
 
 

CHARACTERIZATION OF MOLECULAR PARTNERS OF THE 

PROGRAMMED DEATH (PD)-1/PROGRAMMED DEALTH-LIGAND 

(PD-L)1 IMMUNE CHECKPOINT  

 

by 

 

Harrison Loh 

 

 

A thesis submitted to the Department of Biomedical and Molecular Sciences 

In conformity with the requirements for 

The degree of Master of Science 

 

 

Queen’s University 

Kingston, Ontario, Canada 

October, 2020 

 

Copyright © Harrison Loh, 2020



ii 
 

Abstract 

Since its discovery, the Programmed Death (PD)-1/Programmed Death-Ligand (PD-L)1 immune 

checkpoint has been an area of interest in cancer research due to its role in conferring immune escape to 

tumour cells. Most research on the PD-1/PD-L1 receptor signalling axis in tumour progression is centered 

around inactivation of immune effector phenotypes. However, we have recently demonstrated bi-

directionality of PD-1/PD-L1 signalling resulting in acquisition of drug resistance and metastasis-

promoting phenotypes in tumour cells. Thus, we hypothesized that PD-1-induced PD-L1 signalling in 

tumour cells results in cytoplasmic PD-L1-protein interactions which are linked to the acquisition of 

malignant properties. To uncover interacting partners of the cytoplasmic tail of PD-L1, an in vivo 

biotinylation technique called BioID wherein BirA* (R118G), a promiscuous form of the prokaryotic 

biotin ligase (BirA), ligated to the cytoplasmic region of PD-L1 was used. Cells were treated with 

recombinant PD-1 to activate BirA*-PD-L1 and incubated with biotin. Controls consisted of cells 

incubated in the absence of PD-1, as well as of cells transfected with the BirA* construct without PD-L1. 

Biotinylated proteins were isolated via streptavidin binding affinity. Nanostring® Analysis was also 

performed to provide exploratory information on differential mRNA expression. We provide evidence 

that our BirA*-PD-L1 transgene product is functional and found that PD-L1-cytoplasmic protein 

interactions occurred more often upon PD-L1 stimulation with recombinant PD-1. This supports our 

hypothesis that cytoplasmic interacting proteins facilitate PD-L1 intratumoural signalling. Results of this 

research may help lead to the identification of druggable targets as alternatives or adjuvants to immune 

checkpoint blockers as novel anti-cancer therapeutics.  



iii 
 

Co-Authorship 

All work presented in this thesis is original. Experiments were designed and performed by Harrison Loh 

(HL) and the co-authors listed below. The thesis was prepared by HL, and Charles H Graham (CHG) 

assisted in editing. CHG contributed to experimental design and data analysis. Early experiments were 

done in collaboration with Jean-François Paré. Lori Minassian and Tiziana Cotechini assisted with 

Nanostring® analysis presented in Figure 3-7. Nicole Protopapas assisted with diagram production. 

  



iv 
 

Acknowledgements 

I would like to start by thanking my supervisor and mentor, Dr. Charles Graham. Charles is a man of 

compassion and honesty, and since my first day in the lab, Charles said to me: “I am not your boss, but 

your colleague”.  After two years of working alongside Charles, I can confidently say he truly meant 

those words. No matter how busy writing proposals he was, whenever I would knock on his door and ask 

if he had a minute, he would always respond: “Of course, Harrison”. Charles always listened to my 

concerns with attentive ears and a compassionate heart. He would never ‘correct’ me or push me in a 

direction. Instead, Charles would always present his thoughts as possibilities that I may consider. He 

challenged my independent problem-solving skills by asking questions rather than giving answers. I can 

say with the utmost confidence that I am privileged to have stumbled upon the same badminton court as 

Charles four years ago. I have grown not just as a researcher but also as a person under Charles’ 

mentorship, and have learned compassion from a role model whose teachings will stay with me for all my 

future journeys. Thank you, Charles. 

Thank you, Tiziana, for being my role model in the lab. You are the pinnacle of a well-rounded 

individual: independent, kind, knowledgeable, hard-working, passionate, and the list goes on. You would 

always ask me how things are going, and more importantly, listen to my answer. If my experiments were 

not working, you would listen to me describe everything, even if it were unrelated to your research in the 

lab. You would not only provide me with your best feedback, but would actively work to come to a 

solution together. Your consistent positive energy in the lab inspires me, and I strive to play the same role 

to others as your played for me. 

Thank you to Jean-François Paré, who taught me everything in my first year of Master’s, from holding a 

pipette to running a Western blot. Going into my Master’s, I had no lab experience, and I am thankful for 

J-F’s patience and knowledge, teaching me the fundamentals of becoming a great researcher. 

  



v 
 

Thank you to Lori and Shannyn, who were always prompt and friendly to help me with any aspect of my 

experiments that I was unfamiliar with. 

I would like to thank Will, Arielle, Aline, and all the members of the lab who made the lab a positive 

work environment. Your positive energies helped me to stay motivated, and I wish you all the best in 

achieving your goals. 

Thank you to my supervisory committee: Dr. Xiaolong Yang, Dt. Madhuri Koti, and Dr. Charles Graham 

for providing me valuable advice and insight throughout my 2-year project. You were always enthusiastic 

about my project and gave me prompt replies to any questions that I had. Thank you for helping shape my 

project. 

I would also like to thank Dr. Laura Trinkle, who has agreed to perform mass spectrometry analysis for us 

and has provided valuable insight for our biotinylation and purification protocols. 

Thank you to my friends Lok Hang Lee, Jennifer Li, and Brandan Ranjith. Loky and Jenn, as fellow 

Master’s students, were valuable friends who I could talk to about my lab-related problems. They would 

understand my situation and could empathize completely, making me feel like I was not alone in my 

struggles. Their presence in Botterell Hall brightened my workdays, and for that I am grateful. Although 

he is not a Master’s student, Brandan was always willing to listen to my problems and lent me his support 

in anything I tried to accomplish. For that I am thankful. 

And finally, to my parents, Paula and Wilson Loh. My parents are my greatest support system. They 

always ask me about my research, even though the technical aspects probably go over their heads, and are 

genuinely curious about what I am up to. I am fortunate to have parents who do not force me onto a path, 

but instead give me their best advice and support me in whatever decision I choose to make. They play 

active roles in guiding me, but not overbearing roles in choosing my fate. It is the knowledge that I am 

loved and supported no matter what decisions I make that enables me to take the risks that allow me to 

grow the most. To this, I owe my parents my sincerest gratitude and love. 



vi 
 

Table of Contents 

Abstract ..................................................................................................................................... ii 

Co-Authorship .......................................................................................................................... iii 

Acknowledgements ................................................................................................................... iv 

Table of Contents ...................................................................................................................... vi 

Table of Figures ...................................................................................................................... viii 

List of Abbreviations................................................................................................................. ix 

Chapter 1 Introduction ................................................................................................................1 

1.1 Immune System in Cancer .................................................................................................2 

1.1.1 Immunoediting ............................................................................................................3 

1.2 Immune Checkpoints .........................................................................................................6 

1.2.1 Immune Checkpoint Blockers ......................................................................................6 

1.2.2 Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4) .........................................7 

1.2.3 Programmed-Death 1/Programmed-Death Ligand 1 (PD-1/PD-L1) .............................8 

1.2.3.1 Discovery of the PD-1/PD-L1 Immune Checkpoint ...............................................9 

1.2.3.2 PD-1/PD-L1 Expression and Signalling .............................................................. 10 

1.2.3.3 PD-L2 ................................................................................................................. 12 

1.2.3.4 PD-L1 Reverse Signalling ................................................................................... 12 

1.2.3.4.1 Chemoresistance and Metastasis Mediated by PD-L1 ................................... 13 

1.2.3.4.2 ERK and Autophagy as Possible Downstream PD-L1 Signalling Targets ..... 14 

1.2.3.4.3 Interacting Partners of PD-L1 ....................................................................... 15 

1.2.3.4.3.1 Proximity-dependant Biotin Identification (BioID) ................................. 16 

1.3 Hypothesis and Objectives ............................................................................................... 17 

Chapter 2 Materials and Methods .............................................................................................. 19 

2.1 Cells ................................................................................................................................ 20 

2.1.1 HEK293 Cell Culture ................................................................................................ 20 

2.2 Transfection ..................................................................................................................... 20 

2.2.1 DNA Constructs ........................................................................................................ 20 

2.2.2 Transient Transfection of HEK293 Cells ................................................................... 21 

2.3 Harvesting the HEK293 Cells .......................................................................................... 21 

2.4 Protein Extraction of HEK293 Cells ................................................................................ 22 



vii 
 

2.5 Western Blot .................................................................................................................... 22 

2.5.1 Polyacrylamide Gel ................................................................................................... 22 

2.5.2 Sample Preparation.................................................................................................... 22 

2.5.3 Electrophoresis .......................................................................................................... 23 

2.5.4 Transfer ..................................................................................................................... 23 

2.5.5 Antibody Incubation .................................................................................................. 23 

2.5.6 Antibodies ................................................................................................................. 24 

2.5.7 Streptavidin-Horse Radish Peroxidase (HRP) ............................................................ 24 

2.6 Affinity Purification ......................................................................................................... 25 

2.6.1 Cell Lysate Preparation and Pre-clearing ................................................................... 25 

2.6.2 Magnetic Bead Separation ......................................................................................... 26 

2.7 Confocal Microscopy ....................................................................................................... 26 

2.8 NanoString® Analysis of mRNA ..................................................................................... 27 

Chapter 3 Results ...................................................................................................................... 28 

3.1 Expression of BirA*-PD-L1 ............................................................................................. 29 

3.2 Cellular Localization of HA-BirA*-PD-L1 ...................................................................... 31 

3.3 Gel Electrophoresis of Biotinylated Proteins .................................................................... 33 

3.4 Pull-down of GSK3β ....................................................................................................... 36 

Chapter 4 Discussion................................................................................................................. 41 

Chapter 5 References ................................................................................................................ 49 

