
incorporates the GM-CSF transgene to enhance the host’s immune response [450, 383]. In
a phase I study, intralesional administration of T-Vec was well tolerated in 26 patients,
but no objective responses were observed [334]. However, follow-up biopsies in several
patients showed extensive necrosis, T cell infiltration, presence of replicating virus, and

the expression of GM-CSF within the tumour [334]. In a subsequent phase II study, 50
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patients with unresectable stage IIIC/IV melanoma administered with intralesional T-Vec
achieved a ORR of 26% (8CR, 5PR) [665|. Finally, a randomised phase III study comparing
intralesional T-Vec to s.c. GM-CSF demonstrated an improvement in durable response rate
(16% vs 2%) and a trend toward improved OS favouring the T-Vec arm [383]. Currently,

T-Vec has completed its international phase III trial and is awaiting regulatory approval.

Similar to T-Vec, key features of the OV HSVEM-CSF (3150 known as OrienX010) in-
clude deletion of both copies of ICP3/.5 and ICP47 viral genes, insertion of the GM-CSF
transgene, and the interruption of the ICP6 gene [452|. The safety of OrienX010 is cur-
rently being evaluated in a phase I trial (NCT01935453). The last HSV strain that is under
clinical evaluation for the treatment of melanoma is HSV1716 (also known as Seprehvir®)),
derived from the HSV1(17+) strain with both copies of 7-34.5 genes deleted [569]. The
safety and toxicity of HSV1716 administration was first addressed in patients with GBM
and anasplastic astrocytoma [305]. This study showed that HSV1716 was well tolerated
and no adverse events were observed at high doses of up to 1 x 10> PFU. A pilot study
conducted by MacKie et al. presented clinical evidence of HSV1716 replication confined
to melanoma cells, resulting in the flattening of previously palpable tumour nodules and
tumour necrosis of injected lesions [473]. HSV1716 has been applied to treat non-central

nervous system solid tumours and malignant melanoma [159, 473|.

2.2.4.4 Reovirus

Reovirus serotype-3 Dearing strain has been developed by Oncolytics Biotech@®) under the
trade name Reolysin@®). Reolysin(@®) is a wild-type, genetically unaltered virus, and has
been tested in numerous clinical trials via both intratumoural injections and intravenous
administration, alone and in combination with other anticancer modalities. None of the
studies have identified any serious toxicities due to virus treatment [130]. These trials
have enrolled patients with haematological malignancies (multiple myeloma) and solid
tumours including pancreatic cancer, colorectal cancer, metastatic melanoma, squamous
cell carcinoma of the head and neck, non-small cell lung cancer (NSCLC), prostate cancer

and malignant gliomas [130].

Recently, Oncolytics Biotech®) have completed two phase II metastatic melanoma
trials. In the first trial, 21 patients received Reolysin®) (3 x 10'° TCIDsg) on days 1 - 5

of a 4-week cycle, administered intravenously [246]. Treatment was well tolerated without
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any dose reductions needing to be implemented. No disease responses meeting PR or CR
criteria were observed, although extensive tumour necrosis (75 - 90%) was documented
in the surgical specimen of a patient who had metastatic cutaneous lesions surgically
removed. Unfortunately, the trial did not meet the defined efficacy endpoint in order to
proceed to the second stage of accrual and further enrolment was closed. On the other
hand, preliminary results from the phase II trial of intravenous reovirus (3 x 10'° TCIDs5o,
days 1 - 5 of a 3-week cycle) with concurrent paclitaxel (200 mg/m?, day 1 of a 3-week
cycle) and carboplatin (6 AUC mg/mL, day 1 of a 3-week cycle) chemotherapy has met
the first stage primary endpoint (NCT00984464) [564]|. The first stage endpoint was met
after 3 of 14 patients exhibited a PR, and an additional seven patients had SD for a disease
control rate of 71.5%. Given the recent changes in the standard of care for the treatment of
metastatic melanoma, investigators are evaluating Reolysin@®) in combination with B-RAF

and PD-1 inhibitors before resuming the second stage of the trial [564].

2.2.4.5 Vaccinia virus

As previously mentioned, oncolytic VV preferentially infects and replicates in tumour cells
with a defective IFN pathway. Recombinant VV in which the VGF and TK genes have
been deleted acquire improved tumour selectivity. In humans, clinical results have shown
that oncolytic VV was only detected in tumour tissues but not normal tissue, demon-
strating its tumour selectivity [100, 316, 340]. In addition, recombinant VVs expressing
cytokines or other host immunomodulating genes such as human GM-CSF, anti-angiogenic
agents, and extracellular matrix genes have also shown enhanced tumour selectivity and
oncolytic effects. For example, Jennerex Biotherapeutics is developing a number of recom-
binant vaccinia strains including JX-594, JX-929 and JX-963; of these JX-594 is furthest
along the clinical pipeline. JX-594 (Wyeth strain) is a replication-competent TK gene inac-
tivated oncolytic VV expressing human GM-CSF and lacZ transgenes [571]. Early clinical
reports of JX-594 began in 1999, with seven melanoma patients receiving escalating doses
of the virus (up to 8 x 107 PFU) administered intratumourally [488]. No MTD was doc-
umented and regressions of small superficial tumours were reported. In order to confirm
and expand upon the early preliminary findings from this trial, Hwang et al. performed
a low-dose mechanism-of-action-driven clinical trial of JX-594 in patients with metastatic
melanoma injected weekly for up to nine total doses (10® PFU per dose) [340]. JX-594
was detected in non-injected tumour sites, indicating successful infection at the primary

site, spread of JX-594 to distant sites of disease and subsequent productive infection at the
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non-injected site.

To further enhance the anti-tumour efficacy of VVs, oncolytic VVs have been genetically
engineered to express a variety of transgenes encoding antibodies, cytokines, chemokines,
prodrug-converting enzymes, and anti-angiogenic agents. One such oncolytic VV, vvDD-
CDSR, is currently under investigation in a phase I clinical trial for a range of solid tu-
mours including melanoma (NCT00574977). vvDD-CDSR is a highly tumour-selective
vaccinia virus with an engineered double deletion of the TK and VGF genes; and incor-
poration of both CD and somatostatin receptor (SR) genes. Cytosine deaminase converts
administered prodrug 5-FC to the antimetabolite 5-FU in cells infected with this virus,
leading to effective tumour cytotoxicity, while SR allows anatomical localisation of the
virus through the use of 'In-pentetreotide [131, 491]. Finally, another oncolytic VV,
GL-ONC1 (GLV-1h68) was constructed by inserting three expression cassettes (encoding
Renilla luciferase—Aequorea green fluorescent protein fusion [GFP]|, 5-galactosidase, and /-
glucuronidase) into the F14.5L, J2R (encoding TK) and A56R (encoding haemagglutinin)
loci of the viral genome, respectively [825|. Currently, a phase I trial of intratumoural

GL-ONC1 in patients with solid tumours including melanoma is ongoing (NCT00794131).
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2.2.5 Barriers to oncolytic virus monotherapy

A major assumption in the field of oncolytic virotherapy of tumours is that a small initial
dose of a replication-competent OV will amplify through successive rounds of viral replic-
ation, resulting in the eventual eradication of the entire tumour mass. This phenomenon
can be observed in preclinical studies, but OVs as a standalone therapeutic intervention
have not been successful in most clinical trials. Tumours can develop multiple barriers
to various anticancer therapies, including oncolytic virotherapy. Several mechanisms have
been identified, that may help explain the poor therapeutic efficacy of some OVs in current

clinical studies.

2.2.5.1 Immunological barriers

The most significant limitation to oncolytic virotherapy is the activation of the innate
immune response to the OV which can occur rapidly after viral infection. Innate immunity
provides an initial line of defence that limits the initial viral infection, replication, and
spread; signals for the maturation of APCs; and primes the cellular components of the
adaptive immune system [285]. Numerous models have shown that the innate immune
response (comprising of neutrophils, NK cells, macrophages, and DC cells), when recruited
to the site of infection limits viral propagation, with the initial viral titre dramatically
reduced over the following days [343, 344, 680]. NK cell mediated lysis of HSV virus
infected cells has been shown to prevent viral dissemination to neighbouring cells [49].
Apart from NK cells, macrophages play a critical role in OV clearance by secreting 11.-12
to activate NK cells. Recruitment of infiltrating macrophages has been shown to coincide

with clearance of over 80% of HSV-derived oncolytic particles [244].

Additionally, viral proteins such as viral capsid particles, early viral protein scaffold-
ing, and transcription factors are processed into viral antigens and are expressed on the
surface of the infected cell to attract cytotoxic T lymphocytes (CTLs) [285]. Upon re-
cognition, CTLs will respond to these ‘flagged’ cells by destroying them, eliminating cell
populations that are attempting to produce therapeutic OVs. Moreover, recognition of
these viral antigens by specific immunoglobulin surface receptors on B lymphocytes can
lead to the production of antiviral antibodies, that persists in the circulation, effectively

preventing sustained infection and limiting the effectiveness of further viral administration
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Figure 2.11: Barriers to optimal delivery of OVs to tumours. When an OV is
given systemically to a patient (for example, by i.v. injection), there are many barriers
that prevent it from reaching the tumour and infecting cancer cells. Within minutes, most
of the initial virus inoculum is absorbed by the liver. Virus that escapes this organ can
enter the circulation, where it can be quickly neutralised through absorption by blood cells,
through the complement cascade or by neutralising antibodies, particularly in instances
of pre-existing immunity. For a virion to access the tumour, it must leave the circulation,
traversing or leaking through the vascular endothelium against a gradient of interstitial
fluid pressure. Additionally, resident or infiltrating leukocytes limit cell-cell spread of
the virus, either directly through antiviral activity or indirectly by the release of soluble
inflammatory mediators, including IFNs and other cytokines. Source: Parato, K. A. et
al. (2005). Recent progress in the battle between oncolytic viruses and tumours. Nature
Reviews Cancer, 5(12):965-976 [572].
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[170]. Furthermore, the complement system, composed of soluble factors and cell surface
receptors, blocks viral infection by acting on both the innate and adaptive immune re-
sponses. These mechanisms include, enhancing humoural immunity regulating antibody

effector mechanisms, and modulating T-cell function [706].

2.2.5.2 Challenges of intravenous delivery

Direct injection of OVs into a primary tumour is still the most effective delivery method,
and has produced the most successful anti-tumour effects in animal models. However, many
metastatic lesions in humans (common in patients suffering from advanced melanoma) are
inaccessible by direct injection and systemic delivery is needed. Systemic delivery remains a
significant hurdle for oncolytic virotherapy. The presence of preexisting immunity, whether
from previous immunisation, environmental exposure, and/or prior oncolytic virotherapy,
is a key barrier [218]. For example, VV, PV, and MV, were candidates in worldwide immun-
isation programs, thereby contributing to the high level of preexisting immunity to these
OVs in the general population [218, 572]. Reovirus is universally present within the envir-
onment and as a result, most people have immunity to it. Several studies have provided
evidence that the presence of preexisting neutralising antibodies significantly impairs the
effectiveness of i.v. administered virus, thus limiting the ability to give subsequent doses

138, 737).

Blood cells, the complement system, nonspecific uptake by major organs, and the blood
brain barrier are some of the factors that pose an impediment to the effective delivery of
OVs via the i.v. route [218]. Preclinical evaluation showed that the activated complement
cascade was directly responsible for limiting the initial HSV infection of glioma xenografts
established in the brains of rodents [763, 764]. Furthermore, it is well established that
many viruses are either filtered or taken up by the lung, liver, or spleen thus reducing
systemic availability [218]. Alemany et al. found that the rapid clearance (up to 90%) of
the Adb virus from the bloodstream was due to the uptake by Kupffer cells in the liver
[10]. It has also been shown in numerous glioma studies that OVs are unable to disseminate
efficiently into regions of the brain due to the presence of the blood brain barrier resulting
in rapid viral clearance by circulating neutralising antibodies [601, 610]. Gromeier et al.
provides substantial evidence demonstrating successful clearance of subcutaneous xenograft
tumours after a single injection of poliovirus, but this did not lead to the clearance of brain

metastasis [282].
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2.2.5.3 Challenges of the tumour microenvironment

The microenvironment of a solid tumour has several unique characteristics that distin-
guishes it from normal tissue. The interior of a solid tumour displays high cellular het-
erogeneity, comprising of both malignant and normal (stromal) cells, various tumour-
associated connective tissues, and numerous infiltrating leukocytes [183]. These cells form
a complex extracellular matrix (ECM) which modulates tumour growth, progression, vas-
cularisation, and metastasis [386]. While ECM proteins provide structural support to the
tumour, it indirectly presents a barrier for efficient dissemination of OVs. For example,
Bilbao et al. showed that adenovirus entry into HCC in the livers of immunocompetent
mice following i.v. injection was directly related to the thickness of the ECM capsule en-
veloping the nodules [77]|. Further work by McKee et al. suggested that passively diffusing
OVs may physically not fit through the strands of the ECM. McKee et al. found that due
to the size of the OV HSV (which has a diameter of > 100 nm), viral penetration was
limited by the fibrillar collagen in the ECM [498]. Melanoma cells in inaccessible regions
continued to grow, remaining out of the range of viral infection, and tumour eradication

was not achieved [498].

In addition, several studies have demonstrated that the aberrant growth within the
tumour microenvironment leads to increased interstitial pressure outwards, preventing dif-
fusion of therapeutics into the tumour [542, 707, 714]. Degradation of the ECM components
using MMPs reduces interstitial pressure, leading to enhanced distribution and efficacy of
oncolytic HSV [329, 522]. In another study, Grote et al. found that oncolytic MV was less
efficacious in infecting larger tumours (> 0.4 cm?), suggesting that viral dissemination and
efficacy was inversely proportional to tumour size [284|. Moreover, recent work has high-
lighted the role of tight junctions between tumour cells in barricading tumours from the
penetration of therapeutic agents [74]. Strauss et al. found that adenoviruses that utilised
Coxsackie and adenovirus receptor (CAR) or CD46 as the viral attachment receptors could
not infect and lyse ovarian cancer cells of the epithelial phenotype [710]. These receptors
were trapped in the tight junctions between cells and therefore not accessible to the virus.
In addition, poor vascular permeability, host immune cells, and necrotic areas within an

infected tumour can also severely impede the dissemination of OVs [115, 170, 699, 795].
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2.3 Coxsackievirus A21

An emerging OV, CVA21 has shown promise as an anticancer agent in a range of tumour
indications. The viral entry receptor of [CAM-1 and DAF are up-regulated on some melan-
oma cancers when compared to normal tissue. As such, CVA21 has been examined for its
capacity to lyse human melanoma cancer cells, and to induce regression of human melan-
oma xenografts in animal models. The genome and life cycle of CVA21 (a Picornavirus)

will be discussed below .

2.3.1 Taxonomy of Coxsackieviruses

Coxsackievirus belongs to the icosahedral shaped family of viruses known as the Picor-
naviridee. Picornaviruses are a family of icosahedral non-enveloped viruses, so named
because they are small (typically 28 - 30 nm), ‘pico’, and contain a single-stranded pos-
itive sense RNA genome. According to the latest taxonomy report released by the In-
ternational Committee on Taxonomy of Viruses (ICTV), the Picornaviridae family is
currently divided into 26 genera: Aphthovirus, Aquamavirus, Avihepatovirus, Avisivirus,
Cardiovirus, Cosavirus, Dicipivirus, Enterovirus, Erbovirus, Gallivirus, Hepatovirus, Hun-
nivirus, Kobuvirus, Megrivirus, Mischivirus, Mosavirus, Oscivirus, Parechovirus, Pas-
wirus, Passerivirus, Rosavirus, Salivirus, Sapelovirus, Senecavirus, Teschovirus, and Tremovirus
[2, 3, 398|. Coxsackievirus belongs to the genus Enterovirus, a group of viruses that mostly
inhabit, but not limited to the enteric tract of humans. The enterovirus genera can be
further sub-categorised into the species of Enterovirus A, B, C, D, E, F, G, H, and J, and
Rhinovirus A, B and C (Figure 2.12).

A total of 29 Coxsackievirus serotypes have been discovered to date. Initially, Coxsack-
ieviruses were divided into group A (23 serotypes) and group B (6 serotypes) viruses, based
on the differences in the pathogenicity and histopathological lesions observed in suckling
mice [258|. Coxsackievirus A-group viruses produce a flaccid paralysis with acute inflam-
mation and necrosis in the fibres of skeletal muscle causing lesions in the limbs [18, 341],
while Coxsackievirus B-group viruses causes spastic paralysis, neurodegeneration, affecting
the heart, pancreas and liver of newborn mice [341]. Later, following the recommendations
from the ICTV based on sequence homology, Coxsackieviruses were reclassified into three
enterovirus (EV) clusters, EV-A, EV-B and EV-C [398, 755]. CVA21 belongs to the EV-C

cluster, together with poliovirus and several other enteroviruses [102].
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Figure 2.12: Classification of the Picornaviridae family. There are currently a
total of 26 genera within the Picornaviridae family each of which are further divided
into numerous species (denoted by the number in brackets). The location of CVA21
within the Picornaviridae family is shown coloured in green. { denotes unpublished
data (awaiting approval by the ICTV). Abbreviations: CVA, Coxsackievirus A; EV-C,
enterovirus C; PV, poliovirus. Source: Adapted from ICTV Picornaviridae, available at
http://www.picornastudygroup.com/.
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2.3.2 Virion structure

For all picornaviruses, the single strand of positive-sense RNA is encapsulated in a non-
enveloped, icosahedral capsid approximately 28 nm in diameter, with a protein coat made
up of 60 protein subunits or protomers [26, 326, 638]. Each protomer is composed of four
structural viral proteins (VP1 to VP4). The external surface of the icosahedral shell is
formed by VP1, VP2 and VP3, whilst VP4, is located on the internal side of the capsid
in close association with the strand of RNA (Figure 2.13A) [638]|. The structures of sev-
eral picornaviruses (including CVA21), have been determined to near atomic resolution,

enabling a more detailed characterisation of these viruses [227, 326, 636, 809|.

The tertiary structure of all picornaviruses show similar structural patterns in which
VP1, VP2 and VP3 have an eight-stranded antiparallel S-barrel type structure which forms
the matrix of the shell. Interestingly, Rossmann et al. noticed that the organisation of
these proteins VP1, VP2 and VP3, interact to form distinct protrusions on the capsid
surface [638]. The use of X-ray crystallographic analysis confirmed that the surface of
picornavirus virions are corrugated in topography, and includes a star-shaped plateau, or
mesa, at the 5-fold axis of symmetry, resulting in the formation of deep surface depressions,
otherwise known as ‘canyons’ (Figure 2.13B). The ‘canyons’ are where virus receptors are
known to bind with high affinity, although not all picornaviruses have these structures
[153, 583, 638, 808|. The interaction between the viral capsid of CVA21 and its binding

receptors will be discussed in greater detail in Section 2.3.5.3.

2.3.3 Picornavirus genome

Typical of the picornavirus family, these viruses contain a single molecule of positive stran-
ded RNA as their genome. The RNA is approximately 7,400 nucleotides in length. The
unique feature of a positive-sense RNA genome is that the RNA itself is infectious and
once inside a permissive cell, is sufficient to be directly translated into new viral proteins
[11, 104]. A small 22-amino acid viral-encoded protein, VPg (virion protein genome-
linked), is covalently linked to the 5’ terminus of the viral genome, while a poly(A) tail is
present at the 3’ end (Figure 2.14A) [233, 693]. Both termini display UTRs that contain
secondary structures necessary for correct genome function. The long 5 UTR makes up
approximately 10% of the genome and is involved in the initiation of translation, directing
ribosomes to a ‘clover-leaf’ secondary structure known as the IRES [356, 578]. The 3’

UTR is shorter, only 70 - 100 nucleotides in length and is used to initiate the synthesis
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of negative-stranded RNA [633]. Interestingly, deletion mutants lacking the 3> UTR have

been shown to be infectious in cell culture [730].

2.3.3.1 Genome organisation and processing

For RNA translation of the viral genome to occur, the viral protein VPg acts as a primer
for the virally-encoded, RNA-dependent, RNA polymerase [576] and the IRES is required
for RNA translation [356, 578]. As the picornavirus RNA does not carry any accessory
proteins with it except VPg, the first viral action after entry of the RNA into the host
cell is viral RNA translation [664]. Once inside a cell, the coding region is translated
as a single polyprotein which is cleaved into P1, P2 and P3 proteins by virally-encoded
proteases (Figure 2.14B) [327, 353, 645].

Further proteolysis cleaves P3 into 3AB and the 3CD protease. 3CD cleaves P1 into
the structural viral proteins VPO, VP1 and VP3, and P2 into 2A and 2BC. Viral proteins
undergo further cleavage whereby 2BC cleaves into 2B and 2C, 3AB cleaves to form 3A
and 3B, and 3CD cleaves to form 3C and 3D. Early on in the processing of the viral
genome, the viral proteinases 2A and 3C are responsible for shutting down cap-dependent
host translation, thereby shifting the host cell machinery from cellular to viral processes
[215, 417, 458|. The 3D protein is the RNA-dependent RNA polymerase and once released,
starts to synthesise negative-sense RNA which is later used as the template for making more
of the positive-sense RNA, concentrating viral RNA and proteins in the host cell [63]. The
3’ UTR is required for priming the synthesis of negative-sense RNA from the positive-sense

RNA strand [633].
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Figure 2.14: Schematic diagram of the enterovirus genome, outlining the
polyprotein products and their major functions. (A) Viral genomic RNA has the
viral protein VPg at its 5" end instead of a cap structure. The long UTR at the 5’ end
contains the IRES for translation. The shorter 3’ UTR is important in initiating RNA
synthesis. (B) The 11 mature polypeptides are shown, together with the three main cleav-
age intermediates. The P1 region encodes the structural polypeptides while the P2 and P3
regions encode the nonstructural proteins associated with replication. The main biological
functions are included for each polypeptide. Source: Lin, J.-Y. et al. (2009). Viral and
host proteins involved in picornavirus life cycle. Journal of biomedical science, 16:103.
[443).

2.3.3.2 Viral assembly

Through extensive structural and biochemical studies, the process of picornavirus capsid
assembly has been well established [65, 253, 636]. Assembly begins in the cytoplasm where
translation of the viral structural polyprotein P1 and subsequent cleavage products allows
the formation of 5S protomers consisting of VP0, VP1, and VP3 (Figure 2.15). Five pro-
tomers then join together to form a 14S pentameric assembly subunit, twelve of which
self-assemble into a naturally occurring empty 80S procapsid [584, 776]. Two distinct as-
sembly pathways have been proposed. In one pathway, twelve pentamers associate around
a viral genome, directly forming a provirion (Figure 2.157). In the second pathway, the
procapsid is a true intermediate, into which the genome would be packaged by some yet
unknown mechanism to form a 160S provirion (Figure 2.15iz). Regardless of the pathway
used, procapsids are found in all infected cells, and contain 60 copies each of the structural

proteins VPO, VP1, and VP3 [55, 164, 451]. After the provirion is formed, interactions
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between the structural proteins and the RNA genome cause autocatalytic cleavage of VPO
into VP2 and VP4 [26, 55, 164]. The resultant mature 160S virions are released from

infected cells and continue the viral life cycle.

As mentioned above, the encapsidation mechanism of the picornavirus genome is un-
clear. It is not known whether the RNA genome interacts directly with the structural
proteins to form genome-filled capsids [554, 567, 585|, or whether they are packaged after
the production of empty capsids [256, 604]. Several groups have suggested that the spe-
cificity for packaging viral RNA into the capsid is driven by the viral proteins of the RNA
replication complex and that the viral RNA itself does not play any role in packaging or
assembly [457, 553|. This argument comes from experiments where successful and effi-
cient encapsidation of chimeric genomes was observed when the poliovirus 5 UTR regions
were replaced with regions from other picornaviruses such as CVB3 [369] and HRV2 [279].
In contrast, there have been a few studies which gave indirect evidence that there could
be regions on the viral RNA genome called packaging signals which make contact with
capsid proteins and ensure that the viral genome gets packaged and not cellular RNA

[50, 360, 363].
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Figure 2.15: Main assembly pathway of picornavirus virions. Processing of P1
capsid proteins and assembly of virion particles first requires the cleavage of the P1 capsid
precursor by 3CDP™. This leads to the formation of VPO, VP1 and VP3, which assembles
to form the 5S protomer. These protomers forms a 14S pentamer. Twelve 14S pentamers
then either assemble around an RNA molecule, or form an 80S procapsid structure into
which an RNA molecule is threaded. In either case, the assembly process results in the
formation of a short-lived 150S provirion. The mature virion is formed when VPO is
further cleaved into VP4 and VP2 autolytically. Source: Adapted from Cifuente, J. O. et
al. (2013). Structures of the procapsid and mature virion of enterovirus 71 strain 1095.
Journal of Virology, 87(13):7637-7645 [148|.

2.3.4 Replication cycle of the Picornaviruses

The general life cycle of picornaviruses occurs entirely within the cytoplasm and is sum-
marised in Figure 2.16 [178, 787|. In order to initiate an infectious cycle, the virus must
first attach to its cognate cell surface receptor on a susceptible cell. Following binding to
its receptor, the virus undergoes uncoating, and the viral genome is released into the cyto-
plasm. All picornavirus genomes are positive-sense RNA molecules that encode a single,
long open reading frame (ORF) flanked by UTRs at both the 5" and the 3’ end of the
genome [787|. The positive sense RNA genome is in itself infectious, since it can function

as mRNA, thereby coding for the production of viral proteins [607, 624]. The viral proteins
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need to be synthesised first to obtain the RNA-dependent RNA polymerase that the cel-
lular machinery lacks. The first 100 nucleotides of the virus 5-UTR contains a ‘cloverleaf’
structure that binds viral polypeptide 3C, as well as host protein poly(rC)-binding protein
[15]. Formation of this nucleoprotein complex is an absolute requirement for viral RNA

replication.

Translation is initiated and is solely driven from the IRES also present in the 5° UTR
[356, 578]. The 5 ends of most cellular mRNAs have a 7-methyl guanosine (m’G) cap
structure, which is recognised by the eukaryotic protein synthesis initiation factor 4F (eIF-
4F) cap-binding complex as an early event in the translation of cellular proteins. However,
this cap is absent from the 5’ end of picornavirus RNAs, and therefore cannot undergo cap-
dependent translation. The viral genome is translated by a cap-independent mechanism
and reliant upon the IRES for initiation of translation. Each member of the family Picor-
naviridae family expresses its viral gene products through the IRES-directed translation
of a single ORF that encodes an approximately 200-kDa polyprotein [712]. The complete
viral protein coding region is translated as a single polyprotein, which is co-translationally
cleaved, by virus-encoded proteases, into three precursor proteins P1, P2 and P3 [405, 793].
The overall arrangement of viral proteins in the polyprotein is highly conserved between
members of the same genera, with structural (P1 or capsid) proteins found in the amino-
terminal portion of the polypeptide, followed by the non-structural (P2 and P3) proteins
[787].

Genome replication takes place in a viral replication complex and depends on the
RNA-dependent RNA polymerase (RARP), 3DP?, which is the most highly conserved
polypeptide among members of the family Picornaviridae [787]. Similar to other RARP,
3DP° is error prone and misincorporates ~1 - 2 nucleotides per genome-copying event [772].
As a result, picornaviruses undergo rapid mutation and evolution in the host. The positive
sense RNA genome is copied by 3DP? to produce a negative strand RNA intermediate. This
is then copied to synthesise new strands of positive sense RNA. Newly synthesised positive
sense RNA undergoes morphogenesis with the newly synthesised structural proteins to
form a provirion. Following the cleavage of VPO into VP2 and VP4, an infectious virion is

formed, and the progeny virus is released from the cell, often via cell lysis.
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Figure 2.16: Replication cycle of the picornavirus. Step (1) Binding to cognate
receptor allowing entry into the cell. (2) The virus undergoes uncoating and the viral
genome is released. (3) The VPg protein (small purple circle at 5" end of RNA genome) is
removed and the viral RNA associates with ribosomes. (4) Translation is initiated and a
polyprotein precursor is synthesised. (5) The polyprotein is cleaved to yield the individual
virus proteins. (6) P2 and P3 are involved in polyprotein cleavage and viral RNA synthesis
respectively. (7) Proteins involved with RNA synthesis together with the (+) RNA are
transported into specific membrane vesicles. (8) The (+) RNA is copied into (-) strands
carrying VPg at their 3’ ends. (9) These (-) strands serve as templates for the synthesis of
(+) strand genomic RNAs. (10) Some of the newly synthesised (+) strand RNA molecules
re-enter the translational system after the removal of Vpg. (11) Structural proteins formed
by partial cleavage of the P1 precursor. (12) These proteins associate with (+) strand
RNA molecules that retain VPg to form progeny virions. (13) Newly synthesised virions
are released from the cell by lysis. Source: Adapted from Whitton, J. L., Cornell, C.
T., and Feuer, R. (2005). Host and virus determinants of picornavirus pathogenesis and
tropism. Nature Reviews Microbiology, 3(10):765-776. [787].
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2.3.5 Viral receptors

CVA21 has been shown to utilise ICAM-1 and DAF as it cellular receptors [669, 673|. The
protein ICAM-1 functions as an internalisation receptor for the prototype strain (Kuykend-
all), where as DAF functions as an attachment or co-receptor receptor [673, 674]. The N-
terminal domain of ICAM-1 (D1) was found to bind centrally in the canyon on the capsid
of CVA21 [637] On the other hand, CVA21 interacts with the short consensus repeat 1
(SCR1) on DAF [673]|. The molecule ICAM-1 is able to induce relatively rapid conforma-
tional changes in CVA21 virion structure allowing cell entry, whereas DAF receptor appears

to maintain sequestered CVA21 in a conformationally unaltered state [669].

The virus CVA21 can bind to DAF and retain infectivity [544|, however, CVA21 can
infect a cell using DAF alone only if DAF is cross-linked with a monoclonal antibody
against SCR3. The resultant replication is much slower than when ICAM-1 is utilised to
enter the cell, suggesting that a different route of entry may be employed. In 2004, our
group produced a bioselected variant of CVA21 (CVA21-DAFv) that is capable of lytically

infecting cells by utilising DAF alone as an internalisation receptor [364].

2.3.5.1 Intercellular adhesion molecule (ICAM-1)

Intercellular adhesion molecule-1 (ICAM-1; also known as CD54) is an immunoglobulin-like
cell adhesion molecule expressed by several cell types, including leukocytes and endothelial
cells. It can be induced in a cell-specific manner by several cytokines, for example, TNF-q,
IL-1, and IFN-v, and inhibited by glucocorticoids [202, 594]. Its ligands are the membrane-
bound integrin receptors lymphocyte function-associated antigen-1 (LFA-1) [478, 483] and
macrophage antigen-1 (Mac-1) on leukocytes [687], sialophorin (CD43) [635], the matrix
factor hyaluronan [493] and Plasmodium falciparum infected erythrocytes (PFIE) [556].
It also serves as a receptor for multiple enteroviruses, including the major group human

rhinoviruses [702]| and the human enteroviruses; CVA13, CVA15, CVA18 and CVA21 [543|.

2.3.5.1.1 Structure of ICAM-1

The protein ICAM-1 is a transmembrane glycoprotein belonging to the immunoglobulin
superfamily [701, 752|. It contains five Ig-like domains (numbered sequentially from the
amino end), comprising of 453 amino acids expressed on the extracellular portion of the
protein, a hydrophobic transmembrane domain of 24 amino acids, and a charged short

cytoplasmic tail of 28 amino acids (Figure 2.17 A) [64, 701, 752]. The endodomain of
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ICAM-1 interacts with the cytoskeletal protein, « actinin, determining cell surface distri-
bution [117]. Notably, ICAM-1 is differentially glycosylated depending on the cell type

and environment, giving rise to a molecular weight between 55 - 114 kDa [202, 641, 701].

Each Ig-like constant domain consists of seven [S-strands (A - G), forming two (-
sheets arranged in a f-sandwich (Figure 2.17A) [119, 261]. Strands 8B and SF are stabil-
ised by disulphide bridges [789]. Crystal structures for the N-terminal of domains 1 and 2
of ICAM-1 suggests that it exists as a dimer on the cell surface [119]. The human ICAM-1
gene consists of seven exons separated by six introns mapped to chromosome 19, with each

Ig-like domain encoded by an individual exon [276, 762].
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Figure 2.17: Two representations of the structure of ICAM-1. (A) ICAM-1
is made up of a series of five immunoglobulin superfamily domains (D1 - D5), with the
carboxyl-terminal sequence anchored in the cellular membrane. Binding sites for HRV,
LFA-1, Mac-1, PFIE are highlighted in grey boxes. Disulphide bonds formed between
cysteine residues stabilise the immunoglobulin fold. (B) The crystal structure of the N-
terminal two domains of ICAM-1. Ribbon diagram with S-strands (8A - fG) in red, a-helix
in blue, N-linked sugars in yellow and disulphide bonds in green. Abbreviations: HRV,
human rhinovirus; LFA-1, lymphocyte function-associated antigen-1; MAC-1, macrophage
antigen-1; PFIE, Plasmodium falciparum infected erythrocytes. Source: Adapted from :
Casasnovas, J. M. et al. (1998). A dimeric crystal structure for the N-terminal two domains
of intercellular adhesion molecule-1. Proceedings of the National Academy of Sciences of
the United States of America, 95(8):4134-4139. [119].

2.3.5.1.2 Function and regulation

The molecule ICAM-1 plays a fundamental role in many immune-related processes. In situ,
it is constitutively expressed at basal levels on the surface of numerous tissues and cell types,
including monocytes, lymphocytes, fibroblasts, and endothelial cells surrounding blood
vessels [125, 196, 202, 594, 641]. Its physiological role relates to cell-cell adhesion in immune
response biology, and assisting in the migration of leukocytes to sites of inflammation

[642]. ICAM-1 is also involved in T-cell activation through interactions with the integrin
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molecules LFA-1 and Mac-1 as co-stimulatory ligands [355]. ICAM-1 is also associated
with a range of different diseases. For example, ICAM-1 expressed on mucosal epithelial
cells function as the receptor for major group rhinoviruses and thus plays a critical role in
the pathogenesis of the common-cold [276, 702, 700]. ICAM-1 has also been shown to serve
as an antigen by which Plasmodium falciparum infected erythrocytes attach to endothelial
cells and thus escape removal from the blood stream by the reticuloendothelial system
[69]. Additionally, ICAM-1 expression has been associated with cancer development, in
particular, it has been positively correlated with the metastatic potential of malignant

melanoma [366].

The level of expression of ICAM-1 may be significantly and rapidly modulated by
numerous diverse signals, including specific cytokines (IFN-v, IL-1 and TNF-«), bacterial
products (lipopolysaccharide [LPS]), and physical agents such as UVR [202, 419, 552, 594,
800]. Studies have shown that the transcription of the ICAM-1 gene is regulated by the
NF-xB signalling pathway [632]. Interestingly, the initial reaction of host defences to
viruses, which leads to the production of mediators of inflammatory responses, may induce
the appearance of more ICAM-1 in nearby cells and thereby enhance subsequent spread of

ICAM-1 binding viruses [570, 786].

2.3.5.2 Decay accelerating factor (DAF)

Decay accelerating factor (DAF; also known as CD55), is a complement regulatory protein.
DAF, which is expressed on virtually all cell surfaces exposed to serum, acts to protect
cells from complement-mediated lysis. DAF binds to and degrades C3/C5 convertases,
the central amplification enzymes of the complement cascade [465, 422]. DAF also serves
as a primary or accessory receptor molecule for numerous picornaviruses including CVBI,

CVB3, CVB5, multiple echoviruses, enterovirus 70 and CVA21 (381, 671, 673|.

2.3.5.2.1 Structure of DAF

Most cell surface proteins are anchored in the cell membrane by a hydrophobic trans-
membrane peptide domain. The protein DAF however, lacks this classic transmembrane
domain and has a glycosylphosphatidylinositol (GPI) anchor instead (Figure 2.18A). The
GPI-anchor can be cleaved by the enzyme phosphatidylinositol-specific phospholipase C
(PI-PLC), which releases DAF from the surface of the cell [171]. Beginning from the

N terminus, DAF is composed of four contiguous short consensus repeats (SCRs), a N-
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linked glycan located between SCR domains 1 and 2, a serine/threonine/proline-rich region
containing O-linked glycosylation sites, and the GPI-anchor proximal to the cell surface

(Figure 2.18A) [465, 549].

