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Abstract

Cancer cells can inhibit T cell function by upregulating the expression of inhibitory receptors
on T cell surface. Different inhibitory receptors function via different ligands and signalling
pathways and may be stored in distinct vesicles. Understanding the inhibitory receptor
trafficking may provide novel ideas for antitumour therapies.

We studied the subcellular and interface distribution of inhibitory receptors in CD8+ T
cells using confocal microscopy and TIRF microscopy, respectively. APEX2, which biotiny-
lates proximal proteins, was used to elucidate the inhibitory receptor- containing -vesicles
via proteomic analysis. Immunoprecipitation was used to detect the trafficking regulators
interacting with the inhibitory receptors. To examine the effect of altered Rab expression in
cytotoxic T cell function, killing assays and live-cell imaging were performed on CD8+ T
cells transduced with a purified wild-type or dominant-negative form of Rab8a or Rab10.

We observed that a substantial amount of CTLA-4, PD-1, LAG3, TIM3 and TIGIT was
localised in the intracellular structures. TIRF imaging verified the different spatiotemporal
patterns of the abovementioned inhbitory receptors. The distinct clustering of the lumenal
proteomes containing CTLA-4, LAG3, and TIM3 is visualised by t-SNE analysis, a non-
linear algorithm for dimensionality reduction. Moreover, immunoprecipitation revealed that
different inhibitory receptors bind to common sorting complexes such as AP-1, AP-2, and
ESCPE-1. Lastly, cytotoxic T cells transduced with Rab proteins exhibited impaired killing
ability and an aberrant morphology characterised by a constricted interface and a misdirected
uropod.

In conclusion, different inhibitory receptors may be enriched in different cellular com-
partments; however, they use similar intracellular trafficking machinery for their recycling
and surface expression. Furthermore, the overexpression of Rab proteins may disrupt T cell
polarisation and thereby compromising its cytotoxicity. By understanding the intracellular
trafficking machinery of inhibitory receptors, we can improve the balance between the lyso-
somal degradation and membrane recycling of inhibitory receptors and optimise currently
available immune checkpoint blockade therapies.



Acknowledgements

Firstly, I want to express my deepest gratitude to my supervisor, Prof. Christoph Wuelfing, for
giving me the opportunity to join his lab and supporting me throughout my PhD. Christoph
guided me through my research and provided me with amazing pastoral care. Thank you
for your patience and tireless help during my thesis-writing and correction. And I always
regard you as my role model for being a supervisor and a scientist. I also want to thank my
second supervisor, Dr. David Morgan, and my review panel, Prof. Pete Cullen and Prof.
Linda Wooldridge, for advising me. Furthermore, I want to thank the University of Bristol
and the China Scholarship Council for funding my research. It is truly an honour to me.

Secondly, I would also like to thank all the people who worked in the F floor immunology
wing for their help and kindness. To Laura and Zongfan, who encouraged me to apply for
the scholarship. To Rachel, Yikui, and Hanin, who are always willing to assist me whenever
I need. To Carissa, Sin Lih and Sylvia, who were so kind to identify my problem and talk
me through it. To Boris, who spent almost a year by my side and taught me so much about
IPs. To James and Chenye, who helped to proofread my work and encouraged me as a
non-native speaker. To Andy, Lorena, Broko, Fernando, Dinalda, Lea and Ori, I am no
longer a shy girl but a confident researcher because of your company. And to all the staff
within the CMM school and Bristol Doctoral College who offered me patient help. I would
like to express my heartfelt appreciation to Shuai Lu, a companion of 15 years and one of
the most influential people in my life. On countless days and nights, his words inspired
me to regain my confidence and empowered me to persist in and eventually complete my PhD.

Additionally, I would like to thank my friends for supporting me through my PhD. In
particular Keyao and Yi, Yunyi, Feifei and my cat T cell, who accompanied me in my last
stage of writing. Thank you Rong and Yuehan, for our talks across three continents and
12 time zones over the past 6 years. Thank you Junlei, for accompanying me through the
extremely difficult days and creating a peaceful harbour for me, that is all I asked for. Thank
you T cell, my adorable and amazing kitten, for bringing joy and comfort to my life. I never
expected my life to be so fulfilling, but because of you all, I am complete.

Finally, thank you Mum and Dad. I am so proud and grateful to be your daughter. It
is because of your love, guidance, understanding and companionship, that I am able to
become who I am. I am so blessed to have grown up in such a cheerful, inspiring family, so
that I can always pursue my dreams with faith and courage.



I declare that the work in this dissertation was carried out in accordance with the
requirements of the University’s Regulations and Code of Practice for Research Degree
Programmes and that it has not been submitted for any other academic award. Except where
indicated by specific reference in the text, the work is the candidate’s own work. Work done
in collaboration with, or with the assistance of, others, is indicated as such. Any views
expressed in the dissertation are those of the author.

SIGNED: .....  DATE:..........................2023 April 30



Table of contents

List of figures x

List of tables xiii

1 Introduction 1
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Adaptive immunity and T cell biology . . . . . . . . . . . . . . . . . . . . 2

1.2.1 CD4+ T cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 CD8+ T cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Regulatory T cells . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Inhibitory receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4 Inhibitory receptors and immune cell exhaustion . . . . . . . . . . . . . . . 14

1.4.1 T cell exhaustion . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.2 Nature killer cell exhaustion . . . . . . . . . . . . . . . . . . . . . 16
1.4.3 B cell exhaustion . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.5 Tumour microenvironment . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6 Immune therapy for cancer . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.6.1 Targeting CD28 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.6.2 Immune checkpoint blockade therapy . . . . . . . . . . . . . . . . 19
1.6.3 CAR-T therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.6.4 Other immune therapies . . . . . . . . . . . . . . . . . . . . . . . 23

1.7 Vesicle transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.8 Trafficking of immune signalling receptors . . . . . . . . . . . . . . . . . . 28

1.8.1 Immunological synapse . . . . . . . . . . . . . . . . . . . . . . . 28
1.8.2 Trafficking to and recycling from the immunological synapse . . . 31

1.9 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.10 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34



Table of contents

2 Materials and Methods 35
2.1 Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.2 List of DNA oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.3 Bacteria strains and bacteria growth media . . . . . . . . . . . . . . . . . . 41

2.3.1 Bacteria strains used in this project . . . . . . . . . . . . . . . . . 41
2.3.2 Media and antibiotics . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.4 Transformation and bacteria cell culture . . . . . . . . . . . . . . . . . . . 43
2.5 Molecular biology methods . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.5.1 Conventional polymerase chain reaction (PCR) reaction . . . . . . 43
2.5.2 Multi Site-directed mutagenesis PCR reaction . . . . . . . . . . . . 44
2.5.3 Analytical digestion . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.5.4 DNA sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.5.5 DNA plasmid purification . . . . . . . . . . . . . . . . . . . . . . 46

2.6 Media, buffers and solutions for cellular experiments . . . . . . . . . . . . 46
2.6.1 Phoenix-E (ΦNX-E) incomplete medium . . . . . . . . . . . . . . 46
2.6.2 Phoenix-E (ΦNX-E) complete medium . . . . . . . . . . . . . . . 47
2.6.3 0.02% EDTA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6.4 Chloroquine diphosphate solution . . . . . . . . . . . . . . . . . . 47
2.6.5 2×Hepes Buffered Saline solution (2×HBS) . . . . . . . . . . . . . 47
2.6.6 Calcium Chloride solution . . . . . . . . . . . . . . . . . . . . . . 47
2.6.7 Sodium Hydroxide solution . . . . . . . . . . . . . . . . . . . . . 47
2.6.8 Kd-HA solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6.9 Protamine Sulphate solution . . . . . . . . . . . . . . . . . . . . . 47
2.6.10 “Vanilla” medium . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6.11 Interleukin-2 (IL-2) medium . . . . . . . . . . . . . . . . . . . . . 48
2.6.12 HeLa and HEK293T complete medium . . . . . . . . . . . . . . . 48
2.6.13 FACS sorting buffer . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.6.14 Imaging buffer (IB) with 10% (v/v) FBS . . . . . . . . . . . . . . . 48
2.6.15 Solutions used to coat the imaging plate . . . . . . . . . . . . . . 48
2.6.16 LysoTracker Probes . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.6.17 Buffers used in APEX2 proteomics . . . . . . . . . . . . . . . . . 49
2.6.18 Buffers used in APEX2 electron microscopy . . . . . . . . . . . . 49
2.6.19 Media and buffers used in Rab GTPases expression and purification 50
2.6.20 Buffers used in immuno-precipitation . . . . . . . . . . . . . . . . 50

2.7 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7.1 Phoenix cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

vi



Table of contents

2.7.2 Renca cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7.3 HeLA cell line . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7.4 HEK293T cell line . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.8 Mouse breeding, maintenance and phenotyping . . . . . . . . . . . . . . . 52
2.9 T Lymphocytes isolation and culture . . . . . . . . . . . . . . . . . . . . . 53
2.10 Retroviral transduction of primary T cells . . . . . . . . . . . . . . . . . . 54
2.11 Fluorescence-activated cell sorting (FACS) . . . . . . . . . . . . . . . . . . 55
2.12 Live cell imaging: TIRF imaging . . . . . . . . . . . . . . . . . . . . . . 57

2.12.1 Principles of Total Internal Reflection Fluorescence (TIRF) Microscopy 57
2.12.2 Sample preparation and image acquisition . . . . . . . . . . . . . . 58
2.12.3 Image analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.13 APEX2 proteomics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.13.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.13.2 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.14 APEX2 electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.14.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.14.2 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

2.15 Rab protein expression and transduction into CTLs . . . . . . . . . . . . . 65
2.15.1 Rab protein expression and purification by immobilised metal affinity

chromatography under native condition . . . . . . . . . . . . . . . 65
2.15.2 Purified protein verification . . . . . . . . . . . . . . . . . . . . . 66
2.15.3 Rab protein transduced CTL in vitro killing assays . . . . . . . . . 66
2.15.4 Live cell imaging of Rab-transduced primary T cells . . . . . . . . 67

2.16 Immunoprecipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.16.1 DNA transduction and cell culture . . . . . . . . . . . . . . . . . . 67
2.16.2 GFP-trap immunoprecipitation . . . . . . . . . . . . . . . . . . . . 67
2.16.3 SDS-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.16.4 Immunoblotting . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.17 Immunostaining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
2.18 List of antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3 Live cell imaging and proteomic analysis of the vesicular lumen to track in-
hibitory receptors 71
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.2 Chapter aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.3 Quantitative imaging analysis suggests the intracellular localisation of in-

hibitory receptors in T cells . . . . . . . . . . . . . . . . . . . . . . . . . . 75

vii



Table of contents

3.4 Clusters of inhibitory receptor-containing vesicles move toward the immuno-
logical synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.5 Distribution of inhibitory receptors across the T cell interface . . . . . . . . 90
3.5.1 Live cell imaging of CD8+ T cells expressing GFP-fused inhibitory

receptors using TIRF microscopy . . . . . . . . . . . . . . . . . . 90
3.5.2 CTLA-4 and LAG3 show distinct surface distribution patterns . . . 92
3.5.3 LAG3 is deposited to cell surface at the same time with TIM3 but

earlier than CTLA-4 . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.5.4 Vesicles transporting inhibitory receptors are inserted into the T cell

plasma membrane upon T cell activation with distinct frequency . . 107
3.6 Proteomes of vesicles containing CTLA-4, LAG3 and TIM3 are different . 112

3.6.1 APEX2-CTLA-4-GFP is distributed in vesicular structures under
light microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

3.6.2 APEX2-labelling of inhibitory receptors under electron microscopy
is unspecific . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

3.6.3 APEX2-based proteomic analysis . . . . . . . . . . . . . . . . . . 119
3.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4 Immunoprecipitation analysis to identify trafficking proteins that associate with
inhibitory receptors 136
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

4.1.1 Endocytic trafficking of inhibitory receptors . . . . . . . . . . . . . 137
4.1.2 Role of retromer and sorting nexins . . . . . . . . . . . . . . . . . 138
4.1.3 Sorting protein-binding motifs are found in the cytoplasmic domain

of inhibitory receptors . . . . . . . . . . . . . . . . . . . . . . . . 144
4.2 Chapter aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.3 Cytoplasmic domains of inhibitory receptors cannot pull down any sorting

proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
4.4 Transmembrane domains of inhibitory receptors assist in the binding of

sorting proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.4.1 Inhibitory receptors with both transmembrane and cytoplasmic do-

main show vesicular distributions . . . . . . . . . . . . . . . . . . 152
4.4.2 Inhibitory receptors with both transmembrane and cytoplasmic do-

main pull down AP-1 and AP-2 . . . . . . . . . . . . . . . . . . . 153
4.4.3 Inhibitory receptors with both transmembrane and cytoplasmic do-

main pull down ESCPE-1 subunits . . . . . . . . . . . . . . . . . . 156

viii



Table of contents

4.5 Expression of GFP-fused inhibitory receptors with transmembrane and cyto-
plasmic domain in the context of immune cells . . . . . . . . . . . . . . . 162

4.6 Pre-test of the immune fluorescence staining of CD8+ T cells to visualise
inhibitory receptor colocalisation . . . . . . . . . . . . . . . . . . . . . . . 165

4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5 Manipulating Rab proteins in CD8+ T cells to alter inhibitory receptor traffick-
ing 171
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

5.1.1 Rab protein family . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.1.2 dominant-negative form of Rab . . . . . . . . . . . . . . . . . . . 173

5.2 Chapter aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
5.3 TAT-fused-Rab proteins are directly transduced into primary T cells . . . . 175

5.3.1 Principle of TAT-fused protein transduction . . . . . . . . . . . . . 175
5.3.2 Rab protein expression and purification by immobilised metal affinity

chromatography under native condition . . . . . . . . . . . . . . . 175
5.4 Live cell imaging of Rab-transduced CTLs . . . . . . . . . . . . . . . . . 178

5.4.1 Rab transduction changes the morphology of activated CTLs . . . . 178
5.4.2 CTLA-4 recruitment to the immunological synapse is not affected

by Rab-transduction . . . . . . . . . . . . . . . . . . . . . . . . . 184
5.5 Rab transduction impairs the killing ability of CTLs . . . . . . . . . . . . 186
5.6 External Rab inhibits CTLs killing in a dose-dependent manner . . . . . . . 192
5.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

6 Discussion 195
6.1 Planar APC substitute for TIRF imaging . . . . . . . . . . . . . . . . . . . 196
6.2 Residency in the same cellular compartment, or distinct? . . . . . . . . . . 199
6.3 Same trafficking route, or specific? . . . . . . . . . . . . . . . . . . . . . . 201
6.4 Altering Rab protein level impairs the killing ability of CTLs . . . . . . . . 203
6.5 Final conclusions and future directions . . . . . . . . . . . . . . . . . . . . 204

References 208

Appendix A APEX2 proximal proteomes of vesicles containing inhibitory recep-
tor 244

ix



List of figures

1.1 Schematic representation of T cell development . . . . . . . . . . . . . . . 4
1.2 Schematic representation of CD8+ T cell activation via co-signalling . . . . 6
1.3 Schematic representation of the immunosuppressive function of regulatory T

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Schematic representation of inhibitory receptors and their functional motifs

and ligands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Schematic representation of the immunosuppressive tumour microenvironment 18
1.6 Schematic representation of intracellular trafficking . . . . . . . . . . . . . 25
1.7 Schematic representation of vesicle transport . . . . . . . . . . . . . . . . 27
1.8 Schematic representation and representative images of the structure of an

immunological synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1 Plasmid map of 6 plasmid backbones used in this project . . . . . . . . . . 37
2.2 Phenotyping of Clone 4 transgenic mice . . . . . . . . . . . . . . . . . . . 53
2.3 FACS analysis of five GFP fused inhibitory receptors . . . . . . . . . . . . 56
2.4 Principle of TIRF microscopy . . . . . . . . . . . . . . . . . . . . . . . . 58
2.5 Coating strategies for TIRF imaging of CTLs . . . . . . . . . . . . . . . . 60

3.1 Quantitative imaging suggests the intracellular localisation of inhibitory
receptors in 5C.C7 CD4+ T cells . . . . . . . . . . . . . . . . . . . . . . . 77

3.2 Quantitative imaging suggests the intracellular localisation of inhibitory
receptors in clone 4 CD8+ T cells . . . . . . . . . . . . . . . . . . . . . . . 79

3.3 Representative confocal microscopic images of inhibitory receptor-expressing
clone 4 CD8+ T cell under confocal microscopy . . . . . . . . . . . . . . . 83

3.4 Schematic and representative images of how a single cluster of fluorescence
spot containing inhibitory receptors and its location relative to that of the
immunological synapse is defined . . . . . . . . . . . . . . . . . . . . . . 85

x



List of figures

3.5 Quantification of inhibitory receptors translocation to the immunological
synapse during CD8+ T cell activation . . . . . . . . . . . . . . . . . . . . 88

3.6 Schematic representation of coating of imaging plates . . . . . . . . . . . . 91
3.7 Quantification of the distribution of the five inhibitory receptors on the cell

membrane after T cell activation . . . . . . . . . . . . . . . . . . . . . . . 94
3.8 Direct comparison and statistical analysis of the distribution of the five

inhibitory receptors on the interface after T cell activation . . . . . . . . . . 98
3.9 Schematic representation and representative images of FACS of CTLs co-

expressing CTLA-4 and LAG3 or TIM3 and LAG3 . . . . . . . . . . . . . 101
3.10 Representative TIRF images of CTLs co-expressing two inhibitory receptors 104
3.11 Co-localisation analysis of CTLA-4/LAG3 and TIM3/LAG3 in CD8+ T cells 106
3.12 Development of a machine learning program for analysing inhibitory receptor

events on the interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
3.13 Quantitative analysis of membrane insertions of the five inhibitory receptors

at the interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
3.14 FACS of the five APEX2-fused inhibitory receptors . . . . . . . . . . . . . 113
3.15 APEX2-CTLA-4-GFP is localised in vesicular structures and APEX2 cataly-

ses vesicle biotinylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
3.16 Representative TEM images demonstrating electron-dense metal precipita-

tion in CD8+ T cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
3.17 Proteomic datasets of inhibitory receptor-containing vesicles are grouped by

t-SNE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
3.18 Venn diagram demonstrating the common and unique proteins enriched in

the proteomes of vesicles containing CTLA-4, LAG3 and TIM3 . . . . . . 124
3.19 Gene Ontology enrichment analysis of the proteomes of vesicles containing

CTLA-4, LAG3 and TIM3 . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.1 Role of the retromer complex and sorting nexins in intracellular transport . 139
4.2 Structures of the retromer complex and ESCPE-1 . . . . . . . . . . . . . . 141
4.3 Cytoplasmic domains of inhibitory receptors and their possible binding

motifs for trafficking regulators . . . . . . . . . . . . . . . . . . . . . . . . 146
4.4 Cytoplasmic domains of inhibitory receptors cannot pull down any sorting

proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.5 Intracellular localisation of full length and truncated inhibitory receptors . . 153
4.6 Inhibitory receptor with both transmembrane and cytoplasmic domain pull

down AP-1 and AP-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

xi



List of figures

4.7 Inhibitory receptors with both transmembrane and cytoplasmic domain pull
down ESCPE-1 subunits . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.8 Statistics of inhibitory receptors with both transmembrane and cytoplasmic
domain binding to VPS35 and SNX27 . . . . . . . . . . . . . . . . . . . . 160

4.9 Lenti-viral transduction of GFP and GFP-IRs-cyt in Jurkat cells . . . . . . 163
4.10 Immunoprecipitation of PD-1 and LAG3 transmembrane and cytoplasmic

domain expressed by Jurkat cells . . . . . . . . . . . . . . . . . . . . . . . 164
4.11 Immunostaining for visualising the co-localisation of inhibitory receptors

with endosomal compartments . . . . . . . . . . . . . . . . . . . . . . . . 166
4.13 CL4 CD8+ T cells expressing LAG3-mEos2 are photoconvertible under UV

light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

5.1 Rab protein purification and quantification . . . . . . . . . . . . . . . . . . 176
5.2 TAT-Rab protein transduction is dose-dependent . . . . . . . . . . . . . . . 177
5.3 Representative images of Rab-transduced and untransduced CTLA-4-overexpressing

CTLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.4 Cell length of normal and Rab-transduced CTLs during CTL–APC interaction181
5.5 CTL–APC interface width of normal and Rab-transduced CTLs during

CTL–APC interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.6 Cell length/interface ratio of normal and Rab-transduced CTLs during CTL–APC

interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
5.7 CTLA-4 recruitment to the immunological synapse is not affected by Rab-

transduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
5.8 Representative killing assay showing the growth or regression of RencamCherry

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
5.9 Acute overexpression of either wide-type or dominant-negative Rab protein

in vitro reduces the killing ability of CTLs . . . . . . . . . . . . . . . . . . 190
5.10 No significant difference in killing ability is found in different Rab-transduced

CTLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
5.11 Titration of Rab transduction shows different effects on CTLs . . . . . . . . 193

6.1 Models to image the T cell–APC interface . . . . . . . . . . . . . . . . . . 197
6.2 Graphical summary of the vesicular-like structures that are proposed to

contain the five inhibitory receptors and their endocytic machinery . . . . . 204

xii



List of tables

2.1 List of plasmids used in this project . . . . . . . . . . . . . . . . . . . . . 38
2.2 List of oligonucleotides for cloning in pGCTec.PH.TH.SH3.SH2.GFP vector 39
2.3 List of oligonucleotides for cloning in pEGFP.C1 . . . . . . . . . . . . . . 39
2.4 List of oligonucleotides for Rab mutagenesis and cloning in pMAMA.TAT

vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.5 List of oligonucleotides for cloning in pSF.Lenti vector . . . . . . . . . . . 40
2.6 List of oligonucleotides for mutagenesis to insert mEOS2 into the inhibitory

receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.7 Conventional PCR reaction recipe used in this project . . . . . . . . . . . . 44
2.8 Conventional PCR reaction recipe used in this project . . . . . . . . . . . . 44
2.9 Conventional PCR reaction recipe used in this project . . . . . . . . . . . . 45
2.10 Conventional PCR reaction recipe used in this project . . . . . . . . . . . . 45
2.11 List of primary and conjugated antibodies . . . . . . . . . . . . . . . . . . 69
2.12 List of secondary antibodies . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Sorting complexes and the binding motifs they recognise . . . . . . . . . . 143

5.1 Statistical analysis of the cell length of normal and Rab-transduced CTLs . 181
5.2 Statistical analysis of CTL–APC interface width of normal and Rab-transduced

CTLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.3 Statistical analysis of cell length/interface ratio of normal and Rab-transduced

CTLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

A.1 Protein list of proteomics run 2016 09 21 with 5% FDR, experiment con-
ducted by Timsse Raj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

A.2 Protein list of proteomics run 2017 02 14 with 5% FDR . . . . . . . . . . . 263
A.3 Protein list of proteomics run 2017 02 28 with 5% FDR . . . . . . . . . . . 280
A.4 Protein list of proteomics run 2017 08 22 with 5% FDR . . . . . . . . . . . 292

xiii



Abbreviations

α-syn alpha-synuclein fibrils
ADCC antibody-dependent cellular cytotoxicity
ANOVA analysis of variance
AP-1 adaptor protein complex-1
AP-2 adaptor protein complex-2
APC antigen presenting cell
APEX2 ascorbate peroxidase 2
ATP adenosine 5’-triphosphate
BAR Bin/Amphiphysin/Rvs domain
BLAST Basic Local Alignment Search Tool
BP biotin phenol
BSA bovine serum albumin
CAF cancer-associated fibroblast
CAR-T chimeric antigen receptor-T
CI-MPR cation-independent mannose 6-phosphate receptor
CL4 clone 4
CMV cytomegalovirus
cSMAC central supramolecular activation cluster
CTL cytotoxic T lymphocytes (CD8+ T cells)
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
cyt cytoplasmic domain
DAB 3,3’-Diaminobenzidine
DAPI 4’,6-diamidino-2-phenylindole
DC dendretic cell
DGKα diacylglycerol kinase alpha
DIC differential interference contrast
DLB double lipid bilayer
DMEM Dulbecco’s Modified Eagle Medium
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
EDTA ethylenediaminetetraacetic acid
EEA1 earlyendosome antigen
EM electron microscopy
ER endoplasmic reticulum
ESCPE-1 endosomal SNX-BAR sorting complex promoting exit-1

xiv



List of tables

ESCRT endosomal sorting complexes required for transport
FACS fluorescence-activated cell sorting
F-actin filamentous actin
FBS foetal bovine serum
FDA United States Food and Drug Administration
FGL1 Fibrinogen-like protein 1
FITC Fluorescein isothiocyanate
FSC forward side scatter
FSC-A forward scatter area
FSC-H forward scatter height
GDP guanosine diphosphate
GFP green fluorescent protein
Glut1 glucose transporter 1
GTP guanosine triphosphate
HA haemagglutinin
HBS Hepes buffered saline solution
HEK293T human embryonic kidney 293 cells
HIF hypoxia-inducible factor
HMGB1 highmobility group protein B1
HPV human papillomavirus
ICAM-1 intercellular adhesion molecule 1
IDO indoleamine 2,3-dioxygenase
IFT intraflagellar transport
IgSF immunoglobulin super family
IL-10 interluekin-10
IP immuno-precipitation
IR inhibitory receptor
IS immune synapse
ITIM immunoreceptor tyrosine-based inhibitory motif
ITSM immunoreceptor tyrosine-based switch motif
ITT immunoreceptor tyrosine tail
LAG3 lymphocyte-activation gene 3
LAMP lysosomal associated membrane protein
LAP LAG-3-associated protein
LAT linker for activation of T cells
Lck lymphocyte-specific protein tyrosine kinase

xv



List of tables

LCMV lymphocytic choroid plexus meningitis virus
LFA-1 lymphocyte function-associated antigen
LRBA lipopolysaccharide-responsive and beige-like anchor protein
mAbs monoclonal antibodies
MDSC bone marrow-derived immunosuppressive cell
MHC histocompatibility complex class
MIA Modular Image Analysis
MS mass spectrometry
MTOC microtubule-organizing center
NF-κB nuclear factor kappa B
NK cell natural killer cell
nTreg natural Treg
PBS Phosphate buffered saline
PC2 polycystin-2
PCC Pearson correlation coefficient
PCR polymerase chain reaction
PD-1 programmed cell death protein 1
PDZ PSD95/Dlg/ZO1
PEI polyethylenimine
PERM 4.1/ezrin/radixin/moesin
PI3K phosphoinositide 3-kinase
PI3P 3’-phosphoinositide lipid PtdIns(3,4,5)P(3)
PKC protein kinase C
pSMAC peripheral supramolecular activation cluster
PtdIns(3)P phosphatidylinositol 3-phosphate
pTreg peripherally induced Treg
PX phosphoinositide-binding phox homology
RencaHA Renca cell line expressing haemagglutinin as a neoantigen
RencaWT wild-type Renca cell line
rev reverse
RNA ribonucleic acid
RPMI Roswell Park Memorial Institute Medium
SDS sodium dodecyl-sulfate
SDS-PAGE sodium dodecyl-sulfate polyacrylamide gel electrophoresis
SEM standard error of the mean
SH2 domain Src homology 2 (SH2) domain

xvi



SHIP1 SH-2 containing inositol 5’ polyphosphatase 1
SHP-1/2 src homology 2 (SH2) containing tyrosine phosphatase 1/2
SMAC supramolecular activation cluster
SNAREs soluble N-ethylmaleimide-sensitive factor (NSF) attachment receptors
SNX sorting nexin
SSC-A side scatter area
SFI standardised fluorescence intensity
STED stimulated emission depletion
TAT Trans-Activator of Transcription
TAE Tris-Acetate-EDTA
TBS Tris-buffered saline
TCR T cell receptors
TEM transmission electron microscopy
Tex Exhausted T
TfR transferrin receptor
TGF-β transforming growth factor-β
TGN tran-Golgi network
TIGIT T cell immunoreceptor with Ig and ITIM domains
TIM3 T-cell immunoglobulin and mucin-domain containing 3
TIRF total internal reflection fluorescence
TM transmembrane domain
TME tumour microenvironment
TMT tandem mass tags
Treg regulatory T cell
t-SNARE target SNARE
t-SNE t-distributed stochastic neighbor embedding
VAMP-3 vesicle associated membrane protein 3
VPS vacuolar protein sorting ortholog
v-SNARE vesicular SNARE
WB western blotting
WT wild-type
ZAP-70 zeta-chain-associated protein kinase 70

xvii



Chapter 1

Introduction

1



1.1 Overview

1.1 Overview

The immune system has been preserved through evolution. The innate immune system
serves as the first line of defence that segregates, or rapidly destroys and eliminates invading
pathogens by recognising conserved molecular patterns. Innate immunity is complemented
by adaptive immunity. Pathogens or infected cells are processed by antigen-presenting
cells (APCs); therefore, their pathogenic antigens are specifically recognised by T cells.
In addition, immunological memory against these antigens is established. The immune
system not only produces response to infectious agents, but also participates in autoimmunity,
immunological tolerance, and anti-tumour responses (Murphy and Weaver, 2016). Various
immune cells cooperate to recognise, process, and eventually destroy cancer cells. However,
the function of effector cells such as cytotoxic T lymphocytes (CTLs) are often functionally
impaired in the tumour microenvironment (TME) primarily owing to the expression of
inhibitory receptors on their surface (Drake et al., 2006). Consequently, substantial efforts
have been made to design strategies for modulating inhibitory regulation and restoring the
cytotoxicity of T cells (Callahan et al., 2016), and research findings have been translated to
clinical practice with promising results (Gandini et al., 2016).

1.2 Adaptive immunity and T cell biology

In the adaptive immune system, B and T lymphocytes perform different functions and express
specific antigen receptors on their surfaces. These cells are activated and differentiate into
effector lymphocytes after they recognise antigens. Effector B cells, called plasma cells,
secrete antibodies to neutralise pathogens or recruit other immune cells. The three main
types of effector T cells are as follows: helper T cells (CD4+ T cells) stimulate other immune
cells including B cells; cytotoxic T cells (CTLs or CD8+ T cells) directly induce the death
of antigen-bearing cells; and regulatory T cells (Tregs) downregulate the function of other
lymphocytes to prevent autoimmunity. T cell receptors (TCRs) recognise antigenic peptides
presented by major histocompatibility complex (MHC) class I and II molecules. CTLs
express TCRs with the coreceptor CD8 and recognise antigenic peptides presented by MHC
class I molecules. MHC class I molecules are expressed on the surface of almost all cell types.
Owing to the universal expression of MHC class I molecules, CD8+ T cells can directly
exert toxic effects against intracellular infectious agents and tumours by releasing cytotoxins
to destroy the target cell and induce apoptosis (Murphy and Weaver, 2016). MHC class II
molecules are predominantly expressed by professional APCs such as B cells, macrophages,
and dendritic cells (DCs) and play an essential role in initiating an adaptive immune response
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1.2 Adaptive immunity and T cell biology

by signalling to lymphocytes such as CD4+ T cells.

T cells develop from lymphoid progenitor cells that migrate from the bone marrow to
the thymus. These lymph-like progenitors do not express the T cell-specific CD4 and CD8
molecules; therefore, they are called double-negative cells. The thymus contains immature T
cells without developed TCRs required for antigen recognition. First, progenitor T lympho-
cytes undergo a series of TCR gene rearrangements to develop into different TCRs, forming
either an αβ or a γδ T cell lineage; these lineages, can recognise antigens from exogenous or
intracellular pathogens (Robey and Fowlkes, 1994). In general, γδ T cells do not express
CD4 or CD8 (Allison, 1993; Bluestone et al., 1991). Figure 1.1 demonstrates that during
development, T cells undergo positive and negative selections and express both CD4 and
CD8 in the thymic cortex. At this stage, when cells express a TCR that recognises its own
MHC molecules, the cells are retained via positive selection. Then, double-positive T cells
then become single-positive cells: CD4+CD8- or CD4-CD8+, depending on the affinity of
the TCR to class II or class I MHC molecules, respectively (Karimi et al., 2021). T cells
that survived positive selection then migrate to the thymic medulla, where negative selection
occurs, i.e., apoptosis is triggered if their TCRs can bind with high affinity to their own MHC
molecule–self-peptide antigen complexes (Murphy and Weaver, 2016; Swain, 1983). Some
CD4+ T cells with TCRs that bind to self-antigens with intermediate affinity develop into
natural regulatory T cells (nTregs) (Caramalho et al., 2015; Jordan et al., 2001; Santamaria
et al., 2021).

3



1.2 Adaptive immunity and T cell biology

Figure 1.1 Schematic representation of T cell development
T cells develop from lymph-like progenitors that migrate from the bone marrow to the thymus
and do not express CD4 or CD8 molecules, called double-negative T cells. Then, T cells
enter the double-positive stage in the thymic cortex, where they express both CD4 and CD8
molecules. At this stage, TCRs that recognise their own major histocompatibility complex
(MHC) molecules are retained via positive selection. Otherwise, cells undergo apoptosis.
Double-positive T cells then become single-positive: CD4+CD8- or CD4-CD8+, depending
on whether the TCRs bind to class II or class I MHC molecules, respectively. The surviving
single-positive cells migrate to the thymic medulla, where they are subjected to negative
selection. T cells with TCRs that bind with high affinity to their own MHC molecule–self-
peptides antigen complexes will undergo apoptosis. On the other hand, some CD4+CD25+

cells with TCRs having intermediate affinity to self-antigens develop into natural regulatory
T cells. cTEC, cortical thymic epithelial cell; mTEC, medullary thymic epithelial cell; nTreg,
natural regulatory T cell. Created with BioRender.com.
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1.2 Adaptive immunity and T cell biology

1.2.1 CD4+ T cells

CD4, a member of the immunoglobulin superfamily, is predominantly expressed on T cells;
howerver, it is weakly expressed on macrophages and dendritic cells (Kazazi et al., 1989;
Vremec et al., 2000). CD4+ T cells are activated if the MHC class II-presented antigen
is recognised as a foreign substance; subsequently, they exert their immune function by
producing cytokines. CD4+ T cells synergistically function with dendritic cells to activate
the “killer” cells of the immune system, i.e., CD8+ T cells. Furthermore, they can facilitate
the immune action of B cells and promote a shift in the antibody type to produce the most
effective high-affinity antibody isotype for a particular infection (Murphy and Weaver, 2016;
Zhu and Paul, 2008). Recently, a study suggested the cytotoxic abilities of CD4+ T cells and
that they can play a more direct role in pathogen clearance (Seung et al., 2022).

1.2.2 CD8+ T cells

CD8+ T cells are also commonly referred to as cytotoxic T lymphocytes. CD8 is the pheno-
typic classification of these cells and is expressed on the cell surface, whereas cytotoxic is
their functional classification. The primary function of these cells is to kill diseased cells
such as tumour cells.

Naïve CD8+ T cells activation occurs via two signals. The first signal is antigen recog-
nition, in which TCRs bind to the MHC class I–antigen complex, which CD8+ T cells to
identify the target cells. The second signal is a costimulatory signal, in which the costimu-
latory ligands CD80 or CD86, which are expressed on APCs such as dendritic cells, bind
to the CD8+ T cell surface costimulatory receptor CD28 to facilitate T cell activation. The
activated CD8+ T cells can proliferate into expanded populations containing both effector
and memory T cells. Furthermore, CD4+ helper T cells can enhance the APC-induced anti-
genic signals, promoting of naïve CD8+ T cell activation. To prevent excessive activation of
effector CD8+ T cells, inhibitory receptors (IRs) such as cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), lymphocyte activation gene-3
(LAG3), T cell immunoglobulin and mucin domain-containing protein 3 (TIM3), and T cell
immunoreceptor with Ig and ITIM domains (TIGIT) are upregulated, albeit not necessar-
ily simultaneously (Figure 1.2). These inhibitory receptors attenuate TCR signals in an
antigen-independent manner (Chen and Flies, 2013).
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1.2 Adaptive immunity and T cell biology

Figure 1.2 Schematic representation of CD8+ T cell activation via co-signalling
Activation of naïve CD8+ T cells requires both TCR–MHC binding and CD28–CD80/86
costimulation. To prevent sustained activation, inhibitory receptors such as CTLA-4, PD-1,
LAG3, TIM3, and TIGIT are upregulated upon T cell activation. CTLA-4 has a higher affinity
for CD80/86 than CD28, and therefore, outperforms CD28, inhibiting T cell stimulation.
PD-1, LAG3, TIM3 and TIGIT can inhibit T cell function by binding to their ligands
expressed on APCs or to soluble ligands. PD-L1 and PD-L2, PD-1 ligands; LSECtin, LAG3
ligand; Ceacam-1 and Galectin-9, TIM3 ligands; CD155, TIGIT ligand. Created with
BioRender.com.

Cytotoxic CD8+ T cells initiate the apoptosis of target cells by secreting perforins and
granzymes (two types of cytotoxic proteins) only in the direction of the target cell, i.e.,
along the immunological synapse, to avoid non-specific bystander damage to healthy tissues
(Dustin and Long, 2010; Stinchcombe et al., 2006). Perforins are cytolytic proteins that form
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pores in the cell membrane of target cells. Cytotoxic T cells use these pores to directly release
granzymes, a class of serine proteases that induce apoptosis of the target cell. Then, nearby
phagocytes clear the target cells undergoing apoptosis. In addition to targeted apoptosis,
CD8+ T cells can indirectly kill target cells by expressing FasL and releasing cytokines
such as tumour necrosis factor alpha (TNF-α) which induces inflammatory responses, and
interferon-gamma (IFN-γ), a cytokine that inhibits viral replication and enhances the presen-
tation of specific antigens (Brehm et al., 2005; Phillips et al., 2010; Su et al., 1998).

CD8+ T cells, important components of tumour immunity, facilitate tumour clearance via the
different mechanisms described above. Several studies have reported that T cells (particu-
larly CD8+ T cells) infiltration into the tumour microenvironment is associated with good
prognosis of several malignancies, including breast, colorectal and lung cancers (Ali et al.,
2014; Hiraoka et al., 2006; Naito et al., 1998). The high density of intratumoural CD8+

T cells is correlated with longer disease-free survival (DFS) and overall survival (OS) in
patients. Although tumour biopsies help identify tumour-infiltrating CD8+ T cells, tumour
cell proliferation persists, and the immunosuppressive tumour microenvironment may lead to
CD8+ T cell exhaustion. Exhausted CD8+ T cells exhibit decreased proliferation, cytokine
production and cytotoxicity, but increased expression of inhibitory molecules.

1.2.3 Regulatory T cells

Regulatory T cells (Tregs) are a T cell subset with potent immunosuppressive effects. They
are characterised by a cellular phenotype expressing forkhead box P3 (Foxp3), CD25, and
CD4. Tregs suppress the immune response of other cells and are the primary controller of
self-tolerance (Sakaguchi et al., 2010). Foxp3, a Treg-specific transcription factor, is crucial
for the differentiation, maintenance, and functioning of Tregs; its deletion leads to the loss of
suppressive function, and therefore, systemic inflammatory diseases (Hori, 2021; Lu et al.,
2017; Wing et al., 2019). Two main subpopulations of Tregs are present: thymus-derived
natural Tregs (nTregs), and peripheral Tregs (pTregs), which are produced in secondary
lymphoid organs (Broere and van Eden, 2019). Notably, Tregs cannot produce interleukin-2
(IL-2) (Cheng et al., 2011); therefore, they depend on IL-2 produced by other immune cells
(Setoguchi et al., 2005). As a result, there is a constant inter-relationship between the effector
T cells and Tregs to maintain immune homeostasis.

Autoimmunity is a condition in which the immune system recognises normal tissues of
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the body as targets and therefore causes damage to the body. Tregs can inhibit the activation
and proliferation of potentially auto-reactive T cells, thereby achieving tolerance to auto-
antigens and preventing the development of autoimmune diseases. This negatively regulatory
function is mainly achieved via intercellular interactions with various immune cell subpopula-
tions and the secretion of suppressive cytokines (Collison et al., 2007; Sakaguchi et al., 2009).
Tregs have considerable anti-inflammatory effects and secrete anti-inflammatory cytokines
such as interleukin-10 (IL-10) and transforming growth factor-β (TGF-β) to suppress auto-
inflammatory responses and prevent the development of pathological immune responses that
lead to tissue damage. Furthermore, they are a factor responsible for the long-term presence
of difficult-to-clear pathogens, prolonging the course of chronic infections. Defective Treg
functioning can directly results in the emergence of inflammatory diseases (Lane et al., 2010).

In addition to their role in autoimmune diseases, Tregs are also implicated in cancer immunol-
ogy. The ratio of Tregs to CD8+ T cells in tumour tissue is a reliable prognostic factor, with
high ratios generally suggesting a poor prognosis (Oleinika et al., 2013; Shang et al., 2015).
Tregs in the tumour microenvironment are predominantly activated Tregs with high expres-
sion of various stimulatory molecules such as CD27, ICOS and OX40, as well as inhibitory
molecules, including CTLA-4, PD-1, LAG3, TIM3 and TIGIT (Ohue and Nishikawa, 2019).
Moreover, they can inhibit tumour-infiltrating immune cells via contact-dependent inhibition
by expressing inhibitory receptors, contact-independent inhibition by expressing inhibitory
cytokines, and regulation of the metabolic activities of other immune cells (Li et al., 2020).
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Figure 1.3 Schematic representation of the immunosuppressive function of regulatory
T cells
Regulatory T cell (Tregs) are a T cell subset characterised by Foxp3, CD25, and CD4
expression. CD25 is an IL-2 receptor, and the activation and proliferation of Tregs rely on the
IL-2 signal. Tregs inhibit tumour-infiltrating CD4+ or CD8+ T cells by expressing inhibitory
receptors and secreting inhibitory cytokines. The inhibitory receptor CTLA-4 outcompetes
CD28 for CD80/CD86 binding and mediates the trans-endocytosis of CD80/CD86 from
the APCs, thereby inhibiting T cell activation. Cytokines such as TGF-β, IL-10, and IL-35
can upregulate the expression of inhibitory receptors on CD4+ and CD8+ T cells to limit
their effector activities. The tryptophan catabolic enzyme IDO suppresses the anti-tumour
effects of effector T cells but activates Tregs. Other inhibitory receptors such as LAG3 and
TIGIT are abundantly expressed on the surface of Tregs and bind to their ligands on the
APCs to exert inhibitory functions. Treg, regulatory T cell; Foxp3, forkhead box P3; IDO,
indoleamine 2,3-dioxygenase. Created with BioRender.com.

Contact-dependent inhibition

Tregs abundantly express inhibitory receptors on their surfaces for interactions with the
ligands on their target cells and exert immunosuppressive functions. CTLA-4 competes
with CD28 to bind to CD80 and CD86 on the APCs and mediates the trans-endocytosis
of CD80 and CD86 from the APCs, thereby preventing CD4+ and CD8+ T cell activation,
and upregulates indoleamine 2, 3-dioxygenase (IDO) expression (Fallarino et al., 2003;
Holmgaard et al., 2015; Meireson et al., 2020; Onodera et al., 2009). Furthermore, IDO-
mediated tryptophan degradation regulates the immune system to inhibit inflammation and
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diminish cancer immunity (Mbongue et al., 2015). In contrast, IDO activates Tregs and
maintains their suppressing phenotype (Baban et al., 2009). Tregs abundantly express LAG3
and TIGIT. These inhibitory receptors play important roles in suppressing immune responses.
LAG3 binds to the MHC class II molecules on dendritic cells and limits their antigen
presenting function and subsequent IL-2 production (Akkaya et al., 2019). On the otherhand,
TIGIT binds to the ligand CD155 on APCs and induces the secretion of fibronectin 2 (FGL2)
by Tregs, increasing secretory IL-10 and decreasing IL-12 levels, and inhibits TCR activation
of CD4+ and CD8+ T cells (Joller et al., 2014).

Contact-independent inhibition

Tregs secrete various cytokines and exert immunosuppressive functions via non-contact and
bystander effects. TGF-β and IL-10 can act on various cells and have varied suppressive
functions. For example, they inhibit CD4+ and CD8+ T cell proliferation and activation,
accelerate depletion, inhibit the antigen-presenting function of APCs and induce pTregs
generation (Schmitt and Williams, 2013). IL-35 mainly acts by upregulating the expression
of inhibitory receptors PD-1, LAG3, TIM3, and TIGIT on CD4+ and CD8+ T cells; its
functions are similar to those of IL-10 and TGF-β (Sawant et al., 2019; Turnis et al., 2016).
FGL2 binds to FcγRIIB and FcγRIII to inhibit the activation of T cells, B cells and dendritic
cells and polarises dendritic cells to a tolerogenic phenotype (Yan et al., 2015).

Regulatory T cells and tumour immunotherapy

Through immunosuppressive effects, Tregs cause the body to develop antigenic tolerance
to tumour cells, facilitating the immune escape of tumours and indirectly accelerating their
proliferation and enhancing their infiltration ability; therefore, they are also regarded as
an immune cell type that helps tumours survival and promotes their growth (Nishikawa
and Sakaguchi, 2010; Núñez et al., 2020). Hence, it is important to decrease the number
and function of Tregs in patients with tumours. For example, dalizumab, is a monoclonal
anti-CD25 antibody that blocks the IL-2 signalling pathway, subsequently leading to Treg
cell death (Rech and Vonderheide, 2009). Furthermore, some chemotherapeutic agents
can decrease the number of Tregs in the body by inhibiting gene synthesis in Tregs and
reducing cell expansion. In a phase I clinical study, the chemotherapeutic drug gemcitabine
was shown to increase CD8+ T cells in patients with colorectal cancer with a concomitant
decrease in Tregs, thereby improving the body’s antitumour response (Correale et al., 2005).
Another cancer immunotherapy strategy is the blocking of inhibitory receptors on Tregs using
monoclonal antibodies such as ipilimumab and tremelimumab (anti-CTLA-4 monoclonal
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antibodies); however, autoimmune side effects were observed (Kumar et al., 2020; Vargas
et al., 2018).

1.3 Inhibitory receptors

Inhibitory receptors are expressed on different immune cells, such as CD8+ T cells, Tregs,
dendritic cells, and natural killer cells (Chen and Flies, 2013). More than 60 inhibitory
receptors have been identified, and many more are under investigation (Kotas and Medzhitov,
2015). In this project, we focused on five inhibitory receptors: CTLA-4, PD-1, LAG3, TIM3,
and TIGIT.

CTLA-4 and PD-1 primarily contribute to T cell homeostasis and balance of T cell ac-
tivation and inhibition, supported by the severe autoimmunity in knockout mouse models
(Nishimura et al., 2001; Tivol et al., 1995; Waterhouse et al., 1995). LAG3, TIM3, and TIGIT,
are also expressed on dysfunctional or exhausted T cells, but show less autoimmune toxicity
in immune checkpoint blockade treatment when compared to CTLA-4 and PD-1 (Bettini
et al., 2011; Joller et al., 2011). Given the important roles of these inhibitory receptors in
cancer development and autoimmunity, they can be used to develop combination blockade
therapy with fewer side effects (Blackburn et al., 2009; Fecher et al., 2013; Nishimura et al.,
2001).

The five inhibitory receptors belong to the immunoglobulin super family (IgSF). Among
them, CTLA-4 and PD-1 belong to the B7–CD28 ligand–receptor pathway. TIGIT belongs
to the CD226–TIGIT–CD96 IgSF ligand–receptor pathway (Chen and Flies, 2013). The five
inhibitory receptors and their ligands are shown in Figure 1.4.
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Figure 1.4 Schematic representation of inhibitory receptors and their functional
motifs and ligands
CD8+ T cells are activated after TCRs bind to peptide-presenting MHC class I molecules and
the costimulatory receptor CD28 binds to CD80/CD86. Inhibitory receptors bind to various
ligands and inhibit CTL function via various pathways. CTLA-4 outcompetes CD28 to
bind to CD80/CD86 with higher affinity. PD-1 has two ligands, namely, PD-L1 and PD-L2.
Ligands of LAG3 include MHC class II molecule (not shown), galectin-3 and LSECtin.
Ligands of TIM3 include Ceacam-1, HMGB1, galectin-9 and the apoptotic cell-released
PtdSer. TIGIT outcompetes CD226 and CD96 to bind to CD155. Signalling motifs are
indicated in the cytoplasmic domains of the receptors: ITIM, immunoreceptor tyrosine-based
inhibitory motif; ITSM, immunoreceptor tyrosine-based switch motif; ITT, immunoreceptor
tyrosine tail. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed
cell death protein 1; LAG3, lymphocyte-activation gene 3, LSECtin, liver sinusoidal
endothelial cell lectin; TIM3, T-cell immunoglobulin and mucin domain 3; HMGB1,
high-mobility-group box 1; PtdSer, phosphatidylserine; TIGIT, T cell immunoreceptor with
Ig and ITIM domains. Created with BioRender.com.
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As the first inhibitory receptor to be discovered, CTLA-4 has been investigated most inten-
sively (Chen and Flies, 2013). CTLA-4 outcompetes the primary costimulatory receptor
CD28 for binding to CD80 (B7-1) and CD86 (B7-2) (Sansom, 2000). In addition, CTLA-4
also functions extrinsically to induce trans-endocytosis of CD80 and CD86 from the APCs,
thereby limiting the binding of CD28 to its ligands (Schildberg et al., 2016). The cytoplasmic
domain of CTLA-4 contains a YVKM motif which binds to AP-1 and AP-2 in unphospho-
rylated state or phosphatidylinositol 3-kinase (PI3K) and SHP-2 in phosphorylated state
(Schneider et al., 2001).

Unlike CTLA-4, PD-1 does not directly interfere with costimulatory receptors. Phosphory-
lation of the immunoreceptor tyrosine-based inhibitory motif (ITIM) and immunoreceptor
tyrosine-based switch motif (ITSM) of PD-1 results in the recruitment of SHP1 and SHP2.
These two phosphatases dephosphorylate signalling intermediates such as CD3, ZAP70,
PKC-θ, PI3K and PLCγ1, thus inhibiting T cell activation and promoting apoptosis (Schild-
berg et al., 2016).

LAG3 is an ancestral homologue to CD4 and, therefore, can bind to MHC class II molecules
(Huang et al., 2004). It can physically engage with the CD3–TCR complex and suppress
TCR signalling (Hannier et al., 1998). Other ligands of LAG3 includes galectin-3, LSECtin,
α-synuclein fibrils (α-syn) and Fibrinogen-like protein 1 (FGL1) (Kouo et al., 2015; Mao
et al., 2016; Wang et al., 2019; Xu et al., 2014). The specific mechanism underlying LAG3-
mediated inhibition remains unclear. Although several functional motifs have been identified,
including the FxxL, KIEELE and EP repeat motifs (Maeda et al., 2019; Workman and
Vignali, 2003)), the functional importance of these motifs remains controversial. In addition,
the EP repeat motif may be responsible for LAG3 trafficking to lipid rafts mediated by
LAG3-associated protein (LAP) (Iouzalen et al., 2001).

TIM3 can promote and inhibit T cell signalling by binding to different ligands (no lig-
and/ceacam1/galectin9) and consequently alternating between Bat3 and Fyn binding at Y256
and Y263 tyrosine residues. Ligands of TIM3 include ceacam-1, galectin-9, high-mobility-
group box 1 (HMGB1) and phosphatidylserine (PtdSer) (Anderson et al., 2016).

TIGIT is part of the CD226–TIGIT–CD96 receptor–ligand pathway and shares the lig-
ands with CD112 and CD155. The binding of TIGIT to CD155 induces blockage of the
PI3K and MAPK pathways but promotes T cell maintenance by upregulating Bcl-xL while
inhibiting T cell function (Anderson et al., 2016). TIGIT contains an ITIM motif and an
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immunoglobulin tyrosine tail (ITT)-like motif, both of which transduce negative signals to
the cell. It induces downregulation of TCRs, thus inhibiting T cell activation (Joller et al.,
2011), and inhibits TCR-induced p-ERK signalling in CTLs (Josefsson et al., 2018).

1.4 Inhibitory receptors and immune cell exhaustion

Immune exhaustion is a dysfunctional state characterised by reduced effector function, first
discovered in T cells in mice with lymphocytic choroid plexus meningitis virus (LCMV)
infection (Gallimore et al., 1998; Moskophidis et al., 1993; Zajac et al., 1998). Owing to
prolonged stimulation by tumour-specific and pathogenic antigens, the defence function of
the immune system becomes inefficient, and immune cells become exhausted and gradually
lose their effector function. The state of exhaustion often overlaps with that of incompetence,
senescence and suppression and is accompanied by the phenotypic characteristics of these
states. The overall cellular features of exhaustion include reduced function, disruption of
receptor homeostasis, altered metabolism and transcriptional and epigenetic changes (Blank
et al., 2019; Roe, 2022; Wang, Zhang, Hui, Agrawal, Karris and Rana, 2020).

1.4.1 T cell exhaustion

T cell exhaustion occurs when T cells are persistently exposed to antigens, such as in chronic
viral infections or cancer. Exhausted T (Tex) cells are characterised by various specific
features that are different from those of functional effector and memory T cells. Tex cells
exhibit diminished effector activity, resulting in reduced IL-2 production and cytotoxicity;
continuous upregulation of multiple inhibitory receptors such as PD-1, LAG3 and TIM3
and alterations in epigenetic and transcriptional profiles of inhibitory receptors, transcription
factors, control of TCR signalling pathways, co-stimulatory and cytokine signalling and
cellular metabolism (Belk et al., 2022; Day et al., 2006; Wherry, 2011).

Owing to the heterogeneity of the Tex cell population, the Wherry Laboratory from the
University of Pennsylvania is dedicated to categorising Tex cells into several subsets. Black-
burn et al. (2008) defined the PD-1int and PD-1hi subpopulations of CD8+ Tex cells in mice
with chronic viral infection. They found that the PD-1hi CD8+ Tex cells could not be reinvig-
orated after PD-1/PD-L1 blockade. Paley et al. (2012) classified Tex as T-bethi progenitor
Tex and Eomeshi terminal Tex cells, and validated that the transition from progenitor to
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terminal Tex cells was regulated by these two T-box transcription factors. Terminal Tex cells
have high PD-1 expression and proliferate less vigrously than the progenitor Tex. Recently,
Beltra et al. (2020) proposed a 4-stage developmental model for Tex cells defined by Ly108
and CD69. Ly108, a surface receptor that regulates the cytotoxicity of T cells, NK cells and
neutrophils (Bottino et al., 2001; Howie et al., 2005), is also a surrogate of TCF1, which
represents the stemness of CD8+ T cells (Zhao et al., 2022). Ly108 helps to distinguish Tex
progenitors 1 (TexProg1) and 2 (TexProg2) from intermediate and terminally exhausted cells.
The two progenitor subsets are interconvertible and represent the resting and circulating
states of Tex cells, respectively. CD69 is considered an activation marker because it is
expressed immediately after TCR stimulation (Testi et al., 1994; Yamashita et al., 1993;
Ziegler et al., 1994). However, recent studies have reported the inhibitory effects of CD69
on the proliferation of regulatory T cells (Han et al., 2009; Sancho et al., 2003; Yu et al.,
2018). CD69 expression has been negatively associated with T-bet expression and positively
associated with Tox and Eomes expression; consequently, the previously defined T-bethi

progenitor Tex and Eomeshi terminal Tex cells can be renamed intermediate Tex (TexInt)
and terminally exhausted Tex (TexTerm) cells, respectively. TexInt cells have intermediate
expression of PD-1 and gain cytotoxicity after PD-1/PD-L1 blockade, whereas TexTerm cells
have high expression of PD-1 and do not respond to PD-1/PD-L1 blockade. Overall, the
development of the four exhaustion stages of T cells is regulated by transcriptional and
epigenetic mechanisms. Although Tex cells subsets have been extensively defined using
various markers, key features of T cell exhaustion are the intermediate-to-high level of PD-1
expression and the response of Tex cells to PD-1/PD-L1 blockade.

T cell exhaustion is considered a promising target for effective immunotherapy, and re-
searchers are currently exploring various approaches to reversing this state (Jiang et al.,
2015). For instance, immune checkpoint blockade (ICB) has been demonstrated to restore
tumour-infiltrating T cell (TIL) function. ICB therapy involves the use of monoclonal an-
tibodies against PD-1, PD-L1, CTLA-4, LAG3, TIM3, TIGIT and agonistic monoclonal
antibodies anti-OX40 (Hargadon et al., 2018; Kraehenbuehl et al., 2022; Marin-Acevedo
et al., 2018). In addition, combination therapy such as co-blockade of LAG3 or TIM3 and
the PD-1 pathway in patients with chronic LCMV infection results in robust and synergistic
reversal of T cell exhaustion (Blackburn et al., 2009; Jin et al., 2010). Similar results have
been observed in tumours (Sakuishi et al., 2010; Woo et al., 2012). However, Tex cells have
accumulated epigenetic alterations that cannot be reversed with anti-PD-1 treatment (Abdel-
Hakeem et al., 2021; Pauken et al., 2016). This phenomenon may explain the restricted
durability of PD-1 blockade in many patients. Clinical trials have demonstrated that knockout
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of PD-1 or PD-1/TIGIT in CAR-T cells can completely prevent the suppression of TME
through these checkpoints (Hu et al., 2019; Kim et al., 2022; Stadtmauer et al., 2020; Wang
et al., 2021). However, given that PD-1 may be necessary for the physiological activity and
differentiation of T cells, whether PD-1 expression can be completely diminished remains
controversial. Wei et al. (2019) demonstrated that PD-1 silencing inhibited the anti-tumour
function of T lymphocytes by reducing their proliferative potential in a lung carcinoma
model. On the contrary, a recent study reported prolonged activity and permanence (390
days) of PD-1KO CAR-T cells in acute and chronic viral infections (Dötsch et al., 2023). The
tumour model used by Dötsch et al. (2023) is acute lymphoblastic leukaemia (ALL), which
may not represent the TME of solid tumours. And mice that received adoptive transfer of
PD-1KO CAR-T experienced tumour relapse despite having longer survival rates than CAR-T
transferred mice. Overall, evidence supporting the long-term functionality of CAR-T cells in
tumours remains insufficient.