Chapter 6 Appendix .................................................................................................................. 55 

 

  



viii 
 

Table of Figures 

Figure 1-1 Cancer immunoediting ...............................................................................................5 

Figure 1-2: The PD-1/PD-L1 Immune Checkpoint and its Expression ....................................... 12 

Figure 1-3: Proximity-dependent Biotin Identification (BioID) ................................................. 17 

Figure 3-1: Western blot analysis of transfected HEK293 cell lysates probed with anti-HA 

antibody .................................................................................................................................... 30 

Figure 3-2: Confocal analysis of HEK293 cells labelled with an allophycocyanin (APC)-tagged 

anti-PD-L1 antibody.................................................................................................................. 32 

Figure 3-3: Western blot analysis of streptavidin bead-purified transfected HEK293 cell lysates 

probed with streptavidin-HRP (horse radish peroxidase) ........................................................... 34 

Figure 3-4: Coomassie Blue gel stain of streptavidin bead-purified HEK293 cell lysates ........... 35 

Figure 3-5: Western blot analysis of streptavidin bead-purified HEK293 cell lysates probed with 

an anti-GSK3β antibody ............................................................................................................ 37 

Figure 3-6: Western blot analysis of non-purified HEK293 cell lysates probed with an anti-

GSK3β antibody ....................................................................................................................... 38 

Figure 3-7: Nanostring® analysis of RNA taken from HA-BirA*-PD-L1-transfected HEK293 

cells versus HA-BirA*-transfected HEK293 cells ..................................................................... 40 

Figure 6-1: Full membrane of Figure 3.1 – anti-HA antibody (1:5000) on Western blot. ........... 56 

Figure 6-2: Full membrane of Figure 3.1 – anti-HA antibody (1:500) on Western blot. ............. 57 

Figure 6-3: Anti-HA antibody probe of MDA-MB-231 and T24 lysates on Western blot. ......... 58 

Figure 6-4: Plasmid used for the HA-BirA*-PD-L1 transgene ................................................... 59 

  



ix 
 

List of Abbreviations 

APC  antigen-presenting cells 

APC-label  allophycocyanin-label 

BioID  proximity-dependent biotin identification 

BirA  biotin ligase 

BirA*  promiscuous form of biotin ligase 

CD  cluster of differentiation 

CTL  cytotoxic T lymphocyte 

CTLA-4  cytotoxic T lymphocyte-associated protein 4 

DAMP  danger-associated molecular pattern 

DAPI  4’,6-diamidino-2-phenylindole 

DMEM/F-12  Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 

ECL  enhanced chemiluminescence 

EMT epithelial-mesenchymal transition 

ERK extracellular signal-regulated kinases 

FBS  fetal bovine serum 

FDA  US Food and Drug Administration 

GSK3β  glycogen synthase kinase 3 beta 

HA  hemagglutinin 

HEK293  human embryonic kidney 293 

HRP  horseradish peroxidase 

ICOS  inducible T cell co-stimulator 

IFN  interferon 

IL  interleukin 

JAK  Janus kinase 

MHC  major histocompatibility complex 

MICA/B  MHC class I polypeptide-related sequence A/B 

NK  natural killer 

NSCLC  non-small cell lung cancer 



x 
 

ORR  objective response rate 

PBS  phosphate-buffered saline 

PD-1  programmed death 1 

PD-L1  programmed death-ligand 1 

PD-L2 programmed death-ligand 2 

PFA  paraformaldehyde 

p/s  penicillin/streptomycin 

rPD-1  recombinant programmed death 1 

RIPA  radioimmunoprecipitation buffer 

RPMI  Roswell Park Memorial Institute 

SDS  sodium dodecyl sulfate 

siRNA  small interfering RNA 

STAT  signal transducer and activator of transcription 

TBS  tris-buffered saline 

TCR  T cell receptor 

TGF  transforming growth factor 

TIME  tumour immune microenvironment 

Treg  T regulatory cell 



1 
 

Chapter 1  

Introduction 

  



2 
 

1.1 Immune System in Cancer 

Much of the information pertaining to the immune system’s role in cancer has been only 

elucidated recently; it was only in the 1990’s that genetic knockout techniques were widely 

adopted, which allowed researchers to perform studies using mice deficient in one or more 

components of the immune system (Kaplan et al., 1998; Shankaran et al., 2001). Using these 

murine models, researchers were able to discover two key mechanisms: mice unable to respond 

to IFN-γ (a pro-inflammatory molecule) or mice that lacked T cells, B cells, and natural killer T 

cells (RAG2-/-) were more susceptible to carcinogen-induced tumourigenesis (Kaplan et al., 

1998; Shankaran et al., 2001). It is now well-known that there are three key roles that immune 

cells play in suppressing cancer development: (i) elimination of viruses that can induce cancer, 

(ii) swift clearance of foreign pathogens that otherwise induce an inflammatory environment that 

can promote tumour growth, or (iii) direct elimination of tumour cells via ligands present on the 

cell surface that stimulate innate immune cells or via tumour antigens that are recognized by 

receptors of immune cells (Schreiber et al., 2011). This final point is important, as it is 

fundamental to our understanding that the immune system can in fact recognize tumour cells. 

This recognition was first demonstrated in studies in which mice that had previously developed 

carcinogen-induced tumours and had those tumours surgically removed were found to reject 

subsequent transplantations of the same tumour (Old & Boyse, 1964). We now know there are 

three main types of tumour antigens: (i) viral gene products, (ii) mutated cellular proteins, and 

(iii) aberrantly expressed cellular proteins. Thus, the development of immunodeficiency studies 

and cloning assays shed light on the concept that the immune system does in fact play a role in 

tumour targeting and destruction. 
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1.1.1 Immunoediting 

The selective destruction of tumour cells by the immune system shapes tumour progression. The 

innate and adaptive immune responses eliminate targetable tumour cells, which can have both 

tumour-regressing and tumour-promoting effects (Schreiber et al., 2011; Shankaran et al., 2001). 

This process of the immune system shaping cancer is termed ‘immunoediting’, and is often 

described in three main stages: (i) elimination, where the immune cells actively recognize and 

destroy the tumour cells; (ii) equilibrium, where the rate of tumour cell growth is balanced by 

tumour cell death; and (iii) escape, where the tumour cells avoid immune destruction and 

proliferate (Figure 1.1). Cancers need not necessarily start at the elimination stage and progress 

linearly; depending on the individual case cancer can skip these stages entirely. Elimination is 

defined by initial detection of tumour cells by immune cells, first mediated by the innate immune 

system. Nascent tumour cells are proposed to express danger-associated molecular patterns 

(DAMPS) as well as display stress ligands such as MICA/B on their cell surface, both of which 

attract the innate immune cells for destruction (Raulet et al., 2013; Sims et al., 2010). Antigen-

presenting cells (APCs) from the innate immune response activate CD4+ and CD8+ T cells, 

involving the adaptive immune system for tumour antigen-specific destruction. If destruction 

goes to completion and all the tumour cells are eliminated, this is the final stage. 

However, it can also be the case that the cancer proceeds to the next stage: equilibrium. This is 

when the rate of tumour cell destruction by immune cells and tumour cell proliferation are equal, 

resulting in a net zero growth of the cancer. Equilibrium can also be the final stage, as cancer 

cells can remain immunologically dormant (net zero growth due to immune-mediated 

destruction) indefinitely. Strong evidence for this concept was first presented by Koebel et al. via 

experiments using immunocompetent mice and T cell-inactivating antibodies (Koebel et al., 
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2007). The researchers first injected the mice with a carcinogen and observed that the mice did 

not harbour any visible tumours for extended periods of time. However, upon ablation of T cells, 

tumours grew rapidly at the carcinogen injection site, indicating that the host immune system had 

been inhibiting tumour growth. 

The final stage that tumour cells can enter is termed ‘escape’. It is in this stage that tumour cells 

avoid immune destruction and proliferate. This immune escape phase can occur in one of two 

ways: shedding of immunogenic components granting undetectability from the immune system 

or through the expression of immunosuppressive factors causing immune cell exhaustion (Vesely 

et al., 2011). Firstly, a tumour cell may become undetectable by the immune system through 

three mechanisms: (i) decreased expression of tumour antigens recognized by the adaptive 

immune system; (ii) downregulation of major histocompatibility complex (MHC), which 

presents tumour antigens to T cells; or (iii) breakdown of tumour cellular function that allows for 

peptide presentation through MHC. Next, tumour cells may escape immune destruction by 

inducing adaptive immune cell exhaustion. This can be facilitated through the release of 

immunosuppressive molecules, the expression of immunosuppressive membrane ligands, or 

through the recruitment of regulatory immune cells, which act to suppress host immunity. T 

regulatory cells (Tregs) recruited by tumour cells via chemokines release immunosuppressive 

cytokines such as TGF-β and IL-10, consume IL-2 (an energy source for cytotoxic T cells), and 

express immunosuppressive immune checkpoints. This tumour adaptation to immune-related 

stresses is a form of Darwinian natural selection process mediated in large part by the tumour 

cells’ inherent genetic instability; adaptive immune cells exert pressure on the tumour cell 

population by eliminating cells that display strong rejection antigens. Due to the inherent 

heterogeneity in the tumour cell population, not all cells are likely to express these rejection 
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antigens. Tumour cells lacking immune recognition antigens will therefore survive and 

repopulate the tumour. The same holds true for tumour cell expression of immunosuppressive 

molecules. A tumour cell may happen to express immunosuppressive molecules on its cell 

surface, granting it resistance to immune cell destruction. This tumour cell would then proliferate 

freely and populate the tumour with cells that collectively display this molecule. 