Similar to the structure of ICAM-1, each SCR is about 60 amino acids long and folded
into a -structure stabilised by disulphide bridges [467, 791]. Using X-ray crystallography,
the four SCRs form a relatively rigid, ‘bent rod’ structure with dimensions of 160 x 50 x
30 A (Figure 2.18B) [467]. An overlay of the eight independent crystal structures generated
by Lukacik et al. shows minimal variation in the structure of the four SCRs, suggesting
that rigidity may be one of the key characteristics of the DAF molecule (Figure 2.18C).
In particular, the inflexible domain junctions which give rise to the constant “bent rod”
organisation of the SCR2 and SCR3 domain further emphasise the importance of these

domains.
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Figure 2.18: Schematic structure of DAF. (A) A representation of the molecule
DAF which consists of four SCRs (SCRI1 - 4), a serine/threonine-rich region of extensive
O-glycosylation (yellow circles) and a GPI anchor attached to the cell membrane, which
provides maximum lateral mobility. Orange spheres are N-linked carbohydrate moieties.
(B) Crystallographic structure of the four SCR domains with the N-linked glycan between
SCR1 and SCR2 (C) Comparison between eight copies of DAF from three different crystal
forms. The molecules are coloured so that the two copies from crystal forms A and B
are red and green, respectively, and the four copies from crystal form C are blue. Source:
Adapted from: Lukacik, P. et al. (2004). Complement regulation at the molecular level:
the structure of decay-accelerating factor. Proceedings of the National Academy of Sciences
of the United States of America, 101(5):1279-1284.{467|.

2.3.5.2.2 Function and regulation

By binding to C3b or C4b complement fragments, DAF blocks the C3 and C5 convertases of
the classical and alternate pathways, inhibiting the downstream assembly of the membrane
attack complex (MAC), thus protecting cells from complement-mediated lysis [465]. The
molecule DAF prevents formation of cleavage fragments C3a and Cba further inhibiting
the amplification of the complement cascade on the surface of host cells. Purified soluble
DAF can inhibit complement activation both in vitro and in vivo [523|, however, the anti-
complement activity of purified DAF is substantially increased when it is reincorporated in
the cell membrane [501, 523]. This suggests that the membrane anchoring of DAF induces
favourable changes in its functional conformation. Ab mapping studies have revealed that

only Abs directed against DAF SCR3 completely abrogate the complement regulatory
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functions of DAF while deletion of SCR1 has no effect on DAF function [158]. More recent
studies showed that when bred onto the autoimmune disease—prone MRL /Ipr background,
Dafl~/~ (encodes the murine homologue of human DAF) mice developed exacerbated
lymphadenopathy and splenomegaly, raising the possibility that DAF may also function
as a negative regulator of adaptive immunity in vivo [517|. This was later confirmed by
Liu et al., where deficiency in the Dafl gene resulted in a significantly enhanced T-cell
response via a complement-dependent mechanism, implicating DAF in the regulation of

the interplay between complement and T cell immunity [453].

The DAF expression is almost ubiquitous throughout the human body, present on the
surface of cells in contact with serum. It is therefore present on all cells that are ex-
posed to complement including red blood cells, leukocytes, endothelial cells and epithelial
cells [548]. DAF has also been reported to be expressed in more specialised cells, includ-
ing human spermatozoa [129], oocytes [722], blastocysts [722], and axons/dendrites [822].
Despite being ubiquitously expressed in normal cells, upregulation of DAF has been repor-
ted in several carcinomas [411, 550]. Several groups have found large quantities of DAF
in the tumour stroma, suggesting that carcinomas may circumvent complement-mediated
tumouricidal activity by releasing soluble forms of DAF into the surrounding extracellular
matrix, constituting a novel tumour evasion mechanism [139, 440, 550]. These would form

more aggressive tumours as they would be resistant to complement attack.

The expression and regulation of DAF has been extensively studied in human umbilical
vein endothelial cells (HUVECs), a cell that has the highest level of surface DAF among
human cells that have been studied. Numerous studies have demonstrated upregulation of
DAF expression on HUVECsS in response to stimulation with phorbol esters [105], wheat
germ agglutinin [106], and histamine [742]. In addition, various groups have found that
the expression of DAF can be regulated by pro-inflammatory cytokines IL-153, IL-4, LPS,
and TNFq, all of which cause an increase in surface DAF expression on endothelial cells,
though there remains some discrepancy as to the significance of the upregulation [487,
531]. Mason et al. provides compelling evidence that pretreatment of endothelial cells
with cytokines followed by MAC generation, induced an increase of DAF expression in
excess of 3-fold, which was maximal at 24 h post-activation [487|. The major intracellular
signal transduction pathways involved in the activation of DAF gene expression at the

transcriptional level are similar to those involved in ICAM-1 expression, mainly the MAPK
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and NK-xB signalling cascades [6]. However, despite the fact that several of the same
pathways regulate both ICAM-1 and DAF expression, studies examining the co-expression

of ICAM-1 and DAF on normal and malignant cells have not been performed.

2.3.5.3 ICAM-1 and DAF interaction with CVA21

A crucial stage in the life cycle of a picornavirus is the attachment of the virus to cell
surface receptors. For many picornaviruses, these interactions rely on the highly conserved
architecture of the capsid and the use of a cellular receptor that is composed of an Ig-like
domain [637]. A distinct feature of the picornavirus capsid is the star-shaped mesa found
on each of the 5-fold symmetry axes. X-ray crystallography of the CVA21 capsid reveals
a prominent depression surrounding the 5-fold vertex, forming a narrow channel referred
to as the ‘canyon’ (Figure 2.19A) [808, 809]. At the base of the ‘canyon’, buried between
two [-sheets of the VP1 core, Xiao et al. successfully located a hydrophobic ‘pocket’
filled with a lipid moiety and various cofactors known as ‘pocket factors’ [808, 809]. The
presence of these molecules are crucial for stabilising the native conformation of virions
and an interaction between the viral receptor and the capsid ‘canyon’ instigates the release
of these factors, resulting in viral uncoating [226, 689, 771]. Several antiviral compounds
have been designed to remove these ‘pocket factors’, thus inhibiting the disassembly of

virions [238, 688].

Two cellular receptors have been identified for CVA21, ICAM-1 and DAF. ICAM-1
functions as the main internalisation receptor for CVA21, mediating viral cell entry. The
binding site of ICAM-1 within the capsid ‘canyon’ is illustrated below (Figure 2.19B) [808,
809]. Binding of CVA21 to the N-terminal domain of ICAM-1 dislodges the ‘pocket factor’
from the ‘canyon’, and induces conformational changes in the viral capsid architecture
that lead to the formation of A-particles and subsequent uncoating of the virion [672].
A-particles are conformationally altered sub-viral proteins that remain after the loss of
VP4, sedimenting at 135S (compared to 160S of a native virion) and are believed to be an
essential prerequisite for early picornaviral infection [163, 565, 679, 774]. This alteration
primes the particle for genome release and RNA translation commences upon entry into
the cytoplasm. Furthermore, in an animal study conducted by Dufresne and Gromeier,
transgenic mice expressing the human ICAM-1 receptor administered with intramuscular
(i.m.) injections of CVA21 developed classic paralytic poliomyelitis, indicative of successful

CVAZ21 infection [200].
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A

Figure 2.19: Surface cryo-EM reconstruction of CVA21 (Kuykendall) com-
plexed with its receptor ICAM-1. (A) The close-up view of the icosahedral asym-
metric unit (indicated by the triangular boundary) of CVA21 shows the topography of
the virus surface, including the 5-fold mesa, canyon and puff region. Surface has been
coloured from blue to red based on the radial distance to the centre of the virus (B)
Surface-rendered cryo-EM reconstruction of CVA21-ICAM-1 complex. View of CVA21
complexed with ICAM-1. CVA21 is shown in purple and ICAM-1 in green. One icosa-
hedral asymmetric unit is outlined in black. Source: Adapted from Xiao, C. et al. (2005).
The crystal structure of Coxsackievirus A21 and its interaction with ICAM-1. Structure,
13(7):1019-1033 [809].

The second component of the CVA21 cellular receptor complex is DAF. In particular,
CVA21 binds to the SCR1 of DAF [673]. DAF appears to play a passive role during
enteroviral infection, as expression of human DAF alone on murine cells is capable of
facilitating cellular binding but not infection by CVB1, CVB3, CVB5, and EV7 [671, 673|.
Similarly, binding of CVA21 to DAF alone is not sufficient to initiate a productive infection
or the formation of A-particles [673]. In addition, Newcombe et al. have showed that the
binding of CVA21 with DAF was reversible and that the virion remained infectious for up to
24 h [544|. Furthermore, cryo-EM renderings of the enterovirus echovirus 7 complexed with
DAF shows that the DAF molecule appears to binds across the icosahedral two fold axes
on the viral surface and not within the capsid altering viral “canyon” (Figure 2.20), which
possibly explains why interactions with DAF do not appear to convert native virions to
A-particles [312, 593|. Thus, the likely physiological role of DAF during CVA21 infection
is to act as a concentration receptor that binds and clusters virus to the cell surface,
increasing the opportunity for cell entry via interactions with the main internalisation

receptor I[CAM-1.
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Figure 2.20: Surface cryo-EM reconstruction of Echovirus 7 (Wallace) com-
plexed with its receptor DAF. (A & B) Stereo view of ECHO7 complexed with DAF.
ECHOT7 is shown in white and DAF in red. One icosahedral assymmeteric unit it outlined
in black. (C) Top view of two icosahedral asymmetric units of the virus bound with DAF,
represented by four SCR domains in black. The positions of fivefold and threefold axes
are indicated by pentagons and triangles. Source: Adapted from He, Y. et al. Structure
of decay-accelerating factor bound to echovirus 7: a virus-receptor complex. Proceedings
of the National Academy of Sciences of the United States of America, 99(16):10325-10329
[312].

CVAZ21 is perhaps the only known virus that binds to both ICAM-1 and DAF receptors
[672, 673]. The capacity of some viruses to use two or more receptors in a complex suggests
that they may use the individual receptor components together in a manner that improves
the likelihood of successful infection. An experiment performed by Shafren et al. showed
that while human rhinovirus-14 (HRV-14) and CVA21 compete for the same epitope on
ICAM-1 (D1), monoclonal antibody blockade of this domain protected cells from the HRV-
14 infection, but not for CVA21 [674]. This finding raises the interesting possibility that
when viral entry mediated by ICAM-1 is impeded, CVA21 may employ an alternate route of
cell entry, possibly mediated via cross-linked-DAF [669]. In a separate experiment, Shafren
et al. showed that cross-linking of DAF with monoclonal antibodies directed against SCR2
and SCR3 induced a lytic infection in rhabdomyosarcoma (RD) cells, without the presence
of the ICAM-1 receptor [673]. Taken together, Shafren et al. provides evidence that
ICAM-1 can effectively cross-link DAF by a mechanism related to the artificial action of
cross-linking monoclonal antibodies, thereby allowing cell entry [674]. It is suggested that
this interaction is extracellular and is most likely to occur at an epitope located in or

proximal to DAF SCR3 [674].

Furthermore, molecular modelling provides additional evidence that there is a spatial

association between these two receptors. Analyses by crystallography [119, 813] and elec-
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tron microscopy [401, 702| demonstrates that ICAM-1 is bent, and that the bend occurs
between domain 3 and 4. As mentioned previously (Section 2.3.5.2.1), DAF has a bent
rod structure which exposes the functional domains SCR2 and SCR3. Although no struc-
tural modelling of the ICAM-1-DAF complex have been made, the bend at these domains
exposes domain 3 on both molecules, further highlighting the possibility of a close spatial
interaction between ICAM-1 and DAF at this location (Figure 2.21). In summary, the
importance of such a viral receptor complex is that not only does DAF represent an ad-
ditional site for viral adhesion to the cell surface, the primary entry receptor is in close

proximity, improving the chances of a successful infection.

N
D1 %
Ss
SCR1
S
SCR2 D2
SCR3 D3 j
SCR4 5
D4 \
S
D5 \

Figure 2.21: Interaction between ICAM-1 and DAF. Schematic representation of
the putative extracellular spatial relationship between surfaced-expressed DAF and ICAM-
1. The putative site of interaction is boxed in orange. SCR, short consensus repeat;
D1 - D5, extracellular domains of ICAM-1. Source: Adapted from Shafren, D. R. et
al. (2000). Cytoplasmic interactions between decay-accelerating factor and intercellular
adhesion molecule-1 are not required for coxsackievirus A21 cell infection. The Journal of
General Virology, 81(Pt 4):889-894 [674].
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2.3.6 Clinical manifestation

Accepted as one of the many causes of the common-cold, the pathogenesis of CVA21 infec-
tion has been investigated in a number of studies. The virus, first described by Lennette
et al. in 1958, was originally isolated from military personnel with febrile cold and was
termed the Coe virus [432, 496]. Three years later, Schmidt et al. showed that the virus
was immunologically identical to prototype CVA21 Kuykendall strain using cross neutral-
isation and metabolic-inhibition assays [659]. Subsequently, two studies were undertaken
in groups of military personnel in which CVA21 was isolated from pharyngeal samples of
those displaying signs of upper respiratory illness, whilst the incidence and duration of
illness was examined [85, 367]. The authors of both studies noted that the presence of

neutralising antibodies conferred protection against CVA21 infection and illness.

Since then, CVA21 has been administered to numerous volunteers to further study the
aspects of viral transmission, clinical manifestation, and the host immune response towards
the virus [107, 157, 475, 575, 696|. Despite many other Coxsackieviruses being associated
with serious diseases including paralysis, aseptic meningitis, hand-foot-and-mouth disease,
hepatits, herpangina, myocarditis, and pneumonia, CVA21 possesses relatively low patho-
genicity, limited to acute respiratory illnesses and diarrhoea (Table 2.6) [52, 640]. This is
clearly a highly desirable attribute for an OV.

2.3.7 CVAZ21 as an oncolytic agent

As mentioned earlier, CVA21 can use ICAM-1 and/or DAF for attachement and infection.
ICAM-1 and DAF are often abundant on the cell surface of many tumour lines, making
these cells more sensitive to CVA21 infection. The same molecules contribute to tumour
malignancy, since high expression of DAF protects tumour cells from cytotoxic complement
action [694], while ICAM-1 promotes tumour dissemination and its metastatic potential
[366, 634]|. The oncolytic activity of CVA21 was demonstrated in different types of tumours
both in vitro and in animal models. CVA21 was effective against melanoma [35, 670], lung
cancer [801, 802|, multiple myeloma [34], breast cancer [684, 685, prostate cancer [71],
and glioma (unpublished data). As discussed in Section 2.2.4.2, CVA21 is currently under

clinical evaluation under the trade name CAVATAK™.

In 2004, Shafren et al. established that the upregulation of ICAM-1 in melanoma could
be exploited for CVA21 virotherapy [670]. CVA21 infection produced extensive lytic cell
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Figure 2.13: Virion structure of picornaviruses. (A) Cross sectional image showing
the non-enveloped, 28 nm in diameter, icosahedral capsid surrounding the RNA genome.
The capsid consists of a densely-packed icosahedral arrangement of 60 protomers, each
consisting of 4 polypepetides, VP1, VP2, VP3 and VP4. VP4 is located on the internal
side of the capsid. (B) The 3- and 5-fold axes are shown. The canyon, where receptor
binding occurs (shaded in grey), surrounds the 5-fold axis. Source: Adapted from Arnold,
E. et. al. (1987). Implications of the picornavirus capsid structure for polyprotein pro-
cessing. Proceedings of the National Academy of Sciences of the United States of America,

84(1):21-25 [26].

Table 2.6: Common diseases caused by Coxsackieviruses.

Virus

Serotype

Disease

Coxsackievirus A
(A1 - A22, A24)

1-2,4-7,9,10, 14, 16, 22

10

18, 20, 21, 22, 24

2-6,8, 10, 22

24

4,5,6,9, 16

4,9

5, 10, 16

9, 10, 16, 21, 24
occasional types 4, 7, 9, 10

Aseptic meningitis

Lymphonodular pharyngitis
Infantile diarrhoea

Herpangina

Acute hemorrhagic conjunctivitis
Exanthem

Hepatitis

Hand-foot-mouth disease

Upper and lower respiratory illnesses

Paralysis and encephalitic diseases

Coxsackievirus B
(B1 - B6)

1-6

5

occasional types 1 - 5
1-5

1-5

1-5

1-6
4,5

Aseptic meningitis

Diarrhea, exanthem, hepatits
Paralysis and encephalitic diseases
Pericarditis, myocarditis
Pleurodynia

Severe systemic infection in infants,
meningoencephalitis and myocarditis
Undifferentiated febrile illnesses

Upper and lower respiratory illnesses

Source: Adapted from Baron, S., Yin-Murphy, M. & Almond, J. W. Picornaviruses. (Uni-
versity of Texas Medical Branch at Galveston, 1996) [52].
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destruction in all melanoma cultures tested, with the characteristic cytopathology asso-
ciated with enterovirus infection. Data from co-culture experiments showed that CVA21
infection induced lysis in malignant cells only, leaving normal cell unharmed. In addition,
efficient systemic spread of CVA21 was observed with regression of tumours also occurring
at sites distant to the primary site of viral administration. Subsequent in vivo studies
demonstrated the capacity of CVA21 to target and destroy mouse xenograft tumours via

intratumoural, intravenous, and intraperitoneal administration [35].

Similar to melanoma, examination of surface markers on metastatic breast cancer has
revealed over-expression of ICAM-1. A study conducted by Skelding et al. showed that
human breast cancer cell lines expressed significantly elevated levels of surface ICAM-1
and DAF compared to normal breast cell lines, and that all malignant cell lines were more
susceptible to lytic infection by CVA21 [684]. Treatment of pre-established T47D subcu-
taneous tumour xenografts with a single intravenous injection of CVA21 (5 x 107 TCIDs50)
resulted in significant regression compared to control mice. Furthermore, using biolumin-
escence to detect tumour metastases, all CVA21 treated mice were free of detectable lymph

node metastases.

CVAZ21 also displays oncolytic efficacy in multiple myeloma [34]. Au et al. showed
that ICAM-1 expression was upregulated in all multiple melanoma cell lines studied, and
CVAZ21 exhibited a potent cytopathic effect against these cells, with reduced cytotoxicity
against normal peripheral blood mononuclear cells. One major finding of this study was
the effectiveness of CVA21 at purging clinical bone marrow biopsies with minimal effects on
non-malignant cells, suggesting CVA21 could be used as a purging agent prior to autologous

stem cell transplantation [34].

More recently, CVA21 oncolytic activity has been demonstrated in lung cancer [801,
802|. Immunohistochemical staining showed high levels of ICAM-1 in numerous lung can-
cer biopsies and high ICAM-1 expressing NSCLC cell lines displayed significant levels of
cell death upon CVA21 infection [802]. Intratumoural injection of a single dose of CVA21
(1 x 10® TCID30) in subcutaneous xenografts of the NSCLC cell line H157 in immun-
odeficient animals led to rapid cancer cell destruction and reductions in tumour burden.
Furthermore, using an orthotopic model of NSCLC, Wong et al. presented evidence that
systemic administration of CVA21 (2 doses at 1 x 10% TCIDsq 21 days apart) led to com-
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plete tumour regression in four out of eight animals, and that this effect could be enhanced

with the use of docetaxel (6/8 animals), a second-line treatment for NSCLC [802].

2.4 Study aims and hypothesis

Once melanoma has metastasised, no treatment currently available reliably controls the
course of disease. At this stage of disease, malignant melanoma is highly refractory to
conventional treatment modalities and is fatal, due to resistance of melanoma cells to the
current conventional therapies. Therefore, novel therapeutics, such as oncolytic virotherapy
are worthy of investigation. Although many believe that OVs have the potential to be used
as frontline therapies, immediate clinical applications will require that they are at least
compatible with current chemotherapeutics. The rationale for this combinatorial strategy
is that the combination of various therapies may have a greater anticancer effect than either
of these therapies alone. Secondly, combination of OVs with traditional chemotherapeutics
may be synergistic, lowering the initial chemotherapy dose, thus decreasing any adverse
side effects while still achieving the same or a greater therapeutic index than single agent
therapies. Lastly, there should be little overlapping resistance between OVs and other
therapies as OVs are biological entities that naturally infect cells triggering alternate death
pathways to chemotherapy. As with other emerging therapeutics for cancer, the combined
regimen of CVA21 and current treatment modalities is expected to play a significant role in
future clinical applications. However it is currently unknown whetherthese agents augment
or interfere with the oncolytic activity of CVA21. Therefore, this PhD project investigates
the effects of CVA21 in combination with clinically relevant therapeutic agents for the

treatment of melanoma.

The aims of this project are:

1. To investigate the in wvitro combinatory effects of CVA21 and conventional chemo-

therapeutic agents (DTIC, P + C) against melanoma cell lines;

2. To determine the intracellular mechanism by which CVA21, conventional chemother-

apy, and both in combination mediate their anticancer effects;

3. To assess oncolytic virotherapy in conjunction with chemotherapy in vivo in both

immunodeficient and immunocompetent animal models of malignant melanoma;
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4. To establish a fully immunocompetent CVA21-susceptible mouse model of malignant

melanoma;

5. To determine whether oncolysates produced as a result of the lysis of melanoma
cells by CVA21 were able to induce anti-tumour immunity in an immunocompetent

setting;

6. To investigate the use of the immunostimulatory antibodies anti-PD-1 and anti-

CTLA-4 in combination with intratumoural CVA21 virotherapy.



Chapter 3

Materials & Methods

3.1 Cell lines

3.1.1 Melanoma cells lines

Four human melanoma cell lines, SK-Mel-28, Mel-RM, ME4405 and MV3, and the mur-
ine melanoma cell line B16 were used in this study. SK-Mel-28 was obtained from the
American Type Culture Collection (ATCC). Mel-RM was a gift by Dr. P. Hersey (Uni-
versity of Newcastle, New South Wales, Australia). ME4405 cells were established from
primary melanoma lesions provided by Dr. G. Parmiani (National Cancer Institute,
Milan, Italy). MV3 was kindly provided by Dr. R. Thorne (Cancer Research Unit, Uni-
versity of Newcastle, New South Wales, Australia). B16 murine melanoma cells were
originally obtained from Dr. A. Shurbier (Queensland Institute for Medical Research,
Brisbane, Queensland, Australia). All cell lines were maintained in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Thermo Scientific, Australia) containing 10% foetal calf
serum (FCS) (SAFC Biosciences™, Australia), 10 mM sterile 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES) (Thermo Scientific, Australia), 2mM L-glutamine (Thermo
Scientific, Australia), sodium pyruvate (Invitrogen, Australia) and 100 IU/mL penicillin-
streptomycin (Invitrogen, Australia) at 37°C with a 5% COg humidified environment. Cell
lines were subculture every three to four days using trypsin and were routinely tested for
the absence of Mycoplasma using the MycoSensor™ QPCR Assay Kit (Stratagene, Mount

Waverly, Victoria, Australia).

3.1.2 Luciferase-expressing cells

Human melanoma cell line SK-Mel-28-luc was established using a lentivirus vector en-

coding the firefly luciferase gene (driven by a ubiquitin promoter) that was provided by

105
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Professor J. Shay (University of Texas Shouthwestern, Dallas, Texas, USA) [189]. The
SK-Mel-28 cells were transduced with the lentivirus-containing medium supplemented
with 10 mg/mL of Diethylaminoethyl-Dextran (DEAE-Dextran). After transduction, the
lentivirus-containing medium was replaced with fresh medium to allow the cells to recover
for 24 h. The cells (now termed SK-Mel-28-luc) were then subcultured, and examined for

luciferase activity as described in Section 3.6.1.2.

3.1.3 ICAM-1-transfected murine melanoma cells

The murine B16 melanoma cells were transfected with human ICAM-1 ¢cDNA using a pEF-
BOS expression vector [519] to confer sensitivity to CVA21 infection [672]. Briefly, a DNA
solution containing pEF-BOS encoding the human ICAM-1 ¢cDNA was combined with 10
nL of Lipofectamine (Invitrogen, Carlsbad, California, USA). After incubating at room
temperature for 45 min, this solution was then overlaid on a 50% confluent monolayer of
B16 cells grown in 6-well plate. Human ICAM-1 expressing transfected cells (now termed
B-16-ICAM-1) were selected in DMEM containing G-418 (400 pg/mL) and further enriched
by fluorescence activated cell sorting (FACS Vantage, Becton Dickinson, Sydney, Australia)
using the anti-ICAM-1 TH4 WEHI mAb.

3.2 Virus and drugs

3.2.1 Virus

The prototype strain of Coxsackievirus A21 (CVA21) Kuykendall strain was obtained from
Dr. M. Kennett (Entero-respiratory Laboratory, Fairfield Hospital, Melbourne, Victoria,
Australia). The virus was double-plaque purified and propagated in SK-Mel-28 cells. The
proprietary formulation of CVA21 suitable for clinical use (CAVATAK™) was used for in
vivo experiments and provided by Viralytics Ltd. (Newcastle, New South Wales, Aus-
tralia). CVA21 was purified from stock preparations by velocity centrifugation in 5-30%
sucrose gradients, as previously described [481, 671]. Peak infectious fractions were pooled,

dialysed against phosphate buffered saline (PBS), and stored as single use aliquots at -80°C.

3.2.2 Chemotherapies

Dacarbazine (DTIC), paclitaxel (P), and carboplatin (C) were obtained from the Depart-
ment of Clinical Toxicology & Pharmacology (Calvary Mater Newcastle, Newcastle, New

South Wales, Australia). Dacarbazine was reconstituted to a concentration of 10 mg/mL
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by adding 19.7 mL of sterile water for injections. Dacarbazine was activated by expos-
ure to light for 1 h before use. Paclitaxel and carboplatin were obtained in its soluble
form. The combination of paclitaxel and carboplatin was set at a constant molar ratio of

1 (paclitaxel) : 27 (carboplatin) pM.

3.2.3 Vaccine preparation

To generate oncolytic CVA21-induced lysis (oncolysate), B16-ICAM-1 tumour cells (1 x
107 cells) were infected with at a MOI of 100 TCIDjsg/cell and incubated at 37°C in a
5% COg environment for 72 h. These titres resulted in 100% cell death. After 72 h, cells
were subjected to three consecutive freeze-thaw cycles and the lysed cellular debris was
harvested by centrifugation at 425 x ¢ for 5 min. The supernatant was discarded and the
pellet was then resuspended with cold sterile PBS to a concentration of approximately ~1
x 106 CVA21-lysed tumour cells/mL. This final concentration was the CVA21 oncolysate
used for vaccination. In parallel, a non-viable cell lysate was produced as a control vaccine
for any tumour antigens that may be released following the mechanical processing of the
lysate, rather than resulting from a direct CVA21 lytic infection. The control vaccine was
made by mechanically lysing 1 x 107 B16-ICAM-1 tumour cells through three freeze-thaw
cycles. Cellular debris was centrifuged at 425 x ¢ for 5 min and the pellet resuspended

with cold sterile PBS to a concentration of approximately ~1 x 10° lysed tumour cells/mL.

3.3 Antibodies and flow cytometry

3.3.1 Antibodies

The anti-ICAM-1 (CD54) IH4 WEHI monoclonal antibody (mAb), which specifically binds
to the N-terminal domain 1 of ICAM-1 was supplied by Dr. A. Boyd (Queensland Institute
for Medical Research, Brisbane, Queensland, Australia) [95]. A commercially available
anti-ICAM-1 mAb conjugated with phycoerythrin (PE) (Abcam #ab18222) was purchased
from Abcam (Sapphire Bioscience Pty Ltd., New South Wales, Australia).

For immune checkpoint blockade studies, the following antibodies (BioXCell) were di-
luted in sterile PBS: mouse anti-PD-1 (clone RMP1-14) and mouse anti-CTLA-4 (clone
9D9). The following were used as isotype control antibodies: rat IgG2a (clone 2A3) and
mouse IgG2b (clone MPC-11).
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3.3.2 Flow cytometry

The surface expression of [CAM-1 in cell lines were analysed by flow cytometry. Phycoerythrin-
labeled anti-ICAM-1 mAb were specific for the N-terminal domain of ICAM-1 (Abcam
#ab18222). Sub-confluent monolayers of cells were dispersed by treatment with versene.
Dispersed cells (1 x 10%) were then pelleted by centrifugation at 425 x ¢ for 5 min at 4°C
and resuspended in 100 nL of the appropriate mAb solution. All cells were incubated on
ice for 30 min, washed with PBS, pelleted at 425 x ¢ for 5 min and resuspended in 100
nL of PBS before flow cytometry analysis using the BD FACSCanto™ II flow cytometer
(Becton Dickinson, Sydney, New South Wales, Australia). Data was analysed using Weasel
v2.1 software (WEHI Biotechnology Centre, Melbourne, Victoria, Australia). Results were

presented as histograms.

3.4 Cell viability and synergy assay

3.4.1 Viral infectivity assay (TCIDj, assay)

Confluent monolayers of SK-Mel-28, Mel-RM, ME4404 and MV3 cells (1 x 10% cells seeded
per well overnight) in 96-well tissue culture plates were inoculated with 10-fold serial dilu-
tions (100 pL/well in triplicate) of CVA21 and incubated at 37°C in a 5% COg environment
for 72 h. Each virus stock was diluted to approximately 1 x 10® TCID5o/mL prior to mak-
ing the 10-fold serial viral dilutions ranging from 1:10' to 1:10'! in DMEM containing 2%
FCS. Negative control wells comprising of untreated cells and positive control (100% lysis)
wells comprising of cells treated with 1x lysis buffer (Promega, Sydney, New South Wales,
Australia) were included in each plate. Wells were scored for cytopathic effects (CPE)
visually under an inverted microscope. Wells that had detectable CPE were scored pos-
itive and the 50% viral endpoint titre was calculated using the Spearman-Karber method

[197]. The formula was defined as,
LogioTCIDso/mL = 10 TL+d(s=05)

where L represents the log of the lowest dilution; d being the log difference between
the dilution steps (which is 1 for a 10-fold dilution); and s is the sum of the ratios of the
positive tests. In parallel, photomicrographs of CPE were taken of cultured monolayers at
8, 24, 48 and 72 h post-infection using an Olympus [X70 inverted microscope with a DP72

digital camera (Olympus) at 100x magnification. Cell viability was also assessed using an
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MTT viability assay as described in Section 3.4.4.

3.4.2 Chemosensitivity assay

The sensitivity of SK-Mel-28, Mel-RM, ME4404 and MV3 cells to dacarbazine (DTIC),
paclitaxel (P) and carboplatin (C) in combination were tested. Cells were plated in 96-well
plates at a density of 1 x 10% cells per well. After 24 h, they were treated with 2-fold serial
dilutions of DTIC and P 4 C. DTIC was diluted to a final concentration of 800 pg/mL (4.4
mM), P to 30 pg/mL (35 pM) and C to 0.35 mg/ml (0.95 mM), prior to making the 2-fold
serial dilutions ranging from 1:2' to 1:2' in DMEM containing 2% FCS. Negative control
wells comprising of untreated cells and positive control (100% lysis) wells comprising of
cells treated with 1x lysis buffer (Promega, Sydney, New South Wales, Australia) were
included in each plate. Plates were then incubated at 37°C in a 5% COs environment for
72 h before cell viability was assessed by an MTT assay (Section 3.4.4). Photomicrographs
of cell morphology were captured at 8, 24, 48 and 72 h post-infection using an Olympus

IX70 inverted microscope with a DP72 digital camera (Olympus) at 100x magnification.

3.4.3 In vitro synergy assay

Firstly, the concentrations inducing 50% viability decrease (ECsg) of all single drugs were
determined. Confluent monolayers of SK-Mel-28, Mel-RM, ME4404 and MV3 cells (1 x 104
cells seeded per well overnight) were exposed in quadruplicate to 2-fold serial dilutions of
each agent or both in combination using the ‘constant-ratio combination design’ [144, 145].
The drugs were combined in the same concentration ratio based on their corresponding
ECs5¢ values of the respective agent, and cells were exposed to seven dilutions ranging from
0.0625x ECsp to 4x ECsg (serial dilution factor = 2) of each drug in combination plus
a negative control (media only). Cells were incubated for 72 h at 37°C, 5% COq after
which cell monolayers were microscopically examined and cell viability was determined by
MTT assay. The effect of the combination of CVA21 and chemotherapy on cell viability
was assessed by calculating combination index (CI) values using the CompuSyn software
(Biosoft, Cambridge, UK). Derived from the median-effect principle of Chou and Talalay
[147], the CI was defined as,

Where (D); and (D)2 are the doses of drugs used in combination, whereas (D,); and

(D,)2 are the isoeffective doses. The CI provides a quantitative measure of the degree of
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interaction between two or more agents. A CI of 0.9 - 1.1 denotes an additive interaction,
> 1.1 antagonism and < 0.9 synergy (Table 3.1). The CI values for each dose and cor-
responding effect level, referred to as the fraction affected (Fa), ranging from 5% to 95%,
were generated. Fa is the fraction of cell death induced by drug treatment and ranges from
0 - 1, with 0 meaning no cell killing and 1 representing 100% of cell killing. These data
were then used to generate Fa-CI plots, which is an effect-orientated means of presenting
synergism or antagonism. Data was also analysed by the isobologram technique, which is
dose-oriented. The axes on an isobologram represent the doses of each drug, Two points
on the z and y axes are chosen that correspond to the doses of each drug necessary to
generate the given Fa value. The hypotenuse drawn between these two points corresponds
to the possible combination of doses that would be required to generate the same Fa value
indicating that the interaction between the two drugs is strictly additive. If the point lies
to the lower left of the hypotenuse, then the effect is synergistic, and conversely, if the the
point lies to the upper right of the hypotenuse, then the effect is antagonistic at that Fa

value.

Table 3.1: Description of the combination index (CI) method. CI values of
between 0.9 and 1.1 represents additivity, CI values less than 0.9 represent synergism,
while values above 1.1 indicate antagonism.

Combination index (CI) range Description
< 0.1 very strong synergism
0.1-0.3 strong synergism
0.3-0.7 synergism
0.7-0.85 moderate synergism
0.85 - 0.90 slight synergism
0.90 - 1.10 additive
1.10 - 1.20 slight antagonism
1.20 - 1.45 moderate antagonism
1.45 - 3.3 antagonism
3.3-10 strong antagonism
>10 very strong antagonism

3.4.4 Cell viability assay

A modified 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliumbromide (Methyl Thiazolyl
Tetrazolium /MTT) (Sigma-Aldrich Pty Ltd, Australia) cell viability assay was performed
to assess the viability of SK-Mel-28, Mel-RM, ME4404 and MV3 cells when treated with
CVAZ21 and chemotherapy, either as single agents or in combination. Briefly, 20 pL. of MTT
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(5 mg/mL) was added to all wells and incubated at 37°C in a 5% COg environment for 3 h.
Appropriate media only controls, and 100% lysis controls were included. After treatment,
the supernatant from all wells was carefully removed by aspiration with a syringe and the
MTT crystals redissolved by adding 50 pL of dimethyl sulphoxide (DMSO) to all wells.
Optical density (OD) of the soluble MTT was then measured using an enzyme-linked
immunosorbent assay plate reader (Flow Laboratories, McLean, Virginia, USA) at A =
550 nm, subtracting the A = 620 nm background. The percentage viability was calculated
by normalising the OD readings of the treatment wells against the media control and 100%
lysis control wells. The ECsy for CVA21 was defined as the virus dose (MOI expressed in
TCIDsp/cell) that resulted in 50% cell viability at 72 h post inoculation as compared to
untreated controls. Sensitivity of the cell lines to chemotherapeutic agents were expressed
as the respective drug concentrations that effectively inhibited cell growth by 50% (ECsg),
compared to untreated controls 72 h post treatment. Both ECsq values were calculated
using the graphing software GraphPad Prism v6.0 software (GraphPad Software, Inc.,

California, USA). Each drug or combination was tested at least in quadruplicate.

