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Cutaneous squamous cell carcinoma (cSCC) is the most common form of human
cancer with metastatic potential. Despite T cells accumulating around cSCCs,
these tumours continue to grow and persist. To investigate reasons for the failure
of T cells to mount a protective response in ¢SCC, tumoral T cells were
characterised to determine factors responsible for ¢cSCC T cell dysfunction. This
thesis focused primarily on regulatory T cells (Tregs, which are considered
immunosuppressive) and CD8* T cells (thought to be responsible for destroying

cancer cells) within the population of T cells surrounding c¢SCCs.

Human primary cSCCs contained increased FOXP3* Treg and CD8* T cell
frequencies compared with corresponding peripheral blood and normal skin.
Most tumoral T cells expressed the skin addressin CLA and E-selectin was
detected in the majority of peritumoral blood vessels. Functional studies showed
that tumoral Tregs suppressed tumoral effector CD4* and CD8'T cell proliferation
and effector T cell interferon-y secretion in vitro. 0X40 was expressed by higher
proportions of tumoral Tregs than other T cells (including CD4*FOXP3- and CD8* T
cells) and increased OX40* lymphocyte frequencies were observed in primary
cSCCs which metastasised compared with primary cSCCs which had not
metastasised. Furthermore, in vitro OX40 activation of Treg/CD4* effector T cell
co-cultures enhanced tumoral CD4* T cell proliferation, thus overcoming Treg

suppression.

Functional data demonstrated that CD8* T cells from ¢SCC were less able to
proliferate and produce granzyme B and perforin in vitro than CD8* T cells from
peripheral blood. In addition, IL-2 was produced by fewer T cells in ¢SCC than in

normal skin. The inhibitory receptor PD-1 was expressed by higher proportions of



T cells in ¢SCC than peripheral blood and PD-1 inhibition augmented in vitro
tumoral CD8* T cell proliferation.

The results in this thesis highlight that dysfunctional T cell responses are present
in ¢SCC, potentially contributing to ineffective anti-tumour immunity and
permitting the development and growth of ¢SCC. Furthermore, the data in this
thesis show that T cells from cSCC can be used for functional assessment of T cell
costimulatory/inhibitory antibodies, suggesting this system might be useful as a

preclinical tool for investigation of anti-tumour immunotherapies.



Table of contents

Table of contents \%
List of tables Xi
List of figures Xiii
DECLARATION OF AUTHORSHIP Xix
Acknowledgements XXi
Abbreviations xxiii
Chapter 1: Introduction 1
1.1 Structure and function of skin........ccccooeiiiiiiiiiii e, 1
1.2 Skin cancer epidemiology ...cccoeuiniiiiiiii i 2
L oY O o 3
1.4 ¢SCC precursor skin 1€SioNs......cccviiiiiiiiiiici e 3
1.5 ROl OF UVR iN CSCC...uniiiii ettt 4
1.6 Risk factors for cSCC development.......cooeveiiieeiiiiiiiiceeeeeen 6
1.7 Clinical management of CSCC .....ciiiiiiiiiiiiii e 7
1.8 Prognosis Of CSCC ... e 8
1.9 Pathogenesis of CSCC ... 9
1.9.1  Genetic susceptibility to cSCC.....ceoeriiiiiiiiiieeeee, 10

1.9.2 UVR-induced DNA damage.......ccccoveuieuieiniiiieieeenneeeennes 11

1.9.3  Genetic mutations iN CANCer......ccouiiuieiiiieieeieeeeeeeeenn 12

1.9.4  Molecular mechanisms involved in ¢SCC development...15

1.9.5 Human papilloma virus........cccooeiiiiiiiiieeee, 16
T.TOSKIN immMUNOIOGY...uiiuiiiiieiii e 17
1.10.1 Antigen presenting cells ........coooiiiiiiiiiiiiiieee 18
T.10.2 T Cells cn e 19
1.10.3 Changes in skin immunity during ageing ...........c........... 32
1.10.4 Skin immune response to UVR ......cceiiiiiiiiiiiiiiicccee, 32
T.1TImmunology of CSCC ... 33
1.11.1  Chronic inflammation .........cccooiviiiiiiiieeeeeeeea 33
1.11.2 Cancer immunosurveillance and immunoediting ........... 34
1.11.3 Evidence for impaired immunity in cancer..................... 35
1.11.4 T cell exhaustion in cancer .......ccoveveiiiiiiiiiciieeeceee, 37

\



T.11.5 T cellsin €SCC ... 39
1.11.6 Role of Tregs in CanCer .....cceueeeiieiiiiieieeei e 40
T.11.7 Tregs in CSCC . 42
1.11.8 cSCCT cells in immunosuppressed individuals.............. 42
1.11.9 T cells in progression from precancerous skin lesions .. 43
1.11.10 T cells in keratoacanthomas.........cccccoveveiiiiiiiiiiineenenn. 43
1.11.11 Other immune cells in cSCC ..o, 44
T.T1.72 LymphatiCs cuvvnieiicei e e 47
1.12T cell immuNOtherapy «uocuceeeeeiiee e 48
1.13 ¢SCC as a model for studying cancer immunity.........c.cccceunneee. 51
1. T A HYPOTNESIS. e 52
1.15AIMs of the StUdY...ccuveeiiiie e 52
Chapter 2: Materials and methods 53
2.1 Ethical approval ..o 53
2.2 Procurement of samples......ccviiiiiiiiiiiiii e 53
2.3 Immunohistochemistry ......ccoiiiiiiiii e 54
2.3.1 Buffers and antibodies .......ccceeeveiiniiiiiiiiiiieieeeee e, 54
2.3.2  MethodsS c.ceniniiii e 55
2.4 Immunofluorescence / confocal microscopy......ccoccevevenveniennnnn. 56
2.4.1 Buffers and antibodies .......ccceevviiiniiiiiiiiiiieieeeee e, 56
2.4.2  Methods ...cuiniiii e 58
2.5 Lymphocyte isolation ......coviieiiiiiii e 59
2.5.1 1Y 1Yo T 59
2.5.2  Methods c..cuieiiii e 59
2.6 FlOW CYTOMETIY .eriniiiiiie et e e e e e 61
2.6.1  Buffers and antibodies .......cccoevvviiniiiiiiiiiiiiiieeeeeeee, 61
2.6.2  Cell surface staining ......ccoeveeiiiiiiiiiiic e 63
2.6.3  Intracellular markers ......ccooveeiiiiiiii e 63
2.6.4  UVRirradiation ......ccoeuveiiiiiiiiii e e e e 64
2.7 T cell functional @SSays ....ceeuvvuiiiiiiiieiie e 64

2.7.1 Intracellular cytokines and markers of degranulation.... 64

Vi



2.7.2  Co-culture exXperiments .....ccceeveuieeiiiniiieieeeeeeeeeeeneneeenes 65

2.7.3 Lymphocyte proliferation assay.......cccceevviveiiiiennennennnnn. 66

2.7.4 Interferon-y enzyme-linked immunosorbent spot (ELISPOT)
LT PP 66

2.8 CSCC Cell CUIUIE..uinin e e e e aaas 67
2.9 Statistical analysis ....coveuieeiiiii 68
Chapter 3: Development of methods 69
o 20 B 1 0 e Yo 1¥ Lt of o o 69
3.2 RESUILS i 70

3.2.1 Flow cytometric characterisation of cSCC immunocytes.70

3.2.2  Invitro cSCC culture......coouriniiii e, 85

3.2.3 Confocal microscopy of cSCC......ccoviiniiiiiiiiiiiiieceieeeane, 90

S 2 T T Y of B 13 T ] o P 93
Chapter 4:  Characterisation of regulatory T cells in ¢SCC............... 97
4.1 INTrodUCTION «oonieeei e e e 97
4.2 RESUIES ceniie e 98
4.2.1 Distribution of T cells in ¢SCC......coeuiiiniiiiiiiiiiiieeeee, 98

4.2.2 Quantification of tumoral T cell subsets........c.cc...c........ 102

4.2.3 Tumoral Tregs are memory T cells that express skin homing

MATKEIS e e 106
4.2.4 Peritumoral blood vessels express E-selectin............... 111
4.2.5 Tumoral Tregs express the transcription factor Helios 113
4.2.6 Tumoral Tregs express the ectonucleotidase CD39..... 114
4.2.7 ¢SCC Tregs suppress tumoral effector T cell responses116
4.2.8 CTLA-4 is expressed by tumoral Tregs intracellularly ..121
4.2.9 4-1BBis expressed by cSCC Tregs and 4-1BB agonism

enhances tumoral CD4* T cell function......cccvevuvnennne.n. 123
4.2.10 0OX40 is expressed by cSCC Tregs and OX40 agonism
enhances tumoral CD4* T cell function......cccvevuvnenene.n. 125

4.2.11 Increased OX40* lymphocyte frequencies are associated with

primary cSCCs which metastasise ......ccovuvveiieuienniennennes 131

e T B T E ol § £33 o Y o 133



Chapter 5: Characterisation of effector T cell dysfunction in ¢SCC

137
I N 101 4 o Yo [0 Lot 4 1o ] AU 137
A S (=11 1 S 138

5.2.1 CCR7 and L-selectin expression by T cells in ¢SCC...... 138

5.2.2 Tumoral effector T cells exhibit reduced proliferative

(=1 o = Lol 1 42 PPN 140
5.2.3  Higher interferon-y * T cell frequencies are present in cSCC
than blood ... 141
5.2.4  Expression of TNF-a by tumoral T cells ...................... 143

5.2.5 IL-2 is expressed by lower frequencies of T cells in ¢SCC
compared with non-lesional skin...........c....ccooini. 144
5.2.6 IL-4, but not IL-13, is expressed by T cells at higher

frequencies in the tumour compared with blood......... 145
5.2.7 IL-17* T cells are infrequent in ¢SCC........cccccvvnvennennnnn. 147
5.2.8 PD-1 is expressed on tumoral T cells........ccceeeniininnins. 148
5.2.9 PD-L1 is expressed in cSCC.....coeuiiiiiiiiiiiiiiiieeiieeeans 152

5.2.10 CTLA-4 is upregulated by tumoral non-regulatory T cells154
5.2.11 Tim-3, BTLA, LAG-3 and CD160 are not present on tumoral T
cells, but CD244 and TIGIT are detected..........c........... 155
5.2.12 Tumoral PD-1* T cells have higher frequencies of interferon-
y expression but lower levels of IL-2 and IL-4 expression160
5.2.13 T cells in ¢SCC and non-lesional skin express lower
frequencies of granzyme B and perforin than T cells from
peripheral blood ..........ccooiiiiii 163
5.2.14 Tumoral PD-1* immunocyte frequencies in primary cSCCs do
not predict Metastasis ...o.cveeveiviiieiii e 170

5.2.15 PD-1 inhibition enhances tumoral CD8* T cell proliferation

and interferon-y production in vitro..........cc.ccceuuan..... 172

o s T I 1Y o 137 T 1 I 175
Chapter 6: Discussion 179
References 189
Appendix A Details of c¢SCCs used in the study 236

viii



Appendix B Flow cytometry panels 241

Appendix C Supplementary figures 243






List of tables

Table 2.1 Primary antibodies for immunohistochemistry ...........cccooeeiiennnnine. 55
Table 2.2 Biotinylated secondary antibodies ..........ccocoviiiiiiiiiiiiii e, 55
Table 2.3 Primary antibodies for immunofluorescence microscopy............... 57
Table 2.4 Fluorophore-conjugated secondary antibodies. .....c..cccoevvvvniennnennee. 57
Table 2.5 Primary antibodies for flow cytometry.......cccceeeviiiiiiiiiiiiiiiiicee 61
Table 2.6 Isotype control antibodies for flow cytometry.......cccooevvviniiinniennnnes 62
Table 2.7 Flow cytometry antibodies for intracellular cytokines .................... 64
Table 2.8 Flow cytometry antibodies for degranulation markers................... 65
Table 2.9 Functional antibodies.........cuuviiiiiiiiiii e 65
Table 2.10 Isotype control antibodies for functional experiments................. 66

Table 4.1 Details of primary non-metastatic and primary metastatic ¢cSCCs. 132
Table 7.1 List of cSCCs excised by the author for the purpose of this study.236

Table 7.2 Flow cytometry panels used in this study. .....cccoeviieiiiiiiiinnnnans. 241

Xi






List of figures

Figure 1.1 Non-melanoma skin cancers and precursor lesions. .......ccc.cceeuuennes 4
Figure 1.2 The hallmarks of Cancer......ccooouiiiiiiiiiiiii e 10
Figure 1.3 Skin immune cells..........oo e 18
Figure 1.4 The immune synapse and costimulatory/inhibitory receptors. ...... 20
Figure 1.5 Migration and differentiation of T cells. ....cc.ovviiiiiiiiiiiiiiiiiieeeeee, 22
Figure 1.6 CD4" T cell SUDSEtS. . oiuniiiee e e 25
Figure 1.7 Mechanisms of suppression by Tregs. .....ccoeeeviiiiieiiiieiiieeneeennen, 31
Figure 1.8 Cancer immunoediting. ....ccocuoiiuiiiiiiiiiiic e e 35
Figure 2.1 Surgical excision of CSCCS. ....iiiiiiiiiiiiii e 54

Figure 2.2 Schematic diagram showing method for isolation of tumour-

INFIltrating iMMUNOCYTES. ..iueiiei i e ean 60
Figure 3.1 Flow cytometry of PBMCS. ...c.uiiiuiiiiiiiciie et 71
Figure 3.2 Flow cytometry of cSCC immuNOCYTeS. ..c.uvvvuiieuiirieeiieenieeeeeeaeeens 71

Figure 3.3 Flow cytometry of immunocytes from non-lesional normal skin. .. 72

Figure 3.4 Effect of enzymatic treatment on PBMC cell surface marker expression

..................................................................................................................... 73
Figure 3.5 Flow cytometry analysis of CD4* and CD8* T cells from cSCC........ 75
Figure 3.6 Flow cytometry shows fewy 6§ T cells in ¢SCC.....ccoevvrvvnveenirennnnnn. 76
Figure 3.7 Flow cytometric detection of NK cells......cccuueiriieiiiiiniiiiiiiieeieeee, 77
Figure 3.8 Flow cytometry for B cells. .....covuiieiiiii e 77

Figure 3.9 Flow cytometry for CD11c and CD14 expressing immunocytes.... 78

Figure 3.10 Flow cytometry for CD68* immune cells.......cc.ccuvvvriiiiiiiiniiinnnnen. 79

Xiii



Figure 3.11 Flow cytometry for CD15 and CD16 expressing immunocytes....79
Figure 3.12 Flow cytometric detection of Langerhans cells...........cceevneennnni.e. 80
Figure 3.13 Flow cytometric detection of dermal dendritic cell markers. ....... 81
Figure 3.14 Flow cytometry for CD141 expressing immunocytes. ................. 82
Figure 3.15 Flow cytometry for CD123* cell populations. ........cccceevveeniiennnnen. 83
Figure 3.16 Flow cytometric detection of mast cells.........ccoiiiiiiiiiiiiiiinnnnnnn. 84
Figure 3.17 Flow cytometry for basophils. ........ccooeiniiiiiiiiiii e, 85
Figure 3.18 In vitro whole explant culture of cSCC for 24 hours leads to tissue
[0 1= 10 0 F= o [P 86
Figure 3.19 Culture of isolated primary cSCC cells.....cceovuiiiriiiiiiiiiieiiiien, 87
Figure 3.20 Expression of cytokeratins in cultured cSCC cells. .....cccovvuvvennnnen. 88
Figure 3.21 Expression of MUCT in cultured cSCC cells......ccoveruiiiiiieinniinnnnnn. 89
Figure 3.22 PD-L1 is expressed by cultured cSCC cells, whilst PD-1 expression is
MINTMALL et et e e e e e e e e e e e e e e e ea e e enaeeeenns 89
Figure 3.23 Development of single and double staining panels for confocal

[0 0] el g0 1Y (0] o)V PP 91
Figure 3.24 Development of three colour panel for confocal microscopy. ..... 92
Figure 3.25 Development of four colour confocal microscopy panel. ........... 93
Figure 4.1 Distribution of T cells in cSCC. .....coouuiiiiiiiiii e 98
Figure 4.2 Immunohistochemistry of T cell subsets in cSCC.........ccccevvvvunnnene. 99
Figure 4.3 Immunofluorescence microscopy of tumoral CD3* T cells........... 100
Figure 4.4 Immunofluorescence microscopy of FOXP3* Tregs in cSCC......... 101
Figure 4.5 Confocal microscopy of T cell subsets in ¢SCC. .......cccoevviiviennnnns 102
Figure 4.6 Flow cytometry panel for identification of Tregs.........ccceevvnveennnes 103
Figure 4.7 CD4* and CD8* T cell frequencies in cSCC. ......ccoviiiuiiiiiiiiieinnnes 104

Xiv



Figure 4.8 cSCCs contain increased FOXP3* Treg frequencies than blood and

L0 T 10 1= LR L 105

Figure 4.9 FOXP3* Treg frequencies by depth of ¢cSCC invasion and

AIiffEreNTIATION. Luiiee e 105
Figure 4.10 Analysis of FOXP3* Treg frequencies in other skin lesions........ 106
Figure 4.11 Tumoral T cells are predominantly memory phenotype............ 107

Figure 4.12 Flow cytometry of CLA and CCR4 expression in tumoral T cells.108
Figure 4.13 Tumoral T cells express CLA. ..o 108
Figure 4.14 Expression of CCR4 by tumoral T cells......c.cccouveeriiiniiiniiinnnnnnn.. 109

Figure 4.15 Immunofluorescence microscopy of CLA* immunocytes in ¢SCC.110

Figure 4.16 Tumoral Tregs express CLA. .....ccui i 110
Figure 4.17 Distribution of blood vessels in c¢SCC.......cccooviiiiiiiiiiiiiiieiieenn. 111
Figure 4.18 Peritumoral location of blood vessels in cSCC. .......cccoevvvvnnnnnn. 112
Figure 4.19 E-selectin is expressed by the cSCC vasculature.........ccc.ceuvneen.. 113
Figure 4.20 Helios is expressed by tumoral Tregs in ¢SCC.......cccoevvnvvvnnnenn. 114
Figure 4.21 CD39 is expressed by tumoral Tregs in ¢SCC........cccvvvvniivnnennn. 115

Figure 4.22 CD73 is expressed by a small proportion of T cells in ¢SCC.....116
Figure 4.23 FACS sorting of tumoral Tregs. .....oeeeuuiiieiiiieeiieeeeee e e 117

Figure 4.24 Tumoral Tregs suppress PHA-induced tumoral effector CD4* T cell

(oY o] 11 =T = U4 1o o T 118

Figure 4.25 Tumoral Tregs suppress PHA-induced tumoral effector CD8* T cell

(oY o] 11 =T = L4 o o T 118

Figure 4.26 Suppressive capacity of FACS-sorted tumoral
CD3*CD4CD25""CD127" fraction by FOXP3 positivity. ....c.ccccovvevieeniennnnnn. 119

Figure 4.27 Tumoral Tregs suppress anti-CD3 induced tumoral effector CD4* T

Cell Proliferation .. ..o e 119

XV



Figure 4.28 Tumoral Tregs suppress anti-CD3 induced tumoral effector CD8* T

(oY LI o T o 11 =Y 7= 1o [o 1N 120

Figure 4.29 Tumoral Tregs suppress interferon-y production by tumoral effector
I o= 1P 120

Figure 4.30 CTLA-4 is expressed by tumoral Tregs in low levels on the cell

02N 0] o1 =V 1< PPN 121
Figure 4.31 CTLA-4 is expressed by tumoral Tregs intracellularly. .............. 122

Figure 4.32 CTLA-4 inhibition does not enhance tumoral CD4* T cell proliferation

IV 1 e PPN 123
Figure 4.33 4-1BB is upregulated in c¢SCC Tregs. ...ccoeuiuieiiiiniieeieeeeeeeennes 124

Figure 4.34 Agonistic anti-4-1BB antibody enhances tumoral CD4* effector T cell

(01 o] E Y =1 4 (o o VAR 125
Figure 4.35 OX40 is upregulated on tumoral Tregs....c...ccevveriiieiienieiniieennnns 126

Figure 4.36 Agonistic anti-OX40 antibody enhances tumoral CD4- effector T cell

Proliferation iN VItro. ..........coueeeieeee et e e e e e 127

Figure 4.37 0OX40 expression on Tregs and CD4* effector T cells following 72
hour culture With PHA. ... e e e e 128

Figure 4.38 Effect of anti-OX40 on PHA-stimulated tumoral CD4* effector T cell

proliferation in the presence and absence of tumoral Tregs.....c.c.cceevvvveennnns 129

Figure 4.39 Effect of anti-OX40 on anti-CD3-stimulated tumoral CD4* effector T

cell proliferation in the presence and absence of tumoral Tregs................... 130

Figure 4.40 Effect of anti-OX40 on PHA-stimulated tumoral CD4* effector T cell

interferon-y secretion in the presence and absence of tumoral Tregs. ......... 130

Figure 4.41 Expression of OX40 and FOXP3 in sorted tumoral
CD4+CD25""CD127"" and CD4*CD25"" lymphocyte populations. ................. 131

Figure 4.42 0OX40 is upregulated in primary cSCCs which had metastasised.132
Figure 5.1 Expression of CCR7 and L-selectin by tumoral T cells................. 139

Figure 5.2 CCR7 expression by tumoral T cells. ....ccooeuiiiiiiiiiiiiiiiiiiciiceens 139

XVi



Figure 5.3 L-selectin expression by tumoral T cells.......ccoeviiiiiiiiiiiiiiennn. 140

Figure 5.4 Effector T cells in c¢SCC proliferate less in response to stimulus

compared with those from peripheral blood. .........coeviiiiiii, 141

Figure 5.5 PMA and ionomycin-stimulated tumoral T cells express interferon-y .

Figure 5.6 Higher interferon-y producing frequencies of T cells are present in
cSCC than peripheral blood. ... 143

Figure 5.7 Production of TNF-a by tumoral T cells.....ccccoovvuiiiiiiiiiiiiiiiiis 144

Figure 5.8 Lower frequencies of T cells express IL-2 in ¢cSCC than normal skin.

Figure 5.9 IL-4 expression is upregulated in T cells in ¢cSCC compared with those

110 o] (Yo Yo 1R PP 146
Figure 5.10 IL-13 expression by T cells in ¢SCC.....cccvviriiiiiiiiiiiiinieeeeee e, 147
Figure 5.11 Low frequencies of IL-17* T cells are present in ¢SCC............... 148
Figure 5.12 PD-1 expression by T cells in ¢SCC and non-lesional skin......... 150
Figure 5.13 CD39 is upregulated on PD-1* tumoral T cells.......cccceevuirrnnnnnn. 151
Figure 5.14 PD-L1 is expressed by cSCC tumour keratinocytes. .................. 153
Figure 5.15 PD-L1 expression by non-T cells and T cells in ¢SCC. ............... 154

Figure 5.16 CTLA-4 is upregulated in non-regulatory T cell populations in cSCC.

Figure 5.17 Minimal expression of Tim-3 by tumoral T cells........................ 156
Figure 5.18 Low expression of BTLA, LAG-3 and CD160 by tumoral T cells. 157

Figure 5.19 CD244 is expressed by CD8* T cells in blood, non-lesional skin and
) O N 158

Figure 5.20 TIGIT expression by cSCC T cells. .ouornieeiiiiiiiieeeeeee e, 160

Figure 5.21 Tumoral CD8* T cells that express PD-1 are more able to produce
interferon-y but less able to produce IL-2 and IL-4 than PD-1- CD8* T cells.. 162

XVii



Figure 5.22 Granzyme B expression by CD4* and CD8* T cells from peripheral

blood, non-lesional skin and CSCC. ... e e 164

Figure 5.23 Tumoral T cells express less granzyme B than T cells from peripheral
0] o To Yo PPN 165

Figure 5.24 Perforin expression by CD4* and CD8* T cells from peripheral blood,

NON-1€SIONAl SKIN AN CSCC. . ainiiiiee ettt e e e et e e aeaeaneeens 166

Figure 5.25 Tumoral T cells express less perforin than T cells from peripheral
0] Yo T N 167

Figure 5.26 LAMP-1 expression on CD4* and CD8* T cells from peripheral blood,

NON-1€SIONAl SKIN AN CSCC. . ainiiiiiee ettt r e n e eaean e eaeaens 168

Figure 5.27 Similar levels of LAMP-1 expression on T cells in peripheral blood,
normal skin and CSCC. ... et e e e e e e 169

Figure 5.28 Expression of cytolytic and degranulation markers in PD-1* and PD-1-

subpopulations of tumoral CD8* T cells. ..ccuuiiviiiiieiii e 170

Figure 5.29 No difference in PD-1* immune cell frequencies in primary cSCCs

which had metastasised and primary cSCCs which had not metastasised..... 171

Figure 5.30 PD-1 inhibition enhances tumoral CD8* T cell proliferation in vitro.

Figure 5.31 Effect of PD-1 inhibition on interferon-y production by tumoral CD8*

L IR LK 12711 4o T 173

Figure 5.32 PD-1 inhibition does not affect IL-2 production by tumoral CD8* T

(oY | K 1 2B 1 4 o R 174

Figure 5.33 In vitro PD-1 inhibition does not affect granzyme B expression in

TUMOTAl CD8% T CeIIS. it eans 175
Figure 6.1 Schematic representation of key findings in this study. .............. 186
Figure 7.1 Predominant peritumoral location of T cells in ¢SCC................... 243
Figure 7.2 T cell subsets in the cSCC peritumoral infiltrate. .........cccceeeeuenn.e. 243
Figure 7.3 ¢SCC blood vessels express E-selectin. ......cccccuevveniiiiiiiiiiiiiniennnns 244

XViii



DECLARATION OF AUTHORSHIP

I, Chester Lai, declare that this thesis and the work presented in it are my own

and have been generated by me as the result of my own original research.

The role of T cells in cutaneous squamous cell carcinoma

| confirm that:

1. This work was done wholly or mainly while in candidature for a research

degree at this University;

2. Where any part of this thesis has previously been submitted for a degree or
any other qualification at this University or any other institution, this has been

clearly stated,;

3. Where | have consulted the published work of others, this is always clearly
attributed;

4. Where | have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work;
5. | have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have
made clear exactly what was done by others and what | have contributed
myself;

7. Part of this work that | have conducted has been published in the following

journal article:

Lai C., August S., Albibas A., Behar R., Cho S-Y., Polak M.E., Theaker J.,
MaclLeod A.S., French R.R., Glennie M.J., Al-Shamkhani A., Healy E. 2016.
0X40* regulatory T cells in cutaneous squamous cell carcinoma suppress
effector T-cell responses and associate with metastatic potential. Clin Cancer
Res, 22, 4236-48.

XiX



XX



Acknowledgements

| would like to thank my supervisor, Eugene Healy for his constant support during
the project and over the course of my career in Dermatology. | will always be
grateful for his helpful guidance on careers and life in general. | would also like
to thank Aymen Al-Shamkhani, who has been an excellent co-supervisor and a
great source of advice. It has been a pleasure and a great learning experience to
work in the Dermatopharmacology Unit at the Faculty of Medicine, University of
Southampton, and | am thankful to the Dermatopharmacology laboratory
researchers who have contributed to this study, including Suzannah August, Amel
Albibas, Ramnik Behar, Shinny Cho, Kim Lim, Conor Healy, Claire Reid, Andy
Shapanis and Marta Polak. In addition, | would also like to thank Jeff Theaker for
helping in the procurement of tissue samples and advice on skin histology, as
well as Ruth French and Martin Glennie, who kindly provided functional
antibodies used in this study. In addition, | would like to thank Richard Jewell and
Carolann McGuire in Dermatopharmacology, University of Southampton; lan
Mockridge in Cancer Sciences, University of Southampton; Susan Wilson and Jon
Ward from the Histochemistry Research Unit, University of Southampton; and
Dave Johnston from the Biomedical Imaging Unit, University of Southampton for
their technical support. | am also grateful to Trevor Bryant and Scott Harris,
Medical Statistics, University of Southampton, for providing statistical advice.
Furthermore, | would like to thank the staff in the Dermatology Department,
University Hospital Southampton NHS Foundation Trust, including Margaret
Wheeler, Linda Baker, Jason Brynes, Jane Jones, Petra McMillan, Pete Langham, Dot
Handley, Angela Maunder, Adam Fityan, Birgit Pees, Helen Lotery, Andrew Sherley-
Dale and Sarah Macfarlane, for assistance with procurement of samples, and | am
grateful to all the patients who participated in this study. | would also like to
acknowledge the Wellcome Trust for funding my Clinical Research Training
Fellowship; | have learned so much over the course of this PhD and have
thoroughly enjoyed it. Lastly, | wish to thank my wife, Whitney, and my parents,

Chermy and Chris, for their unwavering support.

XXi






Abbreviations

A

o4-1BB
oCTLA-4
AJCC

AK

AMP
ANOVA
a0X40
oPD-1

APES

APC
Arg151Cys
Arg160Trp
Asp294His
ATP

BACH?2

BATF

BCC
BCIP
BCL-2
Blimp-1

BRAF

adenine

anti-41BB

anti-cytotoxic T lymphocyte antigen-4
American Joint Committee on Cancer
actinic keratosis

adenosine monophosphate

analysis of variance

anti-OX40

anti-programmed cell death-1
3-aminopropyltriethoxysilane
allophycocyanin

arginine to cysteine at position 151
arginine to tryptophan at position 160
aspartate to histidine at position 294
adenosine triphosphate

broad complex-tramtrack-bric a brac and cap'n'collar homology 1

bZip transcription factor 2

basic leucine zipper transcription factor, activating transcription

factor-like

basal cell carcinoma
5-bromo-4-chloro-3-indolyphosphate

B cell lymphoma-2

B lymphocyte-induced maturation protein-1

v-raf murine sarcoma viral oncogene homolog B

XXiii



BSA

BTLA

BV421

C

CAF

cAMP

CARDI1

CCL

CCR

CD

CDKNZ2A

CDR3

CK

CLA

CNS

CPD

cpm

cSCC

CSL

CTLA-4

CXCR

CYLD

DAB

bovine serum albumin

B and T lymphocyte attenuator

Brilliant Violet 421

cytosine

cancer associated fibroblast

cyclic adenosine monophosphate

caspase recruitment domain-containing protein 11 gene
chemokine (C-C motif) ligand

CC-chemokine receptor

cluster of differentiation

cyclin-dependent kinase inhibitor 2A gene
complementarity determining region 3

cytokeratin

cutaneous lymphocyte-associated antigen

conserved non-coding deoxyribonucleic acid sequence
cyclobutane pyrimidine dimer

counts per minute

cutaneous squamous cell carcinoma

C protein binding factor 1, suppressor of hairless, longevity

assurance gene-1

cytotoxic T lymphocyte antigen -4
CXC chemokine receptor

cyanine

cylindromatosis gene

3 3¥-diaminobenzidine

XXiV



DAPI

DC

DMBA

DMEM

DNA

DNase

DSS1

DPX

EDTA

EGFR

ELISPOT

ERK

EXoC2

FACS

FAK

FasL

FATI

FBS

Fc

FFPE

FITC

FOS

FoxO1

FOXP3

FRMD4A

4’ 6-diamidino-2-phenylindol dihydrochloride
dendritic cell

dimethyl-1,2-benzathracene

Dulbecco’s Modified Eagle’s Medium
deoxyribonucleic acid

deoxyribonuclease

deletion of suppressor of var-1 suppressor 1 gene
distyrene-plasticizer-xylene
ethylenediaminetetraacetic acid

epidermal growth factor receptor
enzyme-linked immunosorbent spot
extracellular signal-regulated kinase

exocyst complex component 2 gene
fluorescence activated cell sorting

focal adhesion kinase

Fas ligand

FAT atypical cadherin 1 gene

foetal bovine serum

fragment, crystallisable

formalin fixed paraffin embedded
fluorescein isothiocyanate
Finkel-Biskis-Jinkins murine osteosarcoma viral oncogene homolog
forkhead box protein O1

forkhead box P3

4.1 protein, ezrin, radizin, moesin domain containing 4A

XXV



FzZD WNT receptor frizzled homolog gene

Gadd45 growth arrest and deoxyribonucleic acid damage 45
GM-CSF granulocyte macrophage colony-stimulating factor
H&E haematoxylin and eosin

HH hedgehog gene

HIV human immunodeficiency virus

HMGBI1 high-mobility group box 1 protein

HRAS Harvey rat sarcoma gene

Hsp90 heat shock protein 90

HSV herpes simplex virus

HPV human papilloma virus

HVEM herpes virus entry mediator

ICAM1 intercellular adhesion molecule 1

IDO indoleamine 2,3 dioxygenase

IFN-y interferon-gamma

Ig immunoglobulin

IL interleukin

iNOS inducible nitric oxide synthase

IQR interquartile range

IRF interferon regulatory factor

K14-HPV16 keratin 14 - human papilloma virus 16

KA keratoacanthoma
KLRG1 killer cell lectin-like receptor G1
KNSTRN kinetochore-localized astrin/sperm associated antigen 5 binding

protein gene

XXVi



Kras

LAG-3

LAMP-1

LCK

LFAT

MAPK

MCIR

MCA

MDSC

MEK

MFI

MHC

miR

MMP

MRNA

mTOR

MUCI1

NBT

NFAT

NF-kB

NHS

NK

NKG2D

NKT

NMSC

Kirsten rat sarcoma gene
lymphocyte-activation gene 3
lysosome-associated glycoprotein 1
lymphocyte-specific protein tyrosine kinase
lymphocyte function-associated antigen 1
mitogen-activated protein kinase
melanocortin-1 receptor
methylcholanthrene

myeloid derived suppressor cell
mitogen-activated and extracellular signal-regulated kinase kinase
mean fluorescence intensity

major histocompability complex
microribonucleic acid

matrix metallopeptidase

messenger ribonucleic acid

mammalian target of rapamycin

mucin 1

nitroblue tetrazolium

nuclear factor of activated T cells

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

natural killer

natural killer group 2, member D

natural killer T

non-melanoma skin cancer

XXVii



OCT
PBMC
PBS
PD-1
PD-L1 /2
PDCD1
PE
PerCP
PHA
PI3K
PKC
PMA
PTEN
PTN
pTreg
PUVA
Rag?2
RANKL
RAS
RBM10
RORyt
RPMI
RRas2
S1P

S1PR

optimum cutting temperature
peripheral blood mononuclear cell
phosphate buffered saline
programmed cell death-1
programmed cell death ligand-1 / 2
programmed cell death-1 gene
phycoerythrin

peridinin chlorphyll protein
phytohaemagglutinin
phosphoinositide-3-kinase

protein kinase C

phorbol 12-myristate 13-acetate
phosphatase and tensin homolog gene
pleiotrophin gene

peripherally induced Treg

psoralen with ultraviolet A

recombinant activating gene 2

receptor activator of nuclear factor-«B ligand

rat sarcoma

ribonucleic acid-binding protein 10 gene

retinoic acid receptor-related orphan receptor-yt

Roswell Park Memorial Institute
related rat sarcoma 2 gene
sphingosine-1-phospate
sphingosine-1-phosphate receptor

XXViii



SHP2 Src homology 2 domain-containing tyrosine phosphatase 2

SLC45A2 solute carrier family 45, member 2

Src sarcoma

STAT signal transducer and activator of transcription

Stub1 stress induced phosphoprotein T homology and U-box containing
protein 1

T thymidine

T-bet T-box expressed in T cells

TBS Tris buffered saline

TCM central memory T cell

TCR T cell receptor

Teff effector T cell

TEM effector memory T cell

TFH T follicular helper cell

TGF-B transforming growth factor-beta

TGFBRI1 transforming growth factor-beta receptor 1 gene

TH T helper cell

TIGIT T cell immunoglobulin and immunoreceptor tyrosine-based

inhibitory motif domains

Tim-3 T cell immunoglobulin and mucin domains-3
TLR toll-like receptor

TNF tumour necrosis factor

TP53 tumour protein p53 gene

TPA tetradecanoyl-phorbol acetate

Treg regulatory T cell

XXiX



TRM resident memory T cell

tTreg thymically derived Treg

Tweak tumour necrosis factor-like weak inducer of apoptosis
UBAC?2 ubiquitin-associated domain-containing protein 2 gene
Ubcl3 ubiquitin-conjugating enzyme 13

UK United Kingdom

USA United States of America

uv ultraviolet

UVB ultraviolet B

UVR ultraviolet radiation

VEGF vascular endothelial growth factor

WNT wingless-type mouse mammary tumour virus integration site
XP xeroderma pigmentosum

ZMIZ]1 zinc finger muscle segment homeobox 1-interacting zinc finger type

containing 1 gene

XXX



Chapter 1: Introduction

1.1  Structure and function of skin

The structure of skin allows it to undertake numerous vital homeostatic functions
despite being constantly subjected to stresses from the external environment.
The skin is composed of the epidermis, which is situated on the surface and
separated by a basement membrane from the dermis, which is situated deeper in
the skin (Di Meglio et al., 2011). The epidermis consists of terminally
differentiating keratinocytes which grow out from the basal layer before dying to
form the stratum corneum on the epidermal surface. Other major cells in the
epidermis include melanocytes, which produce melanin pigment, and Langerhans
cells, which are antigen presenting cells. The dermis contains elastin and collagen
fibres which form a mechanical barrier and structural framework for blood vessels
and various cells, including fibroblasts and immune cells as well as those in blood

vessels, hair follicles and sweat glands/ducts.

The skin forms a first line of defence to prevent injury, provide impermeability
against toxins, resist penetration by microbes and protect against damage from
ultraviolet radiation (UVR) (Vandergriff, 2012). The barrier function of skin also
prevents loss of water and heat, thereby regulating body hydration and
temperature. In addition, skin can sense the external environment, repair
wounds, allow synthesis of vitamin D, and serve as an immunological organ to
protect against infections whilst preventing allergy and autoimmunity
(Vandergriff, 2012).

Failure of the skin to protect against the harmful effects of UVR, defective repair
mechanisms and impaired skin immunity contribute to cancers forming and
developing within skin. Skin cancer can be subtyped into non-melanoma skin
cancer (NMSC), which is derived from keratinocytes, and melanoma, derived from
melanocytes (National Cancer Institute, 2016). NMSC predominantly consists of
cutaneous squamous cell carcinoma (cSCC) and basal cell carcinoma (BCC); rarer
types of NMSC include Merkel cell carcinoma, cutaneous lymphomas and adnexal
tumours (Madan et al., 2010).



1.2 Skin cancer epidemiology

Skin cancer is the most common type of malignancy worldwide and accounts for
one in every three cancers diagnosed (World Health Organization, 2015). The
estimated annual global incidences of the three most common types of skin
cancer are approximately 10.5 million for BCC, 2.9 million for ¢SCC and 0.21
million for melanoma (Lucas et al., 2006). Skin cancer is especially prevalent in
Australia where 80% of all newly diagnosed cancers are skin cancer and it is
estimated that two in three Australians will have skin cancer by the age of 70
(Cancer Council Australia, 2015). The reported incidence of NMSC in the UK was
98,368 in 2012, making it the most frequent type of cancer, whereas melanoma
is the fifth most common malignancy, with an annual incidence of 13,497 (Cancer
Research UK, 2015). This NMSC incidence is likely to be an underestimate of the
true incidence because many cancer registries record only the first NMSC and
NMSCs treated by general practitioners in the community or private practitioners
are not routinely recorded (Cancer Research UK, 2015). In addition, a study by
Lavell and colleagues in 2013 suggested a more accurate UK incidence of
approximately 250,000 for BCC, thus the annual numbers of NMSC are likely to
be higher than this (Levell et al., 2013). The two most common types of NMSCs
are BCCs, which comprise 74% of NMSCs, and cSCCs, accounting for 23% (Cancer
Research UK, 2015). High NMSC incidence is also an issue of concern in the USA,
with 3.5 million NMSCs diagnosed each year (American Cancer Society, 2015).
Skin cancer incidence is continuing to rise (Madan et al., 2010, Lomas et al.,
2012) and has been predicted to increase two to three-fold in the UK over the
next 15-20 years (All Party Parliamentary Group on Skin, 2008). Indeed, cSCC
incidence in the UK has more than doubled over the last decade (Goon et al.,
2015). Potential reasons for the increasing incidence of skin cancer include better
detection by patients and physicians, increasing exposure to UVR due to ozone
depletion (Norval et al., 2011) and an ageing population (80% occurring in

individuals aged over 60) (Diffey and Langtry, 2005).

NMSC is associated with a significant economic burden for healthcare services
and is one of the most costly of all cancers to treat in the USA (Housman et al.,
2003). The direct financial cost of NMSC to the USA in 2004 was $1.4 billion,
excluding the indirect costs due to lost productivity which amounted to $961
million and the intangible costs estimated at $130 million due to impact on
quality of life (Bickers et al., 2006). The total economic cost of NMSC to the NHS



in England was over £90 million in 2008 (Vallejo-Torres et al., 2014), and £346

million in Australia in 2010 (Fransen et al., 2012).

1.3 ¢SCC

¢SCC most commonly presents as a hyperkeratotic enlarging plaque, nodule or
ulcer in sun exposed areas of the body. ¢SCCs are characterised by spread of
malignant keratinocytes arising from the epidermis into the dermis, either de
novo or from transformation of precursor lesions such as actinic keratosis (AK)
and Bowen’s disease (Lansbury et al., 2013). ¢SCCs have the potential to
metastasise to regional lymph nodes and distant organs; metastasis carries a

poor prognosis and leads to significant mortality (Clayman et al., 2005).

1.4 ¢SCC precursor skin lesions

AKs are the most common keratinocyte-derived precancerous lesion in humans,
and are found predominantly in fair-skinned individuals on sun-exposed surfaces
(Ratushny et al., 2012). AKs are characterised by disorganised growth of
dysplastic keratinocytes that contain atypical enlarged, irregular and
hyperchromatic nuclei. Epidermal keratinocyte differentiation is disrupted,
resulting in a thickened stratum corneum (hyperkeratosis) and retained nuclei
(parakeratosis) (Ratushny et al., 2012). Complete disruption of keratinocyte
differentiation with atypical keratinocytes throughout the full thickness of the
epidermis is associated with ¢SCC in situ, also termed Bowen’s disease, which
manifests as slow growing reddish scaly/crusty patches on the skin. 60 to 82% of
cSCCs arise from AKs (Criscione et al., 2009, Czarnecki et al., 2002, Mittelbronn
et al., 1998, Marks et al., 1988). Progression rates of AK to cSCC range from 0 -
0.075% per lesion per year, whereas regression rates for AKs are 15 - 63% after 1
year (Werner et al., 2013). Bowen’s disease is usually persistent and progressive.
The risk of progression to cSCC is estimated to be 3%, and approximately one-
third of cSCCs arising from Bowen’s disease may metastasise (Bath-Hextall et al.,
2013). Figure 1.1 (page 4) shows the clinical and histological appearances of the

precancerous skin lesions.
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Figure 1.1 Non-melanoma skin cancers and precursor lesions.

Clinical appearance and histology of precursor skin lesions (AK and Bowen’s disease)
and NMSCs (cSCC and BCC). ¢SCCs often develop from AKs and Bowen’s disease,

whereas BCCs have less frequently been described as developing from AKs.

1.5 Role of UVR in ¢SCC

Solar UVR exposure has long been known to be associated with the development
of skin cancer; in 1928, Findlay demonstrated that UVR-irradiated epilated albino
mice developed skin ‘papillomata’ and ‘epitheliomata’, indicating that ‘exposure
to ultra-violet light plays an important part in the aetiology of cancer of the skin
of the face, neck and hands’ (Findlay, 1928). Increased rates of skin cancer were
noted in individuals with prolonged exposure to sunlight (such as sailors,
fishermen, farmers as opposed to town-dwellers) and highlighted a case series
demonstrating higher skin cancer frequencies in those with fair skin or blond hair
(Findlay, 1928). Further evidence for the crucial role of UVR exposure in ¢SCC
development comes from these tumours developing predominantly on chronically

sun exposed areas of skin, as well as epidemiological studies highlighting an



association between UVR levels (which increase with geographical proximity to
the Earth’s equator and at higher altitudes) and ¢SCC incidence (Schmitt et al.,
2011, Xiang et al., 2014). Australia has the highest incidence of NMSC in the
world (Lomas et al., 2012), and the BCC:cSCC ratio in Australia is 2.5:1 compared
with 4:1 in the UK, which may reflect differences in the aetiology of BCC and
¢SCC, as ¢SCC is more associated with long-term chronic UVR exposure, whereas
BCC is more linked to intermittent exposure (Rosso et al., 1996). The southwest
of England has a sunnier climate than the rest of the country along with the
highest rates of ¢SCC in the UK (Lomas et al., 2012), and the Channel Islands,
situated farther south, has higher annual average sunshine hours and even
greater age-standardised rates of NMSC than southwest England (Reilly et al.,
2013). Lifestyle factors can also influence cSCC risk; occupational exposure to
UVR is associated with a two-fold risk of cSCC (Schmitt et al., 2011). In addition,
indoor tanning is attributed as a causal factor in 8.2% of cSCCs in the USA
(Wehner et al., 2012). Therapeutic UVR also predisposes to c¢SCC development,
for example, 7% of psoriasis patients exposed to fewer than 200 treatments with
psoralen with ultraviolet A (PUVA) develop at least one cSCC after 25 years,
whereas cSCCs develop in more than half of patients with 2400 PUVA treatments
(Nijsten and Stern, 2003). The use of photosensitising medications is also

associated with enhanced cSCC risk (Robinson et al., 2013).