 

 

Figure 1-1 Cancer immunoediting 

Cancer immunoediting can begin with the elimination phase: the initial detection of tumour cells through 

the recognition of danger-associated molecular patterns (DAMPs) or stress ligands by innate immune 

cells, such as natural killer (NK) cells and macrophages. There can either be complete elimination of the 

tumour cells, leading to cancer-free progression, or the immune cell-mediated killing of tumour cells can 

promote the proliferation of poorly immunogenic tumour cells, which may lead to the tumour progressing 

to the equilibrium phase. The equilibrium phase is a balance between tumour cell death mediated 

primarily by T cells and tumour cell proliferation mediated primarily by immune cell-resistant tumour 

cells that may not express strong rejection antigens. The tumour may then progress into the escape phase 

whereby the rate of tumour cell proliferation is greater than the rate of tumour cell death. This can be 

mediated by tumour cell expression of immune checkpoints, such as PD-L1, which inactivate T cells. It is 

in the escape phase that metastasis generally occurs. It should be noted that not all cancers progress 

linearly; depending on the case, cancers may start at different phases or skip phases entirely. The phases 

are also an oversimplification of the fluidity of cancer progression. This figure is original. 
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1.2 Immune Checkpoints 

One of the mechanisms that tumour cells can take advantage of to facilitate immune escape is 

upregulation of immune checkpoints. Immune checkpoints are vital regulators of the host’s 

immune system. They provide a balance between co-stimulators and inhibitors of immune cells, 

preventing over-stimulation that can otherwise lead to inflammation and autoimmunity. 

Programmed-Death 1 (PD-1) and Cytotoxic T Lymphocyte Antigen-4 (CTLA-4), both primarily 

present on the surface of cytotoxic T lymphocytes (CTLs), are the most well-studied of the 

immune checkpoints. Upon binding to their respective ligands, CTLs are unable to mount an 

immune response (Pardoll, 2012; Zou & Chen, 2008). The resulting inhibitory signal ceases the 

production of stimulatory cytokines and activates pro-apoptotic factors while suppressing 

antiapoptotic factors. Furthermore, PD-1 binding can enhance naïve T cell differentiation into 

regulatory T cells, which have an immunosuppressive function and downregulate the production 

of effector T cells. CTLA-4 binding can also enhance regulatory T cell immunosuppressive 

activity. Thus, immune checkpoints are key players in self-tolerance and avoidance of 

autoimmunity. However, in some forms of cancer, inappropriate expression of immune 

checkpoints can confer tumour cells the ability to avoid immune cell detection. 

 

1.2.1 Immune Checkpoint Blockers 

Since immune checkpoints play a key role in tumour cell immune escape, antibodies that 

interfere with immune checkpoint receptor-ligand interactions (termed ‘checkpoint blockers’) 

have demonstrated efficacy as anti-cancer drugs. Clinical trials studying nivolumab, a PD-1 

checkpoint blocker, demonstrate promising results. The objective response rate (ORR) (defined 
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as at least a regression of 30% of cancerous lesions) in advanced melanoma patients treated with 

nivolumab was approximately 30-40% (Topalian et al., 2019 ); NCT00730639, NCT01721772, 

NCT01844505). Moreover, nivolumab has been shown to extend survival in patients with 

metastatic squamous non-small cell lung cancer (NSCLC) compared to traditional chemotherapy 

(NCT01642004). Used in combination with ipilimumab, a CTLA-4 immune checkpoint blocker, 

an overall one-year survival rate (starting from diagnosis of disease) of 94% had been achieved 

in patients with advanced melanoma (NCT01024231). In turn, the US Food and Drug 

Administration (FDA) has approved nivolumab to treat both advanced melanoma and squamous 

NSCLC. Furthermore, a recent study demonstrated that the use of nivolumab in the treatment of 

relapsed Hodgkin’s lymphoma produced an ORR as high as 87% (Ansell et al., 2015). For 

cancer patients whose only recourse has been palliative therapy, these novel immune checkpoint 

blockers provide new hope. In contrast to chemotherapeutics or radiation, checkpoint blockade 

offers its advantage through reinvigorating cytotoxic T cell response. This allows for a more 

durable response that is tumour-specific, thus providing a less toxic therapeutic option. 

 

1.2.2 Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4) 

James Allison and his colleagues performed pivotal early work on the immune checkpoint 

cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), present on T cells (Leach et al., 1996). 

CD28 is a co-stimulator of the T cell receptor (TCR), and its binding to CD80 and CD86 is 

crucial for T cell activation. However, CTLA-4 is structurally similar to CD28 and competes for 

binding to CD80 and CD86, instead sending inhibitory signals to CTLs and T helper cells or 

enhancing the immunosuppressive activity of T regulatory cells (Pardoll, 2012). CTLA-4 

expression is induced in effector T cells following stimulation, but it is constitutively expressed 
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on T regulatory cells (Valk et al., 2008). CTLA-4 checkpoint blockade works by administering a 

CTLA-4-specific antibody to prevent its binding to CD80/CD86, allowing effector T cells to 

remain active. Prior to Allison’s research, CTLA-4 was not considered a suitable candidate for 

blockade, as the CTLA-/- knockout phenotype was shown to be lethal in mice (Tivol et al., 1995). 

However, Allison and colleagues demonstrated through pre-clinical trials that a therapeutic range 

was achievable through partial CTLA-4 antibody blockade (Leach et al., 1996). Ipilimumab, a 

CTLA-4 blocker, was then tested in clinical trials involving patients with advanced stage 

melanoma. In comparison to a 25.3% one-year survival rate with gp100, a peptide vaccine used 

as the gold standard treatment, ipilimumab used in combination with gp100 demonstrated a 

43.6% one-year survival rate (Hodi et al., 2010). In 2010, ipilimumab was the first immune 

checkpoint blocker to be approved by the FDA. Allison was awarded the 2018 Nobel Prize in 

Physiology or Medicine. Other immune checkpoints, such as LAG-3, TIM-3, and TIGIT, are 

also being explored for their relevance in cancer, with studies indicating that their blockade can 

enhance anti-tumour immunity (Qin et al., 2019). However, the extent of research into these 

immune checkpoints and the clinical significance of their blockade remains limited. 

 

1.2.3 Programmed-Death 1/Programmed-Death Ligand 1 (PD-1/PD-L1) 

Programmed-Death 1 (PD-1), primarily present on the surface of CTLs, is another example of an 

immune checkpoint. PD-1 binds to its ligand, Programmed-Death Ligand 1 (PD-L1), which can 

be expressed by a variety of host cells. Upon binding, CTLs become unable to mount an immune 

response; the resulting inhibitory signal ceases the production of stimulatory cytokines and 

activates pro-apoptotic factors while suppressing antiapoptotic factors (Dong et al., 2002; 

Freeman et al., 2000). Furthermore, PD-1 binding can enhance naïve T cell differentiation into 
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regulatory T cells, which have an immunosuppressive function and downregulate the production 

of effector T cells (Francisco et al., 2009). Thus, the PD-1 immune checkpoint is a key player in 

self-tolerance and avoidance of autoimmunity. 

 

1.2.3.1 Discovery of the PD-1/PD-L1 Immune Checkpoint 

Tasuku Honjo is credited for the discovery of the PD-1/PD-L1 immune checkpoint and was 

jointly awarded the 2018 Nobel Prize in Physiology or Medicine with James Allison. In 1992, 

Honjo and colleagues first published their discovery of PD-1 (Ishida et al., 1992). The PD-1 gene 

expression appeared unique to T cells following a subtractive hybridization technique (used to 

identify differentially expressed mRNA between two samples). Furthermore, the researchers 

found that PD-1 mRNA expression seemed exclusive to the mouse thymus, and that expression 

was increased when T cell death was induced by an anti-CD3 antibody. Thus, the researchers 

proposed that PD-1 was involved in programmed cell death. In a following paper, Nishimura et 

al. observed that PD-1-/- null mutation mice demonstrated broad autoimmune symptoms 

(Nishimura et al., 1999). They further observed that T cell proliferation appeared markedly 

increased in PD-1 null mice, concluding that PD-1 likely played a role in negative regulation of 

T cell activation. Next, Freeman and colleagues set out to identify the stimulating ligand for PD-

1. Since CTLA-4 and PD-1 structurally share similar extracellular molecular motifs, the 

researchers reasoned that the PD-1 ligand would likely resemble the CTLA-4-binding receptors 

CD80 and CD86. Through genetic library searches, they determined a list of candidates and 

identified one particular ligand, which they named ‘PD-L1’, that demonstrated affinity for PD-1, 

as determined by flow cytometry (Freeman et al., 2000). Next, they tested the effects of injecting 

PD-L1 into wildtype and PD-1-/- mice and observed that PD-L1 exerted a dose-dependent 
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inhibition of T cell proliferation in the wildtype, but not the PD-1-/- mice. Finally, in 2005, Honjo 

and colleagues tested if PD-1/PD-L1 binding had any implications in cancer. Through transgenic 

expression of PD-L1 in mouse tumour cells, the researchers found that there was a marked 

decrease in cytotoxic T cell-mediated destruction of the tumour cells (Iwai et al., 2005). 

Furthermore, this effect was abolished with the use of anti-PD-L1 antibodies. This was the first 

evidence to suggest that antibodies used to block the PD-1/PD-L1 interaction may have clinical 

applications in the treatment of cancer.  

 

1.2.3.2 PD-1/PD-L1 Expression and Signalling 

Upon activation, CTLs release IFNγ, a pro-inflammatory cytokine. IFNγ helps recruit other 

immune cells to the site of inflammation, contributing to a robust immune response. IFNγ has 

been shown to induce expression of PD-L1 in epithelial cells, attenuating CTL activation to 

promote self-tolerance (Rodig et al., 2003). However, tumour cells can also be responsive to 

IFNγ; in melanoma cells, it has been shown that IFNγ binds to the IFNγ surface receptor leading 

to a JAK/STAT-mediated transcription factor signalling pathway, ultimately leading to 

upregulated expression of PD-L1 on the cell membrane (Figure 1.2) (Garcia-Diaz et al., 2017). 