3.4.5 One-step viral growth curve assay

The ability of CVA21 to replicate within the panel of melanoma cells in the presence
of chemotherapy was evaluated by one-step viral growth curves. SK-Mel-28, Mel-RM,
ME4405 and MV3 cells were plated in 24-well plates at a density of 1 x 10° cells per well.
Cells were then infected with either CVA21 at an MOI of 10 TCID5g/cell alone or with
CVAZ21 in combination with DTIC and P + C at their respective ECsg values. The infected
cells were incubated for 1 h at 37°C in a 5% COg environment before being washed three
times with PBS to remove any unbound virus. An overlay of fresh media containing the
respective drugs was then added to the cell monolayers. CVA21 alone treated wells were
replenished with fresh media containing no drugs. Cells and media were harvested at 0, 8,
24, 48, and 72 h. Three freeze-thaw cycles were performed to release intracellular virus.
Cell lysates were pelleted by centrifugation at 425 x ¢ for 5 mins. Using the supernatant
only, a standard TCIDs5q infectivity assay was performed on SK-Mel-28 cells to evaluate
the levels of infectious CVA21 particles as previously described (Section 3.4.1). All samples
were performed in triplicate. The results were then analysed and graphed using GraphPad

Prism v6.0 software (GraphPad Software, Inc., California, USA).
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3.4.6 Fluorescence-activated cell scanning analysis of cell cycle distribu-

tion

Melanoma cells were plated at 1 x 10° cells per well of a 24-well plate overnight. CVA21
(MOI = 10 TCIDsg/cell), DTIC (1 mM), and P (1 pM) + C (27 nM) was added. After
24 h, floating cells were collected and combined with trypsinised, adherent cells. Cells
were centrifuged at 425 x g, washed in PBS and suspended in a small amount of PBS
supplemented with 0.1% glucose. Then, ice-cold 70% ethanol was added drop-wise, and
the cells were fixed at -20°C. After fixation (24 h later), residual ethanol was removed
by centrifugation and treated with PBS supplemented with RNAse (100 pg/mL) (Sigma-
Aldrich Pty Ltd, Australia) and propidium iodide (PI) (5 pg/mL) at room temperature
for 30 min. Finally, cells were analysed on a FACSCanto™ IT cytometer (Becton Dickinson,
Sydney, New South Wales, Australia), where PI was excited at 488 nm and fluorescence
analysed at 695 nm (PerCP-Cy5-5). Ten thousand events were collected per analysis. Cell
cycle analysis was evaluated by FlowJo vX.0.7 (TreeStar, Ashland, USA) and dead cells

were characterised by subdiploid DNA content as detected by flow cytometry.

3.4.7 Caspase 3/7 analysis by caspase-glo assay

The activities of caspase 3/7, were determined using a commercially available kit (Caspase-
Glo™3/7 Assay, Promega, Sydney, New South Wales, Australia) based on the ability of
caspases to cleave specific amino acid sequences present in a substrate for luciferase. SK-
Mel-28, Mel-RM, ME4405 and MV3 cells were plated at 1 x 10% cells per well in 96-
well plates and treated the next day with CVA21 (MOI = 10 TCIDgsg/cell) and P +
C (1x ECsp). Control cells were left untreated (media only). The Caspase-Glo™ 3/7
luminescence-based report assay lyophilised substrate (DEVD-aminoluciferin powder) was
resuspended in Caspase-Glo™ 3/7 lysis buffer and thawed to room temperature. At 24 and
48 h post-treatment, the Caspase-Glo™ 3/7 reagent was added in a 1:1 volume ration to
each well. Immediately following the addition of the reagent, the contents of the wells were
gently mixed with a plate shaker. After a 1 h incubation, the luminescence was measured

with a SpectraMax Mb5e plate reader (Molecular Devices, Camberwell, Victoria, Australia).
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3.5 Animals

3.5.1 Ethics statement and housing conditions

All animal procedures performed were approved by the University of Newcastle Animal
Care and Ethics Committee (ACEC) in compliance with the “Guide for the Care and Use
of Laboratory Animals, 8th Edition”, under protocol number A-2008-113, A-2008-120, and
A-2013-327. Animals were housed in groups of four within HEPA-filtered Techni-Plast
Cages (1145 IVC) connected to a Techni-Plast Slim Line air handling system. Cages
are held in a humidity- and temperature-regulated animal holding facility under specific-
pathogen-free (SPF) conditions with a 12/12 hr light /dark cycle. Animals have free access
to food and water ad libitum. Animals were allowed to acclimatise to their environment for
one week prior to the commencement of the experimental protocol. To limit suffering and
for ethical reasons, animals from all studies were humanely euthanised via carbon dioxide

3

(CO2) asphyxiation when the total tumour mean volume exceeded 2500 mm® or when the

tumour had ulcerated.

3.5.2 Tumour inoculation

In all experiments, the respective cells were harvested with trypsin, washed twice with
PBS and resuspended in sterile PBS. The viability of the prepared cells were assessed by
trypan blue staining using a TC-10 Automated Cell Counter (Biorad, Hercules, California,
USA) and only cell preparations with a viability greater than 95% were used for tumour
implantation. Cells were kept on ice to maintain viability. Prior to cell injection, mice
were anaesthetised via isoflurane inhalation (4 L/min; induction at 5% and maintenance
of general anaesthesia at 2%). At recovery, all animals received 100% oxygen until the gain
of righting reflex. In all studies, a group of four mice did not receive tumour cells in order

to serve as a no tumour control (NTC) group.

3.5.3 Animal monitoring and tumour measurement

Animals were weighed and examined for tumour development up to three times per week.
Two tumour diameters (A, B) were measured using digital callipers and tumour volumes

were calculated by using the formula of a spheroid:

V:éxHxAsz
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where A is the polar diameter and B is the equatorial diameter. Animals were judged
to have failed treatment if tumour volume exceeded 2500 mm? or had ulcerated resulting

in the loss of body fluid (humane survival end point).

3.6 In vivo investigations of CVA21 in combination with con-
ventional chemotherapeutic agents for the treatment of

melanoma

The primary research objective was to assess the efficacy of CVA21 in melanoma in vivo
when combined with chemotherapeutic agents DTIC and P + C doublet therapy. Two
murine models of melanoma were developed. The first model was performed using severe
combined immunodeficient (SCID) mice bearing SK-Mel-28-luc cell xenografts. The second

model was performed in immunocompetent C57BL /6 mice using B16- [CAM-1 cells.

3.6.1 Immunodeficient mouse melanoma model study design

3.6.1.1 Animals and treatment schedule

To establish subcutaneous tumours, 2 x 106 SK-Mel-28-luc cells in 100 pL of PBS were
injected into the flank of female BALB/c SCID mice (Animal Resource Centre, Perth,
Western Australia, Australia) aged between six to eight weeks (Section 3.5.2). When
subcutaneous tumours reached a volume of approximately ~300 mm?, intratumoural (i.t.)
injections of CVA21 (1 x 10® TCIDsg/injection) were followed by intraperitoneal (i.p.)
injections of DTIC (8 mg/kg), or P (15 mg/kg) in combination with C (50 mg/kg). Animals
receiving combination therapy were treated with their respective chemotherapeutics 30 min
after receiving CVA21 treatment. All injections were administered in a volume of 100 uL
per injection. Control animals received an equivalent volume of saline alone. Ten days
later, a second dose of chemotherapy was injected intraperitoneally in all mice, according
to their respective treatment group. Bloods from mice treated with CVA21 were collected
on a weekly basis by venipuncture of the saphenous vein and centrifuged at 10,621 x ¢ for
5 min at room temperature to collect the serum. Serum samples were stored at -80°C for

further analysis (Section 3.10). All animals were euthanised at day 77.

3.6.1.2 In wvitro bioluminescent imaging

Prior to melanoma cell transplantation into mice, cells transduced with the luciferase gene,

SK-Mel-28-1uc cells were examined for luciferase expression in vitro via bioluminescent ima-
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ging, using the IVIS™ Imaging System (Xenogen, California, USA). Cells were diluted in
a 2-fold serial dilution from 100,000 to 3,125 cells in PBS in a black 96-well tissue culture
plate. Twenty microlitres of 1x cell lysis buffer (Promega, Sydney, New South Wales,
Australia) was added to lyse cells, releasing their cellular contents. Fifty microlitres of
D-luciferin reagent (Xenogen, California, USA) was then added to each well, and biolu-
minescent intensity (BLI) was immediately examined using the IVIS™ Imaging System.
BLI data was then acquired and analysed using Living Image®) software v2.50 (Xenogen,
California, USA) to quantitate the luminescent output for each well. A standard curve
was constructed using the linear regression model from GraphPad Prism v6.0 software

(GraphPad Software, Inc., California, USA) to determine the BLI output per cell.

3.6.1.3 Bioluminescent imaging of tumours in vivo

Tumour development was also monitored weekly via bioluminescent imaging using the
IVIS™ Imaging System 100 (Xenogen, California, USA). A single intraperitoneal injection
of luciferase substrate, d-luciferin (250 mg/kg in a volume of 50 pL/mouse) (PerkinElmer
Inc., USA) was delivered approximately 5 min prior to in vivo bioluminescent imaging
to allow the development of bioluminescent signals. Animals were anaesthetised using
isoflurane at 5% induction via gaseous inhalation. Mice were maintained under anaes-
thesia (2 - 3% isoflurane) while images were taken in a dorsal position using the sequential
acquisition mode of the Living Image®) software v2.50 (Xenogen, California, USA). Ac-
quisition was standardised with a 60 s exposure, a 20 cm field of view (Stage position
C), and use of the high resolution setting (small binning). Bioluminescent measurements
were acquired and analysed using Living Image(®) software (Xenogen, California, USA).
Regions of interest (ROIs) were selected for each mouse and the average radiance of tu-
mours (photons/s/sr/cm?) were quantitated. Bioluminescent images were presented as

bioluminescence data overlaid on photographic images.

3.6.2 Immunocompetent mouse melanoma model study design

To establish subcutaneous tumours, 2 x 10° B16-ICAM-1 cells (described in Section 3.1.3)
in 100 pL of PBS were injected into the flank of female C57BL/6 mice (Animal Resource
Centre, Perth, Western Australia, Australia) aged between six to eight weeks. Animals
were housed in the same conditions described previously (Section 3.5.1). Two days prior
to tumour implantation, fur at the injection site was removed with a pair of electric clip-

pers. Treatment was initiated four days post tumour cell injection. Animals received i.t.
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injections of CVA21 (1 x 10® TCIDs0/injection), followed by i.p. injections of DTIC (8
mg/kg) or P (15 mg/kg) in combination with C (50 mg/kg). Animals receiving combina-
tion therapy were treated with their respective chemotherapeutics 30 min after receiving
CVA21 treatment. All injections were administered in a volume of 100 pL. per injection.
Control animals received an equivalent volume of saline alone. Mice treated with CVA21
alone or in combination with chemotherapy received three additional injections of CVA21
intraperitoneally on a three day cycle. Two weeks after initiation of the first treatment,
mice were treated with a second dose of chemotherapy. Monitoring of animals and tumour
development was previously described in Section 3.5.3. Blood samples were collected from
all mice on a weekly basis by venipuncture of the saphenous vein and centrifuged at 10,621
x g for 5 min at room temperature to collect the serum. Serum samples were stored at

-80°C for further analysis (Section 3.10). All animals were euthanised at day 28.

3.7 Optimisation of the immunocompetent B16-ICAM-1 mouse

melanoma model

3.7.1 Animals and treatment schedule

Female C57BL/6 mice (Animal Resource Centre, Perth, Western Australia, Australia) aged
between 6 to 8 weeks were housed in the same conditions described previously (Section
3.5.1). Two days prior to tumour implantation, fur at the injection site was removed with
a pair of electric clippers. To establish cutaneous tumours, 2 x 10° B16 and B16-ICAM-1
tumour cells in 50 nl. of PBS were injected subcutaneously or intradermally into the flank
of animals on day 0 (Section 3.5.2). Successful intradermal (i.d.) injection induced a bleb
at the site of inoculation. Animal monitoring was previously described in Section 3.5.3.

All animals were euthanised at day 30.

3.7.2 Histological evaluation of tumours using H&E staining method

Tumours harvested during necropsy were preserved in 10% neutral buffered formalin (Sigma-
Aldrich Pty Ltd, Australia) solution at 4°C. After fixation and embedding in paraffin, tissue
sections were cut to 5 pm thick sections. To visualise the growth and dissemination of tu-
mour cells in the lungs of mice, haematoxylin and eosin (H&E) staining was performed on
the sectioned slides. Briefly, the sections were deparaffinised and rehydrated by immers-
ing the slides in a series of histolene (Fronine Laboratory Supplies, Australia), absolute

ethanol (100%), 70% ethanol and water for 1-2 min each. Slides were then stained with
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Carazzi’s hematoxylin (Fronine Laboratory Supplies, Australia) before being differenti-
ated with a brief immersion into acid alcohol (97% ethanol with 3% hydrochloric acid)
(Fronine Laboratory Supplies, Australia). Nuclei were stained blue when slides were im-
mersed in Scott’s tap water substitute (Sigma-Aldrich Pty Ltd, Australia). To counterstain
the connective tissues pink, sectioned slides were then immersed in eosin (Sigma-Aldrich
Pty Ltd, Australia) before being dehydrated in a series of absolute ethanol (100%) and
histolene. Stained tissue sections were then mounted with resin-based Entellan® New
Mounting media (ProSciTech Pty Ltd., Australia) and cover-slipped before being left to
air-dry overnight. Photomicrographs of sections were taken at 20x magnification using
the ScanScope Spectrum™ slide scanner v11.2.0.780 (Aperio Technologies Inc., California,

USA).

3.7.3 Tumour cell isolation and primary culture

Immediately following resection, tumours were placed in 4°C normal saline and transported
to the laboratory. Using aseptic technique, excess fat and normal tissue were removed and
the tumours washed with sterile PBS. The trimmed tumours were placed in a petri dish
filled with 10 mL of trypsin. Using sharp dissection scissors, tumours were minced into 1
- 3 mm? chunks and homogenised. The tumour homogenates were then filtered through
a sterile 70 pm nylon cell strainer (BD Falcon, Australia), washed with PBS and centri-
fuged at 425 x ¢ for 5 min at 4°C. Cells were re-suspended using DMEM supplemented
with 10% FCS, 10 mM sterile HEPES (ThermoScientific, Australia), 2mM L-glutamine
(ThermoScientific, Australia), sodium pyruvate (Invitrogen, Australia) and 100 IU/mL
penicillin-streptomycin (Invitrogen, Australia). Cell counts and viability were determined
by trypan blue staining and the use of a TC-10 Automated Cell Counter (Biorad, Hercules,
California, USA).

3.8 Animal immunisation with oncolysates and tumour chal-

lenge

Preparation of oncolysates and the control vaccine were described in Section 3.2.3. Fe-
male C57BL/6 mice (Animal Resource Centre, Perth, Western Australia, Australia) aged
between six to eight weeks were immunised intraperitoneally with CVA21 alone (2 x 10®
TCIDsq/injection), control vaccine (72 x 10° lysed tumour cells/injection), control vaccine

+ CVA21, or CVA21 oncolysate (72 x 10° lysed tumour cells/injection). All injections
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were administered in a volume of 200 uL per injection. Control animals received an equi-
valent volume of saline alone. Animals were housed in the same conditions described
previously (Section 3.5.1). Fourteen days later, all animals were challenged with 2 x 105
B16 cells intradermally and development of flank tumour was recorded (Section 3.5.2).
Animals were monitored regularly as described in Section 3.5.3 and survival was defined

as the time to euthanasia. All animals were euthanised at day 31.

3.9 CVA21 in combination with immune checkpoint inhibit-

ors for the treatment of melanoma in vivo

The primary research objective was to evaluate combinatorial strategies of oncolytic CVA21
with PD-1 and CTLA-4 systemic blockade. The overall study design was focused on thera-
peutic efficacy in reducing primary tumour burden, prolonging survival, and protection

from a secondary tumour challenge, as described in the sections below.

3.9.1 CVAZ21 and PD-1 blockade in an immunocompetent murine model

of melanoma

Female C57BL/6 mice (Animal Resource Centre, Perth, Western Australia, Australia) aged
between four to six weeks were housed in the same conditions described previously (Section
3.5.1). Fur at the injection site was removed with a pair of electric clippers two days prior
to tumour implantation to allow sufficient recovery of any inflammation generated from the
shaving. To establish cutaneous tumours, 2 x 10° B16-ICAM-1 cells in 50 pL of PBS were
injected intradermally into the right flank of animals (Section 3.5.2). On days 6, 9, 12, and
15, animals were treated with i.t. injections of CVA21 (1 x 108 TCIDjg /injection), followed
by i.p. injections of anti-PD-1 murine antibody (12.5 mg/kg). Control groups received a
corresponding dose of i.p. isotype antibody (12.5mg/kg; clone: 2A3) and i.t. PBS. All i.t.
injections were administered in a volume of 100 pL. per injection whereas i.p. injections
were administered in a volume of 200 pL per injection. Mice treated with CVA21 alone or
in combination with immunotherapy received four additional weekly injections of CVA21
(1 x 10® TCIDsq/injection) intratumourally. On day 31, 2 x 105 B16 cells in a volume of
50 pL were injected intradermally into the left flank of remaining animals. Monitoring of
animal’s wellbeing and tumour development was previously described in Section 3.5.3 and
survival was defined as the time to euthanasia. Blood samples were collected from all mice

on a weekly basis by venipuncture of the saphenous vein and centrifuged at 10,621 x g for
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5 min at room temperature to collect the serum. Serum samples were stored at -80°C for

further analysis (Section 3.10). All animals were euthanised at day 66.

3.9.2 CVA21 and CTLA-4 blockade in an immunocompetent murine

model of melanoma

Female C57BL/6 mice (Animal Resource Centre, Perth, Western Australia, Australia)
aged between four to six weeks were housed in the same conditions described previously
(Section 3.5.1). The hind flanks of mice were shaved using electric clippers three days prior
to the injection of tumour cells to allow sufficient recovery time. To establish cutaneous
tumours, 2 x 10° B16-ICAM-1 cells in 50 pL of PBS were injected intradermally into the
right flank of animals (Section 3.5.2). On days 7, 10, 13, and 16, animals were treated
with i.t. injections of CVA21 (1 x 108 TCIDs5g/injection), followed by i.p. injections of
anti-CTLA-4 murine antibody (12.5 mg/kg). Control groups received a corresponding dose
of i.p. isotype antibody (12.5mg/kg; clone: 2A3) and i.t. PBS. All i.t. injections were
administered in a volume of 100 pL per injection whereas i.p. injections were administered
in a volume of 200 ul per injection. No additional CVA21 injections were administered
thereafter. On day 37, 2 x 10° B16 cells in a volume of 50 pL were injected intradermally
into the left flank of remaining animals. Monitoring of animal’s wellbeing and tumour
development was previously described in Section 3.5.3 and survival was defined as the
time to euthanasia. Blood samples were collected from all mice on a weekly basis by
venipuncture of the saphenous vein and centrifuged at 10,621 x ¢ for 5 min at room
temperature to collect the serum. Serum samples were stored at -80°C for further analysis

(Section 3.10). All animals were euthanised at day 77.

3.10 Serum analysis

3.10.1 Quantitative RT-PCR detection of CVA21 viral genomes in sera

Serum samples of all animals were analysed to determine the levels of CVA21 RNA using
realtime quantitative RT-PCR. One step RT-PCR was carried out using the SuperScript
III Platinum One-Step qRT-PCR Kit (Invitrogen, Australia). The primers and probe were
specific for the VP3 region of the CVA21 (Kuykendall) genome and were designed using
Primer Express 1.5 Software (Applied Biosystems, Foster City, CA). The sequence for
the forward primer (KKVP3fwd) was 5- GAGCTAA ACCACCAACCAATCG-3’ and the
reverse primer (KKVP3rev) was 5-CGGTGCAA CCATGGAACAA-3’. The FAM labelled
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probe (KKVP3) used was 6FAM- CACACACAT CATCT GGGA-MGB. In a volume of 25
mL, the reaction mixture comprised 1x SuperScript reaction mix, 500 nM forward primer,
500 nM reverse primer, 250 nM probe, 500 nM ROX, 0.5 mL SuperScript III RT /Platinum
Taq Mix and 5 pL. of extracted RNA. Quantitative RT-PCR reactions were carried out
using the ABI Prism 7000 Sequence Detection System (Applied Biosystems). Cycling
conditions consisted of 30 min at 60°C followed by 5 min at 95°C and then 50 cycles of
15 s at 95°C and 1 min at 60°C. Samples were quantitated against pre-validated CVA21
RNA standards of known concentration. Results were reported as TCIDj equivalents/ml

for viraemia positive serum.

3.10.2 Detection of CVA21 viraemia levels

Viral infectivity assays were conducted to determine CVA21 viraemia levels in serum of
mice. Confluent monolayers of SK-Mel-28 cells grown in 2% FCS supplemented DMEM in
96-well tissue culture plates were inoculated with serum samples prepared as 10-fold serial
dilutions (100 pL/well in quadruplicate). Negative control (untreated cells) wells were
included in each plate. Following incubation of cells at 37°C in a 5% COs environment
for 72 h, cells were microscopically examined for cellular lysis (viral-induced CPE). Cell
survival was quantitated by visual scoring of CPE and the 50% viral endpoint titres were
calculated using the Karber method [197]. The viraemia results were then graphed and
analysed using the GraphPad Prism v6.0 software (GraphPad Software, Inc., California,
USA).

3.10.3 Anti-CVA21 neutralising antibody assay

To test for presence of anti-CVA21 neutralising antibodies, serum samples were briefly
heat inactivated by incubation at 56°C for 30 min and were diluted in 2% FBS supple-
mented DMEM at 2-fold serial dilutions from 1:32 to 1:2048. One hundred microlitres
of each serum dilution was incubated with 100 pL of CVA21 virus stock (containing 100
TCIDsp) at 37°C for 1 h. Fifty microlitres of this serum/virus mixture was then titrated
in triplicate on SK-Mel-28 cells grown in a 384-well tissue culture plate. A +IgG control
(positive control) was commercially obtained from the Commonwealth Serum Laborator-
ies (Sandoglobulin® NF Liquid; Batch number: 43228-00002) and was included on each
plate. Plates were then incubated at 37°C in a 5% COgy environment for 72 h, before
being examined microscopically for the development of CPE, and stained with crystal vi-

olet /formalin solution (0.1% crystal violet, 20% methanol, and 4% formaldehyde in PBS)
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for 24 h. Intact cells stain purple when incubated with crystal violet. Neutralisation titres
were calculated using the Karber method [197], whereby serum neutralising titres > 1:32
were considered positive. The neutralising titre values were then analysed and graphed

using the GraphPad Prism v6.0 software (GraphPad Software, Inc., California, USA).

3.10.4 Cell viability assay with serum ex vivo

Cytotoxic activity was assessed in serum of animals (day 42) that received anti-CTLA-4
administration. SK-Mel-28 cells were seeded onto 96-well plates and incubated overnight.
Cells were then incubated with media only (containing 2% FCS), CVA21 (containing 100
TCIDsy), and the serum samples (1:100) at 37°C for 72 h. Photomicrographs of cells were
taken at 72 h post-incubation using an Olympus IX70 inverted microscope with a DP72

digital camera (Olympus) at 40x and 100x magnification.

3.11 Statistical analysis

All data were expressed as mean + standard error mean (SEM) and obtained from at least
three independent experiments unless otherwise stated. Comparisons between groups were
done using the two-tailed Student’s ¢-tests or the one-way ANOVA tests where appropriate.
For synergy analysis, all median dose-effect parameters, CI values, isobolograms, and Fa-
CI plots were calculated by CompuSyn software (Biosoft, Cambridge, UK) and re-graphed
with GraphPad Prism v6.0 software (GraphPad Software, Inc., California, USA). For ana-
lysis of animal data, statistical analysis between between treatment groups was conducted
with the two-way ANOVA test corrected for multiple comparison with Tukey’s method.
Log-rank (Mantel-Cox) test and log-rank test for trend was used for determining the stat-
istical significance of the difference in Kaplan-Meier survival between the treatments. All
data analyses were carried out using GraphPad Prism v6.0 software (GraphPad Software,
Inc., California, USA). P-values below 0.05 were considered statistically significant, where

*P = < 0.05, **P — < 0.01, ***P — < 0.001, ****P — < 0.0001.



Chapter 4

Combination of CVA21 with
conventional chemotherapy drugs n

vitro

Coxsackievirus A21 (CVA21) Kuykendall strain, is a naturally occurring common-cold
virus that has the inherent capacity to preferentially target, infect and destroy malignant
cells. The oncolytic properties of CVA21 as an anticancer agent have been demonstrated
in both in vitro and in vivo studies, against different types of cancers, including breast
and prostate cancer, malignant glioma, multiple myeloma, NSCLC, and melanoma. The
patient tolerance profile to multiple administration of CVA21 and potential efficacy are
currently being investigated in phase I/II clinical trials. Within a clinical setting, increased
potency and a low toxicity profile are requirements for the successful control of cancer, and
one current trend to achieve this target is the use of combination of virotherapy with
mainstream therapies such as chemotherapy. A fundamental requirement of this strategy
is that the combination chemotherapy does not interfere with the life cycle of the oncolytic

virus from the point of viral entry to the release of viral progeny.

In this chapter, we assessed the effectiveness of CVA21 oncolysis in combination with
dacarbazine (DTIC) or with the doublet chemotherapy regimen of paclitaxel and car-
boplatin (P + C). The goal was to investigate whether melanoma cell destruction could be
improved by combining oncolytic CVA21 with the conventional chemotherapies compared
to the respective monotherapies and whether these chemotherapeutic agents would inhibit
CVAZ21 oncolysis. The combinatorial effects were assessed in a panel of human melanoma

cell lines via the combination index (CI) method. The mechanism of synergy was elucid-
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ated using viral yield assays and cell cycle analysis. These results were further translated

into in vivo animal models and are presented in the later chapters.

4.1 Oncolytic activity of CVA21 in a panel of human melan-

oma cells

The in vitro susceptibility of melanoma cell lines to CVA21 was first determined. Cell
monolayers of four human melanoma cell lines (SK-Mel-28, Mel-RM, ME4405 and MV3)
were infected with serially diluted CVA21 and incubated at 37°C, 5% COo, for 72 h. Cells
were then observed under a microscope for any detectable CPE. Within 72 h, quantification
of CVA21 mediated cell lysis using MTT cell viability assays revealed that CVA21 induced
significant levels of cell death in all four melanoma cell lines in a dose-dependent manner
(Figure 4.1). The 50% effective concentration (ECs) of CVA21, defined as the initial virus
dose (multiplicity of infection [MOI], expressed as 50% tissue culture infectious dose per
cell [TCID5q/cell]) that resulted in 50% cell viability at 72 h post-infection as compared to
untreated controls, ranged from 1.48 x 1075 £ 9.38 x 107° to 3.68 + 2.31 (mean 4+ SD
from three separate experiments) TCIDjg/cell (Table 4.1). Dose response curves from all
four cell lines infected with CVA21 revealed that viability was reduced in a dose-dependent
manner. SK-Mel-28 was found to be most sensitive to CVA21 infection, followed by Mel-
RM, ME4405 then MV3 in descending order respectively.

Table 4.1: ECsq values of CVA21 in four melanoma cell lines. EC5q: 50% effective
concentration defined by the initial MOI (TCIDsg/cell) to achieve 50% cell death at 72
h post-infection. Data is presented as mean + SD from three independent experiments.
The SK-Mel-28 cell line was most susceptible to CVA21 infection, followed by Mel-RM,
ME4405 and MV3.

Melanoma cell line EC;) (TCIDj5y/cell: mean + SD)

SK-Mel-28 1.48 x 107>+ 9.38 x 1076
Mel-RM 1.11 x 10734+ 1.15 x 1073
ME4405 4.59 x 1072+ 4.02 x 102

MV3 3.68 £ 2.31
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Figure 4.1: Oncolytic effect of CVA21 in melanoma cells. Dose-dependent cell
death expressed as % cell survival induced by CVA21 in four melanoma cell lines evaluated
by the MTT viability assay at 72 h post-infection. CVA21 dose is defined as MOI expressed
in TCID5p/cell. The curves were fitted by non-linear regression (sigmoidal dose-response)
using GraphPad Prism v6.0 (GraphPad Software, Inc., California, USA) for all four cell
lines. Data points indicate the mean of quadruplicate values &= SEM and are representative
of three independent experiments.

Cells were also infected with an MOI of 10 TCID3p/cell and photomicrographs were
taken at 8, 24, 48 and 72 h post-infection (Figure 4.2). CPE was noticeable as early as
24 h post-infection in the SK-Mel-28 and Mel-RM cell line, showing that the infected cells
became circular and detached from the cell monolayer. Oncolytic virus-mediated cell lysis

was observed in all cell lines 72 h post-infection.

4.2 In vitro chemosensitivity assay of DTIC and P 4+ C on a

panel of melanoma cell lines

In parallel, the cytotoxic effects of chemotherapeutic agents, DTIC and P + C doublet
chemotherapy was investigated. Confluent monolayers of SK-Mel-28, Mel-RM, ME4405
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and MV3 cells were incubated with increasing concentrations of DTIC (4 to 4,400 pM)
and P (0.55 to 35.13 pM) + C (14.78 to 946.05 pM). After 72 h, cytotoxic effects were
determined in each cell line by the MTT viability assay, and results expressed as the drug

concentration that inhibited cell viability by 50% compared to the untreated control cells

(ECsp).

DTIC treatment showed a dose-dependent anti-tumour effect in all cell lines tested
(Figure 4.3). At a concentration of 2,200 pM, a 72 h exposure to DTIC suppressed the
proliferation of Mel-RM (67.24 £ 1.32%) and ME4405 (58.70 £ 2.92%) cells by up to 50%
or higher, whereas SK-Mel-28 (37.34 £ 1.32%) and MV3 (31.06 £ 13.65%) showed only
partial responses to the chemotherapy treatment. SK-Mel-28 showed the highest resistance
to DTIC treatment and the ECsq value could not be determined. Not surprisingly, DTIC
treatment was not successful in completely destroying any of the studied cell lines even at

very high concentrations.

All cell lines were also exposed to doses of P and C as single agents and in combination.
Dose optimisation studies were carried out (data not shown) and the combination molar
ratio of 1 : 27 pM (P : C) was used for all further studies. For example, data from
the ME4405 cell line showed that combination of P + C doublet chemotherapy was more
potent than single-agent therapies over a range of concentrations (Figure 4.4A). After
determining the optimum ratio of P and C, the ECsy value of P together with C as a
combination agent was determined (P + C). All four melanoma cell lines also showed
dose-dependent cytotoxicity after exposure to P 4 C doublet chemotherapy (Figure 4.4B).
ME4405 had the best cytotoxic response with an ECsp value of 3.163 + 0.523 (mean +
SD) pM. In contrast, SK-Mel-28 was more resistant to the P + C doublet therapy with an
ECs0 value of 8.344 + 5.788 pM. This is consistent with previous reports that characterised
SK-Mel-28 as a multi-drug resistant cell line [530]. A summary of the ECj( values obtained
for both DTIC and P + C against the four melanoma cell lines are presented in the table
below (Table 4.2).
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Figure 4.3: Dose response curve of DTIC in melanoma cells. Dose-dependent
cell death expressed as % cell survival induced by DTIC in four melanoma cell lines at 72
h post-treatment. SK-Mel-28 showed high levels of resistance to DTIC treatment. The
curves were fitted by non-linear regression |log(inhibitor) vs response - variable slope (four
parameters)| using GraphPad Prism v6.0 software (GraphPad Software, Inc., California,
USA) for all four cell lines. Data points indicate the mean of quadruplicate values £ SEM
and are representative of three independent experiments.



CHAPTER 4. COMBINATION OF CVA21 WITH CHEMOTHERAPY IN VITRO 128

A

S 1004 — P
‘g‘ — C
o 807 P+C
X
< 604
s 6
S 401
3 (@]
§ 20+ o
SEE
1.56 6.25 25 100
42 168 673 2693
P [Top] / C [Bottom] concentration (uM)
SK-Mel-28 Mel-RM
'S 100+ 'S 100
5 5
S 801 S 807
X X
< 60 = 601
© © it
2 2
> 40+ 2 40
=] =3
2 20 = 20
S 8
°\e 0' °\e 0‘
0.55 219 8.78 35.13 0.55 2.19 8.78 35.13
14.78 59.13 236.51 946.05 14.78 59.13 236.51 946.05
P [Top] / C [Bottom] concentration (uM) P [Top] / C [Bottom] concentration (uM)
ME4405 MV3
f_é 100+ g 100
5 5
S 804 S 80
X X
< 60 < 604
© ©
2 2
S 404 S 40
1= 1=
= =
2 20 2 20-
S S
°\o 0 o\c 04
T T T T T T
0.55 219 8.78 35.13 0.55 219 8.78 35.13
14.78 59.13 236.51 946.05 14.78 59.13 236.51 946.05
P [Top] / C [Bottom] concentration (uM) P [Top] / C [Bottom] concentration (uM)

Figure 4.4: Dose response curve of P 4+ C doublet chemotherapy in melanoma
cells. (A) The combination of P + C was synergistic. ME4405 melanoma cells were
exposed to 2-fold serial dilutions of P + C at a ratio of 1 : 27 pM (P : C) and incubated at
37°C, 5% COq for 72 h. (B) Dose-dependent cell death shown as % cell survival induced
by P + C in four melanoma cell lines evaluated by MTT assay at 72 h post-treatment. The
curves were fitted by non-linear regression [log(inhibitor) vs response - variable slope (four
parameters)| using GraphPad Prism v6.0 software (GraphPad Software, Inc., California,
USA) for all four cell lines. Data points indicate the mean of quadruplicate values + SEM
and are representative of three independent experiments.
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Table 4.2: EC;y values of DTIC and P + C in four melanoma cell lines. ECyg
values were obtained from the dose response curve. Concentrations of DTIC and P + C
were expressed as mM and uM respectively. Only the concentration of P was shown for the
doublet chemotherapy. The ratio of P : C was maintained at 1 : 27 pM. Data is presented
as mean + SD from three independent experiments. SK-Mel-28 was not sensitive to DTIC
treatment (>100 mM indicates that a maximum value was not found and that extremely
high doses of DTIC still had little effect). Similarly, SK-Mel-28 was relatively resistant to
the combination of P 4+ C as well.

Drug & cell lines Drug sensitivity EC5¢p (mM/pM: mean + SD)

DTIC
SK-Mel-28 >100 (mM)
Mel-RM 2,589 + 0.617 (mM)
ME4405 5.084 % 1.213 (mM)
MV3 3.325 + 1.115 (mM)
P+C
SK-Mel-28 8.344 £ 5.788 (uM)
Mel-RM 4101 £ 3.615 (uM)
ME4405 3.163 + 0.523 (M)
MV3 4.210 + 1.800 (uM)

Confluent monolayers of SK-Mel-28, Mel-RM, ME4405 and MV3 were then exposed
to DTIC and P + C at their respective ECsy concentrations. Photomicrographs of each
cell line were taken at 8, 24, 48, and 72 h post-treatment using an Olympus IX70 inverted
microscope with a DP72 digital camera at 100x magnification. Cells treated with DTIC
showed minimal changes to the cell’s structure and morphology (Figure 4.5). These photos
reflect the poor efficacy of DTIC in treating melanoma as seen in the dose response curves

presented earlier.

In contrast, photomicrographs of cells treated with P + C revealed changes in mor-
phology and cell membrane blebbing, which are characteristic of apoptosis (Figure 4.6).
These changes were most evident in the ME4405 cell line where membrane blebbing was
observed 8 h post-treatment. Interestingly, despite significant changes to the morphology
of the SK-Mel-28 line, no signs of cell death were observed even after 72 h exposure. This
implies that even higher concentrations would be needed to completely eradicate multi-
drug resistant cell lines, though these concentrations may not be practical in a clinical

setting without generating undesirable adverse effects.
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4.3 In vitro combination studies with CVA21

The drug DTIC and more recently P + C doublet chemotherapy are typically the first-
line chemotherapeutic agents used for the treatment of malignant melanoma. To assess
whether these chemotherapies interfere with CVA21 oncolysis of melanoma cells, and to
explore potential synergism, SK-Mel-28, Mel-RM, ME4405 and MV3 were treated with a
combination of CVA21 and DTIC or P + C doublet chemotherapy. The cytotoxicity of
CVA21, DTIC and P -+ C as single agents or in combination was measured using the MTT
viability assay across a range of the individual EC5g doses determined previously (Table
4.1 and 4.2). Data for Mel-RM, ME4405 and MV3 show that combination of CVA21 with
DTIC is more potent than single agent therapies at all ECsg ratios (Figure 4.7A). Similarly,
a better response was achieved with the combination of CVA21 and P + C doublet therapy
and CVA21 oncolysis was not inhibited in these three cell lines (Figure 4.7B). Improved
cell death in the SK-Mel-28 line was only observed at the higher concentrations of both
DTIC and P + C doublet therapy in combination with CVA21.

The type of interaction between CVA21 and the chemotherapy drugs was formally
evaluated using Chou-Talalay’s equations. Table 4.3 shows the dose-effect parameters
(Dm, m, and r) as well as the CI values of all the combinations tested. Concordant with
the results shown in Figure 4.7, the CVA21 and DTIC combination caused significant
levels of cell death and these translated to synergistic activity from ECsg to ECgs in Mel-
RM, ME4405 and MV3 (Figure 4.3). For the SK-Mel-28 cell line, the CVA21 and DTIC
combination was antagonistic across all EC ranges. Interestingly, the level of synergism
between CVA21 and P + C therapy was concentration driven and cell line dependent.
This combination was synergistic at lower concentrations for SK-Mel-28, Mel-RM and
MV3, while stronger synergism was observed at higher combination ratios in the ME4405
cell line. SK-Mel-28 cells which are typically highly sensitive to CVA21 infection, were
not as sensitive when treated with CVA21 and P + C in combination. Most combination
ratios of CVA21 and P + C were highly antagonistic with only the CI value at ECsy being

slightly synergistic.
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Figure 4.7: Dose response curves of CVA21 in combination with chemotherapy

in SK-Mel-28, Mel-RM, ME4404 and MV3 cells.