1.4.2 Nature killer cell exhaustion

NK cells are the predominant innate immune cells that can develop features of adaptive
immunity under certain circumstances, such as cytomegalovirus (CMV) infection (O’Sullivan
et al., 2015). Several activating and inhibitory receptors are expressed on the surface of NK
cells, and the relative balance of receptor signalling integration dictates the effector activity of
the cells. NK cells show exhausted characteristics during cancer and chronic viral infection
(Bi and Tian, 2017). In exhausted NK cells, the expression of inhibitory receptors such as
LAG3, TIM3, TIGIT and CD96 is upregulated, whereas that of stimulatory receptors and
factors associated with cellular proliferation is downregulated (Zhang and Liu, 2020; Zhang
et al., 2018). In addition, exhausted NK cells secrete fewer cytokines and cytotoxins such as
IFN-γ and TNF-α and granzymes, indicating their impaired function (da Silva et al., 2014;
Mamessier et al., 2011). Overall, the features of exhausted NK cells are similar to those of
Tex cells.

1.4.3 B cell exhaustion

B cell exhaustion is commonly seen in chronic viral diseases such as HIV (Doi et al., 2014;
Fogli et al., 2012) and certain parasitic infections (Illingworth et al., 2013). In exhausted B
cells, the expression of inhibitory receptors such as PD-1, FCRL4 and Siglec-6 and the death
receptor FAS is upregulated (Ehrhardt et al., 2005; Salimzadeh et al., 2018).
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1.5 Tumour microenvironment

The tumour microenvironment (TME) plays an important role in tumourigenesis and drug
sensitivity. TME includes not only the tumour cells, but also fibroblasts, lymphocytes, bone
marrow-derived inflammatory cells, microvasculature, stromal cells depositing extracellular
matrix, and cell signalling molecules (Joyce and Fearon, 2015; Spill et al., 2016). Physical
and chemical signatures of the tumour microenvironment often include hypoxia, reduced pH,
and incresed interstitial fluid pressure (Libutti et al., 2018; Webb et al., 2011). Hypoxia is
a common feature of all solid tumours and studies have shown that intratumoural hypoxia
produces subsequent biological responses mainly through the hypoxia-inducible factor (HIF)
signalling pathway (Casazza et al., 2014). HIF-1α binds to the promoter of the PD-L1 gene,
upregulating PD-L1 expression on the surface of bone marrow-derived immunosuppressive
cells (MDSC) (Ding et al., 2021; Noman et al., 2014). Moreover, the tumour vasculature
limits T cell extravasation, while stromal cells fill the tumour milieu, blocking T cell infiltra-
tion into the tumour site (Lesokhin et al., 2012; Strachan et al., 2013). Cancer-associated
fibroblasts (CAFs), along with other extracellular matrix components such as collagen and
fibrils, also form a barrier, hindering drug diffusion and immune cell infiltration (Henke et al.,
2020). In addition, CAFs can recruit MDSCs and Tregs by upregulating the expression of
chemokines, further enhancing the immunosuppression of TME. When these cells enter the
TME, cytokines such as TGF-β secreted by CAFs can promote the expansion of Tregs (Mao
et al., 2021). CAFs also act directly on T lymphocytes by expressing PD-L1 and PD-L2,
inducing T cell exhaustion and immune tolerance (Gorchs et al., 2019; Lakins et al., 2018).

A variety of immune cells infiltrate TME. However, the proliferation and activation of
cytotoxic T cells are restricted by tumour cells and CAFs that express inhibitory receptor
ligands such as PD-L1, which bind to the corresponding inhibitory receptors of T cells
(Zou and Chen, 2008). Tregs attenuate the activity of CD4+ T cells or CD8+ T cells by
secreting immunosuppressive cytokines such as TGF-β and IL-10 (Hanahan and Coussens,
2012). TGF-β is also enriched in TME and inhibits the function of NK cells, which are
capable of killing tumours by releasing granzymes and perforin (Rook et al., 1986). M1-type
macrophages demonstrate pro-inflammatory and anti-tumour effects. However, tumour-
associated macrophages in the TME are often polarised towards the M2-type, which promote
angiogenesis and tumour invasion by secreting anti-inflammatory cytokines (Chanmee et al.,
2014). Additionally, the hypoxic and inflammatory environment of TME reduces the antigen-
presenting activity of dendritic cells (Gottfried et al., 2008). These factors collectively
facilitate the immune evasion of tumours (Figure 1.5).
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Figure 1.5 Schematic representation of the immunosuppressive tumour microenviron-
ment
The tumour microenvironment (TME) is a system consisting of tumour cells, fibroblasts,
immune cells (B cells, T cells, natural killer cells, macrophages and dendritic cells), mi-
crovasculature, stromal cell depositing extracellular matrix and cell signalling molecules.
Tumour cells and tumour-associated fibroblasts express inhibitory receptor ligands such as
PD-L1 that binds to PD-1 on the infiltrated T cells and inhibits their anti-tumour activity.
Tregs express cytokines such as TGF-β and IL-10, suppressing the anti-tumour effect of
CD4+ and CD8+ T cells. The tumour vasculature provides oxygen and nutrients for can-
cer cells and removes waste products, and also allows tumour metastasise and immune
cell infiltration. Tumour vasculature, tumour-associated fibroblasts and extracellular ma-
trix also form a barrier that restricts the extravasation and infiltration of immune cells.
Adapted from “Tumour Microenvironment”, by BioRender.com (2022). Retrieved from
https://app.biorender.com/biorender-templates.
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Immunotherapeutic strategies involve the use of immune checkpoint inhibitors, adoptive cell
transfer, immune system modulators, cancer vaccines and oncolytic viruses (Wainwright
et al., 2012). Monoclonal antibodies (mAbs) are many copies of a single type of antibody.
mAbs recognise and bind to a particular type of antigen on cells and their target cells can be
cancer cells or immune cells. mAbs that specifically target checkpoint receptors and help the
immune system attack cancer cells are known as checkpoint inhibitors. Adoptive cell transfer
is a type of individualised strategy in which T cells are harvested from patients, genetically
engineered and reintroduced into them. Because these two therapies are more relevant to this
project, they will be discussed in detail in subsequent sections.

1.6.1 Targeting CD28

The binding of CD28 to its ligands, CD80 and CD86, triggers downstream signals that
activate T cells and promote their proliferation and survival. Activation of the CD28 path-
way serves as a secondary signal for T cell activation, and studies have shown that it has
significant implications for immunotherapy targeting PD-1/PD-L1 (Hui et al., 2017). How-
ever, even after PD-1 signalling is inhibited, T cell recovery depends on the activation of
the CD28–CD80/CD86 signalling pathway. The clinical attempt to activate CD28 with an
agonistic antibody was unsuccessful. Davoceticept (ALPN-202), a CD80-vIgD-Fc fusion
protein that inhibits PD-1 and CTLA-4 while simultaneously activating CD28, was developed
for the treatment of cancer and autoimmune and inflammatory diseases (Maurer et al., 2022).
However, in 2022, Alpine Immune Sciences voluntarily terminated two registered clinical
studies on ALPN-202 combined with Keytruda (an anti-PD-1 antibody) owing to a second
patient death attributed to cardiogenic shock (Alpine Immune Sciences Terminates Oncology
Trials after Second Patient Death, 2022).

1.6.2 Immune checkpoint blockade therapy

Inhibitory receptors, also known as immune checkpoints, have been investigated as potential
therapeutic targets for decades. Monoclonal antibodies have been developed to prevent the
interaction between surface-expressed inhibitory receptors and their ligands with the aim
of reinvigorating immune cell activity to kill cancer cells (Brunner-Weinzierl and Rudd,
2018). Experimental evidence supports the use of monoclonal antibodies, and ICB therapy
has achieved significant clinical success in treating various blood-borne and solid tumours
(Ribas and Wolchok, 2018). Compared with traditional radiation therapy or chemotherapy,
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ICB therapy results in a more persistent response and less toxicity. High response rates
have been observed in Hodgkin’s lymphoma (Armand, 2015) and desmoplastic melanoma
(Eroglu et al., 2018). However, the low response rate (10–30%) in many solid and blood
malignancies presents a major challenge for checkpoint blockade (Ribas and Wolchok, 2018;
Salik et al., 2020). Some patients with an initial response develop acquired drug resistance
over time (Haslam and Prasad, 2019). Resistance to ICB therapy may be attributed to the
limited surface expression of inhibitory receptors and/or their ligands on tumour or immune
cells (Ishida et al., 1992; Ngiow et al., 2015). These obstacles highlight the critical need to
understand the regulatory mechanisms governing the expression of inhibitory receptors.

Targeting CTLA-4

CTLA-4 interferes with T cell stimulation by outcompeting CD28 to bind to CD80/86
with higher affinity (van der Merwe et al., 1997). Extrinsically, CTLA-4 mediates trans-
endocytosis of CD80/86 (Qureshi et al., 2011), further limiting the CD28–CD80/CD86
binding and CD28 signalling. Endocytosis is a process through which a cell internalises
molecules or particles from its environment by engulfing them into a vesicle formed by the
cell membrane (Mukherjee et al., 1997; Silverstein et al., 1977). In trans-endocytosis, a
cell transfers its membrane proteins or lipids to another cell through endocytosis (Doherty
and McMahon, 2009; Klueg and Muskavitch, 1999). In the immune system, TCRs can
internalise peptide–MHC complexes from the APC membrane into T cells, which also causes
TCR down-regulation (Huang et al., 1999). The acquisition and subsequent degradation of
CD80 after its binding to CTLA-4 can cause CD80 depletion and inhibit T cell activation
(Kennedy et al., 2022). In 2011, the FDA approved the anti-CTLA-4 monoclonal antibody
ipilimumab for the treatment of metastatic melanoma (Cameron et al., 2011; McDermott
et al., 2013). Subsequently, ipilimumab was used to treat several other cancer types, in-
cluding renal carcinoma, metastatic colorectal cancer, hepatocellular carcinoma, metastatic
or recurrent non-small cell lung cancer and unresectable malignant pleural mesothelioma
(Baas et al., 2021; Vellanki et al., 2021). Ipilimumab can enhance the response of effector
T cells to tumour antigens and diminish the function of regulatory T cells (Romano et al.,
2015). The response rate of ipilimumab monotherapy is approximately 10–15% (Callahan
et al., 2010; Weber, 2007). However, 10–15% of the patients develop severe immune-related
adverse events such as hypopituitarism (Bertrand et al., 2015; Hodi et al., 2010). The severe
immunotherapy-related adverse effects of ipilimumab may be attributed to antibody-induced
lysosomal degradation of CTLA-4 (Liu and Zheng, 2020; Zhang et al., 2019). To address
this issue, a new generation anti-CTLA-4 monoclonal antibody, ONC-392, has entered phase
I clinical trial. ONC-392 reduces the degradation of CTLA-4 in lysosomes by modifying its
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pH sensitivity, thereby preserving CTLA-4 recycling (Rolfo et al., 2020).

Although ipilimumab (an anti-CTLA-4 antibody) is the first FDA-approved immune check-
point inhibitor, its mechanism of action in cancer immunotherapy remains controversial.
The prevailing theory suggests that inhibition of CTLA-4 unlocks the restraints of naïve T
lymphocytes, allowing them to be activated in the lymphoid organs and migrate to tumour
sites (Small et al., 2007; Wei et al., 2018). Some studies have reported that anti-CTLA-4
antibodies act by selectively eliminating Tregs from TME via Fc-receptor-mediated antibody-
dependent cellular cytotoxicity (ADCC) (Read et al., 2006; Simpson et al., 2013; Tang et al.,
2018; Wing et al., 2008); however, this phenomenon may not be true for human tumours
(Sharma et al., 2019). To explore novel mechanisms underlying CTLA-4 blockade, new
anti-CTLA-4 antibodies with Fc modifications have been designed to eliminate Tregs in
TME and reduce toxic effects (Engelhardt et al., 2020; O’Day et al., 2020; Schoenfeld et al.,
2022; Tanne et al., 2020).

Targeting PD-1/PD-L1

The PD-1/PD-L1 axis functions by interfering with the recruitment of the TCR signalling
complex in effector T cells, thereby promoting the differentiation and activation of regulatory
T cells (Francisco et al., 2009; Keir et al., 2008). So far, the FDA approved seven monoclonal
antibodies that target PD-1 or PD-L1 for the treatment of 19 diseases. Additionally, more
than 5,000 clinical trials investigating the efficacy of anti-PD-1/PD-L1 antibodies alone or in
combination with other therapies are underway (Upadhaya et al., 2022). PD-1 and PD-L1
have received considerable attention as therapeutic targets owing to their high response
rates (70–90%) in cancers such as Hodgkin’s lymphoma and desmoplastic melanoma and
intermediate response rates with tolerable toxicity in other cancers such as skin cancer (Ribas
and Wolchok, 2018). Patients who respond to PD-1/PD-L1 inhibitors have Tex cells that
infiltrate and attack cancer cells but are subsequently silenced by PD-L1-expressing tumour
cells. Therefore, monotherapy with PD-1/PD-L1 inhibitors may recover the toxicity of
Tex cells. Clinical approval has been issued for the use of combination therapies targeting
the CTLA-4 and PD-1/PD-L1 pathways as first-line therapies for various malignancies,
as combination therapies have a better response rate and higher cytolytic potential than
monotherapy (Okoye et al., 2017).
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Targeting LAG3, TIM3 and TIGIT

Other inhibitory receptors, including LAG3, TIM3, TIGIT, VISTA, BTLA and B7-H3, are
also considered potential anti-tumour targets. LAG3, which shares 20% homology with
CD4, can bind to MHC class II molecules and inhibit T cell activation. At present, more
than 10 clinical trials are investigating monoclonal antibodies against LAG3 such as re-
latlimab (Yu et al., 2019) and bispecific antibodies targeting both PD-1 and LAG3 such
as FS118 (Kraman et al., 2018). However, limited patient responses have been reported so far.

TIM3 is expressed on several immune and cancer cells (Anderson, 2012; Jan et al., 2011).
Most clinical trials investigating antagonistic antibodies against TIM3 are in phase I, spanning
both blood and solid cancers.

Similar to the CTLA-4 signalling pathway, TIGIT inhibits T cell activation by compet-
ing with the stimulatory receptor CD266 for their ligands CD155 and CD112. Antibodies
that block the TIGIT–CD155 interaction, such as etigilimab and tiragolumab, have entered
clinical trials (Solomon and Garrido-Laguna, 2018).

1.6.3 CAR-T therapy

ICB therapy has demonstrated limited success in some cancers, highlighting the importance
of developing alternative immunotherapies such as the adoptive transfer of chimeric antigen
receptor (CAR)-T cells. In CAR-T therapy, T cells are collected from patients, engineered to
produce chimeric TCRs that preferentially target cancer cells and stimulate T cells, amplified
and reintroduced into the patients (June et al., 2018). To date, the FDA has approved
five CAR-T therapies for treating leukaemia, lymphoma, and melanoma. Scholars have
hypothesised that ICB in combination with CAR-T therapy can enhance immune responses
(Yoon et al., 2018). Studies have demonstrated that PD-1 blockade in combination with
CD19-specific CAR-T therapy has significant effects on patients with progressive lymphoma
and relapsed acute lymphocytic leukaemia (Chong et al., 2017; Li et al., 2018). CAR-T cells
expressing PD-L1z CARs or CTLA-4-CD28-CD3z CARs that target checkpoint ligands
showed anti-tumour effects in preclinical models (Lin et al., 2021; Qin et al., 2020). However,
some studies have reported that PD-1 expression prevents strong activation and exhaustion
of CAR-T cells (Kalinin et al., 2021; Wei et al., 2019). Hence, further investigation is
warranted to find a balance between anti-tumour toxicity and autoimmune toxicity induced
by combination therapies.
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1.6.4 Other immune therapies

In antibody-dependent cell-mediated cytotoxicity (ADCC), mAbs bind to cancer cells, mak-
ing them more visible to immune cells (Scott et al., 2012). Drugs such as trastuzumab
(Herceptin) induce ADCC and are used for first-line treatment of HER2-positive breast
cancer (Swain et al., 2015).

Therapeutic cancer vaccines are administered to patients with cancer rather than healthy
individuals. Cancer vaccines present tumour-specific antigens to the immune system and
help the system to recognise and attack tumour cells. Molecules used as vaccines to stimulate
the immune response to cancer can be proteins, peptides, DNAs or RNAs that are more
often found in cancer cells than in normal cells. Such antigens can be delivered through
injection with adjuvants or by viruses (Lopes et al., 2019). Whole-cell vaccines that contain
engineered cancer cells have been developed, with the source of cells being the patients.
Dendritic cells, a type of immune cell that can present tumour antigens to the immune system
for recognising and killing cancer cells, can also be used as vaccines after they have become
familiar with cancer cells (Sutherland et al., 2021). At present, most cancer vaccines are
undergoing investigation in clinical trials. The first cancer vaccine approved by the FDA
for therapeutic purposes was Sipuleucel-T, a cancer vaccine tailored to each patient with
prostate cancer (Kantoff et al., 2010; Madan et al., 2020). Bacillus Calmette–Guerin, a
vaccine that was originally used to prevent tuberculosis, has been reported to be effective
in treating early-stage bladder cancer (Fuge et al., 2015). The other two preventive cancer
vaccines approved by the FDA include the human papillomavirus (Cheng et al., 2020) and
the hepatitis B (Poland and Jacobson, 2004) vaccines.
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The intracellular membrane system compartmentalises cells into distinct regions for partic-
ular activities (Alberts et al., 2002). The cellular structure of eukaryotes, comprising the
plasma membrane, a double membrane-enclosed nucleus, the repetition of membrane around
the nucleus, and cytoplasm, is evolutionarily conserved. The nucleus is normally located
at the centre of the cell, contains genetic information and synthesises DNAs and RNAs.
The nuclei of B and T lymphocytes occupy the majority of the cell, leaving a slim margin
of cytoplasm (Murphy and Weaver, 2016). DNA is transcribed to mRNA in the nucleus
and transported to the cytoplasm or nucleus-connecting endoplasmic reticulum (ER) for
protein synthesis. Proteins are transported via the Golgi apparatus to various sites, such
as the plasma membrane or secretory granules. In addition, proteins are internalised by
the cell via endocytosis and travel through a sequence of endosomal compartments. They
enter early endosomes and are directly recycled to the surface or enter recycling endosomes
for slow recycling (Cullen and Steinberg, 2018). Some proteins are translocated to late
endosomes, wherein they are sorted for retrograde retrieval or lysosomal degradation (Figure
1.6). Defective organelles and endocytosed macromolecules are hydrolysed in the lysosomes.
Mitochondria produce a substantial fraction of the energy currency of the cell, ATP. Studies
have reported that mitochondria are related to other activities of the cell, such as cell cycle
control and autophagy (McBride et al., 2006).
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Figure 1.6 Schematic representation of intracellular trafficking
Proteins that undergo the biosynthetic secretory pathway are indicated in blue: newly
synthesised proteins exit the endoplasmic reticulum (ER) and enter the Golgi apparatus,
where they are processed and sent to various destinations through membrane expression or
exocytic secretion. Retrograde transport occurs in the opposite direction of the secretory
pathway. Proteins undergo retrograde retrieval are indicated in purple: cargoes such as
receptor proteins are endocytosed and can be recycled directly from early endosome, or
pass through the early endosome, get sorted to late endosomes and retrieved through
the trans-Golgi network to recycling endosomes, and ultimately recycled to the plasma
membrane. Alternatively, some proteins are sorted from the late endosome to lysosome
for degradation, which is indicated by the cleaved dots. Some proteins move directly
from the cis-Golgi network to the ER exit site, which also represents retrograde transport.
Adapted from “Intracellular Transport”, by BioRender.com (2022). Retrieved from
https://app.biorender.com/biorender-templates
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Membrane-enclosed cellular compartments that shuttle proteins and other cargoes from one
organelle to another are called transport vesicles (Alberts et al., 2002). The critical steps of
vesicular transport are illustrated in Figure 1.7. The five usual steps include sorting, budding,
tethering, docking and fusion (Cooper and Hausman, 2000). Sorting motifs with specific
patterns of amino acids are found on cargo proteins, indicating that protein transport is not a
passive process (Seaman, 2008; Simonetti et al., 2017). Vesicles bud from the donor cellular
compartment with the help of coat proteins that pinch off from the membrane (Schekman and
Orci, 1996). Three types of coated vesicles have been identified, including clathrin-coated
vesicles and two types of nonclathrin-coated vesicles. Transport of many signalling receptors
is related to these vesicles. For example, CTLA-4 is endocytosed into clathrin-coated vesicles
through interaction with adaptor protein 2 (AP-2) (Zhang and Allison, 1997). The adaptor
protein 1 (AP-1) binds to CTLA-4 in the trans-Golgi network and directs it to lysosomes
(Schneider et al., 1999). Subsequently, coated vesicles are directed to the recipient cellular
compartment. Tethering and docking of vesicles are regulated by the Rab and soluble
N-ethylmaleimide-sensitive factor [NSF] attachment receptors (SNARE) proteins on the
vesicular membrane, which bind to their effectors on the acceptor compartment membrane
(Pfeffer, 2017; Shi et al., 2012; Wandinger-Ness and Zerial, 2014). Rab proteins are a
subfamily of small G proteins that are activated after the exchange of bound GDP against
GTP (Stenmark and Olkkonen, 2001). Different Rab proteins are enriched in distinct cellular
compartments. For example, Rab5 is enriched in early endosomes, and Rab7 is enriched in
late endosomes (Feng et al., 1995; Jovic et al., 2010; Woodman, 2000). Vesicular SNARE
(v-SNARE) proteins bind to target SNARE (t-SNARE) proteins and prompt the transport
vesicles to fuse with the acceptor membrane (Han et al., 2017; Wang et al., 2017).
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Figure 1.7 Schematic representation of vesicle transport
Cargo proteins are sorted into vesicles, which bud with the help of coat proteins. Rab
proteins on the vesicle membrane bind to their effectors and induce tethering of the vesicles.
Subsequently, the vesicles are docked to the acceptor compartment through v-SNARE/t-
SNAREs binding, leading to membrane fusion. SNAREs, N-ethylmaleimide-sensitive factor
(NSF) attachment protein receptors; v-SNARE, vesicular SNARE; t-SNARE, target SNARE.
Created with BioRender.com.

27



1.8 Trafficking of immune signalling receptors

1.8 Trafficking of immune signalling receptors

1.8.1 Immunological synapse

The specialised interface that forms between immune cells, such as T cells and APCs, during
an immune response is referred to as an immunological synapse (or immune synapse) owing
to its similarity to the neuronal synapse and is considered a hallmark of T cell activation
(Batista et al., 2001; Grakoui et al., 1999; Norcross, 1984). The immunological synapse
functions by bringing key signalling molecules and receptors on the surface of both T cells
and APCs in proximity, allowing for efficient signal transduction. TCRs on T cells bind to
specific antigens presented by MHC molecules on APCs. This binding initiates a signalling
cascade within T cells, leading to their activation and proliferation. Additionally, adhesion
proteins and costimulatory molecules present at the immunological synapse enhance the
signalling and activation of immune responses (Bunnell et al., 2002; Fooksman et al., 2009).
The formation and maintenance of the immunological synapse play a crucial role in generat-
ing effective immune responses against pathogens and cancer cells. Furthermore, directional
delivery occurs during the effector phase of the immune response. For example, CTLs or NK
cells form an immunological synapse with target cells, such as infected or cancerous cells,
and deliver cytotoxic molecules, such as perforin and granzymes, to target cells to induce
their apoptosis and elimination (Brown et al., 2011; de la Roche et al., 2016; Rak et al., 2011).
On the other hand, when an immunological synapse is formed, the telomeres of APCs are
transferred to T cells via extracellular vesicles and integrated into the chromosomes of T
cells, thus prolonging the survival of T cells (Lanna et al., 2022).

The immunological complex is composed of molecular clusters arranged in three concentric
rings, collectively known as the supramolecular activation cluster (SMAC) (Figure 1.8).
However, this model of the immunological synapse is derived from that of the activation
of T cells on planar APC substitutes. The interface between a T cell and an actual APC
may well differ. The TCR as well as some costimulatory receptor microclusters, such as
CD28, are formed at the distal SMAC (d-SMAC) and transported to the central SMAC
(c-SMAC). The peripheral SMAC (p-SMAC) is composed of adhesion molecules such as
lymphocyte function-associated antigen 1 (LFA-1), as well as cytoskeletal proteins. The
d-SMAC is enriched in CD45 and filamentous actin (F-actin), which assist TCR microcluster
translocation. Yokosuka et al. (2010, 2012) reported that CTLA-4 and PD-1 are recruited
to c-SMAC to exert their inhibitory effects. However, the distribution of other inhibitory
receptors, such as LAG3, TIM3 and TIGIT, at the immunological synapse remains elusive.
Given that MHC-II molecules are one of the ligands of LAG3 (Huard et al., 1994), LAG3
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may be located in c-SMAC.

The function of mature synapses in effector T cell activity and whether the abovemen-
tioned structure of the immunological synapse exists in vivo warrant further investigation.
The structure of an immunological synapse can be sustained for hours, and disruption of its
formation or stability impairs T cell polarisation and cytotoxic function (Ambler et al., 2020).
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Figure 1.8 Schematic representation and representative images of the structure of an
immunological synapse
A. Schematic representation of an immunological synapse, with side and front-on view.
This model is derived from the activation of T cells on planar APC substitutes. The
interface between T cells and actual APCs may differ. Created with BioRender.com. SMAC,
supramolecular activation cluster; c, central, p, peripheral, d, distal. TCR, T cell receptor;
MHC I, major histocompatibility complex 1; LFA-1, lymphocyte function-associated
antigen 1; ICAM-1, intercellular adhesion molecule-1; F-actin, filamentous actin. Created
with BioRender.com. B. DIC and pseudocolour scale fluorescent images of a T cell–APC
complex acquired via confocal microscopy. C. Image of a T cell–APC couple acquired via
electron microscopy. D. TIRF image of the surface of T cells spread on an anti-CD3-coated
imaging plate. In B and D Clone 4 CD8+ T cells were retro-virally transduced to express
CD28-GFP. In B and C Renca cells were used as APCs. APC, antigen presenting cell. Scale
bars: 5 µm.
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1.8.2 Trafficking to and recycling from the immunological synapse

The kinetics of TCRs and T cell polarisation have been extensively investigated. Rab8,
Rab11, Rab29 and intraflagellar transport 20 (IFT20) coordinate to drive the transport of
TCRs to the immunological synapse. IFT20 forms a complex with Rab5 and TCRs on early
endosomes. IFT52 and IFT57 mediate the recycling of TCRs and transferrin receptor (TfR)
by cooperating with IFT20 (Finetti et al., 2014). Rab8 recruits the v-SNARE protein VAMP-3
to induce membrane fusion and docks the TCR complex to the immunological synapse. If the
Rab29-dependent recruitment of the dynein microtubule motor is blocked, TCRs aggregate
in Rab11+ endosomes and cannot be recycled to the immunological synapse (Onnis et al.,
2015). Rab35 regulates TfR-mediated TCR recycling (Patino-Lopez et al., 2008).

Some inhibitory receptors, such as CTLA-4, are primarily maintained in intracellular vesicles
(Leung et al., 1995). CTLA-4 can be recruited to the surface before the new protein is
produced, underlining the rapid response machinery of protein recycling. Nevertheless, how
such inhibitory receptors are transported to assess their ligands remain poorly understood. Lo
et al. (2015) reported that the lipopolysaccharide-responsive and beige-like anchor protein
(LRBA) binds to the YVKM motif of CTLA-4 and moves to the recycling endosomes, which
competes with AP1-mediated lysosomal degradation. Zhang et al. (2019) suggested that the
cytotoxicity of ICB therapy can be reduced by promoting LRBA-dependant recycling of
CTLA-4, emphasising the functional importance and therapeutic role of inhibitory receptor
recycling. After LRBA-mediated transport to the recycling endosomes, Rab11 mediates the
endosomal recycling of CTLA-4 to the plasma membrane (Janman et al., 2021). On the
other hand, AP-2 mediates the clathrin-coated endocytosis of CTLA-4 (Qureshi et al., 2012;
Shiratori et al., 1997; Zhang and Allison, 1997). Ligand binding affinity can affect the un-
loading and re-entry of CTLA-4 into the free intracellular CTLA-4 pool (Janman et al., 2021).
Therapeutic ligands such as ipilimumab have a higher affinity for CTLA-4 than its natural
ligands (Khailaie et al., 2018). Palmitoylation of PD-1 rescues it from lysosomal degradation
and promotes its trafficking to recycling endosomes (Yao et al., 2021). Bricogne et al. (2019)
described that the vesicle shedding of PD-1 from T cells is dependent on TMEM16F, without
which PD-1 is massively endocytosed. The translocation of LAG3 to the plasma membrane
is induced by PKC signalling; however, the adaptor protein required to connect these two
molecules remains unidentified. The cytoplasmic domain of LAG3 helps to maintain a
balance between its surface expression and lysosomal retention (Bae et al., 2014; Chocarro
et al., 2021). The exact motif responsible for LAG3 trafficking remains unknown; however,
the EP motif is not involved in the sorting procedure (Bae et al., 2014), and the extracellular
IgSF domains D1/D2 may help to preserve LAG3 in intracellular compartments (Woo et al.,
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2010). The intracellular transport routes of other inhibitory receptors and their associated
transport adaptors warrants further investigation.
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1.9 Hypothesis

According to a proteomic study (by Timsse Raj, unpublished), CTLA-4, LAG3 and TIM3
are stored in distinct compartments. In addition, the spatiotemporal patterns of different
inhibitory receptors during T cell activation are distinct as evidenced by confocal microscopy
imaging data of GFP-tagged inhibitory receptors in a previous study (unpublished). Based
on these findings, I propose the following hypotheses:

1. The inhibitory receptors CTLA-4, PD-1, LAG3, TIM3 and TIGIT reside in distinct
subcellular distributions.

2. The five inhibitory receptors have some overlap in their localisation and trafficking
machinery.

These hypotheses require validation from imaging, proteomic and immunoprecipitation data.
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1.10 Aims and Objectives

Given that inhibitory receptors are predominantly located in intracellular vesicles and their
spatiotemporal dynamics are largely unknown (Jansson et al., 2005; Valk et al., 2008),
this project aimed to identify and characterise vesicular compartments containing the five
abovementioned inhibitory receptors and investigate the trafficking of these receptors to the
immunological synapse.

The long-term objective of this project is to use the understanding of vesicular traffick-
ing of the five inhibitory receptors to devise new strategies for controlling T cell function in
anti-tumour immune responses.

1. To examine the properties of vesicles containing inhibitory receptors
In this project, the location and molecular identity of vesicles containing the five
inhibitory receptors were investigated to verify that the receptors are stored in distinct
vesicles.

2. To identify the transport regulators that mediate inhibitory receptor trafficking
Based on the potential sorting protein binding motifs identified in the cytoplasmic
domain of inhibitory receptors, interactions between the inhibitory receptors with the
sorting complexes were examined to understand their intracellular trafficking.

3. To develop strategies for controlling the vesicular trafficking of inhibitory receptors
Vesicular trafficking is controlled by the Rab family of small GTPases, with distinct
trafficking events being regulated by distinct Rab family members (Hutagalung and
Novick, 2011; Zerial and McBride, 2001). Based on the characterisation of vesicles
containing the five inhibitory receptors, vesicle trafficking by the corresponding Rab
protein was targeted. The strategies used were intended to manipulate, most likely
to halt the transport of inhibitory receptors to the immunological synapse, and hence
attenuate the inhibition of T cell function.

34



Chapter 2

Materials and Methods
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2.1 Plasmids

The plasmids and their vector backbones used in this project are shown in Figure2.1 and
Table2.1.

pGC.PH.TH.SH3.SH2.GFP and pMIGII were used to generate APEX2-fused and GFP-
tagged inhibitory receptors for proteomics and to generate GFP, tdTomato and mEOS2
fused inhibitory receptors for live cell imaging. pMSCV-IRES-GFP II (pMIGII) was
kindly provided by Dario Vignali (Addgene plasmid #52107 ; http://n2t.net/addgene:52107;
RRID:Addgene_52107) (Holst et al., 2006). CTLA-4-GFP, TIM3-GFP, TIGIT-GFP and
LAG3-tdTomato plasmids were constructed by other members of the lab. APEX2-IR-GFP
plasmids were constructed by Timsee Raj.

pEGFP.C1 and pSF.EF1.Lenti were used to generate GFP-fused truncated inhibitory re-
ceptors for immunoprecipitation.

pMAMA.TAT (Becker-Hapak et al., 2001) was used to generate TAT-fused Rab proteins for
functional assays.
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Figure 2.1 Plasmid map of 6 plasmid backbones used in this project
pGC.GFP and pMIGII plasmids were used to generate APEX2 and / or fluorescent protein
fused inhibitory receptors for proteomics and live cell imaging. pEGFP.C1 and pSF.EF1.Lenti
plasmids were used to generate GFP-fused truncated inhibitory receptors for immunoprecipi-
tation. And pMAMA.TAT plasmid was used to generate TAT-fused transducible proteins. TM,
transmembrane domain; Cyt, cytoplasmic domain; WT, wild-type; DN, dominant-negative.
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Plasmid name Vector

CTLA-4-GFP pGC.PH.TH.SH3.SH2.GFP
PD-1-GFP pGC.PH.TH.SH3.SH2.GFP
LAG3-GFP pMIGII.GFP
TIM3-GFP pGC.PH.TH.SH3.SH2.GFP
TIGIT-GFP pGC.PH.TH.SH3.SH2.GFP
LAG3-tdTomato pMIGII
APEX2-CTLA-4-GFP pGC.PH.TH.SH3.SH2.GFP
APEX2-PD-1-GFP pGC.PH.TH.SH3.SH2.GFP
APEX2-LAG3-GFP pMIGII
APEX2-TIM3-GFP pGC.PH.TH.SH3.SH2.GFP
APEX2-TIGIT-GFP pGC.PH.TH.SH3.SH2.GFP
LAG3-mEOS2 pMIGII
CTLA-4-GFP-P2A-LAG3-tdTomato pMIGII
GFP-CTLA-4-cyt pEGFP.C1
GFP-CTLA-4-TMcyt pEGFP.C1
GFP-CTLA-4-TMcyt-Lenti pSF.EF1.Lenti
GFP-PD-1-cyt pEGFP.C1
GFP-PD-1-TMcyt pEGFP.C1
GFP-PD-1-TMcyt-Lenti pSF.EF1.Lenti
GFP-LAG3-cyt pEGFP.C1
GFP-LAG3-TMcyt pEGFP.C1
GFP-LAG3-TMcyt-Lenti pSF.EF1.Lenti
GFP-TIM3-cyt pEGFP.C1
GFP-TIM3-TMcyt pEGFP.C1
GFP-TIM3-TMcyt-Lenti pSF.EF1.Lenti
GFP-TIGIT-cyt pEGFP.C1
GFP-TIGIT-TMcyt pEGFP.C1
GFP-TIGIT-TMcyt-Lenti pSF.EF1.Lenti
Rab8aWT pMAM.TAT
Rab8aDN pMAM.TAT
Rab10WT pMAM.TAT
Rab10DN pMAM.TAT

Table 2.1 List of plasmids used in this project
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2.2 List of DNA oligonucleotides

Primer label 5’-3’ sequence

OligoPCRCTLA4toLAG3 ctaggcgccggaattatggcttgtcttggactccg
OligorevPCRCTLA4toLAG3 ccctcatcctgaattttggaccagggttctcttctacatctccagcctgctta

agtagtgagaagttagttgccttgtacagctcgtccatgc
OligoPCRCTLA4topHfluorin caggtagcagtggcctgtcttggactccggaggt
OligorevCTLA4toPhluorin caggaaaacacagcctcagttgatgggaataaaataaggc

Table 2.2 List of oligonucleotides for cloning in pGCTec.PH.TH.SH3.SH2.GFP vector

Primer label 5’-3’ sequence

OligoPCRCTLA4cytVesT ctcgagctcaagcttcgaattccactgctgtttctttgagcaa
OligorevPCRCTLA4cyt ggaaccaccgcggccgttgatgggaataaaataaggc
OligoPCRPD1cytVesT ggaaccaccgcggccaagaggccaagaacaatgtcc
OligorevPCRPD1cyt ctcgagctcaagcttcgaattcagctgtcttctgctcaacaag
OligoPCRLAG3cytVesT ctcgagctcaagcttcgaattcctttcactggtggagaaaaca
OligorevPCRLAG3cyt ggaaccaccgcggccgagctgcctgggctctgg
OligoPCRTIM3cytVesT ctcgagctcaagcttcgaattcaatccttaaatggtattcctgta
OligorevPCRTIM3cyt ggaaccaccgcggccggatggctgctggctgttg
OligoPCRTIGITcytVesT ctcgagctcaagcttcgaattctagaaagaagtctattagaatgc
OligorevPCRTIGITcyt ggaaccaccgcggccgccagtcttcgatacagcaa
OligoPCRCTLA4TMcyt acgagctgtacaagggccgggaaccatgcccggattctg
OligorevPCRCTLA4TMcyt ggatcccgggcccgcggtactcagttgatgggaataaaataaggc
OligoPCRPD1TMcyt acgagctgtacaagggccgggaaggccggtttcaaggc
OligorevPCRPD1TMcyt ggatcccgggcccgcggtactcaaagaggccaagaacaatgtcc
OligoPCRLAG3TMcyt acgagctgtacaagggccgggaccttaaaggaggccatctc
OligorevPCRLAG3TMcyt ggatcccgggcccgcggtactcagagctgcctgggctctgg
OligoPCRTIM3TMcyt acgagctgtacaagggccggggagaaacgatcagaactgc
OligorevPCRTIM3TMcyt ggatcccgggcccgcggtactcaggatggctgctggctgttg
OligoPCRTIGITTMcyt acgagctgtacaagggccgggctcagttccagactgccc
OligorevPCRTIGITTMcyt ggatcccgggcccgcggtactcagccagtcttcgatacagcaa

Table 2.3 List of oligonucleotides for cloning in pEGFP.C1
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Primer label 5’-3’ sequence

OligomtRab8adn ctgatcggggactcaggggtagggaagaactgtgtcctgttcc
OligorevmtRab8adn ggaacaggacacagttcttccctacccctgagtccccgatcag
OligomtRab10dn ctgatcggggactcaggagtgggcaagaactgcgtcctttttcg
OligoREVmtRab10dn ggaacaggacacagttcttccctacccctgagtccccgatcag
OligoPCRRab8aTAT cctgggcggtaccggaatggcgaagacctacgattac
oligorevPCRRab8aTAT gttagcagccggatctcacaggagactgcaccgg
OligoPCRRab10TAT cctgggcggtaccggtatggcgaagaagacgtacga
OligorevPCRRab10TAT gttagcagccggatctcagcagcacttgctcttcc

Table 2.4 List of oligonucleotides for Rab mutagenesis and cloning in pMAMA.TAT
vector

Primer label 5’-3’ sequence

OligoPCRGFPTMcyttoLenti gccaagcttccgagctctcgatggtgagcaaaggcgagga
OligorevPCRpEGFPtolenti agtgcaggaggagacaacttttacttgtacagctcgtccat
OligoPCRGFPCTLA4cyttolenti gccaagcttccgagctctcgccatggtgagcaagggcg
OligorevPCRGFPCTLA4cyttolenti agtgcaggaggagacaactttcagttgatgggaataaaataag
OligorevPCRGFPPD1cyttolenti agtgcaggaggagacaactttcaaagaggccaagaacaatg
OligorevPCRGFPLAG3cyttolenti agtgcaggaggagacaactttcagagctgcctgggctc
OligorevPCRGFPTIM3cyttolenti agtgcaggaggagacaactttcaggatggctgctggctg
OligorevPCRGFPTIGITcyttolenti agtgcaggaggagacaactttcagccagtcttcgatacag

Table 2.5 List of oligonucleotides for cloning in pSF.Lenti vector
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Primer label 5’-3’ sequence

OligomtCTLA4noBamHI gacttcctcctttggatacttgtcgcagttagctt
OligorevmtCTLA4noBamHI aagctaactgcgacaagtatccaaaggaggaagtc
OligomtCTLA4BamHI2 acggaggttcaggggatccaccggtcg
OligorevmtCTLA4BamHI2 cgaccggtggatcccctgaacctccgt
OligomtnoAgeI acaactggaccgacaggtggtacctcacc
OligorevmtnoAgeI ggtgaggtaccacctgtcggtccagttgt
OligoPCRmEos2toCTLA4 catcaacggaggttcagggcgggatccaccggtcgc
OligorevPCRmEos2toCTLA4 taatccggatcggccgctgttatcgtctggcattgtcagg
OligoPCRmEos2PD1 ttgttcttggcctcttcggcgggatccaccggtcgc
OligoPCRmEos2LAG3 cgggatccaccggtcgccaccatgagtgcgattaagccag
OligorevPCRmEos2LAG3 caggtcgactctagagtcgcttatcgtctggcattgtcagg
OligoPCRmEos2Tim3 gatccaccggtcgccaccgccatgagtgcgattaagcca
OligoPCRmEos2TIGIT gctgtatcgaagactggccggcgggcccgggatccacc
OligomtTIM3BamHIGFP accggtcgccaccggatccatggtgagcaagg
OligorevmtTIM3BamHIGFP ccttgctcaccatggatccggtggcgaccggt
OligomtGFPCterBamHI atggacgagctgtacaagtaaggatccagcggccgatc
OligorevmtGFPCterBamHI gatcggccgctggatccttacttgtacagctcgtccat

Table 2.6 List of oligonucleotides for mutagenesis to insert mEOS2 into the inhibitory
receptors

2.3 Bacteria strains and bacteria growth media

2.3.1 Bacteria strains used in this project

StellarTM Competent Cells

StellarTM competent cells were used for DNA assembly cloning with transformation efficiency of
1×108 cfu/µg. Cells were provided with In-Fusion® HD cloning kit (Takara Bio, #638909).

NEB® 5-alpha Competent E. coli

NEB® 5-alpha competent E. coli was derived from DH5αTM K12 strain, with transformation efficiency
of 1×106 cfu/µg. For DNA assembly cloning, High Efficiency (New England Biolabs, #C2987) cells
were used. For plasmids amplification, Subcloning Efficiency (New England Biolabs, #C2988J) cells
were used.
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BL21 (DE3) Competent E. coli

BL21 (DE3) competent E. coli (New England Biolabs, #C2527H) uses T7 promoter, and was used
for protein expression in this project. Transformation efficiency of BL21 (DE3) Competent E. coli is
1×107 cfu/µg.

XL10-Gold Ultracompetent Cells

XL10-Gold cltracompetent cells were used for transformation of site-directed mutated DNAs with
transformation efficiency of 5×109 cfu/µg. Cells were provided with QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies, #210518).

2.3.2 Media and antibiotics

LB Broth

1% (w/v) peptone 140, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium chloride. Media prepared and
auto-cleaved by the Biomedical media kitchen, University of Bristol.

LB agar

2% (w/v) agar, 1% (w/v) NaCl (Sigma-Aldrich, #S9625), 1 % (w/v) Tryptone (BD, #211705), 0.5 %
(w/v) yeast extract (BD, #212750) in 500 mL of sterilised water. Agar prepared and auto-cleaved by
the Biomedical media kitchen, University of Bristol.

SOC Outgrowth Midium (NEB, #B9020)

2% (w/v) Vegetable Peptone, 0.5% (w/v) Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2,
10 mM MgSO4, and 20 mM Glucose in 25 mL sterilised water.

Terrific Broth

2.4% (w/v) yeast extract, 2% (w/v) tryptone, 0.4% (v/v) glycerol, 10% (v/v) phosphate buffer (0.17 M
KH2PO4, 0.72 M K2HPO4) in deionised H2O. Buffer prepared and auto-cleaved by the Biomedical
media kitchen, University of Bristol.

Ampicillin

Ampicilin (Sigma-Aldrich, #A1593): 50 mg/mL, 1000× concentrated stocking concentration; 50
µg/mL, working concentration.
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Kanamycin

Kanamycin (Sigma-Aldrich, #60615): 30 mg/mL, 1000× concentrated stocking concentration; 30
µg/mL, working concentration.

2.4 Transformation and bacteria cell culture
50 µL of competent cells (Chapter 2.3.1) were aliquoted into a 1.5 mL Eppendorf tube on ice. 20–50
µg (as stated in the cloning kit manufacturer’s manual) of DNA was added to the competent cells,
gently flicked, and the tube was placed on ice for 30 minutes. The tube was then heat-shocked at
42°C for 45 seconds in a water bath in a heat block, followed by 5 minutes on ice. For transformation
of BL21(DE3) competent cells, the optimal heat shock time is 10 seconds. Transformed E. coli
competent cells were cultured in suspension in 950 µL SOC medium for 45 minutes to 1 hour at 37°C,
with shaking at 250 rpm. After cell growth, 50 µL of cells were plated on LB agar plates (Amp+ or
Kana+, see Figure 2.1 for selection of antibiotics) using glass beads (Novagen, #71013). Agar plates
were labelled, placed upside down in an incubator at 37°C for 16–20 hours, or at room temperature for
60 hours. Colonies selected from the agar plates were cultured in suspension in LB broth with specific
antibiotics for 16–20 hours at 37°C, with shaking at 250 rpm. Cells were harvested by centrifugation
at 6000 g at 4°C, and the supernatant was discarded. Cell pellets can be stored at -20°C for months.
During the site-directed mutagenesis process, the pre-treatment and transformation of XL10-Gold
Ultracompetent cells strictly followed the manufacturer’s instruction manual (Agilent Technologies,
#210518).

2.5 Molecular biology methods
DNA plasmids were generated by employing site-directed mutagenesis or through amplification of
the desired gene from a source DNA. In site-directed mutagenesis, a donor DNA was amplified and
the specific gene was mutated by primers carrying the intended modification. In a conventional DNA
recombination, we used a standard PCR reaction to replicate the gene from the donor DNA and insert
it into a plasmid vector using the NEBuilder® HiFi DNA Assembly Cloning Kit (NEB, #E5520),
which has already by linearised by restriction endonucleases.

2.5.1 Conventional polymerase chain reaction (PCR) reaction

The Q5® High-Fidelity DNA Polymerase kit (NEB, #E0555) was used in the PCR amplification
programme following the manufacture’s guidance. Recipe and programme settings are shown in
Table 2.5.1 and Table 2.7. Reagents were mixed in 0.5 mL PCR tubes (Eppendorf, #0030124537)
except the Q5 polymerase, which was added after the initial denaturation step (heat shock). Products
of PCR reaction were used straight after or stored in -20°C.

43



2.5 Molecular biology methods

Solution Volume

5X Q5 reaction buffer 10 µL
10 µM dNTPs 1 µL
100 µM Forward Primer 0.25 µL
100 µM Reverse Primer 0.25 µL
Template 0.5 µL
Q5 polymerase 0.5 µL
Nuclease-free water 37.5 µL

Table 2.7 Conventional PCR reaction recipe used in this project

PCR programme Temperature Time

Initial denaturation 98°C 3 minutes

Denaturation 98°C 10 seconds
Annealing 60°C 30 seconds
Extension 72°C 1000 base pairs/45s

Final extension 72°C 5 minutes
Hold 4°C hold (forever)

Table 2.8 Conventional PCR reaction recipe used in this project

2.5.2 Multi Site-directed mutagenesis PCR reaction

Multi Site-directed mutagenesis PCR amplification was performed using the QuikChange Lightning
Multi Site-Directed Mutagenesis Kit (Agilent Technologies, #210515), following the manufacture’s
guidance. Recipe and programme settings are shown in Table 2.5.2 and Table 2.9. Reagents were
mixed in 0.1 mL PCR tubes (Eppendorf, #0030124812). The product of PCR reaction was digested
by 1 µL Dpn I enzyme at 37°C for 5 minutes targeting methylated and heminethylated DNA, so that
the template double-strain DNA can be degraded. Products of PCR reaction were used straight after
or stored in -20°C.
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Reaction Component Templates>5kb

10× QuikChange Lightning 2.5 µl
Multi reaction buffer
Double-distilled H20 X µl to final volume of 25 µl
QuikSolution 0.5 µl
ds-DNA template 100 ng
Mutagenic primers 100 ng each primer for 1–3 primers; 50 ng each primer for 4–5 primers
dNTP mix 1 µl
QuikChange Lightning 1 µl
Multi enzyme blend

Table 2.9 Conventional PCR reaction recipe used in this project

PCR programme Temperature Time

Initial denaturation 95°C 2 minutes

Denaturation 95°C 20 seconds
Annealing 55°C 30 seconds
Extension 65°C 1000 base pairs/30s
30 cycles
Final extension 65°C 5 minutes
Hold 4°C hold (forever)

Table 2.10 Conventional PCR reaction recipe used in this project

2.5.3 Analytical digestion

Cloning products were examined by enzyme digestion to detect the right sizes of digested fragments.
5 µL DNA, 2 µL buffer, 2 µL enzyme were mixed in 11 µL nuclease-free water. DNAs were incubated
for 1 hour at 37°C and the digested products were dissolved in an agar gel. 8% to 15% of agar
gels supplemented with 0.05% ethidium bromide were used depending on the size of DNAs. Agar
gels were made from boiling agarose in Tris-Acetate-EDTA (TAE) buffer. The ethidium bromide
is carcinogenic so the agarose solution must be cooled down before adding it to avoid evaporation.
The gel solution was poured onto a gel mold with combs to generate loading wells. Samples were
combined with 6× loading dye (New England Biolabs, #B7024S) and loaded along with a 2-log ladder
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(New England Biolabs, #N3200) or λDNA-HindIII Digest (New England Biolabs, #N3012). Agarose
gels were run at a voltage of 100 V for 60 minutes, and visualised under UV light.

2.5.4 DNA sequencing

When the cloning constructs were verified by analytical digestion, positive DNA plasmids were
amplified by bacteria culture and extracted by maxi prep to generate high purity DNA for sequencing.
Samples were prepared with 50-100 ng/µL of DNA in H2O to make it 15 µL, and sent to Eurofins
MWG Operon. In most of the cases, samples were sequenced using T3 primers which were added at
the company site. If a specific sequencing primer was needed, 2 µl of primer with a concentration
of 10 pmol/µl (10 µM) was added to the sample tube. The sequencing results were analysed using
BLAST (Basic Local Alignment Search Tool) (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.5.5 DNA plasmid purification

We used “QIAprep Spin Miniprep Kit” (Qiagen, #27106) to purify small scale DNA plasmids,
normally for the cell culture from colonies selected from DNA recombination. 2 mL of bacteria
culture was used to extract DNA following manufacturer’s protocols. DNA was eluted in 20 µL H2O.

We used “QIAprep Maxiprep Kit” (Qiagen, #12163) to purify small scale DNA plasmids,
normally for the cell culture from colonies selected from DNA recombination. 100 mL of bacteria
culture was used to extract DNA following manufacturer’s protocols. DNA was eluted in 200-400 µL
H2O.

The purified DNA plasmids were measured with NanoDrop ND-1000 (Thermo Fisher) for
their concentrations and the kept at -20°C.

2.6 Media, buffers and solutions for cellular experiments

2.6.1 Phoenix-E (ΦNX-E) incomplete medium

DMEM with 4.5 g/L D-Glucose and L-Glutamine and 110 mg/L Sodium Pyruvate (Gibco, #41966-
029), 10% (v/v) foetal bovine serum (FBS, Gibco, #10270-106), PenStrep (Gibco, #15140-122) at
100 U/mL Penicillin and and 100 µg/mL Streptomycin, and 100 U/mL MEM Non-Essential Amino
Acids (Gibco, #11140-035).
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2.6.2 Phoenix-E (ΦNX-E) complete medium

1% (v/v) hygromycin B (Santa Cruz Biotechnology, #sc-29067) and diphtheria toxin (Sigma, #D0564)
as selection makers, in ΦNX-E incomplete medium.

2.6.3 0.02% EDTA

0.2 mg/mL EDTA solution in PBS (Lonza, #17-711E).

2.6.4 Chloroquine diphosphate solution

4.1 mg/mL chloroquine diphosphate (Sigma-Aldrich, #C6628) solution in sterile filtered double-
distilled water.

2.6.5 2×Hepes Buffered Saline solution (2×HBS)

280 mM NaCI (Sigma-Aldrich, #C3014), 10 mM KCI (Sigma-Aldrich, #P-9541), 1.5 mM Na2HPO4

(Sigma-Aldrich, #S9763), 12 mM Dextrose (Sigma-Aldrich, #D9434), 50 mM HEPES (Sigma-
Aldrich, #H3784) in double-distilled water. Precisely adjust pH to 7.0. Filter sterilise and autoclave to
tissue culture standard.

2.6.6 Calcium Chloride solution

2M CaCl2 (Sigma-Aldrich, #C1016) in sterile filtered double-distilled water.

2.6.7 Sodium Hydroxide solution

1M NaOH (BDH, #104384F) in sterile filtered double-distilled water.

2.6.8 Kd-HA solution

1 mg/mL Kd-HA peptides (1000x concentrated stock), stored in -20°C.

2.6.9 Protamine Sulphate solution

8 mg/mL protamine sulphate (Sigma-Aldrich, #P3369) in PBS .

2.6.10 “Vanilla” medium

RPMI with Medium 1640 with L-glutamine (Gibco, #21875-043), 10% (v/v) FBS (Gibco, #10270-
106), PenStrep (Gibco, #15140-122) at 100 U/mL Penicillin and 100µg/mL Streptomycin, and 50 µM
2-Mercaptoethanol (Gibco, #31350-010).
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2.6.11 Interleukin-2 (IL-2) medium

50 U/mL recombinant human interleukin-2 (NIH/NCI BRB Preclinical Repository, #23-6019) in
Vanilla medium.

2.6.12 HeLa and HEK293T complete medium

DMEM with 4.5 g/L glucose, L-glutamine, NaHCO3 and pyridoxine (Sigma-Aldrich, #D5796)
supplemented with 10% (v/v) FBS (Gibco, #10270-106), and 100 units/ml PenStrep (Gibco, #15140-
122).

2.6.13 FACS sorting buffer

2% FBS (Gibco, #10270-106) in DPBS (-calcium/-magnesium, Gibco, #14190-094).

2.6.14 Imaging buffer (IB) with 10% (v/v) FBS

10% (v/v) FBS (Gibco, #10270-106), 1 mM NaCl (Sigma-Aldrich, #3014) and 500 µM Magnesium
Chloride (Sigma-Aldrich, #M2393), in DPBS solution (-calcium/-magnesium, Gibco, #14190-094).

2.6.15 Solutions used to coat the imaging plate

BSA Solution: 1 mg/mL Biotinylated Bovine Serum Albumin (ThermoFisher, #29130), 10 mM Tris
pH8.0, 5 mM NaCl (Sigma-Aldrich, #C3014) in double-distilled water.
TSO Solution: 10 mM Tris pH8.0, 5 mM NaCl (Sigma-Aldrich, #C3014) in double-distilled water.
NeutrAvidin solution: 0.2 mg/mL NeutrAvidin Biotin Binding Protein (ThermoFisher, #31050) in
double-distilled water.
Anti-mouse CD3ε solution: 10 µg/mL Biotin anti-mouse CD3ε (Clone 145-2C11, BioLegend,
#155602) in imaging buffer with 10% (v/v) FBS.
Imaging plates: MatriPlate 384-Well Glass Bottom MicroWell Plate (Brooks Life Science System).

2.6.16 LysoTracker Probes

50 µM LysoTracker Red DND-99 (Invitrogen, #L7528) stock in DMSO (Sigma-Aldrich, #D2650),
and diluted to a 50 nM final concentration in IL-2 medium.
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2.6.17 Buffers used in APEX2 proteomics

Biotinylation

BP in IL-2: 500 µM biotin-phenol(BP) (Iris Biotech, #LS-3500.0250) in IL-2 medium.
H2O2 Solution: 100 mM Hydrogen Peroxide Solution (Sigma-Aldrich, #H1009) in 1×DPBS (-
calcium/-magnesium, Gibco, #14190-094), final concentration 1 mM H2O2 in IL-2 medium.
Quencher Solution: 10 mM Sodium Azide (Sigma-Aldrich, #71289), 10 mM Sodium Ascorbate
(Sigma-Aldrich, #A7631), 5 mM Trolox (Sigma-Aldrich, #93510, dissolved in DMSO to 500 mM
stock first), in 1×DPBS (-calcium/-magnesium, Gibco, #14190-094).

