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Abstract 

 

The ability of tumour cells to avoid immune destruction (immune escape) and their acquired 

resistance to anti-cancer drugs constitute important barriers to the successful management of 

cancer. The interaction between specific molecules on the surface of tumour cells with their 

corresponding receptors on immune cells can result in inhibition of the latter, consequently 

allowing tumour cells to evade the host’s anti-tumour immune response. The interaction of the 

Programmed Death Ligand 1 (PD-L1) on the surface of tumour cells with the Programmed 

Death-1 (PD-1) receptor on cytotoxic T lymphocytes leads to inactivation of these immune 

effectors, and is a specific example of an immune escape mechanism used by tumour cells to 

avoid immune destruction. Clinically, antibodies capable of blocking the PD-1/PD-L1 interaction 

have demonstrated significant therapeutic benefit, and are currently being used to help bolster 

patients’ immune response against malignant cells in a variety of cancer types. Here we show that 

the PD-1/PD-L1 interaction also leads to tumour cell resistance to conventional chemotherapeutic 

agents. Incubation of PD-L1-expressing human and mouse tumour cells with PD-1-expressing 

Jurkat T cells or purified recombinant PD-1 resulted in tumour cell resistance to doxorubicin and 

docetaxel. Interference with the PD-1/PD-L1 interaction using blocking anti-PD-1 or anti-PD-L1 

antibody or shRNA-mediated gene silencing resulted in attenuation of PD-1/PD-L1-mediated 

drug resistance. Moreover, inhibition of the PD-1/PD-L1 signalling axis using anti-PD-1 antibody 

enhanced the effect of doxorubicin therapy to inhibit 4T1 tumour cell metastasis in an in vivo 

mouse model of mammary carcinoma. These findings indicate that blockade of the PD-1/PD-L1 

axis may be a useful approach to immunosensitize and chemosensitize tumours in cancer patients 

and provide a rationale for the use of anti-PD-1/PD-L1 antibodies as adjuvants to chemotherapy.  
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Chapter 1 

Introduction 

 

1.1 Premise of Investigation  

 

For most advanced cancers, chemotherapy is the primary modality of treatment. While some 

patients experience great clinical benefit from chemotherapy, for most cancers it is rarely curative 

and resistance to conventional chemotherapeutics continues to be one of the largest challenges 

facing cancer patients today. The inverse relationship between chemoresistance and patient 

prognosis highlights the importance of investigating and targeting the mechanisms through which 

tumour cells become resistant to the cytotoxic effects of chemotherapeutics.  

 

 Although chemotherapy remains the treatment option of choice for most advanced 

cancers, harnessing the power of the host’s immune system to recognize and regain control of 

cancerous cells has been an area of extensive therapeutic research. The ability of tumour cells to 

avoid immune destruction (immune escape) is another key barrier to the successful management 

of cancer. An important mechanism of cancer immune escape involves binding of the cell surface 

receptor Programmed Death 1 (PD-1) on cytotoxic T lymphocytes (CTLs) with cell surface 

Programmed Death Ligand 1 (PD-L1) on cancerous cells1. The PD-1/PD-L1 axis is one of many 

“immune checkpoint regulators” hardwired into our immune system to maintain self-tolerance 

and limit the duration and amplitude of the immune response to prevent collateral tissue damage2. 

Tumour cells take advantage of this endogenous mechanism of immune suppression, and 
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activation of the PD-1/PD-L1 axis results in suppression of anti-tumour adaptive immunity 

through mechanisms involving induction of CTL anergy, exhaustion and apoptosis1,3. In addition 

to interfering with CTL function, engagement of PD-1 with PD-L1 increases tumour cell 

resistance to pro-apoptotic signals such as those delivered by cytotoxic immune effectors4. PD-L1 

has emerged as a valuable prognostic marker and several studies have correlated PD-L1 

expression with tumour infiltrating lymphocytes (TILs)5-7, high histological grade8 and a negative 

prognostic factor for overall survival9. Current strategies designed to interfere with PD-1/PD-L1 

signalling through the use of humanized monoclonal antibodies have shown robust clinical 

responses in patients with heavily-pre-treated advanced cancers such as melanoma, non-small cell 

lung cancer, and renal cell carcinoma; however, the success of PD-1/PD-L1 blockade has been 

limited to only a fraction of patients suffering from metastatic disease10-12.  There exists a strong 

correlation between tumour PD-L1 expression and response to anti-PD-1 treatment 13,14.  

 

 Based on the knowledge that PD-L1 expression could protect tumour cells from triggers 

of apoptosis15 and that the PD-1/PD-L1 axis may be correlated with negative patient outcomes9, 

we propose that the PD-1/PD-L1 axis also contributes to the acquisition of chemoresistance. 

Evidence of PD-1/PD-L1-mediated resistance to radiotherapy16 provide further rationale for 

investigating the role of this immune checkpoint mechanism in response to chemotherapy. Here 

we show that the interaction between PD-1 and PD-L1 increases breast and prostate cancer cell 

resistance to doxorubicin and docetaxel chemotherapy-induced cell death in vitro. We also show 

that inhibition of the PD-1/PD-L1 axis using targeted therapy against PD-1 enhances the effect of 

conventional chemotherapy to attenuate metastasis in an in vivo model of mammary carcinoma. 
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These findings reveal a novel, immune-mediated, tumour cell intrinsic mechanism of acquired 

resistance to chemotherapy. 

 

1.2 Cancer Biology and Immunology 

 

1.2.1 Cancer biology and the hallmarks of cancer  

 

Cancer remains the leading cause of death in Canada with 2 in 5 Canadians receiving a cancer 

diagnosis in their lifetime and 25% of all Canadians succumbing to such a diagnosis17.  Breast 

and prostate cancer are the two most commonly diagnosed cancers and account for 25% of all 

cancer diagnoses among women and men in Canada, respectively17. Both diseases have a 

relatively high five year survival rate (over 85%) when compared to many other cancers; however 

both types of disease account for nearly 50% of all cancer-related deaths in Canada17.  

 

 While over two hundred different types of cancers exist and may manifest as distinct 

diseases with varying pathologies and prognoses, all cancers start with at least a single mutation 

in a single cell. While it is possible for cancer to arise from a single DNA mutation, it is typically 

the accumulation of mutations that results in the transformation of a healthy cell into a cancerous 

one18. Six distinct cellular features, referred to as the hallmarks of cancer, characterize the product 

of the genetic and epigenetic alterations resulting in the acquisition of a malignant phenotype: the 

ability to sustain proliferative signalling, evade growth suppressors, resist cell death, sustain 

replicative immortality, induce angiogenesis and activate invasion and metastasis19. In more 

recent years, the notion that a cancerous cell must escape and evade the host’s immune response 
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in order to develop into a cancerous lesion has become a widely accepted phenomenon among the 

cancer research community20 and elucidating and therapeutically targeting the mechanisms 

responsible for immune escape and evasion has been an area of extensive investigation.  

 

1.2.2 The role of the immune system in cancer  

 

The components of the immune system are often regarded as the “soldiers” of the body – they are 

the key players in fighting off pathogens and keeping the host healthy. However, in the context of 

cancer, it is important to keep in mind that the immune system is a ‘double-edged sword’ capable 

of protecting us from the potentially devastating effects of a tumour while simultaneously 

providing a strong selection pressure favouring less immunogenic and more aggressive tumour 

cell variants, as discussed below.  

 

 The immune system’s role in cancer initiation, progression and prevention has been an 

area of great debate for over a century. In 1909, Paul Ehrlich was the first to publically postulate 

that the immune system plays a role in tumour suppression, but the idea was met with great 

resistance for many decades before the concept of immunological tumour cell control was 

revisited and started gaining acceptance21. The discovery of tumour-associated antigens (TAA) 

[reviewed in21-23] prompted further research into the idea that the adaptive immune system could 

distinguish and target cancerous cells from healthy cells. Evidence showing that human tumours 

could elicit a specific, targeted immune response21,24 and studies correlating the number of tumour 

infiltrating lymphocytes in a tumour with patient prognosis25 provided additional support for the 

immunoediting hypothesis (discussed below in 1.2.2.1). 
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1.2.2.1 The immunoediting hypothesis: elimination, equilibrium & escape 

 

With an increasing body of evidence supporting the role of the immune system in preventing and 

modulating tumour development, how tumour cells were able to resist the immune response and 

still form a clinically apparent tumour remained largely unknown for quite some time. Evidence 

supporting the idea that the pressure of an active immune system actually selected for less 

immunogenic tumour cell variants helped form the basis of the immunoediting hypothesis26,27. 

The immunoediting hypothesis postulates that the immune system plays a dual role in protecting 

the host from tumour cell proliferation while simultaneously selecting for less immunogenic 

tumour cells capable of evading the adaptive immune response through a three step process of 

elimination, equilibrium and escape28 (Figure 1.1). 

 

 Elimination, equilibrium and escape are the three interrelated steps in the formation of 

immune-resistant cancerous cells capable of forming clinically apparent tumours, which may 

progress to a metastatic phenotype. The innate and adaptive immune systems work together 

during the elimination phase to detect and destroy transformed cells. The innate immune 

components (macrophages, natural killer (NK) cells, natural killer (NK) T cells, etc.) become 

activated in response to the growing tumour through local tissue disruption, tumour-cell 

expression of “danger signals” and release of various chemokines29-31. Innate immune cell 

response to transformed cells ultimately results in the release of the pro-inflammatory cytokine 

IFN-γ. IFN-γ is the sole type II interferon molecule and is primarily involved in modulating the 

host immune response through activation of a variety of downstream effector molecules. IFN-γ is 

produced mainly by NK cells and NK T cells during the innate immune response and by both 

CD4+ and CD8+ T cells during the adaptive immune response32. The IFN-γ receptor is expressed  
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Figure 1.1 The immunoediting hypothesis: elimination, equilibrium and escape  

The immunoediting hypothesis maintains that the host’s innate immune system will survey for, 

detect and destroy highly immunogenic cancer cells that may arise as a result of inherited or 

spontaneous mutations during the “elimination” phase. Cell variants that are able to escape initial 

elimination will move on to the “equilibrium phase”, where they will remain in dynamic but steady-

state equilibrium with surveying immune cells so that the relatively small population of tumour 

cells remains clinically undetected for a variable time period. Poorly immunogenic and highly 

immunoevasive cell variants capable of escaping the host’s innate and adaptive immune response 

will move on to the “escape” phase and form a clinically apparent tumour. Figure is adapted from 

Schreiber et al.21.  
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on nearly all cell types and is composed of two distinct polypeptides, one of which is responsible 

for IFN-γ binding (IFNGR1) and the other (IFNGRR2) responsible for signal transduction through 

the JAK-STAT pathway to regulate the expression of IFN-γ-inducible genes33,34. The critical role 

of IFN-γ in protection against tumour development was revealed when IFN-γ-insensitive mice 

(either deficient in IFN-γ production or in IFN-γ receptor expression) developed tumours more 

readily than wild-type mice35,36. IFN-γ production is immune-system dependent, though the 

cytokine itself may contribute to the anti-tumour response in a non-immunologic manner by 

directly preventing tumour cell proliferation, promoting tumour cell apoptosis and inhibiting 

angiogenesis or by activating immune effector and helper T cells29,37,38.  Initial IFN-γ production 

induces several feedback mechanisms resulting in the production of additional chemokines and 

recruitment of additional innate immune cells to the tumour site. Recruited macrophages and NK 

cells exert cytotoxic effects on the tumour cells via release of reactive oxygen species39 or perforin40 

and TRAIL-mediated41 mechanisms, respectively, resulting in release of tumour-associated 

antigens (TAA) from dead tumour cells29.  Professional antigen presenting cells (mainly dendritic 

cells) in the tumour microenvironment process released TAA, seed to draining lymph nodes where 

they present tumour-derived antigens via MHC Class I and Class II antigens to naïve CD8+ and 

CD4+T-cells, resulting in their activation42 43. Activated tumour-specific T cells are then able to 

find and kill any remaining cancerous cells29. CD8+ T cells (also known as cytotoxic T-

lymphocytes, CTLs) are the main effector cells when it comes to the elimination of tumour cells 

by the adaptive immune system. To simplify a rather complex process, there are six steps/features 

which are considered essential for an effective CTL-mediated anti-tumour immune response44 (as 

outlined in Figure 1.2) 
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Figure 1.2 The six steps of the anti-tumour immune response  

The integrated effort of the innate and adaptive immune system against a developing tumour can 

be summarized in six key steps: 1) Surveying innate immune cells are alerted to the growing 

tumour; 2) Release of TAA following NK and NKT-mediated cell death and recruitment of 

additional innate immune cells including professional antigen presenting cells; 3) TAA uptake and 

processing by APCs and subsequent seeding to the draining lymph nodes; 4) APCs present TAA 

to T cells via MHC-Antigen complexes and T cells become activated and begin to proliferate; 5) T 

cells enter the circulation and subsequently enter the tumour, but must overcome local immune 

suppression; 6) Effector T cells target and kill cancerous cells and memory T cell are generated.  
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The second phase in the immunoediting process is equilibrium. Due to the heterogenic and 

genetically unstable nature of a tumour, any cells conferring a mutational, growth or 

immunogenic advantage that allowed them to survive the initial elimination stage of the 

immunoediting process are kept under a strong selection pressure by the adaptive immune 

system; proliferation of the remaining cells into a clinically manifest tumour is prevented and this 

dynamic equilibrium may last for several years. However, the pressure that maintains the cancer 

cells in a state of “dormancy”, leads to the natural selection of poorly immunogenic variants that 

go undetected and evade the immune destruction29. These poorly immunogenic tumour cell 

variants proceed to the third and final phase on the immunoediting process. 