Furthermore, aberrant Hippo signalling (whose normal function involves regulating organ size) 

has been implicated in modulating PD-L1 expression in human cancer cells as well. Hippo 

signalling transcriptional coactivators TAZ and YAP have been shown to bind to the PD-L1 

promoter and increase PD-L1 protein levels in lung and breast cancer cells (Janse van Rensburg 

et al., 2018). PD-L1 expression is higher in certain cancer types, although the reason for this is 

not well understood. Cancer types with high prevalence of PD-L1 expression include, but are not 

limited to, Hodgkin’s lymphoma, non-small cell lung cancer (NSCLC), melanoma, breast cancer, 
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and bladder cancer (Inman et al., 2007; Mittendorf et al., 2014; Roemer et al., 2016; Wang et al., 

2016). 

PD-1 can be inducibly expressed on T cells, monocytes, dendritic cells, and B cells, but their 

function in cells other than T cells remains unclear. CTLs upregulate PD-1 expression on their 

cell surface following activation. Upon a ligand binding to PD-1, two tyrosines present on the 

cytoplasmic tail of PD-1 become phosphorylated. This recruits tyrosine phosphatases Shp1 and 

Shp2, and kinases Lck and Csk. Although the downstream targets remain unclear, it is thought 

that these enzymes likely target the T cell receptor (TCR), CD28, or the inducible T cell 

costimulator (ICOS), ultimately suppressing effector T cell activation (Keir et al., 2008). 
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Figure 1-2: The PD-1/PD-L1 Immune Checkpoint and its Expression 

An example of induced PD-L1 expression in tumour cells involves (1) a T cell recognizing a tumour 

antigen as a target for destruction through its T cell receptor (TCR); the TCR then provides a signal to the 

T cell to (2) release IFNγ to facilitate tumour cell destruction; (3) upon IFNγ binding to tumour cell IFNγ 

receptors, transcription factors such as STATs (signal traducers and activators of transcription) become 

activated, binding to the PD-L1 promotor in the nucleus and (4) causing the upregulation and expression 

of PD-L1 on the tumour cell surface. (5) Tumour cell PD-L1 then interacts with PD-1 on the surface of T 

cells, which ultimately leads to inhibitory signals causing the inactivation of T cells, conferring immune 

escape to the tumour cells. This figure is original. 

 

1.2.3.3 PD-L2 

A second ligand to PD-1, PD-L2, elicits the same effects as PD-L1, and has a two-to-six fold 

greater binding affinity for PD-1 (Youngnak et al., 2003). Its clinical relevance in cancer is 

poorly studied but PD-L2 expression on tumour cells has been shown to have predictive value in 

patient response to PD-1 blockade therapy (Yearley et al., 2017; Zhang et al., 2014). The 

lackluster research interest in PD-L2 may be due to its limited expression; PD-L2 has been 

shown to lack expression on various murine cancer cell lines that demonstrate PD-L1 expression 

(Latchman et al., 2001). 

 

1.2.3.4 PD-L1 Reverse Signalling 

Recent evidence suggests that PD-1/PD-L1 signalling may be bi-directional; upon PD-L1 

binding, tumour cells have been shown to demonstrate intracellular signalling as well as 

phenotypic changes in response. It has been shown that the PD-1/PD-L1 interaction causes the 

tumour cells to exhibit a more malignant phenotype, including resistance to apoptosis, increased 

drug resistance, and a heightened propensity to metastasize (Azuma et al., 2008; Black et al., 

2016; Ishibashi et al., 2016). In a paper conducted by Azuma and colleagues, it was 
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demonstrated that in a mixed population of PD-L1+ and PD-L1- tumour cells, in the short-term, 

there was unimpeded lysis of PD-L1- tumour cells (Azuma et al., 2008). This indicates that, at 

least in the short-term, T cell lysis was not inhibited. PD-L1+ tumour cell resistance, however, 

was proposed to be mediated by anti-apoptotic signalling. Furthermore, in the presence of 

immobilized PD-1 in place of T cells, tumour cells were resistant to immune-mediated 

destruction when T cells were reintroduced. The implications of these findings suggest that an 

anti-PD-1 antibody may not be sufficient for therapy, as there are other receptors that can bind to 

and potentially stimulate PD-L1 signalling and thus lead to enhanced tumour cell survival, such 

as CD80 (Butte et al., 2007; Rollins & Gibbons Johnson, 2017). Since the resistance to immune-

mediated destruction is mediated through apoptosis resistance, this suggests that a plausible 

therapy may involve an anti-PD-L1 antibody in combination with apoptosis-inducing drugs. 

Another example of reverse signalling in cancer involves Eph receptors and ephrins; it has been 

shown that ephrins, which are ligands for Eph receptors, promote migration and invasion in 

certain tumour cells (Pasquale, 2010) 

 

1.2.3.4.1 Chemoresistance and Metastasis Mediated by PD-L1  

A study conducted by Black and colleagues showed that anti-PD-1 antibody treatment in 

combination with doxorubicin resulted in fewer metastatic lesions in mice bearing 4T1 

mammary tumours than either therapy used individually (Black et al., 2016). Since anti-PD-1 

antibody therapy alone did not reduce the number of metastases, the researchers proposed that 

the immune checkpoint blockade chemosensitized the tumour cells such that combined with 

doxorubicin treatment lead to the greatest observed effects. Moreover, it was found that ERK and 

mTOR activation was sustained for up to 60 minutes upon introduction of recombinant PD-1 
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(rPD-1) in MDA-MB-231 tumour cells. Extended exposure to rPD-1 also lead to an increase in 

tumour cell proliferation. 

 

1.2.3.4.2 ERK and Autophagy as Possible Downstream PD-L1 Signalling Targets 

Upon further investigating downstream PD-L1 signalling targets, Minassian et al. showed that 

autophagy and ERK signalling may be crucial mediators of PD-L1-mediated tumour promotion 

(L.M. Minassian, D. Sanwalka, and C.H. Graham, unpublished observation). Autophagy is a 

biological process in which cells digest some of their own organelles in order to acquire energy 

during times of starvation. Autophagy as a tumour promoter has been extensively researched and 

has been shown to improve tumour cell survival during stress (White, 2012; Yang et al., 2011). 

Autophagy can help recycle cellular components during nutrient deprivation, as well as benefit 

the tumour cell through the degradation of apoptotic mediators, granting the tumour cell 

resistance to certain chemotherapeutics. Minassian et al. showed that upon exposure to rPD-1, 

human MDA-MB-231 and mouse 4T1 breast cancer cells displayed a significant increase in 

autophagy markers LC3-II and Beclin 1, as well as an increase in autophagosome formation 

(L.M. Minassian, D. Sanwalka, and C.H. Graham, unpublished observation). Furthermore, the 

researchers incubated the tumour cells with the autophagy inhibitor chloroquine and found that 

rPD-1-mediated chemoresistance was abolished. Finally, this research provided evidence that 

ERK signalling is required for PD-L1-induced autophagy in tumour cells (L.M. Minassian, D. 

Sanwalka, and C.H. Graham, unpublished observation). Provided this evidence, it appears that 

there is intracellular tumour signalling following binding of surface PD-L1, which ultimately 

leads to greater tumour cell proliferation and chemoresistance. This malignant progression is 
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likely mediated, at least in part, by ERK signalling and upregulated autophagy. However, the 

precise pathway remains unclear, including what occurs directly following PD-L1 activation. 

 

1.2.3.4.3 Interacting Partners of PD-L1 

There is not much known regarding intracellular PD-L1-interacting partners. However, there has 

been evidence to suggest Ras can bind intracellularly to PD-L1 in glioblastoma multiforme 

(GBM), activating Ras/ERK/EMT signalling and ultimately promoting proliferation and 

migration (Qiu et al., 2018). GSK3β has also been shown to bind to and phosphorylate PD-L1, 

labelling it for ubiquitination (C. W. Li et al., 2016). Li et al. identified T180 and S184 as 

specific GSK3β phosphorylation sites on PD-L1. Furthermore, there is evidence that HDAC2 

deacetylates Lys 263 on the cytoplasmic tail of PD-L1 (Y. Gao et al., 2020). Gao et al. found 

that HDAC2-mediated deacetylation of PD-L1 allows it to translocate to the nucleus, where it 

can bind to transcription factors or directly to DNA to alter DNA transcription. 

The structure and amino acid composition of PD-L1 may also provide clues to finding novel PD-

L1-interacting partners. PD-L1 is a 290-amino acid transmembrane receptor comprised of two 

extracellular domains, one IgC- and one IgV-like, a transmembrane domain, and an intracellular 

domain (Akinleye & Rasool, 2019). The intracellular domain is short, only 30 amino acids long, 

with poorly understood function. However, the cytoplasmic tail of PD-L1 has three conserved 

regions in mammals: RMLDVEKC (amino acids 265-272), DTSSK (amino acids 276-280), and 

QFEET motifs (amino acids 283-287) (Escors et al., 2018). In particular, the RMLDVEKC motif 

has been shown to mediate resistance to IFN cytotoxicity by inhibiting STAT-3/caspase-7 

signalling (Gato-Canas et al., 2017). DTSSK appears to be a negative regulator of RMLDVEKC 
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activity, with somatic mutations in DTSSK leading to hyperactive PD-L1 molecules that 

facilitate protection from IFN signalling (Gato-Canas et al., 2017). Furthermore, PD-L1 antibody 

blockade restores IFN cytotoxicity (Gato-Canas et al., 2017). Although no studies have 

elucidated specific PD-L1 intracellular interacting partners, it is possible that potential candidates 

would interact with one of these conserved motifs. 

 

1.2.3.4.3.1 Proximity-dependant Biotin Identification (BioID) 

A goal of this thesis was to determine the existence of cytoplasmic PD-L1 interacting partners. 