Cell lysis

Lysis buffer: 50m M Tris pH, 0.5% (v/v) Nonidet NP 40 Substitute (Sigma-Aldrich, #74385), 1%
(v/v) Protease/Phosphatase Inhibitor Cocktail (100X) (GeneScript, #5872S) in double-distilled water.
Wash buffer 1: 50 Mm Tris pH, 0.25% (v/v) Nonidet NP40 Substitute (Sigma-Aldrich, #74385), 1%
(v/v) Protease/Phosphatase inhibitor cocktail (GeneScript, #5872S) in double-distilled water.
Wash buffer 2: 50 Mm Tris pH, 1% (v/v) Protease/Phosphatase inhibitor cocktail (GeneScript,
#5872S) in double-distilled water.
StraptAvidin Beads: Streptavidin Sepharose High Performance (GE Healthcare, #GE17-5113-01).

2.6.18 Buffers used in APEX2 electron microscopy

DAB solution: 5.4 mg free base 3,3’-Diaminobenzidine (DAB) (Sigma-Aldrich, #D8001) were
dissolved in 1 mL 0.1 M HCl (final concentration 25.24 mM) by vortexing for 3 hours in a fume
hood. DAB + 0.03% H2O2 solution was made just before use by filtering (0.22 µm) 1 mL DAB
into 9 mL 0.1M Cacodylate buffer (Sigma-Aldrich, #97068), then adding 10 µL 30% H2O2. DAB
is carcinogenic so it is important to take extra care when contacting the powder, particularly in the
weighting procedure.
Fixative: 2.5% (v/v) glutaraldehyde (Sigma-Aldrich, #G5882) , 3 mM CaCl2 (Sigma-Aldrich,
#C1016) in 0.1 M Cacodylate buffer (Sigma-Aldrich, #97068), pH7.4, (final concentration of 1-3 mM
CaCl2 is recommended).
Washing buffer: 0.1 M Cacodylate buffer (Sigma-Aldrich, #97068), pH7.4.
Quenching buffer: 30 mM glycine (Sigma-Aldrich, #G8898) in 0.1 M Cacodylate buffer
(Sigma-Aldrich, #97068), pH7.4.
Fix 1% osmium tetra-oxide: pre-defreeze the 4% OsO4 stock, and the final concentration was 1%
OsO4 in 0.1 M Cacodylate buffer pH7.4.
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2.6.19 Media and buffers used in Rab GTPases expression and purifi-
cation

Lysis buffer

1 µM MgCl2 (Invitrogen, #AM9530G), 10 µM imidazole (Sigma-Aldrich, #I1533), 0.14% (v/v)
2-mercaptoethanol (Sigma-Aldrich, #M6250), 0.01% (v/v) IGEPAL (Sigma-Aldrich, #I3021), 10%
(v/v) glycerol (Thermo Scientific, #17904), 40%(v/v) 1 M PBS (Gibco, #70011-036). 2 µM pepstatin
A (Sigma-Aldrich, #P5318), 20 µM leupeptin, 800 µM PMSF (Thermo Scientific, #L0649), 200
µg/mL lysozyme (Sigma-Aldrich, #62971) were added just before lysis as proteases inhibitors.

Wash buffer

1 µM MgCl2, 20 µM imidazole, 0.14% (v/v) 2-mercaptoethanol, 40%(v/v) 1M PBS.

Elution buffer

1 µM MgCl2, 250 µM imidazole, 0.14% (v/v) 2-mercaptoethanol, 40%(v/v) 1M PBS.

4X Laemmli sample buffer (Bio-Rad, #1610747)

4.4% LDS, 44.4% glycerol, 0.02% bromphenol blue, 277.8 mM Tris-Cl, pH 6.8 with 10% 2-
mercaptoethanol.

2.6.20 Buffers used in immuno-precipitation

PEI stock solution

Polyethylenimine (Sigma-Aldrich, #408727) was made at a 10 mM concentration.

Lysis buffer

50 mM Tris/HCl, 0.5 % (v/v) Nonidet NP40 Substitute (Sigma-Aldrich, #74385), one tablet of the
complete protease inhibitor cocktail (ThermoFisher, #A32955), pH 7.4.

NuPAGE MOPS running buffer

50 mM MOPS (Thermo Fisher, #NP000102), 50 mM Tris, 0.1 % (w/v) SDS , 1 mM EDTA, pH 7.7.

Transfer buffer

25 mM Tris, 192 mM glycine (Sigma-Aldrich, #G8898), 20 % (v/v) methanol.
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TBST

Tris-buffered saline with 0.1% (v/v) Tween 20 detergent (Sigma-Aldrich, #P1379).

2.7 Cell lines

2.7.1 Phoenix cell line

Phoenix (ΦNX) cell line was passaged twice a week (in our lab every Tuesday and Friday). After
taking out the media, cells were dissociated from the culture dish by addition of 500 µL of 0.02%
EDTA for around 10 seconds and washed with DEME, centrifuged at 311 g for 3 minutes. The
cell pellet was resuspended in 3 mL of DEME and cell density was counted using a hemocytometer.
600,000 cells were loaded to a 60×15 mm Primaria culture dish (Corning, #353802) and cultured with
5.5 mL ΦNX complete media.

2.7.2 Renca cell line

This project used the RencaWT and RencamCherry cell lines. Every three days, Renca cells were
passaged. Renca cells are adherent cell lines that can be grown in vented tissue culture flasks of 25
cm2 (Corning, #430639) or 75 cm2 (Corning, #430641) in vanilla medium Chapter 2.6.10. Cells
were rinsed with 5 mL DPBS (-calcium/-magnesium, Gibco, #14190-094) and digested with 1 mL
Trypsin-EDTA (Sigma-Aldrich, #59417C) for 3 minutes at 37°C, 6% CO2. Cells were checked under
a microscope to ensure that they dispersed properly. Cells were collected into 5 mL vanilla media
and centrifuged for three minutes at 311 g. Cells were resuspended in 1 mL vanilla media and placed
into a new flask at a density of 100 µL. 5 ml of fresh vanilla media were added. All volumes were
doubled for culturing in 75 cm2 flasks. Cells could not grow more than 80% confluent. RencamCherry

was maintained in 100 µg/mL Geneticin (G418) and Hygromycin B (Santa Cruz Biotechnology,
#sc-29067).

2.7.3 HeLA cell line

HeLa cells were maintained with HeLA/HEKs complete medium (Chapter 2.6.10) in 6-well plate
(Corning, #3516) and grown to 80% confluency. To passage HeLa cells, cells were washed with DPBS
(-calcium/-magnesium, Gibco, #14190-094) and digested with 1mL Trypsin-EDTA (Sigma-Aldrich,
#59417C) per well. Cells were resuspended in 9mL of fresh complete media and a 1:10 dilution was
applied to a single well of a new 6-well plate. Add 1 mL of complete media in the well and rock the
plate to spread the cells evenly.
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2.7.4 HEK293T cell line

HEK293T cells were maintained in HeLa/HEKs complete medium (Chapter 2.6.12) in 15 cm culture
dish at 80% confluency. To split cells, the plate was gently washed with DPBS (-calcium/-magnesium,
Gibco-calcium/-magnesium, Gibco, #14190-094) and lysed with 1 mL Trypsin-EDTA (Sigma-Aldrich,
#59417C). Cells were dispersed by pipetting with 9 mL of new complete media. A 1:2 splitting was
applied to a new 15 cm culture dish, supplied with 20 mL complete media.

2.8 Mouse breeding, maintenance and phenotyping
Clone 4 TCR (Thy1.1+ Cl4+/-) transgenic mice (Morgan et al., 1998) were bred and kept in a
pathogen-free environment with unlimited food and water supply, at the university of Bristol.
Six-to-eight-week-old Clone 4 mice were culled by Schedule One killing and spleens were obtained
for T lymphocytes extraction. All animal experiments were performed following the UK home office
guidelines.

Clone 4 TCR transgenic mice were bred and maintained at the University of Bristol. Fe-
male homozygous (Cl4-/-) mice were mated with male heterozygous (Cl4+/-) mice. After 3 to 4 weeks
of birth, the offspring were phenotyped to see if the T cell repertoire was leaned towards CD8+, Vβ8.2
TCR expressing T cells, which demonstrated the existence of the Clone 4 TCR transgene. Blood
samples of Clone 4 mice tail vein were stained with anti-Vβ8.2 FITC and anti-CD8 APC antibodies
and examined by flow cytometry. Cells with significantly high stain for both receptors were regarded
Clone 4 positive, as shown in Figure 2.2.
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Figure 2.2 Phenotyping of Clone 4 transgenic mice
Representative flow cytometry plots from a Clone 4 positive mouse (left) and a Clone 4
negative mouse (right). Blood samples of Clone 4 mice tail vein were depleted of red blood
cells and stained with anti-Vβ8.2 FITC and anti-CD8 APC antibodies. Stained cells were
analysed by flow cytometry to see if the T cell repertoire was leaned towards a CD8+, Vβ8.2
TCR phenotype, which illustrated the existence of the Clone 4 TCR transgene.

2.9 T Lymphocytes isolation and culture
Clone 4 TCR transgenic mice were terminated with one of the permitted Schedule One methods.
Spleen and lymph nodes were dissected and preserved in sterile RPMI 1640 (Gibco, #21875-043).
Primary T cells were isolated from the spleen and lymph nodes, which specifically recognise a type
of hemagglutinin antigen called Kd-HA (Morgan et al., 1998). Spleens and lymph nodes were sieved
through a 40µm cell strainer (Corning, #352340) into single cell suspensions, and centrifuged at 250
g for 3 minutes at room temperature. The supernatant was discarded and the red blood cells from
spleen were lysed by 1 mL ACK lysis buffer (Gibco, #A1049201) for 3 minutes, and the T cells left
were washed with RPMI 1640 (Gibco, #21875-034), then centrifuged at 250 g, room temperature for
3 minutes. T cells were cultured in 1 mL vanilla medium in a 24 wells plate (corning), 5×106 cells
per well overnight, at 37°C with 6% CO2. CL4+/- TCR transgenic CD8+ T lymphocytes were primed
by endogenous APCs under culture with 1 µL of Kd-HA peptide (1mg/mL) per well. Priming with
specific antigen allows the stimulation of CD8+ T cells and them only, ensuring their later expansion.
24 hours post T cell priming, cells were washed with excessive DPBS buffer (-calcium/-magnesium,
Gibco, #14190-094) to eliminate unbound Kd-HA peptide. The washing step is essential as it prevents
CD8+ T cells from presenting antigen to each other and killing themselves. After washing, cells were
either resuspended in 2 mL IL-2 media and re-plated onto a 24-well plate. If the cells needed to be
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transduced with retrovirus containing the gene of interest (next section), after spinduction process, the
virus supernatant was replaced with 2 mL IL-2 media without disturbing the cell layer. In the next
three to four days, cells were checked every twice a day for their proliferation status. When the cells
grew to 85% –90% confluent of the well, they were resuspended and 1 mL of cell suspension was
transferred to a new well, and each well was supplemented with 1 mL of new IL-2 media. When is
confluence of cell culture is less than 85% of the well, 1 mL of old media was replace with 1 mL fresh
IL-2 media, during which process the cell layer is not disrupted. It is observed that T cells tend to
aggregate as “clumps”, so it is important to make sure the cells are confluent and do not over-split
them. The CD8+ T cells duplicate at least once a day, producing an 8–16 fold proliferation at the time
we use them. While other non-stimulated cells will die out gradually, if they have had survived, they
would count for very small portion of the whole population, comparing to the CD8+ T cells.

2.10 Retroviral transduction of primary T cells
Phoenix-E (ΦNX-E) cell line (Nolan Lab, Stanford University) was used to introduce genes into
T cells in this project. ΦNX-E was based on the 293T cell line, a human embryonic kidney line
transformed with adenovirus E1a and carrying a temperature sensitive T antigen co-selected with
neomycin. ΦNX-E cells are highly transfectable with and transiently produce retrovirus after calcium
phosphate mediated transfection.

ΦNX-E was maintained in ΦNX complete medium on 60×15 mm PrimariaTM tissue culture
plates (Corning, USA). To passage ΦNX-E cells (1:2) for retroviral transduction, a 0.02% EDTA
solution was added to dissociate cells without compromising cell membranes. The passaging cells
were cultured in ΦNX incomplete medium and all the plates were maintained in 37°C, 6% CO2.
To produce retrovirus containing interested sensor DNA vectors, ΦNX cells were cultured with
and therefore would intake the DNA-Ca3(PO4)2-co-precipitates in the ΦNX incomplete medium,
with 25 µL 4.1 mg/mL Chloroquine added to suppress the lysosomal degradation of DNA. And the
DNA-Ca3(PO4)2-co-precipitates were made by thoroughly mixing 10 µg sensor plasmid (resolved in
248 mM CaCl2 solution) with 2X Hepes Buffered Saline (HBS) and were immediately dropped into
the ΦNX plates. After 12–16 hours of incubation, the medium was changed to fresh ΦNX incomplete
medium, and 48 hours later the medium was collected, which contained retrovirus produced by ΦNX
cells.

As mentioned in Chapter 2.9, CL4 TCR expressing T cells were obtained from the spleens
of the CL4 transgenic mice, and primed by KdHA for one day. Then the primed CL4 CD8+ T cells
were washed five times with RPMI 1640 and resuspended in 2 mL retroviral particles collected from
ΦNX plates (which was transfected with sensor DNA plasmid) per well. T cells and virus supernatant
was combined in a 24-well plate (Corning, #3527) 2 µL protamine sulphate were added per well for a
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final concentration at 8 µg/mL, to enhance the transduction efficiency by neutralising the negative
charge of membranes, reducing the repulsion between cells and virus and therefore induce a stable
binding (Seitz et al., 1998). After a two-hours spinning at 311g at 32°C, cells were exchanged and
resuspended with IL-2 medium, incubated at 37°C, 6% CO2 and expended for two days.

2.11 Fluorescence-activated cell sorting (FACS)
T cells were collected from 24-well plates into Falcon tubes, spun for 3 mins at 311 g. Supernatant
was discarded and the cell pellet was resuspended in 150 µL imaging buffer (complementary with
10% (v/v) FBS) per well.

All cell sorts were performed using BD Influx Cell Sorter (BD Bioscience). Representative
FACS sorting plots of CTLA-4-GFP, PD-1-GFP, LAG3-GFP, TIM3-GFP and TIGIT-GFP are shown
in Figure 2.3, and successfully transduced T cells are indicated by the GFP+ gate. For spinning
disc confocal microscopy and TIRF Microscopy, a sorting gate was set to select GFP positive cells
within 1–1.5 log shift of fluorescence brighter than negatives Ambler et al. (2017). In the case of
pHluorin-transduced T cells, tdTomato was used as indication of fluorescence. For dual-colour
imaging, all the GFP+ tdTomato double-positive cells were collected. For APEX proteomics and
APEX electron microscopy, all GFP positive cells were collected.
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Figure 2.3 FACS analysis of five GFP fused inhibitory receptors
Representative FACS sorting reports of CTLs that were retrovirally transduced with CTLA-
4-GFP, PD-1-GFP, LAG3-GFP, TIM3-GFP, and TIGIT-GFP DNAs. An GFP+ sorting gate
was set to include the CTLs that were at least 0.1 log brighter than negative cells. A imaging
gate was set to sort GFP positive cells within 1–1.5 log shift of fluorescence brighter than
negatives. Percentages of the GFP-positive and imaging-usable population are listed. X axis,
552-dTomato channel; Y axis, 488-GFP channel.
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2.12 Live cell imaging: TIRF imaging

2.12.1 Principles of Total Internal Reflection Fluorescence (TIRF) Mi-
croscopy

TIRF microscopy (Total Internal Reflection Fluorescence microscopy) is a specialised technique used
to visualise the structure and dynamics of molecules and organelles within cells. It is based on the
principle of total internal reflection, which happens when light enters from a denser medium (such
as glass or plastic) into a less dense medium (such as air or water) at a specific angle known as the
critical angle. When light hits the interface between the two media at an angle larger than the critical
angle, it is totally reflected back into the denser medium rather than passes through it.

In TIRF microscopy, a sheet of laser light illuminates a thin layer of cells that are attached
to a glass or plastic coverslip. The light is incident at an angle greater than the critical angle,
causing it to be totally reflected back into the glass or plastic. However, the light can still excite
fluorescent molecules within a very thin layer of the cells, called the evanescent wave (Figure 2.4).
The evanescent wave is a very weak and short-lived electromagnetic field that decays exponentially as
it travels away from the surface. This layer is typically within 60nm–200 nm of the coverslip surface.
By selectively exciting and imaging fluorescent molecules within this thin layer, TIRF microscopy
allows researchers to visualise the structure and dynamics of molecules and organelles near the cell
surface with high spatial and temporal resolution. This technique is particularly useful for studying
the behaviour of molecules at interfaces, such as endocytosis, exocytosis, and receptor-ligand
interactions that occur at or near the cell surface (Axelrod, 2001; Fish, 2009; Poulter et al., 2015;
Sleiman et al., 2017).
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Figure 2.4 Principle of TIRF microscopy
Total Internal Reflection Fluorescence Microscopy (TIRF Microscopy) is based on the
concept of total internal reflection. When light reaches the interface between two media at an
angle greater than the critical angle, it is completely reflected back into the denser medium
instead of passing through it. Nonetheless, light remains able to excite fluorescent molecules
within an extremely thin layer, known as the evanescent field, which decays exponentially as
it travels away from the surface. This layer is typically 60–200 nm from the surface of the
coverslip. Only the fluorescent molecules within this thin layer can be excited and imaged
by TIRF microscopy. A representative image of a T cell expressing GFP-fused receptors is
shown in the top right of the model illustration.

2.12.2 Sample preparation and image acquisition

Biotin-Neutravidin-αCD3 sandwich coating

Glass bottom of the 384-well MatriPlate (Brooks Life Sciences) were coated with 1 mg/mL biotin-BSA
(Sigma-Aldrich), 200 µg/mL NeutrAvidin (ThermoFisher) and then 10 µg/mL biotin hamster anti-
mouse CD3εantibody (clone 145-2C11, BioLegend) and kept in the imaging buffer (1 mM calcium
chloride, 500 µM magnesium chloride, 10% (v/v) FBS) at 37°C. Schematic of the Biotin-NeutrAvidin-
αCD3 sandwich coating is indicated in Figure 2.5A. In the imaging process, the anti-CD3 antibodies
bind to the CD3 epsilon chain on the CTL surface, therefore capturing CTLs to the coverslip and
inducing CTL spreading. The thickness of the cellular membrane and the coating sandwich is about
10 nm and 15 nm, respectively. And the distance of the interspace between cell membrane and the
plate, which is separated by TCRs, co-receptors, etc., is about 40nm. Therefore, a penetration depth
of 70nm was applied to image the CTL membrane dynamics.

58



2.12 Live cell imaging: TIRF imaging

αCD3 + ICAM1 coating

Glass bottom of the 384-well MatriPlate (Brooks Life Sciences) were washed with 50 µL fresh
1% acid alcohol (37% HCl (5% v/v) in 100% ethanol) at room temperature for 15 minutes then
emptied and baked at 60°C for up to 30min and cooled down. 50 µL of coating solution (10 µg/mL
CD3(Clone 145-2C11, BioLegend) +2.5 µg/mL ICAM1-Fc (Novus Biologicals, #720-IC) in DPBS
(-calcium/-magnesium, Gibco, #14190-094)) was loaded to each well and incubated overnight at 4°C.
Schematic of the Biotin-Neutravidin-αCD3 sandwich coating is indicated in Figure 2.5B.

Biotin forms bonds with the NeutrAvidin beads, so the αCD3 sandwich keeps the T cell at
a larger distance from the coverslip than αCD3 alone. Both plate coating strategies allows Clone 4 T
cells to bind tightly.
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Figure 2.5 Coating strategies for TIRF imaging of CTLs
For the purpose of T cell imaging, a 384-well glass bottom imaging plate is coated with
A. biotin-NeutrAvidin-biotinylated anti-CD3 antibody sandwich at 37°C for 10 minutes
or B. ICAM-1 and anti-CD3 antibody at 4°C overnight. Anti-CD3 antibody is for TCR
binding and T cell activation. TIRF microscopy generates a very weak and short-lived
electromagnetic field that decays exponentially. The energy of the field has a penetration
depth ranged 60nm–200nm, where it excite the fluorophores. ICAM-1 and LFA-1 binding
promotes the T cell adhesion. αCD3ε, anti-CD3 antibody; TCR, T cell receptor; ICAM-1,
Intercellular Adhesion Molecule 1; LFA-1, Lymphocyte function-associated antigen 1; TIRF,
Total internal reflection fluorescence microscopy.

Live cell imaging, TIRF microscopy of T cell

The microscope chamber needs to be kept at 37°C as steady as possible to avoid focus drift caused
by temperature changes. The system should be turned on in the order of Hamamatsu camera-Laser-
Microscope-Fluorescent power. Live cell images were acquired using a Leica AM TIRF microscopy
multi-colour system attached to a Leica DMI 6000 inverted epifluorescence microscope equipped
with 488- and 561- laser lines. The Leica HCX PL APO 100x/1.47 Oil immersion lens was used for
all TIRF imaging experiments. T cells were imaged using two different settings:

1. Single-colour fluorescent (GFP)-tagged signalling molecule imaging, conducted at a penetration
depth of 70 nm. Images were taken every 333 ms, which was the minimum interval allowed by
the system.
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2. Dual-colour fluorescent (GFP and TdTomato) tagged signalling molecules were co-expressed
in the CTLs, and the imaging experiments were conducted at a penetration depth of 90 nm
for both channels, due to the limitation in detecting red fluorescence. Image capture intervals
increased to 735 ms to allow fluorescent channel switching.

2.12.3 Image analysis

Inhibitory receptor fluorescence intensity detection

The cell intensity workflow initially detected cells from a DIC image using integration with StarDist
(Schmidt et al., 2018) and a model trained on hand-annotated example images. Any detected cells
with sizes falling outside an expected range were discarded from further analysis. The remaining
cells were subdivided into two discrete regions: “edge” pixels (those within 2 pixels of the cell edge)
and “inner” pixels (all other pixels within the cell). Intensity within the two regions was measured
from separate GFP images. The GFP images were acquired as Z-stacks; however, only the slice with
the greatest mean intensity was used for measurement. This slice was filtered with a 2D Gaussian
kernel and subject to rolling ball background subtraction. For each cell, GFP intensity within the
“edge” and “inner” regions was measured, to yield an edge:inner intensity ratio. To further quantify
accumulation of GFP signal into small regions within each cell, both the grey-scale variant of Ripley’s
K-function (Amgad et al., 2015) and the Gini coefficient were measured. Ripley’s K-function reports
the spatial clustering of points, with this implementation counting each pixel as the number of “points”
equal to its grey-scale intensity. The Gini coefficient reports inequality of pixel intensities across each
cell and yields values in the range 0−1, where 0 corresponds to all pixels having the same intensity
(maximum equality) and 1 indicates all the intensity being confined to a single pixel (maximum
inequality) (Gastwirth, 1972; Gini, 1936).

Linescan

A line with width of 5 µm was drawn across the wildest region of a cell and this line was divided into
ten segments. The mean fluorescence intensity of each segment was measured and normalised with
the segment having the highest fluorescence intensity scored as 1.

Dual-Colour localisation

Co-localisation and cell intensities were quantified using custom workflows assembled in the MIA
(Modular Image Analysis) plugin for Fiji (Cross, 2022; Huang et al., 2007; Lima et al., 2016). For
the co-localisation analysis, fluorescent image stacks were subdivided into individual cytoplasmic
regions. Initially, the DAPI channel was pre-processed with a 3D median filter and rolling ball
background subtraction followed by binarisation using the Huang auto-threshold method (Huang
and Wang, 1995). Nuclei were detected using connected component labelling (Legland et al., 2016)
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and gaps in the segmentation were filled by fitting each object with an alpha surface using a custom
MATLAB (Mathworks, USA) script integrated into the workflow. Adjacent nuclei that had become
merged into single objects were separated using a distance-based watershed transform (Legland et al.,
2016). Following this, cytoplasmic regions were segmented using both green and red fluorescent
channels. Each channel was processed using a similar approach to the nuclei (median filter, rolling
ball subtraction, and Huang auto-threshold), with the results for each channel being combined into a
single cell mask. This cell mask was subdivided into individual cell regions using marker-controlled
watershed segmentation based on the previously-detected nuclei (Legland et al., 2016). Finally,
cytoplasmic regions were obtained by subtracting nuclear regions from each cell. Red and green
fluorescence intensities were measured for each cell in addition to Pearson’s Correlation Coefficient.

When analysing the dual-colour TIRF imaging data, cells were distinguished and segregated
by putting a threshold for the maximum cell area at 500 µm2 and a minimum cell area at 50 µm2.
Images were analysed every six frames in order to efficiently generate representative results. The
outputs were presented in Excel files containing co-localisation information, such as track ID, PCC,
recording time intervals, etc. Cells that already established an immune synapse prior to imaging, as
indicated by a brief track that began at the commencement of the imaging process, were manually
excluded from further analysis. In light of the possibility that co-localisation status might shift during
immune synapse formation, it makes sense to analyse the cells since the beginning.

Computational analysis using machine learning

We manually analysed an example experiment and defined the first 200 CTLA-4 events on the large
field, along with their (X, Y) coordinates, start and end frames, and out-of-focus frames. These results
were provided as a learning reference to the computational analysis programme. The algorithm of
the computational analysis is developed and optimised by Dr Xiongtao Ruan from Carnegie Mellon
University. The programme was initially tested on the example experiment, and membrane event
detection and out-of-focus frames were manually verified. Typically, thousands of events are recorded,
so we chose 100 events at random to verify. However, the automatic blur detection function of the
machine learning routine was inadequate, so out-of-focus frames within each image sequence were
manually removed. The membrane event detection has a 95% accuracy (type I error) regarding their
location, start and end frames. The programme was then evaluated on single cells (images selected
from a large field) expressing various inhibitory receptors to determine if it could be broadly applied
to all TIRF imaging data. As a learning reference, the programme will continue to use the manual
analysis results of the example image sequence. And, as indicated previously, the test results were
evaluated similarly. Consequently, detection of all five inhibitory receptors within a single cell was
95% accurate (type I error). Information about the vesicle events, including their start frames, end
frames and coordinates (X, Y), was exported to Excel files.
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2.13 APEX2 proteomics

2.13.1 Principle

Engineered Ascorbate Peroxidase 2 (APEX2) is a 27 kDa enzyme that can oxidise the membrane
permeable biotin-phenol to highly reactive radical. The half-life of biotin phenoxy radicals is <1 ms,
allowing only the proximal endogenous proteins to be biotinylated. The radical then covalently binds
to its neighbouring endogenous proteins, which are then preserved by streptavidin-coated beads and
subjected to mass spectrometry analysis (Hung et al., 2016). APEX2 enzyme is genetically coupled to
the N-terminal (the extracellular domain) of CTLA-4, PD-1, LAG3, TIGIT and TIM3, so the enzyme
will be facing the lumen of intracellular vesicles. Theoretically only the endogenous proteins inside
the same cellular compartment as the inhibitory receptors will be biotinylated.

2.13.2 Protocol

APEX2 Mediated Biotinylation

2×106 GFP-positive CTLs, indicating successful transduction, were sorted by FACS and then cultured
with 500 µM biotin-phenol (Iris Biotech) in IL-2 medium, at 37°C for 30 minutes. Cells were collected
and incubated with 1 mM H2O2 (Sigma-Aldrich) for exactly 30 seconds and spun for 30 seconds
at 311 g. Then cells were immediately washed four times with 200µL quenching buffer (10 mM
Sodium Azide, 10 mM Sodium Ascorbate, 5 mM Trolox in 0.1 M DPBS), followed by one wash with
0.1 M DPBS and placed on ice. After each wash, the cells were centrifuged for 4 minutes at 311 g,
4°C. Cell pellets were then lysed at 4°C (all steps happened at 4°C onwards) with 80 µL lysis buffer
(50 mM Tris, 0.5% (v/v) NP40, 1% (v/v) protease + phosphatase inhibitor cocktail) for 20 minutes
then centrifuged at 311 g, 4 minutes. Supernatant was collected as cell lysate, added to 20µL lysis
buffer prewashed streptavidin beads(GE Healthcare) per sample, and rotated for two hours. The beads
were washed twice with wash buffer (50 Mm Tris, 0.25% NP40, 1% Protease + Phosphatase inhibitor
cocktail) and once with wash buffer without NP40 before being sent for proteomics.

Mass Spectrometry (MS)

Done by the proteomics facility, biotinylated proteins were digested into peptides and then labelled
with tandem mass tags (in this project TMT 6-plex), a type of isobaric mass tags. Under liquid
chromatography–tandem mass spectrometry, peptide sequence information was obtained through
MS1 scans, and then the reporter group of TMT 6-plex were cleaved and and their specific m/z values
were determined by MS/MS scans whose intensity represented the relative amount of the peptide
from the corresponding samples. (Rauniyar and Yates III, 2014)
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2.14 APEX2 electron microscopy

2.14.1 Principle

Apart from inducing protein biotinylation for mass spectrometry detection, APEX2 can also be
applied in electron microscopy. APEX2 is highly active in catalysing the polymerisation and local
deposition of diaminobenzidine (DAB). DAB can be precipitated with osmium by adding OsO4.
The electron-dense osmium has a high electron scattering rate, perturbing the electron beam from
projection onto the imaging device. In the end, the precipitated APEX2 fusion proteins will show as
dark spots in images of cells indicating their subcellular distribution. (Lam et al., 2015)

2.14.2 Protocol

T cell : APC cell couple formation

3×106 Renca wild-type (RencaWT) cells were collected and made into a 1×106/mL suspension, pulsed
with 2µL/mL KdHA peptide (1 mg/mL) for 1 hour. At least 1×106 CTLs expressing APEX2-CTLA-
4/LAG3/TIM3-GFP were sorted by FACS. Both the APCs and the CTLs were centrifuged into 100 µL
imaging buffer with 10% (v/v) FBS, then mixed and spun for 30 seconds at 311 g. The supernatant
was removed, and the cell pellet was incubated at 37°C for 5 minutes to allow CTL–APC coupling.

Cell fixation

Cells were fixed in Fixative (2.5% glutaraldehyde, 3 mM CaCl2 in 0.1 M sodium cacodylate, pH7.4)
for 5 minutes at room temperature, followed by 1 hour on ice. The cell pellet was then washed with
washing buffer (0.1 M sodium cacodylate, pH7.4), blocked in quenching buffer (30 mM glycine
in wash buffer), then washed again in washing buffer, each step for 10 minutes. The washing
buffer was replaced with the DAB + 0.03% H2O2 solution for 5 minutes and the reaction was
halted by centrifugation for 3 minutes, at 311 g, and 10 minutes in washing buffer, followed by 30
minutes incubation with 1% osmium tetroxide. The cell pellet was kept on ice throughout all of
the abovemontioned processes. The precipitated pellet was washed with distilled water, fixed in 3%
uranyl acetate for 20 minutes, washed with distilled water, and dehydrated through 70%, 80%, 90%,
and 96% ethanol, and 3 times of 100% ethanol, each for 10 minutes. The pellet was infiltrated in
100% EPON resin rotating overnight at room temperature, then embedded in fresh 100% EPON resin,
and polymerised in 12–24 hours at 65°C.
Samples were cut into 20-µm grids and imaged using transmission electron microscopy (TEM).
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2.15 Rab protein expression and transduction into CTLs

2.15.1 Rab protein expression and purification by immobilised metal
affinity chromatography under native condition

A pMAMA-TAT backbone was inserted with wide type Rab8a, Rab10 and dominant-negative
Rab8a[T22N], Rab10[T23N] DNA, respectively. The TAT transduction domain is derived from
the HIV sequence and can facilitate the transduction of TAT-fusion proteins into mammalian cells
in a dose dependent manner with 99% efficiency (Becker-Hapak et al., 2001; Gump and Dowdy, 2007).

In the experiment, each vector was transformed to BL21DE3 E.coli and inoculated in LB
broth at 250 rpm, 30°C for 16 hours, then transferred to 1 L Terrific broth, since OD600 = 0.1 for 22
hours, and grown at 250 rpm, 21°C. Rab proteins were expressed using the T7 promoter, and their
specific T7 RNA polymerases were induced under 1 mM IPTG since OD600=0.6.

Bacteria cells were harvested by 10 minutes of centrifugation at 4,816 g. The cell pellets
were resuspended thoroughly with lysis buffer, passing through French press twice at 18,000 psi, and
the lysates were then cleared by centrifugation at 11,419 g for 30 minutes. The cleared cell lysates
were added to 2 mL of pre-equilibrated Ni-NTA beads in lysis buffer, gently agitated for 30 minutes.
Rab proteins with His-tags bound to the nickel ions on the beads. Ni-NTA beads were spun down at
112 g, for 3 minutes, and pass through a column, washed with 2 mL lysis buffer followed by 30 mL
wash buffer. Rab proteins were eluted by passing 10 mL elute buffer through the column. 10 fractions
were collected and exchanged with 0.1 M DPBS using Amicon® 10K centrifugal filters (Millipore,
#UFC210024). All steps above were done at 4°C or on ice. All buffers were adjusted to pH 7.8 to pre-
vent Rab protein aggregation, recipes see Chapter 2.6.19. The proteins can be stored for weeks at 4°C.

Small volumes of purified Rab were boiled with 4× Laemmli sample buffer (Bio Rad, #1610747) and
run on the SDS-PAGE gels. To verify their existence, Coomassie staining and western blotting were
performed using methods described in later subsections.

To verify the transduction of TAT-Rab protein into T cells, purified TAT-Rab10[T23N] la-
belled with Alexa Fluor® 488 dye (Invitrogen, #A30006) was added directly to 50,000 T cells in
culture at final concentrations of 1 µM, 3 µM, and 10 µM, respectively. The cells were examined under
a fluorescent microscope, which revealed the vesicular localisation of Rab. Flow cytometry results
validated the transduction efficiency could achieve > 99% and was dependent on the concentration of
the protein transduction reagent.
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2.15.2 Purified protein verification

Samples were resolved on SDS-PAGE gels, and the purification of Rab proteins was verified by
western blotting. 12% running gels were made for Rab, and Precision Plus Protein Dual Color
Standards (Bio-Rad, #1610374) were always included as a marker for Rab experiments. The gel tanks
were filled with running buffer (192 mM glycine, 25 mM Tris, 0.1 % (w/v) SDS, pH 8.3), 100 V was
applied to resolve the samples and to run them to the bottom of the gel. Proteins were transferred to
a methanol-activated PVDF membrane (Immobilon-FL Membrane, Millipore) in ice-cold transfer
buffer (192 mM glycine, 25 mM Tris, 20 % (v/v) methanol, pH 7.6) at 100 V for 90 minutes. The
transferred membrane was blocked in 5% (w/v) bovine serum albumin (BSA) (Sigma Aldrich) in
TBST (137 mM NaCl, 2.7 mM KCl, 19 mM Tris, 0.1% (v/v) Tween 20, pH 7.4) on a rotator for 1
hour at room temperature, to prevent non-specific binding of lateral antibodies. For the detection of
his-tag Rab, the membrane was incubated with monoclonal anti-polyHistidine-Alkaline Phosphatase
antibody (Sigma, #A5588) for 1 hour at room temperature and washed three times in 0.15% PBST
and once in PBS, for 2 minutes each. A 5 mL 1% photoreaction solution (1% 100x BCIP/NBT
(Roche, #11681451001) in BCIP/NBT buffer (100 mM Tris, 100 mM NaCl, 5 mM MgCl2 in Milli-Q
H2O, pH 8.8)) was poured onto the membrane and an instant photoreaction were observed.

All resolved proteins can be detected by staining the gel with Coomassie Blue staining solu-
tion (0.1% Coomassie Brilliant Blue R-250 (ThermoFisher, #B0770), 10% (v/v) acetic acid, 50%
(v/v) methanol) for 2 hours and destained with Milli-Q H2O overnight.

2.15.3 Rab protein transduced CTL in vitro killing assays

The RencamCherry cell line stably expresses mCherry and shows red fluorescence under a microscope.
They were used as antigen-presenting cells (APCs) in all killing assays. 1×106 RencamCherry were
pulsed for 1 hour by 1 mg/mL Kd-HA peptide. CL4 cells were transduced with 10 µM Rab protein
for 30 minutes in IL-2 medium then washed twice with ice-cold 0.1 M DPBS (-calcium/-magnesium,
Gibco, #14190-094). All cells were cultured at 37°C. After incubation, the cells were centrifuged
and resuspended in FlouroBrite buffer (Gibco FluoroBriteTM DMEM, 10% (v/v) FBS, 4 mM
L-Glutamine) to a final concentration of 200,000 cells/mL.

A 384-well microplate (Greiner Bio-One) was used in the killing assay. 10,000 RencamCherry were
loaded onto each well at least 3 hours prior to the experiment, to allow full attachment to the bottom.
10,000 CL4 cells were loaded just before imaging, and 50 µL FlouroBrite buffer were added to the
control wells.

Cell images were acquired and analysed using the IncuCyte Zoom® system. RencamCherrywere easily
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detectable due to their red fluorescence, enabling the monitoring of their expansion or reduction by
measuring the red object area of the well in µm2/well.

2.15.4 Live cell imaging of Rab-transduced primary T cells

Image acquisition

A spinning disc confocal microscope was used to image the cells. FACS sorted CTLA-4-GFP+ CTLs
were transduced in the same way as for killing assay. CTLs and Kd-HA pulsed RencamCherry cells were
centrifuged at 311 g for 4 minutes, and all supernatants were discarded. The cells were resuspended
in 5 µL imaging buffer (1 mM calcium chloride, 500 µM magnesium chloride, 10% (v/v) FBS) per
50,000 cells, respectively. A 348-well glass bottom MatriPlate (Brooks Life Sciences) was used, with
50uL imaging buffer, 5 µL CTLs, 5uL APCs added in order to the bottom of the well. Imaging started
when the first cell couple was observed. For a 15-minute acquisition, 21 z-stacks (1 µm distance
between each) of the GFP channel and 1 mid-stack DIC image were taken at each time point, 3 time
points every minute, with using Volocity® software.

Data analysis

Confocal imaging data were analysed on MetaMorph®. A maximum projection of GFP z-stacks was
made at each time point, and pseudocolour was applied to help identify florescent inhibitory receptor
distribution and justify the existence or absence of a single cluster of fluorescence spot conatining
inhibitory receptors. The DIC image provided a reference point for the time when the cell coupling
was initiated, and the formation of the immune synapse.

2.16 Immunoprecipitation

2.16.1 DNA transduction and cell culture

HEK293T cells were grown to 90% confluence in 15 cm culture dish (Greiner Bio-One, #P7737). Next,
15 µg of chimeric GFP-inhibitory receptor cytoplasmic domain or transmembrane plus cytoplasmic
domain DNA was transfected into the cells with 1 µL of 10 mM polyethyleneimine stock solution
(Chapter 2.6.20) in 5 mL Opti-MEM I reduced Serum Medium (Life Technologies, #31985). HeLa
cells were transfected with the same DNA constructs using FuGENE HD (Promega, #E2311,) for
visualising the intracellular localisation of chimeric inhibitory receptors.

2.16.2 GFP-trap immunoprecipitation

GFP-trap beads (Chromotek, #GTA20) were aliquoted to 1.5 µL per sample and equilibrated by
three washes in IP lysis buffer. DNA transfected HEK2393T cells were washed twice with ice-cold
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PBS and lysed by prechilled IP lysis buffer (50 mM Tris/HCl, 0.5 % (v/v) NP40 (Sigma-Aldrich,
#74385), 1x complete protease inhibitor cocktail (ThermoFisher, #A32955), pH 7.4 (aq)) on ice and
then centrifuged at 13,000 g for 10 minutes at 4°C. 2% of the cell lysate supernatant was kept as input
and the rest of the supernatant was combined to the equilibrated GFP-trap beads for 1 hour at 4°C on
a rotator. GFP-trap beads were washed three times with IP lysis buffer and once with IP lysis buffer
without NP-40. Centrifugation was performed at 2,000 g at 4°C. The washed beads and hence the
pulled-down proteins were denatured by combining with 2x sample buffer (4% SDS in lysis buffer)
and boiling at 95°C for 10 minutes.

2.16.3 SDS-PAGE

All the protein samples for immunoprecipitation experiments were resolved by SDS-PAGE using
precast NuPAGE 4-12% gradient Bis-Tris gels (Life Technologies, #NP0336) and NuPAGE MOPS
running buffer (50 mM MOPS, 50 mM Tris, 0.1 % (w/v) SDS, 1 mM EDTA, pH 7.7 (aq)) (Thermo
Fisher, #NP0001-02).The input, containing 2% of whole cell lysate, and protein samples, were loaded
into the gradient gel, along with two Precision Plus protein standard ladders (Bio Rad, All Blue
#1610373 and Dual color #1610374). Gels were first run at a voltage of 100 V to resolve the proteins
to the same level and then run at 150 V for approximately 1 hour until the proteins reached the bottom
of the gel. The proteins were then transferred from the gel to a methanol activated PVDF membrane
(Immobilon-FL Membrane, Millipore, #IPFL00010) at 100 V for 90 minutes in ice-cold transfer
buffer (25 mM Tris, 192 mM glycine, 20 % (v/v) methanol (aq)).

2.16.4 Immunoblotting

The proteins transferred to the PVDF membrane were blocked by 5 % (w/v) bovine serum albumin
(BSA) (Sigma Aldrich, #A2058) in TBST solution for 1 hour at room temperature. Post blocking,
the membrane was firstly incubated with primary antibodies overnight at 4°C, washed with TBST
for 3 times and then bound with secondary antibodies that are conjugated to fluorophores at room
temperature for 1 hour. The membrane was washed three times with 0.1 % (w/v) SDS in TBST and
scanned by a LI-COR Odyssey scanner to quantify the fluorescence intensity of antibody-bound
proteins. The primary and secondary antibodies used in the immunoprecipitation experiments and
their dilution factors are listed in Chapter 2.18. Primary antibodies were diluted in 2 % (w/v) bovine
serum albumin (BSA) in TBST. Secondary antibodies were diluted in 5 % (w/v) skimmed milk and
0.1 % (w/v) SDS in TBST.

Stripping and reprobbing

The membrane was washed with stripping buffer (ThermoFisher, #46430) for 10 minutes and washed
three times with TBST for 5 minutes each wash. Next, it was blocked in 5% skimmed milk (Sigma-
Aldrich, #70166) for 30 minutes at room temperature. The membrane was bound with primary
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antibodies overnight at 4°C and reprobed for the secondary antibody following the same steps as in
the previous section.

2.17 Immunostaining
The glass-bottom imaging plate was first washed with PBS and then coated with peptide-pulsed
RencaWT cells at 37°C, 6% CO2, overnight to allow attachment to the plate bottom. The FCAS
sorted GFP+ CL4 T cells expressing different inhibitory receptors were then slowly dispersed on
the RencaWT cells. The T cell–APC coupling was allowed for 10 minutes at 37°C incubator and the
free T cells were gently removed. The cells were then fixed and permeabilised, stained with primary
antibodies against one of the endocytic markers (EEA1, VPS35, SNX1, SNX6) overnight at 4°C,
and stained with secondary antibody Alexa-568 for one hour at room temperature. Lysotracker and
MitoTracker were used to live-stain the lysosomes and mitochondria of the T cells for 30 minutes in
37°C, respectively, before being adding to the APCs. And the fluorescence of the dye or the GFP of
the inhibitory receptors could be retained after fixation. Cells were then mounted with oil overnight
and imaged by spinning disc confocal microscopy.

2.18 List of antibodies

Antibody Species Clone / Cat. Supplier Dilution

SNX1 Rabbit polyclonal ab995 Abcam WB 1:1000
SNX2 Mouse monoclonal clone13 / 5345661 BD biosciences WB 1:1000
SNX5 Rabbit polyclonal 17918-1-AP Proteintech WB 1:1000
SNX6 Mouse monoclonal clone D-5 / 365965 Santa Cruz Biotechnology WB 1:1000
SNX27 Rabbit polyclonal 16329-1-AP Proteintech WB 1:1000
AP1G1 Rabbit polyclonal 13258-1-AP Proteintech WB 1:1000
AP2A1 Rabbit polyclonal 11401-1-AP Proteintech WB 1:1000
VPS35 Rabbit polyclonal ab97545 Abcam WB 1:1000

IF 1:200
GLUT1 Rabbit monoclonal EPR3915 / 115730 Abcam WB 1:1000
PC2 Rabbit polyclonal sc-25749 Santa Cruz Biotechnology WB 1:1000
EEA1 Rabbit monoclonal clone c45b10 / 3288 Cell Signaling Technology IF 1:200
LAMP1 Mouse monoclonal H4A3 / 25630 Abcam IF 1:200
6xHis-tag Mouse monoclonal clone HIS-1 / A5588 Sigma-Aldrich WB 1:4000

Table 2.11 List of primary and conjugated antibodies
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Antisera Species Cat. Supplier Dilution

Alexa 568 anti-mouse IgG donkey A10037 Molecular probes IF 1:400
Alexa 568 anti-rabbit IgG donkey A10042 Invitrogen Molecular probes IF 1:400
Alexa 680 anti-mouse IgG goat A32729 Invitrogen WB 1:20000
Alexa 800 anti-rabbit IgG goat A32735 Invitrogen WB 1:20000

Table 2.12 List of secondary antibodies
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Chapter 3

Live cell imaging and proteomic analysis
of the vesicular lumen to track inhibitory
receptors
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3.1 Introduction
Inhibitory receptors are transmembrane receptors expressed by various immune cells and some
cancer cells (Jago et al., 2004; Liu et al., 2009; Wiener et al., 2007; Workman et al., 2009). After
T cell activation, inhibitory receptors are upregulated and presented at the cell surface, where they
access their ligands (Oestreich et al., 2008; Perkins et al., 1996). This essential mechanism prevents
excessive T cell activation that may contribute to autoimmune diseases (Kuehn et al., 2014; Nishimura
et al., 1999; Workman and Vignali, 2005). However, this mechanism is hijacked by tumour cells;
consequently, the expression of inhibitory receptors is often upregulated in tumour-infiltrating T cells
(Ahmadzadeh et al., 2009; Fourcade et al., 2010; Kassardjian et al., 2018). ICB therapy targeting
inhibitory receptors or their ligands has resulted in promising clinical outcomes (Hargadon et al.,
2018; Zappasodi et al., 2018). However, the mechanism of action of immune checkpoint inhibitors
from the perspective of cell dynamics warrants further investigation. Understanding vesicular
trafficking of inhibitory receptors may help to elucidate the functions of inhibitory receptors and
facilitate the optimisation of ICB therapy.

Stimulatory receptors are predominantly located on the cell surface; however, the subcellu-
lar distribution of inhibitory receptors is more complicated. CTLA-4 is an inhibitory receptor that
binds to the same ligands (CD80 and CD86) as the stimulatory receptor CD28. However, it has
a much higher affinity for CD80 and CD86 and hence outcompetes CD28, thereby attenuating
T cell activation (Delves and Roitt, 1998; van der Merwe et al., 1997). CTLA-4 is accumulated
in large granules and small vesicles (Alegre et al., 1996; Iida et al., 2000; Linsley et al., 1996;
Michelson et al., 2022), with >80% of molecules residing intracellularly (Leung et al., 1995). The
predominant intracellular maintenance of CTLA-4 is universal in naïve (Jago et al., 2004; Linsley
et al., 1992), activated (Qureshi et al., 2012) and resting T cells (Jago et al., 2004), irrespective of
protein expression levels. In activated T cells, the intracellular CTLA-4 pool is maintained through
frequent and rapid endocytosis (Qureshi et al., 2012; Valk et al., 2008). Another inhibitory receptor,
PD-1, binds to the ligands PD-L1 and PD-L2 and suppresses the TCR signalling via multiple
pathways such as SHP2-mediated dephosphorylation of the TCR adaptor protein Lck (Saeidi et al.,
2018). In addition, PD-1 shows predominant intracellular localisation in resting and activated T
cells (Pentcheva-Hoang et al., 2007; Raimondi et al., 2006). The intracellular but not the surface
distribution of PD-1 is also observed in human NK cells (Mariotti et al., 2018; Pesini et al., 2022),
and the expression of PD-1 has been reported to be minimal in NK cells (Judge et al., 2020). The
inhibitory receptor LAG3 can bind to MHC II molecules and many other ligands; however, the
precise mechanisms through which it inhibits TCR signalling and T cell activation remain unclear
(Graydon et al., 2021). Woo et al. (2010)) assessed the surface and intracellular expression of LAG3
in CD4+ T cells using intracellular staining, western blotting and confocal imaging. Half of the
LAG3 content was found to be localised in intracellular vesicles after T cell activation, a reservoir
that is ready for rapid translocation to the cell surface. This intracellularly stored LAG3 is largely
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endocytosed and is hardly affected by the proteolytic cleavage of surface LAG3. Some studies
have demonstrated that the intracellular expression of LAG3 is higher than its surface expression in
activated CD8+ T cells and CD3+ T cells (Bae et al., 2022; Grosso et al., 2007). CD4, a homologue
of LAG3, is predominantly expressed on the cell surface (Morel et al., 1992; Tifft et al., 1992).
The inhibitory function of TIM3 relies on galectin-9 or CEACAM1 binding, which leads to the
collapse of the immunological synapse and disruption of T cell activity (Wolf et al., 2020). The
intracellular localisation of TIM3 may not be as predominant as that of CTLA-4 and PD-1. Studies
have suggested that surface and intracellular TIM3 levels are comparable between early-stage CD8+

T cells (Lake et al., 2021) and in CD3+ T cells (Bae et al., 2022). However, in the late stage of CD8+

T cell activation (14 days post stimulation), >60% TIM3 is stored in intracellular compartments
(Lake et al., 2021). TIGIT binds to its ligands CD155 and CD112 with higher affinity than CD226
(Lozano et al., 2012). TIGIT is primarily expressed on the surface of T and NK cells (Jiang et al.,
2022; Johnston et al., 2014; Yu et al., 2009); however, its intracellular expression pattern remains
unclear. In this study, we used confocal imaging to evaluate the ratio of surface-to-intracellular dis-
tribution of inhibitory receptors in primed CD4+ T cells and CD8+ T cells before T cell–APC coupling.

Overall, the intracellular localisation and trafficking of inhibitory receptors warrant further
investigation. Studies have demonstrated that CTLA-4 co-localises with TfR+ endosomes and
perforin+ lytic granules in CD8+ T cells (Linsley et al., 1996) and with Rab5+ vesicles and cathepsin
D+ lysosomes in CD4+ T cells (Iida et al., 2000). CTLA-4 enriched in lysosomal compartments is
degraded or re-localised to the plasma membrane after T cell activation (Iida et al., 2000). In addition,
CTLA-4 may be predominantly enriched in different cellular compartments in different subsets of
cells. For example, CTLA-4 is clustered in perinuclear Golgi vesicles in conventional CD4+ T cells,
whereas it is distributed in proximity to the surface of Tregs (Tai et al., 2012). A fraction of PD-1 is
localised in perinuclear Golgi vesicles in activated CD4+ T cells (Pentcheva-Hoang et al., 2007),
resting naïve T cells and Tregs (Raimondi et al., 2006) and resting NK cells (Mariotti et al., 2018).
Early studies have reported no co-localisation of PD-1 with TfR+ endosomes or LAMP1+ lysosomes
in activated CD4+ T cells (Pentcheva-Hoang et al., 2007). However, intracellular PD-1 and LAG3
are co-localised in TGN38+ trans-Golgi vesicles, microtubule organising centre (MTOC), EEA1+

early endosomes, Rab11b+ recycling endosomes, and LAMP1+ secretory lysosomes in activated
CD8+ T cells (Huang et al., 2015). TIM3 is also co-localised with Rab5+ vesicles and TGN46+

trans-Golgi network in CD4+ T cells (Prévost et al., 2020). Altogether, the potential redundant
characteristics of these inhibitory receptors raise a question: are different inhibitory receptors sorted
into different cellular compartments or similar compartments but in different proportions after they
are synthesised or endocytosed? To distinguish the translocation and surface distribution of different
inhibitory receptors, we used total internal reflection fluorescence (TIRF) microscopy to detect the
insertion of vesicles containing inhibitory receptors into the T cell membrane. In addition, we used
engineered ascorbate peroxidase (APEX)-based proximity proteomic analysis to determine the
protein composition of vesicles containing inhibitory receptors.
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3.2 Chapter aims
After T cell activation, inhibitory receptors engage with distinct ligands (Anderson et al., 2016;
De Sousa Linhares et al., 2018; Thaventhiran et al., 2012). Subsequently, different transport adaptors
drive the internalisation and recycling of inhibitory receptors. Therefore, we hypothesised that the
five inhibitory receptors, namely, CTLA-4, PD-1, LAG3, TIM3 and TIGIT, are distributed in different
cellular compartments. To investigate the vesicular trafficking and composition of these receptors,
both live cell imaging and proteomic analysis were used. The aims of this chapter are as follows:

1. To assess and compare the relative cell surface and intracellular expression of inhibitory
receptors in T cells.

2. To image the five inhibitory receptors only on the cell membrane with higher resolution and
establish their distribution pattern at the reconstituted immune synapse (interface).

3. To characterise the molecular environment of inhibitory receptors through proximity proteomic
analysis and determine whether the receptors are located in different cellular compartments.
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3.3 Quantitative imaging analysis suggests the intracellu-
lar localisation of inhibitory receptors in T cells

To determine the subcellular localisation of inhibitory receptors, GFP-fused inhibitory receptors were
expressed in 5C.C7 CD4+ T cells and clone 4 CD8+ T cells via retroviral transduction. Peptide-primed
T cells were used for imaging. GFP-positive cells whose fluorescence intensity was at least one log
higher than that of GFP-negative cells were sorted via fluorescence-activated cell sorting (FACS) and
used for subsequent imaging experiments utilising spinning disc confocal microscopy.

To validate that a substantial proportion of inhibitory receptors is stored intracellularly in a
steady state, we collaborated with Stephen Cross to develop a machine-learning algorithm to quantify
the distribution of CTLA-4, PD-1, LAG3, TIM3 and TIGIT in three-dimensional stacks of confocal
images and to compare the distribution of these five receptors with that of other receptors, such as
TCRζ, CD28, CD2 and CD6. Cell outlines were identified in differential interference contrast (DIC)
images. The fluorescence z-slice with the highest mean intensity across the entire field was used for
measurement. Data were collected from T cells before cell coupling. The fluorescence z-plane of an
individual cell was divided into the “edge” (the outer 2 pixels of the cell) and the “inner” (the rest of
the cell) regions. The integrated fluorescent signal of receptors was analysed in two types of T cells,
namely, 5C.C7 CD4+ T cells and the clone 4 CD8+ T cells. Representative DIC and fluorescence
images of T cells expressing GFP-fused receptors are shown in (Figure3.1A and Figure3.2A). The
zoomed-in fluorescence images demonstrate the definition of “edge” and “inner” regions.

The fluorescence intensity ratio of cell edge-to-interior regions was evaluated (Figure3.1B
and Figure3.2B). One-way ANOVA was performed to analyse the run averages (Figure3.1B and
Figure3.2B top right, black asterisks) and the single cell data pooled from all runs (Figure3.1B
and Figure3.2B bottom left, grey asterisks). In 5C.C7 cells, the edge-to-inner region fluorescence
intensity ratio of CD28, CD2 and CD6 was significantly higher (p≤0.01) than that of the five
inhibitory receptors. In clone 4 cells, the edge-to-inner region fluorescence intensity ratio of TCRζ
was significantly higher (p≤0.05) than that of the five inhibitory receptors. Although the most
conservative way of statistical analysis (an analysis of only the run averages) was used, these results
suggest that a large proportion of the five inhibitory receptors is consistently more accumulated in
intracellular structures than the receptors known to be predominantly expressed on the cell surface,
such as CD28 and TCRζ.