 

The escape phase involves the outgrowth of tumour cell variants with genetic and epigenetic 

alterations or environmental adaptations allowing them to circumvent the integrated effort of the 

adaptive and innate immune system. As mentioned above, poorly immunogenic tumour cell 

populations are selected in the presence of a fully functional immune repertoire27,45. Decreased 

tumour cell immunogenicity may be achieved via multiple mechanisms, including the loss of 

major histocompatibility complex (MHC) HLA class 1 antigens, to avoid detection by CD8+ T 

cells46, and the shedding of NK cell activating ligands, such as MHC Class I chain-related 

molecules A and B (MICA/B) to avoid detection by surveying NK cells47. In addition, tumour 

cells may up regulate immunosuppressive molecules or initiate signalling pathways to inhibit the 

host’s immune cells once detected. Induction of immune cell apoptosis may occur through 

tumour cell expression of FasL48 or RCAS1 (a tumour-associated antigen)49, resulting in a 

decrease in the number of functional immune cells in the tumour microenvironment. The 

expression of various immunosuppressive cytokines like transforming growth factor beta 1 (TGF-
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β)50, vascular endothelial growth factor (VEGF) and interleukin 10 (IL-10)51, and cytokine-like 

molecules such as galectin-152,53 are all capable of inducing immune suppression in the tumour 

microenvironment either directly through CTL impairment or through the induction of immune 

regulatory cells51.  Increased tumour expression of amino acid catabolizing molecules like 

indoleamine 2,3-deoxygensae (IDO) and arginine (ARG) resulting in increased T-regulatory 

(Treg) cell expression and impaired CTL function has also been associated with aggressive 

cancer types46. Immune inhibitory ligands, especially those of the B7 family have been found to 

be up-regulated in various carcinomas and are capable of interfering with regular CTL function 

through induction of apoptosis, anergy, exhaustion or immunosuppressive cytokine 

stimulation3,54. These molecules have been therapeutically exploited and are discussed below.  

 

1.2.3 The B7 family molecules 

 

The B7 family is a group of co-signalling molecules that are of particular interest in the context of 

cancer.  The B7 family consists of seven molecules that function in various ways to modulate the 

T cell response through stimulatory or inhibitory mechanisms3. The T cell response is dependent 

on a co-signalling mechanism involving at least two distinct interactions55: the first is the T cell 

receptor (TCR) interacting with the MHC-antigen complex and the second is an antigen-

independent interaction between various co-signalling molecules on T cells and nearly every 

other cell type56. Co-signalling molecules can be classified as co-stimulators or co-inhibitors 

depending on their primary function upon engagement; however, certain co-signalling molecules 

may act as both co-stimulators and co-inhibitors. A list of the B7 molecules, their 

receptors/ligands and their primary immunological function are outlined in Table 1. Many B7 



 

 

 

11 

molecules act as “immune checkpoints”, which refer to inhibitory pathways involved in 

maintaining self-tolerance and controlling the duration and amplitude of an immune response in 

order to prevent immune-mediated tissue damage57.  Of the seven known molecules in the B7 

family, many are expressed in the tumour microenvironment or on the tumours themselves and 

thus have shown great promise as therapeutic targets involved with “immune checkpoint 

blockade”. This will be discussed in section 1.3.2   
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Table 1: B7-family molecules  

Information in this table is compiled from reviews by Sharpe et al 58 and Leung et al 59, unless 

otherwise stated.  
 

B7 Molecule on APC or 

Tissue 

 

 

Cellular Expression 

 

Receptor/Ligand on T cell 

 

Primary Function 

B7.1 (CD80) Haematopoetic cells CD28 Augment & sustain T cell 

response by promoting T cell 

survival  

 

  CTLA-4 Inhibits signal transduction 

initiated by TCR & CD28  

 

B7.2 (CD86) Haematopoetic cells  CD28 Augment & sustain T cell 

response by promoting T cell 

survival  

 

CTLA-4 Inhibits signal transduction 

initiated by TCR & CD28  

 

PD-L1 (B7-H1) Haematopoetic cells, 

endothelial cells, 

placenta, lung, liver 

 

 

PD-1 

 

 

B7.1  

Suppresses helper & effector 

T cell function; assists with 

development of T-regs   

 

Suppresses T cell function 

through inhibition of cell 

proliferation & cytokine 

production60 

 

PD-L2 (B7-DC) Macrophages & 

dendritic cells 

 

PD-1 Suppress T cell function 

ICOSL (B7-H2) Haematopoetic cells, 

endothelial cells , 

epithelial cells   

ICOS Regulate cytokine 

production by helper & 

effector T cells  

 

 

B7-H3 Dendritic cells & 

monocytes, 

osteoblasts, 

fibroblasts, epithelial 

cells  

Unidentified Stimulates T cell 

proliferation, cytokine 

secretion and effector 

function  

 

B7-H4 Haematopoetic cells, 

lung, liver, spleen, 

thymus, kidney & 

pancreas  

Unidentified Inhibit the T cell response 

through regulation of cell 

cycle, proliferation & 

cytokine production  
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1.2.3.1 PD-1/PD-L1  

 

The Programmed Death 1/Programmed Death Ligand 1 (PD-1/PD-L1) axis functions to dampen 

or suppress the adaptive immune system through inhibition of the T cell response.  

Physiologically, PD-1/PD-L1 engagement serves to induce self-tolerance and control the 

amplitude of an immune response to prevent tissue damage2,61-64.  It also represents an important 

immunological synapse in the context of cancer immune evasion.  

 

 Programmed Death 1 (PD-1) is a type-1 transmembrane protein of the CD28 family of 

molecules and is found on activated CD4+, CD8+, regulatory and NK T cells, and on B-cells65-68. 

PD-1 is not detected on resting T cells but is induced upon activation and interaction with T-cell 

receptor (TCR)/B-cell receptor (BCR)61,65. The important immunological role of PD-1 was 

revealed shortly after its discovery when PD-1 knockout mice showed a propensity towards an 

autoimmune phenotype61-63. PD-1 engagement with one of its two natural ligands, Programmed 

Death Ligand-1 (PD-L1)69,70 and Programmed Death Ligand-2 (PD-L2)71, results in negative T 

cell activation and regulation. Although the interaction of PD-1 with both PD-L1 and PD-L2 

results in T cell suppression, only PD-L1 is expressed in a majority of solid tumours; this makes 

PD-L1 the more relevant of the two ligands in the context of cancer and immunotherapy 

(discussed below).  

 

PD-L1 (B7-H1, CD274) was the third member of the B7 family of molecules to be 

identified and found to have an inhibitory effect on T cell function upon engagement with its 

receptor, PD-169,70. The CD274 gene on human chromosome 9 encodes PD-L1. It is a type-1 

protein consisting of a hydrophobic transmembrane domain and a cytoplasmic tail. It is composed 
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of 290 amino acids with immunoglobulin V-like and C-like domains, and is thus considered to be 

a member of the immunoglobulin superfamily69. Initial mRNA analysis identified PD-L1 

transcripts in human heart, lung, placental and skeletal muscle tissue and subsequent studies have 

revealed expression in activated T cells, myeloid and plasmacytoid dendritic cells, 

monocytes/macrophages, vascular endothelium, non-parenchymal liver cells and keratinocytes72. 

The pathway regulating PD-L1 expression varies with cell type and stimulus, thus numerous 

molecules and mechanisms have been implicated in regulating its expression. Type 1 and type 2 

interferons have been shown to induce PD-L1 expression73-75, with IFN-γ considered to be the 

most potent and universal regulator3.  Constitutive and inducible expression of PD-L1 was found 

to be transcriptionally regulated through interferon regulatory factor-1 (IRF-1) binding76.  

MEK/ERK signalling77,  p38 and PI3K78, MyD88 and TRAF-679 and STAT-380,81 have all been 

shown to have an effect on PD-L1 expression. When PD-L1 binds to PD-1, T cell function is 

inhibited or impaired through the phosphorylation and resultant deactivation of downstream 

signal transducers involved in T cell activation and proliferation, specifically those in the 

PI3K/AKT pathway, resulting in decreased cytokine expression (IFN- γ, TNF-α), decreased 

expression of survival factor Bcl-xl and decreased expression of key transcription factors 

involved in CD8+ cytotoxic effector function70,71.  

 

 PD-L1 has been detected in many human cancers including but not limited to breast, 

prostate, ovarian, melanoma, lung, renal, urological, gastric, colon, head and neck and 

lymphoma3. Melanoma, non-small cell lung cancer and renal cell carcinoma are among the 

highest PD-L1-expressing tumour types82.   Studies investigating PD-1 expression on tumour 

infiltrating lymphocytes (TILs) have shown that CD8+ TILs express higher levels of PD-1 than 
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their normal tissue or peripheral blood lymphocyte counterparts83 84, thus highlighting the 

importance of this immune checkpoint mechanism in cancer immune evasion. It has been 

proposed that the PD-1/PD-L1 axis participates in tumour-cell immune evasion via induction of 

CTL apoptosis54, anergy (lack of responsiveness to antigen)85, and exhaustion86, as well as Treg 

cell-mediated suppression87 (Figure 1.3). By up-regulating PD-L1 expression on the membrane, 

tumour cells induce effector T cell dysfunction resulting in an immune-incompetent tumour 

microenvironment, thus facilitating malignant progression. Studies involving both solid and 

hematopoietic malignancy have shown that PD-1-/- mice have lower tumour burdens and survive 

longer following tumour-cell challenge88,89. In addition to the negative regulatory effect on T 

cells, PD-1/PD-L1 binding can also induce tumour cell resistance to CTL-mediated lysis90,91. 

Hirano et al. referred to this phenomenon as a “molecular shield”91. PD-L1 was also shown to act 

as an anti-apoptotic receptor upon engagement with PD-1, resulting in resistance to cell death 

induced by Fas ligation or staurosporin15.  

 

 Two general principles of PD-L1 expression on tumours are hypothesized – the innate 

immune resistance hypothesis and the acquired immune resistance hypothesis57. The innate 

immune resistance hypothesis proposes that PD-L1 is innately and constitutively expressed on 

certain tumour cells due to the activation of oncogenic signalling pathways (such as through the 

loss of PTEN signalling). The alternative mechanism of tumour PD-L1 expression regulation, 

acquired immune resistance hypothesis, suggests the upregulation of PD-L1 on tumour cells in 

response to the inflammatory environment created by the presence of immune cells and the 

subsequent secretion of inflammatory mediators (such as IFN-γ)92. PD-L1 has also been shown  
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Figure 1.3 PD-1/PD-L1-mediated mechanisms of tumour immune escape  

The interaction between PD-1 on CTLs and PD-L1 on tumour cells results in T cell dysfunction 

via induction of anergy, apoptosis, exhaustion and decreased cytokine secretion. Furthermore, 

PD-1/PD-L1 promotes tumour cell resistance to CTL-mediated lysis. Figure is adapted from Zou 

et al.3. 
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by our laboratory to be up-regulated on MDA-MB-231 DU145 and B16F10 tumour cells in a 

HIF-1α dependent manner in response to tumour cell hypoxia93.  

 

 Although the presence of PD-L1 on most solid tumour cells is well established, levels of 

PD-L1 expression may be associated with different molecular cancer types and various 

pathological/clinical associations3,14. Triple negative breast cancer (TNBC; estrogen receptor 

(ER), progesterone receptor (PR) and Her2/Neu receptor negative) is a more aggressive breast 

cancer subtype compared to receptor positive breast cancer and the TNBC phenotype expresses 

higher levels of PD-L1 compared to non-TNBC14,94. Several other studies have positively 

correlated breast cancer PD-L1 expression with TILs5-7, high histological grade8 and a negative 

prognostic factor for overall survival9. With regard to prostate cancer (PCa), many PCa 

specimens have been shown to express relatively low levels of PD-L1 compared to other solid 

tumours; however,TILs from prostate cancer patients express high levels of PD-184 and the levels 

of this molecule are increased on T cells surrounding the cancerous lesions95. Recently a study 

found increased levels of PD-L1 in enzalutamide-resistant prostate cancer96, implicating the PD-

1/PD-L1 axis in a more aggressive, treatment-resistant phenotype.  
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1.3 Chemotherapeutic and immunotherapeutic treatment of solid malignancies 

 

Although there is currently no universal cure for cancer, patients do experience great benefit from 

the numerous therapies available to them. The basic principle of most cancer therapies is to 

induce tumour cell death and minimize tumour cell survival, but how this is accomplished may 

vary from one type of therapy to another. Chemotherapy and immunotherapy are two types of 

treatments available to cancer patients, both of which have their respective advantages and 

limitations when it comes to targeting and killing cancerous cells.  