For this purpose, an in vivo biotinylation technique, BioID, was used. BirA* (R118G) is a 

promiscuous form of the prokaryotic biotin protein ligase, BirA, and was ligated to the 

cytoplasmic region of PD-L1. In the presence of externally supplied biotin, BirA* ligates biotin 

to any protein that interacts with PD-L1, based on proximity (Figure 1-3). These biotinylated 

proteins are then isolated through their affinity for streptavidin and can be identified through 

mass spectrometry analysis. This method provides an advantage over other procedures as it 

allows biomarking in a natural cellular environment. Furthermore, the BirA* approach is 

advantageous because it can identify weak or transient protein interactions, as well as proteins 

with poor solubility (Huang & Jacobson, 2010). A DNA construct that encodes human PD-L1-

BirA* fusion protein with an HA (hemagglutinin)-tag has been generated. Through transient 

transfection, this construct can be expressed in HEK293 cells.  
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Figure 1-3: Proximity-dependent Biotin Identification (BioID) 

BioID consists of first ligating the promiscuous biotin ligase (BirA*) gene to the protein of interest (poi) 

gene, in this case PD-L1. (A) This DNA construct is then transfected to be expressed in the experimental 

cell, in this case HEK293 cells, in vivo. The cells are then supplied exogenous biotin and left to incubate 

for 24 hours. During this time frame, BirA* will ligate biotin (‘biotinylate’) to PD-L1-interacting 

proteins, based on proximity. (B) Cells are then lysed, and the biotinylated proteins are purified using 

streptavidin beads (streptavidin has a strong affinity for biotin). The purified proteins consist of candidate 

PD-L1-interacting proteins that can be analyzed further for identification. This figure is original. 

 

1.3 Hypothesis and Objectives 

The PD-1/PD-L1 immune checkpoint remains an enigmatic component of the interaction 

between immune cells and tumour cells, or tumour immune microenvironment (TIME). 

Checkpoint blockers demonstrate an anti-tumour response, but their clinical efficacy is limited 

and difficult to predict. One reason for this is that the intracellular signalling following PD-1/PD-

L1 binding is unclear. Many studies have suggested that phosphatases and kinases are recruited 

within the CTL, which ultimately target and interfere with the T cell receptor (TCR) or other 

necessary costimulatory ligands’ function (Keir et al., 2008). However, this does not explain the 

increased proliferation and metastasis observed in tumour cells when exposed to rPD-1 (in the 

absence of T cells). There is a growing body of evidence that suggests PD-L1 downstream 
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signalling in tumour cells plays a role in contributing to a more malignant phenotype. Previous 

research has elucidated ERK signalling and autophagy as potential mediators of this response, 

but a clear mechanism has yet to be established. A fundamental gap that remains is the question 

of which intracellular molecules interact with the cytoplasmic tail of PD-L1 to initiate this 

response. We hypothesize that tumour cell PD-L1-cytoplasmic protein interactions occur 

and ultimately facilitate malignant progression. 

The first objective was to assess the expression of HA (hemagglutinin) in transfected human 

embryonic kidney (HEK) 293 cells. An HA-tag is attached to the transgene, allowing us to 

confirm expression by Western blot analysis. Next, confocal analysis to determine cellular PD-

L1 localization was performed. The third objective was to probe purified HEK293 cell lysates 

with streptavidin-HRP, which binds to biotin on a Western blot. This assesses the functionality 

of the biotinylation system and the isolation of biotinylated proteins. The final objective was to 

probe HEK293 cell lysates for glycogen synthase kinase 3 beta (GSK3β), a protein known to 

phosphorylate PD-L1. This would provide evidence that our biotinylation system and 

purification protocol can identify PD-L1-interacting partners.  
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Chapter 2  

Materials and Methods 
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2.1 Cells 

Human embryonic kidney (HEK) 293 cells were used for all the experiments.  

 

2.1.1 HEK293 Cell Culture 

Derived from human embryonic kidney cells grown in tissue culture, HEK293 cells are rapidly 

proliferating cells that have a propensity for transfection. The cells were incubated in 10cm 

round plastic culture dishes at 37oC in 10mL of DMEM/F-12 medium (ThermoFisher Scientific 

#11320-033) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

(p/s). HEK293 cell media were refreshed every two to three days. 

 

2.2 Transfection 

2.2.1 DNA Constructs 

We generated a PD-L1-BirA* (biotin ligase, R118G)-HA (hemagglutinin) tag DNA construct 

using the pcDNA3.1 plasmid (Addgene). The human PD-L1 gene (CD274, NCBI Reference 

Sequence: NM_001267706.2) was cloned at the Nhel and EcoRI restriction sites (Appendix 

Figure 6-4), and the HA-BirA* gene ligated to the C-terminus of the human PD-L1 gene. The 

order of the transgene, from N-terminus to C-terminus, is PD-L1, BirA*, HA-tag gene. 
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2.2.2 Transient Transfection of HEK293 Cells 

HEK293 cells were transiently transfected using LipofectamineTM 3000 Transfection Reagent 

(ThermoFisher Scientific #L3000015). HEK293 were allowed to grow to approximately 30-40% 

confluence. Two tubes were prepared separately for transfecting each dish: (i) 500μL Opti-

MEMTM (ThermoFisher Scientific #31985062) and 15μl Lipofectamine 3000 and (ii) 500μL 

Opti-MEM, 10μg DNA construct, and 20μL P3000 reagent. The two tubes were combined and 

incubated at room temperature for 15 minutes. Each combined tube was added to one dish of 

HEK293 cells. rPD-1 (R&D Systems #1086-PD-050) was added to each applicable dish to a 

final concentration of 1μg/mL, and the cells were allowed to grow for 24 hours. 

 

2.3 Harvesting the HEK293 Cells 

Medium from culture dishes containing transiently transfected HEK293 cells was discarded, and 

the dishes were washed with warm phosphate-buffered saline 1X (PBS, ThermoFisher Scientific 

#10010023). An extra 5mL of PBS was added to each dish and the HEK293 cells were scraped 

off the dish surface. HEK293 cell suspensions in PBS were aspirated via pipette and transferred 

into labeled 15mL conical tubes, then centrifuged at 1200 rpm for five minutes. Supernatants 

were discarded, and conical tubes containing HEK293 cell pellets were placed in -80oC freezer 

for lysis and storage. 
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2.4 Protein Extraction of HEK293 Cells 

Frozen HEK293 cells pellets were retrieved from -80oC freezer and resuspended in cell lysis 

buffer (Cell Signalling Technology #9803) 1x with one pellet of cOmpleteTM Mini EDTA-free 

Protease Inhibitor Cocktail (Roche #11836170001). HEK293 cell suspensions were placed on ice 

for 10 minutes, then centrifuged in a -4oC cold room at 14,000 rpm for 10 minutes. Supernatants 

were transferred to labeled microtubes, and a Bradford assay was conducted on the supernatants 

to determine protein concentrations. The HEK293 cell lysates were then stored at -20oC until 

further use. 

 

2.5 Western Blot 

2.5.1 Polyacrylamide Gel 

Polyacrylamide gels were made by combining three components: (i) 90μL ammonium persulfate 

(10%), (ii) 9μL tetramethylethylenediamine (TEMED), and (iii) 15mL 12.5% acrylamide 

solution (VWR Life Science). The gel was formed in 1.5mm glass holder at room temperature 

for 30 minutes.  

 

2.5.2 Sample Preparation 

Samples were diluted in cell lysis buffer to a concentration of 50μg in 21μL (2.38 µg/µL). Seven 

μL of 4x SDS Sample Buffer (EMD Millipore) was added to the samples to a final volume of 

28μL. Samples were heated in a dry bath for two minutes and then centrifuged for 30 seconds at 

14,000 rpm. 
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2.5.3 Electrophoresis 

The electrophoresis apparatus was filled with diluted 20X running buffer (Next Gel, VWR Life 

Science). The samples were loaded alongside 10μL of a molecular weight protein ladder 

(BenchMarkTM Prestained Protein Ladder, Novex). Voltage was set to 70V and proteins were 

separated for three and a half hours at room temperature. 

 

2.5.4 Transfer 

One litre of transfer buffer consisted of 3.03g Tris, 14.42g glycine, 150mL methanol, and 

distilled water. A plastic clamp ‘sandwich’ was prepared in the following order, starting from the 

bottom: wool (soaked in transfer buffer), filter paper (soaked in transfer buffer), filter paper (kept 

dry to detach gel from running glass holder), gel, nitrocellulose membrane (BioRad #1620145, 

soaked in transfer buffer), filter paper (soaked in transfer buffer), and wool (soaked in transfer 

buffer). The transfer apparatus was placed in a container filled with ice chips, and the gel was 

transferred at 100V for one and a half hours at room temperature, or at 30V overnight at 4oC. 

 

2.5.5 Antibody Incubation 

Transferred membranes were placed in blocking solution (Tris-buffered saline (TBS), 5% skim 

milk, and 0.1% Tween-20) and put on an orbital shaker at low speed for one hour at room 

temperature or overnight at 4oC. The blocking solution was discarded, then the membrane was 

incubated with primary antibody diluted in fresh blocking solution for one and a half hours at 

room temperature on the shaker. The antibody-blocking solution mixture was discarded, and the 
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membrane was washed with TBS-T (0.1% Tween-20) four times at 15-minute intervals on the 

shaker. The washed membranes were then incubated with a secondary antibody diluted in 

blocking solution for another one and a half hours on the shaker at room temperature. The 

antibody-blocking solution was again discarded, and the membrane was washed with TBS-T 

four times at 15-minute intervals on the shaker. The membrane was then soaked with enhanced 

chemiluminescence (ECL) substrate (PerkinElmer Western Lighting Plus-ECL) for two minutes, 

allowed to dry, then imaged using Azure c600 Gel Imaging System (Azure Biosystems). 

 

2.5.6 Antibodies 

To analyse the expression of the transfected DNA by Western immunoblotting, a conjugated 

anti-HA peroxidase (Roche #2013819) was used at a dilution of 1:500 to detect HA-BirA* and at 

a dilution of 1:5000 to detect HA-BirA*-PD-L1 (HA-BirA* required higher antibody 

concentrations to be detected). Monoclonal mouse anti-GSK3β antibody (Abcam #ab93926) at 

1:1000 dilution and secondary polyclonal HRP-conjugated goat anti-mouse IgG were used 

(Abcam #ab205719; 1:2000). Differences in loading of gels were adjusted by probing 

membranes with an anti-β-actin antibody (Sigma #A5441) at 1:5000 dilution, followed by an 

anti-mouse IgG peroxidase (Vector Laboratories #PI2000) at 1:250 dilution. 