Furthermore, we analysed the same sets of quantification data to assess whether the five in-
hibitory receptors behaved in the same manner. Visual inspection suggested that some receptors,
particularly CTLA-4, displayed a highly clustered intracellular distribution, whereas other receptors
showed a more dispersed distribution, which is consistent with the results of previous studies (Huang
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et al., 2015; Iida et al., 2000; Pentcheva-Hoang et al., 2007). Gini coefficients were estimated to
assess the extent of clustered or dispersed fluorescent signals within each cell (Figure3.1C and
Figure3.2C). The results were compared via one-way ANOVA of the run averages (Figure3.1C and
Figure3.2C top right, black asterisks) and of the pooled data of cells (Figure3.1C and Figure3.2C
bottom left, grey asterisks), respectively. Gini coefficient was initially used in the economy to measure
the inequality of income in a population (Gastwirth, 1972; Gini, 1936) and was subsequently adapted
to many other fields (Habba et al., 2018; Peters et al., 2015). A Gini coefficient of 0 indicates total
equality, suggesting that all elements are the same, whereas a Gini coefficient of 1 (or 100%) indicates
the highest discrepancy among values (Gini, 1936). In 5C.C7 T cells, the Gini coefficients of CD2
and CTLA-4 were 0.39 and 0.47, respectively, indicating their unequal or clustered distribution in
a cellular compartment Figure3.1A. CD2 was largely accumulated in the distal region of the cell
(the uropod), and CTLA-4 was observed in large clustered structures. The Gini coefficients of PD-1,
LAG3, TIM3 and TIGIT, were 0.24, 0.31, 0.25 and 0.22, respectively, which were not significantly
different than those of CD28 and CD6. This finding suggests that PD-1, LAG3, TIM3 and TIGIT are
less clustered than CTLA-4 and CD2. A second, independent analysis of clone 4 T cells revealed
similar results. In particular, LAG3 was significantly more clustered (p≤0.05) than PD-1, TIM3 and
TIGIT, which was also observed in 5C.C7 cells. These results suggest that CTLA-4 is the most
clustered receptor of the five inhibitory receptors and that LAG3 is more dispersed than CTLA-4 but
more clustered than PD-1, TIM3 and TIGIT. Although all of these inhibitory receptors are primarily
located intracellularly, the extent of clustering differs among them.
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Figure 3.1 Quantitative imaging suggests the intracellular localisation of inhibitory
receptors in 5C.C7 CD4+ T cells (Figure legend next page.)
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Figure 3.1 (Previous page.) Quantitative imaging suggests the intracellular localisation
of inhibitory receptors in 5C.C7 CD4+ T cells
5C.C7 CD4+ T cells were retrovirally transduced to express GFP-fused CD28, CD2, CD6,
CTLA-4, PD-1, LAG3, TIM3 or TIGIT. 5C.C7 CD4+ T cells (4×104/well) and CH27 B cell
lymphoma cells (APCs) (2×104/well) were seeded to a 384-well glass-bottomed imaging
plate. Data presented in this figure were derived from individual T cells before cell coupling.
A single DIC image and 21 fluorescence z-stack images were recorded every 20 seconds for
15 minutes via spinning disc confocal microscopy. For quantitative measurement, only the
slice with the highest mean fluorescence intensity across the entire field was used. Images
were analysed using the ImageJ/Fiji StarDist plugin and a model trained with hand-annotated
example images.
A. Representative DIC and GFP images of CD4+ T cells expressing CD28, CD2, CD6,
CTLA-4, PD-1, LAG3, TIGIT and TIM3 and the definition of the cell “edge” (2 pixels
inward from cell edge, indicated by double lines) and “inner” (the rest of the cell) regions.
Numbers on the cells represent cell IDs used for tracking. Scale bar: 5 µm. B. Edge-to-inner
region fluorescence intensity ratio of 8 receptors and comparison of the ratio of different
receptors via one-way ANOVA. C. Gini coefficients and one-way ANOVA of 8 receptors
describing the unequal fluorescent signal distribution. In both charts, the run averages are
demonstrated as large symbols, and single-cell data from independent experiments are
plotted in small symbols denoted by colour intensity. In both tables, statistical significance
of differences between run averages is mentioned in the top right corner in black, and that of
differences between the pooled single-cell data is mentioned in the bottom left corner in
grey. The results are derived from 77 CD28-expressing cells, 135 CD2-expressing cells,
141 CD6-expressing cells, 56 CTLA-4-expressing cells, 60 PD-1-expressing cells, 89
LAG3-expressing cells, 99 TIM3-expressing cells and 70 TIGIT-expressing cells, and the
data of each receptor were derived from 2–5 independent experiments.
The asterisks represent P-values: *≤0.05, **≤0.01, ***≤0.001, ****≤0.0001. Images were
annotated and analysed by Christoph Wuelfing and Stephen Cross. The figure was generated
by Christoph Wuelfing.
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Figure 3.2 Quantitative imaging suggests the intracellular localisation of inhibitory
receptors in clone 4 CD8+ T cells (Figure legend next page.)
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Figure 3.2 (Previous page.) Quantitative imaging suggests the intracellular localisation
of inhibitory receptors in clone 4 CD8+ T cells
Clone4 CD8+ T cells were retrovirally transduced to express GFP-fused TCRζ, CTLA-4,
PD-1, LAG3, TIM3 or TIGIT. CD8+ T cells (4×104/well) and RencaWT cells (2×104/well)
were seeded to a 384-well glass-bottomed imaging plate. Data presented in this figure
were derived from individual T cells before cell coupling. A single DIC image and 21
fluorescence z-stack images were recorded every 20 seconds for 15 minutes via spinning
disc confocal microscopy. For quantitative measurement, only the slice with the highest
mean fluorescence intensity across the entire field was used. Images were analysed using the
ImageJ/Fiji StarDist plugin and a model trained with hand-annotated example images.
A. Representative DIC and GFP images of CD8+ T cells expressing TCRζ, CTLA-4, PD-1,
LAG3, TIGIT and TIM3 and the definition of the cell “edge” (2 pixels inward from cell
edge, indicated by double lines) and “inner” (the rest of the cell) regions. Numbers on the
cells are cell IDs used for tracking. Scale bar: 5 µm. B. Edge-to-inner region fluorescence
intensity ratio of 6 receptors and comparison of the ratio of different receptors via one-way
ANOVA. C. Gini coefficients and one-way ANOVA of 6 receptors describing unequal
fluorescent signal distribution. In both charts, the run averages are plotted in large symbols,
and single-cell data from independent experiments are plotted in small symbols denoted
by colour intensity. Error bars show the standard error of the mean. In both tables, the
statistical significance of differences between the run averages is mentioned in the top right
corner in black, and that of differences between the pooled single-cell data is mentioned
in the bottom left corner in grey. The results are derived from 77 TCRζ-expressing cells,
110 CTLA-4-expressing cells, 124 PD-1-expressing cells, 131 LAG3-expressing cells, 124
TIM3-expressing cells and 100 TIGIT-expressing cells, and data of each receptor were
derived from 5–6 independent experiments.
The asterisks represent P-values: *≤0.05, **≤0.01, ***≤0.001, ****≤0.0001. Images were
annotated and analysed by Christoph Wuelfing and Stephen Cross. This figure was generated
by Christoph Wuelfing.
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3.4 Clusters of inhibitory receptor-containing vesicles
move toward the immunological synapse

When a T cell encounters an APC, such as a dendritic cell or a tumour cell, the specialised interface
formed between them is called an immunological synapse (Bromley et al., 2001; Čemerski and Shaw,
2006). The immunological synapse allows T cells to scan the surface of APCs for specific antigens,
resulting in T cell activation. During T cell activation, the MTOC reorients toward the immunological
synapse, allowing for polarisation and the subsequent release of secretory granules (Billadeau et al.,
2007; Dustin and Long, 2010; Geiger et al., 1982; Martín-Cófreces et al., 2014). Secretory granules
contain cytotoxic molecules, such as perforin and granzymes, which lead to the death of target cells
upon their release (Catalfamo and Henkart, 2003; Smyth et al., 2001). Some inhibitory receptors,
such as CTLA-4, PD-1 and LAG3, are accumulated close to the MTOC (Huang et al., 2015; Iida
et al., 2000; Woo et al., 2010). However, whether their translocation to the immunological synapse is
facilitated by the MTOC remains uncertain.

To determine the dynamic subcellular localisation of inhibitory receptors in relative to the
immune synapse, we continued to analyse the spinning disc confocal imaging data of inhibitory
receptors in CD8+ T cells. Representative DIC and fluorescence images of the five inhibitory
receptors in CD8+ T cells are shown in Figure 3.3. RencaWT cells (APCs) and CD8+ T cells were
distinguished by the absence and presence of fluorescence, respectively. If a T cell formed more than
one interface, thereby interacting with more than one APC, the cell was defined as “not analysable”.
DIC images were acquired every 20 seconds to define the relative location of T cells and APCs,
thus providing a reference for identifying the T cell–APC interface for subsequent analysis. The
fluorescent signals of T cells were scanned through 21 z planes of CTLs, and the maximum projection
of z-stacks is displayed in the Figure 3.3 lower panel. Inhibitory receptors fused with GFP appeared
as punctuate objects, likely vesicles and groups thereof.
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Figure 3.3 Representative confocal microscopic images of inhibitory receptor-
expressing clone 4 CD8+ T cell under confocal microscopy
A–E. Representative live cell images of the interaction between clone 4 CD8+ cells (labelled
T cells) expressing GFP-conjugated inhibitory receptors, namely, CTLA-4, PD-1, LAG3,
TIM3 and TIGIT, and RencaWT (labelled APCs) at -20, 0, 60, 180 and 420 seconds relative
to the formation of an immunological synapse. A total of 4×104 T cells were seeded to a
384-well glass-bottom imaging plate to allow their settling, and 2×104 RancaWT cells were
added to the wells immediately before imaging. RancaWT cells are not fluorescent, whereas T
cells are fluorescent, and the two types of cells can be distinguished by comparing DIC (upper
panels) with the maximum projection of GFP z-stacks (lower panels). The interface between
a T cell and an APC is indicated by a green line. DIC images were acquired every 20 seconds,
and both T cells and APCs were captured. The fluorescent z-stacks of GFP-conjugated
inhibitory receptors were scanned through T cells 3 times per minute, each time recording 21
focal planes with a step size of 1 µm. The fluorescence intensity of GFP-fused inhibitory
receptors is indicated by pseudocolour scale, wherein purple to red (and white) colours
represent fluorescence intensity from low to high. Inhibitory receptors conjugated with GFP
appeared as punctuate objects, likely vesicles and groups thereof. Cells were imaged in the
presence of 10% FBS at 37°C. Scales bars: 10µm.
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The time point of immunological synapse formation was manually identified based on DIC images. It
was defined as the time when the T cell–APC interface expanded to its maximum width or 40 seconds
after cell coupling (whichever comes first) (Figure 3.4A). Inhibitory receptor vesicles do not always
accumulated as a single cluster, as previously suggested by the gini coefficients. If inhibitory receptor
fluorescent signals were clustered in a single prominent region that we suspect corresponds to a cluster
of vesicles, the location of the fluorescence cluster relative to the interface was classified as region
1–3 (Figure 3.4B). Region 1 is close to the immunological synapse, whereas region 3 represents the
distal part of a CTL. Figure 3.4C demonstrates the determination of a single cluster of fluorescence
spot containing inhibitory receptors and its location relative to that of the immunological synapse.
The fluorescence intensity GFP-fused inhibitory receptors was indicated by a pseudocolour scale,
wherein purple to red and white represented fluorescence intensity from low to high. Only signals
coloured orange to red and white in a single region were considered an identifiable single cluster
of fluorescence. Fluorescence-enriched regions that were at least 1 pixel apart were ruled out. A
cut-off value for the size of clusters was not assigned, as Gini coefficients previously suggested that
the degree of clustering could differ among inhibitory receptors. We acknowledge that the results
of this semi-qualitative analysis are ambiguous in terms of assessment of the presence of clusters;
however, the location of these clusters is independent of the ambiguity.
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Figure 3.4 Schematic and representative images of how a single cluster of fluorescence
spot containing inhibitory receptors and its location relative to that of the immunolog-
ical synapse is defined (Figure legend next page.)
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Figure 3.4 (Previous page.) Schematic and representative images of how a single cluster
of fluorescence spot containing inhibitory receptors and its location relative to that of
the immunological synapse is defined
GFP-fused inhibitory receptor-expressing clone 4 CD8+ cells (labelled “T”) interacted
with RencaWT cells (labelled “APC”). A total of 4×104 T cells were seeded to a 384-well
glass-bottom imaging plate to allow their settling. A total of 2×104 RancaWT cells were
added to the well immediately before the live cell imaging via spinning disc confocal
microscopy. DIC images were acquired every 20 seconds, and both T cells and APCs were
captured. The fluorescent z-stacks of GFP-conjugated inhibitory receptors were scanned
through T cells 3 times per minute, each time recording 21 focal planes with a step size of 1
µm. A. Representative DIC images of T cell–APC coupling; the “onset” of immunological
synapse formation is defined as the time point when the T cell–APC interface expands to its
maximum width or 40 seconds after cell coupling (whichever is the first event), identified
based on DIC images. The thick green lines indicate the immunological synapse. B. A CTL
coupled to an APC is divided into three segments, scored as 1–3 relative to the synapse. A
single cluster of inhibitory receptor-containing vesicles is indicated by the green decagon
labelled “IR”. The cell compartment it is located in determines its relative location to that of
the immunological synapse. The synapse is indicated by the black curve between the T cell
and APC. C. Representative fluorescence and DIC images demonstrating the presence (the
first and the second rows) and absence (the third and the fourth rows) of a single cluster
of inhibitory receptor fluorescence. White arrows indicate a single focused fluorescent
region that represents the cluster of vesicles containing inhibitory receptors. RancaWT cells
(APCs) are not fluorescent, whereas T cells are fluorescent. The two types of cells can be
distinguished by comparing DIC with the maximum projection of fluorescent z-stacks. The
fluorescence intensity of GFP-fused inhibitory receptors is indicated by a pseudocolour
scale, wherein purple to red (and white) colours represent fluorescence intensity from
low to high. Thin white lines help to divide CTLs into three segments as shown in the
schematic diagram. Only signals coloured orange to red and white in a single region are
considered an identifiable single cluster of vesicles. Fluorescent enrichment (red or white
in pseudocolour scale) of at least 1 pixel apart indicates the absence of a single cluster of
inhibitory receptor fluorescence spot. T cells forming more than one interface are defined as
“no single clustering of fluorescence”. T cells form more than one interface are defined “not
analysable”. T cells were retrovirally transduced to express GFP-fused inhibitory receptors,
including CTLA-4, PD-1, LAG3, TIM3 or TIGIT. Scale bars: 10µm.
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When inhibitory receptor fluorescence clustered as a single group, we statistically compared the
locations of fluorescence cluster at the time relative to immunological synapse formation (Figure
3.5). A proportion of all the five inhibitory receptors was accumulated at the distal pole of T cells
before activation and was reoriented to the immunological synapse 3 minutes after synapse formation.
Two-way ANOVA suggested that the location of a single cluster of fluorescence containing different
inhibitory receptors relative to the immunological synapse was not significantly different upon T cell
activation. A significant position change of the single cluster of fluorescence containing inhibitory
receptors suggests that all the inhibitory receptors are quickly recruited to the immunological synapse.
Similar movement of vesicles is likely to be associated with the polarisation of MTOC (Ambler et al.,
2020; Banton et al., 2014). To test this hypothesis, tubulin-GFP was used to label the MTOC, and the
tubulin-GFP imaging data were collected by Rachel Amber from the Wuelfing Laboratory. Two-way
ANOVA suggested that the location of inhibitory receptor clusters was not significantly different than
that of MTOC before or at the time of immunological synapse formation. All of the five inhibitory
receptors were located in the rear or the “uropod” of the cell, which is a pseudopod-like tail that
usually harbours the MTOC (Sanchez-Madrid and del Pozo, 1999). However, after the immunological
synapse is established, the polarised MTOC is significantly closer to the synapse than inhibitory
receptors (p≤0.05) (Figure 3.5 tables). This close distance may be attributed to the structure of
MTOC; vesicles may be anchored to the microtubules emanating from MTOC. However, we defined
the location of MTOC by its centre pole. Immunostaining or dual-colour imaging of inhibitory
receptors and tubulin may provide a better understanding of their colocalisation during polarisation.

In conclusion, confocal live cell imaging of T cells interacting with APCs revealed the dynamics
of inhibitory receptors. Different inhibitory receptors in the intracellular pool are polarised toward
the immunological synapse in a similar spatiotemporal pattern, which may be supported by the MTOC.
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Figure 3.5 Quantification of inhibitory receptors translocation to the immunological
synapse during CD8+ T cell activation (Figure legend next page.)
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Figure 3.5 (Previous page.) Quantification of inhibitory receptors translocation to the
immunological synapse during CD8+ T cell activation
After CD8+ T cells interacted with RencaWT cells (APCs), the “onset” (0s) of immunological
synapse formation was defined as the time point when the T cell–APC interface expands
to its maximum width or 40 seconds after cell coupling (whichever occurs first) based
on DIC images. The activated T cell was divided into three segments and scored 1–3,
with segment 1 facing the immunological synapse and segment 3 residing at the cell tail.
When a single cluster of fluorescence was identified, its relative location to that of the
immunological synapse was scored by the number of the segment. The average of the
relative position is shown in the line chart. Error bars indicate the standard error of the
mean. The top right corner of the tables (black asterisks) indicate the statistical significance
of differences at 20 seconds, 60 seconds, 100 seconds, 180 seconds and 420 seconds after
immunological synapse formation. The bottom left corner of the tables (grey asterisks)
indicates the statistical significance of differences at 40 seconds, 80 seconds, 120 seconds
and 300 seconds. On average, 59, 52, 49, 51, 60 and 55 CTLs were analysed for CTLA-4,
PD-1, LAG3, TIM3, TIGIT and MTOC, respectively, and the data of each cell subset was
derived from more than three independent experiments. T cells were retrovirally transduced
to express GFP-conjugated inhibitory receptors, including MTOC, CTLA-4, PD-1, LAG3,
TIM3 or TIGIT. RencaWT cells were loaded with the HA peptide (antigen) to activate clone
4 CTLs and imaged via spinning disc confocal microscopy. MTOC data were acquired and
analysed by Rachel Ambler.
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3.5 Distribution of inhibitory receptors across the T cell
interface

3.5.1 Live cell imaging of CD8+ T cells expressing GFP-fused in-
hibitory receptors using TIRF microscopy

Because the resolution of a confocal microscope is limited to 250 nm, distinguishing single vesicles
was difficult and only clusters of most vesicles were detectable. Unlike spinning disc confocal
microscopy, TIRF microscopy allows the resolution of individual vesicles at the plasma membrane.
In TIRF microscopy, the penetration depth, which is the distance above the cover slip at the bottom of
the imaging chamber that is imaged, is as low as 60–200 nm. Therefore, the likelihood that a vesicle
that is far away from all other vesicles may be visualised as a distinct object (i.e. as a “diffraction
limited object”) is much higher. Another advantage of TIRF microscopy is that it allows the analysis
of molecules within a few hundred nanometres of the surface. Consequently, TIRF microscopy is
particularly useful for determining the behaviour of molecules at interfaces such as the immunological
synapse.

We acknowledge the lack of complexity and physiological relevance of using substituted
planar models; however, we believe that these models are useful for analysing basic spatiotemporal
patterns of inhibitory receptors at the immunological synapse. Owing to the energy limit of the
evanescent field, the penetration depth of TIRF microscopy cannot be extended beyond 200 nm.
Given that APCs are commonly several micrometres in diameter, T cells cannot be imaged on top of
APCs. To reconstitute the immunological synapse, APCs were substituted with a planar model, in
which αCD3 antibodies were used to activate T cells. Furthermore, considering that the addition of
intercellular adhesion molecule 1 (ICAM-1) may enable better reconstruction of the physiological
antigen-presenting environment, we repeated imaging experiments using glass-bottom plates coated
with αCD3 and ICAM-1. ICAM-1 is the ligand of lymphocyte function-associated antigen 1 (LFA-1),
which is a leukocyte-specific integrin that plays an important role in sustaining the activation and
migration of T cells (Walling and Kim, 2018). The two methods used for coating the imaging plate
are illustrated in Figure 3.6.
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Figure 3.6 Schematic representation of coating of imaging plates
In both coating strategies, 10 µg/mL αCD3 antibody was added to a 384-well glass-bottom
imaging plate to activate clone 4 cytotoxic T cells.
A. Biotinylated αCD3 antibody, NeutrAvidin and biotinylated BSA form covelent bonds
after incubation at 37°C for 10 minutes. B. No covalent bond was formed, and the plate was
incubated with αCD3 antibody and 2.5 µg/mL ICAM-1 in PBS solution at 4°C overnight. In
total internal reflection fluorescence (TIRF) microscopy, an evanescent field was generated
by the total internal reflection of the laser beam, with a penetration depth of 70–90 nm from
the interface of the glass-bottom plate and the solution. This penetration depth allowed the
microscope to focus on the cell membrane. Energy from the evanescent field stimulated the
GFP unit of GFP-fused inhibitory receptors of interest. Only inhibitory receptors close to the
cell membrane were stimulated, as the evanescent field decayed exponentially.
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3.5.2 CTLA-4 and LAG3 show distinct surface distribution patterns

Linescan analysis of single cells

T cells were imaged for 7 minutes since the fluorescent signal of the first CTL was observed. We
manually identified the “early” and “late” time points of cell imaging to examine changes in the
distribution of inhibitory receptors on CTL membrane during T cell activation. As illustrated in
Figure 3.7 A, the “early” time point was defined as 30 seconds after the initial contact of T cells
with the coated plate. At this time point, most T cells formed a stable interface. The “late” time
point was defined as 5 minutes after the early time point. These durations were consistent with those
observed in confocal microscopy, which allowed most inhibitory receptors to orientate toward the
interface. The distribution of inhibitory receptors on the cell membrane at the “early” and “late” time
points was analysed using the Linescan function in the MetaMorph software. Line scan analysis
is used for determining the distribution and dynamics of molecules within the cell membrane by
collecting sequential images along a line of interest. Line scan analysis has been applied to analyse
the membrane distribution and colocalisation of CTLA-4, CD80 (Zhao et al., 2019), PD-1 and CD28
(Hui et al., 2017). We drew a line (line width=5 µm) across the widest region of the cell, which
covered 1/4 to 1/3 of the interface. Such a line width can represent the distribution of fluorescence
across the cell while not including too much of the background. Subsequently, the cell interface was
evenly divided into 10 segments along the line (Figure 3.7 B). The mean fluorescence intensity of
each segment was measured within the width and standardised to a score of 0–1. The segment with
the highest fluorescence intensity was assigned a score of 1 (100%). Sampling of the cell interface
with concentric circles would be better, but it is more difficult to implement.

CTLA-4 shows consistent central distribution

Figure 3.7 C demonstrates the mean fluorescence intensity of the reconstituted immunological
synapse in 50 GFP-fused CTLA-4-expressing T cells. CTLA-4-GFP-containing vesicles exhibited
a bell-shaped distribution pattern, indicating a central distribution of CTLA-4 on the interface at
both early and late time points. At the early time point when T cells had initiated the formation of
an interface, the centre of the synapse, represented by segments 5 and 6, exhibited 86±2.3% and
85±2.3% level of standardised fluorescence intensity (SFI), respectively, which were >1.75-fold
higher than those of the periphery of the interface (SFI levels of segments 2 and 9: 29±2.9% and
46±2.9% SFI, respectively). In addition, the fluorescence of the centre of the synapse was almost
3-fold brighter than that of the edge of the cell (SFI levels of segments 1 and 10: 29±2.0% and
27±1.6% SFI, respectively). At the late time point when T cells had settled down on the imaging
plate for 5 minutes, large numbers of CTLA-4-GFP-containing vesicles remained localised at the
centre of the synapse, whereas the centre region extended to include segments 4 and 7. All four
segments in the centre region exhibited >80% SFI, with the fluorescence being 2.4-fold brighter than
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that of the edge of the interface (33±2.1% SFI and 35±2.5% SFI, respectively). Segments 5 and 6
had the highest fluorescence intensity (86±2.1% SFI and 87±1.7% SFI, respectively), indicating that
most vesicles containing CTLA-4-GFP were accumulated in these regions. The overall distribution
pattern of CTLA-4 did not change between early and late time points, with a central distribution being
predominant at both time points.

LAG3 distribution changes in a short period of time

At the early time point, LAG3 was slightly more accumulated at the centre of the interface (86.8±1.2%
and 86.6±1.1% SFI), with fewer fluorescence signal being observed at the extreme edge of the cell
membrane (60.0±1.5% SFI and 62.6±1.6% SFI, respectively). The low fluorescence intensity of
the membrane edge may be attributed to the expansion of cells while forming the interface at the
early stage of contacting the α-CD3-coated plate. Cell segments along the same line were scanned
after 7 minutes of T cell settling and synapse formation. LAG3 distribution was found to be altered
as indicated by significant differences (p≤0.01, Wilcoxon matched-pairs signed rank test) in its
distribution patterns between the early and late time points on all segments, except segments 2 and 9
(Figure 3.7 E). This peripheral migration of LAG3 molecules may be related to actin dynamics at the
immunological synapse (Murugesan et al., 2016). TCR microclusters may be orientated inside the
immunological synapse by actin filaments, whereas inhibitory receptors may be orientated outside
the synapse. However, further investigation of cytoskeleton dynamics and biochemical parameters is
required to understand protein–protein interactions. Additionally, proteomic analysis of inhibitory
receptor-containing vesicles may provide some insights.

PD-1, TIM3 and TIGIT are similarly distributed at the interface

As demonstrated in Fig 3.7 D, F and G the slightly central distribution of PD-1, TIM3 and TIGIT
decreased over time. This decrease was statistically significant for PD-1 and TIM3 (p≤0.05,
Wilcoxon matched-pairs signed rank test). Nonetheless, the statistical significance is not as dramatic
as that of LAG3. And if such changes implicate any biological meanings, that is open for discussion.
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Figure 3.7 Quantification of the distribution of the five inhibitory receptors on the cell
membrane after T cell activation (Figure legend next page.)
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Figure 3.7 (Previous page.) Quantification of the distribution of the five inhibitory
receptors on the cell membrane after T cell activation
A. Determination of the early and late time points of T cell activation. The “early” time
point is 30 seconds after the initial contact of T cells with the coated plate. The “late” time
point is 5 minutes after the early time point. B. Line scan analysis was used to quantify the
membrane distribution of inhibitory receptors. The T cell is shown in green to better present
the area covered by the line. A line (width = 5 µm) was drawn across the widest region of
the cell and was evenly divided into 10 cell segments. The mean fluorescence intensity
of each segment was measured within the width and standardised to a score of 0–1. The
segment with the highest fluorescence intensity was assigned a score of 1 (100%). C–G.
Line scan analysis was performed to examine the distribution of CTLA-4, PD-1, LAG3,
TIM3 and TIGIT at the interface at the early and late time points of T cell activation. Each
data point within each segment is derived from a single cell, and the segment averages are
connected by lines. Representative images illustrate the cell membranes at the early (top)
and late (bottom) time points and are shown next to the results of line scan analysis of the
corresponding inhibitory receptors. The statistical significance of differences at the early
and late time points was calculated by Wilcoxon matched-pairs signed rank test, p value
corrected using Holm–Šídák method. The asterisks represent P-values: *≤0.05, **≤0.01,
***≤0.001, ****≤0.0001.
Clone 4 CD8+ T cells were transduced to express GFP-fused inhibitory receptors and
were primed in vitro. They were seeded in a 384-well glass-bottom plate coated with
biotin–NeutrAvidin–biotinylated αCD3 sandwich. A single fluorescence image was captured
every 333 milliseconds for continuously 7 minutes via TIRF microscopy. The data of 50
CTLA-4-, PD-1-, LAG3-, TIM3- and TIGIT-expressing cells were derived from 8, 7, 6, 8
and 9 independent experiments, respectively. Scale bars: 5 µm.
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CTLA-4 and LAG3 distributions were distinct from other inhibitory receptors

After analysing the individual distribution patterns of the five inhibitory receptors, we compared their
collective distribution at the early and late time points. As demonstrated in Figure 3.8, CTLA-4
had a unique central distribution compared with that of the other inhibitory receptors at both early
and late time points. Two-way ANOVA of segments 1, 2, 3, 8, 9 and 10 at the early time point and
segments 1, 2, 9 and 10 at the late time point validated the unique distribution of CTLA-4 (p≤0.0001).
The distribution of LAG3 largely overlapped with that of PD-1, TIM3 and TIGIT at the early time
point but was different at the late time point. At the beginning of interface formation, no significant
differences were observed among the distribution patterns of LAG3, TIM3 and TIGIT in more than
2 of 10 segments with matching geometry. After 5 minutes of T cell activation, the distribution
of LAG3 was significantly different from that of PD-1, TIM3 and TIGIT as indicated by p-values
resulting from comparison of the central segments. Although PD-1 exhibited significantly higher SFI
than other inhibitory receptors at the edge of the cell (p≤0.05), the interface distribution of PD-1,
TIM3 and TIGIT at both time points was largely similar. Multiple comparison suggested that LAG3,
PD-1, TIM3 and TIGIT were distributed in a similar pattern on the interface at the beginning of
T cell activation; however, their localisation shortly after T cell activation was different. Because
these experiments were conducted in the absence of real APCs or ligands of inhibitory receptors, the
rearrangement of LAG3 distribution may have been influenced by internal factors, such as the TCR
complex and other adaptor proteins. In the future, it will be worthwhile to replicate the measurement
using only an ICAM-1-coated coverslip. So that we can investigate whether the translocation of
inhibitory receptors to the interface is a spontaneous phenomenon or is primarily induced by TCR
activation.

However, the direct comparison of different inhibitory receptors resulted in oversight of an
important factor of receptor transport, simultaneity. Because no wild-field or DIC images were
acquired and the inhibitory receptors were the only source of fluorescence in the experiment, the early
time point, that is, the establishment of an interface, was defined based on the migration of inhibitory
receptors. Two inhibitory receptors may have the same distribution at the early time point; however,
whether they are present at the same location at the same time remains unknown. To address this
query, at least two inhibitory receptors were expressed on the same cell at the same time, and the
results are described in the following section.
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Figure 3.8 Direct comparison and statistical analysis of the distribution of the five
inhibitory receptors on the interface after T cell activation (Figure legend next page.)
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Figure 3.8 (Previous page.) Direct comparison and statistical analysis of the distribu-
tion of the five inhibitory receptors on the interface after T cell activation
Summary of the results of line scan analysis of the five inhibitory receptors at A. early and B.
late time points. The “early” time point was defined as 30 seconds after the initial spreading
of T cells on the coated plate when most T cells formed a stable interface, and the “late” time
point was defined as 5 minutes after the early time point. Line scan analysis was performed
to quantify the membrane distribution of inhibitory receptors. A line (width = 5 µm) was
drawn across the widest region of the cell and was evenly divided into 10 cell segments. The
mean fluorescence intensity of each segment was measured within the width and normalised
to a score of 0–1. The segment with the highest fluorescence intensity was assigned a score
of 1 (100%). Error bars show the standard error of the mean. The statistical significance of
differences in the distribution of the five inhibitory receptors between the early and late time
points was calculated using Two-way ANOVA, confidence intervals and multiplicity adjusted
P values are calculated by tukey’s multiple comparison test. The asterisks represent adjusted
P-values: *≤0.05, **≤0.01, ***≤0.001, ****≤0.0001. 50 cells were analysed for each
inhibitory receptor. Clone 4 CD8+ T cells were transduced to express GFP-fused inhibitory
receptors and were primed in vitro. The T cells were seeded onto a 384-well glass-bottom
plate coated with biotin–NeutrAvidin–biotinylated αCD3 sandwich. A single fluorescence
image was captured every 333 milliseconds for continuous 7 minutes vis TIRF microscopy.
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3.5 Distribution of inhibitory receptors across the T cell interface

3.5.3 LAG3 is deposited to cell surface at the same time with TIM3 but
earlier than CTLA-4

At the early time point of T cell activation, the distribution patterns of LAG3-GFP and TIM3-GFP
were similar, whereas those of LAG3-GFP and CTLA-4-GFP were different (Fig 3.8). To test the
simultaneity of the membrane distributions of these receptors, dual-colour imaging was performed via
TIRF microscopy using the same biotin–NeutrAvidin–biotinylated αCD3 sandwich-coated imaging
plate. A bright red fluorescent protein, tdTomato, was fused with the C-terminus of the LAG3 protein.
The peak emission wavelength of tdTomato is 581 nm. For such a wavelength, the closest penetration
depth that TIRF microscopy can achieve is 90 nm. Therefore, images were acquired on the plane 90
nm from the imaging plate on both the red and green channels.

Initially, we generated a plasmid encoding two inhibitory receptor sequences, CTLA-4 and
LAG3, linked by the self-cleaving 2A peptide sequence of porcine teschovirus-1 (P2A). P2A is a
19-amino acid oligopeptide derived from porcine teschovirus. At the C-terminus of 2A peptide,
ribosomes skip the glycyl–propyl bond formation and re-initiate translation with proline (Liu et al.,
2017,Kim et al., 2011). Successful ribosomal skipping produces two “cleaved” proteins; in this case,
a CTLA-4-GFP-P2A protein without the C-terminal proline and a proline-attached LAG3-tdTomato
protein (Figure 3.9A). The double-positive expression efficiency was satisfactory (2.75% double
positives of the live cell population) (Figure 3.9B). A Gly–Ser–Gly (GSG) spacer can be added to
the N-terminus of P2A to enhance the cleavage efficiency (Szymczak-Workman et al., 2012; Wang
et al., 2015).However, generation of such fused plasmids is very demanding. Therefore, for LAG3
and TIM3, we simply performed double retroviral DNA transduction of the two inhibitory receptor
plasmids we have. 1 : 1 of retrovirus supernatant were added into the primed T cells for transduction
Figure 3.9C). Only double-positive T cells with fluorescence intensity one log higher than that
of negative cells were sorted via FACS for TIRF imaging. Owing to the low efficiency of double
transduction, only 0.05% of the cell population expressed both LAG3-tdTomato and TIM3-GFP
with considerable fluorescence intensity (Figure 3.9D). Despite low transduction efficiency and
differential receptor expression, we collected sufficient CTLs for TIRF imaging.
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Figure 3.9 Schematic representation and representative images of FACS of CTLs
co-expressing CTLA-4 and LAG3 or TIM3 and LAG3 (Figure legend next page.)
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Figure 3.9 (Previous page.) Schematic representation and representative images of
FACS of CTLs co-expressing CTLA-4 and LAG3 or TIM3 and LAG3
A. Schematic diagram of the pMIGII-CTLA-4-GFP-P2A-LAG3-tdTomato vector plasmid.
“Self-cleavage” occurs when ribosome skips the lycyl–prolyl bond at the C-terminus of
the P2A peptide and recommences with the proline residue. Therefore, the mRNA is
translated into two separate proteins, a CTLA-4-GFP protein with the P2A sequence
without the C-terminal proline and a LAG3-tdTomato protein with a proline attached to its
N-terminus. P2A is a 19-amino acid-long peptide. The ribosome skipping site is indicated
in boldface. B. Representative images of FACS of CTLs that were retrovirally transduced
to express a single protein, CTLA-4-GFP-P2A-LAG3-tdTomato. C and D. Schematic
representation and representative images of FACS of CTLs that were retrovirally transduced
to express two proteins, LAG3-tdTomato and TIM3-GFP. Supernatants containing separate
retroviruses were co-cultured with primary T cells for transduction. In both types of cells,
only the double-positive CTLs that were at least 1 log brighter than double-negative cells
were collected as indicated by the GFP+tdTomato+ sorting gate. A and C created with
BioRender.com.
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TIRF images were acquired every 735 ms on the red and green channels. Representative images
of both channels and merged images at different time points are shown in Figure3.10. LAG3 was
delivered to the interface earlier than CTLA-4. While LAG3 and TIM3 were transported to the
interface at the same time. Spatially, both LAG3 and TIM3 exhibited a more peripheral distribution,
whereas CTLA-4 exhibited a central distribution, which is consistent with the distribution patterns
observed via TIRF imaging of individual inhibitory receptors.
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Figure 3.10 Representative TIRF images of CTLs co-expressing two inhibitory recep-
tors
Representative TIRF images of A. Retrovirally transduced CTLs expressing CTLA-4-GFP-
P2A-LAG3-tdTomato and B. Retrovirally double transduced CTLs expressing TIM3-GFP
and LAG3-tdTomato, at 0 seconds, 60 seconds, 120 seconds and 180 seconds in relative
to the formation of a stable interface. Images were acquired every 735 ms for continu-
ously 7 minutes on the red and green channels. A total of 4×104 T cells were seeded in a
glass-bottom 348-well imaging plate coated with a biotin–NeutrAvidin–biotinylated αCD3
sandwich. Scale bars: 10µm.

104



3.5 Distribution of inhibitory receptors across the T cell interface

Co-localisation analysis was performed using the MIA (Modular Image Analysis) plugin developed
by Stephen Cross in the ImageJ software. This plugin was used to draw the edges of cells, track cell
dynamics and calculate Pearson correlation coefficients (PCCs) of two inhibitory receptors within each
cell. We only presented the results of the first 340 seconds of analysis to eliminate noisy data, as fewer
cells were analysable after this time point. The co-localisation coefficients of CTLA-4/LAG3 and
TIM3/LAG3 are shown in Figure 3.11. CTLA-4 and LAG3 had a PCC value of 0.3±SEM–0.4±SEM,
whereas TIM3 and LAG3 had a PCC value of 0.5±SEM–0.7±SEM. The co-localisation efficiency of
LAG3 and CTLA-4 was lower than that of LAG3 and TIM3, which is consistent with the distinct
accumulation of CTLA-4 at the centre of the interface. Moreover, the co-localisation of LAG3 and
TIM3 decreased over time, which is consistent with the translocation of LAG3 to the peripheral
of the interface. Overall, the results of dual-colour imaging experiments corroborate the results of
single-colour imaging experiments.
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Figure 3.11 Co-localisation analysis of CTLA-4/LAG3 and TIM3/LAG3 in CD8+ T
cells
Retrovirally transduced CTLs expressing CTLA-4-GFP-P2A-LAG3-tdTomato (red line)
and retrovirally double-transduced CTLs expressing TIM3-GFP and LAG3-tdTomato
(blue line) were imaged via TIRF microscopy. A total of 4×104 T cells were seeded in a
glass-bottom 348-well imaging plate coated with biotin–NeutrAvidin–biotinylated αCD3
sandwich. Images were acquired every 735 ms for continuously 7 minutes on the red and
green channels. Only the results of the first 340 seconds of imaging are presented, as limited
cells were analysable after that. Dual-colour TIRF images were analysed by calculating
the Pearson correlation coefficients (PCCs). Each cell region was detected and tracked
using the MIA (Modular Image Analysis) plugin in the ImageJ software. The PCC value of
each cell was calculated every five frames. The data of 57 CTLA-4+ LAG3+ CTLs and 46
TIM3+LAG3+ CTLs were derived from 6 and 7 independent experiments, respectively. Error
bars indicate the standard error of the mean.
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3.5.4 Vesicles transporting inhibitory receptors are inserted into the T
cell plasma membrane upon T cell activation with distinct fre-
quency

Line scan analysis of TIRF images provided an overview of the distribution of different inhibitory
receptors and changes in their distribution between the early and late stages of T cell activation. TIRF
microscopy is a robust technique that allows the acquisition of an enormous amount of information
within a short period. In this study, we acquired thousands of images in each experiment, with each
frame containing hundreds of fluorescence signals. Similar to the definition for imaging constitutive
exocytosis, membrane insertions are detected as the fast arrival of a highly concentrated fluorescent
area that dispersed upon meeting the focal plane (Ma et al., 2004; Ravier et al., 2008; Schmoranzer
et al., 2000). To systematically analyse this information, we developed an automatic computational
analysis in collaboration with the Murphy Laboratory at Carnegie Mellon University. This analysis
involves the use of machine learning to train the computer to recognise membrane insertion events
throughout the experiment. In addition, during TIRF imaging, the focus was sensitive to temperature
change, and without an auto-focus system, the focus was occasionally lost during the necessary
manual focus adjustment. Out-of-focus (“blurred”) images impede the analysis of membrane insertion
events; therefore, we trained the computer to distinguish and remove out-of-focus frames within
time-lapse recording.

To train the computational analysis routine, we manually analysed a sample and defined the
first 200 CTLA-4 events on the large field, including their (X, Y) coordinates and start and end frames,
and annotated all out-of-focus frames. These results were provided to the computational programme
as a learning reference. The program was first tested on a trial sample, and the detection of membrane
events and out-of-focus frames was manually verified. Normally, thousands of events were recorded;
therefore, we randomly picked 100 events to verify. Because the automatic blur detection function
of the machine learning algorithm was unsatisfactory due to high type II error rate, we decided to
manually remove all out-of-focus frames. Detection of membrane events regarding their (X, Y)
coordinates and the start and end frames had a 95% accuracy (type I error). Subsequently, the program
was tested on single cells (images cropped from a large field) expressing different inhibitory receptors
to assess whether it could be broadly applied to all TIRF imaging experiments. As previously stated,
the test results were examined in the same manner. Consequently, event detection of all five inhibitory
receptors within single cells achieved 95% accuracy (type I error). A flowchart of the computational
analysis routine is illustrated in Figure 3.12.
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Figure 3.12 Development of a machine learning program for analysing inhibitory
receptor events on the interface

A total of 200 receptor events in the large field of a TIRF image of CTLA-4 were
manually annotated, including their (X, Y) coordinates and the start and end frames. In
addition, out-of-focus (blurred) frames over the time-lapse recording were annotated on
a separate sheet. The machine learning program was trained with this information as
a reference, and the results of test images were 95% accurate (type I error) in terms of
event detection. The detection performance of out-of-focus frames was unsatisfactory. We
manually removed out-of-focus frames and cropped the large field into single-cell images.
The machine learning program used the results of large-field annotation of CTLA-4 as a
reference to analyse the single-cell images of different inhibitory receptors, namely, CTLA-4,
PD-1, LAG3, TIM3 and TIGIT, and exported the list of events with 95% accuracy (type I
error) for coordinates and start and end frames. The manual annotation of receptor events
and out-of-focus frames was performed by Jiahe Lu, the machine learning algorithm was
developed by Xiongtao Ruan and the manual examination of the machine learning program
was performed by Christoph Wuelfing.
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We compared the frequency of clusters of inhibitory receptors, such as vesicles containing these
receptors, that inserted the interface. The first 500 frames of images were divided into five time
frames, with each time frame including 100 images accounting for 33 seconds. Figure 3.13B
demonstrates the results of two-way ANOVA of the membrane events of CTLA-4, PD-1, LAG3,
TIM3 and TIGIT in the five time frames. After normalisation of the event counts to the cell area,
CTLA-4 exhibited the least number of membrane events in the first 100 frames, with the number
being significantly lower than that of the other four inhibitory receptors (p≤0.01). Moreover, CTLA-4
continued to have significantly fewer events than PD-1 and LAG3 in the next 300 frames (p≤0.05).
On the contrary, LAG3 exhibited significantly more events than TIM3 in the first 200 frames (p≤0.05)
and TIGIT in 301–500 frames (p≤0.05). PD-1 exhibited significantly more events than TIGIT during
301–500 frames(p≤0.05).

In addition, we compared the event frequency of each inhibitory receptor among the five
time frames. CTLA-4 exhibited a significant consistent increase in the number of membrane events
(p≤0.05, all subsequent time points relative to the first), whereas TIGIT events at the interface were
significantly and consistently less frequent (p≤0.05, all subsequent time points relative to the first).
The event frequencies of PD-1, LAG3 and TIM3 did not significantly alter in the late 300 frames. It is
noteworthy that all inhibitory receptors except CTLA-4 exhibited a significantly higher number of
events in the first 100 frames than in the subsequent time frames, highlighting robust receptor activity
in the early stage of T cell activation.

Overall, the temporal and spatial features of the five inhibitory receptors during their translocation
to the plasma membrane were different. A few CTLA-4 vesicles were delivered to the interface
in the early stage; however, these vesicles were delivered at a higher rate over time. More PD-1
and LAG3 events and fewer TIM3 and TIGIT events were detected in the synapse. The continuous
decrease in TIGIT insertion frequency distinguished it from other inhibitory receptors. Given
the differences in event frequencies and distribution patterns among the five inhibitory receptors
during their translocation to the interface, these results validate that the five inhibitory receptors are
differentially distributed in vesicular structures.
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Figure 3.13 Quantitative analysis of membrane insertions of the five inhibitory
receptors at the interface (Figure legend next page.)
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Figure 3.13 (Previous page.) Quantitative analysis of membrane insertions of the five
inhibitory receptors at the interface
A. Representative TIRF images of T cells expressing CTLA-4, PD-1, LAG3, TIM3 or
TIGIT at 0, 100, 200, 300, 400, 500 and 1000 frames, wherein 100 frames accounted for
33 seconds. B. Area-normalised membrane events of inhibitory receptors were counted
every 100 frames, and one-way ANOVA was performed to compare the event frequency
of each inhibitory receptor among the five time frames. The results of two-way ANOVA
are presented in the tables. The top right corner of the table (black asterisks) indicates the
statistical significance of differences among 1–100 (“100”), 201–300 (“300”) and 401–500
(“500”) frames. The bottom left corner of the table (grey asterisks) indicates the statistical
significance of differences among 101–200 (“200”) and 301–400 (“400”) frames.
Clone4 CD8+ T cells were retrovirally transduced to express GFP-fused CTLA-4, PD-1,
LAG3, TIM3 or TIGIT. T cells expressing GFP-conjugated inhibitory receptors with
one log higher fluorescence intensity than GFP-negative cells were sorted via FACS. A
384-well glass-bottom imaging plate was coated with biotin–NeutrAvidin–biotinylated
αCD3 sandwich (10µg/mL αCD3 sandwich) or with 10µg/mL αCD3 + 2.5µg/mL ICAM-1
molecules as APC substitute. A total of 4×104/well T cells and were seeded in the
glass-bottom imaging plate, and images were acquired every 333 ms for 7 minutes via TIRF
microscopy. Out-of-focus frames were manually removed from the original images, and
single-cell images were cropped from a large field. Images of individual cells expressing
CTLA-4, PD-1, LAG3, TIM3 or TIGIT were analysed using a machine learning program
developed by Xiongtao Ruan. Data are derived from 21 CTLA-4-expressing cells, 19
PD-1-expressing cells, 21 LAG3-expressing cells, 17 TIM3-expressing cells and 20
TIGIT-expressing cells. The data of each receptor are derived from at least three independent
experiments. Scale bar: 2 µm. The asterisks represent P-values: *≤0.05, **≤0.01,
***≤0.001, ****≤0.0001. Images were analysed by Jiahe Lu and Christoph Wuelfing. The
figure was generated by Christoph Wuelfing.
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3.6 Proteomes of vesicles containing CTLA-4, LAG3 and
TIM3 are different

Engineered APEX2 is a 27-kDa enzyme optimised by the Ting Laboratory for use in proximity
labelling in proteomics and electron microscopy (Hung et al., 2016; Martell et al., 2017). APEX2 has
been used to investigate the proteome of vesicles containing neurotransmitters (Loh et al., 2016). In
this study, we used this approach to determine the molecular identity of vesicles containing inhibitory
receptors. APEX2 was genetically coupled to the N-terminus (the extracellular domain) of CTLA-4,
PD-1, LAG3, TIGIT and TIM3 in a manner that the enzyme faces the lumen of intracellular vesicles.
APEX2 oxidises membrane-permeable biotin-phenol to a highly reactive biotin-phenoxyl radical
that does not traverse cellular membranes (Rhee et al., 2013). Such radicals covalently bind to the
neighbouring luminal proteins, which can be pulled down on streptavidin beads and detected via mass
spectrometry. Because the half-life of biotin-phenoxy radicals is <1 ms (Mortensen and Skibsted,
1997), endogenous proteins proximal to inhibitory receptors within a radius of 10–20 nm, that is, in
the vesicular lumen, are biotinylated (Hung et al., 2014; Lam et al., 2015). We attempted to generate
a specific list of co-localising proteins for each inhibitory receptor.

The retroviral transduction efficiency of the five APEX2-fused, GFP-labelled inhibitory re-
ceptors in clone 4 CTLs was different. The results of FACS are shown in Figure3.14. Although
APEX2-fused, GFP-labelled CTLA-4, LAG3 and TIM3 were successfully expressed, their expression
was lower than that of receptors tagged with only GFP (Figure2.3). Proteomic analysis requires
millions of T cells. However, the transduction efficiency of APEX2-fused PD-1 and TIGIT was
approximately 2%, which resulted in an insufficient proportion of cells for sorting. APEX2 is a 27
kDa protein that is fused to the N-terminus of inhibitory receptors. There is evidence that fusing GFP
to the N-terminus of some proteins is more likely to result in expression failure than fusing to the
C-terminus (Palmer and Freeman, 2004; Wiemann et al., 2001). The extremely poor transduction
efficiency of APEX2-PD-1 and APEX2-TIGIT may be caused by the same mechanism.
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Figure 3.14 FACS of the five APEX2-fused inhibitory receptors
Representative images of FACS of CTLs that were retrovirally transduced with APEX2-
CTLA-4-GFP, APEX2-PD-1-GFP, APEX2-LAG3-GFP, APEX2-TIM3-GFP and APEX2-
TIGIT-GFP. All GFP-positive CTLs that were at least 0.1 log brighter than negative cells were
sorted via FACS using the indicated GFP-positive sorting gate and collected for proteomic
analysis. The proportion of GFP-positive cells is listed. X axis, 552-dTomato channel; Y
axis, 488-GFP channel.
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3.6.1 APEX2-CTLA-4-GFP is distributed in vesicular structures un-
der light microscope

The use of APEX2 in luminal proteomic analysis is relatively recent, and it has not been used in T
cells or inhibitory receptors to date. In this study, we assessed whether the attachment of APEX2
enzyme at the N-terminus of inhibitory receptors affects their vesicular localisation. In addition, we
validated the function of APEX2 inside T cells. Timsee Raj from the Wuelfing Laboratory generated
APEX2-fused inhibitory receptor constructs and conducted wide-field live cell imaging to assess the
distribution of APEX2-fused inhibitory receptors and the peroxidase function of APEX2. The results
revealed that APEX2-fused, GFP-labelled CTLA-4 retained its vesicular localisation. When the cells
are treated with H2O2, APEX2 catalyses the biotinylation of vesicular proteins, which can be detected
using fluorophore-conjugated streptavidin. Without further quantification, there was extensive overlap
between the GFP signal of the inhibitory receptor, CTLA-4, and the red fluorescence of streptavidine
(Figure3.15 lower panel). No significant co-localisation of GFP and Alexa 568 signals was observed
in negative control cells, which were not treated with biotin-phenol or H2O2. Altogether, the results
of imaging supported that APEX2 expressed on CTLs was functional and biotinylation specifically
occurred in proteins that were close to APEX2-fused, GFP-labelled CTLA-4 (Figure3.15 upper and
middle panel). We acknowledge that the localisation of APEX2-LAG3-GFP and APEX2-TIM3-GFP
also needs to be examined in the future.
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Figure 3.15 APEX2-CTLA-4-GFP is localised in vesicular structures and APEX2
catalyses vesicle biotinylation (Figure adapted from Timsee Raj)
T cells were retrovirally transduced with APEX2-CTLA-4-GFP. APEX2 is an enzyme that
catalyses the oxidation of membrane-permeable biotin-phenol to highly reactive radicals
that covalently bind to luminal proteins in the vicinity of APEX2-CTLA-4-GFP. Biotin
forms covalent bonds with Alexa 568-conjugated streptavidin and emits red fluorescence.
A total of 1×104 GFP-positive CTLs were sorted via FACS and incubated with 500-µM
biotin-phenol in a medium containing IL-2 at 37°C for 30 minutes. The ells were collected,
incubated with 1 mM H2O2 for 30 seconds and then quenched to stop the reaction. Alexa
568-conjugated streptavidin was used according to the manufacture’s instruction. In the
negative control groups, cells were cultured without adding H2O2 or biotin-phenol. BP,
biotin-phenol. Images acquired by Timsee Raj.
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3.6.2 APEX2-labelling of inhibitory receptors under electron mi-
croscopy is unspecific

APEX2 fused to the extracellular domain of inhibitory receptors can catalyse the precipitation of
electron-dense osmium with diaminobenzidine (DAB) at its proximal sites, which can be detected
by electron microscopy. Vesicular structures with double membranes and intensive electron-dense
scattering were observed (Figure 3.16). However, other intracellular structures that were not fused
with APEX2, such as the nucleus and mitochondria, were also stained. This lack of specificity may be
attributed to the overstaining of DAB/H2O2 (Martell et al., 2017). In future studies, staining duration
should be carefully controlled and validated via light microscopy before preparing for EM. And
cross-validating the interested structure with the immuno-gold labelled inhibitory receptors is needed.
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Figure 3.16 Representative transmission electron microscopic images demonstrating
electron-dense metal precipitation in CD8+ T cells
CD8+ T cells were retrovirally transduced to express A. APEX2-CTLA-4-GFP, B. APEX2-
TIM3-GFP and C. APEX-LAG3-GFP. APEX2-expressing CD8+ T cells and D. untransduced
primary CD8+ T cells were coupled to peptide-loaded RencaWT (APCs). T cells are labelled
“T” and Renca cells are labelled “APC”. APEX2 is a peroxidase that catalyses the polymerisa-
tion of DAB by H2O2. DAB polymers further precipitate with OsO4, which can be detected
by EM. The double-membrane organelles precipitated with DAB and the electron-dense
metal osmium are indicated by white arrows. The length of the scale bars is indicated in each
image.
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3.6.3 APEX2-based proteomic analysis

Although the APEX-mediated labelling of vesicles harbouring inhibitory receptors under EM was not
successful, we argue that it may not deny the specificity of proximal biotinylation, as suggested by the
colocalisation of biotin-streptavidin and CTLA-4 under the light microscope. So we continued to
execute quantitative proximity proteomics on the three inhibitory receptors CTLA-4, LAG3 and TIM3.
Clone 4 CD8+ T cells were retrovirally transduced with APEX2-CTLA-4-GFP, APEX2-LAG3-GFP
or APEX2-TIM3-GFP. CD8+ T cells that were at least 0.1 log brighter than the negative cells were
sorted by FACS. And same amount of pairing negative samples were sorted using the negative gate
(Figure 3.14) from the corresponding transduced cell population. That is, the negative controls were
not the untransduced primary T cells, but the GFP-negative population sorted from the matching
APEX2-IR-GFP transduced T cells. Proteins labelled with biotin by inhibitory receptor-conjugated
APEX2 were pulled down using streptavidin beads and identified via mass spectrometry. Specifically,
four replicates of cells with vesicles containing CTLA-4, LAG3 and TIM3 each were used for
quantitative proteomic analysis. In each experiment, 6-plex TMT (Rauniyar and Yates III, 2014) was
used to label cell lysates derived from CTLs expressing APEX2-fused CTLA-4, LAG3 and TIM3
and their matched negative controls. Eventually, 22 proteomic data sets were obtained. Proteins
were identified with a 5% false discovery rate (FDR), with 691, 596, 404 and 874 proteins being
respectively identified in four proteomic runs. These proteins are listed in Appendix A. t-distributed
stochastic neighbour embedding (t-SNE), an unbiased computational analysis directly based on
peptide counts identified via mass spectrometry, was used to compare the vesicular proteomes of
CTLA-4, LAG3 and TIM3. To assess whether any protein had vesicular localisation specific to
that of the three inhibitory receptors, we analysed enriched proteins related to different cellular
compartments identified via computational analysis and manually.
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Principle of t-distributed stochastic neighbour embedding (t-SNE)

t-SNE is a non-linear algorithm for dimensionality reduction that is well suited for the visualisation
of high-dimensional datasets with their local and global structure retained (van der Maaten and
Hinton, 2008). Therefore, t-SNE outcompetes several other learning algorithms and is popular in
cluster analysis (Kobak and Berens, 2019). It was proposed by van der Maaten and Hinton in 2008,
optimising the previous SNE technique proposed by Hinton and Roweis in 2002.

t-SNE is used to compute similarity between datapoints in high-dimensional space using a
normalised Gaussian kernel and visualise the distance between the datapoints in low-dimensional
space (2D) using a t-distribution. A robust 2D model is achieved by optimising mutual entropy,
or Kullback–Leibler divergence, which measures differences between one possibility distribution
(low-dimension model) and the reference possibility distribution (high-dimension model). Overall,
t-SNE estimates possibilities to represent pairwise similarities between datapoints and projects
the data distributed in high-dimensional space onto a 2D plane through many steps of iteration.
Pairwise similarity is defined by Euclidean distance between datapoints in high-dimensional space
and is visualised as clusters on a low-dimensional (2D) plot (van der Maaten and Hinton, 2008).
Altogether, t-SNE is an unsupervised machine learning algorithm and hence is unbiased. We used the
22 proteomic datasets from the four independent experiments without filtering them.

Several parameters should be set before or adjusted during t-SNE analysis. The most im-
portant parameter is “perplexity”, which is an estimated number of close neighbours a point should
have and is normally set to a range between 5 and 50. In practice, perplexity should be set to a number
smaller than the number of datapoints so that the datapoints do not cluster collectively in extreme
cases (Wattenberg et al., 2016). Accordingly, the perplexity should be <22 for t-SNE analysis in this
study.
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Proteomes of vesicles containing CTLA-4, LAG3 and TIM3 cluster into separate
groups after dimensionality reduction via t-SNE

Two pronounced features are presented in the plot in Figure 3.17.

First, the proteomes of all negative control samples are clustered and distinguishable from
proximity proteomes of the three APEX2-tagged inhibitory receptors. Instead of using untransduced
CTLs, negative samples were derived from cells that did not express APEX2-CTLA-4, -LAG3
or -TIM3 after transduction. Consistent clustering of negative control samples suggested that the
experimental replicates were reliable and the experimental results were reproducible. In future
experiments, a negative control consisting of transduced CTLs can be used to further assess the
specificity of the analysis.

Second, the proteomes of vesicles containing APEX2-CTLA-4, -LAG3 or -TIM3 were closely
clustered across their experimental replicates and separated from each other. Given that t-SNE is an
unbiased machine-learning algorithm, these results suggest that the vesicular proteomes of the three
inhibitory receptors are different.