A randomised controlled trial investigating the effects of the daily use of
sunscreen for 4.5 years showed no significant difference in the incidence of first
new skin cancers, but sunscreen significantly reduced the incidence of
subsequent ¢SCCs but not subsequent BCCs (Green et al., 1999). When the study
participants were followed up for a further 8 years, sunscreen reduced cSCC rates
by almost 40%, but there was still no effect on BCC (van der Pols et al., 2006).
Furthermore, regular sunscreen use effectively reduces development of AKs
(Thompson et al., 1993). Given the key role of UVR in skin cancer development,
public health messages have recommended avoidance of excessive exposure to
sunshine. However, potential beneficial health effects of UVR exposure include
lowering of blood pressure through nitric oxide release from the skin (Liu et al.,
2014), and cutaneous synthesis of vitamin D, which helps to maintain adequate
vitamin D levels which are associated with superior health outcomes (Holick,
2008). Indeed, cSCC incidence tends to be lower in individuals with serum vitamin
D concentrations above 75nmol/l (van der Pols et al., 2013), therefore, it remains
unclear what the optimal levels of UVR exposure are for human health (Rice et al.,
2015).



1.6 Risk factors for ¢SCC development

A number of phenotypic features have been found to lead to increased cSCC
susceptibility. Skin sensitivity to sunlight, degree of freckling on the forearm, and
increased number of AKs are strongly associated with increased risk of ¢SCC,
whilst hair, eye and constitutive skin colour are weaker associations (English et
al., 1998). A previous history of skin cancer is also a risk factor for subsequent
primary cSCC development. The cumulative 3-year risk of a ¢SCC developing after
an index ¢SCC ranges from 9-23% (Marcil and Stern, 2000), and a history of ¢SCC
in the past 5 years increases the risk of further cSCCs by 5-fold (Xiong et al.,
2013). Individuals with BCC have a 14% increased risk of developing a subsequent
cSCC, whilst those with previous melanoma have a 150% increased risk of ¢SCC
(Cantwell et al., 2009). A study on a cohort of veterans in the USA with a previous
history of at least two NMSCs showed a 30% probability of developing a new cSCC
within 5 years (Xiong et al., 2013). The most important risk factors for cSCC
development were the number of ¢SCCs in the previous 5 years, number of AKs
and total occupational time spent working outdoors (Xiong et al., 2013). A family
history of ¢SCC also increases cSCC risk by two to three-fold (Hussain et al.,
2009).

In addition to UVR exposure, other environmental factors influence susceptibility
to cSCC. Immunosuppression strongly promotes cSCC development; c¢SCC is the
most common cancer in organ transplant recipients who have up to a 200 times
increased risk of cSCC (Euvrard et al., 2003) and cSCC affects up to 30% of kidney
transplant recipients within 10 years of transplantation (Carroll et al., 2010).
Immunosuppression promotes development of cSCC over BCC; in
immunocompetent populations, BCC has a fourfold higher incidence than ¢SCC,
whereas in organ transplant recipients,cSCC:BCC incidence ratios range from 0.7-
3.6 (Mackintosh et al., 2013). lonising radiation from radiotherapy has been
associated with BCC but not ¢SCC development (Karagas et al., 1996), and
exposure to cosmic radiation during flying may contribute to the higher NMSC
risk in airline cockpit crew (Gundestrup and Storm, 1999). Smokers are also more
likely to develop cSCC than non-smokers with a relative risk of 3.3 of developing
¢SCC after adjusting for age, sex and sun exposure (De Hertog et al., 2001).
Other known predisposing factors for cSCC include arsenic exposure (Karagas et
al., 2001) and chronic wounds - ¢SCCs arising in these are termed Marjolin’s
ulcers (Choa et al., 2015). Factors associated with reduced cSCC risk include the

use of angiotensin converting enzyme inhibitors and angiotensin receptor
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blockers (incidence rate ratio 0.67) (Christian et al., 2008), use of aspirin and
non-steroidal anti-inflammatory drugs (relative risk 0.85 and 0.82 respectively)
(Muranushi et al., 2015) and a history of warts on any part of the body (hazard
risk ratio 0.7) (Xiong et al., 2013).

1.7 Clinical management of ¢SCC

A study based in the Australian city of Townsville showed that clinical
examination alone for ¢SCC diagnosis by 202 GPs and 42 specialists (including
one dermatologist) yielded a positive predictive value of 49.4% and sensitivity of
41.1% (Heal et al., 2008). Therefore, due to the inaccuracy of clinical examination,
histological assessment is crucial for the accurate diagnosis of cSCC, as well as
for staging and identification of “high risk” features (i.e. at high risk of
metastasising). Histological analysis of the full excision biopsy is used for clinical
staging as punch biopsies may not accurately identify high risk features and
underestimate tumour stage (Westers-Attema et al., 2015). The mainstay of
treatment for cSCC is surgical excision, which not only allows for histological
examination of the excised specimen but also permits assessment of excision
margins. Other treatments for cSCC include curettage and electrodessication,
cryosurgery, radiotherapy and laser ablation/vaporisation (Madan et al., 2010).
95% of low risk c¢SCCs are adequately cleared with a predefined 4 mm surgical
excision margin, (Madan et al., 2010). A systematic review reported incomplete
excision rates of 8.8% following standard excision of ¢SCC, with those in the
periorbital area having the highest rates (25%) (Lansbury et al., 2013). Although
the majority of cSCCs can be treated adequately with standard surgical excision,
there remains a high risk subset of cSCCs which carries a poor prognosis. For
these high risk ¢SCCs, a 6 mm excision margin or Mohs micrographic surgery
(histologically guided serial excision) is recommended, with adjuvant
radiotherapy a commonly used option in narrowly excised tumours (O'Bryan et
al., 2013). In general, evidence is lacking for optimal treatment of high risk cSCC,
however, surgery combined with adjuvant cetuximab (a chimeric monoclonal
antibody against the epidermal growth factor receptor, EGFR) may lead to
improved outcomes in some patients with high risk ¢SCCs with

perineural/lymphovascular invasion (O'Bryan et al., 2013).



1.8 Prognosis of ¢SCC

The primary goal of treatment of ¢SCC is prevention of recurrence and prevention
of metastasis. Overall local recurrence rates following surgical excision of ¢SCC
are 5.4%, and cSCCs in the ear region associated with the highest recurrence rates
(14.1%) (Lansbury et al., 2013). Local recurrence rates for other modes of
treatment are 3.0% after Mohs micrographic surgery, 6.4% after radiotherapy,
12.3% after photodynamic therapy, 0.8% after cryotherapy and 1.7% after
electrodessication (Chren et al., 2013, Karia et al., 2014, Lansbury et al., 2013).
Cryotherapy and electrodessication are associated with lowest recurrence rates
presumably because they are only performed for low risk lesions (Lansbury et al.,
2013).

Metastasis rates range widely and characteristics which determine ‘high risk’
¢SCCs have not been consistently defined. Histological parameters may provide
prognostic information, and the UK Royal College of Pathologists’ minimum
dataset for the histopathological reporting of cSCC includes the pathological
pattern, morphological changes to cells, degree of differentiation, histological
grade, depth, extent of dermal invasion and presence of perineural, vascular or
lymphatic invasion (Madan et al., 2010). cSCCs are commonly stratified using the
American Joint Committee on Cancer (AJCC) staging system to provide a guide for
prognosis / treatment. In the AJCC staging system, prognosis is based on the
following features: tumour diameter >2 cm, tumour depth >2 mm, Clarks’ level
>|V (signifying invasion into the deep dermis), location on the ear, lip and non-
sun exposed sites, presence of perineural invasion and poorly differentiated
histology (Lansbury et al., 2013). Stage T2 (>2 cm diameter or >2 other risk
factors) confers a poor prognosis, and accounts for the majority of fatal cSCCs

(Rose et al., 2013). Stages T3 and T4 are reserved for bone invasion which is rare.

A recent single centre study which included 1,818 primary cSCCs reported overall
lymph node metastasis rates of 3.4% and disease specific death rates of 1.8%
(Karia et al., 2014). In this study, cSCCs were staged according to the Brigham
and Women’s Hospital Tumour Staging System, based on the presence of the
following risk factors - tumour diameter >2cm, poorly differentiated histology,
depth of tumour invasion beyond fat and perineural invasion >0.1mm. Individuals
with 0-1 risk factors (T1/2a) were associated with local recurrence rates of 1.4%,
nodal metastasis rates of 0.6% and disease specific death rates of 0.2% whereas

2-4 risk factors (T2b/3) were associated with local recurrence rates of 24%, nodal



metastasis rates of 24% and disease specific death rates of 16%. Although this
study is the largest study to date of cSCC outcomes, it was underpowered to

evaluate the effect of immunosuppression.

In another cohort study of ¢SCC patients, 3% developed local recurrence and 4%
developed metastases (Brantsch et al., 2008). Significant prognostic factors for
metastasis were increased tumour thickness (e.g. metastasis occurred in 16% of
cSCCs greater than 6mm in thickness), immunosuppression, localisation at the
ear and increased horizontal size (Brantsch et al., 2008). Others have also
reported on high risk parameters in ¢SCC, showing rates of metastasis of 30% -
42% for tumours greater than 2 cm in diameter, 25% for cSCCs of the lip and ear,
and 28.6% for poorly differentiated tumours (Alam and Ratner, 2001, Rowe et al.,
1992). Therefore, although most cSCCs are curable, there is a substantial subset
of cSCCs that are associated with increased risk of metastasis and poor
prognosis. Despite the risk of metastasis via lymphatic spread, there is still little
evidence to justify routine sentinel lymph node biopsy in high risk ¢cSCC (Madan
et al., 2010). Given that early detection of metastases and subsequent
appropriate treatment leads to high cure rates for ¢SCC (Karia et al., 2014), there
remains a need to identify biomarkers that can accurately detect the high risk
subset of ¢SCCs.

Another prognostic factor related to c¢SCC is the development of subsequent non-
cutaneous malignancy and a study of 18,405 individuals, of whom 225 had a
history of ¢SCC, demonstrated that cSCCs are associated with a multivariable-
adjusted relative risk of 1.97 of subsequent cancer other than NMSC, and that the
most frequently diagnosed cancers in these individuals were those that occur
most commonly in the general population, such as lung, colorectal, breast and
prostate cancer (Chen et al., 2008).

1.9 Pathogenesis of ¢SCC

A review by Hanahan and Weinberg (Hanahan and Weinberg, 2011) on the
pathogenic hallmarks of cancer details the key biological capabilities that enable
cancers to develop, see Figure 1.2. The processes which enable these hallmarks
to develop in ¢SCC such as genetic mutations, signalling pathways and immune
regulation will be described in this chapter.
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Figure 1.2 The hallmarks of cancer.

The hallmarks of cancer as detailed by Hanahan and Weinberg, 2011. The original six
hallmarks were proposed in 2000 as distinctive and complementary capabilities that
enable tumour growth and metastatic dissemination. More recently, there has been
increasing evidence to suggest two additional emerging hallmarks (‘deregulating
cellular energetics’ and ‘avoiding immune destruction’) are involved in the
pathogenesis of cancer. Two further enabling characteristics (‘genome instability and
mutation’ and ‘tumour promoting inflammation’) facilitate the acquisition of the core

and emerging hallmarks.

1.9.1 Genetic susceptibility to ¢SCC

Skin pigmentation and tanning protect against the deleterious effects of UVR
exposure and against the development of skin cancer, as can be seen by the
lower incidence of skin cancer, including cSCC, in darker skinned populations
(Kobayashi et al., 1998). One of the principal factors that influence the degree of
skin pigmentation in Caucasians is the melanocortin-1 receptor (MC1R) and its
ligand, alpha-melanocortin stimulating hormone, which govern the relative
amounts of eumelanin and phaeomelanin in skin (Haddadeen et al., 2015). MCIR
gene polymorphisms (e.g. Arg151Cys, Arg160Trp and Asp294His) are associated
with higher phaeomelanin:eumelanin ratios, resulting in red hair, fair skin and
reduced ability to tan (Valverde et al., 1995, Healy et al., 2000) as well as
increased skin cancer susceptibility (Valverde et al., 1996, Kennedy et al., 2001,
Bastiaens et al., 2001, Box et al., 2001, Chatzinasiou et al., 2011). In addition to
reduced photoprotection due to lower levels of cutaneous eumelanin associated

with variant MCIR, non-pigmentary mechanisms also play a role in skin cancer
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susceptibility, such as inhibition of DNA repair and reduced apoptosis of UVR-
damaged cells (Robinson et al., 2010, Bohm et al., 2005).

In addition to MCIR, other genes in which polymorphisms affect susceptibility to
cSCC include IRF4 (Han et al., 2011), SLC45A2 (Stacey et al., 2009), DSST (Venza
et al., 2010b), EXOC2 and UBACZ2 (Nan et al., 2011) and IL10 (Welsh et al., 2011).
Furthermore, certain genetic conditions have been noted to predispose to ¢SCC
development, these include xeroderma pigmentosum (due to defective nucleotide
excision repair), oculocutaneous albinism (characterised by lack of melanin and
hence reduced photoprotection in skin) (Mabula et al., 2012), other
hypopigmentary disorders including Hermansky-Pudlak syndrome (Toro et al.,
1999), dystrophic and junctional epidermolysis bullosa (resulting in disordered
type VIl collagen and laminin 332 respectively, which are key structural proteins
in skin) (Ortiz-Urda et al., 2005, Ng et al., 2012), epidermodysplasia verruciformis
(leading to increased susceptibility to human papilloma virus) (Patel et al., 2008),
dyskeratosis congenita (resulting in disordered telomere biology) (Alter et al.,
2009), other syndromes characterised by genomic instability such as Rothmund-
Thomson syndrome (Petkovic et al., 2005), Bloom syndrome (Ellis et al., 1995)
and Werner syndrome (Crabbe et al., 2007). Another genetic syndrome, multiple
self-healing squamous epitheliomata or Fergusson-Smith syndrome, caused by a
mutation in TGFBRI, is characterised by the development of cSCC-like lesions
which resolve spontaneously; some dermatologists consider the skin lesions in

this condition to be similar to keratoacanthomas (Goudie et al., 2011).

1.9.2 UVR-induced DNA damage

UVR-induced DNA damage enables mutations in keratinocytes to occur and thus
initiate skin cancer development. In the 1960s, it was discovered that UVR
exposure leads to biological alteration of DNA (Setlow and Setlow, 1962) due to
the formation of DNA photoproducts, which include cyclobutane pyrimidine
dimers (CPDs, T=T and T=C) (Setlow and Setlow, 1962) and (6-4) photoproducts
(Varghese and Wang, 1967), but that these DNA photoproducts could undergo
repair under certain circumstances (Setlow and Carrier, 1964). In 1969, Setlow et
al. (Setlow et al., 1969) highlighted the role for DNA photoproducts in causing
skin cancer in xeroderma pigmentosum (XP), an autosomal recessive condition
characterised by photosensitivity and 10,000-fold increased risk of NMSC
(Bradford et al., 2011). XP skin is characterised by the inability to excise CPDs

from DNA and failure to undertake/complete the nucleotide excision repair
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process (Setlow et al., 1969). In vivo evidence that CPDs in DNA could give rise to
tumours was first shown in 1977 (Hart et al., 1977). Since then, the nucleotide
excision repair system has been characterised more comprehensively (Volker et
al., 2001). More recently, XP group A protein and nucleotide excision repair rates
have been demonstrated to exhibit a circadian rhythm, suggesting that UVR
exposure in the evenings may have an increased carcinogenic effect in human
skin (Gaddameedhi et al., 2011). Further evidence for the role of UVR-induced
DNA damage in skin carcinogenesis comes from the presence of UV signature
mutations in ¢SCCs; these mutations frequently occur following UVR exposure,
are not attributable to other mutagens, and consist of cytosine to thymidine (C to
T) and CC to TT transitions at sites of adjacent pyrimidines on the same DNA
strand (Brash et al., 1991).

1.9.3 Genetic mutations in cancer

The accepted model of cancer development suggests that tumours evolve over
time (e.g. 20-30 years) from benign to malignant lesions through a series of
genetic mutations, termed ‘driver’ mutations which confer selective growth
advantages to allow clonal expansion of mutated cells (Vogelstein et al., 2013). In
this model, a typical tumour contains two to eight driver mutations as well as
‘passenger’ mutations which have no effect on the neoplastic process. A
significant degree of genetic heterogeneity is present within the same tumour as
well as between different tumours and different patients. Analysis of mutations in
oncogenes and tumour suppressor genes from numerous cancers have
demonstrated 138 driver genes which can be classified into pathways with belong
to three core cellular processes: cell fate (e.g. NOTCH, HH), cell survival (e.g.
EGFR, TGFBR2, RAS, RAF, PTEN, CDKN2A) and genome maintenance (e.g. TP53)
(Vogelstein et al., 2013).

1.9.3.1 Gene mutations in normal skin

UVR is potently mutagenic and sun exposed normal skin can be considered as a
polyclonal field of precancerous mutations (Martincorena et al., 2015). Driver
mutations are frequent in normal skin, as up to 32% of keratinocytes from sun-
exposed normal skin contain UV signature mutations in driver genes important in
the pathogenesis of cSCC / AK / Bowen’s disease (including in TP53,
NOTCH1/2/3, FAT1 and RBM10), with a high burden of somatic mutations (2-6
mutations per megabase per cell) (Martincorena et al., 2015). Apparently normal

skin containing clones of keratinocytes with UV signature mutations in the TP53
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gene, are termed p53 patches, which range from 60 - 3000 cells in size, and may
involve as much as 4% of the epidermis (Jonason et al., 1996). The rate of
progression of p53 patches to carcinoma is estimated at 1 in 8,300 - 40,000 per
individual (Rebel et al., 2005).

1.9.3.2 cSCC gene mutations
1.9.3.2.1 TP53

Whole exome sequencing on human primary cSCCs has demonstrated that cSCCs
are among the most highly mutated human malignancies with mutation rates up
to 50 mutations per megabase pair (Durinck et al., 2011). C to T UV signature
substitutions account for over 85% of mutations. It has recently been shown that
the key genomic changes in ¢SCC development occur in the transition from
normal skin to AK, and that AKs are also highly mutated with 18.5 mutations per

megabase pair (Chitsazzadeh et al., 2016).

Mutations in the tumour suppressor gene TP53 are present in 50-90% of cSCCs
(Brash et al., 1991, Durinck et al., 2011, South et al., 2014), and loss of the
second copy of TP53 precedes a vast increase of mutations and chromosomal
aberrations, therefore suggesting UVR-induced inactivation of TP53 is an early
event in ¢SCC development (Durinck et al., 2011). Sun-exposed skin and
precursor skin lesions also contain mutations in TP53 (Jonason et al., 1996,
Ziegler et al., 1994, Martincorena et al., 2015) which likely lead to impaired
genomic maintenance in affected skin cells (Brash et al., 1991, Jiang et al., 1999).
Pharmacologically restoring the tumour suppressor function of mutant p53 can
inhibit UVR-induced skin carcinogenesis in mice (Tang et al., 2007). In addition to
mutations in TP53, reduced p53 activity in cSCCs can result from aberrant
activation of Src family kinases (Zhao et al., 2009) and FOS (Guinea-Viniegra et al.,
2012). In contrast to p53, the expression of p53-related transcription factor p63
is increased in ¢SCCs which inhibits apoptosis through its association with
histone deacetylases 1/2 to repress Bcl-2 (Ramsey et al., 2011) and activation of

p63-regulated fibroblast growth factor receptor 2 signalling (Ramsey et al., 2013).

1.9.3.2.2 NOTCH

Loss of function mutations in NOTCH-1/2 have been identified in up to 82% of
human ¢SCCs, and NOTCH mutations have also been documented in AKs (Wang
et al., 2011, South et al., 2014). NOTCH-1 is a tumour suppressor in skin, and can

be induced by p53 in ¢SCC via tumour necrosis factor-a (TNF-a) converting
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enzyme (Guinea-Viniegra et al., 2012). Aberrant NOTCH signalling leading to B -
catenin activation is an early event in ¢cSCC (Nicolas et al., 2003, Ratushny et al.,
2012, South et al., 2014). Mice with deletion of CSL, a key Notch effector, develop
¢SCCs via upregulation of c-Jun and c-Fos (Hu et al., 2012). NOTCH-1 transcription
can be controlled by EGFR signalling which negatively regulates NOTCH-1 in
keratinocytes and cSCCs by suppressing p53 (Kolev et al., 2008).

1.9.3.2.3 RAS

Whole exome sequencing performed on murine cSCCs generated by topical
application of dimethyl-1,2-benzathracene (DMBA), which induces DNA
alterations, and tetradecanoyl-phorbol acetate (TPA), which stimulates
inflammation and epidermal proliferation, has demonstrated that Hras, Kras and
Rras2 mutations are present in 90% of murine cSCCs (Nassar et al., 2015).
However, only 11% of human ¢SCCs contain mutations in RAS (South et al., 2014).
Oncogenic RAS combined with alterations in cellular pathways, e.g. NF-x B
blockade (Dajee et al., 2003) and CDK4 (Lazarov et al., 2002, Ridky et al., 2010),
leads to ¢SCC development in experimental models. In addition, melanoma
patients treated with BRAF inhibitors (for mutations in BRAF, a molecule
downstream of RAS) develop cSCCs containing RAS mutations, due to paradoxical
activation of mitogen-activated protein kinase (MAPK) in BRAF wild type
keratinocytes (Su et al., 2012). However, this mechanism does not explain why
40% of ¢SCCs in patients on BRAF inhibitors have wild type RAS (Su et al., 2012).

1.9.3.2.4 Other gene mutations

CDKNZ2A mutations have been detected in 28% of human ¢SCCs (South et al.,
2014, Pacifico et al., 2008, Gray et al., 2006). In addition, 19% of cSCCs contain
mutations in KNSTRN which disrupts chromatid cohesion, driving cells towards
aneuploidy and in tumour development (Lee et al., 2014). Mutations in the ZMIZ]
oncogene (Rogers et al., 2013), CYLD tumour suppressor gene (Alameda et al.,
2010) and CARDI11 (Watt et al., 2015) which regulates NF-k B signalling, may also
induce cSCC development. In addition to somatic mutations, epigenetic changes
(Venza et al., 2010a) and mitochondrial mutations (Prior et al., 2009) have been

demonstrated in cSCC.

1.9.3.2.5 Gene mutations in aggressive / metastatic cSCCs

Whole exome sequencing of aggressive ¢SCCs (Pickering et al., 2014) and

targeted sequencing of lymph node metastases from cSCCs (Li et al., 2015) have
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confirmed mutations in various genes including TP53, HRAS, NOTCH1/2 and
CDKNZA as well as demonstrating alterations in numerous novel driver genes. In
murine cSCC, lymph node and lung metastases involved very few additional
mutations compared to the primary tumours, suggesting that epigenetic,
transcriptional and environmental changes could be the major determinants of

the metastatic process (Nassar et al., 2015).

1.9.4 Molecular mechanisms involved in ¢SCC development

The aberrant expression of genes resulting from UVR-induced mutations results
in clonal expansion, defective apoptosis and increased replicative potential of
tumour initiating cells. To demonstrate the cell of origin of ¢SCC, Lapouge et al.
(Lapouge et al., 2011) showed that p53 deletion in KRas mutant mice induced
¢SCC development from various epidermal cell lineages, including hair follicle
bulge stem cells and their immediate progeny, as well as interfollicular
keratinocytes (the BCC cell of origin (Youssef et al., 2010)). Stem cell quiescence
acts as a tumour suppressor in cSCC: hair follicle stem cells are unable to initiate
DMBA/TPA tumours during the quiescent phase of the hair cycle via phosphatase
and tensin homolog (Pten) and remain despite activating Ras or loss of p53 (White
et al., 2014).

Haider et al. (Haider et al., 2006) showed a unique gene expression signature for
human ¢SCC in comparison to psoriasis, another cutaneous disorder
characterised by epidermal hyperproliferation, demonstrating potential roles of
WNT, FZD (WNT receptor frizzled homolog) and PTN (pleiotrophin) in the
pathogenesis of ¢SCC. Transcriptome profiling of AKs and cSCCs has identified
certain differentially expressed genes, and highlighted a key role for the MAPK
pathway in ¢SCC compared with AK (Lambert et al., 2014). The transcription
factor interferon regulatory factor 6 (IRF6) is downregulated in ¢SCCs, leading to
dysregulation of genes involved in differentiation and cell adhesion (Botti et al.,
2011). Tumour initiating cells in ¢SCC (but not normal skin) express the
transcription factor Sox2, which enhances neuropilin-1/ vascular endothelial
growth factor (VEGF) signalling and promotes expansion of the tumour initiating
cells along the tumour-stroma interface (Siegle et al., 2014). Heat shock protein
90 (Hsp90) stabilises and activates proteins essential for UVR-induced signal
transduction pathways involved in ¢cSCC development such as protein kinase C ¢,
and treatment of mice with a Hsp90 inhibitor reduces UVR-induced ¢SCC
development (Singh et al., 2015). Gene expression profiling of the leading edge
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of cSCC has shown increased matrix metallopeptidase 7 (MMP7) and IL-24 in
areas of invasive cSCC, and IL-24 induces MMP7 expression in ¢SCC cells, which
plays a crucial role in invasion (Mitsui et al., 2014). Altered microRNA expression
has been demonstrated in ¢SCC and in response to UV irradiation (Dziunycz et al.,
2010). Indeed, microRNA-9 (miR-9) increases invasiveness of cSCC cells and miR-9
has been detected in metastatic human primary cSCCs and c¢SCC metastases
(White et al., 2013). Other recently reported mechanisms that promote cSCC
growth and invasion include activation of focal adhesion kinase (FAK) and Src,
leading to degradation of the cell adhesion molecule E-cadherin (Alt-Holland et
al., 2011), loss of T-cadherin, which facilitates EGFR activation (Kyriakakis et al.,
2012), upregulation of FRMD4A, an epidermal stem cell marker (Goldie et al.,
2012), Axl, a receptor tyrosine kinase which regulates cell-cell adhesion and
stemness in ¢SCC cells (Cichon et al., 2014), glyoxalase | (Zou et al., 2015),
desmoglein 3 (Brown et al., 2014), the erythropoietin-producing hepatocellular
receptor EphB2 (Farshchian et al., 2015) and the complement inhibitors
Complement factor H and Complement factor |, which can be upregulated by
interferon-y (Riihila et al., 2015, Riihila et al., 2014). In addition, a role for the
transcription factor c-Jun was recently highlighted in ¢SCC and that a DNAzyme
engineered to destroy c-jun mRNA blocked murine cSCC growth by reducing
growth factor expression, angiogenesis and metastasis while inducing T cell

mediated anti-tumour immunity (Khachigian et al., 2012).

1.9.5 Human papilloma virus

Although a history of warts seems to reduce the risk of developing cSCC, certain
genotypes of the human papilloma virus (HPV) are associated with increased cSCC
risk (Bouwes Bavinck et al., 2010, Karagas et al., 2010), and HPV can induce
cSCCs in mouse models (Holderfield et al., 2014). However, most normal human
skin harbours HPV DNA from infancy and the relevance of HPV to ¢SCC
pathogenesis in humans is unclear. Transcriptomic analysis of cSCCs has not
detected HPV mRNA transcripts (Arron et al., 2011), and viral DNA is absent in the
exome and whole genome sequence of cSCCs (Dimon et al., 2014). Therefore, it
is possible that HPV has no role in ¢SCC or that HPV contributes to ¢SCC

development via an unknown hit-and-run mechanism.
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1.10 Skin immunology

c¢SCCs are characterised by a considerable mutational burden, and many driver
mutations are present throughout the progression from sun-exposed skin to
precancerous skin lesion to cSCC to invasion/metastasis. This suggests that
mutant cells are tolerated in ‘normal skin’ and the mechanisms that determine
whether these potentially dysplastic cells expand and invade to become
cancerous may depend on non-genetic factors which include immunity. Indeed, a
recent study which classified the genomic landscape in melanoma found that the
only correlation with clinical outcome was associated with the lymphocytic
infiltrate and that high expression of LCK, a T cell marker, was associated with
improved patient survival (Cancer Genome Atlas Network, 2015). There is
increasing knowledge that mutations in cancer lead to antigens recognised by the
immune system (Schumacher and Schreiber, 2015) and that the high mutational
loads in skin cancers frequently lead to the formation of neoepitopes that can
activate host immune responses (Linnemann et al., 2015). In addition, recent
developments in cancer immunotherapy have highlighted a role for immune
checkpoint inhibitors that enhance anti-tumour immunity, and that these
immunotherapies target T cells that are specific for tumour antigens (Gubin et al.,
2014), with two separate studies showing that increased mutational burdens are
associated with improved clinical responses to pembrolizumab, a programmed
cell death-1 (PD-1) inhibitor (Rizvi et al., 2015, Le et al., 2015). Furthermore,
given that immunosuppression substantially increases ¢SCC development
(Euvrard et al., 2003), it is highly likely that aberrations in cutaneous immunity

influence ¢SCC development and form potential therapeutic targets.

Skin forms a critical juncture with the external environment and is repeatedly
exposed to pathogens, toxins, allergens and mutagens (including UVR). Immune
cells in the skin (either resident or recruited) can respond to these insults to
facilitate clearance of damaged cells and pathogens in order to maintain tissue
homeostasis. Immune responses are generally categorised into ‘innate’ and
‘adaptive’ responses whereby innate immunity acts in a rapid and less specific
manner to adaptive immunity, which is characterised by specificity and
immunologic memory. The skin immune response can be initiated by the innate
immune system, where dendritic cells (DCs), mast cells, macrophages andy & T
cells in the skin respond to damage-associated molecular patterns, Toll-like
receptor (TLR) ligands, cytokines and chemokines released from ‘damaged’

epidermis. Keratinocytes also express TLRs and function as immune sensors
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themselves. Activation of innate immune cells leads to secretion of chemical
mediators which subsequently activate resident mesenchymal cells such as
fibroblasts and endothelial cells, and promote recruitment of peripheral blood
leucocytes to the tissue. Furthermore, antigen presenting cells, particularly DCs,
activate the adaptive immune response via T and B cells, which mount antigen-
specific responses (Nestle et al., 2009). It is becoming increasingly recognised
that immunocytes that reside in the skin play a key role in cutaneous disease
(Gaide et al., 2015, Ariotti et al., 2014, Mueller et al., 2013). Thus, the concept of
skin as an immunological organ has been proposed, where memory T cells and
antigen presenting cells reside and interact in sites in the skin termed ‘skin
associated lymphoid tissues’ (Egawa and Kabashima, 2011). Figure 1.3 shows the

common immune cells present in the skin.
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Figure 1.3 Skin immune cells.

Immunocytes in the epidermis mainly consist of Langerhans cells, which function as
antigen presenting cells and intraepidermal lymphocytes. The dermis contains T cells,
fibroblasts, dermal DCs, macrophages, mast cells and B cells, as well as a network of

blood and lymphatic vessels. Figure adapted from Nestle et al. (2009).

1.10.1 Antigen presenting cells

DCs are professional antigen-presenting cells that mediate innate and adaptive
immunity. In addition to being central orchestrators of cutaneous immune

responses, DCs play a major role in the pathogenesis of many inflammatory skin
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diseases. DCs are a heterogeneous cell population defined by their capacity for
potent antigen presentation and naive T cell activation. There are three major
subsets of cutaneous DCs in humans: Langerhans cells, myeloid DCs and
plasmacytoid DCs (Zaba et al., 2009). Langerhans cells reside in the epidermis
and use their dendrites which elongate to penetrate keratinocyte tight junctions
to survey the environment, taking up antigens that have penetrated through the
stratum corneum (Kubo et al., 2009). Myeloid and plasmacytoid DCs reside in the
dermis and are collectively known as dermal DCs. Both Langerhans cells and
dermal DCs are important for antigen presentation in the skin, where following
encounter with antigen, they become activated and traffic via dermal lymphatics
to the draining lymph nodes to present antigen via the major histocompatibility
complex (MHC) to T cells (Heath and Carbone, 2013). However, recent work has
also identified that rapid and efficient antigen presentation also occurs in the skin
within dermal perivascular clusters of DCs and effector T cells in mice (Natsuaki
et al., 2014), and that dermal CD141"s" DCs in humans constitute a distinct
migratory cross-presenting DC subset (Haniffa et al., 2012) In addition to
presenting the antigen, the nature of the interaction between the antigen
presenting cell and T cell determines the characteristics of the subsequent

effector immune response (Morris and Allen, 2012).

1.10.2 Tcells

T cell precursors are produced in the bone marrow and migrate to the thymus,
where they are subject to selection so that the T cells are able to recognise self
MHC molecules and detect foreign antigen (Klein et al., 2014). In addition, T cells
may differentiate into CD4* T cells, which function as helper T cells and CD8* T
cells which are usually cytotoxic. The recognition of antigens occurs via the T cell
receptor (TCR), a transmembrane molecule which forms a complex with the CD3
coreceptor and consists of heterodimers that are mostly ap or less frequently,

y & (Dustin and Depoil, 2011). The aB TCR recognises a specific peptide which is
presented bound to MHC by the antigen presenting cell, with CD4* T cells
recognising peptides associated with MHC class Il, and CD8* T cells with MHC
class I. The specificity of each T cell clone is governed by how the TCR interacts
with the MHC-peptide complex; the amino acid sequences in the variable regions
of the a and B chains come into contact with the MHC helices in an orientation
which allows the highly variable complementarity determining region 3 (CDR3) to
interact with the presented peptide (Morris and Allen, 2012). In addition to

peptide recognition by the TCR which complexes with the coreceptors CD4 or
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CD8 to enable TCR signalling, a second costimulatory signal is required to enable
activation, clonal expansion and differentiation into effector memory cells. An
example of a T cell costimulatory receptor is CD28, which binds CD80 and CD86
on antigen presenting cells, whereas the inhibitory receptor cytotoxic T
lymphocyte antigen-4 (CTLA-4) has affinity for the same ligands and negatively
regulates T cell function (Chen and Flies, 2013, Pentcheva-Hoang et al., 2004).
Other costimulatory receptors (and their ligands in italics) include CD27 (CD70),
CD40 (CD40L), OX40 (0OX40L) and 4-1BB (4-1BBL), see Figure 1.4. Examples of
inhibitory receptors (and their ligands) include PD-1 (PD-L1, PD-L2), T cell
immunoglobulin and mucin domains-3 (Tim-3) (galectin-9, HMGBI), B and T
lymphocyte attenuator (BTLA) (herpes virus entry mediator (HVEM)), lymphocyte
activation gene-3 (LAG-3) (MHCII) and T cell immunoglobulin and immunoreceptor

tyrosine-based inhibitory motif domains (TIGIT) (CD155, CD112) (Chen and Flies,
2013), see Figure 1.4.
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Figure 1.4 The immune synapse and costimulatory/inhibitory receptors.

Peptide antigens bound to MHC on antigen presenting cells or tumour cells are
presented to the T cell receptor on T cells. A second signal provided by costimulatory
or inhibitory receptors is required for a T cell response. Engagement of T cell
costimulatory receptors with their respective ligands promotes T cell activation,
leading to survival and proliferation of the T cell clone, whereas T cell inhibitory
receptor binding leads to cell anergy and deletion.
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Naive T cells recirculate to secondary lymphoid organs to maximise their
opportunities for antigen detection before exiting via the lymphatics and thoracic
duct back into the bloodstream. Naive T cell homing is mediated via L-selectin on
T cells which interacts with ligands on endothelial cells in post-capillary venules
to tether the T cells, allowing CC-chemokine ligand 21 (CCL21) to be recognised
by CC-chemokine receptor 7 (CCR7), which activates lymphocyte function
associated antigen 1 (LFAT) to bind to intercellular adhesion molecule 1 (ICAM1)
that arrests the T cells to enable transmigration to the lymph nodes (Masopust
and Schenkel, 2013). When a naive T cell encounters its cognate antigen, the T
cell becomes activated and CD69 is upregulated which prevents cell surface
expression of the sphingosine-1-phosphate receptor (S1PR), thereby stopping
egress of the T cells from the lymph node (Shiow et al., 2006). Consequently, the
presence of costimulation and cytokines in the lymph node promotes expansion
of the T cell clone. Activated effector T cells disseminate to non-lymphoid tissues
of the body to seek their cognate antigen and exert their functions.
Downregulation of L-selectin and CCR7 with upregulation of homing molecules
enables T cells to be targeted to specific tissues based on the site of priming. For
example, T cells activated within the skin draining lymph nodes preferentially
upregulate the E -selectin ligand cutaneous lymphocyte antigen (CLA) (Fuhlbrigge
et al., 1997) as well as CCR4 (Campbell et al., 1999), CCR6 (Fitzhugh et al.,
2000), CCR8 (Islam et al., 2011) and CCR10 (McCully et al., 2012). After antigen
clearance, most effector T cells die, but a small proportion of surviving T cells
differentiate into long lived memory T cells, which can be classified as central
memory (TCM), which recirculate through secondary lymphoid organs where they
proliferate upon TCR activation, producing effector T cells which migrate to the
relevant tissues; and effector memory (TEM), which recirculate through non-
lymphoid tissues and maintain effector functions that can be rapidly induced
(Sallusto et al., 1999). Circulating T cells are characterised by expression of CCR7
which allows T cells to exit the skin and enter the afferent lymphatics (Debes et
al., 2005). T cells which reside in non-lymphoid tissues following resolution of
inflammation lack CCR7 and downregulate the sphingosine-1-phosphate receptor,
thereby remaining in situ without recirculating to the blood, establishing a
population of resident memory T cells (TRM) (Skon et al., 2013). Figure 1.5 (page

22) illustrates how naive T cells migrate and differentiate into memory T cells.
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Figure 1.5 Migration and differentiation of T cells.

Naive T cells recirculate from the bloodstream to secondary lymphoid organs to
maximise their opportunities for making contact with antigen. They enter lymph nodes
from the bloodstream dependent on homing molecules that allow rolling, activation
and arrest of the T cells. T cell migration to the lymph node occurs in a CCR7
dependent manner, as the CCR7 ligands CCL19 and CCL21 are highly expressed in the
lymph node T cell zones. Naive T cells exit lymph nodes through downregulation of
CCR7 and upregulation of sphingosine-1-phosphate receptor (S1PR), which enables
homing to the efferent lymphatics and bloodstream. However, following antigenic
stimulation and TCR activation, CD69 is upregulated which prevents S1PR expression
at the cell surface, thereby causing the T cells to remain in the lymph node where the
environment promotes proliferation of the activated effector T cells, which differentiate
and migrate to the bloodstream and tissues based of their expression of homing
molecules. Effector T cells exert their functions when they find their cognate antigen,
and following antigen clearance, some memory T cells remain in the bloodstream /
lymphatics (TCM) and in the tissues (TEM) where they provide a network for
immunosurveillance. Skin resident TRM, which express the skin homing molecules CLA
and CCR4, differentiate from TEM and lose the capability to recirculate into the
bloodstream due to downregulation of CCR7 and S1PR. Figure adapted from Masopust
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and Schenkel (2013).

1.10.2.1 Skin TRM cells

Over the last decade, the role of resident T cells in tissue immunosurveillance has
become increasingly recognised. Approximately one million T cells are present
per square centimetre of adult normal skin, and the total number of T cells in the
whole of the skin is double of that in the entire blood volume (Clark et al.,
2006a). TRM cells that remain in skin following herpes simplex virus (HSV)
infection are autonomous from the circulating pool and these sessile T cells
provide protection against HSV re-infection for over 100 days after the first
infection (Zhu et al., 2013, Gebhardt et al., 2009). On resolution of inflammation,
CD8* T cells are slow moving, resident in the epidermis and confined to the site
of infection, whereas CD4* T cells can traffic rapidly through the dermis
(Gebhardt et al., 2011). CD8* TRM in skin are potent effector memory cells and
are superior to circulating TCM at providing rapid long term protection against
cutaneous re-infection (Jiang et al., 2012). Following skin immunisation, TRM and
TCM originate from a common naive T cell clone, and TRM, which are
preferentially expanded following repetitive antigenic challenge, mediate rapid
responses, whereas TCM elicit delayed and attenuated responses (Gaide et al.,
2015). In addition, TRM cells can also augment innate rapid responses in the
tissue (Schenkel et al., 2014).

1.10.2.2 CD4* helper T cells

Following TCR activation, naive T cells can differentiate into CD4* helper T (TH)
cells depending on the strength of TCR stimulation and the cytokine environment
which guide the development of functionally distinct TH cell subsets (Man and
Kallies, 2015, Yamane and Paul, 2012). Activated cytokine receptors
phosphorylate signal transducer and activator of transcription (STAT)
transcription factors which reside in the cytoplasm and translocate to the nucleus
to modulate gene expression and drive the expression of lineage specific factors.
For example, TH1 cells require T-bet, TH2 require GATA3 and TH17 require the
retinoic acid receptor-related orphan receptor-y t (RORy t). TH cells are essential
for producing cytokines which can activate CD8* T cells as well as innate immune
cells. T follicular helper (TFH) cells also provide help to B cells to undergo

immunoglobulin class switching and to differentiate into plasma cells to produce
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high-affinity antibodies. Another CD4* cell subset, the regulatory T cell (Treg)
requires expression of forkhead box P3 (FOXP3) and regulates immune

responses; Tregs will be discussed in greater detail later in this chapter.

TH cell subsets produce different cytokines, for example, the signature cytokine
for TH1 cells is interferon-y , whereas TH2 cells produce IL-4 and IL-13. The
classical model of terminally differentiated TH cell lineages determined that
memory T cells would not only remember the specific antigen but also mount a
distinctive response. Selective cytokines produced by TH1 cells are thought to be
important for elimination of intracellular microbes, whereas TH2 responses are
activated in helminthic infection. Aberrant TH1 responses are implicated in
autoimmune/delayed type hypersensitivity, while TH2 responses are associated

with allergy. Figure 1.6 (page 25) summarises the main CD4* TH cell subsets.

The discovery of newer TH cell subtypes such as TH17 cells, a pro-inflammatory
cell type characterised by production of IL-17, has furthered understanding about
TH cell differentiation and led to the current view that TH cell phenotype /
cytokine production can be plastic (O'Shea and Paul, 2010). For example, IL-10,
initially thought to be a TH2 cytokine, is now recognised to be produced by all TH
subsets (Zhou et al., 2009), interferon-y can be produced by TH17 cells (Wilson et
al., 2007), TGF-B can induce naive T cells in the periphery to become Tregs
(Curotto de Lafaille and Lafaille, 2009) and that there is flexibility in the
differentiation between Treg and TH17 cells (Zhou et al., 2008).
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Figure 1.6 CD4* T cell subsets.

Naive CD4* T cells can differentiate into TH1, TH2, TH17, T follicular helper (TFH) and
peripheral Treg (pTreg) cells. Thymic Tregs (tTregs) are derived from naive Treg
precursors. Each of the CD4* T cell subtypes is induced by different cytokines/STAT
transcription factors which enable TH differentiation. Each subset is defined by a
signhature transcription factor and produces a distinct cytokine profile, which enables

each subset to perform different immunological functions.

1.10.2.3 CD8" cytotoxic T cells

CD8* T cells are crucial for mediating pathogen clearance during viral and
bacterial infections (Kaech and Cui, 2012). Full activation of CD8* T cells requires
the help of CD4* T cells and the appropriate cytokine environment to mediate
responses. Upon activation, CD8* T cells can differentiate into effector cytotoxic T
lymphocytes which kill infected cells by secreting perforin, which forms large
transmembrane pores in the target cell, and granzymes which diffuse into the
target cell cytosol and initiate apoptosis (Voskoboinik et al., 2015). Lysosome-
associated glycoprotein-1 (LAMP-1) is required to safely transport toxic perforin
to from the endoplasmic reticulum to lytic granules in cytotoxic cells (Krzewski et

al., 2013), and expression of LAMP-1 on the cell surface might protect the

cytotoxic cell from degranulation-associated damage (Cohnen et al., 2013). CD8*
T cells can also directly kill tumour cells, with intravital imaging showing that an
individual CD8* T cell takes 6 hours to kill a target cell (Breart et al., 2008). In
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addition, CD8" effector T cells can secrete cytokines such as interferon-y and
TNF-a (Giordano et al., 2014).

A single naive CD8* T cell can give rise to both effector and memory T cell
populations (Stemberger et al., 2007). In addition, CD8* T cells display functional
heterogeneity in their ability to produce certain cytokines, perforin and various
granzymes (Chang et al., 2014). Further diversity in CD8* T cell function is
controlled by cytokine receptor signalling and transcription factors which guide
CD8- effector and memory T cell development. Examples of transcription factors
that influence T cell differentiation include T-bet, which is induced by
inflammatory signals such as IL-12, and high levels of T-bet promote
differentiation of CD8* effector T cells towards a terminally differentiated fate
(Joshi et al., 2007), and eomesodermin, which fosters development of memory T
cells (Intlekofer et al., 2005). Other markers of differentiation include IL-7
receptor subunit-a (IL-7Ra / CD127), which marks an intermediate stage of
memory differentiation, killer cell lectin-like receptor G1 (KLRG1), which
represents terminally differentiated effector T cells destined for apoptosis, and IL-
2Ra (CD25), of which high expression levels during activation increase the
likelihood of apoptosis (Chang et al., 2014). However, TRM cells show distinct
transcriptional profiles as CD8* TRM cells in skin lack KLRG1 (Mackay et al.,
2013), suggesting that TRMs may not be terminally differentiated T cells derived
from TEMs.