 

2.5.7 Streptavidin-Horse Radish Peroxidase (HRP) 

Streptavidin-horse radish peroxidase (HRP; Cell Signalling Technology #3999S) at a dilution of 

1:2000 was used to detect biotinylated proteins transferred onto nitrocellulose membranes. 
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2.6 Affinity Purification 

2.6.1 Cell Lysate Preparation and Pre-clearing 

Two mL of high-salt RIPA buffer (7mL distilled water, 0.5mL 1M Tris 7.5 pH, 1mL 5M NaCl, 

1mL 10% NP-40, 0.5mL 10% deoxycholate, and one pellet of protease inhibitors [Roche 

#11836170001]) was added to HEK293 cell lysates harvested from four 10cm dishes. The 

samples were sonicated for 10 seconds on/5 seconds off repeated six times at an amplitude of 

40%, then centrifuged for 10 minutes at 14,000 RPM at 4oC. The supernatants were then 

separated from the pellets. An equal volume of no-salt RIPA buffer (8mL distilled water, 0.5mL 

1M Tris 7.5 pH, 1mL 10% NP-40, 0.5mL 10% deoxycholate, and one pellet of protease 

inhibitors [Roche #11836170001]) was added to the supernatants to reduce the salt concentration 

to 50%. Lysates were then pre-cleared using Protein G Sepharose (Abcam #ab193259). Ten μL 

of Protein G Sepharose beads were used for every 0.5mL of lysate (post-dilution with no-salt 

RIPA buffer). Prior to mixing with the lysates, the appropriate volume of Protein G Sepharose 

bead slurry was vortexed and pipetted multiple times to mix well. PBS was added to the slurry 

and was centrifuged together at 1000 RPM for two minutes. The supernatant of the bead slurry-

PBS mixture was discarded, and this process was repeated two more times. A final wash was 

conducted using 250 mM NaCl RIPA buffer (made from equal parts of the high-salt and no-salt 

RIPA buffers). The lysates were then added to the washed Protein G Sepharose beads and 

incubated end-over-end for 10 minutes at 4oC. After the incubation, the lysates were centrifuged, 

and the supernatants were separated from the beads. A small volume of each supernatant was set 

aside as ‘before affinity purification’ samples. 
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2.6.2 Magnetic Bead Separation 

Dynabeads MyOne Streptavidin C1 (ThermoFisher #65001) streptavidin magnetic beads were 

used to elute biotinylated proteins from pre-cleared HEK293 cell lysates. 80μL of beads were 

used for every two 10cm dishes’ worth of HEK293 lysates. The beads were resuspended using 

an analog orbital shaker, then washed three times with PBS and once with 250mM NaCl RIPA 

buffer. The beads and lysates were combined in microtubes and incubated end-over-end for four 

hours at 4oC. After the incubation, a magnetic stand was used to separate the beads from the 

lysates. The lysates were then aspirated and stored in tubes labeled ‘after affinity purification’. 

The beads were washed three times with 250mM NaCl RIPA buffer, then incubated with an SDS 

elution buffer (2% SDS 30mM biotin elution buffer was made by combining six parts 50mM 

biotin stock solution [8.19mL distilled water, 31μL NaOH (10M), and 100mg biotin], one part 

20% SDS, and three parts distilled water) in a dry bath for 10 minutes at 95oC. The bead 

solutions were then placed on a magnetic stand, and the eluates were aspirated. A micro BSA 

assay was performed to determine the protein concentration of the eluates. 

 

2.7 Confocal Microscopy 

Confocal imaging of PD-L1 expression in HEK293 cells was performed using an APC-labeled 

anti-human PD-L1 antibody (BioLegend #329707) and an APC-labeled anti-mouse IgG 

(BioLegend #400322) as control. Newly transfected HEK293 cells were split into two groups: (i) 

experimental group probing for PD-L1 expression and an (ii) IgG control group. For both 

groups, the HEK293 cells were first fixed with 2% paraformaldehyde (PFA) (in PBS-T [Tween 

20 0.05%]) for one hour at 37oC, then treated with 0.1% Triton X-100 (in PBS) for five minutes 
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on ice to permeabilize the cells. The HEK293 cells were then either incubated with the PD-L1 

antibody or IgG control for one hour at 37oC. Following PBS-T washes, the fixed HEK293 cells 

were stained with DAPI (Invitrogen #P36966) for 15 minutes. PBS-T was then added after 

discarding the DAPI, and the HEK293 cells were imaged using confocal microscopy. 

 

2.8 NanoString® Analysis of mRNA 

RNA was collected from BirA*-PD-L1-transfected HEK293 cells incubated with rPD-1 and 

BirA*-transfected HEK293 cells using the Total RNA Purification Kit (Norgen Biotek Corp. 

#17200). RNA was measured using a NanoDropTM 2000 spectrophotometer (Thermo Fisher 

Scientific) and gene expression was analyzed using the nCounter® PanCancer Progression Panel 

(NanoString® #XT-CSO-PROG1-12), which allows for gene expression analysis of 770 genes 

from 13 cancer-associated pathways. Data analysis was performed using the nSolverTM analysis 

software. 
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Chapter 3  

Results 
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3.1 Expression of BirA*-PD-L1 

The first objective was to confirm expression of the transgene. Since an HA (hemagglutinin) tag 

gene is ligated to the BirA*-PD-L1 gene, HEK293 cell lysates were probed for the presence of 

HA to determine expression of the transgene. Cell lysates from transfected HEK293 were 

analyzed by Western blot, and an anti-HA antibody probe confirmed that the HEK293 cells 

expressed HA (Figure 3-1). Using a protein ladder as reference, the anti-HA signal was observed 

to be close to the expected molecular weight of HA-BirA*-PD-L1 (69 kDa) and HA-BirA* (36 

kDa) in their respective conditions. Furthermore, HA-BirA* signal was fainter and had to be 

probed with an antibody concentration ten-fold greater than when probing for HA-BirA*-PD-L1 

expression. Moreover, assessment of β-actin levels revealed similar amounts of protein loaded in 

all the lanes of the gel. 
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Figure 3-1: Western blot analysis of transfected HEK293 cell lysates probed with anti-HA antibody 

Anti-HA probe demonstrating expression of the transgenes of HA-BirA*-PD-L1 (left) and HA-BirA* 

(right) in HEK293 cells. An anti-HA antibody concentration of 1:5000 and 1:500 was used for the HA-

BirA*-PD-L1 lanes and the HA-BirA* lane, respectively. rPD-1 +/- indicates either the presence or 

absence of recombinant PD-1 added to the media 24 hours prior to harvest. The anti-HA images are 

different X-ray films of the same blot. The β-actin probes (PD-L1 and BirA*) were imaged concurrently 

and belong to the same blot. This experiment was performed twice. Full membranes of these blots are 

shown in Figures 6-1 and 6-2. 
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3.2 Cellular Localization of HA-BirA*-PD-L1 

The second objective was to determine the localization of HA-BirA*-PD-L1, and confirm that 

PD-L1 was fully translated. Although HA expression was confirmed at molecular weights 

consistent with full expression of the HA-BirA*-PD-L1 gene, it could still be the case that 

transfected PD-L1 was not translated adequately. To determine the presence of PD-L1, HEK293 

cells transfected with HA-BirA*-PD-L1 were analysed by confocal microscopy following 

incubation with a red fluorescent allophycocyanin (APC)-labeled anti-human PD-L1 antibody 

(Figure 3-2). Controls consisted of HA-BirA*-PD-L1-transfected HEK293 cells incubated with 

an APC-labeled anti-mouse IgG antibody. PD-L1 signal appeared strong, and since PD-L1 is not 

endogenously expressed in HEK293 cells (Parra et al., 2018), expression of PD-L1 from the 

transgene can be confirmed. 
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Figure 3-2: Confocal analysis of HEK293 cells labelled with an allophycocyanin (APC)-tagged anti-

PD-L1 antibody 

HA-BirA*-PD-L1-transfected HEK293 cells were analysed by confocal microscopy (A-D). Cells were 

fixed with 2% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, then incubated with 

either an anti-PD-L1 antibody or IgG control for one hour. Cells were then stained with a DAPI marker 

(blue) to visualize the nucleus. A red fluorescent APC-labeled anti-PD-L1 antibody was used to probe 

PD-L1 expression (A-B), while a red fluorescent APC-labeled anti-mouse IgG was used as control (C-D). 

The arrow indicates red PD-L1 signal around a HEK293 cell. Laser attenuation was set to 0.7% for all 

images. 

  

D. 
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3.3 Gel Electrophoresis of Biotinylated Proteins 

Following confirmation of transgene expression, the efficacy of the biotinylation system was 

determined. Biotinylated proteins from transfected HEK293 cell lysates were purified using 

streptavidin beads, separated by gel electrophoresis, transferred onto a nitrocellulose membrane, 

and detected using streptavidin-HRP (Figure 3-3). A protein smear was detected in lanes 

containing HA-BirA*-PD-L1-transfected HEK293 cell lysates, while minimal signal was 

detected in extracts from BirA*-transfected and non-transfected cells. This indicates that the HA-

BirA*-PD-L1 transgene product was functional and able to biotinylate proteins. An anti-β-actin 

antibody was used for loading control. However, the presence of β-actin in the sample suggests 

that β-actin likely binds non-specifically to the streptavidin beads. 

Purified HEK293 cell lysates were also electrophoresed and stained with Coomassie Blue gel 

stain to determine the total protein content in each sample (Figure 3-4). 
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Figure 3-3: Western blot analysis of streptavidin bead-purified transfected HEK293 cell lysates 

probed with streptavidin-HRP (horse radish peroxidase) 

Streptavidin bead-purified HEK293 cell lysates were run on gel electrophoresis and transferred to a 

nitrocellulose membrane. A streptavidin-HRP probe was used to visiualize biotinylated protein presence. 