Overall, t-SNE analysis reduced the multi-component proteomic data to two dimensions
and visually demonstrated that the proteomes of vesicles containing CTLA-4, LAG3 and TIM3 are
different.
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Figure 3.17 Proteomic datasets of inhibitory receptor-containing vesicles are grouped
by t-SNE (Figure legend next page.)
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Figure 3.17 (Previous page.)
Proteomic datasets of inhibitory receptor-containing vesicles are grouped by t-SNE
2D plot showing the 22 proteomic datasets grouped and visualised by t-SNE. Clone 4
CD8+ T cells were retrovirally transduced with APEX2-CTLA-4-GFP, APEX2-LAG3-GFP
or APEX2-TIM3-GFP. Approximately 2×106 to 8×106 CD8+ T cells expressing APEX2-
CTLA-4-GFP, APEX2-LAG3-GFP or APEX2-TIM3-GFP that were at least 0.1 log brighter
than the negative cells were sorted by FACS. Same amount of pairing negative samples were
sorted using the negative gate from the corresponding transduced cell population. Cells were
biotinylated, lysed and bound to the streptavidin beads in each sample. APEX2 catalyses the
oxidation of membrane-permeable biotin-phenol to highly reactive radicals that covalently
bind to neighbouring proteins in the lumen of vesicles containing APEX2-fused proteins.
The cell lysate-combined beads were analysed via mass spectrometry (MS). As a result, 22
proteomic datasets were generated via MS. Subsequently, t-SNE analysis was performed
based on raw MS peptide data. Four independent experiments were conducted and indicated
by dots in the plot. A pair of TIM3-positive and -negative samples was damaged and is not
shown in the plot. Positive samples were labelled “P” and negative samples were labelled
“N”, with numbers indicating the repeats. The two axes, P1 and P2 stand for principle
components and do not have any biological meaning.
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Annotation of vesicular proteomes indicates shared endocytic trafficking as part of the
localisation of inhibitory receptors

To verify the results of computational analysis, we analysed enriched proteins with a 5% global FDR
across the 22 datasets. A Venn diagram was constructed to demonstrate unique and common proteins
enriched in vesicles containing CTLA-4, LAG3 and TIM3 Figure3.18. CTLA-4 and LAG3 are
selectively enriched in their own proteomes, suggesting the specificity of vesicular proteomics. The
absence of TIM3 enrichment in its vesicle proteome may be attributed to the lower accumulation of
TIM3 than that of CTLA-4 and LAG3 in intracellular compartments as suggested by results of imaging
analysis (see Chapter 3.3); consequently, fewer TIM3 molecules were available to be labelled in the
vicinity.

Figure 3.18 Venn diagram demonstrating the common and unique proteins enriched
in the proteomes of vesicles containing CTLA-4, LAG3 and TIM3 (Figure legend next
page.)
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Figure 3.18 (Previous page.) Venn diagram demonstrating the common and unique
proteins enriched in the proteomes of vesicles containing CTLA-4, LAG3 and TIM3
Clone 4 CD8+ T cells were retrovirally transduced with APEX2-CTLA-4-GFP, APEX2-
LAG3-GFP or APEX2-TIM3-GFP and sorted via FACS. Four replicates of 2-8 million
CD8+ T cells positive and negative for the expression of APEX2-CTLA-4-GFP, APEX2-
LAG3-GFP or APEX2-TIM3-GFP were biotinylated, lysed and bound to the streptavidin
beads. APEX2 catalyses the oxidation of membrane-permeable biotin-phenol to highly
reactive radicals that covalently bind to the neighbouring luminal proteins in vesicles
containing APEX2 fusion proteins. The cell lysate-combined beads were analysed via
mass spectrometry (MS). t-SNE based directly on MS peptide counts was used to identify
enriched proteins with a 5% global FDR. Enriched proteins related to cellular compartments
were mapped to vesicles containing CTLA-4, LAG3 and TIM3. Proteins are presented as
gene names in Mus musculus. Ctla4, CTLA-4; Rpn1, Ribophorin 1; Rpl10a, 60S ribosomal
protein L10a; Ero1a, ERO1-like protein alpha; Calr, Calreticulin; Prdx4, Peroxiredoxin-4;
Lbr, Lamin-B receptor; Ptprc, Protein tyrosine phosphatase, receptor type, C (CD45); TfR,
Transferrin receptor protein 1; Tmed10, Transmembrane p24-trafficking protein 10; Tm9sf2,
Transmembrane 9 superfamily member; Rpn2, Ribophorin 2; Rpl18, 60S ribosomal protein
L18; Nucb1, Nucleobindin 1; Tmed7, Transmembrane p24-trafficking protein 7; Tmed9,
Transmembrane p24-trafficking protein 9; Slc25a3, Solute carrier family 25 member 3; Lag3,
LAG3; Hsp90b1, Heat shock protein 90, beta (Grp94), member 1; Nup210, Nucleoporin
210; Ganab, Glpha glucosidase 2 alpha neutral subunit; Hspa5, heat shock protein 5; Pdia3,
Protein disulfide isomerase associated 3; Pdia4, Protein disulfide isomerase associated
4; P4hb, ; Pdia6, Protein disulfide isomerase associated 6; H2-D1, histocompatibility 2,
D region locus 1; Nolc1, Nucleolar and coiled-body phosphoprotein 1; Hist1h3b, H3
clustered histone 2; Dnmt1, DNA methyltransferase (cytosine-5) 1; Top1,Topoisomerase
(DNA) I; Hnrnpu, Heterogeneous nuclear ribonucleoprotein U; Hnrnpc, Heterogeneous
nuclear ribonucleoprotein C; Hnrnpl, Heterogeneous nuclear ribonucleoprotein L; Smarca1,
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily
a, member 1 ; Lmnb1, Lamin B1; Raly, hnRNP-associated with lethal yellow; Mki67,
Proliferation marker protein Ki-67.

125



3.6 Proteomes of vesicles containing CTLA-4, LAG3 and TIM3 are different

The three enriched proteins that were common among the vesicular proteomes of CTLA-4, LAG3
and TIM3 were transferrin receptor (TfR), CD45 (Ptprc) and transmembrane p24 trafficking protein
10 (Tmed10). In addition, vesicles containing CTLA-4 shared two enriched proteins with those
containing LAG3 and nine enriched proteins with those containing TIM3. The enrichment of shared
proteins indicates that the three inhibitory receptors have overlapping endocytic trafficking pathways.

TfR facilitates the uptake of iron into the cell (Kawabata, 2019). It was 10.7(±0.8)-fold en-
riched in CTLA-4 vesicles, 2.9(±0.5)-fold enriched in LAG3 vesicle and 2.4(±0.2)-fold enriched
in TIM3 vesicles. It is often internalised via the clathrin-dependent pathway (Iacopetta et al.,
1988; Miller et al., 1991) and sorted by AP-2, which binds to the YXXØ (YTRF) motif of TfR
(Collawn et al., 1990, 1993; Traub and Bonifacino, 2013). CTLA-4 co-localises with transferrin
and its receptor in intracellular vesicles (Kaur et al., 2013; Linsley et al., 1996). In addition, the
internalisation of CTLA-4 is mediated by clathrin-coated vesicles through the YXXØ (YVKF)
motif (Kaur et al., 2013). LAG3 co-localises with Rab11b (Woo et al., 2010). Rab11b governs
the trafficking of TfR from endosomes to the plasma membrane (Schlierf et al., 2000). LAG3
is reported to mediate clathrin-dependant endocytosis of α-synuclein in neurons (Mao et al.,
2016); however, this mode of endocytosis has not been extensively reported in T cells in which
LAG3 binds to other ligands (Graydon et al., 2021). To the best of our knowledge, TIM3 has not
been associated with TfR or clathrin to date. Overall, the enrichment of TfR in the proteomes
of vesicles containing the three inhibitory receptors indicates that the receptors may undergo
clathrin-mediated endocytosis, suggesting that they are frequently internalised and retained
intracellularly. Additionally, histocompatibility 2, D region locus 1 (gene name: H2-D1) was enriched
in vesicles containing CTLA-4 and TIM3. H2-D1 belongs to the MHC class I family and is localised
in the antigen-presenting region (Teramoto et al., 2008; Zamanian et al., 2012). Its enrichment
in vesicles containing CTLA-4 and TIM3 indicates that these receptors are localised close to the
TCR–MHC class I complex after they are endocytosed, which is consistent with the imaging data.
However, dual-colour live cell imaging or antibody labelling of these receptors should be performed
to verify this hypothesis. During T cell activation, CD45, a transmembrane protein expressed on
the cell surface of many lymphocytes, is localised at the immunological synapse (Hermiston et al.,
2003). CD45 and CTLA-4 were pulled down with TIM3 by interactomics (Zhai et al., 2021), which
in part corroborates our data and suggests the lateral association of CD45 with the inhibitory receptors.

Transmembrane P24 trafficking proteins (TMEDs) are a family of proteins involved in the
sorting and trafficking of specific proteins to different cellular compartments, such as the endoplasmic
reticulum, the Golgi apparatus and lysosomes (Aber et al., 2019; Schimmöller et al., 1995). In
addition, they may play a role in regulating the size and composition of transport vesicles and in the
proper assembly and functioning of the vesicles (Emery et al., 2000; Pastor-Cantizano et al., 2016).
The shared enrichment of TMED10 with the three inhibitory receptors suggests that the receptors use
the same fundamental early secretory pathway and Golgi-to-ER retrograde transport mechanism.
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A mitochondrial phosphate carrier protein called solute carrier family 25 member 3 (gene name:
Slc25a3) was specifically enriched in LAG3-containing vesicles, which may be a result of the
endolysosomal targeting of mitochondria under stress. H2O2 used to generate biotin-phenoxy radicals
for protein labelling in proteomic analysis might have induced oxidative stress (Gutiérrez-Venegas
et al., 2015; Takeyama et al., 2002). Studies have reported that under various intracellular stresses,
Rab5+ endolysosomes concentrate at both the inner and outer mitochondrial membranes, inducing
BAX recruitment, pore formation, release of cytochrome c and consequently apoptosis (Wang,
Coppens, Saorin, Brady and Hamacher-Brady, 2020). The localisation of Rab5+ endolysosomes
in mitochondria is also prominent when cells are stimulated with H2O2 (Hsu et al., 2018; Wang,
Coppens, Saorin, Brady and Hamacher-Brady, 2020). Therefore, the exchange of membrane
components between the endolysosomal system and mitochondria may explain the presence of
mitochondrial proteins in LAG3-containing vesicles. The mitochondrial membrane can contact the
membrane of other organelles, such as lysosomes (Wong et al., 2018), ER (Csordas et al., 2006) and
nucleus (Eisenberg-Bord et al., 2021). However, ion and lipid exchange, instead of bulk protein
transfer, is primarily observed at the contact site (Murley and Nunnari, 2016; Wong et al., 2018).
Several nuclear proteins, such as the proliferation marker ki-67 (gene name: Mki67) were enriched in
vesicles containing TIM3. The ER membrane is contiguous with the nuclear membrane (English
and Voeltz, 2013a). In this study, subsequent imaging experiments revealed that TIM3 was enriched
in vesicles close to the nucleus (Figure 4.5). However, whether this finding indicates that TIM3
is mainly located in the peri-nuclear ER compartment warrants further validation. As a result, we
could not better explain the enrichment of mitochondial protein in the LAG3-vesicles and nuclear
proteins in TIM3-vesicles. Although we could not rule out contamination, it appeared unlikely that
the enrichment was selective for LAG3- and TIM3-positive vesicles.

Gene ontology suggests inhibitory receptor share an overlapping endocytic trafficking
route

In addition to using an unbiased algorithm to identify proteins enriched in vesicles containing CTLA-4,
LAG3 and TIM3, we manually filtered the proteomic data to identify enriched proteins. Initially,
we removed non-specific and putative proteins based on proteomes compiled by Trinkle-Mulcahy
et al. (2008). Subsequently, proteins were considered enriched if they fulfilled either of the following
conditions:

1. Enrichment in the same IR-containing cellular compartment in at least two experimental repeats

2. Enrichment in an IR-containing cellular compartment once but absence in any other experi-
mental replicates, representing specific but possibly low protein abundance

Three lists of enriched proteins were generated using the abovementioned criteria, one for each
IR-containing cellular compartment. A total of 167, 98 and 167 proteins were enriched in vesicles
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containing CTLA-4, LAG3 and TIM3, respectively. As described, these proteins were not found con-
sistently across all experimental replicates. We speculate that technical factors, instead of biological
factors, may have prevented consistent detection. The enriched proteins were subjected to Gene On-
tology enrichment analysis using the online platform ShinyGO (Ge et al., 2020). Proteins enriched in
vesicles containing CTLA-4 and LAG3 vesicles were found to be associated with ER–chaperone com-
plex, melanosome, COP-II vesicles for ER-to-Golgi transport, ER-to-Golgi intermediate compartment
and other cellular compartments (Figure 3.19A and B). Some proteins enriched in LAG3-containing
vesicles were found to be associated with the Arp2/3 complex, which assists in the budding of vesicles
from endosomes (Gautreau et al., 2014). The proteins enriched in TIM3-containing vesicles were
closely related to nuclear protein complexes, which is consistent with the results presented in the
previous section (Figure 3.19C). Altogether, the results of enrichment analysis suggest that inhibitory
receptors share an overlapping endocytic trafficking route.
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Figure 3.19 Gene Ontology enrichment analysis of the proteomes of vesicles containing
CTLA-4, LAG3 and TIM3
Clone 4 CD8+ T cells were retrovirally transduced with APEX2-CTLA-4-GFP, APEX2-
LAG3-GFP or APEX2-TIM3-GFP and sorted vis FACS. Four replicates of 2-8 million CD8+

T cells positive or negative for the expression of APEX2-CTLA-4-GFP, APEX2-LAG3-GFP
or APEX2-TIM3-GFP were lysed, biotinylated, and bound to the streptavidin beads. The
cell lysate-combined beads were analysed via mass spectrometry (MS). Experiments
were repeated four times for CTLA-4- and LAG3-containing vesicles and three times for
TIM3-containing vesicles. Non-specifically bound and putative proteins were removed from
the protein list (FDR<0.01). Proteins were considered enriched if they were either enriched
in the same IR-containing cellular compartment in at least two experimental replicates
or enriched once in an IR-containing cellular compartment but not detected in any other
replicate. Gene Ontology enrichment analysis was performed on proteins enriched in A.
CTLA-4-, B. LAG3- and C. TIM3-containing vesicles by using the ShinyGO platform.
Lollipop charts indicate the number of genes, fold enrichment and false discovery rate in
each cellular compartment.
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3.7 Discussion
In this chapter, we used live cell imaging techniques and APEX-based proteomics analysis (Lam et al.,
2015) to investigate the similarities and differences among the distribution and proximal molecular
environment of the five inhibitory receptors. Overall, the distribution patterns of CTLA-4 and LAG3
are different, whereas those of PD-1, TIM3 and TIGIT are similar. In addition, vesicles containing
CTLA-4, LAG3 and TIM3 have distinct proteomes.

First, we compared the surface and intracellular localisation of the five inhibitory receptors
in primary T cells before their activation via confocal imaging. CTLA-4, PD-1, LAG3, TIM3 and
TIGIT had significantly lower edge-to-inner region fluorescence intensity ratio than CD28, CD2,
CD6 and TCRζ, suggesting that a significant proportion of the five inhibitory receptors is more
accumulated in intracellular structures than the receptors known to be preferentially expressed on the
cell surface. This finding is consistent with that of previous studies investigating the intracellular
localisation of CTLA-4 (Linsley et al., 1992), PD-1 (Pentcheva-Hoang et al., 2007), LAG3 (Bae
et al., 2022) and TIM3 (Lake et al., 2021) and provides evidence for the intracellular localisation
of TIGIT. The “cell surface” region in the analysis almost certainly included membrane-proximal
vesicles owing to limited resolution, these results are a quantitative underestimate of the intracellular
concentration of the inhibitory receptor pools. Therefore, the surface and intracellular expression of
inhibitory receptors in steady-state T cells should be further quantified via antibody staining and flow
cytometry to validate the results. We only measured the expression of GFP-fused receptors; however,
assessing the relative quantity of surface-expressed and intracellular endogenous receptors may
complement the results. On the other hand, we also only use the midplane for this analysis, where (in
comparison to the planes above and below), the largest fraction of the data is from the cell interior.
Therefore, because this analysis combines the opposing effects of counting membrane-associated
vesicles with the plasma membrane and preferentially counting interior structures by choosing the
midplane, we do not know if it is an under- or over-estimation of how much of the inhibitory receptor
pool is intracellular. Thus, a further quantification of the surface and intracellular expression of
inhibitory receptors in steady state T cells via antibody staining and flow cytometry may provide a
more accurate validation. Although we only measured the GFP-fused receptors, previous studies
suggested that the endogenous and GFP-tagged PD-1 and LAG3 are similarly distributed (Bae et al.,
2014; Pentcheva-Hoang et al., 2007). The surface-to-intracellular expression ratio of inhibitory
receptors at different time points after T cell activation can be compared to determine receptor
dynamics. Furthermore, we found that CTLA-4 and LAG3 were significantly more clustered than
PD-1, TIM3 and TIGIT inside the cell in a steady state, which indicated heterogeneity in the
subcellular localisation of these receptors. However, after T cell activation, the major clusters of
different inhibitory receptors move toward the immunological synapse in a similar spatiotemporal
pattern, which is likely related to MTOC polarisation (Ambler et al., 2020).
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Second, we investigated the distribution of vesicles on the plasma membrane of CTLs via
TIRF microscopy. T cells were loaded onto glass cover slips coated with the anti-TCR antibody
145-2C11 to reconstitute and investigate the immunological synapse. CTLA-4 distribution was
consistently concentrated at the centre of the interface. LAG3 distribution significantly differed
between the early (first 30 seconds of T cell spreading) and late (5 minutes after the early time points)
time points, from marginal enrichment at the centre of the interface to abundant enrichment at the
edge of the interface. The distribution patterns of PD-1, TIGIT and TIM3 were similar, with a modest,
decreasing concentration at the centre of the interface. Additionally, dual-colour TIRF imaging
showed that the co-localisation efficiency of LAG3 and CTLA-4 was lower than that of LAG3 and
TIM3 and that the co-localisation efficiency of LAG3 and TIM3 decreased over time. These results
were consistent with those of single-colour imaging, indicating that CTLA-4 has a distinctive central
distribution and LAG3 translocates to the periphery of the interface. The distribution of CTLA-4 is
consistent with its function. CTLA-4 suppresses T cell activity by outcompeting the costimulatory
receptor CD28, which is close to TCRs and is located at the centre of the immunological synapse
(Yokosuka et al., 2010). However, it is useful to use a membrane dye that distributes evenly on the
plasma membrane as a negative control to validate that these different distribution patterns are not
completely random. The different distribution patterns of the five inhibitory receptors may be a
result of the distinct frequencies and kinetics of their membrane insertions, which were detected
using a machine-learning algorithm. Membrane insertion was defined as the rapid approach of
a highly concentrated fluorescent region that dispersed upon reaching the focal plane, which is
similar to the definition used when imaging constitutive exocytosis (Ma et al., 2004; Ravier et al.,
2008; Schmoranzer et al., 2000). The insertion of CTLA-4 was the least frequent, whereas that
of LAG3 was the most frequent. The dynamics of insertions were different among the inhibitory
receptors, increased for CTLA-4 while decreased for TIGIT, and PD-1, LAG3 and TIM3 had a
burst of insertions after the first 30 seconds of interface formation. Future studies should validate
these insertion events by comparing the dynamics of inhibitory receptors with T cell degranulation
by labelling lytic granules with LysoTracker (Jenkins and Griffiths, 2010; Mace et al., 2012). Or,
co-expression of the inhibitory receptors with fluorescence-tagged surface receptors such as CD28,
as the reference of the plasma membrane. Moreover, line scan analysis can be complemented by
machine learning techniques to determine the insertion events relative to the interface geometry.
Because the x, y coordinates were recorded relative to the field and not the cell surface, the area
of the interface and coordinates should be normalised to generate a universal map of inhibitory
receptors located at the interface. Alternatively, sampling of the cell interface with concentric circles
may be achieved by computational analysis, replacing linescan analysis. Massive computational
modelling was beyond the scope of this project. However, noteworthy insights can be obtained
by investigating whether the spatial pattern of different inhibitory receptors at the immunological
synapse fits the kinetic segregation model. Davis and Van Der Merwe (2006) proposed that the close
contact between a T cell and an APC leads to the exclusion of inhibitory phosphates with large
extracellular domains such as CD45 and CD148 from the close-contact region and hence initiates
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TCR triggering and downstream signalling. This entire process occurs immediately before the
formation of a stable immunological synapse and T cell activation (Taylor et al., 2022). The binding
of ligands and inhibitory receptors results in such close contact and is postulated to drive inhibitory
receptors apart from CD45 and allow the phosphorylation of their ITIM motifs (Paluch et al., 2018).
However, whether the localisation of stimulatory or inhibitory receptors follows this model remains
controversial (Hünig and Dennehy, 2005). For example, LAG3 is homologous to CD4. According to
the kinetic segregation model, LAG3 is not a molecule with a bulky extracellular domain such as
CD45 (Al-Aghbar et al., 2022; Triebel et al., 1990). However, we observed that LAG3 was excluded
from the centre of the interface. The paucity of ligands could not explain why the other receptors
did not experience such segregation. Overall, the machinery that orchestrates the localisation or
redistribution of inhibitory receptors on the T cell–APC interface should be identified and investigated.

Third, proximity proteomic analysis of inhibitory receptors provided some insights into
their surrounding biochemical environment. The common enrichment of some vesicular proteins
suggests that the receptors travel at least in part via similar vesicle types, potentially with different
extents of enrichment. The separate clusters of vesicles containing CTLA-4, LAG3 or TIM3 and the
discovery of enriched proteins in specific vesicles indicate that these receptors are predominantly
located in distinct intracellular compartments. Overall, the results of the proteomic analysis support
imaging data, indicating that different inhibitory receptors are usually concentrated in different
vesicular pools. The detected luminal proteins failed to facilitate the determination of particular types
of cellular compartments containing inhibitory receptors, most likely because the transport machinery
responsible for vesicle sorting and membrane fusion is primarily bound to the cytoplasmic side of the
vesicular membrane and not the luminal side (Goody et al., 2005; Wandinger-Ness and Zerial, 2014).
Some transport-related proteins identified from vesicular proteomes, such as Rab proteins, attracted
our attention; however, such association was not consistently observed through multiple experimental
replicates. Rab proteins can be pulled down with inhibitory receptors in lipid rafts that are resistant to
mild detergents (Li et al., 2003; von Haller et al., 2001). We investigated the role of Rab proteins in
inhibitory receptor trafficking in Chapter 5.

Live cell imaging revealed the recruitment of different inhibitory receptors to the immuno-
logical synapse (or reconstituted interface) after T cell activation. Although imaging was performed
on T cells activated solely by TCR stimuli or collectively by TCR stimuli and ICAM-1, the findings
represent some physiological conditions where the immunological synapse is formed in the absence
of the ligands of inhibitory receptors. Studies have demonstrated that the surface expression of
many inhibitory receptors can be induced by anti-CD3/anti-CD28 antibodies in the absence of
their ligands, which corroborates the results of this study (Fuertes Marraco et al., 2015; Legat
et al., 2013). For example, some tumours do not express PD-L1, or the expression of PD-L1 on
tumour cells is induced by interferon-γ, which is secreted by T cells after their activation (Ribas
and Hu-Lieskovan, 2016; Wang et al., 2016). Future studies should perform total intensity analysis
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based on TIRF microscopy to record the time point when inhibitory receptors are inserted into and
removed from the interface, which can add to existing information on the kinetics of inhibitory
receptor recruitment and recycling (Qureshi et al., 2012). Furthermore, the APCs used in confocal
imaging, RencaWT cells, express high levels of PD-L1, one of the PD-1 ligands (Ambler et al.,
2020; Balan et al., 2015), and low levels of Ceacam-1 (Lu et al., 2011) and gelectin-9 (unpublished
data, Hanin Alamir), ligands of TIM3, on their surface. Renca cells do not express CD80 or CD86,
ligands of CTLA-4 (Seki et al., 2002) and only express negligible levels of MHC class II, a ligand of
LAG3, under cytokine induction (Eto et al., 2005; Walter et al., 2000). Information regarding the
surface expression of TIGIT ligands on Renca cells is limited. An interesting aspect is to investigate
the extent to which the presence of ligands affects the distribution of inhibitory receptors at the
immunological synapse and in intracellular compartments and the kinetics of inhibitory receptor
trafficking (Khailaie et al., 2018). Ligand binding affects the trafficking of inhibitory receptors. For
example, trans-endocytosis of CTLA-4 with CD80 prevents rapid recycling of CTLA-4 owing to their
high-affinity binding, thereby preventing its subsequent ubiquitin-mediated degradation. However,
CTLA-4 transendocytosed with CD86 is quickly released and enters the LRBA-sorted recycling
pathway (Kennedy et al., 2022). Pentcheva-Hoang et al. (2007) proposed that TCR activation recruits
PD-1 to the immunological synapse, whereas PD-L1 and PD-L2 anchor PD-1 and determine its
surface localisation. A study in which a PD-L1-/- Renca cell line was used demonstrated that the
binding of PD-1 to PD-L1 disrupted T cell polarisation and the maintenance of immunological
synapse (Ambler et al., 2020). Moreover, PD-1–PD-L1 interaction at the immunological synapse
can be interfered with by CD80 (Sugiura et al., 2019), suggesting the complicated crosstalk
among inhibitory receptors and their ligands. However, the extrinsic signals that regulate PD-1
endocytosis remain elusive (He and Xu, 2020). Therefore, a binding surface with higher physiological
similarity to APCs, such as supported lipid bilayers (SLBs) (Hui et al., 2017) or immobilised plasma
membrane sheets (Natkanski et al., 2013; Spillane and Tolar, 2017) supplemented with the ligands of
inhibitory receptors (Lin et al., 2019; Zhao et al., 2019), should be considerably used in future projects.

GFP tagging is a robust technique for determining the spatial and temporal patterns of pro-
tein localisation. In this study, all fluorescent proteins were tagged to the C-terminus of inhibitory
receptors for live cell imaging. The expression and localisation of the receptors are usually not
affected by GFP fusion (Clyne et al., 2003; Michaelson and Philips, 2006; Palmer and Freeman,
2004). However, expression failure or mis-localisation may occur in some N-terminal-GFP-fused
proteins (Palmer and Freeman, 2004; Wiemann et al., 2001). Whether the low expression of
N-terminal-APEX2- fused PD-1 and TIGIT is attributed to such a mechanism remains unclear.
However, fluorescent immunostaining for endogenous inhibitory receptors may help to validate the
correct localisation of the receptors. A limitation of this study is that the total (GFP-tagged and
endogenous) expression of inhibitory receptors in retrovirally transduced T cells was not quantified.
Therefore, future studies should examine whether a shift in the expression level of inhibitory receptors
alters their predominant subcellular localisation (Snapp, 2005). GFP-tagged proteins are likely subject
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3.7 Discussion

to the same means of post-translational control of their expression as their endogenous, non-tagged
counterparts. Therefore, we speculate that the two types of proteins have a comparable expression
level. Validating this assumption, a previous study demonstrated that, for the majority of actin
regulators, the overall quantity of endogenous and GFP-tagged proteins was 5–95% of the protein
levels in non-transduced T cells (Roybal et al., 2016). The toxicity and immunogenicity of GFP in
transient expression may not be as strong as those observed in vivo (Ansari et al., 2016). In addition,
we sorted for the lowest level of GFP fluorescence that is still compatible with effective imaging.
However, quantifying and adjusting the expression levels of inhibitory receptors in retrovirally
transduced T cells may help to construct an optimal physiological environment.
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Chapter 4

Immunoprecipitation analysis to identify
trafficking proteins that associate with
inhibitory receptors
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4.1 Introduction

4.1.1 Endocytic trafficking of inhibitory receptors

After biosynthesis, most inhibitory receptors are stored in intracellular vesicles (Jansson et al., 2005;
Qureshi et al., 2012; Valk et al., 2008). After T cell activation, the receptors have to travel to the cell
membrane to interact with their ligands. Some inhibitory receptors, such as CTLA-4, constantly
undergo endocytosis to be degraded or recycled via various pathways (Janman et al., 2021; Qureshi
et al., 2012). Failing to rescue inhibitory receptors, such as CTLA-4, from lysosomal degradation may
cause T cell dysfunction and autoimmune diseases (Hou et al., 2017; Serwas et al., 2019). However,
CTLA-4 trafficking deficiency can lead to a better response to immune therapy in autoimmune
diseases (Lo et al., 2015). Therefore, disruption of inhibitory receptor trafficking impacts the function
of T cells and immune responses. Previous studies have broadly discussed the interactions between
membrane trafficking proteins, Rab family proteins, and TCRs or their adaptors such as Lck and
LAT at the immunological synapse (Bouchet et al., 2017; Carpier et al., 2018; Finetti et al., 2015;
Onnis et al., 2015). However, most studies on inhibitory receptor transport were focused on ligand
engagement, such as trans-endocytosis of CTLA-4 (Hui et al., 2017; Ovcinnikovs et al., 2019;
Sugiura et al., 2019; Zhao et al., 2019). Therefore, this project aimed to investigate the mechanisms
underlying inhibitory receptor trafficking.

CTLA-4 undergoes clathrin-mediated endocytosis, and its constitutive recycling to the cell
membrane has been validated by its co-localisation with the recycling endosome marker Rab11
(Janman et al., 2021; Zhang et al., 2019). CTLA-4 co-localises with the endosomal markers Rab5,
Rab7 and Rab9 (Qureshi et al., 2012) and is mostly accumulated in lysosomes in unstimulated T cells
(Sansom, 2015). After T cell activation, LRBA rescues CTLA-4 from AP-1 mediated lysosomal
degradation (Iida et al., 2000; Lo et al., 2015; Sansom, 2015). PD-1 is not detected in TfR+ recycling
endosomes (Pentcheva-Hoang et al., 2007). It co-localises with the LAMP1+ lysosomes in activated
CD8+ T cells (Huang et al., 2015) but not in activated CD4+ T cells (Pentcheva-Hoang et al., 2007)
and its recycling route remains unclear. Unlike CTLA-4, LAG3 does not share the same cellular
compartment with Rab5, indicating different vesicular trafficking routes of CTLA-4 and LAG3.
However, LAG3 co-localises with LAMP-2 and cathepsin D in unstimulated T cells, suggesting late
endosomal and lysosomal sorting (Bae et al., 2014). TIM3 co-localises with Rab5+ vesicles and
TGN46+ trans-Golgi network in CD4+ T cells (Prévost et al., 2020). To the best of our knowledge, no
study has explored endocytic trafficking of TIGIT to date. Rab proteins are small GTPases that are
anchored to specific membranes and interact with effector proteins to control the docking and fusion
of vesicles with the membranes of target organelles (Grosshans et al., 2006; Homma et al., 2021;
Hutagalung and Novick, 2011). However, Rab proteins do not directly bind to and sort cargo proteins
(Schneider and Rudd, 2014; Wandinger-Ness and Zerial, 2014). A type of Rab effector, retromer (a
VPS26–VPS29–VPS35 trimer), selectively binds to cargo for retrograde transport (Burd and Cullen,
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2014; Liu, T. et al., 2012). Retrograde transport occurs in the reverse direction of the secretory
pathway, retrieving proteins from the cell surface to endosomes, from endosomes to the Golgi or
from the Golgi to endoplasmic reticulum (ER) (Bonifacino and Rojas, 2006; Johannes and Popoff,
2008; Seaman, 2004). The recycling of inhibitory receptors partially relies on retrograde transport.
Therefore, it is necessary to examine whether any sorting proteins can recognise inhibitory receptors.

4.1.2 Role of retromer and sorting nexins

Surface-expressed inhibitory receptors undergo constitutive endocytosis, with or without ligand
binding. After endocytosis, the receptors enter early endosomes and undergo either lysosomal
degradation or endosomal recycling. Recycling occurs through different pathways. In fast recycling,
vesicles bud from early endosomes and fuse with the plasma membrane (Grant and Donaldson, 2009).
Slow recycling occurs through a transition hub, the recycling endosome. Receptors are sorted from
early endosomes or retrieved from late endosomes via retrograde transport and are fused with the
trans-Golgi network before they enter recycling endosomes (Maxfield and McGraw, 2004) (Figure
4.1). Protein complexes play an essential role in sorting receptors into these routes. Sorting-related
protein complexes include the retromer–sorting nexin (SNX) complex (Cullen and Korswagen, 2012),
endosomal sorting complex required for transport (ESCRT) (Raiborg and Stenmark, 2009; Wollert
and Hurley, 2010) and endosomal SNX-BAR sorting complex for promoting exit 1 (ESCPE-1)
(Simonetti et al., 2019). These complexes identify cargoes via different sorting motifs and sort them
into different routes. The constant endocytosis and recycling of inhibitory receptors require their
rescue and sorting from lysosomal degradation. However, the mechanisms through which inhibitory
receptors are distinguished from other cargoes for their divergent fates remain unknown.
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Figure 4.1 Role of the retromer complex and sorting nexins in intracellular transport
Schematic diagram showing retrograde retrieval and recycling routes orchestrated by different
sorting-related protein complexes. Surface proteins can be internalised through clathrin-
mediated endocytosis. AP-2 is a clathrin adaptor protein that recognises a specific sorting
motif on proteins. After endocytosis, proteins undergo either lysosomal degradation or
recycling. Retrograde transport occurs in the reverse direction of the secretory pathway,
such as from the plasma membrane to endosomes or from endosomes to the trans-Golgi
network (TGN). Recycling of proteins relies on retrograde transport. The direct retrieval
of endocytosed proteins from early endosomes to the plasma membrane is considered fast
recycling. In slow recycling, cargoes undergo a series of retrograde retrieval steps and pass
through recycling endosomes. Sorting nexins (SNXs) are a family of proteins characterised
by the presence of phox homology (PX) domains that are involved in the sorting of cargoes
among cellular compartments. Retromer interacts with either SNX3 to retrieve late endosomal
cargoes to the TGN via retrograde transport or SNX27 to recycle proteins from recycling
endosomes to the cell surface. In addition, AP-1 can sort proteins from late endosomes to the
TGN and from TGN to late endosomes or lysosomes. The retriever complex interacts with
the cargo adaptor SNX17 to recycle >120 cell surface proteins to the plasma membrane from
early endosomes or recycling endosomes in a retromer-independent manner. The ESCPE-1
is a heterodimer of either SNX1 or SNX2 in combination with SNX5 or SNX6, which
retrieves proteins from late endosomes to the TGN or from early endosomes to the plasma
membrane. Adapted from “Intracellular Transport”, by BioRender.com (2022). Retrieved
from https://app.biorender.com/biorender-templates.
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The retromer complex has been extensively studied in recent years. It is composed of three subunits,
VPS29, VPS26A/B and VPS35 (Kovtun et al., 2018; Lucas et al., 2016; Norwood et al., 2011). It can
provide a scaffold for transport-regulating Rab proteins and some membrane-tethering SNXs such as
SNX3 and SNX27 (Figure 4.2A and B). The retromer–SNX3 complex helps to retrieve cargoes
from endosomes to the Golgi, whereas the retromer-SNX27 complex directs cargoes to the plasma
membrane (Chen et al., 2019; Cullen and Korswagen, 2012; Steinberg et al., 2013).

SNXs are a family of proteins characterised by the presence of a phosphoinositide-binding
phox homology (PX) domain. They are usually involved in sorting of cargoes among cellular
compartments (Cullen and Korswagen, 2012; Worby and Dixon, 2002). In this project, we
investigated whether SNXs play a role in endosomal trafficking of inhibitory receptors. A total
of 33 SNXs have been discovered to date and grouped into subfamilies according to the domains
they contain (Figure 4.2C). For example, SNX3 is solely composed of a PX domain and tethers
the retromer-SNX3 complex with the endosomal lipid phosphatidylinositol-3-phosphate (PtdIns3P)
(Lucas et al., 2016; Tabuchi et al., 2010). The PX domain of SNX3 recognises cargo proteins with a
Φx[L/M/V] binding motif (Table 4.1). This motif is found in the cytoplasmic tail of several inhibitory
receptors, which are described in the following subsection. SNX27 is composed of three domains, the
PSD95/Dlg/ZO1 (PDZ) domain, a PX domain and the 4.1/ezrin/radixin/moesin (FERM) domain
(Yong et al., 2021). It interacts with the endosomal membrane in the same way as SNX3 through the
PX domain. Its PDZ domain recognises cargo proteins with an [ST] xΦ0 motif, with Φ located at the
C-terminus of cargo proteins (Clairfeuille et al., 2016). However, this motif is not found in the five
inhibitory receptors examined in this project.

Several endosomal retrieving complexes sort proteins in a retromer-independent manner.
ESCPE-1 forms a heterodimer of either SNX1 or SNX2 with either SNX5 or SNX6 through the
C-terminal BAR domains of these subunits (Evans et al., 2020; Simonetti et al., 2017). The PX
domain of SNX1/2 connects to the endosomal lipid PtdIns(3)P; however, the PX domain of SNX5/6
is responsible for sequence-specific recognition of cargoes (Figure 4.2A and B). SNX5/6 recognise
the hydrophobic ΦxΩxΦ(n)Φ binding motif on the cargo proteins, which is commonly found in
the cytoplasmic domain of a few inhibitory receptors (Table 4.1). ESCPE-1 facilitates vesicular
tubulation from the endosomal membrane, and the cargoes undergoing tubulo-vesicular transport can
be escorted to the plasma membrane or TGN (Simonetti et al., 2019).
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Figure 4.2 Structures of the retromer complex and ESCPE-1 (Figure legend next page.)
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Figure 4.2 (Previous page.) Retromer complex provides scaffolding for the sorting of
proteins
A. Schematic representation of the retromer complex and endosomal SNX-BAR sorting
complex for promoting exit-1 (ESCPE-1). The retromer complex is composed of three
subunits: Vps35, Vps29, and Vps26. The retromer-SNX3 complex provides the scaffold for
the well-known transport regulator Rab proteins such as Rab7 and some of the membrane
tethering sorting nexins such as SNX3 and SNX27. SNX3 uses its PX domain to bind
to the membrane lipid phosphatidylinositol 3-phosphate (PtdIns3P), while its N-terminal
extension and PX domain attach to a site at the interface of VPS26 and VPS35 to form
the Retromer-SNX3 complex. ESCPE-1 is formed from heterodimers of either SNX1 or
SNX2 with either SNX5 or SNX6, and is also attached to the endosomal membranes via
PtdIns(3)P. B. Schematic diagram demonstrating how sorting complexes bind to cargo
motifs and bud out from the endosomal membrane. Retromer forms dimers of trimers to
bud out from the membrane, and its adaptor sorting nexins, such as SNX3, recognise and
bind to a sequence-specific motif on the cargo protein via the PX domain. The C-terminal
BAR domains of SNX1/2 and SNX5/6 bind to each other, form the ESCPE-1 complex, and
also help bud out from the membrane. The PX domain of SNX1/2 connects the ESCPE-1
complex to the membrane lipid PtdIns(3)P, whereas the PX domain of SNX5/6 recognises
and binds to the cargo in a sequence-specific way. C. Sorting nexins categorised based on
their domain structures. Sorting nexins (SNXs) are a family of proteins characterised by a
phosphoinositide-binding phox homology (PX) domain. BAR, Bin, Amphiphysin and Rvs
domain; FERM, 4.1/ezrin/radixin/moesin domain; PDZ, PSD95/Dlg/ZO1 domain; PX, phox
homology domain; SNX, sorting nexin. Created with BioRender.com.
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SNX17 helps to maintain the cell surface expression of TCRs and integrin for T cell activation
(Osborne et al., 2015). SNX27 is polarised to the immunological synapse upon T cell activation
and localises at the boundary between central and peripheral supramolecular activation clusters
(cSMACs and pSMACs, respectively). The distribution of SNX27 is very likely to overlap with the
platform of costimulatory molecules, such as CD28 (Rincón et al., 2011; Yokosuka et al., 2008). The
inhibitory receptors CTLA-4 and PD-1 function by interfering with CD28 at the immunological
synapse (Walker, 2017). However, the relationship between SNX27 and costimulatory or inhibitory
receptor trafficking remains elusive. Other SNXs that are important for cargo retrieval, such as SNX1,
SNX2, SNX5 and SNX6, have not been associated with the dynamics of the immunological synapse
or trafficking of inhibitory receptors. An interesting aspect is to assess whether SNXs interact with
inhibitory receptors. In this project, we identified SNXs and other trafficking regulators that bind
different inhibitory receptors using immunoprecipitation.

Table 4.1 Sorting complexes and the binding motifs they recognise

Sorting complex1 Cargo adaptor(s) Binding motifs2,3 References

Retromer–SNX3 SNX3 ΩΦ[LMV]0 (Lucas et al., 2016)
ESCPE-1 SNX5/SNX6 ΦxΩ0xΦ[xn]Φ (Simonetti et al., 2019)
Commander–SNX17 SNX17 ΦxNxx[YF]0 (McNally et al., 2017)
Retromer–SNX27 SNX27 [-][-]x[-][ST]xΦ0 (Steinberg et al., 2013)
1 SNX, sorting nexin; ESCPE-1, endosomal SNX-BAR sorting complex for promoting

exit-1
2
Ω= aromatic amino acids (Phe, Trp and Tyr), Φ= hydrophobic amino acids (Ala, Val,
Ile, Leu, Phe, Trp, Tyr, Pro, Gly and Met); - = negatively charged Asp or Glu, or
phosphorylated Ser or Thr (Aasland et al., 2002)

3 The superscript “0” indicates the residue designated as position zero for numbering of
each motif sequence
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4.1.3 Sorting protein-binding motifs are found in the cytoplasmic do-
main of inhibitory receptors

CTLA-4 contains a cytosolic YVKM motif that plays an important role in its inhibitory function
and endocytic transport. Extensive studies have demonstrated that the heterotetrameric adaptor
proteins AP-1 and AP-2 bind to this motif. AP-2 regulates the internalisation of CTLA-4 via
clathrin-mediated endocytosis, and phosphorylation of the YVKM motif inhibits AP-2 binding. AP-1
shuttles CTLA-4 to lysosomal degradation or recycles it to the cell membrane, with a preference for
the unphosphorylated state of the YVKM motif. Both AP-1 and AP-2 are common transport proteins
involved in several endocytic pathways (Boucrot et al., 2010; Iida et al., 2000; Schneider et al., 1999;
Sorkin, 2004), whereas LRBA is reported to recycle CTLA-4 to the plasma membrane but not PD-1
or CD28 (Lo et al., 2015). Consequently, whether other adaptor proteins are responsible for inhibitory
receptor trafficking warrants further investigation.

The cytoplasmic domain of LAG3 is essential for its trafficking to the cell surface from an
intracellular pool, and the repetitive EP motif does not play a role in this process (Bae et al., 2014).
The translocation of LAG3 is induced by PKC signalling after T cell activation but not through direct
phosphorylation of the two serine residues (Ser484, Ser497) in the cytoplasmic domain of LAG3.
Therefore, other adaptor proteins may be responsible for bridging PKC and the cytoplasmic domain
of LAG3 (Bae et al., 2014; Iouzalen et al., 2001; Mastrangeli et al., 1996).

Studies describing sorting motifs of other inhibitory receptors, such as PD-1, TIM3 and
TIGIT, are limited. The mechanisms underlying endocytic trafficking of inhibitory receptors are
rarely investigated and, therefore, remain unknown. Although ICB therapy has been intensively
investigated, the importance of the balance between endocytosis and recycling of inhibitory receptors
may be underestimated (Lo et al., 2015; Zhang et al., 2019). Major side effects and unresponsiveness
are prevailing challenges in ICB therapy. Identifying the possible regulators of intracellular trafficking
of inhibitory receptors is a key step toward developing optimal immunotherapeutic strategies

we collaborated with the Cullen Group and found that the cytoplasmic domains of inhibitory receptors
contain multiple sorting motifs that are conserved between mice and humans and mediate the
selective binding of important regulators of receptor trafficking. The AP-1/AP-2 binding motif is
present in the cytoplasmic domains of CTLA-4, PD-1, LAG3 and TIGIT in both mice and humans.
Tyrosine phosphorylation of the YVKM domain leads to AP-2-mediated internalisation of CTLA-4
(Bradshaw et al., 1997; Leung et al., 1995; Shiratori et al., 1997; Zhang and Allison, 1997). This
pattern may apply to other inhibitory receptor motifs as well. The cytoplasmic domain of LAG3
consists of distinctive E(n)E acidic cluster-sorting motifs, which may bind to the µ-1 subunit of AP-1
(Navarro Negredo et al., 2017).
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SNXs can regulate membrane trafficking via endocytic pathways. The retromer–SNX3 mo-
tif consists of a hydrophobic amino acid, a linking amino acid and one of the L/M/V components. It
is found in CTLA-4, LAG3 and TIGIT. SNX5 and SNX6 recognise the same hydrophobic motif,
ΦxΩxΦ(n)Φ, which is found in the tails of CTLA-4, PD-1 and TIM3 (Figure 4.3); however, the
binding preferences warrant further validation. Altogether, the presence of the abovementioned
motifs suggests that inhibitory receptors can interact with some sorting proteins and their endocytic
pathways can be identified.
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Figure 4.3 Cytoplasmic domains of inhibitory receptors and their possible binding
motifs for trafficking regulators
The cytoplasmic domains of inhibitory receptors contain multiple binding motifs that are
conserved between mice and humans. And regulators of intracellular trafficking specifically
bind to these motifs and mediate their sorting into particular cellular compartments. Potential
binding motifs for retromer–SNX3, AP-1/AP-2, and SNX5/SNX6 are indicated by coloured
underlines. The sequence of the motifs is listed at the bottom. The aromatic amino acid
to locate the SNX5/6-recognising ΦxΩxΦ(n)Φ motif is labelled red. The binding motif
sequences for other sorting complexes that are not found in the cytoplasmic domain of
inhibitory receptors are not shown. Signalling motifs of inhibitory receptors are indicated by
red boxes. Cyt, cytoplasmic domain; SNX, sorting nexin.
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4.2 Chapter aims
We hypothesised that the five inhibitory receptors, namely, CTLA-4, LAG3, PD-1, TIM3 and TIGIT,
bind to different SNXs and are sorted differentially into separate intracellular vesicles. The aims of
this chapter were as follows:

1. To verify the hypothesis that the five inhibitory receptors interact with different sorting com-
plexes as a potential means to control their localisation in different cellular compartments for
their trafficking to the immunological synapse.

2. To identify cellular compartments containing different inhibitory receptors based on the co-
localisation of inhibitory receptors and endocytic markers.
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4.3 Cytoplasmic domains of inhibitory receptors cannot
pull down any sorting proteins

Given that the binding motifs identified in the cytoplasmic domains of CTLA-4 can interact with
sorting proteins (Lucas et al., 2016; Schneider et al., 2001; Simonetti et al., 2019), GFP-based
immunoprecipitation was used to detect such interactions. Initially, GFP-labelled chimaeras of
inhibitory receptors were generated. The cytoplasmic domains of the five inhibitory receptors were
cloned into the p.EGFP.N1 vector such that GFP was fused to the N-terminus of domains. Chimeric
DNA was transfected into HEK293T cells using polyethylenimine (PEI). After the cells were lysed,
the cell lysate was incubated with pre-washed GFP-trap beads for 1 hour at 4°C to pull down the
GFP-fused cytoplasmic domains of inhibitory receptors and the bound proteins. The principle of this
pull-down assay is that GFP-fused IR tails are trapped by beads along with any interacting proteins,
and non-specifically bound proteins are subsequently washed off. The pulled-down proteins are either
separated via electrophoresis and blotted to identify specific transport proteins such as SNXs and
adaptor proteins. In this project, western blotting was performed to detect AP-1, AP-2, VPS35 and a
series of sorting nexins. The expression of the cytoplasmic domain of CTLA-4 was lower than that of
the cytoplasmic domains of PD-1 and LAG3 in HeLa cells. This relative expression pattern was also
observed in HEK 293T cells, which were used for immunoprecipitation (Figure 4.4A αGFP panel).

The cytoplasmic domains of the five receptors did not appear to pull down any SNXs or the
retromer subunit VPS35 (Figure 4.4A). Although the cytoplasmic domains of the receptors exhibited
a certain extent of binding to AP-1 (from TGN to endosomes) and AP-2 (clathrin-mediated
endocytosis), quantitative analysis of western blotting results suggested no significant differences in
the immunoprecipitation levels of AP-1 and AP-2 between GFP-positive samples and GFP-negative
control samples (p-value = 0.25 and 0.24, respectively; one-way ANOVA) (Figure 4.4B and C).
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Figure 4.4 Cytoplasmic domains of inhibitory receptors cannot pull down any sorting
proteins (Figure legend next page.)
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Figure 4.4 (Previous page.) Cytoplasmic domains of inhibitory receptors cannot pull
down any sorting proteins
A. Representative western blotting of the immunoprecipitated IR cytoplasmic domains
against different sorting proteins. HEK293T cells were transfected with GFP, GFP-CI-
MPR-cyt, or the indicated GFP-IR-cyt. 24 hours post transfection, cells were lysed and
the interested proteins were immunoprecipitated by GFP-trap immunoprecipitation. The
immunoprecipitated proteins were resolved by SDS-PAGE and detected by immunoblotting.
B. and C. Statistical summary of IR-cyts binding to AP-1 and AP-2 based on quantitative-
fluorescence based western blotting. CI-MPR-tail was used as positive control. n=3
independent experiments (mean ± SEM). Molecular mass is expressed in kilodaltons; IP,
immunoprecipitation; IR, inhibitory receptor, cyt, cytoplasmic domain. Scale bars: 10 µm.
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Because immunoblotting is a biased test, a more comprehensive examination such as proteomic
analysis may help to identify more sorting proteins, or addition of the transmembrane domain of
inhibitory receptors may help to co-localise the receptors with their binding proteins and produce
more significant results. Expression of only the cytoplasmic domains of inhibitory receptors altered
their subcellular localisation from the membrane to cytoplasm, which may limit their likelihood of
accessing sorting proteins and have a low avidity to the adaptor proteins. The expression of GFP-fused
cytoplasmic domains of the five inhibitory receptors was comparable to that of the positive control
GFP-CI-MPR-tail chimeric protein. CI-MPR was used as a positive control because it is a prototypical
endosome-to-TGN cargo protein with binding sites for AP-1, AP-2, SNX3 and ESCPE-1. Conse-
quently, undetectable interaction may be a weak interaction or an indirect interaction that occurred in a
large protein network. If the interaction between inhibitory receptors and sorting proteins is bridged by
a protein platform, the loss of the transmembrane domain may stop adaptor proteins from approaching
inhibitory receptors and prevent their docking to the membrane, thus providing a scaffold for protein
sorting. To verify this hypothesis, we designed GFP-fused chimeric inhibitory receptors with
transmembrane and cytoplasmic domains (GFP-IR-TMcyt) and repeated the abovementioned analysis.
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4.4 Transmembrane domains of inhibitory receptors assist
in the binding of sorting proteins

4.4.1 Inhibitory receptors with both transmembrane and cytoplasmic
domain show vesicular distributions

Previous proteomic analysis revealed that the inhibitory receptor CTLA-4 was in the vicinity of TfR,
which may endocytosed in clathrin-coated pits. Studies have demonstrated that AP-2 cooperates
with clathrin to mediate the internalisation of CTLA-4 (Schneider et al., 1999; Shiratori et al., 1997).
However, the cytoplasmic domain of CTLA-4 did not pull down significant levels of AP-2. Similarly,
the other four inhibitory receptors are transmembrane proteins that are abundant in intracellular
vesicles. We hypothesised that the presence of both transmembrane and cytoplasmic domains
might enable the formation of large transport complexes in the vicinity of fusion proteins in the
plasma membrane, as well as inhibitory receptor local accumulation in vesicular structures, thereby
increasing the likelihood of pulling down associated sorting proteins.

The subcellular localisation of GFP-fused cytoplasmic domains of inhibitory receptors (GFP-IRs-cyt)
and chimeric proteins with both transmembrane and cytoplasmic domains (GFP-IRs-TMcyt) was
visualised in HeLa cells, which is a flat, elongated star-shaped cell line that is more suitable for
imaging. Subsequently, plasmids were transfected into HeLa cells by forming a lipid-coated sphere
with FuGene reagent, and the cells were fixed before imaging. The fluorescent signal (green) could
be retained after fixation, and cell nuclei were subsequently stained with DAPI (blue). Stimulated
emission depletion (STED) imaging of transfected HeLa cells revealed that the cytoplasmic domains
of CTLA-4 and TIGIT showed a punctuate distribution, indicating vesicular association to some
extent, whereas the distribution of cytoplasmic domains of PD-1-, LAG3- and TIM3 was cytosolic.
The transmembrane and cytoplasmic domains of the five inhibitory receptors demonstrated punctuate
localisation patterns, suggesting their inclusion in vesicles. These patterns were similar to those of the
full-length CTLA-4 used as the positive control (Figure 4.5). In the future, the localisation of other
full-length inhibitory receptors will need to be supplemented. We acknowledge that compared to the
full-length CTLA-4, a substantial amount of CTLA-4-TMcyt and TIM3-TMcyt were restricted in the
perinuclear cellular compartments, likely the Golgi. However, this may not affect the efficiency of the
immunoprecipitation, as the local accumulation of inhibitory receptors at any membrane could help
increase their avidity for the adaptor proteins.
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Figure 4.5 Intracellular localisation of full length and truncated inhibitory receptors
Full length CTLA-4-GFP (the positive control) is localised in punctuate structures. CTLA-4-
cyt has a very weak, hence noisy (seemly punctuate) signal. PD-1-cyt, LAG3-cyt and TIM3-
cyt are cytosolic. TIGIT-cyt is more punctuate. GFP-IRs-cyt show vesicular distributions.
HeLa cells were transfected with CTLA-4-GFP or GFP-IR-cyt or GFP-IR-TMcyt. 24 hours
post transfection, cells were fixed and stained with DAPI, and the fluorescent (GFP) signals
could be retained. IR, inhibitory receptor, TM, transmembrane domain, cyt, cytoplasmic
domain. Scale bars: 10 µm.