1.10.2.4 Tregs

Tregs have a physiological role in maintaining immunological self-tolerance and
homeostasis. In mouse models, depletion of CD4*CD25* Tregs results in
development of autoimmune disease which can be prevented by reconstitution of
CD4+*CD25* Tregs (Sakaguchi et al., 1995). The suppressive function of Tregs is
directed by the transcription factor FOXP3 (Liston and Gray, 2014), which is stably
expressed under physiological and inflammatory conditions (Rubtsov et al.,
2010). FOXP3 is essential for regulating immunity as mutations in the FOXP3
gene cause fatal autoimmunity. However, activated conventional T cells also
express FOXP3 transiently at low levels without being functionally
immunosuppressive (Miyara et al., 2009). FOXP3 cooperates with other nuclear
factors to establish the molecular signature and function of Tregs (Sakaguchi et
al., 2013), and FOXP3 binds to pre-existing enhancers in a late cellular
differentiation process (Samstein et al., 2012a). The binding of FOXP3 to the

demethylated conserved non-coding DNA sequence 2 (CNS2) element at the
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FOXP3 locus is required for Treg lineage stability (Zheng et al., 2010). In addition,
the ubiquitin-conjugating enzyme Ubc13 maintains Treg function and stability
(Chang et al., 2012).

Treg differentiation occurs at a late stage of thymocyte maturation, and FOXP3*
Tregs are selected based on self-reactivity so that unlike conventional T cells,
Tregs have a memory of self-antigen which is required for Treg maintenance in
peripheral tissues (Hsieh et al., 2012). The transcription factor BACH2 is required
for effective Treg formation and represses effector T cell differentiation
(Roychoudhuri et al., 2013). TCR activation with appropriate costimulation leads
to differentiation of ‘central’ Tregs which circulate through lymphoid tissues into
‘effector’ Tregs which can further be induced to migrate to sites of inflammation
(Liston and Gray, 2014). This process can occur early in life, as a wave of highly
activated Tregs influxes into the skin during a defined developmental window of
neonatal life in response to commensal microbial colonisation of skin to mediate
tolerance (Scharschmidt et al., 2015). During infection, antigen-specific memory
Tregs are generated which become activated and differentiate into more potent
suppressors. Upon reinfection, memory Tregs rapidly expand and control specific
responses by CD4* and CD8* T cells in the tissue (Brincks et al., 2013). The
localisation of Tregs to non-lymphoid organs occurs in a tissue specific manner
(Sather et al., 2007). The skin appears to be an important site for immune
regulation by Tregs, as up to 80% of peripheral blood Tregs express the skin
homing markers (Hirahara et al., 2006). Skin Tregs, which comprise 5-10% of total
skin T cells, express homing markers such as CLA, CCR4 and CCR6, as well as
other phenotypic markers including the memory cell marker CD45R0O and
intracellular CTLA-4 (Clark and Kupper, 2007). These skin resident memory Tregs
are maintained in the target tissue after inflammation and are primed to
attenuate subsequent immune reactions when antigen is re-expressed, thereby
conferring regulatory memory to the target tissue (Rosenblum et al., 2011).
Cutaneous Tregs reside preferentially in the epidermis, where Langerhans cells
induce Treg proliferation in resting state, but in the presence of pathogen, the
same Langerhans cells promote expansion of effector memory T cells and limit
Treg activation (Seneschal et al., 2012). Upon antigenic rechallenge, effector
memory T cells and memory Tregs expand at the same rate, therefore suggesting
that they arise from the same memory T cell pool (Vukmanovic-Stejic et al.,
2008). Tregs are highly susceptible to apoptosis and have critically short
telomeres and low telomerase activity, which is likely to be balanced by the high

proliferative capacity of Tregs, which have a doubling time of 8 days compared
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with conventional memory T cells (24 days) and naive T cells (199 days)
(Vukmanovic-Stejic et al., 2006).

Homeostatic maintenance of the Treg population is controlled by production of
IL-2 by activated conventional T cells which promotes survival and inhibits
apoptosis of Tregs which express the IL-2 high affinity receptor subunit CD25,
and quenching of IL-2 during conditions of Treg surplus leads to Treg apoptosis
and contraction (Liston and Gray, 2014). In addition, the transient upregulation of
CD25 by effector T cells during inflammation allows these activated T cells which
consume IL-2 to expand and deprive Tregs of IL-2, which forces the Treg
population to contract. Indeed, expression of high levels of CD25 cannot
necessarily be used to identify Tregs from activated T cells, and low levels of the
IL-7 receptor a chain (CD127) may distinguish Tregs within the CD4*CD25*
populations within peripheral blood and lymph nodes (Seddiki et al., 2006).
However, skin resident memory Tregs in mice express high levels of CD25 and
CD127, and that these Tregs may not require IL-2 but instead need IL-7 for their
maintenance in skin (Gratz et al., 2013), allowing specialised resident memory
Tregs to expand without affecting the central Treg pool, which would raise the
overall burden of immunosuppression. In addition, other pathways of tissue-
specific homeostatic Treg pathways have been described, for example,
neuropilin-1 expressed by Tregs can bind to semaphorin 4A expressed by
inflammatory tissues to upregulate the pro-survival protein BCL-2 thereby
decreasing apoptosis of Tregs (Delgoffe et al., 2013).

The functional diversity of Tregs enables control of specific responses. For
example, Tregs which express the TH1 transcription factor T-bet accumulate and
suppress immune responses at sites of TH1 mediated inflammation (Koch et al.,
2009). In addition, Tregs that express the transcription factor interferon
regulatory factor 4 (IRF4), which is essential for TH2 effector cell differentiation,
suppress TH2 responses (Zheng et al., 2009). Furthermore, Tregs can control
TH17 responses in a STAT3 dependent manner (Chaudhry et al., 2009). This
suggests that the shared use of the transcriptional and homing machinery of
effector TH cells matches Tregs to the appropriate inflammatory milieu.
Additionally, loss of the transcription factor Eos (Sharma et al., 2013) and
upregulation of the ubiquitin ligase Stub1 (Chen et al., 2013) can convert Tregs
into TH cells at sites of inflammation.
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1.10.2.4.1 Peripherally-induced Tregs

Tregs can be classified into thymically-derived (t)Tregs, otherwise known as
natural (n)Tregs, which develop in the thymus, and peripherally-induced (p)Tregs,
also termed adaptive or induced (i)Tregs, which are converted from mature non-
regulatory CD4* T cells in the secondary lymphoid organs or inflamed tissues in
response to various stimuli (Bilate and Lafaille, 2012). TGF-B can induce naive
CD4-CD25 T cells into CD4*CD25*FOXP3* Tregs in experimental settings (Chen et
al., 2003). In environments such as the intestinal tract which require tolerance to
microbiota and in models of inflammation, Tregs can be induced through
interactions with DCs (Belkaid and Oldenhove, 2008), for example, via TGF-B and
retinoic acid (Coombes et al., 2007) or IL-18 (Oertli et al., 2012). Gene expression
profiling has highlighted differences between tTregs and pTregs, showing that
the genes for Helios, neuropilin-1 and granzyme B are upregulated by tTregs
whereas IL10 is differentially expressed by pTregs (Haribhai et al., 2011).
Conserved non-coding sequence element 1 (CNS1), a FOXP3 enhancer, is essential
for pTregs, and is only present in placental mammals which probably evolved this
mechanism to enforce maternal foetal tolerance (Samstein et al., 2012b). In
addition, experimental models of inflammation have shown that tTregs play a
crucial role in protecting from inflammatory disease (Haribhai et al., 2011). More
recently, Josefowicz et al. Josefowicz et al., 2012) demonstrated distinct
homeostatic roles for tTregs and pTregs, with tTregs controlling systemic and
tissue-specific immunity, whereas pTregs affect the composition of the
commensal microbiota to restrain allergic inflammation at mucosal surfaces,
although single cell sequencing has shown that tTregs and not pTregs dominantly

mediate tolerance to intestinal commensals (Cebula et al., 2013).

No markers exclusively identify pTregs, although pTregs retain expression of
genes more typical of conventional T cells than tTregs. The transcription factor
Helios has been proposed as a marker of tTregs (Thornton et al., 2010), however,
Helios can be upregulated on activated T cells and pTregs (Gottschalk et al.,
2012). Furthermore, neuropilin-1 may distinguish tTregs from pTregs in mice but
its usefulness as a marker in humans remains unclear (Bilate and Lafaille, 2012,
Milpied et al., 2009). Other regulatory T cell populations have also been
described, including T regulatory 1 cells and T helper 3 cells, which do not
express FOXP3 and can be generated by and mediate their suppressive activity
through IL-10 and TGF-B respectively.
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1.10.2.4.2 Mechanisms of suppression by Tregs

Tregs can suppress the activation, proliferation and effector functions of a wide
range of immune cells including CD4* and CD8* T cells, natural killer (NK) and
natural killer T (NKT) cells, B cells and professional antigen presenting cells
(Sakaguchi et al., 2010). Whilst Tregs optimally suppress in an antigen-specific
manner, Tregs can also suppress T cells that recognise a different antigenic
epitope (Sakaguchi et al., 2013). Numerous mechanisms for Treg-mediated
immunosuppression have been described (see Figure 1.7, page 31), and different
modes of suppression can be employed depending on the context of the

response.

Tregs residing in normal human skin are immunosuppressive, and in vitro assays
suggest suppression can be mediated via a cell-cell contact dependent
mechanism (Clark and Kupper, 2007). Tregs can use perforin and granzyme-
based cytotoxicity to directly kill activated CD4* T cells, CD8* T cells and
monocytes (Grossman et al., 2004). In addition, Tregs can exert suppression by
directly interacting with antigen presenting cells, forming stable and persistent
associations which inhibit TH cell activation (Tang et al., 2006). This interaction
can also lead to death of the DCs in a perforin-dependent manner (Boissonnas et
al., 2010). CTLA-4 is constitutively expressed by Tregs (as well as activated
effector T cells), and mediates suppression by downregulating CD80 / CD86 on
antigen presenting cells, thereby providing co-inhibitory signalling with TCR
engagement (Wing et al., 2008), as well as inducing expression of the
immunosuppressive enzyme indoleamine 2,3 dioxygenase (IDO) (Fallarino et al.,
2003). LAG-3 expressed by Tregs contributes to their suppressive function and
may block DC maturation by binding MHC class Il molecules (Huang et al., 2004).
cAMP can transfer via gap junctions from Tregs to responder T cells which
inhibits proliferation and IL-2 synthesis (Bopp et al., 2007). Furthermore, cell
surface TGF-B has also been implicated in cell contact dependent
immunosuppression by Tregs (Nakamura et al., 2001). Tregs can also cause
metabolic disruption to effector T cells by consuming IL-2 through CD25 which is
required for Treg survival, which ‘starves’ actively dividing effector T cells of IL-2
(Thornton and Shevach, 1998). Adenosine generation catalysed by the
ectoenzymes CD39, also known as ectonucleoside triphosphate
diphosphohydrolase-1, and CD73 expressed by Tregs can also mediate immune

suppression (Deaglio et al., 2007).
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Tregs can suppress immunity in non-contact dependent mechanisms by
producing IL-10 (Belkaid et al., 2002, Rubtsov et al., 2008), TGF-B (Strauss et al.,
2007) and IL-35 which is upregulated by Tregs and required for their suppressive
function (Collison et al., 2007). In addition, binding of semaphorin-4a on effector
cells/DCs to neuropilin-1 on Tregs mediates immunosuppression by inducing
transcriptional changes that promote Treg stability by enhancing quiescence and
survival factors and inhibiting programmes that promote differentiation (Delgoffe
et al., 2013).
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Figure 1.7 Mechanisms of suppression by Tregs.

Tregs can exert suppressive functions through four basic mechanisms, which include
‘inhibitory cytokines’, ‘cytolysis’, ‘metabolic disruption’ and ‘targeting dendritic cells’.
Inhibitory cytokines produced by Tregs include IL-10, TGF-g and IL-35. Tregs can kill
effector cells via a perforin and granzyme B dependent mechanism. Tregs can cause
metabolic disruption to effector T cells by CD25-dependent IL-2 deprivation, cCAMP-
mediated inhibition and generation of immunosuppressive adenosine by CD39/CD73.
Treg mechanisms that modulate DC maturation and function include LAG-3 and CTLA-
4, which can induce immunosuppressive IDO. Figure adapted from (Vignali et al.,
2008).
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1.10.3 Changes in skin immunity during ageing

Ageing is associated with defective cutaneous immunity resulting in increased
susceptibility to cutaneous infections and malignancy. Decreased TNF-a synthesis
during ageing results in defective activation of dermal blood vessels, thereby
preventing memory T cell entry into the skin after antigen challenge (Agius et al.,
2009). In addition, ageing is associated with increased CD45RA expression by
CD8* effector memory T cells with lower antigen binding avidity (Griffiths et al.,
2013). Memory Tregs continue to proliferate throughout life and increase with
age in skin, as well as expression inhibitory receptor PD-1 on CD4* T cells (Booth
et al., 2010, Vukmanovic-Stejic et al., 2015).

1.10.4 Skin immune response to UVR

UVR has long been understood to cause immunosuppression. In the late 1970s, it
was noted that UV-irradiated mice are unable to reject tumours due to the
presence of ‘suppressor T lymphocytes’ (Greene et al., 1979). Subsequently, it
was found that mice irradiated with UVR, which depletes epidermal Langerhans
cells, are unable to be sensitised to dinitrofluorobenzene (Toews et al., 1980).
The effect of UVR in impairing contact hypersensitivity was demonstrated in
patients receiving phototherapy for psoriasis, who exhibit reduced responses to
dinitrochlorobenzene (Strauss et al., 1980). A decade later, it was found that UVR-
induced CPDs initiate systemic immunosuppression in mice (Kripke et al., 1992).
UVR-induced Tregs are known to inhibit the induction and effector phases of
contact hypersensitivity (Shreedhar et al., 1998, Schwarz et al., 2004). The
induction of Tregs by UVR is dependent on Langerhans cells which play an
important role in downregulating immune responses in skin (Schwarz et al.,
2010) and can be mediated via activation of the aryl hydrocarbon receptor (Navid
et al., 2013).

Whilst much of the literature emphasises a significant role for Langerhans cells in
mediating the immunosuppressive effects of UVR, some reports have suggested a
role for dermal DCs. For example, in mice, dermal langerin* DCs but not
epidermal Langerhans cells are essential for CD8* T cell responses following
immunisation with ovalbumin or exposure to dinitrofluorobenzene, and that
these responses can be suppressed following UV irradiation in the absence of
epidermal Langerhans cells (Wang et al., 2009). Following UVR exposure to
human skin, monocytes and DCs with T cell activating properties are recruited to

the epidermis, compensating for the loss of Langerhans cells (Achachi et al.,
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2015). UVR exposure also causes monocytes/macrophages to infiltrate into
murine skin, where they can migrate to draining lymph nodes and produce IL-10
after exposure to dinitrofluorobenzene, therefore suggesting a role for
macrophages as a suppressive mediator of UVR-induced tolerance in skin (Toichi
et al., 2008).

Other mechanisms for UVR-induced immunosuppression include the cis-
isomerisation of urocanic acid (McLoone et al., 2005), the production of cytokines
such as IL-10 (Ullrich, 1994), IL-12 (Schmitt et al., 1995), IL-18 (Schwarz et al.,
2006) and IL-33 (Byrne et al., 2011) by keratinocytes, suppressive IL-10 producing
mast cells (Chacon-Salinas et al., 2011), and depletion of nicotinamide adenine
dinucleotide (Yiasemides et al., 2009). In relation to the latter, oral nicotinamide
reverses UVR-induced immunosuppression in humans (Yiasemides et al., 2009)
and nicotinamide 500mg twice daily in patients with a history of multiple NMSCs
in the past 5 years reduces rates of NMSCs by 23% and AKs by 13% after 12
months (Chen et al., 2015). In addition to causing immunosuppression, UVR
might also have immunostimulatory effects in the skin; mouse skin exposed to
UVR and treated with the TLR7/8 agonist imiquimod activates dermal DCs and
boosts specific cytotoxic T lymphocyte responses leading to memory formation

and enhanced tumour protection (Stein et al., 2011).
1.11 Immunology of c¢SCC

1.11.1  Chronic inflammation

Tumour-promoting chronic inflammation has been identified as an enabling
characteristic in cancer (Hanahan and Weinberg, 2011). Chronic inflammation
arising from the infiltration of tumours by innate and adaptive immune cells,
which originally appear as an attempt by the immune system to eradicate the
tumour, may contribute to paradoxically enhance tumour progression. For
example, chronic inflammation can lead to production of growth factors that
promote tumour development, survival factors that limit cell death, proangiogenic
factors, and extracellular matrix modifying enzymes which facilitate
angiogenesis, invasion and metastasis (Grivennikov et al., 2010). The role of
chronic inflammation in allowing cSCC to develop is evident in Marjolin’s ulcers,
which can develop in response to chronic allergic contact dermatitis (Demehri et
al., 2014, Choa et al., 2015).
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1.11.2 Cancer immunosurveillance and immunoediting

The theory of cancer immunosurveillance and immunoediting (Schreiber et al.,
2011), which integrates the immune system’s dual host-protective and tumour-
promoting roles, proposes three phases - elimination, equilibrium and escape
(see Figure 1.8, page 35). In the ‘elimination’ phase, immune cells attempt to
recognise and eliminate any early tumour cells. One of the emerging hallmarks of
cancer described by Hanahan and Weinberg (Hanahan and Weinberg, 2011) is
‘evading immune destruction’, where cancers disable components of the anti-
tumour immune response, leading to immune latency after incomplete
elimination of the tumour which characterises the ‘equilibrium’ phase. It is during
this period that chronic inflammation allows ‘editing’ of the tumour cells to
produce new populations of tumour variants. The ‘escape’ phase refers to the
final outgrowth of tumours that have outstripped the immunological restraints of
the equilibrium phase. Thus according to this model of immunoediting, highly
immunogenic cancer cell clones are eliminated in an immunocompetent host,
therefore leaving only weakly immunogenic tumour cells which grow and develop.
A study that supports the theory of immunoediting in ¢SCC shows that although
most cSCCs express MHC class I, in contrast to BCCs where MHCI appears to be
downregulated, cSCCs express comparatively low levels of cancer-testis antigens,
suggesting that when cSCC develops from sub-clinically pre-existing areas of
neoplasia, high immunologic pressure leads to immunoediting, resulting in the

outgrowth of tumours that express fewer tumour antigens (Walter et al., 2010).
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Figure 1.8 Cancer immunoediting.

Cancer immunoediting occurs after cellular transformation to suppress tumour growth,
and consists of three sequential phases: elimination, equilibrium and escape. In the
elimination phase, the immune system destroys developing tumours before they
become clinically apparent. Cells not destroyed by the elimination phase may enter the
equilibrium phase where T cells and interferon-y maintain tumour dormancy and
cancer immunoediting occurs due to the constant immune selection pressure placed on
genetically unstable tumour cells. When tumour cell variants emerge that are no longer
recognised by adaptive immunity (e.g. tumour antigen downregulation), become
insensitive to immune effector mechanisms (e.g. express inhibitory ligands), and
induce an immunosuppressive tumour microenvironment (e.g. induce Tregs), these
cells enter the escape phase, in which their growth is not restrained by immunity, and

cause clinically apparent disease. Figure adapted from (Schreiber et al., 2011).

1.11.3  Evidence for impaired immunity in cancer

The role of immunity in regulating tumour development has become increasingly

evident. Since the late 1990s, mouse models of immunodeficiency have shown a

crucial role of adaptive immunity in cancer development, and that interferon-y

receptor knockout and recombinant activating gene 2 (Rag2) knockout mice are
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more susceptible to methylcholanthrene (MCA)-induced tumour formation, and
when these tumours are transplanted into immunocompetent mice they are
rejected by an intact host immune system (Shankaran et al., 2001). Subsequently,
prognostic studies in many types of human cancers have determined that tumour-
infiltrating T lymphocytes, particularly CD8* T cells and Tregs are critical
determinants of prognosis (Sato et al., 2005, Pages et al., 2005, Galon et al.,
2006, Fridman et al., 2012). Furthermore, it has long been observed that
immunosuppression in organ transplant recipients to prevent rejection greatly
promotes skin cancer, particularly ¢cSCC, which occurs 65 to 250 times more
frequently in organ transplant recipients than the general population (Euvrard et
al., 2003). Pharmacological immunosuppression also increases incidence of BCC
by 10-fold (Hartevelt et al., 1990) and melanoma by up to 8-fold (Vajdic et al.,
2006, Le Mire et al., 2006). Admittedly, azathioprine may promote
carcinogenesis by non-immune mediated mechanisms by causing UVR-induced
mutations via incorporation of 6-thioguanine into DNA in TP53 (O'Donovan et al.,
2005). However, immunosuppression as a result of HIV increases cSCC risk, which
correlates with lower CD4* T cell counts (Silverberg et al., 2013). A case report
that highlights the role of the immune system in restricting cancer development
showed that when two kidneys from a cadaveric organ donor with a history of
successfully treated melanoma 16 years previously were transplanted into two
separate immunosuppressed recipients, melanoma developed in the recipients,
suggesting that in the immunocompetent donor, occult tumour cells were kept
dormant by intact immunity, but transfer of these tumour cells to naive
immunosuppressed recipients allowed the tumour cells to grow into clinically
apparent cancers (MacKie et al., 2003). ¢SCC but not BCC patients have impaired
contact hypersensitivity responses, suggesting impaired cutaneous immunity

preferentially permits ¢cSCC development (de Berker et al., 1995).

More recently, a study which used massively parallel exome sequencing and MHC
class | affinity prediction algorithms on methylcholanthrene induced tumours in
Rag2-/- immunodeficient mice which were then transplanted into wild type
recipients has determined that a T cell-dependent immunoediting process occurs
which allows tumour clones with reduced antigenicity to grow and evade
detection by the immune system (Matsushita et al., 2012). In addition, tumours
may adopt strategies to prevent T cell mediated anti-tumour immunity; for
example, in melanoma, activation of the WNT/B -catenin signalling pathway is
associated with absence of T cell infiltration (Spranger et al., 2015), and tumour

cyclooxygenase production induces prostaglandin E2 to inhibit myeloid DC
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function and suppress type | immunity (Zelenay et al., 2015). Furthermore,
immunotherapy in melanoma, such as antibodies that block the T cell co-
inhibitory receptors CTLA-4 (Hodi et al., 2010) and PD-1 (Topalian et al., 2012),
and topical imiquimod in AK, Bowen’s disease and superficial BCC (Kerr, 2002)
demonstrate that enhancing immunity is an effective approach for the treatment

of skin cancer.

1.11.4 T cell exhaustion in cancer

A key mechanism for T cell dysfunction in cancer is T cell exhaustion, a T cell
differentiation state resulting from persistent antigen exposure and inflammation
which was initially described in chronic infection (e.g. HIV and hepatitis C) (Wherry
and Kurachi, 2015). Characteristic features of T cell exhaustion include
progressive and hierarchical loss of effector functions (e.g. loss of IL-2
production, proliferative capacity and cytotoxicity followed by TNF-a and then
interferon-y ), sustained upregulation of inhibitory receptors (e.g. PD-1, CTLA-4,
Tim-3, BTLA, LAG-3, TIGIT, CD160 and CD244), and unlike functional memory T
cells, poor responsiveness to IL-7 and IL-15 and the need for continual presence
of antigen to proliferate and persist long term (Wherry and Kurachi, 2015). As a
result of these changes, exhausted T cells are unable to effectively eliminate
tumour cells, resulting in a stalemate between the immune system and tumour.
The tumour microenvironment promotes T cell exhaustion due to a number of
factors: tumour antigens are weakly immunogenic due to host immunoediting,
tumour T cells have low TCR avidity for self-antigens because T cells with TCRs
with high avidity for self-antigens are deleted during the thymic selection process,
and insufficient priming of T cells results from impaired antigen presentation in
the tumour microenvironment. In autoimmune and inflammatory disease, CD8 T
cell exhaustion can reduce CD4 T cell costimulation, leading to poorer outcomes
in autoimmune diseases such as type 1 diabetes, autoimmune vasculitis, systemic
lupus erythematosus and idiopathic pulmonary fibrosis (McKinney et al., 2015). In
psoriasis, PD-1 expressing IL-17A-producing T cells have been documented,
although it is not known whether these represent exhausted T cells (Kim et al.,
2016).

Inhibitory receptors can be transiently upregulated in functional activated effector
T cells, however higher and sustained inhibitory receptor expression dependent
on continued epitope recognition, and co-expression of multiple inhibitory

receptors are characteristic of T cell exhaustion. The normal physiological
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function of PD-1 is thought to be in limiting immunopathology and preventing
autoimmunity (Keir et al., 2008). Expression of PD-1 alone is not a selective
marker for exhausted T cells, as PD-1* T cells are found in healthy individuals
which do not share the same transcriptional programme with exhausted T cells in
viral infections (Duraiswamy et al., 2011). PD-1 expression is regulated by the
transcription factors nuclear factor of activated T cells (NFAT) (Oestreich et al.,
2008), T-bet (Kao et al., 2011), B lymphocyte-induced maturation protein-1
(Blimp-1) (Shin et al., 2009) and Forkhead box protein O1 (FoxOT) (Staron et al.,
2014). Furthermore, epigenetic regulation of PD-1 expression is altered in
exhausted T cells in which the locus of the PD-1 gene PDCD] remains
unmethylated (Youngblood et al., 2011). Inhibitory receptors can regulate T cell
function by competing with and sequestering costimulatory receptors and ligands
(Pentcheva-Hoang et al., 2004), modulation of intracellular mediators such as Src
homology 2 domain-containing tyrosine phosphatase 2 (SHP2) thereby
attenuating TCR and costimulatory receptor signalling (Yokosuka et al., 2012),
inhibition of cell cycle progression, suppressing signalling pathways such as
phosphoinositide 3-kinase (PI3K)-AKT and Ras-mitogen-activated and extracellular
signal-regulated kinase kinase (MEK)/extracellular signal-regulated kinase (ERK)
(Patsoukis et al., 2012), inducing T cell motility paralysis (Zinselmeyer et al.,
2013) and through the induction of inhibitory genes such as BATF (Quigley et al.,
2010). More recently, the ectonucleotidase CD39 has been identified as a marker
of exhausted T cells, implicating the purinergic pathway in the regulation of T cell
exhaustion (Gupta et al., 2015). In addition, T cell function can be affected by the
metabolic balance in the tumour microenvironment, as PD-L1 promotes
AKT/mTOR activation and glycolysis in tumour cells leading to increased glucose
consumption by tumours which metabolically restricts T cell function, thereby

allowing tumour progression (Chang et al., 2015).

Baitsch et al. (Baitsch et al., 2011) used microarray gene expression profiling to
demonstrate CD8* T cell exhaustion in human melanoma metastases. Other
studies have also shown upregulation of inhibitory receptors in CD8* T cells and T
cell dysfunction in cancer. PD-1 expression can be used to identify the tumour-
reactive and mutation-specific CD8*T cells infiltrating human tumours (Gros et al.,
2014). Combined PD-1 and Tim-3 co-expression is associated with failure of T
cells to proliferate and produce IL-2, TNF and interferon-y in murine tumours
(Sakuishi et al., 2010) and human melanoma (Fourcade et al., 2010).
Dysfunctional CD8* T cells in melanoma can also express BTLA (Derre et al.,

2010, Fourcade et al., 2012). Ovarian tumour specific CD8* T cells are negatively
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regulated by LAG-3 and PD-1 (Matsuzaki et al., 2010). More recently, TIGIT has
been detected in tumoral CD8* T cells in melanoma (Chauvin et al., 2015). In the
above studies, combined inhibitory receptor blockade additively reversed

exhausted T cells.

PD-L1 is abundant in human cancers and can be upregulated by interferon-y
(Dong et al., 2002) as well as loss of the tumour suppressor gene PTEN with
activation of the PI3K pathway (Parsa et al., 2007). In addition to its effects in
inhibiting PD-1* effector T cell function, PD-L1 also regulates the development,
maintenance and function of pTregs (Francisco et al., 2009). PD-L1 expression is
a prognostic factor in ovarian cancer (Hamanishi et al., 2007) and melanoma
(Hino et al., 2010).

To date, the role of PD-1/PD-L1 in human c¢SCC remains undescribed. In murine
skin, PD-L1 expressed by keratinocytes directly downregulates effector CD8* T
cell function resulting in impaired contact hypersensitivity responses (Ritprajak et
al., 2010). In Bowen’s disease, PD-L1 has been shown to be expressed by
neoplastic cells and infiltrating leucocytes (Furudate et al., 2014). In squamous
cancer, PD-L1 promotes markers of epithelial-mesenchymal transition in chemical-
induced murine cSCCs (Cao et al., 2011) and impairs T cell anti-tumour responses
in human head and neck squamous cell carcinoma (Strome et al., 2003, Herbst et
al., 2014).

1.11.5 T cells in c¢SCC

T cells in ¢SCC, which comprise up to 68% of the immune cell infiltrate (Krynitz et
al., 2010), have been described as Th1 biased non-cutaneous central memory T
cells which lack skin-homing receptors CLA and CCR4 and express L-selectin and
CCR7 (Clark et al., 2008). Blood vessels in ¢SCCs seemingly lack E-selectin (a CLA
ligand), suggesting that cSCCs are associated with impaired T cell recruitment.
Increased expression of immunosuppressive cytokines such as TGF-8 and IL-10 is
also present in ¢cSCC (Bluth et al., 2009, Clark et al., 2008), and expression of
these cytokines is increased in moderately and poorly differentiated cSCCs
compared with well differentiated c¢SCCs (Azzimonti et al., 2015). Treatment of
c¢SCCs with imiquimod induces E-selectin on ¢SCC blood vessels, increases
production of interferon-y , granzyme and perforin by effector T cells whilst
reducing production of and TGF-B and IL-10 (Clark et al., 2008, Huang et al.,
2009).

39



¢SCCs contain greater numbers of CD3* T cells and CD8* T cells compared to
normal skin (Zhang et al., 2013). CD8* T cells have a protective role against cSCC,
e.g. interferon-y * CD8* T cells inhibit MCA-induced cSCC growth (Wakita et al.,
2009). Indeed, patients with cSCC have elevated frequencies of p53-specific CD8*
T cells in their peripheral blood, and the frequency of p53-specific CD8* T cells

correlates with the degree of tumour lymphocytic infiltration (Black et al., 2005).

CD4* T cells also play a role in ¢SCC immunity. Depletion of CD4* T cells in a
mouse model of UVB-induced cSCC increases UVB-induced inflammation, p53*
keratinocytes and tumour development, suggesting that CD4* T cells play a role
in tumour immunosurveillance and regulating UVR-induced cutaneous
inflammation (Hatton et al., 2007). However, in a mouse model of ¢cSCC induced
by HPV oncogenes, tumour-infiltrating CD4* T cells are predominantly reactive
towards staphylococcal bacterial antigens; these CD4* T cells promote tumour
development and increase neutrophil infiltration and MMP-9 activity, suggesting
that CD4* T cells apparently responding to bacterial infection of the cSCCs can

enhance neoplastic progression (Daniel et al., 2003).

Human ¢SCCs contain IL-17 and IL-22-expressing T cells which may play
pathogenic roles. IL-17 and IL-22 can increase proliferation and migration of c¢SCC
cells and IL-22* CD8* T cells are increased in ¢cSCCs from immunosuppressed
patients (Nardinocchi et al., 2015, Zhang et al., 2013). In addition, the chemokine
receptor CXCR3 on T cells induces keratinocyte proliferation in a DMBA/TPA
mouse model of ¢SCC and CXCR3* lymphocytes have been identified in the

immune infiltrate in human c¢SCC (Winkler et al., 2011).

1.11.6 Role of Tregs in cancer

The importance of Tregs in permitting tumour growth was highlighted by Shimizu
et al. (Shimizu et al., 1999), who found that upon removal of Tregs, tumours in
mice can be eliminated by cytotoxic T cells. Regulatory T cells (Tregs) play a role
in the pathogenesis of numerous human cancers, and increased numbers of
tumour-infiltrating Tregs are associated with poorer clinical outcomes in ovarian,
gastric, oesophageal, breast and pancreatic cancers (Curiel et al., 2004, deLeeuw
et al., 2012, Bates et al., 2006, Ichihara et al., 2003, Hiraoka et al., 2006),
although increased Tregs in colon cancer is associated with better prognosis
(Salama et al., 2009). Tumour-infiltrating Tregs may lead to tumour metastasis
and poorer outcomes by producing receptor activator of nuclear factor-k B ligand
(RANKL) (Tan et al., 2011).
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Cytokines produced within the tumour microenvironment can promote the
accumulation of Tregs. For example, the chemokine ligand CCL22 is secreted by
tumour cells and macrophages, which attracts Tregs that express the chemokine
CCR4 (Curiel et al., 2004). In breast cancer, loss of type lll TGF-B receptors in the
tumour enhances TGF-B signalling in myeloid DCs, which upregulates CCL22
production, leading to Treg infiltration and suppression of anti-tumour immunity
(Hanks et al., 201 3). Anti-CCR4 monoclonal antibodies which selectively deplete
Tregs augment anti-tumour immunity in melanoma and T cell leukaemia
(Sugiyama et al., 2013). Tumour hypoxia can also induce CCL28 expression,
which promotes recruitment of CCR10* Tregs which promote angiogenesis by
enhancing tumour VEGF-A expression (Facciabene et al., 2011). In addition,
eosinophils are associated with tumoral Treg depletion and secrete
chemoattractants that guide CD8* T cell infiltration, promote an inflammatory
macrophage phenotype and normalise tumour vasculature to promote tumour
rejection (Carretero et al., 2015). Tumoral Treg accumulation is also caused by
Fas ligand upregulation in tumour vessel endothelial cells which kills CD8*

effector T cells but not Tregs (Motz et al., 2014).

Cancers induce Tregs to kill DCs in a tumour antigen and perforin-dependent
manner in tumour-draining lymph nodes (Boissonnas et al., 2010). Exosomes
produced by tumours skew IL-2 responsiveness away from cytotoxic T cells in
favour of enhancing Treg function (Clayton et al., 2007). Furthermore, cancers in
thymectomised mice convert naive CD4*CD25 T cells into bona fide FOXP3* Tregs
which suppress in vitro effector cell responses (Valzasina et al., 2006). Tumour-
derived TGF-B increases pTregs and treatment of mice with a neutralising
antibody against TGF-B reduces induction of Tregs and tumour burden (Liu et al.,
2007). It is uncertain whether pTregs play a biologically significant role in tumour
immunity given the presence of tTregs. In a mouse lymphoma model, both tTregs
and de novo generation of pTregs independently contribute to anti-tumour
immunity, with pTregs induced by the presence of tumour antigen (Zhou and
Levitsky, 2007). However, another study which analysed TCR repertoires of
infiltrating T cells in carcinogen-induced mouse tumours showed that conversion
from conventional T cells does not contribute significantly to the accumulation of
tumour-infiltrating Tregs, and that the Tregs and conventional T cells arise from
different populations with unique TCR repertoires (Hindley et al., 2011). In
addition to induction of pTregs by cytokines, tumours can convert naive CD4* T
cells into pTregs through coinhibitory signalling via PD-L1 on DCs (Wang et al.,
2008).
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1.11.7 Tregs in ¢SCC

Nearly 50% of T cells infiltrating cSCCs are FOXP3* Treg cells (Clark et al., 2008),
which is higher than frequencies of Tregs observed in colorectal cancer (Saito et
al., 2016) and breast cancer (Plitas et al., 2016). Tregs are present in higher
frequencies in ¢SCCs compared with normal skin and precursor skin lesions, and
Ki-67, a marker expressed by dividing cells, is not detected in cSCC Tregs,
suggesting that recruitment from the blood is the predominant mechanism for
the accumulation of Tregs in ¢SCCs (Clark et al., 2008, Jang, 2008). FAK, which is
expressed in the nucleus of ¢SCC cells but not normal keratinocytes, regulates
the transcription of CCL5, which is required for recruitment of Tregs that inhibit
CD8* T cell activity, thereby permitting tumour growth (Serrels et al., 2015). In
addition, Tregs can suppress anti-tumour immunity via IL-10 during
photocarcinogenesis (Loser et al., 2007). Other studies investigating Tregs in
¢SCC have found upregulation of FOXP3-mRNA in ¢SCCs compared with normal
skin (Schipmann et al., 2014), and increased intratumoral Treg frequencies and a
higher Treg/CD8* T cell ratio are present in moderately differentiated and poorly
differentiated c¢SCCs compared to well differentiated cSCCs (Azzimonti et al.,
2015).

1.11.8 ¢SCCT cells in immunosuppressed individuals

A recent study which used NanoString technology to analyse gene expression by
T cells in human ¢SCCs also reinforced a role for Tregs in ¢SCC immunity,
showing FOXP3 and other transcription factors for Tregs are highly expressed,
especially in ¢SCCs from organ transplant recipients, as well as strong
upregulation of gene expression signatures associated with T cell exhaustion
(Feldmeyer et al., 2016). It remains unclear whether Treg frequencies differ in
¢SCCs of organ transplant recipients and those from immunocompetent subjects:
two separate studies have shown transplant-associated cSCCs contain higher Treg
to CD8* T cell ratios (Zhang et al., 2013, Carroll et al., 2010), whereas another
study demonstrated increased FOXP3* Tregs in organ transplant recipient cSCCs
(Muhleisen et al., 2009). Other differences in the composition of the ¢SCC
immune infiltrate of transplant recipients also include reduced immunocyte
infiltration and decreased frequencies of CD3* T cells, interferon-y producing
CD4* T cells, monocytes and plasmacytoid DCs compared with those in
immunocompetent subjects (Krynitz et al., 2010, Muhleisen et al., 2009, Zhang et
al., 2013).
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1.11.9 T cells in progression from precancerous skin lesions

There also seem to be differences in the immune infiltrates between c¢SCCs and
precancerous skin lesions. For example, cSCC tumours have increased depth and
density of infiltrating immunocytes and contain higher CD4* T cell but lower CD8*
T cell frequencies than premalignant lesions (Freeman et al., 2014, Muhleisen et
al., 2009, Berhane et al., 2002). Unexpectedly, Tregs are reduced in invasive
Bowen’s disease compared with non-invasive Bowen’s disease (Furudate et al.,
2014). However, gene expression profile analysis of papillomas in a DMBA/TPA
murine ¢SCC model showed reduced expression of immune function genes in
¢SCCs and high risk papillomas versus low risk papillomas, with
immunohistochemistry confirming reduced T cell numbers in the high risk
papillomas, suggesting that reduced adaptive immunity defines papillomas that
progress to cSCC (Darwiche et al., 2007). The Fas/FasL pathway may play a role in
the progression of AK to ¢SCC. cSCCs contain greater numbers of Fas ligand
(FasL*) T cells than AKs, whereas cSCC keratinocytes have reduced Fas but
increased FasL expression compared with AK keratinocytes, suggesting that
during progression from AK to ¢SCC, tumours downregulate Fas, thereby
resisting attack by FasL-expressing cytotoxic T cells, and the upregulation FasL
on the tumour cells enables the tumour to ‘counterattack’ the T cells by inducing

Fas/FasL mediated apoptosis (Satchell et al., 2004).

1.11.10 T cells in keratoacanthomas

Keratoacanthomas (KAs) are cutaneous neoplasms that are closely related to
¢SCCs as they share clinical similarities, develop on sun exposed sites and display
cytological atypia on histology. Although some regard KAs as a subset of ¢SCCs,
unlike ¢SCCs, KAs are characterised by a tendency to spontaneously regress after
3-6 months, and array-based comparative genomic hybridisation studies suggest
they represent biologically separate entities (Li et al., 2012). It has been
hypothesised that an immune-mediated mechanism might be responsible for the
ability of KAs to regress. KAs contain higher CD3* and granzyme B* T cell
frequencies and fewer Tregs, CD163* macrophages and MMP-9* cells than cSCC,
suggesting increased cytotoxic T cells and reduced immunomodulating cells in
KA compared to cSCC (Kambayashi et al., 2013, Batinac et al., 2006). In addition,
KAs are associated with increased numbers of cells which produce IL-27, which
activates STAT1 and STAT3, leading to T cell proliferation, Th1 differentiation and

induction of the anti-tumour response (Kambayashi et al., 2013). However, KAs
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contain increased IL-10, an immunosuppressive cytokine, and decreased
granulocyte macrophage colony-stimulating factor (GM-CSF) compared with c¢SCC,
suggesting that an immunosuppressive microenvironment also permits KA

development (Lowes et al., 1999).

1.11.11 Other immune cells in ¢SCC
1.11.11.1 B cells

B lymphocytes function as the central component of humoral immunity by
producing antibodies, presenting antigen and secreting pro-inflammatory
cytokines. In a K14-HPV16 ¢SCC mouse model, B cells promote a chronic
inflammatory state by activating Fcy receptors on myeloid cells which potentiate
inflammation, angiogenesis and squamous carcinogenesis (Andreu et al., 2010,
de Visser et al., 2005). In a separate murine ¢SCC model, depletion of B cells with
anti-CD20 monoclonal antibodies improves responses to chemotherapy due to
altered chemokine expression by macrophages that promote tumour infiltration
of CD8* lymphocytes (Affara et al., 2014). There may also be a role for IL-10-
secreting regulatory B cells in suppressing anti-tumour immunity in murine cSCCs
(Schioppa et al., 2011). However, despite evidence from animal models regarding
B cells in squamous carcinogenesis, and that CD20* B cells comprise 6.9 - 15% of
the immune infiltrate in human ¢SCCs (Krynitz et al., 2010), little is known about

their role in human cSCCs.

1.11.11.2 DCs

CD1a* and Langerin* Langerhans cells infiltrate human cSCC tumour nests at
lower densities than their presence in normal epidermis (Bluth et al., 2009).
Langerhans cells can present tumour antigens, leading to protective immunity to
tumour growth in mice (Grabbe et al., 1991), and Langerhans cells in human
¢SCC can induce T cell proliferation, interferon-y production and induce type 1
immunity more potently than Langerhans cells from normal skin, suggesting that
¢SCC Langerhans cells may form a suitable target for cancer immunotherapy
(Fujita et al., 2012). However, a pro-tumorigenic role for Langerhans cells has also
been reported in models of chemical carcinogenesis, for example, Langerhans
cells facilitate epithelial DNA damage and c¢SCC development in a DMBA mouse
model of ¢SCC (Modi et al., 2012).

CD11c" myeloid DCs and TNF-a / inducible nitric oxide synthase (iNOS) producing
myeloid DCs are abundant around human cSCC tumours (Bluth et al., 2009). ¢SCC
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myeloid DCs are poor stimulators of allogeneic T cell proliferation compared with
DCs from adjacent non-lesional skin, and treatment with maturation cytokines
enhanced stimulatory potential of DCs from normal skin but had less effect on
DCs from cSCC. Plasmacytoid DCs have also been detected in ¢SCCs, with higher
frequencies in ¢SCCs compared with AKs (Muhleisen et al., 2009), but reduced
numbers in moderately to poorly differentiated tumours compared with well
differentiated ¢SCCs (Azzimonti et al., 2015).

1.11.11.3 Macrophages

Tumour-associated macrophages (TAMs) in human c¢SCCs express CD163,
produce the pro-tumoral factors MMP9 and MMP11, and are heterogeneously
activated with classical M1 and alternative M2 phenotypes (Pettersen et al., 2011).
M1 macrophages are induced by interferon-y and have a high capacity to present
antigen, reflecting a TH1-type immune environment, thereby preventing tumour
progression, whereas M2 macrophages are induced by IL-4, which promotes type

2 responses which are less effective at controlling tumour growth.

1.11.11.4 Myeloid derived suppressor cells

Myeloid derived suppressor cells (MDSCs) are a heterogeneous group of myeloid
progenitor cells and immature myeloid cells that inhibit T cell function (Nagaraj et
al., 2010). Human cSCCs are infiltrated by MDSCs that express inducible iNOS and
produce nitric oxide, which has a number of anti-inflammatory effects, including
the impairment of vascular E-selectin expression which can be restored by iNOS
inhibition (Gehad et al., 2012). As E-selectin is important for infiltration of skin-
homing T cells into skin, and that E-selectin is downregulated in ¢SCC (Clark et
al., 2008), MDSCs appear to play an important role in maintaining an
immunosuppressive tumour environment in ¢SCC. Furthermore, CD200, an
immunosuppressive molecule expressed by metastatic murine cSCC
keratinocytes, can interact with and alter immune responses in MDSCs which
express the CD200 receptor to promote tumour metastasis (Stumpfova et al.,
2010).

1.11.11.5 Mast cells

Although mast cells have been reported in human cSCCs, their role remains
undefined (Biswas et al., 2014). Treatment of mice with UVR-induced ¢SCCs with a
C-X-C motif chemokine receptor 4 (CXCR4) antagonist inhibits cSCC development

and blocks UVR-induced mast cell recruitment to the tumour (Sarchio et al.,
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2014). To investigate whether dermal mast cells influenced susceptibility to ¢SCC,
a study which quantified dermal mast cell prevalence in non-lesional non-sun
exposed buttock skin showed no difference in mast cell numbers in patients with
a history of ¢cSCC and age matched control subjects (Grimbaldeston et al., 2002),
however, a history of BCC was associated with increased dermal mast cell

prevalence compared with controls (Grimbaldeston et al., 2000).