 

1.3.1 Chemotherapy 

 

Chemotherapy remains the primary modality of treatment for most types of cancer. It refers to the 

administration of cytotoxic anti-cancer drugs designed to damage cancer cells such that they are 

unable to grow, proliferate and further contribute to malignancy. The particular chemotherapeutic 

agent used, the dose, and the treatment regimen are variable and often depend on the type and 

stage of the cancer, along with inter-patient variables such as age, weight, other health 

complications, etc. There are five distinct classes of chemotherapeutic agents, each of which 

target various aspects of the cell cycle resulting in cell death (see Table 2). 

  



 

 

 

19 

Table 2: Classes of chemotherapeutics 

Chemotherapeutics can be divided into five major classes based on their cellular targets and 

mechanism of eliciting cell death. Information was obtained from Tacar et al.97  

 

 

Chemotherapy Class 

 

Mechanism of Cell Death 

 

Examples 

 

Alkylating agents Attachment of an alkyl group to 

DNA residues to prevent further 

division of tumour cells (not 

limited to a specific phase of the 

cell cycle). 

 

Cyclophosphamide, dacarbazine, 

temozolomide  

Antimetabolites Interferes with nucleic acid 

synthesis by substituting for the 

required components in normal 

DNA synthesis & transcription 

(effective during the S phase of 

the cell cycle) 

 

5-fluorouracil, gemcitabine, 

methotrexate 

Antitumour antibiotics 

(anthracyclines)  

Interfere with the enzymes 

required for DNA replication 

(not limited to a specific phase of 

the cell cycle) 

 

Doxorubicin, epirubicin, 

mitomycin-C 

Topoisomerase inhibitors Prevents normal function of 

topoisomerase, an enzyme 

necessary for DNA replication, 

thus preventing further cell 

division. 

 

Etoposide, mitoxantrone, 

topotecan  

Mitotic inhibitors (taxanes) Natural products that prevent 

mitosis by interfering with the 

microtubule spindle machinery 

required for successful cell 

divison. 

Paclitaxel, docetaxel, vinblastine  
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1.3.1.1 Doxorubicin 

 

Doxorubicin is classified as an anti-cancer antibiotic, specifically an anthracycline, which was 

first extracted from the Streptomyces peucetius var. caesius in the 1970’s98. According to the 

Canadian Cancer Society (www.cancer.ca), doxorubicin is one of the most commonly used 

chemotherapeutics for the treatment of early stage and advanced breast cancer either alone or in 

combination with other chemotherapeutics, hormone or radiation therapy. It is also FDA 

approved for the treatment of leukemia, stomach cancer, ovarian cancer, lymphoma, lung cancer, 

bladder cancer, sarcoma and thyroid cancer. The mechanism through which doxorubicin exerts its 

anti-cancer effect on tumour cells has been greatly debated and likely depends on cell type and 

the concentration of the dose. Identified mechanisms of action include: 1) interference with 

cellular macromolecule synthesis 2) generation of free radicals and associated damage to cellular 

DNA and structure 3) DNA adduct formation and cross-linking 4) interference with 

topoisomerase II 5) interference with DNA strand separation and helicase activity 6) membrane 

mediated effects and 7) growth arrest99. However, many of the aforementioned mechanisms have 

yet to be demonstrated in vivo at clinically relevant doses and thus may not represent the actual 

mechanism of action in human cancer. Interference with DNA replication and RNA synthesis 

through intercalation, inhibition of topoisomerase activity and generation of free radicals are the 

most generally accepted mechanisms of doxorubicin action97,98,100.  Despite conflicting reports on 

the precise mechanism of doxorubicin action, there is evidence to support a role of doxorubicin in 

tumour cell apoptosis101,102. The interaction between doxorubicin and a cell’s DNA results in the 

inhibition of topoisomerase I and II, the formation of DNA-cleavable complexes, and the 

induction of double strand breaks ultimately resulting in apoptosis103.  Doxorubicin has also been 

shown to increase the expression of p53, resulting in the initiation of the apoptotic cascade and 

http://www.cancer.ca/
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cell death104,105. Specifically, doxorubicin increases the expression of pro-apoptotic Bax and 

decreases the expression of anti-apoptotic molecule Bcl-2106.   In addition to direct cytotoxic 

effects, doxorubicin is capable of inducing immunogenic cell death, and thus may result in 

stimulation of the host’s own anti-tumour immune response107.  Aside from its potent anti-cancer 

effect, doxorubicin has strong cardiotoxic effects, limiting the total lifetime dose of a patient108. 

 

1.3.1.2 Docetaxel  

 

Docetaxel is a member of the taxane family of anti-cancer drugs. Taxanes are classified are 

mitotic inhibitors and result in cell death by preventing successful cell division. Paclitaxel was the 

first taxane to be developed for therapeutic use following initial extraction from the Pacific Yew 

tree in 1963109. Paclitaxel causes the polymerization of tubulin into extremely stable 

microtubules110,111. These highly stable structures are unable to take on their normal dynamic 

function during cell division, ultimately resulting in cell cycle arrest and cell death112. Since 

paclitaxel exerts its major cytotoxic effects during cell division, it is more likely to affect rapidly 

growing neoplastic cells than their healthy counterparts. Paclitaxel was introduced in the clinic in 

the 1990’s and became the standard of care for various solid malignancies including breast, lung 

and ovarian carcinoma113.  Currently, paclitaxel is one of the most commonly used drugs in the 

treatment of both early and advanced breast cancer either alone or in combination. Neutropenia is 

the principal toxic side effect of paclitaxel, although some patients may also experience mild 

cardiac disturbances and neurotoxicity resulting in peripheral neuropathy (mainly in the form of 

peripheral numbness)114.  
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 Docetaxel was developed as a more potent, soluble, semisynthetic analogue of 

paclitaxel115.  Similar to paclitaxel, docetaxel stabilizes microtubules from disassembly and 

induces microtubule bundle formation, however docetaxel is associated with less neurotoxicity 

compared to paclitaxel116. According to the Canadian Cancer Society, docetaxel is used in the 

treatment of early and advanced breast cancer and is the most common chemotherapeutic to treat 

hormone-refractory prostate cancer. It is also FDA approved for treatment of lung cancer, head 

and neck cancer, and stomach cancer. 

 

1.3.1.3 Chemoresistance  

 

Tumour resistance to currently available chemotherapeutics accounts for 90% of treatment failure 

in patients with metastatic disease117. Chemoresistance can be intrinsic –this is when the tumour 

cells are innately resistant to chemotherapy prior to treatment – or acquired. Acquired resistance 

occurs when tumours that were initially sensitive to treatment evolve mechanisms that allow them 

to survive the formerly toxic effects of treatment. Both the pharmacokinetics (how the drug 

reaches the target cell) and the pharmacodynamics (what happens to the target cell once the drug 

enters) may affect the sensitivity of a tumour cell to a particular treatment118, both of which must 

be understood and taken into account when investigating ways to overcome chemoresistance in 

cancer. Well-elucidated mechanisms of cell-specific chemoresistance include excessive drug 

efflux, drug activation/inactivation, changes in expression of drug targets, activation of pro-

survival responses and evasion of apoptosis117-119.  

 



 

 

 

23 

 Induction of autophagy following chemotherapy treatment has also been implicated in the 

acquisition of chemoresistance. The autophagy pathway is responsible for eliminating 

unnecessary, misfolded or damaged proteins, lipids and organelles from the cell via deliverance 

to the lysosome and occurs at basal levels in virtually all cell types120. In the context of cancer, 

autophagy may have an anti-tumour effect prior to establishment of a clinically relevant tumour, 

but can actually facilitate tumour progression once a tumour has manifested itself 121. Autophagy 

has been shown to increase tumour resistance to various chemotherapeutic agents in numerous 

cancer types including breast, prostate, colorectal, esophageal, liver, pancreatic, renal and 

leukemia122. Treatment of MCF-7 breast cancer cells with epirubicin (an anthracycline) induced 

activation of the autophagy pathway and protection against epirubicin-induced killing123; 

furthermore, inhibition of autophagy was found to re-sensitize paclitaxel-resistant MDA-MB-231 

cells124. Activation of the autophagy pathway in LNCaP prostate cancer cells also resulted in 

chemoresistance to the topoisomerase inhibitor etoposide125 and inhibition of autophagy was 

shown to sensitize C4-2 prostate cancer cells to doxorubicin treatment126.  

 

 The tumour microenvironment and its various components may also contribute to 

chemoresistance127. The tumour microenvironment of a solid tumour consists of the extracellular 

matrix (ECM) and the associated fibroblasts, immune cells and blood vessels20 118, all of which 

may function to protect cancer cells from the cytotoxic effect of chemotherapeutics. Hypoxia 

refers to the low oxygen state of most solid tumours due to inadequate/poor vasculature within 

the tumour and associated microenvironment. Hypoxia-induced chemoresistance is but one 

microenvironment-mediated mechanism of chemoresistance that has been identified in breast128 

and prostate cancer models129.  Hypoxia-induced chemoresistance has been attributed to 
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decreased tumour cell senescence130, down regulation of pro-apoptotic proteins131 and induction 

of autophagy132. Activation of the nitric oxide signalling pathway and administration of nitric 

oxide mimetics, such as glyceryl trinitrate (GTN), attenuates hypoxia-induced 

chemoresistance133; however, the exact mechanism through which this occurs remains unclear. 

 

1.3.2 Immunotherapy  

 

Immunotherapy is a general term for any form of therapy that stimulates or modulates the body’s 

immune system to fight and control cancer. Cytokines, antibodies, adjuvants and cancer vaccines 

are all types of immunotherapy that have proved promising in the management of various cancers 

and researchers continue to investigate strategies in which immunological principles can be used 

to target and kill cancerous cells. As mentioned above, immune modulating therapies that 

specifically target immune checkpoints have shown particular promise, especially anti-PD-1/anti-

PD-L1 therapy. 

 

1.3.2.1 PD-1/PD-L1 axis blockade 

 

Antibody blockade of the PD-1/PD-L1 axis to enhance anti-tumour immunity in the tumour 

microenvironment through prevention of tumour cell or myeloid cell-mediated down regulation 

of the effector T cell response has shown great promise. Initial trials assessing the safety, activity 

and immune correlates of PD-1 antibody (nivolumab) blockade showed an objective response in 

20-25% of patients with non-small-cell lung cancer, melanoma and renal cell carcinoma with 

limited adverse effects12. More recent data indicate that nivolumab is associated with higher rates 
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of objective response than chemotherapy in patients with advanced metastatic melanoma134.   

pembrolizumab/labrolizumab, another anti-PD-1 antibody, showed a durable response in 30-30% 

of patients with advanced melanoma135.  Initial trials investigating the effect of PD-L1 antibody 

showed durable tumour regression in 6-17% of patients and prolonged stabilization of disease in 

12-41% of patients with advanced non-small-cell lung cancer, melanoma and renal cell 

carcinoma11.   There are currently seven drugs in phase I-III clinical trials targeting the PD-1/PD-

L1 axis in various cancer types136 137.  Currently, phase I trials are underway using nivolumab in 

castration-resistant prostate cancer patients10-12,137. Phase I trials of anti-PD-1 antibody 

pembrolizumab and anti-PD-L1 antibody BMS-936559 are currently under way in breast cancer 

patients137,138. Generally speaking, objective response to PD-1/PD-L1 antibody therapy is 

correlated with PD-L1 expression82 and thus it is not surprisingly that trials in patients with 

melanoma, non-small cell lung cancer and renal cell carcinoma are showing the most promising 

results. Currently, nivolumab and pembrolizumab (the same type of drug developed by different 

pharmaceutical companies) are FDA approved in the treatment of advanced treatment-refractory 

melanoma and treatment-refractory non-small cell lung cancer139. 

 

1.3.3 Synergism of chemotherapy and immunotherapy  

 

The complex nature of malignant disease, imparted by the various means by which malignant 

cells may arise, their genetic instability and the resultant heterogenic composition of a tumour, 

means it will likely take a more complex combinatorial approach to successfully treat. Though 

chemotherapy exerts its main anti-tumour effect through direct cytotoxic mechanisms, 

chemotherapy may also induce a positive anti-tumour immune response through depletion of 
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regulatory T cells and myeloid cells, induction of apoptotic cell death and release of tumour 

associated antigens140,141.  Since most immunotherapies are relatively new and only in late phase 

clinical trials themselves, few studies have been published assessing the direct benefit of 

combining rationalized chemotherapy with immunotherapy.  However, the studies that have been 

conducted show promising results. A study assessing the impact of combination chemotherapy 

and immunotherapy in a rat colon cancer model revealed that cyclophosphamide treatment 

resulted in the depletion of CD4+/CD25+ regulatory T cells (T cells responsible for down 

modulating the immune response) and that treatment with an anticancer vaccine was capable of 

eliminating established tumours only when used in combination with cyclophosphamide142.   In 

the context of T cell modulation therapy, investigation into the effect of combination anti-CTLA-

4 therapy and dacarbazine chemotherapy showed improved overall survival in metastatic 

melanoma patients compared to those receiving dacarbazine alone143.  Furthermore, patients with 

advanced stage non-small-cell lung cancer who were treated with combination anti-CTLA-4 

therapy and standard carboplatin-paclitaxel therapy showed no adverse affects to the combination 

therapy regimen and showed that immunotherapy following chemotherapy resulted in improved 

progression-free survival compared to patients receiving chemotherapy alone144. Furthermore, 

PD-1/PD-L1 blockade in combination with gemcitabine chemotherapy in a mouse model of 

pancreatic cancer showed a complete response without overt toxicity145.  These preliminary 

studies assessing the tolerability, safety and efficacy of combination chemotherapy and 

immunotherapy provide a strong foundation to support further investigation into the benefit of 

combining these two anticancer treatments. 
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1.4 In vitro and in vivo cancer models 

 

1.4.1 Cancer cell lines  

 

The use of established cell lines in cancer research is an acceptable in vitro approach to model 

certain aspects of human disease. Established breast (MDA-MB-231, 4T1) and prostate (DU145) 

cancer cell lines were utilized as in vitro models of breast and prostate throughout this project. 