4.4.2 Inhibitory receptors with both transmembrane and cytoplasmic
domain pull down AP-1 and AP-2

After western blotting, the expression of target proteins was normalised to that of GFP and presented
as log2-transformed data. The AP-1 and AP-2 pulled down by GFP may attribute to the unspecific
binding to the massive amount of GFP and pulled down by the beads (Figure 4.6A). The five truncated
inhibitory receptors pulled down AP-1 and AP-2 with an average of 4–8-fold enrichment compared
with GFP. One-way ANOVA suggested that the levels of proteins pulled down by GFP-IRs-TM+cyt
were comparable to those pulled down by the positive control CI-MPR, without significant differences
(Figure 4.6B).
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Figure 4.6 Inhibitory receptor with both transmembrane and cytoplasmic domain
pull down AP-1 and AP-2 (Figure legend next page.)
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Figure 4.6 (Previous page.) Inhibitory receptor with both transmembrane and cytoplas-
mic domain pull down AP-1 and AP-2
A. Representative images of western blotting of the immunoprecipitated IR-TMcyts
against AP-1 and AP-2. HEK293T cells were transfected with GFP, GFP-CI-MPR-cyt,
or the indicated GFP-IR-TMcyt. After 24 hours of transfection, the cells were lysed and
the interacting proteins were pulled down using GFP-trap immunoprecipitation. The
immunoprecipitated proteins were resolved by SDS-PAGE and detected by immunoblotting.
Top bands in the αGFP panel are GFP-fused interested proteins, and the bottom bands are
GFP control or GFP detached from the interested proteins. B–D. Statistics of IR-TMcyts
binding to AP-1 and AP-2 based on quantitative-fluorescence based western blotting.
CI-MPR-tail was used as the positive control. n=3 and n= 7 independent experiments (mean
± SEM) for AP-1 and AP-2, respectively. Molecular mass is expressed in kilodaltons; IR,
inhibitory receptor; TM, transmembrane domain; cyt, cytoplasmic domain.
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4.4.3 Inhibitory receptors with both transmembrane and cytoplasmic
domain pull down ESCPE-1 subunits

SNXs recycle endosomal proteins to various destinations. As demonstrated in Figure 4.7, all five
inhibitory receptors pulled down SNX1, SNX2, SNX5 and SNX6 with approximately 4-fold to
8-fold enrichment compared with GFP. The binding of CTLA-4 containing both transmembrane and
cytoplasmic domains to the SNXs was consistently stronger than that of the other inhibitory receptors;
however, the difference was not significant. SNX1/2 and SNX5/6 can form the ESCPE-1 heterodimers
(Figure 4.2). Because all of the five inhibitory receptors could bind to any heterodimer combination,
the receptors are likely to be sorted by the ESCPE-1 and undergo either retrograde retrieval from
late endosomes to the trans-Golgi network or rapid recycling from early endosomes to the plasma
membrane, or both. Further comparison of the plasma membrane and TGN localisation of inhibitory
receptors between wild-type and SNX1/2/5/6-knockout cell lines may help to validate this speculation
(Kvainickas et al., 2017; Simonetti et al., 2019).
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Figure 4.7 Inhibitory receptors with both transmembrane and cytoplasmic domain
pull down ESCPE-1 subunits (Figure legend next page.)
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Figure 4.7 (Previous page.) Inhibitory receptors with both transmembrane and cyto-
plasmic domain pull down ESCPE-1 subunits
A. Representative images of western blotting of the immunoprecipitated IR-TMcyts against
sorting nexin 1, 2, 5 and 6. HEK293T cells were transfected with GFP, GFP-CI-MPR-cyt,
or the indicated GFP-IRs-cyt. After 24 hours of transfection, the cells were lysed and
the interacting proteins were pulled down using GFP-trap immunoprecipitation. The
immunoprecipitated proteins were resolved by SDS-PAGE and detected by immunoblotting.
Top bands in the αGFP panel are GFP-fused interested proteins, and the bottom bands are
GFP control or GFP detached from the interested proteins. B–F. Statistics of IR-TMcyts
binding to sorting nexins based on quantitative-fluorescence based western blotting.
CI-MPR-tail was used as the positive control. n=3, 4, 8 and 5 independent experiments
(mean ± SEM) for SNX1, SNX2, SNX5 and SNX6, respectively. Molecular mass in
kilodaltons; IR, inhibitory receptor; TM, transmembrane domain; cyt, cytoplasmic domain.
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VPS35 is a subunit of the retromer complex. The retromer-SNX3 complex sorts cargo proteins from
endosomal compartments to the TGN, whereas the retromer-SNX27 complex directs endosomal
cargoes to the plasma membrane (Lucas and Hierro, 2017). The truncated inhibitory receptors
could bind to VPS35 with an average of 8–30-fold enrichment compared with GFP, although the
difference was not statistically significant and this binding was not as strong as that between the
positive control (PC2) sample and VPS35. This is possibly because the expression of Glut1 and
PC2 tails was substantially higher than that of the transmembrane and cytoplasmic domains of the
inhibitor receptors and therefore accumulated a higher avidity to the binding protein (as evidenced
by the Figure 4.8A αGFP bands). Recycling of inhibitory receptors should be investigated using
retromer-knockout cell lines, and the interaction between inhibitory receptors and SNX27 should be
validated.
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Figure 4.8 Statistics of inhibitory receptors with both transmembrane and cytoplasmic
domain binding to VPS35 and SNX27 (Figure legend next page.)
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Figure 4.8 (Previous page.) Statistics of inhibitory receptors with both transmembrane
and cytoplasmic domain binding to VPS35 and SNX27
A. Representative images of western blotting of the immunoprecipitated IR-TMcyts against
retromer subunit VPS35 and SNX27.HEK293T cells were transfected with GFP, GFP-CI-
MPR-cyt, or the indicated GFP-IRs-cyt. After 24 hours of transfection, the cells were lysed
and the interacting proteins were pulled down using GFP-trap immunoprecipitation. The
immunoprecipitated proteins were resolved by SDS-PAGE and detected by immunoblotting.
Top bands in the αGFP panel are GFP-fused interested proteins, and the bottom bands are
GFP control or GFP detached from the interested proteins. B–D. Statistics of IR-TMcyts
binding to VPS35 and SNX27 based on quantitative-fluorescence based western blotting.
PC2 and GLUT1 were used as positive controls for VPS35 and SNX27 binding, respectively.
N=8 and 2 independent experiments (mean ± SEM) for SNX1, SNX2, SNX5 and SNX6,
respectively. Molecular mass is expressed in kilodaltons; IR, inhibitory receptor; TM,
transmembrane domain; cyt, cytoplasmic domain; Glut1, glucose transporter 1; PC2,
polycystin-2.
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4.5 Expression of GFP-fused inhibitory receptors with
transmembrane and cytoplasmic domain in the con-
text of immune cells

The HEK293T cell line is derived from human embryonic kidney cells. We intended to validate
whether the interactions found in HEKs cells also exist in T cells. However, immunoprecipitation
assays require a large number of cells, normally 15–20×106 cells are needed. Therefore, it was not
feasible to amplify primary T cells to the required number of cells for a set of five inhibitory receptors
and two controls. Alternatively, we performed T cell pull-down experiments using Jurkat cells, an
immortalised cell line of human T lymphocytes, transduced via lentiviruses. GFP and GFP-fused
IR-TMcyts sequences were inserted into the p-sf-Lenti vector. Viral particles were generated in the
transfected HEK293T cells and collected to transduce Jurkat cells. Among the six constructs, only
GFP, GFP-PD-1-TMcyt and GFP-LAG3-TMcyt constructs were successfully expressed (Figure
4.9). To optimise the transduction efficiency, we tested a series of virus titrations and identified
100,000 Jurkat cells/1 mL of lentiviral solution as the optimal concentration. Eventually, 89.89%,
43.7% and 54.95% of the transduced Jurkat cells were expressing GFP, GFP-PD-1-TMcyt and
GFP-LAG3-TMcyt, respectively.
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Figure 4.9 Lenti-viral transduction of GFP and GFP-IRs-cyt in Jurkat cells
GFP, GFP-PD-1-TMcyt and GFP-LAG3-TMcyt were successfully transduced into Jurkat
cells, whereas GFP-CTLA-4-TMcyt, GFP-TIM3-TMcyt and GFP-TIGIT-TMcyt were not
successfully transduced. Red gates (R4) indicate live cells with 1 log shift of GFP fluorescent
intensity compared to negative cells. A total of 100,000 Jurkat cells were mixed with 1 mL
of lentivirus containing GFP-IRs-cyt. After 24 hours of transfection, the cells were fixed and
stained with a live/dead cell discrimination dye (Zombie Aqua). IR, inhibitory receptor; TM,
transmembrane domain; cyt, cytoplasmic domain.

GFP+ Jurkat cells were sorted via FACS and amplified to 20×106 cells per condition. Pull-down
assays and western blotting were performed as described before. However, western blotting of Jurkat
cell extracts indicated that expression of the inhibitory receptor transmembrane plus cytoplasmic
domain GFP fusion proteins was not as abundant as in HEK cells. Very faint bands of VPS35, SNX1
and SNX2 binding can be seen in Figure 4.10A. We quantified the band intensities, normalised
them by their levels of GFP expression and estimated their levels relative to those of the positive
control (CI-MPR tail) (Figure 4.10B). The experiment should be repeated and the expression level of
GFP-IR-TMcyt needs to be improved.
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Figure 4.10 Immunoprecipitation of PD-1 and LAG3 transmembrane and cytoplasmic
domain expressed by Jurkat cells
A. Representative images of western blotting of the immunoprecipitated IRs-TMcyt against
SNX1, SNX2 and VPS35. Jurkat cells were transduced with GFP or the indicated GFP-
IRs-TMcyt lenti-viruses. After 1 week of transduction, the Jurkat cells were lysed and
the interacting proteins were immunoprecipitated using GFP-trap immunoprecipitation. B.
Statistics of IR-TMcyts binding to SNX, SNX2 and VPS35 based on quantitative-fluorescence
based western blotting. CI-MPR-tail was used as the positive control for SNX1, SNX2 and
VPS35 binding, respectively. N=1 independent experiment each for SNX1, SNX2 and VPS35.
Molecular mass is expressed in kilodaltons; IR, inhibitory receptor; TM, transmembrane
domain; cyt, cytoplasmic domain.
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4.6 Pre-test of the immune fluorescence staining of CD8+

T cells to visualise inhibitory receptor colocalisation
To visually corroborate the interaction among sorting proteins and the inhibitory receptors, and
to identify their subcellular localisation, immune fluorescence staining of endocytic markers was
performed on CL4 CD8+ T cells. The Wuelfing group has previously stained 5C.C7 cells, which are
CD4+ T cells, with LAT, and the staining strategy was adapted and optimised to stain CD8+ T cells
here. Unlike HeLa cells, primary CD8+ T cells are round cells whose nucleus takes 70% of the space,
leaving limited cytoplasm. CD8+ T cells expressing full-length inhibitory receptors with GFP fused
to the cytoplasmic C-terminus were loaded to APC-coated plate and fixed and permeabilised, stained
with primary antibodies against the early endosome marker EEA1 and retromer subunit VPS35 and
the secondary antibody fused to a red fluorescent protein.

Representative images of endocytic marker versus inhibitory receptors cross-staining are
shown in Figure 4.12. The fluorescent (GFP) signal of inhibitory receptors could be retained after
fixation, although the fluorescent intensity was much lower than that of the secondary antibody. After
validating the successful execution of the staining strategy, staining against EEA1 and other cellular
compartment markers with full-length CTLA-4, PD-1, LAG3, TIM3 and TIGIT was continued by
fellow students in the Wuelfing Laboratory. TIGIT co-localisation with VPS35 was observed, and
considerable VPS35 was pulled down with TIGIT-TMcyt Figure 4.8. Therefore, whether TIGIT is
more likely to interact with the retromer should be further investigated.

165



4.6 Pre-test of the immune fluorescence staining of CD8+ T cells to visualise inhibitory
receptor colocalisation

Figure 4.11 Immunostaining for visualising the co-localisation of inhibitory receptors
with endosomal compartments (Figure legend next page.)
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Figure 4.12 (Previous page.) Immunostaining for visualising the co-localisation of
inhibitory receptors with endosomal compartments
Representative confocal images of immunostaining of the inhibitory receptors PD-1 and
TIGIT against the retromer subunit VPS35 and the early endosome marker EEA1. CL4
CD8+ T cells were transduced with PD-1-GFP or TIGIT-GFP. After 72 hours of transfection,
GFP+ CD8+ T cells were sorted via FACS and slowly dispersed on RencaHA cells that were
already spread out on the bottom of the plate. T cell–APC coupling was allowed for 10
minutes at 37°C incubator and unbound T cells were gently taken up. Subsequently, the
cells were fixed, permeabilised and stained with primary antibodies against EEA1 or VPS35
overnight at 4°C and with Alexa 568-conjugated secondary antibody for 1 hour at room
temperature. The fluorescence of GFP-fused inhibitory receptors could be retained after
fixation. The cells were mounted with oil overnight and imaged via confocal microscopy.
Scale bars: 10µm
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4.7 Discussion
Consistent with previous studies, this project suggests that inhibitory receptors are preliminary
stored in intracellular vesicles. Some studies have reported that different inhibitory receptors such as
CTLA-4 and LAG3 co-localise with different transport proteins in the intracellular compartments
(Bae et al., 2014; Huang et al., 2015). And the endocytic pathways of some other inhibitory
receptors such as PD-1, TIM3 and TIGIT remained unclear. Therefore, we investigated the molecular
mechanisms underlying the sorting of inhibitory receptors. Initially, we identified possible sorting
motifs for transport proteins by mapping inhibitory receptor sequences with the documented binding
motifs of sorting complexes. The binding motifs for AP-1/AP-2, retromer–SNX3 and ESCPE-1
complex were each found in three inhibitory receptor sequences, suggesting that the five inhibitory
receptors may share some sorting proteins and endocytic routes. And such motifs are conserved
across species. Our motif mapping is consistent with that reported in previous studies, indicating that
the YxxΦ motif of CTLA-4 (YVKM) binds to AP-1, AP-2 (Schneider et al., 1999) and LRBA (Lo
et al., 2015).

When we are interested in understanding receptor trafficking, it is the cytoplasmic motifs
that have been characterised for the interaction with transport machineries (Figure 4.3). Therefore,
we started with the cytoplasmic domains and generated truncated inhibitory receptors with only
GFP-tagged cytoplasmic domain. And previous application to other transmembrane proteins such
as CI-MPR using its cytoplasmic domains was effective (Simonetti et al., 2017). However, the
cytoplasmic domains of inhibitory receptors were unable to pull down any sorting proteins in the
absence of their transmembrane domains. Some parts of the transport machineries, such as Rab
proteins and SNAREs, are membrane-associated. Therefore, we moved to the combined cytoplasmic
and transmembrane domains next. Transmembrane domain may facilitate the local accumulation of
inhibitory receptors at membranes, which could help enhance their avidity to the adaptor proteins.
The addition of the transmembrane domain helped pull down the sorting proteins, including AP-1,
AP-2, and the ESCPE-1 subunits, suggesting its important role in protein trafficking. Palmitoylation
of PD-1 stabilised its protein level and helped its binding to Rab11, another important trafficking
protein for recycling endosome transportation. The palmitoylation site (Cys192) is at the interaction
of the transmembrane and cytoplasmic domain of PD-1 (Yao et al., 2021). There are suggestions that
the transmembrane domain, not the cytoplasmic domain, mediates the translocation of TIM3 from the
intracellular pool to the immune synapse (Kataoka et al., 2021). Overall, our finding is consistent
with the notion that the transmembrane domain of inhibitory receptors may promote their binding to
the sorting proteins, but the exact mechanism remains to be elucidated.

Immunoprecipitation results verified our hypothesis of binding between inhibitory receptors
and sorting complexes. While only CTLA-4 was documented with binding ability against AP-1 and
AP-2 (Ohno et al., 1995; Owen and Evans, 1998; Schneider et al., 1999), and Iwai et al. (2017) argued
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that PD-1 may not bind to AP-2 due to the lack of the binding motif. We identified in CTLA-4, PD-1
and TIGIT sequences there exist the YxxΦ binding motif for AP-1/AP-2. Additionally, the ESCPE-1
subunits SNX1, SNX2, SNX5 and SNX6 were precipitated together with CTLA-4, PD-1, LAG3,
TIM3 and TIGIT, though the binding affinity varied. And the interactions between the inhibitory
receptors and the sorting proteins need validation by point mutation at the binding motifs. So, there
is a contradiction that imaging and proteomics results showed us the five inhibitory receptors may
reside in distinct cellular compartments, while here the biochemistry experiments indicated that
the entire trafficking machinery they engaged may be the same. It is possible that the retention of
different inhibitory receptors may be concentrated in different cellular compartments but follow the
same trafficking routes. Another speculation is that different inhibitory receptors may share the
same vesicular distribution while having slightly different outcomes upon T cell activation. On the
other hand, we used more than 10 million cells for immunoprecipitation but only 2 million cells for
proteomic experiments. Therefore, pull-down assays were less sensitive than proteomic experiments
when detecting subtle differences among the vesicles that contain inhibitory receptors.

With the biochemical interactions between sorting proteins and CTLA-4, PD-1, LAG3, TIM3 and
TIGIT being observed, further validations of the sorting motifs can be done by point mutating the
motif sequence and repeating the pull-down experiments. In the future, we can also validate the
interaction from the other direction. For example, does SNX5 pull down CTLA-4? Can we see any
trafficking defect or altered surface levels of inhibitory receptors in cells that are knocked down for
SNX5/SNX6? Alternatively, we can send the immunoprecipitation products for proteomics to detect
a complete interaction protein list. Another tool we can use is site-directed mutagenesis, to see if
mutating the motif that we think is interacting with a given protein will reduce the interaction. So
we can mutate the binding motifs proposed in Figure 4.3 within the receptor cytosolic tails. If the
mutation prevents the interaction it would prove that it is a sequent-dependent binding phenomenon.

The interaction of inhibitory receptors and sorting proteins can be reproduced in Jurkat cell
line, which makes more physiological sense because inhibitory receptors are not naturally expressed
in HEK cells. Optimising the lentiviral transduction process is necessary so that all five truncated
inhibitory receptors can be expressed in Jurkat cells for immunoprecipitation.

We also visualised the possible interactions between the inhibitory receptors and sorting
proteins by performing immune fluorescence staining on inhibitory receptor-expressing primary T
cells using confocal microscopy. Co-localisation between TIGIT and the retromer subunit VPS35 was
observed. Immunostaining cannot only determine co-localisation of the inhibitory receptors with their
binding proteins but also identify the cellular compartments they reside in. Due to the time limit
of this Ph.D. project, more experiments and quantitative analysis of the co-localisation were left to
other colleagues in the Wuelfing lab. For future work, setting up time points to assess that in different
statuses of T cell activation, how the percentage of endocytic colonisation and surface expression of
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inhibitory receptors will be interesting. In addition, uptake assays for tracking the movement and
recycling of inhibitory receptors may provide important insights into the spatiotemporal changes of
inhibitory receptor trafficking upon T cell activation.

In future studies, the co-localisation of IRs and endocytic markers can be visualised using
super-resolution microscopy (PALM/STORM). Once applied to the PALM/STORM, it will give up to
20 nm lateral resolution and up to 50 nm axial resolution to explore the interactions between inhibitory
receptors and sorting proteins. PALM/STORM uses a different way of exciting fluorophores and
therefore, the GFP signal cannot be used. So, we constructed LAG3-mEos2 vector, which can switch
from green to red upon UV exposure. Representative images of LAG3-mEos2 signal are shown in
Figure 4.13.

Figure 4.13 CL4 CD8+ T cells expressing LAG3-mEos2 are photoconvertible under UV
light
Clone 4 CL4 CD8+ T cells were retro-viral transduced with LAG3-mEos2. After 72 hours of
transduction, the cells were sorted via FACS and imaged under a confocal microscope. The
cells were exposed to UV light every 20 minutes. Scale bars: 20 µm.
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Chapter 5

Manipulating Rab proteins in CD8+ T
cells to alter inhibitory receptor
trafficking
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5.1 Introduction
In the preceding two chapters, we examined the vesicular trafficking of inhibitory receptors through
imaging and biochemical methods. And we were intrigued to further determine if altering the
trafficking of inhibitory receptors has functional consequences. We focused on Rab proteins as
critical regulators becaused APEX2 proteomics experiments loosely implied connections between
Rab proteins and inhibitory receptors. We utilised protein transduction to introduce dominant-negative
forms of Rab proteins into T cells and assessed their impact on vesicular trafficking and T cell function
using live cell imaging and killing assays.

5.1.1 Rab protein family

Rab proteins belong to the Ras superfamily of small G proteins, and there are approximately 70
different types of Rab have been found in humans (Schwartz et al., 2007). In general, Rab proteins
have a GTPase fold and switch between active GTP-bound and inactive GDP-bound states. The
transition is controlled by guanine nucleotide exchange factors (Grosshans et al., 2006; Pfeffer,
2001). Once activated, Rab proteins play important roles in various membrane trafficking processes,
including vesicle assembly, vesicle transport across actin and tubulin networks, and membrane
fusion (Novick and Zerial, 1997; Pfeffer, 1994). These mechanisms contribute to the trafficking and
recycling of cell surface proteins (Hutagalung and Novick, 2011). Rab8 regulates the transport of
synthesised proteins from the trans-Golgi network (TGN) to the plasma membrane; Rab8, Rab10
and Rab14 regulates GLUT-4 vesicle translocation towards the cell surface (Sigismund et al., 2021;
Stenmark, 2009; Wandinger-Ness and Zerial, 2014). Rab8 and Rab10 are both thought to localise at
recycling endosomes and but there are contradictory opinions on if they are involved in the sorting of
endocytosed cargo molecules into recycling pathways (Goldenring, 2015; Henry and Sheff, 2008;
Rahajeng et al., 2012; Roland et al., 2007).

The term “immunological synapse” refers to the stable, interdigitated interface between a
lymphocyte and an antigen-presenting cell (Bromley et al., 2001; Hoffman et al., 2020). And
sustained recruitment of TCRs and their adaptor proteins to the immunological synapse is critical
for continuous signalling and therefore, efficient T cell activation. Many Rab proteins have been
found to facilitate the trafficking of these signalling receptors. For example, Rab5 directs the TCR
recycling to the early endosomes and Rab8 is needed for TCR fusion with the immunological synapse
(Finetti et al., 2015, 2014). So we are curious if Rab proteins are also involved in the membrane
trafficking of inhibitory receptors. The CTLA-4 vesicles were observed to be co-localised with Rab5+

early endosomes (Iida et al., 2000). Additionally, CTLA-4 forms a multimeric complex with TRIM,
LAX, and Rab8 to be transported from the Golgi to the cell surface (Banton et al., 2014). A recent
study indicated that Rab11 facilitates CTLA-4 recycling (Janman et al., 2021). Besides, Rab11 is
co-localised with PD-1 in the recycling endosomes (Bricogne et al., 2019). Rab proteins are related to
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retromer and sorting nexins that are precipitated with inhibitory receptors (Chapter 4). Rab5 and
Rab7 cooperate to drive retromer recruitment to endosomes (Rojas et al., 2008; van Weering et al.,
2012).

The vesicle proteomes of inhibitory receptors (Appendix A) were found to be enriched
with several Rab proteins. CTLA-4 vesicles were found in proximity to Rab1b, Rab8a, and Rab21;
TIM3 vesicles were found in vicinity to Rab11b and Rab10; and Rab10 was also shown to be enriched
in LAG3 vesicle proteome. To investigate the effect of altered IR trafficking on inhibitory receptor
trafficking and T cell function, we transduced CD8+ T cells directly with the dominant-negative form
of Rab proteins and conducted live cell imaging and killing assays. Rab proteins are essential for the
cell’s function, not only in T cells but also in all types of cells in the body. Establishing a knocked-out
cell line requires more time, whereas creating a dominant-negative Rab requires just a few cloning
steps and protein purification.

5.1.2 dominant-negative form of Rab

The dominant-negative mutation was first introduced as a strategy to identify the function of genes.
This approach involves mutating the gene of interest to encode a “negative” protein that can impair
the function of the normal, wild-type protein. And such mutations are considered “dominant” since
they override the phenotype of the wild-type gene (Herskowitz, 1987). Dominant-negative mutants
have been used extensively in Ras superfamily protein studies. Dominant-negative variants of small
G-proteins work by competing with the endogenous wild-type versions for access to their effector
proteins (Nobes and Hall, 1999; Olson et al., 1995). In this project, we used dominant-negative
Rab8a[T22N] and Rab10[T23N]. The substitution of threonine with asparagine causes guanine
nucleotide binding deficiency, so Rab8a [T22N] and Rab10[T23N] are locked to GDP and therefore
cannot be activated to the GTP-bound form (Dong et al., 2010; English and Voeltz, 2013b; Gabe Lee
et al., 2009).
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5.2 Chapter aims
We aim to investigate whether Rab proteins play a crucial role in regulating the trafficking of
inhibitory receptors and how altering Rab expression affects T cell function. Additionally, we will
explore whether this has any significance in improving existing immunotherapy.

We hypothesised that transducing dominant-negative Rab into T cells delays the transport of
inhibitory receptors to the immunological synapse and therefore enhance the killing ability of CD8+ T
cells. It is important to determine whether Rab8a and Rab10 are specific regulators of any inhibitory
receptors. To understand this, either a wild-type or a dominant-negative form of Rab was introduced
into the CD8+ T cells, and the effect on inhibitory receptor trafficking to the immunological synapse
and T cell killing ability were studied. The aims of this chapter are as follows:

1. To design and purify Tat-fused wild-type and dominant-negative for Rab8a and Rab10 proteins,
and verify that the purified TAT-fused proteins are Rab and can be transduced to T cells in a
dose-dependent manner.

2. To assess the inhibitory receptor dynamics and T cell morphology after introducing wild-type
or dominant-negative Rab proteins.

3. To test the effects of altering the Rab function or expression level on the killing ability of
cytotoxic T lymphocytes.
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5.3 TAT-fused-Rab proteins are directly transduced into
primary T cells

5.3.1 Principle of TAT-fused protein transduction

The trans-activating regulatory protein (TAT) was discovered from the transcription-activating factor
of the human immunodeficiency virus (HIV-1) (Green and Loewenstein, 1988). The TAT protein
features a domain for protein transduction that enables proteins to enter cells without the need for
membrane permeabilisation (Vives et al., 1997). The mechanism behind TAT and TAT-cargo uptake is
not yet fully understood, but possible routes include energy-independent direct penetration (Guterstam
et al., 2009), as well as macropinocytosis (Kaplan et al., 2005; Wu and Gehring, 2014). Tskvitaria-
Fuller et al. (2007) validated that TAT-tagged protein can gain access to the cytoplasm in primary T
cells. The amino acid sequence of the protein transduction domain is YGRKKRRQRRR (Nagahara
et al., 1998). To transduce proteins into mouse cells, we generated bacterial expression vectors that
encode the TAT transduction domain attached to the wild-type or dominant-negative form of Rab. The
fusion protein can be purified under either soluble or denaturing conditions, and introduced directly to
mouse cell cultures or injected into mice. Protein transduction is concentration-dependent, reaching
maximal intracellular concentrations within 5 minutes with an even transduction level in the cell
population (Becker-Hapak et al., 2001).

5.3.2 Rab protein expression and purification by immobilised metal
affinity chromatography under native condition

To introduce modified Rab proteins into T cells, we first need to generate and purify them. A
bacterial expression plasmid for TAT fusion protein was inserted with wild-type Rab8a, Rab10,
and dominant-negative form of Rab8a[T22N], Rab10[T23N], respectively. A six-histidine tag was
fused to the C-terminal of Rab for purification purposes. We used BL21.DE3 Escherichia coli to
express the Rab proteins and used a Ni-NTA column to separate the 6-his-tagged TAT-Rab proteins
from the bacteria lysate, making them ready for protein transduction. To verify the specificity of
protein purification, we performed western blotting on the elution samples using an anti-histidine
antibody. Figure 5.1A shows examples of the purified dominant-negative forms of Rab8a[T22N] and
Rab10[T23N]. Additionally, we verified the purity of TAT-Rab protiens on an SDS-PAGE gel with
Coomassie staining and measured their concentration by Nanodrop.
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Figure 5.1 Rab protein purification and quantification
A. Representative images of western blotting detecting purified dominant-negative mutant
proteins (left) TAT-Rab10[T23N], 28.3 kDa and (right) TAT-Rab8a[T22N], 17.8 kDa. In
each well, 20 µL of boiled protein sample containing 1 µL of purified protein was loaded.
[1] to [10] represent the sample order eluted from Ni-NTA. B. Representative images of
Coomassie blue staining of purified TAT-Rab10[T23N] protein resolved by SDS-PAGE.
Samples were loaded in the indicated volumes, and 20 µL of BSA solutions were loaded as a
protein concentration reference.

To verify the transduction of TAT-Rab protein into CD8+ T cells, we labelled TAT-Rab10[T23N] with
Alexa Fluor® 488 reactive dye, which comprises a tetrafluorophenyl (TFP) ester group that interacts
with primary amino acids of proteins and produces stable dye-protein conjugates. The Alexa Fluor®

488 labelled purified TAT-Rab10[T23N] was directly added to the T cell culture at final concentrations
of 1 µM, 3 µM and 10 µM, respectively. The cells were examined under a fluorescent microscope and
showed vesicular localisation of TAT-Rab (Figure 5.2A). However, other studies reported that another
dominant-negative form of Rab10, Ran10[T23A], is located in the cytosol; whereas the dominant-
negative form of Rab8 is still membrane-associated and located in the Golgi (Dhekne et al., 2018).
Accumulation of Rab8a and Rab10 in large vesicles is observed in stressed lysosomes; however,
Rab8a and Rab10 are distributed in abundant small vesicles in unstressed cells (Dhekne et al., 2021;
Eguchi et al., 2018). Therefore, in the future, it is worth comparing the localisation of transduced-Rab
with endogenous Rab in CTLs. Flow cytometry results validated that the transduction efficiency was
> 99% and was dependent on the concentration of the TAT-protein (Figure 5.2B). Approximately
99% of the cells were successfully transduced with TAT-Rab10 [T23N] at a concentration of >3 µM;
therefore, the technique was used in the following experiments.
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Figure 5.2 TAT-Rab protein transduction is dose-dependent
A. Overlay of fluorescent (GFP) and DIC images of Alexa 488-conjugated-Rab10[T23N]-
transduced CTLs. Scale bars: 20 µm. B. (Left) Alexa 488-conjugated-Rab10[T23N]-
transduced CTLs went through SSC-A/FSC-A to select the CTL population and
FSC-H/FSC-A to select singular cells (not shown). Alexa 488 gates indicate the Alexa
488-positive CTL population. The gate was drawn based on negative untransduced CTLs (not
shown). Fluor® 488 label has an emission maximum of approximately 519 nm. SSC-A, side
scatter area; FSC-A, forward scatter area; FSC-H, forward scatter height. P4, live singular
cells gate. (Right) Histograms of CTL fluorescence intensity compared to untransduced
CTLs (negative control).
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5.4 Live cell imaging of Rab-transduced CTLs
As different Rab proteins were pulled down with different inhibitory receptors by the APEX2
proteomics, they may help retain inhibitory receptors in their cellular compartment, interfere the
inhibition of CTLs and thus enhance CTL cytotoxicity. Alternatively, overexpression of Rab protein
may prevent the endocytosis of inhibitory receptors, therefore impairing the activation of CTLs and
reducing killing.

Live cells were imaged by a spinning disc confocal microscope to investigate the spatiotem-
poral patterning of inhibitory receptors under altered Rab levels. FACS-sorted CTLA-4-GFP+

CTLs were transduced with 10µM wild-type or dominant-negative forms of TAT-Rab proteins
for 30 minutes. CTLs and KdHA pulsed RencamCherry cells (APCs) were seeded on the imaging
plate, and imaging started when the first cell couple was observed, lasting for 15 minutes of
acquisition. Confocal imaging data were analysed similarly to previous experiments. A maximum
projection of GFP z-stacks was made at each time point, and pseudocolour was applied to aid in
identifying fluorescent inhibitory receptor distribution and identify the existence of a single cluster of
fluorescence. The DIC image provided a reference for the time point when the cell coupling was
initiated, and the formation of the immunological synapse.

5.4.1 Rab transduction changes the morphology of activated CTLs

Firstly, a change in cell morphology was observed on Rab-transduced CTLs compared to untreated
CTLs. Under control conditions, T cells transit from a migratory morphology with small and dynamic
leading lamellae and a posterior uropod to a round morphology with a wide cellular interface in
contact with the APC upon concomitant uropod retraction within 1 to 2 minutes after initial APC
contact. A lack of CTL–APC interface widening and retention of a uropod appeared in all forms
of Rab-transduced CTLs compared to in untreated CTLs (Figure 5.3A and B). The morphological
changes were quantified by measuring the interface width and cell length as shown in the schematic
in Figure 5.3C. The cell length was measured from the interface to the uropod.
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5.4 Live cell imaging of Rab-transduced CTLs

Figure 5.3 Representative images of Rab-transduced and untransduced CTLA-4-
overexpressing CTLs
A and B. CTLs expressing CTLA-4-GFP were transduced with 10µM purified Rab8a[T22N]
or left untreated. A single DIC image and 21 GFP z-stacks were acquired every 20 seconds
for 15 minutes. The maximum projection of GFP stacks was scaled by pseudo-colour,
purple to red represented fluorescent intensity from low to high. White triangles point to
the CTL–APC interface. Scale bars: 10µm. C. Schematic showing the parameters used to
assess CTL morphology and inhibitory receptor vesicular position. When the CTL–APC
interface was defined, the interface width and cell length of a round or a stretched CTL were
measured in µm as indicated by arrows using the MetaMorph software. When a single cluster
of fluorescence containing inhibitory receptors was identified, its relative location to that of
the immunological synapse was scored by the number of the segment.
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5.4 Live cell imaging of Rab-transduced CTLs

The measurements of the two indexes of the CTL morphology, the length of activated CTLs and the
width of the CTL–APC interface, are shown in Figures 5.4 and 5.5. Rab-transduced CTLs were
found to be significantly longer but with narrower interfaces compared to untreated CTLs. Such
differences persisted during T cell activation, regardless of the type of Rab or the form of Rab (Tables
5.2 and 5.2). The only exception was observed 40 seconds before the formation of the immunological
synapse, where there was no significant difference between untreated CTLs and Rab-transduced
CTLs in terms of morphology. This indicates that excessive Rab did not alter the cell morphology
before T cell activation.

When the Rab level was not manipulated, the CTL–APC interface expanded and the cell
length contracted since their contact. For 300 seconds since the CTL–APC contact, the interface
of untreated CTLs remained between 9.0±0.26 µm and 10.0±0.31 µm; and the length of untreated
CTLs remained between 9.2±0.38 µm and 10.3±0.39 µm. These features indicate the formation and
maintenance of a stable immunological synapse. The ratio of cell-length/interface-width of untreated
CTLs shrank from 2.4±0.17 to 1.1±0.06 within 40 seconds of CTL–APC recognition (Figure 5.6),
suggesting a rapid response and orientation of CTLs towards their targets. The length/interface ratio
remains constant at around 1, which may facilitate the delivery of inhibitory receptor vesicles to the
immunological synapse.

When the CTLs were transduced with Rab proteins, their interface width reached a maxi-
mum of 8.7±0.23 µm at the time point of synapse formation (0 s). However, the interface width
quickly decreased to the level upon their initial contact with APC, at around 7.0±SEM µm (Figure
5.5). Meanwhile, the length of the cell did not significantly shorten, and in some cases even elongated,
with the uropod reoriented. This may not be reflected in the quantitative analysis but was clearly
illustrated in live cell imaging (Figure 5.3A). The reorientation of CTLs was rarely observed in our
previous experiments with any inhibitory receptor overexpressing cells.

Two-way ANOVA suggested that introducing external Rab proteins significantly changed
the morphology of CTLs, while there were no significant differences among different Rab proteins.
Therefore, we proceeded to investigate if Rab overexpression affects inhibitory receptor trafficking in
the next subsection.
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5.4 Live cell imaging of Rab-transduced CTLs

Figure 5.4 Cell length of normal and Rab-transduced CTLs during CTL–APC inter-
action
Averages of 50, 56, 50 and 42 CTLs were analysed for untreated, Rab8a, Rab8a[T22N] and
Rab10[T23N] transduced CTLs, respectively, each collected from more than three indepen-
dent experiments. KdHA pulsed RencaWT cells were loaded with the specific antigen HA
peptide to activate clone 4 CTLs. Error bars indicate the standard error of the mean.

-40s -20s 0s 20s 40s 60s 80s 100s 120s 180s 300s 420s

Untreated Rab8a **** **** **** **** **** **** **** **** **** 0.004
vs. Rab8a[T22N] **** **** **** **** **** **** **** **** ***

Rab10[T23N] 0.01 **** **** **** **** **** **** **** **** **** **** ****

Rab8a Rab8a[T22N]
vs. Rab10[T23N] 0.04 0.02 0.02 ***

Rab8a[T22N] Rab10[T23N] 0.03 0.0040.03 0.002 **** ****

Table 5.1 Statistical analysis of cell length of normal and Rab-transduced CTLs
Two-way ANOVA analysis showing adjusted p-values with Bonferroni correction. Bonferroni
adjusted p-value = uncorrected p-value × 6 (number of comparisons). Alpha level=0.05,
***p ≤ 0.001, **** p ≤ 0.0001.
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5.4 Live cell imaging of Rab-transduced CTLs

Figure 5.5 CTL–APC interface width of normal and Rab-transduced CTLs during
CTL–APC interaction
Averages of 50, 56, 50 and 42 CTLs were analysed for untreated, Rab8a, Rab8a[T22N]
and Rab10[T23N] transduced CTLs, respectively, each collected from more than three
independent experiments. KdHA pulsed RencaWT cells were loaded with the specific antigen
HA peptide to activate Clone 4 CTLs. Error bars indicate standard error of the mean.

-40s -20s 0s 20s 40s 60s 80s 100s 120s 180s 300s 420s

Untreated Rab8a 0.047**** **** **** *** *** 0.0020.03 ****
vs. Rab8a[T22N] *** *** **** **** **** **** **** **** *** **** ****

Rab10[T23N] **** *** 0.04 0.003*** 0.04 0.003****

Rab8a Rab8a[T22N]
vs. Rab10[T23N]

Rab8a[T22N] Rab10[T23N] 0.0040.0498 0.0489

Table 5.2 Statistical analysis of CTL–APC interface width of normal and Rab-
transduced CTLs
Two-way ANOVA analysis showing adjusted p-values with Bonferroni correction. Bonferroni
adjusted p-value = uncorrected p-value × 6 (number of comparisons). Alpha level=0.05,
***p ≤ 0.001, **** p ≤ 0.0001.
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5.4 Live cell imaging of Rab-transduced CTLs

Figure 5.6 Cell length/interface ratio of normal and Rab-transduced CTLs during
CTL–APC interaction
Averages of 50, 56, 50 and 42 CTLs were analysed for untreated, Rab8a, Rab8a[T22N] and
Rab10[T23N] transduced CTLs, respectively, each collected from more than three indepen-
dent experiments. KdHA pulsed RencaWT cells were loaded with the specific antigen HA
peptide to activate Clone 4 CTLs. Error bars indicate standard error of the mean.

-40s -20s 0s 20s 40s 60s 80s 100s 120s 180s 300s 420s

Untreated Rab8a **** **** **** **** **** **** **** **** *** 0.007
vs. Rab8a[T22N] **** **** **** **** **** **** **** **** **** **** ****

Rab10[T23N] 0.02 **** **** **** **** **** **** **** **** ****

Rab8a Rab8a[T22N] 0.0040.01 0.046
vs. Rab10[T23N]

Rab8a[T23N] Rab10[T23N] 0.01 ****

Table 5.3 Statistical analysis of cell length/interface ratio of normal and Rab-
transduced CTLs
Two-way ANOVA analysis showing adjusted p-values with Bonferroni correction. Bonferroni
adjusted p-value = uncorrected p-value × 6 (number of comparisons). Alpha-level=0.05,
***p ≤ 0.001, **** p ≤ 0.0001.
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5.4 Live cell imaging of Rab-transduced CTLs

5.4.2 CTLA-4 recruitment to the immunological synapse is not af-
fected by Rab-transduction

We tracked the trafficking of the inhibitory receptor, CTLA-4, in different Rab-transduced CTLs. We
performed the quantification analysis using the same method as described in Chapter 3.4. When a
single cluster of fluorescence containing inhibitory receptors was identified, its relative location to
that of the immunological synapse was scored by the number of the segment. The movement of the
fluorescence cluster did not differ significantly between Rab-transduced and untreated CTLs (Figure
5.7). However, as previously discussed in Chapter 3, this analysis is an ambiguous way to quantify
the trafficking of inhibitory receptors. In future studies, immunostaining labelling different endocytic
compartments and inhibitory receptors in normal and Rab-transduced CTLs should be performed to
examine the trafficking of inhibitory receptors.
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5.4 Live cell imaging of Rab-transduced CTLs

Figure 5.7 CTLA-4 recruitment to the immunological synapse is not affected by
Rab-transduction
Clone 4 CTLs expressing CTLA-4-GFP were mixed with KdHA pulsed RencaWT cells and
imaged via spinning disc confocal microscopy. CTL coupled to an APC is divided into
three segments, scored as 1–3 relative to the synapse. When a single cluster of fluorescence
containing inhibitory receptors can be identified, the cell segment it is located in determines
its relative location to that of the immunological synapse. 59, 53, 51 and 54 cell couples
were analysed from more than 3 independent experiments of untreated, Rab8a, Rab8a[T22N]
and Rab10[T23N] transduced CTLs, respectively. Error bars indicate standard error of the
mean. The multiple comparison among groups was analysed by two-way ANOVA.
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5.5 Rab transduction impairs the killing ability of CTLs

5.5 Rab transduction impairs the killing ability of CTLs
Although, statistically, the altered Rab levels do not affect CTLA-4 trafficking, we were still interested
in determining whether they affect the function of the cytotoxic T cells. Here, we conducted killing
assays to assess the cytotoxicity of the CTLs.

The killing assay uses live cell imaging to record cell growth and death. We used RencamCherry cells
as APCs for all killing assays, which stably express mCherry proteins and exhibit red fluorescence
under a microscope. 10,000 RencamCherry were pulsed with KdHA and were loaded to each imaging
well at least 3 hours before the experiment, to allow full adherent to the bottom. 10,000 primed CTLs
or 10 mM/µL Rab-transduced CTLs were loaded to each well immediately before imaging. Images
were acquired every 15 minutes for 18 hours by the IncuCyte Zoom® system. The expansion and
reduction of RencamCherry cells were monitored by measuring the red fluorescent object area of the
wells (µm2/well) (Figure5.8 A).

Figure5.8 B illustrates a representative killing assay experiment that includes two negative
controls, one positive control, and Rab8a, Rab8a[T22N], Rab10, Rab10[T23N] transduced CTLs. All
forms of Rab-transduced CTLs showed impaired killing ability compared to untreated CTLs, but did
not totally abolish it. Regression of RencamCherry cells occurred after 10.25 hours of experiment and a
69% of total regression could be achieved in the positive control condition. Transduced-Rab10 had
the strongest inhibition on CTLs killing ability (22% area regression) while Rab10[T23N] had the
mildest inhibition (48% area regression).
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Figure 5.8 Representative killing assay showing the growth or regression of
RencamCherry cells (Figure legend next page.)
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5.5 Rab transduction impairs the killing ability of CTLs

Figure 5.8 (Previous page.) Representative killing assay showing the growth or regres-
sion of RencamCherry cells
A.Representative images of RencamCherry cells (with or without CTLs) at the beginning (T0)
and the end (T18) of the killing assay. The expansion and regression of RencamCherry cells
were monitored by measuring the red fluorescent object area of the wells. Images were
acquired via IncuCyte every 15 minutes for 18 hours. Scale bar: 300 µm. B. Killing assays
were performed to assess the cytotoxicity of untreated and Rab-transduced CTLs. Clone 4
CTLs cultured in vitro were transduced with a final concentration of 10µM purified Rab8a,
Rab8a[T22N], Rab10 or Rab10[T23N] protein for 30 minutes before the experiment. One
negative control was loaded with unpulsed RencamCherry cells and untreated clone 4 CTLs.
Another negative control was loaded with KdHA pulsed RencamCherry cells and no CTLs.
The killing rate was normalised by abstracting the growing rate of pulsed RencamCherry-only
control. An effector to target cell ratio of 1:1 was used.
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5.5 Rab transduction impairs the killing ability of CTLs

Expression of Rab8a, Rab10 or Rab10[T23N] at a concentration of 10 µM significantly reduced
the killing ability of CTLs compared to untreated clone 4 CTLs. The average killing rate of
normal CTLs was 4.6% area change/h, but the area change rate per hour halved for Rab8a,
Rab10 and Rab10[T23N], which were 1.8%, 2.3% and 2.8%, respectively (Figure 5.9A).
Rab8a[T22N]-transduced CTLs wers an exception, which showed increased killing twice and
reduced killing the other 4 times (Figure 5.9B). The two increased killing cases were trans-
duced by two batches of Rab expression and purification products, indicating that the result may
be reproducible. However, the exact mechanism behind the enhanced CTL killing ability was not clear.

Aligned with the morphology analysis, there was no significant difference shown in the ef-
fect between wild-type or dominant-negative forms of the same Rab (Figure 5.10A and B), or
between wild-types or dominant-negative forms of different Rab proteins (Figure 5.10C and D),
according to the paired t-tests.

A possible explanation for the similar impact that both wild-type and dominant-negative
mutant forms of Rab have on CTL killing ability and vesicular trafficking is that the acute input of
wild-type, inactive Rab diluted the level of GTP-bound, active Rab protein, leading to the cessation of
active transportation of not only CTLA-4 but also other important proteins. The dominant-negative
Rab proteins may have also malfunctioned, but caused the same result in vesicle transportation.
Therefore, additional titration experiments are necessary to confirm this hypothesis.
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Figure 5.9 Acute overexpression of either wide-type or dominant-negative Rab protein
in vitro reduces the killing ability of CTLs
Clone 4 CTLs cultured in vitro were transduced with a final concentration of 10µM purified
Rab8a, Rab8a[T22N], Rab10 or Rab10[T23N] protein for 30 minutes before the experiment.
Killing assays were performed to assess the cytotoxicity of untreated and Rab-transduced
CTLs. An effector to target cell ratio of 1:1 was used. Statistical significance was calculated
by one-way ANOVA. The asterisks represent p-values: ** p≤0.01.
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Figure 5.10 No significant difference in killing ability is found in different Rab-
transduced CTLs
Clone 4 CTLs cultured in vitro were transduced with a final concentration of 10µM purified
Rab8a, Rab8a[T22N], Rab10 or Rab10[T23N] protein for 30 minutes before the experiment.
Negative controls were loaded only KdHA pulsed or unpulsed RencamCherry, without CTL.
Killing assay was performed to assess the cytotoxicity of untreated and Rab-transduced
CTLs. An effector to target cell ratio of 1:1 was used. Statistical significance was calculated
by paired t-test.
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5.6 External Rab inhibits CTLs killing in a dose-
dependent manner

We performed a series of titrations on the Rab protein transduction. Concentrations ranged from 0.01
µM, 0.1 µM to 1 µM, 2 µM and 10 µM. Following the same cell culture procedure with TAT-Rab
and the killing assay, the tumour cell killing rate was compared within each protein group. High
concentrations (10 µM) of Rab proteins greatly reduced the killing ability of CTLs. CTLs transduced
with Rab8a and Rab10[T23N] showed only 36% and 34% of their normal killing ability, respectively.
The killing abilities of Rab8a[T22N] and Rab10 transduced T cells were also reduced to almost
half of the untreated CTLs control. The inhibition was gradually released as the Rab concentration
decreased (Figure 5.11). When the input of Rab proteins was decreased to 0.1 µM and 0.01 µM, its
effects on CTLs killing can be ignored.
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Figure 5.11 Titration of Rab transduction shows different effects on CTLs
Clone 4 CTLs cultured in vitro were transduced at a final concentration of 0.01µM, 0.1µM,
1µM, 2µM and 10µM of purified Rab8a, Rab8a[T22N], Rab10 or Rab10[T23N] protein for
30 minutes before the experiment. Negative controls were loaded only KdHA pulsed or
unpulsed RencamCherry, without CTL. Killing assay was performed to assess the cytotoxicity
of untreated and Rab-transduced CTLs. An effector to target cell ratio of 1:1 was used.
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5.7 Discussion
Rab family proteins have been associated with a multitude of cancers and have been shown to
promote tumour phenotypes such as proliferation and migration. Therefore, targeting Rab proteins as
potential therapeutics has garnered attention (Qin et al., 2017). Guided by the APEX2 proteomics
data, we chose to inhibit Rab8a and Rab10 in CTLs using TAT-mediated protein transduction of their
dominant-negative mutants. Our purpose was to cut down on the traffic of inhibitory receptors to the
immunological synapse, which would make it easier for CTLs to kill.

Rab-transduced CTLs displayed abnormal morphology, features including a narrow inter-
face, elongated cell shape, and a re-orientated uropod. These features indicate an interference
with CTL polarisation, which is a marker of efficient T cell activation and is important for T cell
function (Ambler et al., 2020). The killing ability of Rab-transduced CTLs was substantially reduced.
This result suggests that the general interference with CTL polarisation upon manipulation of the
function of Rab8a and Rab10 was functionally dominant over any specific effect on inhibitory
receptor trafficking. This could be because the Rab can transport promiscuous cargoes with opposite
effects on T cell activation, such as the TCR, stimulatory molecules, and inhibitory molecules.
And overexpression of the endogenous Rab proteins as a control may help validate this hypothesis.
Manipulating the function of a single Rab may lead to a cascade of traffic disruption and promiscuous
functional results. Therefore, identifying a protein that is specific for inhibitory receptor trafficking is
important for immune therapy. More proteins like LRBA, which regulates CTLA-4 trafficking but not
PD-1 (Lo et al., 2015), need to be discovered. Pentcheva-Hoang et al. (2007) reported that PD-1
was not co-localised with TfR+ recycling endosomes, whereas Yao et al. (2021) reported that Rab11
directed PD-1 to the recycling endosome. This suggests that inhibitory receptors may be stored in
some specific subsets of endocytic vesicles.

Our proteomics data suggested that TIM3, but not CTLA-4 and LAG3, was enriched with
Rab11b. Rab5 is co-localised with inhibitory receptors such as CTLA-4 and TIM3, but not LAG3
(Iida et al., 2000; Prévost et al., 2020; Qureshi et al., 2012), so it would be interesting to include Rab
proteins such as Rab5 and Rab11 in the immunostaining experiment to verify if they co-localise with
particular inhibitory receptors. Last but not least, we have seen interference with calcium signalling
by TAT protein transduction in unpublished results. Therefore, it is possible that the TAT protein
was also affecting the killing ability of CTLs. Including a TAT control would help assess its effects.
Our findings may not contradict the current research on targeting Rab in cancer therapy, but they
can provide insights into improving the drug’s efficacy and avoiding side effects. Most research has
focused on inhibiting Rab in cancer cells, and the therapeutic benefits were observed in an in vitro
cell model (Mitra et al., 2017). It is worth considering that Rab inhibitors may also affect the immune
cells within the tumour microenvironment and therefore alter therapeutic outcomes.

194



Chapter 6

Discussion
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6.1 Planar APC substitute for TIRF imaging

In Chapter 3, we examined the subcellular localisation of five inhibitory receptors: CTLA-4, PD-1,
LAG3, TIM3, and TIGIT, and their insertion and distribution patterns at the interface. And we
presented preliminary evidence for the diverse lumenal proteomes of CTLA-4, LAG3, and TIM3. To
further understand the intracellular transport of inhibitor receptors, in Chapter 4 we proposed the
possible motifs of inhibitory receptors for transport regulators to bind and provided initial molecular
information indicating that inhibitory receptors may bind to AP1, AP2, and ESCPE-1 for their
endocytic recycling. Finally, in Chapter 5 we demonstrated the negative functional effect of altering
the key trafficking modulators, Rab proteins, in cytotoxic T lymphocytes, which may provide insights
into the investigation of therapeutic targets for immunotherapy. In this final chapter, we will sum up
the findings from the previous chapters and discuss some of the interesting topics for future research.

6.1 Planar APC substitute for TIRF imaging
The first aim of this project was to determine the spatiotemporal pattern of different inhibitory
receptors on the T cell membrane of the immunological synapse. Two principal experimental models
have been extensively studied for signalling complexes at the immunological synapse. One model
uses a planar APC substitute to mimic the surfaces of real antigen-presenting cells. Classic settings for
such a model include supported lipid bilayers (SLBs) (Figure 6.1A) or a glass-bottom plate (Figure
6.1B) that holds up the ligand for lymphocyte binding (Dustin, 2009; Zhao et al., 2019). The planar
APC substitute allows us to map specific signals of interest. In addition, it is the only feasible approach
for TIRF imaging, as the penetration depth in TIRF imaging is limited to at most 200 nm above the
glass surface. Therefore, we also established a planar APC substitute model in Chapter 3 by coating
the imaging plate with αCD3 or with αCD3 and ICAM-1. The model enabled us to compare the
insertion and motion of inhibitory receptor vesicles and illustrated the distinctive central distribution
of CTLA-4 and the translocation of LAG3 to the membrane periphery. The observation and analysis of
the inhibitory receptor microclusters may be linked to what we already know about TCR microcluster
dynamics and could help us understand how the immunological synapse communicates (Barcia et al.,
2008; Varma et al., 2006; Yokosuka et al., 2005).
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6.1 Planar APC substitute for TIRF imaging

Figure 6.1 Models to image the T cell–APC interface
Planar APC substitutes using A. supported lipid bilayers (SLBs) loaded with peptide-
loaded MHC class I molecule and PD-L1, B. glass-bottom plate coated with
biotin–NeutrAvidin–biotinylated αCD3 sandwich, or C. plasma membrane sheets
(PMSs) loaded with anti-CD3 antibody. D Representative EM image showing the
invadosome/podosome-like protrusions on the T cell–APC interface. Membrane curva-
ture is indicated by black arrows. Scale bar: 1 µm. E Representative TIRF image of
GFP-tagged CTLA-4 expressing CTLs bound to PMSs at the penetration depth of 120 nm. A
ring structure that differed from the traditional microcluster is pointed out by white arrow.
Red fluorescence indicates the αCD3 antibodies coated PMSs, which were made from the
plasma membranes of adherent cells. Sclae bar: 5 µm.

Another way to study the immunological synapse is to use actual APCs, such as tumour cells. This
method may provide a more physiologically relevant illustration of signal transduction. For instance,
microclusters were rarely seen in real T cell–APC interfaces. Instead, interface undulations, or
“invadosome/podosome-like protrusions(ILPs)”, were observed and feature similar molecules to the
TCR microclusters (Sage et al., 2012). This ILP structure was corroborated by our electron microscopy
imaging (Figure 6.1D). F-actin was shown to support such structures and move perpendicularly
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relative to the interface (Roybal et al., 2015a,b). While in planar APC substitute, the actin filaments
mediated movement toward the interface centre (Yi et al., 2012). Therefore, to reconstruct the
deformable surface, the Tolar lab designed immobilised plasma membrane sheets (PMSs) (Figure
6.1C) that allow antigen extraction by B cells (Natkanski et al., 2013; Nowosad and Tolar, 2017). We
tested the GFP-fused CTLA-4-expressing CTLs on the αCD3 coated PMSs and observed a persistent
ring structure (Figure 6.1E) that differs from microclusters but is similar to the “podo-synapse”
structures described by Sage et al. (2012). In addition, the distribution of the CTLA-4 vesicles was
the opposite of what we have seen on the glass cover slips, where CTLA-4 is central rather than
peripheral. In unpublished data by the Wuelfing lab, it was shown that inhibitory molecules DGKα
and SHIP1 showed peripheral distribution on the real APC–CD4 T cell interface. So we speculate that
the inhibitory receptor patterning on the T cell interface in vivo may not be the same as in experimental
models. Therefore, it will be worthwhile to examine the kinetics of inhibitory receptors in rigid and
deformable membranes.
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6.2 Residency in the same cellular compartment, or dis-
tinct?

In Chapter 3, we first examined the surface and intracellular distribution of various receptors by
analysing live cell imaging data.A significant portion of the five inhibitory receptors, namely CTLA-4,
PD-1, LAG3, TIM3, and TIGIT, were found to be primarily located in intracellular structures rather
than the cell surface. We then used TIRF imaging and proximal proteomics to determine whether
the five inhibitory receptors are retained in the same intracellular vesicles or have their designated
cellular compartments. Upon T cell activation, vesicles containing the five inhibitory receptors
are inserted into the plasma membrane with different frequencies and kinetics, resulting in diverse
interface distributions. Specifically, CTLA-4 and LAG3 exhibit distinct interface distributions, while
PD-1, TIM3, and TIGIT show minor differences. Additionally, the cellular compartments harbouring
CTLA-4, TIM3, and PD-1 exhibit distinct proteomes.

CTLA-4, PD-1, LAG3, TIM3, and TIGIT have a significantly lower edge-to-interior ratio
than TCR, CD2, CD6, and CD28, suggesting their preliminary localisation within intracellular
compartments, as determined by quantitative image analysis. This result is consistent with the
literature (Lake et al., 2021; Linsley et al., 1996; Pentcheva-Hoang et al., 2007; Woo et al., 2010)
and provides evidence for the intracellular storage of TIGIT in CD8+ T cells. When analysing the
dynamics of inhibitory receptors, CTLA-4 is the most distinct. It is inserted at the interface with the
least frequency than other inhibitory receptors, has a distinct central distribution at the interface, and
does not co-localise appreciably with LAG3 or TIM3. This notion is also corroborated by t-SNE
analysis, which visualises the separate clustering of the CTLA-4, LAG3, and TIM3 vesicle proteomes.
LAG3 distribution changes from marginal accumulation at the interface’s centre to profusion at
its periphery. PD-1, TIM3, and TIGIT displayed a similar distribution on the interface, with some
slight accumulation at the interface centre that diminished with time. It is unclear whether this
indicates that they are maintained in the same cellular compartment. Since the insertion of TIGIT
to the T cell interface decreases significantly and consistently, whereas PD-1 and TIM3 have a
surge of insertions within the first 30 seconds of interface formation, as detected by the machine
learning analysis, dual-colour imaging and vesicular proteomics may aid in the investigation of this
question. In addition, the membrane insertion and distribution patterns of inhibitory receptors were
detected at the interface in the absence of ligand. It will be intriguing to determine if the addition of
ligands to the APC substitute imaging system alters the kinetics of inhibitory receptor trafficking
to the immunological synapse (Hui et al., 2017; Zhao et al., 2019). Establishing APEX-IR-GFP
expressing Jurkat cell lines will be useful to examine the vesicle proteomes of all five inhibitory
receptors on a larger scale and may pull down more interesting proteins that are indicative of vesicle
identity, although we should take into account the limitations of Jurkat cells due to their increased
levels of PIP3, a critical regulator of endocytosis that may interfere with inhibitory receptor delivery
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and provide faulty membrane information (Astoul et al., 2001). Alternatively, the Hivroz Group
established a technique for purifying intact membranes from cellular compartments expressing desired
proteins and characterised the recycling pathway for LAT-containing vesicles in T cells (Carpier et al.,
2018; Hivroz et al., 2017). It would be interesting to apply this strategy to inhibitory receptors and
find out which proteins and endocytic markers are involved in the movement of inhibitory receptors
by using western blotting or proteomics.
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6.3 Same trafficking route, or specific?
The intracellular trafficking of inhibitory receptors is largely unknown, and most research to date
was focused on CTLA-4. Surface CTLA-4 molecules undergo clathrin-mediated endocytosis
and are internalised by the AP2 adaptor complex (Chuang et al., 1997; Shiratori et al., 1997;
Zhang and Allison, 1997). While AP1 binds to the Golgi-associated CTLA-4 molecules and
shuttles their translocation to endosomes or lysosomes (Schneider et al., 1999). AP-1 and
AP-2 bind to the same nonphosphorylated YVKM motif on the CTLA-4 cytoplasmic domain
(Bradshaw et al., 1997; Schneider et al., 2001). Phosophorylation of this motif prevents AP-2
binding and promotes PI3K (Schneider et al., 1995) or SHP-2 (Lee et al., 1998; Marengère
et al., 1996) binding, shifting the CTLA-4 expression balance from internalisation to surface
retention (Chuang et al., 1999). Recent studies have found that LRBA competes with AP-1 for
the YVKM motif, which rescues CTLA-4 from lysosomal degradation (Janman et al., 2021; Lo
et al., 2015). These findings together suggest that the YVKM motif plays a critical role in CTLA-
4 sorting and trafficking and therefore remind us of the possibility of recruiting other sorting regulators.