1.11.11.6 Fibroblasts

Changes in the tissue / stroma surrounding tumours may promote tumour
development. Cancer associated fibroblasts (CAFs) are fibroblasts residing in
tumour stroma with myofibroblastic properties and are considered responsible
for extracellular matrix deposition and remodelling which support tumour
progression and invasion (Dotto, 2014, Commandeur et al., 2011). CAFs isolated
from human cSCCs have different morphology and functions to fibroblasts from
normal skin, and culture of ¢<SCC CAFs in a human skin equivalent model
increases dermal invasion of cSCC cells (Commandeur et al., 2011). It is clinically
evident that UVR causes dermal alterations which may promote cancer
development: solar elastosis, a condition commonly observed in individuals with
a history of chronic UVR exposure and is characterised by dermal atrophy and
extracellular matrix alterations, predisposes to cutaneous field cancerisation and
skin cancer. Actinic field cancerisation can be mediated through impaired NOTCH
signalling in dermal fibroblasts. Reduced NOTCH signalling is seen in areas of
actinic field change in human skin, and causes development of multifocal
keratinocyte tumours in mice through upregulation of c-Jun and c-Fos, leading to
increased diffusible growth factors, inflammatory cytokines and matrix
remodelling enzymes which result in dermal atrophy and inflammation (Hu et al.,
2012).

1.11.11.7 Lymphoid stress surveillance in ¢SCC

The natural killer group 2, member D (NKG2D) ligands are often expressed after
exposure to cellular stress (e.g. in tumour cells or virus-infected cells), and
binding to the NKG2D receptor stimulates the activation of natural killer cells and
y & T cells Jamieson et al., 2002). The process whereby lymphocytes instead of
myeloid cells are activated by stress ligands has been termed ‘lymphoid stress
surveillance’ which can occur rapidly in synchrony with innate responses and can
affect downstream adaptive immunity (Hayday, 2009). Mice lacking y & cells are

highly susceptible to chemical-induced cutaneous carcinogenesis, which
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upregulates NKG2D ligands, and NKG2D*y & cells can kill cSCC cells by a NKG2D-
dependent mechanism (Girardi et al., 2001). In addition, NKG2D is downregulated
in murine cSCC and correlates with ¢cSCC incidence and progression, suggesting
NKG2D as a marker of tumour resistance (Oppenheim et al., 2005). Strid et al.
(Strid et al., 2008) showed that Intraepidermal y & T cells protect against
DMBA/TPA-induced cSCC development, whereas Langerhans cells promote
tumorigenesis, and that upregulation of NKG2D ligands alone is sufficient to
initiate immune surveillance in skin, demonstrating a novel pathway in activation
of cutaneous immune responses which was previously hypothesised to require
lymphocyte stimulation via cell necrosis and/or activation of antigen-presenting
cells e.g. via TLRs. In addition to reacting to stress ligands resulting from
chemical carcinogens, dendritic epidermal y & T cells in mice and skin resident T
cells in humans can sense UVR-induced injury by increasing CD69 expression, cell
proliferation and IL-17 production via release of adenosine triphosphate (ATP)
from keratinocytes, and can limit DNA damage in keratinocytes by inducing
growth arrest and DNA damage 45 (Gadd45) and TNF-like weak inducer of
apoptosis (Tweak), molecules involved in the DNA repair response (MacLeod et
al., 2014). Activin, a growth and differentiation factor important in wound repair,
is increased in human cSCCs (Antsiferova et al., 2011). Activin causes
accumulation of Langerhans cells and Tregs whilst inhibiting proliferation of
epidermal y 8 T cells thereby promoting cSCCs in mice (Antsiferova et al., 2011).
However, despite evidence from mouse studies, the relevance of lymphoid stress
surveillance in human ¢SCCs remains unclear, and although NK cells have been
detected in human cSCCs, accounting for <2% of the immune infiltrate (Freeman
et al., 2014, Carroll et al., 2010, Krynitz et al., 2010), y & T cells in human cSCCs

have yet to be described in detail.

1.11.12 Lymphatics

The growth of lymphatic vessels, lymphangiogenesis, is activated in cancer and
inflammation, and tumour cells may invade into the lymphatics and subsequently
metastasise (Alitalo et al., 2013). VEGF-C and VEGF-D are critical for mediating
lymphangiogenesis in DMBA/TPA murine models of ¢SCC (Hirakawa et al., 2007,
Alitalo et al., 2013). Human cSCCs are surrounded by increased lymphatic
densities and tumour-associated macrophage-derived VEGF-C (Moussai et al.,
2011).
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1.12 T cell immunotherapy

An early description on the treatment of cancer by manipulating the immune
system is detailed in Coley’s work entitled ‘Contribution to the Knowledge of
Sarcoma’ (Coley, 1891). In this paper, Coley noted that patients with sarcoma
and other cancers had tumour regression following ‘erysipelas’, a streptococcal
infection of the skin, leading him to treat cases of sarcoma by repeated
inoculations with this bacteria, either into the skin or intratumorally. Although no
mechanism is uncovered in this work, the author noted that after inoculation,
patients developed a high temperature which was proposed as a factor to
‘destroy cells of lower vitality’. In 1985, administration of IL-2 was shown to lead
to tumour regression in patients with metastatic melanoma (Atkins et al., 1999).
In the late 1980s, adoptive cell therapy using tumour-infiltrating lymphocytes was
demonstrated to mediate tumour rejection (Rosenberg et al., 1986). Subsequent
identification of tumour antigens, followed by increased understanding of
mechanisms for dysfunctional T cell immunity has led to the development of
various immunotherapeutic approaches for cancer, which have primarily focused
on amplification of tumour-specific immune responses by T cell costimulatory
receptor agonism and inhibitory receptor antagonism based on the capacity of T
cells for selective recognition of peptides in all cellular compartments, killing

target cells and orchestrating adaptive and innate immune responses.

1.12.1.1 Costimulatory receptors

As a result of the increasing evidence for the role of Tregs and dysfunctional CD8*
T cells in cancer, there has been considerable interest in developing
immunotherapeutic strategies that target tumoral Tregs and boost effector
immune responses (Simpson et al., 2013, Taraban et al., 2002, Piconese et al.,
2008, Marabelle et al., 2013, Bulliard et al., 2014). One such approach involves
the provision of costimulatory signals through receptors that belong to the
tumour necrosis receptor superfamily, including OX40 and 4-1BB. Engagement of
these receptors promotes T cell activation through effects on different
subpopulations of T cells, for example by promoting proliferation and survival of
effector memory T cells following antigenic activation, as well as by suppressing
regulatory T cell activity (Piconese et al., 2008, Marabelle et al., 2013, Bulliard et
al., 2014, Voo et al., 2013).

In vitro studies of human peripheral blood T cells have demonstrated that anti-

0OX40 monoclonal antibodies can be agonistic which can enhance the resistance
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of effector T cells to suppression and reduce the suppressive activity of Tregs
(Voo et al., 2013). In addition, anti-OX40 monoclonal antibodies can stimulate
anti-tumour immunity by preferential depletion of Tregs, as shown in pre-clinical
studies (Marabelle et al., 2013, Bulliard et al., 2014). Furthermore, a phase |
clinical trial using an anti-OX40 agonistic monoclonal antibody has demonstrated
an acceptable safety/toxicity profile and some evidence of tumour regression in
cases of melanoma, renal cancer, urethral squamous cell carcinoma, prostate
cancer and cholangiocarcinoma (Curti et al., 2013), highlighting OX40 as a

promising target for tumour therapy.

4-1BB may be upregulated on activated T cells in tumours due to hypoxia
(Palazon et al., 2012) and 4-1BB expression in tumoral T cells may accurately
identify the tumour reactive T cell population (Ye et al., 2014). 4-1BB signalling
induces a cytotoxic T cell phenotype (driven by high eomesodermin expression
(Curran et al., 2013)), generates memory T cells (Willoughby et al., 2014), and
increases effector function, leading to tumour regression in mouse models as
monotherapy (Melero et al., 1997), or combined with other treatments such as
cetuximab (Kohrt et al., 2014), peptide vaccines (Bartkowiak et al., 2015, Williams
et al., 2013), anti-PD-1 (Duraiswamy et al., 2013), anti-CTLA-4 (Curran et al.,
2011) and adoptive T cell therapy in human melanoma (Chacon et al., 2013). The
role of 4-1BB stimulation on Tregs is still unclear; 4-1BB agonism can inhibit Treg
mediated suppression (Choi et al., 2004, Akhmetzyanova et al., 2016) or maintain
Treg expansion in different settings (Madireddi et al., 2014, Elpek et al., 2007).

1.12.1.2 Inhibitory receptors

Antibodies targeting inhibitory pathways (e.g. anti-CTLA-4 (ipilimumab and
tremelimumab) and anti-PD-1 (pembrolizumab and nivolumab)) which reverse the
suppressive mechanisms that restrain tumour-infiltrating T cells have recently
been introduced into clinical use (Hamid et al., 2013, Topalian et al., 2012, Hodi
et al., 2010). Clinical trials have shown enhanced tumour immunity in various
cancer types including melanoma, non-small cell lung cancer, renal cell carcinoma

and bladder cancer.

Anti-CTLA-4 antibodies were initially thought to block inhibitory signals to
effector T cells, and when Tregs were found to express high levels of CTLA-4,
initial studies suggested Tregs could be expanded with anti-CTLA-4 treatment
(Quezada et al., 2006). Subsequently, it was demonstrated that the effect of

CTLA-4 blockade in augmenting immune responses against cancer involves both
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direct enhancement of effector T cell function and concomitant inhibition of Treg
activity (Peggs et al., 2009). In a later study, whereas anti-CTLA-4 increased both
effector T cell and Treg numbers in the lymph nodes, the effect of anti-CTLA-4 in
the tumour environment was to increase effector T cells and reduce Tregs; this
was due to Fcy R-expressing tumour macrophages which deplete Tregs, leading
to an increase in the effector T cell / Treg ratio within the tumour (Simpson et al.,
2013). Indeed, melanoma patients who responded to ipilimumab were associated
with increased frequencies of Fcy RIIIA-expressing peripheral monocytes and
tumour infiltrating macrophages than non-responders (Romano et al., 2015).
Ipilimumab prolongs overall median survival in metastatic melanoma by 10
months (Hodi et al., 2010), and ipilimumab plus dacarbazine improves survival
compared to dacarbazine plus placebo (Robert et al., 2011). As a result of the
evidence for its benefit, ipilimumab is currently an approved first line treatment
for advanced/metastatic BRAF wild type melanoma. Two whole exome sequencing
studies performed on patients with melanoma treated with CTLA-4 blockade
showed that mutational load, neoantigen load and expression of cytolytic
markers in the immune microenvironment are significantly associated with the
degree of clinical benefit, however it is not clear whether specific neoantigen
peptide sequences can predict response to CTLA-4 blockade (Snyder et al., 2014,
Van Allen et al., 2015). Another study identified tumour-specific mutant antigens
that activated T cells in mice with tumours treated with PD-1 and/or CTLA-4
inhibition, and that peptide vaccines incorporating these mutant epitopes could
mediate tumour rejection (Gubin et al., 2014). Anti-CTLA-4 therapy is associated
with immune related adverse events in 60% of patients which include diarrhoea /
colitis, pruritus, vitiligo, hypothyroidism and hypopituitarism (Hodi et al., 2010).
The longer term effects of reduced CTLA-4 activity in humans is described in two
recent reports of germline mutations in the CTLA-4 gene in humans,
demonstrating impaired Treg function, hyperactivation of effector T cells and
decreased circulating B cell numbers, and manifesting as a severe
immunoregulatory disorder termed CTLA-4 haploinsufficiency with autoimmune
infiltration (CHAI) disease (Kuehn et al., 2014, Schubert et al., 2014).

PD-1 inhibitors have demonstrated encouraging results for the treatments of
various types of cancer since their introduction into clinical trials. Initially,
objective and durable responses were reported in up to 27% of cancer patients
(Topalian et al., 2012). Subsequently, a clinical trial in melanoma showed
response rates of 38%, with an overall median progression-free survival of 7

months (Hamid et al., 201 3). Further studies have compared responses to anti-

50



PD-1 with other modes of therapy, demonstrating improved overall survival with
nivolumab over docetaxel in non-small cell lung cancer (Borghaei et al., 2015,
Brahmer et al., 2015) and everolimus in renal cell carcinoma (Motzer et al., 2015).
More recently, improved survival in melanoma was observed with pembrolizumab
versus ipilimumab (Robert et al., 2015), and nivolumab plus ipilimumab in
combination or nivolumab alone was associated with longer progression-free
survival than ipilimumab alone (Larkin et al., 2015). Numerous studies have
examined factors which predict efficacy of PD-1/PD-L1 inhibition in cancer. In
melanoma, positive clinical responses with PD-1 inhibition correlate with higher
numbers of CD8*,PD-1* and PD-L1* cells in the invasive tumour margins before
treatment, suggesting that tumours which upregulate the PD-1/PD-L1 immune
inhibitory axis are those most responsive to treatment (Tumeh et al., 2014).
Similarly, responses to PD-L1 blockade also correlate with tumour PD-L1
expression and presence of infiltrating immune cells (Herbst et al., 2014, Powles
et al., 2014). Distinct Fcy R dependency and mechanisms may be responsible for
differing in vivo activity of anti-PD1 and anti-PD-L1 antibodies; although anti-PD-1
antibodies are Fcy R independent, engagement of activating Fcy Rs by anti-PD-L1
antibodies augments anti-tumour activity (Dahan et al., 2015). The relatively mild
phenotypes of Pd1, Pdll and PdI2 knockout mice initially suggested less immune
toxicity with anti-PD-1 therapy than with CTLA-4 blockade, which was indeed
confirmed in clinical trials (Topalian et al., 2012, Hamid et al., 2013, Robert et al.,
2015).

1.13 ¢SCC as a model for studying cancer immunity

cSCC offers an excellent opportunity for studying human cancer immunity
because of the prevalence and ease of access to samples from human primary
tumours and the visible presence of clinically identifiable precancerous lesions. In
addition, cSCCs can be considered to be the most common human cancer with
metastatic potential, and a recent study has highlighted a clinical need for
research into cSCC (Healy et al., 2015). That immunosuppression greatly
increases c¢SCC incidence and aggressiveness, and that cSCCs in
immunocompetent subjects are usually infiltrated by T cells suggests that

immune mechanisms play a key role in the pathogenesis of cSCC.
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1.14 Hypothesis

The hypothesis investigated in this study is that the insufficient immune response
in ¢SCCs results from phenotypic and functional alterations in the tumoral Treg
and CD8* T cell populations.

1.15 Aims of the study

This study will investigate the mechanisms for insufficient tumoral T cell

responses in cSCC. Specifically, the project will:

1. Investigate the phenotype and function of Tregs in ¢SCC to determine
whether they inhibit tumoral T cell immune responses;

2. Characterise the effector T cell population to determine the role of T cell
exhaustion in ¢SCC;

3. Examine whether the cSCC in vitro T cell culture system provides useful
information regarding potential therapeutic targets for future clinical

studies.
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Chapter 2: Materials and methods

2.1 Ethical approval

Ethical approval for the study was provided by the South Central Hampshire B
National Research Ethics Service Committee (reference number 07/H0504/187).
All participants recruited to the study provided informed consent for blood, non-

lesional skin and tumour samples to be used for research purposes.

2.2 Procurement of samples

Fresh tissue samples were obtained from patients following surgical excision at
the Dermatology Department, University Hospital Southampton NHS Foundation
Trust (see Figure 2.1, page 54). Patients with tumours less than 8 mm in diameter
were excluded as the tumours needed to be of sufficient size to allow a fresh
section to be obtained for the study whilst leaving enough material for
histological processing and analysis for clinical purposes. For lesions 28 mm in
diameter, an off-centre, 2 mm full thickness vertical section was obtained from
each lesion for the study, with the rest of the specimen fixed in formalin for
processing and use by the Histopathology department as per normal clinical care,
and as agreed by Dr Jeff Theaker, Consultant Histopathologist (see Figure 2.2,
page 60). This portion of lesional skin was obtained from an area of the lesion
which would not compromise the histological assessment of tumour excision
margins, and was not taken from the centre of the lesion (usually the deepest
part) which would therefore not affect the assessment of the maximum depth of
invasion, which is required for tumour staging. Peripheral blood and non-lesional
‘normal’ skin were also obtained from the cSCC patients when feasible. The non-
lesional ‘normal’ skin obtained from patients during cSCC surgery was excess
skin which was excised during surgery to enable apposition of wound edges for
optimal wound closure and would otherwise be discarded. All ‘normal skin’ used
in this study was normal in appearance and was at least 6 mm in distance away
from the tumour. Archived formalin-fixed paraffin-embedded (FFPE) cSCC samples
were also obtained from the Histopathology department, University Hospital

Southampton NHS Foundation Trust.
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After excision &
wound closure

Figure 2.1 Surgical excision of cSCCs.

¢SCC samples were obtained from patients undergoing surgery performed by the
author of this thesis at the Dermatology Department, University Hospital Southampton
NHS Foundation Trust. Photos show appearances of c¢SCCs before excision and

following (A) full thickness skin graft and (B) local flap wound repair.

2.3 Immunohistochemistry

2.3.1 Buffers and antibodies

Tris buffered saline (TBS): 5mM Tris (ThermoFisher Scientific) and 137mM sodium
chloride (ThermoFisher Scientific) dissolved in water and adjusted to pH 7.6 with
hydrochloric acid (BDH Laboratory Supplies). Citrate buffer: 10mM citrate
(ThermoFisher Scientific) dissolved in water and adjusted to pH 6 with sodium
hydroxide solution (BDH Laboratory Supplies). Ethylenediaminetetraacetic acid
(EDTA) buffer: 1.6uM EDTA (BDH Laboratory Supplies) dissolved in water and
adjusted to pH 8 with sodium hydroxide solution (BDH Laboratory Supplies).
Blocking medium: 1% bovine serum albumin (BSA, Sigma-Aldrich) and 20% foetal
bovine serum (FBS, Life Technologies) in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technologies). Antibodies used are listed in Table 2.1 (page 55) and
biotinylated secondary antibodies in Table 2.2 (page 55). Initial titration

experiments were performed on some cSCC sections and tonsil tissues using at

54



least three doubling dilutions to establish the optimal dilutions of primary
antibody which resulted in specific staining with good intensity with minimal

background staining.

Table 2.1 Primary antibodies for immunohistochemistry

Marker Host Isotype Clone Manufacturer Antigen Dilution

retrieval buffer | used
CD3 rabbit polyclonal Dako Citrate 1:200
CD4 mouse 1gG1 4B12 Dako EDTA 1:100
CD8 mouse 1gG1 144B Abcam Citrate 1:20
FOXP3 mouse 1gG1 236A/E7 Abcam Citrate 1:50
0X40 mouse 19G1 ACT35 BD Biosciences Citrate 1:50
PD-1 mouse 19G1 NAT105 Abcam EDTA 1:100
CD39 rabbit polyclonal Abcam Citrate 1:1000
y& TCR mouse 1gG1 B1.1 eBioscience Citrate 1:20

Table 2.2 Biotinylated secondary antibodies

Target Host Manufacturer Dilution used
mouse IgG rabbit Dako 1:100
mouse IgG rabbit Jackson 1:400
rabbit 1gG swine Dako 1:400

2.3.2 Methods

FFPE specimens were cut with a microtome (Leica Microsystems) into 5pm
sections onto 3-aminopropyltriethoxysilane (APES)-coated microscope slides
(CellPath). Sections were deparaffinised in xylene (ThermoFisher Scientific) and
rehydrated through graded alcohols. Endogenous peroxidase was exhausted with
0.5% hydrogen peroxide (Sigma-Aldrich) in methanol (ThermoFisher Scientific).
Formalin fixation enables preservation of tissue structure, but poor antigen
availability may result from strong cross-linking of tissue proteins. Therefore,
sections were microwaved in citrate or EDTA buffer to enable antigens to be
revealed. Endogenous avidin and biotin were blocked (Vector Labs), before
addition of blocking medium, which reduces non-specific hydrophobic and
electrostatic interactions by occupying binding sites in the tissue, but allows

stronger antibody-antigen binding to occur. Primary antibodies specific for the
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marker of interest were left on the immunohistochemistry sections for 16 hours
at 4°C before being washed three times with TBS. This was followed by incubation
with the relevant biotinylated secondary antibodies which are of very high avidity
to the y -globulin of the species that donated the primary antibody. Multiple anti-
Ig molecules can bind one primary antibody, which increases sensitivity. The
secondary antibodies were washed off after 30 minutes with 3 TBS washes. As the
secondary antibody is coupled to biotin which has a very high affinity for
streptavidin, which can further bind multiple biotin molecules, sensitivity is
further improved and addition of biotinylated peroxidase forms a streptavidin-
biotin-peroxidase complex, meaning a large number of peroxidase molecules
attaches to each primary antigen site. Therefore, streptavidin-biotin-peroxidase
complexes (Vector Labs) were added to the sections, before being washed with
TBS x 3 and 3,3’-diaminobenzidine (DAB, Dako) applied, which produces a brown
colour when oxidised by peroxidase. After this was washed off with TBS, the
sections were counterstained with Mayer’s Haematoxylin (Sigma-Aldrich) and
dehydrated through graded alcohols and xylene. Sections were mounted in
distyrene-plasticizer-xylene (DPX) mountant (Sigma-Aldrich) and coverslips (BDH
Laboratory Supplies) were applied. For haematoxylin and eosin staining, slides
were sequentially dewaxed in xylene, rehydrated through graded alcohols,
immersed in Mayer’s haematoxylin for 5 minutes, rinsed in water, then immersed
in eosin (TCS Biosciences) for 5 minutes, rinsed in tap water before dehydrating
and mounting with coverslips. For cell quantification, 5 representative images at
40x magnification were taken from each immunostained cSCC section and
analysed using Image] software, which was used to threshold positive staining
(brown DAB for identification of markers, blue haematoxylin for nuclei), thereby
converting images into binary format for automated counting of positively stained

cells.
2.4 Immunofluorescence / confocal microscopy

2.4.1 Buffers and antibodies

Phosphate buffered saline (PBS) was made up by dissolving 10 PBS tablets (Oxoid,
containing 8g sodium chloride, 0.2g potassium chloride, 1.15g disodium
hydrogen phosphate, 0.2g potassium dihydrogen phosphate) per litre of water.
Blocking solution consisted of 1% BSA and 10% FBS in PBS. Primary antibodies are
listed in Table 2.3 and fluorophore-conjugated secondary antibodies in Table 2.4

(page 57). Antibody dilutions were established through initial titration
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experiments which were performed using at least three doubling dilutions, and

the optimal dilution which produced the clearest specific staining with minimal

background was selected for use in further experiments.

Table 2.3 Primary antibodies for immunofluorescence microscopy

Marker Host Isotype Clone Manufacturer Dilution used
CD3 rabbit polyclonal Dako 1:200
mouse 1gG1 F7.2.38 Dako 1:100
CD4 rabbit I9G EPR6855 Abcam 1:50
mouse 1gG1 mAB51312 | Abcam 1:20
CD8 mouse IgG2a 3B5 ThermoFisher Scientific 1:20
FOXP3 mouse IgG1 236A/E7 Abcam 1:100
rat IgG2a PCH101 eBioscience 1:20
4-1BB mouse 1gG1k BBK-2 ThermoFisher Scientific 1:50
CD31 mouse IgG1 WM-59 eBioscience 1:200
CLA rat IgM HECA-452 | Biolegend 1:200
Cytokeratin 16 mouse IgG1 LLO25 ThermoFisher Scientific 1:200
Cytokeratin 17 mouse 19gG2b E3 Dako 1:20
E-selectin mouse IgG1 BBIG-E4 R & D Systems 1:20
MUCI1 mouse IgG1 GP1.4 Leica Biosystems 1:200
Multi-cytokeratin mouse IgG1 Cl1 Leica Biosystems 1:50
(4/5/6/8/10/16/18)
0X40 mouse IgG1 ACT35 BD Biosciences 1:200
PD-1 mouse IgG1 NAT105 Abcam 1:100
PD-L1 rabbit polyclonal Abcam 1:400

Table 2.4 Fluorophore-conjugated secondary antibodies.

All fluorophore-conjugated secondary antibodies were obtained from ThermoFisher

Scientific.
Target Host Alexa Fluor conjugate Dilution used
Mouse IgG1 goat 488 1:500
goat 555 1:500
Mouse IgG2a goat 488 1:100
goat 633 1:200
Mouse 1gG2b goat 568 1:500
Rabbit IgG goat 555 1:500
goat 633 1:2000
Rat 1gG goat 555 1:500
Rat IgM goat 488 1:500
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2.4.2 Methods

Immunofluorescence microscopy was performed in order to enable detection of
multiple target antigens in the same section of tissue. Tissue samples were snap
frozen in liquid nitrogen, embedded in optimum cutting temperature (OCT)
medium (CellPath) and cut into 5-10um sections onto APES-coated glass slides.
Sections were fixed in 4% paraformaldehyde (Sigma-Aldrich) before blocking
solution was added. Primary antibodies were applied and left for 1 hour at room
temperature or 16 hours at 4°C. After 3 washes with phosphate buffered saline
(PBS), fluorophore-conjugated secondary antibodies were added. Sections were
washed in PBS x 3 and counterstained with 4’,6-diamidino-2-phenylindol
dihydrochloride (DAPI, Sigma-Aldrich), a fluorophore that binds to AT regions of
DNA. Mowiol 4-88 (Harco) was used to mount the sections and coverslips were
applied. The principle of immunofluorescence microscopy relies on a light source
(e.g. mercury lamp or laser) which passes to the sample via a dichroic mirror
which reflects light shorter than a certain wavelength, resulting in detection of
longer wavelength light emitted by the fluorophore, rather than scattered light
from the source. A Zeiss Axioskop 2 fluorescence microscope was used, with
Neofluar 10x, 20x and 40x lenses and three channels (filter sets 2, 10 and 15) to
detect DAPI (filter set 2: excitation 300-400 nm, dichroic mirror 395 nm, emission
400-750 nm), Alexa Fluor 488 (filter set 10: excitation 450-500 nm, dichroic
mirror 510 nm, emission 500-580 nm) and Alexa Fluor 555/568 (filter set 15:
excitation 550-580 nm, dichroic mirror 580 nm, emission 590-750 nm). Confocal
microscopy enables clearer detection of fluorescence by using a pinhole which
focuses emitted light from the sample, thereby reducing background
fluorescence, and enabling fluorescence from different z-planes to be detected,
thus building a three-dimensional image of the sample. Only one point of the
sample can be visualised at a time, and therefore a computer scans the sample to
build up the image. The confocal microscopy was conducted using a Leica TCS
SP5 laser scanning confocal microscope on a Leica DMI 6000 inverted microscope
frame, controlled by Leica LAS AF software. A true spectral detection system was
used, which was tuneable to nanometer precision on bandwith, allowing four non-
overlapping colour ranges to be detected simulataneously, and more with
sequential imaging. The lasers used for detection of the fluorophores used in this
study were 405 nm (for DAPI), argon 488 nm (for Alexa Fluor 488), 561 nm (for
Alexa Fluor 555/568) and 633 nm (for Alexa Fluor 633). The objectives used were
HC plan apochromat lambda blue 20x 0.70 immersion (with 8 parts glycerol, 2

parts water), HC plan apochromat CS 40x 1.25 oil immersion and HC plan
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apochromat CS 63x 1.30 glycerol immersion. Images were captured at 1024 x
1024 pixel resolution with optical zoom and z spacing as approriate. Secondary
antibody only controls were imaged to determine levels of non-specific binding
and autofluorescence in each detection range and the maximum PMT gains to
detect no fluorescence signal in control samples were recorded; experimental
samples were then imaged at lower/equal gain settings to controls. Image J and
Leica LAS AF Lite software were used for overlaying immunofluorescence and

confocal microscopy images respectively.
2.5 Lymphocyte isolation

2.5.1 Media

Roswell Park Memorial Medium 1640 (RPMI, Life Technologies) was supplemented
with 100 U/ml penicillin + 100 pg/ml streptomycin (Life Technologies) and 1mM

sodium pyruvate (Life Technologies).

2.5.2 Methods

Immunocytes were isolated from cSCC and non-lesional skin samples as
illustrated in Figure 2.2 (page 60). Tissue samples were cut into small pieces and
treated with 1 mg/ml collagenase I-A (Sigma-Aldrich) and 10 pyg/ml DNAse |
(Sigma-Aldrich) in Roswell Park Memorial Institute (RPMI) medium at 37°C for 1.5
hours. The resulting digest was passed through a 70pum cell strainer (BD) and
washed with RPMI medium containing 10% FBS. The lymphocyte population was
enriched amongst the other cells in the tumour suspension by centrifugation over
density gradients provided by Optiprep (60% iodixanol in water, Sigma-Aldrich),
which is considered less toxic than other density gradient media (Polak, 2011).
The cell pellet was suspended in RPMI containing 14% iodixanol (density of
1.077g/ml), layered underneath a 9% iodixanol gradient and centrifuged at 600 x
g for 20 minutes at 4°C and without applying the brake for deceleration following
centrifugation in order to preserve cell viability as much as possible. Lymphocytes
form a band at the interface between the 14% and 9% iodixanol gradients,
whereas erythrocytes, granulocytes and cellular debris have higher densities and
therefore sink to the bottom. Dendritic cells, monocytes, macrophages and
tumour cells have lower densities than lymphocytes and rise to the top of the 9%
gradient. Lymphocytes were extracted and washed with PBS before use in

experiments. Peripheral blood mononuclear cells (PBMCs) were separated from
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whole blood by centrifugation over Lymphoprep (Axis-Shield), which consists of
sodium diatrizoate and polysaccharide and has a density of 1.077g/ml. Following
centrifugation at 600 x g for 30 minutes, erythrocytes and granulocytes pass
down through the Lymphoprep, leaving a layer of mononuclear cells above the

interface, which was collected and washed with PBS before use.

excised 2 mm section disaggregated
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Figure 2.2 Schematic diagram showing method for isolation of tumour-infiltrating
immunocytes.

Following excision of the ¢SCC, a 2 mm section was obtained for research, with the rest
of the excised specimen processed by the Histopathology department as per normal
clinical procedure for diagnostic purposes and assessment of staging / excision
margins. The portion of the ¢SCC used for research was finely disaggregated with
scalpels and incubated with collagenase I-A and DNAse | for 1.5 hours. The resulting
suspension was passed through a cell strainer and centrifuged over Optiprep density
gradients. The lymphocyte band was obtained for flow cytometry, details for staining
for flow cytometry are provided in Section 2.6. The total time taken for isolation of

immunocytes from skin tumours was normally up to 4 hours.
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2.6 Flow cytometry

2.6.1 Buffers and antibodies

FACS buffer contained 1% BSA in PBS. Blocking medium consisted of 10% FBS and
1% BSA in PBS. Antibodies and isotype controls are detailed in Table 2.5 and Table

2.6 (page 62) respectively. Flow cytometry panels were worked up in this study

and are listed in Appendix B Table 7.2, page 241.

Table 2.5 Primary antibodies for flow cytometry

Marker Host Isotype Clone Fluorophore Manufacturer Dilution
used
CDla mouse 1gG1 HI149 APC BD Biosciences 1:10
CD3 mouse 1gG1 UCHT1 APC Cy7 Biolegend 1:50
CD4 mouse 1gG2b OKT4 PerCP Cy5.5 Biolegend 1:50
FITC Biolegend 1:50
CD8 mouse 1gG1 SK1 PE Cy7 Biolegend / 1:50
eBioscience
CDI11c mouse 19G1 3.9 APC Biolegend 1:50
PE Cy7 Biolegend 1:50
CD14 mouse 1gG1 HCD14 APC Cy7 Biolegend 1:50
Pacific Blue Biolegend 1:50
CD15 mouse IgM HI198 PE Biolegend 1:50
CD16 mouse 19G1 3G8 PE Cy7 Biolegend 1:50
CD19 mouse 19G1 HIB19 APC Biolegend 1:50
CD25 mouse 19G1 CD25-3G10 PE ThermoFisher 1:20
Scientific
FITC ThermoFisher 1:20
Scientific
CD39 mouse 1gG1 Al PE Biolegend 1:50
CD45 mouse 1gG1 2D1 PerCP Cy5.5 Biolegend 1:50
CD45RO mouse IgG2a UCHL1 PerCP Cy5.5 Biolegend 1:50
PE BD Biosciences 1:10
CD56 mouse 1gG1 B159 APC BD Biosciences 1:10
CD68 mouse 19G2b eBioY1/82A FITC eBioscience 1:50
CD73 mouse 1gG1 AD2 Brilliant Violet 421 Biolegend 1:20
CD117 rat 1gG2b 2B8 APC Biolegend 1:50
CD123 mouse 19G1 6H6 FITC Biolegend 1:50
CD127 mouse 1gG1 eBioRDR5 PE Cy7 eBioscience 1:20
mouse 19G1 AO019D5 Brilliant Violet 421 Biolegend 1:20
CD141 mouse 1gG1 1A4 PE BD Biosciences 1:10
CD160 mouse IgM BY55 PE eBioscience 1:20
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Marker Host Isotype Clone Fluorophore Manufacturer Dilution
used
CD203c mouse 1gG1 NP4D6 PE Cy7 Biolegend 1:50
CD244 mouse 1gG1 eBioCl1.7 PE eBioscience 1:20
2D7 mouse 19G1 2D7 PE Biolegend 1:50
4-1BB mouse 1gG1 4B4-1 PE Biolegend 1:50
BTLA mouse IgG2a MIH26 APC Biolegend 1:20
CCR4 mouse 19G2b 205410 FITC R & D Systems 1:20
mouse 1gG1 L291H4 PerCP Cy5.5 Biolegend 1:20
CCR7 mouse IgG2a G043H7 PE Biolegend 1:20
CLA rat IgM HECA-452 Brilliant Violet 421 BD Biosciences 1:10
FITC BD Biosciences 1:10
CTLA-4 mouse 1gG2a 14D3 PE eBioscience 1:20
DC-LAMP mouse 19G1 110-1112 APC BD Biosciences 1:10
DC-SIGN mouse 19G2b DCN46 FITC BD Biosciences 1:10
Fce RI mouse 19G2b AER-37 FITC Biolegend 1:50
FOXP3 rat IgG2a PCH101 APC eBioscience 1:10
Helios Armenian 19G 22F6 PerCP Cy5.5 Biolegend 1:20
hamster
L-selectin mouse 1gG1 DREG-56 Brilliant Violet 421 Biolegend 1:20
LAG-3 mouse 1gG1 874501 PE R & D Systems 1:20
NKG2D mouse 19G1 1D11 FITC Biolegend 1:50
0X40 mouse 19G1 ACT35 PE eBioscience 1:50
Brilliant Violet 421 Biolegend 1:50
PD-1 mouse 1gG1 EH12.2H7 PerCP Cy5.5 Biolegend 1:50
APC Biolegend 1:50
PD-L1 mouse 19G2b 29E.2A3 Brilliant Violet 421 Biolegend 1:20
TIGIT mouse 19G1 MBSA43 PE Biolegend 1:20
TIM-3 rat IgG2a 344823 PE R & D Systems 1:20
y8& TCR mouse 1gG1 B1 PE Biolegend 1:50
Table 2.6 Isotype control antibodies for flow cytometry
Host Isotype Clone Fluorophore Manufacturer
mouse IgG1 MOPC-21 APC Cy7 Biolegend
PerCP Cy5.5 Biolegend
PE-Cy7 Biolegend
Brilliant Violet 421 Biolegend
mouse IgG1 P3.6.2.8.1 PE eBioscience
PE-Cy7 eBioscience
APC eBioscience
FITC eBioscience
mouse IgG2a G155-178 PerCP Cy5.5 BD Biosciences
MOPC-173 APC Biolegend
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Host Isotype Clone Fluorophore Manufacturer
mouse IgG2a MOPC-173 Brilliant Violet 421 Biolegend
PE Biolegend
mouse 19G2b eBMG2b PerCP Cy5.5 eBioscience
PE eBioscience
FITC eBioscience
mouse 19G2b MPC-11 Brilliant Violet 421 Biolegend
mouse IgM MM-30 PE Biolegend
rat 1gG1 RTK2071 PerCP Cy5.5 Biolegend
PE Biolegend
rat 1gG2a 54447 PE R & D Systems
RTK2758 Brilliant Violet 421 Biolegend
eBR2a APC eBioscience
rat IgM R4-22 Brilliant Violet 421 Biolegend
Armenian hamster 19G HTK888 PerCP Cy5.5 Biolegend

2.6.2 Cell surface staining

Cells were incubated in 100ul blocking medium with the relevant antibodies (up
to 5 x 10° cells per tube) for 30 minutes in the dark at 4°C, then washed and
resuspended in FACS buffer. To determine cell viability, an aqua or violet fixable
live/dead viability stain (ThermoFisher Scientific) was used, which binds with
intracellular free amines in cells with compromised membranes. Flow cytometry
was performed using a FACSAria cell sorter (BD Biosciences) containing a red
laser (wavelength 633nm), blue laser (488nm) and violet laser (405nm). To
minimise issues with overlapping emission spectra with multi-colour staining,
automated compensation was performed based on the emission spectra detected
from compensation beads (OneComp eBeads, eBioscience) stained with the
fluorophores of interest. Following data acquisition, analysis was performed using
FlowJo software. Staining was considered positive if fluorescence intensity was

above that of isotype control staining.

2.6.3 Intracellular markers

To enable detection of cytoplasmic or nuclear markers, cells must be fixed and
cell membranes permeabilised to allow antibodies into the cells. For staining of
intracellular Helios, CTLA-4 and FOXP3, cells were first stained as in the preceding
paragraph with the cell surface markers of interest, and then fixed for 30 minutes

in Fixation/Permeabilisation buffer (eBioscience), which contains formaldehyde,

63




and washed with Permeabilisation buffer (eBioscience), which contains 0.1%
saponin. For FOXP3 staining, cells were incubated with anti-FOXP3 antibody in
Permeabilisation buffer with 2% rat serum (eBioscience) for 30 minutes in the dark
at 4°C. For other markers, cells were incubated with antibodies in

Permeabilisation buffer with 10% FBS. Cells were then washed twice with

Permeabilisation buffer prior to flow cytometry.

2.6.4 UVR irradiation

PBMCs were irradiated with UVB in a unit containing UVB TL20W/12RS lamps
(Philips) in PBS in 12 well plates with the lid removed. Cells were irradiated for 30,
60, 120, 240 and 480 s which provide the doses of 37.9, 75.8, 151.7, 303.4 and
606.7 mJ/cm? respectively. Cells were then washed with PBS before staining for

flow cytometry.
2.7 T cell functional assays

2.7.1 Intracellular cytokines and markers of degranulation

Cells were cultured with cell stimulation cocktail (eBioscience, containing 81nM
phorbol 12-myristate 13-acetate, a protein kinase C (PKC) activator and 1.34uM
ionomycin, which can also induce PKC, hydrolyse phosphoinositides and activate
calcium-dependent signalling pathways) for 5 hours in RPMI + 10% heat
inactivated FBS at 37°C, 5% CO,. Brefeldin A 3pug/ml (eBioscience) was added
during the last 4 hours of culture to block transport of synthesised proteins from
the endoplasmic reticulum to the Golgi complex. At the end of culture, cells were
washed and stained for cell surface markers (including LAMP-1) as before,
followed by fixation with Intracellular Fixation buffer (eBioscience), which
contains 4% formaldehyde, and permeabilisation with Permeabilisation buffer.
Cells were then incubated with the relevant antibodies for cytokines (Table 2.7)
and markers of degranulation for 30 minutes (Table 2.8, page 65) in the dark at

4°C and then washed twice with Permeabilisation buffer prior to flow cytometry.

Table 2.7 Flow cytometry antibodies for intracellular cytokines

Marker Host Isotype Clone Fluorophore Manufacturer Dilution
used
IFN-y mouse IgG1 4S.B3 PE Biolegend 1:20
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PerCP Cy5.5 Biolegend 1:20
TNF-a mouse IgG1 Mab11 PerCP Cy5.5 Biolegend 1:20
IL-2 rat IgG2a MQI-17H12 Brilliant Violet 421 Biolegend 1:20
IL-4 mouse IgG1 8D4-8 PE Biolegend 1:20
IL-13 rat IgG1 JES10-5A2 PerCP Cy5.5 Biolegend 1:20
IL-17 mouse 1gG1 eBio64CAP17 | PE eBioscience 1:20

Table 2.8 Flow cytometry antibodies for degranulation markers

Marker Host Isotype Clone Fluorophore Manufacturer Dilution
used
Granzyme B mouse IgG1 GB11 FITC BD Biosciences 1:10
LAMP-1 mouse IgG1 H4A3 Brilliant Violet 421 | Biolegend 1:20
Perforin mouse 1gG2b dG9 PE Biolegend 1:20

2.7.2 Co-culture experiments

Tumoral CD3*CD4*CD25""CD127" Tregs and CD3*CD4*CD25"" or CD3*CD8*
effector T cells were sorted by FACS using the “purity” setting, which enables up
to 99% purity. During sorting, cells are passed into a stream of regularly spaced
electrically charged droplets which are deflected by electrostatic plates into
collection tubes. 96 well U-bottomed plates (Cellstar) were used for co-culture
assays and all functional experiments were performed using triplicate wells.
Tumoral effector T cells (2,500 per well) were co-cultured with/without tumoral
Tregs (1,250 per well) in the presence of irradiated (46.5 Gy) autologous PBMCs
(25,000 per well), stimulated with 1 pg/ml phytohaemagglutinin (PHA, Sigma) or
anti-CD3 (eBioscience) with/without other antibodies (see Table 2.9)/isotype
controls (see Table 2.10, page 66) and cultured in RPMI + 10% heat inactivated
FBS at 37°C, 5% CO, for 72 hours before lymphocyte proliferation or interferon-y
production was measured. Concentrations of functional antibodies used were
based on those recommended by the manufacturer, and for anti-CTLA-4, 50ug/ml
was used as previously reported in the literature for in vitro Treg assays (Peggs et
al., 2009).

Table 2.9 Functional antibodies
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*Anti-OX40 and anti-4-1BB agonistic antibodies were provided by Dr Ruth French,

Cancer Sciences, University of Southampton.

Target Host Isotype Clone Manufacturer Concentration
used (ug/ml)
CD3 mouse IlgG2a OKT3 eBioscience 1
0X40 mouse IgG1 SAP 25-29 in house* 5
4-1BB mouse IgG1 SAP 3-28 in house* 5
CTLA-4 mouse IgG2a 14D3 eBioscience 50
PD-1 goat IgG polyclonal R & D Systems 30
Table 2.10 Isotype control antibodies for functional experiments
Host Isotype Clone Manufacturer
mouse 19G1 P3 eBioscience
mouse 1gG2a eBM2a eBioscience
goat Polyclonal IgG Abcam

2.7.3 Lymphocyte proliferation assay

To determine proliferation of T cells which were cultured in the presence of
stimulus and/or Tregs and/or costimulatory/inhibitory antibodies, cells were
pulsed with 1 pCi/ml tritiated thymidine (Perkin Elmer) in the last 16 hours of
culture. Tritiated thymidine is incorporated into the DNA of dividing cells during
S-phase, and therefore can be used as a marker of proliferation, this method of
measuring cell proliferation was used because the limited numbers of
lymphocytes isolated from the tumour samples meant that carboxyfluorescein
succinimidyl ester dilution experiments were not feasible. A MicroBeta FilterMate-
96 harvester (Perkin Elmer) was used to aspirate well contents and leave cells
entrapped in a filter microplate (Perkin Elmer). Microscint 40 scintillation fluid
(Perkin Elmer) was added to each well of the filter microplate which emits
luminescence following B -particle emission which was detected with a Top Count

liquid scintillation counter (Perkin Elmer).

2.7.4 Interferon-y enzyme-linked immunosorbent spot (ELISPOT) assay

The ELISPOT assay is highly sensitive and measures the frequency of cytokine-
secreting cells at the single cell level. Cells were incubated as before in 96 well
ELISPOT plates (Merck Millipore), which were initially pre-blocked with RPMI + 10%
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FBS and pre-coated with anti-interferon-y antibody (ELISPOT assay for human
interferon-y kit, Mabtech), which captures interferon-y immediately after
secretion by the cell. After 72 hours of culture, the well contents were washed off
with PBS + 0.1% Tween 20 (Amersham Life Sciences) and the biotinylated
secondary antibody (Mabtech) was added. Following another wash with PBS +
0.1% Tween 20, streptavidin-alkaline phosphatase (Mabtech) was applied, which
was detected using 5-bromo-4-chloro-3-indolyphosphate (BCIP, ThermoFisher
Scientific) which forms dark spots when oxidised by nitroblue tetrazolium (NBT,
ThermoFisher Scientific). Spots were counted automatically with an AID ELISPOT

Reader (Autoimmun Diagnostika).

2.8 ¢SCC cell culture

c¢SCC samples were finely cut into small pieces, treated with collagenase I-A and
DNAse |, and centrifuged with Optiprep as detailed in section 2.5, page 59.
Following centrifugation, the cell layer above the 9% iodixanol Optiprep gradient
was obtained, washed with sterile PBS, suspended in 5 ml warmed keratinocyte
growth medium (containing 0.4% bovine pituitary extract, 0.125 ng/ml
recombinant human epidermal growth factor, 5 pg/ml recombinant human
insulin, 0.33 pg/ml hydrocortisone, 0.39 pg/ml epinephrine, 10 pg/ml transferrin
and 0.06 mM calcium chloride, PromoCell) + 10% FBS + 100 U/ml penicillin + 100
Hug/ml streptomycin, seeded into T25 culture flasks (Cellstar), and kept in culture
at 37°C, 5% CO,. The culture medium was changed after 24 hours and then after
every 2-3 days. Cells were passaged prior to reaching confluence. The cultures
were washed with sterile PBS before warmed TrypLE Express (a solution
containing cell dissociation enzymes, ThermoFisher Scientific) was added to the
flask, which was then kept at 37°C until all cells had detached. FBS was added to
inactivate the cell dissociation process and the resultant suspension was washed
in PBS and centrifuged at 310 x g for 5 minutes. The cell pellet was then
resuspended in keratinocyte growth medium, seeded into T75 culture flasks
(Cellstar), and cultured at 37°C, 5% CO,.