Table 3 summarizes key properties and features of each cell type. MDA-MB-231 cells and 

DU145 cells have previously been used in our laboratory to evaluate the role of PD-L1 and 

immune escape in vitro and thus basal expression of PD-L1 and upregulation of PD-L1 following 

incubation in hypoxia has been assessed and confirmed93. Others have shown IFN-γ-mediated 

upregulation of PD-L1 on MDA-MB-231 cells75. 4T1 cells were used in our animal breast cancer 

model (outlined below) thus were also used in the corresponding in vitro experiments. PD-L1 

expression has been shown in 4T1 cells and to increase in response to IFN-γ stimulation146.  

 

 Jurkat cells are a human leukemic T cell line that has been used in previous studies in our 

laboratory and were shown to express the PD-1 receptor at high levels - approximately 90% of 

Jurkats revealed PD-1 expression by flow cytometry93. Jurkat T cells are cultured in suspension, 

thus making them a reasonable co-culture system with adherent MDA-MB-231 cells.  
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Table 3: Features and properties of established cell lines. Information is obtained from the 

American Type Culture Collection (ATCC) unless otherwise noted.  

Cell Line Disease type Tissue Origin Properties 

MDA-MB-231147 Human mammary 

adenocarcinoma 

Metastatic pleural 

effusion 

 Poorly 

differentiated  

 P53 mutated  

 BRCA1, PI3K 

wild-type 

 Transfectable 

 Hormone 

receptor (ER, 

PR) and HER-

2/Neu amp 

negative 

(TNBC) 

  

4T1148 Murine mammary 

adenocarcinoma 

Mouse mammary 

gland 

 Spontaneously 

metastasize in 

BALB/c mice 

in a manner 

similar to 

stage IV 

breast cancer 

in humans  

 Hormone 

receptor (ER, 

PR) and HER-

2/Neu 

negative 

 

DU145 Human prostate 

carcinoma 

Metastatic brain 

lesion 

 P53 

mutated149 

 Grade II 

 

Jurkat  Acute T cell leukemia Peripheral blood  CD3 expressing 

 IL-2 expressing 
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1.4.2 4T1 murine mammary carcinoma model  

 

The 4T1 cell line was derived from a murine mammary adenocarcinoma and therefore is a useful 

syngeneic mouse model of stage IV metastatic breast cancer150. The 4T1 cells are injected into the 

mammary fat pad to initiate the formation of a primary tumour. Like the progression of human 

breast cancer, the primary tumour can spontaneously develop into metastatic disease via the 

draining lymph nodes. 4T1 cells modified to express fluorescent molecules (such as GFP) may be 

used in this model to allow for quantification of metastases in various organs in a non-invasive 

manner through bioluminescence imaging or following sacrifice of the mouse151-153.  

 

1.5 Hypothesis and project objectives  

 

Based on the knowledge that PD-L1 expression could protect tumour cells from triggers of 

apoptosis15 and that the PD-1/PD-L1 axis is associated with negative patient outcomes5,8,9, we 

propose a role for this axis in the acquisition of tumour cell chemoresistance. Specifically, we 

hypothesise that the interaction between PD-L1 on tumour cells and PD-1 on T cells results in 

tumour cell acquisition of resistance to chemotherapeutic agents and that by interfering with this 

interaction prevention of such acquired chemoresistance is achieved. This project aims to 

elucidate the contribution of the PD-1/PD-L1 axis in the acquisition of a drug resistant phenotype 

in a breast and prostate cancer model through completion of the following objectives:  

 

1. To determine if the PD-1/PD-L1 axis results in tumour cell resistance to conventional 

chemotherapeutics (doxorubicin and docetaxel chemotherapy) in vitro using breast cancer 
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(human MDA-MB-231 cell line, mouse 4T1 cell line) and prostate cancer (human DU145 

cell line) cells exposed to recombinant and cell-bound PD-1.  

    

2. To determine whether the PD-1/PD-L1 axis contributes to resistance to doxorubicin in vivo 

using the Balb/c syngeneic 4T1 mammary carcinoma model.  

 

3. To elucidate the mechanism through which the PD-1/PD-L1 axis induces chemoresistance in 

tumour cells through evaluation of RNA expression following tumour cell exposure to 

recombinant PD-1.  
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Chapter 2 

Methods 

 

2.1 Cell lines  

 

Human MDA-MB-231 breast carcinoma cells, human DU145 prostate cancer cells and human 

Jurkat leukemic T cells were obtained from The American Type Culture Collection  (ATCC; 

Manassas, VA, USA) and used for the in vitro experiments conducted in this study.  Mouse 4T1 

breast carcinoma cells were obtained from the ATCC and used for both in vitro and in vivo 

experiments. All the aforementioned cell lines were cultured in RPMI 1640 medium (#11875-119 

Invitrogen, Burlington, ON, Canada). MDA-MB-231 cells, 4T1 cells and Jurkat cells were 

supplemented with 10% FBS (#F6178 Sigma, St. Louis, MO, USA), whereas DU145 cells were 

supplemented with 5% FBS. Human HEK 293T human embryonic kidney cells were used in the 

lentiviral transfection system described below in 2.1.1. HEK 293T cells were maintained in 

DMEM medium supplemented with 10% FBS. All cells were maintained under standard culture 

conditions (37ºC in 20% O2 and 5% CO2) in a Thermo Forma CO2 incubator unless otherwise 

stated. 
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2.1.1 Stable PD-L1 knockdown using shRNA  

 

Stable knockdown of PD-L1 (CD274) was achieved through the use of a lentiviral transfection 

system consisting of GFP-expressing PD-L1 specific short-hairpin RNA (shRNA) (mouse 

#V2LMM_71093, human #V2LHS_53668 Open Bioscience, Huntsville, AL, USA) A non-

targeting equivalent vector was used as a control (Open Bioscience). Cells that incorporated the 

cDNA vector were selected in puromycin-containing medium (2µg/ml; #A1113803 Life 

Technologies, Grand Island, NY, USA). PD-L1 knockdown was confirmed by immunoblot or 

flow cytometry as described in 2.3. Briefly, HEK 293T cells were transfected with the desired 

lentiviral plasmid along with psPAx2 (packaging- Gag Pol Rev proteins) and pMD2.g (envelope 

– VSV-G protein) (Open Bioscience) overnight. Cells were cultured in fresh medium for 48 hours 

before the medium was collected and filtered. Target cells (MDA-MB-231 or 4T1) were seeded 

in six-well plates at 50,000 cells/well and a dilution series was used to infect the cells. After 48 

hours, cells underwent puromycin (2µg/ml) selection for 4-5 days. GFP-expression was assessed 

during the selection period using a UV microscope. 

 

 

2.2 PD-L1 upregulation  

 

2.2.1 IFN-γ-mediated PD-L1 upregulation 

 

MDA MB 231, DU145 or 4T1 cells (100,000) were added to each well of a six-well plate and left 

to incubate for 24 hours. Adherent cells were subsequently treated with human (10ng/ml; #14-

8319-80 eBioscience, San Diego, CA, USA) or mouse (10ng/ml; #RP-8617 Thermo Scientific, 
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Rockford, IL, USA) IFN-γ. Following a 24-hour incubation in IFN-γ, cells were washed (2x with 

PBS) and treated with an additional dose of IFN-γ at the same concentration. 

 

2.2.2 Hypoxia-mediated PD-L1 upregulation  

 

As a means of stimulating PD-L1 expression prior to co-culture with rPD1, MDA-MB-231 cells 

were incubated under hypoxic (0.2% O2) conditions as described by Barsoum et al. 93. Briefly, cells 

(105) were seeded in six-well plates under standard (20% O2) or hypoxic (0.2% O2) conditions for 

24 hours in a gas chamber flushed with 5% CO2 and 95% N2 and maintained at 0.5% O2 using a 

ProOx 110 oxygen regulator (Biospherix). Cells were then re-exposed to 20% O2 and treated with 

doxorubicin prior to colony formation assay (as described below in 2.6). 

 

 

2.3 Detection of PD-L1 protein levels 

 

2.3.1 Flow cytometry  

 

Flow cytometry was used to assess basal or IFN-γ-stimulated membrane expression of PD-L1 on 

4T1 cells and to confirm the knockdown of PD-L1 expression in cell lines. Basal PD-L1 expression 

or knockdown status was evaluated on 4T1 cells cultured under standard conditions or in IFN-γ 

stimulated conditions (as described above in 2.2.1) for >24 hours prior to flow cytometric analysis. 

Briefly, cells were washed 3X with PBS and harvested using 5mM EDTA. Cells were pelleted, 

washed with PBS and re-pelleted. Cells were fixed in 4% paraformaldehyde (PFA) for 10 minutes, 

washed with PBS and re-pelleted. Cells were incubated in a fluorescein isothiocyanate (FITC)-
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conjugated anti-mouse PD-L1 antibody (#FAB1019F R&D Systems, Minneapolis, MN, USA) or 

FITC-conjugated anti-mouse IgG negative control (#1C002F R&D Systems, Minneapolis, MN, 

USA) for one hour at room temperature. Cells were washed with PBS, pelleted, and re-suspended 

in PBS for flow cytometric analysis using a Beckman Coulter EPICS Altra HSS flow cytometer 

(Beckman-Coulter).  

 

2.3.2 Immunoblotting 

 

Western blot analysis was used to assess basal or IFN-γ stimulated membrane expression of PD-

L1 expression on MDA-MB-231 and DU145 cells and to confirm the establishment of PD-L1 

knockdown cell lines. Basal PD-L1 expression or knockdown status was evaluated on MDA MB 

231 or DU145 cells cultured under standard conditions or after exposure to IFN-γ (as described 

above in 2.2.1) for 24-48 hours prior to harvesting for Western blot analysis. Culture medium was 

aspirated and cells were washed twice with PBS. Cells were then snap frozen to preserve protein 

structure and 200 µl of cell lysis buffer (9803S Cell Signalling Danvers, MA, USA) with protease 

inhibitor (11836153001 Roche Diagnostics Canada, Laval, QC, Canada) was added to each well. 

Cells in wells were collected by scraping and were then sonicated for 10 seconds at 40 Hz to ensure 

complete lysis. Samples of cells were centrifuged (10 000 g x 10 minutes) and the supernatant was 

collected and the pellet discarded. A protein assay using the Bio Rad DC Protein Assay (Bio-Rad, 

Mississauga, ON, Canada) was conducted to determine the concentration of protein in each sample. 

Samples were diluted in sample buffer (161-0764 Bio-Rad Laboratories, Mississauga, ON, Canada) 

with 3% β-mercaptoethanol (Fisher Scientific, Ottawa, ON, Canada) to the desired protein 

concentration (10-30µg).  Samples were resolved on a 12.5% SDS-polyacrylamide gel (M259 Next 
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Gel, Solon, OH, USA) and transferred to Immobilon-P Membranes (Millipore Corporation, 

Bedford, MA, USA) using a wet transfer technique.  

 

 Membranes were blocked with milk (5% milk powder) in 0.1% Tween-20/tris buffered 

saline (TBS-T) overnight at 4°C. Blots were probed with a primary goat anti-human PD-L1 

polyclonal antibody (1/3000 dilution in milk-TBS-T; AF156 R&D Systems, Minneapolis, MN, 

USA) for two hours at room temperature. Blots were subsequently washed (3 × 15 minutes in 

TBS-T) prior to secondary antibody application for 1 hour at room temperature (1/2000 dilution 

in milk-TBS-T; P1500 Vector). Blots were washed (3 × 15 minutes in TBS-T) prior to 

development with chemiluminescence reagent (NEL104001EA Perkin-Elmer, Waltham, MA, 

USA).  Blots were stripped and re-probed for β-actin (A5441 Sigma, St. Louis, MO, USA), which 

was used as a loading control.  