Lysates were taken from HA-BirA*-PD-L1-transfected cells (lanes 1-2), HA-BirA*-transfected cells (lane 

3) or cells not transfected with HA-BirA*-PD-L1 nor HA-BirA* (lane 4).  rPD-1 +/- indicates either the 

presence or absence of recombinant PD-1 added to the media 24 hours prior to harvest. Biotin was added 

to the media 24 hours prior to harvest in all conditions. This experiment was performed twice. However, 

the protocol was altered the second time (shown) to include G sepharose bead clearence and RIPA buffers 

to improve protein yield and specific signal. An anti-β-actin antibody was used to control for differences 

in the loading of the gel. 
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Figure 3-4: Coomassie Blue gel stain of streptavidin bead-purified HEK293 cell lysates 

Streptavidin bead-purified HEK293 cell lysates were subjected to gel electrophoresis and stained for 

global protein presence using Coomassie Blue gel stain. Lysates were taken from the same samples used 

in Figure 3-3. 
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3.4 Pull-down of GSK3β  

To further confirm the efficacy of our BirA*-PD-L1 biotinylation system, GSK3β, a known PD-

L1-interacting partner, was probed in the streptavidin bead-purified HEK293 cell lysates (Figure 

3-5). Using an anti-GSK3β antibody on a Western blot, a signal near the predicted molecular 

weight of GSK3β (47 kDa) was detected in all lanes. However, signal was strongest in the 

purified lysates from HA-BirA*-PD-L1-transfected HEK293 cells incubated with recombinant 

PD-1 (rPD-1). To ensure normalized GSK3β levels, a similar anti-GSK3β probe on Western blot 

analysis was conducted on non-purified HEK293 cell lysates (Figure 3-6) to allow for 

comparison of GSK3β levels between experimental groups before and after streptavidin bead 

purification. GSK3β signal intensity was comparable between all lanes prior to bead purification. 
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Figure 3-5: Western blot analysis of streptavidin bead-purified HEK293 cell lysates probed with an 

anti-GSK3β antibody 

The same membrane used in Figure 3.3 was stripped and probed with an anti-GSK3β antibody to 

visualize presence of GSK3β. Lysates were taken from HA-BirA*-PD-L1-transfected cells (lanes 1-2) and 

HA-BirA*-transfected cells (lane 3). rPD-1 +/- indicates either the presence or absence of recombinant 

PD-1 added to the media 24 hours prior to harvest. An anti-β-actin antibody was used to control for 

differences in loading. This experiment was performed once. 
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Figure 3-6: Western blot analysis of non-purified HEK293 cell lysates probed with an anti-GSK3β 

antibody 

Lysates from samples used in Figure 3.3 prior to streptavidin bead purification were run on gel 

electrophoresis and transferred to a nitrocellulose membrane. An anti-GSK3β antibody was used to 

visualize presence of GSK3β. Lysates were taken from HA-BirA*-PD-L1-transfected cells (lanes 1-2) and 

HA-BirA*-transfected cells (lane 3). rPD-1 +/- indicates either the presence or absence of recombinant 

PD-1 added to the media 24 hours prior to harvest. An anti-β-actin antibody was used to control for 

loading differences. This experiment was performed once. 
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3.5 Nanostring® Analysis 

To obtain additional information on intracellular PD-L1 signalling, Nanostring® analysis on 

mRNA collected from HEK293 cells transfected with HA-BirA*-PD-L1 (incubated with rPD-1) 

and HEK293 cells transfected with HA-BirA* (not incubated with rPD-1) was performed. 

Nanostring® allows quantification of differential expression of mRNA in the presence or 

absence of the transgene, which may elucidate downstream targets of PD-L1 signalling. Results 

revealed differential mRNA levels with several transcripts, including those encoding CD44 

(regulator of autophagy) and B3GNT3 (overexpressed in non-small cell lung cancer) (10.36- and 

8.29-fold increase in HA-BirA*-PD-L1-transfected HEK293 cells compared to HA-BirA*-

transfected HEK293 cells). 
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Figure 3-7: Nanostring® analysis of RNA taken from HA-BirA*-PD-L1-transfected HEK293 cells 

versus HA-BirA*-transfected HEK293 cells 

Fold change is a ratio of mRNA present in HA-BirA* to HA-BirA*-PD-L1 samples. Only mRNA with a 

fold change of two or greater were included.  
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Chapter 4  

Discussion 

 

  



42 
 

The main finding in this thesis is that PD-1-mediated PD-L1 activation may lead to greater 

interaction of cytoplasmic proteins with the cytoplasmic tail of PD-L1. A higher level of 

biotinylated proteins was observed when BirA*-PD-L1-expressing HEK cells were incubated 

with rPD-1 compared with controls cells incubated in the absence of rPD-1. Through Western 

blot analysis, evidence of BirA* and BirA*-PD-L1 expression in HEK293 cells was 

demonstrated. Both DNA constructs, BirA* and BirA*-PD-L1, have a hemagglutinin (HA) tag 

gene located on the C-terminus. Since HA is a protein unique to influenza viruses, it is not 

endogenously expressed in human cells and can be used as a marker of expression. The 

molecular weights for BirA*, PD-L1, and the HA-tag are 35 kDa, 33 kDa, and 1 kDa, 

respectively (C. W. Li et al., 2018; Parthasarathy et al., 2005; Senbanjo et al., 2019). As 

expected, intense bands were observed near 69 kDa in the BirA*-PD-LA condition (sum of all 

molecular weights) and an intense band near 36 kDa for the BirA* condition (sum of BirA* and 

HA-tag molecular weights). Different anti-HA antibody concentrations were used for visualizing 

HA-BirA*-PD-L1- and HA-BirA*-transfected HEK293 cells. It is possible that simple BirA* is 

expressed at lower levels due to the absence of inducible expression tied to PD-L1 upregulation, 

which may increase expression of HA-BirA*-PD-L1. 

Confocal microscopy analysis revealed that the HA-BirA*-PD-L1 transgene product is not only 

expressed in transfected HEK293 cells, but that the anti-PD-L1 monoclonal antibody still 

recognizes the CD80-binding epitope. Furthermore, qualitative analysis of PD-L1 signal 

demonstrated smooth edges distinctly separate from the nucleus of some HEK293 cells. This 

suggests that the transgene product, at least in part, localizes to the cell membrane. However, this 

could be further verified using a membrane marker. Adequate localization is necessary for our 

model to capture cytoplasmic PD-L1-interacting partners localizing in proximity to the cell 
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membrane, although cytoplasmic PD-L1 has been shown to have implications in cancer and 

could also yield valuable information (Qu et al., 2017). 

Functional activity of BirA*-PD-L1 in HEK293 cells was revealed by the presence of 

biotinylated proteins. Following a 24-hour incubation with biotin, transfected HEK cells were 

lysed and the biotinylated proteins were purified using streptavidin beads. Western blot analysis 

using a biotin-specific probe (streptavidin-HRP) confirmed the presence of biotinylated proteins 

in the BirA*-PD-L1-transfected cells but revealed minimal presence in cells expressing non-

fused BirA*- and in non-transfected cells. This suggests that there was minimal non-specific 

biotinylation carried out by BirA*, which is plausible since it is not endogenously expressed in 

human cells and would not have natural interacting partners. While functionality of the simple 

HA-BirA* transgene product cannot be confirmed, it is possible that without being fused to a 

bait protein such as PD-L1, the number of BirA* interacting partners is low, therefore limiting 

the number of proteins that are biotinylated. Many BioID studies do not include non-fused BirA* 

as control, making it difficult to confirm whether low BirA*-interacting proteins is a true 

phenomenon. However, Rider et al., who also performed BioID with non-fused BirA* in 

HEK293 cells, also found minimal signal when lysates were probed with streptavidin-HRP 

(Rider et al., 2018). In the current study, Western blot analysis also indicated that there were 

higher levels of biotinylated proteins in BirA*-PD-L1 expressing cells when exogenous rPD-1 

was added to the culture medium than in cells incubated without rPD-1. This suggests that rPD-1 

stimulated PD-L1, and led to an increase in PD-L1-cytoplasmic protein interactions. 

Based on results showing the pull-down of GSK3β in extracts of BirA*-PD-L1 expressing cells, 

it appears that the biotinylation and purification process can successfully capture the presence of 

PD-L1-interacting proteins. GSK3β is a protein that regulates PD-L1 expression; GSK3β-
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mediated phosphorylation of PD-L1 labels it for ubiquitination, ultimately leading to PD-L1 

degradation (C. W. Li et al., 2016). Furthermore, levels of GSK3β were substantially higher in 

purified extracts from cells expressing HA-BirA*-PD-L1 incubated with rPD-1 compared with 

cells incubated without rPD-1. This, however, was not the case in whole, unpurified, extracts. 

This suggests that rPD-1-mediated activation of PD-L1 led to increased interactions with GSK3β 

without affecting overall levels of GSK3β. These increased interactions could be a consequence 

of increased expression of PD-L1 due to a positive feedback loop from rPD-1 stimulation. 

GSK3β was detected at a slightly lower molecular weight in the purified biotinylated protein 

samples than in the non-purified samples. It is possible that post-translational modifications or 

splicing may have led to a decreased observed molecular weight. 

Finally, there does appear to be non-biotinylated proteins present in the samples even after 

purification, demonstrated by the similar protein patterns visualized in the Coomassie Blue gel 

protein staining. However, this non-specificity appears to be common (Das et al., 2019; Remnant 

et al., 2019), and mass spectrometry analysis will ideally subtract the non-specific proteins 

present in all samples and quantify the true, differentially biotinylated, PD-L1-interacting 

proteins. 

As additional information, Nanostring® analysis was performed to compare differential mRNA 

expression between HA-BirA*-transfected and HA-BirA*-PD-L1-transfected HEK293 cells. 