Cells were grown on coverslips for immunofluorescence microscopy; following
passage, cells were seeded onto circular coverslips (CellPath) that had been
precoated with 4 pg/ml collagen (Sigma-Aldrich) in sterile PBS for 30 minutes, the
cells / coverslips were contained in 12-well plates (Cellstar) and incubated at 37°C
for 24 hours. The supernatant was discarded and the coverslips were used for

immunofluorescence staining as described in section 2.4, page 56.
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For cryopreservation, cell cultures were washed in PBS, centrifuged at 310 x g for
5 minutes and pelleted. The resulting cell pellet was suspended in FBS + 10%

dimethyl sulfoxide (Sigma-Aldrich) in cryovials, which were initially stored in a Mr
Frosty Freezing container (Sigma-Aldrich) at -80°C before being kept in storage in

liquid nitrogen.

2.9 Statistical analysis

Advice was provided by Trevor Bryant and Scott Harris, Medical Statisticians at the
Faculty of Medicine, University of Southampton. Statistical analysis was conducted
using GraphPad Prism software. For cell proliferation assays, paired Wilcoxon
rank tests were used to assess significance, and for immunohistochemical and
flow cytometric quantification of normally distributed data, paired T tests or one

way ANOVA with Tukey’s test for multiple comparisons were used.
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Chapter 3: Development of methods

3.1 Introduction

Much of the previous work on the identification of immune cells in human cSCCs
has relied on using immunohistochemistry and immunofluorescence of tissue
samples (Clark et al., 2008, Jang, 2008). Whilst immunostaining provides
information about the spatial distribution of the immune cells within the skin,
only limited numbers of markers can be used simultaneously. Flow cytometry
allows the analysis of multiple parameters simultaneously, and therefore multiple
cell populations can be phenotyped at the same time. However, fresh tissue
samples are needed for isolation of immune cells for flow cytometry, and
therefore few studies have used this potentially powerful method for
characterising immunocytes from human cSCCs (Clark et al., 2008, Huang et al.,
2009, Freeman et al., 2014).

Various approaches have been tried to isolate immune cells from skin tissue for
flow cytometry. Campbell et al. separated epidermis and superficial dermis from
deeper dermis prior to incubation in solution containing the chelating agent EDTA
for 120 minutes; this method for skin dissociation did not affect expression of
cell surface markers on the isolated immunocytes as detected by flow cytometry
(Campbell et al., 2001). Schaerli et al. used enzymatic digestion with collagenase
D for 30-90 minutes at 37°C prior to filtration and centrifugation on a density
gradient; similarly, it was noted that enzymatic digestion did not reduce staining
of cell surface markers (Schaerli et al., 2004, Schaerli et al., 2006). Freeman et al.
also extracted immunocytes from fresh human skin ¢SCC and sun-exposed skin
for flow cytometry using mechanical disaggregation and enzymatic digestion with
collagenase D for 90 minutes at 37°C (Freeman et al., 2014). Although a
combination of mechanical methods and collagenase / EDTA treatment has been
most commonly used for isolation of skin T cells for phenotypic analysis, this
method yields relatively low numbers of cells, making functional studies difficult.
Clark et al. devised a novel method for isolation of larger numbers of T cells from
skin and ¢SCC by taking advantage of the tendency of skin resident T cells to
migrate towards areas of wound healing and tissue repair (Clark et al., 2006b,
Clark et al., 2008). In their experiments, skin samples were minced and placed in
three-dimensional Cellfoam growth matrices and cultured for 3 weeks in the

presence of IL-2 and/or IL-15 to expand the T cell population. This skin explant
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culture system enables proliferation of dermal fibroblasts in the matrix which
produce chemokines such as IL-8, monocyte chemotactic protein-1, macrophage-
derived chemokines and interferon-inducible protein-10, which can induce
migration of T cells out of the skin explants. Furthermore, although expression of
the skin homing receptor CLA is lost upon culture of T cells in serum (Fuhlbrigge
et al., 1997), the skin T cells cultured in matrices colonised with dermal
fibroblasts maintained CLA expression for up to 4 weeks, suggesting that the
presence of dermal fibroblasts supports the survival and differentiation state of
the cutaneous T cells (Clark et al., 2006b). However, whilst this method of
isolating T cells from ¢SCC provides a greater yield than a short period of
enzymatic digestion ex vivo, it remains uncertain whether certain immune
markers may be downregulated during three week culture in the matrices when

removed from the tumour microenvironment.

As tumoral immunity plays a key role in ¢SCC pathogenesis, characterisation of
the cSCC immune infiltrate is important in order to better understand the
mechanisms for dysfunctional immunity in this cancer. Therefore, the aim of the
current chapter was to determine whether isolation of immunocytes from human

¢SCC and flow cytometric characterisation of these cells was feasible and reliable.

3.2 Results

3.2.1 Flow cytometric characterisation of ¢SCC immunocytes

Flow cytometry was used to perform ex vivo characterisation of immunocytes
from blood, normal skin and cSCC. Initially, experiments were performed on
PBMCs to determine whether lymphocytes and T cells could be identified. A
distinct population of lymphocytes was detected on the forward scatter / side
scatter profile, and gating upon this lymphocyte population showed them all to
be live cells, of which many were CD3* T cells (Figure 3.1, page 71). Immunocytes
were then isolated from cSCCs following mechanical disaggregation and
incubation with collagenase I-A and DNAse | for 1.5 hours at 37°C (as per
Methods section 2.5, page 59), based on studies showing that this method of
immune cell extraction did not alter expression of T cell markers (Schaerli et al.,
2004, Schaerli et al., 2006, Freeman et al., 2014). As the current study aims to
characterise the ex vivo phenotype of the tumoral immunocytes, the cells were

not expanded in vitro or kept in culture for long periods.

70



blood

63.6

] 54.6

8 w4

Side scatter —— >

T T T T T
] s0K 100K 0K 200K 250K W o o b

Forward scatter —> Livedead ——>

Figure 3.1 Flow cytometry of PBMCs.

PBMCs were isolated from patients with ¢SCC and stained with anti-CD3 antibody and a
live / dead stain prior to flow cytometry. Representative forward scatter / side scatter
plot with lymphocyte gate is shown on the left. The lymphocyte gate is subgated in the
Live dead / CD3 plot on the right, with the subgate showing the live CD3"* cell

population.

Flow cytometry was then conducted on the immunocytes isolated from ¢SCCs,
demonstrating that most were lymphocytes and that most of these were live CD3*
T cells (Figure 3.2). Repeated experiments suggested that sufficient numbers of
viable T cells (up to 500,000) were able to be consistently isolated from c¢SCC

tissue for flow cytometric characterisation.
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Figure 3.2 Flow cytometry of ¢cSCC immunocytes.
Immunocytes isolated from cSCCs were stained with anti-CD3 antibody and a live /
dead stain for flow cytometry. Representative FACS plots are shown, demonstrating
that the majority of isolated cells were lymphocytes (left) and that most of the

lymphocytes were live CD3* T cells (right).

Experiments were also performed on non-lesional ‘normal skin’ from the cSCC

patients, these skin samples were excised from areas adjacent to the ¢SCC (> 6
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mm away from the tumour) to enable closure / reconstruction of the wound from
cSCC excision. Flow cytometry of immunocytes from normal skin confirmed the
presence of lymphocytes and viable CD3* T cells (Figure 3.3), and although
typically only approximately 50,000 T cells were able to be isolated from a 1 cm?
area of non-inflamed normal skin, this suggests that the normal skin could be a

source of T cells that can be used as a patient-matched control.
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Figure 3.3 Flow cytometry of immunocytes from non-lesional normal skin.

Immunocytes were isolated from non-lesional normal skin from cSCC patients and
stained for flow cytometry as per Figure 3.1 and Figure 3.2. Representative FACS plots
are shown, demonstrating that lymphocytes and live CD3* T cell populations can be

identified.

In order to determine whether the phenotypic differences in immunocytes
isolated from blood and skin tissue were indeed real or due to the fact that
immunocytes were isolated from skin but not blood by enzymatic digestion with
collagenase and DNAse, experiments were performed to examine whether
enzymatic treatment of PBMCs affected cell surface marker expression. Treatment
of PBMCs with collagenase I-A and DNAse | for 1.5 hours at 37°C did not affect
cell viability or alter expression of CD3, CD4, CD8, CD25 and CD127 (Figure 3.4,

page 73).
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Figure 3.4 Effect of enzymatic treatment on PBMC cell surface marker expression

Representative FACS plots of PBMCs which were isolated from a single individual and
either treated with 1 mg/ml collagenase I-A and 10 pg/ml DNAse | for 1.5 hours (left
column) or not treated with enzymes (right treatment). Cells were stained with

antibodies against CD3, CD4, CD8, CD25 and CD127, and a live dead stain, showing
that collagenase and DNAse treatment did not affect cell surface expression of the T

cell markers that were tested. Plots shown are representative of three experiments.

Further experiments were performed to assess whether flow cytometry could
consistently detect viable CD4* and CD8* T cell populations in ¢SCC. These
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experiments showed that many CD3* T cells were present in ¢SCC (ranging from
32.4 to 65.7% of the immune cell infiltrate), and that the CD3* T cells consisted of
distinct CD4* and CD8* T cell populations, with small populations of double
positive and double negative T cells (Figure 3.5, page 75). Given that the sizes of
the CD4* and CD8* T cell populations determined by FACS meant that enough
cells were available for further characterisation and functional analysis, this study
focused on the T cell populations in ¢SCC rather than other immune cells. In
addition, the proportions of CD4* T cells, CD8* T cells and Tregs in ¢SCCs
determined using flow cytometry were consistent with the relative frequencies of
these T cell subsets identified in previous immunohistochemistry experiments
performed by the laboratory group (Lai et al., 2016), suggesting that flow
cytometry of the isolated immune cells from cSCCs is a relatively accurate method
of determining relative frequencies of tumoral immunocyte subtypes. Although
experiments were not performed to assess what proportion of the absolute
numbers of the different immunocyte cell subsets could be isolated from each
tumour due to technical and time limitations, over the course of the study, which
included 200 tumours, cell viability remained >99% for all of the cSCCs used for
flow cytometry, indicating that the method used for isolating immune cells from

c¢SCCs was not leading to cell death of any particular cell type.
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Figure 3.5 Flow cytometry analysis of CD4* and CD8' T cells from cSCC

(A) Immunocytes were isolated from six cSCCs and analysed using flow cytometry,
showing that viable CD3"*, CD4* and CD8" T cell populations could be consistently
identified. (B) Graph showing CD4* and CD8* T cell frequencies as a percentage of the

live CD3* T cell population in the six ¢SCCs in (A). Horizontal bars = means.

Although the non-T cell population was not the focus in the current study,
preliminary experiments were performed to identify the other immunocytes
present in cSCC by FACS. Several flow cytometry panels were attempted in order
to determine the feasibility of the panels, and to provide an initial observation of
the cellular composition of the ¢cSCC immune infiltrate. y 8 T cells, which are
known to play a role in cutaneous carcinogenesis in mice (Girardi et al., 2001),
accounted for 1.0-1.9%, 0.2-0.5% and 0.1-0.2% of the live CD45* lymphocyte
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populations in peripheral blood, normal skin and ¢SCC respectively (n=2

subjects), and did not appear to express the NKG2D receptor (Figure 3.6).

blood normal skin cSCC
1.9 0.2 0.1

rrrrr

NKG2D
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Figure 3.6 Flow cytometry shows fewyé T cells in ¢SCC.

FACS plots from two subjects gated on live CD45* lymphocytes showingy 6 TCR and

NKG2D expression in blood, normal skin and cSCC.

CD3CD56* NK cells were also scarcely present in cSCC; CD3CD56* cells
comprised 0.0-0.6% of live lymphocytes in the tumour whereas 10.9-12.0% of live

lymphocytes in blood were NK cells (n=2 subjects, Figure 3.7, page 77).
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Figure 3.7 Flow cytometric detection of NK cells.

FACS plots from two subjects gated on live lymphocytes showing CD3 and CD56
expression in blood and ¢SCC. NK cells were considered to be CD3'CD56".

CD19* B cells were also detected by FACS, comprising 2.5-3.8% of live
lymphocytes in peripheral blood, 0.2-0.6% of those in normal skin, and 2.6-17.8%
of those in cSCC (n=2 subjects, Figure 3.8).
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Figure 3.8 Flow cytometry for B cells.

FACS plots from two subjects gated on live lymphocytes showing CD45 and CD19

expression in blood, normal skin and ¢SCC. B cells were considered to be CD45*CD19*.
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Expression of CD11c, a marker for monocytes, macrophages, neutrophils and

myeloid DCs, and CD14, which is present on monocytes and macrophages, was

examined. CD11c was expressed by 4.0% + 5.2% (mean =+ SD) of live cells in
blood, 2.8% + 2.1% of those in normal skin and 8.6% + 12.9% of those in cSCC
(n=6 tumours, Figure 3.9B). CD14 was expressed by 14.4% + 8.4% of live cells in
blood, 6.5% + 5.0% of those in normal skin and 10.9% + 7.4% of those in cSCC
(n=11 tumours, Figure 3.9C).
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Figure 3.9 Flow cytometry for CD11c and CD14 expressing immunocytes.

(A) Representative FACS plots showing CD11c and CD14 expression in live cells from

blood, normal skin and cSCC from the same patient. (B, C) Graphs showing expression

of B) CD11c and (C) CD14 as a percentage of the live cell population in blood, normal

skin and ¢SCC ((B) n=6 tumours, (C) n=12 tumours), horizontal bars = means.
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CD68, another marker of monocytes and macrophages, was present on 0.09% =+
0.09% of the live cell population in blood, 4.1% + 4.2% of those in normal skin and
4.7% + 7.4% of those in ¢SCC (n=5 tumours, Figure 3.10).
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Figure 3.10 Flow cytometry for CD68* immune cells.

Representative FACS plots showing CD11c and CD68 expression in live cells from
blood, normal skin and cSCC from the same patient. (B) Graph showing expression of
CD68 as a percentage of the live cell population in blood, normal skin and cSCC (n=5

tumours), horizontal bars = means.

CD15, which is present on mature neutrophils, monocytes and promyelocytes,
and CD16, expressed by macrophages and NK cells, were also detected in

subpopulations of cells in ¢SCC (Figure 3.11).
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Figure 3.11 Flow cytometry for CD15 and CD16 expressing immunocytes.

(A) CD15 and (B) CD16 plotted against CD14 in live cells from blood, normal skin and

¢SCC from the same subject.
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CD1a was used to identify Langerhans cells, showing that they accounted for
0.0% = 0.0% of live immunocytes from blood, 2.1% + 2.0% of those from normal
skin, and 1.2% + 0.9% of those from cSCC (n=6 tumours, Figure 3.12).
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Figure 3.12 Flow cytometric detection of Langerhans cells.

(A) Representative FACS histograms showing CD1a expression in live immunocytes
from blood, normal skin and cSCC from the same subject. Grey shaded areas = isotype
control. (B) Graph showing CD1a* cell frequencies as a percentage of the live immune
cell population in blood, normal skin and cSCC (h=6 tumours), horizontal bars =

means.
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The dermal dendritic cell markers, DC-LAMP and DC-SIGN, were also examined by
FACS. DC-LAMP was expressed by 0.03% = 0.06% of live cells from blood, 0.33% +
0.06% of those from normal skin and 0.23% + 0.06% of those from ¢SCC (n=3
tumours, Figure 3.13B). DC-SIGN was present in 0.03% + 0.06% of live cells from
blood, 4.80% + 6.45% of those from normal skin, and 8.47% + 8.0% of those from
¢SCC (n=3 tumours, Figure 3.130C).
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Figure 3.13 Flow cytometric detection of dermal dendritic cell markers.

(A) Representative FACS plots showing DC-LAMP and DC-SIGN expression in live cells

isolated from blood, normal skin and cSCC of the same subject. (B, C) Graphs showing
percentage of live cells that are (B) DC-LAMP* and (C) DC-SIGN* in blood, normal skin

and cSCC (n=3 tumours), horizontal bars = means.
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CD141* dermal DCs have been shown to have tolerogenic properties (Chu et al.,
2012) and in the current study, CD141 was expressed by 1.7% + 2.6% of the live
immune cell population in blood, 3.8% + 2.2% of those from normal skin and
13.8% + 14.3% of those from cSCC (n=3 tumours, Figure 3.14).
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Figure 3.14 Flow cytometry for CD141 expressing immunocytes.

(A) Representative FACS plots gated on live cells demonstrating CD11c and CD141
expression in blood, normal skin and ¢SCC from the same subject. (B) Graph showing
CD141* cell frequencies as a percentage of the live immune cell population in blood,

normal skin and ¢SCC (n=3 tumours), horizontal bars = means.
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CD123 is expressed by plasmacytoid DCs as well as some monocytes,
neutrophils, basophils and eosinophils. In the current study, CD123 was detected
in1.1%+1.0%, 1.8% + 1.8% and 5.1% + 5.7% of the live cell population isolated

from blood, normal skin and c¢SCC respectively (h=3 tumours, Figure 3.15).
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Figure 3.15 Flow cytometry for CD123* cell populations.

(A) Representative FACS plots gated on live cells demonstrating CD11c and CD123
expression in blood, normal skin and ¢SCC from the same subject. (B) Graph showing
CD123* cell frequencies as a percentage of the live immune cell population in blood,

normal skin and cSCC (n=3 tumours), horizontal bars = means.
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Mast cells, identified as CD45*CD117* cells, comprised 0.1% + 0.1%, 3.7% + 4.0%
and 1.4% + 2.9% of the live CD45" cell population from blood, normal skin and
¢SCC respectively (n=10 tumours), and also expressed Fce Rl and CD203c (Figure
3.16).
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Figure 3.16 Flow cytometric detection of mast cells.

(A) Representative FACS plots showing CD117, Fce Rl and CD203c expression of live
CDA45" cells from blood, normal skin and cSCC from the same subject. Mast cells were
considered to be CD45"CD117*. (B) Graph showing the percentage of live CD45" cells

that were CD117* (n=10 tumours), horizontal bars = means.
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Basophils were detected with flow cytometry using 2D7, an intracellular marker
specific for basophils. Fce Rl expression appeared to be downregulated in 2D7+
basophils from ¢SCC (Figure 3.17a), basophils comprised 0.69% + 0.55%, 0.75% +
0.63% and 0.31% * 0.38% of live CD45" cells in blood, normal skin and c¢SCC

respectively (n=9 tumours, Figure 3.17b).
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Figure 3.17 Flow cytometry for basophils.

(A) Representative FACS plots showing expression of the basophil marker 2D7 and
Fce Rl in live CD45* cells from blood, normal skin and ¢SCC from the same subject. (B)
Graph demonstrating frequencies of basophils in blood, normal skin and ¢SCC (n=9

tumours), horizontal bars = means.

3.2.2 In vitro cSCC culture

Preliminary experiments were conducted to attempt to culture cSCCs in vitro,
with a long term aim to develop an in vitro c¢SCC system that would allow
investigation into the effects of manipulation of tumoral immunity in this cancer.
Initially, cSCC samples were cultured en bloc as whole tissue explants. ¢SCC
tissue was washed and then cultured in a petri dish containing RPMI medium +
10% FBS + 100 U/ml penicillin + 100 pg/ml streptomycin + 1mM sodium pyruvate
for 24 hours at 37°C or 32°C (to simulate the temperature of the surface of skin

in vivo), prior to being snap frozen in liquid nitrogen and cryosectioned. H&E
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staining demonstrated grossly oedematous tissue with marked epidermal
spongiosis and splits appearing between the epidermis and dermis (seen in 2
tumours at each temperature, Figure 3.18). Due to the poor state of the tissues,

this method of culturing ¢SCCs was not continued.
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Figure 3.18 In vitro whole explant culture of ¢SCC
damage.

cSCC samples were cultured as whole tissue explants in RPMI medium + 10% FBS +
penicillin/streptomycin + sodium pyruvate for 24 hours at either 37°C (left) or 32°C
(right). Samples were then snap frozen in liquid nitrogen, cryosectioned and stained

with H&E. Representative images from 2 tumours are shown, scale bars = 100 pym.

Experiments were then performed to isolate cSCC keratinocytes from primary
tumours for culture. Following enzymatic digestion of the tumour sample, cell
filtration and density centrifugation, the band on top of the 9% iodixanol density
layer was obtained (see Methods section 2.8, page 67); this band contained cells
of lower density, which appeared larger than lymphocytes. These cells were
cultured in keratinocyte growth medium, and proliferated without the
requirement of feeder cells. The morphology of the cells appeared consistent with
those of keratinocytes, but there was heterogeneity between different cells, with
some cells appearing large with atypical nuclei (n=5 tumours, Figure 3.19, page
87). Cells were passaged prior to cultures reaching confluence, and cells from 3

tumours continued to proliferate even after at least 5 passages (4 weeks).
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Figure 3.19 Culture of isolated primary ¢SCC cells.

(A, B) Representative (A) low magnification and (B) high magnification micrographs of
isolated primary cSCC cells in culture. Photos are representative of cells isolated from 5
¢SCCs, scale bars = 100 um.

Immunofluorescence microscopy was performed to characterise the cultured
primary cSCC cells. A multi-cytokeratin stain was used to determine expression of
cytokeratins 4, 5, 6, 8, 10, 18 and 18, which are intermediate filament
cytoskeletal proteins present in epithelial cells, and separate stains were also
performed for cytokeratin 16, normally expressed in the skin by dividing
suprabasal keratinocytes. The cSCC cells were then counterstained with DAPI,
which shows nuclear DNA. Many of the cells expressed cytokeratin in the
cytoplasm and cytokeratin 16 appeared to be present in the larger cells,
suggesting that proliferating keratinocytes were present in the ¢SCC cell cultures
(Figure 3.20, page 88).
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Figure 3.20 Expression of cytokeratins in cultured ¢SCC cells.

(A, B) Immunofluorescence microscopy images of ¢SCC cells stained with DAPI and (A)
cytokeratins 4, 5, 6, 8, 10, 13 and 18 (multi-CK), and (B) cytokeratin 16 (CK16). Photos
on the left show low magnification, high magnification images of the areas indicated by
the white boxes are shown on the right. Images are representative of cells from 3

cSCCs.

Immunofluorescence microscopy was also performed to examine expression of
mucin 1 (MUCT, also known as epithelial membrane antigen), a marker present in
95% of cSCCs (Cooper et al., 2004). MUCT staining of the cSCC cells showed that
some of the cells expressed this marker in the cytoplasm, suggesting that they

could be ¢SCC keratinocytes (Figure 3.21, page 89).

88



DAPI /

Figure 3.21 Expression of MUCI in cultured cSCC cells.

Immunofluorescence microscopy images of ¢SCC cells stained with DAPI (blue) and

MUCT (green), images representative of cells from 3 ¢SCCs, scale bars = 50 pm.

¢SCC cells were also examined for expression the inhibitory ligand PD-L1 and its
receptor PD-1. PD-L1 staining was observed in the cytoplasm of many of the cSCC

cells (Figure 3.22A), however, PD-1 was only scarcely present (Figure 3.22B).

A DAPI/ PD-L1

B DAPI/

Figure 3.22 PD-L1 is expressed by cultured cSCC cells, whilst PD-1 expression is
minimal.

(A, B) Immunofluorescence microscopy images of cSCC cells stained with DAPI (blue)
and (A) PD-L1 (red), or (B) PD-1, green. Images representative of cells from 3 ¢SCCs,

scale bars = 50 pm.
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3.2.3 Confocal microscopy of ¢SCC

Confocal microscopy of frozen ¢SCC tissue sections was undertaken to enable
multiple markers to be simultaneously visualised. Initially, single stains were
performed to determine a working method for cSCC immunofluorescence staining
/ confocal microscopy, and staining was considered positive when fluorescence
intensity was greater than the background fluorescence from control sections that
were incubated with the relevant fluorophore-conjugated secondary antibody
without prior incubation with any primary antibody. Single stains showed that
CD3~ cells (Figure 3.23A), CD4- cells (Figure 3.23B), FOXP3* cells (Figure 3.23C)
and CD8- cells (Figure 3.23D) were abundant in ¢SCCs, with CD3, CD4 and CD8

present on cell membranes, whereas FOXP3 was nuclear.
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Figure 3.23 Development of single and double staining panels for confocal
microscopy.

Representative confocal microscopy images showing staining for (A) CD3, (B) DAPI and
CD4, (C) DAPI and FOXP3, and (D) DAPI and CD8 from separate cSCC sections. Images

representative of at least 3 ¢SCCs, scale bars = 50 pm.

Staining for multiple markers simultaneously required the primary and secondary
antibodies relevant for each marker not to cross-react, as well as minimally
overlapping fluorophore emission spectra. Therefore, the design of the
immunofluorescence staining panels needed careful consideration to ensure that
the primary antibodies were of different isotypes/from different host species, and
that each of the fluorophore-conjugated secondary antibodies were specific for a
single primary antibody isotype and be derived from a different host species from
the primary antibodies. CD4 and FOXP3 were co-stained with DAPI, showing that
CD4 was present on the cell membranes of the T cells in ¢SCCs, and FOXP3 was
present in the nuclei of some of the CD4* T cells, suggesting that they were Tregs
(Figure 3.24).
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Figure 3.24 Development of three colour panel for confocal microscopy.

Representative confocal microscopy images showing staining for DAPI, CD4 and FOXP3.

Images representative of 3 ¢SCCs, scale bars = 50 pm.

Further experiments were undertaken determine whether staining for 3 cell
markers in addition to a DAPI nuclear counterstain was possible. Four-colour
confocal microscopy for CD4, CD8, FOXP3 and DAPI demonstrated that
CD4FOXP3-, CD4*FOXP3*, and CD8* T cells could clearly be identified in the cSCC
immune infiltrate (Figure 3.25, page 93).
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Figure 3.25 Development of four colour confocal microscopy panel.

(A) Low magnification and (B) high magnification images of ¢SCC sections stained for
DAPI, CD4, FOXP3 and CD8. Images representative of at least 3 fields of view in 5
¢SCCs. Scale bars =50 pm.

3.3 Discussion

As it is recognised that host immune responses can restrict cancer development
(Hanahan and Weinberg, 2011, Schreiber et al., 2011, Shankaran et al., 2001,
Shimizu et al., 1999), that dysfunctional immunity is characteristic of many
tumours (Euvrard et al., 2003, Baitsch et al., 2011, Curiel et al., 2004), and that

therapies that enhance anti-tumour immunity can improve clinical outcomes in
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cancer (Topalian et al., 2012, Hodi et al., 2010), investigating mechanisms that
suppress anti-tumour immunity will likely identify new potential therapeutic
targets. As the procurement of tumour tissue from human cSCCs is facilitated by
the high incidence of these tumours in the UK and their accessible location on the
skin, one of the benefits of using c¢SCCs for the study of cancer immunology is
that large numbers of tumours can be obtained for research. In the current study,
heterogeneity between different tumours was observed, highlighting the
necessity of having sufficient sample numbers when studying patient-derived

cSCCs to ensure validity of the results.

A variety of different immune cells have been implicated in anti-tumour immunity,
and in this chapter, preliminary experiments were performed to determine the
cellular composition of the ¢cSCC immune infiltrate using flow cytometry, as this
approach enables multiple parameters to be simultaneously analysed. In line with
other flow cytometry studies analysing T cells in ¢SCC (Clark et al., 2008,
Freeman et al., 2014), the current study identified T cells as the predominant cell
type in this tumour. Nearly all T cells isolated were viable, and CD4* and CD8" cell
subpopulations could consistently be identified, suggesting that these cells could
be sorted and used for functional assays. In addition, treatment of PBMCs with
collagenase and DNAse (in the same conditions as those used for isolating
immunocytes from skin tissue samples) did not alter viability or T cell marker
expression, confirming that the method used in this study for isolating
immunocytes from skin enables reliable ex vivo phenotypic analysis to be
undertaken. However, although the relative frequencies of the different T cell
subsets determined by flow cytometry were in line with those ascertained
previously using immunohistochemistry (Lai et al., 2016), further experiments
would be helpful to establish what proportion of the absolute numbers of cells of
each cell type can be isolated from each tumour and to optimise the cell yield.
Confocal microscopy also indicated that T cells were the major immune cell type
in ¢SCC, and confirmed the presence of CD4* T cells, CD8* T cells and
FOXP3+*Tregs within the infiltrate. The use of confocal microscopy for examining
the immune infiltrate in this study highlights the potential for future experiments
to be performed which investigate the patterns of cell-cell interactions between
different cell types in ¢SCCs by using image analysis to determine colocalisation
coefficients. Other initial experiments undertaken for flow cytometry panel design
helped to identify other immunocytes in cSCC, demonstrating that y 6§ T cells, NK
cells, basophils and mast cells appeared to be infrequent, whilst relatively larger

proportions of B cells, macrophages and DCs were observed.
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Pilot experiments were conducted to determine the feasibility of establishing a
primary human cSCC in vitro model to enable future investigation into the effects
of manipulating immune mechanisms in this tumour. Currently, human ¢SCC
models that exist include primary cell lines (Purdie, 2011), three-dimensional in
vitro organotypic models (Commandeur et al., 2009), and animal models where
human ¢SCC cell lines, genetically modified human keratinocytes or fresh patient-
derived tumour are injected or grafted onto the skin of nude mice (Belkin et al.,
2013, Park et al., 2005, Dajee et al., 2003). In the current study, a 24 hour ex vivo
cSCC whole tissue explant culture was attempted, which showed that the tissue
did not remain viable after this duration of culture. Culture of the cells isolated
from the low density band (non-lymphocyte portion) of cells isolated from ¢SCCs
showed that these cells could proliferate readily and continuously in vitro. Many
of these cells expressed cytokeratins and MUC1, providing support for them
being cSCC keratinocytes. However, the purity of these cultures remains to be
determined, as it is possible that other cell types (e.g. fibroblasts) and benign
keratinocytes (which could undergo genomic/chromosomal alterations in vitro)
may contaminate the cultures. Therefore, further experiments (e.g. genome
sequencing) are required to ascertain whether these patient-derived primary cells
from cSCCs are indeed truly malignant keratinocytes. However, the inhibitory
ligand PD-L1 was found to be expressed by many of the cultured ¢SCC cells,
particularly by the larger, differentiating and dysplastic cells (Figure 3.22, page
89). This may indicate that PD-L1 may have a role in the cSCC dysplastic process,
and that these cells could be used in future experiments for the investigation of
the PD-1 / PD-L1 axis in this tumour.

This results chapter establishes that immune cells, especially T cells, can be
isolated from ¢SCCs for flow cytometry, which raises the potential for further
experiments to be conducted in ¢SCC to investigate tumour immunity. T cells
form an important component of the anti-tumour immune response in many
cancers, and the abundance of T cells in cSCC suggests that they are likely to play
a key role in the pathogenesis of this neoplasm. Therefore, further phenotypic
and functional characterisation of the tumoral T cells, as undertaken in the
subsequent chapters of this thesis, will be essential to identify the mechanisms

for the inability of these T cells to mount an effective response in cSCC.
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Chapter 4: Characterisation of regulatory T
cells in ¢SCC

4.1 Introduction

Most cSCCs are surrounded by an immune cell infiltrate, yet this infiltrate is
generally incapable of mounting a successful anti-tumour response, resulting in
the growth and persistence of cSCCs. Tregs, which have a physiological function
in maintaining immunological self-tolerance and homeostasis, may constitute a
mechanism by which cancers can escape anti-tumour immunity. Increased
numbers of tumour infiltrating Tregs are associated with poorer clinical outcome
in various cancers, suggesting that Tregs suppress immune responses within the
tumoral environment (Curiel et al., 2004, Deng et al., 2010, Bates et al., 2006,
Ichihara et al., 2003).

Although Tregs have previously been reported in ¢cSCCs (Clark et al., 2008),
detailed characterisation of tumoral Tregs in ¢SCC remains lacking. Therefore, in
the current study, tumoral Tregs were characterised to determine whether they
inhibit tumoral effector T cell responses. Targeting T cell costimulatory receptors
such as OX40 and 4-1BB (Simpson et al., 2013, Taraban et al., 2002, Piconese et
al., 2008, Marabelle et al., 2013, Bulliard et al., 2014) and inhibitory receptors
such as CTLA-4 (Peggs et al., 2009, Simpson et al., 2013, Hodi et al., 2010),
which are present on Tregs, appear to be promising immunotherapeutic
approaches for treating cancer. Therefore, investigating the role of Tregs in ¢SCC
will help to determine whether tumoral Tregs form a suitable target for

pharmacological treatment of this neoplasm.
The aims of this chapter are to:
1) examine the location and frequencies of tumoral Tregs in ¢SCC,

2) identify phenotypic markers expressed by the tumoral Tregs including the skin
homing markers CLA and CCR4,

3) investigate the functional ability of tumoral Tregs to suppress effector

responses, and

4) assess the ability of CTLA-4 inhibitors and 4-1BB and OX40 agonists in

enhancing tumoral effector T cell function.
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4.2 Results

4.2.1 Distribution of T cells in ¢SCC

¢SCCs are infiltrated by immune cells, and immunohistochemistry conducted on
archived FFPE ¢SCCs showed accumulation of CD3* T cells in the stroma around
islands of tumour keratinocytes (i.e. peritumoral), whilst CD3* T cells within
tumour cell nests (i.e. intratumoral) were found less frequently (Figure 4.1 and
Appendix Figure 7.1, page 243). Immunohistochemistry also detected CD4*
helper T cells, CD8* cytotoxic T cells and FOXP3* Tregs in the tumoral immune

infiltrate (Figure 4.2, page 99 and Appendix Figure 7.2, page 243).

\ F'.v 3 :':’:\v,'-‘ .. ?’
Figure 4.1 Distribution of T cells in ¢SCC.

(A) Haematoxylin and eosin stain of c¢SCC. (B) Sequential cSCC section showing
immunohistochemical staining of CD3 in brown. (C & D) Higher magnification of

CD3* T cells in (C) intratumoral and (D) peritumoral areas. Images representative
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of 10 ¢SCCs, dashed line in (D) = tumour outline, scale bars = 50 um.

D < » f’»"':." :.:ﬁ..“ L ‘.l 'v“’.l' ‘:. ‘ﬂﬁ : -"'.

ot R vt A3 qery Bt 88 oed
KB V% .‘;"..: Lok “?,’c L ’.,:;,"9\' |
| BB et sk LS PR LR
’ ‘fﬁ“',;.ﬁ.p“falt;‘
A L0 L ML TN LA
- | LR LT SRR Y,
Py Q) ! i3

3. SN\ e 1] . ‘
ol et TN, T : e R G " 0 20 PR 2
"&Q.‘ el T e o"" /.:/4\:.: ’ 3_:,_.\‘.; .!Q gt/ !:’; U5 & W
L)

SRR ;&\‘ . Ny 245 : 1 ; .
[y S b T S L N R {85 ; = b A Tt
(43 \.’h w}#&"' .?hE“':Q.(. S P PR R Tt LA N A R R T ot 00l )
e :»5--.\»},.-\\%,.'-, AL D AT R P Y SIS eSS L,
AL 7 R, KT AR BTl Yt i W RN A g o W, e 18
MATANNRSS e ue Su Y AT
05 A WL ARt & AR L LA H ol B I .uu::)“ A }. i 3 ‘ov.,' 1Y
Wl TRAT wat A 308 aise TEeaeiale L4 Syados 5 28 2‘. O s I\
v IR 9.&&.‘3‘(’5&«3‘3:1-'&" o ¥ 1 AT E‘:f"‘x’.t L% LT SR kL A ity s

Figure 4.2 Immunohistochemistry of T cell subsets in cSCC.
Immunohistochemical staining of (A) CD3, (B) CD4, (C) CD8 and (D) FOXP3 in
sequential ¢SCC sections. Images representative of 10 ¢SCCs. Dashed lines = tumour

outlines, scale bars = 50 pm.

Using anti-cytokeratin (CK) 16 to delineate the tumour islands, CD3* T cells
(Figure 4.3, page 100) and FOXP3* Tregs (Figure 4.4, page 101) were detected
surrounding ¢SCCs with immunofluorescence microscopy. Confocal microscopy
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of cSCCs indicated close approximation of tumoral Tregs (identified by nuclear
FOXP3 and cell membrane CD4) and CD4*FOXP3" T cells and, separately, CD8* T
cells (Figure 4.5, page 102), suggesting contact dependent interactions between

Tregs and effector T cells in this tumour.

DAPI CD3

Figure 4.3 Immunofluorescence microscopy of tumoral CD3* T cells.

Immunofluorescence staining demonstrating CD3* T cells in ¢SCC. Cytokeratin (CK) 16
staining highlights tumour keratinocytes. Images representative of 5 ¢cSCCs. Dashed

lines = tumour outlines, scale bars = 50 pm.
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Figure 4.4 Immunofluorescence microscopy of FOXP3* Tregs in ¢SCC.

Immunofluorescence microscopy of tumoral FOXP3* Tregs. Cytokeratin (CK) 16
staining highlights tumour keratinocytes. Images representative of 5 ¢cSCCs. Dashed

lines = tumour outlines, scale bars = 50 pm.
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Figure 4.5 Confocal microscopy of T cell subsets in cSCC.

Confocal microscopy of CD4* T cells, CD8* T cells and CD4*FOXP3* T cells in ¢SCC,
boxes highlight examples of CD4*FOXP3* Tregs (red membrane, green nucleus) in close
contact with CD8* T cells (blue membrane, grey nucleus) and CD4*FOXP3 T cells (red
membrane, grey nucleus), higher magnification images on the right. Images

representative of 5 cSCCs. Dashed lines indicate tumour outlines, scale bars = 50 um.

4.2.2 Quantification of tumoral T cell subsets

Flow cytometry was conducted on tumoral immunocytes from c¢SCCs to examine
the CD4* T cell, CD8* T cell and CD4*FOXP3* Treg populations (Figure 4.6). cSCCs
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contained lower CD4* T cell frequencies (63.3% + 15.3% of the live CD3*
lymphocyte population, n=81 tumours) than peripheral blood (67.9% + 17.8%,
p=0.0277) and non-lesional skin (73.6% + 10.6%, p=0.0008) of the same
individuals (Figure 4.7A, B, page 104). Conversely, CD8* T cell frequencies were
higher in ¢SCC (28.8% + 13.0% of the live CD3* lymphocyte population, n=76
tumours) compared with blood (22.4% + 13.1%, p=0.0355) and normal skin
(19.3% = 9.0%, p=0.0008, Figure 4.7A, C).
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Figure 4.6 Flow cytometry panel for identification of Tregs.

(A) Forward and side scatter profile of immunocytes isolated from ¢SCC. Lymphocyte
gate is shown. Gating for (B) live CD3* lymphocytes, (C) CD4* and CD8* T cell subsets,
and (D) CD4*CD25""CD127"* and CD4*FOXP3* Tregs. The CD25""CD127"" gate as
shown in (D) was used for experiments to isolate live Treg cells. As FOXP3 is an
intracellular marker, cells were fixed and permeabilised prior to analysis of FOXP3
expression, and hence these cells were not able to be used for functional studies. In

(B-D), axes are labelled with the cell marker and fluorophore used.
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Figure 4.7 CD4" and CD8* T cell frequencies in cSCC.
(A) Representative dot plots of CD3* gated lymphocytes in blood, normal skin and
¢SCC on the same individual showing CD4* and CD8* T cell populations. (B, C)
Aggregate data showing (B) CD4* and (C) CD8* T cell population frequencies in blood,
normal skin and c¢SCC. (B) n=81 tumours, (C) n=76 tumours, horizontal bars = means,

one-way ANOVA with Tukey’s test for multiple comparisons.

Tregs were present in higher frequencies in ¢cSCCs than the corresponding
peripheral blood and non-lesional skin (19.8% + 8.6% versus 5.5% + 4.1% and 7.3%
+ 4.1% of the CD4* population respectively expressed FOXP3, p<0.0001 for both
comparisons, n=86 tumours, Figure 4.8, page 105), indicating that in ¢SCC there
is an accumulation of tumoral Tregs, potentially contributing to the
protumorigenic microenvironment. To determine whether Treg frequencies were
associated with histological features of ¢SCC associated with poorer prognosis,
Tregs were quantified according to depth of ¢SCC tumour invasion and
histological differentiation (Figure 4.9, page 105). There was no significant
correlation between FOXP3* Treg frequencies and depth of tumour invasion
(r’=0.040, p=0.065, Figure 4.9A) and there were no significant differences
between Treg proportions in well differentiated (18.0% + 7.5% of CD4*
population), moderately differentiated (21.8% + 7.9%) and poorly differentiated
¢SCC subgroups (20.4% + 10.9%, Figure 4.9B).
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Figure 4.8 cSCCs contain increased FOXP3* Treg frequencies than blood and
normal skin.

(A) CD3*CD4" gated lymphocyte populations in blood, normal skin and c¢SCC plotted
for FOXP3 and CD25 expression. (B) Data from 86 cSCCs demonstrating higher
FOXP3* Treg frequencies as a percentage of the CD4* T cell population in ¢cSCC than
blood and non-lesional skin. Horizontal bars = means. One-way ANOVA with Tukey’s

test for multiple comparisons.
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Figure 4.9 FOXP3* Treg frequencies by depth of ¢SCC invasion and
differentiation.

(A & B) Percentages of CD4* T cells expressing FOXP3 by (A) depth of tumour invasion
and (B) histological differentiation of the cSCC tumour (n=86 tumours). In (A), best fit

line = linear regression. In (B), horizontal bars = means.

Tregs were also significantly more frequent in KA and BCC than in corresponding
peripheral blood (12.5% + 3.6% versus 3.2% + 2.8% of CD4* population for KA and
blood respectively, p=0.0105, n=8 KAs; 15.0% + 7.9% versus 3.5% + 1.9%,

p=0.0003, n=10 BCCs, Figure 4.10A, page 106). FOXP3* Tregs were also observed
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in AKs (14.4% + 5.6% of CD4* population, n=6), Bowen’s disease (14.3% + 7.3%,
n=7) and seborrhoeic keratoses (8.6% * 4.6%, n=3, Figure 4.10B).
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Figure 4.10 Analysis of FOXP3* Treg frequencies in other skin lesions.

(A) Flow cytometric quantification of FOXP3* Treg frequencies in blood and skin
lesions in subjects with KA (n=8) and BCC (n=10), paired T tests. (B) FOXP3* Treg
frequencies in AK (n=6), Bowen’s disease (n=7), KA (n=_8), seborrhoeic keratosis (seb

K, n=3) and BCC (n=10). Horizontal bars = means.

4.2.3 Tumoral Tregs are memory T cells that express skin homing

markers

Many of the T cells within normal skin are effector memory T cells which express
CD45RO (Clark et al., 2008). In the current study the majority of FOXP3* Tregs
(87.8% = 11.7%, n=8, Figure 4.11A, B, page 107), CD4*FOXP3 T cells (85.7% +
7.3%, n=8, Figure 4.11A, C) and CD8* T cells (69.9% = 11.5%, n=19, Figure 4.11A,
D) in cSCCs were CD45R0O". In the peripheral blood, 77.6% + 16.7% of FOXP3*
Tregs, 52.7% + 19.3% of CD4*FOXP3 T cells and 39.1% + 18.5% of CD8* T cells
were CD45R0*, and in the non-lesional skin, CD45R0O expressing cells comprised
90.6% + 7.1% of Tregs, 89.3% + 9.3% of CD4*FOXP3" T cells and 71.0% + 14.8% of
CD8* T cells. CD45RO* memory T cells comprised a higher proportion of
CD4FOXP3 T cells and CD8* T cells in ¢SCC and normal skin compared with
peripheral blood (p<0.001 for all comparisons, Figure 4.11C, D).
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Figure 4.11 Tumoral T cells are predominantly memory phenotype.

(A) FACS plots showing CD45RO expression on CD4* gated lymphocyte populations
from peripheral blood, normal skin and ¢SCC. CD45R0 positivity as a percentage of
(B) FOXP3* Treg, (C) CD4*FOXP3 T cell and (D) CD8"* T cell populations from blood and
¢SCC. Horizontal bars = means, one-way ANOVA with Tukey’s test for multiple

comparisons.

Clark et al. (Clark et al., 2008) reported that T cells, including Tregs, from ¢SCCs
lack expression of the skin homing addressins, cutaneous lymphocyte antigen
(CLA) and C-C chemokine receptor 4 (CCR4). In the current study, CLA was
expressed by 78.8% + 13.0% of the FOXP3* Treg population in ¢SCCs, which was
similar to the proportion of FOXP3* Tregs in normal skin expressing CLA (80.6% +
18.3%) and higher than that in peripheral blood (40.0% + 13.7%, p<0.0001, n=19
tumours, Figure 4.12, Figure 4.13A, page 108). The latter is similar to that
reported by Booth et al. in blood (Booth et al., 2010). Likewise, greater numbers
of tumoral CD4*FOXP3" T cells (58.2% + 15.1%, Figure 4.13B) and CD8* T cells
(41.6% + 16.0%, Figure 4.13C) expressed CLA than those in peripheral blood
(p<0.0001 for both comparisons, n=19 tumours), however, fewer tumoral
CD4*FOXP3  and CD8* T cells expressed CLA compared with CD4*FOXP3" (74.1% +
17.9%, p= 0.0046) and CD8* T cells (57.9% + 18.4%, p=0.0050) in normal skin.
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Figure 4.12 Flow cytometry of CLA and CCR4 expression in tumoral T cells.