We examined the sequences of the cytoplasmic tails of CTLA-4, PD-1, LAG3, TIM3, and
TIGIT and indeed found several candidate motifs. AP-1/AP-2 bind to the YxxΦ motif, which is also
found in PD-1 and TIGIT. Such motifs also function as the inhibitory motifs of PD-1 and TIGIT,
which are known as ITIM, ITSM, and ITT-like motifs (Boussiotis, 2016; Engels and Wienands, 2011;
Li et al., 2014; Shinohara et al., 1994). TIM3 does not contain the classic ITIM or ITSM motif,
instead, it harbours five conserved tyrosine residues (van de Weyer et al., 2006), and the last two of
which, Y272 and Y274 in mouse (Y290 and Y293 in human), contain the possible binding motifs for
AP-1/AP-2 (YCYV) and SNX5/SNX6 proteins (YYCYVN in mouse or YYCYVS in human). These
two binding domains do not overlap with the functional tyrosine residues (Das et al., 2017; Lee et al.,
2011), which may suggest less competition with the signalling adaptors and therefore faster sorting.
SNX-5 and SNX-6 are subunits of the ESCPE-1 complex that are responsible for cargo binding and
trafficking to the plasma membrane or trans-Golgi network, and potential binding motifs were also
found in CTLA-4 and PD-1. The retromer-SNX3 complex retrieves cargo from the endosome to the
Golgi, and potential binding motifs were found in CTLA-4, LAG3, and TIGIT.

Accordingly, we performed immunoprecipitations to test these hypothetical interactions, and
the results had two main implications. Firstly, although the cytoplasmic domain may provide the
binding site for transport proteins, the transmembrane domains of the inhibitory receptors are essential
for stable protein binding. Without the transmembrane domain, not even the well-characterised AP-1
and AP-2 proteins were pulled down by the cytoplasmic domain of CTLA-4. This may attribute
to the avidity effect that the IR-TMcyt that accumulates on the membrane has a higher avidity
than the IR-cyt that disperses in the cytoplasm. Secondly, most of the sorting proteins we tested,
including AP-1, AP-2, retromer subunit VPS35, and ESCPE-1 subunits SNX1/SNX2/SNX5/SNX6,
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precipitated with all five inhibitory receptors. And the binding of AP-1, AP-2, and ESCPE-1 to
inhibitory receptors showed statistical significance. These findings suggest that different inhibitory
receptors may share the same fundamental trafficking pathways by binding to the same sorting
proteins. This conclusion needs further validation by immunostaining to co-localise the inhibitory
receptors with biomarkers of cellular compartments such as recycling endosomes and lysosomes.
Curiously, CTLA-4 consistently associates more strongly with SNX1/SNX2/SNX5/SNX6, despite
the fact that the difference is not statistically significant, indicating probable competition among
inhibitory receptors for sorting protein binding. Validating the sorting motifs and the physical
structure of inhibitory receptors may improve our understanding of inhibitory receptor trafficking.

However, following the same routes of intracellular trafficking does not reflect the spatiotemporal
pattern of inhibitory receptor vesicles in response to T cell activation. It will be interesting to map the
surface expression and recycling of inhibitory receptors at different time points of T cell activation
using techniques such as uptake assays. Last but not least, identifying specific sorting proteins in the
designated vesicles of inhibitory receptors will be of clinical importance for immunotherapy.
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6.4 Altering Rab protein level impairs the killing ability of
CTLs

Rab proteins are key modulators of membrane fusion and cargo trafficking. Rab proteins are reported
to be associated with many T cell signalling receptors, including TCR, Lck, LAT, etc (Carpier et al.,
2018; Finetti et al., 2014; Gorska et al., 2009; Lo et al., 2015). Lo et al. (2015) observed that CTLA-4
and LRBA were co-localised in the Rab11+ recycling endosomes. In APEX2-based proteomics we
noticed that Rab8a, Rab10, and Rab11b were pulled down by inhibitory receptors in some but not
all experimental repeats, and therefore we generated transducible TAT-Rab proteins to manipulate
their function in CTLs and investigate their effects on CTL cytotoxicity. We observed an abnormal
phenotype that had a narrowed CTL:APC interface and lack of uropod retraction, indicating that
the CTL’s polarisation was impaired, which may led to less cytotoxicity. T cell polarisation is a
critical step for CTLs to attack target cells. CTLs reorganise their cellular structure to stably form
the immunological synapse, move the microtubule organising centre (MTOC) from the uropod to the
immunological synapse, and initiate signal transduction and cell killing (Ritter et al., 2015; Wülfing
et al., 2003). Rab proteins are found localised at the MTOC (Peränen et al., 1996; Riggs et al.,
2007; Stein et al., 2012) and drive membrane polarity. Other studies reported that Rab8 forms an
effector complex with TRIM and LAX to direct the CTLA-4 vesicles bud from the trans-Golgi
network to traffic to the cellular interface; and the overexpression of wild-type LAX promotes the
surface expression CTLA-4 (Banton et al., 2014). We observed no significant difference in the
movement of CTLA-4 between the dominant-negative Rab8a-transduced CTLs and untreated CTLs.
It will be interesting to assess the surface expression of inhibitory receptors on Rab-transduced CTLs.
Vignali’s lab found that LAG3 is co-lolcalised with Rab11 and MTOC (Woo et al., 2010). Hence, it
is worth imaging the MTOC dynamic of Rab transduced CTLs to understand the mechanism of cell
depolarisation and impaired killing.
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6.5 Final conclusions and future directions
Figure 6.2 summarises the inhibitory receptor localisation and transport of inhibitory receptors,
which were proposed based on the molecular information concluded from this project.

Figure 6.2 Graphical summary of the vesicular like structures that are proposed to
contain the five inhibitory receptors and their endocytic machinery (Figure legend next
page.)
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Figure 6.2 (Previous page.)
Graphical summary of the vesicular like structures that are proposed to contain the
five inhibitory receptors and their endocytic machinery
AP-2 most likely mediates the clathrin-coated endocytosis of the five inhibitory receptors
towards the early endosome. Rab5 and Rab21 mediate endocytosis of different cargo proteins.
Rab5 vesicles can exchange cargo with the ESCPE-1 compartment in a “kiss-and-run”
manner. Further, ESCPE-1 may recognise and sort the five inhibitory receptors, which
undergo fast recycling from the early endosome to the plasma membrane and/or retrograde
retrieval from the late endosomes to the trans-Golgi. Rab4 and Rab22 recycle the cargo from
the early endosomes to the plasma membrane or trans-Golgi, and cis-Golgi, respectively.
Rab5+ early endosomes mature into Rab7+ late endosomes. AP-1 most probably transports
the five inhibitory receptors between the late endosomes and the trans-Golgi, and from the
trans-Golgi to lysosomes. Rab7+ late endosomes mature into endolysosomes and lysosomes.
Fusion of the late endosomes and lysosomes creates the endolysosomes, which possibly
facilitates the transport of LAG3 and mitochondrial protein SLC25A3. CTLA-4, LAG3,
and TIM3 were enriched with CD45 and TfR, possibly at the plasma membrane and with
TMED10, possibly within the ER–Golgi contact size or the vesicles that travel between
them. Nuclear proteins such as Ki-67 that are enriched in the TIM3-proximal proteome
may indicate the peri-nuclear localisation of TIM3. Rab1 and Rab2 facilitate anterograde
and retrograde transport between the ER and cis-Golgi, respectively. Rab3, Rab26, Rab27,
and Rab37 mediate the fusion of secretory vesicles with the plasma membrane. Rab8
regulates protein export from the trans-Glogi. Rab8, Rab10, and Rab14 mediate the fusion of
GLUT4 vesicles with the plasma membrane. Rab11 and Rab35 facilitate slow recycling
from the recycling endosomes to the plasma membrane. The purple lollipop-shaped structure
represents the five inhibitory receptors in general. TfR, transferrin receptor; ESCPE-1,
endosomal SNX-BAR sorting complex for promoting exit 1; TMED10, transmembrane
p24 trafficking protein 10; SLC25A3, solute carrier family 25 member 3; GLUT4, glucose
transporter type 4. Adapted from “Intracellular Transport”, by BioRender.com (2022).
Retrieved from https://app.biorender.com/biorender-templates
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Our proteomic analysis data suggest that CTLA-4, LAG3, and TIM3 are localised proximally to
the TfR and CD45, most probably on the plasma membrane or are endocytosed together. This
result corroborates previous studies that CTLA-4 co-localises with TfR+ endosomes (Linsley
et al., 1996), and that TIM3 is associated with CD45 (Burroughs et al., 2006). Consistent with the
well-established endocytosis mechanism of CTLA-4 (Qureshi et al., 2012; Shiratori et al., 1997;
Zhang and Allison, 1997), our immunoprecipitation findings suggest that not only CTLA-4 but
also PD-1, LAG3, TIM3 and TIGIT, undergo AP-2-mediated clathrin-coated endocytosis from the
plasma membrane to the early endosome. Previous studies also support this route, as indicated
by the co-localisation of CTLA-4 with Rab5 (Iida et al., 2000; Qureshi et al., 2012) and TIM3
with Rab5 (Prévost et al., 2020). Rab5 is an early endosome marker that directs the endocytosis
and endosome fusion of clathrin-coated vesicles (McLauchlan et al., 1998). PD-1 and LAG3
co-localise with EEA1+ early endosome (Woo et al., 2010). However, a study suggests that LAG3
does not co-localise with Rab5 (Bae et al., 2014), suggesting that it may be associated with other
Rab proteins in the early endosomes. Rab4, Rab5, Rab21, and Rab22 are located in the early
endosome, where they regulate different cargoes with some overlapping destinations (Stenmark, 2009).

The retrograde trafficking of inhibitory receptors after endocytosis results in their transport
to various destinations. We detected interactions among the five inhibitory receptors and emdosomal
SNX-BAR sorting complex promoting exit 1 (ESCPE-1). ESCPE-1 is a heterodimer of SNX1/2
and SNX5/6 that binds to cargoes and helps membrane bud from early endosomes to the plasma
membrane or mediates their retrograde retrieval from the late endosomes to the trans-Golgi network.
Rab5 can be tethered to SNX1 via factors for endosome recycling and Rab interactions (FERARI)
and transfer cargoes in a “kiss-and-run” manner (Solinger et al., 2022). Rab9 directs late endosome
trafficking to the trans-Golgi, and CTLA-4 co-localises with Rab9 (Qureshi et al., 2012). Therefore,
the next step will be a series of immunostaining experiment to determine the co-localisation of
inhibitory receptors, Rab4, Rab5, Rab9, Rab21, and ESCPE-1. Immunoprecipitation revealed that
in addition to ESCPE-1, another retrograde transport regulator, AP-1, is associated with the five
inhibitory receptors. AP-1 recognises cargoes and shuttles them between the late endosomes and
trans-Glogi, and from Golgi to lysosomes for degradation (Lo et al., 2015; Zhang et al., 2019).
Although we did not observe significant interactions between the retromer subunit VPS35 and the
inhibitory receptors compared with the positive control, CTLA-4 was found to be co-localised with
Rab7 (Qureshi et al., 2012) which binds to the retromer and mediates membrane fusion from the
late endosome to the lysosomes (Seaman et al., 2009). Therefore, whether other adaptor proteins
provide a scaffold for the association among retromer, Rab7, and CTLA-4 association is worth
investigating. We found that LAG3 was enriched with the mitochondrial protein SLC25A3 in the
proximal proteomes; this could be owing to the communication between the endolysosomes and
mitochondria. CTLA-4, PD-1, and LAG3 were all found to be enriched in lysosomes (Bae et al.,
2014; Huang et al., 2015; Pentcheva-Hoang et al., 2007), and the mechanisms that rescue them from
lysosomal degradation are not similar (Bae et al., 2014; Janman et al., 2021; Lo et al., 2015; Yao et al.,
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2021). CTLA-4 is found in the Rab11+ recycling endosome (Janman et al., 2021), whereas PD-1
and LAG3 are co-localised in the Rab11 recycling endosome (Huang et al., 2015). Our proteomic
analysis data suggest that Rab11 is enriched in TIM3-containing vesicles. Additional experiments
assessing the interaction between the SNX27-retromer and inhibitory receptors will help identify the
sorting complex that regulates inhibitory receptor recycling from the Rab11+ recycling endosome.
Nevertheless, we have difficulties explaining the enrichment of nuclear proteins such as ki-67 in
TIM3-containing vesicles. We speculate that TIM3 is located in the peri-nuclear ER compartment;
this speculation should be validated in future studies. CTLA-4-, LAG3-, and TIM3-containing vesicle
proteomes also pull down TMED10, likely from the ER–Golgi contact site or the vesicles that travel
between them. Because CTLA-4 was previously detected in the peri-nuclear Golgi vesicles (Tai et al.,
2012), there is a possibility that CTLA4-4, LAG3, and TIM3 undergo retrograde trafficking from the
cis-Golgi to the ER. Therefore, it is worth investigating whether another Golgi-ER membrane fusion
regulator, Rab2, is involved in this process.

In summary, we propose that the five inhibitory receptors, CTLA-4, PD-1, LAG3, TIM3,
and TIGIT maintain a substantial intracellular pool and undergo constant endocytosis and membrane
recycling in CD8+ T cells. Although the particular intracellular compartment in which they are
enriched may not be the same, the machinery that regulates their intracellular transport largely
overlaps. Inhibitory receptors, or immune checkpoints, play an important role in the immune
responses. While this is a revolutionary finding in cancer therapy, immunotherapies that targeting
inhibitory receptors and their ligands exhibit low response rates and adverse autoimmune effects.
Understanding the intracellular trafficking machinery of inhibitory receptors may help fine-tune the
current strategies for immune checkpoint blockade or develop novel strategies for targeting inhibitory
receptors. For example, by shifting the balance between lysosomal degradation and membrane
recycling of inhibitory receptors, we may reinvigorate the exhausted T cells without triggering
autoimmunity. Furthermore, it will be intriguing to discover cargo transport proteins that more
specifically target inhibitory receptors to optimise the currently available combination therapy.
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Appendix A

APEX2 proximal proteomes of vesicles
containing inhibitory receptor

Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR, experiment conducted by
Timsse Raj

Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q5SWU9 1.892 1.085 1.204
P60710 1.166 1.333 1.000
Q99MR8 1.911 1.133 1.193
G5E8R3 1.934 1.296 1.309
Q91ZA3 1.753 1.145 1.183
Q3UBP6 1.133 1.237 1.485
Q8VDD5 2.318 1.046 1.000
Q3ULM1 1.335 1.502 2.593
P52480 1.031 1.102 1.301
P16858 1.189 1.363 1.255
P17182 1.027 1.760 2.241
P11499 1.275 1.581 2.343
A0PJE6 2.262 1.101 1.389
P05213 1.320 1.329 1.271
P07901 1.194 1.743 2.659
P09411 1.114 1.592 1.870
Q61781 1.000 0.261 1.000
P50446 1.019 0.119 1.922
P99024 1.287 1.385 1.461

Continued on next page
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P10126 1.230 1.062 1.379
Q80U93 1.246 1.000 1.018
P68040 1.217 1.124 0.854
Q922U2 0.706 0.352 1.108
Q9QWL7 0.591 0.145 1.639
A6ZI44 0.931 1.637 1.812
Q6P9L9 1.066 1.424 1.704
P20029 2.132 1.569 2.266
P20152 2.144 1.843 1.517
Q9Z2K1 1.000 0.175 1.000
P68368 1.188 1.255 1.369
P68372 1.367 1.589 1.453
Q62351 8.082 5.514 1.691
Q3U292 2.005 2.487 0.624
Q61753 1.304 1.194 1.056
P62806 2.089 1.613 0.679
P15864 1.691 2.086 0.602
Q3ULD5 2.318 1.182 1.199
Q3TLL6 1.635 1.376 1.473
A2A513 0.714 0.290 1.882
Q03265 1.683 1.595 1.628
P06151 1.146 1.535 2.438
P43274 1.530 2.236 0.781
Q3TJX0 1.355 1.739 1.226
F8WIT2 1.028 1.546 2.158
Q3UV17 0.648 0.201 1.314
P62962 1.085 1.595 1.497
Q8C2M8 1.498 1.105 1.083
Q01320 3.048 1.104 1.184
E9Q1Z0 0.654 0.223 1.241
B2RTP7 0.849 0.484 1.440
P27773 1.553 1.672 1.791
P04104 0.726 0.524 1.184
P08113 2.476 1.816 1.710
P62908 1.734 1.481 1.413
P63038 1.389 1.647 1.528

Continued on next page
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q6IFX2 0.961 0.124 1.140
P63101 1.223 1.377 1.429
P62983 1.273 1.301 1.000
P17742 1.053 1.699 1.405
P17751 1.158 1.349 1.851
B2CY77 1.241 1.426 1.990
P09405 1.836 1.658 1.447
P04187 1.717 1.380 1.138
Q61782 1.145 0.113 1.450
P07356 0.990 0.981 1.247
Q8VED5 0.799 0.180 2.373
Q9D8N0 2.394 1.376 1.106
P80315 1.169 1.350 1.284
P35979 1.334 1.357 1.337
Q02257 0.781 0.200 1.000
Q3TPG3 1.005 0.945 1.082
Q3UDB1 1.118 1.350 1.122
E9Q557 0.871 0.250 0.915
A0JLV3 1.896 1.651 0.700
Q9Z1R9 0.878 0.966 0.898
P56480 1.715 1.583 1.679
Q61414 0.847 0.252 2.139
Q07797 4.600 3.362 1.000
P80318 1.293 1.298 1.336
P80317 1.488 1.617 1.224
O89053 1.006 1.667 1.826
Q5QNU0 1.082 0.984 1.069
Q1WWK3 1.519 1.777 0.736
P80316 1.141 1.420 1.403
Q9CS06 1.254 1.270 1.725
P51881 2.293 1.313 1.202
P38647 1.543 1.114 1.477
Q9DBJ1 0.983 1.312 1.536
Q9R0H5 1.097 1.129 1.703
Q9WVA4 0.993 1.187 1.320
P68254 0.947 1.475 1.053
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P68510 1.033 1.655 4.294
Q5RKP4 1.641 1.139 1.108
Q3TT81 0.896 1.428 0.986
Q05BN2 1.555 1.774 1.640
E9PZF0 0.920 1.174 1.852
P43275 1.728 2.239 0.713
Q02053 1.026 1.994 1.283
Q3V3R1 1.354 1.318 1.331
Q8C570 1.318 1.163 1.137
P26350 2.073 1.807 1.709
Q3THL7 2.017 1.275 1.132
P61205 1.146 1.346 1.343
Q9CZD3 1.444 1.235 1.016
Q58E39 1.000 1.000 1.538
F8WIX8 2.126 1.980 0.723
B1AXW5 1.069 1.264 1.207
A0A0U1RNJ1 1.313 1.151 1.933
Q9WU78 1.131 1.583 1.181
P11983 1.269 1.416 1.186
Q4V9X9 1.607 1.634 1.540
P25206 1.000 1.000 1.000
P55258 1.827 1.372 0.956
Q3U561 2.001 1.689 1.434
Q8BKQ0 1.029 1.137 1.027
P40124 1.216 1.599 1.733
P40142 0.905 1.610 1.907
P17918 1.280 1.377 2.202
P18760 0.948 1.251 1.440
Q5NC80 1.018 1.329 1.871
O78207 2.409 1.657 1.000
Q9CQV8 1.058 1.305 1.000
Q8BTU5 1.215 1.736 1.605
P08752 1.217 1.131 0.667
F6YTZ4 1.869 1.648 1.403
B7ZP22 0.998 1.693 0.799
K7W4D1 1.058 0.906 0.730
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P47963 1.445 1.501 1.576
Q8BP67 1.523 1.369 1.295
P62827 1.250 1.332 1.411
P49312 1.176 1.262 1.053
P62259 1.458 1.534 1.629
P27661 2.151 2.426 0.698
Q8BXX7 1.096 1.235 1.041
B8JK33 1.536 1.509 1.671
P47753 1.018 1.042 0.786
P14148 1.704 1.673 1.794
P62281 1.715 1.510 2.326
G3UY38 1.070 1.051 1.490
A1L0X5 0.725 0.186 0.721
Q9QUK9 1.116 1.182 0.856
P60335 1.028 1.582 1.665
P62889 1.831 1.087 1.156
Q71V06 1.666 1.855 1.014
Q6IME9 0.523 0.270 1.395
Q9Z1Q5 1.192 0.861 1.014
Q80UL3 1.140 1.314 1.055
Q99020 1.160 1.306 1.004
Q6ZWN5 1.293 1.702 2.251
E9Q616 2.471 0.802 1.075
F8WJ41 1.825 1.626 1.925
Q99KI0 0.986 0.989 1.182
S4R223 1.162 1.165 1.476
A0A0G2JDW7 1.022 1.330 1.162
Q9D1G1 1.641 0.665 1.388
Q9CWJ9 1.286 1.094 1.034
Q3TDS9 1.779 1.770 1.542
D3Z2T9 1.230 1.093 0.881
Q8C605 1.301 1.505 1.799
P35564 1.746 1.552 3.310
Q3UDI8 1.358 1.106 1.285
G3UX26 1.775 1.660 1.655
Q3TGN5 1.829 2.041 1.090
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

A2AMW0 1.160 1.289 1.737
A2A6U3 0.980 1.173 1.031
Q8BP47 1.933 1.728 1.635
P62270 1.337 1.401 1.328
Q8BNF8 1.250 1.457 1.356
P30681 0.826 1.088 0.768
Q3TGW0 0.996 1.553 2.199
S4R1M0 2.214 3.531 4.035
P80314 1.313 1.919 2.307
D3YX34 1.298 1.359 1.000
Q3U8N1 1.023 1.188 0.761
B7FAV1 1.094 1.134 1.547
Q6UL10 3.390 1.244 0.851
Q5BL09 1.800 1.977 1.089
F8WI35 2.289 2.188 0.671
Q0QEW9 3.209 2.841 1.929
P61161 1.212 2.211 2.183
E9PVX6 0.927 1.020 1.387
H3BKI8 0.942 1.520 1.550
Q5KTQ0 1.903 1.606 2.652
A1L0U3 2.461 1.148 0.621
Q9CR57 2.057 1.641 1.548
Q9QZQ8 1.264 1.000 0.766
P0C0S6 1.481 1.986 0.887
A0A0N4SUQ1 1.079 1.579 0.777
Q9D8E6 2.033 1.648 1.892
P67778 2.492 2.079 1.000
Q61833 1.669 1.248 0.945
P97351 1.538 1.506 1.663
Q3TE06 0.705 1.249 2.215
F6SVV1 1.565 1.258 2.201
Q569Z0 1.883 1.645 1.216
P63325 1.678 1.476 1.140
P62242 1.660 1.474 1.489
Q99K94 1.525 1.387 0.830
Q3UWP8 1.281 1.408 1.760
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P52293 2.235 1.508 2.043
E9PUX4 1.868 1.947 1.558
P62852 1.000 0.863 1.000
P08003 1.527 1.878 1.933
P12970 1.469 1.313 1.338
P01027 3.717 2.711 0.949
Q9Z1N5 1.165 1.316 1.331
Q6PHZ1 1.488 1.357 0.983
Q8CB58 2.409 1.827 1.504
D3YVM5 1.477 1.528 1.467
A0A0N4SVP8 0.854 1.465 3.116
P08249 0.972 1.453 2.178
O70569 1.478 1.547 1.000
Q8BPI7 1.032 1.658 1.770
P11032 1.670 1.650 0.667
P14131 1.600 1.225 1.333
P61358 1.379 1.612 1.543
Q99KE1 0.907 1.134 1.430
Q60605 1.298 0.874 0.660
Q3THU8 2.141 1.981 1.307
E9Q6M7 1.000 1.000 1.000
Q6PHN9 1.000 1.000 1.000
P61027 1.226 1.746 1.658
Q8R379 1.067 1.142 0.969
Q3TK56 0.964 1.154 1.284
A0A0U1RNT6 1.324 0.779 0.981
Q61656 1.705 2.092 1.213
S4R2J8 1.000 1.000 1.000
A0A0H2UH17 1.000 1.000 1.000
F6QL70 1.683 1.740 1.382
P07724 1.692 0.506 3.412
Q9CPY7 1.663 1.468 0.686
Q8VC94 1.477 1.401 1.260
Q6PB99 1.304 1.632 1.338
Q05144 1.440 1.449 1.407
Q3UGJ7 1.020 1.225 1.206
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q9CWZ5 1.822 0.915 1.072
Q3U8R9 1.058 1.419 1.594
Q922W7 1.803 1.326 1.091
P60867 1.209 1.167 1.305
Q61790 1.185 1.984 0.811
D3Z313 1.207 1.789 1.877
Q8C2D7 1.574 1.130 1.314
Q99PT1 1.014 1.608 1.457
Q9CSN9 1.684 1.420 1.470
Q61599 0.980 1.414 1.556
A0A0A0MQM0 1.070 1.542 1.295
P62137 1.268 1.356 1.309
Q6RJ38 2.440 2.021 2.528
Q3ULG5 1.000 1.807 2.228
Q5U405 1.105 0.780 0.863
G3UWN9 1.307 1.343 1.993
P99027 1.092 1.782 2.529
Q60710 0.766 1.006 0.935
Q9Z204 1.000 1.144 1.000
P26039 1.610 1.023 1.000
E9Q5B5 0.864 1.969 1.597
Q792Z1 1.316 1.013 0.855
B1ARA3 1.491 1.408 1.655
P41105 1.498 1.472 1.185
Q3UEA1 1.235 1.932 3.305
Q3TFE8 1.669 1.703 1.688
Q8CBU4 1.111 1.155 1.011
O08553 0.886 1.310 1.121
O35737 1.150 1.433 1.064
Q93092 1.157 1.437 1.914
Q3U4J9 0.948 1.156 1.677
Q61316 0.978 1.758 1.744
Q8BGW0 1.234 1.630 1.000
Q3TLF6 0.942 0.960 1.409
Q3TT76 1.124 1.489 1.457
Q05DU4 0.910 1.320 1.088
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P97461 1.269 0.881 1.046
P62754 2.140 1.357 1.656
Q3TKR5 1.223 1.685 1.620
Q6ZWX2 1.260 1.243 0.895
P59999 1.185 1.595 1.253
Q4FZG5 0.873 1.530 1.163
Q62422 0.949 1.344 1.000
Q9DB77 1.304 0.781 0.874
I7HLV2 1.706 1.785 1.526
Q0GUM2 0.522 2.286 1.803
O35129 2.753 2.263 1.279
P97310 1.343 1.470 1.083
Q8BWT4 3.494 1.374 0.977
P62900 1.714 1.555 1.053
D3Z1M1 0.896 1.284 0.861
P51410 2.938 1.820 1.637
Q3TLX4 2.138 1.007 1.360
Q9JHU9 1.045 1.006 2.013
Q05CK2 2.093 1.326 1.731
B2KKU6 1.000 1.000 1.000
H3BLF7 1.690 1.311 1.389
P09793 4.770 1.911 0.873
Q8BMJ2 1.392 1.718 1.000
A0A097PUD0 1.000 0.515 1.520
O55142 2.878 1.700 2.109
Q921R2 1.850 1.972 3.356
F6SAC3 1.005 1.404 1.908
Q9DCA4 1.691 1.437 1.913
P26011 1.000 1.000 1.000
Q3UBB6 1.836 1.484 2.000
Q06185 2.222 1.162 0.910
Q8K2B3 1.137 1.486 1.297
E9QN08 1.986 1.419 1.467
Q91YT9 0.986 1.011 0.945
Q9DAB4 2.138 1.263 3.740
A0A075B5J3 2.167 1.377 0.999
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q61655 1.406 1.021 1.372
Q8VEE4 0.980 1.413 1.039
P27659 1.844 1.487 1.541
Q7TT42 0.611 1.179 1.093
O89100 0.700 0.640 1.898
Q3TII4 1.498 0.973 0.491
Q921J0 0.716 3.065 1.378
Q3UDA2 1.000 1.011 1.000
Q3TRW3 1.301 1.188 0.816
Q684I8 0.904 0.712 1.260
Q6NXZ9 0.871 1.047 0.675
Q3V471 1.095 1.302 1.002
Q545F8 1.373 1.491 1.954
Q91VH6 1.367 0.332 1.019
Q99JR1 1.375 1.420 0.880
B7ZWF1 2.522 1.322 0.506
G3UXT7 0.771 1.755 0.679
Q64737 1.448 1.317 1.095
E9Q5B6 1.467 1.171 0.934
Q8CIN4 0.653 1.000 1.000
P62918 2.801 1.577 1.000
Q922R9 1.597 1.431 2.469
Q80W54 1.014 0.709 1.000
A0A0G2JE52 1.978 1.383 1.597
Q3TB39 1.126 1.050 0.776
G3X9Q3 1.260 0.948 1.000
Q61081 1.000 1.000 1.000
A2A4J1 0.554 0.870 2.943
Q8BWM7 1.000 1.000 1.998
Q8R3M4 1.042 1.114 0.401
Q91WS0 1.371 1.346 2.570
A0A0G2JE32 2.464 2.627 1.906
Q6ZWV7 1.865 1.575 1.458
Q9D6U8 2.152 1.641 1.403
Q3TMB3 1.242 1.103 1.388
Q99PL5 1.223 1.018 1.000
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

J3QNG0 1.235 1.109 1.197
E9PZP3 1.000 1.000 1.000
P11031 0.537 2.189 1.593
Q9CZU6 1.007 1.247 1.495
Q99KR1 1.473 1.000 1.000
A2AW79 1.640 0.669 1.985
Q9D1R9 1.321 1.540 2.055
Q923S9 1.178 4.335 0.412
Q8BT68 1.000 1.000 1.439
Q3U868 2.280 1.053 0.544
Q6LCK2 0.563 1.297 1.089
G3UZW8 1.315 0.793 1.194
J3QMX2 2.785 1.979 1.000
G3X9X5 1.182 1.530 1.083
Q3U0V1 1.000 1.000 0.844
A2A6F8 1.838 1.779 2.223
Q91ZW3 2.084 1.221 1.114
Q8R5J9 1.396 1.197 1.017
Q9D0T1 0.994 0.783 1.008
P34884 1.420 1.064 1.606
P26443 1.000 2.008 0.989
Q3TF41 1.142 1.796 2.778
Q8VHB3 0.570 1.054 0.833
Q9JJI8 1.389 1.034 1.371
A2BE92 0.911 1.160 1.246
Q8R1I1 1.368 1.005 0.740
Q924A9 0.752 0.977 0.996
Q8VEB8 2.185 2.465 0.349
S4R1Y8 1.000 1.000 1.000
Q3UM23 1.607 1.163 1.384
Q3UJL7 2.479 1.083 0.810
Q3TF87 1.430 1.496 1.955
Q505F5 1.000 1.000 1.000
G3UXL2 1.103 1.343 1.419
Q3UF58 0.602 0.656 1.409
Q3TL79 1.468 1.360 2.508
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

E9Q242 1.454 0.859 1.730
E9QL13 0.734 1.000 1.000
Q3TQ29 0.940 0.860 1.142
Q4LFA9 0.940 0.881 0.972
B1ASE2 2.578 1.840 2.689
Q9JHL8 0.874 1.283 1.516
P01831 1.997 2.292 3.953
D3K2X3 1.118 1.569 1.372
Q8BVW7 0.985 1.042 1.113
Q9D1P4 5.186 1.000 1.000
Q09200 1.391 1.580 1.000
O35685 1.415 1.228 1.695
A0A087WR97 1.330 1.139 1.152
Q9CWW6 0.895 1.815 0.585
Q80VF2 1.000 1.000 1.000
A2AM65 0.854 0.950 1.930
Q9WVA3 1.221 1.103 1.227
P54823 1.285 1.090 1.833
G3UY98 0.519 0.208 1.231
D6RG59 1.000 1.000 1.000
Q8C752 0.959 3.058 1.348
G3UXM2 1.049 1.183 0.776
Q58E29 1.066 1.427 1.599
Q61649 0.070 17.695 98.969
Q3TIY6 1.197 1.408 1.459
Q3UR88 2.420 2.320 1.100
G3UZ48 1.101 0.799 0.868
P63028 1.071 1.392 1.685
J3QNJ4 1.848 1.439 1.161
E9PVG8 0.620 0.213 1.112
G3UWE1 2.145 1.739 1.880
Q3ULB1 0.974 0.856 1.227
Q9D0J8 1.183 1.074 0.887
G3UWR2 1.000 1.000 1.000
Q9D051 1.768 1.109 0.990
F6QKE4 1.122 0.915 0.836
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q6PHA2 0.684 3.121 0.767
Q3UXG9 1.513 1.206 1.741
A2AFI9 1.389 2.096 1.116
P50543 1.000 1.000 1.000
Q8CFE2 1.304 2.122 0.825
Q8BK67 1.000 1.000 2.477
Q3TTN3 2.858 1.023 1.603
A0A0G2JER9 1.908 1.208 0.927
J3QP71 0.819 1.219 1.000
Q497Q4 0.905 0.990 0.769
Q3TYQ2 1.578 1.889 1.292
Q3TNH0 1.183 1.384 0.841
Q3TV94 1.585 1.044 2.370
B9EJ70 3.144 1.505 1.251
F6Q2E3 1.666 1.156 4.129
B9EIU1 1.567 1.470 1.689
P31230 1.448 1.904 2.282
Q5XW51 1.635 0.824 1.226
Q8BLM5 1.440 0.720 1.259
E9Q9H2 1.000 1.000 1.000
Q5SUA5 1.420 1.424 1.064
Q9CQI6 0.899 0.481 1.169
S4R1F6 1.000 0.825 1.000
A0A087WRM4 1.057 0.606 1.000
Q6PGK0 1.000 1.000 1.000
Q8BG48 1.420 1.000 1.000
Q3TP81 1.000 1.000 1.000
Q9D0F3 1.706 4.291 1.045
P62855 3.471 12.383 4.065
S4R2L5 1.317 1.434 0.966
B9EKT8 1.185 1.006 1.589
D1FNM8 1.044 0.935 1.148
O09061 1.533 1.481 1.894
Q3U890 1.288 1.462 1.690
Q7TN23 1.409 1.572 1.619
A0A0R4J1U7 1.000 1.000 1.000
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q80U79 3.937 1.250 1.164
P14115 1.549 1.311 1.413
Q3UVJ8 1.011 1.094 1.005
Q8CFI7 1.000 1.000 1.000
P41241 1.413 1.206 1.245
P10639 0.846 0.921 0.592
Q8BVK1 1.001 0.526 1.340
Q3UB60 1.121 1.328 1.367
Q6ZWX6 0.812 1.153 0.981
B1AZS9 5.194 1.614 3.088
Q3TQP7 0.905 1.359 1.317
Q6P069 0.699 0.274 1.401
Q9CRH9 1.140 1.043 1.059
P70697 1.172 1.082 1.043
F6UTM6 1.982 1.108 1.269
J3QQ30 1.218 1.220 1.329
Q64G17 0.931 1.326 1.492
Q3TJ01 1.176 1.076 3.159
P63276 1.329 1.721 1.117
Q9JKK7 0.566 1.040 1.301
Q3UQM7 1.564 1.513 1.508
Q99LD4 1.000 1.000 1.000
A0A0U1RPC4 6.409 4.912 6.922
Q3U7R1 1.470 1.416 1.103
P61089 2.595 1.354 3.925
P10852 1.592 1.492 1.155
H3BLR3 1.644 1.182 4.090
P24527 0.847 1.359 1.148
P35363 1.063 1.804 0.851
A0A087WS46 2.057 2.340 0.678
P59017 1.000 1.000 1.000
Q9D823 1.440 2.000 1.411
P67984 1.534 1.850 2.080
Q3U6U7 0.933 0.577 1.603
G3UY29 1.122 1.292 1.560
G5E8Z3 0.828 1.174 1.559
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q8R4R6 1.998 1.391 1.557
O09167 2.024 1.423 0.492
Q91VA7 1.738 1.098 1.090
P97384 1.185 0.260 1.056
Q3UYV9 1.000 1.364 1.000
Q9D1D4 2.111 1.463 1.400
Q3UXP2 1.175 3.220 2.783
Q9JIF7 2.020 1.599 1.235
A0A0N4SVQ1 2.131 1.378 1.454
P24369 1.282 1.656 1.568
P54071 0.934 1.430 0.737
A0A0R4J150 1.466 0.345 2.538
Q3URW7 0.761 0.238 1.973
Q8BTM7 0.851 1.530 1.368
Q8VH52 1.130 0.755 0.493
Q8C2I9 1.099 0.536 1.509
Q3TFC2 1.000 0.817 1.000
Q922J2 1.000 1.000 1.000
F6ZQQ3 1.000 1.000 1.000
A0A0X1KG62 1.000 1.000 1.000
A0A087WQS5 1.636 1.207 1.439
P62192 1.399 1.166 2.192
S4R1X1 1.201 0.606 1.297
O70194 1.096 1.346 1.336
Q61107 1.689 2.050 1.254
Q861Q5 1.000 1.000 1.000
A2AKV1 1.021 1.286 0.857
Q8BJ71 1.063 2.763 3.216
Q3TIA9 1.264 1.157 1.016
P62862 1.276 1.393 3.797
D3YX71 1.648 1.289 1.097
P09055 1.000 1.000 1.000
E9Q7G1 0.881 3.819 0.882
A0A0U1RPA8 1.021 1.460 1.046
A2AEJ8 1.810 1.000 1.000
Q3U0K0 0.990 0.788 0.864
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q3TLH6 0.816 1.105 0.295
Q6P7V9 1.173 1.358 1.000
Q3TCL2 1.475 1.564 1.218
B7ZP20 1.935 0.830 1.186
P16045 1.165 1.299 0.897
Q922S5 1.000 1.000 1.000
D3YZX8 1.003 1.274 1.000
B7ZWL1 1.020 1.000 1.000
Q3TZ32 1.265 1.248 0.883
Q5M9N9 1.017 0.788 1.161
P61620 1.465 1.219 1.134
Q3TFD0 1.806 1.945 0.683
Q3TI71 1.000 1.000 1.000
Q3TS65 1.214 1.000 1.000
Q9ERW8 3.203 1.300 3.328
Q3UL78 1.202 1.350 1.471
Q80V77 1.455 3.862 0.588
Q3U104 1.014 1.000 1.000
A0A0G2JGD2 0.759 0.909 1.133
S4R1S2 1.263 1.000 1.057
Q06EZ3 1.000 1.000 1.000
F6UIS1 1.511 1.732 1.054
P14152 1.028 1.261 1.000
Q8BGP6 1.001 1.409 1.000
A0A0G2JF08 0.723 1.000 1.275
O88512 0.838 0.935 0.826
Q3TCE7 0.984 1.134 1.371
F8WHP8 0.850 1.475 1.042
G3X956 3.214 0.944 1.397
Q3TL95 0.923 1.275 1.486
Q9D9U9 1.096 1.505 1.411
P63254 0.574 0.351 1.023
P61327 1.000 1.000 1.000
P62911 1.760 1.844 2.287
P61082 1.139 1.415 0.940
P62307 1.000 1.000 1.000
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q8BHS3 1.336 1.428 1.395
A0JLN0 1.000 1.000 1.000
P17665 1.654 1.354 1.199
P54923 0.855 1.209 1.507
Q8C8B0 1.355 1.085 1.078
O55143 4.503 0.679 1.286
Q9CPQ8 1.505 1.106 1.805
Q91XV3 1.000 1.000 1.000
Q3UQU0 0.817 1.614 1.390
Q6ZQ38 2.072 1.532 0.708
Q569L8 1.000 0.199 1.000
Q64433 1.684 3.083 1.047
Q9QYB1 1.000 1.000 1.000
Q8K4G2 0.965 1.635 0.572
Q6NVF9 1.412 1.181 1.000
Q9D0M3 1.180 1.598 3.543
P00375 1.250 1.200 1.012
Q8K0D5 2.245 1.250 1.294
P12804 2.081 2.350 0.966
P30416 0.904 2.305 1.000
O08795 1.000 1.248 1.000
P32037 1.123 2.503 0.769
D3Z4R1 0.566 1.690 1.715
P09602 4.044 2.313 1.216
Q9EPL8 0.921 1.968 0.674
Q9DBH5 1.753 1.457 0.923
Q61166 1.350 1.193 1.611
Q9D7G9 1.000 1.000 1.000
P31938 1.020 1.251 2.247
P24668 1.000 1.057 1.000
Q6PGB6 1.000 0.516 1.000
P06837 0.385 0.228 0.550
P12815 1.278 1.272 3.121
Q80SY5 1.000 1.000 1.000
P0C5E4 0.821 1.320 1.346
Q9DCL9 2.541 2.355 4.748

Continued on next page

260



Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q9CT10 1.000 1.000 1.000
Q9CQJ4 2.011 1.027 0.860
Q921S7 1.568 0.998 0.899
P14069 0.797 1.505 1.780
Q9D7V1 0.667 0.219 0.961
Q62267 0.738 0.100 0.922
Q99JB2 1.057 1.000 1.000
Q62209 1.383 1.222 1.661
Q8C8S3 0.691 2.149 1.299
Q8CGF7 0.852 0.941 0.726
Q9D880 1.231 1.329 0.670
B1AQJ2 0.925 1.412 0.522
P13439 1.198 1.150 1.076
Q6DFV8 0.759 1.035 1.469
P70315 1.000 1.000 1.000
Q6PIU9 0.906 1.434 1.080
Q8CJ78 1.000 1.548 1.000
Q3TG71 0.884 1.348 1.169
Q6PGI2 0.935 1.280 0.860
Q3V3K3 0.719 0.187 1.374
Q3ULJ3 1.203 0.754 1.321
J3QJV7 1.275 1.000 1.000
A0A0A6YVU8 0.900 1.379 1.000
F5CSM8 0.902 1.141 0.932
Q542I8 1.808 1.699 1.643
G5E850 0.964 0.843 1.089
A0A0B4J1F2 1.656 1.149 0.855
E9Q394 1.000 1.000 1.000
Q54AH9 0.299 0.805 1.361
Q3UZU0 1.302 0.979 1.065
Q3TIJ5 2.182 1.197 0.605
Q99KC3 1.644 1.017 0.967
A2A5V3 1.000 1.000 1.000
A0A0A6YVU1 1.000 1.000 1.000
Q99KJ4 1.579 1.541 1.358
Q3TSU8 1.503 1.287 1.179
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

A2AWH7 1.000 1.000 1.000
Q3TXV9 1.126 0.643 1.154
D3Z1Z8 0.889 0.439 0.704
A0A087WSP0 1.201 1.254 1.459
H3BK43 1.579 0.848 2.369
Q8R353 1.000 1.000 1.000
A0A0A6YXM9 1.635 0.981 0.734
Q8BKM8 0.817 1.131 1.000
Q05DU8 0.881 0.501 1.081
Q3TQ97 1.603 1.735 1.817
Q9CSU2 1.123 1.005 2.353
Q3UDC0 1.111 1.000 1.000
Q3T9Y8 1.040 1.587 2.156
Q8BNZ8 0.768 0.192 0.905
Q99KL3 1.000 1.274 1.000
Q3UDN8 2.592 2.239 0.656
F6T4M4 0.920 1.000 1.051
Q9CVI6 1.525 1.201 0.720
O35558 1.133 1.379 1.017
Q3THL1 1.247 1.522 1.000
Q3V2V8 1.015 1.384 1.302
Q9DA78 1.532 0.250 0.754
F6WP10 0.574 0.594 0.633
Q9CSS6 0.953 1.321 1.202
Q9ER87 2.011 1.907 0.378
A4VCJ2 1.206 0.692 0.648
Q3U9U5 1.236 1.368 1.460
F8WJK8 1.229 1.233 1.081
E9Q6P1 1.182 1.941 2.436
O88674 1.346 0.813 1.207
B0LAX5 0.691 1.382 1.000
Q6ZQJ6 1.000 1.000 1.000
Q3V461 0.597 0.573 0.849
E9PYK2 1.016 0.257 0.455
Q8C355 2.231 3.263 2.394
D3Z4F8 1.235 1.000 1.000
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Table A.1 Protein list of proteomics run 2016 09 21 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

D3YV52 0.748 2.309 5.735
B8JJ90 1.000 1.000 1.000
E0CYV6 1.000 1.160 1.000
A0A0R4J0W6 1.432 1.153 1.043
A0A0G2JFK7 1.115 1.140 0.918
A0A0R4J1I5 1.000 1.000 1.000

Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q5SWU9 0.994 1.226 1.409
Q01320 1.510 1.210 2.627
P63017 1.677 1.192 1.139
A0JLV3 1.505 1.269 2.695
P68368 1.161 1.357 0.985
P68373 1.704 1.527 0.749
P60710 2.615 1.082 0.582
P62806 0.414 1.267 6.337
P43277 1.403 1.083 1.787
P20029 10.788 1.716 3.479
P15864 2.494 1.563 3.260
P14733 1.375 1.208 3.117
P43274 1.975 1.138 1.837
Q3UBP6 2.503 1.075 0.549
P11499 2.159 1.079 0.484
Q8VDD5 1.482 1.108 1.359
P16858 1.589 1.187 0.772
Q9D8N0 1.152 1.485 2.958
P20152 2.723 1.012 1.317
Q1WWK3 1.490 1.369 3.021
Q80U93 1.247 1.139 1.513
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

A1L0U3 0.049 1.000 43.469
P99024 1.889 1.094 0.774
P10126 1.305 1.240 1.874
P17182 4.292 1.106 0.502
Q9CWZ5 1.813 1.339 2.215
G3XA10 1.211 1.446 2.777
P43276 3.227 1.148 0.570
P68372 0.875 1.131 2.053
A0PJE6 0.997 1.129 1.161
Q3U3D3 1.128 1.178 1.544
G3X956 1.630 1.199 1.995
Q9QZQ8 1.607 1.226 2.476
P07901 1.728 1.174 0.624
P04104 2.461 0.622 0.413
P27661 1.727 1.168 2.739
E9Q616 1.545 1.031 2.231
Q99MR8 0.931 1.171 1.306
P50446 0.850 0.913 0.807
F8WIX8 5.996 1.374 0.386
Q91ZW3 1.412 1.139 2.540
Q9Z204 1.165 1.452 2.491
P02301 0.066 1.000 25.990
A1L0V4 0.094 1.000 11.818
G5E8R3 1.317 1.283 1.238
P08113 7.354 1.596 3.428
Q3THB4 12.577 2.036 0.112
Q8R081 1.064 1.245 2.260
P06151 8.489 1.354 0.057
A0AUV1 15.872 1.285 0.159
P52480 3.080 1.207 0.555
Q91ZA3 1.135 1.078 0.967
E9PVX6 1.710 1.513 1.726
Q61769 0.898 1.357 3.193
A2A513 0.777 0.493 0.681
Q8CBU3 1.212 1.154 1.212
Q64511 1.417 1.247 2.690
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q6UL10 1.504 1.173 2.068
A0A087WPL5 1.187 1.171 2.467
P43275 1.624 1.391 2.487
Q922U2 1.266 0.543 0.598
P09405 1.705 1.266 1.910
Q3TPG3 1.186 1.064 1.067
Q9QWL7 0.644 0.467 0.461
P09411 2.455 1.180 0.501
Q6IFX2 0.850 0.394 0.323
B7ZP22 1.596 2.212 2.733
Q61656 1.796 1.049 1.468
P51881 1.565 1.340 0.922
Q3UHZ3 1.526 1.206 2.963
P62242 1.936 1.087 1.165
P49312 2.893 1.056 1.546
P35550 2.250 1.253 2.610
P48962 1.597 1.081 1.045
Q5QNU0 1.472 1.154 1.408
P63038 2.040 1.038 0.639
Q6NXH9 1.369 0.404 0.770
Q6P9L9 2.654 1.189 0.939
E9QAS4 1.044 1.272 2.138
A2AW05 1.512 1.269 3.203
Q03265 1.435 1.072 0.743
Q08EK4 2.817 0.380 0.987
P04187 2.340 1.442 1.713
Q9D8E6 1.861 1.151 1.561
P27773 11.193 1.492 1.579
Q3TNH0 1.564 1.051 1.072
Q7TPV4 1.436 1.005 1.682
Q3U3F6 1.023 1.232 2.538
Q3UJZ7 1.740 1.115 1.415
B2RTP7 1.686 0.546 0.750
P62983 0.374 1.642 6.150
P0C0S6 1.953 1.322 2.820
Q60972 0.721 1.317 3.857
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P62827 1.870 1.231 1.441
Q3U6D2 1.912 1.231 2.202
P17742 2.878 1.287 0.425
D3Z5X4 1.490 1.371 2.712
Q6DFW4 1.333 1.302 2.314
Q9Z277 1.778 1.462 2.243
A0A075B5P4 1.534 1.783 1.048
P35979 1.244 1.140 1.667
Q62351 14.096 2.335 1.887
Q3UV17 1.810 0.560 0.613
Q8VDF2 1.281 1.230 3.120
Q99JF8 1.687 1.058 2.382
Q6IFZ8 0.445 0.099 0.731
Q8BTQ1 1.273 1.398 2.419
Q9Z2K1 0.386 0.975 1.000
P62962 2.195 1.336 0.633
E9QN08 1.430 1.387 2.253
P62908 1.591 1.022 1.774
Q02257 1.957 0.852 0.679
P17751 1.282 1.000 0.785
Q91VM5 1.675 1.021 1.863
Q3UAZ7 1.412 0.851 1.723
Q922R8 4.065 1.521 2.272
B2CY77 5.411 1.035 0.534
A2AFJ1 1.457 0.982 1.107
Q9D6G1 1.489 1.294 1.111
Q6P5D8 1.789 1.037 2.632
Q3THU8 1.264 1.202 0.966
P12970 1.769 1.019 1.489
Q3UDR2 12.672 2.125 2.932
Q8VED5 1.619 0.338 0.491
Q9Z1N5 1.769 1.261 0.724
Q9CX86 2.796 1.178 1.650
A0A0H2UH17 2.076 1.157 0.672
E9Q7D8 1.261 1.102 1.743
Q6IME9 1.513 0.648 0.706
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q3THB3 0.873 1.125 1.853
Q58E39 2.968 1.080 1.472
Q05BN2 2.018 0.976 1.123
Q8VIJ6 1.717 1.316 2.854
Q3U561 1.754 1.129 1.755
P29341 2.131 1.237 1.272
Q61414 0.235 0.423 3.081
Q61033 1.346 0.580 2.105
Q9Z2X1 0.958 1.192 2.072
Q545F8 1.883 1.017 1.532
D3YYI8 1.576 1.295 1.424
A1L0X5 2.291 0.552 0.523
Q3TMM5 4.306 1.256 0.408
A2BGG7 0.939 1.833 1.273
Q3U9G9 2.919 1.561 1.613
Q3T9L0 1.195 1.331 2.686
Q8BTU6 2.805 1.063 0.706
Q99K48 3.200 1.376 0.869
Q61753 1.263 1.126 0.752
Q9D0T1 1.111 1.049 2.269
Q61833 5.173 1.581 1.288
O70569 1.416 1.142 1.731
A0A0N4SVP8 1.053 1.150 1.134
B1AXW5 1.722 1.097 0.693
Q7TNV0 1.402 1.201 2.228
P80317 1.426 1.214 1.109
Q8C605 1.797 1.297 1.172
Q91YK6 2.259 1.250 1.110
Q9D0P6 1.613 1.155 1.137
Q6PIE1 1.804 1.125 1.334
Q9CU62 1.098 1.328 2.868
P14131 1.778 1.171 1.859
Q9CT37 1.568 1.269 1.642
P68040 2.145 1.410 0.873
Q6ZWN5 2.733 1.119 1.045
Q3UWP8 4.500 1.100 1.721
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P07744 1.180 0.062 0.392
G3UZ48 1.315 1.508 2.087
P63101 2.099 1.153 0.755
Q5RKP4 2.058 1.134 2.373
E9QAZ2 2.286 1.152 1.370
A0A0R4J1I6 5.226 1.711 6.033
O89053 1.903 1.122 0.812
Q9DC49 1.850 1.194 1.287
Q4FJZ3 8.867 2.492 3.693
G3UZ34 1.537 1.293 1.290
Q05144 1.840 1.192 0.607
A0A087WR97 1.505 1.244 1.917
Q811M6 2.973 1.211 0.524
G3X9B1 1.723 1.393 2.540
Q921M3 1.250 1.421 1.771
Q3UBB6 1.319 1.448 3.567
P14148 1.318 0.971 1.160
C6EQH3 1.736 1.257 0.872
Q9JHU4 1.008 0.922 1.133
O19467 12.809 1.754 1.608
G3UX26 1.596 1.149 0.759
Q9CS06 1.344 1.118 0.848
P08003 3.913 1.399 2.227
A0A0G2JEA9 1.083 1.065 4.185
Q99KP6 1.339 1.260 3.024
K7W4D1 1.518 1.155 0.749
P11983 2.247 1.100 0.716
P56480 2.349 0.939 0.730
O08807 5.181 2.866 5.678
Q921R2 1.862 1.109 1.451
P08752 0.657 0.899 1.260
O09167 2.165 1.346 1.806
Q3UR26 1.334 1.247 1.412
Q3U6K8 1.165 1.107 0.891
F6Q609 3.147 0.983 0.800
P21619 1.418 0.836 1.454