 

 

2.4 Exposure to PD-1 

 

2.4.1 Recombinant PD-1 (rPD-1) 

 

MDA-MB-231, DU145 and 4T1 cells were exposed to 0.2-1.0µg/ml recombinant PD-1 (rPD-1; 

human 1086-PD, mouse 1021-PD R&D Systems, Minneapolis, MN, USA) diluted in serum-free 

medium for 24 hours prior to exposure to chemotherapeutic agents and subsequent colony 

formation assay (detailed below in 2.6). The rPD-1 used in these experiments was conjugated to 

the FC portion of human IgG. Therefore, human IgG (1-001-A R&D Systems,) was used as 

control throughout. Cells were cultured under standard conditions. 
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2.4.2 Jurkat T cell co-culture 

 

MDA-MB-231 cells were co-cultured with human Jurkat T cells for 24 hours in a 1:5 ratio under 

standard conditions. Jurkat cells were pre-stimulated with IL-2 (100U; #17908 Sigma, St. Louis, 

MO, USA) prior to co-culture in order to induce activation and PD-1 expression154.   

 

 

2.5 PD-1/PD-L1 blocking antibodies  

 

2.5.1 Anti-PD-L1 antibodies  

 

A rat anti-mouse PD-L1 antibody (124303 Biolegend Inc, San Diego, CA, USA) was used to 

functionally block PD-L1 at a concentration of 4µg/ml (diluted in serum-free medium) prior to 

recombinant PD-1 exposure and/or doxorubicin exposure. A rat IgG isotype control was used at 

the same concentration (01-0801 Southern Biotech, Birmingham, AL, USA). 

 

2.5.2 Anti-PD-1 antibodies  

 

A goat anti-human PD-1 (1µg/ml; AF1086 R&D Systems, Minneapolis, MN, USA) was used to 

block PD-1 on Jurkat T cells for one hour prior to co-culture with MDA MB 231 cells.  A goat IgG 

isotype control was used (AB-108-C R&D Systems, Minneapolis, MN, USA).  
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2.6 Colony formation (clonogenic) assay 

 

In order to determine whether the PD-1/PD-L1 axis is involved in chemoresistance, we performed 

colony formation assays (clonogenic assays) to assess cell survival and proliferative ability 

following exposure to chemotherapeutic agents. Cells were either pre-treated with IFN-γ for 24 

hours prior to treatment with recombinant PD-1 or Jurkat cells (as described above in 2.2 and 2.4, 

respectively) or exposed to PD-1 or PD-L1 blocking antibodies (as described above in 2.5) prior to 

treatment with chemotherapy. 

 

  Briefly, tumour cells were exposed to doxorubicin (6.25µM and 12.5µM for MDA-MB-

231; 2.5µM for 4T1; D1515 Sigma, St. Louis, MO, USA) or docetaxel (1.6µM; Y0001133 Sigma, 

St. Louis, MO, USA) for one hour. Drug concentrations were established such that similar 

surviving fractions were observed across all cell lines and drug types (approximately 0.10). 

Following incubation with the chemotherapeutic agent, cells were washed with PBS, harvested 

with 0.025% trypsin-EDTA in PBS and suspended in chemotherapy-free medium. Cells were 

seeded at various densities (100 cells/well in non-treated control cells vs. 1000-2500 cells/well in 

chemotherapeutic agent-treated cells) in replicates of six for a 7-14 day incubation period under 

standard culture conditions. At the end of the experiment, cells were fixed using a 3:1 

methanol:glacial acetic acid solution and subsequently stained using crystal violet (1:30).  Total 

number of colonies (>50 cells) was counted in each well. Plating efficiency and surviving fraction 

were calculated as follows:  

Plating efficiency = (number of colonies counted)/(number of cells plated) 

Surviving fraction = (plating efficiency of chemotherapy-treated cells)/(average plating efficiency 

of non-chemotherapy treated cells)  
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Relative Survival = (surviving fraction of each sample in each treatment group)/(average surviving 

fraction of control group) 

 

2.7 Real time quantitative PCR (RT-qPCR) 

 

To assess the gene expression pattern of tumour cells following exposure to rPD-1, we conducted 

RT-qPCR using a PCR array specific for genes involved with autophagy (PAHS-0842 Qiagen 

Sciences, Maryland, USA). First, MDA-MB-231 cells (100 000) were seeded in six-well plates 

and incubated in standard culture conditions overnight to allow cells to adhere. Cells were then 

treated with either controls IgG (0.2µg/ml; 1-001-A R&D Systems, Minneapolis, MN, USA) or 

rPD-1 (0.2µg/ml; 1086-PD R&D, Minneapolis, MN, USA) for a 6- or 12-hour period. Following 

incubation with rPD-1, cells were washed three times with warm PBS and pelleted in preparation 

of RNA purification. RNA purification was conducted in an RNAse free environment as per the 

protocol outlined in Norgen Biotek RNA Purification Kit (17200 Norgen Biotek, Canada). 

Purified RNA was quantified and stored at -80°C until used for cDNA synthesis as per the 

protocol for Qiagen’s RT2 First Strand Kit (330401 Qiagen Sciences, Maryland, USA). 0.25µg 

RNA was converted to cDNA for each sample and used in the preparation of the PCR 

Components Mix as per Qiagen’s protocol. 25 µl of the PCR Component Mix was loaded into 

each well of a pre-primed PCR plate and run in a LightCycler480 (Roche) as per the 

manufacturer’s instructions. GAPDH and RPLPO were used as an internal control. Output data 

analysis was conducted using the ΔΔCT method using the Qiagen provided analysis software. 
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2.8 In vivo murine mammary carcinoma study  

 

Twenty-four female Balb/c mice (4-6 weeks old; Charles River) received a single orthotopic 

injection of 3500 GFP-expressing 4T1 cells (suspended in 100 uL PBS) into the lower left 

mammary fat pad. Once tumours were palpable (around day 10 post tumour cell injection), mice 

were treated twice a week for 15 days with either 100 µL anti-mouse PD-1 antibody (n=12; 

200µg; Pharmacia Biotech, Tokyo, Japan) or control anti-hamster IgG (n=11; 200µg; Jackson 

Immunoresearch, West Grove, PA) delivered intraperitoneally (i.p.). Twenty-four hours later, 

mice received either doxorubicin (n=12; 5mg/kg155,156; D1515 Sigma, St. Louis, MO, USA) or the 

equivalent volume of saline (n=11) via i.p. injection. Tumour dimensions were measured after 

each antibody treatment using digital callipers. Overall, mice received four treatment cycles of 

anti-PD-1/IgG ± doxorubicin/saline throughout the duration of the experiment (see Figure 2.1). 

To assess primary tumour growth, tumour dimensions were measured each day of anti-PD-1/IgG 

administration and volume was calculated using the formula (length × width)2 × 0.5.  On day 15 

(experimental endpoint), mice were euthanized with Euthanyl (100µl; Mimeda-MTC, Animal 

Health Inc, Cambridge, ON, Canada) and the primary tumour, heart, lungs, liver, spleen and 

kidneys and posterior body wall were harvested and imaged using a Pan-A-See-Ya 

bioluminescence imaging system (Lightools Research, S. Encinitas, CA, USA). Photographs of 

the aforementioned organs were acquired for quantification and analysis of metastases as 

described below in 2.8.  Organs and primary tumours were divided in two; one half was fixed in 

4% paraformaldehyde (PFA) and the other half was embedded in Cryomatrix (6769006 Thermo 

Scientific, Rockford, IL, USA) for later analysis. 
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2.9 Quantification of metastases  

 

Images of organs were analyzed using Image Pro 6.1 software. Contrast enhancements were made 

accordingly and kept constant through all analyses. Visually apparent fluorescent surface 

metastases were counted using the “manual tag” feature for each individual organ (liver, lungs, 

kidneys, spleen, heart) and posterior abdominal wall.  

 

 

2.10 Statistical analysis  

 

Statistical analysis was conducted using GraphPad Prism 6 software (GradPad Software Inc). In 

vitro surviving fraction data and in vivo metastases data were analyzed using two-way ANOVA 

followed by Tukey’s multiple comparison’s test unless otherwise stated. Data were considered 

significant when P<0.05.   
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Figure 2.1  In vivo murine 4T1 metastasis model  

Mice were injected subcutaneously with 3500 4T1 mammary carcinoma cells in the lower left 

mammary fat pad. Once a primary tumour was palpable, mice received an anti-PD-1 antibody 

injection IP (200µg; or IgG control). Twenty-four hours later, mice received doxorubicin 

(5mg/kg; or saline control) IP. Mice received an antibody injection on Mondays and Thursdays 

and doxorubicin (or saline) injections on Tuesdays and Fridays for a total of four injections per 

type of treatment. Depending on when tumours were palpable, some mice commenced treatment 

(experimental day 1) on a Monday and others commenced on Thursday. Mice were sacrificed on 

the 15th day following treatment initiation, however one mouse died naturally on day 14. One 

mouse was excluded from the experiment due to the lack of a palpable primary tumour.  
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Chapter 3 

Results  

 

3.1 Effect of PD-1/PD-L1 on drug resistance  

 

3.1.1 Recombinant PD-1 increased resistance to doxorubicin or docetaxel in tumour 

cells 

 

A 24-hour incubation of human MDA-MB-231 breast carcinoma cells with human recombinant 

PD-1 (rPD-1; 0.2µg/ml) resulted in a 70% increase in the surviving fraction of cells following a 

one-hour treatment with doxorubicin (6.25µM) when compared to controls (Figure 3.1, P<0.05). 

A 24-hour incubation of mouse mammary carcinoma 4T1 cells with mouse rPD-1 (0.2 µg/ml) 

resulted in a 33% increase in survival following a one-hour treatment with doxorubicin (2.5µM) 

and a 24-hour incubation of human DU145 prostate cancer cells with rPD-1 (0.2µg/ml) showed a 

50% increase in survival following a one-hour exposure to docetaxel (1.6µM) compared to their 

respective controls (Figure 3.1, P<0.05).  
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Figure 3.1 Effect of recombinant PD-1 exposure on the clonogenic survival of breast and 

prostate cancer cell lines following exposure to doxorubicin or docetaxel 

The effect of pre-exposure to recombinant PD-1 (rPD-1) for 24 hours prior to exposure to anti-

cancer drugs on tumour cell survival was assessed using clonogenic (colony formation) assays. 

Bars indicate the relative survival of tumour cells compared to each cell line treated with 

chemotherapeutic agents (6.25µM doxorubicin for MDA-MB-231 cells; 2.5µM doxorubicin for 

4T1 cells and 1.6µM docetaxel for DU145 cells) without pre-exposure to rPD-1. The data 

presented were pooled from at least three independent experiments conducted in replicates of six. 

Error bars represent standard error of the mean. Statistical analysis was conducted using multiple 

unpaired t-tests and the Holm-Sidak method.  *, P<0.05 
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3.1.2 Antibody-mediated blockade of PD-L1 prevented PD-1-mediated resistance to 

doxorubicin 

 

4T1 cells were pre-incubated with IgG control antibody or mouse anti-PD-L1 antibody for one 

hour prior to exposure to control medium or recombinant PD-1 (Figure 3.2). When 4T1 cells 

were incubated with rPD-1 for 24 hours in the presence of the anti-PD-L1 antibody prior to 

exposure to doxorubicin, the increased survival observed in the absence of anti-PD-L1 antibody 

was abolished (P<0.0001). 

 

3.1.3 shRNA-mediated PD-L1 knockdown in human MDA-MB-231 and mouse 4T1 cells 

prevented recombinant PD-1-mediated resistance to doxorubicin 

 

To further understand and confirm the contribution of the PD-1/PD-L1 axis to the acquisition of 

chemoresistance, we developed a stable PD-L1 knockdown cell line in human MDA-MB-231 

cells and mouse 4T1 cells using a lentiviral shRNA specific for human or mouse PD-L1. Western 

blot (MDA-MB-231 cells, Figure 3.3) and flow cytometric (4T1 cells; Figure 3.4) analysis 

confirmed PD-L1 knockdown. Cells expressing non-targeting shRNA or PD-L1 specific shRNA 

were incubated with control medium or rPD-1 for 24 hours prior to a one-hour exposure to 

doxorubicin. In contrast to MDA-MB-231 (Figure 3.3) and 4T1 (Figure 3.5) cells infected with 

non-targeting shRNA, which responded to rPD-1 with increased resistance to doxorubicin 

(P<0.0001), MDA-MB-231 and 4T1 cells in which PD-L1 was knocked down did not exhibit 

increased resistance to doxorubicin following exposure to rPD-1.  
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Figure 3.2 Effect of antibody-mediated blockade of PD-L1 on rPD-1-induced resistance to 

doxorubicin 
The effect of anti-PD-L1 antibody blockade prior to rPD-1 exposure and subsequent treatment 

with doxorubicin (2.5µM) on 4T1 cells was assessed using clonogenic assays. Bars indicate 

relative survival compared to 4T1 cells treated with doxorubicin alone in the absence of rPD-1 or 

blocking antibody. The data presented were pooled from four independent experiments conducted 

in replicates of six. Error bars represent standard error of the mean. Statistical analysis was 

conducted using two-way ANOVA and Tukey’s post-hoc test for multiple comparisons.  *, 

P<0.05; ****, P<0.0001. 
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Figure 3.3 Effect of PD-L1 knockdown on rPD-1-induced resistance to doxorubicin in MDA-MB-231 cells 

A, The effect of non-targeting and PD-L1-specific shRNA and IFN-γ stimulation on PD-L1 expression in MDA-

MB-231 cells was assessed by Western blot. Bars indicate relative amounts of PD-L1 protein (compared to β-

actin) in cells cultured under various conditions as determined by densitometric analysis of bands. The blot is a 

qualitative representation of the Western blots. Western blots were performed at least three times. B, The effect 

of PD-L1 knockdown on rPD-1-induced chemoresistance to doxorubicin (6.25µM) was assessed using 

clonogenic assays. Bars indicate relative survival compared to MDA-MB-231 cells expressing non-targeting 

control shRNA and treated with doxorubicin in the absence of rPD-1. The data presented were pooled from four 

independent experiments conducted in replicates of six. Error bars represent standard error of the mean. 