Representative plots demonstrating CLA and CCR4 expression in CD3* T cells (top

row) and CD4*FOXP3* Tregs (bottom row) from peripheral blood, normal skin and

¢SCC from the same subject. Plots representative of samples from 17 c¢SCC subjects.
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Figure 4.13 Tumoral T cells express CLA.
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(A-C) Graphs showing aggregate data for CLA expression in peripheral blood, normal
skin and tumoral (A) FOXP3* Tregs, (B) CD4*FOXP3 T cells, and (C) CD8* T cells, n=19

tumours. Horizontal bars = means, one-way ANOVA with Tukey’s test for multiple

comparisons.

CCR4 expression was detected on 44.1% + 32.7% of FOXP3* Tregs in cSCCs,
although this was lower than the number of FOXP3* Tregs expressing CCR4 in
peripheral blood (72.7% + 17.8%, p=0.0139, n=17 tumours, Figure 4.14A, page
109) and normal skin (80.9% + 15.9%, p<0.0001). Lower frequencies of tumoral
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CD4*FOXP3 T cells (25.4% + 21.4% of CD4*FOXP3 population, Figure 4.14B) and
tumoral CD8* T cells expressed CCR4, 11.3% + 11.6% of CD8* population, Figure
4.14C) compared with those in normal skin (59.7% + 18.2% of CD4*FOXP3-
population, p<0.0001, 34.3% + 22.6% of CD8* population, p=0.0014).
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Figure 4.14 Expression of CCR4 by tumoral T cells.

(A-C) CCR4 expression in peripheral blood, normal skin and tumoral (A) FOXP3* Tregs,
(B) CD4*FOXP3" T cells, and (C) CD8* T cells, n=17 tumours. Horizontal bars = means,

one-way ANOVA with Tukey’s test for multiple comparisons.

Immunofluorescence microscopy was performed to examine CLA expression on
tumour-infiltrating immunocytes. Indeed, CLA* immune cells were detected in
¢SCCs (Figure 4.15, page 110). Tumoral FOXP3* cells were demonstrated to
express CLA by immunofluorescence microscopy (Figure 4.16A, page 110) and
confocal microscopy (Figure 4.16B). Taken together with the flow cytometry data,
these results indicate that tumoral Tregs in ¢SCC are of an effector memory T cell

phenotype which expresses the skin homing marker CLA.
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Figure 4.15 Immunofluorescence microscopy of CLA* immunocytes in cSCC.

Photomicrographs of a frozen ¢SCC section stained for CLA, CK16 and DAPI. Images

representative of 5 cSCCs, dashed lines = tumour outlines, scale bars = 50 pm.

CLA

B DAPI CLA FOXP3

Figure 4.16 Tumoral Tregs express CLA.

(A) Immunofluorescence microscopy and (B) confocal microscopy demonstrating
tumoral FOXP3* Tregs express CLA. In (A), asterisks (*) represent areas of tumour cells
and dotted lines indicate tumour outlines. Images representative of 5 ¢SCCs, scale

bars = 50 pm.
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4.2.4 Peritumoral blood vessels express E-selectin

CLA permits lymphocyte trafficking to the skin through its binding to E-selectin
on cutaneous endothelial cells (Clark et al., 2008). Immunofluorescence
microscopy was performed using CK16 or 17 co-staining which allows the ¢SCC
tumour cells to be visualized. Blood vessels (highlighted by CD31* endothelial
cells) were detected in the peritumoral areas of cSCCs with no evidence of
intratumoral vessels (Figure 4.17 and Figure 4.18, page 112). Fluorescence
microscopy also showed most of the peritumoral vasculature expressed E-selectin
(Figure 4.19, page 113 and Appendix Figure 7.3, page 244), suggesting that CLA*
Tregs can readily be directed to the site of the tumour from the blood via

interaction with E-selectin on these endothelial cells.

A DAPI CD31 merge

DAPI

Figure 4.17 Distribution of blood vessels in ¢SCC.

(A & B) Representative fluorescence microscopy images from two cSCCs showing the

distribution of CD31* blood vessels and tumour areas denoted by CK16* staining in
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sequential sections. Images representative of 5 c¢SCCs, scale bars = 50 pm.

Figure 4.18 Peritumoral location of blood vessels in ¢SCC.

Fluorescence microscopy image showing CD31" blood vessels are situated in the
peritumoral areas surrounding CK17* tumour nests. Images representative of 5 cSCCs.

Dashed lines = tumour outlines, scale bars = 50 pm.
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Figure 4.19 E-selectin is expressed by the cSCC vasculature.

Sequential cSCC sections showing e-selectin expression in the peritumoral vasculature
(highlighted by CD31 straining) between CK16* tumour islands. Arrows in the right
hand boxes, which depict higher power images of the merged images, indicate the
same blood vessels in sequential sections. Images representative of 5 cSCCs. Dashed

lines = tumour outlines, scale bars = 50 ym.

4.2.5 Tumoral Tregs express the transcription factor Helios

The T cell marker Helios may denote thymically derived natural Tregs (Thornton
et al., 2010) but can also be upregulated on activated T cells (Gottschalk et al.,
2012). Flow cytometry established that Helios was expressed at higher levels in
tumoral FOXP3* Tregs (47.2% = 7.9%, n=9 tumours) than peripheral blood FOXP3*
Tregs (26.7% + 8.5%, p=0.0002), normal skin FOXP3* Tregs (29.7% + 11.7%,
p=0.0022) and tumoral non-regulatory CD4*FOXP3" T cells (9.6% * 5.8%,
p<0.0001) and CD8* T cells (8.3% + 5.2%, p<0.0001) from the same subjects,
(Figure 4.20, page 114).
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Figure 4.20 Helios is expressed by tumoral Tregs in cSCC.

(A) Representative histograms demonstrating Helios expression in fixed and
permeabilised CD4*FOXP3* gated lymphocytes from peripheral blood and
corresponding c¢SCC. Grey shaded areas represent isotype control. (B) Percentage of
CD4*FOXP3* Tregs, CD4*FOXP3" T cells and CD8* T cells from cSCC (n=9 tumours),
peripheral blood and normal skin that are Helios*. Horizontal bars = means, **p<0.01,
***n<0.001, ****p<0.0001, one-way ANOVA with Tukey’s test for multiple

comparisons.

4.2.6 Tumoral Tregs express the ectonucleotidase CD39

Extracellular ATP is hydrolysed in stepwise fashion into adenosine by the
ectonucleotidases CD39, which is the rate-limiting enzyme and converts ATP to
AMP, and CD73, which hydrolyses AMP to adenosine. CD39 can contribute to the
immunosuppressive capacity of Tregs and may be overexpressed in cancer
(Bastid et al., 2013, Mandapathil et al., 2009). CD39* tumoral immunocytes were
observed in ¢SCC using immunohistochemistry (Figure 4.21A, page 115). Flow
cytometry demonstrated that CD39 was expressed by higher frequencies of
tumoral Tregs (86.9% += 13.3%, n=14 tumours) than tumoral CD4*FOXP3" T cells
(38.5% + 14.4%, p<0.0001), tumoral CD8* T cells (25.9% + 16.5%, p<0.0001),
Tregs from peripheral blood (67.6% + 15.6%, p<0.0001) and Tregs from normal
skin (73.4% + 19.5%, p=0.0053, Figure 4.21B, C). CD73 expression was also
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examined on immune cells in ¢SCC; the majority of tumoral CD73* immunocytes
were found in the CD3" population (Figure 4.22A, page 116), and within the CD3*
population, CD73 was present on small proportions of tumoral FOXP3* Tregs
(6.3% £ 4.7%, n=6 tumours, Figure 4.22B), CD4*FOXP3 T cells (3.3% + 1.6%, Figure
4.22C) and CD8* T cells (9.3% + 7.9% Figure 4.22D). This data indicates that the
CD39, rate-determining ectonucleotidase for the hydrolysis of ATP, is highly
upregulated by Tregs in ¢SCC with higher expression in the tumour compared to
normal skin and blood, suggesting that CD39 contributes to the suppressive

tumour microenvironment in cSCC.
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Figure 4.21 CD39 is expressed by tumoral Tregs in cSCC.

(A) Immunohistochemical staining of CD39* immune cells in two cSCCs, images
representative of 33 cSCCs, scale bars = 50 ym. (B) Representative flow cytometry dot
plots showing CD39 and FOXP3 expression in CD3* gated cells in peripheral blood,
normal skin and cSCC from the same patient. (C) Graph showing CD39 positivity
amongst CD4'FOXP3* Tregs, CD4'FOXP3 T cells and CD8* T cells in ¢SCC (n=14
tumours), peripheral blood and normal skin. Horizontal bars = means, **p<0.01,

Fkdek

*p<0.0001, repeated measures one-way ANOVA with Tukey’s test for multiple
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comparisons.

blood normal skin cSCC

#19.5 3.6

cp73——> »

s_ﬁmﬁ,
1591 27.8
CcD3 >
B T 50 c _50 D 50
o =
& . ]
S 40 ® 40 T 40
o =3 o
9 S o R
+ 30 = 230 = 530
e ® o © & . .
x ~ o ~ o
o [a) .
g2 . 052 O% 2 @ .
= — . .!.'I' . 9
S 10{ _¢ . 101 o ©10 %
2 _:_ e Jf (&) —'—. * L) :‘ .
8 ol_e* i .o hOTU ",'0 0 ot . .
blood normal ¢cSCC blood normal cSCC blood normal cSCC
skin sKin skKin

Figure 4.22 CD73 is expressed by a small proportion of T cells in ¢SCC.

(A) Representative flow cytometry dot plots showing expression of CD3 and CD73 in
live cells from blood, normal skin and cSCC from the same patient. (B-D) Expression
of CD73 by (A) Tregs, (B) CD4*FOXP3 T cells and (C) CD8* T cells in blood, normal

skin and ¢SCC (h=6 tumours). Horizontal bars = means.

4.2.7 cSCC Tregs suppress tumoral effector T cell responses

In vitro co-culture experiments with Tregs and effector T cells were performed to
investigate cSCC Treg function. ¢SCC Tregs and effector T cells were co-cultured
in a 1:2 ratio based on their relative frequencies observed in previous
immunohistochemical quantification experiments performed within the laboratory
group. Tumoral Tregs were identified by expression of CD3, CD4, high levels of
CD25 and low levels of CD127 and isolated using fluorescence activated cell
sorting (Figure 4.23A, page 117). Sorted tumoral CD4" effector T cells identified
as CD3*CD4+CD25"" and CD8* effector T cells were CD3*CD8* (Figure 4.23A).
After sorting, a sample of the cells were fixed and permeabilised for analysis of
FOXP3 expression, confirming that most of the sorted CD3*CD4*CD25""CD127"™"

cells were Tregs (Figure 4.23B, C). In addition, interferon-y was produced by <4%
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of tumoral CD3*CD4+*CD25"¢"CD127" cells following PMA and ionomycin
stimulation, suggesting that this CD3*CD4+*CD25"s"CD127"" population was
minimally contaminated by effector T cells (Figure 4.23D).
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Figure 4.23 FACS sorting of tumoral Tregs.

(A) Representative flow cytometry gating strategy for isolating cSCC Tregs and
effector T cells. Highlighted box in the top left FACS plot shows the CD3*CD4*
population, and sub-gating of this population is displayed in the top right FACS plot,
where the sorted CD25""CD127"" Treg population is shown in the highlighted area.
Effector T cells were CD3*CD4*CD25"" or CD3*CD8". (B) Expression of CD25 and
CD127 in sorted tumoral Tregs, showing 99% purity of sorted CD25""CD127"" Tregs.
(C) The majority of sorted CD3*CD4*CD25"""CD127"" cells expressed FOXP3. (D)
Sorted CD3*CD4*CD25""CD127"" T cells were stimulated with PMA and ionomycin for

5 hours and intracellular flow cytometry was performed for FOXP3 and interferon-y .

Tritiated thymidine-based lymphocyte proliferation assays showed that tumoral
CD3*CD4+*CD25"s"CD127" Tregs were able to suppress PHA-induced proliferation
of tumoral CD3*CD4*CD25"" effector T cells (median suppression 41.7%, n=10
tumours, Figure 4.24, page 118) and, to a lesser extent, CD3*CD8* effector T cells
(median suppression 12.6%, p=0.043, n=9 tumours, Figure 4.25, page 118).
Tumoral Tregs cultured without effector T cells did not proliferate in response to
PHA (median 108 counts per minute (cpm) without PHA versus 107 cpm with
PHA, n=4 tumours). As there was a wide range in the percentage suppression of

effector T cell proliferation by tumoral Tregs from different individuals, the sorted
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Treg fractions were analysed for FOXP3 expression to determine whethe: FOXP3
expression correlated with the suppressive ability of the sorted
CD4+*CD25""CD127"" cells, showing no significant correlation with percentage
suppression of CD4- effector T cell proliferation (r’=0.00, p=0.998, Figure 4.26A,
page 119), and a small but non-significant correlation with percentage
suppression of CD8* effector T cell proliferation (r’=0.21, p=0.210, Figure 4.26B).
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Figure 4.24 Tumoral Tregs suppress PHA-induced tumoral effector CD4* T cell
proliferation.

(A & B) Tumoral effector T cells were co-cultured in the presence of autologous
irradiated PBMCs and 1pg/ml PHA with/without the addition of tumoral Tregs. Tritiated
thymidine uptake was used to assess tumoral CD4* T cell proliferation, results are
displayed as raw cpms in (A) and normalised to 100% without Tregs in (B), n=10
tumours, dots = median values for each tumour from triplicate well experiments,

horizontal bars = median values for all tumours, paired Wilcoxon rank test.
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Figure 4.25 Tumoral Tregs suppress PHA-induced tumoral effector CD8* T cell
proliferation.

(A & B) Tumoral effector T cells were co-cultured in the presence of autologous
irradiated PBMCs and 1ug/ml PHA with/without the addition of tumoral Tregs.
Tritiated thymidine uptake was used to assess tumoral CD8* T cell proliferation,
results are displayed as raw cpms in (A) and normalised to 100% without Tregs in (B),

n=9 tumours, dots = median values for each tumour from triplicate well experiments,
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horizontal bars = median values for all tumours, paired Wilcoxon rank test.
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Figure 4.26 Suppressive capacity of FACS-sorted tumoral
CD3*CD4*CD25""CD127"" fraction by FOXP3 positivity.

(A & B) Results of Treg suppression assays in (A) Figure 4.24 and (B) Figure 4.25 by
percentage of sorted CD4*CD25""CD127"" cells that expressed FOXP3. Best fit line =

linear regression.

Treg suppression assays were also conducted on four cSCCs to confirm that
tumoral Tregs could also suppress T cell responses to anti-CD3 antibody instead
of PHA. Tumoral Tregs appeared to suppress proliferation of anti-CD3 stimulated
tumoral CD4* effector T cells (median suppression 46.2%, n=4 tumours, Figure
4.27) and CD8* T cells (median suppression 40.2%, n=4 tumours, Figure 4.28,
page 120). In addition, ELISPOT assays demonstrated that tumoral Tregs reduced
effector T cell interferon-y secretion in response to PHA (median inhibition 24.2%,
p=0.0186, n=11 tumours, Figure 4.29, page 120). These results indicate that
tumoral Tregs from ¢SCCs can suppress tumoral effector T cell function, and may
therefore contribute to an immunosuppressive milieu that prevents immune-

mediated destruction of the tumour.
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Figure 4.27 Tumoral Tregs suppress anti-CD3 induced tumoral effector CD4* T
cell proliferation

(A & B) Tumoral effector T cells were co-cultured in the presence of autologous
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irradiated PBMCs and 1pg/ml anti-CD3 with/without the addition of tumoral Tregs.
Tritiated thymidine uptake was used to assess tumoral CD4* T cell proliferation,
results are displayed as raw cpms in (A) and normalised to 100% without Tregs in (B),
n=4 tumours. Dots = median values for each tumour from triplicate well experiments,

horizontal bars = median values for all tumours.
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Figure 4.28 Tumoral Tregs suppress anti-CD3 induced tumoral effector CD8* T
cell proliferation.

(A & B) Tumoral effector T cells were co-cultured in the presence of autologous
irradiated PBMCs and 1pg/ml anti-CD3 with/without the addition of tumoral Tregs.
Tritiated thymidine uptake was used to assess tumoral CD8* T cell proliferation,
results are displayed as raw cpms in (A) and normalised to 100% without Tregs in (B),
n=4 tumours. Dots = median values for each tumour from triplicate well experiments,

horizontal bars = median values for all tumours.
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Figure 4.29 Tumoral Tregs suppress interferon-y production by tumoral effector
T cells.

(A & B) Tumoral effector T cells were co-cultured in the presence of autologous
irradiated PBMCs and 1pg/ml PHA with/without the addition of tumoral Tregs.
ELISPOT assays were used to assess tumoral effector T cell interferon-y secretion,
results are displayed as raw spots per well in (A) and normalised to 100% without

Tregs in (B), n=11 tumours. Dots = median values for each tumour from triplicate well
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experiments, horizontal bars = median values for all tumours, paired Wilcoxon rank
tests.

4.2.8 CTLA-4 is expressed by tumoral Tregs intracellularly

Skin resident memory Tregs constitutively express CTLA-4 (Clark and Kupper,
2007), which plays a role in mediating suppression by competing with the
costimulatory receptor CD28 for the ligands CD80 and CD86 on antigen
presenting cells as well as providing co-inhibitory signalling (Walker and Sansom,
2011). Flow cytometry analysis of the presence of CTLA-4 on the cell membrane
of T cells in ¢SCCs showed 18.3% + 10.1% of tumoral Tregs expressed CTLA-4,
which was a higher frequency compared with tumoral non-regulatory T cells and
Tregs from peripheral blood and normal skin (p<0.05 for all comparisons, n=6

tumours, Figure 4.30).
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Figure 4.30 CTLA-4 is expressed by tumoral Tregs in low levels on the cell
membrane.

T cells from blood, normal skin and cSCC were stained for CTLA-4 and other cell
membrane markers prior to fixation and permeabilisation. (A) Representative flow
cytometry histograms demonstrating cell membrane CTLA-4 expression in
CD4*FOXP3* gated lymphocytes from peripheral blood, normal skin and ¢SCC. Grey
shaded areas represent isotype control. (B) Percentage of CD4*FOXP3* Tregs,
CD4*FOXP3 T cells and CD8* T cells from ¢SCC (h=6 tumours), peripheral blood and

normal skin that express CTLA-4 on the cell surface. Horizontal bars = means,

121



*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Tukey’s test for multiple
comparisons.

CTLA-4 is mainly located in intracellular vesicles and is trafficked to the cell
surface upon TCR stimulation where it is continually endocytosed (Walker and
Sansom, 2011). In the current study, flow cytometry of fixed and permeabilised T
cells from ¢SCCs which were then stained for CTLA-4 showed that the vast
majority (88.0% + 5.9%) of tumoral Tregs expressed intracellular CTLA-4, and at
significantly higher frequencies than tumoral non-regulatory T cells and Tregs
from peripheral blood and normal skin (p<0.05 for all comparisons, n=10
tumours, Figure 4.31).
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Figure 4.31 CTLA-4 is expressed by tumoral Tregs intracellularly.

T cells from blood, normal skin and cSCC were fixed and permeabilised prior to
staining for CTLA-4. (A) Representative flow cytometry plots demonstrating
intracellular CTLA-4 and FOXP3 expression in CD4* and CD8* gated lymphocytes from
blood, normal skin and ¢SCC. (B) Percentage of CD4*FOXP3* Tregs, CD4*FOXP3 T cells

122



and CD8* T cells from ¢SCC (n=10 tumours), peripheral blood and normal skin that
express intracellular CTLA-4. Horizontal bars = means, *p<0.05, ****p<0.0001, one-

way ANOVA with Tukey’s test for multiple comparisons.

To determine whether CTLA-4 inhibition could enhance tumoral effector T cell
function, tritiated thymidine uptake assays were performed to assess PHA-
induced tumoral CD4* T cell proliferation in the presence and absence of an
inhibitory anti-CTLA-4 antibody, showing no significant difference in tumoral
CD4* T cell proliferation between anti-CTLA-4 and control (834.5 cpm versus
1074 cpm respectively, p=0.3750, n=10 tumours, Figure 4.32).
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Figure 4.32 CTLA-4 inhibition does not enhance tumoral CD4* T cell proliferation

in vitro.

(A & B) Tumoral CD4* T cells were co-cultured in the presence of autologous irradiated
PBMCs and PHA with/without the addition of anti-CTLA-4. Tritiated thymidine uptake
was used to assess tumoral CD4* T cell proliferation, results are displayed as raw
cpms in (A) and normalised to 100% without anti-CTLA-4 in (B), n=10 tumours, dots =
median values for each tumour from triplicate well experiments, horizontal bars =

median values for all tumours, paired Wilcoxon rank test.

4.2.9 4-1BB is expressed by ¢SCC Tregs and 4-1BB agonism enhances

tumoral CD4* T cell function

The costimulatory receptors 4-1BB and OX40 have been proposed as
immunotherapeutic targets in cancer, and because the Faculty of Medicine at the
University of Southampton, where this study was undertaken, is conducting a
research programme investigating T cell costimulatory monoclonal antibodies for
cancer immunotherapy, this study focused on examining 4-1BB and OX40 in

cSCC. 4-1BB is present on tumoral T cells in certain cancers (Ye et al., 2014), and
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4-1BB agonism has been shown to inhibit Treg suppressive ability
(Akhmetzyanova et al., 2016) and increase tumoral effector T cell function
(Melero et al., 1997). In the current study, 4-1BB* cells were detected in the ¢SCC
immune infiltrate (Figure 4.33A). Flow cytometry showed tumoral Tregs
expressed 4-1BB (12.7% + 5.2%, n=9 tumours) at higher frequencies than tumoral
CD4*FOXP3- and CD8* T cells, as well as Tregs from peripheral blood and normal
skin (p<0.0001 for all comparisons, Figure 4.33B, C). To determine whether 4-1BB
agonism could augment tumoral effector T cell function, proliferation of tumoral
CD4* T cells from cSCCs was assessed in the presence of an agonistic anti-4-1BB
antibody (Curran et al., 2013). Culture with anti-4-1BB led to enhancement of
PHA-induced CD4* T cell proliferation (median increase in proliferation 32.6%,

p=0.0029, n=11 tumours, Figure 4.34, page 125), suggesting that 4-1BB agonism
can augment effector responses by tumoral T cells in ¢SCC.
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Figure 4.33 4-1BB is upregulated in ¢SCC Tregs.

(A) Confocal microscopy image of a representative high magnification field of the
¢SCC immune infiltrate, showing 4-1BB expression in red, DAPI in blue. Image
representative of 5 cSCCs, scale bar = 50 pm. (B) Representative flow cytometry plots
demonstrating 4-1BB and FOXP3 expression in CD3* gated cells in blood, normal skin
and cSCC. (C) 4-1BB is present on higher proportions of tumoral Tregs than tumoral
non-regulatory T cells and Tregs from peripheral blood and normal skin, n=9
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tumours, ****p<0.0001, one-way ANOVA with Tukey’s test for multiple comparisons.

Horizontal bars = means.
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Figure 4.34 Agonistic anti-4-1BB antibody enhances tumoral CD4" effector T cell
proliferation.

(A & B) Tumoral CD4* T cells isolated by flow cytometry from 11 fresh cSCCs were
cultured with PHA + autologous irradiated CD3* cell depleted irradiated PBMCs =+
agonistic anti-4-1BB antibody. Proliferation was assessed by tritiated thymidine uptake,
results displayed in cpms in (A) and normalised to 100% without anti-4-1BB in (B), dots
= median values from triplicate wells for each tumour, horizontal bar = median value

from all tumours, paired Wilcoxon rank test.

4.2.10 0OX40 is expressed by ¢SCC Tregs and OX40 agonism enhances

tumoral CD4* T cell function

As the costimulatory receptor OX40 is expressed on effector and regulatory T
cells and can augment T cell receptor signalling (Taraban et al., 2002, Piconese et
al., 2008, Marabelle et al., 2013, Bulliard et al., 2014, Voo et al., 2013), the
current study investigated whether OX40 was present on tumoral lymphocytes in
¢SCC. Immunofluorescence microscopy demonstrated the presence of OX40
predominantly on tumoral FOXP3* Tregs (Figure 4.35A, page 126). Flow cytometry
confirmed FOXP3* Tregs in cSCC expressed OX40 (39.3% + 13.6%), with
significantly more tumoral Tregs expressing OX40 than CD4*FOXP3- T cells and
CD8* T cells in ¢SCCs, and FOXP3* Tregs in peripheral blood and normal skin
(p<0.0001 for all comparisons, n=15 tumours, Figure 4.35C).
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Figure 4.35 OX40 is upregulated on tumoral Tregs.

(A) Immunofluorescence microscopy showing OX40 on tumoral FOXP3* Tregs. Dashed
lines indicate the outline of the cSCC tumour islands. Images representative of 5 cSCCs,
scale bars = 50 uym. (B) Flow cytometry plots of CD3* gated lymphocytes from ¢SCC
and corresponding peripheral blood showing OX40 and FOXP3 expression. (C) FACS
guantification of OX40 expression in Tregs and effector T cells from cSCC, peripheral

blood and normal skin, n=15 tumours, horizontal bars = means, ****p<0.0001, one-
way ANOVA with Tukey’s test for multiple comparisons.

To determine whether OX40 agonism attenuates the suppressive effects of Tregs
in ¢SCC, proliferation of tumoral CD4* T cells from cSCCs was assessed in the
presence of an agonistic anti-OX40 antibody. The addition of anti-OX40, but not
an isotype control antibody, led to enhancement of PHA-induced CD4* T cell
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proliferation (median increase in proliferation 45%, p=0.0098, n=10 tumours,
Figure 4.36).
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Figure 4.36 Agonistic anti-OX40 antibody enhances tumoral CD4* effector T cell

proliferation in vitro.

(A & B) Tumoral CD4* T cells (which would have included CD4* Tregs and CD4* effector
T cells) were isolated by flow cytometry from 10 fresh ¢cSCCs and cultured with PHA +
autologous irradiated CD3* cell depleted irradiated PBMCs + agonistic anti-OX40
antibody. Proliferation was assessed by tritiated thymidine uptake, results displayed in
cpms in (A) and normalised to 100% without anti-OX40 in (B), dots = median values
from triplicate wells for each tumour, horizontal bar = median value from all tumours,

paired Wilcoxon rank test.

Although OX40 was mainly found on tumoral Tregs ex vivo (Figure 4.35), to
investigate whether PHA affected OX40 expression in tumoral T cells, tumoral T
cells were cultured with PHA for 72 hours in the presence of accessory cells prior
to flow cytometry analysis for OX40. Whereas the addition of PHA resulted in
OX40 upregulation on Tregs and CD4*FOXP3'T cells from peripheral blood (Figure
4.37A, B, page 128), this was not seen in Tregs and CD4*FOXP3- T cells from the
cSCCs (Figure 4.37C, D).
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Figure 4.37 0OX40 expression on Tregs and CD4" effector T cells following 72 hour
culture with PHA.

(A-D) OX40 expression in (A) peripheral blood CD4*FOXP3* Treg, (B) peripheral blood
CD4*FOXP3 T cells, (C) tumoral CD4*FOXP3* Tregs and (D) tumoral CD4*FOXP3" T cells
prior to stimulation with PHA (-PHA) and after culture with PHA (+PHA) in the presence
of autologous CD3* cell depleted irradiated PBMCs for 72 hours, demonstrating that
PHA increases OX40 expression in Tregs and CD4*FOXP3 T cells from peripheral blood

but not from cSCCs. Grey areas = isotype control.

To determine whether anti-OX40 enhanced tumoral T cell function (Figure 4.36,
page 127) through inhibition of Tregs or through direct stimulation of effector T
cells, experiments were performed to assess the effect of anti-OX40 on tumoral
CD4+*CD25""CD127" Tregs and CD4*CD25" effector T cells cultured separately
and together. Proliferation of CD4*CD25""CD127"" Tregs was nhot increased by
anti-OX40 when cultured with PHA in the presence of accessory cells alone
(isotype control = 108.5 cpm (IQR 68.0-129.5 cpm), anti-OX40 = 107 cpm (IQR
73.3-135.5 cpm), n=4 tumours, Figure 4.38A, page 129). In cultures containing
tumoral CD4*CD25"" T cells without Tregs, median cell proliferation increased by
5.3% with the addition of anti-OX40 compared with isotype control, whereas in

cultures containing tumoral CD4*CD25"" T cells and Tregs, the improvement in

128



effector T cell function with the addition of anti-OX40 was more apparent (median
increase in cell proliferation = 252.4% compared with isotype control, p=0.0313,
n=>5 tumours, Figure 4.38A, B). Similar results were also observed when anti-CD3
was used as a stimulus instead of PHA, with anti-OX40 increasing tumoral effector
CD4* T cell proliferation from 5474 to 6572 cpm (by 20.1%) when Tregs were
absent, and from 2906 to 5263 cpm (by 81.1%), when Tregs were present, n=4
tumours (Figure 4.39, page 130). Furthermore, increased interferon-y spot
production by tumoral CD4- effector T cells with the addition of anti-OX40 was
more apparent in the presence of tumoral Tregs (53.5 with isotype versus 93.7
with anti-OX40) than in the absence of tumoral Tregs (114.2 with isotype to

131.5 with anti-OX40, Figure 4.40, page 130). Taken in combination with the fact
that OX40 was found mainly on Tregs in ¢SCCs (Figure 4.41, page 131), these
results suggest that OX40 agonism reduces Treg-mediated suppression of
tumoral CD4* T cell responses.

A B B CD4 Teff + iso
[l CD4 Teff + wOX40

[l CD4 Teff + Treg + iso ]p =0.0313

_ « isotype control [ CD4 Teff + Treg + «OX40 '
£ = anti-OX40

g 2000 § 600

- ~ <

g — £ 400

= =

Ig 1000 % " g

=) o

E 500 : T 5 290

= n =

e : ‘I" v 8 o LMAH ENEE DNEH DNAE DNAE
“ CD4 Teff Treg + Treg SCC SCC SCC SCC scC

alone CD4 Teff alone 1 2 3 4 5

Figure 4.38 Effect of anti-OX40 on PHA-stimulated tumoral CD4* effector T cell
proliferation in the presence and absence of tumoral Tregs.

(A & B) Tritiated thymidine uptake assays were performed where tumoral CD4*
effector T cells were cultured = tumoral Tregs + agonistic anti-OX40 antibody. Median
cpm values from triplicate wells are shown in (A), n=5 tumours. Median values for
each tumour are displayed with circles for isotype control, squares for anti-OX40,
horizontal bar = median for all tumours, error bars = IQR, paired Wilcoxon rank test.
(B) Results for experiments performed in (A), represented as normalized to 100% of
CD4 Teff + Treg + iso for each individual tumour.
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Figure 4.39 Effect of anti-OX40 on anti-CD3-stimulated tumoral CD4* effector T

cell proliferation in the presence and absence of tumoral Tregs.

Tumoral CD4* effector T cells were cultured + tumoral Tregs + agonistic anti-OX40
antibody in the presence of anti-CD3, median cpm values from triplicate wells are
shown in (A), n=4 tumours. Median values for each tumour are displayed with circles
for isotype control, squares for anti-OX40, horizontal bar = median for all tumours,
error bars = IQR, paired Wilcoxon rank test. (B) Results for experiments performed in

(A), represented as normalized to 100% of CD4 Teff + Treg + iso for each individual

tumour.
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Figure 4.40 Effect of anti-OX40 on PHA-stimulated tumoral CD4* effector T cell
interferon-y secretion in the presence and absence of tumoral Tregs.

(A) Representative interferon-y ELISPOT assay and (B) aggregate data from 4 tumours
showing that the effect of the agonistic OX40 antibody is more apparent when
tumoral Tregs are present in culture. Median values for each tumour are shown with
circles for isotype control, squares for anti-OX40, horizontal bar = median for all

tumours, error bars = IQR, n=4 tumours.
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Figure 4.41 Expression of OX40 and FOXP3 in sorted tumoral
CD4'CD25"9"CD127"" and CD4*CD25"" lymphocyte populations.

Flow cytometry plots from 3 ¢SCCs showing OX40 and FOXP3 expression in
CD4*CD25""CD127" (top row) and CD4°CD25"" (bottom row) cell populations.

4.2.11 Increased OX40* lymphocyte frequencies are associated with

primary cSCCs which metastasise

In order to determine whether OX40 expression in cSCCs is associated with
poorer clinical outcome, OX40* lymphocytes were quantified in archived FFPE
primary cSCCs that had metastasised and in ¢cSCCs that were known not to have
metastasised after 5 years. OX40 was chosen as a marker to be investigated as
the earlier experiments in this study suggested a functional role for OX40 on
¢SCC Tregs and previous work in the laboratory had shown that primary cSCCs
which had metastasised were associated with Treg frequencies compared with
primary cSCCs which had not metastasised (Lai et al., 2016). As expected,
histological data demonstrated differences in known prognostic factors between
the metastatic and non-metastatic groups, with primary metastatic cSCCs being
larger, invading deeper and being more poorly differentiated than non-metastatic
cSCCs (Table 4.1, page 132). Nevertheless, increased percentages of tumoral
immunocytes expressing OX40 were observed in primary metastatic cSCCs (17.0%
+ 10.7% of immune infiltrate, n=48 tumours) than in primary non-metastatic
cSCCs (11.7% + 6.9% of immune infiltrate, n=49 tumours, p=0.0041, Figure 4.42,
page 132).
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Primary non-metastatic Primary metastatic P value
Age (years) 74.8+10.3 80.0 £ 10.6 0.0159
Male 71.4% 77.1% 0.5244
Female 28.6% 22.9%
Tumour diameter (mm) 13.4 +8.7 29.0 £ 30.5 0.0012
Tumour depth (mm) 4.1 £2.7 7.9+5.9 0.0003
Well differentiated 34.7% 2.1% <0.0001
Moderately differentiated 55.1% 29.2%
Poorly differentiated 10.2% 68.8%
Perivascular invasion 2.0% 20.1% 0.0039
Perineural invasion 4.1% 25.0% 0.0038
Immunosuppressed 8.2% 16.3% 0.2035
Fully excised 100% 87.5% 0.0204

Table 4.1 Details of primary non-metastatic and primary metastatic cSCCs.

Patient clinical and histological details of archived FFPE primary cSCCs that had not

metastasised at 5 years post-excision (primary non-metastatic, n=48 tumours) and

primary cSCCs which had metastasised (primary metastatic, n=49 tumours). T-tests for

continuous variables, chi-squared tests for categorical variables.
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Figure 4.42 0OX40 is upregulated in primary ¢SCCs which had metastasised.

Quantification of OX40* immune cells in 49 primary non-metastatic and 48 primary
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metastatic ¢cSCCs. (A) Representative photomicrographs, scale bars = 50 um. (B) Graph
summarising the data. (C-E) OX40* immune cell frequencies by (C) tumour diameter, (D)
tumour depth and (E) histological differentiation. In (B-E), dots = mean values for each
tumour from 5 high power fields, (B, E) horizontal bars = mean values for each group,

t-test, (C, D) best fit line = linear regression.

4.3 Discussion

Based on the viewpoint that local cutaneous immunity plays a key role in
preventing c¢SCC development and that dysregulation of this local immunity may
allow the expansion of neoplastic keratinocytes to go unchecked, the Treg
population within ¢SCCs was investigated in this chapter. The findings
demonstrate that the ¢SCC tumoral immune infiltrate contains higher Treg
frequencies than peripheral blood, which is in keeping with studies indicating
that Tregs may accumulate in various tumours via several mechanisms and with
reports that exposure of skin to UV is conducive to the generation of Tregs
(Yamazaki et al., 2014). Functionally immunosuppressive Tregs have been
reported in human cancer previously (Curiel et al., 2004, Gobert et al., 2009, Jie
et al., 2013, Pedroza-Gonzalez et al., 2013) and this current study confirms that
¢SCC tumoral Tregs have the capacity to suppress tumoral effector T cell function
in vitro, therefore highlighting Tregs as a potential mechanism by which ¢SCCs

can avoid destruction by the skin immune system.

One of the notable features of the ¢SCC immune infiltrate is the predominant
peritumoral distribution of the infiltrating lymphocytes. Whilst peritumoral and
intratumoral infiltrating lymphocytes have previously been defined (Azzimonti et
al., 2015), few studies which have examined tumour-infiltrating lymphocytes
describe the distinction between the two locations of tumoral lymphocytes. In the
current study, ‘intratumoral’ was defined as being within the clusters of
neoplastic keratinocytes, ‘peritumoral’ as the stromal areas surrounding the
tumour/tumour islands, and ‘tumoral’ encompassing all of the above. Whilst the
current study identified that fewer immune cells were situated intratumorally than
peritumorally, future investigations to examine the phenotypic differences
between the intratumoral and peritumoral infiltrate and the spatial association of
these immune cells (e.g. lining up against the tumour border) and characteristics

of the tumour cells (e.g. those in apoptosis) would be useful.

Although Gelb et al. reported that lymphocytes infiltrating cSCC express CLA
(Gelb et al., 1993), a more recent investigation recorded that T cells infiltrating
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¢SCCs are non-cutaneous central memory T cells which lack expression of CLA
and CCR4 (Clark et al., 2008). In the current study, phenotypic characterisation of
tumoral Tregs in ¢SCC showed that most expressed CD45R0 and CLA, indicating
a skin resident memory phenotype (which is the predominant T cell phenotype in
skin) in cSCCs. CLA expression was confirmed on ¢SCC Tregs using both flow
cytometry and immunofluorescence microscopy with two different anti-CLA
antibodies (from BD Biosciences and Biolegend). However, the results
demonstrate a high degree of variability in CLA and CCR4 expression between
tumours, suggesting heterogeneous T cell responses in ¢SCC, possibly
accounting for the differences between previous studies. In the context of the E-
selectin expression by the majority of the peritumoral blood vessels, the findings
from this study signify that Tregs are likely to be recruited to ¢SCCs via CLA on
the Treg surface interacting with E-selectin on the tumoral vasculature. This is
akin to T cell recruitment in inflammatory skin conditions including psoriasis
(Lowes et al., 2014), atopic dermatitis (Islam and Luster, 2012) and contact
dermatitis (Cavani et al., 2003) as well as in other cutaneous neoplasms such as
melanoma (Gelb et al., 1993).

There has been considerable interest in developing cancer treatments that use
monoclonal antibodies which act on T cell costimulatory or inhibitory pathways to
augment anti-tumour immunity. Indeed, effector T cell responses can be
modulated through engaging costimulatory receptors which can attenuate Treg
suppressive ability (Piconese et al., 2008, Marabelle et al., 2013, Bulliard et al.,
2014, Voo et al., 2013), and by blocking inhibitory receptors such as CTLA-4 on
Tregs (Simpson et al., 2013, Wing et al., 2008). Whilst intracellular CTLA-4 was
observed in ¢SCC Tregs in the current study, an anti-CTLA-4 inhibitory antibody
was unable to enhance ¢SCC CD4* T cell proliferation in vitro. Other studies have
similarly failed to demonstrate any effect of CTLA-4 inhibitory antibodies on Treg
mediated suppression (Thornton and Shevach, 1998), which may potentially
relate to the requirement in these in vitro assays for anti-CTLA-4 to reduce CD80
and CD86 availability for the costimulatory counterpart CD28, thereby mediating
suppression in a cell extrinsic rather than intrinsic mechanism (Walker and
Sansom, 2011). Despite this, the in vitro culture model employed in the current
study was able to show enhanced tumoral CD4* T cell proliferation with the
addition of agonistic anti-4-1BB and anti-OX40, suggesting costimulatory

receptors may form a potential therapeutic target in ¢SCC.
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In the current study, the tumoral Tregs were the T cell subset that expressed
OX40 at the highest frequencies, consistent with observations from studies on
murine tumours which used anti-OX40 antibodies to deplete intratumoral Tregs
and enhance anti-tumour immunity (Piconese et al., 2008, Marabelle et al., 2013,
Bulliard et al., 2014), suggesting a similar strategy could be beneficial in cSCC.
0OX40 has been demonstrated on CD4* tumour-infiltrating lymphocytes in
melanoma and head and neck cancer (Vetto et al., 1997), and whereas the
presence of OX40 expressing lymphocytes in ¢SCC has recently been documented
(Feldmeyer et al., 2016), the current study highlights that this molecule is
predominantly expressed by Tregs in this cancer. This study also found higher
percentages of tumour-infiltrating lymphocytes expressing OX40 in primary
metastasising cSCCs compared with primary tumours which had not
metastasised. While this contrasts with some other cancers in which 0X40
expression correlates with improved prognosis (Sarff et al., 2008, Petty et al.,
2002, Ladanyi et al., 2004), much higher proportions of tumoral Tregs expressed
0OX40 than the tumoral CD4*FOXP3- and CD8* T cells in our ¢SCC population. As
enhanced tumoral CD4* T cell responses in vitro were observed with addition of
an OX40 agonist, the use of an OX40 agonist approach in vivo may have potential
benefits in patients with cSCCs at high risk of metastasising after surgical
excision. Admittedly, although OX40 agonism had little effect on enhancing
proliferation of tumoral CD4* effector T cells and interferon-y production by
these cells, it is unclear whether part of the effect of OX40 agonism could be
mediated by the presence of OX40*FOXP3- cells in the sorted
CD3*CD4CD25""CD127" population (Figure 4.41). This is because, due to
FOXP3 being an intracellular stain, it was not possible to isolate the FOXP3-
fraction of the CD3*CD4*CD25"""CD127" population from human ¢SCCs and
perform functional studies using this subset alone. Neither is it clear whether the
effect of OX40 agonism is mediated by OX40*CD4- effector T cells in overcoming
or influencing Treg suppression, however, the results indicate that the effect of
OX40 in boosting the effector T cell response is only seen in the presence of the
CD3*CD4CD25""CD127" population.

In conclusion, this study demonstrates that ¢SCCs contain an abundance of Tregs
which can suppress tumoral effector T cell function and that activation of the
costimulatory receptor OX40 enhances tumoral T cell responses. Primary cSCCs
that metastasise are associated with higher OX40* lymphocyte frequencies,
therefore providing evidence that Tregs and OX40 play key roles in the
pathogenesis of ¢cSCC.
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Chapter 5: Characterisation of effector T cell

dysfunction in ¢SCC

5.1 Introduction

In addition to the suppressive role of Tregs, another mechanism responsible for
insufficient anti-tumour responses is effector T cell hyporesponsiveness
(Rabinovich et al., 2007). A key mechanism underlying T cell hyporesponsiveness
in chronic viral infections is T cell exhaustion (Wherry and Kurachi, 2015), where
viruses can persist despite the presence of large numbers of CD8* T cells, which
lose their capacity for killing infected cells. Recent evidence indicates that T cell
exhaustion may play a fundamental role in cancer (Baitsch et al., 2011, Derre et
al., 2010). The induction and maintenance of T cell exhaustion is dependent on
persistent antigen exposure and tumours which are more immunogenic are
associated with greater degrees of CD8* T cell hyporesponsiveness (Willimsky et
al., 2008). Exhausted T cells are characterised by progressive loss of production
of IL-2, TNF-a and interferon-y , followed by the inability to lyse target cells.
Higher levels of inhibitory receptors are expressed by exhausted T cells, e.g. PD-
1, Tim-3, BTLA, LAG-3, CD160, CD244 and TIGIT (Fourcade et al., 2010, Chauvin
et al., 2015, Butler et al., 2012, Blackburn et al., 2009). Correcting T cell
exhaustion offers potential for therapy, as T cell responses can be boosted
independently of T cell antigen specificity (Robert et al., 2014, Topalian et al.,
2012). Indeed, PD-1 inhibitors have shown promising results in certain cancers in

clinical trials (Topalian et al., 2012, Hamid et al., 2013).

It has previously been shown that the TLR7 agonist imiquimod can boost T cell
effector functions such as interferon-y production in ¢SCC (Huang et al., 2009),
demonstrating that effector T cell dysfunction in ¢SCC can be reversed
pharmacologically. Whilst the PD-1 ligand PD-L1 has been detected in mouse
models of cSCC (Cao et al., 2011) and human head and neck SCC (Strome et al.,
2003), T cell exhaustion in cutaneous SCCs has not been investigated to date. As
the majority of studies which have investigated T cell exhaustion in human cancer
have focused on advanced tumours due to their accessibility, it is unclear whether
T cell hyporesponsiveness in the early stages of cancer represents true T cell
exhaustion (Baitsch et al., 2012). Therefore, the aims of this chapter are to:

1) characterise the effector T cell phenotype in ¢SCC,
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2) determine if cSCC T cells have impaired functional capacity for cytokine

production, proliferation and degranulation,
3) examine inhibitory receptor expression on T cells in ¢SCC, and

4) assess whether inhibiting PD-1 can enhance tumoral effector T cell function.