(A) The effects of combining

CVA21 with DTIC. The following combination resulted in enhanced cell death in Mel-
RM, ME4405 and MV3. DTIC and CVA21 in combination was shown to be antagonistic
in the treatment of SK-Mel-28 cells. (B) The combination effects of CVA21 with P + C.
The following combinations were generally synergistic on all cell lines at low concentrations
except SK-Mel-28.The curves were fitted by non-linear regression (sigmoidal dose-response)
using GraphPad Prism v6.0 software (GraphPad Software, Inc., California, USA) for all
four cell lines. Data points indicate the mean of quadruplicate values £ SEM and are
representative of three independent experiments.
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Table 4.3: Combination index (CI) values of each cell line treated with CVA21
and chemotherapy. Evaluation of drug-drug interaction in a panel of melanoma cell
lines at 50%, 75%, 90% and 95% inhibition.

Combination Index (CI) values

Drugs & Cell lines EC;q EC5 ECy, ECy5 Dm! m? e
DTIC + CVA21
SK-Mel-28 >10 >10 >10 >10 7.435 0.651 0.739
Mel-RM 0.477 0.500 0.605 0.720 0.555 1.119 0.932
ME4405 0.663 0.560 0.474 0.423 0.372 0.805 0.824
MV3 0.427 0.407 0.398 0.394 0.667 1.000 0.839

P + C 4+ CVA21

SK-Mel-28 0.868 2.115 5.160 9.466 0.615 0.511 0.882
Mel-RM 0.202 0.792 3.170 8.234 0.046 0.381 0.765
ME4405 2.585 1.543 0.921 0.648 0.334 1.677 0.980
MV3 0.038 0.121 0.889 4.409 0.011 0.282 0.773

L' Dm: The median-effect dose, usually depicted at the EC50 value of the dose-effect curve
2 m wvalue: a measurement of sigmoidicity of the dose-effect curve; m = 1, > 1, < 1
indicates hyperbolic, sigmoidal, and negative sigmoidal

3 1 walue: correlation coefficient; v = 1 perfect conformity, poor r value may be a result of
biological variability

To further illustrate this complex relationship, isobolograms at ECsq, ECr5 and ECgg
were generated. Since CVA21 and both drugs have entirely independent modes of action,
the conservative isobologram method was applied [147|. The effective concentration (ECsq,
EC75 and ECyg) refers to to the concentration of a drug or the combination of the two
drugs that induces 50%, 75% and 90% inhibition of cell viability [144]. Figure 4.8 and 4.9
shows the conservative isobologram plots of ECsg, EC75 and ECgy for the DTIC and P
+ C doublet combination separately. In the conservative isobologram plot, the diagonal
connecting each axis indicates the simulated additive effect for EC59, EC75 and ECqp.
The experimental ECsg, EC75 and ECgy doses of the combination treatment groups are
displayed as the single point labelled with the respective CI value. Point values for the
combination treatment that fall below the diagonal are considered synergistic, while those

that are above the diagonal are antagonistic.

For example, in the ECs isobologram (Figure 4.8A, far right), from the simulated
diagonal of the additive effect, it shows that to reach 50% inhibition of MV 3 cell viability
requires approximately 17 MOI CVA21 or 0.8 uM DTIC. However, with the combination
of CVA21 and DTIC, it takes a lower dose (1 MOI CVA21 plus 0.3 pM DTIC) to achieve

the same efficacy, suggesting that the combination treatment elicits a greater effect than an
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additive effect. The results in Figure 4.8A - C have demonstrated that the combination of
CVA21 and DTIC at ECgg, ECy5 and ECyq elicits a synergistic anti-tumour effect in Mel-
RM, ME4405 and MV3 cell lines at most of the tested concentrations. However, combining
CVA21 and DTIC at all combination ratios resulted in high levels of antagonism in the
SK-Mel-28 line.

Similarly, point values of the CVA21 and P 4+ C combination in Mel-RM, ME4405
and MV3 cell lines were to the lower left of the hypotenuse, indicating synergistic effects
(Figure 4.9A - C). The CVA21 and P + C combination was also antagonistic when tested
in the SK-Mel-28 cell line. Interestingly, combining CVA21 with P + C doublet therapy at
increasing concentrations resulted in CI values that fell far to the right of the diagonal in
the SK-Mel-28 and Mel-RM cell lines. In contrast, synergistic interactions were improved
at higher combination ratios in the ME4405 line. Taken together, interaction of CVA21

with chemotherapy is likely to be cell line and concentration-dependent.

Additionally, as the drug-drug interactions may change as a function of concentration or
activity, the combination data for each cell lines were evaluated using representative plots
of the CI values over a range of affected fractions (Fa) (Figure 4.10). In most instances, the
combination of CVA21 + DTIC was found to exert moderate to strong synergistic effects in
the Mel-RM, ME4405 and MV3 cell lines, as shown by the CI values that were consistently
lower than 1 (Figure 4.10A). The combination was highly antagonistic for the SK-Mel-28
cell line and CI values were beyond the limit of the Fa-CI representative plot. For CVA21
in combination with P + C, very strong synergism was observed at lower concentration
ratios but became increasingly antagonistic at higher concentrations in the SK-Mel-28,
Mel-RM and MV3 cell lines (Figure 4.10B). Combination data from the ME4405 cell line
was only synergistic at higher concentrations. In summary, combination studies suggest
that CVA21 and DTIC were synergistic in three out of the four cell lines tested at most
concentrations, and that the combination of CVA21 with P + C exhibited mild to strong

synergism depending on the dosage and cell line employed.
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Figure 4.10: Fraction affected (Fa) - combination index (CI) plot. Cells were
treated with CVA21 in combination with (A) DTIC or (B) P + C at concentrations
corresponding to their ECsg values in multiples of 0.0625x, 0.125x, 0.25%x, 0.5x, 1x, 2x
or 4x. The additive effect of CVA21 with the respective chemotherapy is represented at
CI = 1 (dotted line), CI < 1 indicates synergism, while CI > 1 indicates antagonism. The
Fa-CI plot was constructed using experimental data points (circles) and by simulating CI
values over the entire range of Fa values from 5% to 95% (solid line) using CompuSyn
software (Biosoft, Cambridge, UK).
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4.4 Examination of viral replication within cells in the pres-

ence of chemotherapy

To determine whether the increased cytotoxicity of cells treated with the various drugs was
supported by enhanced viral replication, or inhibited in the SK-Mel-28 cell line, CVA21
viral replication in the presence of chemotherapy exposure in all cells was assessed. Cell
monolayers were infected with CVA21 at a MOI of 10 TCID5g/cell. After 1 h of incub-
ation in a 37°C and 5% COs environment, cell monolayers were then washed three times
to remove unbound virus particles. Infected cell monolayers were then replenished with
standard growth media supplemented with 2% FCS for the virus only treatment wells.
For the combination treatment, infected cells were treated with standard growth media
containing either the DTIC or P + C at 1x the respective ECsg value. Samples were har-
vested at 0, 8, 24, 48 and 72 h following infection. One-step growth curves were generated

for all cells as described previously [Section 3.4.5].

In all four cell lines, CVA21 viral titres in cells infected with virus alone, increased up
to 48 h and decreased at 72 h post-infection (Figure 4.11). CVA21 replication kinetics
was quickest in the SK-Mel-28 and Mel-RM cell line, peaking at 24 h post-infection with a
viral titre of 2.51 x 108 TCID5p/mL and 2.32 x 10% TCID5/mL respectively. For ME4405
and MV3 cells, peak viral titres were 1.74 x 108 TCID5o/mL and 2.32 x 105 TCID50/mL
respectively, at 48 h post-infection. CVA21 titres were decreasing at 72 h post-infection
in all four cell lines. SK-Mel-28 cells which were highly sensitive to CVA21 supported the
highest levels of replication with 1.36 x 10% TCIDsg/mL after 72 h. In contrast, MV3
cells which were least susceptible to CVA21 infection supported the lowest levels of viral

replication, with viral titres of 8.93 x 10° TCIDs5o/mL at 72 h.

The results of the one-step growth curve show that CVA21 viral yields were slightly
lower in the presence of DTIC, compared to virus alone (Figure 4.11A). The difference
was most pronounced in the Mel-RM cell line, where viral titres of cell treated with DTIC
were consistently lower than cell treated with the virus alone. Though not statistically
significant for any time points (P > 0.05), these data suggest CVA21 viral replication

could be slightly suppressed when used together with DTIC.

On the other hand, there were minimal alterations in the kinetics of CVA21 replication
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in all cell lines in the presence of P + C, which suggests that viral replication was not
affected by the doublet chemotherapy treatment (Figure 4.11B). Interestingly, with the
exception of the SK-Mel-28 cell line, viral titres in all other cell lines treated with P +
C were increased at 72 h post-infection. The increase in viral titre was not statistically
significant in all cell lines (P > 0.05) but the data suggest that the total virus production
may still increase 72 h later. Surprisingly, CVA21 replication in the SK-Mel-28 cell line was
not affected by the addition of DTIC or P + C, suggesting that the antagonism observed

was not related to viral yield.

4.5 Cytotoxic activity of CVA21 with DTIC or P 4+ C at

clinically relevant concentrations

To ensure the oncolytic ability of CVA21 was not compromised at clinically relevant con-
centrations of DTIC and P + C, confluent SK-Mel-28 cells were treated with serial dilutions
of CVA21 but fixed concentrations of chemotherapy. SK-Mel-28 cells were selected as they
were the most susceptible cell line to a CVA21 infection and any inhibition would be
easily detected. The cells were treated with different MOIs of CVA21 (from 0.0001 - 10
TCIDsp/cell). Media supplemented with 55 pM and 274 pM DTIC; 0.19 pM P / 27 pM
C, 094 pM P / 135 pM C and 1.87 pM P / 673 pM C were added simultanesouly and
cell morphology was observed 72 h later with crystal violet staining. The percentage of
cell death was assessed with MTT cell viability assays and used to construct dose-response

curves.

Infection of SK-Mel-28 cells at 0.01 TCIDj(/cell resulted in 82% survival where as 55pM
DTIC and 0.94/135 pM P/C showed 76% and 75% survival respectively (Figure 4.12A &
B). However, when CVA21 and DTIC or P + C were administered simultaneously at these
concentrations, cell survival decreased significantly to 31% and 37% respectively (P <
0.0001). Our finding suggests that the combination of CVA21 with either DTIC or P +
C significantly reduced cell viability in the multi-drug resistant SK-Mel-28 at clinically
relevant concentrations. Furthermore, the combination with DTIC did not appear to have
a negative influence on the viability of SK-Mel-28, in contrast to the combination data

shown earlier.
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Figure 4.11: Effect of DTIC and P 4+ C on CVA21 one step replication kinetics
over time. A panel of melanoma cells were infected with CVA21 at MOI 10 TCIDgq/cell
alone or in combination with 1x ECsy concentrations of either (A) DTIC or (B) P + C.
Cell monolayers were challenged with CVA21 for 1 h, and samples were collected at 0,
8, 24, 48, 72 h. Viral titres were determined by end-point titrations in SK-Mel-28 cells.
Data are presented as the mean + SD from two independent experiments. P-values were
derived from the two-way ANOVA with Bonferroni’s correction for multiple comparison,
where *P < 0.05. Treatment groups were each tested for significance against single agent
CVA21 treatment.
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Figure 4.12: Dose-dependent cytotoxicity of CVA21 in combination with DTIC
and P + C on SK-Mel-28 cells. SK-Mel-28 cells were treated with 0.0001 - 10
TCIDgg/cell CVA21 alone or in combination with fixed concentrations of (A) DTIC and
(B) P + C. The results were quantitated into cell viability %. Data points indicate the
mean of quadruplicate values £ SEM and are representative of three separate experiments.
Combination treatments were compared with controls using the two-way ANOVA analysis
with Bonferroni’s correction for multiple comparison, where *P < 0.05, #P < 0.01, ¢P <
0.001, AP < 0.0001). Only comparisons that show significance were indicated.

Morphological changes in SK-Mel-28 cells were assessed by crystal violet staining, in
parallel with the cytotoxic assays. DTIC alone had minimal effects on SK-Mel-28’s mor-
phology even after 72 h (Figure 4.13A). Decreased cell numbers and cell shrinkage were
indicative of apoptosis as observed in cells treated with P + C alone as early as 8 h post-
treatment (Figure 4.13B). Importantly, the oncolytic effects of CVA21 was not inhibited
by either DTIC or P + C, and increased cell death was achieved. These data demonstrated
that while the combinatory interaction was highly antagonistic (with DTIC) or mildly syn-
ergistic (with P + C) using Chou-Talalay’s ‘constant ratio model’, improved efficacy was

achieved with clinically relevant concentrations.
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Figure 4.13: Morphological changes in SK-Mel-28 cells observed using crystal
violet stain. Photomicrographs show SK-Mel-28 cells exposed to (A) DTIC (55 pM)
and (B) P (0.19 pM) + C (27 pM) in combination with CVA21 (MOI = 10 TCID5g/cell).
All images were taken at 8 and 72 h post-treatment using an Olympus [X70 inverted
microscope with a DP72 digital camera at 100x magnification. Cells were stained with
0.1% crystal violet/formalin for 24 h before photos were taken.
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4.6 Effects of CVA21 with DTIC and P + C on the cell cycle

Whilst relatively little is known concerning the effect of CVA21 infection on the cell cycle,
the mechanism of action of DTIC and P + C is proposed to be cell-cycle dependent. To
further investigate the effects of CVA21 in combination with DTIC and P + C, cell cycle
distribution was determined by fluorescence-activated cell scanning analysis for all four
cell lines. Cells were treated with: CVA21 (MOI of 10 TCIDsg/cell); DTIC (1 mM); P
(I M) + C (27 pM) or the combination therapy of CVA21 with either DTIC or P +
C for 24 h. The percentage of cells in each phase of the cell cycle was calculated. The
cell cycle distribution of untreated control cells did not change significantly, consisting of
~70% in G1 phase, ~"12% of cells in S phase and ~18% of cells in G2/M phase of the cell
cycle. Similar to untreated control cells, data from all four melanoma cell lines after 24
h incubation with CVA21 alone did not show major alterations in the cell cycle, though
some accumulation of cells in the S-phase was noted (Figure 4.14). The effects of DTIC
on the cell cycle was minimum. The treatment appears to have induced an accumulation
of cells in the G1 phase in the ME4405 and MV3 cell line, a S-phase accumulation in the
Mel-RM cell line, but was largely ineffective in SK-Mel-28 cells. Interestingly, higher levels
of accumulation in the S-phase were observed in the Mel-RM cell line when treated with
the combination treatment, largely at the expense of the G1 population, with the G2/M

fraction remaining relatively stable.

On the other hand, P + C treatment triggered a G2/M arrest in all cell lines at
varying degrees, with the accumulation most noticeable in the MV3 cell line. As expected,
the accumulation observed was largely at the expense of the G1 population with the S
phase fraction remaining unaffected. The most striking feature of the experiment was
the emergence of the sub-G1/Gg population indicative of DNA degradation as a result
of cell death. Detection of the sub-G1/Gg population was present in all cell lines except
SK-Mel-28, but was substantially more pronounced in the ME4405 and MV3 cell line.
Moreover, the combination of CVA21 with either chemotherapy increased the percentage
of sub-G1/Gyq cells in the ME4405 and MV3 cell line. This was accompanied by a decrease
in G2/M cells while G1 and S-phase cell population remain relatively unaltered, suggesting

that the addition of the virus could have accelerated the cell death process.
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Figure 4.14: Effects of CVA21 and chemotherapy individually and in com-
bination on the cell cycle. Cell monolayers were treated with: CVA21 (MOI of 10
TCIDsg/cell); DTIC (1 mM); P (1 pM) + C (27 pM) and the combination therapy (same
concentrations as above) for 24 h. Cells were then harvested, washed once in PBS, and
resuspended in a 0.1% glucose/PBS and ice-cold 70% ethanol solution. After fixation, cells
were rinsed and resuspended in a PI staining solution supplemented with RNAse. Cell
cycle status was assessed by fluorescence-activated cell scanning. Results were presented
as percentage of cells in each phase of the cell cycle and are representative data from two
independent experiments.

4.7 Effects of combination therapy with CVA21 and P + C

on caspase-3/7 activation

To gain a mechanistic insight into the enhanced sub-G1/Gg population induced by the
CVA21 and P + C combination, activation of caspase-3/7 using the caspase-glo assay was
studied. Data from all cell lines confirmed that CVA21 infection had minimal effect on the
activation of caspase-3/7 (with the exception of the MV3 cell line 48 h post-treatment),
suggesting that it is unlikely the activation of caspase-3/7 is involved with CVA21-mediated
cell death (Figure 4.15). As expected, treatment of all cell lines with the doublet therapy
of P + C at their respective EC5o concentrations significantly increased caspase-3/7 activ-
ity. The increase in caspase-3/7 activity peaked at 24 h post-treatment and was slightly
depressed 24 hours later (48 h time point). Consistent with the resistance of SK-Mel-28

to P + C treatment, caspase-3/7 activity only peaked 48 h post-treatment and did not
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translate to cell death (Figure 4.14). For most time points, the combination of CVA21
with P + C induced slightly higher levels of caspase-3/7 activity. However, this difference
was not significant (P > 0.05), strongly suggesting that the mechanism of synergy may be

influenced by caspase-3/7 but was not completely driven by these molecules.
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Figure 4.15: Caspase-3/7 activation in a panel of melanoma cells by caspase
glo-assay. SK-Mel-28, Mel-RM, ME4405 and MV3 cells were treated with CVA21 at an
MOT of 10 TCID5g/cell, P + C, both at 1 x ECjsg, as single agents or in combination as
indicated, and were assessed for caspase-3/7 activity via the caspase glo-assay at 24 and 48
h. Data represents the mean relative light units (RLU) £SD of at least two independent
experiments. P values were derived from the one-way ANOVA with Tukey’s correction for
multiple comparisons where ***P < 0.001 and ****P < 0.0001. Treatment groups were

each tested for significance against single agent CVA21 treatment. Only comparisons that
showed statistical significance are indicated.



Chapter 5

In vivo evidence for CVA21 as a

monotherapy and in combination
with DTIC and P + C for the

treatment of melanoma

As highlighted previously, many tumour microenviromental factors exist which may poten-
tially limit the efficacy of oncolytic virotherapy. Moreover, with an increasing knowledge
that oncolytic viruses act to initiate therapeutic anti-tumour immune responses, the study
of CVA21 interaction with the tumour microenvironment is of great significance. Hence,
while our in wvitro results highlight CVA21 as a promising therapy for melanoma, in vivo
studies validating these results are necessary for translational success. Animal studies
outlined in this chapter were performed to provide preclinical evidence that CVA21 has
therapeutic activity against melanoma in vivo and is capable of acting synergistically with

mainstream chemotherapies DTIC and P + C.

To determine whether the synergistic cancer cell death was reproducible in vivo, two
melanoma animal models were designed; an immunodeficient melanoma xenograft model
and a syngeneic immunocompetent mouse model. Our findings revealed that there was
no statistical difference between single agent CVA21 and CVA21 in combination with
chemotherapy in our immunodeficient mouse model. Such a result was not unexpected,
as the absence of neutralising antibodies in the immunodeficient model allows the virus to

replicate indefinitely until all tumour cells are destroyed. Having proven that chemotherapy

147
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fails to interfere with the replication cycle of CVA21 in vivo, we developed a syngeneic
immunocompetent mouse model and treated the animals with the same combinations as
per the immunodeficient study. Overall we observed a good level of treatment tolerance
and tumour clearance in both single agent /combination therapy treatment groups, however
there were no statistically significant differences between the groups. These findings may
provide further insight to the application of CVA21 in combination with chemotherapeutic

agents in the clinic.

5.1 Immunodeficient xenograft mouse model of melanoma

To assess whether the in vitro susceptibility of human melanoma cell lines is predictive of
the effectiveness of CVA21 as an anticancer agent in vivo, the therapeutic effects of intrat-
umoural CVA21 infection on subcutaneous melanoma tumour xenografts were investigated.
The main objective was to determine the safety of utilising CVA21 in combination with
conventional chemotherapy in vivo; as well as to examine the anti-tumour efficacy of this

combination.

5.1.1 Development of SK-Mel-28 human melanoma cells stably express-

ing the firefly luciferase gene

SK-Mel-28-luc cells stably expressing the firefly luciferase gene were established for in
vivo bioluminescent intensity (BLI) detection. SK-Mel-28 cells were transduced with a
non-replicative lentivirus vector encoding the firefly luciferase gene and cultured under
normal conditions. Prior to xenotransplantation, the BLI of SK-Mel-28-luc cells was first
quantified in vitro using the IVIS™ Imaging System (Xenogen IVIS 100, California, USA).
Cells in suspension were serially diluted in a black 96-well tissue culture plate to prevent
‘spill-over’ of light and minimise BLI emission scattering between wells. Images captured
showed stable expression of the luciferase gene in the SK-Mel-28-luc cells (Figure 5.1A).
The measured total flux for 3,130 to 100,000 cells ranged between 4.19 x 103 p/s to 2.78
x 107 p/s. Data from the linear regression model showed a strong correlation between
total flux and cell numbers, evident by an r? value of 0.9936 (Figure 5.1B). Next, to ensure
SK-Mel-28-luc cells were still susceptible to CVA21, confluent monolayers were infected
with the virus at increasing MOIs. Cytopathic effects over 72 h at an MOI of 100 down
to 1 x 1077 TCIDsg/cell were assessed. Data from the infectivity assay showed little
difference between SK-Mel-28-luc from its parental line in terms of sensitivity to CVA21
(Figure 5.1C).
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Figure 5.1: Establishment of SK-Mel-28-luc cells using a lentiviral vector. (A)
Bioluminescent intensity (BLI) of serially diluted SK-Mel-28-luc cells. (B) Linear regres-
sion analysis of BLI vs number of cells seeded per well. BLI was measured as total photons
per second (p/s). (C) Oncolytic activity of CVA21 in SK-Mel-28-luc cells. CVA21 dose
is defined as multiplicity of infection (MOI) expressed in logarithmic 50% tissue culture
infectious dose per cell (TCIDj5g/cell). TCID5y data are plotted as mean values + SEM,
representative of three independent experiments.
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5.1.2 Establishment of a subcutaneous murine model of melanoma for

combination therapy

SK-Mel-28-luc tumour cells (2 x 10° in a volume of 100 nL) were implanted subcutaneously
into the hind flanks of SCID mice. Tumours were allowed to establish before commence-
ment of treatment Cycle 1 at day 35 and Cycle 2 at day 45 post-tumour inoculation (Figure
5.2). Mice were weighed and tumour volumes measured by electronic callipers up to three
times a week. Xenogen bioluminescent imaging together with blood sampling from the

saphenous vein were carried out at weekly intervals. The study was terminated at Day 77.

5.1.3 Animal weights throughout the course of study

Animal body weights were obtained to monitor the wellbeing of tumour bearing mice
during the course of the study. Changes in body weight over time in the DTIC and P +
C combination therapy were shown in Figure 5.3A & B respectively. Both combination
therapies were well tolerated by animals, indicated by the increasing average weights during
the course of the study. Rapid weight gain was observed in the saline treated mice relative
to all other groups from day 60 onwards which was likely due to the increasing tumour
mass. At day 67, all saline treated animals were euthanised as a result of increasing tumour
burden. The mean body weight of the saline treated animals was 25.06 £ 2.08 g. The mean
weight was 22.10 £+ 17.30 g for the no tumour control group, 21.75 + 1.24 g for the CVA21
group, 22.97 £+ 0.66 g for the DTIC group, 22.91 4+ 1.36 g for the P + C group, 22.52 +
1.11 g for the CVA21 + DTIC group, and 21.97 + 1.76 g for the CVA21 + P + C group.
Using the two-way ANOVA test with Tukey’s correction for multiple comparison, there

were no statistical differences between any of the treatment groups at each time point.
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Figure 5.3: Mean body weights of mice (g) over time (days). Mass of (A)
DTIC experimental treatment groups and (B) P + C experimental treatment groups were
expressed as grams (g) with error bars indicating SEM (n = 8). The dotted lines at day
35 and day 45 indicate the start of cycle 1 and 2 respectively. The same NTC, saline and
CVAZ21 data are plotted in panel A and B for comparison. The inset displays a summary
of P values calculated using the two-way ANOVA corrected for multiple comparison with
Bonferonni’s method.
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5.1.4 Tumour volume data

Having established the compatibility of CVA21 and both DTIC and P + C doublet chemo-
therapy in vitro (Chapter 4), the efficacy of these combinations was investigated in vivo
using a xenograft tumour model of SK-Mel-28-luc cells. The six to eight week old fe-
male BALB/c SCID mice were used for this animal study. The treatment protocols were
summarised in (Figure 5.2) and tumour volume was calculated using the the formula of
a spheroid. At 35 days post-tumour implantation (mean tumour volume 313.55 + 135.62
mm?), animals were treated either with CVA21 alone, chemotherapy alone or CVA21 in
combination with chemotherapy. Control animals were given intratumoural injections of
saline. Results demonstrated that the tumour volumes in the saline and DTIC treated
groups continued to escalate up until day 66 (at which point animals were euthanised due
to excessive tumour burden) (Figure 5.4A). Transient tumour reduction was observed in
DTIC treated animals but regrowth occurred a week after treatment. This was in contrast
to animals receiving DTIC with a single intratumoural injection of CVA21, where tumour
volumes had regressed to the point they were non-palpable from day 45 onwards (Figure

5.4B Table).

On the other hand, SK-Mel-28-luc flank tumours treated with P + C doublet chemo-
therapy showed considerable levels of tumour growth inhibition. However, the doublet
therapy alone was unable to completely eradicate the disease, evident by the regrowth el-
even days after treatment cycle 2 (Figure 5.4B). Importantly, tumours in animals receiving
the combination treatment of CVA21 and P + C were completely eradicated by day 66.
Using the two-way ANOVA accompanied by Tukey’s correction for multiple comparison,
the average tumour volumes of each treatment group was assessed for statistically signi-
ficant differences. The table from Figure 5.4A showed that tumours treated with DTIC
alone at day 66 had slightly smaller mean volumes than the control group (1138.63 +
566.35 mm?> compared to 1442.12 + 502.90 mm?), but was without statistical significance
for most measurements (P > 0.05). Tumours treated with P + C showed a significant

reduction in tumour size (503.05 £ 205.63 mm?3, P < 0.0001) at day 66.

A major finding of this study was that tumour reductions were most dramatic ap-
proximately 10 days post-cycle 1 treatment in the single agent CVA21, CVA21 + DTIC
and CVA21 + P + C group. Mean tumour volumes of these animals were significantly

lower when compared to animals receiving the P + C doublet therapy alone (P < 0.0001)
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and were maintained for the duration of the study. Taken together, these findings suggest
a single treatment cycle of CVA21 together with conventional chemotherapy maybe suffi-
cient in inhibiting tumour growth thus reducing the toxic sides effects of multiple treatment
cycles. However, we did not observe a significant difference between single agent CVA21

and CVA21 + chemotherapy treated tumour volumes (P > 0.05).
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Figure 5.4: Combination of chemotherapy and CVAZ21 virotherapy on SK-Mel-
28-luc melanoma xenografts in SCID mice. SCID mice were injected with SK-Mel-
28-luc cells on the hind flank. Tumours were allowed to establish for 35 days, prior to
treatment with either saline (i.t.), CVA21 (i.t., 1 x 10® TCIDso/mouse), DTIC (i.p., 8
mg/kg), P (i.p., 15 mg/kg) + C (i.p., 50 mg/kg) injection, or CVA21 in combination with
DTIC or P + C. Mice received a second cycle of dosing at day 45. (A) Combination of
DTIC with CVA21 on melanoma. (B) Combination of P 4+ C with CVA21 on melanoma.
All tumour volumes are expressed as the average tumour burdens + SEM mm? (n = 8).
The inset displays a summary of P values calculated using the two-way ANOVA corrected
for multiple comparison with Tukey’s method.

5.1.5 Bioluminescent imaging in vivo

Mice were first imaged using bioluminescent imaging initially at day 28 post-tumour inocu-

lation (7 days prior to treatment). Animals were then routinely imaged once a week for the
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duration of the study. Figure 5.5 shows detection of SK-Mel-28-luc flank tumours pre- and
post-treatment by in vivo imaging. Bioluminescent signal were detectable seven days pre-
treatment (Day 28) exclusively from the flank tumours in all mice. Bioluminescent signal
was highest in the control group 31 days post-treatment (Day 66), indicated by the colour
intensity emitted. The amount of signal detected in the flank tumours of mice treated
with either DTIC or P 4+ C alone increased over the course of treatment, with no signs
of regression. Tumour shrinkage was most evident in the animals that received CVA21 or

CVA21 + chemotherapy, see Figure 5.5 (pre-treatment vs 31 days post-treatment).

Quantitative bioluminescence data were acquired and analysed using the Living Image
software v2.5 (Xenogen), and presented in graphical form (Figure 5.6A & B). Using the two-
way ANOVA followed by the Tukey’s correction for multiple comparison test, the average
radiance of each treatment group was assessed for statistically significant differences (Figure
5.6A & B [table inset]). Xenogen data showed a significant reduction in tumour burden
in all treatment groups after day 52 (7 days after completion of 2nd treatment cycle)
when compared to the control group (P < 0.05). Furthermore, tumours treated with the
combination of CVA21 and either chemotherapy showed enhanced anti-tumour activity in
comparison to DTIC and P + C alone treatment groups (P < 0.01). Xenogen data did not
report a statistically significant difference between CVA21 and CVA21 + chemotherapy

treatment groups as well.
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Figure 5.5: Bioluminescent imaging of BALB/c SCID mice transplanted with
luciferase expressing SK-Mel-28 cells. Tumour development can be seen by the
coloured-contour overlay showing luminescent intensity (measured in photons/cm?/s/sr)
(n = 8). Bioluminescent imaging was performed under a high resolution setting following
i.p. injection of the luciferase substrate d-luciferin. Images were captured once the BLI
reached its peak levels. For all images shown, the colour scale ranges from blue (just greater
than the background noise; set to 5.5 x 10° photons/cm?/s/sr) to red (at least 2 x 10%
photons/cm? /s /st). Images in the left column were taken 7 days before treatment (28 days
post-tumour inoculation), with the right column showing the anti-tumoural responses 38
days later (66 days post-tumour inoculation). Dramatic levels of regression were observed
in mice treated with CVA21, or CVA21 in combination with chemotherapy. Animals that
were treated with chemotherapy alone showed limited or no response to therapy.
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Figure 5.6: In vivo response monitoring in SK-Mel-28-luc melanoma model
with BLI. Serial monitoring of BLI flux changes in (A) DTIC combinations and (B)
P + C combinations, expressed as average radiance = SEM (photons/s/sr/cm?) over the
study (n = 8). Data from saline alone and CVA21 alone were plotted in panel A and B
for comparison. Dotted lines indicate treatment cycles. Two-way ANOVA (corrected for
multiple comparisons with Tukey’s method) demonstrates statistical significance between
treatment groups, denoted by asterisks (P < 0.0001).
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5.1.6 CVAZ21 viraemia

We have previously shown that the presence of DTIC and P + C did not inhibit CVA21
replication in wvitro. We therefore collected weekly serum samples from all CVA21 treated
mice in order to observe if virus was produced. Serum samples were analysed by quantil-
ative reverse transcriptase polymerase chain reaction (qQRT-PCR) to determine the levels
of CVA21 RNA present. One-step qRT-PCR was carried out using the SuperScript III
Platinum One-Step qRT-PCR Kit (Invitrogen). Initial serum samples were taken 1 h after

treatment was completed.

Viraemia levels increased progressively over the duration of the study indicating suc-
cessful infection and replication of CVA21 in the host (Figure 5.7A). Furthermore, animals
treated with CVA21, with or without chemotherapy had serum viraemia in excess of 10°
TCIDs5g equivalents/mL at the time of euthanasia (Figure 5.7B). This finding supports our
tumour burden results showing that successive replication of CVA21 leads to the destruc-
tion of tumour cells over time. There were no statistical differences between single agent
CVA21 treatment and combination treatments (P > 0.05; two-way ANOVA with Tukey’s

correction for multiple comparisons).
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Figure 5.7: Detection of viraemia using one-step qRT-PCR. (A) Percentage vir-
aemia change compared to the start of treatment (Day 35). (B) Viraemia levels during the
duration of the study. Viraemia levels were expressed as average TCIDj5y equivalents/mL
+ SEM (n = 8). One TCIDj5q equivalents/mL represents approximately 1 x 103 viral
copies/mL. Horizontal dotted line represents the limit of detection. Viraemia levels con-
tinued to escalate over time with no signs of clearance in this immune deficient model.
No statistically significant differences in viraemia were observed between the treatment

groups.
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5.2 Development of a syngeneic model of B16-ICAM-1 mur-

ine melanoma

Due to poor infectivity and replication in mouse tumour cell types compared with human
tumour cell lines, the use of CVA21 in syngeneic animal model systems was limited. Sur-
face expression of ICAM-1 is one of the most critical determinants of CVA21 tissue tropism
and lytic infection. Although CVA21 can bind and interact with an alternate attachment
receptor (DAF), CVA21 is dependent on ICAM-1 for high affinity attachment, and sub-
sequent induction of capsid conformational changes leading to successful cell entry and
infection. Mouse melanoma B16 cells lack the human form of ICAM-1 (h-ICAM-1) and
thus, not susceptible to CVA21 infection. In efforts to develop a syngeneic immunocom-
petent mouse model of melanoma, B16 mouse melanoma cells were transfected with the

human ICAM-1 receptor.

5.2.1 Establishing B16-ICAM-1 cells for tumour development

B16 mouse melanoma cells were stably transfected with the human ICAM-1 gene using
Lipofectamine to confer susceptibility to CVA21. A population of high h-ICAM-1 express-
ing B16 cells (B16-ICAM-1) were isolated by fluorescent activated cell sorting. Following
expansion of this cell population in wvitro, h-ICAM-1 levels were assessed by flow cyto-
metry. No surface h-ICAM-1 was detected on the surface of the non-transfected B16 cells
compared to the B16-ICAM-1 cell line which showed a distinct shift to the right in the
histogram (Figure 5.8A). To show that only B16-ICAM-1 cells support CVA21 viral rep-
lication, one-step growth curve assays were generated. CVA21 viral titres peaked at 24 h
post-infection with a viral titre of 1.47 x 108 TCID50/mL (Figure 5.8B). In contrast, data
from the B16 cells show that without the expression of the h-ICAM-1 surface receptor,

viral titres never exceeded the initial input inoculum and decreased over time.

Having shown that h-ICAM-1 surface receptor was detectable on B16-ICAM-1 cells
and these cells supported CVA21 viral replication, the cytopathic effect of CVA21 on B16-
ICAM-1 cells was addressed. Confluent monolayers of B16 and B16-ICAM-1 cells were
infected with serial dilutions of CVA21 (0.001 - 100 TCID5/cell) and stained with crystal
violet 72 h later. CVA21 induced lytic destruction of the B16-ICAM-1 monolayers at viral
concentrations as low as 0.1 TCIDsg/cell (Figure 5.8C). In contrast, B16 cells were not

permissive to the lytic infection as indicated by the intact monolayer and absence of CPE 72
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h post-infection. Cell viability data performed in parallel reinforces that CVA21 mediates
B16-ICAM-1 cell death in a dose-dependent manner but not in the native B16 cells (Figure
5.8D). The ECsq value of CVA21 against B16-ICAM-1 was 8.51 x 10~2 TCIDs50 /cell.
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Figure 5.8: Characterisation of B16-ICAM-1 melanoma cells. (A) Flow cyto-
metric analysis of ICAM-1 levels on B16 cells stably transfected with h-ICAM-1 ¢cDNA.
ICAM-1 positive cells (blue histogram) and control staining (grey histogram) are shown.
(B) One-step viral replication kinetics of CVA21 in B16 and B16-ICAM-1 cells. Cells were
infected with an MOI of 10 TCID5g/cell. Samples were collected at 0, 8, 24, 48, 72 h and
viral titres determined by TCIDs5q assays (C) Cytopathic effect of CVA21 on B16-ICAM-1
cells. Cells were infected with 0.001 - 100 TCIDs5g/cell of virus for 72 h and stained with
crystal violet. (D) Oncolytic effects of CVA21 on B16-ICAM-1 cells. Cell viability was
assessed using the MTT cell viability assay 72 h post-infection. Error bars indicate SEM.
All results displayed are representation of two independent experiments.