Statistical analysis was conducted using a one-way ANOVA (A) or a two-way ANOVA (B) and Tukey’s post-

hoc test for multiple comparisons. **, P<0.01; ****, P<0.0001. 
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Figure 3.4 Effect of non-targeting shRNA and PD-L1-specific shRNA on PD-L1 expression in 4T1 

cells  

The effect of non-targeting (NT) and PD-L1-specific shRNA on PD-L1 expression in 4T1 cells was 

assessed by flow cytometry. A, The blots are a representation of the percentage of PD-L1+ cells as 

determined by flow cytometry. B, Bars represent mean fluorescence index (MFI) of 4T1 cells cultured 

under various conditions relative to the MFI of the respective cells stained with IgG control, as determined 

by flow cytometry in two separate analyses.  Statistical analysis was conducted using one-way ANOVA 

***, P<0.001 
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Figure 3.5 Effect of PD-L1 knockdown on rPD-1-induced resistance to doxorubicin in 4T1 cells 

The effect of PD-L1 knockdown on rPD-1-induced chemoresistance to doxorubicin (2.5µM) was assessed 

using clonogenic assays. Bars indicate relative survival compared to 4T1 cells expressing non-targeting 

control shRNA and treated with doxorubicin in the absence of rPD-1. The data presented were pooled from 

four independent experiments conducted in replicates of six. Error bars represent standard error of the 

mean. Statistical analysis was conducted using a two-way ANOVA and Tukey’s post-hoc test for multiple 

comparisons. ****, P<0.0001. 
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3.1.4 PD-1 expressing Jurkat T cells increased the clonogenic survival of MDA-MB-231 

cells following exposure to doxorubicin 

 

Co-culture of human MDA-MB-231 breast carcinoma cells with PD-1 expressing human Jurkat T 

cells for 24 hours resulted in a significant increase in tumour cell clonogenic survival following 

doxorubicin exposure compared with control cells incubated without Jurkat cells (Figure 3.6). 

Blockade of the PD-1/PD-L1 axis with anti-human PD-1 antibody (1µg/ml) abolished the 

increased survival observed in tumour cells co-incubated with Jurkat cells (P<0.001) (Figure 3.6).  

 

3.1.5 IFN-γ-stimulated PD-L1 expression in tumour cells and enhanced the effect of 

recombinant PD-1 on tumour cell clonogenic survival. The tumour cell response to PD-1 

is concentration dependent.  

 

MDA-MB-231, 4T1, and DU145 cells were pre-incubated with human or mouse IFN-γ  

(10ng/ml) for 24 hour to stimulate PD-L1 expression prior to PD-1 exposure, and were 

subsequently cultured in the presence of IFN-γ and rPD-1 for an additional 24 hours prior to 

exposure to conventional anti-cancer drugs. IFN-γ-mediated PD-L1 upregulation was verified by 

Western blot or flow cytometric analysis (shown in Figure 3.3 for MDA-MB-231 cells; Figure 

3.8 for 4T1 cells and Figure 3.9 for DU145 cells). The addition of rPD-1 to MDA-MB-231, 4T1 

and DU145 cells pre-treated with IFN-γ resulted in a significant increase in clonogenic survival 

following exposure to anti-cancer drugs when compared to cells treated with rPD-1 alone 

(P<0.0001) or IFN-γ alone (P<0.0001; Figures 3.7, Figure 3.8, Figure 3.9). Interestingly, IFN-γ 

alone resulted in increased clonogenic survival in MDA-MB-231, 4T1 and DU145 cells 

compared to control (no IFN-γ) cells (P<0.001, P<0.0001, P<0.0001, respectively). In MDA-MB-

231 cells, the addition of rPD-1 to IFN-γ-stimulated cells expressing high levels of PD-L1 
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resulted in a greater change in survival compared to non-stimulated cells expressing basal levels 

of PD-L1. In MDA-MB-231 cells, addition of rPD-1 to IFN-γ–stimulated cells resulted in an 

approximately 40% increase in survival, whereas the addition of rPD-1 to cells expressing basal 

levels of PD-L1 resulted in only a ~14% increase in survival (Figure 3.7). The addition of rPD-1 

at a concentration of 1.0µg/ml to non-IFN-γ-stimulated MDA-MB-231 cells did not result in a 

significant increased in the relative survival compared to the cells treated with 0.2µg/ml rPD-1 

(P=0.58; Figure 3.7).  Cells pre-incubated with IFN-γ and exposed to 1.0µg/ml rPD-1 exhibited 

an ~33% increase in survival compared with IFN-γ-stimulated cells exposed to 0.2µg/ml of rPD-1 

(P<0.0001; Figure 3.7). 

 

The increase in the change in the relative survival observed in IFN-γ–stimulated-MDA-

MB-231 cells compared to non-stimulated MDA-MB-231 cells upon exposure to rPD-1 was not 

observed in 4T1 or DU145 cells. In 4T1 cells, the addition of rPD-1 to IFN-γ–stimulated cells 

resulted in an approximately 27% increase in survival, whereas the addition of rPD-1 to cells 

expressing basal levels of PD-L1 resulted in a ~33% increase in survival (Figure 3.8). Similarly, 

in DU145 cells, addition of rPD-1 to IFN-γ–stimulated cells resulted in approximately a 20% 

increase in survival, whereas the addition of rPD-1 to cells expressing basal levels of PD-L1 

resulted in a ~53% increase in survival (Figure 3.9). 
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Figure 3.6 Effect of tumour cell and Jurkat T cell co-culture on tumour cell survival 

following doxorubicin treatment  
The effect of co-culture in the presence or absence of anti-PD-1 antibody prior to doxorubicin 

(6.25µM) exposure was assessed by clonogenic assay performed using MDA-MB-231 cells. Bars 

indicate the relative survival of MDA-MB-231 cells following exposure to doxorubicin in the 

absence of Jurkat cells or blocking antibody. The data presented were pooled from four 

independent experiments conducted in replicates of six. Error bars represent standard error of the 

mean. Statistical analysis was conducted using two-way ANOVA and Tukey’s post-hoc test for 

multiple comparisons. ****, P<0.0001. 
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Figure 3.7 Effect of IFN-γ-mediated PD-L1 up-regulation and PD-1 concentration on MDA-MB-231 

clonogenic cell survival following exposure to doxorubicin  
A, The effect of IFN-γ on PD-L1 expression was assessed by western blot analysis. Bars indicate relative 

amounts of PD-L1 protein (compared to β-actin) in cells cultured under various conditions as determined 

by densitometric analysis of bands. The blot shown is a qualitative representation of three blots performed 

and the graph consists of the pooled densitometric data. B, The effect of pre-incubation of MDA-MB-231 

cells with IFN-γ for 24 hours prior to treatment with various concentrations of rPD-1 followed by 

doxorubicin (12.5µM) exposure 24 hours later was assessed by clonogenic assay.  Bars indicate the relative 

survival of MDA-MB-231 cells cultured under standard conditions in the absence of IFN-γ or rPD-1 and 

exposed to chemotherapy. The data presented is pooled from four independent experiments conducted in 

replicates of six. Error bars represent standard error of the mean. Statistical analysis was conducted using 

one-way (A) or two-way ANOVA (B) and Tukey’s post-hoc test for multiple comparisons. *, P<0.05; **, 

P<0.01; ***, P<0.001; ****, P<0.0001 
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Figure 3.8 Effect of IFN-γ-mediated PD-L1 upregulation on 4T1 clonogenic cell survival following 

doxorubicin exposure  

A, The effect of non-targeting and PD-L1-specific shRNA on PD-L1 expression in 4T1 cells was assessed 

by flow cytometry. The blots are a representation of the percentage of PD-L1+ cells. Analysis of PD-L1 

expression was conducted on two separate occasions. B, The effect of pre-incubation of 4T1 cells with 

IFN-γ for 24 hours prior to treatment with rPD-1 followed by doxorubicin (2.5µM) exposure 24 hours later 

was assessed by clonogenic assay.  Bars indicate the relative survival of 4T1 cells cultured under standard 

conditions and exposed to doxorubicin in the absence of IFN- γ and rPD-1. The data presented is pooled 

from three independent experiments conducted in replicates of six. Error bars represent standard error of 

the mean. Statistical analysis was conducted using two-way ANOVA and Tukey’s post-hoc test for 

multiple comparisons. ****, P<0.0001. 
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Figure 3.9 Effect of IFN-γ-mediated PD-L1 up-regulation on DU145 cell survival following docetaxel 

exposure  

A, The effect of IFN-γ on PD-L1 expression was assessed by western blot analysis. Bars indicate relative levels 

of PD-L1 protein (compared to β-actin) in cells cultured under various conditions as determined by densitometric 

analysis of bands. Statistical analysis was conducted using a two-tailed t-test. The blot is a qualitative 

representation of the western blots performed and the graph consists of data pooled from 3 separate western 

blots. Data were analyzed using an unpaired t-test. B, The effect of pre-incubation of DU145 cells with IFN-γ for 

24 hours prior to treatment with rPD-1 followed by docetaxel (1.6µM) exposure 24 hours later was assessed by 

clonogenic assay.  Bars indicate the relative survival of DU145 cells cultured under standard conditions and 

exposed to docetaxel in the absence of IFN-γ and rPD-1. The data presented is pooled from three independent 

experiments conducted in replicates of six. Error bars represent standard error of the mean. Statistical analysis 

was conducted using two-way ANOVA and Tukey’s post-hoc test for multiple comparisons. **, P<0.01; ****, 

P<0.0001 
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3.1.6 Hypoxia did not enhance the effect of recombinant PD-1 on clonogenic survival 

 

MDA-MB-231 cells were incubated in hypoxia for 24 hours prior to rPD-1 exposure to determine 

whether hypoxia combined with exposure to PD-1 further stimulates drug resistance in MDA-

MB-231 cells. Hypoxic incubation (0.2% O2) for 24 hours resulted in increased clonogenic 

survival compared to controls (P<0.0001) following doxorubicin treatment (12.5 µM) (Figure 

3.10).  Just as previously shown, rPD-1 (0.2µg/ml) in 20% O2 increased the clonogenic survival 

compared to that of cells cultured in standard conditions in the absence of rPD-1 (P=0.0036).  

When cells were exposed to rPD-1 and incubated in hypoxia for 24 hours prior to doxorubicin 

exposure, increased clonogenic survival was observed compared to normoxic (20% O2) controls 

(P<0.0001). However, adding rPD-1 to hypoxic cells did not result in a significant increase in 

survival compared to cells cultured in hypoxia alone (P=0.268).  
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Figure 3.10 Effect of hypoxia on rPD-1-mediated survival of MDA-MB-231 cells following 

doxorubicin treatment  

The effect of hypoxic incubation of MDA-MB-231 cells with rPD-1 prior to doxorubicin 

(12.5µM) exposure was assessed using clonogenic assays. Bars indicate relative survival 

compared to MDA-MB-231 cells cultured in standard normoxic conditions and exposed to 

doxorubicin in the absence of rPD-1. The data presented is pooled from five independent 

experiments conducted in replicates of six. Error bars represent standard error of the mean. 

Statistical analysis was conducted using two-way ANOVA and Tukey’s post-hoc test for multiple 

comparisons. **, P<0.01; ****, P<0.0001. 
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3.2 Effect of PD-1/PD-L1 axis on autophagy-related mRNA expression in breast 

cancer cells 

 

3.2.1 MDA-MB-231 cell exposure to rPD-1 for 6 hours resulted in altered expression of 

autophagy-related genes 

 

To provide mechanistic insight into the role of reverse PD-1/PD-L1 signalling in PD-1/PD-L1-

mediated drug resistance, the expression of a panel of autophagy-related genes was assessed using 

a commercial RT-qPCR array.  Following 6 or 12 hours of exposure to rPD-1, mRNA expression 

of 84 autophagy-specific genes in MDA-MB-231 cells was analyzed using RT-qPCR. Analysis 

revealed a >2-fold overexpression of IRGM (immunity related GTPase family M) (2.127) and >2-

fold under-regulation of ATG10 (autophagy related 10) (-2.2286) and RAB24 (member of the Ras 

oncogene family) (-2.3152) at six hours following rPD-1 exposure (Figure 3.11) compared to 

GAPDH and RPLPO.  At 12 hours following rPD-1 exposure there was no difference in autophagy-

related gene expression compared to IgG-treated controls. 
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Figure 3.11 Effect of rPD-1 on autophagy-related mRNA expression in MDA-MB-231 cells 
The effect of rPD-1 on autophagy-related mRNA expression in MDA-MB-231 cells was analyzed using an 

autophagy-specific RT-qPCR array. Data is presented on a scatter plot comparing normalized gene 

expression of each gene on the PCR array between groups. Gene expression was normalized to GAPDH 

and RPLPO housekeeping controls. Every gene-specific normalized expression was plotted from each 

group on one axis against the corresponding value of the other group on a log base 10 scale. The central 

line indicates unchanged gene expression. Boundary lines are used to indicate gene expression changes 

above or below a two-fold change threshold. Group 2 = MDA-MB-231 cells exposed to rPD-1 for six 

hours; Control = MDA-MB-231 cells exposed to IgG for six hours. The upper left section (above the two-

fold change boundary line) contains genes up-regulated in the y-axis (Group 2) compared to the x-axis 

group (Control Group) and the lower right section  (below the two-fold change boundary line) contains 

genes down regulated in the y-axis (Group 2) compared to the x-axis (Control Group).  
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3.3 Effect of combination doxorubicin and anti-PD-1 antibody treatment in vivo 

 

3.3.1 Effect of anti-PD-1 antibody combined with doxorubicin on primary tumour 

growth  

 

Six- to eight-week old female Balb/c mice were injected orthotopically with GFP-tagged 4T1 cells 

to allow for primary tumour formation in the lower left mammary fat pad150. Mice were subjected 

to one of four treatment groups as described in Chapter 2.8 and Figure 2.1. Mice treated with 

combination therapy trended toward having a slower rate of growth (Figure 3.12) and smaller final 

tumour volume (Figure 3.13) compared to mice treated with saline and IgG control; however, this 

did not reach statistical significance.  