5.2 Results

5.2.1 CCR7 and L-selectin expression by T cells in ¢SCC

In the previous chapter, the majority of tumoral Tregs were found to express CLA,
however, CLA was expressed by lower frequencies of CD4*FOXP3- T cells (58.2%)
and CD8* T cells (41.6%, see section 4.2.3). As it has previously been reported
that ¢SCC T cells lack expression of skin homing markers and instead express
markers characteristic of central memory T cells (Clark et al., 2008), in the
current study, CCR7 and L-selectin expression on tumoral T cells was examined
using flow cytometry (Figure 5.1). CCR7 was present on 17.2% + 5.3% of Tregs,
32.9% + 11.5% of CD4*FOXP3 T cells and 15.5% + 12.1% of CD8* T cells in ¢SCCs
(n=16 tumours, Figure 5.2, page 139). CCR7 was more frequently expressed by
Tregs and CD4*FOXP3 T cells in the peripheral blood than those cells in normal
skin and ¢SCC (p<0.0001 for all comparisons, Figure 5.2A, B). Although CCR7 was
expressed by lower percentages of CD8* T cells in normal skin compared to blood
(p=0.0275), there was no significant difference in CCR7 expression between CD8*
T cells in blood and those in ¢SCC (Figure 5.2C).
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Figure 5.1 Expression of CCR7 and L-selectin by tumoral T cells.

Representative flow cytometry dot plots showing CCR7 and L-selectin expression on

CD3* gated lymphocytes in blood, non-lesional skin and ¢SCC from the same subject.

Plots representative of 12 subjects.
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Figure 5.2 CCR7 expression by tumoral T cells.

(A-C) Graphs showing aggregate data for CCR7 expression in peripheral blood, normal
skin and tumoral (A) FOXP3* Tregs, (B) CD4*FOXP3 T cells, and (C) CD8* T cells (n=16

tumours). Horizontal bars

comparisons.

means, one-way ANOVA with Tukey’s test for multiple
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L-selectin was expressed by 60.5% + 20.3% of Tregs, 30.4% + 13.8% of
CD4*FOXP3" T cells and 16.9% + 8.5% of CD8* T cells (n=12 tumours, Figure 5.3,
page 140). Similar to the CCR7 data, L-selectin was more frequently expressed by
Tregs from blood than those from normal skin (p=0.0108) and ¢SCC (p=0.0014,
Figure 5.3A). The percentage CD4"FOXP3" cells expressing L-selectin was also
higher in ¢SCC (p=0.0006) and normal skin (p=0.0082) compared with blood
(Figure 5.3B). Higher frequencies of CD8* T cells in blood expressed L-selectin



than those from normal skin (p=0.0317), but there was no significant difference
in percentage of CD8* T cells that were L-selectin* in blood and ¢SCC (Figure
5.3C). These results indicate that a proportion of tumoral T cells express the
blood/lymph node homing markers CCR7 and L-selectin, suggesting that cSCCs
contain some central memory T cells in addition to the effector memory T cells

described in the previous chapter (in section 4.2.3, page 106).
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Figure 5.3 L-selectin expression by tumoral T cells.

(A-C) Graphs showing aggregate data for CCR7 expression in peripheral blood, normal
skin and tumoral (A) FOXP3* Tregs, (B) CD4*FOXP3 T cells, and (C) CD8* T cells (n=12
tumours). Horizontal bars = means, one-way ANOVA with Tukey’s test for multiple

comparisons.

5.2.2 Tumoral effector T cells exhibit reduced proliferative capacity

To investigate whether effector T cell dysfunction was present in cSCC, in vitro
lymphocyte proliferation assays were conducted with effector T cells from ¢SCC
and compared with those from corresponding blood, which were both cultured
separately in the presence of accessory cells and PHA. Patient-matched non-
lesional skin contained insufficient numbers of T cells for proliferation assays to
be conducted. Effector CD4*CD25"™ T cells from ¢SCC proliferated significantly
less than those from peripheral blood (380 cpm versus 1015 cpm respectively,
p=0.0005, n=23 tumours, Figure 5.4A, page 141). Similarly, proliferation was
lower for tumoral CD8* T cells than peripheral blood CD8* T cells (2262 cpm
versus 4032 cpm respectively, p=0.0010, n=12 tumours, Figure 5.4B). To
determine whether the reduced proliferation by tumoral T cells was due to the

use of collagenase during isolation of lymphocytes from skin, a single experiment
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was performed using cells isolated from peripheral blood treated with
collagenase in the same conditions and duration as the cells from the tumour.
Collagenase treatment did not reduce proliferation of CD4*CD25"" effector T cells
or CD8* T cells from peripheral blood down to the level of those from the tumour
(data not shown). Therefore, these results suggest that tumoral effector CD4* T
cells and CD8* T cells are less able to proliferate than effector T cells from blood,

suggesting effector T cell dysfunctionality in cSCC.
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Figure 5.4 Effector T cells in ¢SCC proliferate less in response to stimulus

compared with those from peripheral blood.

(A - B) Effector T cells from ¢SCC and corresponding peripheral blood were cultured
with 1pg/ml PHA for 72 hours in the presence of autologous irradiated PBMCs, and
tritiated thymidine uptake assays were conducted to assess cell proliferation. (A)
CD4*CD25"" effector T cells and (B) CD8* T cells from ¢SCCs (n=23 and 12 tumours
respectively) proliferate less than those from peripheral blood, dots = median values
for each subject from triplicate well experiments, horizontal bars = median values for

all subjects, paired Wilcoxon rank test.

5.2.3 Higher interferon-y * T cell frequencies are present in ¢SCC than
blood

Tumoral T cells were investigated to determine whether they were also
dysfunctional in the ability to produce effector cytokines. Interferon-y is secreted
by TH1 and cytotoxic T cells, and is known to be protective against the
development of tumours (Shankaran et al., 2001). In the current study, ex vivo
unstimulated tumoral T cells did not produce interferon-y , whereas when they
were stimulated with PMA and ionomycin for 5 hours in the presence of Brefeldin

A in the last 4 hours of culture, interferon-y expression was detected (Figure

141



5.5A, page 142). Tumoral interferon-y * T cells were found to contain

approximately equal proportions of CD4* and CD8* T cells (Figure 5.5B), and were
predominantly CD45RO* memory T cells (Figure 5.6A).
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Figure 5.5 PMA and ionomycin-stimulated tumoral T cells express interferon-y.

(A) Representative histograms demonstrating interferon-y expression in tumoral CD3*
gated lymphocytes that were unstimulated or stimulated for 5 hours with PMA and
ionomycin, grey shaded areas represent isotype control. (B) Representative dot plots
from a separate subject showing interferon-y and CD8 expression by PMA/ionomycin

stimulated CD3"* gated lymphocytes from blood, normal skin and cSCC. Plots are
representative of 15 tumours.

Interferon-y was expressed by tumoral CD4* and CD8* T cells at higher
frequencies in ¢SCC (17.1% = 16.6% of CD4* population, Figure 5.6B, page 143,
and 32.8% + 25.5% of CD8* population, Figure 5.6C, n=15 tumours) than in
peripheral blood (4.4% + 3.6% of CD4* population, p=0.0084, Figure 5.6B, and
9.2% + 9.0% of CD8* population, p=0.0077, Figure 5.6C). However, no difference
in interferon-y expression was seen between T cells from ¢SCC and non-lesional
skin, where interferon-y was observed in 9.4% + 5.2% of CD4* T cells and 24.2% +

21.1% of CD8* T cells. This data suggests that interferon-y production is not
impaired in effector T cells in ¢SCC.
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Figure 5.6 Higher interferon-y producing frequencies of T cells are present in
cSCC than peripheral blood.

(A) Representative dot plots showing interferon-y and CD45R0 expression in
PMA/ionomycin stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C)
Graphs showing frequencies of interferon-y expressing (B) CD4* T cells and (C) CD8" T
cells in blood, normal skin and ¢SCC (n=15 tumours). Horizontal bars = means, one-

way ANOVA with Tukey’s test for multiple comparisons.

5.2.4 Expression of TNF-a by tumoral T cells

TNF-a is another cytokine that can be produced by T cells and has been shown to
be important in anti-tumour immunity (Calzascia et al., 2007), but has also more
recently been implicated in promoting tumour growth (Bertrand et al., 2015). In
the current study, TNF-a expression was examined in T cells from blood, normal
skin and ¢SCC, where populations of TNF-a “IFN-y - and TNF-a*IFN-y * T cell
populations were observed (Figure 5.7A, page 144). TNF-a was expressed by
8.7% *+ 6.2% of the CD4* population in blood, 30.8% + 22.5% of the CD4*
population in normal skin, 29.2% + 26.3% of the CD4* population in ¢SCC, n=11
tumours (Figure 5.7B). Although higher frequencies of CD8* T cells were TNF-a* in
cSCC compared with peripheral blood (49.5% + 30.0% versus 13.7% + 8.7%,

p=0.0026, n=11 tumours), there were similar proportions of TNF-a expressing
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CD8* T cells in ¢SCC and non-lesional skin (48.3% + 20.4%, Figure 5.7C). This data
indicates that tumoral effector T cells are not diminished in their capacity to
produce TNF-a.
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Figure 5.7 Production of TNF-a by tumoral T cells.

(A) Representative dot plots showing TNF-a and interferon-y expression in
PMA/ionomycin stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C)
Graphs showing frequencies of TNF-a expressing (B) CD4* T cells and (C) CD8* T cells
in blood, normal skin and ¢SCC (n=11 tumours). Horizontal bars = means, one-way

ANOVA with Tukey’s test for multiple comparisons.

5.2.5 IL-2 is expressed by lower frequencies of T cells in ¢<SCC compared

with non-lesional skin

IL-2, a cytokine produced by CD4* TH1 cells and CD8* T cells that stimulates T
cell proliferation and differentiation, has shown effectiveness as a cancer
immunotherapy (Rosenberg, 2014). Loss of IL-2 has been shown to be a
characteristic of T cell exhaustion in cancer (Fourcade et al., 2010, Sakuishi et al.,
2010). In the current study, non-lesional skin contained higher frequencies of IL-2
expressing T cells (22.8% = 16.9% of CD4* population and 16.0% = 11.2% of CD8*
population) than corresponding blood (3.0% + 4.1% of CD4* population,
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p=0.0001, Figure 5.8B, page 145, and 1.9% + 2.3% of CD8* population, p<0.0001,
Figure 5.8C) and ¢SCC (8.2% + 8.7% of CD4* population, p<0.0001, Figure 5.8B,
and 5.3% + 4.6% of CD8* population, p<0.0001, n=14 tumours, Figure 5.8C).
These results suggest that effector T cells in ¢SCC are less able to produce IL-2
than effector T cells from non-lesional skin, which would be consistent with the

early stages of T cell exhaustion (Wherry and Kurachi, 2015).
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Figure 5.8 Lower frequencies of T cells express IL-2 in ¢SCC than normal skin.

(A) Representative dot plots showing IL-2 and CD45R0O expression in PMA/ionomycin
stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C) Graphs showing
frequencies of IL-2 expressing (B) CD4* T cells and (C) CD8* T cells in blood, normal
skin and ¢SCC (n=14 tumours). In (B, C), dots represent independent experiments,
paired normal skin and cSCC samples are linked to show that in most subjects, IL-2 is
expressed less frequently by T cells from ¢SCC than those from normal skin.

Horizontal bars = means, one-way ANOVA with Tukey’s test for multiple comparisons.

5.2.6 IL-4, but not IL-13, is expressed by T cells at higher frequencies in

the tumour compared with blood

TH2 inflammation has been implicated in promoting carcinogenesis and poorer
clinical outcomes in cancer (De Monte et al., 2011). To investigate the expression

of TH2 cytokines in the cSCC environment, tumoral T cell expression of IL-4 and
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IL-13 was examined. IL-4 was expressed by a substantial proportion of tumoral T
cells (Figure 5.9), with significantly higher frequencies of T cells in ¢SCC (37.4% +
23.3% of CD4* T cell population; 15.5% = 12.5% of CD8* T cell population, n=10
tumours) compared with blood (2.4% + 0.9% of CD4* T cell population, p=0.0027,
Figure 5.9B; 2.5% + 1.9% of CD8* T cell population, p=0.0343, Figure 5.9C). Non-
lesional skin IL-4* T cell frequencies (22.5% + 21.9% of CD4* T cell population;
10.8% + 7.5% of CD8* T cell population) were similar to those in cSCC, but
significantly higher than those in peripheral blood (p<0.05).
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Figure 5.9 IL-4 expression is upregulated in T cells in ¢<SCC compared with those
in blood.

(A) Representative dot plots showing IL-4 and CD45R0O expression in PMA/ionomycin
stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C) Graphs showing
frequencies of IL-4 expressing (B) CD4* T cells and (C) CD8* T cells in blood, normal
skin and ¢SCC (n=10 tumours). Horizontal bars = means, one-way ANOVA with Tukey’s

test for multiple comparisons.

Analysis of IL-13 expression showed relatively low numbers of tumoral T cells
expressed this cytokine in comparison to IL-4 (Figure 5.10, page 147). IL-13*
frequencies amongst CD4* T cells in the blood, normal skin and ¢SCC were 0.6% +
0.9%, 2.2% + 2.3% and 1.2% + 1.6% respectively, n=10 tumours (Figure 5.10B),
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and in CD8* T cells were 0.7% + 0.8%, 1.3% + 1.4% and 1.1% + 1.0% respectively,
n=10 tumours (Figure 5.10C). These results indicate that the TH2 cytokine IL-4 is

expressed by a notable proportion of T cells in ¢SCC, but IL-13* T cells are

infrequent.
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Figure 5.10 IL-13 expression by T cells in ¢SCC.

(A) Representative dot plots showing IL-13 and CD45RO expression in PMA/ionomycin
stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C) Graphs showing
frequencies of IL-13 expressing (B) CD4* T cells and (C) CD8* T cells in blood, normal

skin and ¢SCC (h=10 tumours). Horizontal bars = means.

5.2.7 IL-17+ T cells are infrequent in ¢SCC

TH17 cells are recognised to play an important role in certain inflammatory
processes, however, their role in malignant disease remains uncertain (Maniati et
al., 2010). Although some studies have demonstrated TH17 cell infiltration was
associated improved clinical outcomes in human cancer (Kryczek et al., 2009), IL-
17 was recently shown to enhance cSCC growth in mice (Nardinocchi et al.,
2015). In the current study, IL-17 was found to be expressed by only a small
fraction of tumoral T cells (Figure 5.11A, page 148), with IL-17 positivity
demonstrated in 4.7% + 9.8% of the tumoral CD4* T cell population (Figure 5.11B)
and 2.4% + 5.6% of the tumoral CD8* T cell population (Figure 5.11C), n=13
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tumours. There were no significant differences in IL-17* T cell frequencies
between cSCC and blood (0.4% + 0.4% of CD4* T cell population, 0.3% + 0.3% of
CD8* T cell population) or normal skin (4.0% + 4.1% of CD4* T cell population,
2.8% + 4.1% of CD8* T cell population), but there were higher percentages of CD4*
T cells that expressed IL-17 in normal skin than in blood (p=0.0352, Figure

5.11B). Overall, these results show that IL-17* T cells are infrequent in ¢SCC.
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Figure 5.11 Low frequencies of IL-17* T cells are present in cSCC.

(A) Representative dot plots showing IL-17 and TNF-a expression in PMA/ionomycin
stimulated CD3* gated T cells from blood, normal skin and ¢SCC. (B-C) Graphs showing
frequencies of IL-13 expressing (B) CD4* T cells and (C) CD8* T cells in blood, normal
skin and ¢SCC (n=13 tumours). Horizontal bars = means, one-way ANOVA with Tukey’s

test for multiple comparisons.

5.2.8 PD-1 is expressed on tumoral T cells

To investigate whether T cell exhaustion was responsible for effector T cell
dysfunction in ¢SCC, inhibitory receptors were examined on tumoral T cells. PD-1
was mainly detected on CD45R0O* memory T cells in the blood, non-lesional skin
and ¢SCC (Figure 5.12A, page 150). CD4* T cells expressed PD-1 at higher
frequencies in ¢SCC compared with in blood (19.9% + 12.9% versus 3.1% + 3.0%
respectively, p<0.0001, n=62 tumours) and non-lesional skin (13.2% *+ 9.8%,
p=0.0010, Figure 5.12B). PD-1 was also expressed by greater proportions of CD8*
T cells in ¢SCC than blood (23.7% + 15.4% versus 3.5% + 3.5% respectively, n=71
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tumours, p<0.0001, Figure 5.12C), but there was no significant difference in PD-
1 CD8* T cell percentages in ¢SCC and non-lesional skin (22.2% + 15.9%). In
addition, PD-1 was upregulated on both CD4* and CD8* T cell populations in non-
lesional skin compared with peripheral blood (p<0.0001 for both comparisons).
The expression of PD-1 in T cells from non-lesional skin was similar to that
reported in skin from older individuals (Vukmanovic-Stejic et al., 2015). As the
patient matched skin in the current study was obtained from skin sites that may
have received chronic sun exposure, it is possible that chronic exposure to UVR
or external antigens in aged skin could account for PD-1 expression in T cells
from non-lesional skin. To investigate if UVR could upregulate PD-1 on T cells in
vitro, flow cytometry was performed on PBMCs which had been irradiated with
UVB. PD-1 expression on T cells from 5 subjects did not alter despite UVB
irradiation for varying durations up to 480 s (Figure 5.12D), suggesting that acute

UVR exposure in vitro does not lead to increased PD-1 expression on T cells.
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Figure 5.12 PD-1 expression by T cells in cSCC and non-lesional skin.

(A) Representative dot plots showing PD-1 and CD45R0O expression in CD3* gated T
cells from blood, normal skin and cSCC. (B-C) Graphs showing frequencies of PD-1
expressing (B) CD4* T cells and (C) CD8" T cells in blood, non-lesional skin and ¢SCC

((B) n=62 tumours, (C) n=71 tumours). Horizontal bars = means, one-way ANOVA with

Tukey’s test for multiple comparisons. (D) PD-1 expression on peripheral blood T cells

from five subjects irradiated with varying doses of UVB. Lines connect data points from

the same subject.

Although CD39 is predominantly found on Tregs and contributes to their

suppressive function, CD39 has also been proposed as a marker of T cell

exhaustion (Gupta et al., 2015). In the current study, PD-1 and CD39 co-

expression was investigated in tumoral T cells, showing sizeable PD-1*CD39* T
cell populations in ¢SCC (Figure 5.13A). CD39 was upregulated in PD-1* tumoral T
cells (CD39*=37.6% = 16.9% of PD-1- T cell population versus 55.0% + 23.0% of
PD-1* T cell population, p=0.0020, n=10 tumours, Figure 5.13B), and PD-1
expression was increased in CD39* tumoral T cells (PD-1*=12.1% + 9.5% of CD39
T cell population versus 25.5% = 19.9% of CD39* T cell population, p=0.0088,
Figure 5.13C). These results suggest that CD39 is highly expressed in PD-1+ T
cells in ¢SCC, which may contribute to their inhibitory phenotype.
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Figure 5.13 CD39 is upregulated on PD-1* tumoral T cells.

(A) Representative dot plots showing CD39 and PD-1 expression in CD3* gated T cells
from blood, normal skin and c¢SCC. (B) CD39* expression on PD-1"and PD-1* tumoral T
cells. (C) PD-1* expression on CD39 and CD39* tumoral T cells. (B, C) n=10 tumours,

horizontal bars = means, paired T test.
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5.2.9 PD-L1 is expressed in c¢SCC

To investigate whether PD-L1, the ligand for PD-1 was present in ¢SCC, confocal
microscopy was performed which showed PD-L1 was expressed by cSCC
keratinocytes on the cell membrane and cytoplasm, and confirmed PD-1 was
expressed on the cell surface of immunocytes (Figure 5.14, page 153). Flow
cytometry was also conducted to examine PD-L1 expression in immunocytes from
¢SCC and normal skin, as well as in corresponding PBMCs. PD-L1 was
predominantly expressed by the CD3 immunocyte populations in ¢SCC (Figure
5.15A, page 154). PD-L1 was expressed by 10.0% + 4.8% of live immunocytes in
¢SCC (n=11 tumours), which was more frequent than that in blood (2.4% + 2.3%,
p=0.0004) but similar to non-lesional skin (8.1% + 4.0%, Figure 5.15B). PD-L1
expression was observed in 3.0% = 3.7% of Tregs, 1.1% + 1.0% of CD4*FOXP3" T
cells and 4.3% + 3.4% of CD8* T cells in ¢SCC (n=11 tumours), and no differences
in PD-L1* frequencies in the T cell subsets were found between blood, normal skin
and ¢SCC (Figure 5.15C-E).
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Figure 5.14 PD-L1 is expressed by cSCC tumour keratinocytes.

Representative confocal microscopy images of DAPI, PD-1, PD-L1 staining of frozen
sections from 6 ¢SCCs. PD-1 was expressed by immunocytes whereas PD-L1 was

expressed in varying intensities by tumour keratinocytes. Scale bar = 50 pm.
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Figure 5.15 PD-L1 expression by non-T cells and T cells in ¢SCC.

(A) Representative dot plots showing PD-L1 and CD3 expression in live immunocytes
from blood, normal skin and cSCC. (B-E) PD-L1 expression as a percentage of (B) total
live immunocytes, (C) Tregs, (D) CD4*FOXP3" T cells, and (E) CD8* T cells. Horizontal

bars = means, one-way ANOVA with Tukey’s test for multiple comparisons.

5.2.10 CTLA-4 is upregulated by tumoral non-regulatory T cells

In the previous chapter, the inhibitory receptor CTLA-4 was found to be highly
expressed by tumoral Tregs intracellularly (section 4.2.8), and also by some
FOXP3- T cells (Figure 5.16A). CTLA-4 can be expressed by exhausted effector T
cells (Wherry and Kurachi, 2015), and in the current study, CTLA-4 was present in
33.4% + 21.6% of CD4*FOXP3- T cells and 17.6% of CD8* T cells in ¢SCC (n=10
tumours), which were higher than the CTLA-4* percentages in T cells from blood
(3.3% + 4.9% of CD4*FOXP3- T cells, p=0.0001, and 17.6% + 20.8% of CD8* T cells,
p=0.0194) and non-lesional skin (10.0% + 2.7% of CD4*FOXP3- T cells, p=0.0053,
and 1.3% + 1.1% of CD8* T cells, p=0.0406, Figure 5.16B, C, page 155), indicating
that CTLA-4 is upregulated by effector T cells in the tumour.
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Figure 5.16 CTLA-4 is upregulated in non-regulatory T cell populations in cSCC.

(A) Representative dot plots showing intracellular CTLA-4 and PD-1 expression in
CD4*FOXP3 (top row) and CD8* T cells (bottom row) from blood, normal skin and
cSCC. (B-C) Intracellular CTLA-4 expression in (B) CD4*FOXP3 T cells, and (C) CD8* T
cells in blood, normal skin and cSCC. Horizontal bars = means, one-way ANOVA with

Tukey’s test for multiple comparisons.

5.2.11 Tim-3, BTLA, LAG-3 and CD160 are not present on tumoral T cells,
but CD244 and TIGIT are detected

To investigate whether cSCC T cells expressed other inhibitory receptors
characteristic of T cell exhaustion, flow cytometry was performed for Tim-3,
BTLA, LAG-3, CD160, CD244 and TIGIT. Tim-3 expression was minimal in cSCC T
cells despite PD-1 being present on these cells, and Tim-3 could be detected on
peripheral blood T cells that had been stimulated with PHA for 72 hours for use

as a positive control, demonstrating that the anti-Tim-3 antibody was working
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effectively (Figure 5.17A). In ex vivo tumoral T cells, Tim-3 was only expressed by
0.5% + 0.6% of CD4* T cells (Figure 5.17B) and 0.1% + 0.1% of CD8* T cells (n=13
tumours, Figure 5.17C).
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Figure 5.17 Minimal expression of Tim-3 by tumoral T cells.

(A) Representative flow cytometry dot plots showing isotype control staining of PBMCs,
and staining for Tim-3 and PD-1 in ex vivo tumoral CD3* gated T cells and PBMCs that

had been stimulated with PHA for 72 hours. (B-C) Tim-3 expression in (B) CD4* T cells,

and (C) CD8* T cells in blood, normal skin and ¢SCC (n=13 tumours). Horizontal bars =
means.

Analysis of BTLA, LAG-3 and CD160 expression showed that whilst these
inhibitory receptors could be detected in small proportions of CD3- immunocyte
populations from peripheral blood, their presence on CD3* T cells in blood,
normal skin and cSCC was negligible (Figure 5.18A, D, G, page 157). BTLA was
expressed by 0.7% + 1.3% of CD4* T cells (Figure 5.18B) and 0.3% + 0.4% of CD8*
T cells (n=10 tumours, Figure 5.18C), LAG-3 was expressed by 0.7% + 0.9% of
CD4* T cells (Figure 5.18E) and 1.4% = 1.6% of CD8* T cells (n=14 tumours, Figure
5.18F), and CD160 was expressed by 0.1% + 0.1% of CD4* and 0.0% + 0.0% of
CD8* T cells (n=13 tumours, Figure 5.18H, I).
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Figure 5.18 Low expression of BTLA, LAG-3 and CD160 by tumoral T cells.
(A, D, G) Representative dot plots illustrating expression of (A) BTLA, (D) LAG-3 and (G)

CD160 versus CD3 in immunocytes from separate patients, from matched blood,
normal skin and ¢SCC, demonstrating that few T cells in c¢SCC expressed these
markers. B, C, E, F, H, I) Expression of (B, C) BTLA, (E, F) LAG3, (H, I) CD160 on (B, E, H)
CD4* T cells and (C, F, I) CD8* T cells from blood, normal skin and ¢SCC. (B-C) n=10

tumours, (E-F) n=14 tumours, (G, H) n=13 tumours. Horizontal bars = means.

CD244 was detected mainly on CD8* rather than CD4* T cell populations in blood,
normal skin and ¢SCC (Figure 5.19A, page 158). No significant differences were
noted in CD244 expression between T cells in blood, normal skin and ¢SCC; the
percentages of CD4* T cells that were CD244* were 10.8% + 14.6% in blood, 5.9%
+ 4.9% in normal skin and 4.6% + 4.5% in ¢cSCC (n=12 tumours, Figure 5.19B), and
the percentages of CD8* T cells that expressed CD244 were 65.9% + 25.5% in
blood, 44.2% + 23.5% in normal skin and 50.7% + 24.7% in cSCC (nh=12 tumours,
Figure 5.19QC).
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Figure 5.19 CD244 is expressed by CD8* T cells in blood, non-lesional skin and
cSCC.

(A) Representative flow cytometry dot plots demonstrating CD244 and PD-1 expression
in CD4* T cells (top row) and CD8* T cells (bottom row) in blood, normal skin and cSCC.
(B-C) CD244 expression by (B) CD4* T cells and (C) CD8" T cells in blood, normal skin

and cSCC (n=12 tumours), horizontal bars = means.

TIGIT was noted to be present on many tumoral PD-1* T cells (Figure 5.20A, page
160). CD4* T cells expressed TIGIT at higher frequencies in cSCC compared with
in peripheral blood (44.9% + 16.2% versus 12.4% + 5.6% respectively, p<0.0001,
n=18 tumours, Figure 5.20B), but there was no significant difference compared
with normal skin (26.0% + 8.6%). In addition, no significant differences were
observed in TIGIT expression between CD8* T cells from blood (36.5% + 22.9%),
normal skin (29.6% + 22.6%) and cSCC (40.7% + 30.8%, n= 18 tumours, Figure
5.20C). The percentage of CD8* T cells that expressed both TIGIT and PD-1 were
significantly higher in normal skin and ¢SCC compared with blood, but TIGIT*PD-
1+ frequencies were similar in CD8* T cells from normal skin and ¢SCC (blood:
2.2% + 2.4%, normal skin: 16.8% + 14.1%, cSCC 16.2% + 11.8%, blood versus
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normal skin: p=0.0114, blood versus cSCC: p=0.0087, n=12 tumours, Figure
5.20D). ¢SCC and normal skin contained similar percentages of CD8*PD-1* T cells
that expressed TIGIT (55.1% + 28.2%, n=12, and 46.0% + 25.5%, n=9 respectively,
Figure 5.20E), suggesting that the co-expression of TIGIT and PD-1 could not
distinguish CD8* T cells from ¢SCC and normal skin.
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Figure 5.20 TIGIT expression by c¢SCC T cells.

(A) Representative dot plots showing TIGIT and PD-1 expression in CD4"* (top row) and
CD8* T cells (bottom row) from blood, normal skin and ¢SCC. (B-C) TIGIT expression in
(B) CD4* T cells, and (C) CD8* T cells in blood, normal skin and ¢SCC (h=18 tumours).
(D) TIGIT*PD-1* frequencies in CD8* T cells in blood, normal skin and ¢SCC (n=12
tumours). (E) Percentage of CD8*PD-1* T cells in normal skin (n=12) and ¢SCC (n=9)
that are TIGIT* (there were too few CD8PD-1* cells from blood for this analysis).

Horizontal bars = means, one-way ANOVA with Tukey’s test for multiple comparisons.

5.2.12 Tumoral PD-1* T cells have higher frequencies of interferon-y

expression but lower levels of IL-2 and IL-4 expression

CD8* T cell exhaustion is characterised by the inability to produce certain T cell

effector cytokines. To determine whether PD-1 expression in tumoral CD8* T cells
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is a marker of T cell exhaustion and is associated with reduced expression of
cytokines in ¢SCC, flow cytometry was used to compare the PD-1* and PD-1" gates
in their expression of interferon-y , TNF-a, IL-2 and IL-4. Interferon-y was more
frequently expressed in tumoral CD8* T cells that were PD-1* than PD-1- (59.1% +
31.2% versus 41.8% + 26.1% respectively, n=13 tumours, p=0.0117, Figure 5.21A,
B, page 162). However, PD-1 expression was not associated with any difference in
TNF-a production by tumoral CD8* T cells (TNF-a was present in 39.4% + 28.3% of
the PD-1* population and 34.6% + 21.8% of the PD-1- population, n=8 tumours,
Figure 5.21C, D). Furthermore, lower frequencies of IL-2 and IL-4 were observed
in tumoral CD8* T cells that were PD-1* rather than PD-1- (IL-2* = 3.3% + 4.3% of
PD-1* population versus 5.6% + 6.0% of PD-1- population, n=12 tumours,
p=0.0069, Figure 5.21E, F; IL-4* = 7.4% = 5.7% of PD-1* population versus 14.6% +
13.3% of PD-1- population, n=8 tumours, p=0.0399, Figure 5.21G, H). Similar
frequencies of PD-1* and PD-1" tumoral CD8* T cells expressed IL-13 (2.5% + 2.7%
of CD8*PD-1* population versus 1.1% + 1.1% of CD8*PD-1" population, n=10
tumours, p=0.0858, Figure 5.211,J) and IL-17 (1.4% + 1.5% of CD8*PD-1*
population versus 0.6% = 0.5% of CD8PD-1- population, n=9 tumours, p=0.1841,
Figure 5.21K, L). This data suggests that expression of PD-1* T cells in ¢SCC are

more able to produce interferon-y but less able to produce IL-2 and IL-4.
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Figure 5.21 Tumoral CD8* T cells that express PD-1 are more able to produce
interferon-y but less able to produce IL-2 and IL-4 than PD-1" CD8* T cells.
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(A, C, E, G) Representative dot plots from 4 separate subjects showing expression of
(A) interferon-y , (C) TNF-a, (E) IL-2, (G) IL-4, (1) IL-13, and (K) IL-17 versus PD-1 in PMA
and ionomycin stimulated CD3* gated T cells from subject matched blood, normal skin
and cSCC. (B, D, F, H, J, L) Frequencies of (B) interferon-y , (D) TNF-a, (F) IL-2 and (H) IL-
4, () IL-13, and (L) IL-17 expressing tumoral CD8* T cell PD-1and PD-1*
subpopulations, (B) n=13 tumours, (D) n=8 tumours, (F) n=12 tumours, (H) n=8

tumours, (J) n=10 tumours, (L) n=10 tumours, horizontal bars = means, paired T test.

5.2.13 T cells in ¢SCC and non-lesional skin express lower frequencies of

granzyme B and perforin than T cells from peripheral blood

An important function of CD8* T cells is the ability to degranulate which enables
them to directly kill target cells using cytotoxic mechanisms (Shen et al., 2006). In
the current study, the degranulation markers granzyme B, perforin and LAMP-1
were investigated in ¢SCC T cells. In the peripheral blood, granzyme B was
expressed more highly by CD8* than CD4* T cells, and that granzyme B* cells were
mainly PD-1- (Figure 5.22, page 164). In the peripheral blood, granzyme B*
populations accounted for 5.0% + 4.2% of unstimulated CD4* T cells, 12.4% +
12.2% of PMA/ionomycin stimulated CD4* T cells, 31.3% + 21.9% of unstimulated
CD8* T cells and 36.5% + 24.1% of PMA/ionomycin stimulated CD8* T cells, Figure
5.23). In comparison to peripheral blood, granzyme B was expressed less
frequently by PMA/ionomycin stimulated T cells from normal skin (3.9% + 2.5% of
CD4* T cells, p=0.0111, Figure 5.23A, and 5.9% + 5.0% of CD8* T cells, p=0.0002,
Figure 5.23C) and cSCC (2.5% + 2.7% of CD4* T cells, p=0.0006, Figure 5.23A, B,
and 8.2% + 12.3% of CD8* T cells, p=0.0003, n=13 tumours, Figure 5.23C, D).
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Figure 5.22 Granzyme B expression by CD4* and CD8* T cells from peripheral
blood, non-lesional skin and cSCC.

Flow cytometry plots showing granzyme B and PD-1 expression in PMA and ionomycin
stimulated CD3* gated T cells from blood, normal skin and cSCC from the same

subject, top row = CD4* gated cells, bottom row = CD8* gated cells.
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Figure 5.23 Tumoral T cells express less granzyme B than T cells from peripheral
blood.

(A-D) Graphs showing flow cytometry data for granzyme B expression in (A, B) CD4* T
cells and (C-D) CD8* T cells in blood, normal skin and cSCC, that were either
unstimulated (n=15 tumours) or stimulated for 5 hours with PMA/ionomycin (n=13
tumours). Graphs (B) and (D) summarise data in (A) and (C) respectively, showing
reduced granzyme B expression in PMA/ionomycin stimulated T cells from ¢SCC
compared with blood. (A-D) Horizontal bars = means, (A, C) one-way ANOVA with

Tukey’s test for multiple comparisons, (B, D) paired T-test.

Similarly, perforin was mainly observed in peripheral blood CD8* T cells and
perforin* cells were mostly PD-1- (Figure 5.24, page 166). In addition, perforin was
expressed by fewer T cells in non-lesional skin (0.5% + 0.4% of unstimulated CD4*
T cells, 1.3% + 0.9% of stimulated CD4* T cells, Figure 5.25A, 5.2% + 4.7% of
unstimulated CD8* T cells, 4.4% + 4.6% of stimulated CD8* T cells, Figure 5.25C,
page 167) and cSCC (0.9% + 1.4% of unstimulated CD4* T cells in ¢SCC, 0.6% +
0.6% of stimulated CD4* T cells in ¢SCC, Figure 5.25A, 6.7% + 5.6% of
unstimulated CD8* T cells in ¢SCC, 9.6% + 11.6% of stimulated CD8* T cells in
¢SCC, n=10 tumours, Figure 5.25C) compared with blood (5.5% * 4.6% of
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unstimulated CD4* T cells in blood (versus normal skin p=0.0036, versus ¢SCC
0.0031), 8.0% + 3.8% of stimulated CD4* T cells in blood (versus normal skin
p<0.0001, versus cSCC p<0.0001, Figure 5.25A), 32.6% + 24.3% of unstimulated
CD8* T cells in blood (versus normal skin p=0.0201, versus ¢SCC p=0.0086),
39.3% + 24.4% of stimulated CD8* T cells in blood (versus normal skin p=0.0014,
versus ¢SCC p=0.0016, Figure 5.25Q)).
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Figure 5.24 Perforin expression by CD4* and CD8* T cells from peripheral blood,

non-lesional skin and cSCC.

Flow cytometry plots of perforin and PD-1 expression in PMA and ionomycin stimulated
CD3* gated lymphocytes from blood, normal skin and cSCC from the same subject, top

row = CD4* gated cells, bottom row = CD8* gated cells.
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Figure 5.25 Tumoral T cells express less perforin than T cells from peripheral
blood.

(A-D) Graphs demonstrating perforin expression in (A, B) CD4* T cells and (C-D) CD8* T
cells in blood, normal skin and c¢SCC, that were either unstimulated (n=10 tumours) or
stimulated for 5 hours with PMA/ionomycin (n=10 tumours). Graphs (B) and (D)
summarise data in (A) and (C) respectively, showing reduced perforin expression in
PMA/ionomycin stimulated T cells from ¢SCC compared with blood. (A-D) Horizontal
bars = means, (A, C) one-way ANOVA with Tukey’s test for multiple comparisons, (B, D)
paired T-test.

LAMP-1 was found to be expressed on CD4* and CD8* T cells from blood normal
skin and ¢SCC (Figure 5.26, page 168). Whilst activation with PMA and ionomycin
increased LAMP-1 expression on T cells from blood, normal skin and ¢SCC, there
were no significant differences in LAMP-1 expression between T cells from the
different tissue compartments. LAMP-1 was present on 5.6% + 4.0% of
unstimulated CD4* T cells and 16.9% + 18.7% of stimulated CD4* T cells in
peripheral blood, 5.0% + 2.8% of unstimulated CD4* T cells and 24.3% + 19.3% of
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stimulated CD4* T cells in normal skin, and 8.8% + 9.9% of unstimulated CD4* T
cells and 21.0% + 20.7% of stimulated CD4* T cells in ¢SCC, n=10 tumours (Figure
5.27A, page 169). LAMP-1 was expressed on 9.3% + 9.4% of unstimulated and
20.1% + 26.3% of stimulated CD8* T cells from peripheral blood, 2.5% + 3.1% of
unstimulated and 22.9% + 21.1% of stimulated CD8* T cells from normal skin, and
6.9% + 13.8% of unstimulated and 26.6% + 23.9% of stimulated CD8* T cells from
¢SCC, n=10 tumours (Figure 5.27B). These results suggest that whilst the
production of the cytolytic molecules granzyme B and perforin is reduced in ¢SCC
and non-lesional skin compared with peripheral blood, degranulation/LAMP-1

expression is not impaired in cSCC effector T cells.
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Figure 5.26 LAMP-1 expression on CD4* and CD8* T cells from peripheral blood,
non-lesional skin and cSCC.

Flow cytometry plots of LAMP-1 and PD-1 expression in PMA and ionomycin stimulated
CD3* gated lymphocytes from blood, normal skin and cSCC from the same subject, top

row = CD4* gated cells, bottom row = CD8* gated cells.
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Figure 5.27 Similar levels of LAMP-1 expression on T cells in peripheral blood,
normal skin and cSCC.

(A-B) Graphs showing LAMP-1 expression in unstimulated and PMA/ionomycin
stimulated (A) CD4* T cells and (B) CD8* T cells in blood, normal skin and ¢SCC (n=10

tumours). Horizontal bars = means.

Flow cytometry gating for PD-1 expression was used to determine whether PD-1
was associated with altered ability of tumoral CD8* T cells to degranulate and
express cytolytic molecules. No significant difference was detected between PD-1*
and PD-1- CD8* T cell populations in the expression of granzyme B (Figure 5.28A,
B, page 170), perforin (Figure 5.28C, D), and LAMP-1 (Figure 5.28E, F). In cells
that were unstimulated (n=10 tumours), the mean + SD percentages expressing
granzyme B were 7.2% + 7.1% of the PD-1* CD8* T cell population and 9.0% +
11.4% of the PD-1- CD8* T cell population; the frequencies expressing perforin
were 6.9% + 6.3% of the PD-1* CD8* T cell population and 6.5% + 5.6% of the PD-1-
CD8* T cell population; and LAMP-1* frequencies were 7.9% + 14.5% of the PD-1*
CD8* T cell population versus 6.1% + 13.7% of the PD-1- CD8* T cell population. In
cells that were stimulated with PMA and ionomycin (n=10 tumours), the
percentages expressing granzyme B were of the 7.6% + 9.5% PD-1* CD8* T cell
population and 7.5% + 7.7% of the PD-1- CD8* T cell population; perforin was
expressed by 12.7% + 15.9% of the PD-1* CD8* T cell population and 9.0% + 8.9%
of the PD-1- CD8* T cell population; and LAMP-1 was expressed by 26.1% + 19.0%
of the PD-1* CD8* T cell population versus 24.4% + 17.9% of the PD-1- CD8* T cell
population. Therefore, the data indicates that PD-1 expression is not associated
with the ability of tumoral CD8* T cells in ¢SCC to produce cytolytic markers and

degranulate.
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Figure 5.28 Expression of cytolytic and degranulation markers in PD-1* and PD-1
subpopulations of tumoral CD8* T cells.

(A-E) Frequencies of (A, B) granzyme B, (C-D) perforin, and (E, F) LAMP-1 expressing
tumoral CD8* T cells in PD-1"and PD-1* subpopulations. In graphs (A, C, E), cells were
analysed ex vivo without prior stimulation, whereas in (B, D, F), cells were stimulated
with PMA/ionomycin for 5 hours prior to flow cytometry, n=10 tumours, horizontal

bars = means.

5.2.14 Tumoral PD-1* immunocyte frequencies in primary cSCCs do not

predict metastasis

To investigate whether PD-1 expression by tumoral immunocytes was associated
with poorer clinical outcomes in ¢SCC, PD-1* immune cell frequencies were
quantified in primary cSCCs which had metastasised and primary cSCCs known

not to have metastasised after 5 years of follow up. Some of the

170



immunohistochemistry and cell quantification was performed with assistance

from Dr Kimberlee Lim. PD-1 expressing lymphocytes were present in highly

variable frequencies in different tumours. PD-1 expression was observed on

27.5% + 19.2% of immunocytes in primary ¢cSCCs which had metastasised (n=29

tumours), and in 36.4% + 23.1% of immune cells in the non-metastatic cSCCs

(n=24 tumours), with no statistically significant difference identified between the
groups (p=0.1296, Figure 5.29).
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Figure 5.29 No difference in PD-1* immune cell frequencies in primary ¢SCCs

which had metastasised and primary ¢SCCs which had not metastasised.

(A) Representative images of immunohistochemical stains for PD-1 in a primary ¢SCC

which had not metastasised after 5 years (top) and a primary cSCC which had

metastasised (bottom), scale bars = 50 ym. (B) Quantification of PD-1* immune cell

frequencies in primary cSCCs which had not metastasised (n=24) and primary ¢SCCs

which had metastasised (n=29). (C-E) PD-1* immune cell frequencies by (C) histological

differentiation, (D) tumour diameter and (E) tumour depth. Dots indicate mean values

for each tumour from 5 high power fields, (B, C) horizontal bars represent mean values

for each group, t-test, (D, E) best fit line = linear regression.
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5.2.15 PD-1 inhibition enhances tumoral CD8* T cell proliferation and

interferon-y production in vitro

To investigate whether cSCC CD8* T cell function could be enhanced with PD-1
inhibition, tritiated thymidine uptake assays were conducted with tumoral CD8* T
cells cultured with anti-CD3 and accessory cells in the presence of an inhibitory
anti-PD-1 antibody or isotype control. The addition of anti-PD-1 significantly
increased anti-CD3 stimulated tumoral CD8* T cell proliferation over control
(median cpm 1041 versus 887 respectively, median increase in proliferation
35.3%, p=0.0039, Figure 5.30), suggesting that tumoral CD8* T cell proliferation
is augmented by PD-1 inhibition.
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Figure 5.30 PD-1 inhibition enhances tumoral CD8* T cell proliferation in vitro.

(A & B) Tumoral CD8* T cells isolated by flow cytometry were cultured for 72 hours
with anti-CD3 + autologous irradiated CD3" cell depleted irradiated PBMCs =+ inhibitory
anti-PD-1 antibody (a PD-1) or isotype control (iso). Proliferation was assessed by
tritiated thymidine uptake, results displayed in cpms in (A) and normalised to 100%
without anti-PD-1 in (B), dots = median values from triplicate wells for each tumour
(n=10 tumours), horizontal bar = median value from all tumours, paired Wilcoxon rank

test.

Flow cytometry was conducted to assess intracellular expression of interferon-y
in tumoral CD8* T cells cultured with inhibitory anti-PD-1 antibody. Interferon-y
was expressed by 51.2% + 18.3% of tumoral CD8* T cells cultured with isotype
control antibody compared with 54.3% + 17.0% of those cultured with anti-PD-1
(p=0.0383, n=14 tumours, Figure 5.31A, page 173), suggesting a small but
statistically significant increase in interferon-y production with PD-1 inhibition.

The mean fluorescence intensity minus background (A MFI) staining for interferon-
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y was 972.5 + 503.9 with isotype control antibody and 1173 + 665.1 with anti-
PD-1 (p=0.0103, n=14 tumours, Figure 5.31B), representing a 21.0% increase in
A MFI (Figure 5.31C).
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Figure 5.31 Effect of PD-1 inhibition on interferon-y production by tumoral CD8* T
cells in vitro.

Tumoral CD8* T cells isolated by flow cytometry were cultured for 72 hours with anti-
CD3 + autologous irradiated CD3"* cell depleted irradiated PBMCs =+ inhibitory anti-PD-1
antibody (a PD-1) or isotype control (iso). PMA/ionomycin was added in the last 5 hours
of culture, and Brefeldin A in the last 4 hours of culture. Interferon-y expression was
determined using intracellular flow cytometry, results displayed as (A) percentage of
cells that were interferon-y *, (B) A MFI, i.e. mean fluorescence intensity minus
background fluorescence, and (C) normalised A MFI, with 100% representing isotype

control, n=14 tumours, horizontal bars = means, paired T test.