5.2.2 Assessment of tumour growth and survival analysis

Next, we sought to determine the most suitable route for the development of a syngeneic
murine model of B16-ICAM-1. The hind flank of naive syngeneic C57BL/6 mice were
injected subcutaneously (s.c.) or intradermally (i.d.) with 2 x 10° B16-ICAM-1 tumour
cells established earlier. The native B16 murine cells were used as controls. Tumour
volumes were measured twice a week using electronic vernier callipers. Animals with

3

tumours that appear ulcerated or greater than 2500 mm® in volume were euthanised. Any

remaining animals were terminated 30 days post-tumour inoculation.
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Our study shows that the growth of B16 flank tumour was not dependent on the route
of administration (Figure 5.9A). B16 cells invariably yielded a tumour that continued to
grow progressively. Maximum allowed tumour volume for B16 i.d. and B16 s.c. cells was
reached 23 and 25 days post-tumour inoculation, respectively. On the other hand, volumes
of B16-ICAM-1 flank tumours injected intradermally showed a significantly higher mean
tumour volume (827 + 220 mm?) compared with tumour injected subcutaneously (496 +

210 mm?) by day 28 (P < 0.05) (Figure 5.9B).

Apart from measuring tumour dimensions with digital callipers, we investigated if the
route of administration had an effect on tissue necrosis or ulceration of the skin overlying
the developing tumour. The number of animals euthanised due to tumour ulceration
from each group and their corresponding tumour volume is shown in Figures 5.9C & D.
Irrespective of the cell line, flank tumours inoculated intradermally were more likely to
ulcerate. The percentage of animals with ulcerated tumours for B16 i.d. (92%), B16 s.c.
(75%), B16-ICAM-1 i.d. (66.7%) and B16-ICAM-1 s.c. (50%) was recorded.
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Figure 5.9: Growth of B16 and B16-ICAM-1 flank tumours. Tumour volumes
of (A) B16 and (B) B16-ICAM-1 cells inoculated either intradermally or subcutaneously.
Data points indicate the mean tumour volume + SEM (n = 12). *B16-ICAM-1 i.d. wvs
B16-ICAM-1 s.c. (P < 0.05; two-way ANOVA with Bonferroni’s correction for multiple
comparisons). Distribution of the maximum tumour volume for (C) B16 and (D) B16-
ICAM-1 cells over the course of the experiment. Red circles represents the volume animals
were euthanised as a result of an ulcerated tumour.



CHAPTER 5. COMBINATION OF CVA21 WITH CHEMOTHERAPY IN VIVO 163

B16 flank tumours developed in all animal regardless of the route of inoculation (Figure
5.10A). On the other hand, not all animals developed palpable B16-ICAM-1 flank tumours
at the end of the study. 92% of animals (11/12) receiving B16-ICAM-1 intradermally
developed palpable tumours as compared to 83% (10/12) of animals from the subcutaneous
group. Interestingly, a delay in tumour growth was observed in animals inoculated with
B16-ICAM-1 cells subcutaneously, but not when delivered intradermally (Figure 5.10A).
The median time to a palpable B16-ICAM-1 tumour delivered subcutaneously (19.0 days)
was noticeably longer than B16 tumours delivered intradermally (6.5 days), subcutaneously

(8.6 days) and B16-ICAM-1 delivered intradermally (10.8 days).

Next, animals were followed for 30 days for survival. The route of administration of
either tumours did not have an impact on the animal’s survival (B16 i.d. wvs B16 s.c.,
B16-ICAM-1 i.d. ws B16-ICAM-1 s.c.; P > 0.05; log-rank test) . Animals bearing B16
flank tumours (Figure 5.10B) had a median survival of 14 days (i.d. delivery) and 15.5
days (s.c. delivery); while B16-ICAM-1 (Figure 5.10C) flank tumours was recorded at 28.5
days (i.d. delivery) and 29 days (s.c. delivery). However, survival data suggests that the
B16 flank tumours were more lethal than B16-ICAM-1 tumour. All animals bearing B16

flank tumours were euthanised by day 25.

5.2.3 Haematoxylin and eosin analysis

To validate the location in which the tumour cells were actually deposited, tumour histo-
logical features were shown by haematoxylin and eosin (H&E) staining. Examination of
normal skin sections revealed four layers of organisation, the epidermis, dermis, adipose
tissue and skeletal muscles (Figure 5.11A). H&E staining confirmed the location B16-
ICAM-1 tumours cells were deposited. Subcutaneous injection led to the development of
B16-ICAM-1 tumour beneath the layers of the skin (Figure 5.11B), while B16-ICAM-1
cells injected intradermally developed between the dermis and skeletal muscle layer, oc-
cupying majority of the adipose layer (Figure 5.11C). B16 melanomas are known to grow
rapidly and some are prone to developing haemorrhagic necrotic areas, which can cause
superficial erosion and ulceration. The dermis surrounding the site of ulceration revealed

a predominantly mononuclear rich inflammatory cell infiltrates.
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Figure 5.10: Growth rate and survival analysis for tumour bearing animals.
(A) The percentage of animals that developed palpable flank tumours. An animal that
developed a palpable flank tumour was counted as a positive subject. The data were fitted
using a locally weighted scatterplot smoothing (LOWESS) method. Median time to disease
was extrapolated from the four Parameter Logistic (4PL) nonlinear regression model [inset
table|. B16-ICAM-1 tumours did not develop in all animals and cells that were implanted
subcutaneously developed slower when compared to cells implanted intradermally. Kaplan-
Meier survival plot demonstrating survival of animals bearing (B) B16 and (C) B16-ICAM-
1 flank tumours. The inset table shows the median survival of each group. The route of
administration has no statistically significant impact on overall animal survival. Data was
analysed using the log-rank test (n = 12).
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Figure 5.11: Histological analysis of tumour deposits using H&E staining. Rep-
resentative section of (A) normal skin, B16-ICAM-1 tumour implanted (B) subcutaneously
and (C) intradermally photographed at a scanning resolution of 20x with a 2x and
10x magnification. Normal skin shows distinct organisation delineated by the epidermis,
dermis, adipose tissue, and skeletal muscle. Tumour mass implanted subcutaneously was
present below the skeletal muscle layer. Intradermal tumour mass developed in the adipose
layer, below the dermis, resulting in frequent tumour ulceration. Abbreviations: Tu, tu-
mour; Ule, ulceration.
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5.2.4 Isolation and in vitro expansion of murine cells from tumour ex-

plants

To further characterise the difference between, B16 and B16-ICAM-1 murine melanoma
tumours generated from both i.d. and s.c. route, primary cells were isolated and grown in
vitro, as described previously [Section 3.7.3]. Approximately 30 - 50% of viable cell were
recovered during the first passage. After 4 - 5 passages, cell viability fully recovered and
were propagated as adherent cell lines. Following expansion of these cell lines in vitro, flow

cytometric analysis was used to detect h-ICAM-1 receptor level.

As expected, no surface h-ICAM-1 was detected on the surface of the B16 primary
cultures (Figure 5.12A, top panel). Interestingly, the expression of h-ICAM-1 on the surface
was substantially reduced in B16-ICAM-1 cells implanted subcutaneously only (Figure
5.8A, bottom right panel). In direct contrast, there was little difference in the levels of
h-ICAM-1 between B16-ICAM-1 cells isolated after intradermal transplantation and the
parental line (Figure 5.8A, bottom left panel). These data strongly suggested that B16-
ICAM-1 cells transplanted intradermally could retain h-ICAM-1 expression but not after

s.c. injection.

To determine if the decrease in surface h-ICAM-1 receptor had an effect on CVA21
infectivity, confluent monolayers of B16 and B16-ICAM-1 explants were exposed to serial
dilutions of the virus. Cells were stained with crystal violet 72 h post-treatment and
scored for CPE. As expected, B16 cells were not susceptible to lytic infection, indicated
by the intact monolayer and absence of CPE (Figure 5.12B). However, B16-ICAM-1 cells
recovered from the i.d. transplantation were permissive to CVA21 infection, resulting in
the lytic destruction characteristic of the CVA21 CPE. In contrast, B16 cells were not

susceptible to lytic infection, indicated by the intact monolayer and absence of CPE.

In parallel, cell viability data demonstrates the reduced sensitivity of B16-ICAM-1
cells transplanted subcutaneously to CVA21 infection (Figure 5.12C). Intradermally in-
jected B16-ICAM-1 cells remain sensitive to CVA21 infection. In summary, significant
levels of ICAM-1 was detectable in B16-ICAM-1 primary cultures implanted intradermally
and these cells were still susceptible to CVA21 infection. Based on the collection of these
findings, cells were injected intradermally in all studies employing the B16-ICAM-1 im-

munocompetent model.
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Figure 5.12: Lytic infection of primary B16 and B16-ICAM-1 culture from
in vivo tumour explants. (A) Flow cytometric analysis of ICAM-1 levels on B16
and B16-ICAM-1 explants. ICAM-1 positive cells (blue histogram) and control staining
(grey histogram) are shown. (B) Crystal violet stained B16 and B16-ICAM-1 explants.
Monolayers were infected with 0.001 - 100 TCIDj5q/cell of CVA21 and stained with crystal
violet 72 h post-treatment. (C) Cytotoxicity assay of B16 and B16-ICAM-1 explants
infected with CVA21 at increasing MOI. Viability was assessed 72 h later by MTT assay.
Data was presented as percentage to untreated control with bars indicating SEM.
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5.3 Combinatory effects of CVA21 and DTIC and P + C on
B16-ICAM-1 cells

The purpose of this study was to evaluate the anti-tumour efficacy of the combined treat-
ment of CVA21 with dacarbazine or paclitaxel and carboplatin in a mouse cell line in
vitro before commencing in vivo experiments. To determine whether the commonly used
chemotherapeutic agents in melanoma enhances the efficacy of CVA21, combination dose
response data were analysed using the Chou-Talalay median-effect equations. Addition-
ally, viral replication which is required for oncolytic success was also investigated in the

presence of paclitaxel and carboplatin.

5.3.1 Dose response of B16-ICAM-1 cells to CVA21 in combination with
DTIC and P + C

To explore potential interactions between oncolytic CVA21 and chemotherapy for the treat-
ment of melanoma before proceeding into in vivo studies, cytotoxicity of CVA21 in com-
bination with DTIC or P + C was assessed in B16-ICAM-1 cell lines in vitro. B16-ICAM-1
cells showed dose-dependent cytotoxicity over a three day time course after exposure to
DTIC or P + C (Figure 5.13A). Dose response data revealed that B16-ICAM-1 cells were
resistant to DTIC treatment even at the highest tested dose (4 mM), and the ECsg value
could not not be determined. B16-ICAM-1 cells were slightly more sensitive to P + C
chemotherapy but still showed moderate levels of resistance, with approximately 20% of
cells still alive at the highest concentration tested. . The EC5g value of P + C was found
to be 9.08 pM for P and 0.24 mM for C.

Using results from these initial chemosensitivity experiments, combination experiments
using 0.06x, 0.13x, 0.25%, 0.5%, 1x, 2x and 4%, the EC5¢ dose for the individual agents
were combined at constant ratios. Sensitivity of B16-ICAM-1 to CVA21 infection was de-
scribed earlier (Section 5.2.1). Dose response curves were evaluated 72 h post-treatment.
The combination of CVA21 with DTIC does not appear to significantly improve efficacy in
the B16-ICAM-1 cell line (Figure 5.13B, left). However, a significant increase in cytotox-
icity was identified for the combination of CVA21 and P + C, at all doses tested (Figure
5.13B, right). Furthermore, at the lowest concentration tested, the combination treatment
resulted in approximately 82% cell killing while single agent CVA21 and P + C treatment
resulted in only 23% and 25% cell killing, respectively.
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Data from this experiment was subjected to the Chou-Talalay equations. The analysis
revealed that the combination of CVA21 and DTIC yields slight to moderate synergy at
higher concentrations but was mostly antagonistic at lower concentrations (Figure 5.13C).
CI values ranged from 0.5 to 1.0 from ECr5 to ECgs but increased dramatically after ECs.
On the other hand, the CVA21 and P + C combination which induced the greatest levels
of cell death translated into extremely high synergism across all combination ratios tested.
The CI values ranged from 5.09 x 1078 to 3.36 x 10! indicating that the combination

interaction was highly synergistic.
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Figure 5.13: Cytotoxicity of combination CVA21 and chemotherapy on B16-
ICAM-1 murine cell line. (A) Dose-dependent cell death expressed as % cell survival
induced by DTIC and P + C in B16-ICAM-1 at 72 hours post-treatment. (B) Dose
response curves of CVA21 in combination with DTIC (left panel) and P + C (right panel).
(C) Summary of B16-ICAM-1 combination assay. Sensitivity of B16-ICAM-1 to DTIC and
P + C as single agent (mean £+ SD from three independent experiments). B16-ICAM-1
was not sensitive to DTIC treatment (>100 is an arbitrary figure stating extremely high
dose of DTIC still had minimal effects). All data points indicate mean + SEM and are
representative of three separate experiments. Abbreviations: Dm, median-effect dose; m,
sigmoidicity of the dose-effect curve; r, correlation coefficient.
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The results were also presented as isobolograms and Fa-CI plots. As mentioned previ-
ously, CVA21 and both drugs have entirely independent modes of action, thus the conser-
vative isobologram method was applied [147]|. The ECsyg isobolograms showed a point value
above the hypotenuse for the CVA21-DTIC combination (antagonistic), but was below the
hypothenuse for the CVA21-P + C combination (highly synergistic) (Figure 5.14A). Ad-
ditionally, drug-drug interaction over a range of concentrations were analysed using Fa-CI
plots. The combination of CVA21 + DTIC was found to exert moderate synergistic effects
only at higher concentration (Figure 5.14B, left). Interestingly, combining CVA21 with P
+ C resulted in Cls < 1 for the majority of the concentrations tested, strongly highlighting
the synergistic anti-tumour effect of this combination across the broad range of Fa (5 -

95% cell death) (Figure 5.14B, right).
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Figure 5.14: Synergistic activity of CVA21 and chemotherapy in B16-ICAM-1
cells. (A) Isobologram analysis showing the interaction between CVA21 and the respective
chemotherapy at ECsy. Experimental combination doses required to generate 50% cell
killing is indicated by the circle and labelled with the respective CI value. CVA21 is
expressed as TCIDsp/cell and chemotherapeutics as ptM. (B) Fa-CI plot. The additive
effect of the combination is represented at CI = 1 (dotted line), CI < 1 indicates synergism,
while CI > 1 indicates antagonism. Fa-CI plots were constructed using experimental data
points (circles) and simulating CI values over the entire range of Fa values from 5% to 95%
(solid line). Data shown are representative of three independent experiments.
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5.3.2 Effects of P + C on CVAZ21 viral replication in B16-ICAM-1 cells

To explore the synergistic oncolytic effects of CVA21 and P + C combination in the B16-
ICAM-1 cells, CVA21 viral replication was investigated. To capture changes in viral pro-
duction levels, B16-ICAM-1 cells were inoculated with CVA21 (MOI = 1 TCID5/cell).
After 1 h of incubation in a 37°C and 5% COs environment, unbound virus particles were
washed off and cells were treated with P (0.01 - 100 pM) + C (0.27 - 2700 pM). Both
supernatant and cell pellet samples were then harvested at 12, 24, and 48 h post-infection.
Samples underwent three freeze-thaw cycles, centrifuged at 860 x ¢ for 5 min to remove

cellular debris before titrating them on confluent SK-Mel-28 cell monolayers.

Data from TCIDgg assays suggested that the addition of the doublet chemotherapy
significantly increased viral production as early as 12 h post-treatment (Figure 5.15A).
Presence of the doublet chemotherapy led to a significant increase in viral yield in a dose-
dependent manner, although the response appeared less robust after 24 h. Cells treated
with 100:2700 nM of P:C at 12 h had significantly higher CVA21 viral titre at 12 h with
2.3 x 10* TCID50/mL, when compared to cells without the doublet chemotherapy (3.2
x 102 TCID5p/mL). At 24 h, the viral yield of cells treated with 100:2700 uM of P:C
further increased to 1.9 x 105 TCIDsg/mL, while viral load of cells treated with only
CVA21 still maintained at 3.2 x 102 TCID5o/mL (Figure 5.15B). However, there was a
significant decrease in viral load of cells exposed to 100:2700 pM of P:C after 48 h 2.3 x
10® TCID5o/mL (with P + C) vs 6.8 x 10° TCID35p/mL (without P + C) (Figure 5.15C).
It is very likely that the reduction in viral yield was caused by the rapid killing induced
by the chemotherapeutics at earlier time points. Without a viable host cell to replicate in,

viral replication and production significantly decreases.

In parallel, to determine if the increase in viral load translates into increased cell death,
B16-ICAM-1 cells were inoculated with serial dilutions of CVA21 ranging from an MOI of
0.001 - 10 TCIDsg/cell in the absence or presence of P (1 pM) and C (27 pM). Cytotoxic
effects of CVA21 with P + C were assessed at 12, 24 and 48 h post-treatment by MTT
assays. In general, there was minimal difference between the two treatment options at 12
h and 24 h post-treatment (Figure 5.16A). However, significant enhancement of growth
inhibition by the combination of CVA21 with P + C after 48 h of exposure. Furthermore,
CVA21 mediated B16-ICAM-1 cell death in a dose dependent manner with or without P
+ C (Figure 5.16B). The combination of CVA21 at MOI 0.1 TCIDsq/cell with the doublet
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Figure 5.15: Effects of P + C on CVAZ21 viral production. B16-ICAM-1 cells were
treated with CVA21 (1 TCIDsg/cell) over a range of P 4 C concentrations over (A) 12,
(B) 24, and (C) 48 h. Infectious viral titres were determined using the Karber method.
Data are presented as the mean 4 SD from two independent experiments. P values were
derived from the Student’s t-test where *P < 0.05. Treatment groups were each tested for
significance against single agent CVA21 treatment.

chemotherapy inhibited more than 95% of B16-ICAM-1 cell growth 48 h post-treatment, an
effect only achievable by single agent CVA21 when the initial virus inoculum was increased
by 100-fold. In summary, in vitro experiments suggested that CVA21 and P + C interacted
in a synergistic fashion resulting in enhanced B16-ICAM-1 cell killing, associated with a

significant increase in viral production.
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Figure 5.16: Dose-dependent cytotoxicity of CVA21 in combination with P +
C on B16-ICAM-1 cells. (A) A MTT colorimetric cell viability assay was performed
12, 24, and 48 h post-treatment. Conversion of MTT into formazan crystals by living
cells determined by mitochondrial activity. Cell viability correlates directly with colour
intensity. (B) Dose response curves of CVA21 with or without P + C. B16-ICAM-1 cells
were treated with 0.001 - 10 TCIDsg/cell CVA21 alone or in combination with P (1 pM)
+ C (27 pM). The results were quantitated into cell viability %. Data points indicate the
mean of duplicate values + SEM and are representative of two separate experiments.
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5.4 In vivo assessment of combination oncolytic CVA21 and

chemotherapy in an immunocompetent mouse model

To assess whether this combination therapy approach was effective in an immunocompetent
melanoma mouse model, C57BL /6 mice were implanted with murine B16-ICAM-1 tumour
cells (2 x 10%) intradermally on the hind flanks. Tumour were allowed to establish before
commencement of chemotherapy treatment cycle 1 at day 4 and cycle 2 at day 18 post-
tumour inoculation (Figure 5.17). Mice were treated with intratumoural saline or CVA21
(1 x 108 TCID5p/mouse), intraperitoneal DTIC (8 mg/kg), P (15 mg/kg) + C (50 mg/kg)
or both on day 4. Three additional CVA21 injections (1 x 10® TCID5o/mouse/injection)
was administered intraperitoneally at day 7, 10 and 13. Each mouse received a total of 4 x
108 TCIDsq virus particles during study. On day 18, animals received a second treatment
of chemotherapy intraperitoneally. Mice were monitored daily and weigh up to three times
a week and tumour volumes measured by electronic callipers twice a week. Blood sampling
from the saphenous vein was carried out at weekly intervals. The study was terminated at

day 28 post-tumour inoculation.
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Figure 5.17: Overview of experimental protocol for immunocompetent murine
melanoma model. Animals (n = 8) bearing B16-ICAM-1 flank tumours were treated
with CVA21 (1 x 10® TCIDsp), DTIC (8 mg/kg), P (15 mg/kg) and C (50 mg/kg), or
in combination four days post-tumour cell inoculation. Animals treated with CVA21 re-
ceived three additional doses of virus intraperitoneally every three days. On day 18, an-
imals received a second treatment of chemotherapy intraperitoneally. The experiment was
terminated on day 28.
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5.4.1 Animal weights throughout the course of study

Animal body weights were obtained to monitor the wellbeing of tumour bearing mice
during the course of the study. Changes in body weight over time in the DTIC and P +
C combination were shown in Figures 5.18A & B. Both combination treatments were well
tolerated by animals, indicated by the increasing average weights during the course of the
study. At the end of the study, the mean body weight was 21.72 + 1.82 for the no tumour
control group, 21.21 4+ 1.25 g for the CVA21 group, 21.03 4+ 1.58 g for the DTIC group,
20.24 £ 1.15 g for the P + C group, 20.57 £+ 1.97 for the CVA21 + DTIC group, and 20.11
+ 1.42 g for the CVA21 + P + C group. Using the two-way ANOVA test with Tukey’s
correction for multiple comparison, there were no statistical differences between any of the
treatment groups at each time point (Figure 5.18A & B, inset). No deaths of unknown

causes or signs of adverse toxicity in any mouse in the investigation were observed.
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Figure 5.18: Mean body weights of mice (g) over time (days). Mass of (A)
DTIC experimental treatment groups and (B) P + C experimental treatment groups were
expressed as grams (g) with error bars indicating SEM (n = 8). The dotted lines at day 4
and day 18 indicate the start of chemotherapy treatment cycles 1 and 2 respectively. The
arrows indicate treatment with CVA21 at days 4, 7, 10, and 13. The same NTC, saline and
CVAZ21 data are plotted in panel A and B for comparison. The inset displays a summary
of P values calculated using the two-way ANOVA corrected for multiple comparison with
Tukey’s method.

5.4.2 Tumour volume data

The therapeutic efficacy of CVA21, DTIC, P + C, or the combination of virus with chemo-
therapy was compared in B16-ICAM-1 flank tumours in C57BL/6 mice. Tumour volumes
were measured twice a week using electronic vernier callipers and calculated using the for-
mula of a spheroid. At four days post-tumour implantation, animals were treated either
with CVA21 alone, chemotherapy alone or CVA21 in combination with chemotherapy.
By day 28, the study was terminated and all treatment groups showed reduced average
tumour volumes compared to saline treated control mice (Figure 5.19A & B). The mean
B16-ICAM-1 flank tumour volume of animals treated with saline was 268.91 4 344.54 mm?,
84.49 4 111.74 mm? for CVA21, 78.18 + 151.66 mm? for DTIC, and 113.70 & 255.29 mm?
for P + C.
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Statistical analysis performed using the two-way ANOVA with Tukey’s correction for
multiple comparison revealed that single agent CVA21 and DTIC had a strong effect (P <
0.001) in reducing tumour burden while the doublet P + C treatment had a moderate effect
(P < 0.05) when compared to saline treated animals (5.19A & B, inset). However, the
combination of CVA21 with either DTIC (42.87 #+ 66.87 mm?) or P + C (9.70 + 20.22 mm?®)
produced the greatest anti-tumour effect (P < 0.0001), strongly suggesting a synergistic
interaction between CVA21 and either chemotherapy in an immunocompetent setting.
Furthermore, tumours treated with CVA21 and P + C had slightly smaller mean volumes
than either single agent treatment but without statistical significance further suggesting
that the synergistic cytotoxicity in B16-ICAM-1 cells seen in wvitro may translate to the

clinic.



CHAPTER 5. COMBINATION OF CVA21 WITH CHEMOTHERAPY IN VIVO 177

>

700+

—_ — Saline

E 600, — CVA21

£ — DTIC Days post tumour inoculation
;’ 500 — CVA21 +DTIC 7 14 21 25 28

E 400 Saline vs CVA21 NS NS NS NS <0.001
° Saline vs DTIC NS NS NS NS <0.001
> 3007 Saline vs CVA21 +DTIC NS NS NS NS <0.0001
3 200 H DTIC vs CVA21 +DTIC NS NS NS NS NS

g =+ CVA21vs CVA21+DTIC NS NS NS NS NS
-

1001y VoV ¥

0 5 10 15 20 25 30
Days post tumour inoculation

W

—_ 7001 — Saline
E 600] . - -
£ P+C Days post tumour inoculation
o 5001 — CVA21+P+C 7 14 21 28 28
g 4004 Saline vs CVA21 NS NS NS NS <0.001
o Salinevs P+ C NS NS NS NS <0.05
> 3007 Saline vs CVA21+P+C NS NS NS NS <0.0001
3 200 ﬂ P+CvsCVA21+P+C NS NS NS NS NS
£ CVA21 vs CVA21+P+C NS NS NS NS NS
2 1001 vV VoY

01 L

0 5 10 15 20 25 30
Days post tumour inoculation

Figure 5.19: Combination of chemotherapy and CVA21 virotherapy on B16-
ICAM-1 murine flank tumours. C57BL/6 mice were injected with B16-ICAM-1 melan-
oma cells on the hind flank. Tumours were allowed to establish for four days, prior to
treatment with either saline (i.t.), CVA21 (i.t., 1 x 108 TCIDs), DTIC (i.p., 8 mg/kg), P
(i.p., 15 mg/kg) + C (i.p., 50 mg/kg) injection, or in combination with DTIC of P + C.
The arrows indicate treatment with CVA21 at days 4 (i.t.), 7 (i.p.), 10 (i.p.) and 13 (i.p.).
Mice received a second cycle of chemotherapy dosing at day 18 (dotted lines indicate days
of chemotherapy administration). Tumour volumes of (A) DTIC combination and (B) P +
C combination were measured twice weekly. All tumour volumes are expressed as average
tumour volume + SEM mm? (n = 8). The inset displays a summary of P values calculated
using the two-way ANOVA corrected for multiple comparison with Tukey’s method.
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5.4.3 CVAZ21 viraemia

To examine whether either chemotherapy affected levels of circulating viraemia, weekly
serum samples were collected and assessed by one-step qRT-PCR for CVA21 virus particles.
Infectious CVA21 was detected in the serum of virus treated animals approximately 45
min post-i.t. injection of virus on day four. Interestingly, the mean virus titre of animals
receiving the combination therapy of DTIC (5.66 x 10* TCID5o equivalent/mL; 2.3-fold
higher) or P + C (9.08 x 10* TCIDs5¢ equivalent/mL; 3.7-fold higher) was higher than
animals receiving the virus alone (2.43 x 10* TCIDs5o equivalent/mL) (Figure 5.20A).
However, this difference was not statistically significant (P > 0.05, one-way ANOVA).
Furthermore, the levels of virus in the blood were eliminated within the first week, by day
11 despite additional treatments with CVA21 intraperitoneally (Figure 5.20B). Given these
mice have a fully intact immune system, the clearance of CVA21 from the blood stream is

not surprising.
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Figure 5.20: Detection of viraemia following CVA21 oncolytic virotherapy with
and without chemotherapy. Viraemia levels were determined one-step qRT-PCR (n =
8). One TCID5q equivalent/mL represents approximately 1 x 10% viral copies/mL. Arrows
indicate administration of the virus intratumourally at day 4 and then intraperitoneally at
days 7, 10 and 13. The horizontal dotted line represents the detection limit of the assay
at 1,000 TCIDspequivalent /mL.
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5.4.4 CVAZ21 neutralising antibodies

One of the hallmarks of anti-viral immunity is the production of neutralising antibodies
against the virus. The previous immunodeficient model using SCID mice failed to address
this aspect of the therapy. To evaluate this, terminal blood samples collected at the
conclusion of the study via cardiac puncture were assessed for anti-CVA21 neutralising
antibody (nAb) levels. In both treatment groups, clear signs of tumour regression were
observed even in the presence of anti-CVA21 nAb levels as seen in Figure 5.19A & B.
Animals treated with CVA21 alone showed higher levels of nAbs (a titre of 1:724) wvs
CVA21 in combination with DTIC (1:326) or P 4+ C (1:326). No anti-CVA nAb were
detected from all animals that did not received CVA21 injections (Figure 5.21).

800+ 1:724
600-
4001

200+

Anti-CVA21 nAb titre

Figure 5.21: Presence of nAbs in serum following treatment with CVA21 and
CVA21 in combination with DTIC or P + C. Evidence for circulating neutralising
antibodies in immunocompetent mice (n = 8). Detectable neutralising antibodies in the
bloodstream of CVA21 (red bar), CVA21 + DTIC (blue bar), and CVA21 + P + C (green
bar) treated animals on day 28. The neutralising titre was defined as the reciprocal of the
serum dilution required to reduce viral infectivity by 50% and expressed as the geometric
mean from two independent experiments. 1:32 denotes baseline neutralisation .



Chapter 6

Combining oncolytic CVA21 with
immune checkpoint inhibitors for the

treatment of melanoma

Oncolytic virus immunotherapy is a new form of melanoma therapy that uses native or
genetically modified viruses to selectively enter, replicate, and lyse tumour cells. Onco-
lytic viruses mediate anti-tumour activity through primary lysis of tumour cells, potent
bystander effects on uninfected tumour cells, induction of local antiviral immunity, and
priming of systemic tumour-specific immunity that can mediate tumour regression at dis-
tant, uninfected lesions [60, 88, 141, 442]. Numerous preclinical tumour models have
demonstrated the therapeutic effectiveness of oncolytic immunotherapy [88]. In addition,
the clinical success of several OVs in stimulating an effective anti-tumour immune response

has been observed in early-phase and now late-phases clinical trials [81, 316, 340, 455].

Previously, we successfully demonstrated the efficacy of CVA21 as a single agent and
in combination with several conventional chemotherapeutic agents in a range of melanoma
mouse models. In this chapter, using the same animal models we previously have developed,
we sought to investigate the role of CVA21 as an potential immunotherapeutic agent for
the treatment of melanoma. Our hypothesis is that CVA21 infection and subsequent lysis
of tumour cells, results in the release of cellular debris containing melanoma antigens
that stimulate anti-tumoural immunity, thereby acting as a personalised in situ cancer
vaccine. In the first section of this chapter, findings are presented on tumour immunity
evoked by immunising animals with cell lysates produced following in wvitro infection by

CVAZ21. In the following sections, we explored the immunotherapeutic potential of CVA21

180
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in combination with systemic CTLA-4 and PD-1 blockade. Our findings from this chapter

provide a strong rationale for investigation of such combination therapies in the clinic.

6.1 Induction of anti-tumour immune response by CVA21

oncolysates

Triggering systemic and prolonged anti-tumour immunity by oncolysis represents a prom-
ising strategy for an effective and durable response. Tumour destruction by an OV can
release a wide range of tumour-associated antigens (TAAs) that will be taken up by infilt-
rating APCs for cross-presentation to T cells for priming of antigen specific immune re-
sponse. Based on this premise, the main aim of this study is to investigate if immunisation
with an in vitro CVA21-infected melanoma cell lysate could prime an effective immune
response against tumour cells and subsequently hinder melanoma growth. A schematic
presentation of the immunisation model is showed in Figure 6.1. Briefly, C57BL/6 mice
were immunised intraperitoneally with different laboratory made vaccines (described in
Materials and Method, Section 3.2.3). Fourteen days after vaccination, 2 x 10° B16 cells
were injected into the hind flank of animals intradermally. Mice were monitored daily and
weigh up to three times a week and tumour volumes measured by electronic callipers twice

a week. The study was terminated at 17 days post-tumour inoculation.
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Timeline of Study

Vaccines groups:
1. Saline
2.CVA21

3. Control vaccine Intradermal challenge with
4.CVA21 + Control vaccine B16 murine melanoma cells
5.CVA21 oncolysate (2 X 10% cells/ mouse)

—

Acclimatisation phase Vaccination phase Challenge phase

T
~

284

T
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N

Arrival of animals -74 —
Vaccination 0-
B16 challenge 14+
End of study 314 —

Days

Figure 6.1: Overview of experimental protocol for CVA21-oncolysate immun-
isation murine melanoma model. After a seven day acclimatisation period, animals
from each group (n = 8) were immunised intraperitoneally with five different vaccines, sa-
line alone, CVA21 (2 x 10® TCIDs5q/mouse), control vaccine (2 x 10 mechanically lysed
B16-ICAM-1 cells), CVA21 + control vaccine, and CVA21 oncolysate (CVA21 lysed B16-
ICAM-1 cells). Fourteen days after vaccination, animals were challenged with 2 x 10° B16
cells injected intradermally into the hind flank. Study was terminated at day 31.

6.1.1 Animal weights throughout the course of study

Animal body weights were obtained to monitor the wellbeing of tumour bearing mice
during the course of the study. Changes in body weight over time in the DTIC and P +
C combination are shown in Figures 6.2. All laboratory made vaccines were well tolerated
by animals, indicated by the increasing average weights during the vaccination phase of
the study. The mean body weight was 21.35 £+ 1.54 for the no tumour control group,
20.17.21 + 1.18 g for the saline group, 20.30 4+ 1.04 g for the CVA21 group, 20.59 + 0.71
g for the control vaccine group, 20.47 + 0.94 for the CVA21 + control vaccine group, and
20.58 + 0.71 g for the CVA21 oncolysate group. During the live tumour challenge phase,
animals with ulcerated tumours experienced significant weight loss and were euthanised
immediately. No deaths of unknown causes or signs of adverse toxicity in any mouse were

observed during the investigation.

6.1.2 Anti-tumour effect of CVA21 oncolysate

The therapeutic efficacy of the various laboratory vaccines were compared in B16 flank
tumours in C57BL/6 mice. Animals were challenged with 2 x 10° live B16 cells after

which tumours were measured using electronic vernier callipers and tumour volumes were
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calculated using the formula of a spheroid. During the entire duration of the study, no
signs of tumour regression were observed in any treatment group. All animals developed
palpable tumours, some of which had began to ulcerate and the study was terminated 17
days after tumour inoculation. The mean B16 flank tumour volume of animals immunised
with saline was 813.91 £ 669.69 mm?, 603.91 + 259.01 mm? for CVA21, 719.59 + 565.28
mm? for control vaccine, 616.60 & 683.06 mm? for CVA21 + control vaccine, and 314.43
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Figure 6.2: Individual body weights of mice (g) over time (days). The dotted
line at day 14 indicates the start of the B16 live tumour challenge. Animals (n = 8) were
weighed at least twice weekly during the entire duration of the study. Animals experi-
encing a weight loss of more than 10% from the previous measurement were euthanised
immediately.
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+ 91.84 mm? for CVA21 oncolysate (Figure 6.3A).

Statistical analysis performed using the two-way ANOVA with Tukey’s correction for
multiple comparisons did not indicate any significant inhibition of tumour growth for any of
the treatment groups when compared to the saline treated animals (P > 0.05). Though not
statistically significant, animals immunised with the CVA21 oncolysate did experienced a
modest tumour growth inhibition (mean flank tumour volumes were approximately 2.5-fold
lower than saline treated animals). Interestingly, when studying the tumour response of
individual animals, 6 out of 8 animals from the CVA21 + control vaccine group experienced
modest tumour growth inhibition (Figure 6.3B). These results, suggest that the lysis of
B16-ICAM-1 cells by CVA21 or the interaction of CVA21 with B16-ICAM-1 cell debris

may stimulate an anti-tumour response against B16 melanoma cells.
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Figure 6.3: B16 tumour growth following immunisation with saline, CVA21,
control vaccine, CVA21 + control vaccine, or CVA21 oncolysate. Animals were
challenged with B16 tumours 14 days after immunisation. Tumour volumes were measured
twice weekly. (A) Average tumour volume of each treatment group at the end of study
with error bars indicating SEM (n = 8). Using the two-way ANOVA corrected for multiple
comparison with Tukey’s method, no significant difference was observed (P > 0.05). (B)
Tumour response of individual animals. Several animals were euthanised due to tumour
ulceration.
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6.1.3 Survival data of animals treated with CVA21 oncolysate

As described previously, intradermal injection of B16 tumour cells produces a solid tumour
which may ulcerate. Ulcerated /necrotic tissue may result in a loss of body fluid and/or
severe weight loss, thus, was used as an endpoint for the study. The study was terminated
17 days post-tumour inoculation due to an observed onset of ulceration in all treatment
groups. Analysis of Kaplan-Meier curves using log-rank tests showed no significant dif-
ferences in the survival kinetics for all treatment groups (Figure 6.4A). The study did
not provide any meaningful survival data as the study was terminated before the median

survival could be determined for several groups (Figure 6.4B).