Continued on next page

268



Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

S4R2L5 1.326 1.308 1.912
Q0P6B2 1.222 1.642 1.219
P62754 1.591 1.086 1.343
Q9QZD8 1.015 1.510 1.282
A0A087WS46 1.843 1.150 1.657
Q04750 1.376 1.173 4.035
Q3U868 1.631 1.204 1.641
Q9WVA4 0.977 1.144 1.138
Q3UGJ7 1.127 1.086 1.572
E9Q557 0.944 0.607 2.287
P17918 0.952 1.067 1.144
G5E866 4.043 1.481 0.763
Q3ULD5 1.515 1.034 0.837
P18760 1.629 1.313 0.869
Q91WN1 2.783 1.191 1.546
P63325 1.750 1.172 1.290
P38647 2.504 1.112 0.533
G3UWZ0 0.970 1.368 1.780
Q8BTI8 1.305 1.359 2.397
P97351 1.395 1.120 1.157
Q8BHB4 1.167 1.208 1.144
Q6PHZ1 1.468 1.110 1.552
Q3V2V2 4.692 1.038 0.449
P62830 2.172 1.009 1.127
P19253 1.867 1.187 1.396
Q8C6Q7 6.406 1.997 1.211
P62852 1.500 1.133 0.806
Q80XN0 3.091 1.291 1.686
Q3U0V1 1.081 0.939 2.086
V9GXK0 0.469 1.436 1.483
Q5GGW5 1.371 1.279 1.224
E9Q5B6 1.378 1.448 0.991
Q3TA88 1.854 1.101 1.783
Q60749 1.096 1.434 2.957
B0LAA8 2.882 1.340 0.436
Q3UQU5 1.177 1.202 1.976
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P57784 0.689 1.032 1.806
Q3UDB1 1.907 1.102 0.539
P05064 2.172 1.633 0.440
Q8K363 1.723 1.095 2.074
Q3TE85 1.089 1.400 3.286
G3UZJ6 1.021 1.233 1.650
Q5RKP3 1.399 1.094 0.759
Q9DB77 2.074 1.128 0.759
P16045 2.402 2.047 0.837
P61327 2.129 1.208 2.283
E9PUX4 1.597 1.162 1.643
Q80TU6 1.973 1.029 1.885
Q60611 0.847 1.158 1.761
E9QL13 1.547 1.149 0.993
Q99M28 1.723 0.699 1.556
P80316 1.305 1.019 1.277
B7ZMS6 1.662 1.159 2.284
P31254 2.866 0.965 0.506
Q99PT1 2.668 1.319 0.756
E9Q7B0 4.317 1.071 2.116
Z4YL78 1.437 1.248 1.535
Q3UC32 0.938 1.102 0.739
A2AMW0 0.943 1.073 2.668
Q3TE06 1.768 1.109 0.739
A0A0U1RPL8 3.125 1.393 0.507
D3YX34 1.018 1.538 1.120
Q8R0K1 1.230 1.290 2.757
F8WJ41 2.200 1.013 1.016
D3YYM6 1.279 0.850 1.874
A0A0G2JG10 1.199 1.118 1.765
Q91WM3 1.752 1.359 2.598
P63087 1.797 0.879 0.988
Q60605 1.516 1.055 1.185
Q9D554 2.357 1.246 1.578
Q9CSF9 0.818 1.247 3.391
H7BX99 1.077 1.264 1.972
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P01831 2.094 1.195 0.707
Q3UNN4 0.787 1.237 2.627
Q3TW74 2.619 1.393 0.785
Q99K94 13.245 1.157 0.598
P84096 0.451 1.254 0.507
A2AM65 1.539 1.079 1.938
D3YUT3 3.997 1.090 0.761
A2AWT6 1.867 1.153 3.724
Q922W7 5.177 1.050 0.861
P39749 1.031 1.083 1.440
Q8BNF8 1.490 1.461 1.351
Q8BP67 3.799 1.498 0.607
P58021 10.557 2.172 1.145
Q8BLM5 2.973 1.718 1.692
O54734 3.580 1.487 1.031
A2A6U5 1.291 1.679 1.494
D3YVM5 1.084 1.185 2.085
Q3TK56 4.859 1.116 0.459
Q3V328 0.813 1.344 3.510
O54941 2.687 1.266 0.793
P61358 2.214 1.041 1.758
G5E839 1.569 0.987 0.893
O54962 1.141 1.118 1.247
O35841 1.740 1.155 2.181
D3U0D6 2.985 1.119 2.037
P57759 2.448 1.541 2.579
D3Z2T9 0.487 0.990 0.828
Q3TIJ5 1.441 0.839 0.717
S4R2Q5 0.805 1.295 2.057
Q9Z237 1.561 1.338 1.580
Q3UWH4 0.714 0.869 1.500
Q99KH3 3.775 1.358 0.646
Q6NY09 1.425 1.217 2.300
Q99JR1 1.768 1.038 1.112
Q3TAN1 2.044 0.919 0.615
P61205 1.709 1.349 0.636
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q9D1R9 1.854 1.301 1.435
Q06185 0.453 0.872 4.830
Q9CT36 3.321 1.353 2.461
Q9ERU9 1.264 0.977 0.762
D3YU75 5.508 1.158 0.494
P07724 0.449 0.957 0.436
D3Z1A9 2.123 1.292 1.802
A6H604 0.358 0.627 1.128
Q8VC94 1.717 1.049 2.032
Q9D948 1.317 0.649 1.954
P19157 0.439 1.587 2.395
O08900 2.077 1.113 0.985
Q3UBL0 2.921 1.439 0.760
Q9DCF9 1.435 1.125 0.610
Q6ZWV7 1.465 1.425 1.469
O35691 2.019 1.307 2.088
Q5SQG5 0.708 0.750 1.193
Q3TQP7 1.249 1.000 0.731
Q8K224 0.723 1.088 5.492
E9Q7G1 1.864 2.419 2.923
Q9CZX5 2.051 1.057 1.968
Q9WVA3 0.979 1.076 1.374
Q8BPS5 1.253 1.716 1.180
P63037 2.931 1.314 1.743
D3YWL7 1.824 1.347 0.737
M1VQI8 1.713 1.683 2.386
Q3UV84 1.440 1.121 0.722
Q64131 10.612 1.329 0.487
G3X9Q3 1.112 1.268 1.916
A0A0J9YUT9 1.185 1.307 0.876
G3UWN9 1.505 1.286 0.802
B7ZWF1 1.404 1.223 1.564
Q497D7 4.768 0.988 0.930
Q3TM59 1.258 1.049 2.497
Q3TRK2 0.559 1.179 1.319
D6RH49 2.682 1.121 0.748
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q5DTS3 3.013 1.073 0.634
O70126 0.695 0.813 4.293
A2A600 0.953 0.915 1.284
Q9QYY3 1.781 1.306 2.885
Q3TJX0 7.846 1.422 0.317
A0A0A0MQM0 3.773 1.710 0.449
S4R1W7 1.334 1.143 0.961
Q05CK2 0.779 1.628 1.178
Q9CR57 2.107 1.164 1.527
Q3TM37 0.617 1.088 1.857
A1L366 1.266 1.089 3.190
Q91VA7 1.584 1.600 0.642
Q3TTH9 1.235 1.011 1.415
Q8R353 1.740 1.016 1.317
Q6ZQI3 0.763 1.689 2.958
Q3TTN3 1.279 1.286 1.622
Q8CAQ5 2.746 0.826 0.484
Q8BHN3 18.696 2.087 10.516
Q8C6B5 1.225 1.106 4.985
Q3TSU8 2.462 1.445 3.984
Q8VEE4 3.167 1.214 1.529
Q61790 0.554 1.065 2.384
Q792Z1 0.977 1.049 0.796
P67984 1.800 1.601 1.229
P40142 8.913 0.934 0.241
Q3TXF9 1.615 0.965 0.645
A2NVW8 1.388 1.829 0.924
Q8C6N4 2.551 1.367 3.110
P26443 2.250 0.914 0.503
I7HLV2 1.978 0.655 0.982
Q8BTA7 2.186 1.000 0.776
Q3V3K3 0.505 0.334 1.085
Q3UFZ6 1.344 0.808 0.749
P40124 2.902 1.230 0.837
Q8VH05 2.161 1.251 1.849
Q3UDI8 1.354 1.459 1.053
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

J3QM81 0.905 1.045 0.904
Q8BMP2 0.499 1.245 0.425
Q8BGW0 0.531 1.633 3.228
Q99L95 1.000 1.000 1.000
P63168 3.462 0.924 2.122
Q6ZWX2 3.566 0.978 0.174
Q3UA17 3.666 1.138 0.739
Q3UKP5 1.493 1.274 2.033
Q3TSV4 0.392 1.322 2.895
P68510 1.921 1.167 0.821
E0CXJ3 0.902 1.274 1.792
P97310 1.493 1.219 1.029
Q3UKJ7 1.226 1.079 1.872
A0A0G2JE32 2.083 1.183 1.124
P35282 2.677 1.245 0.829
P60867 2.290 1.286 0.981
P47753 0.875 0.843 2.598
Q3U6F1 1.283 1.450 2.862
A2A5V3 1.211 1.357 2.007
A0A087WNW7 2.661 1.264 0.810
Q3TJ01 1.199 1.145 1.275
P99027 1.688 1.224 1.614
A2AW79 0.152 1.044 0.784
Q8BRZ8 1.025 0.515 0.820
G3UYJ1 2.066 1.209 0.637
E9PZP3 1.121 1.479 0.946
Q61053 0.695 0.302 1.534
A0A0N4SUL6 0.872 1.943 1.048
Q8CAX4 1.012 1.032 2.334
P35564 1.303 1.108 2.550
A0A087WP03 0.766 1.131 1.773
Q8CCZ5 1.717 1.481 1.965
Q8BMS1 1.657 0.973 0.438
A0A0A6YXW7 0.461 0.948 2.356
Q3TF41 1.238 1.477 0.756
Q3TV94 2.176 0.935 1.485
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q6NWV5 40.625 1.241 0.591
F6TNY1 0.936 1.454 1.435
S4R1N6 1.577 1.112 0.766
Q61495 1.078 1.004 1.397
Q9CVU3 0.480 1.305 2.651
P62259 0.763 0.920 0.517
Q3THA6 0.676 1.034 1.737
Q61649 2.207 0.950 0.812
A0A0J9YUD8 2.328 0.652 1.670
Q3THE1 5.583 1.433 0.794
D3YU07 1.035 1.231 0.605
Q921N8 2.293 1.066 1.803
F6RUA3 1.394 1.157 0.634
Q91WD7 1.629 0.836 0.855
P14115 1.222 0.985 1.761
Q91VJ1 2.486 0.520 0.859
Q9CPN9 0.430 0.916 3.015
Q8R2M2 2.497 1.387 3.114
Q9DBR0 1.161 1.195 1.386
Q9Z1R9 2.364 1.005 0.573
G3UWE1 1.464 1.017 1.174
A0A0R4J0D3 1.234 1.276 1.605
Q6PGK0 0.897 0.877 2.559
H3BJU3 1.251 0.364 0.860
Q3UD30 1.234 1.073 1.714
H9KV12 1.270 1.484 2.906
P80314 1.116 0.921 1.425
P19783 2.310 1.104 0.716
Q9R1R9 0.714 1.026 1.645
Q8BHG9 1.798 1.202 1.940
Q8CG46 1.000 1.000 1.000
Q8BG48 4.525 1.142 0.692
Q9JJI8 1.541 0.981 1.723
A0A087WS80 1.413 1.753 1.740
P62192 0.619 1.105 1.248
Q7M723 1.167 1.137 0.821
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q2QI47 0.733 1.580 1.791
P49718 1.303 0.978 1.189
Q6KAT3 0.817 0.612 0.735
D3Z0U2 2.592 1.102 2.681
P60122 1.169 1.767 2.169
Q5SVW9 9.774 2.774 3.076
D3YUB9 1.320 1.195 1.770
Q6P4T2 1.513 1.340 2.291
E9PVG8 1.512 0.263 0.517
P62911 0.773 1.448 1.765
G3UXT7 1.650 0.783 0.652
E0CZF9 0.607 0.783 0.903
Q8C2N4 4.518 1.690 1.117
A0A0A6YVZ8 1.126 1.638 0.493
Q497I4 0.933 0.073 0.183
F8WIP7 1.141 1.254 1.021
F6VVE6 1.492 1.183 0.672
Q9CSV7 4.494 0.445 0.280
Q6NXX7 1.262 1.304 0.973
Q9D0A3 1.591 1.160 0.981
B1ARA3 1.636 1.148 1.885
F6SVV1 2.034 1.628 1.671
P63323 11.898 1.572 0.142
P63276 2.320 1.074 0.838
Q8C9K7 1.109 0.716 0.882
Q99PV0 1.176 0.946 1.480
Q8R326 1.263 1.072 1.622
A2A547 1.550 1.483 1.483
A0A087WRU8 3.099 1.057 0.559
Q91YC8 1.160 0.618 2.322
D3YTQ9 1.534 1.188 1.906
H3BLJ6 2.574 1.266 1.044
A2AB60 1.920 1.513 1.335
Q6RJ37 8.658 1.246 0.252
Q3TFD0 0.669 1.394 1.454
Q80W49 0.212 1.093 1.913
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q8BMZ8 1.691 1.113 1.000
Q3TZN4 1.780 0.754 0.440
Q8C0C7 1.144 0.860 1.768
A0A0A6YXS4 2.209 0.907 0.595
Q3TVM1 7.727 1.158 0.599
F7CGG2 0.489 0.893 2.098
Q922I0 1.825 1.166 0.929
Q9CW89 1.180 1.175 0.840
Q9CQ43 2.906 0.971 1.049
A2AR07 1.559 1.335 1.559
Q3TGW0 1.097 1.031 1.218
P46978 8.183 1.642 3.236
Q80XQ1 1.875 1.477 2.533
Q9CQE8 1.688 1.355 1.467
Q5SQB0 1.244 1.523 3.078
P41105 0.880 1.366 1.115
Q9D5R3 1.072 0.619 1.311
Q80UY7 4.636 1.115 0.303
Q05CN2 0.227 1.179 0.407
Q8C1Z9 3.666 3.394 3.343
S4R2Q0 0.396 1.502 2.094
Q9CW46 0.929 1.431 1.228
P27048 0.984 0.877 2.144
Q3UDY0 0.837 1.168 1.889
Q3UJP8 7.716 1.276 0.917
Q8K3X4 1.708 1.457 1.081
O35483 1.000 1.000 1.000
P05202 1.309 1.591 0.823
Q68FC6 1.273 1.295 2.224
Q3U6K9 4.480 0.365 0.448
Q8VHD0 0.269 1.424 1.659
Q8CEX0 9.317 1.830 0.245
Q3U0K0 3.595 1.396 0.545
E9PVF1 0.647 1.306 0.972
Q9WU62 1.853 1.152 3.196
Q3UVI9 1.256 0.817 1.346

Continued on next page

277



Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q6P1E8 0.354 0.943 0.976
A0A0G2JES3 1.708 0.988 0.866
Q80W93 1.000 1.000 1.000
Q3TIP8 1.435 0.998 1.113
O55142 1.558 1.665 1.410
E9Q4R4 1.091 1.090 1.224
A2AAU3 1.238 0.783 1.011
E9Q2A4 0.330 1.350 1.465
B1AXR5 0.101 0.673 0.649
Q8R3Y8 1.334 0.889 1.327
O08795 4.015 0.939 1.989
A0A0G2JGX3 1.280 0.890 0.733
Q3TZP3 1.457 1.216 1.810
D3YXE7 0.996 1.287 3.324
P09602 3.947 1.286 2.540
Q58EV2 9.616 1.495 0.132
Q3V2K0 0.913 1.461 1.347
Q80V77 1.107 1.102 1.082
Q9CWI3 1.294 1.335 0.646
G3UXT9 1.000 1.000 1.000
P63154 2.100 1.228 2.075
P62855 2.759 1.186 0.954
P62862 1.614 1.208 1.308
Q9CQG3 1.533 0.851 0.722
Q9CPQ8 2.742 1.025 0.571
Q09200 11.835 8.899 2.240
Q6PDY0 7.800 0.528 0.217
P28659 1.082 1.273 1.715
P50716 1.210 1.184 0.871
Q9ESY9 2.418 0.512 0.520
Q9EQ14 0.780 1.266 3.474
Q8BJW5 1.857 1.041 2.780
Q9WTY1 0.634 1.014 3.253
Q9D1G2 0.322 1.337 1.752
P24369 1.657 1.249 1.166
Q80UJ7 25.220 1.178 0.215
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P27659 0.424 0.787 3.083
Q3TZ89 2.401 1.159 0.642
Q3UQA7 1.723 0.908 0.582
Q3B807 1.058 1.468 1.711
P10639 1.927 1.603 0.709
Q9D1D4 8.155 3.973 3.578
Q3UV71 0.698 1.116 0.980
Q8VCY6 1.668 1.291 1.699
Q7TN26 1.599 1.285 0.372
Q05CL7 3.719 1.954 1.209
Q3UXI9 1.220 1.470 3.095
D3Z3X0 2.625 2.066 1.465
Q3TFF0 2.107 1.065 1.286
Q6NXZ9 1.641 1.310 1.381
D3Z0X3 1.733 1.309 2.256
Q9D7V6 1.514 0.757 1.649
E9PZ36 1.000 1.000 0.981
A2AB83 0.372 0.884 6.353
Q3URL2 0.768 1.324 1.125
Q4QQM3 2.212 1.579 1.207
D3YZV2 2.220 1.410 0.452
F6QL70 1.019 1.407 0.937
B2RY08 1.340 1.290 0.897
E9Q9V9 1.666 1.326 0.797
Q3TRW3 0.497 0.473 0.731
D3YX71 2.180 1.171 1.244
B5T0I8 1.445 3.686 0.554
Q9DCA4 4.558 1.124 0.673
Q3UGE6 0.913 1.000 5.910
S4R2B0 0.351 1.768 3.055
B2RXT5 1.895 1.204 0.726
Q3TTH8 0.992 1.275 1.993
Q8VCI2 1.012 1.035 1.425
P70199 0.119 1.176 8.062
Q3TBQ1 1.144 0.644 0.820
Q3TN31 0.917 1.251 1.113
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Table A.2 Protein list of proteomics run 2017 02 14 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

F6YWH6 2.579 1.452 0.475
D3Z6P1 2.937 1.352 0.327
Q3TFE8 0.143 0.995 1.199
Q3UQC9 1.270 0.647 2.344
F6YAR3 1.042 1.519 1.596
A2AEP5 0.911 1.074 0.644
A0A0U1RPA8 1.787 1.214 0.844
A0A0G2JFK7 1.901 1.478 0.632
A0A0N4SW38 1.000 1.000 1.000
A0A0G2JED9 1.917 0.992 0.688

Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q5SWU9 1.087 0.753 0.624
A0PJE6 0.995 0.740 0.677
Q91ZA3 0.997 0.791 0.692
G5E8R3 1.145 0.828 0.827
Q61781 0.975 1.233 0.730
Q01320 0.648 0.176 1.688
P16858 0.898 0.803 0.650
P50446 2.236 1.079 0.741
Q3UBP6 0.697 0.403 0.273
Q3UDS0 1.097 0.377 0.641
P62806 0.692 0.162 1.800
Q8VDD5 0.857 0.366 0.700
Q99MR8 1.012 0.746 0.642
P10854 0.665 0.124 2.052
P60710 1.000 0.289 0.258
A1L0U3 0.554 0.101 2.535
Q80U93 1.098 1.013 1.006
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P99024 1.221 0.558 0.391
P10126 0.715 0.378 0.771
Q6IFX2 1.139 1.228 0.805
A2A513 0.973 1.185 0.796
Q9Z1R9 1.110 0.739 0.940
P68369 1.469 0.698 0.556
P04104 0.796 1.017 0.973
P68368 1.215 0.626 0.322
P20029 5.198 0.902 2.416
P68372 1.422 0.599 0.482
Q9D8N0 0.622 0.270 0.878
Q922U2 0.943 1.103 0.788
Q02257 1.103 1.110 0.695
Q9QWL7 1.873 1.650 0.438
P11499 0.672 0.354 0.457
Q9Z2K1 1.199 0.801 0.741
Q3TS50 0.849 0.200 1.805
P14733 0.685 0.227 1.662
P43277 1.000 0.253 1.539
P17182 0.856 0.206 0.147
Q8CBU3 0.986 0.997 0.854
A0PJ91 0.757 0.246 0.288
P27661 0.859 0.123 1.739
A0AUV1 1.000 0.133 1.629
A0A0A6YWC8 1.064 0.456 0.767
F8WIX8 1.178 0.173 2.648
P43274 0.899 0.116 2.837
P09405 1.203 0.355 0.849
P52480 0.734 0.288 0.265
Q3UV17 0.790 1.028 0.659
G3UY38 0.909 0.152 1.645
A1L0V4 0.630 0.120 1.987
P02301 0.330 0.112 2.490
Q08EK4 0.935 2.041 0.352
Q6NXH9 0.902 1.052 0.792
P51881 1.173 0.703 1.003
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q9QZQ8 0.894 0.150 1.795
P63038 0.772 0.435 0.403
P08730 1.000 0.918 0.836
A1L0X5 1.068 1.177 1.001
Q62351 12.169 1.515 2.210
Q1WWK3 0.867 0.216 1.403
P08113 4.409 0.904 2.966
P06151 0.951 0.235 0.269
Q9QUK9 1.054 0.771 0.951
E9Q557 1.093 1.077 0.768
P62962 0.882 0.388 0.399
B2RTP7 0.908 0.992 0.905
Q6IFZ8 0.457 0.870 1.432
Q03265 1.123 0.626 0.720
P62827 0.753 0.310 0.555
P62908 1.181 0.580 0.715
Q5QNU0 1.220 1.160 0.959
Q3ULD5 1.214 0.726 0.697
Q3U566 0.698 0.379 0.795
Q3U3D3 0.951 0.433 0.807
Q8VED5 0.916 1.277 0.767
D3Z5X4 0.806 0.184 0.933
E9Q616 0.821 0.317 0.936
Q80X50 1.261 0.855 0.673
P43275 0.609 0.107 2.183
S4R1M0 3.188 1.440 1.699
Q61656 1.146 0.642 0.907
Q4FZL1 0.994 0.883 0.634
P60335 1.023 0.470 0.855
B8JK33 1.255 0.644 0.905
B7ZWF1 1.212 0.651 0.596
P35979 1.188 0.454 0.837
Q5SX22 0.948 0.215 1.448
P0C0S6 0.773 0.153 1.959
P27773 3.973 0.577 0.813
B7ZP22 0.845 0.390 0.946
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P56480 1.137 0.703 0.393
P04187 1.589 0.354 0.833
Q3TPG3 1.239 0.969 0.841
Q99JR1 1.545 0.931 0.917
A0A087WS46 0.518 0.374 0.918
P09411 0.542 0.177 0.146
Q6P9L9 1.107 0.508 0.361
E9QAS4 0.500 0.416 1.285
Q60972 1.194 0.337 1.131
Q3UX53 0.551 0.262 0.991
Q61782 1.219 1.023 0.567
Q3THU8 1.119 0.925 0.838
Q792Z1 0.962 0.824 0.835
E9Q7D8 0.990 0.279 1.193
Q3UR42 1.041 0.113 1.552
Q3TNH0 0.992 0.562 1.104
P48962 0.930 1.034 0.908
P11983 1.297 0.744 0.490
Q3UGJ7 1.100 1.049 0.917
Q3U561 1.620 0.398 0.696
Q6IME9 0.916 1.108 0.796
J3QNW0 0.599 0.249 1.307
Q61833 2.790 0.770 1.303
G3UX26 1.143 0.574 0.687
H7BXC3 1.178 0.649 0.459
Q91ZW3 0.817 0.437 1.307
Q9D6G1 0.401 0.090 1.659
P07724 0.744 31.042 0.936
O08807 29.223 4.467 17.598
O19467 7.617 0.819 1.472
Q9Z204 0.821 0.134 2.127
O70569 0.726 0.495 0.917
P12970 0.936 0.733 0.755
P05064 0.788 0.258 0.293
Q3TLF6 1.036 0.189 0.778
P99027 1.247 0.475 0.555
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q9CYL5 0.840 1.198 0.837
Q91VM5 0.573 0.139 1.883
F6ZSB7 1.656 0.628 0.692
Q7TNV0 0.362 0.237 1.316
D3Z7N2 0.405 0.241 0.821
P80315 0.903 0.684 0.589
Q9D8E6 1.162 0.420 0.833
Q3TJX0 1.390 0.477 0.491
A0A0R4J1I6 13.464 0.567 2.825
P14430 2.937 0.844 1.591
D3YYI8 1.101 0.572 0.880
D3YVB4 1.074 0.274 0.550
Q3U6K8 1.272 0.616 0.482
P62717 1.284 0.887 1.074
G3UXT7 0.461 0.818 0.791
Q05BN2 1.046 0.363 0.484
P63325 0.879 0.418 0.563
Q6PFA7 1.423 0.170 1.891
Q91YK6 1.074 0.409 0.614
Q3UWP8 1.665 0.381 0.707
J7PDL1 1.135 0.861 1.037
Q3U6D2 0.601 0.336 1.578
Q9Z2X1 0.900 0.283 0.836
P23813 1.000 1.000 1.000
E9QAZ2 1.142 0.299 0.771
B2CY77 1.060 0.386 0.345
Q3U9G9 1.232 0.735 0.903
P19253 1.107 0.360 0.590
P62830 1.197 0.558 0.719
G3UZ48 1.178 0.177 1.083
Q9Z1N5 0.883 0.290 0.659
Q8BP67 1.252 0.678 0.862
Q3TZL2 0.709 0.446 0.899
Q80XN0 1.133 0.781 0.987
Q3TJ21 1.665 1.727 0.980
P61327 0.429 0.439 1.231
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

E9Q5B6 0.865 0.092 1.751
Q922R8 1.566 1.189 1.257
P16045 1.264 0.371 0.575
Q3U0V1 0.498 0.397 1.277
Q9DC49 1.113 0.411 0.593
Q99PT1 0.352 0.266 0.350
Q3T9L0 0.612 0.525 0.810
Q99KP6 1.186 0.260 0.955
Q8K2L4 0.994 0.203 1.358
P62242 0.983 0.740 0.910
Q9D646 1.487 0.656 1.093
Q9CS06 0.846 0.531 0.400
D3YYM6 1.373 0.332 0.756
A0A087WRP4 1.046 0.541 0.867
Q8BLM5 3.582 1.960 1.800
A0A097PUD0 0.963 2.053 0.484
B9EIU1 1.096 0.697 0.699
Q5RKP4 1.762 0.748 0.945
P63101 1.281 0.364 0.552
A2AW05 0.924 0.235 1.364
A0A0A0MQ76 1.507 0.327 0.955
D3YUT3 0.775 0.533 0.993
G3UZJ6 1.531 0.950 0.907
Q5RKP3 1.081 1.012 0.884
A2AU60 1.282 1.264 0.803
E9Q3T0 1.179 0.315 0.454
Q3TFC8 1.375 0.973 1.093
A2AAU3 1.376 1.046 0.774
P49312 1.564 0.210 1.041
E9Q1Y9 1.089 0.479 1.023
P40124 1.452 0.237 0.271
P68040 1.216 0.525 0.374
Q3TBQ1 1.055 1.079 0.999
V9GXC1 0.602 0.546 0.386
Q0P6B2 1.285 1.242 1.013
Q3UDB1 1.054 0.639 0.464
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P35550 0.936 0.226 1.565
V9GXK0 1.014 0.924 0.936
Q3UR26 0.813 0.305 0.592
C6EQH3 0.987 0.792 0.904
O54734 1.178 0.338 0.919
Q3TZN1 1.865 0.568 0.742
F7DCW4 0.848 0.808 0.982
Q6NY09 4.237 1.582 1.025
Q3UA79 1.349 0.841 0.770
Q5DTS3 0.615 0.835 0.828
Q3TE85 0.898 0.129 2.475
A0A0G2JG10 1.436 0.431 1.437
P14131 1.075 0.255 0.598
P14148 1.261 0.374 0.794
Q8VC94 0.992 0.339 0.859
Q9D255 1.157 0.560 0.329
Q06185 0.800 0.497 0.769
P01831 0.753 1.036 0.937
D3Z1A9 0.573 0.169 0.515
Q3TT76 1.064 1.335 0.946
Q3UC76 0.817 1.045 0.873
A0A0J9YTY0 0.223 0.205 0.598
D3YVM5 1.449 0.403 0.718
Q7TT42 1.117 1.024 1.226
A0A0A6YWA9 0.898 0.560 0.567
Q05144 0.887 0.767 1.277
Q9DCF9 1.441 1.022 1.041
A0A0J9YUT9 1.264 0.854 0.931
Q9CWJ9 0.848 0.124 0.197
P18760 0.514 0.256 0.311
O89083 0.998 0.975 0.764
F6TRP3 3.129 0.233 1.194
E9Q7G1 1.831 0.631 1.533
Q3U8I4 1.890 1.228 1.277
P63168 1.753 0.276 0.791
Q9Z237 0.842 0.239 0.347
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

E9PVX6 1.140 0.223 1.701
Q60749 1.038 0.104 1.904
P39749 0.885 0.825 0.592
A2AW79 0.655 38.346 0.898
Q3U868 0.716 0.386 1.241
Q6PHZ1 1.078 0.552 0.698
Q66JU1 1.609 0.804 1.494
P53395 1.119 0.673 0.915
Q545F8 1.268 0.632 0.817
Q3UFZ6 0.985 0.805 0.837
G3X956 1.721 0.204 1.761
Q3UAZ3 1.080 0.814 0.762
Q9Z277 1.697 0.113 2.657
A0A0G2JDX7 0.557 2.161 1.104
Q9D0T1 1.063 0.282 1.151
A0A0N4SUQ1 0.564 0.311 0.291
Q61790 2.919 2.017 1.555
F6UKN5 0.750 0.776 0.706
J3QK40 1.000 1.000 1.000
A0A087WRI1 1.079 0.610 0.683
Q8BK67 0.949 0.582 0.911
Q61495 1.768 1.017 0.825
D3Z6I8 0.777 0.733 0.689
A0A0U1RPA8 0.700 0.297 0.671
Q9CPN9 1.303 0.890 0.893
B1AXW5 1.131 0.779 0.590
P67984 0.602 0.305 0.710
Q5SQG5 1.378 0.388 1.209
P62137 1.719 0.442 0.707
P34884 0.912 0.440 0.694
A0A0A0MQM0 0.458 0.154 0.072
Q6X1Y6 1.113 2.320 1.308
Q6PGK0 1.301 0.557 0.839
F6RB63 2.011 0.174 1.737
A2BGG7 0.838 0.406 0.588
P60867 0.804 0.303 0.516
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

A0A0J9YUD8 0.381 0.516 0.343
Q91WN1 1.767 0.705 0.696
Q5SSM0 4.577 1.143 1.080
A0A0R4J293 1.016 1.071 0.783
Q921M3 1.220 0.213 1.188
Q3TF41 0.702 0.155 0.283
Q6ZWN5 0.884 0.885 1.489
Q3UF49 1.220 0.779 1.261
Q497I4 0.641 0.572 1.156
Q9D7V2 1.322 0.966 0.806
Q8CCZ5 0.273 0.363 1.534
P62855 1.241 0.368 0.612
Q3UNN4 1.623 0.300 1.167
Q497D7 1.785 1.226 0.781
Q91XQ0 0.610 1.119 0.895
P01590 1.006 1.185 0.444
A2ATE0 1.000 1.000 1.000
E9PVG8 1.153 1.107 1.099
Q80WS3 1.332 2.972 0.879
D3YWL7 0.626 0.360 0.501
P11031 0.873 0.914 0.950
Q9DCA4 0.952 0.451 0.628
P80314 1.084 0.826 0.984
Q3U0K0 1.393 0.750 0.757
A0A0G2JES3 1.180 0.408 0.703
Q3V3K3 0.857 1.042 0.659
Q99KL3 1.438 0.538 0.875
G3UXK8 0.694 0.447 1.224
Q3UJP8 1.741 0.492 0.322
Q3UE86 6.497 0.540 2.590
Q8VEI1 1.109 1.243 0.481
P14115 1.710 0.578 0.732
F6QPR1 0.812 0.618 1.038
Q3UK68 0.807 1.258 0.253
P62852 1.385 0.837 0.896
Q0KK53 1.127 0.263 0.710
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

E9PUX4 1.137 0.361 0.852
P62900 1.023 0.774 1.346
Q3USS1 0.809 0.927 0.533
P24369 0.902 0.470 0.742
Q3UQD0 1.109 0.957 0.772
Q8R1I1 19.742 1.000 0.236
Q6ZQJ6 1.123 0.476 1.204
Q04750 0.924 0.314 1.549
Q6P4T2 1.044 0.320 1.083
A0A087WP03 1.388 0.831 0.856
E0CZA1 0.972 0.445 0.443
A2AWT6 0.527 0.157 1.500
Q3TBM0 1.566 0.859 0.732
P97351 1.106 0.704 0.831
P38647 0.992 0.770 0.862
P19783 1.164 0.765 0.518
Q8BTA7 2.738 1.095 1.154
P08003 1.092 1.126 1.046
Q61649 0.497 0.557 0.993
P62259 1.205 0.816 0.682
G3UWZ0 1.120 1.044 0.986
Q3V4C5 0.868 2.108 0.619
F8WGT2 1.464 0.728 0.929
M0QWF0 1.703 1.178 1.034
A0A0A0MQI9 0.789 0.878 0.412
J3QMZ0 1.000 1.055 1.000
O09167 2.006 0.588 0.700
Q61554 0.831 1.137 0.914
Q5U5Y4 0.961 0.899 0.854
S4R1N6 0.687 0.560 0.670
A0A0G2JGY8 1.168 0.308 0.637
Q3TFF0 1.710 0.428 0.774
Q3UW68 1.049 0.689 0.811
F6Q609 0.714 0.627 0.851
M0QWA7 4.925 0.994 1.984
P62862 1.373 0.481 0.657
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

P61205 1.130 0.434 0.691
Q921R2 1.206 0.245 0.819
P63276 1.515 0.318 0.475
Q8K1H1 1.000 5.448 0.889
Q9Z179 1.000 1.000 1.121
Q9D0P6 1.411 0.790 1.025
Q8BVR6 0.962 0.820 0.819
H3BK79 1.192 4.148 1.240
Q9CR57 1.502 0.488 0.788
Q4FZG5 1.240 0.704 1.123
Q3TJ01 0.816 1.131 0.846
A0A0U1RPC4 0.983 0.557 0.925
P35564 1.235 0.378 0.486
Q61176 1.096 0.718 0.630
G3UYK8 1.863 0.525 0.862
Q8R4A4 1.460 0.704 1.022
P62754 1.122 0.536 0.911
P29351 0.544 0.579 0.444
V9GX81 0.643 0.209 3.826
F7CGG2 1.118 0.846 0.934
Q3TL79 2.104 0.852 0.941
Q922W7 0.714 0.552 0.628
Q3UDA7 2.123 0.370 0.895
P61358 0.568 1.015 0.575
S4R2B0 0.937 2.591 1.051
B7ZN98 1.664 1.009 0.281
Q3THL2 0.741 0.911 0.942
P97350 1.120 1.161 0.761
Q9R0V2 1.251 0.430 0.527
Q9CS87 1.441 1.118 1.142
Q9DB38 0.883 1.033 1.275
Q6GU23 1.000 1.000 1.000
O54827 1.070 1.228 0.843
Q6DFV1 0.416 0.700 2.231
Q8CI04 0.694 0.840 0.812
Q0V8T9 0.990 1.231 1.057
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

Q45VK7 1.387 0.661 0.667
Q76LL6 0.715 0.096 1.660
P17897 1.795 8.521 0.552
Q60611 1.971 0.637 2.490
Q80T23 0.720 1.021 0.980
Q9D1D4 5.583 2.369 3.701
Q91VA7 1.410 0.790 0.667
Q8VF49 1.660 0.974 0.571
F8VQF3 0.863 1.088 0.600
B0R0U2 0.932 4.183 0.702
D3YTQ9 1.020 0.333 0.588
Q6PF84 0.567 1.428 0.619
D3YYF1 0.721 1.173 1.168
G3UXC7 1.000 1.000 1.000
Q3UUW7 1.196 1.133 0.792
Q3US00 0.833 0.102 1.035
A2ABY6 1.516 0.870 0.368
E9Q2E9 0.946 0.918 0.762
Q7TSR8 0.673 0.589 0.687
Q3TXL0 1.883 0.927 1.171
Q9JHS5 0.951 0.447 0.404
Q3TRW3 0.896 0.503 0.740
Q6NWV5 0.948 0.750 0.318
Q3TBA2 0.574 0.334 0.174
Q3TVZ5 1.340 0.766 0.869
Q8C452 0.663 2.034 1.193
Q3U194 1.016 3.491 1.000
Q8CHF2 1.683 0.924 0.597
S4R1H5 1.737 1.105 0.891
Q3U3E5 1.000 0.683 0.245
R4GML7 1.252 1.071 0.973
B7ZWC5 1.000 0.269 1.000
H3BIV7 0.717 0.686 4.108
Q9CU04 0.776 8.049 0.681
Q3U480 1.398 1.079 0.939
Q8VEN8 1.359 0.786 0.384
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Table A.3 Protein list of proteomics run 2017 02 28 with 5% FDR
Accession ID CTLA-4+/CTLA-4- LAG-3+/LAG-3- TIM-3+/TIM-3-

A0A0J9YTX3 1.000 1.000 1.000
A0A0N4SW38 1.000 1.000 0.974

Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q5SWU9 1.105
Q8VDD5 1.17
E9QPD7 1.07
Q7TMF4 1.047
P60710 0.815
Q3UGC8 1.032
Q99MR8 0.995
P68369 1.324
Q3UBP6 0.846
P20029 1.901
A0A0A0MQA5 1.52
P63017 0.832
P99024 1.247
Q3UAD6 3.254
Q9QY81 3.476
Q5FW97 0.611
A0A0A0MQF6 0.958
P68372 1.299
P52480 0.655
P58252 0.79
P11499 0.734
Q03265 1.41
A0A087WSP5 1.079
Q9D6F9 1.431
Q8C605 0.864
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

P27773 1.655
P56480 1.342
Q62351 3.519
Q02819 3.627
P53395 1.205
Q80U93 1.048
P09411 0.635
Q9DB77 1.072
A0A1B0GSX0 0.733
P63038 0.724
Q3TJX0 0.741
A0A140T8L1 0.988
S4R1S4 2.027
P68040 0.802
P51881 1.549
P09405 1.025
P60843 0.735
Q3UIF3 0.707
P43274 1
Q3UA81 0.94
Q8C570 0.975
Q8C2M8 1.024
Q3ULD5 0.898
Q3TVV6 1.085
P17751 0.739
Q9WVA4 0.695
Q61753 1.023
P25444 1.267
Q3TGU7 1.025
Q8BMF4 1.118
P60335 0.883
Q8BMS1 1.037
Q5SZA3 0.977
Q3TIP3 1.298
Q9D8E6 1.112
Q3UK56 1.24
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

A0A0R4J0Z1 1.712
Q3THH1 2.725
Q497E9 1.121
Q3TIQ2 1.058
B2CY77 0.725
P09103 2.362
P48962 1.252
P01897 2.02
Q6A0F1 0.856
A6ZI44 0.663
P11983 0.914
Q3U1N0 0.52
P40142 0.734
Q8CEC0 0.961
Q58E70 0.773
Q9Z2X1 1.044
P62962 0.578
P50446 0.183
P63101 0.675
A0A1B0GSX7 1.01
Q3V0Z8 1.037
Q6P5E4 1.98
P29341 0.93
Q60605 0.782
P38647 0.86
P12382 0.785
P20152 0.638
P01900 1.429
Q5XJF6 1.157
O35641 1.131
P14824 0.76
Q3U505 1.365
Q8VDN2 1.263
Q3THE2 0.881
Q3U900 1.876
Q3U2W2 1.337
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q9JHU9 1.001
Q1WWK3 1.055
B9EIU1 0.912
Q8C2Q3 1.021
A1A4T2 2.846
P47753 0.737
Q9DB79 1.157
Q3TL71 0.763
P17742 0.617
Q642L7 1.326
Q05144 1.132
P62827 0.723
P80316 0.847
Q3UXQ6 1.097
P02535 0.316
A0A140T8V5 0.945
P18760 0.652
Q3UBT1 1.702
Q6ZWZ6 0.861
P14211 1.306
Q61990 0.857
Q3UBI6 1.162
P97351 1.121
P47911 1.161
A0A0R4J0Y3 0.786
Q5BLK1 1.115
A0A140T8M7 1.073
Q3U9G9 1.981
P99027 0.635
P14430 3.176
Q3UR00 0.98
Q9D8N0 0.795
Q3U7Z6 0.597
P11440 0.93
Q8BKZ9 1.046
Q3TXE5 1.187
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q5FWB6 1.028
A0A1B0GS68 1.139
Q60930 0.971
A0A1D5RM85 1.187
O08807 10.017
P80315 0.826
Q07797 2.64
Q8C129 2.163
Q8BJS4 1.604
Q52KC3 0.861
G5E924 0.751
B2RQC6 1.068
Q5M9K7 0.867
Q8R180 4.734
Q9CY58 0.928
Q61781 0.321
P35700 1.069
Q4FZE6 1.032
Q3TML6 1.07
I6L985 0.821
P26041 0.77
P97371 0.656
P68510 0.774
Q3V122 0.856
O70569 1.057
Q3UW40 1.18
Q8CAQ8 0.964
Q5SS40 0.8
Q8CJG0 1.122
A0A140T8T4 1.138
Q3U955 1.022
Q8BP47 1.145
Q8VIJ6 0.983
P14733 0.757
Q3TGW0 0.745
P62830 1.125
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

P40124 0.873
F6VW30 0.783
Q3TFE2 1.064
Q3UF16 3.732
Q8C3J5 1.071
Q61599 0.64
Q6P5F9 1.24
P67778 0.871
Q61790 3.19
P35486 0.909
Q3U7N8 2.84
P25206 1.426
Q3TF87 0.88
E9QAZ2 1.237
Q6ZWN5 1.037
Q6ZWV3 1.125
P16045 0.661
Q32P04 0.22
Q6PHQ9 1.179
P43275 0.976
Q9CR57 1.091
Q6IFX2 0.187
Q8VED5 0.161
G5E902 1.193
P06745 0.592
Q58DZ3 1.076
Q3TL79 0.9
Q60972 0.916
P63037 1.139
P62245 1.031
Q07417 0.971
Q5I0T8 1.111
A0A1S6GWJ8 0.825
Q9D051 1.023
P04104 0.166
Q80V08 1.131
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

E9PYL9 1.014
O54734 0.901
Q5XW49 1.128
Q7TMK9 0.959
P63028 0.636
Q3T9L0 0.731
Q3U1Q3 0.782
F6YVP7 0.987
Q9CQV8 0.769
Q91V55 1.063
Q3U944 2.084
Q01853 0.743
Q9EQH2 1.379
B7ZWC4 2.459
Q6NZJ6 0.836
A0A0R4J0H7 0.976
Q80ZI9 0.717
Q6ZWX6 0.822
Q5RJV5 1.088
Q3U4U6 0.851
Q8BKC5 1.293
Q3ULS2 0.94
Q3U741 0.89
E9PZF0 0.647
Q9ERK4 1.087
Q6ZQI3 1.594
Q64433 0.698
Q3UK83 0.844
Q3UD06 1.313
Q5CZY9 1.233
Q3V235 0.877
Q61543 3.551
Q3TLP8 0.619
E9Q3T0 0.534
P27659 1.078
Q3URM4 5.154
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q5SVP3 0.763
Q9CQK2 1.241
Q3UDZ1 0.865
Q3U0K0 0.74
Q9CWJ9 0.631
P32037 1.287
Q91VA7 1.139
Q3UXP2 1.045
Q3V1Z7 1.054
Q3TVK4 0.981
P08752 0.808
Q99JY0 0.995
Q3TI98 0.94
Q5BLJ9 1.278
D3Z722 0.875
Q9JJI8 0.867
Q921L4 0.995
Q80UL3 0.917
Q3UPA3 0.639
Q8BK67 0.958
P10639 0.731
Q5DTP7 0.95
Q3UV17 0.138
Q3TJ01 1.019
A0A068BER1 1.154
Q9R0Q3 4.102
Q9EQD6 0.447
Q9EPL8 1.001
Q3TMM5 1.038
Q9DCY1 0.857
P08730 0.227
Q3UCJ0 0.754
Q571M2 0.684
Q60932 0.695
Q3ULC7 0.955
Q8CG47 0.911
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3UA54 0.586
P47962 0.841
Q3TL33 6.716
Q542X7 0.737
Q91W90 2.15
Q921F2 0.738
Q9EQU5 0.528
Q05816 0.684
O88569 0.787
Q5M9K9 1.212
I6L9I7 0.657
Q8BTM8 0.808
P62137 0.806
P16460 0.993
D3Z6Q3 0.921
Q99PT1 0.53
Q3UBK2 0.6
Q9CRB9 1.448
P07356 0.631
Q66JR8 0.611
P84084 0.88
Q3TWG2 2.742
P54823 0.951
F8WJE0 0.783
O09167 1.173
Q9Z1R9 0.593
Q9CYA0 1.377
P14115 1.131
Q3TCP5 0.506
Q99020 0.868
O35887 2.119
P60766 0.622
P47963 0.986
Q8C0C7 1.112
Q8K2B3 0.811
Q9D0I9 0.851
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q4VAG4 0.785
B2M0S2 0.822
Q8R2P8 0.911
Q3THW7 0.732
P62911 1.175
P00493 0.708
Q545B6 0.58
Q3TQX5 0.819
A2A8R7 0.894
P80313 0.773
Q3V3R1 0.671
Q80X50 0.873
Q58EW0 1.018
Q9D1A2 0.5
Q9QYA2 1.176
Q8BT90 1.049
Q8CIJ3 0.652
Q6GQT9 1.733
A0A0N4SVP8 0.715
Q6NXH9 0.221
Q3THM1 0.865
E9QB02 1.01
Q3TN31 0.789
Q99KV1 2.673
P57759 1.895
Q3UA53 0.919
A6H667 0.921
P61750 1.348
Q6ZQG1 1.506
Q3TIP8 0.759
E0CXZ9 0.971
Q9JIF7 1.257
Q3UVI9 1.148
Q9JKR6 3.011
Q8BFY9 0.84
Q8VCG1 0.687
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

P37913 0.851
D3YYB0 1.219
P11835 2.447
Q3UUU2 1.011
C5H0E8 0.696
Q9EPU0 0.909
Q3TRW3 0.925
Q52L97 0.745
P61620 1.265
Q9CPW4 1.235
Q9CYL5 0.776
Q8BGW0 1.049
Q5SQB7 0.799
P01831 1.132
E9PWG6 0.784
O08528 0.739
Q3UIG0 0.855
Q61081 0.734
Q5BLK2 0.956
P62918 0.956
Q6IME9 0.158
Q60865 0.874
D3YZZ5 2.46
Q7TSJ0 0.869
A0A1S6GWH5 0.654
E9PYL1 0.459
Q7TNV0 0.638
Q6ZQK2 0.874
Q9DCX2 0.966
E9Q0F0 0.272
Q6ZWV7 0.936
P19973 0.682
P11157 0.87
Q3ULL5 1.219
Q792Z1 0.827
Q9Z1F9 0.798
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q99LC5 0.847
P47915 1.014
Q3TF14 0.825
Q8R550 0.963
Q3U4Y3 1.032
Q0PD40 0.788
Q58EA6 0.875
Q56A15 0.863
Q99KI0 0.661
Q6UL10 0.954
Q3TDN2 1.082
Q9CZI5 1.098
A0A068BFS4 100
P19096 0.713
Q921M7 0.692
P70670 1.211
A0A1B0GSG5 1.077
Q9JL26 1.171
Q60749 1.123
Q3UB60 0.763
Q80U89 0.782
Q08024 0.696
Q99JI4 0.756
Q3U0V1 0.833
P19783 0.934
Q3U4J9 0.987
Q3TJD4 1.231
Q3UC32 0.744
Q99JR1 1.079
Q9D2G2 0.694
Q9D024 1.336
B2RTM0 0.879
Q3UNK5 1.531
Q60849 1.085
A0A140T8K6 1.189
Q91WS0 0.978
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

O35685 0.768
P08249 0.783
A0A0R4J1E2 0.791
Q3UKW2 0.71
Q3TC14 1.526
G3UW85 0.574
B2RTP7 0.218
P62301 0.878
Q3U8X1 0.881
Q3TI61 0.975
Q9CR67 1.137
P61161 0.852
P26443 0.746
J3QMG3 0.894
O89100 0.541
Q3V2E0 0.777
Q9JKX6 0.95
P63242 0.574
Q5SUS9 0.684
P17809 3.229
Q6ZWX1 0.822
P62192 0.847
Q9CZU6 0.638
Q0GUM2 1.572
A0A068BGU5 2.291
O55023 0.87
H9H9T1 0.707
Q9R1P4 0.787
Q7TND8 3.2
Q8BFR5 0.944
Q9DBH5 1.491
Q3TJG6 0.625
Q91Z25 0.891
A2A7S7 0.78
F8WHL2 0.955
Q8VH51 1.172
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q9CXW3 0.721
Q9R1T2 0.911
Q3TI05 0.842
Q9CZD3 0.858
Q3TL58 0.776
Q3UJN1 0.906
Q3U9U5 1.391
P62774 0.603
Q52L67 1.173
Q3UBW3 1.376
Q52PE3 1.454
Q80UG5 0.748
A0A1S6GWK0 2.731
Q6P5D8 1.012
O35381 0.603
Q8BH59 1.121
Q3KP82 3.188
Q3UZG3 0.678
O35593 0.863
Q922Q8 1.111
E9Q696 1.241
Q9DCL9 0.849
Q60668 0.838
B2RY56 1.051
P10605 0.566
A0A068EVR8 2.332
Q9CQU0 1.13
Q9R1P3 0.75
Q08093 0.695
Q80Y09 0.994
Q9D0M3 1.264
Q6KAS9 0.99
A0A140LHG8 0.493
Q7TN98 0.908
G4V4Z1 0.806
D3YTS1 0.986
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3TED1 0.841
A1E5T5 0.664
Q9D4J7 0.829
Q3UZG4 0.764
Q3THA0 0.763
Q9QZL0 1.513
A8DUK2 0.115
Q5NCJ9 0.853
P62843 1.142
O88271 0.714
A2NN81 0.549
Q8R379 0.793
Q3U643 100
Q8C2Q7 0.935
J3QNK8 0.943
Q76MZ3 0.759
Q3UK30 0.7
Q3U3N7 0.467
P70349 0.545
Q6ZPH4 1.361
O70251 0.821
Q99LC3 1.02
P61255 1.162
Q06185 1.229
Q3UA65 0.789
F6R7E8 0.757
Q3TIE8 0.757
Q69ZP5 1.345
Q91WN1 0.897
P20334 0.765
P43247 1.23
Q5DTI2 1.473
Q8BH24 1.006
Q3UZH3 0.825
P70698 1.181
P62075 0.567
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q8CIN4 0.635
A0A0U1RPL0 0.919
P60122 1.077
A3KG93 0.904
A0A1B0GR11 0.723
Q3T9Z7 0.84
D3Z1V4 0.564
P20065 0.553
Q99M31 0.959
Q922J9 1.365
P30681 0.614
P26011 3.202
P59999 0.74
Q8C1W9 0.667
Q8BKI2 0.888
Q99LX0 0.687
Q3UC10 0.706
E9QKR0 0.629
B9EJ70 1.528
A0A087WNT1 0.797
Q3THQ5 0.611
A8DUV3 0.221
Q3U7E6 1.167
Q6ZQ45 1.33
Q9ES97 1.116
Q9CQ75 0.896
H7BX95 0.667
A0A0R4J008 0.961
A0A068BIT8 0.86
P07744 0.712
Q3TQ70 0.834
Q546G4 0.913
P41241 0.733
Q8BG48 1.79
Q9D1R9 1.31
Q3UW66 0.823
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3U4S9 0.958
Q99K87 0.948
Q3TYS2 1.156
O54946 0.813
Q91V99 1.195
P14152 0.532
Q64287 1.251
P51859 0.737
D3Z627 1.326
P97450 0.641
Q9R1T4 0.653
Q543C2 0.686
Q5F1Z8 0.64
Q3UC76 0.75
A2AGT5 0.849
A0A0A6YVV8 1.021
Q05D44 0.944
Q3V244 0.734
Q8BZY3 0.897
Q3TMA0 1.106
F6ZMJ4 0.698
P17710 0.664
Q8CHF1 1.906
P52875 2.105
Q9CQZ5 0.748
Q9CQ01 0.996
Q9QZE5 1.372
D3Z5N9 0.767
P62855 1.125
Q9CPN9 0.925
Q3U8M3 1.048
A0A1S6GWH1 0.845
Q3UD58 0.901
Q69ZY2 0.874
Q7TNC4 0.675
Q3TLQ9 0.01
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3TEK8 1.421
Q6P4T2 0.918
P09793 1.431
D3YTN4 0.724
Q9JHU4 1.242
P34022 0.61
A0A0G2JGL0 0.651
A0A068BGR9 0.963
Q059U9 0.986
Q9D0T1 0.799
Q3U3C9 0.642
O89051 2.103
O08553 0.799
Q9CQI6 0.645
Q62318 0.486
Q8C5X6 0.859
P32067 0.861
P61222 0.887
O54941 0.744
Q62293 0.192
P34884 0.645
Q8K0C9 0.83
H3BJQ7 0.623
O08582 0.336
Q544Z7 0.731
Q4FK74 1.175
P01590 1.223
Q3TE45 0.713
Q540H0 0.719
Q9D5T0 0.989
Q9D1D4 4.602
B1AQY2 1.001
Q3TIF1 1.118
B1AUX2 0.96
Q6PIR9 1.546
Q3TUI9 0.677
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q6A0D0 1.112
D0ESZ4 1.649
A0A0R4J0D3 1.804
Q3TKD9 1.078
Q3TWB8 4.457
Q9D1M4 0.916
P42227 0.8
P19157 0.654
Q5SUA5 1.216
A0A1S6GWH4 0.682
Q3UAG2 0.684
Q8R5L1 1.87
Q3UA52 0.813
Q31129 0.902
P70429 0.639
P97370 0.702
Q91YR1 0.538
Q6DFW4 1.05
P53986 1.095
Q60848 1.043
P70168 0.888
Q3U630 0.646
G3UZA7 0.88
Q3UKJ7 0.603
O09061 0.851
G3UY93 0.918
P12787 0.652
Q80TY0 0.863
Q5M9J8 0.875
Q8R050 0.816
Q0VBK2 0.307
Q9D0K3 0.922
P61804 0.799
Q6GV12 1.079
Q3TMX5 1.345
E0CYV0 0.875
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q8BRG8 1.165
Q3TVM1 0.742
Q9WUM5 1.162
O70194 0.731
Q6ZQ77 1.199
Q08943 0.804
Q80YG4 2.548
E9Q414 1.224
E9Q035 1.176
Q3TF18 0.949
Q5SQX6 0.85
A0A0G2JFH2 0.987
A0A0R4J170 1.554
Q3TG52 0.729
Q99KP6 1.062
Q9CQY3 1.254
Q8R326 0.868
P05202 0.984
A2CG35 1.014
Q8K297 1.131
Q3UAI4 0.739
Q571D6 0.834
E9Q0B5 0.339
P05132 0.79
Q3U6C7 0.823
P54775 0.846
Q01320 1.031
Q8K019 0.792
E9PWB2 0.997
Q9CY57 0.798
Q548M4 1.286
E9PVA8 0.787
Q921S7 0.845
Q61074 0.92
Q9CQJ6 0.951
A0JLQ7 0.91
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3TIN2 0.877
Q9QVP9 1.01
Q9WV02 0.863
A0A1L1SQ24 0.25
P17665 0.758
A0A075B606 1.268
G3UXL2 0.806
A0JNY7 0.876
Q05186 1.866
Q544Z9 0.81
Q9CXT8 1.165
P56135 0.698
Q3U3X7 1.339
Q02257 0.571
A2RS96 3.736
P54822 0.585
Q9CQE8 1.316
E9Q3G8 0.935
Q3UJP8 0.759
P11031 0.581
Q3TV93 0.999
A0A0A0MQ90 0.554
A2AWN8 1.078
P07742 0.793
D3YY09 0.687
Q924Z4 0.671
Q9JMD0 0.901
P47856 1.262
Q66JS6 0.826
Q9Z2I8 0.929
Q571B0 1.629
Q9WV55 0.848
A0A1L1SV25 0.834
Q99P25 0.918
A2NTY6 4.76
Q3U7R1 0.948
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

A0A075DCF9 100
Q91VW3 0.863
Q3THH0 1.741
D3Z0W0 1.129
Q9JIH2 0.836
Q9DBS1 3.681
A0A0R4J093 0.747
P12804 0.669
Q8R3R9 0.65
P63163 0.738
Q8R5J9 0.749
P63213 0.865
P00375 0.574
A0A0R4J0R7 1.157
A0A075DC90 1.332
Q6PIU9 0.872
Q9Z1Z2 0.808
G3X9Q6 1.213
Q9D1P4 0.575
Q9DCW4 0.702
Q8BJ71 0.652
Q8C0S4 0.936
Q80TP8 1.066
Q3TKG4 0.839
Q9DCS9 0.725
Q06477 0.605
Q3U5M2 0.931
A0A1G5SL47 1.008
Q91YM4 0.651
P42208 0.543
Q4LFA9 0.86
Q61699 0.934
P29699 0.694
Q8K2C9 1.649
Q9CRA4 1.167
P13439 0.835
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q3TXS7 0.69
Q3TX72 0.676
P61082 0.633
Q09200 2.882
Q497I4 0.915
Q3T9G9 1.366
Q61102 1.227
Q3UXN3 0.677
P50544 0.779
E9PVB7 0.645
O70311 0.963
A0A1L1STE6 0.77
Q5XK33 1.103
Q62426 0.791
Q8C5N3 0.86
G3X8R0 0.787
Q3TFE5 0.701
Q3V1M8 1.227
Q64152 0.791
Q9EQM6 0.997
E9PYH2 0.686
Q14AQ1 0.839
Q8K1I7 0.826
Q3TN07 0.786
Q3TZ32 0.838
Q8C483 0.703
Q99PL7 1.811
P62315 0.797
P70372 1.005
Q3TBT3 1.27
B2RSV4 0.978
O70503 0.685
Q9ESP1 2.135
Q08288 0.645
Q3UWQ1 0.694
A2A5F7 0.878
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

Q9CQF3 0.878
P54923 1.001
Q3TZP3 1.088
Q8BW94 1.068
Q4QQM4 0.814
Q9JJU8 100
Q3TGX0 0.711
Q3TLX1 0.658
P70677 0.423
Q8C156 1.075
H7BWZ2 0.629
Q3TH57 0.81
Q9WVJ2 0.54
Q0KK56 2.12
A2A9M4 4.921
Q6PAK3 1.03
Q6ZQ38 1.835
Q8R1K1 1.584
Q05C68 0.956
E9QPX3 0.889
Q3U4H0 0.735
P02301 0.972
A2AW86 12.271
Q9CQX4 0.549
F6Q8A4 1.239
Q571F9 0.401
Q8BVR6 0.939
Q9CPT4 5.617
Q9CPQ1 0.909
P01027 0.862
Q3TF25 1.646
A0A087WQS9 0.947
Q3TJG7 1.021
Q9EPW0 0.822
P70362 0.871
Q8BMD6 0.749
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Table A.4 Protein list of proteomics run 2017 08 22 with 5% FDR
Accession ID TIM-3+/TIM-3-

A1L2Z3 0.752
Q3UXI9 1.084
Q925D8 1.227
A0A1G5SJJ3 0.782
A0A087WQS2 0.888
Q9CR34 0.67
Q80XN0 1.452
Q08AT2 1.207
P42209 0.67
Q3TDF8 0.692
Q91YT0 0.935
Q9R1C7 0.926
Q8VCM8 1.222
Q9D423 0.906
Q3UJY1 1.11
E9QK41 0.702
Q3TML4 0.876
Q8BYH8 0.722
F8WIV2 0.786
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