IL-2 expression by tumoral CD8* T cells did not differ significantly with culture
with anti-PD-1 or isotype control antibody; the percentages of tumoral CD8* T
cells that were IL-2* were 10.6% + 7.9% with anti-PD-1 and 10.5% + 7.8% with
isotype control (p=0.8532, Figure 5.32A, page 174) and the A MFls were 396.6 +
208.4 with anti-PD-1 and 398.3 + 184.3 with isotype control (p=0.9480, n=12
tumours, Figure 5.32B).
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Figure 5.32 PD-1 inhibition does not affect IL-2 production by tumoral CD8" T cells
in vitro.

Tumoral CD8* T cells isolated by flow cytometry were cultured for 72 hours with anti-
CD3 + autologous irradiated CD3* cell depleted irradiated PBMCs =+ inhibitory anti-PD-1
antibody (a PD-1) or isotype control (iso). PMA/ionomycin was added in the last 5 hours
of culture, and Brefeldin A in the last 4 hours of culture. IL-2 expression was
determined using intracellular flow cytometry, results displayed as (A) percentage of
cells that were IL-2*, (B) A MFI, and (C) normalised A MFI, with 100% representing isotype

control. n=12 tumours, horizontal bars = means, paired T test.

Similarly, PD-1 inhibition did not affect granzyme B expression by tumoral CD8* T
cells; the percentages of tumoral CD8* T cells that expressed granzyme B were
39.1% + 27.6% with anti-PD-1 and 35.8% + 25.6% with isotype control (p=0.0733,
Figure 5.33A, page 175) and the A MFIs were 649.3 + 582.5 with anti-PD-1 and
562.9 + 534.4 with isotype control (p=0.0660, n=14 tumours, Figure 5.33B).
These results suggest that PD-1 inhibition of tumoral CD8* T cells in vitro does
not enhance IL-2 or granzyme B production, indicating that other mechanisms

may be responsible for the lack of IL-2 and granzyme B in these cells.
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Figure 5.33 In vitro PD-1 inhibition does not affect granzyme B expression in
tumoral CD8" T cells.

Tumoral CD8* T cells isolated by flow cytometry were cultured for 72 hours with anti-
CD3 + autologous irradiated CD3* cell depleted irradiated PBMCs * inhibitory anti-PD-1
antibody (a PD-1) or isotype control (iso). PMA/ionomycin was added in the last 5 hours
of culture. Granzyme B expression was determined using intracellular flow cytometry,
results displayed as (A) percentage of cells that were granzyme B*, (B) A MFI, and (C)
normalised A MFI, with 100% representing isotype control. n=14 tumours, horizontal

bars = means, paired T test.

5.3 Discussion

Functionally deficient tumour-infiltrating T cells have been described in cancer,
and may be partly responsible for the resistance of tumours to immune-mediated
destruction by the host immune system (Baitsch et al., 2011, Fourcade et al.,
2010, Sakuishi et al., 2010, Ahmadzadeh et al., 2009). In several advanced
cancers, T cell exhaustion has been demonstrated as a key mechanism for
aberrant T cell function, and targeting T cell exhaustion has been shown to be a
feasible immunotherapeutic approach that can reverse tumour-specific T cell
dysfunction and improve clinical outcomes in cancer (Fourcade et al., 2010,
Topalian et al., 2012). As described earlier in this thesis, defective host immunity
renders the skin especially vulnerable to the development of cSCC, and the data
in the previous chapter support a role for Tregs in inhibiting immune responses
in this tumour. However, it is unclear whether tumoral effector T cells are
intrinsically functionally deficient and whether T cell exhaustion is present in
¢SCC.

Exhausted T cells lose effector functions in a hierarchical manner, starting with
loss of IL-2 production and high proliferative capacity, followed by defects in the

production of interferon-y and TNF-a as well as in degranulation and cytotoxicity,
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combined with the progressive increase in the amount and diversity of inhibitory
receptors that are expressed (Wherry and Kurachi, 2015). In the present study, T
cells from cSCC are less able to proliferate in response to stimulus than those
from peripheral blood, and cSCC T cells produce less IL-2 than T cells from non-
lesional skin. These functional differences are characteristic of T cell exhaustion,
however, tumoral T cells are still able to produce interferon-y and TNFa,
suggesting that effector T cells in ¢SCC may be at an early stage of exhaustion
compared with those in advanced melanoma, where loss of interferon-y
production has been noted (Wherry and Kurachi, 2015, Baitsch et al., 2011,
Ahmadzadeh et al., 2009). In addition, analysis of tumoral T cell cytokine
production in the current study demonstrated that the TH2 cytokine IL-4 is
expressed by a sizeable fraction of the tumoral T cell population (roughly 40% of
CD4* T cells and 20% of CD8* T cells). Whilst cSCCs have previously been reported
to be associated with a TH1 bias (Clark et al., 2008), the identification of TH2
subsets in cSCC in the present study may implicate these T cells in contributing
to a potentially protumorigenic inflammatory environment (De Monte et al., 2011,
Demehri et al., 2014).

The inhibitory receptor PD-1 is expressed by T cells in ¢cSCC at higher abundances
than in corresponding peripheral blood, suggesting that the cSCC
microenvironment can induce or maintain PD-1 on tumour-infiltrating T cells.
However, although PD-1*CD4* T cells are more frequent in ¢SCC than in non-
lesional skin, PD-1*CD8* T cell percentages were similar in these tissue
compartments. Whilst other studies have highlighted that PD-1 expression is
higher on T cells infiltrating into melanoma metastases compared to normal liver,
lung and spleen tissue (Ahmadzadeh et al., 2009), it has also been reported that
normal skin in healthy individuals contains higher proportions of PD-1* T cells
than blood, and that PD-1 expression on T cells in skin increases with age
(Vukmanovic-Stejic et al., 2015). This suggests that inhibitory signalling by T cells
may regulate skin immunity in response to persistent antigen (e.g. from viruses
or chronic inflammation associated with ageing), or possibly from chronic UVR
resulting in non-clinically apparent changes in the skin. Indeed, the majority of
subjects with c¢SCC in the current study were elderly, with signs of chronic UVR
exposure and widespread actinic damage. UVR-induced driver gene mutations are
abundant even in normal skin (Martincorena et al., 2015), and these might result
in neoantigen formation (Linnemann et al., 2015), and as T cell
hyporesponsiveness can be induced even in premalignant lesions, it is possible

that PD-1 upregulation on T cells may occur in UVR-damaged skin at an initiating
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or early stage of skin carcinogenesis. In addition, the present study showed PD-1*
T cells in ¢SCC are less able to produce IL-2 than PD-1" T cells, consistent with T
cell exhaustion in melanoma, however, PD-1 expression was not associated with
any loss of interferon-y or TNF-a production in ¢SCC, which is usually observed
when multiple inhibitory receptors are expressed at a more advanced stage of
exhaustion (Ahmadzadeh et al., 2009, Fourcade et al., 2010). The limited number
of channels available for multicolour flow cytometry in the present study meant
that a maximum of three cytokines could be analysed within the same panel, and
future experiments using flow cytometers with extra channels would be useful to
investigate the degree of polyfunctionality of the cells (e.g. whether PD-1
expression was associated with a decrease in the number of cytokines secreted).
Examining other inhibitory receptors showed that whilst Tim-3, LAG-3 and BTLA
were not expressed, CTLA-4, CD244 and TIGIT could be detected in some PD-1+ T
cells in ¢SCC, which could represent exhausted T cells. However, it is unclear
whether the populations of T cells in ¢SCC that express CTLA-4, CD244 and TIGIT
without PD-1 are also hyporesponsive rather than activated. Furthermore, this
study demonstrates that expression of PD-1 alone on lymphocytes infiltrating

primary cSCCs does not associate with metastatic potential.

Loss of cytotoxicity has been described in T cell exhaustion in cancer (Wherry and
Kurachi, 2015, Wu et al., 2014). Cytotoxic T cells can lyse tumour cells using
perforin which forms transmembrane pores in the target cell, and granzyme B
which diffuses into the target cell cytoplasm and initiates apoptosis (Voskoboinik
et al., 2015, Breart et al., 2008). Reversal of tumoral T cell exhaustion has been
shown to enhance cytotoxicity and the ability of T cells to degranulate (Fourcade
et al., 2014, Chauvin et al., 2015). In the current study, granzyme B and perforin
expression were lower T cells in ¢SCC and non-lesional skin than blood, however,
the expression levels of LAMP-1, a marker indicating the cells have released their
cytotoxic granules, were similar in T cells in blood, normal skin and cSCC
following activation, suggesting that the ability to degranulate is not lost by T
cells in ¢SCC, whereas production of cytolytic molecules is reduced in the skin of
¢SCC subjects compared with in the blood. As T cell exhaustion is usually
characterised by loss of the ability to degranulate before defective cytotoxicity
occurs in more advanced stages (Wherry and Kurachi, 2015), the mechanism for
reduced granzyme B and perforin in T cells in cSCC may be an effect of an

alternative immunoregulatory process occurring in the skin of ¢SCC patients.
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PD-1 inhibition has been shown to be an attractive strategy for improving clinical
outcomes for several types of advanced cancer (Topalian et al., 2012, Hamid et
al., 2013). PD-1 has been shown to identify the tumour-specific population of
CD8* T cells infiltrating human tumours (Gros et al., 2014, Gubin et al., 2014),
and the clinical effectiveness of PD-1 blockade requires pre-existing tumoral CD8*
T cells that are negatively regulated by PD-1/PD-L1-mediated adaptive immune
resistance (Tumeh et al., 2014). In the present study, PD-L1 was detected on
tumour keratinocytes by confocal microscopy. It was also noted that
keratinocytes in the epidermis adjacent to the ¢SCCs could also express PD-L1,
and further experiments would be helpful to identify whether there are any
patterns in PD-L1 expression by cSCC cells (e.g. any relation to features such as
tumour cell death and immune cell infiltration) and whether expression levels
vary between c¢SCC and normal epidermis, precursor skin lesions and metastatic
tumours. In addition, an anti-PD-1 inhibitory antibody enhanced tumoral effector
T cell proliferation and production of interferon-y (but not IL-2 or granzyme B),
suggesting that PD-1, which is upregulated by T cells in ¢cSCC compared to blood,
could play a role in inhibiting certain functions of tumoral T cells, and that some

aspects of T cell hyporesponsiveness can be reversible.

In conclusion, this study has shown that effector T cells in ¢SCC are dysfunctional
in terms of their ability to proliferate, produce IL-2 and cytotoxic molecules, and
that targeting PD-1 can reverse some of these defects to enhance anti-tumoral
immunity, which may constitute a potential immunotherapeutic approach for
¢SCC.
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Chapter 6: Discussion

Skin cancer is the most common form of cancer worldwide, and due to their
potential to metastasise, cSCCs constitute a large problem for global health
(Lucas et al., 2006). Suppression of the immune system is associated with an
increased risk of cancer development, especially of ¢cSCC, which is the
predominant type of tumour that occurs in immunosuppressed organ transplant
recipients (Carroll et al., 2010, Euvrard et al., 2003). This suggests that intact
cutaneous immunosurveillance is particularly important for the prevention of
c¢SCC development, and mechanisms responsible for defective tumour immunity
may be attractive immunotherapeutic targets in ¢SCC. Although the majority of
¢SCCs occur in immunocompetent individuals, as UVR exposure and old age are
associated with reduced cutaneous immune responses (Vukmanovic-Stejic et al.,
2015, Schwarz et al., 2010), and that cSCCs are frequently infiltrated by T cells
which fail to prevent tumour growth, investigating cSCC immunity is likely to yield
key pathogenic mechanisms in this cancer. Furthermore, the cSCC model offers
an excellent opportunity for studying human cancer immunity because of the
prevalence and ease of access to samples from human primary tumours.
Immunotherapy to enhance the endogenous anti-tumour activity of tumour-
specific lymphocytes is becoming increasingly recognised as a promising strategy
for cancer treatment. Therefore, the aims of the current study were to investigate
tumoral Tregs and effector T cell dysfunction as potential causes for the defective
anti-tumour response in cSCC and to examine the effect of T cell costimulatory

and inhibitory antibodies on tumoral T cell function.

The presence of Tregs in ¢SCC has previously been documented by Clark et al.,
who showed that cSCCs are characterised by aberrant T cell homing resulting in
the infiltration of central memory T cells from the blood into the tumour rather
than effector memory T cells due to down regulation of vascular E-selectin and
the recruitment of Tregs (Clark et al., 2008). In the present study, Tregs were
found to accumulate in ¢SCCs in higher numbers than in normal skin and
peripheral blood, and that tumoral Tregs were functionally able to suppress
tumoral effector T cells, suggesting that tumoral Tregs contribute to an
immunosuppressive environment that permits cSCC tumour development.
However, in contrast to the findings by Clark et al., Tregs were demonstrated to
be predominantly effector memory T cells expressing the skin homing ligands
CLA and CCR4, and E-selectin, a ligand for CLA, is expressed on the blood vessels

in the stromal areas of cSCCs. A possible reason for the differences in findings
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between Clark et al. and the current study is the different processing of tumoral T
cells, in the former, tumoral T cells were cultured within skin explant culture
matrices in vitro and expanded for three weeks, whereas the present study
analysed tumoral T cells straight after isolation by mechanical and enzymatic
digestion. Furthermore, a notable observation arising from this study is the
heterogeneity in phenotype and functional responses from different tumours,
suggesting that ¢SCC immunity is influenced by a myriad of host and
environmental factors, and that investigations undertaken to investigate human
tumour immunity would require sufficient sample numbers given the variability

between tumours in different individuals.

Identification of tumour-specific Treg markers is important to enable suitable
therapeutic targets to be determined. Characterisation of the tumoral Tregs
showed that the inhibitory receptor CTLA-4 and costimulatory receptors OX40
and 4-1BB were upregulated. Whilst no effect on tumoral T cell function was seen
with CTLA-4 inhibition in vitro, OX40 and 4-1BB agonism leads to enhanced
responses by tumoral effector T cells. Although other studies have shown that
costimulatory antibodies can exert anti-tumour immunity through effector T cells
(Metzger et al., 2016, Linch et al., 2016), costimulatory antibodies can also inhibit
suppression by tumoral Tregs (Marabelle et al., 2013, Piconese et al., 2008, Voo
et al., 2013), and deplete Tregs via activating Fcy receptors (Bulliard et al., 2014).
The current study has shown that cSCC Tregs are the main T cell subset that
expresses OX40 and 4-1BB, and that OX40 agonism overcomes the suppression
exerted by Tregs in vitro. Therefore, the results in this thesis suggest that

targeting costimulatory receptors can enhance anti-tumour immunity in cSCC.

As metastatic ¢cSCC carries a poor prognosis, there is a need for effective
identification of ¢SCCs at high risk for metastasis. An important finding in this
study is that OX40 is more frequently expressed by lymphocytes in primary cSCCs
which metastasise. This indicates that characteristics within the tumour immune
infiltrate can provide insight into prognosis, and provides further support for the
importance of immunity in the pathogenesis of cSCC. Indeed, our group has
shown that increased Treg frequencies are associated with primary c¢SCCs which
have metastasised, providing further evidence for the pathogenic role of tumoral
Tregs (Lai et al., 2016). Furthermore, the results of the current study suggest that
targeting OX40 could benefit the subset of cSCC patients at high risk of

metastasis, although further experiments and clinical trials would be required to

180



investigate the potential for using OX40 agonists in patients with metastatic
¢SCC.

Another mechanism that results in insufficient anti-tumour immunity is T cell
exhaustion. The ‘exhausted’ phenotype was initially observed in chronic
infections, where T cells are induced that express numerous inhibitory receptors
and lack normal effector T cell functions, whereas acute infections normally lead
to the generation of large numbers of short-lived effector T cells and the
formation of memory T cells, which are typically able to express multiple
cytokines and cytotoxic effector molecules. Dysfunctional T cells with
characteristics of T cell exhaustion have been described in cancer, including
melanoma (Baitsch et al., 2011), ovarian cancer (Matsuzaki et al., 2010) and
chronic lymphocytic leukaemia (Riches et al., 2013), where the continual presence
of tumour-associated antigens leads to chronic T cell activation. It has been
suggested that an ‘exhausted’ phenotype develops as a functional adaptation that
enables a certain level of effector function to be fulfilled without causing
collateral tissue damage as a result of unrestrained autoimmunity (Speiser et al.,
2014). In addition, there is evidence that exhausted CD8* T cells in chronic
infection and cancer may maintain certain functions, and that the infiltration of
CD8* T cells is generally associated with improved clinical prognosis in various
cancer types despite T cell exhaustion suggests that these tumour-infiltrating T
cells retain some anti-tumour functionality (Galon et al., 2006, Fridman et al.,
2012, Utzschneider et al., 2016). Indeed, recent work in our laboratory
demonstrates that primary cSCCs which have not metastasised contain higher
CD8* T cell frequencies in the tumour immune infiltrate than primary cSCCs that
have metastasised (unpublished data), which provides support for an anti-tumour
role of CD8* T cells in ¢SCC. That PD-1 blockade has been shown to reactivate
effector T cell potential in cancer demonstrates that tumoral T cells are controlled
by regulatory mechanisms that involve PD-1 signalling, and that exhausted T cells
can retain the ability to mount potent effector responses, rather than being
intrinsically terminally dysfunctional (Speiser et al., 2014). It has been shown that
T cell exhaustion can still be observed in PD-1 knockout mice with chronic
lymphocytic choriomeningitis virus infection, and that these exhausted T cells are
more terminally differentiated and have reduced survival, suggesting that the role
of PD-1 may be to preserve exhausted T cells from excessive activation,

proliferation and terminal differentiation (Odorizzi et al., 2015).
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Blockade of inhibitory receptors in preclinical models of cancer and clinical trials
has demonstrated reversal of tumoral T cell exhaustion and improvement of
clinical outcomes (Fourcade et al., 2010, Matsuzaki et al., 2010, Sakuishi et al.,
2010, Topalian et al., 2012, Hamid et al., 2013). The advantages of targeting
inhibitory receptors include their specificity for tumour-specific T cells (Gros et
al., 2014), meaning that inhibitory receptor blockade can be effective across
different tumours in different individuals which may express different
antigens/neoantigens, and that non-tumour specific T cells are not inadvertently
affected, thereby reducing adverse effects related to loss of tolerance and
unrepressed immunity. Therefore, given that defective T cell immunity promotes
cSCC development, it is important to determine whether T cell exhaustion forms

a key mechanism for impaired anti-tumoral immune responses in this cancer.

In the current study, many T cells in ¢SCC were found to express the inhibitory
receptor PD-1, which is upregulated on T cells in ¢<SCC compared to blood, and
can be co-expressed with CTLA-4, CD244 and TIGIT in smaller subpopulations of
tumoral T cells. However, T cells that upregulate inhibitory receptors are not
always dysfunctional, for example, in healthy donors, circulating PD-1"*CD8* T
cells can represent effector memory cells rather than exhausted T cells
(Duraiswamy et al., 2011), and activated antigen specific T cells can upregulate
PD-1 or Tim-3 depending on the T cell differentiation and activation status
(Fourcade et al., 2010, Fourcade et al., 2014). Therefore, functional analysis of
the cSCC T cells was required in the current study in order to confirm that they
were truly dysfunctional. Indeed, cSCC effector T cells were found to have a
reduced ability to proliferate, secrete IL-2 and produce the cytolytic molecules
granzyme B and perforin, indicating that cSCC T cells are hyporesponsive, which
may contribute to ineffective anti-tumour immunity. Although the ability to
produce interferon-y and TNF-a was maintained by tumoral T cells, the reduced
capacity for proliferation and IL-2 production as well as the expression of PD-1
and other inhibitory receptors on a subset of T cells suggest that some T cells in
¢SCC are in an early stage of exhaustion. PD-1 blockade was able to enhance
cSCC effector T cell proliferation and interferon-y production in vitro, in keeping
with the inhibitory role of PD-1, which contributes to tumoral effector T cell
dysfunction. However, PD-1 expression was not associated with the lack of
granzyme B and perforin in tumoral T cells, and PD-1 blockade did not alter
granzyme B expression by tumoral CD8* T cells in vitro, suggesting that
alternative mechanisms may be responsible for the lack of cytolytic molecules in
c¢SCC T cells.
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It is notable that PD-1 is expressed by CD8* T cells in non-lesional skin in similar
frequencies to those in cSCC, and in significantly higher percentages than CD8* T
cells blood. T cells from the non-lesional skin were also not able to produce
granzyme B and perforin, which could signify that a degree of T cell
hyporesponsiveness is present in apparently normal sun-exposed skin. Hence, it
is possible that T cell dysfunction may be an initiating factor in permitting ¢SCC
development in UVR-damaged skin. Related to this, dysfunctional tumour-specific
T cells can be established during the pre-malignant phase of tumorigenesis in a
murine liver cancer model, with persistent antigen exposure driving this
dysfunction rather than factors associated with the tumour microenvironment
(Schietinger et al., 2016). It is possible that pre-malignant dysplastic cells in skin
chronically exposed to ultraviolet radiation may contain antigens that activate
naive T cells to undergo differentiation into a dysfunctional phenotype before the

emergence of a pathologically defined malignant tumour.

Based on the findings so far, one possible aim of future investigations would be
to further elucidate the contributions of different mechanisms to the
dysfunctional tumoral immune response in ¢SCC. As cancers depend on a
plethora of ways to escape immune detection and destruction, it is likely that new
therapies will rely on a combination of approaches. Hence, the assessment of the
relative contributions of different immunopathogenic mechanisms in cSCC, e.g.
immunosuppression by Tregs and the inhibitory effect of PD-1 on effector T cells,
would enable optimisation in enhancing tumour-specific immunity. In addition,
Tregs themselves can promote tumoral effector T cell dysfunction through
interactions via dendritic cells (Bauer et al., 2014) and IL-35 (Turnis et al., 2016),
and so experiments could be performed to assess whether c¢SCC Tregs can induce
T cell exhaustion in effector T cells. Furthermore, other inhibitory receptors can
be expressed by dysfunctional effector T cells in addition to PD-1, and as
strategies which target multiple inhibitory receptors may be synergistic and
amplify anti-tumour immune responses over monotherapy (Pardoll, 2012,
Chauvin et al., 2015), future experiments could be performed to investigate
whether tumoral effector T cell function is further enhanced by targeting TIGIT,
which was present on cSCC effector T cells in the current study, in combination
with PD-1 blockade. Clinical trials would be required to assess safety and efficacy
of inhibitory receptor blockade for the treatment of primary or metastatic c¢SCC.
Currently, clinical trials are being conducted using PD-1 inhibition in patients with
advanced or unresectable ¢SCC (NCT02883556 (clinicaltrials.gov, 2016a),
NCT02760498 (clinicaltrials.gov, 2016b)), and a number of case reports have
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indicated cSCC tumour regression with anti-PD-1 monoclonal antibody treatment
(Lipson et al., 2016, Borradori et al., 2016, Winkler et al., 2016).

The current study also provides a platform for further investigations to determine
the mechanisms of T cell dysfunction in c¢SCC. The characterisation experiments
performed so far have shown that T cells can be isolated from ¢SCC which can be
phenotypically and functionally different from those in patient-matched blood and
normal skin. Gene expression profiling can be used to further determine whether
cSCC T cells have the molecular signature of exhausted T cells in cancer (Baitsch
et al., 2011), and identify whether other dysfunctional states are present
(Schietinger and Greenberg, 2014), which could provide insight into the
mechanism for reduced expression of granzyme B and perforin by cSCC T cells.
Single cell RNA sequencing has shown that dysfunctional and activation statuses
of tumour-infiltrating T cells can be independently silenced with gene editing
technology, suggesting that this approach can be further used to identify and

target specific mechanisms for tumoral T cell dysfunction (Singer et al., 2016).

The present study demonstrates that PD-1 is expressed by T cells in non-lesional
skin (which was mainly from sun-exposed areas). To determine whether the
presence of PD-1 on T cells relates to solar damage in skin, experiments could be
performed to examine PD-1 expression in T cells from sun-protected non-lesional
skin (e.g. from the buttock) compared to sun exposed skin. It is possible that
defective T cell immunity is present at the initiating or early stages of c¢SCC
development, and related to this, previous work by our group has shown that the
precancerous skin lesion, actinic keratosis, contains similar frequencies of FOXP3*
Tregs as in ¢SCC (Lai et al., 2016). Actinic keratoses and Bowen’s disease could
also be examined for PD-1* T cells as well as PD-L1/2 to help to ascertain whether
PD-1 is relevant at the early stages of tumour development. To investigate how
¢SCCs can induce tumoral T cell dysfunction / PD-1 expression, T cells (from
¢SCC, normal skin or peripheral blood) could be cultured in the presence or
absence of tumour keratinocytes (and stromal cells/supernatant); identifying
mechanisms by which T cell dysfunction can be induced in ¢SCC/normal skin
would help to uncover therapies that prevent cSCCs from developing by inhibiting
T cells from becoming dysfunctional. For example, peptide vaccines which target
cancer epitopes and overcome tumoral T cell dysfunction can induce tumour
rejection (Williams et al., 2013, Gubin et al., 2014). Identification of antigens in
¢SCC would be required for the development of peptide vaccines for this cancer,

and would be useful for future investigations into antigen-specific interactions in
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this tumour; a number of recent publications have highlighted the great potential
of tumour neoantigen discovery (Linnemann et al., 2015, McGranahan et al.,
2016).

In addition to T cells and neoplastic tumour cells, the other contents of the
tumour microenvironment, including cytokines, antigen presenting cells and
other stromal cells are likely to contribute to cSCC development, therefore, the
roles of the different cell types and mediators in the tumour microenvironment
and cross-talk between them need to be further elucidated. Cytokines such as
CCL22 can mediate trafficking of Tregs into tumours (Curiel et al., 2004,
Klarquist et al., 2016), and so future investigations can be used to analyse
chemokines in the ¢SCC microenvironment and determine whether the cSCC
supernatant promotes migration of Tregs, as it remains unclear how these cells
are directed to cSCCs. It is also not known what the relative contributions are of
Tregs which have been thymically-derived and those that have been peripherally-
induced from conventional CD4* T cells. In addition, the mechanisms for Treg
mediated suppression in ¢SCC, and how these relate to OX40, still remain to be

determined.

More complex experiments are likely to require more advanced models of cSCC,
especially given that functional assessment of T cells from skin is limited by the
relatively low numbers that can be isolated with the methods used in the current
study. Moreover, in vitro functional experiments could be performed that enable
assessment of tumour cell killing by T cells in the presence of antigenic stimulus
using chromium release assays, and in vivo mouse models (e.g. DMBA/TPA
models) could be used for functional and mechanistic analysis. The future
development of cSCC models that recapitulate human immunity in vivo would be
useful for investigating the mechanisms and potential effectiveness of new
therapies. Furthermore, greater understanding of the phenotype and functional
deficiencies of T cells in ¢SCCs could contribute to the identification of new
potential targets which may ultimately enable development of new

pharmacological treatments for ¢SCC in future years.

Overall, this study has shown that a combination of defective immune responses
are present in ¢SCC which may play a fundamental role in the development of
these tumours (see Figure 6.1, page 186). In addition, the results of this study
demonstrate that in vitro assays using ¢cSCC T cells allow functional assessment
of antibodies that target T cell costimulation/inhibition and might be useful as a

preclinical tool for investigation of anti-tumour immunotherapies.
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Figure 6.1 Schematic representation of key findings in this study.

A combination of mechanisms involving suppressive Tregs and dysfunctional CD8* T
cells contribute to ineffective anti-tumour immunity in ¢SCC. Tregs accumulate in
¢SCCs, likely via CLA on Tregs and E-selectin on ¢SCC blood vessels, upregulate the co-
stimulatory receptor OX40, and suppress tumoral effector T cell responses. Primary
¢SCCs which have metastasised are associated with higher frequencies of tumoral
0X40* immune cells. Targeting OX40 with an agonistic antibody overcomes Treg
mediated suppression and enhances tumoral effector T cell responses. CD8* T cells in
¢SCC are less able to proliferate and produce perforin and granzyme B than CD8* T
cells in blood and secrete less IL-2 than those from normal skin. However, interferon-y
and TNF-a production are maintained by cSCC CD8* T cells, suggesting a state of
‘partial exhaustion’. The inhibitory receptor PD-1 is expressed by many T cells in ¢SCC
and normal sun exposed skin, and PD-L1 is present on cSCC tumour cells. PD-1
inhibition augments tumoral CD8* T cell proliferation and interferon-y secretion,
suggesting that CD8" T cell dysfunction can be reversed. The results of this study
demonstrate that defective T cell responses are present in cSCCs which may play a key

role in permitting the growth and development of these tumours.
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Appendix A Details of ¢cSCCs used in the study

Table 7.1 List of cSCCs excised by the author for the purpose of this study.

sex |age| immuno- |maximum site differentiation | maximum | perineural | complete
suppressed | diameter depth of | invasion excision
(mm) invasion
(mm)
1 m | 88 no 10 R cheek moderate 2 complete
2 m | 87 no 20 scalp moderate 4 complete
3 m | 94 no 18 R forehead moderate 6 complete
4 m | 77 no 21 L forehead moderate 5 complete
5 | m|78 yes 28 R temple poor 6 complete
6 | m |72 no 22 R hand moderate 4.5 complete
7 m | 76 yes 15 R hand well 2 complete
8 f | 81 no 15 R hand well 4 complete
9 | m |60 no 15 L temple moderate 5 complete
10| f | 84 no 15 R cheek well 2.9 complete
11 f | 83 no 15 R upper leg moderate 4 complete
12 | m | 52 no 15 behind L ear well 3.2 complete
13| m | 84 no 17 scalp moderate 3.5 complete
14| f | 86 no 20 L hand well 5 complete
15| f | 79 no 12 scalp moderate 4.5 complete
16 | f | 77 no 14 R cheek poor 2.1 complete
17 | m | 92 no 27 scalp poor 5 complete
18 | m | 77 yes 15 R scalp moderate 4.2 yes complete
19| f | 88 no 11 L calf well 2.2 complete
20| f | 85 yes 29 R forehead moderate 9 yes complete
21 75 no 12 L temple moderate 6 complete
22 79 no 23 R hand poor 3.8 complete
23 | m |70 no 20 L ant scalp mod 4.2 complete
24 | f | 89 no 23 L lower leg poor 2.6 complete
25 | m | 82 no 25 R temple poor 3.5 complete
26 | m | 75 no 20 L shin well 4.6 complete
27 | f | 85 no 25 L shin moderate 3.1 complete
28 | m | 81 no 22 scalp moderate 4.5 complete
29 | f | 95 no 17 R Iower_ leg poor 1 complete
superior
30| f |95 no 24 R lower leg well 1 complete
inferior
31 f | 81 no 12 L lower leg well 1.6 complete
32| f | 88 no 17 R hand well 7 complete
33| f | 88 no 13 L shin moderate 5 complete
34| m |72 no 23 R ear well complete
35| m | 87 no 22 central moderate 8 complete
forehead
36 | f | 87 no 20 R shin well 2.5 complete
37 | m | 91 no 17 R frontal poor 3 complete
scalp
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sex |age| immuno- |maximum site differentiation | maximum | perineural | complete
suppressed | diameter depth of | invasion excision
(mm) invasion
(mm)
38| m | 91 no 13 occipital moderate 4 complete
scalp
39 | f | 81 no 8 R lower leg well 1.9 complete
42 | m | 95 no 19 scalp poor 3.2 complete
43 | f | 68 no 16 back well 2 complete
44 | f | 68 no 12 Rarm well 4 complete
45 | f | 78 no 15 R jawline moderate 2 complete
46 | f | 90 no 17 L lower leg moderate 3.5 complete
47 | m | 84 no 8 R hand well 2.5 complete
48 | f | 87 no 10 R lower leg moderate 3 complete
49 | m | 68 no 19 R hand well 7.5 complete
50| f | 82 no 21 R lower leg poor 2.2 complete
51 | m | 86 no 18 R hand well 3.5 complete
52| m | 73 no 17 frontal scalp well 5 complete
53| m | 79 no 11 R temple well 2.4 complete
54 | m | 79 no 18 frontal scalp poor 3 complete
55| m | 70 no 14 L wrist poor 1.1 complete
56 | m | 79 no 9 R hand moderate 2.8 complete
57| f | 83 no 24 R temple moderate 6 yes present at
deep margin
58 | m | 79 no 12 L hand moderate 3 complete
59 | m | 78 no 20 R lower leg well 2 complete
60 | f |79 no 28 R cheek moderate 5 complete
61 | m | 89 no 30 R upper arm moderate 4 complete
62 | m | 51 no 20 L thigh well 4.5 complete
63| f | 94 no 20 L neck poor 5 complete
64 | f | 94 no 15 scalp moderate 6 yes complete
65 | m | 80 no 15 L cheek moderate 2 complete
66 | m | 88 no 35 L frontal moderate 9 complete
scalp
67 | m | 95 no 12 L cheek moderate 3 complete
68 | m | 88 no 10 L neck poor 7 complete
69 90 no 28 L forearm poor 2.5 complete
70 | m | 80 no 17 R scalp poor 2.5 complete
71 f |93 no 11 L shin well 3.5 complete
72| f | 88 no 19 L foot poor 5.8 complete
73 | m | 87 no 18 R cheek moderate 2 complete
74 | m | 87 no 25 L hand well 1 complete
75| m | 74 yes 9 L hand well 1.5 complete
76 | m | 79 no 27 L shin well 4 complete
77 | m | 66 no 22 L temple moderate 5.2 present at
deep margin

78 64 no 14 L hand well 3 complete
79 | f | 87 no 19 R shin moderate 1.9 complete
80 86 no 27 L forehead moderate 13 complete
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sex (age| immuno- |maximum site differentiation | maximum | perineural | complete
suppressed | diameter depth of | invasion excision
(mm) invasion
(mm)
81 | m | 84 no 9 L hand moderate 3 complete
82 | m | 87 no 23 L forearm poor 6.6 complete
83 | m |78 no 17 scalp poor 3 complete
84 | m | 57 no 27 R upper back moderate 3 complete
85 | m | 77 yes 10 R forearm moderate 4 complete
86 | m | 64 no 14 L cheek moderate 4.5 complete
87 | m | 86 yes 17 L wrist well 3.5 complete
88 | f | 87 no 15 L lower leg poor 3.5 complete
89 | f | 85 no 30 L shin well 2 complete
90 | f | 94 no 11 L hand well 4 complete
91 | m | 78 yes 10 R hand moderate 1 complete
92 | m |73 no 10 R temple moderate 4.3 complete
93 | f | 89 no 10 L cheek moderate 6 complete
94 | m | 90 yes 15 R temple poor 6 yes complete
95 | m | 78 no 12 R temple well 0.4 complete
9 | m | 74 no 18 R hand well 3.7 complete
97 | m | 87 no 12 R neck moderate 1.5 complete
98 | m | 61 no 20 chest moderate 4.5 complete
99 | m | 83 no 8 R scalp moderate 1.2 complete
100| m | 81 no 11 R ear well 2.6 complete
101 f | 83 no 15 R lower leg well 3 complete
102| m | 92 no 10 R ear well 1 complete
103| m | 78 no 14 R shin moderate 2.5 complete
104| m | 63 no 14 L shoulder well 2.8 complete
105| f | 86 no 13 L lower leg well 2.5 complete
106| m | 68 no 13 R ear moderate 1.5 complete
107| m | 84 no 17 L temple moderate 2.5 complete
108 m | 80 no 18 posterior moderate 2.4 complete
scalp
109| m | 88 yes 12 R forehead moderate 3.5 complete
110 81 no 16 L lower leg moderate 2.5 complete
111 f | 60 no 24 L hand moderate 3 complete
112| m | 88 no 15 R forearm well 5 complete
113 f | 89 no 15 R lower leg well 4.5 complete
114 m | 69 yes 20 L scapular moderate 1 complete
region
115 m | 71 no 16 L hand moderate 2.5 complete
116 | m | 81 no 19 L forearm moderate 3.5 complete
117 m | 76 no 12 L ear poor 7 complete
118 m | 79 no 23 scalp moderate 4.5 complete
119 m | 89 no 12 scalp moderate 4.8 present at
deep margin

120 m | 79 yes 9 scalp moderate 1.5 complete
121 79 no 25 scalp moderate 3.5 complete
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sex |age| immuno- |maximum site differentiation | maximum | perineural | complete
suppressed | diameter depth of | invasion excision
(mm) invasion
(mm)
122 f | 87 yes 12 R forehead moderate 4 complete
123| m | 81 no 17 chest moderate 1.3 complete
124 f | 86 no 15 L cheek moderate 2.5 complete
125| m | 82 no 22 scalp moderate 3.7 complete
126 m | 72 no 15 R temple moderate 4 complete
127| m | 76 no 13 R shin moderate 3.5 complete
128| m | 91 no 8 R ear moderate 4 complete
129| f | 73 no 13 L upper lip moderate 5.5 complete
130| m | 90 no 11 L ear moderate 2.5 complete
131 f | 83 no 13 L temple moderate 3.5 complete
132 m | 86 no 12 L parietal poor 4.8 complete
scalp
133| m | 85 no 40 scalp moderate 10 complete
134| m | 79 yes 9 R lower leg well 0.9 complete
135| m | 82 no 21 scalp moderate 3 complete
136| f | 80 no 15 R hand moderate 1.9 complete
137 f | 92 yes 14 R forearm moderate 1 complete
138 m | 70 yes 10 scalp moderate 3.5 yes complete
139| f | 85 no 10 R wrist moderate 4 complete
140| m | 72 no 12 R hand well 1.7 complete
141 | m | 77 no 12 posterior moderate 4.1 complete
scalp
142 m | 71 no 22 chest moderate 9.5 complete
143 79 no 12 L upper well 1.9 complete
forehead
144 m | 53 no 23 R forearm moderate 3.5 complete
145 m | 87 yes 30 L scalp moderate 3 complete
146| m | 85 no 36 R forehead moderate 9 complete
147 f | 86 no 11 L forehead moderate 4.5 complete
148| m | 90 no 18 R cheek moderate 10 present at
deep margin

149 78 no 11 L scalp poor 2.3 complete
150| m | 71 no 18 L scalp moderate 5.5 complete
151 71 no 20 R foot moderate 5.9 complete
152| m | 90 no 20 R hand moderate 2 complete
153| m | 46 yes 10 R hand moderate 1.5 complete
154 m | 71 no 10 L chest well 2 complete
155| m | 68 no 11 frontal scalp moderate 3.1 complete
156 m | 81 no 18 R scalp moderate 5 complete
157| m | 83 no 13 L upper arm well 5 complete
158 m | 70 no 12 R hand well 0.4 complete
159| f |100 no 19 R upper arm poor 4 complete
160 m | 76 no 26 L scalp moderate 7 complete
161 | m | 82 no 11 L temple poor 2 complete
162 m | 51 no 45 R forearm moderate 4 complete
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sex (age| immuno- |maximum site differentiation | maximum | perineural | complete
suppressed | diameter depth of | invasion excision
(mm) invasion
(mm)
163 79 no 12 L ear moderate 3 complete
164| m | 65 no 14 scalp vertex moderate 3.4 complete
165| f | 99 no 20 L hand moderate 2.5 complete
166 m | 95 no 20 L upper back poor 4.4 complete
167| m | 82 yes 10 L upper chest poor 3.1 complete
168| m | 82 yes 8 R upper chest moderate 1.1 complete
169| m | 90 no 40 R chest poor 12 complete
170 m | 72 yes 10 right cheek poor 2.2 complete
171 m | 94 no 18 scalp vertex moderate 6 complete
172 f | 90 no 12 L mid upper well 1.6 complete
leg
173 f | 90 no 12 R mid lower well 2 complete
leg
174 68 no 11 R cheek moderate 4.5 complete
175| m | 83 no 18 scalp vertex moderate 1 complete
176 f | 91 no 15 L shin moderate 4.2 complete
177 m | 84 yes 18 L forehead poor 3 yes complete
178 m | 84 no 14 R lateral eye moderate 4 complete
179| f | 87 no 9 L foot moderate 2 complete
180| m | 72 yes 13 R forehead moderate 5 yes complete
181| m | 79 no 11 L ear moderate 2.5 yes complete
182 f | 61 yes 10 L hand moderate 1.8 complete
183 f | 92 no 32 L shin well 6 complete
184 f | 92 no 23 R medial well 5 complete
lower leg
185| m | 85 no 12 R parietal moderate 3 complete
scalp
186 f | 77 yes 14 L ear well 1.4 complete
187 f | 77 yes 7 R upper chest well 1.4 complete
188| m | 76 yes 14 L cheek well 1.4 complete
189| m | 93 no 34 L scalp poor 10 present at
deep margin

190| m | 94 no 14 L ear lobe poor 5 complete
191 f | 86 no 10 L ankle well 2.5 complete
192 m | 86 no 10 R chest moderate 3.2 yes complete
193| f | 85 no 15 L lower leg well 2.5 complete
194| m | 87 no 11 R wrist moderate 2.7 complete
195| f | 86 no 18 L forearm moderate 3.7 complete
196| f | 79 yes 25 L lower leg well 4 complete
197 m | 76 no 25 scalp vertex poor 5.6 yes complete
198 m | 72 no 10 L forehead moderate 2.3 complete
199| f | 90 no 12 upper L calf moderate 1.3 complete
200 f | 90 no 16 lower L calf poor 2.5 complete
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Appendix B Flow cytometry panels

Table 7.2 Flow cytometry panels used in this study.

Fluorophore FITC PE PerCP Cy5.5| PE Cy7 APC APC Cy7 Bv421 Aqua
Laser green green green green red red violet violet
Excitation 488 488 488 488 633 633 405 405
(nm)
Emission 519 575 690 785 668 760 421 526
(nm)
Detector + 530+30 |576+26| 695=+40 780 +60 | 660+20 | 780+30| 450+50 | 530+ 30
filter (nm)
Panel 1 CD4 CD25 CD8 FOXP3 CD3 CD127 | Live/dead
Panel 2 CD25 0X40 CD4 CD8 FOXP3 CD3 CD127 | Live/dead
Panel 3 CD4 4-1BB CD8 FOXP3 CD3 0X40 Live/dead
Panel 4 CD4 Helios CD8 FOXP3 CD3 0X40 Live/dead
Panel 5 CD4 CTLA-4 PD-1 CD8 FOXP3 CD3 0X40 Live/dead
Panel 6 CD4 CD45R0O PD-1 CD8 FOXP3 CD3 PD-L1 Live/dead
Panel 7 CD4 CD39 CD45RO CD8 FOXP3 CD3 CLA Live/dead
Panel 8 CD4 CD39 PD-1 CD8 FOXP3 CD3 CD73 Live/dead
Panel 9 CD4 CD39 CCR4 CD8 FOXP3 CD3 CLA Live/dead
Panel 10 CCR4 CD39 CD4 CD8 FOXP3 CD3 CLA Live/dead
Panel 11 CLA CCR7 CD4 CD8 FOXP3 CD3 L-selectin | Live/dead
Panel 12 CD4 LAG-3 PD-1 CD8 CD3 PD-L1 Live/dead
Panel 13 CD4 Tim-3 PD-1 CD8 BTLA CD3 Live/dead
Panel 14 CD4 CD160 PD-1 CD8 CD3 Live/dead
Panel 15 CD4 CD244 PD-1 CD8 CD3 Live/dead
Panel 16 CD4 TIGIT PD-1 CD8 CD3 Live/dead
Panel 17 CD4 CD25 IFN-y CD127 FOXP3 CD3 0X40 Live/dead
Panel 18 CD4 IFN-y TNF-a CD8 PD-1 CD3 IL-2 Live/dead
Panel 19 CD4 IFN-y CD45RO CD8 PD-1 CD3 IL-2 Live/dead
Panel 20 CD4 IL-4 CD45RO CD8 PD-1 CD3 Live/dead
Panel 21 CD4 IL-13 CD45RO CD8 PD-1 CD3 Live/dead
Panel 22 CD4 IL-17 CD45RO CD8 PD-1 CD3 Live/dead
Panel 23 Granzyme B | Perforin CD4 CD8 PD-1 CD3 LAMP-1 Live/dead
Panel 24 NKG2D y& TCR CD45 CD19 Live/dead
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Fluorophore FITC PE PerCP Cy5.5 PE Cy7 APC APC Cy7 BV421 Aqua
Panel 25 CD15 CD45 CD16 CD11c Live/dead CD14
Panel 26 Fce RI 2D7 CD45 CD203c CD117 |Live/dead
Panel 27 CD56 CD3 Live/dead
Panel 28 CD68 CD11c CDla CD14 Live/dead
Panel 29 DC-SIGN CDI11c DC-LAMP CD14 Live/dead
Panel 30 CD123 CD141 CD11c CD14 Live/dead

242




Appendix C Supplementary figures

Figure 7.1 Predominant peritumoral location of T cells in cSCC.

Representative images of sequential ¢cSCC sections showing H & E stain (left) and
immunohistochemistry for CD3* T cells (right). Scale bars = 50 pm.

Figure 7.2 T cell subsets in the ¢SCC peritumoral infiltrate.

Representative H & E and CD3, CD4 and CD8 immunostains in sequential cSCC

sections. Scale bars = 50 pm.
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Figure 7.3 c¢SCC blood vessels express E-selectin.

Immunofluorescence microscopy of sequential ¢cSCC sections demonstrating CD31*
blood vessels expressing e-selectin in peritumoral/stromal areas of c¢SCC. Arrows
denote the same vascular structures on sequential sections, images representative of 5

¢SCCs, scale bars = 50 pm.
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