 

3.3.2 Effect of anti-PD-1 antibody combined with doxorubicin on metastasis  

 

Mice treated with anti-PD-1 antibody (200µg) in combination with doxorubicin (5mg/kg) had 

significantly fewer surface metastases (analyzed in the liver, lungs, heart, spleen, kidneys and 

posterior abdominal wall) than those treated with anti-PD-1 alone (P<0.05) or doxorubicin alone 

(P<0.05) (Fig 3.14). Moreover, anti-PD-1 + doxorubicin treatment resulted in significantly fewer 

lung (P<0.05) and heart (P<0.02) metastases when compared with the number of lung and heart 

metastases measured in mice treated with doxorubicin alone (Figure 3.14).  In vivo studies were 

performed three separate times, all of which showed the same trend toward fewer total metastases 

following combination anti-PD-1 antibody and doxorubicin treatment.  
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Figure 3.12 Effect of doxorubicin and/or anti-PD-1 antibody treatment on primary tumour growth  

A, The effect of doxorubicin (5mg/kg) and anti-PD-1 (200µg), either alone or in combination, on 4T1 primary 

tumour growth was assessed by manual measurement using digital callipers following each anti-PD-1 injection 

(see Figure 2.1). B, The changes in primary tumour volumes were analyzed using a linear regression. Bars 

indicate average slope of primary tumour growth of each treatment group. Error bars represent standard 

deviation. Data are representative of one experiment consisting of 23 mice, however the same experiment was 

conducted on two other occasions yielding similar results.  
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Figure 3.13 Effect of doxorubicin and/or anti-PD-1 antibody treatment on primary tumour volume  

The effect of doxorubicin (5mg/kg) and anti-PD-1 (200µg), either alone or in combination, on 4T1 primary 

tumour volume was assessed by manual measurement using digital calipers following each anti-PD-1 

injection (see  Figure 2.1). The average final tumour volume (normalized to the volume on day 1 of 

treatment) are depicted in a bar graph. Error bars represent standard deviation. Data are representative of 

one experiment consisting of 23 mice, however the same experiment was conducted on two other occasions 

yielding similar results.  
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Figure 3.14 Effect of doxorubicin and/or anti-PD-1 antibody treatment on 4T1 tumour cell metastasis  

The effect of doxorubicin and anti-PD-1 (either alone or in combination) on organ metastasis was analyzed by 

assessing the numbers of fluorescent metastases identifiable on images acquired using a Pan-A-See-Ya biophotonics 

apparatus. Summary data are presented in a box and whiskers plot (whiskers = min to max).  Error bars represent 

standard error of the mean. Results are representative of a single experiment consisting of 23 mice, however the same 

experiment was conducted on two other occasions yielding similar results. *, P<0.05. 
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Chapter 4 

Discussion 

 

4.1 General discussion  

 

This investigation sought to assess the role of the PD-1/PD-L1 axis in the acquisition of 

chemoresistance to anthracycline and taxane therapy in breast and prostate cancers. In vitro and 

in vivo findings, using cell lines and a mouse model of metastatic breast cancer, support the 

concept that tumour cells can co-opt the host’s immune system to acquire resistance to 

conventional chemotherapeutic agents. The main finding leading to this conclusion was that the 

interaction of tumour cell-associated PD-L1 with immune cell-associated PD-1 increased the 

survival of tumour cells following exposure to chemotherapeutic agents. An important clinical 

implication of this observation is that immune checkpoint blockade approaches specifically 

designed to interfere with the PD-1/PD-L1 axis may also be used as adjuvants to conventional 

chemotherapy. 

 

 A recent publication by Noh et al. revealed that co-culture of PD-L1-expressing B16F10 

melanoma cells with bone marrow-derived cells resulted in a smaller proportion of cells 

undergoing apoptosis/necrosis following gemcitabine treatment157; however, that particular 

investigation did not assess the contribution of the PD-1/PD-L1 axis specifically. The present 

study reveals, for the first time, that specific PD-1/PD-L1 interactions are responsible for 

increased resistance to doxorubicin and docetaxel, and that interactions between PD-1 or PD-L1 
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and other ligands (e.g. PD-L2 or B7.1) are unlikely to play a role in the chemoresistance 

phenotype. This conclusion is based on results showing that independently blocking either PD-1 

or PD-L1 inhibited PD-1 mediated chemoresistance to a similar extent. In further support of this 

conclusion are experiments showing that stable knockdown of PD-L1 expression abolished rPD-

1-mediated chemoresistance. Together, the results of these experiments indicate that PD-L1 is 

essential for PD-1-mediated chemoresistance. This study did not directly examine PD-1/PD-L2 or 

B7.1/PD-L1 interactions because unlike the PD-1/PD-L1 axis, there is no evidence in the 

literature to suggest reverse signalling into the tumour cell by these alternative receptor-ligand 

interactions; however, PD-1/PD-L2 reverse signalling into dendritic cells has been shown158. It is 

presently unknown whether the cell lines used in our study express PD-L2 or B7.1. Future studies 

could be designed to address the potential contribution of these molecules to drug resistance in 

cancer cells. 

 

 Knockdown approaches used in the present study did not completely abolish PD-L1 

expression in tumour cells. Western blot analysis of MDA-MB-231 cells revealed some PD-L1 

expression in the PD-L1 knockdown cell line and flow cytometry of 4T1 cells showed 

approximately 20% of cells still expressed PD-L1; however, the clonogenic data support the 

concept that the PD-1/PD-L1 interaction leads to chemoresistance within a population of cells. 

MDA-MB-231 and 4T1 cells infected with the non-targeting control shRNA showed increased 

survival following doxorubicin treatment when pre-exposed to rPD-1 (P<0.0001), whereas PD-

L1 knockdown cells did not show increased survival following rPD-1 exposure. An unexpected 

yet interesting finding was that 4T1 PD-L1 knockdown cells showed a significant decrease in 

clonogenic survival following rPD-1 exposure. Perhaps this could be due to PD-1 interacting with 
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its other ligand, PD-L2, however as mentioned above, there is no evidence in the literature to 

support a role of PD-1/PD-L2 interaction in initiating tumour cell death directly and we did not 

investigate this further. MDA-MB-231 and 4T1 cells expressing PD-L1-specific shRNA were 

intrinsically more resistant to doxorubicin in the absence of PD-1 than cells expressing control 

shRNA. While this observation is interesting and prompts further investigation into whether PD-

L1 expression alone could affect cell proliferation and thus susceptibility to chemotherapy, 

overall, the data from the knockdown experiments support our conclusion that the PD-1/PD-L1 

interaction mediates chemoresistance.  

 

The use of IFN- in this investigation served two purposes: it stimulated tumour PD-L1 

expression and also provided a better representation of the tumour microenvironment in our in 

vitro model. The combination of IFN- and rPD-1 exposure increased clonogenic survival by 

~126% in MDA-MB-231 cells, ~95% in 4T1 cells and ~220% in DU145 cells compared to cells 

cultured in standard conditions, demonstrating the important implications the tumour 

microenvironment and associated immune cells may have on tumour cell chemoresistance in 

vivo. The addition of rPD-1 to all three cell lines in the presence of IFN- resulted in a significant 

increase in clonogenic survival compared to either treatment alone, however it was only using 

MDA-MB-231 cells that the difference in survival between cells exposed to IFN-+rPD-1 vs. 

IFN- alone was greater than the difference in survival between cells cultured in standard 

conditions+rPD-1 vs. standard conditions without rPD-1. Since IFN- is a well-known inducer of 

PD-L1 expression, it is possible that the increased clonogenic survival following incubation with 

IFN- was due to an increase in PD-1/PD-L1 interactions in the tumour cell population, which 

would lead to an increase in the number of surviving colonies, as observed. The fact that DU145 
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and 4T1 cells did not also show the same increase in survival as MDA-MB-231 cells when 

exposed to IFN- could be explained if a high proportion of 4T1 and DU145 cells were already 

expressing PD-L1 in the absence of IFN-γ stimulation. In this case, the 0.2µg/ml of rPD-1 added 

to the culture medium would not be sufficient to saturate PD-L1 on all the tumour cells and thus, 

one would not expect to see an increase in surviving fraction even if a higher proportion of cells 

within the population were expressing PD-L1. Comparison of the Western blots showing PD-L1 

expression in MDA-MB-231 cells compared to PD-L1 expression in DU145 cells would support 

this, as DU145 cells appear to express higher levels of PD-L1.  

 

To further examine the summative effect of PD-1/PD-L1 interactions, experiments were 

conducted using cells expressing basal and IFN-γ-induced levels of PD-L1 and a five-fold higher 

concentration of rPD-1. MDA-MB-231 cells that were not pre-incubated in IFN-γ showed no 

significant difference in relative survival when exposed to 1.0µg/ml rPD-1 compared to 0.2µg/ml 

rPD-1. However, when cells were pre-incubated with IFN-γ to stimulate PD-L1 expression, cells 

exposed to 1.0µg/ml of rPD-1 showed significant increased survival compared to cells exposed to 

only 0.2µg/ml.  These results suggest that a larger number of PD-1/PD-L1 interactions within a 

population results in a more robust survival response. Experiments like this should be conducted 

with 4T1 or DU145 cells to determine if using a titration of rPD-1 reveals an effect on survival 

that was masked by the low rPD-1 concentration used in the experiments conducted thus far with 

these cell types.   

 

IFN-γ induced chemoresistance without addition of rPD-1 was an unexpected, yet novel 

finding of this study. Although IFN-γ is considered a critical cytokine involved in the anti-tumour 
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immune response, IFN-γ has also been shown to have a paradoxical pro-tumourigenic effect. 

Low-concentrations of IFN-γ have been shown to increase resistance of melanoma and mammary 

carcinoma cells to the cytotoxic effects of NK cells159,160. Furthermore, IFN-γ has been implicated 

in tumour cell evasion of the immune response through the recruitment of MDSC’s and 

regulatory T cells and resistance to CTL-mediated lysis through induction of indoleamine 2,3-

dioxygenase (IDO)161-163. Interestingly, IDO was also found to be a biomarker of poor prognosis 

and chemoresistance in ovarian cancer164 and thus could also represent a mechanism of IFN-γ 

induced chemoresistance. Whether PD-1/PD-L1 and IFN-γ induce chemoresistance through the 

same mechanism remains to be determined.   

 

Though we did not characterize the specific mechanism through which PD-1/PD-L1 

signalling leads to resistance to chemotherapy, initial mRNA analysis suggests a potential role of 

autophagy-related genes. The study by Azuma et al. demonstrating resistance to pro-apoptotic 

signals in tumour cells following engagement of PD-1 with PD-L1 did not reveal a role for major 

anti-apoptotic and apoptotic pathways in this process15. In our study we directed our attention to 

autophagy, another known pro-survival mechanism shown to have a role in tumour cell 

chemoresistance123,124,126,132 and resistance to CTL-mediated lysis165, and discovered that IRGM 

expression was up-regulated more than two-fold in MDA-MB-231 cells incubated with rPD-1. 

IRGM is also known as interferon-inducible protein 1 (IFI1).  Immunity related GTPases (IRGs) 

are induced by IFN-γ and play a key role in early resistance to pathogens166,167. Three models of 

IRG function have been proposed including the destruction of pathogen-containing vacuoles168, 

the enhancement of phagosome maturation169 and the induction of autophagy170. IRGM (Irgm1 in 

mouse) was recently shown to be essential for IFN-γ-mediated regulation of cell growth and 
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Irgm1 knockdown significantly decreased proliferation and increased apoptosis of mouse B16 

melanoma cells171. It has also recently been shown that IRGM is up-regulated in late stage gastric 

cancer tissue and PBMCs172. It is possible that IRGM induction following PD-1/PD-L1 

interaction activates autophagy, thus making the tumour cells less susceptible to the cytotoxic 

effect of chemotherapy. There has been no investigation into the role of IRGM in the acquisition 

of chemoresistance thus far and no investigations into IRGM expression and malignant 

progression in breast or prostate cancer.  