100.]— Saline
— CVA21
= Control vaccine
= CVA21 + Control vaccine
=+ CVAZ21 oncolysate

% Survival
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14 15 16 17
Days post tumour inoculation
Saline CVA21 Cont'rol CVA21 + ) CVA21
vaccine Control vaccine  oncolysate
# censored subjects 5 6 4 5 4
# deaths / events 3 2 4 3 4
Median survival N/A N/A 16.5 N/A 16.5

Figure 6.4: Survival of C57BL/6 mice following immunisation with CVA21
oncolysates. (A) Kaplan-Meier plot demonstrating survival rates of animals (n = 8)
following immunisation with CVA21, control vaccine, CVA21 + control vaccine, and CVA21
oncolysate. A log-rank (Mantel-Cox) test was used to compare groups to the combination
therapy. (B) Table showing median survival of mice from each treatment group. No
significant survival benefit was observed.
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6.2 In vivo assessment of combination oncolytic virotherapy
and anti-PD-1 immunotherapy in an immunocompetent

mouse model

The discovery of T cell regulatory receptors have provided targets for immunotherapies
aiming to enhance activation of antitumour immune responses or to reverse immunosup-
pressive mechanisms governing tumour resistance. Targeting of the latter with antibodies
to immunologic checkpoints such as PD-1 has demonstrated therapeutic efficacy for some
cancers. To assess whether the combination CVA21 and anti-PD-1 therapy approach was
effective in an immune-competent mouse model of melanoma, C57BL/6 mice were im-
planted with murine B16- ICAM-1 tumour cells (2 x 10° cells/mouse) intradermally on
the left hind flank. Tumours were allowed to establish before commencement of therapy
at 6, 9, 12 and 15 days post-tumour inoculation (Figure 6.5). CVA2l-treated animals
were given up to four additional intratumoural injections of CVA21 at weekly intervals.
Saline or CVA21 was administered intratumourally at the indicated time points, while the
control antibody or anti-PD-1 antibody were administered intraperitoneally. Mice were
challenged with live B16 cells (1 x 10° cells/mouse) intradermally on the right hind flank.
Mice were monitored daily and weighed up to three times a week and tumour volumes
measured by electronic callipers three times a week. Blood sampling from the saphenous
vein was carried out at weekly intervals. The study was terminated at day 66 post-tumour

inoculation.
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Figure 6.5: Treatment scheme of anti-PD-1 combination immune-competent
murine melanoma protocol. Time line showing the schedule of treatments (blue circles
|[anti-PD-1 antibody]|, orange squares [CVA21]) and monitoring procedures (red triangles
[blood collection| and green triangles [tumour measurements and body weight measure-
ments|). Animals (n = 12) were first treated with either i.t. saline or CVA21 (1 x 10®
TCIDs5g /injection), followed by i.p. injections with the murine isotype control antibody or
the anti-PD-1 antibody (12.5 mg/kg). The experiment was terminated on day 66.

6.2.1 Body weights following treatment with either saline or CVA21 in

combination with anti-PD-1 or control antibody

Body weights of animals were recorded up to three times a week as an indicator of the
animal’s wellbeing. The average changes in body weight over time were shown in Fig-
ure 6.6A, and individual changes were shown in Figure 6.6B. Animals that received the
combination treatment generally exhibited steady weight gain or maintenance compared
to control animals whose rapid weight gain/loss were likely to be due to the uncontrolled
growth of large tumours resulting in ulceration. The combination treatment was well tol-
erated by animals evident by the increasing average weights during the course of the study.
No statistically significant differences in the mean body weights were observed between the
treatment groups and NTC mice at any of the time points (two-way ANOVA corrected
for multiple comparisons using the Tukey’s method). Furthermore, no deaths of unknown

causes or signs of adverse toxicity were observed in any mouse during the investigation.
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Figure 6.6: Body weights of mice (g) vs time (days). (A) Average mass of animals
on study were expressed as grams (g) with error bars indicating SEM (n = 12). The
inset displays a summary of P values calculated using the two-way ANOVA corrected
for multiple comparison with Tukey’s method. Some fluctuations in mean weights were
observed due to the euthanasia of mice over the duration of the study. (B) Individual
body weights of mice. The dotted lines at day 6, 9, 12 and 15 show each cycle of therapy.
The arrows indicate additional treated with CVA21 at days 19, 26, 33, and 40.

6.2.2 Tumour volume data

The bilateral flank B16-ICAM-1/B16 tumour model was used to determine CVA21 efficacy
in combination with anti-PD-1. Primary melanoma tumours were implanted by injecting 2
x 10° B16-ICAM-1 cells in the left hind flank intradermally on day 0. Secondary tumours
were established by injecting 1 x 10° B16 cells in the right hind flank intradermally on day
31. Tumours were measured three times a week using digital callipers and animals were

euthanised when tumour ulceration was observed.
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6.2.2.1 Tumour volumes of primary B16-ICAM-1 nodules

The in vivo data presented in the earlier section (Section 6.1) indicated that in wvitro
CVAZ21 cell lysis might be able to enhance the immunogenicity of B16-ICAM-1 cells, pos-
sibly delaying the growth of B16 melanoma tumour rechallenge. To determine if the lysis
of CVA21-injected tumours could stimulate an anti-tumour immune response and whether
the combination with anti-PD-1 could augment this response, the experiment was per-
formed with B16-ICAM-1 and B16 melanoma tumours implanted on opposite flanks. The
treatment protocol was summarised in Figure 6.5 and tumour volume was calculated using

the formula of a spheroid.

All control animals developed tumours and were euthanised by day 42 due to progressive
disease (Figure 6.7A & B, top left). Tumours had either ulcerated or had escalated reaching
the maximal ethical endpoint (> 2500 mm?®), necessitating euthanasia. Unsurprisingly,
treatment with CVA21 alone was not curative and only resulted in the delay of primary
tumour growth. A further delay in tumour growth was observed in animals treated with
the anti-PD-1 antibody alone, but failed to result in the long-term inhibition (Figure 6.7B,
top right). Remarkably, the combination of CVA21 with anti-PD-1 antibody showed the
best tumour response with a notable delay in tumour onset and only six animals showing
signs of primary tumour growth towards the latter half of the study, an effect that was not

seen with either treatment alone.

Given that the last of the tumour-bearing animals in the saline + control antibody
group were euthanised at day 42, a two-way ANOVA analysis was carried out using the
tumour volume data of all mice collected up until this day, to compare the efficacy of each
treatment groups. Using Tukey’s method for multiple comparison, all treatments signific-
antly inhibited tumour growth by day 26 when compared to the saline + control antibody
treatment group (P < 0.001) (Figure 6.7A, inset). Furthermore, tumour growth inhibition
was greater with the combination of intratumourally administered CVA21 and i.p. anti-
PD-1 antibody and this was statistically significant (P < 0.0001). More importantly, a
separate two-way ANOVA analysis was used to analyse the tumour volume data from both
the saline + anti-PD-1 and CVA21 + anti-PD-1 treatment groups. The analysis revealed
that mean tumour volumes of animals receiving the combination therapy were significantly
lower when compared to animals receiving the anti-PD-1 antibody alone after day 40 (P

< 0.05), suggesting that the combination treatment produces a more lasting anti-tumour
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Figure 6.7: Tumour volumes following combination anti-PD-1 antibody and
CVA21 virotherapy on primary B16-ICAM-1 murine melanoma tumours.
C57BL/6 mice were injected with B16-ICAM-1 cells intradermally on the left hind flank.
Animals were treated with either saline (i.t.), CVA21 (i.t., 1 x 10® TCIDs0/injection),
control or anti-PD-1 antibody (i.p., 12.5 mg/kg), or CVA21 in combination with anti-PD-
1 antibody. (A) Tumour volumes (mm?) expressed as the average with the upper limit of
the SEM (n = 12). The inset displays a summary of P values calculated using the two-way
ANOVA corrected for multiple comparison with Tukey’s method. * Saline + control anti-
body vs all treatment groups (P < 0.05); # Saline + anti-PD-1 vs CVA21 + anti-PD-1 (P
< 0.05). (B) Individual tumour volumes from each mouse. Treatment days are indicated
by the dotted lines and additional i.t. virus injections (1 x 10® TCIDsq/injection) were
administered at days 19, 26, 33, and 40 (solid arrow).
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6.2.2.2 Tumour volumes of secondary B16 nodules

To determine if a robust anti-tumour response had developed following treatment and
whether durable anti-tumour protection was possible, remaining animals were rechallenged
with 1 x 10° B16 cells into the right hind flank intradermally on day 31. Animals received
B16 cells which lacked the human ICAM-1 receptor and were therefore resistant to CVA21
therapy, ruling out the possibility of oncolysis by residual CVA21. These cells are antigen-
ically similar to the B16 cells used to generate the B16-ICAM-1 cell line and were used to
identify the presence of a specific anti-tumoural immune response that may have resulted

following oncolysis of the primary tumour.

As seen in Figure 6.8A, bilateral tumours eventually developed in all of the mice re-
challenged with B16 cells. Although the combination therapy resulted in 50% tumour
remission of the primary B16-ICAM-1 left flank tumour, it failed to result in long-term
protection and tumour rejection in bilateral B16 tumours. Interestingly, only animals re-
ceiving the combination treatment demonstrated a significant delay in the incidence rate
of a palpable B16 flank tumours (defined using Kaplan-Meier survival curves) (P < 0.01)
(Figure 6.8B). It can be seen from the data in Table 6.8C that the median time to palpable
B16 tumours in saline, single agent anti-PD-1, and CVA21 treated animals was signific-
antly earlier when compared to the combination group (38 days vs 49.5 days, respectively).
Overall, the above results suggest that in this study, intratumourally injected CVA21 was
not sufficient in inducing an effective anti-tumour immune response against B16 tumours,
but when combined with anti-PD-1 antibodies could illicit an immune response capable of

significantly delaying the onset of palpable tumour nodules.



CHAPTER 6. COMBINATION OF CVA21 WITH IMMUNOTHERAPEUTICS 193

A

— Saline + Control Ab — Saline + anti-PD-1 — CVA21 + Control Ab — CVA21 +anti-PD-1

T 150 T 1501 T 1501 T 150

E E E E

£ £ £ £

2 1001 2 1004 2 1001 2 1001

> > > >

5 5 5 5

E 5o E 50 E 5o E 5o

[ = = =

30 40 50 60 70 30 40 50 60 70 30 40 50 60 70 30 40 50 60 70
Study days Study days Study days Study days

=

3

2 100 —— Saline + Control Ab Median time to di

" . 1 A

-i —— Saline + anti-PD-1 Treatment group Studv d

z —— CVA21 + Control Ab (Study days)
= —— CVA21 + anti-PD-1

S 504 Saline + Control Ab 38

2] . .

g P<0.01 Saline + anti-PD-1 38
§ ] CVA21 + Control Ab 38
e a | CVA21 + anti-PD-1 49.5
=2 0: T T

30 40 50 60 70
Study days

Figure 6.8: Tumour development of secondary B16 tumour nodules. (A) Indi-
vidual tumour volumes from each mouse (n = 12) following rechallenge with B16 tumour
cells (1 x 105 cells/mouse) on the right hind flank at day 31. (B) Kaplan-Meier survival
plot demonstrating the development of secondary B16 tumour nodules. (C) Median time
to a palpable B16 tumour nodule. All animals eventually developed palpable tumours,
however, there was a trend indicating that the onset of B16 tumour growth was delayed
by CVA21 + anti-PD-1 therapy.

6.2.3 Survival in mice treated with CVA21 in combination with anti-

PD-1 or a control antibody

CVAZ21 in combination with the anti-PD-1 antibody demonstrated a statistically signific-
ant improvement in overall survival compared to the saline + control antibody group (P
< 0.0001, Log-rank [Mantel-Cox| test) (Figure 6.9A). Comparing the CVA21 + control
antibody and the saline + control antibody group, there was no statistically significant
difference. When the saline + anti- PD-1 survival curve was compared with the CVA21 +
anti-PD-1 treatment group there was a statistical difference (P < 0.01, Log-rank [Mantel-
Cox] test) (Figure 6). Overall, these finding suggest that CVA21 used in combination with
the anti-PD-1 antibody gave a significant survival advantage (median survival of 45 vs 60

days for saline + anti-PD-1 and CVA21 + anti-PD-1 respectively) (Figure 6.9B).
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Figure 6.9: Survival of C57BL /6 mice following treatment with saline or CVA21
in combination with the control antibody or anti-PD-1. (A) Kaplan-Meier plot
demonstrating survival rates. A log-rank (Mantel-Cox) test was used to compare groups to
the combination therapy (n = 12). (B) Table showing median survival of mice from each
treatment group. Animals receiving the combination treatment demonstrated a signific-
antly longer overall survival when compared to animals treated with single agent anti-PD-1

or CVA21.
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6.2.4 Serum analysis

Studies were undertaken to characterise the anti-viral immune responses generated against
CVA21 following i.t. viral administration in the absence or presence of the immune check-
point inhibitor anti-PD-1 antibody in the C57BL/6 mouse model. Serum was collected

from mice starting 1 h post-treatment, and weekly thereafter.

6.2.4.1 CVAZ21 viraemia

To examine whether blocking PD-1 affected levels of circulating viraemia, weekly serum
samples were collected and titrated against SK-Mel-28 cells. Virus titration from the
serum of infected mice revealed a high level of viraemia 45 min post-treatment, with a
subsequent drop a week later (Figure 6.10A & B). The average viral load of mice treated
with CVA21 + control Ab and CVA21 + anti-PD-1 was an an average titre of 3.85 x 10°
TCID5p/mL and 2.36 x 10° TCIDsq/mL respectively. (Figure 6.10B). Importantly, i.p.
injection of anti-PD-1 antibody did not result in a significant difference of viraemia levels
(P > 0.05, student t-test) indicating that blocking PD-1 did not adversely affect CVA21
viral replication. Interestingly, despite the administration of multiple weekly i.t. CVA21
treatments after the initial injection, viraemia levels in serum (with or without anti-PD-1)
were not sustained and fell below the assay’s limit of detection. These results suggest that
sustained viral load is unlikely even with repeated doses of CVA21 at high titres, and that

the antiviral immune response may pose as a very significant barrier to CVA21 virotherapy.

6.2.4.2 CVA21 neutralising antibodies

Next, to investigate the antiviral immune response of these animals, serum samples from
animals treated with CVA21 were tested for the presence of CVA21-specific nAbs. Neut-
ralisation assays were performed in which 2-fold serial dilution of the serum samples were
incubated with 100 TCIDsg of CVA21 for 1 h before titrating them against SK-Mel-28
cells. As expected, the increase in serum CVA21 nAb titres corresponded to the clearance
of virus from the serum of these mice (Figure 6.11A & B). No nAbs were detected prior to
treatment. Somewhat surprisingly, animals receiving the anti-PD-1 antibody had approx-
imately 2-fold lower levels of nAb than mice in the CVA21 only group, but this difference
was not statistically significant (P > 0.05, two-way ANOVA corrected with Bonferroni’s

method for multiple comparison).
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Figure 6.10: Detection of viraemia following CVA21 administration with and
without anti-PD-1 immunotherapy. (A) Levels of infectious CVA21 in the serum of
C57BL/6 mice following treatment with i.t. CVA21 (1 x 108 TCIDsg/injection) with or
without i.p. anti-PD-1 (12.5 mg/kg). The black arrows indicate administration of the
virus intratumourally at day 6, 9, 12, and 15, while the red arrows indicate four additional
CVA21 weekly injections at day 19, 26, 33, and 40. (B) Viral titres of each individual
mouse 1 h post-i.t. administration as determined by viral infectivity assays. Viraemia
levels were calculated using the Spearman-Karber method and expressed as average viral
titre £ SEM TCIDsp/mL (n = 12). The horizontal dotted line represents the detection
limit of the assay at 100 TCID5q/mL. Despite repeated dosing, viraemia was only detected

1 h post-infection.
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Figure 6.11: Detection of CVA21-specific neutralising antibodies (nAbs) fol-
lowing CVA21 administration with and without anti-PD-1 immunotherapy. (A)
Anti-CVA21 nAb levels during study in serum of mice following CVA21 treatment, as de-
termined by viral neutralisation assay. CVA21 + control antibody vs CVA21 + anti-PD-1
(P > 0.05). (B) Neutralising antibody levels of individual animals. The black arrows
indicate administration of the virus intratumourally at day 6, 9, 12, and 15, while the red
arrows indicate four additional CVA21 weekly injections at day 19, 26, 33, and 40. The
neutralising titre was defined as the reciprocal of the serum dilution required to reduce
viral infectivity by 50% and expressed as the mean + SEM neutralising units (NUs) (n =
12). The horizontal dotted line represents the detection limit of the assay at 23 NUs.
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6.3 In vivo assessment of combination oncolytic virotherapy
and anti-CTLA-4 immunotherapy in an immunocompet-

ent mouse model

Next, the combination effect of CVA21 was explored with a further immune checkpoint
inhibitor, anti-CTLA-4. To address this question, the recently established fully immun-
ocompetent CVA21-susceptible mouse model of malignant melanoma, B16-ICAM-1 was
used [5.2]. C57BL/6 mice were implanted with murine B16-ICAM-1 tumour cells (2 x
10° cells/mouse) intradermally on the left hind flank. Tumours were allowed to establish
before commencement of therapy at 7, 10, 13 and 16 days post-tumour inoculation (see
Figure 6.12). Saline or CVA21 was administered intratumourally at the indicated time
points, while the control antibody or anti-CTLA-4 antibody were administered intraperi-
toneally. The presence of a robust anti-tumour immunity was examined by rechallenging
animals with live B16 cells (1 x 10° cells/mouse) intradermally on the right hind flank.
Mice were monitored daily and weighed up to three times a week and tumour volumes
measured by electronic callipers three times a week. Blood sampling from the saphenous
vein was carried out at weekly intervals. The study was terminated at day 77 post-tumour

inoculation.
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Figure 6.12: Treatment scheme of anti-CTLA-4 combination immune-
competent murine melanoma protocol. Time line showing the schedule of treatments
(blue circles |anti-CTLA-4 antibody]|, orange squares [CVA21]) and monitoring procedures
(red triangles [blood collection| and green triangles [tumour measurements and body weight
measurements|). Animals (n = 10) were first treated with either saline or CVA21 (1 x 108
TCIDs50 /injection), followed by intraperitoneal injections with the murine isotype control
antibody or the anti-PD-1 antibody (12.5 mg/kg). No additional treatment was admin-
istered after the initial four injections. The experiment was terminated on day 77.
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6.3.1 Body weights following treatment with either saline or CVA21 in
combination with anti-CTLA-4 or control antibody

Animals were weighed up to three times a week to monitor the wellbeing of tumour bearing
mice during the course of the study. The average changes in body weight of animals on
study were shown in Figure 6.13A, and individual changes were shown in Figure 6.13B.
Animals responding to treatment generally exhibited steady weight gain or maintenance
compared to control animals whose rapid weight gain/loss were likely linked to the as-
sociated tumour burden and tumour ulceration. The combination treatment was well
tolerated by animals and is evidenced by the increasing average weight during the course
of the study. No statistically significant differences in mean body weights were observed
between the treatment groups and NTC mice at most time points (two-way ANOVA cor-
rected for multiple comparison using Tukey’s method) (Figure 6.13A, inset). Furthermore,
no acute weight loss of unknown causes or signs of treatment-related adverse toxicity were

observed during the course of the study.
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Figure 6.13: Body weights of mice (g) vs time (days). (A) Average mass of
animals on study were expressed as grams (g) with error bars indicating SEM (n = 10).
The inset displays a summary of P values calculated using the two-way ANOVA corrected
for multiple comparison with Tukey’s method. Some fluctuations in mean weights were
observed due to the euthanasia of mice over the duration of the study. (B) Individual
body weights of mice. The dotted lines at day 7, 10, 13 and 16 show each cycle of therapy.
No unexpected weight changes were observed.

6.3.2 Tumour volume data

The bilateral flank B16-ICAM-1/B16 tumour model was used to determine CVA21 effic-
acy in combination with anti-CTLA-4. Primary melanoma tumours were implanted by
injecting 2 x 10% B16-ICAM-1 cells in the left hind flank intradermally on day 0. At least
thirty days after the first treatment was administered, secondary tumours were established
by injecting 1 x 10° B16 cells in the right hind flank intradermally. Tumours were meas-
ured three times a week using digital callipers and animals were euthanised when tumour

ulceration was observed or if weight loss was > 10%.
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6.3.2.1 Tumour volumes of primary B16-ICAM-1 nodules

Results from Section 6.2 have demonstrated that CVA21 induced anti-tumour immunity
can be augmented by systemically blocking PD-1. To determine whether this treatment
strategy could be extended to other immune checkpoint inhibitors, combination treatment
with anti-CTLA-4 was evaluated in the B16-ICAM-1/B16 bilateral tumour model. The
treatment protocol was summarised in Figure 6.12 and tumour volume was calculated using

the formula of a spheroid.

As shown in Figure 6.14A, little anti-tumour activity was observed in the saline +
control antibody treated B16-ICAM-1 tumours. All control animals developed primary
tumours evidenced by the increasing tumour volume and tumour ulceration. By day 45,
all saline + control antibody treated mice were euthanised due to progressive disease, with
tumour volumes reaching the maximal humane endpoint. Complete tumour regression
followed by a durable response was observed in 60% of animals treated with either mono-
therapies (Figure 6.14B). Remarkably, all animals treated with CVA21 and anti-CTLA-4
combination therapy demonstrated complete tumour growth inhibition and this response

was maintained until the end of the study.

Given that the last animals in the saline + control antibody group were euthanised
at day 45, a two-way ANOVA was carried out using the primary tumour volume data of
all mice collected up until this day, to compare the efficacy of different treatment groups.
Using Tukey’s method to compare all treatment groups to control animals, a significant
difference in tumour volume was first observed in animals treated with the combination of
i.t. CVA21 and i.p. anti-CTLA-4 antibody at day 35 (P < 0.001) (Figure 6.14A, inset).
By day 42, all treatments significantly inhibited tumour growth (P < 0.0001). More
importantly, a separate two-way ANOVA analysis used to analyse the tumour volumes
of saline + anti-CTLA-4 and CVA21 + CTLA-4 treatment groups revealed a significant
difference at day 35 and 37 (P < 0.05). However due to the termination of several animals
that did not respond to treatment, the differences for the remainder of the study were
no longer statistically significant. Overall, tumour volume data presented here strongly
suggests that combination therapy with localised CVA21 therapy with systemic CTLA-4

blockade led to a more favourable therapeutic effect than either agents can achieve alone.
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Figure 6.14: Tumour volumes following CVA21 virotherapy and CTLA-4 block-
ade on B16-ICAM-1 primary tumours. C57BL/6 mice were injected with B16-
ICAM-1 cells intradermally on the left hind flank. Animals were treated with either saline
(i.t.), CVA21 (i.t., 1 x 10® TCIDs0/injection), control or anti-CTLA-4 antibody (i.p., 12.5
mg/kg), or CVA21 in combination with anti-CTLA-4 antibody. (A) Tumour volumes
(mm3) expressed as the average with the upper limit of the SEM (n = 10). The inset dis-
plays a summary of P values calculated using the two-way ANOVA corrected for multiple
comparison with Tukey’s method. *Saline + control antibody vs saline + anti-CTLA-4 (P
< 0.0001); #Saline + control antibody vs CVA21 + control Ab (P < 0.0001); "Saline +
control antibody vs CVA21 + anti-CTLA-4 (P < 0.0001). (B) Individual tumour volumes
from each mouse. Treatment days are indicated by the dotted lines. All animals treated
with CVA21 + anti-CTLA-4 combination therapy demonstrated complete rejection against
the primary tumour.
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6.3.2.2 Tumour volumes of secondary B16 nodules

To establish whether a robust anti-tumoural immune response had developed following
CVAZ21 therapy in combination with anti-CTLA-4 treatment, remaining animals were re-
challenged with 1 x 10° B16 murine melanoma cells on day 37. B16 cells lack the human
ICAM-1 receptor and are therefore resistant to CVA21 therapy. However, these cells are
antigenically similar to the B16 cells used to generate the B16-ICAM- 1 cell line and were
used to identify the presence of anti-tumoural immune responses that may have resulted

following oncolysis of the primary tumour.

The rechallenge of mice with B16 cells resulted in the development of heavy second-
ary tumour burdens in all control animals (Figure 6.15A). Similarly, animals treated with
CVA21 + control antibody were not protected against the secondary tumour challenge.
In contrast, animals treated with anti-PD-1 were resistant to B16 cells and this effect was
greater in animals receiving the combination of the anti-CTLA-4 antibody and CVA21
virotherapy. The incidence of secondary B16 tumour formation was studied and presented
in Figure 6.15B. Interestingly, while tumour protection was observed animals receiving the
anti-CTLA-4 antibody alone, only animals receiving the combination treatment demon-
strated a significant delay in the formation of the bilateral tumour (P < 0.001, log-rank
[Mantel-Cox| analysis). The median time to a palpable B16 tumour was summarised in

Table 6.15C.

As expected, evaluation of the primary and secondary tumour data revealed that all
control animals developed primary flank tumours and were completely susceptible to the
B16 tumour challenge (Figure 6.16A). Several animals treated with CVA21 alone were
cured from the primary tumour (60% tumour free), but all of the remaining animals failed
to develop resistance to the B16 tumour rechallenge (Figure 6.16B). Compared to the
single agent CVA21 treatment group, the anti-CTLA-4 antibody treatment group achieved
a similar primary tumour cure rate (60% tumour free), and showed long-term secondary
tumour protection in two out of eight animals (25% tumour free) (Figure 6.16C). The most
striking result to emerge from the data was that the CVA21 + anti-CTLA-4 treatment
group produced a 100% primary tumour cure rate, and demonstrated protection against
new tumour development in 40% of mice (Figure 6.16D). Collectively, these results indicate
that CVA21 + anti-CTLA-4 treatment elicits a therapeutic and long-lasting protective

anti-tumour immune response.
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Figure 6.15: Tumour volumes of secondary B16 murine melanoma tumours.
(A) Individual tumour volumes from each mouse (n = 10) following rechallenge with
B16 tumour cells (1 x 10° cells/mouse) on the right hind flank at day 37. (B) Percentage
incidence of secondary B16 tumour formation over time defined using Kaplan-Meier curves,
examined by long-rank test. ***Saline + control antibody vs CVA21 + anti-CTLA-4 (P

< 0.001). (C) Median time to the formation of palpable secondary tumours expressed as
study days.
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Figure 6.16: Analysis of primary and secondary with cure rate. Development
of individual primary and secondary tumours of (A) saline -+ control antibody, (B) saline
+ anti-CTLA-4, (C) CVA21 + control antibody, and (D) CVA21 + anti-CTLA-4 treated
animals at the conclusion of the study (day 77) (n = 10). Tumour volumes of B16-ICAM-
1 (left flank, 2 x 10° cells) and bilateral B16 (right flank, 1 x 10° cells) tumours were
calculated using the formula of a spheroid and expressed as mm?3.

6.3.3 Survival in mice treated with CVA21 in combination with anti-

CTLA-4 or a control antibody

Having demonstrated that combination treatment could deliver superior therapeutic bene-
fit, the survival of these animals was examined (Figure 6.17). Once animals had lost 10%
of their body weight, tumour burden exceeded 2500 mm?® or tumours had ulcerated, mice
were euthanised and survival data was evaluated. By day 45, all animals from the control
group were terminated and an overall median survival of 39 days was calculated (6.17A &
B). Compared to the control group, both i.t. CVA21 and i.p. anti-CTLA-4 monotherapies
significantly improved overall survival (P < 0.01, log-rank [Mantel- Cox]| test), extending
median overall survival to 56.5 and 61.5 days respectively, but only animals treated with

the antibody exhibited a complete tumour response translating into a long-term survival
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benefit. This difference was even larger when compared with the CVA21 + anti-CTLA-4
combination (P < 0.0001) and had a median survival rate of 72 days (Figure 6.17B). An-
imals receiving the combination treatment had prolonged survival compared to treatment
with CVA21 only (P = 0.01), but not when compared with single agent anti-CTLA-4
treatment (P = 0.60).
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Figure 6.17: Kaplan-Meier survival analysis for CVA21 virotherapy with
CTLA-4 blockade. (A) Survival of animals following treatment with saline + control
antibody, saline + anti-CTLA-4, CVA21 + control antibody, and CVA21 + anti-CTLA-4.
A log-rank (Mantel-Cox) test was used to compare groups to the combination therapy
(n = 10). (B) Table showing median survival of mice from each treatment group. The
experiment was terminated on day 77.
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6.3.4 Serum analysis

Next, the immunomodulatory effects of CTLA-4 blockade on CVA21 viral replication and
anti-viral immunity was examined in the immunocompetent C57BL /6 mouse model. Serum

was collected from mice starting 1 h post-treatment, and weekly thereafter.

6.3.4.1 Viraemia analysis

To examine whether blocking CTLA-4 affected levels of circulating virus particles, weekly
serum samples were collected and titrated against SK-Mel-28 cells. At 45 min post-
treatment, serum viral load for the CVA21-treated mice, with or without the anti-CTLA-4
antibody, ranged from approximately 10® to 10> TCID5o/mL, as determined by viral in-
fectivity assays (Figure 6.18A, left). Importantly, there was no significant difference in
the average viraemia levels of animals receiving CVA21 alone (8.71 x 10* TCIDsp/mL)
when compared to animals receiving the virus in the presence of the anti-CTLA-4 antibody
(5.64 x 10* TCID5p/mL) (P > 0.05, student t-test), indicating that blocking PD-1 did not
adversely affect CVA21 viral replication. Despite the administration of another three i.t.
CVA21 injections (1 x 10® TCIDsg/injection), viraemia levels fell below detection levels a
week later and this was maintained for the duration of the study (Figure 6.18B). Interest-
ingly, viraemia persisted in two animals at day 14, though the significance of this finding
remains to be elucidated. The results presented here are consistent with earlier work using
the anti-PD-1 antibody, whereby the anti-viral immune response prevented the circulation
of infectious CVA21 progeny in the blood stream for longer than a week despite repeated
dosing of CVA21.

6.3.4.2 Neutralising antibodies

Humoural immunity, rather than T cell-mediated immune responses, appears to be of
primary importance in the protection against enterovirus infections, which may have con-
tributed to the drop in vireamia beyond day 14. As such, the anti-CVA21 antibody immune
response generated in CVA21-treated animals was examined (Figure 6.19). As expected,
the increase in serum CVA21 nAb titres corresponded to the clearance of virus from the
serum of these mice. Rapid nAb development was observed in all CVA21-treated animals
with or without anti-CTLA-4 antibody a week after infection (Figure 6.19A). No nAbs
were detected prior to treatment. CVA21-treated animals receiving i.p. anti-PD-1 anti-
body produced significantly higher levels of nAbs by day 42 (P < 0.05, multiple t-test),
and the difference was maintained until the end of the study (Figure 6.19B). To further
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Figure 6.18: Detection of viraemia following CVA21 administration with and
without anti-CTLA-4 immunotherapy. (A) Viral titres of each individual mouse 45
min post-i.t. CVA21 administration (1 x 108 TCIDjg/injection) with or without i.p. anti-
CTLA-4 (12.5 mg/kg) (day 7) and a week after (day 14) as determined by viral infectivity
assays. Statistical significance between viral titres were analysed using a student’s t-test.
(B) Levels of infectious CVA21 in the serum of all animals on study. The black arrows
indicate administration of the virus intratumourally at day 7, 10, 13, and 16. Circulating
infectious virus was not detected in saline and anti-CTLA-4 serum samples. Viraemia
levels were calculated using the Spearman-Karber method and expressed as average viral
titre £ SEM TCIDsp/mL (n = 10). The horizontal dotted line represents the detection
limit of the assay at 100 TCID5o/mL.
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study the kinetics of nAb development, the experimental data was fitted to a non-linear
regression model (Figure 6.19C). Neutralising antibody production in animals treated with
CVAZ21 and the control antibody peaked two weeks after the initial infection, but decreased
over the duration of the experiment. Interestingly, nAb production in animals receiving
CVA21 with the anti-CTLA-4 antibody was delayed, but maximum titres reached were
higher than the CVA21 treatment group, peaking at day 42. This striking observation
suggests that the addition of anti-CTLA-4 may condition the host immune system by
transiently blunting antiviral immunity to provide a ‘window of opportunity’ for CVA21

oncolysis before evoking a more robust immune response.

6.3.4.3 Ex vivo cytotoxicity of serum-mediated cell death

Several mechanisms of tumour killing during antibody immunotherapy such as antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC)
have been suggested in several models . In an attempt to investigate these mechanisms,
serum samples (day 42) from animals receiving the anti-CTLA-4 antibody were incubated
with SK-Mel-28 cells at 37°C, 5% COa, for 72 h. Photomicrographs of cells were taken and
observed for cytotoxic activity (Figure 6.20). Reduced cell numbers without any noticeable
cell death was observed in cells incubated with serum originating from animals treated with
anti-CTLA-4 antibody alone. Only serum from animals treated with the combination led
to the successful destruction of SK-Mel-28 cells. A significant decrease in cell density,
changes in morphology and an increased amount of cellular debris was observed. The
current study highlights a potential role of CVA21 in the induction of anti-tumour ADCC

and future studies will need to investigate the underlying mechanism observed.
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Figure 6.19: Serum neutralising antibodies against CVA21 in animals follow-
ing CVA21 administration with or without anti-CTLA-4 immunotherapy. (A)
Neutralising antibody levels of individual animals. (B) Anti-CVA21 nAb levels during
study in serum of mice following CVA21 treatment, as determined by viral neutralisation
assay. *P < 0.05, multiple t-test. (C) Neutralising antibody data fitted to a non-linear
regression model. The black arrows indicate administration of the virus intratumourally
at day 7, 10, 13, and 16. The neutralising titre was defined as the reciprocal of the serum
dilution required to reduce viral infectivity by 50% and expressed as the mean + SEM
NUs (n = 10). The horizontal dotted line represents the detection limit of the assay at 23

NUs.
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Figure 6.20: Ez vivo cytopathic effects of serum collected from animals treated
with anti-CTLA-4. Representative photomicrographs showing the changes in morpho-
logy in SK-Mel-28 human melanoma cells incubated with animal serum (1:100). All images
were taken 72 h post-incubation using an Olympus IX70 inverted microscope with a DP72
digital camera at 40x or 100x magnification. Black arrows are indicative of the cytopathic
effects observed.



Chapter 7

Discussion and Conclusion

The incidence of metastatic melanoma has been steadily increasing over the past few
decades. Metastatic melanoma remains as one of the leading causes of cancer mortality
in Australia [36] and in the world [351]. Despite the tremendous progress in melanoma
research, treatment outcomes remain poor. The field of oncolytic virotherapy has also
progressed considerably and is now gaining acceptance as a viable therapeutic strategy.
Aside from direct cytopathic effect and lysis of tumour cells, interactions of OV with the
immune system can trigger systemic cellular immunity. Oncolysis leads to the release of
TAAs, DAMPs, and PAMPs, which may facilitate the induction of a specific anti-tumour
immune response [60, 88, 141, 442, 505|. However, it is becoming increasingly clear that
OVs cannot be viewed as monotherapies for the sole cure of cancer. Instead they should
be regarded as powerful tools to be used in combination with the current standard-of-care
therapeutics, and will likely function best with immunotherapies that improve the adaptive

anti-tumour immune response.

7.1 Discussion of research findings

Chapter 4

Preclinical studies have confirmed that oncolytic CVA21 is active in wvitro and in vivo
as a highly selective anticancer agent with significant potential for clinical translation
in a broad range of tumour types [98]. Indeed, this agent has already been assessed in
single-agent phase I studies in patients with advanced melanoma [668] and its success
has led to its efficacy evaluation in a phase II study [20]. However, as OVs move toward
clinical application, it is likely that in order to be successful, some type of combination

therapy will need to be employed. Rather than simply combining CVA21 with a broad

212
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range of chemotherapeutics, we first postulated that the combination with mainstream
chemotherapeutics should not interfere with the oncolytic action of CVA21. Hence, we
sought to determine the activity of CVA21 in the treatment of malignant melanoma cells
when administered in combination with three chemotherapeutic drugs (DTIC and P + C

doublet chemotherapy) used routinely in the clinic for the control of melanoma.

Dacarbazine was approved by the FDA for the treatment of metastatic melanoma and
has been used in the clinic for the last four decades [206]. However, clinical studies have
shown that the drug alone exhibits a response rate of only 10 - 25%, a complete response
rate of less than 5%, and no distinguishable survival benefits. Moreover, combination
cocktails of DTIC with other agents that kill tumour cells by alkylation, cross-linking,
ribonucleotide depletion, microtubule destabilisation, or toposiomerase inhibiton, have all
failed to significantly improve long term survival rates in patients with metastatic melan-
oma [206, 666]. Thus, there is an urgent need to develop new therapeutic agents that can

provide enhanced anti-tumour effects to overcome this disease.