Although the results are exploratory (adequate controls have not yet been conducted), the 

preliminary results provide insight on genes that may be potential downstream targets of PD-L1 

activation. Genes of potential interest include CD44, which has been implicated in autophagy 

regulation and epithelial-mesenchymal transition (EMT), and B3GNT3, whose overexpression is 

common in non-small cell lung cancer (NSCLC) and is predictive of poor prognosis (L. Gao et 
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al., 2018; Smith & Macleod, 2019). Autophagy has been previously elucidated as a target of 

downstream PD-L1 intracellular signalling, with autophagy activity correlated with acquisition 

of malignant phenotypes (L.M. Minassian, D. Sanwalka, and C.H. Graham, unpublished 

observation). NSCLC in particular has a high prevalence of PD-L1 expression, with 

approximately 23 to 28% of patients with advanced NSCLC demonstrating a high level of PD-

L1 expression (defined by at least 50% of tumour cells showing expression) (Reck et al., 2016). 

Therefore, proteins that are overexpressed in NSCLC, such as B3GNT3, should be considered 

when identifying downstream PD-L1 intracellular signalling targets. 

It is possible that upon PD-1 binding to PD-L1, the intracellular component of PD-L1 undergoes 

a conformational change, allowing for greater interacting affinity with cytoplasmic proteins. 

These cytoplasmic proteins may facilitate intracellular signalling, ultimately leading to greater 

resistance to immune-mediated destruction, chemoresistance, and metastasis, as observed in 

previous studies (Azuma et al., 2008; Black et al., 2016). Greater interacting affinity with 

cytoplasmic proteins following PD-1 binding could also be consistent with the findings of Gato-

Canas et al., who observed that conserved motifs on the cytoplasmic tail of PD-L1 facilitate 

resistance to IFN cytotoxicity through signalling inhibition (Gato-Canas et al., 2017). 

Intermediates between PD-L1 and inhibition of IFN signalling were not elucidated, but it is 

possible that PD-L1 cytoplasmic interacting protein(s) may facilitate this interaction. 

Mechanisms ultimately leading to resistance to IFN cytotoxicity, chemoresistance, metastasis, 

and other malignant phenotypes could be uniquely mediated by various binding proteins and 

ensuing signalling pathways, but this is yet to be confirmed. However, Li et al. performed a 

similar BioID experiment using a BirA*-PD-L1 transgene in the lung adenocarcinoma A549 cell 

line (T. Li et al., 2019). Of the 57 PD-L1-interacting partners identified, the researchers found 
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that nine of them were associated with the epidermal growth factor receptor (EGFR) signaling 

pathway. However, upon further investigation, EGFR itself was not found to interact with PD-

L1. 

PD-1/PD-L1 checkpoint blockers have demonstrated efficacy in reversing T cell inactivation, 

promoting destruction of tumour cells. However, despite the promising objective response rates 

observed in patients with advanced stages of cancer, the clinical benefit remains low. 

Furthermore, checkpoint blockers have been shown to cause adverse immune reactions in 

patients, with up to 70% of patients receiving PD-1/PD-L1 blockers experiencing an immune-

related adverse event (Michot et al., 2016). The most common adverse events include fatigue, 

rashes, and diarrhea, but patients can also experience more severe conditions such as thyroiditis, 

hypophysitis (inflammation of the pituitary gland), and cardiac toxicity (Gonzalez-Rodriguez et 

al., 2016; Varricchi et al., 2017). These limitations suggest that there is benefit in further 

investigating the biology of the PD-1/PD-L1 interaction. Studies have shown that PD-L1 

intracellular signalling in tumour cells may lead to a more malignant phenotype, and that PD-

1/PD-L1 checkpoint blockers reduce this effect (Azuma et al., 2008). However, PD-L1 could 

become activated independent of PD-1 expressed by T cells. For instance, PD-L1 has been 

shown to be expressed in the cytoplasm of tumour cells (Wu et al., 2019). This intracellular 

location of PD-L1 suggests that some PD-L1 may not be dependent on T cell PD-1 to become 

activated, thereby nullifying the therapeutic effects of checkpoint blockers. In support of this, Qu 

et al. observed that ovarian cancer cells lacking membrane PD-L1 but positive for cytoplasmic 

PD-L1 had reduced in vivo growth and in vitro migration in response to siRNA gene silencing of 

PD-L1 (Qu et al., 2017). This provides evidence that cytoplasmic PD-L1 may in fact contribute 

to malignant progression. However, the intracellular signalling cascade following PD-L1 
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activation could be conserved between membrane PD-L1 and cytoplasmic PD-L1. These PD-L1 

signalling proteins represent possible candidates for therapeutic targeting and, combined with 

traditional checkpoint blockers, may provide efficacy that checkpoint blockers alone cannot 

attain. Moreover, these signalling proteins present an alternative therapeutic target for certain 

immunocompromised patients, who otherwise cannot benefit from traditional checkpoint 

blockers.  

This research could also impact the timing of therapies used in combination with checkpoint 

blockers. If further evidence suggests that tumour cells do in fact upregulate chemoresistance and 

metastasis-promoting pathways, this could mean that checkpoint blockers should be 

administered before chemotherapy, and before evidence of metastasis. Currently, however, 

checkpoint blockade is typically administered after other gold standard treatments fail, which 

correlates with a more aggressive tumour that may already show signs of invasion. Moreover, 

PD-1 blockers tend to be preferred over PD-L1 blockers; however, evidence that PD-L1 reverse 

signalling can lead to acquisition of malignant phenotypes would support the use of PD-L1 

blockers, as other receptors have been shown to have binding affinity for PD-L1, such as CD80; 

although there is no evidence that these receptors can activate PD-L1 (Butte et al., 2008). 

Furthermore, PD-L1 cytoplasmic binding partners and ensuing signalling proteins may provide 

valuable insight into the innerworkings of intracellular signalling pathways that facilitate 

malignant progression. These signalling pathways may not be limited to PD-L1 activation, and 

could have a broader application to cancer therapy.  

The next step in this investigation should be the identification and characterization of 

cytoplasmic interacting proteins. This can be achieved by means of mass spectrometry. Mass 

spectrometry analysis would quantify differential levels of specific PD-L1 interacting proteins 
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present in BirA*-PD-L1 expressing HEK293 cells incubated with or without rPD-1. PD-L1 

interacting proteins could then be ordered by significant difference in expression and assessed 

for relevance through examining their known role in oncogenic signalling pathways. Protein 

candidates for clinical relevance could then be identified and validated in studies involving 

siRNA silencing in cancer cells positive for PD-L1 and observing the effects on malignant 

phenotypes, such as chemoresistance and metastasis. 

HEK293 cells were chosen for this study for their ease of transfection and culturing; HEK293 

cells have a high transfection rate and reliable cell culture growth. However, a limitation to using 

HEK293 cells as a model is the translatability of cytoplasmic PD-L1-interacting proteins. It is 

possible that tumour cells may have unique signalling pathways that cannot be replicated in 

HEK293 cells. Furthermore, intracellular signalling could vary between cancer cell lines. 

However, cancer cells are often difficult to transfect, and endogenous PD-L1 expression could 

interfere with transgene expression. 

The high degree of non-specific binding to streptavidin beads was unexpected, but has been 

documented by others (Lee et al., 2011). If non-specific proteins interfere with accurate 

quantification of PD-L1-interacting partners through mass spectrometry, ways to improve 

specificity should be considered. For example, prior to incubation with lysates, the streptavidin 

beads could be pre-blocked with 2% milk to reduce non-specific binding (Amaral et al., 2016). 

If quantification of purified proteins does not yield appropriate cytoplasmic interacting partners 

of PD-L1, then a different biotinylation system, BioID2, can be considered. BioID2 uses a 

smaller biotin ligase that is endogenously expressed in a different bacterium than the biotin 

ligase used in BioID. In comparison to BioID, BioID2 has demonstrated improved localization 

of the fusion protein, with comparable functionality (Kim et al., 2016).  
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Figure 6-1: Full membrane of Figure 3.1 – anti-HA antibody (1:5000) on Western blot. 

Anti-HA probe demonstrating expression of the transgenes in HEK293 cells. An anti-HA antibody 

concentration of 1:5000 was used. rPD-1 +/- indicates either the presence or absence of recombinant PD-

1 added to the media 24 hours prior to harvest. An anti-β-actin antibody was used to control for loading 

differences. 
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Figure 6-2: Full membrane of Figure 3.1 – anti-HA antibody (1:500) on Western blot. 

Anti-HA probe demonstrating expression of the transgenes in HEK293 cells. An anti-HA antibody 

concentration of 1:500 was used. rPD-1 +/- indicates either the presence or absence of recombinant PD-1 

added to the media 24 hours prior to harvest. An anti-β-actin antibody was used to control for loading 

differences. 
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Figure 6-3: Anti-HA antibody probe of MDA-MB-231 and T24 lysates on Western blot. 

Prior to use of HEK293 cells as model cells, MDA-MB-231 (breast cancer) and T24 (bladder cancer) cell 

lines stably transfected with either HA-Bir* or HA-BirA*-PD-L1 were tested as model cells. Transgene 

expression was determined using an anti-HA antibody (1:1000) on Western blot. Transgene expression in 

MDA-MB-231 cells appeared robust, however, expression in T24 cells appeared weak. 
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Figure 6-4: Plasmid used for the HA-BirA*-PD-L1 transgene 

To construct the HA-BirA*-PD-L1 transgene, pcDNA3.1 MSC-BirA(R118G)-HA (Addgene, Plasmid 

#36947) was used. The human PD-L1 gene (CD274, NCBI Reference Sequence: NM_001267706.2) was 

cloned at the Nhel and EcoRI restriction sites, and the HA-BirA* gene was ligated to the C-terminus of 

the human PD-L1 gene. The order of the transgene, from N-terminus to C-terminus, is PD-L1, BirA*, 

HA-tag gene. 
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