 

ATG10 and RAB24 were shown to be down-regulated in MDA-MB-231 cells exposed to 

rPD-1 for six hours. ATG10 is one of more than 30 ATG genes (autophagy-related genes) that 

have been identified, although its specific role in cancer remains largely unknown. ATG10 

expression in colorectal cancer has been associated with lymphovascular invasion and lymph 

node metastasis173, while various polymorphisms in ATG10 have also been associated with a 

decreased risk of breast cancer in a Chinese population174 . RAB24 is a member of the Rab 

GTPase family and while its function also remains largely unknown, it has recently been shown 

to modulate several mitotic events through interaction with microtubules175. Since little is known 

about the role of ATG10 and RAB24 in the context of cancer and autophagy and fewer parallels 

can be drawn regarding their regulation, expression and resultant phenotype than IRGM in our 

model, their involvement in PD-1/PD-L1-mediated chemoresistance requires further 

investigation. 

 

The findings of this study indicate that immune checkpoint blockade approaches 

designed to target the PD-1/PD-L1 axis in cancer patients may be of further therapeutic benefit 
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when used in combination with conventional chemotherapy or perhaps other targeted therapies. 

The complex tumour microenvironment (TME) composed of immune, stromal and vascular cells 

and their associated cytokines plays a prime role in tumour growth and malignant progression176. 

While this study attempted to mimic certain aspects of the TME through the incorporation of T 

cells and IFN-γ, there are other microenvironmental factors that may affect PD-1/PD-L1-

mediated chemoresistance, one of which is hypoxia. Previous studies from Graham et al. have 

revealed that low concentrations of nitric oxide (NO) mimetic agents, such as nitroglycerin, 

prevent the acquisition of hypoxia-induced malignant phenotypes in tumour cells177, including the 

acquisition of chemoresistance178 and escape from innate and adaptive immunity93,179. Barsoum et 

al. recently demonstrated that nitroglycerin interferes with tumour cell escape from CTL-

mediated lysis by blocking hypoxia-induced PD-L1 expression93. In the present study, addition of 

rPD-1 to cells in a hypoxia environment did not result in an increase in survival, as would be 

expected based on the assumption that an increase in PD-1/PD-L1 interactions results in a more 

robust induction of chemoresistance. In these experiments, however, cells were not pre-incubated 

in hypoxia prior to exposure to rPD-1. To avoid hypoxia-re-oxygenation, which has been shown 

to reverse hypoxia-induced phenotypes180,181, cells were incubated in hypoxia with rPD-1 for 24 

hours. Since previous studies in our laboratory showed hypoxic-induction of PD-L1 after 24 

hours93, it is possible that the cells were not expressing sufficient levels of PD-L1 to increase drug 

resistance when exposed to rPD-1 in 0.2% O2. Alternatively, it is possible that the MDA-MB-231 

cells used in these experiments expressed high basal levels of PD-L1 and were already fully 

saturated with the available rPD-1 at 0.2µg/ml and thus further up-regulation of PD-L1 

expression without increasing rPD-1 concentration had no effect, similar to what might have 

occurred in the 4T1 and DU145 cells following IFN-γ induction. Another possible explanation is 
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that if PD-1/PD-L1 and hypoxia both induce chemoresistance via similar mechanisms, PD-1/PD-

L1 interactions in a hypoxic environment may be redundant. Further investigation of the 

mechanistic links between hypoxia, chemoresistance and the PD-1/PD-L1 axis is warranted to 

determine whether therapeutics targeting hypoxia-induced phenotypes (such as NO mimetics) 

would prove beneficial at ameliorating PD-1/PD-L1–mediated chemoresistance.  

 

The current rationale for anti-PD-1 or anti-PD-L1 immunotherapy lies in the fact that PD-

1/PD-L1 blockade is capable of bolstering the host’s immune response such that an individual’s 

adaptive immunity can effectively target and destroy cancerous cells without PD-1/PD-L1 

mediated T cell inhibition. Clinical trials assessing PD-1/PD-L1 axis blockade with humanized 

monoclonal antibodies specific for PD-1 or PD-L1 have shown significant survival benefit in 

patients suffering from advanced stage melanoma and non-small-cell lung cancer, with FDA 

approval recently granted for the use of anti-PD-1 therapy to treat both diseases139. Our in vivo 

data show that although PD-1 blockade alone did not affect primary growth and metastasis of 

mammary tumours, combination therapy with anti-PD-1 and doxorubicin significantly reduced 

the overall and organ-specific (lung and heart) number of metastases. A lack of effect of PD-1 

blockade alone on metastasis using this model may be due to differences in the PD-1/PD-L1 

signalling threshold required for drug resistance versus immune escape. This investigation used 

200µg of anti-PD-1 antibody twice per week in a Balb/c model of metastatic mammary 

carcinoma, whereas Nomi et al used 300 µg of anti-PD-1 antibody thrice per week in a C57BL/6 

model of pancreatic carcinoma to achieve anti-tumour responses resulting in decreased primary 

tumour growth145. In the present study, it is also possible that the synergy observed with 

combination anti-PD-1 and doxorubicin therapy was a consequence of chemotherapy-induced 
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tumour antigen release and immune cell stimulation141 44. In the presence of anti-PD-1, these 

tumour-specific antigens may be able to promote effective CTL-mediated anti-tumour immune 

responses, but in the absence of chemotherapy, the tumours may not be sufficiently immunogenic 

to elicit robust immune responses and thus one would not expect to observe significant benefit 

from T cell-targeting therapy. Further analysis of the primary tumours and organs should be 

conducted to achieve a better understanding of what occurs in vivo.  

 

Doxorubicin treatment alone did not have an effect on mouse metastases development in 

our experiments, despite using a dose shown to have an effect in previous studies using a 4T1 

metastasis model in Balb/c mice155,156.  The lack of effect of therapy with doxorubicin alone on 

tumour metastases observed in the present study could be explained by the short duration of the 

treatment, which was limited to 15 days. At day 15, some mice had reached humane endpoint, 

however other animals were overtly healthy and appeared to be in no evident distress. Since the 

main objective of these experiments was to assess the effect of treatment on metastasis, it was 

necessary to sacrifice all mice at the same time point following initiation of treatment. It would be 

interesting to use a specific scoring system182 to assess the overall health of each mouse to 

determine when a mouse should be sacrificed, which would allow us to investigate the survival 

benefit of the combination anti-PD-1 and doxorubicin treatment.  
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4.2 Future directions  

 

The aim of this investigation was to determine whether the PD-1/PD-L1 axis has a role in the 

acquisition of tumour cell resistance to two classes of chemotherapeutics. We used an in vitro 

model to establish that when tumour cells are exposed to PD-1 prior to treatment with 

doxorubicin or docetaxel, they show increased resistance to chemotherapy compared to cells 

unexposed to PD-1. Through knockdown and functional antibody blockade, we were able to 

ascertain that the interaction between PD-1 and PD-L1 mediates the observed chemoresistance. 

Taken together, these findings provide sufficient rationale for further investigation into the 

clinically/biologically relevant role of PD-1/PD-L1 axis in the acquisition of chemoresistance and 

elucidation of the mechanism responsible for PD-1/PD-L1-mediated chemoresistance.  

 

 Although this investigation sought to assess whether an increase in the number of PD-

1/PD-L1 interactions within a cell population results in an increase in tumour cell survival, it will 

be important to specifically address this phenomenon without the inherent confounding property 

of IFN-γ-induced chemoresistance. An alternative approach would be to forcibly express PD-L1 

on tumour cells using a PD-L1-specific lentiviral vector (currently in our possession) and assess 

survival when exposed to a fixed and titrated concentration of rPD-1 or number of Jurkat T cells 

prior to chemotherapy treatment. Using PD-1/PD-L1 blocking antibodies would help further 

elucidate the specific contribution of this axis to the acquisition of chemoresistance at various 

degrees of PD-1/PD-L1 interaction. Our investigation thus far has focused on whether PD-1/PD-

L1 interactions within a tumour cell population result in an increase in tumour cell survival. 

Whether increasing these interactions on each cell results in greater chemoresistance requires 

further investigation. Firmly understanding the nature of the PD-1/PD-L1 interaction will 
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ultimately allow us to determine whether or not tumour cell PD-L1 expression or PD-1 

expression by TILs could be used as a clinically relevant biomarker to determine sensitivity to 

chemotherapy. Furthermore, the mouse organs harvested from the previous in vivo experiments 

should be analyzed using IHC for PD-1+/CD8+ T cells and PD-L1 expression to determine if there 

is a correlation between PD-L1 expression, number of tumour-infiltrating CTLs and response to 

chemotherapy and/or anti-PD-1 therapy. It would also be interesting to assess the impact of 

combination anti-PD-1 and chemotherapy treatment on other immune cells such as CD4+ T cells 

and other PD-L1 expressing immune cells such as dendritic cells, all of which are involved in the 

anti-tumour immune response and may be altered by combination chemotherapy/immunotherapy 

treatment.  

 

 Specific investigation into the contribution of the PD-1/PD-L1 axis in hypoxia-induced 

chemoresistance would be of interest to determine if NO-mimetics could be of therapeutic benefit 

to prevent PD-1/PD-L1-mediated chemoresistance. Since previous studies in our lab revealed that 

PD-L1 is up-regulated in response to hypoxia and hypoxia is a well-established inducer of 

chemoresistance, it is reasonable to hypothesize that in the complete tumour microenvironment, 

the PD-1/PD-L1 interaction may, in part, contribute to hypoxia-induced chemoresistance. In order 

to best represent what is occurring in vivo, the addition of anti-PD-L1, rPD-1 and chemotherapy 

should be conducted using a hypoxic glove box, a device which would allow manipulations of the 

system while maintaining the cells in a hypoxic environment throughout the course of the 

experiment. If PD-1/PD-L1 does indeed contribute to hypoxia-induced chemoresistance, 

investigation into whether NO mimetics could work in combination with anti-PD-1/anti-PD-L1 

therapy to chemosensitize and immunosensitize tumour cells would be warranted.  
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While the experiments proposed thus far would help further characterize the PD-1/PD-L1 

interaction and its contribution to chemoresistance, further experiments designed to fully 

elucidate the mechanism of PD-1/PD-L1 signalling are required. Initial mRNA analysis showed 

an upregulation of IRGM following MDA-MB-231 exposure to rPD-1 for six hours. These 

findings should be technically validated using qPCR and further validated at the protein level 

using western blots. Furthermore, the autophagy PCR-array should be conducted with 4T1 and 

DU145 cells to determine if the same gene expression pattern is activated in these cell types 

following rPD-1 exposure. If IRGM expression is also up-regulated in these cells, conducting 

IRGM in vitro knockout experiments would determine if PD-1/PD-L1-mediated chemoresistance 

is indeed dependent on IRGM expression. Assessing the impact of different rPD-1 concentrations 

and PD-L1 expression levels on gene expression would also help elucidate the nature of PD-

1/PD-1-mediated chemoresistance (for instance, if the response is additive or if there is a certain 

threshold of signalling required to induce chemoresistance). Furthermore, Since IRGM is an IFN-

γ inducible gene, it would be interesting to determine whether exposure to IFN-γ and rPD-1 in 

combination results in a further induction of IRGM gene expression. If so, this could provide an 

explanation for the increased chemoresistance observed when MDA-MB-231 cells were 

incubated with IFN-γ and rPD-1, but not in hypoxia. If further exploration into IRGM and an 

autophagy-related mechanism of PD-1/PD-L1-mediated chemoresistance fails to provide any 

insight with regard to mechanism, exploring other pathways such as senescence or apoptotic 

pathways may provide us with a better understanding of the mechanism of PD-1/PD-L1 mediated 

chemoresistance in tumour cells.  
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This study used breast cancer and prostate cancer models, which allowed us to determine 

whether PD-1/PD-L1-mediated chemoresistance applies to unrelated cancers.  It would be of 

clinical value to assess whether PD-1/PD-L1-mediated chemoresistance occurs in other cancer 

types and across a broader variety of chemotherapeutic agents in order to get a greater sense of 

the clinical relevance and potential of anti-PD-1 treatment as a chemosensitizing agent.  

 

 

4.3 Summary and concluding remarks  

 

The data generated in this study reveal a novel role of the PD-1/PD-L1 axis in the acquisition of 

chemoresistance in breast and prostate cancer cells. We showed that engagement of the PD-1/PD-

L1 axis leads to tumour cell resistance to doxorubicin and docetaxel. Furthermore, we showed 

that interference of this axis with monoclonal antibodies or after gene silencing can prevent this 

PD-1/PD-L1 mediated chemoresistance. Monoclonal antibodies targeting the PD-1/PD-L1 axis 

also proved effective at sensitizing cancerous cells to doxorubicin in vivo, thus providing support 

for further investigation into PD-1/PD-L1 axis blockade in the clinical setting in order to enhance 

patient response to chemotherapy.  
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