Paclitaxel is a broad-spectrum anticancer agent used in the treatment of various cancers
such as lung cancers, head and neck cancers, prostate cancers, gastric carcinoma, ovarian
carcinoma and glioma [235]. In 2006, a study measured a small but significant tumour
response in 45% of patients when it was used in combination with the platinum agent, car-
boplatin [612]. The rationale for combining these agents is 3-fold. Firstly, both platinum-
alkylating agents and taxanes have demonstrated some activity in melanoma [132, 431];
secondly, in vitro and clinical data suggest synergy between these drugs when used in com-
bination in a variety of malignancies [211, 317, 365, 806]; and thirdly, the toxicity profiles
of these agents do not overlap [322, 612]. Against this background, we were interested in
administrating paclitaxel and carboplatin in combination with CVA21, as several studies
have reported that the combination of a taxane and a platinum agent with virotherapy
resulted in lower toxicity profiles, higher levels of synergy, and increased therapeutic index

in comparison to when either agent was administered alone [335, 346, 445, 643|.

In the current study, we demonstrated that not only does the co-administration of
DTIC, paclitaxel and carboplatin not interfere with the replication cycle of CVA21, en-
hanced killing of melanoma cells was observed when both oncolytic agent and chemotherapy

were combined, depending on the cell line treated. Comparison of the dose-response curves
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of the virus with the chemotherapeutic combinations to their respective agents as mono-
therapies, demonstrated improved killing in three of the four cell lines tested (Figure 4.12A
& B). Formal quantitative analysis of the experimental data was evaluated using the CI
and isobologram method of Chou-Talalay, based on multiple drug effect analysis [144, 145].
This type of analysis is one of the few methods available that determines synergy based

on derived equations to preclude unintended observer biases.

Firstly, the EC5o values (the concentration of the drug which induces a response halfway
between the baseline and maximum response), were evaluated for CVA21 and the individual
chemotherapeutic agents using four human melanoma cell lines. Oncolytic data showed
that the cell viability of melanoma cells infected with CVA21 was greatly reduced in a dose
dependent manner (Figure 4.1). SK-Mel-28 cells were most sensitive to CVA21 infection,
followed by Mel-RM, ME4405 and MV3 cell lines. Previous work has demonstrated that the
degree of sensitivity is positively correlated with the expression of the viral surface receptor
ICAM-1 [35], though exceptions have been noted (unpublished data). Next, we found
that DTIC treatment, despite being the gold standard chemotherapy for the treatment of
melanoma, was not effective in killing melanoma cells at the tested concentrations (Figure
4.3). The combination of P + C doublet chemotherapy was synergistic itself (Figure 4.4A),
and achieved better cell killing than DTIC, with 95% - 100% cell death achieved at the
highest concentration tested (Figure 4.4B). Both chemotherapeutics reduced melanoma

cell viability in a dose dependent manner.

Having established the ECpyy values for each drug (Table 4.1 & 4.2), we sought to
quantify the combination effects of CVA21 with DTIC and P + C using Chou-Talalay’s
method. The same panel of melanoma cell lines were challenged with CVA21 in the absence
or presence of DTIC and P + C, using concentrations serially diluted either side of the
drug’s ECso value (0.0625x ECs5q to 4x ECjsg; dilution factor = 2) to maintain a constant
ratio (constant ratio combination design). Combination index values were generated using
Combosyn after assessing the viability of treated cells, where a CI value of 0.9 - 1.1 was
considered additive; above 1.1, antagonistic; and if below 0.9, synergistic. As expected,
Chou-Talalay’s method indicated significant levels of synergy between CVA21 with each
of the chemotherapeutic agents in three out of the four tested melanoma cell lines (Table

4.3).
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A major finding of the study was the high level of synergism achieved in the relatively
CVAZ21-resistant melanoma cell line, MV3, whereas SK-Mel-28 cells, which are extremely
susceptible to CVA21 infection demonstrated antagonism when treated in combination with
either chemotherapeutic agent (Figure 4.8 & 4.9). Considering the rapid oncolysis of SK-
Mel-28 cells by CVA21, it was unsurprising that combination with either chemotherapeutic
did not lead to enhanced cell death, and was antagonistic. In contrast, co-administration
of CVA21 with either chemotherapeutic agent led to increased cell death in the relatively
CVA21-resistant MV3 cell line. Given this finding, our data suggest that the sensitivity of
each of the cell lines to CVA21 infection was an important determinant for the in vitro syn-
ergistic effects of CVA21-chemotherapeutic combination regimens. Furthermore, CI values
and isobolograms revealed that the addition of chemotherapeutics could potentiate the
anticancer effects in cell lines that were less sensitive to CVA21. As such, it is conceivable
that certain molecular changes induced by the administration of chemotherapeutic agents

can enhance the susceptibility of CVA21 lytic infection.

The enhancement of viral replication by chemotherapeutics, leading to increased virus-
induced cell death, could be a possible explanation for the detected synergistic effects.
To study the replication kinetics of CVA21 together with DTIC and P + C, one-step
viral growth curves were used. The results showed that in all cell lines except SK-Mel-28,
treatment with CVA21 and DTIC gave marginally lower levels of viral replication (Figure
4.11A), while co-treatment with P + C appears to increase viral tires at 72 h post infection
(Figure 4.11B). Despite the conflicting effects on viral replication, increased cell death was
still observed in these cell lines. Similarly, others have also described synergistic interac-
tions between OVs and chemotherapy drugs in the absence of enhanced viral production
[289, 335, 643]. A study using reovirus in combination with P + C doublet chemotherapy
for the treatment of head and neck cancer showed a marginal reduction in viral yield, but
the highest levels of cell kill [643]. These findings together with ours suggest that the
synergistic cytotoxicity between CVA21 and the chemotherapeutic agents in three of the
four melanoma cell lines tested, do not involve the enhancement of CVA21 replication and

is unlikely to be solely dependent on viral replication.

Alternatively, drug-mediated viral inhibition could result in the antagonistic effects ob-
served in the SK-Mel-28 cell line when treated simultaneously with either chemotherapeutic

agent. On the basis that antagonism occurred consistently with two different drugs with
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entirely different mechanisms of action, we speculated that CVA21 replication cycle might
have been compromised in the SK-Mel-28 cell line when treated in combination. However,
surprisingly, one-step growth curves in SK-Mel-28 cells showed that there was minimal al-
teration in the replication kinetics of CVA21 in the presence of either chemotherapy. More
specifically, the use of DTIC or P + C doublet chemotherapy did not compromise viral
replication in infected SK-Mel-28 cells.

Having established that neither DTIC nor P 4 C affects CVA21 replication, we reevalu-
ated the ECsg values used in the constant-ratio study design. It is noteworthy that the high
susceptibility of SK-Mel-28 cells to CVA21 and their multi-chemoresistant profile, resulted
in a low ECsg value for CVA21 and very high ECsg values for the chemotherapies. As a
result, a very low MOI (<0.0001 TCID5q/cell) of the virus was used in the presence of high
concentrations of chemotherapy to treat SK-Mel-28 cells in the constant-ratio study exper-
iments. Unlike the one-step growth curve assay which uses a high MOI (10 TCIDj5(/cell)
to study viral replication, cells infected at a low MOI would have required several rounds
of viral multiplication before cell lysis occurred [234]. Taken together, we hypothesise
that while CVA21 is still undergoing multi-step replication, the chemotherapy combina-
tion could have damaged the infected cells, curtailing viral replication prematurely, thus

resulting in the overall decrease of cell death observed in our constant-ratio study design.

To further study the antagonistic effects of CVA21 with chemotherapy in SK-Mel-28
cells, we infected SK-Mel-28 cells with serial dilutions of CVA21 beginning at an MOI of
100 TCIDgp/cell in the presence of chemotherapy at clinically relevant concentrations. Cell
viability data indicated that the combination was not antagonistic but increased cell death
was observed with both chemotherapeutic drugs (Figure 4.12). This finding is particularly
important because it excludes the possibility that chemotherapy would have antagonised
CVAZ21 entirely and it highlights the increased efficacy of the combination at clinically rel-
evant doses. Furthermore, significantly enhanced tumouricidal effects were observed when
low dose chemotherapy was administered in combination with CVA21, thereby indicating
that lower doses of drugs could be administered to patients in combination with CVA21,

resulting in enhanced efficacy and reduced toxicity.

It is also well established that although DTIC and P + C utilise completely different

pathways to exhibit their anticancer activity, all of them mediate cell death through cell
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cycle arrest. [653, 770]. DTIC exerts its anticancer activity by methylation of nucleic
acids resulting in non-specific cell cycle growth arrest (affecting more than one cell cycle
phase), subsequently leading to cell death [103, 260]. On the other hand, paclitaxel me-
diates its cytotoxicity through kinetic suppression or stabilisation of microtubules in cells,
leading to cell cycle arrest at G2M and ultimately cell death through apoptosis [371, 770].
Carboplatin is a second-generation platinum alkylating agent derived from cisplatin, pos-
sessing a milder toxicity profile and proven to synergistically enhance apoptosis levels when
used in combination with paclitaxel [257]. Whilst not much is not known about the ef-
fects of CVA21 on the cell cycle, our data are consistent with previous work [685], which
suggested that the virus triggers cell death early on in the cell cycle G1/S-phase reducing
the population of cells reaching G2M. This is not the first time such an effect has been
reported for Coxsackieviruses, with work from Feuer’s group demonstrating high levels of
Coxsackievirus B3 viral proteins in cells arrested in the G1/S phase [222, 223]. As DTIC
and P 4+ C mediate growth arrest in various stages of the cell cycle, this prompted us to

examine the possibility that CVA21 may mediate synergy by enhancing cell cycle arrest.

The precise underlying mechanism of the combination treatment of DTIC and CVA21 is
not well understood. One study found that DTIC when used together with an adenovirus,
enhanced anti-tumour activity by more effectively inducing apoptosis in melanoma cells
[361]. Conversely, Cun et al. reported that the combination of oncolytic adenovirus H101
with DTIC exerted a synergistic anti-tumour effect primarily through cell arrest in the G1
phase rather than by the induction of apoptosis [162]. In our study, DTIC as a single agent
had minimal effects on the cell cycle and did not lead to an induction of the subG1/Gq
population. However, we found found that each cell line responded very differently to the
CVA21-+ DTIC combination treatment. The combination increased the S phase population
in Mel-RM cells, increased subG1/Gq cells in ME4405 cells, but to our surprise, had no
significant effect on the cell cycle of MV3 cell cells which demonstrated the strongest
synergy with the DTIC combination (Figure 4.14). Nevertheless, the difference in action
of DTIC from our experiments strongly suggests a dependency on the cell line used. In line
with our study, recent work by Arozarena et al. on alkylating agents highlights the impact
of the mutational status of melanoma cells and their influence on the chemosensitivity
of cells [28]. One of their key findings was that NRAS mutant melanoma cells were less

responsive to DTIC than BRAF mutant cells.
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In addition, another possible explanation for the inconsistencies observed in published
DTIC work, is the method of in vitro activation. In patients, studies have found that 5-(3,3-
dimethyl-1-triazeno)imidazole-4-carboxamide (DTIC) needs to be metabolised by CYP450
isoforms in the microsomes of hepatocytes into methyl-triazeno-imidazole-carboxamide
(MTIC), before undergoing spontaneous transformation into a cytotoxic DNA methyl-
ating agent [482, 618, 652]. Meer et al. also points out that DTIC activation is governed
by other activation enzymes localised at a renal and pulmonary level [502]. It was pro-
posed that an alternative approach to activate DTIC in vitro was to expose the drug to
white light for 1 h prior to administration [435, 509|. Indeed, several studies together with
ours (data not shown) have observed an increase in DTIC’s inhibitory effect after exposure
to white light [28, 61|. It must be pointed out that light activated DTIC (spontaneous
activation) does not produce MTIC (enzymatic activation), but yields 5-diazoimidazole-
4-carboxamide (diazo-ICA) and 2-azahypoxanthine (2-AH) [61, 677]. These molecules,
however, have shown cytotoxic activity in vitro but not in vivo |61, 656]. Furthermore,
through DNA alkylation assays and combinatorial treatments using DTIC and DNA repair
inhibitors, Arozarena et al. provides clear evidence that light exposure does not transform
DTIC into a DNA methylating agent, but rather an inhibitor of DNA synthesis [28]. In
light of this, Tentori et al. put forward the view that investigation of MTIC-induced DNA
methylation rather than the effects of photodecomposition products of DTIC would have
been a more substantial representation of the anti-tumour effects of DTIC in the clinic

[723].

One possible process underlying the increased activity of the CVA21 and P + C com-
bination is the enhancement of apoptosis of cells exposed to the drug-virus combination
therapy (Figure 4.14). During mitosis, the duplicated chromatids of a cell are separated
to opposing poles by microtubules before cell cleavage. Dynamic changes in microtubule
structure at mitotic spindles are critical for successful mitosis [646]. Paclitaxel is known
to stabilise microtubules, impairing such dynamic changes, impeding chromatid separa-
tion, blocking cell mitosis, and promoting apoptosis in malignant cells [371]. We found
that melanoma cells treated with CVA21 in combination with P 4 C exhibited significant
increases in apoptosis. For the combination treatment, we detected increased sub-G1/Gg
cells compared to either single agents alone or untreated control samples. These findings
suggest that CVA21 might enhance the mechanisms of P + C activity rather than vice

versa, as originally hypothesised with enhanced viral replication. To gain more insight
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into the mechanistic basis of accelerated apoptosis associated with the CVA21 and P +
C combination, we examined the combination effects on caspase-3/7 activation in relation
to cell cycle progression. We found that CVA21 together with P + C appears to slightly

increase caspase-3/7 activity (Figure 4.15).

Although DTIC and P + C are among the few chemotherapeutic agents with some
biological activity against melanoma, as single-agent therapies, they have continually failed
to make a significant impact on improving patient survival. While there is growing evidence
that CVA21 alone has some activity against melanoma in the clinic, this study shows that
the combination of CVA21 with chemotherapy has synergistic cytotoxic effects. We failed
to identify the exact mechanism by which the combinations exert their synergistic effect,
but we did identify an increase in subG1/Gq cells in some cell lines treated with CVA21
and P + C. This work offers a novel finding in which the combination of CVA21 does

interact synergistically and may enhance mechanisms of chemotherapy activity.

In summary, the preclinical analysis presented here provides proof of principle for com-
bining CVA21 with mainstream chemotherapies for the treatment of melanoma. CVA21
together with DTIC or P 4+ C doublet chemotherapy is potent and synergistically act-
ive against melanoma cell lines and this data supports the further development of this

approach in vivo.

Chapter 5

Having successfully highlighted the potential application of this combinatorial therapy
as a potent treatment for melanoma in tissue culture models, future clinical translation
warranted additional investigations in an n vivo setting. Chapter 5 presents our results
on the anti-melanoma effects of the combination of CVA21 with DTIC and P + C in the
context of the host environment. We described two mouse melanoma models used in our
investigations, an immunodeficient xenograft and a syngeneic immunocompetent model of

melanoma.

The combination of CVA21 and chemotherapy was firstly assessed using immunodefi-
cient SCID mice bearing SK-Mel-28-luc cell xenografts. SK-Mel-28 cell were chosen based
on their high susceptibility to CVA21 infection and the combination of the virus with

either chemotherapeutic drug was synergistic in this cell line at clinically relevant concen-
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trations. Herein, SK-Mel-28-luc cells were developed as they express the luciferace gene
which provides the means to capturing real time in vivo bioluminescent images of tumour
development, as well as detecting metastasis in various organs which may not be palpable.
Bioluminescent imaging of serially diluted SK-Mel-28-luc cells in vitro found the minimum
number of detectable cells to be 12,500 cells (Figure 5.1A & B) and when challenged with
CVA21, maintained their susceptibility to the virus as per the parental SK-Mel-28 cell line
(Figure 5.1C).

We showed that when CVA21 was combined with either DTIC or P + C in a SCID
mouse model of human melanoma, rapid reductions in tumour volumes were observed
(Figure 5.4A & B). This tumour reduction was found to be significantly greater than
observed for either of the chemotherapeutic agents alone. The quantitative bioluminescence
data presented was highly consistent with the tumour volume data measured by digital
callipers (Figure 5.6A & B). Tumour burdens of mice treated with CVA21 as a single
agent and in combination with chemotherapy were no longer palpable. More interestingly,
bioluminescent imaging revealed that six out of the eight mice from the CVA21 and P +
C treatment group experienced complete tumour remission, whereas only four out of eight
of the mice receiving single agent CVA21 were tumour free at the end of the study (Figure
5.5). Although not significant, this observation suggests that combination therapy may be

beneficial in generating complete tumour regression in melanoma therapy.

Our data did not show any significant statistical difference between groups that re-
ceived CVA21 as a single agent or in combination with chemotherapy in this immune
deficient model. Such a finding was not surprising and could be attributed to the fact that
SK-Mel-28 cells were highly sensitive to CVA21 viral challenge. It would be of interest to
use a CVA2l-resistant cell line in future work to better delineate any potential synergy.
Furthermore, in an immunodeficient setting, the absence of antiviral neutralising antibod-
ies allows for the indefinite replication of viral progeny until all tumour cells have been
completely erradicated, thus over-shadowing any possible synergistic relationship between
the combination therapy. This was evident in our immunocompromised mouse data, with

sustained viraemia in all animals injected with CVA21 (Figure 5.7A & B).

Herein, we have shown that two intratumourally injected doses of CVA21 (total of 2

x 108 TICDsg/animal) can mediate the complete regression of melanoma xenografts in
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a SCID mouse model. After being internalised into host cells, the injected virus initi-
ates a productive infection that spreads rapidly through the tumour and spills into the
bloodstream causing sustained viraemia. However, the viraemic animals later developed
myositis, leading to hind limb paralysis, thus necessitating euthanasia. Hind limb paralysis
was observed in a total of four animals, two in the CVA21 alone treated group (at day 73
and 78) and two from the CVA21 and DTIC combination treatment group (at day 63 and
73). It was noted that these animals experienced significant tumour regression as well but
had to be euthanised as a result of hind limb paralysis. This side effect is likely an artefact
specific to the SCID mouse model as immunocompetent animals are known to be resistant
to CVA21 myositis [341]. In fact, experimental CVA21 infections in humans cause little
more than a short lived upper respiratory tract infection [107, 475|, and only one human

case of localised CVA21 myositis has been reported [175].

In light of our results, along with other published data [792, 814, 821], it is clear
that the efficacy of an OV in wvitro may differ significantly from its anti-tumour effect in
vivo. Although our in vitro data using Chou-Talalay’s method showed antagonism between
CVA21 and both chemotherapeutic drugs in SK-Mel-28 cells, enhanced tumour reduction
was achieved in vivo with these chemotherapeutic agents in combination with CVA21,
compared to mice treated with chemotherapy alone. These findings draw parallels with
the in vitro data presented by Yarde et al., who found that the combination of VSV and
bertezomib was antagonistic in wvitro, but significantly reduced tumour size when admin-
istered in vivo [814]. In direct contrast, Vile’s group have reported that oncolytic VSV had
no therapeutic effect on established mesothelioma tumours n vivo despite demonstrating
potent oncolytic activity in vitro [792]. Taken together, results from these papers show
that treatment with OVs can induce a variety of immune-mediated consequences in vivo,
with positive or negative outcomes on anti-tumour therapy. These unexplored immune
mechanisms may have significant, and possibly unexpected impacts on how oncolytic viro-
therapy interacts in combination with other immune modulating anti-tumour agents, an

aspect not present when cells are grown in isolation in witro.

One of the current requirements for the study of oncolytic virotherapy is the establish-
ment of an optimal mouse model system other than using immunodeficient mice bearing
human xenograft tumours. As mentioned previously, subcutaneously-growing human tu-

mours in immunodeficient mice do not accurately represent cancer growth in patients,
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especially with regard to metastasis and drug sensitivity [325]. Addressing the effects of
the immune system on the combination therapy and establishing an immunocompetent
melanoma model that would support CVA21 replication to answer this question represen-

ted a key challenge in our studies.

In order to obtain a clinically relevant model of melanoma, we have developed a syn-
geneic melanoma model using intradermally implanted B16 murine melanoma cells ex-
pressing the human-intracellular adhesion molecule-1 (h-ICAM-1) viral receptor. Mouse
cells are known to be resistant to CVA21 infection because they lack the h-ICAM-1 sur-
face receptor [672], thus limiting the use of CVA21 in a syngeneic mouse model. Here,
we demonstrate enhanced infectivity and productive replication of CVA21 in B16 mouse
melanoma cells following introduction of h-ICAM-1 surface receptor (Figure 5.8A & B).
Introduction of ICAM-1 into B16 cells increased their sensitivity to CVA21 and these cells
were supportive of viral replication (Figure 5.8C & D). These results reveal that oncolytic
CVA21 can be applied to an immunocompetent mouse model with the introduction of

ICAM-1 to a syngeneic mouse cell line.

Having ascertained the in wvitro susceptibility of B16-ICAM-1 to CVA21 infection, we
continued with the development of a syngeneic melanoma animal model. It is well estab-
lished that most experimental mouse tumour models use s.c. injection of tumour cells to
induce tumours on the hind flank of an animal. In the course of developing syngeneic im-
munocompetent murine melanoma model using B16 cells expressing h-ICAM-1, we became
aware that there was a consistent pattern of differential growth and the rate of incidence for
the B16-ICAM-1 cells when compared to parental B16 cell line (data not shown). The dif-
ferences were sufficiently profound to compel us to investigate the route of administration

on tumour growth in a more systematic manner.

We took great care to standardise the experimental procedures by using B16 and B16-
ICAM-1 cells of the same passage, which were regularly checked for viability and myco-
plasma. After harvesting from in vitro cultures, melanoma cells were kept at 4°C and were
injected within 2 hours after cell collection to minimise changes in cell quality. Our studies
showed that the route of administration had relatively little effect on B16 tumour growth
but this was markedly different for the B16-ICAM-1 tumours. B16-ICAM-1 cells injected

intradermally had a significantly larger tumour volume by day 28 and 50% of animals de-



CHAPTER 7. DISCUSSION AND CONCLUSION 223

veloped palpable tumours by day 11 as opposed to day 19 for cells injected subcutaneously
and had a slightly better rate of incidence. The results, shown in Figures 5.10A - C re-
flects the mean time of appearance of palpable tumours, the tumour growth rate and the
average survival time of the host animal. Apparent from the histological examination of
the skin is the location of the tumour, where B16-ICAM-1 cells injected intradermally
were deposited in the dermis within the dermal layer, above the skeletal muscles (Figure
5.11). Moreover, ICAM-1 expression levels and CVA21 susceptibility remained unaltered
in intradermal tumour explants, but not in those inoculated subcutaneously (Figure 5.12A
- C). Taken together, we present evidence that the site of B16-ICAM-1 cell inoculation
significantly influences the tumourigenicity of the experimental tumour model and that in-
tradermal inoculation of B16-ICAM-1 cells was more consistent with the widely accepted

B16 melanoma model.

However, while our research findings are in agreement with several groups who have
suggested administering melanoma cells intradermally [277, 499|, others have shown de-
creased tumourigenicity when cells were implanted into the dermis. Specifically, Bonnotte
et al. argues that i.d. injection as opposed to s.c. injection enhances immunogenicity and
suppresses tumourigenicity of tumour cells [90]. Their experiments demonstrated that all
rats that rejected the tumour cells after i.d. injection were vaccinated against subsequent
s.c. tumour cell rechallenge. Similarly, there is mounting evidence that a high concen-
tration of dendritic cells in the dermis may facilitate the capture of tumour-associated
antigens when tumour cells are injected intradermally, leading to anti-tumour immunity
[271, 441]. However, we would like to point out that these studies were designed around
the concept of vaccine development using compounds such as attenuated viruses, tumour
fragments and various peptides of interest, not live cells for tumour development. While
Bonnotte’s approach uses active progressive variant (PRO) murine tumour cells which give
rise to lethal tumours after s.c. injection in rats, these cells were established from a rat
colon adenocarcinoma [484]. The study would have been far more convincing if the author

had included syngeneic mouse malignant cell lines inoculated in an orthotopic manner.

Another critical finding of this study was that the route of administration had little
to no effect on B16 development but had a pronounced effect on the B16-ICAM-1 cells.
This finding, while preliminary, suggests that transfecting B16 cells with h-ICAM-1 surface

receptor may play a critical role in tumour development in the dermal environment. Vari-
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ous published data have shown that surface expressed ICAM-1 receptor is a fundamental
molecule in leukocyte-endothelial cell adhesion function and is upregulated on endothelial
cells in response to inflammatory cytokines such as IL-1 and TNF-« [125, 642|. Using
orthotopic human skin graft models, Mehta et al. have demonstrated that intradermal
injection of TNF-« promoted a marked regulation of ICAM-1 expression, particularly in
keratinocytes and dermal fibroblasts [503]. Against this background, we hypothesise that
the dermal layer of the mouse’s skin provides a suitable environment for the development
of B16-ICAM-1 tumours when compared to the subcutaneous layer. Herein, we selected

the i.d. route of cancer cell delivery for the remaining animal studies.

In the next part of the study, we sought to determine the interaction of CVA21 with
DTIC and P + C in the newly established B16-ICAM-1 cell line using the Chou-Talalay
method before progressing into in vivo application. Over a wide range of concentrations,
P + C exerted a dose-dependent anti-tumour effect and its combination with CVA21
yielded a significantly greater anti-tumour effect than that of either agent alone (Figure
5.13B). Cell cytotoxic data was subjected to Chou-Talaly’s method and extremely high
levels of synergy were observed between the combination of CVA21 and P + C, but was
predominantly antagonistic for the DTIC combination (Figure 5.13C & 5.14). The varied
responses between these different combinations are an indicator of the complex interaction
between host cell machinery for viral replication and the effects of chemotherapy drugs

that induce cellular DNA damage (DTIC) or mitotic arrest (P + C).

In focusing on the synergistic interactions between CVA21 and P + C, we sought to
determine if CVA21 replication is affected by P + C in the B16-ICAM-1 cells. Drawing
on our viral replication data using human melanoma cell lines, we did not anticipate an
increase in viral production in the B16-ICAM-1 cell line. Contrary to expectations, we
found that the presence of P + C significantly enhances viral replication (Figure 5.15A-
C). Furthermore, growth inhibition by the combination of CVA21 with P 4+ C was most
pronounced at MOI 0.1 and 1 TCIDj5/cell where enhanced viral production was observed
(Figure 5.16A & B), strongly suggesting synergistic cytotoxicity was related to an increase

in CVA21 viral replication in the murine cell line.

We suspect that the observed increase in viral production could be linked to the activa-

tion of the RAS-RAF-MEK-ERK pathway (also known as the MAPK pathway) mediated
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by the paclitaxel component of the drug-combination. Several studies have revealed that
the activation of the MAPK pathway in cancer cells appears to be favourable for RNA
virus replication and cytotoxicity [592]|. Existing evidence also points to a mechanism
of resistance induced by paclitaxel treatment mediating prolonged activation the MAPK
pathway in various malignancies [43, 373, 352, 810]. Our observed P + C chemosensitivity
data clearly demonstrate that the B16-ICAM-1 cell line was most resistant to the P + C
doublet therapy (Figure 5.13A) and would theoretically provide a favourable environment
for CVA21-induced replication. It can therefore be hypothesised that a synergistic inter-
action might occur in the B16-ICAM-1 cell line, through paclitaxel-mediated activation
of MAPK signalling with consequent enhancement of CVA21 replication and cytotoxicity.
This finding suggests that the P + C doublet chemotherapy might sensitise cells to CVA21

infection.

However, the increased progeny virion production is probably a unique outcome of
CVA21 and P + C combination in the B16-ICAM-1 cell line, as we did not observe a
significant increase in viral production in the other human cell lines tested. It remains
unclear as to why CVA21 and P + C exhibit such strong synergistic effects in the murine cell
line but not in our panel of human cells. Molecular pathways of taxol-induced cytotoxicity
in different cells are far from being fully understood. Prior studies have noted that the
activation of MAPK, especially in the c-jun-NHy terminal kinase (JNK) pathway as a
crucial event of the programmed cell death in most cancer cells [603, 678]. In some tumour
cells, however, JNK signalling is not known not to play a pronounced role, conceding the
apoptotic effects of taxol to p38 and ERK [43, 174]. Furthermore, in other cell systems,
MAPK has been shown not to be involved in potentiating taxol-effects [82, 352]. Thus,
it is likely that a central role for MAPK as a key factor in enhancing the effects of taxols
is cell line specific. Further studies, which take these variables into account, will need
to be undertaken, as identification of these biomarkers will provide valuable information

supporting future clinical design.

Having established that the synergistic effect of the combined treatment was due to
increased viral replication, we examined the therapeutic efficacy of CVA21 in combination
with chemotherapeutic drug in B16-ICAM-1 syngeneic melanoma tumours in C57BL/6
mice. As discussed previously, a critical aspect of CVA21 virotherapy that was not ad-

dressed in the SK-Mel-28 melanoma xenograft model was the role of the immune system.
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Here we compared combination therapies of CVA21 and DTIC or CVA21 and P + C in
C57BL /6 mice with an intact immune system. This model recapitulates important immune
factors observed in human melanoma development over a highly unpredictable course [608].
Unlike xenograft models, the C57BL/6 syngeneic model retains an intact immune system
and a host-derived tumour microenvironment that accurately models that present in hu-
man cancers. Therefore, this approach has significant advantages over xenograft models,
which have been criticised over their failure to provide accurate predictions of drug efficacy

in clinical trials.

The application of CVA21 and either chemotherapy combination therapy was corrobor-
ated in vivo in a murine flank tumour model of melanoma (Figure 5.19A & B). Combination
therapy was more effective than either monotherapy treatment alone, and significant in-
hibition of tumour volume progression was noted in the combination-treated animals for
the study duration. Furthermore, we did not observe any toxicity in any of the treatment
groups (Figure 5.18A & B). These findings suggest that the combined application of CVA21
with chemotherapy would have significant clinical relevance. In summary, our data support
the feasibility of a combination therapy for melanoma using oncolytic CVA21 with DTIC
or P + C. Despite increased therapeutic efficacy in tumours treated with the combination
therapy, serum viral titres were similar to those treated with CVA21 alone at all time
points (Figure 5.20A & B). It was also observed that the production of antiviral neutral-
ising antibodies was reduced in animals that received the combination treatment (Figure
5.21). We speculate that the combination of chemotherapy is able to illicit some form of
antiviral protection allowing CVA21 to exert its oncolytic effects in an immunocompetent
setting. In summary, our findings imply that DTIC or P + C treatment regimens, which
have been the standard treatment of melanoma for decades, will not need to be interrupted

for concurrent clinical investigations of oncolytic CVA21.

Chapter 6

Melanoma has been generally considered an immunogenic malignancy. The description of
spontaneous regression in melanoma patients, the identification of common immunogenic
melanoma antigens, infiltration of lymphocytes within tumour masses, in vitro demonstra-
tion of melanoma-specific cytolytic T-cell responses, and recent evidence of responsive-
ness to immunomodulators are all links between immune function and melanoma outcome

[409, 477, 606]. Furthermore, the observation that patients with immunosuppression were
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more likely to succumb to melanoma suggest that immunosuppressive therapy is associ-
ated with a more aggressive disease course in patients, indicating that melanoma may be
susceptible to surveillance by the immune system [240|. Thus, strategies to augment the

immuogenicity of melanoma cells are of potential benefit.

Inducing anti-tumour immunity by viral oncolysis is a promising strategy to enhance
therapeutic efficacy of oncolytic virotherapy in patients. The success of active anti-tumour
immune activation depends on the presentation of tumour antigens for stimulation of T
cells. Pioneering work by Lindenmann noted that several animals that experienced spon-
taneous tumour remission from an OV infection were resistant to re-challenge with the same
tumour cells [446]. Lindenmann and Klein went on to report that the resistance could not
be directly attributed to oncolysis as no infectious virus particles were recovered and high
levels of antiviral antibodies were present at the time of re-challenge [447]. Moreover,
they showed that lysates prepared from virus-infected tumours were highly immunogenic
while lysates prepared by mechanical disruption were not, suggesting that the induction
of tumour-specific immunity was enhanced with an oncolytic agent [447]. These findings
were further confirmed by Wallack et al., who prepared oncolysates from vaccinia-infected
GMMSVI tumour cells and used this preparation to immunise syngeneic BALB/c mice
[765]. No vaccine-associated mouse deaths were reported and mice pre-vaccinated with the
vaccinia oncolysates prior to receiving tumour cells did not develop tumours at the injec-
tion site compared to control animals. These findings together, encouraged our laboratory

to initiate preclinical research with CVA21-induced oncolysates.

To study immune effects in the context of oncolytic virotherapy, immunocompetent
models are mandatory. The B16-ICAM-1 melanoma model was used in fully immunocom-
petent C57BL/6 mice. In this study, we were able to demonstrate that CVA21 oncolys-
ate administered intraperitoneally induces anti-tumour immunity in an immunocompetent
mouse model of melanoma. Animals treated with the CVA21-induced oncolysate had a
modest effect on inhibiting tumour growth. Although not significant, these animals had
lower tumour volumes than saline treated animals (Figure 6.3). In direct contrast, immun-
isation with non-viable cells in the absence of CVA21 failed to elicit any protective immune
responses. The above finding suggests that melanoma tumour antigens were released as a
direct result of CVA21 lysis, and were not present in the non-viable cell lysate, therefore

priming an anti-tumour response. Unfortunately, all animals developed palpable tumour
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and no signs of tumour remission were observed from any treatment group, resulting in the
early termination of the study. The Kaplan-Meier survival curves were almost identical
for all parts of the curves and no survival benefit was observed in animals vaccinated with
the CVA21 oncolysate (Figure 6.4A & B). However, all mice treated with the CVA21 on-
colysate showed delayed tumour growth and we anticipate that there would have been an

improvement in survival if the experiment was extended.

Our finding that the inoculation of CVA21 oncolysate reduces live tumour challenge in
an immunocompetent setting clearly suggests that CVA21 is an in vivo inducer of immun-
ogenic cell death (ICD). Until now, most of the identified inducers of ICD of tumour cells
have been chemotherapeutics [347]. However, recent breakthroughs in cancer immunology
have seen several other groups presenting compelling data indicating some OVs may induce
ICD, allowing them to be a plausible agent of immunotherapy [657, 803, 804]|. A study
using lysates generated with PV, a picornavirus related to CVA21, showed that immun-
ised animals survived beyond 100 days after tumour challenge while control animals died
before 90 days of tumour challenge [735]. In another study, two other picornaviruses, the
encephalomyocarditis virus (EMCV) and Semliki Forest virus (SFV) were also shown to
be effective at presenting antigens for cross-priming of DCs in wvivo [660]. The authors
showed that the two OVs did not induce CD8a™ DCs activation when added as free viral
particles, but when CD8a+ DCs were co-cultured with either EMCV or SFV infected-Vero
cells, DC activation was observed. The activation was largely due to the recognition of
viral RNA by TLR3, flagging tumour cells for phagocytosis. In line with studies using
other picornaviruses, we postulate that CVA21’s lytic cycle has the capacity to trigger the

release of danger signals from tumour cells, which in turn induce an anti-tumour response.

The discovery of T cell regulatory receptors has provided a repertoire of immunother-
apies, aiming to reverse the immunosuppressive mechanisms governing tumour resistance
to immune surveillance and destruction. In humans, treatment with immunologic check-
point inhibitors such as CTLA-4 and PD-1 has demonstrated durable tumour regressions,
though the therapeutic efficacy has not been entirely universal [321, 734]. From our work
with CVA21-induced oncolysates, we postulate that CVA21 is capable of acting as an ad-
juvant, by increasing the attraction of immune cells to infected cancer cells displaying viral
proteins. Conversion of tumours to an inflammatory phenotype may make them more sus-

ceptible to therapy with systemic CTLA-4 and PD-1 blockade, leading to tumour rejection
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and long-term survival with the combination approach. Furthermore, several authors have
put forward the notion that the release of TAAs in an inflammatory milieu in situ may
facilitate a more robust cellular immunity compared to traditional vaccination strategies
[505, 537]. These data provide a strong rational for testing CVA21 with these immune

modulators in the hope of increasing therapeutic efficacy.

Here, we introduce the B16-ICAM-1/B16 bilateral flank melanoma model which is
syngeneic to fully immunocompetent C57BL /6 mice. B16 cells expressing the ICAM-1 viral
entry receptor were used for establishing the primary tumour. These cells are antigenically
similar to B16 cells and we postulate that oncolysis of these cells would lead to the release
of similar TAAs facilitating the induction of cellular immunity. The secondary tumour was
established using the parental B16 cells. We chose to use the B16 cells because CVA21
infection is not supported in these cells, thus tumour reduction by CVA21 would not be
possible, making it suitable to study the immune-mediated mechanisms exclusively. Herein,
this model of melanoma will be used in our investigation of the effects of CVA21 oncolysis

and systemic PD-1 and CTLA-4 blockade on melanoma immunotherapy.

When developing a suitable treatment regime for the study, an important consideration
was the effect of blocking an immune checkpoint on CVA21 viral replication. Suppressing
the acquired immune response may increase intratumoural spread of the OV in the short
term, but it also diminishes the cross-priming of TAAs needed for the most effective anti-
cancer immune response. Conversely, enhancing the anti-tumour immunity may improve
cross-priming at the early stage, but suppresses the oncolytic effect of the OV needed for
TAA release and tumour debulking. In reviewing the literature, in vivo work performed by
Zamarin et al. successfully combined NDV virotherapy with immune checkpoint blockade
to demonstrate an enhanced immunostimulatory effect with minimal levels of toxicity [820].
Hence, using Zamarin and colleague’s work as a starting point, tumour bearing animals
received four i.t. injections of CVA21 and i.p. injections of either anti-PD-1 or anti-CTLA-
4 antibody (three days apart). In the anti-PD-1 study, animals received weekly booster
injections of CVA21 (up to four weeks), but in the anti-CTLA-4 study, the additional

booster injections were not administered.

Initial studies were conducted with CVA21 in combination with anti-PD-1 inhibitory

antibody. In this study, we showed therapeutic benefits in terms of delayed tumour pro-
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gression for animals treated with CVA21 or anti-PD-1 alone after intradermal injection of
B16-ICAM-1 melanomas in C57BL/6 mice (Figure 6.7). The delay though significant, was
only transient, with only one animal from the anti-PD-1 treatment group experiencing a
complete response. In direct contrast, combined treatment with PD-1 blockade immuno-
therapy and CVA21 oncolysis could inhibit tumour formation in 50% of animals and was

durable for the course of the study.

The secondary objective of this study was to determine whether the combination would
be therapeutically beneficial in protecting animals against tumour rechallenge and prolong
survival. Following treatment of the primary cutaneous B16-ICAM-1 tumour with eight
cycles of CVA21 injections and four cycles of anti-PD-1 antibody, mice were challenged with
an additional subcutaneous administration of B16 cells. Due to the euthanasia of several
animals as a result of the primary tumour, the two-way ANOVA analysis was not used to
determine the difference in tumour volumes. Instead, the incidence of secondary tumour
was defined using Kaplan-Meier curves and statistical significance was tested using the log-
rank test. By the end of the study, we found that only animals receiving the combination
treatment demonstrated a significant delay in the incidence rate of the B16 tumour (Figure
6.8), leading to an increase in survival (Figure 6.9). These data suggest that PD-1 blockade
with CVA21 virotherapy could slow down tumour growth but not completely reject the

formation of the B16 tumour.

In the next section of the study, we demonstrate that CVA21 virotherapy was further
enhanced by immune checkpoint modulation of CTLA-4. In all treatment groups, signific-
ant tumour regression was observed by day 42 when compared to control animals (Figure
6.14). Animals receiving the combination therapy had significantly lower B16-ICAM-1
tumour volumes when compared to animals treated with the anti-CTLA-4 antibody alone
by day 35. However, as a result of the euthanasia of several animals with heavy tumour
burdens, the significance was lost a week later (day 42). More importantly, while com-
plete remission was achieved in 50% and 60% of mice treated with i.t. CVA21 and i.p.
anti-CTLA-4 antibody respectively, all animals from the combination group experienced a
complete response. In terms of the primary tumour, these animals remained tumour-free
for the duration of the study. However, not all patients suffering from advanced melanoma
remain tumour-free and even in those without detectable lesions, residual tumour cells may

be present. In these cases, systemic anti-tumour immunity could prevent relapse and also
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destroy micrometastases at distant sites.

To establish whether a robust systemic anti-tumoural immune response had developed
following intratumoural CVA21 therapy in combination with anti-CTLA-4 antibody treat-
ment, mice were rechallenged with intradermal B16 murine melanoma cells. Consistent
with our anti-PD-1 animal model, development of the secondary tumour was delayed in
animals treated with the CVA21 alone with no signs of tumour protection (Figure 6.15 &
6.16). Remarkably, the combination protected 40% of mice against growth of the poorly
immunogenic B16 for 40 days, whereas tumours developed in 75% of anti-CTLA-4 treated
mice. Due to the euthanasia of several animals as a result of the primary tumour, the
two-way ANOVA analysis was not used to determine the difference in tumour volumes.
Instead, the incidence of secondary tumour was defined using Kaplan-Meier survival curves
and statistical significance was tested using the log-rank test. In line with our tumour
volume data, median time to tumour growth was significantly suppressed in the combina-
tion group when compared CVA21 alone, however, not when compared with anti-CTLA-4
antibody alone (Figure 6.15). This translated to a significant overall survival benefit (Fig-
ure 6.17). In summary, we demonstrated the effectiveness of the CTLA-4 blockade with
CVAZ21 oncolysis in inhibiting primary tumour outgrowth and preventing a secondary re-
challenge of B16 melanoma cells, suggesting that the combination may be a powerful tool

for treatment and protection of melanoma.

As little is known about the immune response mounted against CVA21 following sys-
temic immune checkpoint blockade, the anti-viral immune response generated against
CVA21 was examined in both anti-PD-1 and anti-CTLA-4 mouse models. We analysed
serum samples from weekly blood samples. In both mouse models, infectious CVA21 was
cleared from the systemic circulation by day 14 post treatment (Figure 6.10 & 6.18). We
expected an increase in viral load in our anti-PD-1 study but viraemia fell below detect-
able levels after day 14 and was maintained for the duration of the study. This is a very
interesting finding as C57BL/6 mice received a total of eight injections of CVA21 at 1 x
107 TCIDjp/injection and many of the blood samples from the C57BL/6 mice were collec-
ted 1 day post treatment. Such rapid viral clearance indicates that anti-viral antibodies
or other host immune factors successfully neutralised the virus within approximately 1
day of administration. It is noteworthy to point out that repeated treatment may lead

to the rapid development of neutralising antibodies, presenting a potential drawback of
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oncolytic virotherapy. Indeed, neutralising data from the anti-PD-1 study confirmed this
finding (Figure 6.10). Repeated dosing of CVA21 led to a significant increase in CVA21-
specific nAbs and is likely to have limited viral efficacy. Interestingly, average nAb levels
in animals receiving the anti-PD-1 antibody were approximately 2-fold lower than anim-
als without the antibody, suggesting that systemic PD-1 signalling blockade may dampen
the humoural antiviral response against CVA21, providing a possible explanation for the
increased therapeutic effects observed. Taken together, we decided to maintain the first
four intratumoural CVA21 injection but remove the booster injection in our anti-CTLA-4
model, as the additional virus does not appear to provide any therapeutic benefit. More
importantly, at the end both animal studies, no signs of treatment-related adverse toxicity
in any mouse were recorded, as indicated by the increasing weight (Figure 6.6 & 6.13).

Both treatment regimes possess an excellent safety profile.

A major finding in our anti-CTLA-4 animal model was the discovery of a ‘window of
opportunity’, where CTLA-4 blockade would allow CVA21 to persist longer in the circulat-
ory system, enabling the virus to exert its oncolytic effect for a longer duration. We found
that animals treated with the anti-CTLA-4 antibody two weeks after the initial i.t. in-
jection had reduced CVA21-specific nAbs (Figure 6.19). Consistent with this observation,
infectivity assays performed on weekly blood sampling resulted in an unexpected detection
of infectious virus particles a week after treatment (Figure 6.18). This was the first time we
have detected viraemia in a fully immunocompetent setting a week after the initial chal-
lenge. Taken together, these data suggest the exciting possibility that CTLA-4 blockade
does not exclusively upregulate T cells, but modulates the immune response by inducing
the production of regulatory cytokines. This theory is supported by our non-linear model-
ling of the nAb response against CVA21 showing that nAbs titres though initially delayed,
achieved maximum titres two week later when compared to animals that did not receive
the anti-CTLA-4 antibody. We propose that the initial dampening of the innate immune
response creates a ‘window of opportunity’ for CVA21 to exert its oncolytic effects, and
the enhanced recovery of the immune response loosely suggests an augmented immune

response. Further studies to establish this are therefore highly recommended.

Another interesting discovery was the induction of cell death in human melanoma cells
treated with the serum from mice (n = 3) administered CVA21 + anti-CTLA-4 group. Such

activity was not observed from serum of the saline + anti-CTLA-4 group. As the serum
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samples were taken 26 days following the last viral administration and in an environment
of anti-CVA21 neutralising antibodies, the likelihood that the observed activity against the
SK-Mel-28 cells was via direct viral lysis is unlikely. Furthermore, photomicrographs taken
of cells treated with serum from the combination group revealed cytotoxic morphology that
differs from those that were treated with CVA21 alone (Figure 6.20). While preliminary,
this finding strongly suggests the presence of a different mechanism of cell death. The
observation that serum concentrations of only 1% can exhibit cytotoxic activity ez wvivo
suggests that this activity is potent and potentially clinically relevant. Complement activ-
ation is an important antiviral mechanism and antibody-mediated complement-dependent
cytotoxicity (CDC) arising from the complement pathway is a known mechanism of cell
killing [766]. For instance, antibody-mediated CDC was detected in JX-549 treated rabbits
and Kim et al. presents compelling evidence that serum from these animals resulted in tu-
mour necrosis and improved survival [396]. Furthermore, in a majority of patients treated
with JX-549 on a phase 1 trial, CDC developed within four to eight weeks, with the longer
surviving patients demonstrating highest levels of CDC activity. Given that CDC can
be an important determinant of therapeutic antibody-mediated efficacy in cancer, future

studies will elucidate the effect of CVA21 on antibody-mediated CDC.

In summary, our current work has indicated that doublet therapies using either anti-
PD-1 or anti-CTLA-4 show a synergistic retardation of tumour outgrowth in vivo. Fur-
thermore, our results suggest that the CTLA-4 blockade may have a stronger therapeutic
effect than the PD-1 blockade when combined with CVA21 virotherapy. This finding is
based on a higher CR rate of the primary tumour, higher rejection rate of the secondary
tumour, and a longer overall survival when both immune checkpoint inhibitor studies were
analysed retrospectively. The molecular basis underlying the efficacy of this treatment
protocol was not investigated but several mechanisms have been posited. The stronger
inhibitory mechanism of both primary B16-ICAM-1 and secondary B16 tumour by the
CTLA-4 + CVA21 doublet therapy are likely due to a combination of the following: (i)
decrease in antiviral response at the early phase of treatment, (ii) an increase in the num-
ber of circulating effector cells, and (iii) increased homing of effector cells to tumour sites.
These mechanisms allow effector T cells to accumulate and proliferate in tumour sites at

an early stage and to reject tumour deposits before they establish.

In addition, several authors have suggested that the absence of a PD-1 inhibitory signal
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can augment antiviral immunity, which may be detrimental when the virus is administered
to patients as a therapeutic agent. Specifically, Iwai et al. found that the inhibition of
PD-1 induced the proliferation of effector T cells in a adenovirus-infected liver, resulting
in rapid clearance of the virus [350], and Zinselmeyer et al. reported that a persistent viral
infection by lymphocytic choriomeningitis virus (LCMV) resulting in immune exhaustion
can be reversed by blocking PD-1 with an antibody [829]. In contrast to work by these
two authors, we found that animals treated with the anti-PD-1 antibody had lower anti-
CVA21 nAb titres. This discrepancy may be due to the differences in quantifying the
antiviral immunity. While their investigation compared T cell proliferation and function,
drawing the conclusion that an increase in infiltrating lymphocytes suggested an increase in
antiviral response, we were focused on determining CVA21-specific nAb titres produced by
B cells, where the humoural system plays an essential role in viral clearance. These results
therefore need to be interpreted with caution. Nevertheless, the fact that the absence of
the PD-1 inhibitory signal can augment antiviral immunity has significant implications on
the efficacy of oncolytic virotherapy. More research on this topic needs to be undertaken
before the intrinsic interplay between oncolytic viruses and both humoural and cellular

immune responses is clearly understood.

In contrast, CTLA-4 deficiency does not have this effect on viral replication [41, 42, 828|.
Using adoptive transfer experiments, Bachmann et al. measured T cell responses in
C57BL/6 mice after infection with LCMW [42]. They found that the absence of CTLA-4
signals did not interfere with T cell-activation, kinetics of T cell-expansion, or the exhaus-
tion of T cell-responses following the viral challenge. Similarly, in a model of LCMW,
Zimmermann et al. revealed that blocking CTLA-4 does not significantly alter cytotoxic
T-cell response against the virus and the IgG antibody response were slightly diminished
[828]. These factors might partly explain why we could detect circulating viruses a week
later in two animals treated with the anti-CTLA-4 antibody (Figure 6.18). Taken together,
we speculate that PD-1 blockade may have a stronger potency to augment host immune
responses against virus than CTLA-4 blockade, supporting the concept that CTLA-4 in

combination with CVA21 is more suitable for melanoma immunotherapy.

As indicated by the rechallenge experiments, bilateral tumours were rejected by anti-
CTLA-4 while treatment with anti-PD-1 antibody suppressed/delayed tumour growth.
This finding was consistent with the work done by Mangsbo and colleagues [480]. The
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reason for this is not clear but the induction of T effectors cells and the detection of
antinuclear antibodies in animals displaying signs of tumour remission are thought to
be the contributing factors. In contrast to our findings, Engeland et al. showed that a
MYV expressing the checkpoint inhibitor anti-CTLA-4 delayed the progression of tumours,
while the MV expressing anti-PD-L1 induced tumour remission in some mice and increased
overall survival [212]|. The therapeutic gains were associated with enhanced cytotoxic T cell
and reduced regulatory T cell infiltration into the tumour microenvironment. Together,
these models implied that recruitment of cytotoxic lymphocytes to the tumour is essential
and that the particular choice of checkpoint inhibition to be used in combination with OVs
could be important. It is also important to appreciate the kinetics of action of the co-
stimulatory/co-inhibitory interactions associated with checkpoint inhibition. For example,
CTLA-4 T-cell inhibition is involved in tolerance induction at the early activation phase,
where as PD-1/PD-L1 inhibition inhibition mediates the later phases of T-cell activation in
the periphery [573]. Thus, future experiments will concentrate on the kinetics and timing

of T cell infiltrates and its association with CVA21 replication.

In conclusion, our findings suggest that localised therapy of oncolytic CVA21 may
induce inflammatory immune infiltrates in the treated tumour in a poorly immunogenic
tumour model, making them susceptible to systemic therapy with the immunomodulatory
PD-1 and CTLA-4 antibody. Furthermore, we were particularly successful in demonstrat-
ing a durable anti-tumour effect in distant tumours, with a significant increase in overall
survival, using the CVA21 and anti-CTLA-4 combination. Importantly, inhibition of either
immune checkpoints with CVA21 oncolysis did not affect the body mass in all treated mice
and no treatment-related adverse events were observed, suggesting that a feasible safety
profile is achievable in patients. This provides a strong rationale for investigation of such

combination therapies in the clinic.

7.2 Rationale of combination oncolytic virotherapy

The rationale for a multi-target approach can be especially applicable to oncology. Given
the combination of cellular genetic defects and local immune system alterations necessary
to allow a neoplastic cell to develop and proliferate, in conjunction with the high rate
of mutations that occur in neoplastic cells, it is unlikely that any single treatment will

be entirely effective at controlling cancer. There is a general consensus that oncolytic
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virotherapy will be much more efficacious when combined with other modalities of cancer

treatments [225, 547, 545, 728, 782].

Combination therapy with OVs typically has one or more of the following goals. Firstly,
the majority of OVs induce oncolysis of the cancer cells via a unique death pathway.
Cancer cells have evolved and have the ability to evade cell death by inhibiting one or more
specific pathways of cell death. This provides a rationale for combining another therapeutic
drug to destroy cancer cells through alternate death pathways. The combination could be
functionally additive or synergistic, leading to the lowering of therapeutic drug doses with
non-overlapping toxicities. Alternatively, if the both drugs have similar therapeutic profiles,
lowering the drug dose may achieve similar efficacy with few side effects. In addition,
pre-treatment of refractory cells with an OV may resensitise these cells to chemotherapy
or radiotherapy and may reduce the frequency of acquired resistance. For instance, i.t.
infection of T-VEC administered in combination with systemic cisplatin and radiotherapy
to patients with previously untreated head and neck squamous cell carcinoma, resulted in
an objective tumour response in 14 out of 17 patients (82.3%), of which 93% demonstrated
complete pathological remission at subsequent neck dissection [303]. These complementary
mechanisms of action of OVs and other conventional agents suggest exciting opportunities

for therapeutic synergy.

While the promising activity of OVs has been demonstrated in a variety of in witro
and animal models, the clinical results have not been as impressive. The major limitation
of OVs is their poor delivery to distant lesions and the rapid development of neutralising
antibodies by the host. As such, a considerable amount of research has gone into combining
OVs with drugs that may also act to remove barriers to successful oncolytic virotherapy.
For example, the most common immunosuppresant drug used in the context of oncolytic
virotherapy is cyclophosphamide (CPA). The immunosuppresive features of CPA have been
shown to enhance viral oncolysis and improve anti-tumour efficacy in HSV [244], Ad [724],
MV [535], reovirus [413, 605|, and VV [468]. Another drug that can be used for immune
suppression are histone-deacetylase inhibitors (HDACi), which markedly increased and
prolonged the therapeutic effect of VSV virus therapy for a variety of refractory cancers
[546]. These groups have reasoned that pretreating tumours an immunosuppresive drug
can enhance the replication and spread of OVs within malignancies, leading to a synergistic

effect.
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However, it has been increasingly recognised that modification of tumour cells by OVs
may promote their recognition by the immune system, with activation of the adaptive
immune responses specific not only for viral, but also for endogenous tumour antigens
[287, 505]. Recently, evidence has emerged from both preclinical and clinical studies
demonstrating the immune therapeutic potential of OVs, suggesting the possibility that
the immunostimulatory properties of OVs can be steered to improve the efficacy of the
newly discovered immunomodulatory agents [60]. There is increasing evidence suggesting
that patients with pre-existing tumour immune cell infiltration are more likely to respond
to immunotherapies involving vaccines and immune checkpoint inhibitors [297, 359|. Dir-
ect infection of tumour cells by OVs may render them immunogenic through the activation
of the innate immune response, potentially reversing the immune inhibition of inflamma-
tion in the tumour microenvironment. In addition, OVs kill tumour cells through several
mechanisms, including immunogenic apoptosis, necrosis, and autophagy, all of which have
been described to be associated with ICD [286]. As a result, tumour cell lysis results in
the release of endogenous TAAs and DAMPs, which increase infiltration of T lymphocytes,

facilitating the reactivation of the immune system with the aid of various immunotherapies.

A growing number of studies demonstrate that the integration of OVs with various drugs
show synergistic effects that translate into improved anti-tumour responses. Consistent
with this, emerging data from clinical trials seem to indicate improved clinical outcomes
in such multimodal therapies. These findings provide a strong rationale for combining an
OV with other therapeutic modalities for the treatment of melanoma. Optimisation is still
required in order to obtain successful combinations and a comprehensive understanding of

the interactions of multiple drug components are crucial for clinical success.

7.3 Challenges of combination therapy with OV

Novel combinatorial applications with OVs are continually being developed, and invest-
igators have highlighted several hurdles that may influence the therapeutic index of the
combination therapy. As previously mentioned, the biological pathways that OVs manip-
ulate to support their replication (accounting for their oncolytic capacity) are similar to
those utilised by malignant cells. In fact, targeting certain pathways with chemotherapy
will also, by association, compromise the replicative capacity OVs. For example, viruses

may require actively dividing cells to maximise their replicative efficiency, while many an-
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ticancer agents are either cytotoxic or cytostatic with death-inducing or anti-proliferative
effects, respectively [566]. Furthermore, studies suggest that the leaky vasculature of tu-
mours could be exploited by OVs to successfully extravasate into the tumour site [217, 648].
In fact some OVs, can actually stimulate angiogenesis to increase vascular permeability in
tumours [4]. Thus, anti-angiogenic therapy may adversely affect the localisation of OVs to

the tumour microenvironment.

Modulation of the host immune response through chemotherapy may conflict with
the therapeutic function of the oncolytic virus. For instance, low dose CPA may remove
immunosuppressive cells such as T regulatory cells to improve the adaptive anti-tumour
immune responses, however, it also promotes the antiviral immune response, leading to
early viral clearance [54]|. Conversely high dose CPA may enhance viral oncolysis through
wide-spread immunosuppression of the innate and adaptive antiviral immune response,
but also completely abrogate the anti-tumour immune response [505, 597, 598|. These
conflicting mechanisms, cell death vs viral replication, anti-angiogenesis vs viral trafficking,
and antiviral immune response vs anti-tumour immune response, will need to be thoroughly

investigated when developing combinatorial strategies.

The use of relevant animal tumour models is a concern for all investigators, however
it is of particular importance for those studying OVs. Recent studies that have focused
on elucidating the role of the immune system in OV therapy found that both the innate
and adaptive immune responses contribute significantly to the overall efficacy of the OV
[599]. Furthermore, the host’s immune response is implicated in hindering OV efficacy by
inhibiting early infection, but is required for eventual clearance of the virus. Many studies
using OVs were performed in xenograft models using immunocompromised mice. This is
appealing because it allows testing in human tumours (as opposed to murine tumours)
however this comes at a significant cost. Adding to the limitation of these models is the
widespread use of tumour cell lines and the scarcity of data using fresh human tumour
samples. Although use of human tumours in xenograft models is useful at first, it is
perhaps more clinically relevant to demonstrate OV efficacy in immunocompetent hosts.
It will be important to consider these factors when choosing the best combination therapy

regimens to develop clinically.

Another significant challenge of combination therapy is the optimisation of the dose
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ratio. As cells do not make a distinction between a single drug or a combination, two
drugs combined at a given ratio could be considered a third agent with its own dose-effect
relation. Therefore, rather than simply investigating whether a particular combination
is synergistic, emphasis should be placed on what dose ratio optimises the synergy [388|.
Ideally, the dose ratio should be optimised in preclinical studies before proceeding to clinical

testing in humans.

7.4 Quantifying synergy in drug combination studies

For complex diseases such as cancer, combination therapies have the potential of having
enhanced efficacy without increasing the risk of adverse effects. However, the development
of combination drugs can also be costly and risky investment without a well thought out set
of experimental strategies, which may vary from drug to drug. High-throughput screening
of drug pairs has sought to systematise and extend the empirical approach as a means
of identifying new combination drugs [91]. However, given the likelihood that many new
multicomponent drugs must be developed and that screening is restricted to a few cell
types, it would be very valuable to develop predictive models of pharmacology in which at

least part of the work can be done in silico.

To characterise drug interaction, the first step is often defining an appropriate null
(or additive) model. When the effect of a combination dose is greater or less than that
predicted by the additivity model, the combination dose is synergistic or antagonistic.
Historically, three additivity reference models are commonly used: 1) effect addition, 2)
Bliss independence, and 3) Loewe additivity [272|. The effect addition model has a simple
form: E(di,d2) = E(dy) + E(d2), where E(dy, ds) is the effect at (dy, d2), and E(d;) is the
effect of drug 7 alone at dose d; with ¢ = 1, 2. However, this model is not generally correct
and soon became obsolete. For example, when E(dy) = E(dy) = 70%, clearly E(di, d2)

can not be 140% when the effect is measured as a proportion of cells killed.

The Bliss independence model is also called effect multiplication or the fractional

product [84], and has the form:

fie=fi+ fo— fife

Here f1, f2, and f19 are the effects expressed as the fractions of the maximal effects for
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drug 1, drug 2, and the combination. Combination doses with effects more than predicted
are synergistic, and conversely, antagonistic. However, Bliss independence implies that two
drugs do not physically, pharmacologically, or biologically cooperate, acting independently.
As such, Bliss independence can only be expected to be valid for simple biological pathways

such as single enzymes and basic biochemical pathways [84].

The Loewe additivity model to characterise drug interaction can be defined as:

i, dy

=1
Dy,l Dy,2

where di, do are doses of drug 1 and drug 2 in mixture, which produces an effect v,
while D, 1 and Dy 2 are the doses of drug 1 and drug 2 that produce the same effect y

when given alone [460]. The term Ddyll + deg is also called the interaction index at the

combination dose (dy, d2).

The Bliss independence and Loewe additivity models are the two most cited reference
models for defining drug interactions [230, 272]. Debate continues as to which method per-
forms better with clinical translation of synergy observed in vitro. However, only Loewe
additivity correctly predicts the trivial case in which the two inhibitors are actually the
same compound (‘sham’ mixture simulation). Since then, Loewe additivity approach has
since been popularised for enzyme inhibitor studies by Chou and Talalay, and is arguably
the most widely used method in recent literature for analysing combination interactions
[146, 145], including the field of oncolytic virotherapy. Chou-Talalay proposed the Com-
bination Index (CI) theorem, serving as a general expression and quantification of drug
interaction based on the mass-action law in biophysics and biochemistry [146, 147, 145].

The Chou-Talalay CI index equation can be defined as:

for mutually exclusive drugs that have the same or similar modes of action, or:

=1, Additivity;

_ D) (D)2 (D)i(D)2 o
Cl= (Do) + (Dn)s + (D2)1(Dx)a <1, Synergistic

> 1, Antagonistic

for mutually non-exclusive drugs that have totally independent modes of action. (D),
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and (D)s are drug concentrations in combination inhibiting 2%, and (D,); and (D,)s are
the individual drug concentrations. If the CI is equal to, less than, or greater than 1, the
combination dose is claimed to be additive, synergistic, or antagonistic, respectively. The
method assumes that two or more drugs alone, as well as the combination, will result in
sigmoidal concentration-effect curves. The concentration-effect data are log-linearised and
the linear regression is fitted to an equation in which the growth-inhibitory effect of each

drug is used to calculate a CI.

While the Median-Effect method can provide useful analyses, several authors have poin-
ted out its shortcomings [87, 272, 485, 826]. Only agents that alone and in combinations
that have dose-response curves fitting the median-effect equation can be used, and many
inhibitors show dose-response curves that cannot be fitted by the equation. More specific-
ally, most response curves do not closely fit to idealised mass-action models. For instance,
in our own work, we found that the majority of combinations interacted synergistically but
only showed a modest model-fit value (Table 4.3 & 5.13C). This interpretation is mislead-
ing in the sense that should we report the combination as a true synergistic effect, or a
false positive as a result of experimental error invariably carried by most biological systems
despite convincing cell viability data? Even more importantly, the linear transformation
proposed by Chou and Talalay as the best way to estimate combination parameters has
been subjected to considerable criticism [68, 87, 826]. Others have proposed that applying
a nonlinear regression is a superior mean of obtaining combination parameter values as it
allows investigators direct inspection of the acquired data. Another significant drawback
of the method is that it requires substantial data preprocessing [826]. Raw data are aver-
aged, converted to Fa values, and must lie within the 0 < Fa < 1 interval. At lower drug
concentrations or if the drug possesses a paradoxical effect on the cell line tested, the Fa
values are likely to exceed 1.0, necessitating data exclusion and as such may introduce bias

to the analysis.

In line with all of the serious limitations mentioned methods as a metric of synergy, sev-
eral authors have presented other alternatives. Peterson and Novick introduces the concept
of ‘nonlinear blending’ in assessing the joint efficacy of compounds in combination [582].
For the first time, instead of using an index to measure synergy, the authors introduces
the concept of ‘weak’ and ‘strong’ blending properties to show how strong blending is the

key for determining whether the combination enhanced efficacy [582]. Unlike the typical



CHAPTER 7. DISCUSSION AND CONCLUSION 242

Loewe synergy, the concept of ‘nonlinear blending’ can be applied to any combination drug
response, including varying relative potency, partial inhibitors, potentiation, and coalism.
Hence, this method offers a general approach to synergy that is needed for the wide variety
of combination responses that could occur with complex signalling networks with multiple

redundant pathways, such as the MAPK and PTEN-PI3K-AKT pathway.

Recently, Boik et al. proposed the MixLow (Mixed-effects Loewe) method, which is
an improvement over the Median-Effect method [87]. The MixLow method is formu-
lated by three core components, the nonlinear mixed-effect model, the Loewe index, and a
method to calculate confidence intervals for index, allowing for a more accurate estimation
of concentration-response parameters. Boik et al.’s simulation studies computed by the
MixLow method were more precise than those computed by the Median-Effect method
and calculated confidence intervals were closer to the nominal confidence coefficient (0.95)
for the MixLow method than for the Median-Effect method [87]. Furthermore, Boik points
out that the use of a nonlinear component of the MixLow model eliminates the need for
data preprocessing, preventing data trimming that may be a requisite when using the

Median-Effect model [87].

In summary, many classical synergy measures were derived under somewhat limited
or idealised pharmacological situations. Further development of methods that allow stat-
istical differentiation between synergy, additivity, and antagonism is warranted and will
still likely be an ongoing challenge. Subsequently, claims of synergy should be used ap-
propriately when evaluating drug combination in preclinical studies, but more importantly
should provide clear evidence of enhanced therapeutic index before proceeding to clinical

evaluation.

7.5 Future directions and conclusion

Currently, the treatment and management of advanced melanoma is trending towards the
effective combination of available drugs. Hence, in order for OVs to be successful, some
type of combination therapy will need to be employed. The findings from this thesis have
provided a strong rationale for integrating CVA21 with, though not limited to, conven-
tional chemotherapeutics and the more recently discovered immune checkpoint inhibitors.
However, several challenges remain to be addressed before translating to the clinic and

seeking regulatory approval.
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It is critical to understand the interplay between the virus and the combination of
choice. As we have described earlier, some treatment modalities may inhibit viral replica-
tion, and as such would impede oncolytic efficacy. Rather than simply combining OVs with
existing modalities, the challenge going forward is to elucidate the mechanism of OV-drug
interactions which are pertinent to the design of future clinical trials. More information
on the mechanism of action of the drugs used in combination would help us establish bet-
ter treatment strategies. However, the presented studies in this thesis were designed as
proof-of-principle therapeutic experiments, and we have yet to elucidate the mechanism
of action or the mode of cell death induced by CVA21 replication. As ICAM-1 is the
sole determine of successful CVA21 infection, future studies would need to investigate the
effects of various drugs on the levels of ICAM-1 expression. Furthermore, as the potential
of OVs in enhancing cancer immunogenicity becomes increasingly clear, emphasis should
also be placed on elucidating the mechanism of cell death mediated by CVA21 infection.
These include apoptosis, necrosis, pyroptosis, and autophagic cell death, often with one of

these pathways as the dominant form of death for a particular OV.

It is noteworthy to mention that a major issue with the majority of OV research is
the over-reliance on in vitro cell culture systems. Use of in vitro cultures may allow us to
focus on dissecting individual pathways and proteins involve in OV-drug interactions but
caution must be applied as in vitro synergy might not be transferable in vivo. The data
presented in this thesis uses in vitro cell culture models and several animal model as we
have yet to acquire access to melanoma patient samples. However, our in vitro findings
provide a strong rationale for collecting tumour samples from patients currently enrolling
in clinical protocols for further analysis. It would be especially useful to obtain pre- and
post-treatment, tumour samples from CVA21-treated patients and compare them against
normal tissue to identify useful biomarkers. We intend to adopt this approach across a
broad panel of tumour cell types in the hopes that it may provide guidance in developing

better treatment regimes.

Chapter 6 presents the first report of the oncolytic capacity of CVA21 being assessed in
combination in a syngeneic model with immune checkpoint inhibitors. There are, however,
several limitations present in our study model with both immune checkpoint inhibitors.

Firstly, we started therapy in the first week after B16-ICAM-1 tumour inoculation, where
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tumour volumes were still relatively small. Although we are optimistic that the current
combination approach will translate into improved clinical efficacy, effectiveness against
larger tumours is certainly warranted. Secondly, we were successful in demonstrating re-
gression of the bilateral tumour with long-term survival benefits without evidence of disease
relapse. Given the metastatic nature of advanced melanomas, it would be important to
evaluate whether a similar effect is present in a spontaneous, highly metastatic, animal
model of melanoma. The establishment of a B16.F10 model, which is known to have a
natural propensity for early spontaneous metastases would be of particular interest [224].
Thirdly, while our study focused primarily on the safety and efficacy of the treatment
regimen, it would be interesting to characterise the immune responses in the tumour mi-
croenvironment of both primary and metastatic lesions. We found that serum harvested
from animals treated with the combination of CVA21 and anti-CTLA-4 had the capacity
to induce some form of cell death in monolayers of SK-Mel-28 cells. Further experiments

will be needed to elaborate on this observation.

Although our study was not designed to assess and characterise tumour infiltrating
lymphocytes in the context of i.t. CVA21 treatment, the use of B16 cells which are not
susceptible to a CVA21 infection provided us with a reasonable measure for the genera-
tion of an anti-tumour immune response. Consistent with other OVs, a virus-mediated
immune component in addition to direct oncolysis is warranted for successful virotherapy.
Importantly, the induction of an anti-tumoural immune response during oncolysis has the
potential to provide durable tumour control long after the the OV has been cleared. In
this context, further studies that employs the use of immunosuppressants or chemothera-
peutic agents with immunosuppressive properties will need to be carefully timed in order
to exert a positive impact against humoural immune response, but still allow the triggering
of anti-tumoural immune response induced by viral oncolysis. More importantly, future
studies will need to further elucidate the role that the host immune system is playing in

CVA21 therapy and the effects on drug combinations will need to be well defined.

Our data with the CTLA-4 antibody also raises the question of whether antibodies
targeting other co-inhibitory and/or co-stimulatory receptors could potentiate both an-
tiviral and anti-tumoural immune responses through modulation of T regulatory cells in
the tumour microenvironment. We have suggested that CTLA-4 signalling may play an

immunomodulatory role which may prove beneficial to CVA21 oncolytic virotherapy. Re-
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cent studies have found that CTLA-4 blockade could significantly enhance the tumour-
infiltrating T effector/T regulatory cell ratio, in part by selectively depleting T regulatory
cells in a manner that is dependent on the tumour microenvironment [683, 798|. Such tar-
geted activity may relieve immune suppression within the tumour while leaving systemic
immunity largely intact as widespread depletion of T regulatory cells can induce multiple
autoimmune pathologies [395]. Furthermore, the apparent dual function of the novel target
0OX40 which affects both the T effector and T regulatory compartment, may be a suitable
alternative in cancer immunotherapy [587]. Considerably more work will need to be per-
formed to determine whether there will be any potential toxicities, and to optimise the

treatment schedules of oncolytic viruses with novel immune checkpoint inhibitors.

Melanoma is an aggressive disease that carries an extremely poor prognosis when local
invasion, nodal spread or systemic metastasis has occurred. As a result, the current stand of
care therapy for the treatment of metastasised solid tumours is administered systemically.
Similarly, while OVs may be delivered locally to accessible tumours, systemic administra-
tion via the vasculature gives OVs access to all perfused regions of primary and metastatic
tumours, tremendously expanding their clinical applicability. In this regard, intravenous
delivery of oncolytic CVA21 is the favoured route of application. In the current project, we
have only evaluated the combination effects of CVA21 intratumourally. Based on these ex-
ploratory findings, biodistribution studies involving i.v. delivery of CVA21 with clinically
relevant drugs using the same experimental animals models are currently underway. We
have however, previously demonstrated that a single i.v. injection of CVA21 in established
melanoma xenografts in a SCID mouse model caused regression in contralateral tumours,
thereby indicating the potential application of CVA21 as a systemic oncolytic agent [670].
In line with delivering an OV intravenously, one should consider the inactivation of the
therapeutic virus by neutralising antibodies in the blood and the subsequent development
of the cellular immunity. Research is actively being pursued to investigate if the pre-
existing and induced anti-viral immune responses can be pharmacologically tempered to

limit the neutralisation of therapeutic viruses.

To conclude, we have demonstrated that enhanced efficacy was achieved when CVA21
was combined with a variety of clinically relevant chemotherapeutic and immunothera-

peutic agents in both in vitro and in vivo settings. In addition, all combination treatment
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regimes produced excellent tolerability profiles with no obvious treatment-related adverse
events observed in the relevant mouse models. Taken together, these findings outlined in
this thesis highlight the exciting potential of integrating CVA21 virotherapy with current
melanoma treatments and should facilitate the rapid translation towards clinical applica-

tion.
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